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FOREWORD 
The 17th Particle Accelerator Conference was held at the Hotel Vancouver, Vancouver, British 

Columbia, from May 12-16, 1997, under the joint auspices of the Nuclear and Plasma Sciences 
Society of the IEEE, and the Division of Physics of Beams of the APS. This was the second time 
the meeting has been held in Canada and once again TPJUMF was honoured to have been chosen as 
host; the Institute for Plasma Research at the University of Maryland was responsible for organizing 
the program. Though the attendance (1221) was not an all-time record, it was up 20% from the 1985 
Vancouver meeting and up 15% from PAC'95, indicating the continuing vitality of the discipline 
even in these fiscally stringent times. The international component is also growing, with 33% of the 
delegates coming from 23 countries outside North America. 

PAC'97 might well be said to mark the centenary of accelerator technology, since Thomson's 
measurement of the mass of the electron and his identification of it as sub-atomic were published 100 
years ago to the month, and his was the first important experiment to rely on the accurate formation 
and measurement of a particle beam in well-defined electric and magnetic fields. As the first speaker 
noted, the masses of the electron and its sister particles remain of central interest in physics today! 

Scientific Program: The opening plenary session covered four highlights of the conference: recent 
important advances for both normal and superconducting linear colliders (B. Richter), and for several 
varieties of laser accelerators (C. Joshi); and the initial operation of two major accelerator projects 
- the CERN LEP2 collider, which has reached 93 GeV, comfortably exceeding the W-production 
threshold (S. Myers), and the highest energy third-generation light source SPring-8 (H. Kamitsubo). 
Several more machines reported initial beam commissioning, including the PEP-II B-factory high- 
energy ring, RHIC (one sextant) and the IUCF Cooler Injection Synchrotron. Many reports described 
projects under construction, ranging from the Large Hadron Collider at CERN and the Main Injector 
at Fermilab (now joined by a permanent-magnet Recycler) to the BESSY-II light source and various 
radioactive ion-beam accelerators, including the development of a cw RFQ at TRIUMF. A number of 
major proposals are also close to approval: the 1 GeV 1 MW National Spallation Neutron Source at 
Oak Ridge, the compact 2.9 GeV Canadian Light Source at Saskatoon, the 50 GeV 0.01 mA Japanese 
Hadron Facility at KEK, and the RI-Beam Factory at RIKEN, which includes a 400 MeV/A super- 
conducting ring cyclotron and the MUSES storage rings. Somewhat further off are the challenging 
prospects of the APT linac for producing tritium and the muon collider. 

Interesting advances were reported in all areas of accelerator technology, especially superconduct- 
ing rf and magnets. In the related areas of high-current multi-particle beam dynamics and pulsed- 
power and high-intensity beams, noteworthy progress was reported through the Z-pinch and the 
induction-linac flash X-radiography approaches. In beam instrumentation, novel measurements were 
reported on ultrashort bunches: emittance measurements with picosecond resolution at BNL, and 
bunch-length measurements down to 100 femtoseconds using coherent radiation at Jefferson Lab. 
Controls highlights were the growing acceptance of the EPICS system and a growing trend to use 
more programmable devices in safety systems. 

Accelerators continue to serve a multitude of applications: cancer therapy, neutron radiography, 
sterilization, and production of isotopes, spallation neutrons and synchrotron light, are now joined 
by interesting schemes for contraband detection and high-energy proton radiography. Notable devel- 
opments were reported at free-electron laser facilities: provision of photon beams from sub-eV to 
multi-MeV energies at the Duke FEL user facility, first operation of the Jefferson Lab's cw FEL, and 
the use of self-amplified spontaneous emission (SASE) for the TESLA FEL at DESY. 

The final plenary session offered a look to the future. J. Peoples and K. Gelbke surveyed future 
directions for high-energy physics and nuclear physics respectively, H. Winick described the bright 
prospects for fourth-generation light sources, and finally W. Weng (who will be chairing the next PAC, 
to be held in New York, March 29 - April 2, 1999) reviewed a new class of machines with a variety 
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of applications - ultra-high-intensity proton accelerators. 
In all, 1564 abstracts were submitted, for 76 invited and 120 contributed talks, and 1368 posters. 

In addition, a very successful 3-day industrial exhibition was held, limited by space to 30 participants, 
and over 40 satellite topical and committee meetings were scheduled. 

Social Program and Awards: The social program began on Monday evening with a Pacific Coast 
salmon barbecue for 1000 at TRIUMF, followed by a tour of the laboratory. The conference banquet 
was held in the Hotel Vancouver on Wednesday evening and attended by a record 980 - attracted 
perhaps by the subsequent Awards Ceremony and some memorable entertainment by the Physics 
Chanteuse, Lynda Williams. The conference is indebted to Advanced Ferrite Technology, MDS Nor- 
dion and TRIUMF for their generous contributions as co-sponsors of these events. 

The IEEE/PAC Technology Awards went to K. Leung (LBNL) for ion source development and to 
D. Sutter (DOE) for developing federal R&D programs for advanced accelerator technologies. The 
US Particle Accelerator School Prizes were given to D. Boussard (CERN) for contributions to super- 
conducting rf, beam dynamics and feedback, and to C. Joshi (UCLA) for pioneering plasma heatwave 
accelerators. The APS Award for Outstanding Doctoral Thesis Research went to L. Spentzouris for 
her application of plasma physics to measurements of non-linear coherent phenomena, and finally the 
APS R.R. Wilson Prize was presented to A.M. Sessler for a broad range of advances in beam dynam- 
ics, including the negative-mass and resistive-wall instabilities, free-electron lasers and the two-beam 
accelerator concept. 

The number of companions registered was 211, and many of these enjoyed a Welcome Breakfast 
and orientation talk and walk, various tours of Vancouver, and excursions to Victoria and Whistler - 
all assisted by a week of good weather. 

Proceedings: As at PAC'95, electronic publication was the norm, but with the innovation of direct 
submission of abstracts to the APS. This relieved the organizers of a huge task and resulted in the 
early posting of the complete program of abstracts on the Web version of the APS Bulletin. The 
proceedings are being published by IEEE in both book and CD-ROM form, and are also available 
on a combined PAC/EPAC/APAC Web site. The sessions do not follow the same order as in the 
conference program: instead, oral and poster sessions on the same topic have been grouped together 
under the title of the oral session, and these amalgamated sessions have been grouped with ones on 
similar topics: 

Volume 1: Plenary and Special Sessions; Accelerators and Storage Rings. 
Volume 2: Beam Dynamics, Instrumentation and Controls. 
Volume 3: Subsystems, Technology and Applications. 
Altogether, 1261 papers are included, just 1.5% below the all-time record, and the highest number 

per registrant (1.04) so far. Publication has been supported by generous grants from the US Depart- 
ment of Energy, National Science Foundation and Office of Naval Research. 

Acknowledgements: Space is unfortunately too short to thank individually all those people whose 
dedicated efforts, often over a period of many months, were responsible for the success of the con- 
ference - especially the members of the Organizing Committee, Program Committee, Local Arrange- 
ments Committee, and members of IEEE, APS and TRIUMF staff. Exceptions must be made however 
for Elly Driessen, the Conference Coordinator, who showed an amazing facility for dealing with all 
manner of inquiries from all quarters of the globe; Martin Comyn, the database manager, responsi- 
ble for organizing the vast amount of information relating to the abstracts and registration, and for 
the technical editing of the proceedings; and to Raso Samarasekera and Carol Bellamy, who not only 
acted as our respective secretaries, but took on other major responsibilities connected with registration 
and the program respectively. 

M.K. Craddock M. Reiser 

Conference Chairman Program Chairman 
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LEP2: PRESENT AND FUTURE PERFORMANCE AND LIMITATIONS 

S. Myers (for the LEP2 team), CERN, Geneva, Switzerland 

Abstract 

The LEP collider was operated during 1996 for the first 
time at beam energies beyond the W pair threshold. In the 
first period, lasting about six weeks, operation was possible 
at 80.5GeV per beam by powering all of the 144 supercon- 
ducting cavities (sc) as well as the original 120 room tem- 
perature cavities. After the summer shutdown, when an ad- 
ditional 32 sc cavities were installed, operation for physics 
was performed at 86GeV per beam for about four weeks. 
The integrated luminosity at high energy, delivered to the 
detectors, was 25pb_1 in the two fairly short running pe- 
riods. The maximum integrated luminosity over a 24 hour 
period exceeded l.lpb-1. The present performance and 
limitations of the machine are reviewed as well as some of 
the crucial technical systems. 

1   INTRODUCTION 

The CERN Large Electron Positron (LEP) collider is a 
26.6km circumference e+e~ storage ring which has, until 
the end of 1995, operated with 4 and 8 bunches per beam in 
an energy range of 20 to 50GeV (see previous conference 
reports, [1],[2]) 

The energy upgrade (LEP2), foreseen to allow study of 
W pairs at energies around 90GeV per beam, involves a 
total of 272 new sc cavities with gradients of 6MV/m. In 
addition to the sc cavities the following technical modifica- 
tions were necessary for the upgrade. 

• Civil engineering for klystron galleries. Two new 
klystron galleries were excavated near points 4 and 8. 

• 4 new 12 kW (at 4.5K) cryogenics plants were in- 
stalled in the four regions which house sc cavities. 

• The RF straight-sections were rearranged in all four 
interaction regions to allow the installation of the sc 
cavities which had different lengths to the existing 
copper cavities. 

• The sc low ß insertion quadrupoles were upgraded for 
the higher energy, as were nearly all of the power con- 
verters 

2   PERFORMANCE AND HIGHLIGHTS OF 1996 

Due to the long shutdown periods imposed by the installa- 
tion of the sc cavities, the available time for physics in 1996 
was limited to about 10 weeks. The initial physics opera- 
tion was foreseen with an optics configuration with 108° 
phase advance per cell in the horizontal plane, designed 
to produce higher specific luminosity due to the inherent 
smaller horizontal emittance. It was soon discovered that 
the usable dynamic aperture was significantly lower than 
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Figure 1: Measured Daily and Hourly Luminosity for 1996 

computer simulations had predicted. For this reason, af- 
ter nearly three weeks of attempted running the sextupoles 
were recabled and the older, well tried 90°(H) and 60°(V) 
optics was reinstalled in the machine and re-commissioned. 
Physics conditions were soon re-established and the col- 
lider was operated initially at 80.5GeV per beam and, after 
an additional installation of 32 sc cavities in the summer, at 
86GeV. The performance for 1996 is shown in Fig.l. 

Although the maximum operational beam energy for 
physics production was 86GeV, a record single beam en- 
ergy of 88GeV was reached by operating the RF at the all- 
out limit. In this mode of operation, the average gradient 
of the 176 sc cavities was the design value of 6MV/m and 
a spurious trip of a single module would inevitably cause 
total beam loss. In "operational mode" the total voltage 
available is such that, in the event of simultaneous tripping 
of 2 klystron (feeding 16 cavities) there remains sufficient 
RF voltage for a longitudinal quantum lifetime of around 
15 hours. 
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Figure 2: Measured £y as a Function of Bunch Current 

After initial conditioning and commissioning, the RF 
system behaved very reliably at its design gradient and with 
a total beam current of 4 mA. The current was limited by 
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the "electro-acoustic" instability [3] in the cavities, and for 
normal operation the cavity conditions were optimized for 
this intensity value. Although the total current was lim- 
ited, a record peak luminosity of 3.4xl031 cm_2s-1 was 
reached due to the very small emittance ratio of 0.25% 
achieved (refer to Fig.2). The maximum integrated daily 
luminosity reached l.lpb-1 (see Fig.l) which bodes well 
for 1997. For 1997 a new feedback system (which was 
tested on a limited number of cavities in 1996) will be com- 
missioned to combat the cavity instability [3]. During ma- 
chine studies, single bunch currents of more than 600/zA 
were successfully accumulated and ramped to high energy. 

The 4 x 12kW cryogenic plants were operated without 
serious problems and with high reliability throughout the 
year [4]. 

On the beam dynamics front the vertical beam-beam 
tune shift (£y), as measured from the average of the lumi- 
nosities in the four detectors, reached values > .04 (see 
Fig.2) without any signs of saturation. 

In LEP the precision measurement of the beam energy is 
of crucial importance for the precision of the physics. For 
LEP1 the beam energy was measured around the Z° equiv- 
alent energy by transverse resonant depolarization. For 
LEP2 it is likely that the polarization level at high energies 
will be too small to be measured. Hence the beam energy 
at W± must be estimated by extrapolation from resonant 
depolarization at lower energies [5]. The extrapolation will 
be performed by the use of NMR monitors and the LEP 
"flux loop". The accuracy of the extrapolation depends on 
the energy range over which the calibrations can be per- 
formed. Precision measurements have been systematically 
performed at 43 and 45GeV for the Z° data. In addition, in 
1996, a successful calibration was performed for the first 
time at 50GeV. An attempt was also made to extend the 
calibration to 55GeV where, although polarization levels 
of 2% were measures no accurate calibration could be per- 
formed. 

3    PERFORMANCE LIMITATIONS 

The two most important parameters for consideration of the 
performance of LEP2 are: 

• the maximum beam energy, and 
• the integrated luminosity 

3.1    Maximum Energy 

The over-riding limitation to the beam energy comes from 
the available RF voltage. The available RF is simply the 
product of the active length of the cavities and the average 
gradient per meter. The former limit is set by funding and 
the latter by technological constraints. 

The energy spread of the RF bucket is approximately 
given by 

Hence, given the RF installation, an optics with stronger 
focussing provides relatively larger energy spreads and 
therefore allow a larger fraction of the RF voltage to be 
used to compensate synchrotron radiation, thereby permit- 
ting higher energies. In LEP2 the difference between the 
90° and the 108° horizontal phase advance per cell is ap- 
proximately 0.8GeV at 90GeV beam energy. 

In the transverse plane there is an additional advantage to 
stronger focusing optics coming from the horizontal emit- 
tance. 

(2) 
^Jh   X 

Clearly, for a dynamic or physical aperture which is in- 
dependent of energy, then with the horizontal emittance 
growing with 72, at a high enough energy the aperture will 
be insufficient. This situation can be alleviated by operat- 
ing with the "high tune optics". The alternative is to re- 
duce the horizontal emittance by increasing the damping 
partition numbers (Jx) which unfortunately increases the 
energy spread of the bunches and thereby reduces slightly 
the maximum energy. 

In general substantial gains in beam energy require ei- 
ther more RF cavities or higher gradients. The constraints 
on the LEP optics is treated in detail elsewhere in this con- 
ference [6]. 

3.1.1    Dynamic Aperture 
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Figure 3: Measurement of Tail Distribution with 108°/90° 
Optics 

As stated previously, the usable dynamic apertures with 
the 108°/60° and later in the year with the 108°/90° op- 
tics were measured to be less than predicted by simula- 
tions. The dynamic aperture is measured in LEP in two 
independent ways, firstly by the "emittance inflation" tech- 
nique where the damping partition numbers are varied so as 
to increase the horizontal emittance by a large factor. When 
the emittance becomes large enough to reduce the lifetime 
this defines the dynamic or physical aperture. The inflated 
emittance is measured by a carefully calibrated synchrotron 
light monitor and verified by measuring the tails of the 
distribution using loss monitors [7].  Figure 3 shows the 



results of tails scans on the 108°/90° optics. It is clear 
that non-Gaussian tails exist at large amplitudes. Similar 
measurements with the 90°/60° optics showed that the de- 
velopment of tails ocurred at larger amplitudes. In prac- 
tice these non-Gaussian tails can produce serious problems 
with background in the detectors before there is a serious 
reduction in the lifetime. 

The second technique, the "kicker technique", involves 
deflecting the beam horizontally by an ever increasing 
amount until a sizeable fraction of the beam is lost thereby 
indicating that the aperture limitation had been reached. In 
general, both methods gave similar results, however the 
results of the kick method can be easier to interpret and 
with suitable diagnostics has indicated the presence of non- 
linear resonances at large amplitudes. This behaviour will 
be studied during 1997 (see [8] for a fuller description of 
these measurements and analyses). 

3.2   Integrated Luminosity 

The yearly integrated luminosity may be conveniently ap- 
proximated by 

/ 
JL/dT — 'l-^Jpeak^year (3) 

where 77 is the "overall efficiency factor" and Lpeak is the 
all-out maximum luminosity recorded in physics during the 
year. 

The luminosity (L) is directly related to the vertical 
beam-beam tune shift (£y) i.e. 

7  hhiy L = 
2ree   ß*y 

(4) 

where 7 is the relative energy, kb the number of bunches 
per beam, and % the bunch current. 

3.2.1    The Overall Efficiency (77) 

The overall efficiency parameter (77) is derived by using his- 
torical data and equation (3). Consequently this parameter 
includes factors such as: 

• The loss in integrated luminosity since all runs do not 
necessarily reach the record luminosity (Lpeofc)- 

• The fall in luminosity during the course of the run due 
to the intensity lifetime 

• The technical efficiency (down-time) of all compo- 
nents including the chain of injectors, defined as the 

. ratio of actual time spent in physics data taking to the 
time scheduled. 

The Intensity Lifetime In LEP, the intensity lifetime (T) 

is predominated by the particle losses resulting from the 
collisions of the electrons and positrons in the 4 collision 
points. 
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Figure 4: Lifetime Measurements during an 86 GeV Fill 

where lb is the total beam current, and ab is the cross- 
section. With the typical LEP parameters (ncoiusions= 
4, ab = .23barns (measured), ß* = 5cm) the intensity life- 
time is approximately 

1    45 
r(hours) « — —  (6) 

Sy EöeV 

Figure 4 shows measurements [9] of the intensity life- 
time during a typical physics run, involving accumulation 
at 22GeV, acceleration to 86GeV and colliding. The life- 
time clearly drops by nearly a factor of 4 at the moment 
of going into collision and gradually increases during the 
duration of the physics run due to the reduction in £y. 

From equations (5) and (6) the intensity lifetime will de- 
crease proportionately with energy. Consequently the du- 
rations of the runs at W± energies are shortened so as to 
optimize the integrated luminosity. 

3.2.2   Beam-beam Contribution 

From equation (4), it is clear that, when £y remains con- 
stant during the physics run (i.e. at the beam-beam limit) 
then the luminosity lifetime is equal to the intensity life- 
time. Alternatively when the £y is linearly dependent on 
the bunch current (not beam-beam limited) then the lumi- 
nosity lifetime is equal to the lifetime of i\. Thus in order to 
maximize the integrated luminosity it is essential to remain 
beam-beam limited to the end of the physics run when the 
intensity has significantly dropped. In LEP1, this was ac- 
complished [9] without difficulty due to the smaller beam 
sizes associated with the lower energies (see equation 2). 
The vertical beam-beam tune shift may be written 

tv (7) 

(5) 

where k is the emittance ratio ey/ex. For LEP2 where 
the energy is more than doubled, it will be necessary to gain 
about a factor of 8 in the combination of the free parameters 
in equation (7) if a similar beam-beam situation similar to 
Z° is to be achieved. 

3.2.3   Beam Intensity 

In LEP2, there are effects which limit the total beam cur- 
rent and others which limit the current per bunch and the 



number of bunches. For LEP2 the limitations to the total 
beam current are given below starting with the highest lim- 
its and progressing to the lowest, most urgent limitations. 

1. The power which can be transmitted through the main 
couplers. The couplers have been tested to 300kW per 
cavity which would correspond to 2.4MW equivalent 
from the klystrons, to be compared with their maxi- 
mum power of 1.3 MW. This is no longer a limitation 
to beam intensity. 

2. The total available klystron power which is available 
to compensate for the synchrotron power, (e.g. 30 
klystrons giving 30MW would allow a total beam cur- 
rent of 16mA at 90GeV). 

3. The electro-acoustic instability. 
4. The current (and Energy) dependent cryogenic losses 

(see below) 

Beam Current Provoked Cryogenic Power Losses To- 
wards the end of 1996 measurements of the cryogenic 
losses with varying beam conditions indicated unexpected 
losses which were apparently dependent on the total bunch 
intensity and the beam energy [10]. 
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Figure 5:   Measured Changes in Cryogenic Loads with 
Changing Beam Conditions 

Fig. (5) shows the relative power changes during beam 
accumulation at 22GeV, followed by ramping to 45GeV 
where the bunch length was changed by excitation of wig- 
gler magnets. The variation of the cryogenic power was 
also measured during the course of a physics run at 86GeV 
and is plotted as a function of beam current squared in 
Fig.(6). Superimposed on this plot are the measured points 
from Fig (5). There is a clear increase in the slope of 
about a factor of 4 between 22 and 86GeV. Similar results 
were obtained from measurements of the temperature rise 
of warm bellows between the sc modules. These results are 
however not irrefutable since the measurements were taken 
on different modules at different locations. However if the 
measurements made on the modules at 86GeV in Fig. (6) 
can be applied to all modules installed in a given region in 
LEP, then the total beam intensity may be limited to around 
8mA with the presently installed and finely tuned cryogen- 
ics plant. A complete measurement campaign of this effect 
is planned as soon as LEP becomes operational in 1997. 
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Figure 6: Crgryogenic Power Measurements as Function of 
I^for22and86GeV. 

Transverse Mode Coupling Instability This instability 
limits the current per bunch which can be accumulated at 
injection energy. 

The approximate threshold for the instability is given by 

Hh = 
eEftfc-Li(^) 

(8) 

where Qs is the synchrotron tune, E the beam energy, 
and ßi the betatron amplitude function at the location of 
the transverse loss factor k±i which decreases with increas- 
ing bunch length (<rs). In order to maximize the current 
per bunch for LEP2 operation, several schemes have been 
tested and reported in previous conferences [1],[11] 

Number of Bunches LEP has been operated in 1995 and 
throughout 1996 with the new bunch train scheme allow- 
ing a maximum of 4 trains of 4 bunches per train in each 
beam. A detailed report on this scheme is to be presented 
elsewhere in this conference ([12]). It is foreseen to operate 
LEP during 1997 with 4 trains of 2 bunches per beam. 

4   PERFORMANCE ESTIMATES (1997-1999) 

Table 1: Performance Estim; ites 
Parameter 45 GeV 92GeV 96GeV 96GeV 

1994 1997 1998 1999 
No. of sc cavities 240 272 272 
'Operational' RF Voltage(MV) 2475 2722 2722 
Overall Efficiency 0.220 0.165 0.165 0.165 
ib (bunch mA) 0.32 0.5 0.65 0.75 
Beam-beam tune shift 0.038 0.0417 0.045 0.05 
Lpeak(10e31) 2 6.86 10 13.3 
Days of Physics 148 108 120 120 
Yearly Luminosity (pb-1) 65.0 122.2 198.0 263.3 
Luminosity per day (pb-1) 0.439 1.132 1.650 2.195 

The performance estimates for operation over the next three 
years (see Tab.l) are based on equation (3) with extrapola- 
tion from the year 1994 (the last full year of uninterrupted 
operation) and the following assumptions. 

• the overall efficiency parameter rj will be only 75% of 
the value attained (22%) at lower energy in 1994. This 
reduction is to take account of the possible increase in 
down time due to the large number of sc cavities and 
the reduction in integrated luminosity coming from 



the increased difficulty in maintaining the beam-beam 
limit right to the end of the run as was done systemat- 
ically at 45GeV. 

• The peak luminosity is estimated from 8 bunches per 
beam with a bunch current of .5mA. Both these pa- 
rameters have bee attained in the past however it re- 
mains to be seen if the inherent total beam current of 
8mA will exceed the limit imposed by the cryogenics 
system. 

• The total numbers of days operation is already sched- 
uled definitively for 1997 and tentatively for 1998. 

From this table it can be seen that the peak luminosity 
is estimated to reach beyond 1032 cm-2 s-1 and the total 
integrated luminosity over the three year period to exceed 
SOOpb"1. 

5   MAXIMUM ENERGY WITH PRESENT RF 
INSTALLATION 

Studies have begun recently to examine the possibility 
of extending the present beam energy range of LEP2 to 
around lOOGeV with the presently installed RF system. 
This increase in beam energy would necessitate an aver- 
age gradient in the 272 sc cavities of 7MV/m. The prob- 
lems already encountered and the solutions being pursued 
are given below. 

• Cryogenics Power. From the 12kW cryogenics 
power installed at each interaction point there remains 
about 6.8 kW for the RF dynamic load. At the higher 
gradients of 7MV/m and with the resulting reduction 
in Q value, the calculated required power is at least 
lOkW. Consequently the cryoplants must be upgraded 
before any significant increase in gradient is possible. 
The proposed solution is to plan an early installation 
of the required LHC cryogenics system which could 
be used by LEP2 from Spring 1999. 

• Electron emission in the cavities. The present gra- 
dient of 6MV/m is for the most part limited by elec- 
tron emission in the cavities with resulting high radia- 
tion. The proposal is to increase the threshold by He- 
lium processing. This technique has been successfully 
tested on a number of occasions to reduce the elec- 
tron emission at values below 6MV/m in "sick" cav- 
ities. However the procedure is inherently dangerous 
for the main couplers due to the significant reduction 
in vacuum pressure needed for the processing. Exper- 
imental tests are under way to try to develop a safe He 
processing technique. 

• Spread in cavity gradients. When an RF module (8 
cavities fed by one klystron) is operating at an average 
gradient per cavity of 6MV/m, the spread in the gra- 
dients is typically more than ±lMV/m. Consequently 
some of the cavities in a module are already being op- 
erated at 7MV/m. It is clear that an average of 7MV/m 
will be more easily obtained if the spread of gradients 
in the modules is significantly reduced. This technical 

problem has been studied and one possible solution is 
to install waveguide transformers to allow individual 
control of the cavity gradients. 

6 CONCLUSIONS 

LEP2 has been sucessfully operated for a reduced running 
period during 1996. Physics data taking was performed at 
80.5GeV/beam in the early part of the year and 86GeV later 
in the year. A total integrated luminosity of 25pb-1 was de- 
livered to each of the four experiments and many technical 
problems were resolved with the newly installed very large 
RF system. The down-time of this system decreased dra- 
matically during the course of the year as the steep learning 
curve was climbed. 

Operation is planned for around 120 days in 1997 at 
92GeV/beam allowed by the 240 sc cavities installed over 
the past few years. There is every hope for an integrated lu- 
minosity of nearly lOOpb-1 in the search for new physics 
and for the precision study of the properties of the W± par- 
ticles. 

The possibility of further extension of the LEP2 energy 
range is under active investigation. 
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FIRST COMMISSIONING OF SPring-8 

H. Kamitsubo 
JAERI-RIKEN SPring-8 Project Team, Kamigori, Ako-gun, Hyogo 678-12,Japan 

Abstract 

SPring-8 is the third generation synchrotron radiation 
source in soft and hard X-ray region and consists of an 
injector linac of IGeV, a booster synchrotron of 8GeV 
and a storage ring with a natural emittance of 5.5nmrad. 
The storage ring can accommodate 61 beamlines in total 
and 26 of them are under construction. Construction 
started in 1991 and inauguration is scheduled in October, 
1997. We started commissioning of the injector linac on 
August 1, 1996, and succeeded to get IGeV electron beam 
a week later. The synchrotron was commissioned in 
December and 8GeV electron beam was successfully 
extracted on January 27, 1997. By the end of February 
1997, installation and precise alignment of the storage 
ring was completed and four insertion devices ( in- 
vacuum undulators) were installed in the storage ring. On 
March 14 we started commissioning of the storage ring 
and immediately after we observed the first turn in the 
ring. After fine adjustment of the parameters we 
succeeded to store a 0.05mA beam in the storage ring on 
March 25. Next day the first synchrotron radiations from a 
bending magnet was clearly observed at the front end of 
the beamline. On April 17 we succeeded to increase the 
stored current to 20mA, which is a target value of the 
stored current in the first phase of commissioning. The 
first radiations from an undulator was observed on April 
23. 

1   INTRODUCTION 

The SPring-8 (Super Photon ring-8GeV, some- 
times abbreviated as SP8) facility[l] is one of the world's 
most brilliant synchrotron radiation sources in an energy 
range from 0.3 keV to several hundreds keV. It is 
composed of a 1 GeV electron/positron linac, an 8 GeV 
booster synchrotron and a low-emittance storage ring with 
a circumference of 1,436m. The storage ring has a 
Chasman-Green lattice structure and consists of 44 normal 
cells and 4 straight cells. In future each straight cell will 
be converted into a long straight section to accommodate 
a long insertion device. The storage ring can accommodate 
38 beamlines from insertion devices (ID), including 4 
long IDs. In addition to these ID beamlines, 23 
beamlines from the bending magnet (BM) can be installed 
in the storage ring. 

The estimated natural emittance of the storage ring is 
5.5xl0"9 mrad, allowing SPring-8 to realize a brilliance of 
4xl019 (photons/s/mm2/mrad2/0.1%b.w.) with a 4.5m 
undulator and a stored current of 100 mA. SPring-8's 
8GeV energy will allow us to obtain high-brilliance X- 

rays in the energy range from 5keV (fundamental) to 
75keV (fifth harmonics) from a newly developed in- 
vacuum undulator with a period length of 32 mm simply 
by changing its gap. 

Figuire 1: Aerial view of the SPring-8 facility. The 
storage ring is built surrounding a small mountain. The 
injectors are below the storage ring in the figure. 

The storage ring is installed in the machine tunnel 
together with the front end parts of the beamlines. Optical 
system for synchrotron radiations (SR) and experimental 
devices are installed in hutches built in the experimental 
hall. The maximum length of beamlines in the 
experimental hall is 80 m from the exit of ID or BM. 
However we can extend 9 beamlines to 300m and 3 to 
1,000m. The RI experimental hall is built neighboring 
the experimental hall to accommodate 3 beamlines for 
radioactive samples. 

The facility is being constructed jointly by Japan 
Atomic Energy Research Institute (JAERI) and the 
Institute of Physical and Chemical Research (RIKEN) at 
the Harima Science Garden City in Hyogo Prefecture, 
which is 100 km west of Osaka. Construction was 
started in 1991 and is going one year ahead of the initial 
schedule. By now the linac, the synchrotron, and the 
storage ring was successfully commissioned. 

Due to the geographical features of the SPring-8 cam- 
pus, the storage ring is built surrounding a small 
mountain. The injector linac and the booster synchrotron 
are built separately from the storage ring. Figure 1 shows 
an aerial view of the SPring-8 facility. The injector linac 
will be used to inject electron beam to another accelerator, 
that is, a 1.5GeV SR source being constructed by Hyogo 
Prefecture for Himeji Institute of Technology. 

0-7803-4376-X/98/S10.00© 1998 IEEE 



The facility has a legal status of a national user 
facility and will be open to researchers not only from 
Japan but also from abroad. The Japan Synchrotron 
Radiation Research Institute (JASRI) will have 
responsibility for SPring-8's operation, maintenance, and 
improvement, after the inauguration in October, 1997. 

2 SPRING-8      ACCELERATORS 

Table 1 lists the main performance specifications of 
SPring-8 accelerators. All the figures are design values. 

2.1 The Injector Linac 

The linac consists of a 250MeV high current linac and an 
electron/positron converter, and a 900MeV main linac 
with frequency of 2856 MHz [2], Electron beam can be 
accelerated up to 1.15GeV by removing a tungsten target 
of the electron/positron converter. The linac has 26 
accelerator columns which are of 2nß traveling-wave and 
constant-gradient type. Average accelerating field is 
designed to be higher than 16 MV/m. One high-power 
klystron of 80MW (Toshiba E3712) supplies microwaves 
to two accelerator columns. 

Modulators for the klystrons provide a maximum 
output power of 190MW with a pulse width of 4^.sec and 
at the repetition rate of 60Hz. 

The beam commissioning was started on August 1. 
We accelerated the electron beam up till the 7th accelerator 
column and analyzed the energy by bending magnets on 
August 7. Next day, August 8, we succeeded to 
accelerate the beam to the final energy of IGeV. The final 
energy of the beam was measured when the beam was sent 
to the synchrotron in December. 

2.2 The Booster Synchrotron 

The synchrotron[3] has 64 bending magnets, 80 
quadrupole and 60 sextupole magnets and 80 steerers. 
Integrated field strength was measured for all bending 
magnets and rms distribution is 8 x 10'4. All the magnets 
were aligned within an accuracy of 0.2 mm. Power 
supplies for these magnets are operated in a ramping 
pattern of 1Hz and required to have high tracking accuracy 
and high reliability. The tracking accuracy of the 
bending magnet and the quadrupole magnet power 
supplies is less than lxlO"4. Typical time structure of the 
output current of the magnet power supply is as follows; 
0.15sec flat-bottom (for beam injection), 0.40sec 
ramping, 0.15sec flat-top (for beam extraction), and 
0.30sec falling. Delay time of the output current was 
measured to be 0.33msec. 

The RF system of the synchrotron consists of eight 
five-cells cavities, waveguides, two 508.58MHz klystron 
(Toshiba E3786) and their power supplies. The required 
maximum RF power is 1.69MW at 8GeV. The effective 
RF voltage changes from 8MV to 18.7MV during the 
electron acceleration from IGeV to 8GeV.  The five-cells 

Table 1: Major Parameters of the SPring-8 Accelerators 
Injector Linac 

Energy Electron 1.15 GeV 
Positron 0.9 GeV 

Repetition Rate 60 Hz 
RF 2856 MHz 
Total Length 140 m 
Electron Gun Cathode Y796 

Voltage 200 kV 
Accelerator Columns Number 26 
Klystrons Number 13 

Max. power 80 MW 
Booster Synchrotron 

Injection Energy IGeV 
Maximum Energy 8 GeV 
Circumference 396.12 m 
Repetition Rate 1Hz 
Number of Cells FODO lattice 40 
Super Period 2 
RF 508.58MHz 
No.of Klystrons 1MW output 2 
No. of Cavities 5-cell type 8 
Harmonic Number 672 

Storage Ring 
Energy 8 GeV 
Lattice Type Chasman-Green 
No. of Cells Normal Cell 44 

Straight Cell 4 
Super Period 4 
Circumference 1435.95 m 
Stored Beam Current Single Bunch 5 mA 

Multi-bunch 100 mA 
Harmonic Number 2436 
RF 508.58MHz 
No.of Cavities 8x4 
Revolution Period 4.79 \i sec 
Natural Emittance 5.9X10"9 mrad 
Coupling Constant 10% 

Source Point Data 
No. of Straight High ß Sections 19 
Sections Low ß Sections 15 

Long   Sections 4 
No.of BM Sources 23 
Electron Beam Size High ß Sections 0.35 x 0.078 

(oxxoy, mm) Low ß Sections 0.069X 0.052 
Beam Divergence High ß Sections 0.015X 0.007 

(o'y x a'y, mrad) Low ß Sections 0.073x 0.01 
cavity is made of OFHC copper and has an effective shunt 
impedance of 21M£1 

The beam position monitors (BPM) are located at up- 
stream positions of 80 quadrupole magnets. Four signal 
processing systems are used for 80 BPMs and it takes less 
than 30 msec to obtain all position data. 

Installation of the synchrotron was completed in 
October and commissioning was started on December 10, 



1996. We succeeded to accelerate the beam up to 8GeV on 
December 16. After the winter vacation the operation was 
restarted and the 8GeV beam was extraceted to the beam 
dump on January 27, 1997. 

2.3 The Storage Ring 

The storage ring is a four-fold symmetric ring with a 
circumference of 1,436 m. The magnet lattice is 
composed of two types of unit cells, that is, the normal 
cell and the straight cell. The former consists of 2 
bending magnets, 10 quadrupole magnets, and 7 sextupole 
magnets and has a magnet-free space of 4.5m long with 
no dispersion. On the other hand, the latter has no 
bending magnet but has the same focusing magnet 
arrangement as that of the normal cell, thereby ensuring 
that both have approximately the same beam-dynamical 
property. In the first phase of operation, the storage ring 
will have a lattice structure of 4 x (11 normal cells + 1 
straight cell ) and be approximately 48-fold symmetric. 
In the second phase we will operate the storage ring under 
the condition that all the quadrupole and sextupole 
magnets in the straight cell are switched off. Then we will 
change the magnet arrangement of the straight cell to 
create a long straight section. 

Figure 2: Picture of the storage ring. On the left side is a 
front end part of the ID beamline and on the right side is a 
dummy chamber for future ID. 

2.3.1 Magnets 

The storage ring has 88 bending magnets, 480 quadrupole 
magnets, and 336 sextupole magnets. In addition, four 
bump magnets and one pulsed and three DC septum 
magnets and 569 steering magnets with very low remnant 
field are installed in the storage ring. Performance of the 
low emittance ring depends strongly on the quality of 
these magnets and their precise alignment. Measured rms 
distributions of integrated field strength and gradient for 
all bending, quadrupole, and sextupole magnets are less 
than 5 x 10"4. The bump magnets and the septum 
magnets are used for injection. 

There are three groups of focusing magnets in one 
cell and each group is installed on one common girder. 
Magnetic centers of quadrupole and sextupole magnets on 
the common girder are aligned within an accuracy of 
0.025 mm. On the other hand bending magnets and 
common girders are aligned within 0.1 mm along the 
whole ring. Final alignment was done in January 1997 
and standard deviation of the alignment errors was 0.04 
mm. This accuracy was confirmed at the commissioning 
of the storage ring. We observed the first turn of the 
electron beam without any correction by steering 
magnets. 

Effective emittance of the beam increases if magnetic 
centers of quadrupole magnets vibrate. To reduce seismic 
vibrations as low as possible, the storage ring building is 
built on the firm bedrock. In addition, cooling system 
was carefully designed to reduce induced vibration on the 
storage ring. We observed the maximum vibration 
amplitude in horizontal and vertical planes was an order of 
0.01|J.m when the cooling water system is in operation. 

Control system of magnets power supplies consists 
of UNIX workstations, an optical fibre network and VME 
modules. Softwares of the control system has been 
developed by the magnet group in collaboration with the 
control group. 

2.3.2 RF System 

Although there are four straight sections reserved for RF 
stations in the storage ring, three RF stations were already 
installed. Each station is composed of eight single cell 
cavities of bell-shape type, one 1MW cw klystron, its 
high voltage power supply, and wave guide system. 
Shunt impedance of a cavity is 5.5MQ. Frequency of 
higher order mode (HOM) for each cavity can be 
controlled by using two movable tuners and a plunger, 
keeping the fundamental frequency of 508.58MHz 
constant. Then dangerous HOM frequencies to cause 
coupled-bunch instability can be well separated from 
cavity to cavity, so that the threshold current for coupled- 
bunch instability becomes higher than 200mA. After 
high power test at the test stand all the cavities were 
installed in the storage ring. 

As the injectors are built about 500m apart from the 
storage ring, timing system for them was made carefully. 
For example, temperature dependence of transit time of 
the reference signal and time jitter should be made as low 
as possible. We could realize precise timing by using 
optical fibre with low temperature dependence and newly 
developed E/O (electrical to optical) and O/E modules and 
achieved time jitter less than 10 psec. 

2.3.3 Vacuum System 

Main parts of the vacuum system of one unit cell consists 
of two bending magnet chamber (BMC), three straight 
section chamber (SSC) for the focusing magnets on one 
girder, two crotch chamber, one dummy chamber for an 



insertion device to be built in future, and other 
components. The pumping system is based on non- 
evaporable getter (NEG) strips which are used in SSC and 
BMC, lumped NEG pumps for SR-induced gas load at 
crotches and absorbers, and sputter ion pumps. A 
distributed ion pump (DIP) is also used in the BMC. 

The BMC and SSC are extrusions, made of 
aluminum alloy, A6063-T5. The BMC has a beam 
chamber with a slot-isolated antechambers for NEG strips 
and a rectangular pump chamber for DIP. On the other 
hand, SSC has a beam chamber and an antechamber for 
NEG strips. The injection section chamber consists of 
two parts, a stainless steel chamber and an aluminum 
alloy chamber. The former is equipped with a beryllium 
window for the injection of the electron beam from the 
synchrotron. 

Each of 48 unit cells has six beam position monitors 
(BPM), giving a total of 288 BPMs. Because the BPM 
electrodes are welded directly to the SSC, SSCs should be 
supported on the common girder to make displacement 
and deformation of the chamber less than 50|J.m and 
30ujri, respectively, at BPM positions. Their sensitivity 
and difference between mechanical center and electrical 
center were calibrated for all BPMs. After final alignment 
of magnets, BPM centers were calibrated to fiducial points 
of neighboring sextupoles. 

Baking and evacuation finished in September 1996 
and vacuum pressure reaches below lOnPa. 

2.3.4 Beam Diagnostics 

Besides BPMs beam current monitors and a tune monitor 
are installed in a straight section together with absorbers 
to avoid unnecessary irradiation of SR. Two types of 
current monitors are developed; one is a DCCT of 
parametric current transformer type and used to measure 
the DC component of the stored current with a resolution 
of 5|J.A. The other is a pulse transformer with a signal 
processor to measure the charge of one bunch. 

The tune monitor consists of a beam shaker, signal 
source for it, an amplifier, pick-up electrodes, signal 
processing circuits, and a spectrum analyzer. All these 
monitors were verified to work very well on the storage 
ring commissioning. 

3 SPRING-8      BEAMLINES 

3.1 Beamlines 

SPring-8 can accommodate 61 beamlines(BL). They are 
divided into four groups according by the source types and 
source points. They may also classified by users. Table 
2 lists the beamlines at SPring-8. 

Now 26 beamlines are being constructed. They are 10 
public BLs, 6 JAERI/RIKEN BLs, 3 for R&D, 2 for 
machine study, and five contract BLs. The public BLs are 
constructed by SPring-8 and will be open to general users. 
On the other hand, contract BLs are constructed by the 

Table 2. SPring-8 Beamlines 
Total Number of Beamlines 61 

Classification by Source Type 
Standard Insertion Device Beamlines(BL) 
BL from normal Straight Section (highß) 
BL from normal Straight Section (lowß) 
BL from long Straight Section (30m long) 
Bending Magnet Beamlines 

38 
(19) 
(15) 
4 
23 

Classification by Users 
Public Beamlines 
Contract Beamlines 
JAERI / RIKEN Beamlines 
R&D and Machine Study Beamlines 

30 
10-20 
6-10 
5 

specific organizations at their own expenses. In this case 
about 70% of beam time can be used by them. JAERI / 
RIKEN BLs are constructed by JAERI / RIKEN for their 
own use. 

Seven of the public beamlines are ID BLs, four from 
in-vacuum undulators(U), one from twin-helical U, one 
from figure-8 U, and one from elliptical multipole 
wiggler (EMPW). The remaining three are beamlines 
from BM. On the other hand, JAERI and RIKEN are 
building three beamlines each, two of them are BLs from 
IDs. One of IDs being developed by JAERI is a variably- 
polarizing undulator which can produce circularly- 
polarized or linearly-polarized X-rays by changing relative 
phase of horizontal and vertical fields. One ID beamline 
and another BM beamline will be used for machine study. 

3.2 Insertion Devices 

Figure 3: An in-vacuum undulator installed in the storage 
ring 

Insertion device is a key technology for the third 
generation SR sources, especially for SPring-8. Most of 
excellent features of synchrotron radiations such as high 
brilliance, tunability over a wide range of wave length, 



circular or linear polarization, coherency, microbeam, and 
time structure of the beam are realized by insertion 
devices, especially by an undulator. New types of 
insertion devices have been developed at SPring-8 as listed 
in Table 3 [4]. Development of in-vacuum undulators 
allow us to standardize the undulator for SPring-8. For 
example, an in-vacuum undulator (Figure 3) with a period 
length Xu =32mm, one of the standard undulator, can 
provide X-rays in an energy range from 5.2 to 18.5keV 
(1st), 15.5 to 51keV (3rd) and 26 to 75 keV (5th) with the 
brilliance higher than 1019 (photons/sec/mm2 /mrad2 in 
0.1% b.w.). Photon flux in a cone of 50 x 50|irad2 is 
1015 (photons/sec in 0.1% b.w.). 

An in-vacuum vertical undulator has a horizontal field 
and provides X-rays linearly-polarized in vertical plane. A 
figure-8 undulator is composed of horizontal and vertical 
undulators with a period length of Xa and 2Xa , 
respectively. 

Table 3 Insertion devices under construction 
Device ^„(mm) N„. E(lst,keV) No. 

In-Vac. U 32 140 5.1-18 5 

In-Vac HvbridU 24 188 8.3-24 1 

In-Vac. vertical U 37 37x2 4.5-16 1 

Twin-Helical U 120 12x2 0.3-3 1 

Figure-8 U 100 44 0.5-5 1 

Variable-Pol. U 120 16 0.5-1.5 
0.3-1.5 

1 

EMPW 120 37 Ec = 42.6 1 

Energy range for the variably-polarizing undulator in 
Table 3 has two values, they are in the cases of circular 
polarization and linear polarization, respectively. 

4 FIRST   RESULTS   OF   COMMISSIONING 

Commissioning of the storage ring was started on 
March 14, 1997. Test operation of the whole accelerator 
system had been carried on for a week before the 
commissioning. The strategy of the first phase 
commissioning is following; we will operate the storage 
ring and two beamlines, one from an in-vacuum undulator 
and the other from a bending magnet. A target current of 
the stored beam is 20mA. After we will succeed to store 
a current of 20 mA, we will extract SR to the beamlines. 
On March 14 we injected the beam from the synchrotron 
to the storage ring. Soon after we could observe the first 
turn of the beam in the ring. Then we spent five days for 
fine adjustment of the beam transport line from the 
synchrotron and the injection section of the ring. On 
March 21, we started again on-axis injection and after 
beam energy correction and tune survey, the sextupole 

magnets were excited. We observed 24 turns of the beam. 
On March 25, we started operation of RF system. After 
fine adjustment of phase and frequency we succeeded to 
store the beam of 0.05mA. The life time of the beam 
was 7 hours. Next day, March 26, we succeeded to 
observe the first synchrotron radiations at the front end of 
the bending magnet beamline (Figure 4). Then we made 
efforts to correct the COD and to increase the stored 
current. The target current of 20mA was cleared on April 
17. The life time at 20mA was 3 hours but increased to 
14 hours at 3.6mA . 

Test operation of the in-vacuum undulator was started 

Figure 4: Pictures of the SR spots on the screen 
monitors in the BM (left) and ID (right) beamlines. 

on April 23 and succeeded to observe the first radiations at 
the front end of the undulator beamline. The spot size of 
the photon beam on a screen monitor was around 1mm 
and the position of the spot did not move when the gap 
was changed from 50 mm to 20mm (Figure4). 

4   CONCLUSION 

So far the commissioning of SPring-8 has been 
carried out very smoothly and we found that the 
performance of the accelerators and the insertion devices is 
excellent. We will continue to extract photon beams from 
the bending magnet and the in-vacuum undulator to the 
mirrors and monochromaters in the optical hutches. 

Inauguration of the SPring-8 facility is scheduled in 
October. The public beamlines will be open for domestic 
users from October. 
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LASER ACCELERATORS: 
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Abstract 

Ever since the research on laser-based particle acceleration 
concepts began in earnest about a dozen years ago, there 
has been very significant progress in the field of Advanced 
Accelerator Research. Proof-of-principle experiments that 
demonstrate the physical principle of the various schemes 
have now been carried out. These experiments are guided 
by state-of-the-art computer simulations made possible by 
the recent revolution in computing power and techniques. 
The research is poised to move on to the next level where 
it will address both physics and technology issues that are 
at the very forefront of beam science. 

1 INTRODUCTION 

I will start off by giving a general motivation for 
advanced accelerator research. In most of the advanced 
accelerator schemes the accelerating structures are far 
smaller than the present structures driven by r.f. in the s 
or x band range. The wavelength of the structure is 
typically in the 1 mm to 10 |xm range which means that 
these structures are powered by either optical frequency 
sources or short bunches of electrons. The beams 
produced by such structures are similarly expected to be 
ultrashort: in the subpicosecond to a few femtosecond 
range. The production, manipulation (preservation) and 
diagnostics of such ultrashort bunches represent the 
forefront of research in beam physics. Once such bunches 
become available, their interaction with matter or 
radiation will open new opportunities in the physical 
sciences. On the technology front the holy grail of 
advanced accelerator R & D is to produce a practical, 
table-top, 1 GeV electron accelerator that can deliver a 
peak current in the 10-100 Amp range. Finally, one 
hopes that in the long run, advanced accelerator R&D 
will yield a new technology for a future high energy 
collider. 

The key physics milestones for any advanced 
accelerator scheme are as follows: 
1. Demonstration    of   the    physical    principle    for 

acceleration. 
Demonstration of energy gain for externally injected 
electrons. 
Demonstration of high gradients ( say > 1 GeV/m). 
Acceleration at this high gradient over a significant 
length (say 1 meter) or alternately an energy gain of 1 
GeV. 

5. Demonstration of a reasonably small energy spread and 
emittance. 

6. Demonstration of staging. 
It is gratifying to note that all the three laser acceleration 
schemes that I shall be discussing have demonstrated 1) 
and 2) above and laser-plasma schemes have in addition 
demonstrated 3). The second generation laser accelerator 
research then is moving on to topics 4), 5) and 6). It 
should be noted that technology and economy issues are at 
present not being addressed with the same degree of 
seriousness as the physics milestones. 

I shall concentrate now on 3 laser-based particle 
acceleration schemes. The first is the laser driven plasma 
wave accelerators.'1' The second is known as the inverse 
free-electron laser accelerator (IFEL)(2) while the third is 
the inverse Cherenkov accelerator (ICA).(3) In all 
accelerators the accelerating particles obey the equation of 
motion<4) 

dx 
dz 

= e (y • El 
mc3 

which means that there are basically two ways a particle 
moving in the z direction can gain energy. First, if the 
electric field has a component Ez in the direction of 
motion of the particle and second if the particle is given a 
small but finite velocity component in the transverse 
direction so that it can interact with a transverse 
component Ex of the electric field. Most acceleration 
schemes including the various laser-plasma schemes and 
the inverse Cherenkov scheme rely on the first method 
(i.e., vz E2) whereas the IFEL relies on the second (i.e., 
vxEx). 

2      PHYSICAL PRINCIPLES 

In the laser-plasma acceleration schemes the 
transverse electric field of a laser is transformed into a 
longitudinal electric field of a space charge wave using a 
plasma.(1> Physically this is accomplished as follows. In 
the so-called Laser Wake Field Accelerator (LWFA)(5) a 
short laser pulse roughly 7ic/cop long excites a wake in a 
plasma. This happens because the gradient of the 
intensity associated with the shape of the pulse exerts a 
force called the ponderomotive force on the plasma 
electrons which are pushed away from the regions of high 
intensity to the regions of lower intensity. After the 
pulse passes the electrons snap back because of the space 
charge force of the ions and set up an oscillation. 
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In the Plasma Beat Wave Accelerator (PBWA),(6) 

two co-propagating laser pulses (co0,k0) and (cOi.k,) of 
much lower intensity than required for LWFA are injected 
into a plasma which satisfy the resonance condition co„ - 
CO, = cop. This once again excites a plasma wave via the 
ponderomotive force. 

In the self-modulated laser wake field accelerator07' 
(SMLWFA), an intense but much longer single frequency 
laser pulse is used to excite the plasma wave. The 
excitation mechanism is the Raman Forward Scattering 
Instability (RFS)(8) which generates a whole band of 
Stokes and anti-Stokes e.m. waves by scattering from 
noise fluctuations in the plasma at cop. These in turn beat 
with the original wave to provide the ponderomotive 
buckets that reinforce the plasma wave. In all three 
schemes, the plasma oscillation in the ID limit is purely 
electrostatic with the longitudinal electric field given by 
e(ne)

1/2 V/cm where e is the level of density modulation 
and ne is the plasma electron density in cm'3. Thus for a 
plasma density in the range 1016 < ne < 1018 cm"3 and e = 
0.1 one can expect 109 < E(v/m) < 1010. 

In the inverse Cherenkov accelerator the laser beam 
is first slowed down in a gaseous dielectric and then made 
to interact with the particle at the Cherenkov angle 9C 

such at ß cos 0C = 1/n where n is the refractive index of 
the gas. In the zero order approximation if ß and cos 0C 

do not change, the field seen by the particle remains 
constant in time. The particle sees an electric field E sin 
6C cos cp which either accelerates or decelerates the particle 
depending on the sign of the phase angle (p. 
Unfortunately, there is a limit to the maximum 
accelerating field that can be expected in the ICA scheme. 
This is given by the breakdown threshold of the gas used 
to slow the laser down. If extremely short pulses are 
used, then the gas breakdown will occur because of tunnel 
ionization mechanism which becomes significant when 
the laser field produces a potential drop roughly 
corresponding to the ionization potential across the Bohr 
radius. This limits the laser intensity to less than 1014 

W/cm2 for a C02 laser in hydrogen which in turn means 
that the maximum accelerating field will be limited to 
less than 500 MeV/m. 

Finally, in the IFEL the particle propagates along 
the axis of a static magnetic wiggler. The x x B_ force 
gives rise to a perpendicular component of the velocity of 
the particle which now can interact with the transverse 
field a co-propagating laser. A different way of looking at 
how this energy exchange can happen is as follows: The 
combined action of the laser (co0,k0) and a static wiggler 
field (co0,kw) on the electrons results in a ponderomotive 
wave. The ponderomotive wave has a phase velocity 
slightly less than c since vph = co0/(k0 + kj = c/(l+ 
k^/k,,). This ponderomotive well can trap and 
continuously accelerate electrons. However, for this to 
happen, the resonance condition which relates the electron 
energy to  the  wiggler and laser parameters must  be 

maintained.  This is given by YR = (1+aw)"2 Q>J2K)m 

where a„ is the normalized vector potential. 

3  CURRENT STATUS OF PLASMA 
ACCELERATORS 

Laser Wake Field Accelerator 

Experiments are being carried out at several 
laboratories around the world on LWFA.(9> The most 
ambitious current effort is the JAERI/KEK/U. Tokyo 
collaboration in Japan.(10> This collaboration has put 
together an impressive laboratory facility which combines 
a high repetition rate 2 TW, Ti-Saphire, T3 laser and a 17 
MeV linac. Their experimental arrangement is shown in 
Fig. 1. 

Laser Pulse           fl-   fj-   fj- 
2TW,90fs        

17 MeV Electron Beam 

MeV 

I    Alpha Magnet       J 
^Bending Magnet J i 

/sdntHatorAray| 
I     (32 ch)    J 

Figure 1. Experimental Set-up for Laser Wakefield 
Acceleration: KEK-JAERI-U. Tokyo 

They have used the technique of frequency domain 
interferometry to measure the plasma density oscillation 
in a helium plasma that was produced by the laser. From 
this they clearly observe a relativistic plasma wave of the 
correct periodicity and infer a density fluctuation of e = 
0.15 or a longitudinal field of 4 GeV/m. They have also 
measured the electron spectra exiting the plasma and have 
found that when 17 MeV electrons are injected externally 
into the plasma, electrons up to 100 MeV at 2 Torr and 
200+ MeV at 20 Torr are observed. To explain the 
observed maximum energies at the inferred gradients (from 
spectral interferometry) a coherent plasma wave must 
exist over many centimeters. Side on images of the 
plasma taken by the same group do show a plasma that is 
emitting light over this distance but its not clear if the 
laser beam is truly self guided or whether there is an 
alternative explanation for these images. The maximum 
laser power of 1.8 TW in these experiments is below the 
critical power for relativistic self-focusing. 

Plasma Beat Wave Accelerator 

The most definative experiments have been done by 
the UCLA group.01' Using a 2 frequency, C02 laser they 
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have succeeded in accelerating a 2 MeV beam of electrons 
up to 30 MeV in about 1 cm giving an average gradient 
of 2.8 GeV/m. Similar results are reported by a group at 
AECL in Canada.02' Furthermore, using al )im laser 
operating on two lines, a group at Ecole Polytechnique(13) 

has also demonstrated acceleration of externally injected 
electrons using this technique. A group at Osaka 
University'14' in Japan also used a two frequency C02 

laser. They observed the acceleration of plasma electrons 
without any external injection. It is clear that the beat 
wave acceleration is ready to move on to the next phase of 
research. The goal of the second generation experiments on 
the PBWA will be the demonstration of acceleration of a 
high quality, high current electron beam at the high 
accelerating gradients that have already been 
demonstrated.'15' The UCLA group has an ambitious 
program that proposes to accelerate electrons to 100 MeV 
while maintaining a small energy spread and emittance. 
The parameters for their experiment are shown in Table 1. 
They propose to use a synchronized photoinjector as a 
source of high current and low emittance injection beam. 
In order to bunch this beam on a sub 100 micron scale 
they are considering several bunching schemes. 

100 MeV case; bunched 
1400 

1200 

1000 

800 

600 

400 

200 

0 —jjfa. 
0 50        100       150       200       2! 

Final Gamma 
(a) 

E> 75 MeV/e = 10 7r.mm.mrad 

3 10-22 

E o 

a. 

-310' ,-22 

-0.0003 0.0003 

Maximum Energy 100 MeV 
Total number of particles accelerated 108 

Number of bunches per macrobunch 1-4 
Energy spread < 5% 
Emittance (normalized)                      < 10 7t.mm.mrad 
Accelerated peak current 10-100 A 
Acceleration gradient 3 GeV/m 

Table 1. The parameters for UCLA 100 MeV PBWA 
experiment. 

Figure 2 shows the results of computer simulations 
when a 15 MeV electron beam is injected into the plasma 
beat wave without and with prebunching. Without 
prebunching electrons are injected at all phases of the 
plasma wave whereas in the prebunched case a 60 fs 
bunch is injected into a 1 ps (300 urn wavelength) plasma 
wave. The plasma wave has a Lorentzian axial profile 
with a peak amplitude of 30% and a diameter of 500 (im. 
The initial emittance of the injected beam is 3TC mm 
mrad. One can see that when a prebunched beam is 
injected more particles are accelerated to high energy as 
expected and the energy spread is much smaller. This is 
more clearly shown in Fig. 3. There is a clear peak at 
approximately 110 MeV with the phase space of particles 
above 75 MeV showing an emittance of 10 K mm mrad. 

x(m) 

(b) 

Figure 2. 
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Figure 3. 
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Self-Modulated Laser Wake Field Accelerator 

This scheme has received a lot of attention in the 
last three years. This is because chirped pulse 
amplification lasers have become commonplace. Many 
laboratories around the world have a terawatt class, 
subpicosecond laser suitable for the studies of SMLWFA. 
For instance experiments are underway at the Rutherford 
Laboratory (RAL)(16), NRL(17), Michigan'18' and JAERI(19) 

on this scheme. The most dramatic results come from the 
Imperial College/UCLA/Ecole Polytechnique 
collaboration at the RAL in England. Using a 20 TW, 1 
ps, 1 |im laser this group observed acceleration of self- 
trapped electrons up to 100 MeV in a 1.5 x 1019 cm"3 

density helium plasma.(20) The plasma wave length was 
simultaneously measured to be about 600 |J,m. An energy 
gain of 100 MeV in 600 urn implies an average 
acceleration gradient of 166 GeV/m, 3 orders of magnitude 
greater than what is obtained in current r.f. linacs. An 
interesting aspect of this experiment is that the maximum 
electron energies observed were larger than expected from 
the 2D, dephasing limit for externally injected electrons in 
a plasma wave. Furthermore, the distance over which the 
electrons were accelerated was greater than the dephasing 
distance. The explanation to this apparent contradiction is 
that what was being observed was the energy gain of self- 
trapped electrons and not externally injected electrons. In 
the wavebreaking process, the plasma wave amplitude is 
large enough to trap the main body of the distribution 
function of the electrons. This causes severe beam 
loading of the buckets. As the electrons are accelerated, 
the effective phase velocity of the later bucket speeds up 
since these buckets are formed as a consequence of the 
superposition of the original wave field and the wake-field 
induced by the accelerating electrons. Consequently some 
trapped particles in the later bucket continue to be 
accelerated by an accelerating field even though they have 
gone beyond the normal dephasing length. 

What is the future for the SMLWFA scheme? In 
the near term, availability of 50-100 TW, 0.5 p.m lasers 
would imply that we will quite likely see this scheme 
yielding the first 1 GeV energy gain of any advanced 
acceleration scheme. This is indeed a very exciting 
prospect. The eventual practicality of this scheme 
depends on whether one can phase-lock and inject 
extremely short bunches to the plasma wave. The plasma 
waves are sub 10 micron in wavelength so micron size 
bunches will be required as in the IFEL and ICA schemes. 

Recently an all optical injector(21) that is particularly 
suitable for plasma accelerators has been proposed. In 
this scheme one intense laser excites the plasma wave 
while a second even shorter pulse laser (x « xpiasma) 
causes local "breaking" of the wave providing the 
electrons at the correct phase to be accelerated. 

The SMLWFA experiments have also shown 
trantilizing evidence for self-guiding of these very 
powerful laser pulses.(22)     Self-guiding  increases  the 

interaction length of the laser with the plasma. However, 
it remains to be seen if it is a practical way to extend the 
interaction length of a plasma accelerator since both the 
plasma density and the laser intensity can vary greatly 
inside the self-guided channel. 

Inverse Free Electron Laser (IFEL) 

There has been a successful IFEL acceleration 
experiment'23' at the Brookhaven National Laboratory's 
Accelerator Test Facility.(24) The C02 laser, the wiggler 
and the electron beam parameters are given in Table 2. 

e beam 
Injection Energy 40.0 MeV 
Exit Energy 42.3 MeV 
N(bunch) 109 e" 
AE/E (one a) +3.10"3 

Emittance (one a) 7.10'8 m.rad 
Wiggler 

Wiggler Length 0.47 m 
Period Length, X„ 2.89-3.14 cm 
Wiggler Gap 4.0 mm 
Field max. (at 6kA) 10 kG 
Exc. Pulse, 1/2 sin. 200 |j.sec 

C02 Laser 
Power 109 Watts 
Pulse (FWHM) 300 psec 
Max. Field, E0 0.78 10"3 MV/m 
Guide Loss, a 0.05 m"1 

R0, Guide Radius 1.4 mm 

Table 2. IFEL Accelerator Experiment, Phase I 
(Accelerator Test Facility, Brookhaven National Lab.) 

The C02 laser beam is guided in a saphire waveguide of 
2.8 mm diameter to keep it interacting with the electron 
beam over the entire wiggler length. The wiggler design 
is very novel. An easily stakable, variable period, fast 
excitation driven wiggler is made by using geometrically 
alternating substacks of Venadium Permandur 
ferromagnetic laminations, interspaced with conductive 
nonmagnetic laminations. Although the wiggler period 
varied, the magnetic field strength is kept constant. They 
clearly observed the IFEL interaction. In the best case 
electron energy gain AP/P of 2% was observed for a laser 
power of less than 0.5 GW. This group intends to carry 
out a parametric study of the IFEL interaction with 
electron energy, laser intensity, magnetic field strength 
and laser spot size as variable parameters. In the future 
this group would like to attempt staging two IFEL 
modules/25' 

An interesting byproduct of the IFEL acceleration 
experiment is the bunching the accelerating electrons 
experience on the optical wavelength scale. Efforts are 
underway at BNL to measure the microbunching in the 
IFEL experiment/26' 
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Inverse Cherenkov Accelerator (ICA) CONCLUSIONS 

A proof-of-principle ICA experiment*27' has been 
carried out at BNL's ATF using once again their C02 

laser and the synchronized electron beam. A double- 
interferometer optical system is used to convert the C02 

beam into a radially polarized beam which is sent in a gas 
cell containing 2 atmospheres of hydrogen gas using an 
axicon. The axicon converges the light so that it interacts 
with the e-beam at the correct phase matching angle. The 
experimental parameters are given in Table 3. 

Electron Beam 
Source: BNLATF 
Beam energy: 55MeV 
Instinsic Energy Spread(s): «±0.1 MeV 
Normalized emittance: ~3G mm-mrad 
Electron bunch length: « 10 ps (FWHM) 
Pulse format: Single pulse 

Laser Beam 
Laser: C02 

Wavelength: 10.6 \xm 
Pulse Length: 220 ps 
Peak power delivered to interaction region: < 1 GW 
Pulse repetition rate: Single shot 

Table 3. Typical ICA Experiment System Parameters        9. 

The electron beam energy is measured downstream 
of the gas cell using a dipole spectrometer. The electrons 
fall on a phosphor screen and are viewed using an image 
intensifier and CCD camera. Since the electrons are 
uniformly distributed over the laser phase both 
acceleration and energy loss are observed. They have 
observed an approximately 3.7 MeV energy gain over a 
12 cm interaction length for 0.5 GW laser power, which 
gives a gradient of 31 MeV/m. 

The next phase of the ICA experiment*28' involves 
using the IFEL as a prebuncher to inject microbunches 
into the ICA for more efficient acceleration. The length 
of the gas cell will be increased to 27 cm for an energy 
gain of 100 MeV. At the same time the IFEL and ICA 
experiments are being integrated, the laser is being 
upgraded to one terawatt level. Using 250 GW of C02 

will lead to an accelerating gradient of 370 MeV/m in the 
next phase of ICA experiments. 

As can be seen from the above discussions, there has been 
a tremendous progress in the laser-acceleration field. The 
future of this field looks very exciting with plasma 
schemes on the threshold of achieving 1 GeV energy gain, 
IFEL demonstrating microbunching and a combined 
IFEL/ICA experiment likely to demonstrate staging and 
phase-locking of charged particles at optical frequencies. 
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COHERENT NONLINEAR LONGITUDINAL PHENOMENA 
IN UNBUNCHED SYNCHROTRON BEAMS 

L. K. Spentzouris and P. L. Colestock *, 
Fermilab, P.O. Box 500, Batavia, IL 60510, USA 

Abstract 

Coherent nonlinear longitudinal dynamics have been inves- 
tigated in unbunched hadron beams[l]. These phenomena 
may be described using a theoretical framework originally 
developed to describe interactions in plasmas[2]. Processes 
exhibiting the weakest degree of nonlinearity are known as 
wave-wave interactions. Manifestations of these interac- 
tions may be used to help characterize a beam. Echoes have 
been used to measure the collisional damping rate of weak 
diffusive processes which degrade a stored beam. Further 
information is contained in the echo shape, which depends 
on the form of the particle energy distribution. The echo 
shape may also be modified by the presence of wakefields, 
or nonlinearities in the machine lattice which affect the lon- 
gitudinal motion of the particles. 

1   ECHO MEASUREMENT AND DYNAMICS 

Beam echoes may be generated transversely [3, 4], or 
else longitudinally in either a bunched beam [5] or an un- 
bunched beam [1, 6, 7]. Although the underlying phenom- 
ena are the same in all cases, the discussion here pertains 
specifically to longitudinal echoes in an unbunched beam. 

An echo is a coherent current oscillation which grows 
out of a quiet beam, with some delay after a sequence of 
two independent pulse excitations. In the absence of wake- 
fields, the beam response to a longitudinal kick naturally 
decoheres, with a decoherence time that is inversely pro- 
portional to the energy spread of the beam. Even though 
the coherent motion of the beam damps away, the phases 
of the particles will remain correlated. Due to this correla- 
tion, the phase evolution of the decoherence is reversible. 
An echo is a partial reconstruction of the particle phase re- 
lation present during the coherent motion from the initial 
kicks. This reconstruction normally occurs some time after 
the beam response to the kicks has damped away. 

Longitudinal echoes in an unbunched beam have been 
clearly observed in the Fermilab Accumulator. Figure 1 
shows the time development of the peak beam current dur- 
ing echo production, as seen on a broadband longitudi- 
nal resistive-wall beam detector. The two large amplitude 
spikes within the first 100 ms correspond to the longitudi- 
nal kicks that were applied to the beam at harmonics h = 9 
and h = 10, respectively. The frequency of the coherent 
response of the echo occurs at the difference frequency of 
the kicks, fecho = fkick2 - fkicki, which in this case is 
h = l. 
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0.015 I At 

0.005 

-0.005 

-0.015 

-0.025 

* Operated by the Universities Research Association for the U.S. Dept. 
of Energy 

Figure 1: Beam response to a pair of impulse excitations 
separated in time by At = .075 seconds. The echo is cen- 
tered at 0.75 seconds after the first kick. The beam pa- 
rameters were: beam current Jo = 147 mA, 77 = .023, 
total beam energy EQ = 8696 MeV, beam energy spread 
a£ — 3.2 MeV, transverse normalized emittances CH = 
1.757T mm-mrad, ey = .56-rr mm-mrad, and peak separa- 
tion of the echo Atpeak = .07 sec. Note the presence of a 
higher-order echo immediately following the second exci- 
tation pulse. 

The timing of an echo is theoretically predicted to be 
techo = [fkick2/(fkick2 - fkicki)]At, where At is the time 
separation between the two kicks. Verification of the scal- 
ing of techo with the kick frequencies is shown in figure 2. 

2   DIFFUSION RATE MEASUREMENTS 

Echoes are a useful tool for measuring the diffusion rate in 
a beam. Current methods of measuring thermal effects in a 
beam take on the order of hours. Echoes effectively amplify 
the effects of scattering, allowing the measurement of small 
collision frequencies in a much shorter time. 

The presence of a diffusion mechanism destroys the re- 
versibility of the decoherence of particle bunching. In the 
absence of diffusion, the phase evolution of the spreading 
particles depends strictly on their relative energies. The 
phase development of the particles due to their energy 
change from the second kick combines with their phase de- 
velopment from the first kick in such a way as to rebunch 
the particles. Partial decorrelation will reduce the echo am- 
plitude, and full decorrelation will completely inhibit the 
echo. A collisional process, for example intrabeam scat- 
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Figure 2: Measured echo delay time as a function of sep- 
aration of the drive pulses. Upper curve: 1st pulse at 
h = 9, 2nd pulse at h = 10, giving expected time de- 
pendence techo = [10/(10 - 9)]At = lOAt. Lower 
curve: 1st pulse at h = 4, 2nd pulse at h = 5, giving 
techo = [5/(5 - 4)]At = 5At. 

tering, will break down the correlation between energy and 
phase by knocking individual particles off their original tra- 
jectories. A diffusion process is thus expected to change 
the dependence of echo amplitude on the time at which the 
echo occurs, decreasing the amplitude until there is no echo 
at all. 

In the presence of diffusion, the beam current at the echo 
harmonic goes as 

Iecho = AJ1(k1SAt)exp(-k2utlcho) (1) 

where A is a constant, S is proportional to the kick strength 
of the excitation, fci is a constant equal to one of the kick 
harmonics, At is the time between kicks, k2 is a constant 
which depends on the kick harmonics and the echo har- 
monic, v is the collision rate, and techo is the time from 
the first kick to the center of the echo. Decorrelation due to 
collisions results in a decay as t3, which modifies the other- 
wise Bessel function form of the echo amplitude response. 
Thus, by fitting a measurement of echo amplitude versus 
the time of the echo, the diffusion rate in the beam may be 
determined. Such a fit is shown in figure 3. 

The diffusion rate is large enough in the Fermilab Accu- 
mulator that only a portion of the first lobe of the Bessel 
function is visible in the beam response. This was further 
verified by performing an echo amplitude scan at two dif- 
ferent sets of kick harmonics, as shown in figure 4. A com- 
parison of the time when the echo amplitude vanishes in 
the two scans indicates whether or not this zero is a node in 
the Bessel function dependence, because fci ^ k2 in equa- 
tion 1. The ratio of the vanishing time in the two scans of 
figure 4 is consistent with the ratio of the decay time con- 
stant in equation 1, and is not consistent with the ratio of 
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Figure 3: Peak echo response as a function of the time to 
echo following the initial pulse. The solid line represents a 
theoretical fit corresponding to a collision rate v = (3.0 ± 
0.8) x 10~4 Hz. 
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Figure 4: Echo amplitude vs. echo time tech0. The top scan 
was done with kick harmonics hktcki = 9 and hkiCk2 = 
10, giving hecho = 1- The bottom scan was done with 
hkicki = 8 and hkick2 = 10, giving hecho = 2. All other 
parameters were the same. 
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the argument of the Bessel function. 

3   ECHO SHAPE 

There is other information about the beam besides the dif- 
fusion rate residing in an echo. Knowledge of the beam en- 
ergy sigma and the shape of the energy distribution of the 
particles may be extracted. It is perhaps even possible to 
learn about nonlinearities in the machine 77 function which 
governs the transit times of particles around the machine. 

One of the major features of the observed echoes has 
been a deep notch in the center of the response. In the 
absence of wakefields, the echo current is dependent on the 
derivative of the unperturbed particle energy distribution. 
For a Gaussian beam, the slope of the distribution is zero at 
the center, hence the echo current goes to zero in the middle 
of the echo. The separation of the peaks on either side of 
this zero has a predicted dependence on the energy width 
of the beam. This goes as, 

L^tpeak 
ß2 

h'echo'RJrevWl Eo 
(2) 

where ß is the relativistic ß of the beam, hecho is the har- 
monic of the echo frequency, frev is the revolution fre- 
quency of the machine, 77 is the slip factor governing the 
particle transit time, and ^ is the energy sigma over the 
central energy of the Gaussian beam. In figure 5, experi- 
mental results are shown to agree with equation 1 to within 
20%. 

0.020 

which knocked particles out of the center of the distribu- 
tion. This left a beam energy profile with a depression in 
the center and shoulders on either side. The correspond- 
ing shape of the beam echoes is shown in figure 6.  The 
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Figure 6: Beam echo from a non-Gaussian beam. 

shape of the resulting beam profile can be constructed with 
a superposition of two offset Gaussians. By superposing 
the two corresponding normally notched echoes, a three- 
peaked echo such as that shown in figure 6 results. Since 
the echo shape is dependent on the slope of the beam dis- 
tribution, perhaps a more careful and systematic algorithm 
for extraction of the beam profile can be developed. 

While doing echo amplitude scans at various beam en- 
ergy spreads, it was found that for large enough aE the 
notch in the echo disappeared. Leaving all other param- 
eters the same, scans were done for <re in the range of 2.3 
to 8 MeVc. As the beam energy spread increased, the echo 
amplitude decreased, and the central notch in the echo filled 
in, eventually vanishing completely. Figure 7 shows echoes 
from three of these scans. The echoes occur at approxi- 
mately the same time relative to the driving pulses, but their 
shape is quite distinctive. Although only three echoes are 
shown in the figure, the trend is assiduously followed in all 
seven scans which were done. One possible explanation is 
that nonlinearities in the 77 function are mixing the particle 
distribution in such a way as to destroy the notch. The re- 
lation between the spread in particle revolution frequencies 
and the spread in particle energies is given by, 

Figure 5: Peak separation of double-peaked echoes, 
Atpeak, versus the inverse of |£, the energy spread of the 
beam. The value of the slope from the linear fit is 1.76E- 
5. The beam parameters were IQ = 147 mA, 77 = .023, 
ß2 = .988, hecho = 1, and frev = 629 kHz. 

Departures of the particle energy distribution from a 
Gaussian will be reflected in the shape of the echo. For 
example, during one study period an instability developed 

A/ 
/o 

77 AE 

= 1 AE 
~ß2 E0 

\            1 AE 

As the energy spread of the beam gets larger, the nonlinear 
terms will make a greater contribution to the motion, and 
destroy the linear correlation between the energy and phase 
of the particles. 
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4   CONCLUSIONS 
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Figure 7: Three longitudinal beam echoes occurring in 
beams with different energy widths. The beam energy 
sigmas (ae) were from top to bottom, 4.0, 6.1, and 8.0 
MeVc. The energy spread was controlled with longitudi- 
nal stochastic cooling systems, all other beam conditions 
were the same. The beam intensity was 147 mA. Echoes 
which occurred at nearly the same time relative to the driv- 
ing pulses were chosen for comparison. 

High energy hadron beams are rich in nonlinear effects 
which are as of yet in the early stages of exploration. 
Echoes, which are a manifestation of weakly nonlinear 
wave-wave interactions, have been studied using an un- 
bundled beam in a storage ring. Echoes can be used to 
explore the nature of the beam. The peak separation of the 
echoes generated in a Gaussian beam is proportional to the 
beam energy spread. In general, in the absence of wake- 
fields, the shape of the echo depends on the slope of the 
energy distribution of the particles. 

Echoes are sensitive to anything in a machine which dis- 
rupts the linear relation between particle energy and parti- 
cle phase. As a result, it has been possible to make a fast 
measurement of the diffusion rate in a beam using longi- 
tudinal echoes. In the Fermilab Accumulator storage ring 
it has been observed that the notch normally present in the 
center of the echo fills in at large beam energy spreads. It 
may be that nonlinearities in the rj function are responsible 
for this. 

The investigation of beam echoes has demonstrated that 
studying nonlinear effects can be a useful tool in beam 
physics, allowing a deeper understanding of the behavior 
of particle storage rings. 
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THE NATIONAL SPALLATION NEUTRON SOURCE 
(NSNS) PROJECT 

Bill R. Appleton for the NSNS Collaboration 
Oak Ridge National Laboratory*, P. O. Box 2008, Oak Ridge, Tennessee 37831, USA 

Abstract 
The need and justification for new sources and 

instrumentation in neutron science have been firmly 
established by numerous assessments since the early 
1970s by the scientific community and the 
U.S. Department of Energy (DOE). In their 1996 budget, 
the DOE Office of Energy Research asked ORNL to lead 
the R&D and conceptual design effort for a next- 
generation spallation neutron source to be used for neutron 
scattering. To accomplish this, the NSNS collaboration 
involving five national laboratories (ANL, BNL, LANL, 
LBNL, and ORNL) has been formed. The NSNS reference 
design is for a 1-GeV linac and accumulator ring which 
delivers 1-MW proton beams in microsecond pulses to a 
mercury target; neutrons are produced by the spallation 
reaction, moderated, and guided into an experimental hall 
for neutron scattering. The design includes the necessary 
flexibility to upgrade the source in stages to significantly 
higher powers in the future and to expand the experimental 
capabilities. This paper describes the origins of NSNS, 
the current funding status, progress on the technical 
design, user community input and intended uses, and 
future prospects. 

1.0 INTRODUCTION 

The National Spallation Neutron Source (NSNS) is 
an accelerator-based facility that produces pulsed beams of 
neutrons by bombarding a mercury target with intense 
beams of 1-GeV protons. It is being designed to meet the 
needs of the neutron-scattering community in the United 
States well into the next century. The need and scientific 
justification for a more intense source of neutrons to keep 
pace with the burgeoning use of neutrons in science and 
technology have been well established in numerous 
assessments by the National Research Council and the 
U.S. Department of Energy (DOE) since the 1970s.1 

Many advances in our society are driven by new 
technologies, and most of these new technologies depend 
on the development of new materials such as high- 
strength ceramics and composites, magnetic and electro- 
optic materials, or new high-transition- temperature 
superconductors. The approach to developing many of 

these materials requires understanding their interactions at 
the atomic level and relating these interactions to 
macroscopic properties. This usually requires the use of 
large facilities such as synchrotron radiation sources and 
neutron sources. Neutrons have several unique advantages 
for determining the structure and dynamics of a wide range 
of materials. This is why the demand for neutrons has 
increased so rapidly and has spread to so many fields of 
science in the last twenty years, and why there is a need 
for the NSNS. 

2.0 ORGANIZING FOR THE 
CONCEPTUAL DESIGN 

DOE provided $8 million in FY 1996 and FY 1997 
to Oak Ridge National Laboratory (ORNL) to initiate the 
conceptual design and R&D for a next-generation 
spallation neutron source, the NSNS. Organizing to 
perform the conceptual design was a challenge. A design 
was needed in a short period of time and with limited 
funds. To accomplish this, ORNL formed a collaboration 
involving five DOE National Laboratories, Argonne 
National Laboratory (ANL), Brookhaven National 
Laboratory (BNL), Ernest Orlando Lawrence Berkeley 
National Laboratory (LBNL), Los Alamos National 
Laboratory (LANL), and ORNL. This approach assembles 
the best available expertise and latest technologies, 
utilizes the experience gained from all the laboratories in 
designing facilities and operating user facilities, leverages 
DOE resources, and allows ORNL to tailor the final staff 
at NSNS to user operations. 

3.0 FUNCTIONAL REQUIREMENTS FOR NSNS 

The functional requirements for the NSNS have been 
set by the scientific community and DOE through 
distillation of the many assessments and events dating 
from the 1970s that have firmly established the need and 
justification for a new neutron source.1 From these studies 
and a recent NSNS User's Workshop on Performance 
Metrics and Instrumentation Needs held in Oak Ridge, 
October 31-November  1,   1996,  the requirements the 

'Managed by Lockheed Martin Energy Research Corporation for the U.S. Department of Energy under Contract 
No. E-AC05-96OR22464. 
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community  would like designed into  the  NSNS   are 
basically the following: 

Short pulse (~1 microsecond) operation 
Initial operation at ~1 megawatt beam power 
A flexible initial design capable of being 
upgraded "to significantly higher power" in the 
future 
One target station initially at 30-60 Hz 
repetition rate, and provisions for a second at 10- 
20 Hz 
Rapid completion, high reliability, and high 
availability to the users 
A flexible design that preserves a long pulse 
(1 millisecond) mode of operation 

primary reasons. A liquid-mercury target rather than a 
solid target was chosen initially because this appeared the 
best option to accommodate higher power upgrades in the 
future, but as design activities have progressed, we now 
conclude this is the superior choice even at 1-MW power 
levels. A 60-Hz target was selected for the initial 
experiment system to accommodate the majority of 
recommendations from the User's Workshop, although 
there was a clear need expressed for both high- and low- 
frequency targets in the near future. 

A schematic representation of the accelerator system 
layout and experiment building for the first 1-MW phase 
of NSNS is shown in Fig. 1. 

4.1 Accelerator Reference Design 

4.0 ACCELERATOR REFERENCE DESIGN 

To address the needs expressed by the neutron 
community, the NSNS team examined the relative merits 
of several technology options, including a full-energy 
linac plus accumulator ring vs a lower-energy linac and a 
rapid cycling synchrotron. 

The NSNS team concluded that a full-energy linac 
injecting into an accumulator ring was the best 
combination of technologies for the accelerator system. 
The relatively modest cost for upgrading the 1-MW 
accumulator-ring scenario to 2 MW, and the flexibility of 
this option for additional upgrades to significantly higher 
powers and long-pulse operation in the future were the 

The performance parameters for the NSNS accelerator 
system reference design are listed in abbreviated form in 
Table 1. The first column of parameters are for the initial 
stage of the NSNS that would operate at a power of 1 
MW. 

The second column shows those parameters that 
would be changed for the NSNS to operate at the upgraded 
power of 2 MW. As mentioned in Table 1, the NSNS is 
designed so that the upgrade to 2 MW mainly requires 
increasing the ion source current to 70 milliamps and 
boosting the rf power to the existing linac structure to 
accelerate the additional beam, and this can all be 
accomplished quite economically. 

ORNL 97-501 lA/vlb 

Linac Tunnel HEBT. 

^-'' E tperlmant 
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Fig. 1.   Schematic representation of the accelerator system layout and 
experiment building for the first 1-MW phase of NSNS. 
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Table 1. National Spallation Neutron Source 
Performance Parameters 

Initial Upgrade to 
1.0 MW 2.0 MW 

Pulse repetition rate 60 Hz 
Peak ion source H" current 35 mA 70 mA 
RFQ capture-bunching factor >80% 
Linac length 493 m 
Linac capture-acceleration 100% 

efficiency 
Linac duty factor 6.2% 
Linac final beam energy 1.0 GeV 
Accumlator ring circumference 220.7 m 
Ring controlled injection loss <10% 
Ring orbit rotation time 841 ns 
Pulse length at ring injection 546 ns 
Kicker gap at ring injection 295 ns 
Ring filling fraction 65% 
Number of injected turns 1225 
Ring filling time 1.03 ms 
Protons per pulse on target 1.04 x 1014 2.08 x 1014 

Protons per second on target 6.3 x 1015 1.25 x 1016 

Time average beam current on 1.0 mA 2.0 mA 
target 

Beam power on target 1.0 MW 2.0 MW 

LBNL has responsibility to design, develop, 
construct, and integrate the front-end system as a fully 
operational part of the NSNS accelerator system. The 
primary function of the front-end system is to produce a 
beam of H ions to be injected into the linac at 2.5 MeV. 
The ion source technology selected by LBNL to 
accomplish this is an rf-driven, rather than filament- 
operated, multi-cusp volume source, chosen primarily 
because of its stable, low-noise, and high-efficiency 
operation. This technology has been developed over many 
years and requires no major breakthroughs to achieve the 
performance goals. 

LANL is responsible for the linac. The linac consists 
of a drift-tube linac (DTL) that accelerates beam from 2.5 
to 20 MeV, a cavity-coupled drift-tube linac (CCDTL) 
that further accelerates beam to 95 MeV, and a cavity- 
coupled linac (CCL) that accelerates beam to 1.0 GeV. 
The DTL operates at an rf frequency of 402.5 MHz while 
the CCDTL and CCL operate at 805 MHz. Careful beam 
matching, large aperture-to-beam size ratios, and 
equipartitioning will greatly reduce the problem of beam 
halo. The linac and front end provide chopped beams 
suitable for injection into the accumulator ring. 

The particular parameters chosen for the linac are the 
result of substantial experience with design, construction, 
and operation of the Los Alamos Neutron Science Center 
(LANSCE) linac, the Ground-Test Accelerator (GTA), and 
studies for the APT-linac design. The studies done for the 
European Spallation Source (ESS) accelerator systems 
have also been considered. 

BNL is responsible for the high-energy beam 
transport (HEBT) from the linac to the ring, the 
accumulator ring, and the ring-to-target-beam-transport 
(RTBT) system. The HEBT system provides the beam 
transport between the linac and the accumulator ring. The 
accumulator ring is a simple FODO lattice with four-fold 
symmetry responsible for accumulating beam pulses from 
the linac, and bunching them into intense short pulses 
which are delivered to the target. Pulses of H" ions from 
the linac are stripped in a carbon foil and injected into the 
accumulator ring as protons. The ring accumulates about 
1200, 1.0-GeV pulses of about 1-msec length from the 
linac, overlaps these into a single pulse about 0.5 |isec in 
length, and ejects them onto the mercury target as intense 
proton pulses where neutrons are produced by the 
spallation reaction, and transports it to the neutron target. 

4.2 Target Systems 

ORNL has primary responsibility for the target 
systems. The NSNS target systems include two major 
elements: the neutron source system, which provides 
neutrons for the scattering instruments, and a set of three 
beam dumps for the accelerator systems. 

The function of the neutron source system is to 
convert a 60-Hz short pulse (<1 |J.s), high-energy 
(17 kJ/pulse), high-average-power (1 MW), 1.0 GeV 
proton beam into intense, short (-tens of \ls) neutron 
pulses optimized for use by 18 neutron beam lines. Pulse 
rates of less than 60 Hz are acceptable as long as the 
nominal 17 kJ/pulse is not exceeded. In addition to the 
proton beam target itself, the target systems include 
neutron moderators, reflectors, shielding, utilities, and 
maintenance systems. 

A cross-sectional view of this neutron source system 
is shown in Fig. 2. The proton beam target will be liquid 
mercury flowing inside an austenitic stainless steel 
container. Two ambient temperature water moderators will 
be located under the target, and two cryogenic hydrogen 
moderators above the target. Each one of the 18 beam 
tubes view one of these four moderators. The moderators 
will be surrounded by a beryllium reflector cooled with 
heavy water. 
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Fig. 2. Cross-sectional view of target station. 

Fig. 3. Layout of experimental hall showing 
neutron beam lines and initial instrument set. 

5.0 FACILITIES FOR SCIENTIFIC 
EXPERIMENTS 

The purpose of the NSNS is to provide neutron 
beams for DOE and the scientific community. ANL and 
ORNL are jointly responsible for the instrumentation and 
experiment facilities. 

The plan for staged upgrades of NSNS provides for an 
initial suite of state-of-the-art instruments and facilities 
that will grow as user needs evolve. The 1-MW first stage 
of operations will begin with construction of the target 
operating at 60 Hz with a reference design set of about 
10 neutron-scattering instruments. The broad user 
community has been involved in the selection of these 
instruments. Based on recommendations from the NSNS 
User's Workshop, a layout of this reference set of 
instruments on NSNS neutron beams was developed and 
is shown schematically in Fig. 3. This layout was used in 
determining the size, shape, and other characteristics of the 
experiment hall shown on the facility footprint in Fig. 1. 

6.0 FUTURE UPGRADES 

Because of the reference design of NSNS, it is 
anticipated that the facility will be capable of operating at 
2 MW in a short period and at modest cost. This would 
offer additional flexibility for the design and development 
of new instrumentation and a second low- frequency (10- 
20 Hz) target and experiment building. The suggested 
second stage of power upgrade would require building a 
second ion source, RFQ, MEBT, and DTL, and 
"funneling" of beam from two front-end systems operating 
at 70 mA into the linac. The initial accumulator ring is 
designed for maximum of 2 x 1014 particles per pulse, 
corresponding to 2 MW of beam power. A second ring 
would be built to accommodate the increased beam 
storage. While present plans have been carried only to the 
4-MW level, the flexible nature of the baseline 
configuration and the potential of the planned site allow 
one to consider a variety of additional and alternate upgrade 
scenarios. 
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THE DUKE FEL LIGHT SOURCE FACILITY 

J. M. J. Madey, Director, and the Faculty and Staff of the FEL Laboratory 
PO Box 90319, Duke University, Durham, NC 27708 

Abstract 

FEL research has proceeded during the last twenty five 
years from marginal proof of principle experiments to the 
construction and operation of devices optimized to provide 
the unique properties (peak power, tunability, and odd- 
wavelength capabilities) of most interest to the user 
community. The commissioning of the major facilities of 
the Duke FEL Laboratory constitutes another milestone 
along this path: the development of an integrated, FEL- 
based, research facility offering the opportunity to explore 
the capabilities and applications of high power, 
synchronized, multi-wavelength IR, UV and Gamma-ray 
FEL light sources. The size, cost and capabilities of such 
facilities appear uniquely well suited to the resources and 
interests of multi-disciplinary research universities. 

1 INTRODUCTION 

Since Ken Robinson's first musings more than thirty 
years ago that coherent radiation might be obtained from 
an appropriately designed undulator and accelerator-driver, 
free electron lasers have drawn attention as possible 
successors to incoherent e-beam based bend magnet and 
undulator light sources. That the technology has yet to 
reach the stage of widespread application is indicative of 
the barriers to understanding and implementation which 
have had to be surmounted. 

Within this context, work on free electron lasers 
can be divided into three distinct, if overlapping, phases. 
The first phase, beginning with Robinson's work and 
continuing for perhaps 10 years past the first operation of 
an "optical" FEL at Stanford in 1976, focussed on the 
analysis of FEL operation. Though analysis and 
simulation continue through as vital and productive 
enterprises, it is also clear that the basic issues associated 
with FEL operation have been resolved. In this sense, the 
"theoretical" phase of FEL research can characterized as 
nearly complete. 

The "hardware" phase of "optical" FELs (infrared 
and shorter wavelengths) began with the first experiments 
at Stanford, and continues through current date, with 
dramatic, continuing progress in the development of high 
performance linac and storage ring accelerator-drivers, 
precision undulators, and advanced optical systems. 
Indeed, it has largely been the progress in e-beam and 
undulator hardware which has transformed FEL 
technology from its humble and struggling beginnings to 
the very respectable levels of performance now routinely 
attainable in the infrared, and to the recent demonstrations 
of UV lasing, x-ray and gamma ray production via 
Compton backscattering. Continued progress in these 
supporting technologies make it reasonably certain that 
capabilities of FEL technology will also continue to 

advance, at least through the UV, XUV and soft x-ray 
regions. 

The third phase of this effort might be called the 
"implementation" or "economic" phase, in which the 
objective has been to match the available technology with 
the applications best suited to exploit the capabilities of 
the technology, and most capable of supporting the costs 
to develop and operate the required hardware. The first 
efforts along these lines were begun in the mid 1980's as 
sponsors were found to support the exploration of the 
applications of the then-available prototype hardware in 
medicine and materials science in the United States, 
Europe, Japan and China. 

While the results obtained to date in this third 
phase of the effort are encouraging, this third phase - 
perhaps the most critical with respect to the future of the 
technology - remains at an early stage of development. 
The developments described below reflect the efforts we 
have made at Duke to promote the advancement of FEL 
technology as part of this third phase of the effort to 
develop the free electron laser. 

1.1 Comments on Siting Issues 

The criteria by which success of an operating FEL light 
source facility will be measured are easy to identify: the 
facility should offer state-of-the-art performance, be 
inexpensive to build and operate, and be highly productive 
when evaluated in terms of the number of research 
projects accommodated or the utility or impact of the 
research performed. Note that these criteria involve both 
technical and siting issues: construction and operating 
costs will clearly depend both on the choice of technology 
and the skills and cost of labor, while productivity will 
depend both on the intrinsic capabilities of the technology 
and the skills and access of the investigators committed to 
exploring the technology. 

A key issue for such FEL research centers is the 
number of users to be served. The challenge here is that 
FELs are, by their nature, devices which can serve only a 
limited number of users (typically one!) at a time. 
Though this restriction can be eased somewhat the 
implementation of one or more strategies to multiplex the 
electron beams and/or optical beams used or produced in 
such facilities, this restriction remains more or less 
intrinsic to the technology: like table-top lasers, FELs are 
limited in the number of users they can serve at any given 
time. As a consequence, FELs can not hope to justify 
their existence through the number of users they serve, 
but rather through the quality or impact of the of the 
research they support. 

These three criteria: capabilities, cost, and 
productivity appear at this point in time to favor the 
deployment of small and medium-scale FEL technology, 
optimized to achieve one or more state-of-the-art 
capabilities, in university laboratories in which cost can 
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be shared with these institutions' educational and training 
programs, and in which expedited access can be provided 
to a modest number of active research groups capable of 
pursuing the opportunities made possible by the 
technology. In general, this situation is reminiscent of the 
time 50 years ago in which the accelerator technology 
available to support nuclear and high energy physics was 
in its infancy, and the bulk of research was performed in 
small- and medium-scale university research facilities. 

As described in further detail below, these 
considerations have led to the development at Duke 
University of a complementary series of FELs, FEL- and 
e-beam based light sources, and accelerator-drivers 
designed to facilitate the exploration of the capabilities 
and applications of FEL technology in basic and applied 
research. The site of the facility, on the Duke campus in 
the Research Triangle of North Carolina adjacent to North 
Carolina State University, the University of North 
Carolina at Chapel Hill, and Research Triangle Park 
promotes easy access to the facility by research groups 
affiliated with these centers. 

2 THE DUKE FACILITY 

The FEL light sources and accelerator-drivers available for 
use within the Duke FEL Laboratory are housed in a 
dedicated 50,000 sq. ft. facility sited on the Duke campus 
next to the Triangle Univesities Nuclear Laboratory. 
These devices include a 1 GeV electron storage ring 
located in the Laboratory's main bay, an ultraviolet FEL 
system (the OK-4 FEL) installed on the south straight 
section of this ring, the 280 MeV linac injector for the 
ring located in an underground tunnel extending 450' to 
the east of the Laboratory, and an independently operable 
infrared FEL (the Mklll FEL) located in a shielded cave 
adjacent to the Laboratory. 

The choice of accelerator technology 
implemented in these devices reflects both the demanding 
technical requirements for FEL operation and the need to 
minimize acquisition and operating costs. The peak power 
output and tuning range of FELs are determined, 
primarily, by the peak current, emittance, and energy of 
the electron beam used as the lasing medium. Other 
characteristics of interest—optical pulse length, format, 
and average power output—follow from the time structure 
of the e-beam. Several means are now available to 
generate the e-beams required for state-of-the-art operation 
at infrared, ultraviolet, and extreme ultraviolet 
wavelengths, exploiting, respectively, the characteristics 
and capabilities of high gradient microwave gun injector 
technology and low emittance, medium energy storage 
ring technology. 

For research facilities such as the FEL Lab at 
Duke, simple pulsed linac technology is attractive for 
operation at the lower electron energies required for 
infrared operation. As most of the infrared applications 
efforts to be pursued required either high pulse energies or 
high (Ghz) repetition rates, a single klystron S-band linac 
using a microwave thermionic gun and modified for long 
pulse operation to provide electron energies up to 45 
MeV. With a peak current of 40 amps, this accelerator- 
driver permits operation of the Mklll infrared FEL system 

at wavelengths as short as 1.5 microns as described in 
further detail below. 

For the e-beam energies and currents required for 
ultraviolet and extreme ultraviolet FEL operation, the 
economy and simplicity of storage ring accelerator-drivers 
make that technology an attractive choice for the 
exploratory short-wavelength research projects to be 
pursued in the Duke Laboratory. Storage ring technology 
also provides the means to generate high peak power 
optical pulses in the q-switched mode of FEL operation, 
and also the capability to support the operation of a range 
of conventional undulator and bend-magnet synchrotron 
radiation light sources as adjuncts to FEL operation. The 
recently commissioned OK-4 FEL system described 
below, based on the Laboratories 1 GeV storage ring 
driver, has generated coherent light at wavelengths as 
short as 345 nanometers in the ultraviolet, and also been 
used to demonstrate the generation via intracavity 
Compton backscattering of near-monoenergetic polarized 
gamma rays at energies up to 16 MeV. 

The emittance, current, and energy of the e- 
beams produced by the injectors and accelerator-drivers for 
these FELs make them useful instruments in their own 
right for advanced research on high brightness and high 
current electron beam physics and technology, including 
the development of new e-beam based light sources. 

2.1 The Mklll FEL 

The Mklll FEL was designed to satisfy the requirements 
projected for research on the applications of tunable, short 
pulse infrared laser technology in laser surgery. Projected 
specifications for this application included a tuning range 
covering from 1 to 10 microns, megawatt instantaneous 
peak power, (micro)pulse widths of the order of a 
picosecond, (macro)pulse widths of the order of 10 
microseconds, and (macro)pulse energies of the order of 
10-100 millijoulses. Similar specifications apply for 
research in multiphoton photochemistry, the other major 
field of use for this device. 

Analysis of these specifications in 1982 indicated 
that these requirements could be fulfilled using a single- 
section SLAC S-band linac driven by a long-pulse 30 
megawatt klystron to achieve operation over the required 
energy range (28-45 MeV). A novel electron gun 
technology developed for this system, employing a 
thermionic lanthanum hexaboride button cathode mounted 
within a single-cell S-band accelerating cavity followed by 
an alpha-magnet momentum analyzer and buncher, 
provided the high current, low emittance e-beam required 
for operation [1]. 

The Mklll FEL system was first operated at 
Stanford University in 1985 [2]. Following the transfer of 
the FEL Laboratory to Duke in 1988, the Mklll was 
installed and recommissioned in the Laboratory's new 
facilities in 1991. The current operating specifications for 
this system are summarized in Table 1. Harmonic 
generation in phase-matched lithium niobate can be used 
to efficiently double the IR output of the Mklll for 
coverage of the spectral region at wavelengths shorter than 
2 microns. 
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In addition to the uses contemplated for this 
system in surgery and multi-photon IR photochemistry, 
the high (2.856 GHz) rep rate train of optical pulses 
generated by the Mklll can be phase locked to enhance the 
spectral brightness by a factor of 39, thereby achieving 
unprecedented levels of spectrally pure, tunable, single 
mode optical radiation for applications requiring high 
spectral resolution and stability [3]. 

With the exception of the time lost due to the 
transfer of the Laboratory in 1988 and to a series of 
klystron-related problems in 1995 and 1996, the MkHI 
has reliably delivered more than 1000 hours a year of 
infrared radiation to its users in every year since it was 
first operated at Stanford. 

Table: 1 Operating Parameters of the MKIII PEL System 

Wavelength range 1.4-9.1 |im 
Macropulse repetition rate Single shot - 

15 Hz 
Macropulse duration 0.5 - 4 ILLS 

Macropulse energy 1 - 100 mJ 
Optical pulse repetition rate 2.86 GHz 
Optical pulse width (uncompressed) 0.5 - 3 ps 
Optical pulse energy 6|iJ 
Peak power (uncompressed) 0.5 - 3 MW 
Spectral width (transform limited 0.3% - 2% 
Strehl ratio (diffraction limited) >0.8 

2.2 The OK-4 FEL 

The OK-4 FEL system was developed in collaboration 
with the Budker Institute of Nuclear Physics in 
Novosibirsk, Russia. The system utilizes Duke's 1.1 GeV 
electron storage ring, and the OK-4 undulator and optical 
system originally developed and commissioned at Budker 
for use on the VEPP-3 storage ring. 

Table: 2 Recent Duke Storage Ring Electron Beam 
Parameters [10] 

Operational Energy (GeV) 0.25 - 1.1 
Circumference (m) 107.46 
Impedance of the ring, Z/n (Q.) 2.75 ± 0.25 
Stored current (mA) 

multibunch 155 
single bunch 20/9 

Bunch length, as (ps) 
natural (low current) 15 
with 5 mA in single bunch 60 

Relative Energy spread aE/E 
natural (low current) 2.9 ■ 104 

at 5 mA in single bunch 1.1 • 10"3 

Peak Current (A) 
with 5 mA in single bunch 12 
with 20 mA in single bunch 31 

Horizontal Emittance (nm * rad) 
5 mA / bunch @ 700 MeV < 10 
3 mA / bunch @ 500 MeV <9 

undulators for FEL operation at extreme ultraviolet 
wavelengths, and to support circulating e-beams with the 
peak current and emittance required for operation at 
thesewavelengths. The design of the ring is particularly 
noteworthy for its dynamic aperture: the lattice will 
contain without loss a circulating electron beam with an 
energy spread as large as +/- 5%, permitting, in principle, 
the production of optical pulses with peak powers in 
excess of a gigawatt in the giant pulse mode [4]. 

The OK-4 undulator is configured as an optical 
klystron, comprised of two 10 cm period, 3.3 meter long 
electromagnetic wigglers separated by a buncher. The OK- 
4 optical resonator is symmetric, employing two 
spherical mirrors by one half the circumference of the ring 
with radii selected to achieve a 3.3 meter Rayleigh range 
equal to the length of the individual undulators [5]. 

The Duke storage ring was commissioned in the 
fall of 1994 prior to the installation of the OK-4 FEL 
system. The undulator and its vacuum system was 
installed in 1995. The e-beam parameters obtained 
following installation of the undulator are summarized in 
Table 2. Based on these e-beam parameters, the optical 
gain predicted for the OK-4 optical klystron and the 
optical losses estimated for the OK-4 resonator, the 
system has in its present configuration the capability to 
läse at wavelengths as short as 150 nanometers [6]. 

Table: 3 Measured Parameters of the OK-4 FEL [11] 

Tuning Range (3.5 mA / bunch) 345 - 413 

Gain per  pass   (3.5   mA  /   bunch, >9% 
345 nm) 

Extracted Power (8 mA, single bunch, 0.15 W 
380 nm) 

Induced e-bunch length, as (ps) 
low current -35 
with 3.5 mA in single bunch -200 

Induced  energy   spread   (3.5   mA   / 0.35% 
bunch), aE/E 
FEL pulse length (ps) 

low current -2.5 
with 3.5 mA in single bunch -20 

Linewidth cVk 4 • 10"4 

Lasing life-time 2 - 4 hours 

The Duke ring was designed with a 34 meter 
straight section  to  accommodate a long  conventional 

Lasing was demonstrated using the OK-4 system 
in the wavelength region between 345 and 413 
nanometers in November 1996. The performance attained 
in this series of runs is summarized in Table 3. The 
parameters summarized in Table 3 correspond closely to 
those predicted by simulations of the system [7]. 

One of the most impressive results obtained 
during the November, 1996 run was the demonstration of 
the production of polarized, near monoenergetic gamma 
rays via intracavity Compton backscattering. In these 
experiments, a second bunch was injected into the ring 
separated from the first bunch by half the circumference of 
the ring. In this configuration, the laser radiation stored in 
the optical cavity collided head-on with the second stored 
bunch, yielding back-scattered Compton photons with 
energies up to 16 MeV. Measurements of the spectrum of 
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the backscattered photons showed that the energy spread 
could be reduced to 1.2% by collimation, in full 
accordance with theory [8]. The properties of the 
backscattered photons, allowing for the anticipated 
improvements in stored optical power and electron 
current, are of significant interest for applications ranging 
from precision nuclear spectroscopy to radiotherapy. 

Instabilities in the power supply for the OK-4's 
buncher magnet in the November, 1996 run interfered 
with attempts to achieve lasing at shorter wavelength. 
However, the performance obtained at 375 nanometers, 
and the close correlation between simulations of the 
system and the observed laser parameters, give confidence 
that lasing can be extended to 193 nanometers and below 
in the system's present configuration. Improved 
performance should be possible following completion of 
the crotch chambers and absorbers required for high current 
operation. 

2.3 Two-Color Operation 

Considerable care was taken in the design of the Duke 
storage ring to insure that the circumference of the ring 
was an integral multiple of the RF wavelength (10.5 cm) 
at which the Mklll FEL operates. Given this integral 
relationship, the RF oscillators driving the high power 
RF systems for the ring and the Mklll can be phase- 
locked to permit the synchronized generation of infrared, 
ultraviolet, x-ray and gamma-ray pulses from these 
systems for use in two-color pulse-probe or two-color 
excitation experiments. 

A proof of principle two-color IR/UV induced 
florescence experiment was conducted in 1995 to 
demonstrate this capability using the infrared light 
produced by the Mklll and the incoherent undulator 
radiation produced by the OK-4 FEL system [9]. 

3 ORGANIZATION AND FUNDING 

The operating costs of the FEL light sources available in 
the Duke FEL Laboratory are financed by the Office of 
Naval Research's Medical FEL (MFEL) program through 
the Duke MFEL Center which provides beam time, 
specialized instrumentation, and other services to the 
researchers working in the fields of research supported by 
that program. These efforts currently include research on 
IR and UV laser surgery, imaging, and the detection and 
analysis of pathogens. 

The development and commissioning of the 
MkHI and OK-4 systems, their injectors and accelerator 
drivers has been a joint effort of the Air Force Office of 
Scientific Research, the Army Strategic Defense 
Command and Army Research Office, the Office of Naval 
Research, and private donors. Special thanks are due the 
Office of Naval Research and the Medical FEL Program 
for the funds required to construct the beamlines and many 
other improvements required to serve the applications- 
oriented research efforts supported by that program. 

4 FUTURE PROSPECTS 

In the broadest terms, the mission of the Duke FEL 
Laboratory is to establish and nourish the partnership 
between researchers, technologists and engineers necessary 

to explore and evaluate the utility of FEL technology in 
basic and applied research. Only through such a 
partnership can the ingredients necessary to design, 
develop and apply this new technology be assembled in 
useful form. 

It can reasonably be asserted that, with the 
commissioning of the major facilities of the Duke FEL 
Laboratory, a number of the key ingredients necessary to 
establish this partnership have been set in place: the 
operation of this facility demonstrates with reasonable 
clarity that the scientific and engineering community can 
provide the physical assets required to establish this 
partnership in a site as favorable as might be imagined 
with respect to the exploration of the technology. The 
commitment of operating funds by the Medical FEL 
program and the involvement of the researchers supported 
by that program is also reassuring. 

What remains to be demonstrated is the broad 
intellectual contact and understanding which is a 
precondition both to the effective utilization of the 
technology and to the determination the lines of future 
development most critical to the interests of the research 
community. The attainment of this contact will require a 
continuing commitment not only to user support but to 
bilateral communications and understanding, a challenge 
equal to any of those with which we have had to deal in 
the prior phases of FEL development. The 
implementation of a collaborative, multidisciplinary 
approach to the applications research programs, 
encouraging the continued involvement and contributions 
of the FEL and accelerator technologists responsible for 
the facility, appears essential to bringing the technology 
to the point of successful application. 

At Duke, we look forward in addition to the 
expansion of the physical facilities available to support 
the applications oriented research programs of the 
Laboratory and the MFEL Center, particularly the 
construction of the Keck Life Sciences Research 
Laboratory supported by a grant from the Keck 
Foundation, and the furnishing of this facility through an 
equipment grant funded by the Office of Naval Research. 
Construction of this facility will expand the space 
available for applications-oriented research by nearly an 
order of magnitude, to 5000 sq. ft. 

We also look forward to the initiation of 
collaborative research programs in those additional areas 
of research which have the prospect of securing some 
benefit through the exploitation of FEL 
technology including those opportunities in 
spectroscopy, materials and nuclear research which have 
evoked the most active expressions of interest from our 
colleagues. 
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FUTURE DIRECTIONS OF HIGH ENERGY PHYSICS 

John Peoples, Jr., Fermi National Accelerator Laboratory 
Batavia, Illinois 60510-0500 USA 

Predicting the future is a risky enterprise, as the 
much-loved comic strip character Pogo once pointed out. 
Nearly 30 years ago, he confided to one of his friends that 
he stuck to predicting the past, because it was a lot safer 
than predicting the future. Pogo's observation was in my 
mind as I began a few months ago to think about what I 
would say to you on the subject of the future directions of 
high-energy physics. 

I had thought that I would talk about global 
collaboration as the path to future high-energy colliders. 
Since the termination of the SSC in 1993, I and other 
directors of high-energy physics laboratories have told 
anyone who would listen that we must convince our 
government of the necessity of this collaborative approach 
to building future accelerators. However, just as I had 
grown comfortable with the idea of speaking to you on 
this subject, Representative Sensenbrenner, Chairman of 
the House Science Committee, began to question the 
terms of United States participation in the Large Hadron 
Collider at CERN, the highest-profile global collaboration 
in accelerator physics today. Congressman Sensenbrenner 
expressed serious concerns about the nature of the US 
agreement with CERN, and suddenly the prospects for 
global collaboration began to seem rather dim. It was then 
that I remembered Pogo's advice. Happily, the CERN 
Director General and the Secretary of Energy have since 
clarified the terms of the US involvement in the LHC to 
the satisfaction of Chairman Sensenbrenner and others, 
and he has expressed his support for US participation in 
the new accelerator. 

To US physicists, it is very good news that global 
participation in the LHC is still on track. It is clear that 
there will be many more bumps in the road, but if we are 
cooperative and vigilant, we can succeed. While global 
participation may be the only path to the high-energy 
accelerators of the future, even Pogo could predict with 
confidence that it will not be easy. 

One measure of the health of a field of science is the 
depth and significance of its unresolved questions. By this 
measure, the field of high-energy physics is in excellent 
health. Further, the nature of the important questions we 
confront can give us some guidance on the future 
directions of high-energy physics. I have chosen four 
questions to talk about, because the accelerators that we 
will need to answer them have been presented at this 
meeting. 

I doubt that the current generation of accelerators, or 
even the next generation, will fully answer these 
questions. But I do believe that they will bring new 
knowledge and deeper insight into the questions. My four 
questions are these: 

• What is the source of electroweak symmetry 
breaking? 

• Why is there a preponderance of matter in our 
part of the universe, when the laws of physics 

that seem to govern the subatomic universe put 
matter and antimatter on the same footing? 

• What is the cause of the unexpected and 
unexplained deficit of electron neutrinos 
emerging from the sun, and the cause of the 
unexplained ratio of electron neutrinos to muon 
neutrinos produced when cosmic rays slam into 
the upper atmosphere? 

• What is the universe made of? 

Before I speak more about the four important 
questions and their implications for future directions, I 
want to remind you of the current state of elementary 
particle physics. All of the familiar forms of matter, such 
as protons and electrons, and some not-so familiar forms 
of matter, such as B mesons and top quarks, can be 
reduced to a set of spin-1/2 particles named quarks and 
leptons. The quarks, of course, are what make up dull, 
uninteresting particles such as the proton. The quarks and 
leptons interact with one another through the exchange of 
three distinct types of spin-1 particles called gauge 
bosons. These three types of gauge bosons define the three 
forces familiar to all those of us who build accelerators. 
The photon, the boson of electricity and magnetism, is 
the most familiar to us, because it is what we manipulate 
to make all of our wonderful accelerators, storage rings, 
and power sources to create and control beams of charged 
particles in accelerators. Electricity and magnetism, which 
Maxwell unified, is the simplest of the forces: the photon 
is coupled to the charge of a particle, and it is just a 
simple number. It was the first field for which we 
understood the elegant properties of gauge interaction. 

Of the other two forces, the weak interaction is next 
in importance, to accelerator builders. When the beams 
that we so carefully accelerate deviate from the desired 
path, they typically hit a piece of copper, iron, niobium, 
or some other piece of a vacuum chamber, RF cavity, or 
magnet. Sometimes the result is catastrophic, and we get 
a hole in a vacuum chamber; but most of the time we 
simply experience a loss of beam. Whenever our beams 
go astray, however, the objects they touch become 
radioactive. Thanks to the weak interaction, that 
radioactivity persists after the beams go away. The weak 
interactions show up as beta decay, carried by three gauge 
bosons: the W bosons, which come in positive and 
negative varieties, and the Z boson, which is neutral. The 
bosons are nearly a hundred times as massive as the 
proton, and because they are so massive, the range of the 
weak force is very small, roughly 2 x 10"*" cm or two 
thousandths of a fermi. Recall that a proton has a diameter 
of about one fermi, or 10" ^ cm. The only way to explore 
this weak force is in very high energy collisions. 

The model I have described is a great picture. It 
explains almost everything that we have been able to do 
with accelerators. But there are a few flaws. First of all, 
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the Standard Model has a glaring mathematical weakness. 
It would be just fine mathematically if all of the particles 
in the theory, including the gauge bosons, were massless. 
However, this is not the case— all the quarks and the 
charged leptons do have masses, and so do the bosons, 
except for the photon. The W and Z are as massive as a 
silver atom. 

If the particles were massless, then electricity, 
magnetism and the weak interaction would constitute a 
beautiful, unified, elegant theory. But the existence of 
massive particles leads to another question: Why are the 
W and Z different? The Standard Model gives 
mathematically inconsistent results for energies 

-cnv 
1 

2Gf 

Peter Higgs proposed a way around the problem by 
introducing a spin-0, scalar "particle" that could give the 
W and Z a mass, retain the electroweak unification, and 
give the quarks and leptons masses. This particle, the 
Higgs, is named for him. 

There is an aspect of the theory that is contrived. It 
explains the nine very different masses of the six quarks 
and three charged leptons by nine different coupling 
constants—not much of an explanation. Only one of these 
couplings, the coupling of the top quark to the Higgs, 
appears reasonable, because the mass of the top is 175 
GeV, a value that may be an accident or may have deep 
significance. 

The model that adds one spin-0 Higgs particle to what 
we already know is the minimum Standard Model. It has 
been highly successful for many years. LEP I, and now 
LEP II, have mounted challenge after challenge to the 
Standard Model, through incredibly precise experiments, 
and the theory has stood firm. 

However, the Minimum Standard Model is not the 
only way to provide a consistent description of matter. 
There are at least two other ways: supersymmetry and 
dynamical symmetry breaking, both very interesting 
theories. Supersymmetry requires that for every spin-1/2 
fermion, there must be a super partner with spin 0. The 
spin 1 gauge bosons should also have super partners with 
spin 1/2. Supersymmetry would automatically double the 
number of elementary particles and gauge bosons. In order 
for this theory to represent nature, the superparticles 
would have to be very massive, of order 246 GeV, 
although the lightest could be as light as 70 GeV. If it 
does turn out to be that light, experimenters will find it at 
LEP II in the not-too-distant future. 

An alternative theory is that the quarks and leptons 
are made up of still smaller but more massive fermions— 
let me call them technifermions. The technifermions have 
very strong interactions, just as the quarks do. Again, this 
model would give us many new particles. If this were the 
correct theory, we would not expect technicolor to produce 
observable effects until collision energies exceed 1 TeV. 

It really doesn't matter to accelerator builders whether 
nature chooses to break electroweak symmetry by 
supersymmetry or technicolor, because, either way, to find 

out one has to build much higher-energy accelerators than 
we have today. 

The Tevatron and LEP II may get glimpses of the 
Higgs and perhaps even of the lightest supersymmetric 
particles. The LHC offers the best hope to explain the 
nature of electroweak symmetry breaking, but even that 
cannot be the end of the story. The pursuit of ever-higher 
energies will surely be one of the future directions of 
elementary particle physics. The course it takes will 
depend on whether we can continue to contain the cost of 
the great colliders. The SSC was touted as the most 
expensive scientific instrument ever to be started. In the 
end, it was too expensive for an era of deficit reduction. 

As we pursue ever higher collision energies, lepton 
colliders offer different possibilities from hadron colliders. 
Leptons are fundamental particles with no internal 
structure, unlike hadrons, with their complex internal 
structure of quarks and gluons—"colliding garbage pails," 
in the late Luis Alvarez's well-known metaphor. When 
hadrons collide, among the banana peels and coffee 
grounds, every now and then they produce a pearl. The 
possibility of finding a pearl among the coffee grounds 
gives hadron colliders the name "discovery machines." 
Because of the complex hadron structure, it rarely happens 
that one gets as much mass in new particles from hadron 
collisions as goes in through the energy of particle 
acceleration, although occasionally one comes close. 

In contrast, lepton collisions are clean; they don't 
produce the "garbage" of hadron collisions. All of the 
collision energy is available for new particles, at specified 
levels of energy. Thus a lepton collider can "sit on" the 
energy of a postulated "pearl" and go and look for it, rather 
than sending experimenters poking thought the coffee 
grounds and banana peels of hadron collisions. Electron 
accelerators take advantage of this property to create clean, 
high-energy collisions. However, at high energy, electrons 
lose energy to bremsstrahlung and synchrotron radiation; 
and the higher the energy the more of it they lose, 
effectively limiting the achievable energy of electron 
colliders. Muons, however, offer an interesting possibility 
for lepton colliders, because, with a mass 207 times the 
mass of the electron, accelerated muons do not suffer such 
large energy losses. 

In fact, muons would appear to be the perfect particles 
for a collider—they give clean lepton collisions and they 
don't radiate energy—were it not for one flaw: they don't 
live very long. Muons are only muons for two 
microseconds before they decay into electrons and 
neutrinos. However, accelerating them to high energies 
can extend their lifetimes to 40 milliseconds, long enough 
to take 1,000 turns around a collider ring, and perhaps 
long enough to make themselves useful. The trick in 
building a successful muon collider is to find a way to 
take advantage of the muon's useful qualities within its 
short lifetime, and to deal with the products of its decay. 

It's quite a trick, but here are the basics for creating 
muon collisions: Send an intense beam of protons to a 
target, producing pions. Capture the pions in a magnetic 
field, where they decay into positive and negative muons. 
Cool the muons into intense, coherent beams and quickly 
accelerate them to collision energy. Collide. Repeat as 
necessary. 
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Muon colliders are one avenue of exploration for 
future colliders at the energy frontier beyond the LHC. 
Another is the VLHC, or Very Large Hadron Collider, 
which would be a successor to the LHC, at higher energy 
and—of necessity—lower cost per TeV. It will take a 
great R&D effort to bring this cost down. To be 
successful, a new accelerator will need to probe physics at 
a scale at least on order of magnitude beyond the LHC, for 
an energy of 100-200 TeV in the center of mass. The 
VLHC could be built with either high-field or low-field 
magnets; the higher the field, the smaller the size of the 
collider. 

About 150 physicists interested in a future VLHC 
held a conference at Fermilab in March. The conference 
poster showed Fermi's famous "Accelerator In Space" 
transparency, which Fermi used during his retiring 
presidential address to the American Physical Society at 
Columbia University on January 29, 1954. The title of 
his talk was "What can we learn with high energy 
accelerators?" 

At the time, many more elementary particles were 
turning up than anyone had suspected. Physicists were 
barely making out the outlines of elementary particle 
physics. Fermi asked then: What should we do? and 
answered that question: Accumulate more data with higher 
and higher energy accelerators. 

Fermi made a plot of energy and cost of accelerators 
as a function of time. He used that plot to extrapolate 40 

years to 1994: he got a $5 \1015 eV, for a 5 PeV 
accelerator, at a cost of $170B (probably in 1954 dollars). 
Its energy was comparable to the highest-energy cosmic- 
ray proton known at the time. The design on the 
workshop poster is a fanciful "preliminary" design of such 
a gargantuan machine: around the earth with a radius of 
8000 km and a magnetic field of 20,000 Gauss—above 
the orbit occupied by the space shuttle. The accelerator he 
was talking about was a fixed target one. If one converts 
the 5 PeV to a collider energy one obtains 3 TeV. So the 
energy in the center of mass of Fermi's "accelerator in 
space" is comparable to the Tevatron's energy today. 

This is very interesting. Clearly, at the time of the 
talk, this extrapolation must have seemed completely 
impossible to reach, both technologically and financially. 
Yet Fermi's dream of reaching a center of mass energy of 
the order of the TeV has been achieved, not only for a 
much smaller price but also long before 1994. His 
extrapolation in energy by three orders of magnitude to the 
end of the century is actually amazingly accurate when 
compared to the SPS, Tevatron, and LHC. The TeV 
center of mass energy that accelerator physicists have 
now achieved should be compared to the few GeV the 
Bevatron would provide later in 1954. Fermi's 
machine did not take account of technical innovations, and 
no one in 1954 could have predicted all the milestones 
that would enable us to achieve that energy. To cite a few: 
discovery of the antiproton, of superconductivity that can 
achieve high fields and enormous savings in electric bills, 
the invention of stochastic cooling, advances in 
cryogenics and controls. 

We can hope that other brilliant discoveries and ideas 
will allow us to reach the 100 TeV frontier in the lifetime 
of at least some of us. 

Of course, the question of electroweak symmetry 
breaking is not the only question in particle physics, just 
as ever-higher energy colliders are not the only answer. 
There are other important questions, and other ways of 
answering them. 

Color change does not appear to change the mass of 
the quarks, so irrespective of color, all quarks have the 
same mass. Up and down quarks have different masses 
because the weak force appears to distinguish between the 
weak isospin 1/2 quarks and the weak isospin -1/2 quarks. 
So we have six different masses for the quarks, and 
perhaps six different masses for the leptons. Although the 
theoretical structure is perfectly consistent with zero-mass 
neutrinos, as I will note later, certain astrophysical 
observations may not be. 

Matter dominates our corner of the universe, the 
galaxy. Other than the paltry amount of antimatter created 
when high-energy cosmic rays collide with particles in our 
atmosphere, there is no evidence for antimatter in our 
galaxy. On the other hand, the interactions of our friendly 
quarks and leptons produce matter and antimatter in equal 
amounts. With one exception, there is no way to tell 
matter from antimatter. The exception comes in the decay 

of the long-lived neutral K meson, Kj  . The Kr    meson 

is made of nearly equal amounts of an anti-KP and a K°. 
There is a small difference of two parts in 10"^, and that is 

all that we know. The decay of Kr    is said to violate the 

symmetry obtained by changing all particles into their 
antiparticles and changing their intrinsic parity. The 
electromagnetic and strong interactions are invariant 
separately under charge conjugation and parity, and the 
weak interaction. There is little room to incorporate the 
CP violation into the Standard Model. 

The search for an understanding of the difference 
between matter and antimatter is for the moment focused 
on searching for a deeper understanding of CP violation in 

the decays of Kr    and searching for CP violation in the 

decays of neutral and charged B mesons. There is an 
immense amount of activity in this area. The KEK 
synchrotron, the Brookhaven AGS, the CERN SPS, and 
the Fermilab Tevatron all support fixed-target experiments 
designed to look for further evidence of CP violation in K 
decays. The holy grail is direct CP violation. What we 
have found so far is  CP   violation  that  occurs as  a 

consequence of the fact that the state vector that is a Kr 

has slightly unequal amounts of K^ and anti-Kr. This is 
CP violation through mixing. By comparing very precise 

measurements of the relative rates of the Kr   into two 

charged pions and two neutral pions with equally precise 

measurements of the relative rates of K<,    decaying into 

two charged pions and two neutral pions, it may be 
possible to detect direct CP violation in K decays. 
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But nature could be unkind. This comparison of 
measurements could give a null result even though direct 
CP violation does exist. At a specific value of the top 
quark mass close to or equal to 175 GeV, the experiment 
could give a null result. Alternatively, the search for very 
rare decays of K mesons has been underway for more than 

a decade. The branching ratios of the IC      into  two 

neutrinos and a neutral pion is only 10"**, and yet it is a 
primary constituent. At this moment, the only way to 
observe such small branching ratios is with intense 
neutral kaon beams, and these can only be produced by 
proton collisions. In spite of the fact that these decays 
have gone undetected, two medium-energy proton 
synchrotrons—one, the Fermilab Main Injector, under 
construction and one, the KEK Japanese Hadron Collider, 
just proposed—could be used to produce kaon beams with 
enough intensity to reach these limits. 

Because one expects a similar mixing to occur in 
neutral B decays, there is a strong expectation to observe 

CP violation in neutral B decays. There are three e+e" B 
factories nearing the end of construction, all designed to 

produce the T (4S), which decays into a BB . The PEP U 
B factory and the KEK B factory use beams of unequal 
energies. Both should be in operation with complete 
detectors in 1999. Both B factories expect to reach and 
then exceed luminosity of 3x10-" cnT^sec"*- The 
luminosity record for colliders of any sort is held by 
CESR at Cornell. At these meeting, they have reported 
that CESR has reached a luminosity of 4x10^2, well on 
their way to reaching their luminosity goal of 6xl(p2. 

Certainly the exploitation of these factories by 
increasing die luminosity will be one of the future 
directions of high-energy physics. But this is a very hard 
way to make a living. There may be a quicker path to the 
goal of measuring everything that can be measured about 
B decays. B's are made of quarks, and quarks, even b 
quarks, can be more readily pair-produced in hadron 
collisions. Already, more B's decaying into the preferred 

decay mode of B-»JA|/ Kg have been reconstructed by the 

CDF collaboration than anywhere else. At the Tevatron, 

the cross section for all BB is 3x10^ times larger than the 

cross section for e+e" production of BB pairs. The CDF 
detector is not particularly efficient at detecting B decays. 
When CDF and DZero begin running again in the year 
2000, they will certainly contribute to the understanding 
of B decays, particularly Bs decays, which are not easily 

detected at e+e" B factories. When LHC-B begins 
operation sometime after the year 2005, it will bring an 
even more powerful detector to bear on the search for CP 
violation in the B system. Given all of that activity, CP 
violation will surely define one of the future directions of 
our field. 

However, it is unlikely that K decays and B decays 
will reveal the whole story. In fact, they won't. There 
must be another set of interactions that transform quarks 
into leptons. These interactions will be characterized by a 

mass scale somewhere between the electroweak scale and 
the Planck scale. These interactions should lead to proton 
decay, and they must distinguish between matter and 
antimatter. The current view in particle physics is that 
they favor the production of quarks over antiquaries, and 
leptons over antileptons. The reaction rates must 
ultimately lead to the microwave background photon-to- 

baryon ratio of 10". 
As in the case of electroweak symmetry breaking, we 

may learn a lot about CP violation from low-energy 
experiments, but a full explanation will require higher 
energy colliders, probably with energies that are beyond 
our dreams. 

Let me now discuss a third future direction. As in the 
case of matter-antimatter asymmetry, there are also 
astrophysical results involving neutrinos that cannot be 
explained by the minimum Standard Model. The flux of 
electron neutrinos from the sun is a factor of 2 to 2.5 
smaller than predicted by a well-developed model of the 
sun. Four experiments have measured the solar electron 
neutrino flux, and all give a consistently low result. 

A second astrophysical neutrino experiment has also 
yielded unexpected and unexplained results. Neutrinos are 
produced in the upper atmosphere when cosmic rays slam 
into it and produce pions and kaons, some of which decay 
before they have a chance to interact again. The pion 
decays produce a muon neutrino and a muon. The kaon 
decays yield a muon and a muon neutrino most of the 
time, and some of the time and electron neutrino and an 
electron. Typically, the muons decay before they reach the 
ground to yield a muon neutrino, electron antineutrino, 
and an electron. If one builds a massive neutrino detector 
deep underground, where the only particles that can 
penetrate the earth and reach the detector are neutrinos, one 
expects to detect roughly twice as many muon neutrinos 
as electron neutrinos. But, in fact, the fraction of electron 
neutrinos is larger than expected. Five years ago, when 
experimenters first announced this puzzling result, the 
statistical accuracy and systematic errors were too large to 
allow a definitive statement. Five years make a very big 
difference, however, and now the errors are smaller and 
understood. Within the minimum Standard Model there is 
no explanation for this result. The precision of 
astrophysical measurements can and will be improved. 

There is a plausible explanation for both the solar and 
atmospheric neutrino observations. If neutrinos have a 
small mass, less than a few electron volts, and if the mass 
eigenstates are just a little different from production 
eigenstates, then mixing can occur; and one kind of 
neutrino can change into another. For example, if an 
electron neutrino emerged from the sun and changed into a 
muon neutrino for part of the time as it traveled 150 
million kilometers to the earth, this could account for the 
solar neutrino deficit. If the muon neutrinos produced as a 
consequence of collisions of cosmic rays with particles in 
the upper atmosphere changed into tau neutrinos, one 
could explain the relative paucity of atmospheric muon 
neutrinos. These proposals are plausible, but unproved. 
The only way to truly understand what is going on will be 
to build very intense neutrino beams with well-defined 
composition and momentum spectra. This will require 
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intense proton beams. Several laboratories with proton 
beams are currently considering proposals for long- 
baseline neutrino experiments 

Although the Standard Model tells us that the fourth 
force, the strong force, transmitted by the gauge bosons 
known as gluons, gives rise to most of the mass of the 
matter that we can see, the stuff that makes up most of 
the universe remains a complete mystery. Neither particle 
physicists nor astrophysicists know the nature of 80 to 90 
percent of the matter in the universe. For decades, since 
Zwicky's observations of galactic rotation curves in the 
1930s, physicists have recognized that there must be more 
matter in the universe than meets the eye. During the past 
60 years, still stronger evidence for unseen mass has come 
from observing the motions of clusters of galaxies and 
from examining the large-scale structure of the universe. 

What is this unseen mass, this dark matter? 
Conjectures range from ordinary matter that takes the form 
of huge Jupiter-like objects that give off too little light to 
be observed, to small black holes, to fundamental particles 
such as neutrinos, or more speculative wisps of the 
fundamental fabric. Among the candidates is the class of 
weakly interacting massive particles, or WIMPSs, also 
known as cold dark matter. Such particles would have- 
been created in the energetic early universe and have 

"frozen out" or stopped annihilating one another as the 
universe cooled and their energy decreased. According to 
this scheme, a large number of WIMPS could be left in 
the present universe. If so, the weak force provides the 
only means of detecting them. Experimenters have 
designed underground crystal detectors that they hope will 
be sensitive enough to detect the few WIMP scattering 
events expected to occur as the earth and sun move in their 
galactic orbit though the hypothesized sea of cold dark 
matter. Experiments such as these, together with neutrino 
experiments and other future high-energy physics 
experiments, and advances in astrophysics will all help to 
answer the last of our four questions, What is the universe 
made of? 

The future of high-energy physics lies in the 
questions that are being posed in particle physics and 
astrophysics. For the last 50 years, particle physics and 
high-energy physics have been almost synonymous. We 
have made progress in understanding the structure of 
matter and energy by building accelerators with ever 
higher energy. Our future progress along this path toward 
answering the great questions that confront us will depend 
on our ability to collaborate with our colleagues in the 
global community that constitutes high energy physics. 
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FUTURE DIRECTIONS FOR NUCLEAR PHYSICS 

C.K. Gelbke, National Superconducting Cyclotron Laboratory and Department of Physics and 
Astronomy, Michigan State University, East Lansing, MI 48824-1312 

Abstract 

I will summarize opportunities for nuclear science, 
particularly those given as priority recommendations by 
the DOE/NSF Nuclear Science Advisory Committee in 
the 1996 document "Nuclear Science: A Long Range 
Plan", and mention selected new initiatives abroad. 

1 INTRODUCTION 

The United States DOE/NSF Nuclear Science 
Advisory Committee (NSAC) provides advice to the 
agencies on nuclear science priorities. At approximately 
six-year intervals, NSAC is charged by the agencies to 
conduct a new study of scientific opportunities and 
priorities in U.S. nuclear physics research and to 
recommend a long rage plan which then becomes the 
guiding framework for a coordinated advancement of the 
nation's basic nuclear physics research program. 

In October 1994, NSAC was charged to conduct a 
new study and formulate a new long range plan (LRP) for 
nuclear science with realistically achievable goals within 
budgetary guidelines provided by DOE and NSF. 
Summarized below are important elements of the planning 
process, key science opportunities, and NSAC's main 
recommendations. 

2 THE PLANNING PROCESS 

The NSAC long range planning process is done in 
close cooperation with Division of Nuclear Physics 
(DNP) of the American Physical Society, both in setting 
up the LRP Working Group and in seeking broad 
community input via a series of topical town meetings. 

These town meetings were organized around six main 
topics: 
• Nuclear Structure, Low Energy Nuclear Reactions, 

and Radioactive Beams; 
• Electromagnetic   Physics;   Intermediate   and   High 

Energy Heavy-Ion Reactions; 
• Theory; 
• Electroweak  Interactions,   Astrophysics   and   Non- 

Accelerator Experiments; 
• Intermediate-Energy and High-Energy Hadron Beams. 

Each town meeting was planned by a steering group 
of widely recognized leaders in the field, who were also 
responsible for documenting the main findings and 
recommendations of the town meeting in a white paper. 

Subsequent to obtaining this broad community input, 
in   March   1995,   the   entire   LRP   Working   Group 

(consisting of 64 scientists) convened for a week of 
presentations and deliberations at Caltech. The main 
recommendations for the new LRP were formulated at this 
meeting. In April 1995, these recommendations, together 
with an outline of the LRP document, were presented to 
the nuclear science community at the DNP spring meeting 
of the American Physical Society, and an interim report 
containing the main LRP recommendations was 
transmitted to the agencies. 

The final LRP document, "Nuclear Science: A Long 
Range Plan", was published in February 1996 and widely 
distributed to the DNP membership, the U.S. Congress 
and other interested parties. Apart from discussing major 
research opportunities for nuclear science and the facilities 
and resources needed to do this research, the LRP 
document also addresses important issues concerning 
education, international collaboration, and interdisciplinary 
and societal applications. 

3 NUCLEAR SCIENCE THRUSTS 

Nuclear Science is a multi-faceted field of research 
primarily aimed at understanding how the elementary 
building blocks of matter interact to form complex 
mesoscopic systems, nuclei, or macroscopic systems, 
(neutron) stars, which form the underpinning of the 
material world as we know it. While much has been 
learned about nuclei close to the valley of stability and 
their properties at modest excitation energies, little is 
known about nuclei very far from the valley of stability or 
about nuclear matter at sub and supra-normal densities and 
high temperatures where phase transitions from liquid to 
gas to quark-gluon-plasma are predicted to take place. 
Understanding the origin of the elements, i.e. the detailed 
paths of nucleosynthesis in the cosmos, requires 
knowledge of the properties of many isotopes with 
unusual neutron and proton numbers. Detailed 
investigation of these "exotic" nuclei is becoming 
possible with newly emerging radioactive beam facilities 
and innovative experimental techniques. Also little is 
known about how the quark-structure of nucleons 
influences the detailed properties of nuclei. These broad (as 
well as many detailed) questions present major challenges 
to the field of nuclear science. 

Modern nuclear science can be cast into four scientific 
thrust areas which are described in Chapters I - IV of the 
LRP document. These four chapters, together with some 
of the identified research topics, are: 
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1. Nuclear Structure and Dynamics: Exploring the 
Limits 

• Properties of nuclei far from stability: 
Limits of nuclear stability. 
Extended distributions of nearly pure neutron matter. 
Disappearance of shell structure. 
Neutron-proton pairing: new form of p-n 

superfluidity for N=Z nuclei. 
Proton emitters: tractable examples of three- 

dimensional quantum tunneling. 

• New Aspects of Nuclear Rotation and Vibration: 
New regions of superdeformation; hyperdeformation? 
Identical bands in neighboring nuclei. 
Multi-phonon excitations. 
New symmetries. 
Transition from order to chaos. 

2. To the Quark Structure of Matter 

• Quark-Gluon Structure of Hadrons. 
Origin of the nucleon spin. 
The role of sea-quarks. 
Structure of the excited states of the nucleon. 
Glueballs. 

• Hadronic Interactions. 
Breakdown of meson exchange picture. 
A-N, A-A interaction, hypernuclei. 

Meson-meson interaction {% - n   "atoms"). 
In-medium modifications. 
Quark-gluon content of nuclei. 
Vector meson production, color transparency. 

3. The Phases of Nuclear Matter 

• Liquid-Gas Phase Transition. 
Multi-fragment disintegration of hot and expanded 

nuclei. 
Equation of state and its isospin dependence. 

• Quark-Gluon Plasma. 
Chiral symmetry restoration. 
Flavor equilibrium and strangeness production. 
Color deconfinement and J/*? suppression. 

4. Fundamental Symmetries and Nuclear Astrophysics 

• Nuclear Astrophysics with Beams of Rare Isotopes. 
Experimental   benchmark   tests   for   theories   of 

nucleosynthesis. 
Supernovae  physics:   spin   strength   of   unstable 

nuclei. 
Primordial nucleosynthesis of light elements in Big 

Bang. 
• Solar neutrino puzzle, neutrino oscillations. 
• Tests of symmetries in weak interactions. 

4 MAIN LRP RECOMMENDATIONS 

In view of these major scientific thrusts, the 
LRP made the following priority recommendations: 

1996 

1. The highest priority for U.S. nuclear science is 
vigorous pursuit of the scientific opportunities provided 
by the nation's recent investments in forefront 
instrumentation and facilities. Scientific, technological 
and educational returns commensurate with these 
investments will require resources consistent with those 
in the charge requesting this Long Range Plan. 

2. RHIC remains our highest construction priority. Its 
timely completion and operation are of utmost 
importance for discovery of the quark-gluon plasma and 
for study of this new form of matter. 

Recommendations for new initiatives are: 

3. The scientific opportunities made available by world- 
class radioactive beams are extremely compelling and 
merit very high priority. The U.S. is well-positioned for a 
leadership role in this important area; accordingly 

• We strongly recommend the immediate upgrade of 
the MSU facility to provide intense beams of 
radioactive nuclei via fragmentation. 

• We strongly recommend development of a cost- 
effective plan for a next generation ISOL-type 
facility and its construction when RHIC construction 
is substantially complete. 

4. Multi-GeV proton beams are an essential tool for 
forefront studies aimed at elucidating the quark 
structure ofnucleons and nuclei. 

• We strongly recommend funding for the Light-Ion 
Spin Synchrotron (LISS) as a major NSF research 
equipment initiative. This facility will build on 
Indiana University's leadership in stored, cooled, 
polarized proton beam technology to enable 
innovative experiments addressing the short-range 
behavior of nuclear forces. 

• The RHIC/AGS complex, in addition to its core 
heavy-ion program, will offer significant 
capabilities with hadron beams. In particular, the 
collisions of polarized proton beams in RHIC will 
enable unique studies of quark and gluon 
distributions inside the nucleon. These studies are 
important for understanding hadron structure and 
should be pursued. 

Other recommendations address the pressing need for new 
equipment and support for theory, international 
collaboration, education and outreach, and interdisciplinary 
research. 
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5   INTERNATIONAL CONTEXT 

The unique opportunities offered by intense beams of 
rare isotopes ("radioactive beams") are recognized world- 
wide, and a number of projects are underway or in the 
advanced stages of planning to provide significant 
radioactive beam capabilities. 

In addition to small-scale ISOL facilities at Louvain- 
La-Neuve and (more recently) Oak Ridge National 
Laboratory, a number of new ISOL facilities are under 
construction, including the SPIRAL project at GANIL 
(Emax/A = 25 MeV, expected completion date: 1998), 

REX ISOLDE at CERN (Emax/A = 2.2 MeV, expected 

completion date: 1999), and IS AC at TRIUMF (Emax/A 
= 1.5 MeV, expected completion date: 2000). 

A major new projectile fragmentation facility has 
been proposed by RIKEN and approval has been obtained 
for the first phase, consisting of a superconducting 
separate-sector cyclotron and a fragment separator. More 
recently, GSI has been discussing plans for a high- 
intensity heavy-ion facility for nuclear physics with 
radioactive beams which would also allow plasma-physics 
studies pertinent to the problem of inertial-confinement 
fusion driven by intense beams of heavy-ions. 

ISOL-type radioactive beam capabilities are also 
being considered for the proposed Japanese Hadron Facility 
(JHF), using the 3 GeV, 200 |jA beam from the booster 
synchrotron. The final beam energy and intensity of the 
JHF will be 50 GeV and 10 |jA, respectively. If funded, 
the JHF would become the world's premier high-intensity, 
high-energy hadron facility; funding may be granted as 
early as 1998. 

Well beyond the year 2000, new opportunities for 
research with ultra-relativistic heavy ion beams will 
become available at the Large Hadron Collider (LHC). In 
addition, there is interest in a new high-energy 
(E > 15 GeV) electron facility for nuclear physics 
research (possibly at DESY or at CEBAF), but no 
definitive proposals have been put forward. 

6 PRESENT U.S. SITUATION 

In the past year, the Department of Energy and the 
National Science Foundation have taken vigorous steps to 
implement the priority recommendations of the LRP. 
Positive developments for accelerator-based facilities 
include: 
•     Jefferson Lab now operates at the design energy of 4 

GeV   with   experimental   programs   in   all   three 
experimental halls and plans to run experiments at 6 
GeV in 1998. 

• RHIC construction is proceeding well, and 
commissioning is expected in 1999. 

• With significant funding contributions from Japan, 
the spin physics program at RHIC will be 
implemented and incorporated into the base program. 

• The NSCL Coupled Cyclotron upgrade has been 
approved by the National Science Board in 1996, and 
construction funds have been provided by the NSF in 
FY97. 

• Planning for a full-powered ISOL-type facility is 
moving ahead vigorously with workshops laying the 
foundation for a Conceptual Design Report scheduled 
for the second half of 1997. 

In spite of these very positive developments, there is 
reason for concern. Congress's attempt of balancing the 
budget by reducing discretionary spending while protecting 
entitlements has lead to significant reductions in basic 
research funding. Adjusted for inflation, funding for basic 
nuclear physics research has decreased 31% for NSF and 
5.3% for DOE between 1989 and 1997. Already in 1997, 
budgets for nuclear physics fall short of the minimum 
financial resources needed to properly implement the LRP. 
Nuclear Physics Funding by DOE is $315.9M for FY97, 
i.e. $9.1M short of the minimum estimate of the LRP. 
Funding by NSF is $39.81M for FY97, i.e. $5.2M below 
the minimum estimate of the LRP. 

Careful long-term planning and consistent major 
investments in the past have provided forefront facilities 
such as the Jefferson Lab and RHIC, as well as a few 
unique smaller scale research facilities and programs at 
major universities. Together, these investments form the 
basis of the U.S. nuclear physics program. Even though 
the importance of nuclear science and its contributions to 
the country's technological infrastructure are widely 
recognized by Congress and the Executive Branch, our 
scientific and technological leadership in this critical field 
is now seriously threatened by decreases in funding. 
Fortunately, the science community is becoming 
increasingly effective in articulating the importance of 
basic research to Congress and positive statements by 
congressional leaders on the importance of science for the 
nation's well-being are becoming more frequent. 

36 



FOURTH GENERATION LIGHT SOURCES* 

Herman Winick, Stanford Linear Accelerator Center 
Stanford, CA 94309, USA 

1 INTRODUCTION 

Since the first indirect observation of synchrotron radia- 
tion (SR) in 1945[1] there has been a rapid growth in its 
scientific use. Starting in the 1950's cyclic electron syn- 
chrotrons were used, yielding to the superior properties of 
electron storage rings starting in 1968. Storage ring 
sources have evolved through three generations. First 
generation rings are those built for high energy physics 
research. The second generation are those built from the 
start as light sources. Third generation rings coming on- 
line since 1992 have many straight sections for insertion 
devices and lower electron beam emittance. Undulators on 
third generation rings provide ~104 higher brightness than 
bend magnet sources of earlier rings. There are now about 
40 operational rings of all generations used as SR sources 
in 14 countries, 10 of which are third generation sources. 

As remarkable as this performance improvement 
has been, even higher brightness and laser-like coherence 
appear achievable and are needed scientifically, particularly 
at soft and hard X-ray wavelengths. Reaching higher per- 
formance levels is the goal of fourth generation sources 
which we may define as sources which exceed the per- 
formance of previous sources by one or more orders of 
magnitude in an important parameter such as brightness, 
coherence, or shortness of pulse duration. The most 
promising directions for fourth generation sources in the 
wavelength range from the VUV to hard X-rays are storage 
rings with even lower emittance than third generation 
rings, and short wavelength free-electron lasers (FELs) 
which offer sub-picosecond pulses with full transverse 
coherence. 

The extraordinary properties of SR stem largely 
from the fact that the copius emission by relativistic elec- 
trons curving in magnetic fields is concentrated into an 
instantaneous forward cone with opening angle given by y 

1 = mc2/E, the electron's rest mass energy divided by its 
total energy. For example, this angle is only 0.1 mrad at 
5 GeV. This small natural emission angle is key to under- 
standing the properties of SR and the characteristics of the 
different source generations and types of insertion devices. 

2 EARLY SOURCES 

From the early 1950's to the early 1970's cycling electron 
synchrotrons, developed for high energy physics research, 
were used as SR sources. These are the zeroth genera- 
tion.   Although their SR is intense, cycle-to-cycle fluc- 

tuations and spectral, intensity, and source position 
changes within a cycle pose limitations. With the devel- 
opment of high energy physics storage rings, SR became 
available with constant spectrum and source position, and 
long stored-beam lifetime. These are the first generation 
SR sources. The superior radiation from these rings led to 
a rapid growth in SR programs, and their evolution from a 
parasitic effort to partly dedicated, and often fully dedi- 
cated, use of the ring. 

Radiation from the bend magnets of first genera- 
tion rings provided about 105 times more tunable, contin- 
uum radiation than conventional sources, including rotat- 
ing-anode X-ray tubes. The immediate successful use of 
this radiation, even in parasitic operation, resulted in an 
explosion of scientific interest[2]. The demand for SR in 
the mid-1970's led Europe, Japan and the US to construct 
second generation SR sources; rings fully dedicated to 
SR research. When designs of the first round of these 
were finalized there was no experience using SR from 
wiggler and undulator insertion devices. Thus these rings 
were designed for many bend magnet beam lines, and a 
few locations in which insertion devices could be added 
later. 

3 WIGGLERS AND UNDULATORS 

Starting in 1978 wiggler and undulator insertion devices 
(periodic magnets placed between the bending magnets of 
a ring) were tested in first generation rings [3], offering 
higher flux, brightness, and spectral range than bend mag- 
net sources. Although wigglers and undulators are both 
periodic magnetic structures, they produce different spectra 
due to the different angular deflection in each pole. For a 
wiggler this deflection is larger than the natural emission 
angle of synchrotron radiation (Y '' = mc2/E). For an un- 
dulator it is typically <y "', so undulators provide more 
concentrated radiation than wigglers or bend magnets. Fur- 
thermore, the small deflection in each undulator pole 
means that poles can be short, so that more can be ac- 
commodated in a given length. Permanent magnet tech- 
nology has had a major impact on insertion device design, 
since the absence of coils allows for even more poles. 

As an electron traverses an undulator, interference 
in the radiation at each of the collinear source points en- 
hances intensity at certain wavelengths, resulting in a 
quasi-monochromatic spectrum rather than the broad con- 
tinuum of bend magnet and wiggler sources. Peaks occur 
at wavelengths given by h=\[l + K2/2 + fQ2]/(2f) and 
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its harmonics. Xa is the undulator period, 8 is the observa- 
tion angle, and K=0.934B[T]XJcm] is the angular deflec- 
tion in each pole in units of y~l. Peaks are tuned by vary- 
ing the electron energy or the undulator field. 

4 BRIGHTNESS, EMITTANCE, AND THIRD 
GENERATION SOURCES 

The concentration of the radiation is called the brightness, 
measured in photons/(s,mm2,mrad2,0.1%bandwidth). The 
brightness produced by a beam of electrons depends on the 
electron beam transverse size and divergence, the product 
of which is called the emittance. Horizontal emittance 
(£,=(7^.) is determined by the electron energy and the 
ring design. The vertical (ey=ayay.) depends primarily on 
coupling to the horizontal and can be as small as -0.5% 
of the horizontal emittance. Second generation sources 
were originally designed with horizontal emittances of one 
hundred to several hundred nm-rad, resulting in undulator 
beam brightness of up to ~1016. 

Since further reduction of electron beam emit- 
tance would result in even higher brightness, in the mid- 
1980's efforts began to design and construct a new round 
of storage rings, the third generation sources. These 
have many straight sections for insertion devices and elec- 
tron beam emittance of about 5-20 nm-rad. These rings 
began operation in the early 1990's, reaching undulator 
brightness as high as 1020, opening new opportunities for 
research. A brightness of 1020 is about 1013 times higher 
than that provided by rotating-anode X-ray tubes. Al- 
though spectacular, this brightness is far from fundamen- 
tal limits. Further reduction of electron beam emittance 
would result in increased photon beam brightness, particu- 
larly at X-ray wavelengths. Achieving this is one of the 
most important objectives of fourth generation sources. 

5 DIFFRACTION LIMITS 

Diffraction sets an ultimate limit, on the geometric prop- 
erties of photon beams. Because of diffraction the lower 
limit on the photon beam emittance is given approxi- 
mately by the wavelength, X. Using standard deviation 
values for Gaussian distributions, this diffraction-limited 
photon beam emittance is given by X/4n. For light pro- 
duced by electron beams, photon beam brightness in- 
creases as electron beam emittance decreases until the elec- 
tron beam emittance reaches a value of ~X/4n. Thus third 
generation rings with an emittance of 5 nm-rad can pro- 
duce diffraction-limited light at wavelengths longer than 
-60 nm, (photon energies below -20 eV). An emittance 
three orders of magnitude lower, 5 pm-rad, would be 
needed to reach the diffraction limit at 0.06 nm (20 KeV). 

6 FOURTH GENERATION SOURCES 

As mentioned earlier, we consider a light source to be 
fourth generation if it exceeds the performance of previous 
sources by an order of magnitude or more in an important 
parameter such as brightness, coherence, or pulse duration. 

The main directions that have emerged for fourth genera- 
tion light sources in the wavelength range from the VUV 
to hard X-rays are lower emittance rings and short wave- 
length FELs using both rings and linacs as drivers. Li- 
nac-based FELs offer sub-picosecond pulses compared to 
10-50 ps for present storage rings. However, it may be 
possible to operate existing rings or design new rings 
with low momentum compaction factor[4] to produce a 
pulse duration of -1 ps, albeit with relatively low current. 

6.1 Lower Emittance Storage Rings 

The relative ease with which third generation light sources 
have reached, and indeed exceeded, design goals indicates 
that fourth generation storage rings can reach even lower 
electron beam emittance, producing higher photon beam 
brightness and diffraction-limited light at shorter wave- 
lengths. The challenges that must be met to accomplish 
this have been considered at workshops on fourth genera- 
tion light sources[5,6]. Of concern are the various aspects 
of stability of the electron beam; position stability, repro- 
ducibility, single and multi-bunch instabilities, etc. A 
variety of countermeasures (such as feedback systems, 
Landau cavities, high-harmonic cavities) have been suc- 
cessfully developed to deal with these problems in pres- 
ently operating rings. These will need to be pushed to 
higher performance levels to meet the stability demands of 
fourth generation rings. A major obstacle is the reduced 
lifetime and increased emittance due to intrabeam scatter- 
ing (the Touschek effect) as bunch density increases. 

6.1.1 Lattice design and dynamic aperture 

A formidable challenge in the design of fourth generation 
storage ring sources is to develop a very low emittance 
magnet lattice with sufficient dynamic aperture to accom- 
modate stable orbits with large amplitude oscillations 
resulting from, for example, Coulomb scattering of elec- 
trons on the residual gas and off-axis injection. The for- 
mer results in the continuous population of a halo much 
larger than the core. As the large amplitude betatron os- 
cillations of particles in this halo are damped, they coa- 
lesce with the core. If the aperture (dynamic or physical) 
is too small, particles in the halo are lost before being 
damped, reducing lifetime. It is difficult to maintain a 
large dynamic aperture in a low-emittance lattice because 
of the chromatic effects of the strong quadrupoles. This 
chromaticity, the energy dependence of the betatron tune, 
is corrected by sextupole magnets, whose non-linear fields 
reduce the dynamic aperture. 

A possible countermeasure is the "modified sex- 
tupole"[7], which provides a magnetic field with a quad- 
ratic dependence over the core of the beam, but which then 
levels off or rises much less rapidly with distance from the 
axis, thereby lowering the non-linear fields experienced by 
particles with large amplitude oscillations. Dynamic aper- 
ture might also be enlarged by alternately rotating the 
lattice cells by +/- 45", so that sextupoles can be placed at 
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locations of maximum dispersion in each plane for effi- 
cient chromaticity correction[8]. 

The large dynamic aperture needed for injection in 
present rings is due to the fact that stored beam is accumu- 
lated with off-axis injection of many low intensity 
"shots", each of which executes large amplitude betatron 
oscillations until they coalesce with the already stored 
beam due to radiation damping. The aperture requirement 
can be reduced with single-shot, on-axis injection from 
another ring, in which a high intensity beam has been 
accumulated with multi-shot, off-axis injection. Injection 
into synchrotron phase space is another possibility. 

The horizontal emittance in an electron storage 
ring scales as the square of the electron energy and the 
third power of the bend magnet length. Thus, lower emit- 
tance fourth generation rings would have many bend mag- 
nets separated by quadrupoles, and many straight sections 
for insertion devices, leading to larger circumference at a 
given energy than third generation rings. For example, 
the lattice working group at the Grenoble Workshop[6] 
presented a "straw-man" design for a 2-3 GeV fourth gen- 
eration ring with -0.3 nm-rad emittance and a circumfer- 
ence the same as the 6 GeV ESRF machine, -850 m. 
LBNL is studying a 2 GeV ring[9] also with -0.5 nm-rad 
emittance and a circumference of about 350 m. Such 
rings might achieve a brightness at soft X-ray wave- 
lengths of about 5xl023, more than 3 orders of magnitude 
greater than third generation VUV sources. Note that 0.3 
nm-rad is the diffraction limit for light at 3.6 nm, or 0.34 
keV. 

Fourth generation rings for hard X-rays (below 
-2 A) would require higher electron energy and larger cir- 
cumference. They would cost much more than the lower 
energy rings discussed above, even to reach an emittance 
of about 0.3 nm-rad, which is much larger than the diffrac- 
tion limit for hard X-rays. Limited use has been made of 
undulators on the large circumference PEP[10] and TRIS- 
TAN[11] rings as third generation sources. However both 
are now being converted to B-Factories. Although the 
PETRA ring is part of the HERA injection system, an 
undulator has been installed in PETRA for use between 
HERA injections. Operating at 12 GeV, this undulator 
provides third generation brightness extending to very 
high photon energy. In the future fourth generation, hard 
X-ray rings may be installed in these tunnels. 

6.1.2 Beam lifetime - Touschek effect 

Very low emittance fourth generation rings will have very 
high bunch charge density, leading to short lifetime due to 
the collisions of electrons within a bunch; the Touschek 
effect. This is particularly severe at low energy and is 
already a problem in third generation 1-2 GeV rings. To 
achieve lifetime of the order of 10 hours, the bunch den- 
sity must be reduced in several third generation rings. 
This is usually done by increasing the vertical emittance 
above its minimum value, trading brightness for lifetime. 
Multiple Touschek scattering also enlarges emittance.   If 

all beam dimensions and the charge per bunch are kept 
constant, Touschek lifetime increases quadratically with 
electron energy and with the cube of the energy acceptance 
of the rf system. Thus lower emittance VUV/soft X-ray 
rings are designed with higher electron energy [the Swiss 
Light Source (2.1 GeV), Soleil in France(2.15 GeV) and 
the Shanghai Synchrotron Radiation Facility (2.2-2.5 
GeV)] and with large rf overvoltage to increase the energy 
acceptance. The Swiss Light Source plans to use a high- 
er superconducting passive rf cavity, tuned several band- 
widths away from the main rf system, to increase the rf 
overvoltage and energy acceptance[12]. 

Short lifetime can also be compensated with fre- 
quent, or "top-up", injection. The nearly constant stored 
current also keeps a constant heat load on beam line opti- 
cal elements and compensates for lifetime reduction if 
small gap, short period undulators, which extend the spec- 
tral range, are used. "Top-up" injection is planned for the 
7 GeV APS facility at Argonne National Laboratory[13]. 

6.1.3 Other considerations 

Reducing the energy at which a given ring is operated can 
be used to reduce the emittance, taking advantage of the 
quadratic dependence of emittance on electron energy, as 
has been done at PEP[10] and TRISTANfll]. However 
damping time constants increase and instability threshold 
currents decrease as energy is reduced, limiting the effec- 
tiveness of this approach. To some extent this can be 
compensated by making more radiation with damping 
wigglers, which also reduce the emittance[14]. 

Improving unculator field quality by shim- 
ming[15] extends their spectral range beyond the 5th har- 
monic, previously the highest that could be used in prac- 
tice. It also opens the possibility of designing future 
rings to produce hard X-ray brightness comparable to that 
of third generation hard X-ray sources with lower electron 
energy than 6-8 GeV. For example, high harmonics of 
undulators in a 3.5-4 GeV ring with a circumference of 
about 300-400 m and an emittance of -10 nm-rad could 
produce a brightness of -1018 or greater at photon energies 
up to -15 keV. Brightness of high harmonics is deter- 
mined by emittance, undulator errors, and electron energy 
spread. A comprehensive code taking all these into ac- 
count has been developed at APS [16]. As emittance is 
reduced and undulators are made more perfect, the energy 
spread ultimately determines high harmonic brightness. 

6.2 FELs Based on Storage Rings 

FELs produce extremely high brightness, transversely 
coherent radiation by inducing a bunch-density modulation 
of the electron beam at the optical wavelength. This is 
achieved by the interaction of a bright electron beam with 
an intense optical field in the spatially periodic magnetic 
field of an undulator. When electrons are bunched within 
an optical wavelength, the power radiated varies as the 
number of electrons squared, rather than linearly as for an 
unbunched beam.    FELs have operated at wavelengths 
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from the IR to the UV for many years, using storage rings 
such as ACO, TERAS, UVSOR, VEPP-3, Super ACO, 
and others. Several storage rings have been designed with 
long straight sections to accommodate long FEL undula- 
tors. These include NUI-IV in Japan and the new rings at 
Duke and Dortmund Universities. Long straight sections 
are also included in several proposed rings such as the 
Swiss Light Source, the Shanghai Synchrotron Radiation 
Facility, Soleil (France), and Diamond (U.K.). 

Storage ring-based FELs provide light with very 
high brightness and coherence and may already be consid- 
ered to be fourth generation sources in the wavelength 
range in which they now operate. Reviews of operating 
storage ring-based FELs and the prospects for future de- 
velopment, particularly the prospects for extending their 
operation to shorter wavelength, have been given[17]. 
Present storage ring FELs operate in the oscillator mode, 
using optical cavities to build up the radiation from many 
passes of the electron beam until the optical field is strong 
enough to induce a density modulation of the electron 
bunch at the optical wavelength, resulting in coherent, 
stimulated emission of radiation at that wavelength. It is 
difficult to make optical cavities at wavelengths below 
-200 nm due to the lack of good reflectors. To overcome 
this, grazing incidence reflection, with higher reflectivity 
at shorter wavelength, can be used in a multiple-mirror, 
ring cavity configuration. Also, harmonics have been 
used to reach shorter wavelength. Using these approaches 
some groups are aiming for the 20-50 nm range. 

An alternative approach is to eliminate the cavity 
and to achieve lasing in a single pass of a very bright elec- 
tron beam through a long undulator, either by amplifying 
an input signal or with no input, in a process called self- 
amplified spontaneous emission (SASE)[18]. A design 
for such a single-pass, high-gain FEL amplifier operating 
down to 40 nanometers in a bypass of a 750 MeV storage 
ring was proposed at LBNL[19] and was considered for 
PEP[20]. 

6.3 FELs Based on LINACs 

FELs using low energy linacs have operated for several 
years, providing coherent infra-red radiation at several user 
facilities. These use optical cavities in oscillator configu- 
rations, as do the storage ring-based FELs. Recent devel- 
opments open the possibility to construct much shorter 
wavelength FELs, using bright electron beams from high 
energy linacs to achieve lasing in a single pass through a 
long undulator. With no optical cavity the lack of good 
short wavelength reflectors is no longer a limitation. 
However, the demands on the electron beam and undulator 
quality are severe, particularly to reach Ängstrom wave- 
lengths. The developments opening the path to single- 
pass FELs operating at such short wavelengths are: 

1.    Photocathode rf electron guns[21],  which provide 
short (5-10 ps), 1 nC pulses with normalized emit- 

tance (geometric emittance times y)  approaching 1 
mm-mrad. 

2. Control over emittance degradation during acceleration 
and compression, as demonstrated in the SLAC SLC 
project. Based on this and subsequent studies[22] it 
appears possible to accelerate and compress the beam 
from the gun to produce multi-GeV, kiloampere 
beams with emittance approaching the diffraction 
limit at wavelengths down to a few Angstroms. Note 
that geometric emittance varies as y "' in a linac, as 
opposed to y2 in a storage ring. 

3. Precision undulators as have been built at many SR 
sources. These must be extended to 50-100 m 
lengths, while including distributed focusing and 
maintaining tight tolerances on magnetic properties 
and alignment. 

Designs are being developed for single-pass FELs operat- 
ing from the VUV to the Angstrom range, using photo- 
cathode rf guns and bunch length compressors to achieve 
high peak current in sub-picosecond pulses. BNL will use 
an existing 230 MeV linac to reach -75 nm in a deep UV 
FEL by harmonic generation and single-pass amplifica- 
tion^]. At DESY the TESLA Test Facility (TTF) su- 
perconducting linac will be used to drive a single-pass 
FEL[24] for SASE tests at -250 Ä. The linac will then 
be extended to -1 GeV for an FEL user facility operating 
down to -60 A. The DESY group also proposes [25] to 
include several SASE-based FELs, operating down to 
about 1 A, as an integral part of a proposed 250 GeV-per- 
beam linear collider. Energies up to about 30 GeV will 
be used for the FEL. Two approaches are being consid- 
ered; a 1.3 GHz superconducting linac operating for the 
FEL at 5 Hz with 11,300 microbunches in each 
macropulse and a 3 GHz linac operating at 50 Hz with 
125 microbunches per macropulse. The goal is average 
brightness of 1024-1026 and peak brightness of 1033-1034. 

The SLAC group[26] proposes to use the last 
third of the 3 km linac (the first 2 km will be used for 
injection to the B-Factory now in construction) to gener- 
ate a 5-15 GeV beam for a 1.5-15 A SASE FEL with an 
average brightness up to -1023 and a peak brightness up to 
-1034. A design report for the project, called the Linac 
Coherent Light Source (LCLS), is in preparation. With 
an available 15 GeV linac, SLAC provides an opportunity 
to study the SASE process at very short wavelengths and 
to start using the remarkable brightness, coherence and 
short pulse duration of an X-ray FEL. 

The calculated LCLS beam properties at 1.5 A 
are: bandwidth = 0.1%, pulse duration (FWHM) = 280 fs, 
peak coherent power =10 GW, coherent ph/pulse = 2 x 
1012, coherent ph/s = 2 x 1014 (120Hz), average coherent 
power = 0.3 W, transverse beam size (FWHM) = 70 mi- 
crons, divergence (FWHM) = 10"6 radians. In addition, use 
will also be made of the broad spectrum of spontaneous 
undulator radiation with the same pulse duration, several 
times higher peak power and a larger opening angle. 
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Many laboratories (ANL, BNL, DESY, LANL, 
SLAC, TJNAF, UCLA) are pursuing single-pass FEL 
r&d including: SASE studies at micron wavelengths of 
startup from spontaneous radiation, exponential gain[27], 
and saturation; studies of the effects of space charge and 
coherent SR in bunch-length compressors; undulator de- 
sign and alignment; photocathode rf gun design and char- 
acterization; electron and photon diagnostics; and X-ray 
optics. 

The projected characteristics of linac-based short 
wavelength FELs, particularly their short pulse duration, 
peak brightness, and coherence, are extraordinary. The 
peak brightness of the X-ray FELs proposed at SLAC and 
DESY is ~1010 times higher than that of third generation 
storage ring sources, with -100 times shorter pulses. 
These properties are likely to open entirely new opportu- 
nities in imaging, non-linear physics, and pump-probe 
experiments. There is increasing confidence in the accel- 
erator community that linac-based, short wavelength FELs 
can be built. There is also increasing realization that their 
properties will open new science in the 21st century. 
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ULTRA-HIGH INTENSITY PROTON ACCELERATORS 
AND THEIR APPLICATIONS * 

W.T. Weng, AGS Department, Brookhaven National Laboratory, Upton, NY 11973 

Abstract 

The science and technology of proton accelerators have 
progressed considerably in the past three decades. Three 
to four orders of magnitude increase in both peak inten- 
sity and average flux have made it possible to construct 
high intensity proton accelerators for modern applications, 
such as: spallation neutron sources, kaon factory, acceler- 
ator production of tritium, energy amplifier and muon col- 
lider drivers. The accelerator design focus switched over 
from intensity for synchrotrons, to brightness for colliders 
to halos for spallation sources. An overview of this tremen- 
dous progress in both accelerator science and technology is 
presented, with special emphasis on the new challenges of 
accelerator physics issues such as: H~ injection, halo for- 
mation and reduction of losses. 

1   INTRODUCTION 

The road to ultra-high intensity proton accelerators has 
many origins. First is the availability of high cur- 
rent, low emittance, high duty factor H+ and H~ ion 
sources. Second is the introduction of Radio Frequency 
Quadrapole (RFQ) to replace Cockcroft-Waton as effec- 
tive pre-accelerator. Third is the advancement in the un- 
derstanding of beam dynamics in the proton linac and the 
introduction of CCDTL as effective matching structure be- 
tween low ß DTL and high ß CCL. The fourth is the devel- 
opment of synchrotrons to reach several tens of amperes in 
average current. For example, the evolution of synchrotron 
intensity from 1960 to the present is summarized in Fig. 1, 
where the numbers shown in the parenthesis refer to the 
rep-rate of operation. 
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Figure 1: Evolution of synchrotron intensity. 

Combined those four components together, a totally new 

picture emerges. All of a sudden, many mega watts of beam 
power, either in CW or pulsed form, becomes available. 
Many new ideas of how to utilize and exploit such a beam 
power surface. 

The key developments in the accelerator science and 
technologies in the past thirty years will be reviewed in 
Sec. 2. Major new applications with high probability of 
been realized in the near future will be reviewed in Sec. 3. 

2 KEY ACCELERATOR DEVELOPMENTS 

The key developments in accelerator science and technolo- 
gies are summarized in Table 1. Principles and merits of 
each development can be found in the references given. 
One recent review on traditional accelerator physics issues 
of how to achieve high intensity on proton synchrotrons can 
be found in ref. [12]. More recent concerns on issues per- 
taining to ultra-high intensity operation are explained in the 
following. 

Table 1: Important accelerator scientific and technological 
developments (1960-1997). 

DEVELOPMENTS ADVANTAGES 
H~ ion sources [1] high current, low emittance, 

high duty factor 
RFQ [2] compact, bunching, low 

emittance 
Linac [3] CCDTL, S. C linac, 

numerical simulations 
H~ injection [4] H° population, many turns 

injection and painting 
Resonance 
correction [5] 

allow higher space charge 
tune shift 

RF feedback [6] beam loading compensation 
Coherent 
instabilities [7] 

impedance budget, damping 

e — p threshold [8] 77 < 10~3, electron loss 
control, beam clearing 

Halo Formation [9] lattice effect, dynamic 
aperture, collimation 

Beam loss control [10] design, injection, collimation 
Accelerator 
operation [11] 

beam-based modeling, 
orbit control 

"Work performed under the auspices of U.S. Department of Energy. 

2.1    H   Injection 

In modern day application, for the injection of proton beam 
from a linac into a synchrotron, a H~ beam is prefered. 
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This is due to the foil-stripping process allows the repeti- 
tive stacking of incoming beam into the same phase space 
area which is impossible with a H+ beam. Typical foil 
used is carbon or graphite foil of about 200 to 400 /ig/cm2. 
The stripping efficiency ranges from 98% to 99.5%. The 
critical issues faced in this process is the foil temperature, 
the collection of H~, H° and electrons. In the event that 
beam losses in the order of few 10~4 have to be realized, 
careful identification of H° population in various excited 
states is necessary [4]. Another important design concern 
is the emittance blow up due to multiple traverse of foil 
which has to be minimized. 

2.2 e-p Instability [8] 

There are many ways electrons can be generated in a syn- 
chrotron. For example, they can be generated at stripping 
foil, by residual gas ionization, or by secondary electron 
emission from the wall. Experiences showed that if the 
population of electrons reaches certain level, characterized 
by the neutralization coefficient, r/e defined to be the ratio 
of electron to proton, the proton beam can become unsta- 
ble due to coherent motion excited by the presence of elec- 
trons. 

Ways to eliminate e—p instability include better vacuum, 
collect electrons at stripping foil location, TiN coating of 
vacuum chamber, and clearing electrodes. In the event that 
the instability does occur, an active damping system can be 
provided to suppress the instability. 

2.3 Halo Formation 

It has been found that the large amplitude particle can in- 
teract with the core particles to move either closer to the 
center or away from the center [9, 13, 14, 15]. This pro- 
cess can be understood by an envelop oscillation created 
by the mismatch between the beam shape and the lattice of 
the focusing channels. A particle in the halo region tends 
to be driven away in such a mismatched focusing channel. 
Although the smaller amplitude particles stay close to the 
stable fixed point in the center, the larger amplitude parti- 
cles can drift away following the multiple islands as show 
in Fig. 2 [14]. The crucial questions now, are first how far 
the islands can extend away from the center, what are the 
dynamical nature of the islands, and when the chaotic mo- 
tion will set in. Those are all important questions to be an- 
swered by any new high power accelerators. It can happen 
both in the linac and in the circular rings. 

A thorough understanding of the halo dynamics as func- 
tion of mismatch, power supply ripple, space charge tune 
shift, and the lattice structure, etc., is necessary to be able 
to estimate the degree of beam losses with confidence. 

Assuming Gaussian distribution, the development of 
proton synchrotron and main attention of accelerator 
physics in the past 40 years can be roughly classified into 
three period. Period 1 located roughly between 1960 to 
1975 when the total intensity for fixed target research was 
a major concern. The figure of merit in this period is the 
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Figure 2: The Poincare surface of section in particle phase 
space from particle-core interaction [14]. 
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Period 2 located roughly between 1970 to 1990 when the 
brightness for colliding beam research was a major con- 
cern. The corresponding figure of merit is the bright- 
ness [16], B = N/a. Period 3 started from 1990 and could 
well extend to 2010 when the loss of the halo particles is a 
major concern. The corresponding figure of merit will be 
the population and dynamics of the halo particles, 

H 
/■CO 
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2.4   Beam Loss Control 

Typical beam losses of existing low power proton syn- 
chrotron is in the order of a few percent. Let us use the 
AGS and the proposed NSNS ring as example. The rele- 
vant beam parameters are summarized in Table 2. 

It can be clearly seen that 1% loss of the NSNS ring is 
equivalent to the entire flux of the AGS beam. Such a situ- 
ation is totally unacceptable. That is why the design crite- 
rion for next generation spallation neutron sources is kept 
in the order of a few 10-4 to allow for hands-on mainte- 
nance after a long operation period. 

To contain those particles inadvertently migrating to- 
ward the wall, after all careful considerations and provi- 
sions, a collimator system has to be designed to catch the 
bulk of them before hitting the wall. For example, for the 

Table 2: AGS and NSNS parameters. 

AGS [12] NSNS [17] 
Proton Intensity 6xl013ppp 1014 ppp 

Rep-Rate 0.5 60 
Flux 3xl013pps 6xlOi&pps 

Loss Of 1% 3xl0upps 6xlOiapps 
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NSNS four collimators, 3.2m each, enclosing a 4TT solid 
angle around the source point and stuffed with segmented 
material to capture all secondary particles generated by the 
incident protons will be provided to reduce the radiation 
effects by a factor of 100. This way, most of uncontrolled 
losses will occur at the collimator, leaving ring components 
relatively intact for reliable operation [18]. 

2.5   Accelerator Operation [11] 

For high reliability and low loss operation of any high 
power accelerators, the performance standard of typical 
3rd generation synchrotron radiation source should be 
achieved. Those accelerators routinely achieve orbit sta- 
bility in the order of tens of microns and the measurement 
of betatron function to better than a few percent. To achieve 
such a performance, a well-thought out plan of diagnostic 
devices and realistic computer model-based operation have 
to be implemented. 

3   EXAMPLE OF APPLICATIONS 

By the early 1990's, there were a realization that the high 
intensity proton accelerator technology had come of age 
and a wide range of new demands from scientific, indus- 
trial, and governmental concerns can be met by the avail- 
ability of this new technology. Listed in Table 3 are five 
interesting and promising applications of such ultra-high 
intensity proton accelerators. 

3.1   Accelerator Production of Tritium (APT) [19] 

The strategic reserve of Tritium could diminish due to nat- 
ural decay of such material. Traditionally Tritium was pro- 
duced by the reactors which are now perceived to be poten- 
tially unsafe and pollution-prone. The alternative is to use 
high power CW proton linac to produce sufficient number 
of neutrons for the production of Tritium. 

The proposal under conceptual design at LANL uses 
a super-conducting proton linac of 1.7GeV with 100mA 
beam delivering 170MW power to the target. The techni- 
cal challenges of this project is clearly in the attainment 

Table 3: Examples of possible applications of ultra-high 
intensity proton accelerators. 

Applications 
Beam 

Energy 

(GeV) 

Beam 
Current 

(mA) 

Rep- 
Rate 

(Hz) 

Average 
Beam 
Power 
(MW) 

APT [19] 1.3-1.8 100 CW 130-180 
Nuclear 

Transmutation 
[20, 21] 

1.5 16 CW 25 

Energy 
Amplifier [22] 

1.0 12.5 CW 12.5 

SNS [17, 23] 1.0-1.5 0.5-3.0 ~50 1-3 
/i-collider 
Driver [24] 

30 0.25 15 7.0 

of high current, minimization of particle losses, and the 
design of target system. To safely and reliably operate a 
linac at such high current requires every care and ingenu- 
ity from the accelerator designers. The Las Alamos team 
payed special attentions to the design of RFQ to bunch and 
pre-accelerate the beam with very good emittance preser- 
vation, introduced CCDTL section to improve in matching 
between DTL and CCL, allowed for high "rms aperture ra- 
tios" the radio of transverse aperture to rms beam size and 
longitudinal bucket width to rms beam length. Typically, in 
the transverse dimension the rms aperture ratios of at least 
10 are provided. Furthermore, the design is simulated in a 
fully nonlinear, 3-D particle-in-cell simulation code, using 
a large number of particles, and including various errors 
given by engineering tolerances. These runs have to show 
a well-matched beam, adequate aperture factors, and no 
particle losses before they can considered to be acceptable. 
The whole design procedure is a combination of beam dy- 
namics, engineering configuration, numerical simulation, 
and finally cost optimization. Halo dynamics and associ- 
ated beam losses have been thoroughly studied and mea- 
sured in some occasions [3, 9] to ensure that beam losses 
of less than InA/m is achieved for "hands-on" maintenance 
and component reliability. 

Super-conducting technology has been applied to accel- 
erator through the CEBAF project for electron linac. The 
successful implementation of super-conducting technology 
to the APT will be a major breakthrough and will result in 
substantial cost saving for future operations. The U.S. De- 
partment of Energy will make final technological choice of 
APT in the fall of 1998. 

3.2   Nuclear Transmutation [20, 21] 

The nuclear power plants have been used to provide power 
for the past 50 years. One of the byproducts of the pro- 
cesses is the tremendous amount of long-lived nuclear 
waste. For environmental concern, those nuclear waste 
should be safely disposed. For the long term future of nu- 
clear power, until the waste problem is solved, public op- 
position will undoubtedly continue. The required solution 
must reduce both the volume of existing waste and its ra- 
dioactivity, so the waste becomes benign by the end of pe- 
riod over which a society might be able to retain control, 
say a few hundred years. 

The ideas of breaking down long-lived radio-active prod- 
uct from nuclear power plants has been surfaced a while 
ago [20]. However, the need of fast neutron flux in the or- 
der of 1015-1016neutron/cm2/sec was not readily available 
then. It took twenty years intensively R&D efforts to bring 
the accelerator technology closer to the requirements of vi- 
able and efficient application in this area. One of the origi- 
nal example suggested and tested is to convert Tc" of half 
life 2.1 x 105 years by neutron capture to Tc100 which can 
quickly through /3-decay (half life 15.8sec) become Ru100 

which is stable. Another example are minor actinides, such 
as, Np237 or Am241 which have half life of ~1000 years 
by a-emission. Those can be fissioned by fast neutron to 
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become fission products of half life around a few years. 
The soon-to-be-approved project of nuclear transmuta- 

tion is the OMEGA project at JAERI [21]. As shown 
in Table 3, OMEGA requires a super-conducting linac of 
1.5GeV, 16mA delivering average power of ~25MW. The 
major concerns of how to provide a reliable, high power 
proton source is the same as that required by APT, although 
the end use is some what different. 

3.3   Energy Amplifier (EA) 

The need of an industrialized society to have reliable 
supply of inexpensive power source can never be over- 
emphasized. However, the continuous application of nu- 
clear power is hampered by both the safety and waste treat- 
ment problems. The two challenging problems can be sub- 
stantially resolved by the proposal of the Energy Amplifier 
by C. Rubbia [22]. 

There are two important key concepts to modify nuclear 
reactors for new applications. First is to replace the UO2 
with ThOi as the core fuel whose production of neutron 
will stay sub-critical for sustained chain reaction. Sec- 
ondly, the required additional fast neutrons will be provided 
by spallation neutron generated by high intensity proton ac- 
celerator. In the CERN proposal, the final stage of proton 
accelerator is a cyclotron of l.OGeV with expected beam 
power of about 12.5MW. Through this arrangement, the 
fuel is used much more efficiently. For example, the power 
obtained from 780kg of Thorium is roughly the same as 
the one from 200 tons of native Uranium. Furthermore, the 
probability of a critical accident is suppressed since the de- 
vice operates at all times far away from it. Spontaneous 
convective cooling by the surrounding air makes a "melt- 
down" leak impossible. In case of any incident, the acceler- 
ator can be shut down in a matter of a few micro-seconds, 
a much responsive operation than traditional Pressurized 
Water Reactor (PWR). 

One more addition advantage is the life time of typical 
spent fuel from the EA facility is about 700 years which is 
many orders of magnitude lower than those products from 
PWR. The waste treatment becomes easier and more reli- 
able. 

ics and composited, magnetic and electro-optic materials, 
or new high transition temperature super-conductors. The 
approach to developing many of these materials requires 
understanding their interactions at atomic level and relat- 
ing these interactions to macroscopic properties. This usu- 
ally requires the use of large facilities such as synchrotron 
radiation sources and neutron sources. Neutrons have sev- 
eral unique advantages for determining the structure and 
dynamics of a wide range of materials. This is why the de- 
mand of neutrons has increased so rapidly and spread to so 
many fields of science in the last 20 years, and why there is 
a need for new spallation neutron sources. 

Shown in Fig. 3 is the evolution of average neutron fluxes 
over the years from both the reactor sources and the SNS's. 
The advances of the accelerator technologies played a ma- 
jor role in making the high flux SNS possible. To meet 
the increasing demand of high flux neutron sources, there 
is a surge of new proposals for pulsed spallation neutron 
source in the few MW range all over the world. In Table 4, 
we list the parameters of three most powerful SNS in op- 
eration and four proposals for new SNS. At this moment, 
the probability of any of the proposal been approved in the 
next few years ranges from 80 to 20%. It would be very 
interesting to see which one actually get built and when. 

All the four new proposals for SNS provide pulsed pro- 
ton beam of ~l/isec long and spaced by ~20-50msec. 
Pulsed neutron beam is essential for studies of dynamical 
properties of materials and cell samples by time of flight 
technique. The signal to background / noise ratio is much 
enhanced due to the peak intensity of shout pulse. 

For such a short pulse facility, an accumulator ring 
or rapid cycling synchrotron is needed to compress the 
~lmsec linac beam into less than 1/xsec by H~ charge ex- 
change injection mechanism over ~1000 turns. The mod- 
ern choice is to use a liquid mercury target for the ease of 
design of cooling and long life time. Typical spallation pro- 
cess can generate more than 50 neutrons per incident pro- 
ton. Complete description of various SNS can be found in 
references [17,23, 29]. The accumulator ring design of the 
NSNS project is given in reference [30]. Currently NSNS 
is planned to start construction in 1999 and be completed 

3.4   Spallation Neutron Sources (SNS) 

The potential of using neutron to probe material structure 
was immediately recognized when copious amount of neu- 
trons became available in the 1930's. In the advent of high- 
intensity proton accelerators, the accelerator-driven spalla- 
tion neutron sources became available in the 1980's. No- 
table examples are the ISIS at Rutherford, PSR at LANL, 
IPNS at ANL, and KENS at KEK. 

By the 1990's, it became evident that the need of neu- 
tron sources is increasing and the availability of traditional 
neutron sources from nuclear reactors is decreasing. Many 
advances in industrial society are driven by new technolo- 
gies, and most of these new technologies depend on the de- 
velopment of new materials such as high-strength ceram- 
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Figure 3: The evolution of average neutron fluxes. 
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Table 4: Design parameters of spallation neutron sources. 

Name 
Proton 
Energy 

(GeV) 

Proton 
Intensity 

(PPP) 

Rep- 
Rate 

(Hz) 

Average 
Beam 
Power 
(MW) 

Existing Facilities 
LANSCE 

[25] 0.8 2.3 xlO13 20 0.07 
ISIS [26] 0.8 2.5x10" 50 0.2 

SINQ[27] 0.59 1.5 mA CW 1.0 

Proposed Facilities 
JAERI[28] 1.5 2.8xl014 50 2.7 
JHF[29] 3.0 5.0xlOia 25 0.6 

NSNS[17] 1.0 l.OxlO14 60 1.0 
ESS[23] 1.334 2.3xlOi4 50 2.5 

in 2005. Upgrades to 2MW and eventually to 4MW can be 
implemented when fund is available [17]. 

From the above brief description, it is evident that all 
those new applications require new performance levels 
from both the accelerators and the target systems, it is such 
a ground breaking challenges and their potential pay-offs in 
the acquisition of new knowledge and contributions to so- 
cietal needs, makes our field so interesting and rewarding. 
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STATUS OF THE FERMILAB MAIN INJECTOR AND RECYCLER 

Stephen D. Holmes, Fermi National Accelerator Laboratory*, P.O. Box 500 Batavia, IL 60510 

Abstract 

The Fermilab Main Injector is a new 150 GeV 
synchrotron under construction at the Fermi National 
Accelerator Laboratory. The FMI has been designed to 
support a factor of five increase in luminosity available 
from the Tevatron proton-antiproton collider while 
simultaneously providing a 2 mA resonantly extracted 
120 GeV proton beam. Recently a new antiproton storage 
ring, the Recycler, has been incorporated within the scope 
of the project with an expected luminosity gain of a factor 
of two. Project status, schedule for completion, and 
expected performance characteristics of the Main Injector 
and Recycler will be presented. 

1 INTRODUCTION 

The Fermilab Tevatron is the highest energy collider 
operating in the world today. As such it is uniquely 
positioned as the world's forefront High Energy Physics 
"discovery facility"-a position it will retain until the 
advent of the LHC approximately eight years from now. 
Fermilab is committed to exploiting the Tevatron facility 
to the fullest extent possible over the period between now 
and 2005, and to that end has undertaken the construction 
of the Main Injector accelerator and the Recycler 
antiproton storage ring to provide improved Tevatron 
luminosity performance starting in 1999. 

The Tevatron proton-antiproton collider currently 
operates at a center-of-mass energy of 1.8 TeV, 
accompanied by a luminosity greater than 1.5xl0^^cm" 
^sec'l. The luminosity in the Tevatron collider is given 
by, 

3WD(BN-) 
L = - ■F{a7lß ) 

ß*{ep+e-p) 
where y is the relativistic factor, f is the revolution 
frequency, B is the number of bunches in each beam, Np 
(Nr ) is the number of protons (antiprotons) in a bunch, 
£p (e~ ) is the 95% normalized transverse beam 
emittance, az is the rms bunch length, ß* is the beta 
function at the interaction point, and F is a form factor 
dependent on the ratio of the bunch length to ß*. 

Under current operating conditions, the most 
important factor influencing luminosity performance is 
the total number of antiprotons in the ring, BN„. The 
second most important factor is the proton phase space 
density, Np/Ep. A large increase in Np/£p is precluded by 
the beam-beam 

interaction. Hence, increasing antiproton availability 
remains, and will remain for the indeterminate future, the 
key to improving Tevatron collider performance. 

2 RUN II PERFORMANCE GOALS 

Run II is the name applied to the first operating period of 
the Tevatron collider following commissioning of the 
Main Injector. Goals established for this run include 
achievement of a luminosity of 5xl0^^cm"^sec"^ early in 
the run, ultimately growing to 2xl0^^cm"2sec"^ once the 
full capabilities of the Recycler ring are realized, 
accompanied by a capability of resonantly extracting 
3x10*3 protons per pulse at 120 GeV in support of a 
variety of fixed target experiments. 

In order to achieve the collider goal the Fermilab 
complex will be required to support: 

• More protons in collision 
• Many more antiprotons in collision 
• A significant increase in the antiproton stacking rate 
• A capability for recovering antiprotons at the end of 

stores 
The Main Injector, accompanied by a variety of 

improvements to the Antiproton Source facility, is 
designed to support a three-fold increase in the antiproton 
production rate, accompanied by good antiproton 
transmission efficiency from the Recycler to Tevatron and 
a modest increase in coalesced proton bunch intensity. 

The Recycler is designed to capitalize on the existence 
of the Main Injector to extend further the performance 
potential of the Tevatron complex. The Recycler does this 
by relieving the Antiproton Source of responsibility for 
maintaining high stacking rate at high stacks, by 
doubling the effective stacking rate via antiproton 
recovery, and by providing a platform for further 
performance enhancements within the Tevatron complex. 

Design parameters for the next Tevatron collider run 
(Run H) are listed in Table 1. For comparison typically 
achieved parameters and performance in the most recent 
collider run (Run IB) are listed in the first column. As can 
be seen from the table the factor of ten increase in 
luminosity is supported primarily through a factor of 
eight increase in the number of antiprotons in the collider. 
It should also be noted that the increased luminosity will 
require operations with 36 bunches per beam, rather than 
6, in order to maintain the number of interactions per 
crossing as seen in the detectors at a reasonable level. 

* Operated by Universities Research Association under 
contract to the United States Department of Energy 
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Table 1: Collider operational achievement in Run IB and 
goals for Run II. Run II is the first run supported by the 
Main Injector and Recycler rings. 

RUN IB(1993-95) 11(1999-) 

Protons/bunch 2.32X1011 2.70xl0n 

Pbars/bunch 5.50X1010 7.00xl010 

Total Pbars 3.30X1011 2.5xl012 

Pbar Production Rate 6.00xl010 2.00xl0n pbar/hour 

Proton emittance 237t 20rc mm-mr 

Pbar emittance 13TC 15JI mm-mr 

ß* 0.35 0.35 m 

Energy 900 1000 GeV 

Bunches 6 36 

Bunch length (rms) 0.60 0.38 m 

Form Factor 0.59 0.70 

Typical Luminosity 1.6xl031 2.0xl032 -2     -1 cm   sec 

Bunch Spacing -3500 396 nsec 

Interactions/crossing 2.7 5.8 

(@50mb) 

3 MAIN INJECTOR AND RECYCLER 
PERFORMANCE GOALS 

The Main Injector is a 3319 meter circumference, 150 
GeV, conventional-magnet-based accelerator. It is designed 
to perform all duties currently assigned to the Main Ring, 
the original 400 GeV accelerator at Fermilab, but with 
significantly improved performance. In addition the Main 
Injector creates a new capability at Fermilab for modest 
energy (120 GeV), high average intensity extracted beams. 

Improved performance relative to Main Ring is 
largely attributable to a larger design aperture. The Main 
Injector is designed to provide an admittance of 40rt mm- 
mr (normalized at 8.9 GeV) as compared to approximately 
12TC in the Main Ring. This improvement is the result of 
implementation of a lattice with beta functions reduced by 
a factor of two (55 meters vs. 110 meters) and dispersion 
reduced by a factor of three (2 meters vs. 6 meters), and by 
elimination of vertical dispersion. In addition better field 
quality is being achieved at injection through the use of 
lower coercivity steel (<1 Oe) and a higher injection field 
(0.1 Tesla vs. 0.04 Tesla). 

As a result of these improvements the Main Injector 
is anticipated to have a capability of delivering more 
protons per cycle (5x10*2 Vs. 3x10*2) at a faster cycle 
rate (1.47 sec. vs. 2.4 sec.) than currently achieved in the 
Main Ring. A new capability of slow extracting 3x10*^ 
protons per pulse at 120 GeV is also provided. Fast or 
slow resonant extraction cycles are planned with a 1.93 
and 2.93 second cycle time respectively. A parametric 

description of the Main Injector is given in Table 2. It is 
expected that after some years of operation the delivered 
intensities may rise by a factor of two to three beyond the 
formal project goals. 

Table 2: Main Injector parameter list 

Circumference 3319.4 m 

Injection Momentum 8.9 GeV/c 

Peak Momentum 150 GeV/c 

Cycle Time (@ 120 GeV) 1.5 s 

Cycle Time (@ 150 GeV) 2.4 s 

Protons/Bunch 6xl010 

Number of Bunches 498 

Number of Protons 3xl013 

Average Current 433 mA 

Maximum Beta Function 57 m 

Maximum Dispersion Function 1.9 m 

Nominal Horizontal Tune 26.425 

Nominal Vertical Tune 25.415 

Transverse Emittance 
(Normalized @ 8.9 GeV/c) 

20n mm-mr 

Transverse Admittance >407t mm-mr 

Harmonic Number (@53 MHz) 588 

RF Frequency (Injection) 52.8 MHz 

RF Frequency (Extraction) 53.1 MHz 

RF Voltage 4 MV 

Transition Gamma 21.8 

Longitudianl Emittance 
(95%, per bunch) 

0.2 eV-s 

Longitudinal Admittance >0.5 eV-s 

Number of Dipoles 216/128 

Dipole Lengths 6.1/4.1 m 

Dipole Field (@ 150 GeV) 17.2 kG 

Number of Quadrupoles 128/32/48 

Quadrupole Lengths 2.1/2.5/2.9 m 

Quad. Gradient (@ 150 GeV) 200 kG/m 

The Recycler is a 3319 meter, 8.0 GeV (kinetic 
energy), permanent-magnet-based storage ring situated 
within the Main Injector enclosure [1,2]. The choice of 
permanent combined function (or "gradient") magnet 
technology for this ring was based on considerations of 
construction and operational cost and reliability. The 
purpose of the Recycler is  to  improve the  stacking 
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capability of the existing Antiproton Accumulator by 
relieving this facility of the responsibility of maintaining 
a high (>2xl0** antiprotons/hour) stacking rate at high 
stacks 05x10*1 antiprotons). Perhaps more importantly 
the Recycler will create the capability to recover unspent 
antiprotons at the end of collider stores. Since typically 
>70% of all antiprotons initially stored in the Tevatron 
remain at the end of a collider store, a significant increase 
in available antiprotons will be made possible through 
recycling. This operation will require deceleration of 
antiprotons from 1000 GeV to 8 GeV followed by transfer 
to and cooling in the Recycler. 

Specific design goals for the Recycler include a 
stacking capability of 2x10*1 antiprotons/hour up to a 
total stack size of 3x10*2 antiprotons. The initial 
implementation is based on stochastic cooling. An R&D 
program aimed at developing electron cooling at 8 GeV is 
currently underway. Electron cooling will be required to 
support stack sizes in the range 3-10x10*2 antiprotons at 
stacking rates up to 10*2 antiprotons/hour for future 
applications. 

Table 3: Recycler parameter list 

Circumference 3319.4 m 

Operating Momentum 8.9 GeV/c 

Total Antiprotons 3xl012 

Number of Bunches 498 

Average Current 43 mA 

Maximum Beta Function 55 m 

Maximum Dispersion Function 2.0 m 

Nominal Horizontal Tune 24.425 

Nominal Vertical Tune 24.415 

Transverse Admittance 
(Normalized @ 8.9 GeV) 

>407T mm-mr 

Momentum Acceptance (full) 0.6 % 
, 

Number of Gradient Magnets 216/128 

Dipole Lengths 4.5/3.1 m 

Number of Quadrupoles 72 

Quadrupole Length 0.5 m 
A detailed description of the lattice is contributed to these 
proceedings [3]. 

4 PROJECT STATUS 

The Fermilab Main Injector Project is currently in its 
sixth year of funding. Funding over the period FY1992-97 
amounts to $198.65M, with $30.95M scheduled for the 
final year of funding, FY1998. Currently (March 31, 
1997) the project is 66% complete by cost and project 
completion is scheduled for March 1999. 

4.1 Construction and Installation Status 

Civil construction on the Main Injector is well advanced 
following completion of the underground ring enclosure 
and above ground service buildings in 1996. Currently 
under construction are the cooling ponds, a new 
substation, and the transmission line required to deliver 
345 KV power to the substation. The major outstanding 
civil construction job involves the final connection of the 
Main Injector beam lines into the Tevatron at the interface 
between the two machines. This work is scheduled to start 
in the fall of 1997. 

Magnet production is now nearing completion [4, 
5]. Of the 344 dipole magnets required, 307 have been 
built and 280 are now installed in the ring. In addition all 
80 new quadrupole magnets have been completed. These 
will be augmented by 128 quadrupoles recovered from the 
Main Ring following the shutdown of that machine in the 
fall. Dipole power supply installation is nearly complete 
and testing should be initiated in June. Prototype power 
amplifiers and modulators required to drive the 53 MHz 
cavities have been constructed and placed in service in the 
Main Ring where they have accumulated 24,000 and 
14,000 hours respectively of failure free operations [6]. 
The actual accelerating cavities used in the Main Injector 
will be recovered from the Main Ring. 

In September of 1995 it was decided to construct the 
8 GeV transfer line connecting the Fermilab Booster to 
the Main Injector utilizing permanent magnets [7]. This 
choice was made in order to gain experience with the 
technology under consideration for the Recycler ring. The 
permanent magnets (about 120 in total) required for the 8 
GeV line have now been constructed and installed, and 
procurements for Recycler permanent magnets have 
commenced. 

4.2 Recycler Status 

A proposal to incorporate the Recycler into the Main 
Injector project, without modification to the project 
budget or schedule, was presented to the Department of 
Energy in November 1996. As part of the proposal four 
prototype gradient magnets were built with field 
uniformity sufficient for use in a storage ring. These 
magnets culminated a nearly eighteen month period of 
R&D on permanent magnets for this application. The 
proposal was approved in February 1997 and work on 
Recycler construction commenced in April. 

The Recycler itself is estimated to cost $12.6M. The 
low cost results from the utilization of permanent 
magnets and the already existing Main Injector enclosure 
and service buildings. The goal is to complete installation 
of the Recycler in the spring of 1998 and to commission 
over the remainder of the year. 

4.3 Commissioning activities 

The 8 GeV line is now completely installed over -80% of 
its length. Commissioning with beam commenced on 
February 20,1997 and beam was observed at the entrance 
to a temporary dump situated at the -60% point after two 

49 



hours of tuning. Currently beam transmission is measured 
at 95+5% with most losses coming in the upstream, 
electromagnet, matching section where the most 
restrictive apertures are located. A measurement of the 
average bending in the line indicates that the dipole field 
in the permanent magnets is 0.4+0.2% less than that 
required for "8 GeV" beam delivered from the Booster. 
This offset is well within the acceptance of the line and 
will be corrected in the future by either realigning the 
gradient magnets or by reducing the Booster energy. 

Commissioning of the 8 GeV line has occurred 
nearly a year ahead of schedule-the original plan called for 
utilizing magnets recovered from the Main Ring during 
the upcoming shutdown. Commissioning activities in the 
ring itself are expected to start in late winter/early spring 
1998 

5 SCHEDULE TO COMPLETE 

The current working schedule to completion of the project 
is given below. 

April 1997 Start Recycler construction 

May 1997 Award F0 construction contract 

September 1997 Start shutdown (Main Ring off) 

October 1997 Start F0 construction (demolition) 

March 1998 Start half turn commissioning of the 
Main Injector 

June 1998 Main Injector under vacuum, start full 
turn commissioning 

Summer 1998 Recycler     under     vacuum,      start 
commissioning 

F0      partial      occupancy.       Start 
FO/beamline reinstallation 

July 1998 

September 1998      Start Tevatron cooldown 

November 1998 Complete F-0 construction. Start 
delivery of beam to the Tevatron. 
Parasitic commissioning of 
remaining beamlines. 

January 1999 Complete   Recycler   installation   & 
commissioning 

March 1999 Project complete 

We are planning to shut down the Main Ring for the 
final time on September 15, 1997. At this time 
equipment removal from the Main Ring and Tevatron will 
start, followed by demolition and reconstruction of the 
Tevatron enclosure with its connections to the Main 
Injector. During the same period Main Ring components 
destined for reuse in the Main Injector, primarily 
quadrupole magnets and rf cavities, will be removed, 
refurbished, and reinstalled. 

It is anticipated that 50% of the Main Injector will 
be intact by February 1998, allowing half turn beam 
delivered to the permanent dump starting in March. The 
entire ring should be installed and under vacuum by May 
1998.  In parallel, but somewhat behind the Recycler 

magnet and vacuum systems will be installed, allowing 
commissioning with beam to commence in the summer 
of 1998. Final installation of beamlines and Recycler rf 
and stochastic cooling will not happen until the fall of 
1998, to be followed by commissioning. Current 
planning calls for startup in fall 1998 with the Tevatron 
in a fixed target configuration. Parasitic collider 
commissioning activities will continue until the late 
spring of 1999 followed by a changeover to collider 
configuration. 

6 SUMMARY 

A plan for enhanced utilization of the Fermilab complex 
in the upcoming decade(s) is now well underway. By the 
end of the century the Fermilab community can expect to 
see: 

• A luminosity in the range of 5-20x10-^ cm'^sec"* 
in the Tevatron Collider. 

• A new capability for study of neutrino oscillations 
and rare K decays based on 120 GeV resonantly 
extracted beams 

• 120 GeV test beams to the experimental areas 
coincident with collider operations. 

A complex capable of being upgraded to -lxlO33 

cm'^sec"! with furthe 
targeting and cooling. 
cm'^sec"! with further improvements to antiproton 

Following the recent enhancement represented by the 
addition of the Recycler ring, the Main Injector project is 
proceeding rapidly to conclusion, with installation now 
well underway and completion scheduled for spring 1999. 
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HERA STATUS AND UPGRADE PLANS 

F. Willeke, Deutsches Elektronen-Synchrotron, Notkestr.85, 22603 Hamburg, Germany 

Abstract 

The HERA electron-proton collider at Hamburg Germany, 
designed for collisions of 820 GeV protons with 30 GeV 
electrons is now in its 6th year of operation. It delivers 
luminosity for the colliding beam detectors HI and ZEUS 
and longitudinally polarized positrons for the internal target 
experiment HERMES. HERA is operated close to the de- 
sign luminosity with peak values of 1.2 x 1031cm_2sec-l. 
While the beam currents still fall short of expectations, 
the luminosity was increased by focusing the beams very 
tightly at the interaction points at the expense of using 
up most of the margins on aperture, chromaticity and 
beam-beam tuneshift. In 1996, an integrated luminosity of 
/ Cdt = 17.2p6-1 has been delivered. Despite the strong 
beam-beam interactions, the degree of longitudinal polar- 
ization of the positron beam is, with (50-60)%, larger than 
expected. 

Despite the good results of HERA, more luminosity is 
needed for the physics program in the next decade. Prepa- 
rations are underway to increase the luminosity by rebuild- 
ing the \ow-ß insertions. With unconventional new types 
of magnets, it seems to be possible to increase the lu- 
minosity substantially. The expected value is Cpeak = 
7.5 x 1031cm~2sec-1 which is five times larger than the 
design value. 

1   INTRODUCTION 

The HERA colliderfl] for 820 GeV protons (p-beam) and 
30 GeV electrons or positrons (e-beam) in Hamburg is the 
only high-energy accelerator in which two completely dif- 
ferent species of particles are brought into collision. The 
double ring collider has a length of 6.3 km. The proton 
ring has a superconducting magnet structure with 4.6 T 
magnets. The electron ring has conventional magnets but 
needs, besides 84 room temperature rf cavities, a supercon- 
ducting cavity system to reach at the current top-energy of 
27.5 GeV. HERA has two interaction regions for the collid- 
ing beam experiments HI and ZEUS. In addition it hosts 
two fixed target experiments, the gas target experiment 
HERMES which needs a longitudinally polarized electron 
or positron beam and the new HERA-B experiment which 
is going to analyze the interactions of halo protons with a 
wire target. 

The collider has been providing luminosity for more than 
five years now. It is operated close to the design values 
for luminosity and spin polarization. The recent incorpora- 
tion of the HERA-B target operation in HERA operations 
was a success. At this point four different experiments with 
very different demands on the accelerator performance are 
running simultaneously without much detrimental interfer- 
ence. 

The results from the HERA experiments open up a rich 
future physics programme. It is therefore highly desirable 
to produce luminosity in excess of what the present design 
can deliver. Therefore, plans are underway to rebuild the 
collider interaction regions (IR) to allow stronger focusing 
of both beams. 

2   HERA LUMINOSITY OPERATION 

HERA luminosity operation has made steady progress. The 
machine is now operated close to design conditions. Since 
1994 HERA has been operated with 27.5 GeV positrons 
which collide with 820 GeV protons. At this point the peak 
luminosity is 1.2 x 1031cm_2sec_1, the number of pro- 
tons per bunch is up to 6 x 1010, the total beam current 
of the positrons reaches values of up to 44 mA. The nor- 
malized emittance of the p-beam is in the order of 4 /xm 
in collisions. The beam-beam tune shift of the positrons 
of Avye ~ 0.03 exceeds already the design value by a 
factor of 1.5. While the beam currents quoted above are 
still below expectations, the matched beam cross section at 
the interaction point is reduced by more than a factor com- 
pared to the design value. Thus high luminosity in HERA 
is achieved by cutting into the margins of aperture, chro- 
maticity of the protons and of beam-beam tune-shift of the 
leptons. 

Great progress has been made in the last two years on 
overall reliability. In 1997, HERA is delivering luminos- 
ity to the experiments for nearly 50% of the scheduled 
time. The minimum time needed to re-inject, to acceler- 
ate and to tune the two beams amounts to about 20% of the 
scheduled time. The remaining 30% are still needed at this 
point for optimizations or recovery from failures. The re- 
cent progress is the result of preventive maintenance on the 
more than thousand magnet power supplies[3] and regular 
reconditioning of the superconducting rf cavities. Further- 
more a large effort is underway to store accelerator data in 
circular buffers to ease trouble shooting on the numerous 
components[2]. 

In 1996, HERA delivered an integrated luminosity of 
17.2 pb"1 to the colliding beam experiments HI and 
ZEUS. At present, luminosity is produced at a monthly rate 
of 4.5 pb~l. The continuous improvement of HERA oper- 
ations is reflected in Fig. 1 which shows the integrated lu- 
minosity versus the running time for the years 1992-1997. 

Since 1995, the HERMES experiment investigates the 
reactions of high energy longitudinally spin-polarized 
positrons with a polarized gas target. HERA has a pair 
of spin rotator magnets installed around the experiment, 
which rotate the vertically oriented spin into the longitu- 
dinal direction and back into the vertical direction. The 
polarization is usually between 50% and 60% in routine 
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HERA luminosity 1992-97 
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Figure 1: Accumulation of HERA Luminosities 1992-1997 

operation. Peak values of up to 70% have been observed. 
The polarization is remarkably stable. Major tuning with 
harmonic orbit bumps[7] is performed only once or twice 
per year. High polarization can then be maintained by oc- 
casional orbit corrections. There is some indication, that 
high polarization is more difficult to obtain with strong 
beam-beam interactions. In 1996, there was some corre- 
lation was observed between beam-beam tune-shift of the 
positron beam and spin polarization. The tuneshift reached 
values of Av = 0.035 and sometimes the polarization ap- 
proached a level of 50% only after many hours of slow 
growth (The polarization time in HERA at 27.5 GeV is less 
than 37 minutes). More careful control of the tunes inside 
a very narrow window reduced this problem. Recently the 
vertical ß function of the positron beam has been reduced 
at the interaction point (IP). Since then no correlation be- 
tween proton beam intensity and positron spin polarization 
has been observed. 

3    HERA ELECTRON OPERATION 

A very unpleasant surprise was that the lifetime of in- 
tense electron beams in HERA is not determined by 
bremsstrahlung at desorbed gas molecules as expected but 
by effects which have been explained by dust trapped in- 
side the beam. The present understanding is that dust 
particles are emitted from the chamber of the integrated 
ion getter pumps by an unknown mechanism. This ef- 
fect makes the operation with electrons virtually impossi- 
ble. Since 1994 HERA has been operated with positrons 
and there are no anomalies in the beam lifetime. The dust 
or micro-particles hypothesis has been supported by many 
experiments[5, 4, 6]. All efforts to overcome this prob- 
lem have failed so far. It has been attempted to lower the 
voltage of the integrated pumps. This was not successful. 
Turning off the pumps completely seems to suppress the 

effect. This leads however to unsatisfactory lifetime due to 
increased pressure of desorbed gas. It has been attempted 
to drive out trapped particles by kicking the beam. This 
provides relief only for a period of several minutes. Then 
the lifetime breaks down again. BPM monitors have been 
used as clearing electrodes. But this did not solve the prob- 
lem. The last attempt to resolve the problem, without major 
changes in the pumping system, was to equip all integrated 
pumps with pre-resistors of 5 Mfi. This did not improve 
the situation. 

In the winter shutdown period 1995-1996, an ~ 120 m 
long section of HERA has been equipped with passive non- 
evaporating getter pumps (NEG[8]). These pumps have 
been operated without any problems in the 1996 and 1997 
luminosity operation. Pumping speed and required gener- 
ation are within expectations. Experiments with electron 
beams indicate, that in this vacuum section, the local beam 
losses due to bremsstrahlung events have been drastically 
reduced after the NEG pumps have been installed. Electron 
beam experiments with all getter pumps turned off have 
been performed in December 1996. They seem also to in- 
dicate that the lifetime degradation is removed if there are 
no getter pumps present and electrons behave the same as 
positrons. Therefore, the pumping system in the HERA e- 
ring is planned to be replaced by NEG pumps in the winter 
shut-down 1997/1998. 

4   HERA LUMINOSITY LIMITATIONS 

The Luminosity of HERA is best written as 

NpIe 
(1) 

(Np is the number of protons per bunch, Ie is the total beam 
current of the lepton beam, e is the elementary charge, 
aXiV are the rms beam sizes of the p-beam or e-beam with 

x,y xyt' 
With a bunch spacing of 96 ns HERA luminosity is lim- 

ited by the total lepton beam current and the beam current 
is limited by the available rf power. At present, the rf power 
is sufficient to store 45 mA reliably at 27.5 GeV, the low- 
est possible energy which allows longitudinal spin polar- 
ization. An eighth rf station is under construction to raise 
this limit above 50 mA. The total available rf power will be 
12 MW which will allow the design beam current of 58 mA 
to be stored at 27.5 GeV. 

The bunch intensity of the protons is limited by space 
charge effects at injection into the booster. The incoherent 
space charge tuneshift at 50 MeV injection into the syn- 
chrotron DESYIII is AQincoh = 0.4 (see also[10]), which 
corresponds to about 1.2 x 1011 protons per bunch at ex- 
traction into the PETRA injector ring. Tight aperture in the 
beam lines and dynamic aperture limitations in the whole 
proton acceleration chain up to 70 GeV lead to beam losses 
so that only 6 x 1010 protons per bunch can be reached at 
present in HERA luminosity operation. 

The beam cross sections of positrons and protons need 
to be matched to keep nonlinear effects of the beam-beam 
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interaction to a minimum. The beam width and height of 
the protons are given by the product of emittance and /?- 
functions. 

The limit on p-beam emittance, e, is closely related to 
the p-beam intensity by the maximum brightness NP/SN 

achieved in DESYIII. With the present intensity the nor- 
malized transverse emittance in HERA is £N = (4 - 
5) \xm. Electron-proton collisions require short proton 
bunch lengths. This means that the longitudinal emittance 
budget is also tight and the bunch intensity cannot be fur- 
ther increased by if manipulations. 

For the e-beam, the low-/? quadrupoles are placed much 
closer to the IP than the p-beam quadrupoles. Despite the 
small proton emittance of 5 nm at 820 GeV the cross sec- 
tion is limited by the /3-function of the protons. There are 
in the present lattice no limits on focusing of the e-beam. 

There are many constraints on the choice of the e/p work- 
ing point of the HERA collider. Nonlinear resonances 
for protons, synchro-betatron resonances, spin-orbit reso- 
nances for leptons and proton-lepton coupling-resonances 
need to be carefully avoided to prevent loss of spin polar- 
ization and damage to the proton beam, which causes in- 
creased backgrounds and loss of luminosity. Therefore the 
tunes are limited to a narrow window of 

Qe
hor = 47.147 ± 0.002; Qe

vert = 47.215 ± 0.005     (2) 

QLr = 31-294 ± °-002; Qvert = 32.297 ± 0.002     (3) 

With the tunes inside this window and for present intensi- 
ties, the lifetime, the emittance growth and the general sta- 
bility of the proton are excellent in collision. The specific 
luminosity stays nearly constant over many hours and back- 
ground conditions are tolerable. The proton beam-beam 
tuneshift parameters are 

Av% = 0.0014; A*/£ = 0.0007 (4) 

which are apparently still below the beam-beam limit. At 
present, the e-beam experiences beam-beam tuneshifts of 
Ai/| = 0.0026; Az/| = 0.0032. From the 1996 experience 
(with a larger ß% value at the IP), the tuneshift limit is ex- 
pected to occur at values above 0.04.. This means that no 
substantial increase in luminosity can be achieved by pro- 
viding a smaller proton emittance. 

Increasing the e-beam intensity could provide further in- 
crease of luminosity until the yet unexplored limit of the 
proton beam-beam tune shift is reached. However because 
of the high costs of rf power installation and consumption, 
this would be a very ineffective way to increase luminosity. 
Increasing the proton beam brightness is also quite expen- 
sive because is requires an upgrade of the linear accelerator 
or another small booster synchrotron or exotic beam cool- 
ing techniques. Taking into account that the e-beam beam- 
beam tuneshift does not have a large margin, this way to 
increase luminosity is not attractive either. The most ef- 
fective way to increase HERA luminosity by a large factor 
compared to the design value is therefore to remove the 
limit on the proton beam /3-functions by a new IR geome- 
try. This will be discussed in the next section. 

5   HERA LUMINOSITY UPGRADE 

HERA beams collide head-on to avoid synchro-betatron 
resonances and loss of luminosity due to the long proton 
bunches. The beams need to be separated before the proton 
beam can be focused by strong low-/? quadrupoles. In the 
present lattice this is accomplished by a dipole field gener- 
ated by displaced e-beam low-/3 quadrupoles and by mak- 
ing use of the different magnetic rigidity of the two beams. 
A number of constraints limit the /? in the present lattice. 
The hard synchrotron radiation generated upstream of the 
experiment by the separator field is a potential problem for 
the detector which limits the strength of separating fields. 
The separator field is a part of the spin rotator. Spin trans- 
parency of the beam optics is required. Dispersion gener- 
ated in the separator gives rise to the excitation of synchro- 
betatron resonances in the adjacent rf sections. The result 
is that the first quadrupole magnet which focuses the pro- 
tons can only be placed 27 m away from the interaction 
point and the design values for the ß function at the IP are 
rather large with ß* = 10 m and ß* = 1 m. Meanwhile 
these values have been reduced to values of 7 m and 0.5 m 
respectively by using up all the aperture margin in the low 
/3-quadrupoles. 

A new interaction region has been laid out to overcome 
these limitations. It is based on two concepts: putting sepa- 
rator magnets much closer to the interaction point and mak- 
ing use of new types of septum quadrupoles. Both concepts 
help to achieve smaller /?-functions at the IP. 

The early separation fields will be generated by air-coil 
magnets inside the colliding beam detector. They are more 
than twice as strong as the present separators. The in- 
tense, hard synchrotron radiation (with a radiation power of 
prad = 25 kW, and a critical energy of Ecrit = 120 keV) 
does not hit any components inside the detector and gets 
absorbed further downstream. The low-/? magnets of the 
e-beam which are aligned on the e-beam axis need a gap 
between the coils to make way for the synchrotron radia- 
tion fan. At about 11m from the IP, a factor of more than 
two closer than in the present lattice, the two beams are 
sufficiently separated by 56 mm. This is enough for a new 
type of quadrupole septum[l 1] which focuses only the pro- 
ton beam. It is described below. The new lattice concept is 
illustrated in Fig. 2 which shows a top view of the magnets 
around the IP together with the synchrotron radiation fan. 

The new scheme allows the /3-functions of the protons to 
be reduced by a large factor. In order to fully exploit this 
advantage, the lepton beam must be focussed more tightly 
as well. Since large chromatic effects must be avoided, 
it is essential that the separator magnets have a gradient 
and provide some focusing to the e-beam. The outer di- 
ameter of these magnets is limited to 190 mm and the 
magnets have to be very compact. In addition sufficient 
aperture must be provided to avoid obstruction of the syn- 
chrotron radiation fan at the downstream end. This requires 
a non-conventional coil design. The conceptual design of 
this magnet promises a gradient of 7.6T/m and an average 
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Figure 2: Top View of the New HERA IR: The beams are 
separated by a relatively strong dipole field generated by 
air-coil combined function magnets in the colliding beam 
detector. The intense synchrotron radiation fan passes 
through gaps between the coils of two iron quadrupoles 
which form, together with the air-coil magnets, a low-/3 
triplet, for the e-beam. At about 11 m the two beams are 
sufficiently separated so that the first septum quadrupole to 
focus the proton beam can be placed there. The thin sep- 
tum is protected by a small water-cooled absorber. Most 
of the synchrotron radiation passes along midplane gaps 
through the septum quadrupole and gets absorbed at 25 m 
by a power absorber. 

dipole field of 0.22 T. About 100 kW of electrical power 
are dissipated in each of the eight separator magnets. These 
magnets present a challenge for the technical design. Fig- 
ure 3 shows a cross-section of the separator magnet. 

The new type of septum quadrupole has been devel- 
oped from the half-quadrupole concept used in the present 
HERA lattice[l 1]. Since the field at the mirror plate in the 
magnet midplane is zero, the mirror plate can be reduced to 
zero thickness at this point. In this way a triangular cut out 
has been designed which separates the region of zero mag- 
netic field and a strong gradient by a septum of quasi zero 
thickness. Figure 4 shows a cross-section of the septum 
quadrupole. 

The second part of the first focusing lens of the protons 
is a current septum quadrupole which resembles the one of 
the PEPII design [12]. A layout is shown in Fig. 5. 

As a result, the /3-functions of the protons at the IP can 
be reduced from the design values ßxp = 10 m, ßyp = lm 
to ßXp = 2.45 m, ßyp = 0.18 m. The same aperture of 
12.5crX)y is provided, which leaves sufficient margin. The 
vertical ß is, with 0.18 m, touching on the bunch length 
limit (<rs ~ (12 — 19) cm) and cannot be further reduced 
whereas in the horizontal plane there is still some room for 
improvement by giving up safety margins (present beam 
optics for protons in luminosity opertion provides only 
10aXiy of aperture). 

Using the focusing provided by the separator magnets, 
the /^-functions of the e-beam must be reduced by a large 
factor as well. In addition, stronger focusing is required in 
the arc to produce an emittance as small as eex = 22 nm. 

Vacuum 
Pump 

Figure 3: Section of an Air-coil Separator Combined Func- 
tion Magnet which is placed inside the colliding beam de- 
tectors. The magnet fits into a circle of only 180 mm diam- 
eter. It has a length of 2 m. Its average field is about 0.22 T, 
its gradient is 7.6 T/m. 

This is accomplished with a beam optics with 90 degree ß- 
tron phase advance in the horizontal plane and 60 degree 
phase advance in the vertical plane. With this arrangement 
second order chromatic effects can be kept under control 
and sufficient dynamic aperture be provided. Table 1 gives 
the main parameters for the upgraded HERA lattice. 

Lepton Beam Energy 30GeV 
Proton Beam Energy 820 GeV 
Colliding Bunches 174 
Leptons per Bunch 4.18 • 1010 

Protons per Bunch 10 • 1010 

Lepton Beam Current 58 mA 
Lepton Emittance 22 nm 
Proton Emittance 5 nm 
Lepton Emittance ratio 0.18 
Proton ßltV at IP 2.45 m/0.18 m 
Lepton ß*tV at IP 0.63 m/0.27 m 
a* x <T* 118/umx32/um 
b-b tuneshift e Ai/|y 0.027,0.041 
b-b tuneshift p Ai/£iy 0.0017, 0.00046 
Specific Luminosity 1.64 ■ 1030 cm^s'1 mA~2 

Luminosity 7.36 • 1031 ernes'1 

Improvement factor 4.9 

Table 1: Parameters for Upgraded HERA IR Lattice 

There are a number of difficulties which associated with 
this layout. There are many technical subtleties of mutual 
forces between the detector field and machine fields, with 
supports inside the detector, with cooling supply inside the 
detector with high power synchrotron radiation absorbers, 
with on-line alignment system, with technical layout of the 
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Syn.Rad. 
Figure 4: Cross Section of the septum quadrupole, the first 
focusing element for the protons next to the IP. Note the 
triangular cut-out which provides the field free space for 
the e-beam. 

septum magnet which are described in a conceptual de- 
sign report[14, 13]. Many difficulties with emittance and 
chromaticity control and dynamic aperture have been re- 
solved. The spin dynamics in the new IR with uncompen- 
sated solenoid fields and tilted beam orbits is quite delicate 
but the problems appear to be solvable. 

6   CONCLUSIONS 

HERA has made good progress in recent years and is about 
to reach the limit of its design performance. Major tech- 
nical improvement programmes are underway to overcome 
the limitations on beam current, overall reliability and the 
problem with breakdown of the electron beam lifetime. 

Further progress in luminosity yield beyond the design 
values must come from an aggressive new design of the 
interaction region. A conceptual design of the HERA lu- 
minosity upgrade has been made and the feasibility of a 
luminosity increase by a factor of five compared to the de- 
sign value has been demonstrated. The project is about to 
enter a detailed engineering layout. The expectations are to 
install the new interaction region components in the winter 
shut-down 1999/2000 providing high lepton-proton lumi- 
nosity for the next decade. 

Syn.Rad. 

Figure 5: Cross Section of the quadrupole with a septum- 
coil. 
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Abstract 

The design and construction status of the Relativistic 
Heavy Ion Collider, RHIC, which is in the seventh year of a 
nine year construction cycle, is discussed. Those novel per- 
formance features of a heavy ion collider that are distinct 
from hadron colliders in general are noted. These features 
are derived from the experimental requirements of opera- 
tion with a variety of ion species over a wide energy range, 
including collisions between protons and ions, and between 
ions of unequal energies. Section 1 gives a brief introduc- 
tion to the major parameters and overall layout of RHIC. 
A review of the superconducting magnet program is given 
in Section 2. Activities during the recent Sextant Test are 
briefly reviewed in Section 3. Finally, Section 4 presents 
the plans for RHIC commissioning in 1999. 

1   INTRODUCTION 

The primary motivation for colliding heavy ions at ultra- 
relativistic energies is the belief that it is possible to cre- 
ate macroscopic volumes of nuclear matter at such extreme 
conditions of temperature and energy density that a phase 
transition will occur from hadronic matter to a confined 
plasma of quarks and gluons. RHIC will provide head-on 
collisions at energies up to 100 GeV/u per beam for very 
heavy ions, nominally gold (197Au79+). The experimen- 
tal program also calls for lighter ions all the way down to 
protons, including polarized protons. Luminosity require- 
ments for the heaviest ions are in the 1026 -1027 cm_2s_1 

range. Although these luminosities are several orders of 
magnitude lower than p-p colliders, the higher Au-Au total 
cross-section results in comparable interaction rates. 

The most influential experimental requirement is the 
need for collisions of different ion species (most notably 
p-Au) at identical Lorentz 7's. This necessitates accom- 
modating mass-to-charge ratios (A/Z) in the range from 
1 (p) to 2.5 (Au). Stabilizing the collision point loca- 
tion involves equalizing the rotation frequencies of the two 
beams, which requires the two rings to operate at different 
magnetic fields. The need for such beams to pass through 
common magnets in the interaction region (IR) dictates a 
lattice design different from conventional hadron colliders. 
Beams with large transverse and longitudinal sizes are a 
natural consequence of collider operations at relatively low 
energies, with enhanced intra beam scattering (IBS), which 
scales as Z4/A2. This in turn has ramifications for the lat- 
tice (strong focusing short cells of 29.6 m length) and for 
the magnet aperture (80 mm in the arcs). The RF system 

Kinetic energy range, Au 10.8-100 GeV/u 
Kinetic energy range, p 28.3-250 GeV 
Number of bunches per ring 60 
Circumference 3833.845 m 
Number of crossing points 6 
ß*, injection, H/V 10 m 
/?*, low-/3 insertion, H/V 2 m 
Betatron tunes, H/V 28.19/29.18 
Transition energy, 77* 22.89 
Magnetic rigidity, injection 97.5 Tm 
Magnetic rigidity, top energy 839.5 Tm 
Bending radius, arc dipole 242.781 m 
Maximum arc dipole field 3.45 T 
Maximum arc quad gradient 71.2 T/m 
Arc magnet coil ID 80 mm 
Triplet magnet coil ID 130 mm 

'Operated by Associated Universities Incorporated, under contract 
with the U.S. Department of Energy. 

Table 1: Major Parameters for the Collider. 

requirements are also determined by these considerations, 
and by the desire for a short interaction diamond length 
(< 0.2 m rms), for optimum detector design. Colliders, un- 
like fixed target machines, are designed to operate for ex- 
tended periods at high energies. The economics of power 
consumption argue strongly for superconducting magnets. 
RHIC is such a superconducting machine. 

The RHIC machine parameters outlined in Table 1 are 
derived from these general requirements. The complete 
RHIC facility, including its existing injector complex, is 
shown schematically in Fig. 1. The internal collider layout 
is shown schematically in Fig. 2. 

1.1    Layout 

RHIC consists of two identical, quasi-circular rings sepa- 
rated horizontally by 0.90 m, and oriented to intersect one 
another at six locations. Each ring consists of three in- 
ner and three outer arcs, separated by six insertion regions. 
Each arc consists of 11 FODO cells, with each half cell 
consisting of a single dipole and a CQS assembly contain- 
ing a quadrupole, sextupole, and concentric correction el- 
ements. Beam collisions occur at a crossing point in each 
IR. These IRs contain the optics necessary for producing 
small collision betatron functions ß* and a zero dispersion 
at the crossing point, in addition to bending the beams into 
head-on collisions. The focusing is relaxed at injection 
with ß* — 10 m, but during collisions at top energy it is 
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AGS-RHIC Complex 

Figure 1: Schematic layout of the AGS-RHIC complex. 

OUTER ARC 

INJECTION 

squeezed down to a value of 2 m, resulting in a maximum 
ß of about 700 m in the triplet quadrupoles. The warm parts 
of each IR contain machine utilities such as injection, beam 
abort, RF stations, collimators, and specialized instrumen- 
tation. 

2   MAGNETS 

RHIC magnets are conceptually similar to the HERA 
dipoles, with a "cold-iron" design and cryogenic trans- 
fer lines located in the cryostat. The arc dipoles and 
quadrupoles have a coil inner diameter (i.d.) of 80 mm, 
and a nominal maximum field and gradient of 3.45 T and 
72 T/m, respectively. Interaction region triplet quads have 
a coil i.d. of 130 mm, with a maximum focusing strength 
of about 48 T/m. Beam splitting dipoles DO and DX have 
apertures of 100 mm and 180 mm, respectively. The indus- 
trial production of 80 mm arc magnets was completed in a 
two year period from 1994 to 1996, and the BNL assembly 
of CQS cryogenic modules has just been completed. Arc 
dipoles were produced by the Northrop-Grumman Corpo- 
ration in a build-to-print contract, as complete cryogenic 
elements ready for immediate installation. 

Field quality and quench threshold are both crucial as- 
pects of superconducting magnet performance. The lim- 
ited cold testing of only 20% of the magnets is justified 
by a healthy 30% quench current operating margin. Arc 
dipole statistics on minimum and plateau quench currents 
for a set of 60 magnets are shown in Fig. 3. None of the 
magnets tested to date have had an initial quench current 
less than the nominal operating level. Limited cold testing 
is also justified by the good correlation between warm and 
cold magnetic field quality measurements, confirmed by a 
careful analysis of the complete data set. All of the smaller 
number of IR magnets (which have a smaller quench mar- 
gin) will be cold tested in a vertical dewar. 

The distribution of field harmonics for the full set of 
dipole magnets, shown in Fig. 4, demonstrates excellent 

Figure 2: Layout of the collider and the tunnel. 
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Figure 3: Arc dipole quench current distribution. 

field quality with very small random multipole field com- 
ponents, by virtue of tight mechanical tolerances on the ca- 
ble dimensions. The systematic component of the field har- 
monics is optimized for low-field performance at injection 
with yoke saturation apparent in the allowed harmonics at 
high field. 

The dynamic aperture is determined by the triplet 
quadrupoles during collisions. For example, a maximum ß 
of 1400 m would occur in the triplet under an upgrade sce- 
nario with ß* = 1 m. Under these conditions, the 5<7 beam 
size is expected to increase from 35% to about 70% of the 
triplet magnet coil radius, due to strong IBS growth. Multi- 
ple sophisticated compensation techniques are used to op- 
timize the field quality in triplet quadrupoles, including in- 
dividual error correction with tuning shims, body-end har- 
monic compensation, magnet sorting, and lumped triplet 
multi-layer corrector packages. Especially tight alignment 
accuracies are required on these magnets [28]. Tuning 
shims are inserted into the eight empty slots of the IR 
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Figure 4: Arc dipole magnetic field multipole harmonics at 
injection (0.6 kA) and storage (5 kA) currents. 

quadrupole body, as shown in Fig. 5, after the magnet is 
constructed and individually warm measured, in order to 
correct eight leading field harmonics. Recent experiments 
indicate that these multipole errors can be reduced to about 
10% rms of their uncorrected values. The expected val- 
ues for the mean and its uncertainty often become zero, 
while the final standard deviation is associated with a roll 
up of measurement errors, thermal cycling fluctuations, and 
quench fluctuations. 

Continued production and assembly of IR magnets - cor- 
rectors, triplet quadrupoles, and DX beam splitting dipoles 
- are the major items remaining on the RHIC magnet front. 
The first of the technically challenging DX beam splitting 
dipoles, with a field of 4.26 Tesla, is expected to finish con- 
struction in about October 1997. Prototype helical dipoles 
are being built at BNL and in industry, for use in Siberian 
snakes and spin rotators during polarized proton opera- 
tions [2, 3, 4, 5, 6]. 

3   SEXTANT TEST 

The Sextant Test was a full systems and beam test which 
occured from December 1996 through February 1997. 
Gold beam from the AGS was successfully passed through 
a single sextant in its final configuration, including injec- 
tion kickers, RF cavities, et cetera. The only items missing 
were the DX beam splitting dipoles. 

The BEAM test goals were to: 
- transport beam through one cryogenic sextant to a dump 

Figure 5: Triplet quadrupole cross-section showing empty 
slots for tuning shims. 

- measure optical and dispersion functions 
- study injection and establish nominal conditions 
- commission beam diagnostic systems 
- commission the low level RF controls 
- perform radiation fault studies 

The major SYSTEM test goals were to: 
- verify cryogenic system performance 
- verify the quench protection system 
- test power supply ramping and storage 
- observe mechanical motion during thermal cycles 
- test the vacuum system performance 

Beam operating conditions from the 1995 AtR Test were 
rapidly restored in late January, as beam was delivered 400 
meters to the end of the straight part of the normal con- 
ducting AGS-to-RHIC (AtR) transfer line. Next, beam was 
maneuvered around a 90 degree bend, about 150 meters 
long, before encountering the Lambertson magnet. After 
the beam was steered through the Lambertson magnet and 
the injection kicker, gold ions immediately went through 
400 meters of superconducting magnets, to a beam dump 
at the end of the sextant [7, 8, 9, 10]. 

Accelerator system tests continued after the end of the 
AGS gold run [11, 12, 13, 14]. During this time the sex- 
tant magnets were repeatedly ramped to 5,500 Amps, 10% 
beyond their nominal storage current, at a ramp rate 10% 
higher than nominal. This was the first time that many 
of the magnets had seen full current, since only approx- 
imately 20% of the industrially built magnets were cold 
tested. Tests and measurements of the vacuum, cryogenic, 
and quench protection systems were also performed. Fi- 
nally, the magnets were taken through an additional com- 
plete thermal cycle. 

With only minor caveats in some areas, the Sextant Test 
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was a great success. Since there are several other papers 
in these proceedings discussing RHIC Sextant Test perfor- 
mance results, only a brief summary is presented here. 

3.1    Test results 

The Integral Transfer Function (ITF) of the arc dipoles, 
measured with beam, differed from the test stand measure- 
ments by only about 0.2%. Multiple measurements of the 
phase advance per FODO cell were made with different QF 
and QD current settings, with the results shown in Fig. 6. 
The beam-based arc quadrupole ITF, derived from these 
data, agrees with magnet test bench measurements within 
the 0.6% accuracy of the beam measurements. The opti- 
mum excitation level of the injection kicker was measured 
as 32.3 kV, very close to its design value [15, 16, 17]. 

Various RHIC instrumentation systems have been fully 
commissioned, from hardware through to high level appli- 
cation codes, in single pass injection line mode [18, 19, 
20, 21]. These include beam position monitors, beam loss 
monitors, current transformers, and flag profile monitors. 
The prototype of an innovative ionization profile monitor, 
which collects electrons instead of positive ions, was also 
successfully tested [22]. Electron collection is made prac- 
tical by applying parallel electric and magnetic fields. 

Tomographical algorithms were used to reconstruct the 
distribution of beam in an RF bucket, starting from a set 
of wall current monitor profiles recorded over half a syn- 
chrotron period. This application software, currently used 
to observe beam coalescence in the AGS, will be deployed 
in RHIC in due course [23]. 

High power testing of some of the 200 Mhz (storage) 
cavities was performed, under vacuum [24]. Although one 
complete 28 MHz (acceleration) cavity has been assem- 
bled, it has not yet been high power tested. The digital low 
level RF system that controls the transfer of single bunches 
from the AGS into arbitrarily defined bunches in RHIC was 
also successfully commissioned. 

4   COMMISSIONING AND THE YEAR ONE RUN 

Full beam commissioning is scheduled to begin in January 
1999 in a "Test" run that will begin as soon as full cool 
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down has been completed, and the final beam pipe has 
been installed. First circulating beam is expected in this 
run. A spring shutdown for final collider installation of 
collimators [28] et cetera, and for detector roll-in will, be 
followed by a "Commissioning" run. First collisions and 
RHIC project completion are nominally expected to occur 
about half way through this run. Production running for the 
experiments, with gold ions, is scheduled to begin in fall 
1999, and will last 37 weeks. Spin physics with polarized 
protons may start in 2000 [25, 26, 27]. 

Goals for the end of the "Year One" production run in- 
clude 50% uptime, a store set up time of less than 2 hours, 
and a luminosity of 10% of the design. This will require ag- 
gressive development of the luminosity parameters listed in 
Table 2, in particular the number of bunches and /?*, even 
with the more than satisfactory values of emittance and sin- 
gle bunch intensity that were measured in 1997. Based on 
Sextant Test experience, there is good reason to believe that 
it will be relatively easy to achieve design gold bunch in- 
tensities. 

Approximately 40% of the bunch intensity is lost during 
the nominal gold storage time of 10 hours, mostly through 
IBS, but also with a significant contribution from Coulomb 
interactions. The cross sections for gold on gold at 100 
GeV/u include: 

a = 117 barns for electron pair production and capture 
a = 95 barns for Coulomb nuclear dissociation 

For example, if 2 experiments experience an instantaneous 
luminosity of L = 8 x 1026 cm_2s-1, the partial cur- 
rent lifetime due to nuclear interactions is approximately 
49 hours. Figure 7 shows the expected "shot profile" per- 
formance for the beam parameters quoted in Table 2, using 
a beam dynamics model which, in addition to the above 
effects, includes emittance blow up due to IBS and beam 
losses to the dynamic aperture [29]. Emittance growth and 
beam loss lead to a factor of 8 loss in instantaneous lumi- 
nosity during a nominal 10 hour store of gold ions. 

Gold Gold Gold Proton 
1997 start end 

No. of bunches 60 60 60 
Bunch int., 109 .4 1.0 ~ .6 100.0 
Lorentz gamma 12.1 108.4 108.4 268.2 
Emittance, 7r/xm 9.9 15.0 40.0 20.0 
ß*,m 2.0 2.0 2.0 

Lum., cm_2s_1 8 1026 HO26 1.5 1031 

Figure 6: The horizontal phase advance per cell. 
Table 2: Luminosity parameters in the Sextant Test, at the 
start and end of a 10 hour gold store, and in a proton store. 
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Figure 7: Integrated, instantaneous, and average luminosi- 
ties during a nominal store of gold ions. 

5 CONCLUSIONS 

RHIC has two years of its nine year construction cycle to go 
before heavy ion operations begin in 1999. Industrial pro- 
duction of superconducting magnets has been completed, 
while in house production of specialized magnets contin- 
ues. The major milestone of the Sextant Test was recently 
passed, successfully commissioning many of the beam and 
non-beam systems. Intra Beam Scattering is expected to 
be a dominant physical phenomenon limiting the ultimate 
performance of RHIC, with heavy ions. Polarized proton 
operations are scheduled to begin in 2000. 
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LHC STATUS AND PLANS 

L.R. Evans, CERN, CH -1211 Geneva 23, Switzerland 

Abstract 

The Lagre Hadron Collider project (LHC) was approved 
by the CERN Council in December 1994 as a two-stage 
project, the first stage at two thirds of the final centre-of- 
mass energy of 14 TeV to become operational in 2004 
and the final stage to be completed in 2008. The CERN 
management was also requested to solicit contributions to 
the machine construction from Non-member States 
involved in the experimental programme in order to allow 
construction of the machine in a single stage. Taking into 
consideration the strong support for the project from a 
number of countries outside the Member States, the 
CERN Council decided in December 1996 that the 
machine should be constructed in a single stage with first 
physics in 2005. Although global participation in detector 
construction has been well established for many years, 
this is the first large CERN project in which Non-member 
States have been involved in the construc-tion of 
a machine. A brief status report is given and future plans 
are discussed. 

1 INTRODUCTION 

The Large Hadron Collider, originally approved for 
construction as a two-stage machine in December 1994, 
has now been fully approved for construction in a single 
stage to be completed with a first physics run in 2005. 
The project has moved from a conceptual to an imple- 
mentation phase with many large contracts in prepara- 
tion, to be let by the end of 1997. 

The basic parameters have not changed since the last 
report to this conference [1] and are reproduced for 
convenience in Table 1. The machine will provide 
proton-proton collisions with a centre-of-mass energy of 
14 TeV and a nominal luminosity of 1034 cm"2 s'1 and 
heavy (Pb) ion collisions with a nominal luminosity of 
1027cm-V. 

The only parameters modified in Table 1, compared 
to the previous table, are the separation between the 
beams which has been increased from 180 to 194 mm and 
a slight decrease in field due to better optimisation of the 
interconnects. 

Three experiments are now approved, the two high 
luminosity detectors ATLAS and CMS at intersection 
Points 1 and 5 respectively (Fig. 1), and the heavy ion 
experiment ALICE to be installed in the existing cavern 
at Point 2. A fourth detector optimised for B-physics 
(LHCB) is at the stage of preparation of a technical 
proposal. 

The allocation of the eight straight sections for 
experiments and machine utilities remains unchanged 

with one major exception. The RF system has been 
moved from Point 8, where it was common for the two 
beams and cohabited with the LHCB detector and the 
counter-clockwise injection system, to Point 4. In 
addition, the common RF system has been replaced by 
separate systems for the two beams, which presents 
numerous advantages. However, in order to fit in the 
cavities, the beam separation has to be increased from its 
value of 194 mm in the arcs to 420 mm through the 
straight section at Point 4. 

Table 1: Machine parameters 

Energy (TeV) 7.0 
Dipole field (T) 8.3 
Coil aperture (mm) 56 
Distance between apertures (mm) 194 
Luminosity (cm2 s') 1034 

Beam-beam parameter 0.0032 

Injection energy (GeV) 450 
Circulating current/beam (A) 0.530 

Bunch spacing (ns) 25 
Particles per bunch 1 x 10" 

Stored beam energy (MJ) 332 
Normalized transverse emittance (urn) 3.75 

R.m.s. bunch length (m) 0.075 

Beta values at I.P. (m) 0.5 
Full crossing angle (urad) 200 
Beam lifetime (h) 22 
Luminosity lifetime (h) 10 
Energy loss per turn (keV) 6.9 
Critical photon energy (eV) 45.6 

Total radiated power per beam (kW) 3.7 

Cleaning 

TI8 LHC-B 
Injection 

Existing underground buildings 
Future constructions 

Figure 1: Overall layout 
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2 OPTICS 

A detailed status report on the optics is given elsewhere 
in these Proceedings [2]. The most visible change 
compared to previous versions is the addition of a fourth 
quadrupole in the outer triplet of the insertions in order to 
improve the flexibility of the machine and to reduce the 
maximum value of the beta function in the detuned low- 
beta insertions. However, many other improvements have 
been made at the level of the dispersion suppressors and 
at the beginning of the regular arcs in order to increase 
the tuning range of the machine . 

3 INJECTOR CHAIN 

In order to provide the beams with the required 25 ns 
bunch spacing and phase space density (10" particles per 
bunch, <4 um.rad, < 1 eV.s.), a considerable amount of 
work on the injector chain is required [3].The PS Booster 
and transfer lines are being upgraded from 1 to 1.4 GeV 
in order to alleviate space charge problems in the PS. The 
Booster also requires new h=l, 7 kV cavities. In the PS, a 
combination of 40 and 80 MHz cavities are needed in 
order to provide the required bunch spacing and bunch 
length. 

In the SPS, considerable progress has been made in 
identifying the dominant impedances responsible for 
provoking the microwave instability and consequently 
diluting the longitudinal phase space density. A pro- 
gramme of work has started to shield the offending 
elements, mainly vacuum ports and septa. Among the 
other modifications in the SPS are a major upgrade of the 
200 MHz accelerating system and the installation of a 
new extraction system in order to supply the counter- 
clockwise rotating beam to the LHC. Beams with nominal 
LHC parameters will be available in 1999. 

4 MAGNETS 

4.1 Dipoles and arc quadrupoles 

More than 8000 superconducting magnets are required, 
including 1232 two-in-one dipoles. Each dipole contains 
small sextupole and decapole correctors integrated into 
the space at the ends of the magnet in order to correct for 
persistent current multipoles at the injection field of 
0.53 T. In order to achieve the high field (8.3 T) for 
7 TeV operation, the magnets must operate in superfluid 
helium at 1.9 K. 

A considerable amount of development work has 
already been done. More than a dozen short models have 
been constructed and tested. All of these models have 
exceeded 9 T with the best reaching 10.5 T. Seven 10 
meter long first generation (50 mm aperture) industrially 
made prototypes have been tested. All have exceeded 9 T 
with some training. Since then, it has been decided to 
increase the coil inner diameter from 50 to 56 mm in 
order to improve the dynamic aperture at injection. 

The new dipole design (Figs. 2 and 3) is identical to 
that presented in the last PAC except that the space 
between beam channels has been increased from 180 to 
194 mm. This was done in order to reduce the prestress 
required during the collaring operation and to alleviate 
the design of the quadrupole. In addition, the cryogenic 
simplification (see below) has allowed much of the 
ancilliary piping to be removed from the magnet cryostat 

Details of the dipole design and performance are 
given elsewhere in these Proceedings [4]. 

The arc quadrupoles are separately powered from the 
dipoles. Their design, undertaken by CEA/Saclay in 
collaboration with CERN, is based on the outer dipole 
cable The operational gradient is 223 T/m for 3.1 m 
length. Two first-generation prototypes have been built 
and tested successfully at their design gradient. 
Construction of final prototypes is now under way at 
Saclay. 

1. Beam screen, 2. Cold bore, 3. Cold mass at 1.9 K, 
4. Radiative insulation, 5. Thermal shield (55 to 75 K), 
6. Support post, 7. Vacuum vessel, 8. Alignment target 

Figure 2: Cross section of the dipole magnet and cryostat 

Figure 3: Prototype dipole 
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4.2 Cable 

A lot of effort has gone into cable development. For 
the first generation of dipoles, more than 14 tons of 
17 mm wide cable has been produced. For the final 
design, the cable width has been reduced to 15.1 mm in 
order to decrease cost and facilitate winding. 
Measurements of minimum quench energy, made in 
collaboration with BNL and LBL, have shown the 
importance of the degree of compaction of the strands in 
the cable, a lower compaction allowing more helium 
penetration and cooling of the strands. This has lead to a 
small change in cable dimensions and keystone angle. 
The main cable parameters are given in Table 2. 

Table 2: Dipole strand and cable characteristics 

Inner layer Outer layer 

Strand: 
Diameter (mm) 1.065 0.825 
Cu/Sc ratio 1.6 1.9 
Filament size (urn) 7 6 
Twist pitch (mm) 15 18 
Critical current (A) 

atlOT, 1.9 K £515 
at  9T, 1.9 K >380 

Cable: 
Number of strands 28 36 
Cable dimensions 

width (mm) 15.1 15.1 
keystone angle 1.25° 0.9° 
mid thickness (mm) 1.9 1.48 

Transposition pitch (mm) 115 105 
Critical current (A) 

atlOT, 1.9 K >13750 
at  9T, 1.9 K >12960 

The cable insulation has received a great deal of 
attention. In superfluid helium, it is particularly important 
that the helium penetrates the insulation in order to 
provide additional enthalpy and to profit from its very 
high thermal conductivity. Various insulation methods 
have been investigated in collaboration with CEA/Saclay. 
The classical b-stage epoxy has been abandoned in favour 
of an all polyimide insulation consisting of a 50 urn thick 
half-overlapping polyimide tape and a second wrap of 
adhesive coated tape wound with 3 mm spacing between 
turns, leaving open channels for helium penetration. 

Another very important aspect of the cable develop- 
ment has been the search for a process that guarantees 
a consistent inter-strand resistance of between 10 and 
30 iiQ in order to avoid current sharing between strands 
during ramping. Best results have been achieved with 
SnAg ("Stabrite") coated cables. 

4.3 Insertion and corrector magnets 

Recently a short model of a large aperture (70 mm) 
insertion quadrupole has been successfully tested in 
industry. More details are given in these Proceedings [5]. 
CERN is collaborating with FNAL and KEK to finalise 
the design of these magnets with a view to fabricating the 
full series. The RF insertion layout is based on RHIC 
coils and is being designed in collabo-ration with BNL. 

Many prototype corrector and auxiliary magnets have 
been tested, including a combined dipole and sextupole 
for orbit and chromaticity correction, an octupole and the 
small sextupole and decapole correctors to be incor- 
porated into the ends of the main dipoles. 

5 CRYOGENICS 

The design of the cryogenics system has undergone 
a number of detailed changes, although the basic design 
principles remain the same. 

The four LEP cryoplants will be upgraded from 12 to 
18 kW and supplemented by four new plants each of 
18 kW capacity. These new plants will not be of the LEP 
type with split upper and lower cold boxes but will have a 
single cold box on the surface. The original layout 
grouped the plants in pairs at the four even points of the 
machine. This symmetry has now been broken by 
locating the new plant originally foreseen for Point 2 at 
point 1.8, where the large shaft that was used for the 
installation of LEP can be re-used to accommodate much 
of the cryogenic infrastructure feeding the octant from 
Point 1 to Point 2 (Fig. 1). This is also in close proximity 
to the hall used for magnetic measurements. A large 
cryoplant at this location is of considerable interest for 
component testing, particularly the cold compressor 
boxes. It also avoids major civil engineering at Point 2, 
where the surface and underground structures are quite 
different from the other three even points, and allows 
more efficient cooling at the 1.9 K level, since the tunnel 
slopes downwards between Points 2 and 1, facilitating the 
operation of the cold compressors located at Point 1.8. 

Other substantial modifications made since last 
reported at this conference include the move of much of 
the cryogenic pipe work into a separate line and the 
extension of the cell cooling loop to a full period of 
107 m (Fig. 4). Static superfluid helium pressurised at 
1 bar permeating the magnet laminations is cooled by 
heat exchange with saturated superfluid helium flowing 
through a tube running over the whole length of a cell. 
The superfluid is produced by expanding sub-cooled 
helium to saturation through a Joule-Thomson valve 
(TCV1). Before expansion, helium at 4.3 K is pre-cooled 
in a small heat exchanger (HX), using the cold helium 
vapour at 1.8K, pumped to saturation pressure (15 mbar) 
through the line B. This allows one line carrying sub- 
cooled helium at 2.2 K line A in the previous design) to 
be suppressed. The connection between the cryogenic 
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line and the magnet cell is made by a jumper at the level 
of the short straight section. A major consequence of the 
move to a separate cryoline with connection to the 
magnet chain only once per period is that the quench 
discharge can be made only at each end of the cell 
through quench valves SRV and not at each individual 
magnet as originally foreseen. Tests on the string have 
shown that this can be tolerated. 

CELL COOLING LOOP (107 m) 

Line E (50 K, 20 bar) 

s» Magnet Cryostat mxxmmmm 

Thermal Shields & Magnet Supports 

n n n n n n n n 
lU^UpUgUQUoUpUDlJ^ai 

Figure 4: Cell cooling loop 

6 THE STRING TEST FACILITY 

The string test facility [6] consists of a simulation half- 
cell of the machine, containing a short straight section 
and three dipoles. The short straight section contains a 
prototype three meter long quadrupole and the cryogenic 
service module needed for cooling the string to 1.9 K. 
The dipoles are all "first-generation" prototypes, 10 
meters in length with an internal coil diameter of 50 mm. 

Since its commissioning in December 1994, the string 
has totalled more than 1500 hours of operation below 1.9 
K and has undergone more than 30 forced quenches from 
its nominal current or above. It has validated the cooling 
scheme design and has given a great deal of valuable 
information which has been used to refine and optimise 
the machine design. For example, data on quench 
behaviour with all quench relief valves closed except the 
one at the end of the string has been invaluable in the 
decision to implement the separate cryogenic line with 
jumper connections separated by a full cell length. 

Figure 5: String test facility 

Recently, the string has undergone a forced lifetime 
test, where it has been repetitively cycled more than 2100 
times up to its nominal current of 12.5 kA at the nominal 
LHC ramp rate of 10 A/s, simulating more than 10 years 
of LHC operation. The current is kept stable for 150 s 
then ramped down to its nominal injection level of 800 A. 
This cycle is repeated 24 hours per day. The string 
dipoles have now been equipped with a prototype beam 
screen and additional instrumentation for detailed studies 
of quench propagation. 

7 VACUUM 

The LHC beam vacuum [7] poses particular problems. 
Due to the synchrotron radiation emitted by the protons 
(about 4 kW per ring at 7 TeV) and the heating due to 
image currents in the wall of the vacuum chamber, the 
magnet cold bore at 1.9 K must be shielded from the 
beam, otherwise the required cryogenic power would 
become excessive. An inner liner cooled to around 20 K 
through tubes carrying high pressure gas will therefore be 
installed in the cold bore. Synchrotron radiation 
impinging on this liner will cause gas to be desorbed 
from the bulk material which will in turn be cryopumped 
onto the surface of the liner. Once a substantial fraction 
of the surface is covered with gas molecules, particularly 
hydrogen, a catastrophic pressure rise would build up 
unless remedial action is taken. Slots, filling about 2% of 
the surface, are therefore cut in the liner so that hydrogen 
can be cryopumped by the much colder surface of the 
magnet cold bore. The inner surface must be of high 
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conductivity material but the liner must also be 
sufficiently strong to withstand the forces induced by 
eddy currents in case of magnet quench. It is therefore 
constructed from steel with a very low permeability 
(high-manganese) with a thin strip of copper on its inner 
surface. Tests have shown that co-lamination of copper 
and steel sheets at high pressure give much better results 
than electroplating. Once the composite strips are formed 
they are shaped into two half-shells and laser-welded 
along their edges. Great care is taken in order to adjust 
the weld parameters to avoid the formation of ferrite in 
the weld seams. 

8 CIVIL CONSTRUCTION 

The LHC makes use of the existing infrastructure of LEP, 
including the four existing experimental halls to house 
experimental detectors or machine utilities. Nevertheless, 
a considerable amount of extra investment in civil 
construction, amounting to about half of that already 
invested in LEP, is needed to house the two large 
detectors, for the long transfer tunnels between the SPS 
and the LHC, and for the surface infrastructure for 
assembly halls and cryogenic equipment. 

At Point 1, the ATLAS detector requires an under- 
ground cavern of more than 50000 m3 and an associated 
service cavern of nearly 20000 m3 together with 
considerable surface hall space. 

At Point 5, the CMS detector requires an experi- 
mental cavern of about 30000 m3 and a service cavern of 
17000 m3 as well as considerable surface infrastructure 
for assembly and testing of the 14000 ton solenoid. The 
sinking of the shafts at Point 5 poses a particular 
challenge since they have to pass through water-bearing 
moraine. 

At Points 2 and 8, ALICE and LHCB will use existing 
experimental halls with very little modification. 

Two transfer tunnels, each more than 2.5 km in 
length, are needed to transport the beams from the SPS. 
The clockwise injection tunnel, TI2, will also be used for 
machine installation through a shaft located on the CERN 
site, needed for the excavation of the tunnel. Finally, two 
beam dump tunnels, each of some 700 m in length will 
house the transfer lines to the beam abort caverns. It is 
foreseen that all civil construction contracts will be let in 
November 1997, allowing site preparation to start at the 
beginning of 1998. 

9 PLANNING 

As mentioned in the introduction, the LHC project has 
now been approved for construction in a single stage with 
the first physics run in the second half of 2005. It is 
planned to run LEP until the end of 1999, although the 
LHC planning has been adapted in order to allow a 
further year of LEP running if the physics case justifies it 
and if appropriate funding can be found. The following 
major milestones can be identified: 

Start civil engineering 
• Dismount LEP 
■Deliver Point 1 (ATLAS) 
• Deliver Point 5 (CMS) 
■ Sector test 
• Circulating beams 

January 1998 
October 2000 
July 2002 
July 2003 
October 2003 
July 2005 

A sector test is foreseen in 2003. A beam will be 
injected in the counter-clockwise direction at Point 8 and 
transported through one octant to Point 7. It can be 
observed that the experimental area for CMS is available 
one year later than for ATLAS. This is due to the fact that 
geological conditions at Point 5 are less favourable than 
at Point 1 and is acceptable due to the fact that a complete 
assembly and test of the CMS magnet will be made on 
the surface before installation, whereas the ATLAS 
detector must be completely assembled under-ground. 

10 CONCLUSIONS 

The Large Hadron Collider project has now moved from 
a conceptual to an implementation phase, with machine 
construction to be completed in a single stage with a first 
physics run in 2005. 

The main technical choices are now frozen and much 
effort is being devoted to the detailed technical specifi- 
cation of major hardware systems. By the end of the year, 
it is expected that several large contracts will be placed, 
including those for civil engineering. 

The LHC is the first large CERN project in which 
there is a participaton of external institutes in the machine 
design and construction. 
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Abstract 

Tune, chromaticity and orbit of the LHC beams have to 
be precisely controlled by synchronising the magnetic field 
of quadrupole, sextupole and corrector magnets. This is 
a challenging task for an accelerator using superconduct- 
ing magnets, whose field and field errors will have large 
dynamic effects. The accelerator physics requirements are 
tight due to the limited dynamic aperture and the large en- 
ergy stored in the beams. The power converters need to 
be programmed in order to generate the magnetic func- 
tions with defined tolerances. During the injection pro- 
cess and the energy ramp the magnetic performance cannot 
be predicted with sufficient accuracy, and therefore real- 
time feedback systems based on magnetic measurements 
and beam observations are proposed. Beam measurements 
are used to determine a correction factor for some of the 
power converters. From magnetic measurements the exci- 
tation of small magnets to compensate the sextupolar (63) 
and decapolar (b5) field components in the dipole magnets 
will be derived. To meet these requirements a deterministic 
control system is envisaged. 

1    INTRODUCTION 

This paper summarises some of the findings of the LHC 
Dynamic Effects Working Group. It also reflects the dis- 
cussions and conclusions of a three day workshop held at 
CERN in February 1997 [1] [2]. 

The injection and acceleration of the LHC proton beams 
without particle losses and emittance growth requires an 
accurate control of the beam parameters. The value of the 
betatron tune is about 63 units and needs to be controlled 
to a level of 0.003 (for ultimate performance) [3]. Orbit ex- 
cursions should be limited to less than 0.5 mm (rms value 
of the closed orbit). The chromaticity should be limited 
to some units (the chromaticity is defined as the change 
of tune with energy). Therefore the magnetic fields of the 
dipole, quadrupole, sextupole and corrector magnets need 
to be precisely synchronised during the energy ramp. This 
must be done in the presence of varying response times 
and transfer functions of the power converters and magnets. 
For an accelerator with superconducting magnets, such as 
the LHC, the synchronisation is a particular challenge due 
to large variations in the field and field errors caused by 
coupling currents and persistent currents within the super- 
conducting cable. Dynamic effects include changes of the 
magnetic field and its multipoles even at constant excitation 
current, and changes of the field depending on the speed of 
the ramp as well as on the powering history. 

2   DYNAMIC EFFECTS IN SUPERCONDUCTING 
MAGNETS 

Persistent current effects in superconducting magnets pro- 
duce large allowed multipole components in the magnetic 
field. The phenomenon is strongest at low field and is 
highly non-linear in magnet excitation and temperature. 

It was first observed at the TEVATRON that multipole 
fields exhibit slow time drifts even if the current is kept 
constant[4]. When the energy ramp is resumed, a rapid 
change of the multipole fields is observed ("snap-back"). 
Although it has been over 10 years since this phenomenon 
was first observed, the understanding of the time depen- 
dence of persistent currents is not complete. For the LHC 
prototype dipole magnets the results from detailed mea- 
surements of persistent current decay and snap-back are 
documented in [5] [6]. The decay at stable current and 
snap-back (Fig. 1) of the fundamental and multipole com- 
ponents depend on the previous powering history of the 
magnet and are not, at present, easy to predict. Theories 
have been put forward for this phenomena (interaction of 
the internal field with the cable magnetisation) suggesting 
that there is hope for a better predictability of these errors 
in the future[5][7]. From a practical point of view con- 
sistent behaviour can be best achieved by a precise and 
well defined cycle of the main magnets, as in the opera- 
tional procedures for the TEVATRON, where the magnets 
are cycled six times before injection. Because of the time 
involved (about one hour for a complete cycle) multiple- 
cycling before injection can not be envisaged for the LHC. 
In the TEVATRON and at HERA the beam is only sensitive 
to the chromaticity due to sextupolar field components cre- 
ated by the persistent currents in the dipole magnets. For 
the LHC, decapolar as well as sextupolar field components 
in the dipole magnets require correction. 

Dynamic effects during the ramp, due to coupling cur- 
rents between the strands inside the cable, are now well 
understood[8]. By controlling the inter-strand contact 
resistance in the superconducting cable and limiting its 
spread it is expected to achieve a good reproducibility of 
the coupling currents for the series of LHC dipole magnets. 

3   MAGNETS AND POWERING OF LHC 

The large size and certain constraints imposed by the use 
of the existing infrastructure (for example the LEP tunnel 
and the existing underground structures) have resulted in 
an electrical segmentation of the machine into eight sec- 
tors requiring tracking amongst sectors as well as families 
of magnets. Each of the eight LHC sectors has one fam- 
ily of main dipole magnets and separately powered main 
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end of precycle constant current 
injection 

-500 
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Figure 1: Schematic view of current and magnetic field ver- 
sus time. The field decays during the injection plateau, and 
is re-established suddenly at the start of the ramp 

quadrupoles (QD and QF). A dipole orbit corrector is asso- 
ciated with each quadrupole aperture. For the correction 
of the betatron tunes trim quadrupole magnets are fore- 
seen, since a fast correction of the tune with the lattice 
quadrupoles is difficult to perform, due to the large induc- 
tance and therefore long time constant of the magnet chain. 
Families of tuning quadrupoles and dispersion suppressors 
are installed at both ends of each sector. Families of chro- 
maticity sextupoles, octupoles and skew-quadrupoles are 
installed close to the quadrupole magnets in the arcs. Small 
sextupole and decapole corrector magnets will be installed 
at the end of each dipole magnet for local compensation of 
the multipoles in order to maximise the dynamic aperture. 

In order to achieve the slow ramp rates as well as for fine 
adjustments, the main power converters will need a mono- 
tonic resolution of 1 ppm[9]. Because of the large hystere- 
sis in the dc magnetisation curves it is important that the 
overshoot (and undershoot) is zero or at least kept below 
5 ppm. Although absolute accuracy is not an issue, a short- 
term stability and dynamics of ±3 ppm as well as a repro- 
ducibility and tracking between sectors of ±5 ppm is re- 
quired. The requirements, expressed in terms of maximum 
current, come from the needs at injection. These are 15 
times less severe when expressed with respect to the actual 
current at injection. To meet these requirements, and be- 
cause of the large electrical time-constants of the main cir- 
cuits (23000s for the dipole), digital predictive regulation 
techniques will be used with a 20-bit Sigma-Delta ADC. 

4   ORBIT AND BETATRON TUNE 

The central momentum of the particles is determined by 
the integral dipole field. The frequency of the RF-system is 
nearly constant and determines the mean radial orbit. Dif- 
ferences of the integral field of the dipole magnets in the 
octants need to be smaller than 10~4 which requires an ex- 
cellent tracking of the power converters.  If this value is 

exceeded, the orbit is adjusted with correction dipole mag- 
nets. During the time to inject beam into the LHC (this 
will take at least eight minutes) the main dipole field in- 
creases slightly due to the decay of the persistent currents. 
To maintain the energy matching between LHC and SPS 
(as injector) the average strength of the orbit corrector mag- 
nets will be reduced to keep the integral dipole field and 
therefore the energy constant. At some critical locations, 
for example close to the collimators, a local orbit feedback 
is proposed. 

To control the betatron tunes to a level of 0.003 the re- 
producibility of the quadrupole gradient with respect to the 
particle momentum needs to be better than 40 ppm. Since 
the power converter is always rated with respect to maxi- 
mum current, a reproducibility of better than 2 ppm would 
be required. Not only the lattice quadrupoles need to be 
precisely synchronised to the particle momentum, but also 
the quadrupoles in the insertions. Due to magnet dynamic 
effects and power converter tolerances the energy cannot 
be ramped without correcting the tunes. Therefore on-line 
tune measurements and corrections are required at an early 
stage of the LHC operation using the tuning quadrupoles. 
The main dipole and quadrupole magnets will follow a pre- 
defined current ramp. 

5   CHROMATICITY AND HIGHER ORDER 
MULTIPOLES 

The chromaticity is generated by the optics and by the sex- 
tupolar field component (63) in the dipole magnets. The 
sextupole component of the persistent currents in the dipole 
magnets generates a chromaticity of about 550 units. The 
natural chromaticity is about 100 units. During the time to 
inject beam into the LHC the chromaticity changes slowly 
due to the decay of the persistent currents. A correction is 
performed with the sextupole correctors at the end of the 
dipoles, by either using a measurement of 63 or a model for 
the persistent current decay. Since b3 needs to be corrected 
to the 1% level or better, the required accuracy might not 
be achieved. Chromaticity measurements on the injection 
plateau will complement the magnetic measurements. 

At the start of the energy ramp the snap-back leads to a 
chromaticity change of about 150 units, the time for this 
change depends on the initial speed of the ramp. It has 
been estimated, that after a field increase of about 35 mT 
the snap back is finished. This corresponds to a current in- 
crease of about 50 A. It is proposed to start the ramp very 
slowly so as to minimise the rate of change in the field 
and field errors. The sextupole corrector magnets will be 
ramped according to the results of magnetic measurements 
in the reference magnets. Again, chromaticity measure- 
ments can be performed for fine adjustments. Another op- 
tion is to increase the current in small steps of, say, 0.5 A, 
and to measure and adjust the chromaticity for each step. 

The control of the decapole corrector magnets relies on 
measurements of the b$ component in reference magnets. 
At injection, the current will be adjusted to compensate the 
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65 component in the dipole magnets. During the snap-back, 
the corrector magnets have to be ramped, again based on 
magnetic measurements. 

Schemes of injection on a very slow ramp to avoid the 
snap-back have also been considered but have no priority 
for the moment. 

6   REFERENCE MAGNETS 

The present layout of the LHC foresees a set of reference 
magnets connected in series with each of the main power 
converters of the eight separately powered sectors of the 
machine (8 dipole and 8 quadrupole magnets). The refer- 
ence magnets were to provide the main observables within 
the machine for its control. However, it became appar- 
ent that they would not be able to achieve completely this 
role. Further reliance needed to be placed on good power 
converter performance where effects are reproducible and 
beam observation where this is not the case. Considering: 

• the expected performance of the power converters; 

• the availability of comprehensive beam observation 
(eventually on-line); 

• the operating principle of correcting all dynamic ef- 
fects with correcting magnets; 

it is proposed to install the reference magnets remotely in a 
surface building in which the magnetic measurements will 
be made. There should be one reference magnet per type of 
dipole and one per type of quadrupole (total of about 6). To 
allow additional verification within the machine, these re- 
mote reference magnets should be complemented by flux- 
loops measuring the fundamental fields of the dipoles and 
quadrupoles of the machine magnets of each sector [10]. 
This results in a much simplified reference magnet sys- 
tem. It is accessible, can be developed from the magnet test 
benches, is flexible and can be used on-line to assist with 
machine operation or off-line for new developments. The 
disadvantages are associated with recovery from a failure 
of the powering or cryogenics systems and the fact that the 
remote infrastructure becomes important to machine oper- 
ation until such time as it is not needed on-line. 

7    BEAM INSTRUMENTATION AND CONTROLS 

For the control of the LHC in presence of dynamic effects 
the measurement of orbit, tune, coupling and chromatic- 
ity is of prime importance. Fast orbit acquisition and good 
orbit correction software will be needed already at the com- 
missioning stage. New techniques to observe coupling, 
tune and chromaticity need to be investigated with a view to 
use these signals for on-line corrections should they prove 
suitable. Although it is not clear today which parameters 
require on-line control, it is recommended that the machine 
is prepared to accept slow feedback as far as the control 
system, power converters and RF systems are concerned. 
Best estimates suggest a rate up to a few Hz, but this will 

depend, for instance, on the exact magnet ramping speed. 
The speed of the ramp will depend on the time required to 
measure and correct tunes, orbit and chromaticity. There- 
fore field and beam instrumentation should be suitable for 
inclusion in such a feedback system. Pilot projects are pro- 
posed for the SPS, which will concern mainly studies on 
tune and chromaticity control. 

8   CONCLUSION 

The Working Group on Dynamic Effects has been a very 
useful forum for discussions among specialist in different 
domains (magnet technology, beam dynamics, beam instru- 
mentation, power converter, controls and operation). Dur- 
ing these discussions, the accelerator physics requirements 
and specifications for various hardware have been estab- 
lished along with possible scenarios for operation. Consid- 
ering the present understanding of the behaviour of super- 
conducting magnets it is believed that the dynamic effects 
of LHC can be controlled using main power converters of 
reasonable precision (1 ppm resolution, ±3 ppm short-term 
stability), benefiting from on-line magnetic measurements 
from a limited number of reference magnets. This will re- 
quire a deterministic control system. For ultimate perfor- 
mance, however, the development of beam instrumentation 
suitable for feedback loops needs to be undertaken. 
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This paper presents beam physics and machine perfor- 
mance results of the Relativistic Heavy Ion Collider 
(RHIC) Sextant and AGS-to-RHIC (AtR) transfer line dur- 
ing the Sextant Test in early 1997. Techniques used to mea- 
sure both machine properties (difference orbits, dispersion, 
and beamline optics) and beam parameters (energy, inten- 
sity, transverse and longitudinal emittances) are described. 
Good agreement was achieved between measured and de- 
sign lattice optics. The gold ion beam quality was shown 
to approach RHIC design requirements. 

1   INTRODUCTION 

The Sextant Test, a major test of the full accelerator sys- 
tems and operational machine properties of a single com- 
pleted sextant[l, 2] of RHIC, was performed with beams 
of fully stripped gold ions from December 1996 through 
February 1997. After being extracted from the AGS, the 
beam was first delivered to the AtR[3, 4] transfer line, 
where beam operating conditions from the 1995 AtR Test 
were rapidly restored. In late January, the superconducting 
magnets were cooled down to their operating temperature 
of 4.2 K in about 2 days and were subsequently powered 
to the injection current. On January 26, the first gold beam 
was steered through the Lambertson magnet, the injection 
kicker, and the 400 meters of superconducting magnets to 
a beam dump at the end of the Sextant. In total, 818- 
hour control-room shifts were devoted to the study of beam 
quality, machine properties, and accelerator system perfor- 
mance. This paper summarizes the physics results of these 
Sextant Test shifts. 

2   BEAM QUALITY MEASUREMENTS 

The main purpose of beam quality measurements was to 
demonstrate the design beam intensity and emittances. Var- 
ious instrumentation systems[5, 6] in the AGS, AtR, and 
Sextant were employed, including beam position monitors 
(BPM), current transformers, wall current monitors, ioniza- 
tion profile monitors (IPM), and fluorescent screen profile 
monitors (flags). 

2.1 Longitudinal Phase-Space Tomography 
Particle motion in longitudinal phase space was recon- quality during the Sextant Test, 
structed in the AGS using tomographical algorithms 
(RADON) [7] from a set of wall current monitor profiles 
recorded over half a synchrotron period. For the recon- 
struction, the rf voltage was calibrated by observing the 
synchronous phase difference as transition was crossed at a 

2.0     2.5     3.0     3.5     4.0 

RF phase [rod] 

Figure 1: Longitudinal phase space diagram of a Au77+ 

beam in the AGS reconstructed with RADON showing im- 
perfect bunch coalescing at an early stage of the test. 

known ramp rate. Signal width broadening caused by finite 
cable bandwidth[8] was taken into account. Fig. 1 shows 
the phase space diagram at an early stage of the test when 
bunch coalescing was being tuned up to increase the beam 
intensity. The coalescing process was quickly improved to 
achieve an intensity of 4x 108 ions per bunch with a 95% 
area of 0.5 ± 0.1 eV-s/u (Table 1). 

2.2   Transverse Emittances 

Transverse beam emittances were measured (Table 1) in the 
AGS with ionization profile monitors located at places of 
measured /?-functions (/3I]3/ = 22 m) and dispersion (Dx = 
2.2 m). The normalized 95% emittances of 10±1 mm-mr 
in both horizontal and vertical planes were confirmed by 
several independent self-consistent measurements [4] in the 
AtR with flag monitors at multiple locations. Choosing the 
thick flag uf2 at the minimum ßx>y in the AtR for the fi- 
nal electron stripping minimized the emittance growth to 
about 0.7 mm-mrad (7%). A novel prototype IPM[9] was 
also successfully tested in the AtR, showing good agree- 
ment with the flag measurements (Fig. 2) of the transverse 
beam profile. 

Table 1: Comparison of design and achieved Au79+ beam 

* Work supported by the U.S. Department of Energy. 

Quantity Unit Design Achieved 

Momentum GeV/c/u 11.7 11.3Ü0.1 
Intensity, N 109 1 0.4 
Bunch area, S eV'S/u 0.2 0.5±0.1 
Emittance, tNx,y mm-mrad 10 10±1 
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Table 3: Comparison of design and measured lattice optics. 
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Figure 2: Transverse beam profile in the AtR recorded on 
flag wf3 (2D image and projections) and IPM (histogram). 

2.3    Other Beam Parameters 
The beam energy was obtained in the AGS by measur- 
ing the magnetic field in the main dipoles with the Gauss 
clock and a Hall probe. The measured energy with corre- 
sponding 7 = 12.15±0.1 at AGS extraction was confirmed 
in the AtR by dipole deflection measurements with preset 
strengths. The beam intensity was consistently measured 
by several current transformers in the AGS, AtR, and Sex- 
tant. Multi-bunch transfer from the AGS to Sextant was 
also successfully tested and recorded by BPMs and flags. 

3    MACHINE LATTICE STUDIES 

The primary goals of machine lattice studies were to verify 
the design optical properties in the AtR and Sextant, and to 
establish nominal conditions for injection and operations. 

3.1 Orbit Correction and Aperture Scan 
Due to problems[6,10] with the BPM system, reference or- 
bits were established in most cases with flags and beam loss 
monitors, attempting to center the beam on the quadrupoles 
with three- and four-bump orbit correction schemes. Based 
on such a partially corrected orbit, Table 2 shows the min- 
imum momentum aperture at critical places of the AGS, 
AtR, and Sextant. Variation of beam momentum in the 
AGS (via rf radial loop control) indicated that the momen- 

Table 2: Minimum momentum aperture. 

Line Bend        Ap/p     Comments & Methods 

AGS        septum    ±0.5%    bumps on, radial loop scan 
all ATR magnet scan 
all ATR magnet PS scan 
switching magnet PS scan 
90° dipole PS scan 
Lambertson PS scan 
main dipole PS scan 

u 4°, 8° ±1.5% 
w 20° ±0.6% 
Y SWM ±1.7% 

90° ±1.0% 
Lamb. ±1.7% 

Sextant arc ±0.9% 

Quantity Units Design Measured 
Phase adv./cell 79.2° 78.3° ± 1° 
Average ßmax m 49.4 49.4±0.1 
Average ßmin m 10.9 11.2±0.3 
Average DXtmax m 1.8 2.5±0.4* 
Average Dy,max m 0 0±0.2* 
£* -4.6 -7* 

*) Possible systematic error in momentum calibration. 

turn acceptance of the AGS extraction septum, the limiting 
aperture of the entire line, is about ±0.5%. The momentum 
apertures in the AtR and Sextant were deduced from the 
range of variation in appropriate beamline magnet strengths 
that did not scrape the beam. 

3.2 Transfer Matrices and Difference Orbits 
Transfer matrix elements were measured by changing the 
strength of individual dipole correctors and observing the 
difference in the downstream orbits. Typical difference or- 
bit excursions in these measurements were ±5 mm. In 
both horizontal and vertical planes in the AtR, measured 
orbit differences agreed with those predicted from our lat- 
tice model within 1 mm. Due to BPM problems, no reliable 
difference orbit measurements were made in the Sextant. 

3.3 Dispersion 
The dispersions in the AtR and Sextant was measured by 
varying the beam momentum in the AGS while recording 
the beam displacements with BPMs and flags. The mea- 
sured dispersions (-Dx,y) at locations of maximum hori- 
zontal dispersion (Dx) in the Sextant is shown in Table 3. 
Compared with the design value, the relatively large mea- 
sured dispersion is possibly caused by a systematic error in 
the calibration of beam momentum at AGS extraction. 

3.4 Lattice Optics 
The phase advance per cell of the Sextant was measured 
by varying the strength of a sequence of arc dipole cor- 
rectors by a fixed amount (1 A) while observing the beam 
centroid   shows the results of measurements made with 
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Figure 3: Beam position on the last flag versus perturbation 
location for Sextant phase advance measurement. The solid 
line is a sine-wave fit to the data. 
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Figure 4: Comparison between the measurement and MAD 
lattice modeling on horizontal phase advance per cell as a 
function of arc focusing quadrupole strength. 

differentfll] focusing quadrupole settings. These agree 
very well with lattice modeling using test stand measure- 
ments of the quadrupole Integral Transfer Function (ITF). 
The ^-functions deduced from the phase advance measure- 
ments also agreed well with the modeling (Table 3). Hori- 
zontal chromaticity £x contributed by the Sextant was mea- 
sured by evaluating the change in phase advance upon the 
change in beam momentum at AGS extraction. 

4   SYSTEM PERFORMANCE 
The primary interest in beam-based system performance 
analysis was to study stability and repeatability of both ac- 
celerator (power supply, kicker, magnet, etc.) and beam 
instrumentation systems. 

4.1 Magnet Hysteresis 
Hysteresis effects were measured for the sextant supercon- 
ducting dipoles (see Fig. 5) and quadrupoles. Due to ini- 
tial quench protection precautions, the main bus current 
was only ramped up to slightly above the injection current 
(about 560 A). After going through a hysteresis scan, dif- 
ferences of 1.1 A in the dipole current and 2.3 A in the 
quadrupole current were found to restore the original beam 
position and transmission efficiency. These results qualita- 
tively agreed with test bench measurements, where mag- 
nets were ramped up to full current of 5.5 kA, and dif- 
ferences of 1.8 A and 2.3 A were found for dipoles and 
quadrupoles, respectively. 

At the nominal dipole (547 A) and quadrupole (501 A) 
current settings derived from test bench ITF measurements, 
a 100% transmission efficiency was observed (Fig. 5). The 
range of transmission further indicated that the ITF of the 
arc dipoles (Fig. 5), measured with beam, agreed with the 
test stand measurements within an accuracy of 0.2%. 

4.2 Injection and System Stability 
The AGS extraction stability was measured in various 
ways. The intensity variation was typically 1.9 ±0.3 x 108. 
On the stripping flag uf2 near the entrance of the AtR, the 
beam position variations were typically 0.3 mm in the hori- 
zontal and 0.05 mm in the vertical plane. Variation in trans- 
verse beam size was typically 10%. Relative momentum 
variations were below the measurable level of 10-3. 

ramp 
limit 

540 545 550 555 
Dipole main bus current, lD (A) 

Figure 5: Sextant dipole and quadrupole hysteresis mea- 
surement by transmission efficiency scan. 

Beam centroid positions recorded on nearby BPMs and 
flags were compared to determine the shot-to-shot repeata- 
bility of these systems. The flags showed a repeatability of 
less than 0.1 mm, and BPMs showed a repeatability of less 
than 1 mm. Effects produced by power supply noise in the 
AtR and Sextant were below measurable levels. 

5    CONCLUSIONS 

The Spring 1997 Sextant Test successfully fulfilled its goal 
of commissioning the full RHIC accelerator systems with 
beam. Very good agreement was achieved between mea- 
sured and design phase advances, and other lattice optics 
parameters. The quality of the gold beam injected into the 
RHIC was satisfactory, with transverse emittances close to 
the design, and intensity only a factor of 2.5 below the de- 
sign requirement. RHIC is on track towards its completion 
and operation in 1999. 
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Abstract 

An accurate model of the half integer resonance extrac- 
tion process in the Tevatron requires a knowledge of the 
extraction parameters such as the strengths of the 39th har- 
monic quadrupole and 0th harmonic octupole. This paper 
describes a series of experiments that determine the extrac- 
tion parameters. Results of target wire scans, which mea- 
sure the profile of the extracted beam, are then compared to 
the Tevatron model. 

1   INTRODUCTION 

During the 1996/1997 Fixed Target Run at Fermilab the 
Tevatron goal was to resonantly extract 2.5 x 1013 protons 
per pulse using fast spill pulses lasting several millisec- 
onds and a slow spill period lasting 20 seconds. Extracting 
this beam intensity without quenching the superconduct- 
ing magnets requires a precise knowledge of the extraction 
process to minimize particle losses. This paper describes 
measurements made to improve the accuracy of a model 
of Tevatron resonant extraction and shows comparisons of 
these measurements to the model calculation. The accurate 
extraction model led to a reduction of beam losses and an 
increased extracted intensity. 

2    EXTRACTION PARAMETERS 

Half integer resonant extraction in the Tevatron is imple- 
mented using two 39th harmonic quadrupole circuits (sine 
and cosine components) and a 0th harmonic octupole cir- 
cuit [1]. Ignoring the effects of momentum spread and ver- 
tical motion, the horizontal phase space topology during 
the half integer extraction process is determined by the tune 
defect, 8X = 0.5 - vx, the sine and cosine components of 
the 39th harmonic quadrupole, 

Q39s = 2^- f dsßxB'ysm(2ipx)ds 

<?39c = -ö- f dsßxB'ycos(2ipx)ds 

and the zeroth harmonic octupole, 

3 
Oo 8Bp I dsß: 

um 

(1) 

(2) 

(3) 

The tune (vx), beta function (ßx), and phase advance (ipx) 
refer to the linear lattice values with the extraction devices 
deactivated (Q39s  = Q39c = O0  = 0).   The integrals 

in Equations 1-3 are determined by the excitation level 
(B'y and By') of the extraction circuits: the 39th harmonic 
quadrupoles and the 0th harmonic octupoles. 

When Q39.5 = <939C = Oo = 0, the particle trajectories 
in the normalized phase space are circles centered on the 
origin. The excitation of the extraction circuits disturbs the 
phase space into that shown in Fig. 1 with the two circular 
Separatrices given by 

(iT -07«nT)  +(^07^)   =ö^ (4) 

where y = ax+ßx', Q39 = ^Qtgs + Q§9C> and tan£0 = 
Q39S/<239C. The region of overlap of the two circles is the 
stable region and the resonantly extracted particles stream 
out along the circles. Once the particles stream sufficiently 
far they are kicked transversely by passing through the field 
region of an electrostatic septum resulting in their separa- 
tion from the circulating beam. One half turn later the sepa- 
rated particles are extracted with a Lambertson magnet and 
delivered to experiments. 

* Operated by University Research Association for the United States 
Department of Energy 

Figure 1: Sketch of separatrices in normalized horizontal 
phase space during resonant extraction. The arrows show 
the direction of motion in phase space. 

3   TEVATRON MODEL 

In developing a model of the extraction process we started 
with a design lattice of the Tevatron with the correction cir- 
cuits set to reproduce the measured tunes and chromatici- 
ties. We then included effects we believed important for an 
accurate model: the tunes, the 39th harmonic quadrupole, 
the 0th harmonic octupole, the extraction septa position, 
the chromaticity, and the beam momentum spread. There 
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are several parameters which were not considered in this 
model but are not believed to have a large effect. These 
include vertical motion, transverse coupling, the 39th and 
78th harmonic octupole component, and higher order mag- 
netic multipoles in the dipole magnets. No attempt was 
made to understand the effects of coupling however the 
coupling resonance in the Tevatron was compensated with 
two families of skew quadrupoles. 

Because of their importance to resonant extraction our 
model also included the effects of lattice errors (such as the 
octupole component in the main dipoles) which contribute 
to the integrals in Equations 1-3. The model included the 
lattice errors by adding an offset to each of the three extrac- 
tion circuits: the sine and cosine 39th harmonic quadrupole 
and the Oth harmonic octupole. The idea is to set the values 
of Q39S. Q390 and Oo in the model equal the those in the 
Tevatron when lattices errors are present. The offsets were 
determined from beam measurements described in the next 
sections. 

3.1    Tune and 39th Harmonic Quadrupole 

To determine the amount of residual 39th harmonic in the 
Tevatron the horizontal tune was measured as a function of 
the strength of 39th harmonic sine and cosine quadrupole 
circuits denoted TQ39S and TQ39C. Figure 2 shows the 
measured tunes when T:Q39S is varied. The data were fit 
to the analytically expected form 

VX = 0.5 - ^2-Q'(739s-/39s0)2 (5) 

where /3gso, Q , and S0 are determined from the data. 
J39SO is the T:Q39S current that produces a 39th harmonic 
quadrupole component canceling that produced by the er- 
ror fields. We find /3gso = 1.3 Amps. A similar mea- 
surement was done with T:Q39C and with a fit we find 
^39co = —1-35 Amps. In the model these fit values, /3gso 
and /39C0, are subtracted from to the amounts intention- 
ally added by the 39th harmonic quadrupole circuits. With 
these offsets included the tune versus strength of T:Q39S 
was calculated using the model and the results are shown 
in Fig. 2. 

-10 0 10 
T:Q39S (Amps) 

20 

Figure 2: Measurement of horizontal tune versus setting of 
39th harmonic quadrupole circuit T:Q39S. The circles are 
the measured tunes the solid line is the model calculation 
with an extra -1.3 Amps added to the T:Q39S circuit. 

used. The value of 70ff could be affected by the presence of 
higher order multipoles. However these higher order mul- 
tipoles probably have similar effects on the extraction pro- 
cess as they do on the tune spread so we believe that Equa- 
tion 6 should be an accurate description for the extraction 
model. 

-40    -30    -20    -10     0      10     20     30 
T:OZF (Amps) 

3.2    0th Harmonic Octupole 

The bunched beam tune spectrum consists of a central tune 
line and several synchrotron sidebands. The width of the 
central line depends on the 0th harmonic octupoles and 
higher order multipoles. The width of the central tune 
line was measured [2] as a function of the 0th harmonic 
octupole circuit denoted T:OZF and the data is shown in 
Fig. 3. These data were fitted to the form 

Av=y/k*(I-Ioff)* + (Afy (6) 

where k, I0g, and A/ are determined from the data. The 
slope of the fitted curve, k, in the region with large cur- 
rent agrees well with the slope expected with a 2Ü7T mm- 
mrad horizontal emittance beam and the octupole circuit 

Figure 3: Measurement of horizontal tune width versus set- 
ting of the 0th harmonic octupole circuit T:OZF. The circles 
are the measured values and the solid line is a phenomeno- 
logical fit described in the text. 

3.3   Extraction Septa Position 

An important parameter in accurately calculating the step 
size is the position of the electrostatic septa with respect 
to the center of the beam. To determine the septa posi- 
tion accurately we used survey information and verified the 
position using beam measurements. From survey data the 
upstream end of the electrostatic septa was determined to 
be 14.7 mm to the radial inside and aligned at an angle of 
160 /xrad with respect to the closed orbit. In an experiment 
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where the beam position was measured while a low inten- 
sity beam was slowly moved into the electrostatic septa un- 
til the beam was extinguished it was determined that the 
electrostatic septa was 0.4 mm closer to the beam than indi- 
cated by the survey data. The survey information and beam 
measurements are consistent when the uncertainty of the 
measurement and the accuracy of the beam position moni- 
tors are considered. We chose to use the survey data in our 
model. 

3.4   Model Calculations 

With the above measurement of the relevant extraction 
parameters the phase space of the beam during resonant 
extraction can be calculated at any location in the Teva- 
tron. Figure 4 shows the calculated horizontal phase space 
(from particle tracking) just after the electrostatic septa. 
The particles were launched in horizontal phase space at 
points near the separatrix and with a momentum spread of 
ap/p = 0.00017 corresponding to a measured bunch length 
of aT = 2 ns. The disconnected segment in the upper left 
corner of the plot is the beam that has been kicked 62 /xrad 
by passing through the septum. The width of the extracted 
beam is the step size (about 8 mm) and angle at which the 
beam is incident on the septa wires is 160 /zrad. 

While resonantly extracting in the Tevatron the electro- 
static septa are aligned remotely to reduce the losses down- 
stream of the septa. The loss minimum occurs when the 
particles hitting the septa are incident parallel to the septa 
wires. Thus the 160 //rad angle of incidence calculated by 
the model is consistent with the surveyed 160 //rad angle 
of the aligned septa. 

To further test the accuracy of the Tevatron model a set 
of target scans was made near the extraction septa and ex- 
traction Lambertsons. By moving a wire horizontally into 
the extracted portion of the beam and measuring the losses 
on a downstream loss monitor as a function of target wire 
position we get a profile of the beam intensity as a func- 
tion of position. Figure 5 is a comparison of one of these 
measurements with model calculations at a target location 
just downstream of the septa and shows good agreement 
between the model and measurements. The beam on the 
left is the extracted beam which is separated from the cir- 
culating beam by about 1.5 mm at the location of the wire 
target. 

The knowledge gained from the modeling process de- 
scribed in this paper contributed to increasing the intensity 
of extracted beam. For instance the step size was increased 
from several millimeters in the early part of the fixed target 
run to the 8 mm shown in Fig. 4. The increased step size 
resulted in lower losses from the septa wires since a smaller 
percentage of beam hits and interacts with the septa wires. 
The calculated phase space at the entrance to the extraction 
Lambertsons resulted in a realignment of the Lambertsons 
which reduced the losses downstream of the Lambertson 
and again resulted in higher intensity extracted beam. 

In conclusion, a model of the Tevatron extraction pro- 
cess was developed starting with basic theory and using a 

10        20 

Figure 4: Horizontal phase space at the extraction septa as 
determined from tracking particles near the separatrices. 
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Figure 5: Measured (solid line) and modeled (histogram) 
profile of extracted beam and tail of circulating beam at the 
wire target scanner downstream of the electrostatic septa. 
The vertical scale is loss rate for the measurement and num- 
ber of particles in the model. 

set of measurements to refine the accuracy of the model. 
Comparisons of the model agreed well with the other inde- 
pendent measurements such as target wire scans. The un- 
derstanding gained from this process led to improvements 
in the operation of the Tevatron during fixed target opera- 
tions. 
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SURFACE RESISTANCE MEASUREMENTS FOR THE LHC BEAM SCREEN 

F. Caspers, M. Morvillo and F. Ruggiero, European Laboratory for Particle Physics (CERN) 

Abstract 

A critical review of resistive losses in the LHC beam 
screen, taking into account anomalous skin effect and sur- 
face roughness, has triggered a programme of surface resis- 
tance measurements at different temperatures, frequencies 
and magnetic field intensities. The aim is to establish a re- 
alistic heating budget for the LHC cryogenic system and to 
optimize the fabrication process for the copper coating of 
the beam screen. Preliminary results at cryogenic tempera- 
tures (without magnetic field) indicate a surface resistance 
about a factor two larger than previously estimated: an ab- 
solute measurement precision of a few per cent is reached 
by comparing the quality factors of even and odd TEM 
modes in a cylindrical structure with two inner conductors. 

1   INTRODUCTION 

The LHC beam screen is a stainless steel pipe (for mechan- 
ical strength during quench) with a 50 /xm copper layer 
coated on its inner surface. It is cooled at a temperature 
ranging from 5 to 20 K. The purpose of the copper coating 
is to reduce the surface resistance Rs, i.e., the ratio between 
longitudinal component of the electric field at the wall sur- 
face and beam-induced wall current. This is important to 
minimize at the same time transverse resistive wall insta- 
bility (a relatively low frequency phenomenon) and beam- 
induced wall heating. At top energy and for nominal beam 
parameters, the classically computed resistive wall heating 
of the LHC beam screen is 75 mW/m. Owing to the anoma- 
lous skin effect, this value should increase by 11%, but ac- 
cording to surface resistance measurements performed on 
samples of the SSC beam tube, the increase could be sig- 
nificantly larger [ 1 ]. 

For a circular screen of radius b, the parasitic heating 
power per unit length is given by 

P 
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I2 
-'av i. f° 

7T  Jo 
AH 

2-Kb 
dui. (1) Mfo    v. JO 

where Iav is the average beam current, M the number of 
bunches, /n the revolution frequency, c the velocity of light 
and A(w) the bunch spectrum, which for the relatively short 
LHC bunches at 7 TeV (7.5 cm, r.m.s.) will cover a wide 
high frequency region (637 MHz, r.m.s.). 

Since the parasitic heating scales with the square of Iav, 
for the ultimate beam intensity of 850 mA, it may be- 
come comparable to the synchrotron radiation power loss 
of 326 mW/m. Reliable data for the surface resistance up 
to a few GHz is therefore needed to establish a realistic 
heating budget for the cryogenic system and to optimize 
the fabrication process for the copper coating of the beam 
screen. The situation is complicated by the fact that the 
anomalous skin effect is accompanied by a strong magnetic 
field and by phenomena associated with the surface rough- 
ness. There is no valid theory for estimating the surface 
resistance in this complex environment and this has trig- 
gered a programme of surface resistance measurements on 
several samples of the LHC beam screen. 

2   EXPERIMENTAL SETUP 

To measure the surface resistance at several temperatures 
and with an 8.4 T magnetic field, we decided to avoid us- 
ing supercondutors. With the experimental setup shown in 
Fig. 1, we measure the quality factors Q++ and Q+~ of 
even and odd modes excited in a 1 m long cylindrical TEM 
mode cavity with two inner conductors. Relying on the 
only assumption that Rs be the same for the two inner con- 
ductors, we then obtain the surface resistance of both inner 
conductors and outer tube in steps of about 150 MHz. 

TEFLON TEFLON 

Figure 1: Experimental setup: a vector network analyser (VNWA) is used in conjunction with two hybrids, yielding either 
even (++) or odd (+-) mode excitation for a 1 m long cylindrical cavity with two inner conductors, held by 3 teflon supports. 
The near degeneracy of even and odd modes is removed by two teflon splitters placed between the inner conductors. 
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Figure 2: Surface resistance measured for the thermally treated inner conductors (a, c, e) having a dc RRR~200, and 
for the outer tube (b, d, f) with no thermal treatment and a dc RRR~50, compared to the predictions in the classic (solid 
line) and anomalous regime (dot-dashed lines: 40 K, dashed lines: 4 K). Figures (a) and (b) show data measured at room 
temperature, either before ("X") or after cryogenic measurements using shorter coupling networks ("O"), at 40 K, either 
before ("b") or after ("a") injection of He gas during cool down (leading to a sudden thermalisation of the inner conductors, 
otherwise thermally insulated) or with external heating ("*"), at 20 K ("+"), at 10 K ("x") and at 4 K ("o"). Some 
measurements at 40 K have a large temperature spread from top to bottom of the outer tube. The data at room temperature 
is best fitted assuming a resistivity p(300 K) = 2 x 10"8fim for the inner conductors and p(300 K) = 3.2 x 10_8nm for 
the outer tube. Figures (c) and (d) are a magnification of (a) and (b), respectively, showing only measurements at cryogenic 
temperatures. The data in (e) and (f) has been obtained at 4 K with shorter coupling networks, to allow measurements in 
a wider frequency range: data above 1.2 GHz, however, has been discarded due to strong or badly corrected coupling. 
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Figure 3: Surface resistance measured with shorter coupling networks at 4 K ("o") and at 20 K ("+") for the inner 
conductors (a) and the outer tube (b), both thermally treated at 350° C and having a measured dc RRR~200, compared 
to the predictions in the anomalous regime (dashed lines). The corresponding data at room temperature (not shown in 
the figure) is best fitted assuming a resistivity p(300 K) = 2.7 x 10_8f2m for the inner conductors and p(300 K) = 
3.2 x 10_8fhn for the outer tube. The slightly higher resistivity attributed to the inner conductors may be due to small 
scratches in their copper coating, caused by the sliding teflon supports repeatedly mounted during previous measurements. 

Indeed the unloaded quality factor of each mode, given 
by 1/Q = TIN/A™ + r0uT/ß°UT. is related through 
calculable geometric coefficients [2] TIN and TOUT to the 
surface resistances i?*N and #°UT of the inner conductors 
and of the outer tube. Measuring Q++ and Q+~, there- 
fore, we can solve a system of two equations in the two 
unknowns fl*N and #°UT. 

The two inner cylindrical conductors (of radius 8 mm) 
and the outer tube (of radius 19.6 mm) are all made out of 
stainless steel with a 50 fim electrodeposited copper layer, 
having a surface roughness of a few p:m. Future measure- 
ments are planned also with a colaminated copper layer. 
The distance between the axes of the two inner conduc- 
tors is 19.5 mm. The distance d between each coupling 
network and the inner conductors (a few cm) is adjusted 
to have sufficiently weak coupling coefficients ß\ (w) and 
ßz(u)) over the frequency range of interest. We calculate 
coupling by measuring reflection coefficients at each cou- 
pling port, while the loaded quality factor Qi0ad(u>) for 
each mode is obtained by a transmission coefficient mea- 
surement. The corresponding unloaded quality factor is 
then given by Q(w) = [1 + ß\ (w) + /32(w)] Qioad(w). The 
length I of the coupling networks has been varied from 12 
down to 4 cm, to allow measurements in a wider frequency 
range (up to about 1.5 GHz). Indeed coupling grows with 
frequency, but suddenly drops over a large frequency gap 
whose location depends critically on I. This phenomenon 
seems related to internal resonances of the coupling net- 
works. 

3   PRELIMINARY EXPERIMENTAL RESULTS 

In Figs. 2 and 3 we present some preliminary surface re- 
sistance measurements without magnetic field, from room 

temperature down to 4.2 K, compared to the predictions in 
the classic and anomalous regime. The inner conductors 
have been thermally treated at 350° C and have a measured 
de RRR around 200. Fig. 2 refers to an outer tube with no 
thermal treatment and a dc RRR~50, while Fig. 3 refers to 
a thermally treated outer tube. The low temperature resis- 
tivity of the outer tube in the case of Fig. 2 is comparable 
to that of the LHC beam screen in a magnetic field of 8.4 T, 
but the measured surface resistance around 1 GHz is almost 
a factor two larger than previously estimated. 

Both figures show a slight modulation of the surface re- 
sistance as a function of frequency; this modulation is anti- 
correlated for the IN versus OUT data and grows from 
a few per cent at low frequencies to about 10% beyond 
1 GHz. We are currently investigating this effect, which 
might be due to the teflon supports, to the teflon splitters, 
to geometric imperfections or to the coupling networks. 
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820 GeV/c POLARIZED PROTONS IN HERA 

V. A. Anferov, Physics Department, University of Michigan, Ann Arbor, Michigan 48109-1120 

Abstract 

The SPIN Collaboration and DESY Polarization Team 
have studied the possible acceleration of a polarized pro- 
ton beam to 820 GeV/c in the HERA accelerator complex 
at DESY [1]. This paper summarizes suggested changes at 
various stages of acceleration that would allow to maintain 
the beam polarization to the top energy. 

1    INTRODUCTION 

The interest in spin phenomena has significantly increased 
in recent years. It is now clear that spin effects in high en- 
ergy interactions provide essential information about prop- 
erties of the elementary particles and their fundamental in- 
teractions. The polarized proton beam capability at HERA 
would provide a powerful tool for high energy physics; it 
would allow unique spin studies in a polarized e-p collider. 

While high energy electron and positron beams have 
selfpolarization mechanism due to the synchrotron radia- 
tion, an intense high energy polarized proton beam could 
only be obtained by acceleration from the source to the 
ring's maximum energy. Wide range of spin instabilities 
that become stronger at higher energies make the polarized 
protons acceleration a challenging problem. However, re- 
cently developed methods and techniques of overcoming 
the spin depolarizing resonances allow one to consider po- 
larized proton beam acceleration in the high energy proton 
machines such as RHIC (250 GeV), HERA (820 GeV) and 
Tevatron (900 GeV). 

2   POLARIZED ION SOURCE 

A state-of-the-art polarized H~ ion source should be ac- 
quired and installed at DESY. This might be either an 
atomic beam source (ABS), or an optically pumped polar- 
ized ion source (OPPIS). Both types of sources have made 
tremendous progress in the recent years; the best ABS at 
INR (Moscow) has now achieved a current of 1 mA in 
pulsed operation [2], while the best OPPIS at TRIUMF has 
recently obtained a DC current of 1.6 mA with an emittance 
of 2TT mm-mrad [3]. The source performance together with 
accumulation efficiency will be crucial issues for attaining 
a high intensity polarized proton beam at 820 GeV/c. Re- 
cent improvements tests at TRIUMF indicate that a 20 mA 
polarized H~ current might be possible to obtain with the 
OPPIS technology. Such source would make the polarized 
beam intensity in HERA equal to the intensity of unpolar- 
ized beam. 

3   POLARIZED BEAM ACCELERATION 

Polarized protons encounter many depolarizing resonances 
during acceleration in high energy proton synchrotrons. An 

unperturbed proton's spin would normally precess around 
the ring's vertical magnetic field that forms particle closed 
orbit. The frequency of the spin precession is energy de- 
pendent; the spin tune, which is the number of spin rota- 
tions during one particle revolution around the ring, is pro- 
portional to the Lorentz factor 7: 

Gj. (1) 

where G = 1.792847 is the proton's anomalous magnetic 
moment. This vertical spin precession becomes unstable 
when the spin precession frequency is synchronized with 
a frequency of a small horizontal perturbation field. Such 
resonant perturbations can rapidly depolarize the beam in 
a circular accelerator and are called spin depolarizing reso- 
nances. During acceleration a large number of depolarizing 
resonances are crossed, whenever G7 passes through a res- 
onance frequency. 

Various methods will be used in HERA in order to pre- 
serve the beam polarization during the acceleration. The 
required changes for each stage of polarized beam acceler- 
ation are shown in Fig. 1. 

No depolarization occur in the new 750 keV RFQ, which 
should match the polarized ion source, and in the 50 MeV 
LINAC. Polarimeter installed after the LINAC would mon- 
itor the source output polarization. 

The 50 MeV polarized beam would then be injected into 
the 7.5 GeV/c DESYIII synchrotron, where five strong de- 
polarizing resonances occur during acceleration. The one 
strong and about 13 weak imperfection resonances, that are 
caused by magnets missalignment, could be overcome us- 
ing a solenoidal partial Siberian snake of about 5%. The 
snake would rotate the spin by 9° and would cause a spin- 
flip every time G7 crosses the integer value. The par- 
tial Siberian snake can not overcome four strong intrin- 
sic resonances in DESYIII, which are caused by vertical 
betatron oscillations in the quadrupole fields. These reso- 
nances occur at integer harmonics of the vertical betatron 
tune, Gj = n ± kvy, and would require either pulsed 
quadrupoles, to use tune jump method of overcoming an 
intrinsic resonance, or vertical beam kicker magnets, to in- 
duce the spin-flip through each resonance by making them 
stronger. The novice betatron kick method, which was re- 
cently tested at IUCF [4], could be significantly cheaper 
and easier to use than the pulsed-quadrupoles method. To 
avoid emittance blow up after the beam kick one could use 
an RF-dipole for exciting and damping coherent betatron 
oscillations. This RF-dipole method will soon be tested for 
polarized beam acceleration at AGS. 

Two full Siberian snakes would be needed in PETRA to 
overcome its many strong depolarizing resonances. The 
calculated maximum strength for the intrinsic and im- 
perfection resonances in PETRA are £jnt   =  0.06 and 
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Figure 1: The proposed modifications for an 820 GeV/c polarized proton beam at DESY. 

£imp = 0.04 assuming 25TT mm mrad normalized beam 
emittance and 2.2 mm RMS vertical closed orbit distor- 
tion. Two snakes installed in the opposite straight sections 
would overcome all depolarizing resonances in PETRA 
and would provide vertical stable spin direction for easier 
polarization monitoring and spin matching during injection 
and extraction of the polarized beam. Each Siberian snake 
should rotate spin by 180° around a horizontal axis, while 
keeping the particle orbit unperturbed outside the snake. 
The spin rotation axes in PETRA snakes should be orthog- 
onal to set the spin tune away from spin perturbations. The 
snake design is somewhat difficult in PETRA because, at 
its 7.5 GeV/c injection energy, full Siberian snakes would 
cause large orbit excursions. As a solution to this problem, 
a special helical Siberian snakes are proposed, which use 
helical dipoles to minimize the orbit excursions and nor- 
mal dipole at the center to reduce the aperture of the helical 
dipoles. 

Accelerating polarized protons to 820 GeV/c in HERA 
is difficult not only because of the very strong depolarizing 
resonances that occur during the acceleration, but also be- 
cause of the requirement of a several hours polarization life 
time at the top energy in order to be useful for the experi- 
ments. Four Siberian snakes could be installed in each of 
the existing long straight sections. However, earlier studies 
by the DESY Polarization team have shown that the vertical 
orbit bumps around the interaction regions in HERA would 
interfere with any standard Siberian snake configuration. 
A solution to this problem was found, which would require 
four additional snakes to make the HERA ring "flat" for the 
spin motion. We called these snakes "flattening snakes" to 
emphasize their purpose of making the vertically bending 
beam lines near the interaction regions spin transparent. 

Even after "flattening" the HERA lattice the spin per- 
turbation remains very strong and four snakes in HERA 
would not provide adequate spin stability during the polar- 

ized beam acceleration. To reduce the strength of the spin 
perturbations one might consider various correction tech- 
niques that could reduce the rms orbit error to perhaps 0.2 
mm and the emittance of the polarized beam to perhaps 5n 
mm mrad. One could also consider installing additional 
four snakes near the centers of each bending arcs. Both 
options are now under under careful analysis using various 
spin tracking techniques developed by the SPIN Collabora- 
tion and DESY Polarization team. 

4 CONCLUSION 

Polarized proton acceleration to 820 GeV/c at HERA 
would be an appropriate response to the growing interest 
in spin in high energy physics. It would extend the physics 
scope of the HERA collider and would enable unique stud- 
ies of the spin and its role in the fundamental interactions 
at high energies. While most of the polarized beam prob- 
lems appear to have straightforward solutions using exist- 
ing techniques, two main problems will need further study: 

• increasing the accumulated polarized beam intensity, 
• providing adequate spin stability for polarized beam 

acceleration and storage in HERA. 
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RECORD DEFLECTION EFFICIENCIES MEASURED FOR HIGH 
ENERGY PROTONS IN A BENT GERMANIUM CRYSTAL 

C. Biino, M. Clement, N. Doble, K. Elsener, L. Gatignon, P. Grafström, 
U. Mikkelsen (CERN, Geneva, Switzerland), A. Freund (ESRF, Grenoble, France) 

K. Kirsebom, S.P. M0ller, E. Uggerh0j, T. Worm (ISA, Aarhus University, Denmark) 

Abstract 

New experimental results on the deflection of high energy 
protons in a bent germanium crystal are presented. At 
450 GeV/c, the 50 mm long crystal gave record deflection 
efficiencies up to 60% for small angles (1 mrad), while at 
angles as large as 12 mrad, the efficiency is about 25 times 
larger than for a silicon crystal of the same size. The ex- 
perimental results are in good agreement with a model for 
channeling and deflection developed by Ellison and give - 
together with a similar comparison for a 200 GeV/c beam 
- confidence in extrapolations to higher energies (e.g., to 
LHC), other crystal materials or different deflection angles. 

1   INTRODUCTION 

Proton deflection experiments using bent crystals have 
been performed at CERN and elsewhere since many years 
(reviewed in [1], [2]), and silicon crystals are being applied 
routinely as beam splitters [3] and for proton beam extrac- 
tion [4]. Up to 50% of a parallel proton beam has been 
deflected by 1.5 mrad in a bent silicon crystal [5]. The ex- 
perimental results are generally in good agreement with the 
deflection efficiencies expected from classical models [6]. 
A crucial test for these models, however, is to change to a 
different crystalline material. Besides silicon, germanium 
is the only crystal with a sufficiently good crystalline qual- 
ity for a very high energy channeling experiment, available 
at a reasonable cost. 

The deflection efficiency for a given incident beam / 
crystal configuration is influenced by four important fac- 
tors: (1) the beam divergence; (2) the critical angle for 
channeling [7], which scales with \f{Z<i)\ (3) the dechan- 
neling losses due to multiple scattering; and (4) the bend- 
ing dechanneling. The 'acceptance' of the crystal, the so- 
called surface transmission, is determined by (1) and (2), 
as well as by the planar distance in the crystal and the lat- 
tice vibration amplitude. The higher charge of the atoms 
in a Ge crystal (Z2=32 compared to Z2=14 for Si) should 
lead to higher deflection efficiencies than obtained with Si, 
(a) due to the fact that the surface transmission is larger, 
(b) because the channeling potential 'trap' is deeper and 
thus the bending dechanneling less severe at the larger de- 
flection angles. In order to test these hypotheses, we have 
conducted proton deflection experiments with a bent ger- 
manium crystal, over a large range of deflection angles, and 
compared the results with calculations. 

2   EXPERIMENT 

The present experiment continues the series of proton de- 
flection experiments performed with bent crystals at the 
CERN-SPS. Information on the earlier experiments can be 
found in [1], [5] and [8], and further details on the recent 
tests with a germanium crystal (using 450 and 200 GeV/c 
beams) are described in [9]. In the following, a descrip- 
tion of the H8 'micro-beam' option is given, together with 
a brief discussion of the experimental arrangement used 
for the 450 GeV/c proton experiment on a bent germanium 
crystal. 

2.1    The H8 micro-beam 

The micro-beam (H8 beam line) in the North Hall at the 
CERN-SPS has been designed in 1983 to serve the NA34 
experiment. The requirement on this 450 GeV/c proton 
beam was to achieve an extremely small spot size (about 
10/rni rms.) at the target. The conceptual design of this 
beam is schematically shown in Fig. 1. 

litmlcrocolHmator 
(x, y cut*) 

2nd mtcrocollimator 
(cleaning) 

—> bant crystal 

Figure 1: Conceptual layout of the H8 micro-beam (hori- 
zontal projection). For the present experiment, the clean- 
ing collimator was removed, the bent crystal installed at its 
place and the beam tuned to be parallel at the crystal. For 
details, see text. 

The beam has a large intermediate magnification in both 
planes (x2 horiz.(x), x4 vert.(y)) as a first stage, followed 
by two stages with strong demagnification (overall x0.2 
horiz., xO.l vert.). The 450 GeV/c protons from the SPS 
are attenuated and scattered in the T4 target (30 cm beryl- 
lium) and in an additional 80 cm beryllium attenuator, in or- 
der to reach acceptable beam intensities at the experiment. 
The angular space is first cut to about 100 /irad by a 2 mm 
diameter tungsten lined aperture in a 160 cm long beam- 
dump collimator (TAX). The (x,y) space is then cut by 
precision 'micro-collimators', usually closed to ±100/im, 
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in the place of largest magnification. In order to correct 
for possible alignment errors in the installation or in beam 
steering, these collimators can be aligned with the beam for 
maximum transmission in angular steps of 0.05°. A second 
set of such micro-collimators is installed at an intermediate 
focus and serves beam-cleaning purposes. Note that this 
scheme reduces the beam intensity drastically, from some 
1012 protons per spill on target T4 to a few 106 at the exper- 
iment. In order to minimize the contribution of momentum 
dispersion terms to the spot sizes, focii (or waists) were 
placed in all bending magnets. (Note that the 450 GeV/c 
beam from the SPS has an intrinsic 0.1% momentum bite 
as defined by the accelerator.) 

1200 

13 
(0 L. 

» 
c 
(0 

12 16 20 
x position [mm] 

Figure 2: Horizontal phase space of the 450 GeV/c pro- 
tons incident on the germanium crystal. This measurement 
stems from two drift chambers located 36.9 and 0.5 m up- 
stream of the crystal (see Fig. 4). The horizontal width of 
the bent crystal is indicated to illustrate the relevant phase 
space for this experiment. 

y position [mm] 

Figure 3: As Fig. 2, but for the vertical phase space (y,y'). 
(Note that the scale is different from the one in Fig. 2). 

For the application of the bent crystal experiments in 
H8, the second set of micro-collimators was removed and 

the goniometer with the crystal installed in its place. For 
channeling experiments, it is important to achieve as par- 
allel a beam as possible - in the case of planar channel- 
ing and bending, discussed here, the beam was therefore 
set-up to be parallel in the horizontal (channeling and de- 
flection) plane, and focussed onto the crystal in the vertical 
plane. Finally, the last quadrupole upstream of the crys- 
tal was used to further increase the horizontal beam-size at 
the crystal position (i.e., to rotate the phase space ellipse), 
thus reducing the angular spread of protons inside the 1 mm 
wide 'slice' hitting the crystal, even if the overall diver- 
gence of the beam is increased. The resulting beam phase 
space as measured in the experiment is shown in Figs. 2 
and 3. Note that due to the limited angular resolution in 
the experiment, the horizontal angular spread appears to be 
6/irad (rms.). Angular scans with the goniometer (see be- 
low) indicate, however, that it is indeed much smaller, i.e., 
2 to 3 /irad and thus inside the critical angle for channeling, 
which amounts to ±7/irad in this case. 

2.2   Crystal and Detectors 

The experimental arrangement is shown schematically in 
Fig. 4. The germanium crystal, 1 x 10 x 50 mm3, 
was mounted in a 'classical' three-point bending device 
(see [9]) and was bent over 30 mm of its length. The cur- 
vature was thus normal to the (110) plane which lay along 
the 50 x 10 mm2 face. The newly designed bending de- 
vice was optimised for stability with respect to temperature 
variations (titanium block). The push-pin for the crystal 
bending includes a micrometre read-out. The device was 
placed on a goniometer with 1.7/irad step-size. 

DC1 DC2 

incident 
beam 

Sc1   Sc2 w 

-36.4 m- - 0.5 m- 

goniometer with 
(110) Ge crystal 

-4.1 rn- 

Figure 4: Schematic view of the experimental arrangement. 
Protons are deflected horizontally by the bent germanium 
crystal. Scintillators Scl-4 are trigger counters for incident 
beam particles, HI, H2 and H3 for deflected particles. SC5 
is a veto counter used during crystal alignment. Driftcham- 
bers DC1, DC2 and DC3 define the incoming and exiting 
beams, respectively. 

To align the crystal, an array of scintillators, Hl, H2, 
H3, (each 10 x 10 x 5 mm3 in size), was used to detect 
the deflected beam and the goniometer was rotated until a 
maximum rate of deflected particles was observed. At large 
bending angles (above 15 mrad) for the 450 GeV/c beam, 
the low deflection efficiency resulted in a small signal to 
noise ratio in the five-fold hodoscope coincidence used for 
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alignment, H2-SclSc3-Sc4-Sc5. However, the microme- 
tre read-out on the bending device enabled a fairly accu- 
rate prediction of the new bend-angle after each change and 
thus a relatively fast re-alignment of the crystal was possi- 
ble. 

Driftchambers (DC) are used to track the incident and 
exiting protons in the beamline with a position resolution 
of about 100 /xm (rms). The incident angles can be mea- 
sured with DC1 and DC2, with an accuracy of about 6 
/irad, which is larger than the horizontal beam divergence 
of the 450 GeV/c proton micro-beam, but was useful to 
cut the tails of the angular distribution in the 200 GeV/c 
experiment [9]. The experimentally determined deflection 
efficiency is defined as the ratio of the number of fully de- 
flected particles (detected in DC3) originating from a spe- 
cific area on the 1 x 10 mm2 entrance-face of the crystal 
and the number of particles incident on this area. For each 
deflection angle, off-line cuts using the driftchambers were 
applied to determine the area with the highest deflection 
efficiency, thus avoiding edge and surface effects. 

i—i—j—i—|—i—|—i—|—i—i—i—|—i—|—i- 

450 GeV/c 
 Model, o,,=3 iirad 

•    Experiment 

Deflection angle [mrad] 

Figure 5: Deflection efficiencies measured for 450 GeV/c 
protons incident on a bent germanium crystal (dots) com- 
pared to calculations following the model of [6]. For de- 
tails, see text. 

3   RESULTS 

Deflection efficiencies for 450 GeV/c protons were mea- 
sured between 0.5 and 19 mrad deflection angle. The re- 
sults are shown in Fig. 5. Statistical errors are shown in 
the figure. The systematic errors, which can stem from me- 
chanical instabilities of the goniometer or bending device 
as well as from beam instabilities, can be estimated from 
the fluctuation of the data points. A new record deflec- 
tion efficiency, 60%, for bent crystal proton deflection was 
found for the small deflection angles. The beam being very 
parallel, this can be attributed to the larger 'acceptance' - 
the so-called surface transmission - of the (110) Ge crys- 
tal when compared to the (111) Si used in earlier experi- 
ments [5]. 

The experimental results are compared in Fig. 5 to a 
model calculation along the lines described by Ellison [6]. 
In this model, the surface transmission, straight crystal 
dechanneling and bending dechanneling are parametrised 
(for more details, see [9]). The agreement with the data is 
found to be very good. 

4   CONCLUSION 

New experimental results on proton deflection with a bent 
germanium crystal have been obtained, and a record deflec- 
tion efficiency of 60% has been obtained for the 450 GeV/c 
proton beam. The H8 microbeam of 450 GeV/c protons, 
originally designed to give a small spot size for an exper- 
iment, is here being used to provide as parallel a beam 
as possible at the crystal. Together with the good crys- 
tal quality, this makes record deflection efficiencies pos- 
sible. The results shown here, together with the 200 GeV/c 
data reported elsewhere [9], provide a crucial test for mod- 
els which had previously only been compared to data ob- 
tained with silicon crystals. The agreement between data 
and model for germanium is now found to be excellent, 

too. Therefore, one can conclude that reliable predictions 
are indeed possible, both for a different crystal material as 
well as for a large energy range, and that extrapolations to 
much higher energies, as will be available e.g., at the LHC, 
are trustworthy. For silicon, the radiation resistance of the 
crystals to large proton fluxes has been shown in a recent 
experiment [10]. In summary, bent crystals are thus a very 
useful tool to split, deflect or extract very high energy pro- 
ton beams. 
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OVERVIEW OF THE APT HIGH-ENERGY BEAM TRANSPORT 
AND BEAM EXPANDERS 

R. E. Shafer, B. Blind, E. R. Gray, J. D. Gilpatrick, D. Barlow, and G. P. Lawrence. 

Abstract 

The APT high energy beam transport (HEBT) and 
beam expanders convey the 1700-MeV, 100-mA cw 
proton beam from the linac to the tritium target/blanket 
assembly, or a tuning beam stop. The HEBT includes 
extensive beam diagnostics, collimators, and beam jitter 
correction, to monitor and control the 170-MW beam 
prior to expansion. A zero-degree beamline conveys the 
beam to the beam stop, and an achromatic beand conveys 
the beam to the tritium production target. Nonlinear beam 
expanders make use of higher-order multipole magnets and 
dithering dipoles to expand the beam to a uniform-density, 
16-cm wide by 160-cm high rectangular profile on the 
tritium-production target. The overall optics design will 
be reviewed, and beam simulations will be presented. 

1 INTRODUCTION 

The Accelerator for Production of Tritium (APT) is a 
1700-MeV, 100-mA cw proton accelerator designed for 
the production of tritium in a target/blanket assembly via 
the reaction 3He(n,p)T [1]. The beam from the 700-MHz 
superconducting (SC) rf linac [2] is transported to either a 
4-MW low-duty-factor beam stop, or the tritium- 
production target by means of the high energy beam 
transport (HEBT), the switchyard and bend, and beam 
expanders. 

The overall beamline layout is shown in Fig. 1. The 
approximate beamline length is 250 m from the linac to 
the beam stop, and 280 m from the linac to the tritium 
production target. 

Expansion 
chamber/ 

100 meters 

Hns-.0' Jitter    Collimator 
"nac   control 

'Production 
target 

(170 MW) 

Beam 
stop 

(4MW) 

Matching 
section 

tf-meter ?ODO lattice 
Expansion 
chamber 

Fig.  1. The overall layout of the AFT beam delivery 
system. 

The purpose of the beam delivery system is to 
transport the beam to either of the end stations and expand 
it, to reduce the beam power density to acceptable levels. 
The HEBT includes beam diagnostics to characterize and 
monitor the beam, a system to correct beam position and 
angle jitter, and a collimator to intercept beam halo. The 
switchyard, which includes a 53.13°, 5-FODO-period 
achromat, directs the beam to either the beam stop or the 
tritium-production target. Finally, the beam expanders 
transform the beam to a 16-cm-wide by   160-cm-high 

uniform density distribution at the target windows. Each 
of these systems is described in more detail below. 

2 HEBT AND EXPANDER LAYOUT 

2.1 High Energy Beam Transport 

The HEBT consists of an 8-meter-period FODO 
lattice, with a 72° zero-current phase advance per period. 
This 8-meter periodicity is maintained throughout the 
HEBT and switchyard to both end stations. The initial 
HEBT aperture is 16-cm diameter, to match the aperture 
in the superconducting (SC) linac [2]. The first 29 m is 
an adiabatic match from the SC linac focusing lattice. 
This FODO lattice also includes beam diagnostics to 
characterize and monitor beam energy, beam current, beam 
profiles, and a beam jitter control system to remove any 
residual transverse beam jitter and steering errors not 
corrected by the beam steering control system in the linac. 
The beam diagnostics for characterizing the linac is 
described elsewhere [3]. 

This HEBT section is followed by a 20-m-long 
adjustable-aperture collimator system to remove any 
excessive beam halo that might result from mismatches, 
beam turn-on transients, or component failure in the 
linac. The collimator is specifically designed to absorb up 
to about 1 kW of beam continuously, or individual pulses 
of 5 kJ, corresponding to about 30 |isec of full-power 
beam. This unit is heavily shielded, and is specifically 
designed to allow remote maintenance. 

The remainder of the HEBT is a continuation of the 
same FODO lattice, but with the aperture reduced to 8- 
cm-diameter. 

The nominal rms beam radius in the HEBT is about 
1 mm, corresponding to a normalized rms emittance of 
0.2 7C-mm-mrad. The nominal aperture to beam-size ratio 
is 70:1 in the 16-cm dia. section, and 35:1 in the 8-cm 
dia. section. 

2.2 Switchyard and Bend 

The switchyard includes a 40-m section of the 8-m 
FODO lattice, a FODO cell with a dipole insertion for 
directing the beam to either the target or the beam stop, 
and a 5-FODO period, 360°-zero current phase advance, 
53.13° achromat. The dipoles are placed immediately 
downstream of D-quads to minimize the dispersion in the 
achromat to about 2.6 cm per % Ap/p. Each dipole is 
about 1.3-m long, with a field of 1.2 T, and has a bend 
angle of 10.63°. Each quadrupole has a GL product of 
about 2.5 T. The beam aperture of the dipoles is 11 cm 
horizontally, and 7.3 cm vertically, while the beam 
aperture of the achromat quadrupoles is 9 cm. The energy 
acceptance of the achromat is ± 20 MeV. 

The high-dispersion areas of the achromat will be 
used for both momentum collimation and for 
measurement of beam energy and energy spread. Beam 
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energy is also measured in the HEBT using time of flight 
diagnostics. Momentum collimators will have adjustable 
apertures to intercept off-momentum beam halo, and off- 
momentum beams that may result from linac klystron 
trips. At the high dispersion points, the 2-MeV expected 
energy spread contributes about 2-mm to the horizontal 
beam size, compared to the 2-mm width in zero-dispersion 
areas. Thus both energy spread and energy changes can be 
observed in these high dispersion regions. 

If needed, a second achromat can be inserted in the 
FODO lattice 40-m upstream of the first one. 

2.3 Beam expander 

The purpose of the beam expander is to expand the 
beam from its nominal 2-mm width to a uniform-density, 
16-cm wide by 160-cm high image on the target. The 
nonlinear beam expander optics includes about 50-m of 
magnetic optics that sequentially folds the vertical and 
horizontal tails of the nearly Gaussian beam profile back 
onto the core, in order to achieve a nearly rectangular 
expanded-beam having a unifirm profile with a 10:1 
aspect ratio [4]. The beam expander optics, shown in 
Fig. 2, include a 4-quadrupole matching section, a 
nonlinear magnet to fold the beam in the y-y' phase 
space, a two-quadrupole intermediate lens, a second 
nonlinear magnet to fold the beam in the x-x' phase 
space, two dithering dipoles to shake the expanded beam ± 
1 cm horizontally and ± 2 cm vertically, and a final 
quadrupole-doublet objective lens to focus the beam 
through two neutron backshine shields in the beam 
expansion chamber. 
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Matching section quads 
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shield. 
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Fig. 2. Beam expander optics. 

The beam folding in each plane is carried out in two 
stages, as illustrated in Fig. 3. First, the nonlinear 
magnetic fields, including octupole and higher-order 
terms, fold the beam phase-ellipse in y' (or x') space. 
Then, when the beam drifts in a long field-free region, the 
beam ellipse shears in y (or x) space, causing the tails in 
the transverse profile to fold back onto the core of the 
beam. This folding is done sequentially in the y-y' and the 
x-x' phase spaces. 

Two nonlinear (multipole) magnets suitable for 
beam folding at 800 MeV have been built, and are now 
being tested at LANSCE in a prototype nonlinear beam 
expander [5]. 

V axis 
m Linear 

Jr\ Folded       if£& 

ft ^Jp*^V^^Sheared 

^^|                   Y axis 

Fig. 3. The folding process for the nonlinear magnets. 

Because of the concern about beam losses in the 
small apertures of the nonlinear expander, an alternate 
expansion scheme using rastering is being studied. This 
system is based on a high frequency triangle current- 
waveform modulator using IGBTs (insulated gate bipolar 
transistors) with ferrite dipole deflector magnets [6]. This 
triangular current waveform produces a uniform beam 
power density on the target. Four independently-powered 
deflectors, each about 40-cm long, are used in each plane 
to raster the beam at about 500 Hz vertically and 575 Hz 
horizontally. This beam-expansion concept has a much 
larger beam aperture than the nonlinear folding concept, 
and potentially improved control of the beam distribuion 
on the target (independent of the input beam), but has the 
additional risk of thermal fatigue in the target, and the 
possibility of target damage in the case of raster system 
failure. These issues are being addressed in the study. 

2.4 Beam expansion chamber 

Fig. 4 shows the 30-m long beam expansion 
chamber. In order to limit the backstreaming neutron flux 
from the target, the expansion chamber includes two 
neutron backshine shields. These shields are placed at the 
vertical waist in the expanding beam, about 0.5 m 
downstream of the last quadrupole, and at the horizontal 
waist, about 11-m downstream of the last quadrupole. 
These neutron shields are about 1.5-m-thick iron shields, 
with a 2-cm high by 15-cm wide contoured slit at the 
vertical waist, and a 3-cm wide by 80-cm high contoured 
slit at the horizontal waist. Their upstream side will be 
covered with a boron-loaded material to absorb low-energy 
neutrons. The expected backstreaming neutron flux inside 
the beam expander optics is about 3 x 109 n/cm2/s, and 
the annual neutron fluence is of the order of 1 x 1017 

neutrons/cm2, because the neutron shields together limit 
the view of the target from the beam expander to about 
2% of the target frontal surface area. 

The beam expansion chamber includes extensive 
multiwire beam diagnostics (secondary emission and 
resistance wires) to determine and monitor the expanded 
beam profile. These beam diagnostics systems, described 
elsewhere [3], are inserted through either of two beam 
diagnostics towers, shown in Fig. 4. 
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Fig. 4. 30-m long beam expansion chamber. 

3  BEAM SIMULATIONS 

Beam simulations using space-charge codes 
(PARMILA and TRACE-3D) show that the SC linac 
beam is easily matched into the 8-m period FODO lattice 
from the SC linac wihout any indication of space-charge 
effects in the transverse planes. The aperture to rms beam 
size ratio is about 70:1 in the 16 cm diameter HEBT, and 
35:1 in the 8-cm diameter section. The longitudinal bunch 
length of the individual microbunches grows slightly in 
the HEBT as expected, but this is inconsequential. In 
addition, the beam simulations through the achromat 
show no space-charge effects. The maximum dispersion in 
the achromat is about 2.6 cm per % Ap/p. With a total 
energy spread of 2 MeV, the beam width increases by 
about 2 mm in the achromat. The residual dispersion after 
the achromat is near zero, and the beam shows no residual 
effects of the 53.13° bend. 

In the beam expander, the 4-quadrupole matching 
section focuses the beam into the first nonlinear magnet 
with a horizontal beam waist, and into the second with a 
vertical waist. The folded beam then expands in both 
planes to the final quadrupole doublet. 

End-to-end particle-tracking simulations, from the 
RFQ to the tritium-production target, are being used to 
evaluate the beam-expander design. These simulations 
include up to 100,000 particles, and include effects such 
as rf phase and amplitude errors, loss of one klystron, 
quadrupole field and alignment errors, etc. The 
simulations indicate that roughly 1 particle in 100,000 
either may hit collimators shielding the nonlinear-magnet 
coils, or may be deflected by a nonlinear magnet into 
downstream collimators. This is equivalent to 1000 to 
2000 watts of beam loss, and may lead to radiation 
damage and premature beamline-component failure 
(magnets and beam diagnostics), and indicates the need for 
remote maintenance capability. The beam expander 
physics model used in the simulations is being improved 
to better ascertain the expected beam loss, and design 

Fig. 5. Isometric plot of simulated particle distribution on 
target. The horizontal width is 16 cm, and the vertical height 
is 160 cm. 

4 CONCLUSION 

The conceptual design of the high energy beam 
transport to the beam expanders is nearly complete, 

and meets all the necessary requirements for the APT 
project. Design of the nonlinear beam expanders is 

still in progress, with the major effort being to 
improving the models used in the beam simulations, 

simulating a wide variety of off-normal linac 
operating conditions, and increasing the expander 

magnet apertures. A parallel effort is examining the 
alternate expansion scheme based on beam rastering. 
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Abstract 

The technologies that are being utilized to design and 
build a state-of-the-art neutron spallation source, the 
National Spallation Neutron Source (NSNS), are 
discussed. Emphasis is given to the technology issues that 
present the greatest scientific challenges. The present 
facility configuration, ongoing analysis and the planned 
hardware research and development program are also 
described. 

1.0    INTRODUCTION 

In many areas of physics, materials and nuclear 
engineering, it is extremely valuable to have a very 
intense source of neutrons so that the structure and 
function of materials can be studied. One facility proposed 
for this purpose is the National Spallation Neutron Source 
(NSNS). This facility will consist of two parts: 1) A 
high-energy (1 GeV) and high powered (1 MW) proton 
accelerator (60 Hertz, <1 ps/pulse), and 2) A target station 
which converts the protons through nuclear interactions to 
low-energy (~ 2 eV) neutrons and delivers them to the 

neutron scattering instruments. 
This paper deals with the second part, i.e., the design 

and development of the NSNS target station and the 
scientifically challenging issues. Many scientific and 
technical disciplines are required to produce a successful 
target station. These include engineering, remote handling, 
neutronics, materials, thermal hydraulics, and 
instrumentation. Some of these areas will be discussed 
below. 

2.0    TARGET    STATION    CONFIGURATION 
AND  MAINTENANCE 

The target for the NSNS is located in a single 
building. As shown in Fig. 1, the target is positioned 
within an iron and concrete shielding monolith 
approximately 12 m in diameter. The proton beam enters 
horizontally in the mercury target and produced neutrons, 

which (after moderation) are used by the scattering 
instruments, exit through 18 neutron beam tubes 
projecting from the sides. The majority of the 62 m x 83 
m building is reserved for the scattering instruments 
located on the neutron beam lines, however, remote 
handling hot cells projecting from the back of the 
shielding are provided for handling the activated target, 
moderator and reflector components. This region also 
contains utilities used for the target. Another cell for 
utility systems is located beneath the main floor level. 

The reference design for the NSNS incorporates 
mercury as its target material. A heavy liquid metal target 
was selected over a water-cooled solid target because (1) 
increased power handling capability is possible with a 
liquid target, (2) the liquid target material lasts the entire 
lifetime of the facility, and (3) the radiation damage 
lifetime of a liquid target system, including its solid 
material container, should be considerably longer. 

Mercury was also selected as the reference liquid target 
material because it: (1) is a liquid at room temperature, 
(2) has good heat transport properties, and (3) has high 
atomic number and mass density resulting in high neutron 
yield and source brightness. One significant result from 
recent neutronic analysis studies has been that the neutron 
flux from a short-pulse (~1 |is) neutron source is 
substantially greater for a mercury target than for either 
water-cooled tungsten or tantalum targets especially at 
power levels greater than 1 MW. 

The mercury target design configuration, shown in 
Fig. 2, has a width of 400 mm, a height of 100 mm, and 
a length of 650 mm. The mercury is contained within a 
structure made from 316-type stainless steel. Mercury 
enters from the back side (side outermost from the proton 
beam window) of the target, flows along the two side 
walls to the front surface (proton beam window), and 
returns through a 224 mm x 80 mm rectangular passage 
in the middle of the target. The target window, i.e., 
portion of the target structure in the direct path of the 
proton beam is cooled by mercury which flows through 
the passage formed between two walls of a duplex 
structure. In this way, the window cooling and transport 
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Fig.  1:     Target System Configuration 
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of heat deposited in the bulk mercury are achieved with 
separate flow streams. 

A shroud (safety container) is provided around the 
mercury target to guide the mercury to a dump tank in the 
event of a failure of the target container structure. The 
shroud is a water-cooled duplex structure made from 
austenitic, 316-type, stainless steel. 

Detailed thermal hydraulic and stress calculations have 
been carried out for the mercury target system and a large 
fraction of our R&D program deals with thermal shock 
and hydraulic tests and analysis, radiation damage, and 
erosion/corrosion test and analysis. 

The mercury target and the water cooled shroud, 
which are subject to intense interactions with the proton 
beam, must be replaced on a regular basis. For this 
reason, all major liquid target system components, except 
the dump tank, are located on a mobile cart, which is 
retracted into the target maintenance cell for maintenance 
activities. The mercury contained in the target system is 
drained to the dump tank prior to retracting the target 
assembly. 

The heat deposited in the mercury target is transported 
away in the flowing mercury loop to a primary heat 
exchanger that is located on the target cart assembly, 
outside the target region shielding. In addition to this 
primary heat exchanger, the mercury flow loop also 
includes piping, valves, fittings, pumps, expansion tanks, 
and mercury processing equipment. The secondary (water) 
loop transports the heat to a secondary heat exchanger 
located in the floor below the target hot cell. The tertiary 
flow stream utilizes process water. 

The mercury dump tank is located below all other 
components in the mercury system thus ensuring that 
most of the mercury can be drained to the dump tank even 
in a passive situation (failure of the electric power 
system). The capacity of the dump tank is greater than 1 
m\ which is slightly larger than the mercury inventory in 

the remainder of the system. The tank is passively cooled 
by natural convection to remove the nuclear afterheat in 
the mercury. 
Figure 2 shows the two light-water moderators planned for 
the NSNS. They are located in wing geometry below the 
mercury target and water-cooled shroud. The upstream 
moderator has a thickness of 50 mm, relative to the 
proton beam, and is decoupled and poisoned to give high 
temporal resolution of the neutron flux. The second 
moderator is 100 mm thick and is coupled to produce 
higher neutron intensity but with less temporal 
resolution. Both moderators are approximately 120 mm 
wide and 150 mm high. Two cryogenic moderators, cooled 
with supercritical hydrogen, are located above the target as 
shown in Fig. 2. This configuration improves the cooling 
and warming characteristics of the moderators. 
Mechanically circulated supercritical hydrogen gas at a 
pressure of 1.5 MPa was chosen for the moderators 
because it improves the cooling operation, eliminates 
boiling and adds flexibility in operation. The hydrogen is 
maintained at supercritical pressures in all parts of the 
loop during normal operation. The calculated neutron 
current energy distribution per proton from the front 
cryogenic moderator is shown in Fig. 3. 

The neutron beam tube systems provide the paths for 
moderated neutrons to travel through the bulk shielding to 
the scattering instruments. The configuration assumed at 
present consists of 18 beam lines looking at the four 
moderators as shown in Figs. 1 and 2. Each moderator 
face which is viewed illuminates three beam lines, one 
normal to the face and two at plus or minus 13.75 
degrees. The upper and lower forward moderators have two 
faces viewed and the two rear moderators each have one 
face viewed for a total of 6 viewed faces. This arrangement 
allows a 70° degree arc for the proton beam entrance 
region and a similar 70° degree arc for the remote 
maintenance systems at the rear of the target. 
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Fig. 2:    NSNS Mercury Target 
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A neutron beam shutter concept similar to the ISIS 
vertical shutter design is planned. The shutters are in the 
form of stepped rectangular slabs. In the open position a 
hole in the shutter aligns with the neutron beam flight 
path and cross section. The shutter is lowered 
approximately 500 mm to close. This puts approximately 
2 m of shielding in the neutron flight path. The drive for 
the shutters will be from the top. Each shutter will be 
made from several sections to reduce the height above the 
top of the bulk shielding required for removal and the size 
of the shielded flask required for transport. All shutters 
will be the same, except for the difference in beam 
elevation required between beam lines viewing the upper 
or lower moderators. The weight of one shutter assembly 
is approximately 25 tonnes. 

Optimization of both the operating availability and 
predictability, while protecting personnel, is the primary 
goal of the maintenance systems for NSNS. Several 
techniques proven in successful facilities throughout the 
world are applied to assist the operators in meeting the 
operating goals. These include designing equipment from 
the earliest stages to reduce the need for remote handling. 
Operating equipment are packaged in modular assemblies 
designed to be replaced with on-site spares. This enables 
operations to continue while time-consuming repairs are 
performed in off-line facilities. 

The As Low As Reasonably Achievable (ALARA) 
principle is used as guidance for all personnel and 
contamination control operations in NSNS. Thus, 
activated and contaminated equipment are shielded for 
transport around the facility and to the permanent storage 
site. Areas of potential contamination are isolated by seals 
and valves. Repair and replacement of active components 
are accomplished in the hot  cell adjoining the  target 

shielding stack as identified in Fig. 1. 
Fig. 3:    Neutron energy distribution from the 
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A general maintenance cell is located behind the target 
maintenance cell primarily to maintain the 
moderator/reflector plug, proton beam window, neutron 
guide tubes and shutters. Generally all operations will be 
remote; however, personnel may enter the cell following 
extensive cleanup. 

The enclosed, unshielded high-bay above the target 
system and maintenance cells will provide the primary 
means of handling components in the target system. 

3.0     CONCLUSIONS 

Preliminary design and analysis indicate that a very 
attractive short-pulse neutron source operating at 1 MW of 
proton beam power can be constructed for the NSNS 
using liquid mercury as the target material. Research and 
development activities have been identified to validate 
design concepts and to allow future upgrades to higher 
power levels. Reasonable design configurations have been 
proposed for major component assemblies and remote 
handling concepts have been developed. A detailed 
descriptions of the NSNS project can be found in Ref. 1. 
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Abstract 

The AGS accelerator complex is into its third year of 60+ 
xlO12 (teraproton = Tp) per cycle operation. The 
hardware making up the complex as configured in 1997 
is briefly mentioned. The present level of accelerator 
performance is discussed. This includes beam transfer 
efficiencies at each step in the acceleration process, i.e. 
losses; which are a serious issue at this intensity level. 
Progress made in understanding beam behavior at the 
Linac-to-Booster (LtB) injection, at the Booster-to-AGS 
(BtA) transfer as well as across the 450 ms AGS 
accumulation porch is presented. The state of transition 
crossing, with the gamma-tr jump is described. Coherent 
effects including those driven by space charge are 
important at all of these steps. 

1     INTRODUCTION 

The Brookhaven National Laboratory's Alternating 
Gradient Synchrotron (AGS) complex delivers slowly 
extracted protons at 24 GeV simultaneous into four beam 
lines with a spill length of 2 seconds in a total cycle time 
of 3.6 seconds. Over the last several years the available 
intensity in this mode has increased, from 25 Tp in '93, 
to 40 Tp in '94, then to just over the design goal of 60 Tp 
in '95 [1],[2]. During 1996 the total number of protons 
delivered per hour of running continued to increase, 
though the peak intensity achieved was unchanged. 

Experience from each yearly running period suggests 
modifications both to the accelerator hardware and to 
acceleration strategies. Available resources including the 
time between runs, together with the flexibility of the 
complex and its control system allow some of these 
modifications to be implemented. This report 
summarizes the changes of this sort made prior to the 
1997 high intensity proton run and operational 
experience during this ongoing run as these changes have 
been implemented. 

2     THE RECENT PAST - THE 1996 RUN 

Losses during acceleration and at extraction have grown 
as the intensity has increased but not so fast as to be a 
constraint on operations until the '96 run. Probably as a 
result of successful efforts to reduce losses experienced 
just at AGS extraction in '95, losses further down the 
extraction lines naturally increased somewhat. This 
creates a more serious problem to the operation of the 
machine simply because these losses occur closer to 
areas where ongoing work must be carried out. As a 
result efforts to reduce the chronic radiation levels 
associated with the extracted beam were the primary 
focus of activity during the 1996 run. These transport 
losses are dependent on beam handling throughout the 
acceleration cycle, and in particular with the setup of the 
four transfer accumulation on the AGS front porch, the 
passage through transition, and the machine quadrupole 
and sextupole settings between transition and extraction, 
as well as on the slow extraction dance itself. 

For losses occurring earlier during the acceleration 
cycle, the sensitive spots are 1) transition crossing, at 
about 9 GeV, 2) AGS injection, including both losses in 
the transfer process, and losses incurred as the four 
Booster batches are accumulated on a magnetic porch 
and 3) injection from the Linac into the Booster at .2 
GeV. 

The transition losses, which are potentially serious 
radiation sources because of the beam energy, usually 
remained below 4%. Keeping them at this level required 
continual attention since the transition jump scheme with 
its inherent distortion of the machine dispersion function 
sets the machine momentum aperture. 

The losses at AGS injection amounted to about 20 Tp, 
25% of the beam available in the Booster, and so merited 
attention because of the associated activation and simply 
as a potential beam source for increasing the AGS output. 
The '96 AGS injection beam losses were categorized, 
from current transformers and the loss monitor arrays 
which cover all the regions (a new loss monitor system 
was commissioned in the AGS during the '96 run). A 
quarter of these loss, perhaps less, occurred in the 
Booster and in the BtA transfer line. A quarter occurred 
slowly, while the beam is stored on the porch and well 
away from the transfers. Progress on reducing this 
"drool" loss had been made the previous year ('95) by 
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powering some "prototype" octupoles in the AGS A 
modest extension to that system in '96 did not further 
reduce the drool. Sharp "coherence" losses can occur 
during these storage intervals, and are controlled by 
vertical betatron tune adjustments in conjunction with the 
AGS vertical damper. A third quarter of the losses could 
be seen on the AGS current transformer on a millisecond 
time scale at each of the four transfers. The remaining 
quarter was not explicitly accounted for either in the loss 
monitor or wall monitor analysis. It was most likely 
occurring in the AGS on a time scale of tens of turns 
around the machine, too fast for the usual transformer, to 
subtle each turn for the wall monitor, and ending in ring 
locations having low sensitivity in the loss monitors. 
These losses could be space charge driven[3]. 

The highest loss point, in terms of protons, was at 
Booster injection. The Linac delivers 35 mA beam 
current and is capable of maintaining this for pulse 
widths of 500 usec and so can totally saturate the Booster 
capacity. In fact the Booster is routinely delivering 22 
Tp/ cycle x 4 cycles/ AGS cycle, operating 50% above its 
"design" intensity of 15 Tp. Space charge driven losses 
early in the cycle are expected, but pouring more Linac 
beam in is the obvious source (beside chipping away at 
losses later in the cycle) for higher AGS output. Losses at 
Booster injection vary significantly but are typically 
30%. 

3      CHANGES FOR THE 1997 RUN 

Efforts to improve the transport efficiency of the 
extracted beam came first. By the end of the '96 run 
measurements of the emittance of the extracted beam had 
generated Twiss parameters credible enough to 
encourage a substantial rework of the optics at extraction 
and down the many transfer lines. The implementation of 
this optics under the highest intensity operation was the 
priority activity at the '97 startup and into the run. 
Instrumentation upgrades to further refine the emittance 
measurement and to allow quantitative measurements of 
the tails of the extracted beam were implemented (flags, 
and scanning targets) [4]. 

The transition situation, though satisfactory at this 
intensity was given additional tuning flexibility in that 
three of the twelve horizontal high field sextupoles in the 
AGS, the three most effective during the dispersion 
distortions of the transition jump, were equipped with 
additional power supplies - allowing them to function 
beyond their roles as chromaticity sextupoles. The 
objective is to reduce the expected nonlinear growth of 
the momentum compaction spread within the beam 
caused by the basic jump scheme itself [5]. The 
sextupole set has been powered without ill effects on the 
beam, and awaits higher intensity and study time. 

The orbit correction system in the AGS was redone for 
the '97 proton run. Though this replacement was required 
by   maintenance   issues   both   for   the   hardware   and 

controls, the replacement system addressed the fact that 
the injection momentum has increased four fold from the 
days of direct Linac injection. Each replacement dipole 
has 25 times the strength of a dipoles in the old system, 
the number of magnets is halved. This system allows 
significant 'local' aperture scanning on the AGS 
injection porch, yielding clean identification (plane and 
side) for observed losses. By combining several magnets 
there is sufficient strength to bump the orbit at transition, 
where millimeter motion at the jump quadrupoles 
significantly affects the jump induced orbit distortion. 
The system has been commissioned in these modes and 
has taking over the basic harmonic orbit correction from 
the old system. 

The attack on the AGS injection porch drool loss 
continued with the addition of four powerful (4 inch 
radius, 2 KG pole tip field) octupoles to the AGS lattice. 
With these, and the four previously existing octupoles, 
the betatron tune space on the AGS injection porch has 
been revisited. Using a pencil beam probe, losses 
intentionally created by slowly sweeping the beam across 
the normal octupole lines passing through the point 
where both betatron tunes equal 8.75 were removed. The 
octupole currents yielding optimal survival in the study 
are not the currents demanded by the highest intensity 
machine. The addition of a large 'zero theta" octupole 
component is tolerated by the high intensity machine 
with no immediate effect either beneficial or destructive. 

In another response to losses in the AGS at injection, a 
simplification was introduced into the injection situation. 
The orbit bump which deforms the equilibrium orbit 
against the injection septum had always been pulsed (2 
ms width) for each of the four transfers. This bump is 
now held on throughout the injection porch, and then 
ramped down before acceleration. Having the new static 
situation allows the residuals from this 3/2 lambda bump 
to be corrected in a straight forward way (using in part 
the controls made available by the new orbit correction 
system), and provides a single orbit across the porch, a 
single sampling of the fields of the machine for stop band 
correction. 

In the BtA a high loss region and residually hot spot 
could be associated with a slightly low beam pipe, which 
was repositioned. The '96 loss at this position was 
sensitive to vertical steering, which was impossible to 
adjust without affecting AGS survival. By redistributing 
the available trim dipoles in the BtA transfer line, 
steering at the tight point and steering into the AGS ring 
were decoupled. (The original positions of these magnets 
allowed creating a dog-leg between the Booster and 
AGS. The shift was never needed due to an early 
resurvey and local repositioning of the adjacent region of 
the AGS ring.) 

The most interesting change at transfer between 
Booster and AGS implemented for the '97 run was an 
increase of the transfer kinetic energy, from 1.54 GeV to 
1.91 GeV, an 18% increase in momentum. In conjunction 
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with this change several other variables for the 
acceleration strategy were also modified, and despite the 
pedagogical difficulties introduced, all the changes were 
applied simultaneously, during one four hour study 
period after a two hour prep session. 

Each Booster acceleration cycle was lengthened by one 
clock tick of the super cycle, 1/60 sec. This allowed time 
for the Booster to rise to higher fields without forcing the 
Booster injection process to be fundamentally reworked. 
(To fit a cycle rising by 18% into the old 7.5Hz 
constraint, the derivative of the field at injection would 
have had to be higher or injection moved right to the 
beginning of the cycle - both interesting but risky choices 
given the available time). In fact the time increase is 
sufficient to also give systems such as the ring if a bit 
more time to come to a stable starting value each cycle 
before beam is injected. The highest Booster extraction 
field occurs as the magnet is about to roll over - namely 
at a point of zero Bdot. Over the Booster history the 
extraction Bdot has been decreased from 8T/sec -(full 
ramp rate at the time) to 2 T/sec for the last two years, 
and now to zero. Along with allowing the highest 
momentum transfer, this also allows several other 
explorations in particular the reduction of the Booster rf 
gap volts. The Booster and AGS could be longitudinal 
matched were that desirable. 

Of course the injection fields in the AGS had to be 
scaled up to accommodate the momentum increase. The 
actual frequency for the rfs and the "synchro" dance 
providing the clean bunch-to-bucket transfers required 
the appropriate parameter adjustments, as did the 
frequency sent to the dilution cavity which is active 
across the injection porch. The rest of the AGS cycle was 
unchanged as much as possible, with the exception that 
the cycle time lost due to the lengthening of the Booster 
cycles was recovered by a just slightly more enthusiastic 
acceleration in AGS. 

Factors benefitting from the momentum increase 
include the 8% transverse beam size reduction simply 
due to the adiabatic shrinkage. The space charge tune 
shift in the AGS becomes lower due to the higher 
momentum and also to the extent that the longitudinal 
match strategy yields lower peak currents in the AGS 
bunches just after transfers before the dilution cavity can 
do its work[3]. Possible detrimental results include the 
obvious need to push the magnetic elements, and in 
particular the kickers at both ends of the transfer line, 
18% harder. In addition, since the transverse phase space 
occupied by the beam in AGS tends to fill the AGS 
acceptance, - perhaps by the intentional space charge 
reducing mismatch during injection, the beam with 
which AGS extraction will have to cope may be larger. 

The latest results from this step in the acceleration is 
that indeed the loss reported by the loss monitors within 
the BtA line is gone, and Booster extraction is relatively 
quiet. The overall beam lost in the transfer process is half 

that seen last year though the Booster late intensity is 
also a bit down. 

In the Booster, improvements were made to the rf 
systems. The h = 4 second harmonic cavity system has 
been improved to allow the system to be active 
throughout the Booster cycle. A beam "feed forward" 
system has been introduced, again active throughout the 
cycle. The "orbit display" which has suffered from the 
high intensity runs, was brought back to life to allow 
orbits for the turn on. 

4     STATUS AND CONCLUSIONS 

The '97 high energy physics run started just six weeks 
ago but will end just six weeks hence. It is a physics 
production run; not a setup period. In addition, the 
sending of the AGS beam by eight fast extractions to the 
'g-2' experiment (down the beam line that leads to RHIC) 
has occurred on a pulse stealing basis for the past three 
weeks. Study/setup activities typically use twelve hours 
each week. The changes described here, especially the 
many facets of the BtA momentum shift, have been 
applied quickly; and only by using the full capability of 
the accelerator control system which can keep several 
different machine setups available with 'pulse-to-pulse 
modulation'. There has not yet been much 'tuning' time 
for Operations to exploit the changes, which is ultimately 
how intensity increases come about. Nevertheless, the 
performance of the past has been equaled, and the 
protons/hour delivered this year is the highest yet. Next 
running period the plan is to commission a barrier bucket 
system in the AGS which will allow transfer of additional 
Booster batches into AGS [1], pushing the envelope. 
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Abstract 

In the acceleration of polarized protons in RHIC [1] many 
spin depolarizing resonances are encountered. Helical 
Siberian snakes [2] [3] will be used to overcome depolar- 
izing effects. The behaviour of polarization can be studied 
by numerical tracking in a model accelerator, That allows 
one to check the strength of the resonances, to study the ef- 
fect of snakes, to find safe lattice tune regions, and finally 
to study the operation of special devices like spin flippers. 
In this paper we describe numerical spin tracking. Results 
show that, for the design corrected distorted orbit and the 
design beam emittance, the polarization of the beam will be 
preserved in the whole range of proton energies in RHIC. 

1   SPIN RESONANCES 

Spin resonances that may lead to the loss of polarization [4] 
[5] [6] are of two main species: intrinsic resonances that 
depend on the lattice structure of the ring and arise from the 
coupling of betatron oscillations with horizontal magnetic 
fields, and imperfection resonances caused by orbit distor- 
sions. In both cases, for vertical polarization (as in RHIC), 
the vertical motion of the beam is the main responsible for 
depolarization. If P is the superperiods of an accelerator, 
and vy the vertical betatron tune, along the acceleration cy- 
cle intrinsic resonances are located at Gj = nP ± vy and 
imperfection resonances at G7 = k, with G = 1.7928 the 
proton gyromagnetic ratio, and n and k integers. Reso- 
nance strenght is proportional to the amplitude of the ver- 
tical motion of the beam, produced either by betatron os- 
cillations or closed orbit distortion, then, ultimately, to the 
emittance of the beam. The strength is proportional to the 
energy of the beam 7 for imperfections and to the square 
root of the energy for intrinsic. 

Effects on depolarization are also due to the betatron 
horizontal and synchrotron longitudinal oscillations and 
to other causes, like the beam-beam interactions that take 
place in colliders. Resonances may also be enhanced in the 
vicinity of special fractional value of the betatron tune. 

2   SPIN TRACKING 

For spin tracking, we used an ad-hoc written computer 
code Spink [7], that follows an ensemble of particles 
through an accurate representation of the actual lattice of 
RHIC. Among special lattice modules are the helices of the 
Siberian snakes and spin rotators needed to bring the verti- 
cal polarization to a longitudinal orientation at the colliding 
points in RHIC. The most elegant representation of spin is 

in the 2-dimensional space throgh spinors and Pauli matri- 
ces. However, in the code we found it more convenient to 
represent the spin as a real vector in the ordinary space. 

Tracking, hundreds particles for a number of revolutions 
of the order of 100,000 through a thousand matrices takes a 
computer time of the order of a few hours for a typical fast 
workstation. Some of the tracking with many particles has 
been performed on a supercomputer. 

2.1 Orbit Matrices 

Spink tracks a number of protons randomly generated in 
phase space, through the machine lattice. A proton is char- 
acterized by four transverse coordinates, x, x\ y, y' and 
by two longitudinal coordinates dp/p, d<j>. Matrices used 
to transform orbit coordinates are built from the output of 
the code Mad [8]. We only retain the relevant ("active") 
modules for orbit tracking; everything else in the lattice is 
lumped in drift modules. Typically, for RHIC the number 
of Spink matrices is 981, each active element being sur- 
rounded by two drifts. 

Acceleration by rf cavities is represented by a matrix in 
which the longitudinal momentum of a proton is changed 
at the expense of the transverse momentum [9]. In a cavity, 
the emittance of the beam changes as e = e^/ß^, with e^v 
the normalized emittance. 

2.2 Spin Matrices 

In the spin space, a proton has three coordinates Sx,Sy, Sz 

(where S% + Sy + S^ = 1). Spin is transformed by rotation, 
using matrices. In a bend, the rotation is around a vertical 
y-axis, in a quad, around a radial axis, in a snake, around 
an axis of orientation given as input, and in a spin flipper 
around a horizontal rotating or oscillating axis. 

In general, a matrix representing a rotation in the ordi- 
nary space can be written as [10]. 

R = I cos ip + W(l — cos (p) + A sin <p 

where / is the unitary matrix, W a symmetric matrix, A an 
anti symmetric matrix, and <p the rotation angle. In the case 
of spin, if one writes the components of the rotation axis as 
follows 

61 = cos 6 sin (/> 
62 = sin 6 
63 = cos 6 cos <f> 

with 6 the latitude and <j) the azimuth, explicit expressions 
for the matrices are 

/   b\     bib2    bib3 \ (   0       63     -b2 \ 
W =      b2bi      b\      6263    \A =      -fe3      0       61 bl 

6361    6362 62      —61 0 
* Work performed under the auspices of the U.S. Department of Energy 
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2.3   Synthetic Modules and Field Maps. 

Matrices for machine modules can be built directly with 
mathematical expressions ("synthetic" modules, e.g. a 
snake that rotates the spin exactly by 180° around an axis 
at 45°) or can be calculated from field maps. In the lat- 
ter case the technique is to integrate the differential equa- 
tions of motion and the spin BMT equation [11] through the 
map for an ensemble of particles and averaging the results. 
For synthetic modules the orbit matrices are automatically 
symplectic and the spin matrices unitary, for field maps, 
some manipulation is needed, to make them so. This is im- 
portant, since spin tracking is sometimetimes carried on for 
105 to 106 turns, and systematic errors may lead to wrong 
results. 

The orbit matrix M is symplectic if it satisfies the con- 
dition (equivalent to six independent conditions among the 
matrix elements) 

MTSM = S 

where MT is the transpose of M and S is the base anti 
symmetric matrix. The symplecticity condition in particu- 
lar insures that the 4-dimensional emittance of the beam in 
transverse space is conserved. 

If a syntehtic module, building spin matrices is imme- 
diate. In a field map, in terms of the elements of the spin 
matrices W and A, the angles of the rotation axis b and the 
spin precession angle \x are given by 

tan2^=p^7 
tan 20 = A12A13 sin $ 

COS(j) 

A\2 A-23 —^4^3 sin <t> cos <f> 
AX2A23_ 
W13-I 

COS/i = (RSQ) ■ So 

with So the spin vector before the rotation. 
Note that the elements of spin matrices for snakes (un- 

less synthetic) are a function of beam energy. The magnetic 
field in the helices should be varied during the acceleration 
cycle to optimize spin rotation angle and axis angles. How- 
ever, since it is convenient to keep the snake field constant, 
and since the strongest resonances take place at high en- 
ergy, we tune the fields in the snakes at their optimum value 
for high energy and maintain these values. It is expected to 
operate this way with the real magnets. 

3   EXAMPLES 

Reference values of the main parameters for spin tracking 
are given in Table 1 [12] 

Examples of spin tracking follow, both for the accelera- 
tion mode and for storage mode at constant energy. 

3.1   Acceleration Mode 

Figure 1 shows an example of spin tracking of one pro- 
ton during the entire acceleration cycle in RHIC, for proton 
energy from 25 GeV to 250 GeV and snakes on. Initial 
transverse coordinates were taken at random on the con- 
tour of progressively larger emittances. In addition to the 

Table 1: RHIC parameters for i spin tracking 
Acceleration mode 
Acceleration rate dr//dt 3.9/s 
Betatron tunes Vy% ^x 29.18,29.19 
Harmonic number h 360 
RF voltage vRF 300 kV 
Beta-star (all interactions) ß* 10m 
Normalized emittance £N 207T10-6 m-rad 
Momentum spread dp/p ±0.00056 
Storage mode 
Beam energy E 250 GeV 
Harmonic number h 2520 
RF voltage VRF 6,000 kV 
Beta-star (6, 8 o'clock) ß* lm 
Momentum spread dp/p ±0.00019 

unavoidable intrinsic resonances, also imperfection reso- 
nances were present, induced by closed orbit distortions of 
different rms values. At a constant acceleration rate the full 
process took several million turns. 
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Figure 1: Spin tracking in acceleration mode. Plots on the 
left for vertical closed orbit deviation of 0.7 mm rms, on the 
right for 0.2 mm rms. From top to bottom, beam emittance 
of 0, 5,10,15 and 20 TV mm-mrad. 

The example showed that with a distorted orbit of 0.7 
mm rms, the polarization is substantially reduced at high 
energies, while at 0.2 mm (the design value in RHIC, after 
corrections) the polarization will be preserved even at large 
values of the emittance. However it should be noted that 
a good orbit correction scheme for spin is not necessarily 
the best scheme for unpolarized beam, since the correcting 
dipoles may create additional spin resonances. 

3.2   Storage Mode 

Beam-beam collisions in RHIC for experiments will be per- 
formed at fixed energy and mostly with longitudinal polar- 
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ization. Spin rotators across the two collision regions will 
be used to rotate the spin from the vertical to the longitudi- 
nal and back to the vertical after the interaction. We studied 
by spin tracking the survival of beam polarization at fixed 
energy. In Figure 2 the longitudinal spin at an interac- 
tion point is plotted vs. number of turns (up to 106), for 
one particle extracted at random on a 207rl0~6 m-rad emit- 
tance on an uncorrected distorted closed orbit and snakes 
on. The polarization is shown to oscillate, but survive. 

I o.e 

storage mode 

orbit 3.3(x) - 2.3(y) mm 
e=E=20jr 

400000 600000 
turns 

Figure 2: Spin Tracking at 7 = 250. Longitudinal polar- 
ization at the 8 o'clock interaction point in RHIC. Snakes 
and spin rotators on. 

Figure 3: Crossing the G7 = 381.82 resonance with snakes 
on and varying the vertical fractional betatron tune in prox- 
imity of 1/16. (a) Spin tracking at Au = 0.16691. (b) 
= 0.16608. (c) = 0.16758. 

where the computing is done. In particular we acknowl- 
edge valuable comments and criticism of Drs. Ernest 
Courant, Thomas Roser and Michael Syphers. 

3.3    Scanning Tune Space 

The two previous examples were run at the nominal RHIC 
betatron tune. When the fractional value of the tune com- 
bines with the supersymmetry of RHIC lattice, one finds 
resonance strength enhanced. A typical value is the fraction 
1/6 (or 5/6). Tune space has been previously explored [6]. 
We repeated the scanning of the tune line 1/6 by tracking 
a certain number of particles through a strong resonance 
G7 = 411 — vy. The results, for fractional tunes close to 
the offending one, are shown in Figure 3. Systematic scan 
allowed us to determine the strength and the profile of the 
tune resonance. 

To move the tune, it would be very cumbersome to run 
Mad and read its output for every tune in the range. To 
accomplish this, in Spink each quadrupole in the lattice is 
padded with two thin lenses of variable strength Sq. 

4    WORK IN PROGRESS 

Many tracking runs have been executed, some on a large 
number of particles on a supercomputer at the Riken Insti- 
tute, and the results averaged. Results in general agree with 
the conclusions drawn above from the tracking of one par- 
ticle, but their discussion is beyond the limits of the present 
report. 
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FLAT BEAMS IN A 50 TeV HADRON COLLIDER 

S. Peggs, M. Harrison, F. Pilat, M. Syphers, 
Brookhaven National Laboratory, * 

Upton, NY 11973, USA 

1   INTRODUCTION 

The basic beam dynamics of a next generation 50 x 50 TeV 
hadron collider based on a high field magnet approach have 
been outlined over the past several years [1,2,3]. Radiation 
damping not only produces small emittances, but also flat 
beams, just as in electron machines. Based on "Snowmass 
96" parameters, we investigate the issues associated with 
flat beams in very high energy hadron colliders. 

2   FLAT BEAMS 

The energy loss per particle per turn is 

Us %& C<G2> 
2n 

(1) 

where Es is the nominal storage energy, C is the total cir- 
cumference, and G = 1/p is the dipole bending strength. 
Angle brackets <> denote an average over the entire de- 
sign trajectory circumference. The constant Cg is 

Cg    =   8.846 x 10"5 mGeV"3 (electron)    (2) 

=   7.783 x 10_18mGeV-3 (proton)     (3) 

The exponential damping times for the amplitudes of hori- 
zontal, vertical, and longitudinal oscillations are given by 

'x,y,s TO/ Jx,y,s (4) 

where the characteristic time r0 = 2T{ES/US) is simply 
related to the revolution period, T. Natural partition num- 
ber values (Jx, Jy, Ja) = (1,1,2) are assumed. Note that 
Ua ~ Bj3 and To ~ l/(B2j), where B is the dipole field 
and 7 is the Lorentz factor, independent of the lattice optics 
structure. The equilibrium rms momentum width is 

Cql
2 <G3> 

Js    < G2 > 
(5) 

while the natural normalized rms horizontal emittance is 

-2 Cg7
3 <G3H> 

€x   "   1 ß Jx      <G2> 

In these equations the constant Cq is 

Cq    =   3.832 x 10"13 m (electron) 

=    2.087 x 10-16 m (proton) 

while H is a property of the FODO cell optics 

H   =   7?72 + 2arm' + ßv'2 

(6) 

(7) 

(8) 

(9) 

'Operated by Associated Universities Incorporated, under contract 
with the U.S. Department of Energy. 

Energy, Es 50.0 TeV 
Peak luminosity, L 1034 cm    s 
Circumference, C 89.0 km 
Dipole field, B 12.5 T 
Number of bunches, M 20,000 
Initial bunch intensity, N 12.5 xlO9 

Half cell length, L 260 m 
Number of collision points 2 
Collision betas, ß*, ß* 5.0, 0.5 m 
Natural emittance ratio, K 0.1 
Full crossing angle, a/a'* 10.0 
Separation distance, Lsep 50.0 

Bunch spacing 4.45 m 
Stored energy 2.00 GJ 
Synchrotron radiation power 492 kW 
Dipole heat load 5.87 W/m 
Damping time, T0 2.26 hr 
Norm, rms H emittance, ex 0.59 /itm 

Natural mmtm. spread, ap/p 5xl0~6 

Table 1: Independent and dependent collider parameters. 

(where a, ß, 7, and 77 are Twiss functions). The momen- 
tum width is also independent of the lattice structure, and 
scales like ap/p ~ VB7. By contrast, the natural horizon- 
tal emittance depends strongly on the lattice, scaling like 
ex ~ B3L3, where L is the half length of a FODO cell. 
The normalized emittance is independent of energy! 

Figure 1 shows how the natural horizontal emittance may 
be tuned, for the primary parameters of Table 1, by ad- 
justing the half cell length around its nominal value. The 
beam needs to be heated longitudinally to about crp/p ~ 
10-4, to avoid significant intra beam scattering (IBS) con- 
sequences. If the linear coupling and the vertical dispersion 
in the arcs are both well controlled, the equilibrium vertical 
emittance will be much smaller the horizontal emittance, 
K = {ey/ex) « 1- There is no reason why hadron stor- 
age rings should not be able to achieve K « 0.1 or less, in 
common with conventional electron storage rings. 

3   BEAM-BEAM INTERACTIONS 

The head on tune shift parameters are given by 

£x,y     — 27r7 <riiV {a* + a*) 
(10) 
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Figure 1: Equilibrium emittance versus half cell length 

where TV is the single bunch intensity, r = 1.535 x 10_18m 
is the classical radius of the proton, and values at the inter- 
action point (IP) are denoted by a superscript asterisk*. The 
two tune shift parameters are made equal for flat beams by 
asserting that the ß* ratio is the same as the emittance ratio, 
so that 

K    = « i (ii) 

The vertical tune shift due to ULR long range beam-beam 
interactions near a single IP is approximately 

AQy   ~ riLR Zy 
{a/a'*Y 

(12) 

where a is the full vertical crossing angle, and a'* is the 
vertical angular size at the IP. This expression is valid if 
the phase of the collisions is approximately ±90 degrees, 
whether or not they occur in or beyond the first quadrupole. 

When valid, this last expression is equivalent to the more 
general (but less convenient) expression 

AQ x,y =    =F 
27T7 

ßx,y 

A2 MN^- (13) 

where M is the total number of bunches, A is the full ver- 
tical beam separation, and angle brackets <> indicate an 
average over the parasitic collision region, within ±Lsep 

of the IP. The horizontal tune shift is negative. This shows 
that, for fixed values of (MN), C, and A, the only two 
ways to ameliorate the long range tune shift are to reduce 
Lsep, and to reduce ß values at the parasitic collisions. 

If most of the parasitic collisions occur in the IP drift, the 
total horizontal tune shift is much smaller than the vertical, 

AQX -K AQy (14) 

since ßx/ßy — ßylß*x = K in the drift. Even when there 
are many collisions in and beyond the first quadrupole, it 
is still reasonable to expect the horizontal long range tune 
shift to be less of a problem than the vertical. 

100 

100 

200        U 400 
s[m] 

i; = 2ra     ß/=0.1m 

600 

600 
s[m] 

Figure 2: Round and flat (K = 0.05) IR optics, with a com- 
mon magnet layout. 

4   INTERACTION REGION OPTICS 

Flat beams allow the use of quadrupole doublets in the in- 
teraction region (IR), with many advantages over conven- 
tional triplet layouts. Figure 2 shows the same IR quadru- 
plet layout accommodating both round and flat (K = .05) 
optics. The height of each quadrupole rectangle is propor- 
tional to its strength, up to a maximum of about 500 T/m. 
While the round optics solution emulates a triplet, the flat 
optics solution emulates a shorter weaker doublet, with the 
fourth quad almost turned off. Because the "center of grav- 
ity" of the doublet is closer to the IP, maximum beta values 
ß with round and flat optics are comparable, even though 
the flat ß* value is reduced by a factor of 10. This is conve- 

niently parameterized by an effective length, L\,* = ß*ß, 
since Le// is almost independent of ß* (at fixed K). The 
horizontal and vertical effective lengths are approximately 
74 m for the round optics, but are only 119 m and 27.4 
m, respectively, in the flat optics. A true IR doublet lay- 
out would abandon the conservative round optics option, 
but would allow a beam splitting dipole between the two 
quadrupoles, justifying the nominal value Lsep » 50m. 

The instantaneous luminosity may be written 

M    7V27 
4TIT nexß* 

(15) 

where T is the revolution period, showing that ß* may be 
increased as K is decreased, with other parameters (includ- 
ing ß*) held constant. This explains why the collision be- 
tas in Table 1, (ßx,ßy) = (5.0,0.5)m, are unusually large, 
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and is probably the most significant optical advantage of 
flat beams. Both the long range tune shifts and also (3, and 
all the associated nonlinear problems, may be reduced by 
an order of magnitude. 

5   STORE PERFORMANCE 

A distinguishing characteristic of the strong emittance 
damping regime is the independence of integrated luminos- 
ity on the initial beam emittances. This allows the produc- 
tion of very dense beams and high luminosities with rela- 
tively weak bunch intensities. Particle burn-off then limits 
integrated luminosities and results in short store lengths. 
The Table 1 parameter set manipulates both the number 
and intensity of the bunches to produce ~ 20 hr store 
lengths. The instantaneous luminosity shown in Fig. 3 in- 
creases rapidly at the beginning of the store as the emit- 
tances damp, rising to a peak of 1034cm~2s-1 when the 
beams have achieved equilibrium after 6 hr. The luminos- 
ity then falls to 4 x 1033cm~2s-1 after 14 more hours, as 
the average bunch intensity falls. 

Fig. 4 shows that the horizontal emittance achieves an 
equilibrium value determined by the cell length in 5 hr. The 
equilibrium vertical emittance, due to linear coupling and 
vertical dispersion, is assumed to result in a 10:1 emittance 
ratio. The bunch intensity shown in Fig. 5 falls by a fac- 
tor of ~ 2 during the 20 hr store, while the beam-beam 
tune shift parameters, determined by the bunch density and 
shape, peak at a relatively benign 0.003. Of more concern 
is the long range tune shift. With the IR outlined above, 
there are ~ 40 parasitic crossings before the beams are 
fully separated. Fig. 6 shows the (vertical) crossing an- 
gle needed to restrict the vertical tune shift to 0.03 or less. 
Physical beam separations of only several mm are needed 
in the nearest quadrupoles. Enhancing the optimum store 
length by adding more particles increases the synchrotron 
power which must be absorbed by the cryogenic system, 
nominally 6 W/m emitted into the dipoles. 

6   CONCLUSIONS 

Flat beams produce denser bunches, allowing larger ß* 
values and leaving room for further performance enhance- 
ment. Luminosities in the range of 1035cm-2s-1 may be 
considered by reducing ß* values. 

Flat beams also permit doublet IR optics, with more 
modest magnetic strength demands, lower maximum betas, 
easier beam separation, and reduced long range tune shifts. 
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Figure 3: Luminosity evolution during a 20 hour store. 
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Figure 4: Emittance evolution, with radiation and IBS. 
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RHIC SEXTANT TEST: ACCELERATOR SYSTEMS AND 
PERFORMANCE* 

F. Pilat, D. Trbojevic, L. Ahrens, K. Brown, R. Connolly, G.F. Dell, W. Fischer, J. Kewisch, 
W. MacKay, V. Mane, S. Peggs, T. Satogata, S. Tepikian, P. Thompson, N. Tsoupas, J. Wei 

Brookhaven National Laboratory, Upton, NY 11973, USA 

Abstract 

One sextant of the RHIC Collider was commissioned in 
early 1997 with beam. We describe here the performance 
of the accelerator systems during the test, such as the 
mag-net and power supply systems, instrumentation 
subsystems and application software. We also describe a 
ramping test without beam that took place after the 
commissioning with beam. Finally, we analyze the 
implications of accelerator systems performance and their 
impact on the planning for RHIC installation and 
commissioning. 

1 INTRODUCTION 

A gold ion beam was transported through one sextant of 
RHIC on January 26, marking the successful beginning of 
the Sextant Test, the effective commissioning of one sixth 
of the RHIC accelerator. The commissioning milestones 
and the main physics results are discussed elsewhere in 
these proceedings [1][2]. The focus of this presentation is 
the performance of the various accelerator systems during 
the beam tests, from the point of view of the system 
commissioner. A description of the design of the systems 
and the planning for system integration can, again, be 
found elsewhere [3]. We will discuss the highlights of the 
beam systems one by one but will necessarily refer to 
individual papers for the details. We will also discuss 
some of the power supply tests that took place after the 
beam shutdown, in the areas that are closer to the 
physicist's concern such as ramping and stability. Finally 
we will analyze the experience gained from the sextant 
test in terms of system performance and its extrapolation 
to the full RHIC commissioning, and concern ourselves 
especially with system integration and application 
software. 

2 SYSTEM PERFORMANCE WITH BEAM 

We will now review the individual beam systems 
performance during the test. The AtR (AGS to RHIC 
transfer line [4]) or, more specifically the U and W line, 
was first commissioned in fall 1995 and the analysis of 
that test resulted in guidelines for modification and 
improvement of the application software. It was decided 
that each application for a system should consist of: a 
Manager, running on a Console level Computer (CLC), a 
Graphical User Interface, also running on a CLC and 
Accelerator Device Objects (ADOs) running on a Front 
End Computer (FEC)[5]. Managers provide global 
functionality, such as data handling, global commands, 
high level functionality such as physics algorithms and 

administration of resources. Managers are implemented 
as "virtual front end computers" and code is written in 
ADO style. The GUI is separated from the Manager so 
that the application can be operated as a building block in 
a sequencer program. ADO's are C++ class instances that 
provide interface to the hardware, device specific basic 
operations, and real time functionality. 

2.1 Magnets and Power Supplies (PS) 

All magnets performed flawlessly during the beam test. 
Once injected into RHIC, the beam hit the dump at the 
end of the sextant without need for corrections, validating 
the dipole integral transfer function measurements and 
magnet polarities. Phase advance measurements 
confirmed the quadrupole transfer functions and 
polarities. The sextant test power supply systems 
consisted of the PS for the main dipole bus (main 
quadrupole PS for RHIC), a 1000 A PS for the main 
quadrupole bus, a H/V quadrupole trim PS and 33 10 A 
PS for the independently powered dipole 
correctors.[3][6][7]. The power supplies delivered the 
required current of 550 A in the dipole and quadrupole 
buses. The power supplies worked very reliably in 
operations. Problem areas were a lack of precise current 
calibration between the DCCT, WFG and MADC 
readbacks, and occasional false power supply cutoffs and 
quench detection trips. These were caused by a sudden 
spurious increase in the set point on the current regulator, 
not requested by the WFG. The new ADO style manager 
for power supply control worked well, but improvements 
will be necessary in the low level communication 
software, as will be discussed later. 

2.2 Instrumentation 

2.2.1 Beam Loss Monitors (BLM) 

The BLM system [3] [8] was commissioned as a beamline 
system in single pass mode and the electronics for the 
Ring operation mode was also tested. During the beam 
test the hardware worked together with the low level 
software without problems. A new ADO style BLM 
Manager was developed for the test as well as a new 
BLM user interface. The BLM Manager and interface, a 
prototype of the way controls and user interface will be 
developed for RHIC commissioning, worked reliably 
during the run. 

2.2.2 Beam Position Monitors (BPM) 

The BPM system [3] [8] worked satisfactorily in the U 
and W subsections of the AtR line. Orbit and difference 
orbit data were taken, and the orbit was flattened by the 

' Work performed under the auspices of the U.S. Department of Energy 
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orbit correction application. However, BPMs in the 
Sextant did not work reliably and that reduced the physics 
output of the test since precise and fast optics 
measurements require BPM data. During beam operations 
the BPM system was troubled by low level hardware and 
software problems, which manifested themselves as 
unreliable and inconsistent gain settings, orbit readings, 
etc. The ADO style BPM manager, after some initial 
configuration problems, worked but most of its 
functionality were rarely exercised because of the system 
problems. 

2.2.3 Beam Current Monitors (BCM) 
The current transformers were the same design and used 
the same application software as during the 1995 AtR 
test. Two additional transformers installed in the Y line 
and the Sextant performed reliably. 

2.2.4 Beam Profile Monitors (Flags) 

The flag hardware system, described in [3] [9], was also 
already validated during the AtR test and the additional 
units installed in the sextant were essential to the 
successful outcome of the test. The high level software 
was completely rewritten, although not in ADO style, and 
provided 2 and 3 dimensional imaging (see Figure 1 for 
an picture of the beam on the last flag) as well as very 
useful online image fitting capabilities. 
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Figure 1: Beam on the flag at the sextant dump 

2.2.5 Ionization Profile Monitor (IPM) 

An IPM was commissioned that collects the electrons 
resulting from residual gas ionization during bunch 
passage. The prototype IPM measured vertical profiles of 
single bunches of Au nuclei containing 0.6 to 1 x 10 
particles. These profiles were compared to those 
measured on a closeby flag and found to be in excellent 
agreement. [10] 

2.3 Beam Permit 
The goal of the beam permit link, which is described in 
more detail in [3], is to protect the cryogenic devices from 
the beam by preventing injection in RHIC and aborting 
the beam from storage. Only the first capability was 
commissioned during the sextant test. The system, which 
was tested before beam operations by simulating false 

inputs at the modules, performed well with beam. Three 
times the permit link disabled beam injection into the 
sextant because of closed vacuum valves. 

2.4 Injection 
The injection system into RHIC consists of a Lambertson 
septum magnet and 4 kicker modules, as described in 
[11]. At the beginning of the test a vertical corrector 
magnet, powered at 30 A, replaced the kickers by 
providing the requisite 1.86 mrad vertical deflection. 
Once good injection conditions were established, the 
kickers were brought on line. The kicker commissioning 
was very successful and all established goal were met: 
determining kicker timing and strength, measuring rise 
time and shot-to-shot stability for multi-bunch extraction. 
All requirements for RHIC injection were met [12]. A 
high-level application program to guide the beam into the 
sextant was only partially tested, because of lack of 
availability of BPM data. 

2.5 RF 
The RF contributions to the Sextant Test consisted of the 
preparation of 'RHIC like' bunches in the AGS and the 
high power operation of the 197 MHz storage RF system 
in the RHIC tunnel at the 4 o'clock area [13]. The final 
bunch coalescing of 8 to 4 bunches was implemented in 
the AGS. To perform this the AGS had to run 3 harmonic 
numbers in one cycle, with eight cavities running on 
harmonic 8 and two cavities running on harmonic 16 at 
injection, switching to harmonic 4 for the last coalescing. 
An intensity of 0.4 x 109 ions per bunch was attained. The 
RHIC low level RF Direct Digital Synthesizer (DDS) 
board successfully synchronized the AGS bunches to the 
RHIC 28 MHz bucket and provided the kicker triggers for 
beam extraction for the four successive bunches. The 28 
MHz digital reference was sent back to RHIC via fiber 
optic link and, after bandpass filtering, used to drive the 
Step Recovery Diode (SRD) harmonic generator to derive 
the 197 MHz reference. This board also generated the 
bunch fiducial for triggering the BPM system. A single 
197 MHz storage system cavity was successfully run at 
1.1 MV gap volts after approximately 2 hours of RF 
conditioning, fully demonstrating the driver amplifier, 
power amplifier and cavity chain. 

2.6 Cryogenics 

The RHIC cryogenic system [14], which consists of the 
modified Isabelle refrigerator and new cryogenic 
components, was completed for the test from the 
refrigerator through 1 sextant up to the 4 o'clock valve 
box. The system performed very well during beam test: 
with a cold refrigerator, a helium delivery to load of about 
4.5 K and mass flow of 50 g/s, cooldown was achieved in 
48 h and cryogenics condition were stable throughout 
operations. After the beam test, a warmup time of only 24 
h was achieved with the magnet warm-up heaters. During 
tests with beam and without beam several measurements 
were successfully done such as heat load measurements, 
warm pressure drop measurements, and the effect of an 
induced magnet quench on the system. Performance of 
cryogenics   subsystems   were   found   to   be   as   per 
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manufacturers specifications. Functional tests of existing 
and new equipment proved very valuable to improve 
future performance of the system. 

2.7 Vacuum 
Large helium leaks were observed in the insulating 
vacuum volumes when the cold mass and helium lines 
were first pressurized. These leaks were located using 
helium profiling and repaired. A few smaller helium leaks 
were found and temporarily handled with additional 
turbopump stations. After cooldown the pressures in the 
insulating vacuum ranged from 10'7 to 10"3 Torr (at the 
leaks), adequate to maintain a low heat load to the cold 
surfaces. The warm bore beam vacuum sections were 
pumped down and maintained at 10'9 Torr with the ion 
sputter pumps. Neither an in situ bake nor titanium 
sublimation pumps were deployed for the first sextant. 
After cooldown the pressure readings at the cold cathode 
gauges of the cold bore beam vacuum sections ranged 
from 10"10 to 10"' Torr, mostly due to the local outgassing 
of the gauge trees. The real pressure inside the cold bore 
was less than 10"" Tor[15]. 

2.8 Controls and Database 

The RHIC Control System [5] is the system that naturally 
integrates all others and as such benefited greatly from 
the beam test to validate its design. Design improvements 
from the analysis of the 1995 AtR run were included and 
overall the system performed well during beam 
operations. From the commissioner's point of view, the 
ADO programming environment proved to be a good 
framework for software development and high level 
applications worked reliably. Identified areas for future 
improvement include the low level asynchronous 
communication software, and the reliability of the FECs. 
A problem that will require attention is the scaling of the 
control system performance to the whole RHIC. A 
configuration database was developed for the Sextant 
Test to handle low and high level data requirements. High 
level applications relied directly on this database while at 
the low level configuration data for the FECs were 
handled via a networked file system. The latter 
functionality will be moved to the configuration database 
in the next phase of the project. 

3 TESTS WITHOUT BEAM 

After the test with beam was completed, the sextant was 
kept cold for 3 additional weeks in order to allow system 
tests without beam. The cryogenic system ran one 
additional full thermal cycle, the power supplies went 
through an extensive series of tests and some aspects of 
the high level software, such as the ramping manager and 
the sequencer, were exercised. During beam tests the 
main dipole bus was powered only by the flat-top power 
module, and the current was limited to less than 800 A. 
The goals of the power supply testing without beam 
[5] [6] were to ramp the magnets to 5500 A with both the 
ramp and flat-top modules, to perform ramping cycles at 
the nominal ramp rate of 80 A/sec, to power the 
interaction region quadrupole shunts, to power all 
correction systems that were not used during beam tests 

(such as sextupoles and gamma-T quadrupoles) and to 
test thoroughly the quench protection system. All goals 
were accomplished. Dipole and quadrupole magnets were 
powered in series to 5500 A, 10% above nominal storage 
energy, and kept at full current for 12 hours, the time 
scale of a RHIC store. Over 200 ramp cycles were 
performed with ramp and flat-top modules run together 
from 500 to 5500 A at a rate of 80A/sec, also 10% above 
nominal. This allowed the high level ramping application 
software to be exercised together with the prototype 
sequencer for RHIC operations. All superconducting 
shunt buses in interaction regions 4 and 5 and the trim 
quadrupole circuits were powered to their maximum 
currents. The quench detection system was balanced for 
ramps to a threshold level of 0.025 volts, and was able to 
detect a dipole bus quench caused by a spot heater during 
ramping. Four magnet quenches were induced by warm- 
up heaters and the quench protection system performed as 
required by bringing the current down before any other 
magnet quenched. Problem areas identified included the 
poor performance of SCR switches, excessive noise on 
the current RTDL signal, and instability of the current 
set-point interface on the current regulator. 

4 ANALYSIS AND CONCLUSIONS 

Overall the Sextant test was a great success. From the 
systems point of view all fundamental design concepts of 
RHIC were validated: components, mechanical aspects, 
electrical systems, cryogenics, beam systems. Problem 
areas were discovered but nothing of the magnitude to 
impact the overall scope and plans for RHIC. 
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Abstract 

The Relativistic Heavy Ion Collider (RHIC) construction 
is progressing steadily towards completion in 1999 when 
beams will circulate in both collider rings. One of the major 
tests of the RHIC project was the commissioning of the first 
sextant with gold ion beams in early 1997. This is a report 
on preparation of the RHIC accelerator systems for the first 
sextant test. It includes beam position monitors, timing, 
injection correction through the magnetic septum and kick- 
ers, current transformers, "flags" and the ionization beam 
profile monitors, beam loss monitors, beam and quench 
permit link system, power supply controls, and the con- 
figuration database system. The software and hardware de- 
velopment and coordination of the different systems before 
commissioning were regularly checked during bi-weekly, 
and (later) weekly, progress report meetings. 

1   INTRODUCTION 

The Relativistic Heavy Ion Collider (RHIC) construction 
has reached its final stage. The sextant test represents a cru- 
cial proof of principle for the whole RHIC machine. This 
report describes preparations of the accelerator systems for 
the test. It includes: Beam profile monitors (flags), Loss 
monitors (BLM), Beam current transformers (BCM), Beam 
and quench permit links, Power supply configurations, Ion- 
ization profile monitor (IPM), Injection kickers, Timeline 
events, Beam position monitors (BPM), and Database con- 
figuration. A goal of the RHIC sextant test was to verify 
the machine design and system performance by transport- 
ing a heavy-ion gold beam from the Alternating Gradient 
Synchrotron (AGS) through the already commissioned U 
and W lines - ATR , through the new Y-arc line, the mag- 
netic s&ptam-Lambertson magnet, through the sextant arc 
of the yellow ring, pass through the operating RF 200 MHz 
cavity, and through the high focusing triplet and DO dipole 
magnets to reach a temporary beam dump. The sextant 
test required the same operating conditions as at RHIC in- 
jection (every magnet is at 4K temperature). During the 
test only the yellow ring was connected to the power sup- 
plies. The accelerator systems had to be prepared to steer 
the gold beam, to be able to measure the phase advance 
per cell, beam profiles, vertical and horizontal transverse 
emittances, transmission, losses etc. Preparations of the 
other systems in the sextant test are not mentioned in detail 
in this report. The test would not have been successful if 
magnets were not correctly installed, positioned, and elec- 
trically connected in the tunnel. This applies also to the 

cryogenic, vacuum, control system, power supply systems, 
etc. Very complicated installation procedures of cryogenic 
lines, valve boxes, vacuum beam pipes and other insulat- 
ing vacuum connections were all part of the preparation for 
the test. Separate reports are available describing survey- 
ing and alignment procedures in RHIC [1]. Details of the 
cryogenic system [2], magnet installation, vacuum system, 
and other systems are also reported elsewhere [3]. 

2   SYSTEM PREPARATION 

Beam system commissioners were assigned before the sex- 
tant test and insured each system was progressing accord- 
ing to a coordinated plan. During preparation for the sex- 
tant test, sixteen commissioning meetings were held. This 
allowed integration between different systems and low and 
high level controls. At each meeting, first biweekly and 
later weekly, commissioners provided an update on their 
system with a separate report on a specific system. 

• Beam Profile Monitors. 

The beam profile monitors used in the test were the same 
type as during the AGS to RHIC beam line commission- 
ing during the end of the 1995 (as previously reported [4]). 
Two additional profile monitors were installed at the end 
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Figure 1: Beam Profile Monitor System 

of the y-arc before the magnetic septum and at a tempo- 
rary one at the end of the sextant. Preparation for the beam 
profile monitor system included new high level application 
software development which provided either two dimen- 
sional or even three dimensional beam profiles with inten- 
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sity of the beam presented in the vertical axis. An auto- 
matic procedure fitted beam profiles to a Gaussian distribu- 
tion, adjusting the ax and ay of the beams, the rotational 
angles of the beam ellipses in both x-x' and y-y' phase 
spaces, and the center of the beam position.(see the report 
at these proceedings [3]). The beam profile monitor system 
consists of a movable phosphor screen with mirror, CCD 
camera with filters, frame-grabber, image processor, and 
work station as shown in Figure 1. The beam loss monitor 
system (BLM) preparation for the sextant test included loss 
monitor bench calibration, installation in the RHIC tunnel, 
and signal checking. The sextant test operation of the sys- 
tem was in a single pass mode with many msec between 
the beam pulses, while for RHIC operations [5] different 
modes are being developed. The loss monitors were in- 
stalled at each RHIC quadrupole. Every monitor was po- 
sitioned between the two quadrupoles of parallel blue and 
yellow rings to record losses from both rings in the future. 

• Loss monitors 

Around the magnetic septum the Lambertson magnet and 
the injection kickers, more monitors were added. Signals 
from the loss monitors in the sextant test (more details 
are available in reference [5]) were brought to three ser- 
vice buildings where the integrator channels, high voltage 
power supplies, and MADC's (Multiplex Analog to Digital 
Converters) are located. Before the sextant test each moni- 
tor was tested in two ways from the control room. After the 
electrical connection was confirmed by a large resistor and 
applied voltage the signals from the MADC's were plotted 
by applying high voltage for a short time. The whole prepa- 
ration procedure contributed to reliable system operation in 
the sextant test run [3]. 

• Beam current transformers 

The beam current transformers used in the sextant test were 
of Integrating Current Transformer (ICT) type developed 
by Unser [7] for LER This design incorporates two toroidal 
transformer cores and is particularly suited to measuring 
the charge in short beam bunches. By passively stretching 
the initial pulse, the signal is converted downward in fre- 
quency prior to applying it to the transformer. This over- 
comes core losses at high frequencies, while preserving the 
relative charge and, in addition, allows the electronics to 
be located further from the detector. The charge transform- 
ers allowed precision measurements (to 1%) over a wide 
range of beam intensities. During the sextant test prepa- 
ration two additional current transformers were installed: 
one upstream of the magnet septum at the end of the y-arc, 
and the second at the end of the sextant in front of the high 
focusing triplet quadrupoles. 

• Beam and quench protection permit links 

A new beam and quench permit link system has been de- 
signed for RHIC and partially commissioned during the 
sextant test. Full RHIC beam and quench protection permit 

links will be established when both rings are completed. 
A performance report of the system is presented elsewhere 
[3]. The system is also described in detail in reference [8]. 
The beam and quench permit links allowed beam entry into 
the RHIC sextant when RHIC accelerator support systems 
statuses were present. RHIC accelerator support systems 
include beam position and loss monitors, vacuum, power 
supply system status, and personnel safety. These systems 
report their status to the permit system. If any permit in- 
put or permit system connection fails, the beam permit sys- 
tem master module generates blue and yellow ring beam 
dump commands and triggers an abort event transmission. 
The 1 MHz carrier is created in a master module and the 
link is established throughout all other modules and back 
to the master unit (see Figure 2). There are three separate 
links: two quench protection links and one beam permit 
link. When one of the quench protection links is broken 
the whole beam permit link goes down. In the sextant test 
the three links were established around the RHIC sextant 
arc with a master and eight slave permit modules installed 
in the service buildings. An application program was de- 
veloped during the preparation which displays the status of 
the link, location of a failure if occured, and the time stamp 
when the failure occured. A failure detected by the per- 
mit link in the sextant induces the shut-down of power to 
the switching magnet at the end of the previously commis- 
sioned w-line. This stops beam injection to RHIC. 

Figure 2: Beam and quench protection permit links logic 
diagram. 

• Power Supply configurations 

The ATR power supplies were provided to the: switching 
magnet, combined function magnets in the y-arc, the Lam- 
bertson magnet.  Two separate quad buses, a dipole bus, 

102 



and every horizontal and vertical correction magnet were 
provided for the sextant. There was an additional trim quad 
magnet close to the end of the sextant connected to a power 
supply. More details about the lay-out and performance of 
the power supplies are reported elsewhere [3]. 

• Ionization profile monitor 

A separate report [6] provides more details about this 
unique profile monitor developed during the preparation 
for the sextant test. The ionization profile monitor proto- 
type was built to provide beam profiles from the electron 
signals which occur from the gold ion beam ionization of 
the residual gas in the beam vacuum pipe. A dipole magnet 
was used to prevent electron dispersal. 

• Injection kickers 

The injection kickers were not necessary for the sextant 
test because there was not circulating beam present and 
the beam could be steered by the correction magnets. But 
the whole injection kicker system was prepared on time to 
be completely commissioned during the test. A high level 
application code was developed during the preparation pe- 
riod to allow automatic tuning through the magnetic sep- 
tum and the kickers as well as matching of the beam line to 
the RHIC. 

• Timeline events 

New RHIC beam events for the sextant test were estab- 
lished in addition to two existing AGS extraction events. 
These are three events for the wave form generators, and 
four events for the beam permit system: beam abort event, 
permit reset event, quench link reset event, and time stamp 
event to record the failure of the permit system. 

• Beam position monitors-(BPM) 

The BPM system will be operating in multi-turn mode 
when the RHIC accelerators are completed. The sex- 
tant test used them already in [9] one pass mode during 
commissioning of the ATR. Every corrector-quadrupole- 
sextupoles (CQS) assembly has a BPM's installed and op- 
tically and electrically checked [1]. The surveying data of 
the BPM's were used by a high level application code to 
correct for a small misalignment with respect to the quads 
(of the order of a = 0.6mm). During the sextant prepa- 
ration period a completely new high level application code 
was developed. During the sextant test not every BPM was 
connected to the control system. 

• Database configuration 

Beginning with the AtR test in 1995, configuration 
databases were developed to provide data for both con- 
trols applications and general information with use of the 
SYBASE relational database management system. For the 
1996 sextant test these AtR data structures were both repli- 
cated and developed further as the sextant test configura- 
tion database. During the preparation for the sextant test 
all systems (BPM, BLM, Power Supply, flags, etc.) were 
developed with appropriate connections to the database. 

3   CONCLUSIONS 

A well organized system integration and preparation for 
the sextant test was essential for successful operation. Al- 
though there were few delays in development of some sys- 
tems with respect to the coordinated plan, the total sextant 
test preparation has been very successful. This was shown 
by the superb performance [3] of almost every system dur- 
ing the test operation. 
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SYNCHROTRON RADIATION DOMINATED HADRON COLLIDERS 

E. Keil, CERN, Geneva, Switzerland 

Abstract 

The synchrotron radiation damping time becomes small 
compared to the beam lifetime when the beam energy in 
a circular hadron collider reaches about 100 TeV and the 
dipole field about 10 T. This paper discusses an approach 
to the design of these colliders such that the desired per- 
formance parameters, e.g. beam-beam tune shift and lumi- 
nosity are achieved at the equilibrium values of the beam 
emittance and momentum spread. The design procedure is 
described, involving the design of the interaction regions, 
the arcs, and the RF system. The thresholds and/or growth 
rates of several collective effects, and the growth times for 
intra-beam scattering are estimated. The consequences of 
the synchrotron radiation are discussed in the conclusions. 

1    INTRODUCTION 

As noticed in the high-field option of really large hadron 
colliders (RLHC) [1], the damping time rz of the oscilla- 
tions in the three degrees of freedom due to the emission 
of synchrotron radiation becomes about an hour at a beam 
energy E « 100 TeV and a dipole field 5wl2T: 

rz(h)Jz = 
16644 

E(TeV)B(T)2 \2TTPJ (1) 

Here, z labels the plane (x for horizontal, y for vertical 
betatron oscillations, s for synchrotron oscillations), Jz is 
the damping partition number, C is the circumference and 
p the bending radius in the arcs of the collider; C/2-K > R 
includes the long straight insertions for the experiments. 
Scaling their length like \[E from the SSC [2], and assum- 
ing four interaction regions, one gets C/2-K = R +1708 m. 

Since the beam lifetime and the duration of a colliding 
beam run are usually many hours, the beams have the equi- 
librium beam parameters, given by the equilibrium of quan- 
tum excitation and synchrotron radiation damping, during 
most of their lifetime. Designing an RLHC such that the 
beam-beam limit and the desired luminosity are achieved at 
the equilibrium beam parameters has the advantage that the 
emittances of the injected and circulating beams are decou- 
pled, and that the collider is insensitive to slow phenomena 
with growth times longer than the damping time. 

2   DESIGN PROCEDURE 

The design procedure for e+e~ colliders [3] in the DE- 
SIGN program [4] adjusts the arc and RF system param- 
eters to achieve a specified luminosity. Adapting it to p-p 
colliders implies setting the mass mp, classical radius rp, 
and Compton wavelength Xp to their proton values. 

2.1   Interaction Region Design 

For round beams with equal normalised horizontal and ver- 
tical emittances ez = ja%/ßz, equal /3-functions and van- 
ishing dispersion at the interaction point IP, and ignoring 
crossing angle and "hourglass" effect, luminosity L and 
beam-beam tune shift £ are with bunch population N and 
collision frequency /: 

L = 
N2f 

4naxay 

c_Nrp 

47re„ 
(2) 

The beams cross at an angle in order to separate them at 
the parasitic collision points at multiples of half the bunch 
spacing near the interaction point. Solving (2) for Nf 
yields with the usual relativistic factor 7: 

Nf = LßxrPl{rt) (3) 

The choices of ßx = ßy at the IP and of the crossing an- 
gle are related [5]. Tab. 1 shows the assumed and resulting 
IP parameters. The bunch spacing s fixes / by s = cß/f; 
c is the speed of light. For given ßx = ßy and L, N fol- 
lows from (3), and e from (2). The beam-beam lifetime 
Tbb = {rPl'catot)(ßxC'/7£) is calculated for one interac- 
tion region, independent of L, proportional to C and 1/E, 
and small for good performance parameters (small ßx and 
large £); crtot = 120 mb is the total cross section.The small 
RMS radii ax = ay, compared to LHC [6] or SSC [2], are 
largely due to the higher energy and adiabatic damping.The 
normalised emittance en has about 1/3 of the SSC value. 

Table 1: Interaction region parameters for a 100 TeV p-p 
collider with £x = £y = 0.003 [6], ßx = ßy = 0.5 m, 
s = 3.75 m, total inelastic cross section <7inei = 60 mb. 

Bunch population AT/109 9.03 
Normalised emittance en/nm 367.4 
RMS beam radius ax = ay//j,m 1.313 
RMS divergence a'x = a'yjia 2.626 
Luminosity L/(nbs)_1 30.1 
Events/collision nc = Lame\/' f 22.6 
Beam-beam lifetime Tbfc/h 42.4 

2.2   Arc Design 

The arcs should provide just enough quantum excitation to 
achieve the emittance listed in Tab. 1. The average arc ra- 
dius R> p includes space for the quadrupoles, sextupoles, 
etc., and short straight sections in the arc cells. In separated 
function FODO cells with px = py, normalised horizontal 
emittance en, arc tune Q and cell length Lp are related by: 

en = - 
1 55AP RF(p) 

2 32%/3    Jxp 
Lp — 

ßxR 
(4) 
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The correction factor for finite phase advances F(fi) [7] 
tends towards unity for fix = p,y —> 0. The insertions do 
not contribute to quantum excitation and momentum com- 
paction a = (2nR/C)Q~2. I assume that round beams 
with ey fa ex are achieved by coupling horizontal and ver- 
tical betatron oscillations, and apply a factor 1/2 to the tra- 
ditional form of (4). Tab. 2 shows the parameters of the 
arcs. The dipole field shown [8] is needed in order to ob- 
tain colliders in the parameter range I wish to study. 

Table 2: Parameters of the arcs of a 100 TeV p-p collider 
with B = 12 T, p = 27.78 km and R/p = 1.25 [6] 

Arc tune Q 80.62 
Phase advance fJ,x/2-K = ny/2-K 0.25 
Cell length Lp/m 677 
Maximum amplitude function ßjxa 1156 
Maximum dispersion Dx/m 8.93 

The cold vacuum chamber acts as a cryopump. The per- 
forated beam screen absorbs the synchrotron radiation. Its 
temperature should be much higher than that of the vacuum 
chamber for good Carnot efficiency. Collective effects, in 
particular the resistive wall instability (cf. Section 3.1), and 
the forces during a magnet quench must also be considered. 

2.3   Synchrotron Radiation 

Tab. 3 shows several parameters related to the synchrotron 
radiation. The total synchrotron radiation power P per 
beam is three orders of magnitude higher than the 3.6 kW 
in the LHC. The normalised power p = P/2TTR is almost 
two orders of magnitude higher than the 0.2 W in the LHC. 
The photon flux $, the number of photons per metre of arc 
and per second, is about half the value in LEP2, operating 
at 96 GeV and a total current of 14 mA [9]. 

DESIGN program finds the RF system parameters listed 
in Tab. 4; cre and as are small. However, the bunch area 
4irEaecrs/c, is comparable to those of LHC and SSC. 

Table 4: Parameters of the RF system of a 100 TeV p-p col- 
lider with circumference C — 228.9 km, harmonic number 
/iRF = 305415, and quantum lifetime rq = 24 h. 

Voltage VRF/MV 

Relative RMS energy spread ere/10-6 

Bucket height/10-6 

Synchrotron tune Qs/W~3 

Bunch length crs/mm 
Bunch area 47r.E<7ecrs/c/eVs 

35.9 
6.53 
22.5 
1.27 
27.5 

0.754 

The time needed for a particle to radiate all its energy, 
and thus also the time needed for acceleration to the oper- 
ating energy (when synchrotron radiation is neglected) is 
one half of rx. If the acceleration time T is to be shorter 
than TX/2, the peak RF voltage must be higher than that 
listed in Tab. 4 in the ratio TX/(2T). 

3   COLLECTIVE EFFECTS 

The resistive wall instability, coherent synchrotron tune 
shift, longitudinal microwave instability, and transverse 
mode coupling instability TMCI are important [10] for the 
RLHC [11]. I only study the dominant contribution, and 
assume injection at 5 TeV, and a bunch area 4irEae<js/c = 
1 eVs there. Below, I is the total beam current, and /;, 
is the bunch current. The effective impedances Zes are 
the weighted sums of Z(UJ) and the bunch power spec- 
trum [12]. Tab. 5 lists thresholds and growth rates at the 
energies where they are most critical.The longitudinal mi- 
crowave and the transverse mode coupling instabilities are 
below threshold by good factors [13], and not discussed. 

Table 3: Synchrotron radiation parameters of a 100 TeV 
p-p collider with synchrotron radiation loss Us = 28 MeV 
and horizontal damping time TX = 1.5 h. 

Beam current J/mA 
Synchrotron radiation power P/MW 
Normalised radiation power p/Wm-1 

Critical energy Ec/keV 
Photon flux fr/lO^Csm)-1  

116 
3.24 
14.8 
12.9 
23.3 

2.4   RF System Design 

The values of Us in Tab. 3, <je and r„ in Tab. 4, and 
the parameters of the super-conducting RF cavities, i.e. 
frequency /RF = 400 MHz, unloaded shunt impedance 
Z = 60.3 Gft/m and filling time Tf = 2.4 s, similar to the 
LHC values, suffice for the design of the RF system. The 

3.1    Transverse Resistive Wall Instability 

The growth rate of the resistive wall instability rj1 is [12]: 

,-i rpß!Fw   / ßopwCc 
eZojb3 V 7r(n - Q) 

(5) 

Here, (n — Q) = 0.25 is the tune of the n-th mode, 
ZQ is the impedance of free space, b is the radius of the 
beam screen, and ß w R/Q is the average /?-function. The 
wall penetration factor Fw — 7.17 describes the effects of 
a beam screen similar to that in the LHC [6], consisting of 
a thin inner Cu layer and a thicker layer of stainless steel. 
In the LHC, about half the wall resistivity is caused by the 
10 % of the circumference with a Cu vacuum chamber at 
room temperature. I ignore this factor in the calculation 
of the growth rates. The growth rate T~

1
 in Tab. 5 cor- 

responds to 147 turns, which can be handled by feedback 
systems. Resistivity and thickness of the inner Cu layer are 

105 



critical issues in the design of the beam screen in the LHC 
[14]. If they are both increased by the same factor, the 
growth rates and the forces on the screen due to a magnet 
quench remain constant. This might open the possibility of 
reducing the cryogenic load of the beam screen by operat- 
ing at a higher temperature. The resistive power losses due 
to the image current are much smaller than the synchrotron 
radiation power. 

Table 5: Growth rates and threshold impedances at 
100 TeV except where stated otherwise. The beam screen 
has a radius b = 0.03 m and consists of two layers. The 
inner layer is 50 /xm of Cu at 5 to 20 K with a resistivity 
pw = 1.8 • 10-10 flm, the outer layer is stainless steel. 

8.88 Resistive wall growth rate at 5 TeV r'Vs-*    
Coh. synchrotron tune shift Q(ZL/n)eff/mf2      25.8 
Long, /i-wave instability |(ZL/n)eff| /ft 0.968 
TMCI threshold SjZ^^/Gflm-1 at 5 TeV     0.575 

3.2   Coherent Synchrotron Tune Shift 

To preserve longitudinal Landau damping, the synchrotron 
tune shift must remain smaller than the synchrotron tune 
spread. This leads to an upper limit for the imaginary part 
of the effective longitudinal impedance [10]: 

9 
n 

< 
eff 7T° h 

2na. 
(6) 

The coherent synchrotron tune shift is driven by the lon- 
gitudinal broad band impedance that is dominated by the 
shielded bellows [12] in the LHC. Assuming that the beam 
screen radius and the number of bellows per unit length 
are similar to those in the LHC, the effective longitudi- 
nal impedance Ö(ZL/n)eff « 0.1 fl is independent of the 
machine circumference, and about an order of magnitude 
higher than the threshold listed in Tab. 5. Increasing the 
harmonic number /IRF and raising the RF voltage VRF do 
not help in overcoming this potential problem. The only 
promising way of increasing the threshold is increasing as 

by a factor 101/5 w 1.6, by exciting the synchrotron os- 
cillations with RF noise, by reducing the damping partition 
number Js, or by reducing the slope of the RF wave form 
with a second RF system at a higher frequency [15]. Since 
the cut-off due to the bunch length is well above the res- 
onant frequency of the bellows, the shorter bunches than 
in the LHC should not have much effect on the effective 
longitudinal impedance. 

3.3   Intra-Beam Scattering 

Intra-beam scattering IBS causes growth of the oscillation 
amplitudes. The amplitude growth times for synchrotron 
oscillations r, = 1.5 h and for horizontal betatron oscilla- 
tions rx = 3.2 h, obtained with the actual /3-functions and 
dispersion in the arc cells, are only about twice the corre- 
sponding synchrotron damping times. The vertical intra- 
beam scattering time is negative, implying damping, and 

orders of magnitude larger than the other two. In more 
tightly focused bunches, IBS may become a limitation [13]. 

4   CONCLUSIONS 

An inevitable consequence of designing RLHCs to syn- 
chrotron radiation damping times of the order of hours is 
the synchrotron radiation power P. When (1) is used to 
eliminate B, P scales as follows: 

P oc E^Lß^r-1'2 (7) 

is: 

In the same variables, the stored energy G in one beam 

G = EIC/ce = PTX/2 OC E3'2LßxT
lJ2/£      (8) 

Eqs. (7) and (8) demonstrate how P and G are related by 
rx: For a given performance in terms of E, L, ßx and f, 
and large TX, P is small and G is large, while for small rx, 
P is large and G is small. Numerically, the stored energy in 
one beam is G = 8.83 GJ. This figure should be compared 
to 0.33 GJ for the LHC [6], and 0.4 GJ for the SSC [2]. 

Designing RLHCs such that the synchrotron radiation 
damping time is of the order of an hour and that the desired 
beam-beam tune shift parameter £ = 0.003 and luminos- 
ity L = 30 (nbs)-1 are reached at the equilibrium beam 
parameters leads to interaction region, arc and RF system 
parameters not too far from extrapolated LHC and SSC pa- 
rameters. The coherent synchrotron tune shift, driven by 
the longitudinal broad band impedance of the shielded bel- 
lows is above threshold by about an order of magnitude, 
unless one or the other of the measures listed in Section 3.2 
are taken. The IBS growth times are only a factor of two 
larger than the synchrotron radiation damping times. 
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Abstract 

Single beam collective effects can limit the performance of 
the LHC and, together with parasitic losses, impose con- 
straints on the design of the components of the LHC vac- 
uum system. Because of the large number of bunches in the 
LHC, coherent losses and multibunch instability rise times 
generated by the impedance items can be rather large. For 
example, the vacuum chambers of the main experiments 
can lead to large parasitic losses and a continuous feed- 
back from the impedance calculations during their design 
process is desirable. We first summarise the current sta- 
tus of the impedance model for the LHC and estimate rise 
times and threshold currents for different instabilities. In 
a second step, we discuss possibilities of controlling these 
instabilities, using feedback systems and Landau damping. 

1   INTRODUCTION 

The performance of the LHC will depend on the beam in- 
tensity, which may be limited by collective effects unless 
the impedance of the different vacuum chamber discontinu- 
ities is kept below certain limits. At the design stage of the 
machine, a fast and continuous feedback from impedance 
calculations or measurements to hardware builders is thus 
necessary. An impedance database program (ZBASE [1]) 
has therefore been setup and already successfully applied to 
estimate the LEP impedance budget: it helps keeping track 
of all the known impedance sources, of the corresponding 
betatron functions and of the input files used by different 
programs, such as ABCI or MAFIA, to compute high or- 
der modes and loss factors for several bunch lengths. In 
the near future, a further interface is foreseen to existing 
beam dynamics codes for detailed calculations of multi- 
bunch transverse mode-coupling and microwave instability 
thresholds both in the LHC and SPS. 

In Sec. 2 and 3, we review parasitic losses and 
impedance estimates recently obtained for several LHC 
components, mentioning also some work in progress. 
We then present in Sec. 4 the results of the program 
VLASOV [2] for calculations of coherent mode fre- 
quencies including multibunch mode coupling. Finally 
we discuss possibilities of controlling potentially unsta- 
ble modes using feedback systems and Landau damp- 
ing [3]. The ongoing activity concerning collective ef- 
fects in the LHC, including recent results on space charge, 
Laslett coefficients and the electron cloud instability, 
is documented on the world wide web at the address 
http://wwwslap.cern.ch/collective/. 

2   PARASITIC LOSSES 

2.1 Beam screen 

The LHC beam screen is cooled at a temperature ranging 
from 5° to 20° K. It is a stainless steel pipe with a 50 /x 
copper coating that reduces its surface resistance, thus min- 
imising at the same time transverse resistive wall instabil- 
ity and beam-induced wall heating. At top energy and for 
nominal beam parameters, the classically computed resis- 
tive wall heating of the LHC beam screen is 75 mW/m. 
Owing to anomalous skin effect and surface roughness, 
however, this value could be significantly underestimated. 
Since the parasitic heating scales with the square of the 
beam current, for the ultimate beam intensity of 850 mA, 
it may become comparable to the synchrotron radiation 
power loss of 326 mW/m. A programme of surface resis- 
tance measurements at different temperatures, frequencies, 
and magnetic field intensities has therefore been launched 
to provide a realistic heating budget for the LHC cryogenic 
system and to optimise the fabrication process of the beam 
screen. The measurements are based on the comparison of 
the quality factors for even and odd TEM modes excited in 
a cylindrical structure with two inner conductors [4]. Pre- 
liminary results at cryogenic temperatures (without mag- 
netic field) indicate a surface resistance about a factor two 
larger than previously estimated. 

Resistive losses in the longitudinal welds of the beam 
screen, with its new racetrack geometry, are 20 mW/m for 
nominal and 50 mW/m for ultimate beam intensity. Other 
losses, associated with TEM coaxial modes excited by the 
pumping slots and travelling synchronously with the beam 
are presently estimated to be less then 10 mW/m for nom- 
inal and 25 mW/m for ultimate beam intensity. About half 
of this power will be deposited on the cold bore at 1.9° K. 

2.2 Experimental vacuum chambers 

Another source of parasitic losses are the experimental 
beam pipes with their cavity like structures which give rise 
to a large number of narrow band HOM's. For a narrow 
band impedance, the wake fields of different bunches can 
overlap, leading to a coherent power loss proportional to 
the square of the total number of bunches Nb- If wo = 
2TT • frev is the angular revolution frequency, Qb the charge 
per bunch, rn the position of the nth bunch , az the bunch 
length and Zu the longitudinal impedance, we have 

+oo 

*coh.      — Jrev ' ^tb '     /  , 
p=—oo 

Nk 

y^yexp(-ipjj0-Tn) 
n=l 

(1) 

xexp(-\p-ujaz}2/c )-Z||(pu;o). 
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Figure 1: Vertical broad band impedance times average ß 
function for the LHC: real (solid line) and imaginary part 
(dashed line). 

The LHC has 2835 bunches with a bunch length of 13 cm 
at injection and 7.5 cm at top energy. At the moment there 
are four experiments foreseen in the LHC: the two main 
experiments CMS and ATLAS, plus LHC-B and ALICE. 
For example, the current design of the CMS vacuum cham- 
ber has about 30 HOM's with Q-values larger than 30000 
and with mode frequencies within the bunch spectrum for a 
13 cm long bunch. When lying on a line of the bunch spec- 
trum, each of these HOM's can lead to a coherent power 
loss of more than 1 kW. 

3   IMPEDANCE MODEL 

A detailed description of the impedance model used for the 
LHC can be found in Refs. [5] and [6]. Here we discuss 
only recent updates in some of our impedance estimates. 
A plot of the broad band impedance used in the calcula- 
tions is shown in Fig. 1. The narrow band impedance is 
the same as in [6], but we assume that the most prominent 
transverse mode in the longitudinal feedback cavities (the 
one at 516.7 MHz) is damped down to a Q-value of 1000. 
3.1    Bellows and BPM's 

Owing to the 3D geometry of the bellows, the code MAFIA 
was used for wake field and impedance calculations. The 
results presented in a companion paper [7] indicate that 
the latest bellows design, with smooth 10 mm transitions 
from racetrack to round geometry and shielding provided 
by sprung fingers which can slide along the beam screen, 
has impedances smaller than those previously estimated ac- 
cording to a rather conservative scaling of SSC calcula- 
tions and LEP measurements. For a double 1 mm step and 
3000 bellows, the low-frequency longitudinal impedance is 
Z/n = 18.3 mCl and the vertical impedance is 753 kfl/m. 
The transverse impedances of the bellows in the vertical 
and horizontal planes are not only different, but have also 
different signs (i.e., focusing in one plane and defocusing in 

the other). The effect of the gaps between fingers is found 
to be negligible. 

A final design for the 500 beam position monitors is not 
yet available. Here we assume that each of them consists 
of four strip-lines, 10 cm long and 18 mm wide, located 
at a distance of 18 mm from the beam axis. A substantial 
reduction in length, compared to previous designs, is made 
possible by the proximity of the associated electronics, now 
located in the LHC tunnel. 

3.2   Kickers 

Impedance estimates are in progress for the LHC kickers, 
whose final design may depend on the outcome of possible 
impedance measurements foreseen in the near future. 

The LHC abort kicker magnets have a total length L = 
14 x 1.26 m and are located in a region where the vertical ß- 
function is about 600 m. They are equipped with a rectan- 
gular ceramic vacuum chamber of thickness A = 4.5 mm 
and vertical aperture 6 = 14 mm. The inside of the cham- 
ber has a titanium coating of thickness d = 1 /im, with re- 
sistivity jOxi = 7 x 10-7 f2m, to reduce the high-frequency 
impedance seen by the beam and to conduct away the static 
charge. The vertical impedance at frequencies well below 
1 GHz can be written 

Zx(u) 
-iR 

1 — iuj/uic' 
(2) 

Z0L 
~ 8.5 Mfi/m and u>c 2<? Ti where R = „  ,„> „„.,„. ^        , , 

2irb2( bd/j.0 
2TT x 8 MHz.   Here C = (b + A)2/[(b + A)2 + b2} ~ 
0.636. Note that (contrary to Refs. [5] and [6]) we have 
now assumed perfect magnetic boundary conditions, better 
suited for the (H-shaped) kicker ferrite. 

The LHC injection magnet system must produce a kick 
of 1.36 Tm with a duration of 6.5 ßs and consists of 4 units 
with a length of 2.17 m each. The kicker field rise time is 
900 ns with a maximum ripple of 2 per mil. Ohmic losses in 
the (H-shaped) ferrite are substantially reduced by a round 
ceramic tube (with 18 mm inner radius and 4.5 mm thick- 
ness) painted in the inside with several 5 //m thick cop- 
per stripes, that should carry most of the high-frequency 
beam-induced image currents. To avoid loop currents in 
the stripes due to B, they are not directly connected to the 
external beam pipe. Instead, a capacitive contact (about 
800 pF) is established thanks to the high dielectric constant 
e ~ 10 of the ceramic tube [8]. The field pattern of pos- 
sible resonant modes associated with the stripes (behaving 
like a strip-line with unmatched load) shall be investigated 
to assess their penetration into the ferrite, with consequent 
strong damping. 

According to BINP calculations [9] using the code 
ILANS, the effect of the injection kickers on the transverse 
resistive wall instability at 8.5 kHz is negligible: assuming 
an average vertical /3-function of 70 m, the real part of the 
transverse impedance times ß is 6 M£2, to be compared to 
about 3 Gfi from the resistive wall. However, the calcula- 
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tion is in quasi-static approximation and does not include 
the capacitive coupling of the stripes to the beam pipe. 

As a temporary rough model for the injection kicker, 
we assume that the uncoated part of the ceramic chamber 
(about 36%) contributes a purely inductive impedance [10] 

-OAi- 
. Z0L (at - 1 + b2 

-il.63 Mfi/m, 
"2TT6

2
 \ae + l ' (b + A)2 

where a = [{b + A)2 - b2]/[(b + A)2 + b2} ~ 0.22, while 
the region covered by copper stripes (64%) contributes a 
transverse impedance given by Eq. (2), with £ ~ 0.61, 
R ~ 1.7 Mfi/m and u)C^2nx 25.7 kHz. 

4   COHERENT INSTABILITIES 

Using the impedance model of the previous section, the 
vertical multibunch growth rates computed at injection for 
nominal beam parameters by VLASOV are shown in Fig. 2. 

The plot consists of several lines, one for each type of 
internal-bunch motion. Each line contains one point for 
each multibunch mode. The computation is done for Nb 
symmetrically placed bunches, with a total beam current of 
674 mA. The peak on the left side of the figure is primarily 
caused by two of the septum cavity higher order modes: the 
one at 1117.9 MHz and the one at 516.7 MHz. The peak all 
the way to the right is primarily caused by the resistive-wall 
impedance, while the broad hump on the right is associated 
with the impedance of the abort kickers. Multibunch TMC 
occurs at about twice the nominal current. 

The effect of a transverse feedback system with 1 MHz 
half-bandwidth and a gain corresponding to a damping time 
of 10 ms is shown in Fig. 3, where we compare the corre- 
sponding coherent tune shifts of rigid dipole and m = 1 
head-tail modes to Landau damping stability curves for a 
transverse parabolic-like distributio collimated at anywhere 
from 3a to 6a. The dashed curve is for a shift in the verti- 
cal tune with vertical amplitude of 10-4 at 1 a, whereas the 

solid curve is for -10~4. The shift in the vertical tune with 
horizontal amplitude has opposite sign and is ±7.2 x 10-5. 
We see from the figure that, although Landau damping 
from octupoles (and space charge) stabilises all them = 1 
modes, some of the m = 0 modes are unstable (essen- 
tially those driven by the impedance of the abort kickers). 
This is a consequence of the insufficient feedback band- 
width, which we assumed to be the same as the bandwidth 
of the power amplifier required to damp injection oscilla- 
tions. By suitable modifications of the feedback electron- 
ics, however, it should be possible to obtain a low-power 
half-bandwidth of about 20 MHz [11], thus stabilising all 
dipole modes at injection. Octupoles will be required at top 
energy to stabilise rigid dipole and higher order head-tail 
modes [12]. 
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Abstract 

This paper proposes a cold beam screen made of high 
strength, high electrical resistivity aluminum alloy (such as 
A7N01) as an alternative to the present LHC design that 
is based on a copper co-laminated high Mn content stain- 
less steel. The main advantages of an aluminum screen 
are: simple manufacturing processes, low cost, elimina- 
tion of millions of small slots and of TEM waves, no ad- 
hesion problem, no helium leak problem (vacuum tight), 
non-magnetic, and others. The available aperture is equiv- 
alent to the present design when a non-uniform wall thick- 
ness is adopted. A prototype was built to demonstrate the 
design and the end connections. Concerns about the multi- 
pactoring, electron cloud instability, surface resistance and 
cryopumping using anodized aluminum will be addressed. 

1   INTRODUCTION 

The present design of the beam screen in the LHC uses a 
copper co-laminated high Mn content stainless steel. Ref. 
[1] proposes an alternative candidate, namely, the high 
strength, high resistivity aluminum alloy, such as A7N01 
or 7039-T61. (Note: The high resistivity is relative to pure 
aluminum and other aluminum alloys.) This paper revisits 
this proposal and gives some details in engineering design. 

Table 1 is a comparison of the electrical resistivity and 
the yield tensile strength of copper (Cu), aluminum alloy 
(A7N01) and stainless steel (SS) at 4 K. It is seen that 
A7N01 has lower resistivity than SS and higher strength 
than Cu. It has been shown in [1] that a 1.5-mm thick 
A7N01 tube is mechanically stable during quench and its 
effect on beam instability can be under control. 

Table 1: Electrical Resistivity and Yield Tensile Strength at 
4K. 

mini-antechambers, which house the cryopump (such as 
anodized aluminum foils). 

Material Electrical Resistivity 
(£2m) 

Yield Tensile Strength 
(MPa) 

Cu 
A7N01 

SS 

5 x 1(T1U 

1.8 x 10~8 

5 x 10-7 

44 
520 
1500 

A7N0I   ALUMINUM 

4'<SUPPORT3 
\ (POL..rETHER!MIDE; 

STAINLESS   STEEL 

Figure 1: The cross section of an aluminum beam screen. 

2 ADVANTAGES OF AN ALUMINUM SCREEN 

2.1 Good extrusion characteristics 

One may thus design a complex cross section as shown in 
Fig. 1. This would simplify the manufacturing process and 
provide higher reliability and easier quality control. 

2.2 Low cost 

A detailed break-down of the cost estimate has been car- 
ried out by the industry. The total (including overhead and 
contingency) is about 25 MCHF, which is lower than the 
projected cost of the copper-stainless steel design. 

A preliminary sketch of the cross section of an aluminum 
beam screen is shown in Figure 1. It consists of a 1.5- 
mm thick aluminum pipe that contains two 3.7-mm diam- 
eter cooling holes, four 2-mm wide long slots and four 

* Operated by Universities Research Association Inc. under Contract 
No. DE-AC02-76CH03000 with the U.S. Department of Energy. 

2.3   Elimination of beam-induced rf fields outside the 
screen 

The beam-induced rf fields in Fig. 1 would be confined 
inside the beam screen. Therefore, there will be no TEM 
waves between the screen and cold bore. 
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Figure 2: The inter-connection part of an aluminum beam screen. 

2.4   Replacing millions of pumping slots by a few long 
ones 

This would considerably reduce the machine impedance 
and simplify the manufacturing process. 

2.5   No adhesion problem 

There is no prior experience with the adherence of the cop- 
per to the stainless steel in a 30-year lifetime. This would 
no longer be a worry when a single-layer aluminum tube is 
used. 

3   INTER-CONNECTION DESIGN 

Figure 2 shows an engineering drawing of the interconnec- 
tion part. In order to absorb the differential thermal con- 
traction between aluminum and stainless steel, the cooling 
tubes make several spirals before leaving the beam screen. 
The number of welding points is minimized. The installa- 
tion procedure is simple. A prototype has been made for 
demonstration purpose. 

4   CONCERNS ABOUT AN ALUMINUM SCREEN 

2.6   Non-magnetic 

In order to minimize the magnetic susceptibility in a 
welded stainless steel pipe, special material (such as the 
high N2 - high Mn steel) is needed. The aluminum alloy 
does not have this problem. 

2.7   Vacuum tight 

The aluminum beam screen system could be made vac- 
uum tight provided that the bellows connections between 
the screens are vacuum tight. Any helium leak from the 
cooling tubes would not get into the beam vacuum. 

4.1   Aperture 

During quench, BB = 300 T2/s. The required thickness of 
aluminum screen is 1.5 mm. Compared with the present 
LHC beam screen which uses a 1 mm thick stainless steel 
tube, there could be an aperture loss of about 1 mm. How- 
ever, it is known from beam collimation studies that the 
most critical part of the aperture limit is along the diago- 
nal line.[2] Fortunately, the stress in the wall in this direc- 
tion is small. Therefore, one may adopt a non-uniform wall 
thickness to reduce it from 1.5 mm to 1 mm near the diago- 
nal region as shown in Figure 3. Thus, the usable physical 
aperture of an aluminum screen is equivalent to a stainless 
steel one. 

Ill 



Figure 3: A quadrant of a beam screen with non-uniform 
wall thickness. 

4.2 Surface resistance 

At low frequencies, the concern is about the resistive wall 
instability. A 1.5-mm thick aluminum beam screen would 
give a growth time of about 11 ms. But this can easily be 
damped by a transverse feedback system. 

At high frequencies, the concern is about the beam heat- 
ing. Because of the anomalous skin effect[3], it is not clear 
if A7N01 is any worse than copper. A measurement pro- 
gram has been established at CERN and data will be made 
available soon. [4] 

4.3 Photoelectrons 

Photoelectrons may cause two types of problems: multi- 
pactoring and electron cloud instability. Because aluminum 
has higher secondary electron yield than stainless steel or 
copper, this is a genuine concern. A solution is to apply 
a thin (tens of nm) titanium-nitride (TiN) coating on the 
aluminum surface, which LBL is working on for the LER 
beam pipe of the SLAC B-Factory. 

4.4 Cryopumping at 20 K 

M.G. Rao at CEBAF has demonstrated that anodized alu- 
minum is a good cryopump for hydrogen and helium at 4.3 
K. [5] However, it is not clear if its pumping speed and 
adsorption capacity for hydrogen at 20 K could meet the 
LHC requirement. Three anodized aluminum pipes will be 
shipped to CERN for this measurement. 
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DYNAMIC APERTURE STUDIES DURING COLLISIONS 
INTHELHC 

W. Chou and D. Ritson, Fermilab,* P.O. Box 500, Batavia, IL 60510, USA 

Abstract 

The dynamic aperture during collisions in the LHC is 
mainly determined by the beam-beam interactions and by 
multipole errors of the high gradient quadrupoles in the in- 
teraction regions. The computer code JJIP has been modi- 
fied to accommodate the LHC lattice configuration and pa- 
rameters and is employed in this study. Simulations over a 
range of machine parameters are carried out, and results of 
preliminary investigation are presented. 

1   INTRODUCTION 

There has been an extensive study of the dynamic aperture 
of the LHC at injection, in which field errors of the arc 
magnets are dominant. However, things are quite differ- 
ent during collisions when field errors of the high gradient 
quadrupoles (the triplet) in interaction regions (IRs) and the 
beam-beam interactions play predominating roles. This is 
because the /3-functions in the triplets are large and beam 
separations in the IRs are small. As a matter of fact, er- 
ror multipoles in the arcs are small during collisions so that 
the tracking can be lumped into a few blocks. Thus large 
numbers of turns can be simulated with relative ease. This 
is particularly important for the LHC because beams, dur- 
ing experimental luminosity running, should circulate for 
10 hours or longer. 

The LHC has four interaction points (IPs): IP1 and 5 are 
high luminosity points, IP2 and 8 low luminosity points. 
The triplet magnets are identical in the four IRs. So is the 
head-on beam-beam interactions. However, the long-range 
beam-beam is important only in the high luminosity IRs, 
which has small ß* (0.5 m) and large /3max (4400 m). In 
order to minimize the beam-beam effects, there is a cross- 
ing angle at the IPs. A large crossing angle would certainly 
benefit as far as long-range beam-beam is concerned. But 
it would also reduce the luminosity, jeopardize the triplet 
field quality and enhance the synchro-betatron resonances. 
Moreover, larger crossing would require more aperture in 
the triplets. Therefore, a careful choice of an appropriate 
range of the crossing angle is a critical issue in the LHC IR 
design. This paper intends to provide some insights to help 
with making such a choice by means of a tracking code 
JJIP. 

2   BRIEF DESCRIPTION OF THE CODE 

The code JJIP was originally written for the IR studies of 
the former SSC project. It has been modified for accommo- 

dating the LHC lattice configuration and machine parame- 
ters. It consists of three basic tracking blocks — Track- 
ing in the arcs is a simplified map with lumped errors; the 
triplet part is considered as thin-lense, in which each mag- 
net is sliced; the head-on beam-beam is a simple kick and 
the multiple parasitic crossings are treated equally in the 
free space as well as in the triplet.[l] 

The input data card provides a number of variables in the 
parameter space: launching positions, beam emittance, ß*, 
crossing angles, crossing planes, error tables of arc magnets 
and triplets, coupling strength, position errors in the 6-D 
phase space at IPs, tune modulations and noises, etc. On a 
single processor SUN Sparc-20 workstation, it takes about 
15 minutes to track a million turns, equivalent to the 1.5 
minutes required for a particle to travel 106 turns in the 
LHC in real time. 

3   RESULTS OF PRELIMINARY INVESTIGATION 

3.1 Bench test: 

As a test case, the triplet error tables in Ref. [2] were 
adopted in the preliminary tracking study. Under similar 
conditions, the dynamic aperture obtained from JJIP is 10a, 
while Ref. [2] gives 9.9<r. This justifies the use of the short 
cut in the arcs. 

3.2 Scaling of dynamic aperture vs. ß*: 

Figure 1 shows the scaling of the dynamic aperture vs. ß* 
in the absence of beam-beam interactions. The beam sepa- 
ration n when expressed in terms of the beam size a is: 

* Operated by Universities Research Association Inc. under Contract 
No. DE-AC02-76CH03000 with the U.S. Department of Energy. 

n =  s{L)i<j{L) = LeQ/^/7ß(T)»eoi^TlW 
=  e0/a' (1) 

in which S is the beam separation in meters, L the distance 
from the IP, 0o the full crossing angle, e the beam emittance 
and a' the rms beam angular spread. The separation n is 
kept constant in this scaling, which is 9.5a that corresponds 
to 0o = 300 /xrad and ß* = 0.5 m. When ß* increases, a' 
will decrease and so does #o- Therefore, one would expect 
a larger dynamic aperture for a larger ß*. It is seen from 
Fig. 1 that the scaling is approximately linear. (Similar 
study for the SSC gave a scaling of ß* ' , see [3].) 

3.3   Relative weight of various sources limiting dynamic 
aperture: 

Figure 2 decomposes the different sources that could limit 
the dynamic aperture (DA) and gives a quantitative com- 
parison of each contribution. The tracking conditions are 
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Figure 1: The scaling of dynamic aperture vs. ß* when 
the beam separation is kept constant at 9.5a. It is approxi- 
mately linear. 

as follows: collision optics, 105 turns, 5 seeds, field error 
tables from Ref. [2], and #o = 300 /xrad. The results show 
that: (a) Axe errors only: DA > 21a; (b) Arc errors + triplet 
errors (bio off): DA = 17.3c; (c) Arc errors + triplet errors 
(bio on): DA = 11.5a; (d) Arc errors + triplet errors (bio 
on) + beam-beam: DA = 8.43a; (e) Same as (d), but the 
crossing plane is tilted by 45°: DA = 9.33a. From these 
results, the following observations are made: 

• The arc magnets only minimally constrain the dy- 
namic aperture during collisions. 

• The systematic 20-pole bio plays a major role in limit- 
ing the dynamic aperture, which is in agreement with 
Ref. [2]. However, the value of bi0 (-0.005 xl0~4) 
assumed here seems to be greatly exaggerated. In the 
present triplet design for the LHC at Fermilab, it has 
been reduced by more than a factor of five (0.0009 
xl0-4).[4] 

• The beam-beam interactions limit the dynamic aper- 
ture even when the crossing angle is as big as 300 
//rad. 

• A 45°-tilted crossing plane improves the dynamic 
aperture if the particle oscillates horizontally. This 
is because for the same crossing angle, the beam dis- 
tance becomes larger than that with horizontal cross- 
ings. However, this improvement disappears if the 
particle oscillates diagonally (not shown in the figure). 

3.4   Dynamic aperture vs. crossing angle: 

On the one hand, larger crossing means the beams are fur- 
ther away from the magnet axis, which leads to poor field 
qualities. Thus, the dynamic aperture limited by the triplet 

Figure 2: Contribution of various sources limiting the dy- 
namic aperture. Right line from top down: (a) Arc errors 
only: DA > 21a; (6) Arc errors + triplet errors (bio off): 
DA = 17.3a; (c) Arc errors + triplet errors (bio on): DA = 
11.5a; (d) Arc errors + triplet errors (bio on) + beam-beam: 
DA = 8.43a. Left line from bottom up: (d) See above; (e) 
Same as (d), but the crossing plane is tilted by 45°: DA = 
9.33a. 

would become smaller. On the other hand, however, the dy- 
namic aperture limited by beam-beam would become larger 
due to less beam-beam interactions. Therefore, one would 
expect that, when the crossing angle increases, the dynamic 
aperture would at first increase (which is the beam-beam 
dominated region); after reaching a maximum value, it 
would decrease (which is the triplet errors dominated re- 
gion). Figure 3 is an illustration of this process at three 
crossing angles: 200, 300 and 350 /xrad. The solid curve is 
the case when there are magnet errors but no beam-beam. 
The dashed one is when both magnet errors and beam-beam 
interactions are present. It is seen that, below 300 /irad, the 
beam-beam is dominating, while above that, the triplet er- 
rors seem to take over. The maximum dynamic aperture is 
achieved at about 300 /irad using the above error table. 

3.5   Space budget of the triplet aperture: 

One primary goal of these studies is to determine the re- 
quired aperture of the triplets, which is 35 mm (radius) 
in the present design. Figure 4 demonstrates a proposed 
space budget for the aperture of the quadrupoles Q2 and 
Q3 (both are in the high-/? region) at the high luminos- 
ity points IP1 and 5. (a) The radiation shielding takes 
6 mm. [5] Another 2 mm is reserved for the helium flow. 
Thus, the available physical aperture is 27 mm. (6) The 
mechanical tolerance is 1.6 mm (0.6 mm for cold bore and 
1 mm for misalignment).[6] (c) The peak closed orbit er- 
ror is 4 mm.[7] (d) The /3-beat is 10%. (e) The allowed 
beam oscillation around the equilibrium orbit is 9a (which 
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Figure 3: Dynamic aperture vs. crossing angle: The solid 
curve is the case when there are magnet errors but no beam- 
beam. The dashed one is when both magnet errors and 
beam-beam interactions are present. Below 300 //rad, the 
beam-beam is dominating, while above that, the triplet er- 
rors seem to take over. 

corresponds to la of the primary collimator and 9a of the 
secondary halo).[8] Within the 9a, the dynamic aperture 
needs to be > 7 a. (/) The crossing separation is nail, 
where n is defined in Eq. (1). These numbers are still pre- 
liminary. The task of the tracking study is to find out how 
big the crossing angle needs to be (the value of n) in order 
to achieve a dynamic aperture of la. 

4   PLAN OF FUTURE STUDIES 

A new iteration of tracking studies will include the follow- 
ing: 

1. Use of the updated triplet error tables provided by the 
magnet builders Fermilab and KEK, respectively; 

2. Study of the effects such as tune modulation, noises, 
x-y coupling, synchro-betatron resonances, particle 
offset in the 6-D phase space at the IP, closed orbit 
errors and Pacman, etc. 

Based on these and other related studies to be made in col- 
laboration with CERN, one should be able to: 

• Determine the required triplet aperture; 

• Make necessary trade-offs in the space budget; 

• Identify the most damaging multipoles of the triplet 
for correction; 

• work out a sorting strategy. 

Figure 4: Space budget of the aperture of Q2 and Q3 at IP1 
and 5. The quad radius is 35 mm. From that line down: 
(a) The radiation shielding takes 6 mm. Another 2 mm is 
reserved for the helium flow. (6) The mechanical tolerance 
is 1.6 mm (0.6 mm for cold bore and 1 mm for misalign- 
ment), (c) The peak closed orbit error is 4 mm. (d) The 
ß-b&at is 10%. (e) The allowed beam oscillation around 
the equilibrium orbit is 9a (which corresponds to la of the 
primary collimator and 9a of the secondary halo). Within 
the 9a, the dynamic aperture needs to be > 7 a. (/) The 
crossing separation is nail, where n is defined in Eq. (1). 
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OPTIMIZATION OF THE LHC BEAM CLEANING SYSTEM WITH 
RESPECT TO BEAM LOSS IN THE HIGH LUMINOSITY INSERTIONS 

A.I. Drozhdin and N.V. Mokhov*, Fermilab, P.O. Box 500, Batavia, IL 60510 USA 

Abstract 

The LHC design performance is achievable only with a 
dedicated beam cleaning system embedded in the lattice. 
The effect of the system on the beam loss distribution in 
the entire machine is studied with emphasis on the two high 
luminosity insertions. Realistic Monte-Carlo simulations 
are described, which include a model for beam halo inter- 
actions with collimators and other components, multi-turn 
particle tracking in the lattice, hadronic and electromag- 
netic shower simulations, and thermal and stress analyses. 
Methods to mitigate beam-induced effects in the interac- 
tion regions at operational and accidental beam loss are 
proposed, both for injection and collision conditions. 

1   INTRODUCTION 

The overall accelerator and detector performance at the 
Large Hadron Collider (LHC) [1] is strongly dependent on 
the beam loss and background particle rates in machine and 
detector components [2]. It was shown that the design per- 
formance of a high-luminosity collider is achievable only 
with a dedicated beam cleaning system embedded in the 
lattice [3, 4, 5, 6, 7]. Selected results on beam loss in the 
LHC lattice are presented below for various scenarios and 
beam cleaning system parameters. 

2   BEAM LOSS SIMULATIONS 

The calculations are based on the assumption of two high- 
luminosity experiments, ATLAS and CMS, operating si- 
multaneously in the IP1 and IP5 interaction regions, respec- 
tively, at the nominal luminosity of 1034cm_2s-1 each. An 
inelastic pp cross section of 80 mb is used, including single 
diffraction. The calculations are performed for the clock- 
wise 450 GeV proton beam at injection and 7 TeV beam at 
collisions. 

Operational beam loss are simulated taking into account 
beam-gas scattering using the '97 version of the MARS 
code [8], pp collisions at IP1 and IP5 using the DPMJET 
code [9], and interactions of beam halo with primary col- 
limators using the '97 version of the STRUCT code [10]. 
Consequent multi-turn particle tracking in the full LHC lat- 
tice, scoring particles lost at secondary collimators and at 
all other limiting apertures are performed with the STRUCT 
code. It is assumed that the beam loss rate in the beam 
cleaning system is evenly distributed among the two pri- 
mary collimators (horizontal and vertical) in IP3 and hori- 
zontal collimator (momentum cleaning) in IP7, i. e. 109 p/s 

* Work supported by the U. S. Department of Energy under contract 
No. DE-AC02-76CH03000 

at each of them for each beam. Accidental beam loss are 
described in detail in the next section. 

Starting with the calculated beam loss distributions in 
the lattice, shower simulations in the components of the 
beam cleaning system, IRs and arcs are performed with the 
MARS code taking into account all the lattice details, three- 
dimensional geometry, material and magnetic field descrip- 
tions. At this stage, energy deposition distributions in the 
machine components and particle fluxes in the CMS and 
ATLAS detectors are calculated. 

3   ACCIDENTAL BEAM LOSS 

Prefire of a single module of the abort kicker will result in 
high-amplitude coherent betatron oscillations of the beam. 
The disturbed beam can then cause the overheating of an 
limiting aperture component, a collimator jaw first of all. In 
the worst case, when abort kicker module prefires just af- 
ter the longitudinal abort gap, one needs to wait the whole 
turn to extract the beam. In such a case, collimator over- 
heating can be mitigated via [11]: early abort without syn- 
chronization with an abort gap (asynchronous firing of the 
beam abort kicker) or compensation of the prefired module 
with a special module with the opposite magnetic field (an- 
tikicker). In the second case, the beam abort can be safely 
delayed until the gap comes, thus eliminating beam loss 
during the kicker rise time. Beam loss depends on the time 
between the prefire and the antikicker start. 

The collider injection kicker misfire and prefire will re- 
sult in a coherent betatron oscillation of the injected portion 
of the beam with pretty large amplitude causing the delete- 
rious effects in lattice components [11]. 

An asynchronous firing of the beam abort and beam in- 
jection kickers will spray the beam across the accelerator 
aperture. Number of protons sprayed by the abort kicker is 
equal to At/T x / « 1013, where At = 3/xs is a kicker rise 
time, T = 89/iS is a revolution time, and / = 2.8 x 1014 is the 
beam intensity. About half of this will be sprayed across the 
abort beam line, and another half will hit a primary colli- 
mator. A thin (fraction of radiation length Xn) scattering 
target, a spoiler of a few Xo thick, or a thick shadow can 
be used to protect collimators from overheating. The mate- 
rial of targets, spoilers and shadows must withstand about 
5xl012 protons at 7 TeV. The instantaneous temperature 
rise in a 0.42Xn thick beryllium, graphite, and even copper 
and tungsten primary collimator is below the melting point 
at the nominal size of the circulating beam. Actually, beam 
size is several times larger because of the beam sweeping 
across the primary collimator by the kicker. Therefore, the 
collimators can withstand even higher intensity, i.e., from a 
thermal standpoint, any of considered materials can be used 
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for targets and primary collimators. From the other hand, 
no material can withstand the total beam intensity .Further 
studies of thick spoilers and shadows are needed for spe- 
cific conditions at injection and beam abort failures. 

4   BETATRON CLEANING 

A betatron cleaning system is located in IP3. In the colli- 
sion mode at the nominal luminosity, the rate of protons 
per beam leaving the stable central core is estimated to 
be 2.4 xlO9 p/s [1]. Slightly more conservative rate of 
3x 109 p/s is assumed in calculations. Proton impact pa- 
rameter on the primary collimator is of the order of lj/m. 
Angular distributions of the beam after the primary colli- 
mators have angular spread with rms~2/irad, being wider 
for heavier materials. 

Particles pass several times through the primary collima- 
tor before being absorbed by it or lost at secondary colli- 
mators or other accelerator apertures. At every interaction 
with a beryllium primary collimator, 25.2% of particles de- 
posit more than 30% of their energy and they are lost in 
the nearest region downstream of the primary collimator 
and in the secondary collimators. Corresponding fraction 
of particles for graphite is 12.6% and for tungsten is 2.3%. 
Therefore, average number of particle passes through the 
primary collimator is three times larger for tungsten colli- 
mator compared to the beryllium one: 3.25 (Be), 4.55 (C) 
and 12 (W) passes, respectively. 

Although primary and secondary collimators are placed 
at 6(7 and la from the beam axis, correspondingly [1], the 
tails of halo are extended up to 8<r at injection and up to 
7.2(7 at the top energy. Large amplitude particles, which es- 
cape from the cleaning system, are able to circulate without 
hitting the aperture in the cold part of the machine, before 
being captured by the collimators on the later turns. This 
defines the circulating beam size for the physical aperture 
calculations. 

Calculated beam loss distribution in the LHC IP3 is 
shown in Fig. 1 for beryllium collimator. Distributions 
are similar for other collimators, but the rates are higher 
for heavier materials: maximum beam loss rate in a 14.2 
m long superconducting magnet is 4.7 x 105 p/s for beryl- 
lium, 7.8xlO5 p/s for graphite and 2.7xlO6 p/s for tung- 
sten. These rates are below the limit for the LHC magnets 
ofl4.2x7xl06p/s[l]. 

For the same thickness in units of radiation length 
(0.42Xo), higher rate of inelastic nuclear interactions in 
beryllium and graphite primary collimators results in in- 
creased irradiation of components in the collimation region 
and at the beginning of the arc downstream of IP3. With 
tungsten, this irradiation is lower, and significant fraction 
of outscattered protons is intercepted by the secondary col- 
limators. 

5   MOMENTUM CLEANING 

A momentum cleaning system is located in IP7. The sys- 
tem consists of one horizontal primary and three secondary 
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Figure 1: Beam loss distribution in the IP3 beam collima- 
tion region at collisions for 150 mm beryllium primary col- 
limator. 

collimators positioned similar to the betatron cleaning sys- 
tem. Beam loss distribution at collimation of 109 p/s in IP7 
with a graphite horizontal primary collimator is shown in 
Fig. 2 for the entire LHC lattice. The distributions are not 
very different for other materials of the primary collimators 
in IP7. 
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Figure 2: Beam loss distribution in the LHC lattice at mo- 
mentum cleaning for a 80 mm graphite primary cillimator 
in IP7. 

Figure 3 shows beam loss distributions in IP1 and IP5 
for the simultaneous amplitude and momentum cleaning 
with graphite primary collimators. Total beam loss in 
IP1 (26500<S<26650 m) is 1.58xl05 p/s with beryl- 
lium, 2.43xlO5 p/s with graphite and 6.17xl06 p/s with 
tungsten primary collimators. These are mostly produced 
by the momentum cleaning system. Total beam loss in 
IP5 (13129<S< 13366 m) is 8.47 x 105 p/s with beryllium, 
1.52xlO6 p/s with graphite and 4.21 xlO6 p/s with tung- 
sten primary collimators. These are mostly produced by 
the amplitude cleaning system. 

6   BEAM CLEANING AT INJECTION 

Even in good operational conditions, about 5% of the beam 
(1.4x 1013 particles) can be lost at the beginning of the ac- 
celeration ramp during 0.2-1 s. The quench level in the 
superconducting magnets at injection is estimated to be of 
the order of 1010 p/m[l]. If localized, the above loss can 
cause additionally a serious problem for cryogenics and for 
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Figure 3: Beam loss distribution in IP1 (top) and IP5 (bot- 
tom) at collisions with simultaneous amplitude and mo- 
mentum cleaning with a 80 mm graphite primary collima- 
tors. 

the accelerator component lifetime. Experience says that 
detector components are also experience increased irradia- 
tion at injection. Therefore, the interaction regions must be 
well protected. 

Beam loss distribution in the LHC lattice at injection 
is shown in Figure 4. The interception of 7.0xl012 pro- 
tons during one second by each of the horizontal and verti- 
cal primary collimators in IP3 is assumed. The maximum 
beam loss rate in superconducting magnets is found to be 
1.35xl09 p/(m-s) with beryllium, 1.86xl09 p/(m-s) with 
graphite and 2.56 x 109 p/(m-s) with tungsten primary col- 
limators, respectively. These rates are only a few times be- 
low the quench level. This can cause a problem if the beam 
loss rates at injection exceed at some moment the average 
expected rate. Fortunately, the injection lattice has no high- 
ß region in the vicinity of the interaction regions. There- 
fore, the beam loss rates at injection are rather low in IP1 
and IP5. 

7   CONCLUSIONS 

Effect of the LHC beam cleaning system operation on the 
beam induced radiation effects in the entire machine has 
been studied. Comparison of different materials for pri- 
mary collimators has shown an advantage of beryllium and 
graphite compared to tungsten, with almost 10 times lower 
loss rates in the superconducting magnets. The beam loss 
with pyrolytic graphite is about 60% larger compared to 
beryllium, but taking into consideration allignement and 

Figure 4: Beam loss distribution in the LHC lattice at in- 
jection with a 1.5 mm tungsten primary coHimator. 

safety issues, pyrolytic graphite seems to be the best mate- 
rial for the LHC primary collimators. The maximum beam 
loss rate in any single superconducting magnet is below the 
limit even with tungsten primary coHimator. In the IP1 and 
IP5 high-luminosity insertions, beam loss rates produced 
by the beam cleaning system contribute about 10% to the 
total heat load in the inner triplet components, which is 
dominated by pp collisions. The maximum beam loss at 
injection, (1.35-2.56)xl09 p/(m-s), is 4 to 7 times below 
the limit defined in [1]. 

8    REFERENCES 

[1] 'The Large Hadron Collider Conceptual Design', 
CERN/AC/95-05(LHC), 1995, P. Lefevre and T. Pet- 
tersson, editors. 

[2] A.I. Drozhdin, M. Huhtinen and N.V. Mokhov, Nucl. Instr. 
and Methods, A381, 531,1996. 

[3] L. Burnod and J. B. Jeanneret, 'Beam Losses and Collima- 
tion in the LHC: A Quantative Approach', CERN SL/91- 
39 (EA), LHC Note 167,1991. 

[4] P.J. Bryant, E. Klein, "The Design of Betatron and Momen- 
tum Collimation Systems', CERN SL/92-40 (AP), 1992. 

[5] T. Trenkler and J.B. Jeanneret, 'The Principles of Two Stage 
Betatron and Momentum Collimation in Circular Accelera- 
tors', CERN SL/95-03 (AP), LHC Note 312,1995. 

[6] M. Maslov, N. Mokhov and I. Yazynin, 'The SSC Beam 
Scraper System', SSCL-484, 1991. 

[7] A. Drozhdin, N. Mokhov, R. Soundranayagam and J. Tomp- 
kins, 'Toward Design of the Collider Beam Collimation Sys- 
tem', SSCL-Preprint-555,1994. 

[8] N. V. Mokhov, 'The MARS Code System User Guide, Ver- 
sion 13(95)', Fermilab-FN-628, 1995. 

[9] J. Ranft, Phys. Rev., D51, 64, 1995. 

[10] I. Baishev, A. Drozhdin and N. Mokhov, 'STRUCT Program 
User's Reference Manual', SSCL-MAN-0034,1994. 

[11] A. Drozhdin, N. Mokhov and B. Parker, 'Accidental Beam 
Loss in Superconducting Accelerators: Simulations, Con- 
sequences of Accidents and Protective Measures', SSCL- 
Preprint-556,1994. 

118 



LOCAL CHROMATICITY CORRECTION OF THE LHC 

C.J. Johnstone *, Fermilab, P.O. Box 500, Batavia, IL 60510 USA 

Abstract 

Local chromaticity correction of a low-beta region can 
under certain conditions enhance the momentum accep- 
tance of a circular accelerator [1]. For this paper a local 
chromaticity scheme was explored for the LHC employ- 
ing chromatic correction sextupoles in the arc cells near- 
est the final-focus triplet. Initially, existing optics and cur- 
rent sextupole locations [2] were used to correct the natural 
chromaticity of the LHC Interaction Region (IR) and pre- 
liminary tracking indicated an increase in dynamic aper- 
ture. However, calculated sextupole strengths were unreal- 
istic. Therefore, work on a specialized chromatic correc- 
tion region with increased beta functions at specific sex- 
tupole locations has begun. The higher beta functions al- 
low the strengths required for the sextupoles to be reduced 
and, also, more optimal sextupole phase advances for chro- 
matic correction. Progress towards an optical model for 
local chromatic correction for the LHC IR is the subject of 
this paper. 

1   INTRODUCTION 

The long-term stability and overall momentum acceptance 
of the LHC has been investigated using sextupole families 
to correct higher orders of chromaticity and also schemes 
which include multipoles [3]. Another approach which has 
been used in the design of the NLC and, recently, in the 
muon collider interaction regions [1] is a locally-applied 
correction for chromaticity. A local approach to chromatic 
correction of the LHC IR is the subject of this paper. 

2   MINIMIZING AND LOCALLY CORRECTING 
CHROMATICITY 

Since minimization of chromatic effects favors a symmetric 
reflection of the final-focus telescope, a symmetric layout 
of the LHC IR was considered. However, the existing anti- 
symmetric implementation does not lend itself readily to a 
symmetric version, and, not surprisingly, rematching to the 
arcs proved difficult and disruptive. 

Maximum momentum acceptance is achieved when the 
sextupole nearest the IP corrects the plane with the corre- 
sponding largest chromaticity. The largest chromaticity on 
a particular side is determined by the sign of the quadrupole 
nearest the IP. The plane which is defocussed nearest the IP 
will always have the largest chromaticity. In keeping with 
the antisymmetric nature of the IR, the Chromatic Correc- 
tion Section (CCS) should also display antisymmetry about 

* Operated by Universities Research Association, Inc. under contract 
No. DE-AC02-76CH03000 with the U. S. Department of Energy 

the IP-on the designated left side of the LHC IR, a vertical 
sextupole should be closest to the triplet and on the right 
side a horizontal one. 

For calculation purposes, the LHC IR along with the 
twelve arc cells were extracted from the ring. Because of 
the 90 degree phase advance across the arc cells flanking 
the LHC IR, sextupoles could be conveniently placed in 
conventional n pairs for chromatic correction. For a nonin- 
terleaved layout (which is optimal for standard LHC arc 
cells), the correction sextupoles must be paired with an 
empty cell in between. Therefore, 6 normal arc cells on 
either side of the IR are required for both vertical and hori- 
zontal chromaticity correction; or 12 arc cells total. 

The natural chromaticity of the LHC was calculated in- 
dependently and found to be -34. Using only the 4 sex- 
tupole pairs, linear chromaticities arising from the LHC IR 
were cancelled. The 'locally-corrected' LHC IR was then 
embedded back into the ring, and rough tracking studies 
were performed. Tracking results indicated about a 20% 
increase in the dynamic aperture and improved momentum 
acceptance. However, the sextupole strengths required to 
cancel natural chromaticity of the LHC IR were a factor of 
4 or 5 over and above present design currents. Since such 
sextupole strengths are not realistic, work began on a more 
feasible local correction scheme-one which modified ex- 
isting optics in order to bring down the required sextupole 
strengths and one which would also incorporate more opti- 
mal phase advances. 

To bring down sextupole strengths, a much larger ß func- 
tion value is required at the sextupole locations. Since the 
FODO separation is about 40-50 m, this scales the maxi- 
mum and minimum beta to 1.2 km and 1.5 to 2.8 m, respec- 
tively. (Lower maximum/minimum beta functions cause 
the Chromatic Correction Section (CCS) to compete opti- 
cally with the LHC IR in terms of chromaticity). The in- 
crease in ßmax from 200 m to 1.1 km alone is sufficient 
to bring down the sextupole strengths to operational val- 
ues. The changed FODO structure starts at Q5 and, be- 
ginning at sextupole locations, continues for two cells if 
the sextupoles are interleaved and four cells if they are not. 
Two additional arc units were perturbed to rematch from 
the CCS into the standard arc cell. 

The large ratio in ß functions, here, averaging 1200 to 2, 
generally allows sextupoles to be successfully interleaved 
with little cross-plane correlations. It is anticipated that the 
interleaved sextupole scheme will show the best acceptance 
due to a reduction in the overall length of the CCS. 

In the standard LHC optics, the phase advance from the 
peak ß in the final-focus quadrupoles to the correction sex- 
tupoles is not a multiple of n, and, correspondingly, it is 
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Figure 1: Horizontal (solid line) and vertical (dashed line) 
/^-functions in the ß* = 3 mm IR lattice. Dot-dashed line 
shows the dispersion. 

also not an odd multiple of 7r/2 from the IP. Therefore, the 
sextupole contributions to higher-order chromaticities and 
geometric aberrations are not minimized. In order to meet 
the optimal phase-advance criteria, the large ~ lkm/2m 
ratios in maximum/minimum ß functions were found to 
be critical. A full n phase advance is characteristic of the 
deeper minima and the phase advances to the high-beta lo- 
cations and between sextupole pairs can be maintained in 
correct multiples of TT. Geometric cancellation to second 
order is approximately achieved in the proposed configura- 
tion. The LHC low-/? insertion with the CCS which was de- 
veloped is given in Fig. 1. A smooth transition is achieved 
from the CCS into the arc in the lattice functions. The val- 
ues of dispersion in the CCS and its present matching still 
need more work. 

4   SUMMARY 

In summary, a local chromatic correction has been applied 
to the LHC IR in the standard optics set and through a lo- 
cal modification about the final focus. Sextupole strengths 
in the former were not realistic, but appear to have accept- 
able values in the latter. Phase advances in the modified 
version are also close to optimal for sextupole chromatic 
correction. Work still remains to incorporate the disper- 
sion and its matching in a more realizeable way. Also, the 
working tune needs to be restored to the optimum work- 
ing point near the quarter integer (this does not appear to 
present any problems). Finally, tracking studies at the new 
working point need be performed to demonstrate and com- 
pare aperture and momentum acceptance. 
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3    RESULTS 

As has been already stated, apertures improved at the 20% 
level using a noninterleaved sextupole scheme in conven- 
tional arc cells. A CCS was subsequently designed which 
increased the ß functions at the sextupole locations by a 
factor of 5-with the intended result of bringing down the 
required sextupole strengths. The larger values of betas 
combined with the large 40 to 50 m separations between 
quadrupoles conspired to raise quadrupole strengths in the 
pirated arc cells by as much as 30%. Although not techni- 
cally insurmountable, the CCS will need to be refit to sup- 
port operational values. In general, the new CCS showed 
a momentum aperture equivalent to the standard optics set 
even though machine tunes were displaced by ±.15 from 
their optional fraction tune of .25. This is suggestive of in- 
creased momentum acceptance when tunes are readjusted 
near the quarter integer. 
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PERTURBATION OF THE PERIODIC DISPERSION UNDER BEAM 
CROSSING OPTICS IN LHC 

F. Meot*, FNAL, Batavia, IL 60510-500, USA 

Abstract 

Beam crossing and separation schemes in the LHC inter- 
action regions impose non-zero closed orbit in the low- 
ß triplets. The related perturbative dispersion is derived; 
propagation, multi-crossing interference, perturbative ef- 
fects around the ring are investigated and quantified. Hori- 
zontal and vertical compensation schemes are presented. 

1   INTRODUCTION 

Crossing angle and orbit off-centering schemes at the in- 
teraction points (IP) in the LHC ring are foreseen [1][2], 
for the purpose of early separation of the beams so as to 
reduce harmful effects related to beam-beam interactions 
in that region where they share a common vacuum pipe. 
Such closed orbit (c.o.) geometry imposes horizontal and 
vertical off-centering in the low-/? triplets, which has sen- 
sible effect on dispersion in collision optics when betatron 
functions reach very large values. This report provides an 
understanding and study of the building-up and effects of 
the anomalous dispersion in the LHC ring (Version 4.2), 
and investigates compensation schemes. 

2   ANOMALOUS DISPERSION 

2.1   Equation of the anomalous dispersion 

The perturbative dispersion dy(s) due to yc0{s) c.o. in the 
low-/3 triplets is the closed solution of [3] 

d2dy/ds2 + K(s)dy = -AB{s)/Bp + K{s)yco    (1) 

with y = x or z, Bp = particle rigidity, K(s) = quadrupole 
strength, and the field term AB(s)/Bp is introduced by the 
c.o. dipoles. Eq. (1) can be solved in the elementary kick 
approximation K(s)yco{s) = / K(s)yco(s)6{s - sq)dsq 

which yields the periodic solution (Fig. 1) 

dy(s) + yCo(s)    = 
2 sin irv 

Y^(KL)qyco(sq) ■ 

y/ß(sq)cosu[T:-\4>(s)-4>(sq)\]    (2) 

where (j)(s) = 1/v fds/ß = normalized betatron phase, 
(j>(sq) — phase at the kick, ß = betatron function, v = 
machine tune. The closed orbit yco(sq) at the kick can be 
expressed in terms of its transport from the IP (optical func- 
tions ß*, <j>* while a* = 0 is assumed). This yields 

dy(s) = -Jfco(s) + { 
2 sin nv 

(3) 

+y* Y^(KL)qß(sq) cos v[<j>{sq)-</>*] cosu[ir-\<t>{s)-<t>(sq)\] 

+y"ß* ^2(KL)gß(sq) sin u[(j>(sq)-</>*] cos v[ir-\<t>(s)-<l>(sq)\] } 

2.2    Upper limits of the perturbation 

Beyond the low-/3 triplets associated with the non-zero c.o. 
Eq. (2) can be written under the form dy(s)/yjß{s) = 

,(s)/y/jtts) + Dy cos u\<t>(s) + f2], with —yc  
Dy    =" { ^{KL)qyco{sq)y/ß{sq)cosu(n + e^>(s,))]2     (4) 

+[^(KL)gyc0(s,)x/^)sini/(7r + ecj>(sq))]2 }^2/(2sin-nu) 

(e = ±1 for <j>(s)^(sq), \fq). Numerical calculation of the 
sums from first order optics yields [3]-[6] _ 

Dx\x'=0 ^ Dz\z*=0 ^ 17n    Dx\x"=0 ^ Dz\z". 170, >2   (5) 

Since ßx and ßz have similar shapes Eq. (5) tells that the 
perturbation due to 10~4rad c.o. angle ("dx" plot in Fig. 1) 
is about ten times that due to lCT3m c.o. off-centering 
("dz" plot in Fig. 1). Extrema of dy(s) = Dyy/ß(s) can 
be derived, this is studied in more details in Section 3. 

2.3   Comparison with the effects of D1/D2 dipoles 

Dispersive effects due to crossing can be compared to those 
due to the separator/recombiner dipoles D1/D2, in partic- 
ular in view of simultaneous compensation by an optical 
assembly such as proposed in [7]. A single dipole (Dl or 
D2) with bend ®D excites a dispersion of closed form 

< y/ß(sD) > COSI/[TT - \4>(s) - <t>{sD)\]   (6) 
dx(s) &D 

2 sin 7ti/ 

with < y/ß(so) > = mean value of y/ß(so) and assuming 
<P(SD) W Cste, over a dipole. The overall perturbation is 
obtained by superposing the effects of the two pairs D1/D2, 
which, with <j>{sm) ~ <t>{sD2), leads to 

DVD*dx(s) =DVD2 Dx cos } + T] 

-?£-[< y/ß(SDl)> ~ < Vß(sD2)>] 

(7) 

2sin7iv 

* On leave from CEA/DSM-Saclay, France. 

Given < ^/ß{sD\) >» \J<ß{sDi)> and QD = 
2.17 lQ-3rad, it comes out m'mDx « 46010~4, which 
yields about ±0.6 m modulation at ß(s) = 180 m. This 
can be readily compared to the analogous coefficients due 
to x'* = 10_4rad c.o. angle (Eq. 5), namely 

Crossing^ j Dl/02^ K 170/460 ~ 35% (8) 
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In other words, the modulation in the arcs due to x'* is 
±0.35 x 0.6 « ±0.2 m (Fig. 1). It also means that a cor- 
rection scheme intended to compensate the dispersion due 
to D1/D2 can take care in addition of \0~Arad c.o. angle 
by changing its strength (increase or decrease depending on 
the crossing sign) by about 35%. 

3   TYPICAL EFFECTS OF CROSSING ANGLE 
GEOMETRY 

We consider the sole crossing scheme (y* = 0, y'* ^ 0), 
which has the major perturbative effect as shown above 
(Eq. 5). Beyond the crossing region Eq. (3) leads to [3] 
dv(s < SQLeft, * > SqRight) = ~Vco(s) (9) 

±y'' y/ß(s)ß*/(2Smw)smv[Tr - \<j>(s) - <f>*\] Y^(KL)ißM 

(±1 forresp. <j>(s) < 4>(sq),Vq) 

Extrema in the arcs 
These are attained when sin i/[7r—|(^(s)—^*|] « 1. Consid- 
ering that ßmax(s) « 180 m while ^(Ktyqßisq) « 370 
in odd-type IR's [3], it comes for x'* or z'* = 10~4rad 
c.o. angle, dXtextr < 0.228 m (vx = 63.28), i.e., about 
10% of the first order dispersion ; or dZtextr < 0.212 m 
(uz = 63.31). 
Extrema in low-ß triplets 
The phase in triplets is <j>(s) « 4>{IP) ± n/2v while 
ßmax « 4430 m at ZPL/5, « 4020 m at IP2/8. Given the 
c.o. angle x'* — 10~4rad at IPb and betatron phases 
<p{IPl) = 0,(f>(IP2) = 2Tr8.985/vx,<f>(IP5) = $* = 
Tr,<f>(IP8) = 2TT55.745/Z/X, V = ux = 63.28 and ß* = 
0.5 m, Eq.(9) yields 

dx,extratIRl,2,5,8 = 1.13m, 1.07m, -0.71m, -1.05m (10) 

Dispersion at IP's 
Eq. (9) with <p(s) = (j>(IP) and phase values above yield 
dx(IPi, 2,5,8) = 0,1.08 10_3m, 1.38 10_3m, -2.5810~3m (11) 

which gives negligible beam size increase for öp/p = 10-4. 
rspotry"   ■* •    itrrr^s: IRTJKKNCgB 

^V^v^V r*~r ̂ V^ 

Interferences 
By virtue of the superposition principle interferences oc- 

cur under crossings at several IP's. Two-IP interference 
for instance, in the case of a pair of inclined crossing ge- 
ometries, or in the case of four alternating crossings [8]. 
Consider z'* = ±10~4rad vertical c.o. angle at IPl and 
IP5. Given <p{IPl) = 0, <f>(IPö) = n, v = vz = 63.31, the 
resulting extremum in IP5 low-/? triplets is (Eq. 9) 

dz,eXtr = ±z'*+^^(l + ecosTv) S^(KL)qß(sq) (e = ±l) 
2 sin 7IV ^—' 

(12) 
yielding, dZiextr ~ 0.46 m for identical sign crossings (e = 
1)> dZteXtr ~ 1.64 m for opposite signs (e=-l) (Fig. 2). 

Strong effects may arise from four-IP interference (non- 
alternating crossing configuration [8]). Consider c.o. an- 
gles x'* = e/p 10~4rad with signs either identical, e\ = 
£2 = £5 = es = 1 or alternate, t\ = €2 = 1 and 
£5 = £8 = —1- The perturbation at IP5 low-/? triplet 
reaches 
dx,extr = ±x'* \fßmaxß*/{'2sm™>) (13) 

yielding, dXyextr « 0.42 m if all crossings have identical 
signs, dX)eXtr ~ 4.1 m in the second case. 

4   CORRECTION SCHEMES 

4.1 Self-absorption within regular IR tuning procedures 

The simplest way to compensate the anomalous disper- 
sion is by re-tuning the IR. As expected from dx(s) « 
10%Dx(s) under ±10~4rad c.o. angle (after Eq. 5), do- 
ing so leads to very limited changes in the Q1-Q10 IR 
quadrupole strengths. As to the optical functions, there is 
no meaningful difference with the unperturbed ones [3]. 

4.2 Quadrupole correction of the horizontal dispersion 

Corrector strength 
Quadrupole correctors excite a perturbative dispersion 
which superposes with that due to c.o. in the low-/? triplets. 
This translates to additional term f KQ(s)dx(s)6(s — 
SQ)dsQ in Eq. (1) (index Q stands for the correctors). Be- 
sides, minimizing the corrector strength imposes on the one 
händig) = 4>{sq)+it / v[modulo'K / u], on the other hand 
maximizing Dx(sQ)y/ßx(sQ) (which also minimizes ef- 
fects on the orthogonal plane). Considering that (j>(sq) and 
Dx(sQ)y/ßx(sQ) « Cste the correction strength writes 
Y^(KL)Q = ±Y^{KL)qxC0{sq)^/ßx(sq) I Dx(sQ)^ßx(sQ) 

Q 9 
(14) 

Numerical calculations for odd IR give J2(KL)q 

Xco{sq) y/ßx(Sg)\Left/Right = -1.12 10~2 / 1.5010~2 for 
respectively the left and right low-/? triplets. Hence the 
integrated strengths that independently close the left and 
right dispersion bumps : \(KL)Q\Left/Right\ « 3.910~4 / 
5.2 lO-^m-1. 
Correction with a single quadrupole 
A single quadrupole with strength 910_4m_1 (after Eq. 
above) is sufficient to cure the anomalous dispersion, since 
the two TT/V apart low-/? triplets sources of the defect ex- 
cite independent perturbations that add in phase. It may be 
placed close to MSCBH multipole and would excite a de- 
fect in phase opposition thus canceling the anomalous dis- 
persion beyond the local chromatic bump so determined. 
Fig. (3) shows the resulting second order dispersion at Oc- 
tant 5, prior to any re-tuning of the IR, to be compared to 
the uncorrected situation (curve "(Dx + dx)" in Fig. 1). Yet 
a single quadrupole has sensible effect on the tune and ß 
mismatch, namely, Avx = ßx(sQ)(KL)Q/4sr « 1.310~2 

(ßx(sQ) = 178m), Ai/Z = 0.2310-2 (ßz(sQ) = 32m), 
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andA/?x//?x < ßz(8Q)\(KL)Q\/2sm(2ni,x) w ±8.5%, 
Lß,lßz « ±1.5% (with i/x, i/z » 63.3). 

Correction with two quadrupoles 
These effects can be taken care of to good level (< 

1% dispersion beating, < 3% /3-beat and at worst .0018 
tune shift, prior to any re-tuning of the IR) by using two 
quadrupoles ; this could constitute a minimal correction 
scheme, yet there are several possibilities more or less ben- 
eficial w.r.t. residual dispersion, tune shift and /3-beat: the 
two quadrupoles can be placed one at each end of the IR, 
or both at the same end, with each one half the strength 
\{KL)Q/2\ « 4.510~4m_1 ; this has the effect of avoid- 
ing tune-shift and /3-beats. They can be placed one at each 
end of the IR, with strengths 3.910-4/5.2 \0~Am-1 to bal- 
ance the opposite low-/? triplet; this brings quasi-zero dis- 
persion and derivative at the IR 
Correction with four interlaced quadrupole pairs 

Following a correction scheme proposed for SSC [9], 
the method above has been extended to four pairs of 
quadrupoles. Such correction scheme is also assimilable 
within the modular LHC IR tuning scheme [7] and other Q- 
shift system [10]. As expected from the discussions above, 
the correction is very efficient in terms of tune-shift, /?-beat 
and dispersion. More details can be found in [3]. 

4.3    Correction of the vertical dispersion 

The vertical anomalous dispersion can be compensated by 
skew quadrupoles (as proposed at SSC [9]) located at arc 
ends close to MSCBV correctors and maxima of Dxyfß~z 

and low ßx. Their role is to couple the horizontal dispersion 
into the vertical plane. 
Corrector strength 
The vertical dispersion verifies d2dz/ds2 + K(s)dz  = 
R(s)Dz. The closed solution is (after Eq. 2) 

dz(s) 
y/lM 
2 sin itvz 

Y2,(.RL)sQDx(sSQ)\fßz{ssQ)™sv[K-\<t>{s)-<i>{ssQ)\)  (15) 

where index SQ denotes the correctors, R = skew quad 
strength. Taking <J>{SSQ) = 4>(sq) + TT/V[TT/U] while 
<t>(sq) and Dx(sSQ),Jßz(ssQ)~Cste gives the correction 
strength 

52(RL)SQ =Y,(KL)qzco(sq) ^/ßz(sq)/Dx(sSQ) yJßz{sSQ) 

(RL)sQ\Left/Right « 10-610~4/7.9lO-4™-1 is neces- 
sary for balancing the effects of the left and right low-/? 
triplets under z'* = 10~4rad c.o. angle at IP [3]-[6]. 
Correction with a single skew quadrupole 

The corrector is placed at an arc end next to a MSCBV 
multipoles with the strength 18.210_4m_1 (Eq. above). 
Dispersion does not exceed 0.32 m in the crossing octant 
(Fig. 4), it is less than 0.05 m everywhere else in the ring 
(see the uncorrected situation, curve "dx" in Fig. (1)). 
Interlaced correction scheme 

Residual effects on the first order focusing are weak ; 
however they can be improved by using quadrupole pairs ; 
doing so damps the dispersion to 0.2 m in the crossing low- 
ß triplet. The philosophy is the same as above, for the hor- 
izontal plane ; more details can be found in [3]. 
Interferences 

If no correction of the vertical dispersion is foreseen, yet 
some benefit may be drawn from interference, as long as 
adequate phase relation is fulfilled between IP's of concern. 
Fig. 5 shows such self-cancellation in the range IR2/IR8 
when setting z'* = 10_4rad c.o. angle at IP2 and IP8 
simultaneously. This plot can be readily compared to the 
situation due to a single crossing (curve "dx" in Fig. 1, and 
extrema at all IP's, Eq. (10)). 

FIGURE 6 VERTICAL INTERFERENCE BETWEEN  IP2 A ND IPB 
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TOWARDS THE OPTIMAL LHC INTERACTION REGION: 
BEAM-INDUCED ENERGY DEPOSITION* 

N.V. Mokhov and J.B. Strait, Fermilab, P.O. Box 500, Batavia, IL 60510 USA 

Abstract 

The overall machine and detector performances at the 
LHC are strongly dependent on the interaction region (IR) 
scheme and details. Beam-induced energy deposition in the 
components of the complex due to both p-p collisions and 
beam loss in the IR vicinity is a significant challenge for 
the design of the high luminosity insertions. It was shown 
in our previous studies that a set of collimators in the ma- 
chine and absorbers within the low-beta quadrupoles would 
reduce both the peak power density and total heat load to 
tolerable levels with a reasonable safety margin. New op- 
tical configurations for the IRs developed in the past year 
may require changes in the absorber dimensions. In this 
paper we present studies of the radial and azimuthal distri- 
butions of the deposited power density and the dependence 
of peak power density on absorber thickness. These can 
be used to guide further studies of the optics and absorber 
systems. 

1    INTRODUCTION 

The Large Hadron Collider (LHC) [1] is designed to pro- 
duce p-p collisions at y/s=\4 TeV and L = 1034 cm~2s_1. 
The interaction rate of 8xl08 s_1 represents a power 
of almost 900 W per beam, the large majority of which 
is directed towards the low-/? insertions. Previous stud- 
ies [ 1,2,3] have identified this as a potentially serious prob- 
lem. The quadrupole fields sweep the secondary particles 
into the coils preferentially along the vertical and horizon- 
tal planes, giving rise to local peak power density Pmax 
as much as an order of magnitude larger than the average. 
Tests of porous cable insulation systems [4] and calcula- 
tions concerning the insulation system to be used in the 
Fermilab-built LHC IR quadrupoles [5] have shown that up 
to about 1 mW/g of heat can be removed while keeping the 
coil below the magnet quench temperature. Since our pre- 
vious studies [3], which presented an optimized set of ab- 
sorbers to protect the magnets, the optics design of the IRs 
has changed and not all parameters of the new design are 
firmly established yet. We present here studies of the dis- 
tribution of the the power density in radius and azimuth 
within the magnet coils and the dependence of Pmax on 
the thickness of internal absorbers placed inside the mag- 
net bore, which can be used to guide future studies of the 
optics and absorber systems. 

2   INNER TRIPLET CONFIGURATION 

The studies described in this paper are based mainly on the 
IRs in version 4.2 of the LHC optics [1].  In that design 

* Work supported by the U. S. Department of Energy under contract 
No. DE-AC02-76CH03000 

the triplet consists of four 5.5 m long, 70 mm coil aper- 
ture quadrupoles - Ql, Q2a, Q2b and Q3 - which are pow- 
ered in series and operate at 225 T/m at the high luminosity 
IRs (points 1 and 5). Two 1.8 m long, 85 mm aperture 
trim quadrupoles adjacent to Ql and Q3 (Q01 and Q03 
respectively) operate at a maximum gradient of 120 T/m; 
they provide tunability and the additional strength required 
of the outer two elements of the triplet. Superconduct- 
ing beam separation-recombination dipoles Dl and D2 are 
11.5 m long, have an 88 mm coil aperture and operate at 
4.3 T. Under injection (collision) optics ß* = 6 (0.5) m, 
and a half crossing angle of 100 /irad is specified. 

Recently a new version 5 of the LHC optics [6] has 
been introduced, which eliminates the trim quadrupoles 
and lengthens Ql and Q3 to 6.3 m. The separation be- 
tween Dl and D2 is increased allowing the use of lower 
field or shorter dipoles. At the high luminosity IRs Dl is 
replaced by a room temperature magnet. The half- cross- 
ing angle is now proposed to be 200 /xrad at injection and 
175 /xrad under collision optics in the high luminosity IRs, 
and a ±2 mm transverse separation at injection has been 
introduced. Under injection optics ß* = 12 m, but might 
be increased further. The optimization of these parame- 
ters is the subject of on-going studies (for example [7, 8]). 
The new conditions require changes of the absorber dimen- 
sions, typically increasing their apertures due to the larger 
crossing angle. 

To understand the impact of these changes on the energy 
deposition and to guide future work, we have studied the 
dependence of Pmax on internal absorber thickness. These 
studies have been carried out using both version 4.2 and 
version 5 configurations. Since the distance of the triplet 
from the interation point is the same and the overall length 
of the triplet is only slightly greater in version 5 than ver- 
sion 4.2 (30.6 m versus 29.6 m), the relation between power 
density and absorber thickness is the same for the two con- 
figurations within calculational uncertainties. 

Figure 1 shows the version 4.2 inner triplet configura- 
tion and indicates the minimum mechanical half aperture, 
accounting for all the various errors considered in [1]. The 
positions and apertures of each magnet are shown as well 
as internal absorbers that come to the limiting aperture [3]. 

3   ENERGY DEPOSITION 

The p-p collisions and showers in the IR components are 
simulated with the DPMJET event generator [9] and the 
MARS code [10], version 13(96), respectively. Charged par- 
ticles are tracked through the lattice and the fields within 
each magnetic element. The cut-off energies are 1 MeV 
(charged particles), 0.2 MeV (photons) and 0.5 eV (neu- 
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Figure 1: The LHC low-/3 insertions (version 4.2) includ- 
ing absorbers. The solid (dashed) curve is the approximate 
10<T beam envelope for injection (collision) optics, includ- 
ing closed orbit and mechanical tolerances. 

trons). Magnet coils are modeled with 4 radial bins of 
8.5 mm depth, azimuthal bins varying from 5° at the hor- 
izontal and vertical planes to 15° between, and axial bins 
range between 1.1m (Ql) and 3.8 m (Dl) long. The mag- 
net coils, which are a mixture of NbTi, copper, insulation 
and helium, are simulated as a homogeneous material with 
A=50, Z=23 and p=7 g/cm3. Details such as cooling chan- 
nels in the yoke and coil ends are not included. Statistical 
errors on the Monte Carlo calculation are estimated to be 
±15% for Pmax, based on comparison of results from dif- 
ferent runs with independent random seeds. 

The longitudinal distribution of Pmax has been studied 
in detail in [3] for several triplet and absorber configura- 
tions. With the front collimator in place, Pmax is always 
peaked at the downstream end of Ql, upstream end of Q2a, 
upstream end of Q3 and downstream end of Dl. With no 
internal absorber Pmax = 1.2±0.2mW/g in Q2, at or above 
the allowable limit. With individually sized 10a absorbers 
as shown in Fig. 1, Pmax is substantially reduced, giving a 
factor of 3-4 safety margin. Cases in which the absorbers 
have larger or smaller inner radius have been studied to de- 
termine the dependence of Pmax on absorber thickness. 

Typical azimuthal structure of power density in the coils 
is shown in Fig. 2 for the IOCT absorber, showing the strong 
peaking at the horizontal and vertical planes. Left-right 
and vertical-horizontal asymmetries are apparent due to the 
excess of positive high energy particles in the forward di- 
rection and the horizontal crossing plane assumed in this 
study. Both Pmax and azimuthally averaged power densi- 
ties drop rapidly with radius (Fig. 3), so outer coil layers 
are in a much better situation than the innermost. 

4   DEPENDENCE ON ABSORBER THICKNESS 

A1.8 m long copper absorber is placed in front of the triplet 
and stainless steel absorbers (thick beam pipes) are placed 
within the magnet bores to minimize the energy deposition 
in the coils. The LHC design requires [1] that the physical 
aperture, including effects of dispersion, closed orbit er- 

Figure 2: Azimuthal distribution of power density in the 
first cable shell at the downstream end of Ql. (0° is up.) 
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Figure 3: Radial distribution of Pmax and azimuthally av- 
eraged power density at the upstream end of Q3. 

rors, construction and alignment tolerances, and the cross- 
ing angle in the IRs be everywhere at least 10a (except at 
the beam cleaning collimators), where a is the rms beam 
size. (A new method of computing the geometric aperture 
has been recently introduced [11], which will be incorpo- 
rated in future studies.) Fig. 1 shows the 10CT limit for in- 
jection and collision conditions and absorbers with inner 
radii at this limit. The outer radius of the absorbers is 2 mm 
less than rcoii. 

Results on Pmax for different triplet and absorber con- 
figurations, studied over 1995-1997, are collected in Fig. 4 
through Fig. 6. The power density within a particular part 
of the triplet depends not only on the thickness of the ab- 
sorber at that point but also on the apertures of the up- 
stream absorbers. In Fig. 4 the aperture of the front ab- 
sorber is r = 14 mm for the first three data points, and r = 
12 mm for the last point. In Fig. 5 the pairs of data points 
at 8 mm and 9.5 mm thickness correspond to different ab- 
sorber apertures in Ql (Ql aperture set to be the same as 
in Q2-Q3 or to the smallest allowed at its own location). 
Again, the right-most points correspond to a smaller front 
absorber aperture than the others. Here it is apparent that 
the effect of varying upstream apertures is comparatively 
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Figure 4: Pmax in Ql as a function of thickness d. 
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Figure 5: Pmax in Q2 and Q3 as a function of thickness d. 

local: Pmax is less sensitive to front absorber aperture in 
Q2-Q3 than in Ql, especially for the case of a smaller Ql 
absorber aperture. Similar trends are observed in Fig. 6 for 
Dl. 

To provide a reasonable margin with respect to expected 
quench level, the minimum absorber thickness should be 
10-13 mm in Ql, 4.5-6 mm in Q2-Q3, and about 6 mm in 
Dl. With this, the total power deposited in the inner triplet 
quadrupole cold mass is 82 Watts while the absorbers take 
about 60 Watts. One may consider cooling the internal ab- 
sorbers at a higher temperature, as is done with the beam 
screen in the arcs. However, the insulating space required 
between a separate absorber and vacuum pipe would reduce 
the absorber thickness, making this option impractical. 

5   CONCLUSIONS 

Energy deposited in the superconducting magnets is an im- 
portant issue in the overall design of the LHC IRs. Reduc- 
ing Pmax to an acceptable level requires the use of internal 
absorbers with the total thickness of 10-13 mm in Ql, 4.5- 
6 mm in Q2-Q3, and 6 mm in Dl (if this dipole is super- 
conducting). Increasing the front absorber aperture above 
r = 14 mm will reduce the safety margin. Detailed analysis 

Figure 6: Pmax in Dl as a function of thickness d. 

of beam losses in the LHC high-luminosity interaction re- 
gions showed f 12] that these contribute a few percent in the 
beam related energy deposition in Q2-Q3 quadrupoles and 
Dl and D2 dipoles, with pp-collisions as the main player. 
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MEASUREMENT AND ANALYSIS OF LONGITUDINAL BUNCHED 
BEAM ECHOES IN THE FERMILAB TEVATRON 

S. Assadi and P. L. Colestock 
Fermi National Accelerator Laboratory*, P.O. Box 500, Batavia, IL 60510, USA 

Abstract 

Bunched beam echoes have been generated in the Fermilab 
Tevatron using a simple impulse kick technique involving 
the rf system. The echoes occur as a result of the nonlinear 
mixing of quadrupole and dipole components of successive 
impulse kicks, and may be readily observed using a bunch 
phase measurement system. The echo contains informa- 
tion on the synchrotron tune spread, as well as on various 
nonlinear phenomena, including the nonlinear tune spread 
and the effects of noise on the incoherent synchrotron mo- 
tion. By measuring the detailed form of the echo response 
as well as its overall envelope as a function of the echo de- 
lay time, it is possible, in principle, to extract some of this 
information. In this paper we present experimental results 
along with a perturbation model which includes the effects 
of a nonlinear tune spread. In particular, we wish to explain 
the observed rapid decay of the echo envelope in terms of 
relevant beam parameters. 

Beam 
RF Cavity 

Pulser Phase 
Detector 

Figure 1: Sketch of the experimental setup. Successive im- 
pulses are applied with a pulser to the low-level phase feed- 
back loop of the rf system. The resulting loop response 
applies a kick to the bunch energy. 

1    INTRODUCTION 

Echoes have been studied in a variety of media for many 
years as a means of experimentally determining aspects of 
the dynamics of constituent particles (refs. [1] [2] [3]). 
In recent years, echoes have also been studied in high en- 
ergy synchrotrons, and have been used to measure diffusion 
rates, although only in coasting beams [4] [5]. 

In this work we report the observation of bunched beam 
echoes in a high energy synchrotron and present a model 
which describes aspects of the experimental observations. 
At issue is whether such echoes can be used as diagnostic 
tools for determining experimentally various beam param- 
eters. 

Echoes are formally a nonlinear wave phenomenon 
whereby two harmonically related waves mix to provide a 
disturbance separated in time or space from the original ex- 
citation. Since echoes can occur at times much longer than 
a decoherence time, they may contain information about 
the long-term incoherent particle dynamics of a given sys- 
tem. Although echoes have often been viewed as a con- 
sequence of wave mixing, they can also occur in systems 
with negligible self-fields as a superposition of the motion 
of free-streaming particles, which is the view taken in this 
paper. We are interested in determining which aspects of 
the beam parameters can be determined from the proper- 
ties of the echo response. 

* Operated by the Universities Research Associationjnc, under con- 
tract with the U.S. Department of Energy. 

2   EXPERIMENTAL RESULTS 

Bunched beam echoes can be readily generated by two suc- 
cessive kicks in either energy or phase to a single stored 
bunch. The impulse must be much shorter than a syn- 
chrotron period, and sufficiently small so that the energy 
gain during a single kick is small compared to the bunch 
height. In the Tevatron, such a kick may be easily applied 
by introducing an impulse into the low-level rf phase loop, 
as shown in Fig. 1. 

Two such kicks are applied separated by a variable de- 
lay, resulting in a response as shown in Fig. 2. Depicted 
is the bunch arrival phase relative to the synchronous phase 
established by the rf frequency. It is noted that the initial 
kicks decay in a time determined by the inverse frequency 
spread of the beam. The echo occurs as a temporally lo- 
calized response at the synchrotron frequency at a time ap- 
proximately equal to the delay between the two excitation 
impulses. 

As the delay between the two excitation impulses is var- 
ied, the envelope of the echo maps out a characteristic 
curve, as shown in Fig. 3. Based on the experience with 
echoes in unbunched beams, it may be conjectured that 
the decay of the envelope may be due to stochastic pro- 
cesses affecting the beam dynamics, but it also may be due 
to the nonlinearity of the tune spread [6]. However, the 
observed echo decay is much faster than that seen in un- 
bunched beams. It is our goal in the remainder of this paper 
to develop a model which would help determine the relative 
importance of these two effects. 
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Figure 2: Bunched-beam echo generation in the Tevatron 
following two impulse kicks applied to a bunch through 
the rf system. A phase detector is used to detect the syn- 
chrotron oscillations associated with the impulse kicks. In 
this case the quadrupole portion of the second kick com- 
bines with the dipole portion of the first kick to produce a 
dipolar echo response. The phase amplitude is shown in 
arbitrary units. 

i 
I 

1.6 

1.4 

1.2 

1 

O.B 

0.6 

0.4 

0.2 

0 

p 
; 

; 7*s ; 

■ 
1 ■ "~ 

\ 

; 

\ 
200 300 400 £00 

Delay Time [msec] 
600 

Figure 3: Decay of the echo envelope as a function of the 
delay time between impulse kicks. The decay rate indicates 
the combined influence of noise and nonlinear decoherence 
on the beam response. 

3   PERTURBATION MODEL 

A simplified expression for the dipole echo can be derived, 
assuming the absence of wakefields and external noise, us- 
ing the same expansion of the Vlasov equation to second 
order used to describe three-wave coupling [6]. The anal- 
ysis is carried out, however, in action-angle coordinates 
since the characteristics of the motion form level curves 
in this space. The transformation is given by 

T = VJCOS <f> 

— = vJsin<f> 

where r is the arrival time of a particle relative to the syn- 
chronous time, and u>3 is the synchrotron frequency. We 
assume a Gaussian distribution of particles, which in nor- 
malized form is given as 

i>0 
2-KJO 

After a kick of magnitude Ai at t = 0, the perturbed par- 
ticle distribution can be written 

*-*+&*+BzW + 

which, in action-angle coordinates is given by 

dj 

+Ai2(2v/7sm[<^ + ust] — [2VJsin{<f> + wsi}^r 
dJl dj 

cos\6 + ui3i\ 8 .„ /-= .   r, -.dil),,,. 

We are only concerned with the dipolar part of the re- 
sponse, which is given by 

<T> 

i     poo p2ir 

ü iJJL ' d<j> cos <j) "<Pi (</>, J, t) 

Evaluation of this expression for a Gaussian distribution 
leads to the familiar result that the perturbation decoheres 
in a Landau damping time, given approximately by the in- 
verse tune spread over the bunch radius, J0. If now a sec- 
ond kick is made at t = t\, the new particle distribution 
can be written as 

V>2 = ipi + 2^/~J sin((j> + u3 [t -i>£* 
+ cos(<j) + u)s[t -h]) dipi 

VJ d<p 

+-^-(2VJsin[<j) + uj3{t - ti}] 

3,„ /;.   ,, ,, dil>i     cos\6 + tJ.t] drbi, _[2V7«n{*+ *.«}-£ +      ^  sJ^l 

cos[(f>-\-ujsi\ d .    /— .   r, .-.dib\ 

+ cos((j) + u)3i) dip: 

VJ d<j> rl) 

U>s 

We may neglect the Ai and A2 terms, as they only de- 
scribe the decoherence associated with the original kicks, 
as noted above. Similarly, the Ai2 and A22 terms do not 
produce echoes. Examination of the A1A2 terms shows 
they do not produce a dipole moment. Hence only the 
A1A22 and Ai2A2, which are the mixing of dipole and 
quadrupole excitations, are associated with the echo re- 
sponse. After considerable algebra, carrying out the </> 
integration, we arrive at the following expression for the 
dipole echo, which arises from the beating of the dipole 
and quadrupole oscillations of the successive impulses. 
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Finally, dropping further terms which do not lead to a de- 
layed response, we obtain an expression for the echo re- 
sponse, including nonlinear synchrotron tune spread con- 
tributions, to second order. 

800   1000  1200  1*»  1600  1800  2000 

w_s*t_l Phase (radians) 

Figure 4: Theoretical echo response as a function of the de- 
lay time between excitation impulses. Multiple echoes are 
shown corresponding to equal increments of the impulse 
delay time, t\. The echo amplitude increases nonlinearly 
with the delay time and the echo decoherence is determined 
by the inverse tune spread of the bunch. 

included it in this model (to second order). One possibil- 
ity is the fact that our pertubation approach breaks down 
at sufficiently long times, as evidenced by the continuously 
growing amplitude in Fig. 4. However, the observed de- 
cay occurs at very short times where our expansion should 
still be valid. The implication is that other mechanisms, 
such as noise, must be playing a role. This leaves open the 
possibility that the echoes may be used to directly measure 
this noise. The analysis of this possibility will be left for a 
future work. 
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4   DISCUSSION AND CONCLUSIONS 

While this expression can be evaluated further analytically, 
we are running out of space, so we will simply show the re- 
sults in Fig.4. It is seen that the model reproduces the mea- 
sured echo form, which differs from the unbunched beam 
case through the influence of the nonlinearity of the syn- 
chrotron frequency; namely it is responsible for the Gaus- 
sian echo shape. However, the experimental results indi- 
cate a rapid characteristic decay of the echo envelope with 
t\ and we find that the model cannot reproduce this effect 
at any reasonable value of synchrotron tune nonlinearity. 

Therefore, we find that the tune nonlinearity must not 
be responsible for the echo envelope decay, at least not as 

129 



ACCELERATOR PHYSICS ISSUES OF 
A VERY LARGE HADRON COLLIDER 

W. Chou, Fermilab,* P.O. Box 500, Batavia, IL 60510, USA 

Abstract 

A Very Large Hadron Collider (VLHC) was proposed for 
the post-LHC future.[l] This paper gives a quick survey of 
a number of accelerator physics issues based on the infor- 
mation obtained from a parameter spreadsheet SSP.[2] The 
main technical challenges to build such a machine appear to 
be: the large number of events per crossing (in hundreds), 
enormous beam stored energy (equivalent to tens tons of 
TNT), ground motion (which is particularly harmful when 
the synchrotron frequency is in the sub-Hertz range), small 
dynamic aperture (due to long filling time), fast growth of 
the resistive wall instability (in a fraction of one turn), low 
threshold of the single bunch transverse instability (due to 
big machine size), strong synchrotron radiation (at a level 
close to the LEP) and short radiation damage lifetime, etc. 
Possible solutions to some of these problems will also be 
discussed. 

1    INTRODUCTION 

The VLHC is really very large in the low field approach. 
Although a coherent parameter list is yet to be developed, 
this paper will base its discussions on the following as- 
sumed "Level 0" specifications: 

Energy per beam E =    100 TeV 

Luminosity C =    1 x 1035 cm_2s_1 

Collision =   p-p 

No. Detector =    1 

Circumference =    106 meters 

Because the interaction cross section is approximately pro- 
portional to 1/M2, where M is the equivalent parton beam 
energy, the luminosity should go as E2. Anything below 
1035 may be difficult to justify for a 100 TeV machine. 

The physics of p-p and p-p is similar at multi-TeV re- 
gion. But p-p is easier to reach high luminosity. Besides, p 
may be just too expensive to fill up a megameter ring. 

Starting from these top level parameters, one can gen- 
erate their derivatives by running a spreadsheet. One such 
program is the SSP. It was originally written for the for- 
mer project SSC, but can easily be modified to serve the 
VLHC. The next section will discuss a number of acceler- 
ator physics issues based on the output of this program. 

2   SELECTED ISSUES 

2.1   Events per crossing 

The number of events per crossing has a Poisson distribu- 
tion. The average number n is: 

n = CaineiSb (1) 

* Operated by Universities Research Association Inc. under Contract 
No. DE-AC02-76CH03000 with the U.S. Department of Energy. 

in which <7inel is the inelastic pp cross section, and Sb the 
bunch spacing. The value of o"inei at 200 TeV center-of- 
mass energy is unknown. If the scaling law in the lower 
energy regions is employed, it could be estimated at about 
150 mb. Thus, The only knob to reduce n is by reducing 
Sb, i.e., increasing the number of bunches. But even at a 16 
ns bunch spacing, the number of events per crossing could 
still reach about 300! This must be a serious challenge to 
the detector design. 

2.2 Beam stored energy 

This is one of the primary concerns. For C = 1035, Sb = 16 
ns, ß* = 0.3 m, and CN(95%) = 247r, the current is about 
0.6 A per beam. The stored energy of the two beams would 
be about 400 GJ, which is equivalent to 90 tons of TNT! 
Any accidental beam loss could be a catastrophe. 

2.3 Ground motion 

This is another primary concern for a machine of this size. 
It has two effects: 

1. Relative movement of the magnets: 
This may be caused by tides, seismic effects, ground 
water level changes, etc., which could lead to mis- 
alignment and mis-steering and result in an aperture 
problem. 

2. Resonance with the synchrotron frequency: 
The small slip factor (3 x 10-6) and low revolution 
frequency (300 Hz) lead to a very low synchrotron 
frequency (fraction of 1 Hz). This would make it vul- 
nerable to external perturbations, such as the ground 
motion, which has large components in this low fre- 
quency range. 

2.4 Filling time and dynamic aperture 

Assuming two rings in the Tevatron tunnel as the injector, 
each capable to deliver 2.5 TeV protons (using 10 Tesla 
dipoles), cycle time 200 seconds. Then the filling time 
would be over 9 hours! 

Such a long filling time would pose a threat to the dy- 
namic aperture at injection. The big dynamic range of the 
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beam energy (from 2.5 to 100 TeV, a factor of 40) would 
imply that the field quality at injection could not be very 
good. Assume the error field be similar to that of the SSC 
magnets. Then, scaled from the SSC simulation results, the 
dynamic aperture would shrink to less than 1 a\ 

2.5   Beam instability scaling 

This has been discussed in detail in Ref. [3]. We will apply 
those results to the VLHC. 

2.5.1    Transverse mode coupling instability 

The bunch current threshold of this instability decreases as 
the machine size increases: 

Ith oc R~3/2 (2) 

in which R is the machine radius. In terms of maximum 
number of particles per bunch, the scaling is: 

Nb ex R-V2 (3) 

Therefore, for large machines this instability could become 
an intrinsic bottleneck. This is basically because the trans- 
verse impedance Z±_ is proportional to the machine ra- 
dius R and to the 3rd power of the beam pipe radius b3. 
Scaled from the SSC (a presumably low impedance ma- 
chine) impedance budget, the transverse impedance of the 
VLHC (big R and small b) could reach several hundreds 
Mfi/m and the beam could become intrinsically unstable. 
In particular in the vertical plane, where b is the small- 
est. Ref. [3] suggested to apply local negative transverse 
impedance for compensating the total machine impedance 
so that Z± would not scale with the machine size in a linear 
way. 

2.5.2   Resistive wall instability 

The growth rate (in s-1) of this instability is more or less 
independent of the machine size. However, when express- 
ing the growth time in terms of turn number nw, one has: 

n. ociT (4) 

In other words, in large machines the instability could grow 
quickly. For the VLHC, assuming the magnet aperture is 2 
cm (corresponding to 1.57 Tesla at 50 kA) and the beam 
pipe 2 mm thick, then the growth time at 2.5 TeV would be 
0.2 turn. One needs powerful feedback systems to keep it 
under control, such as the so-called criss-crossing feedback 
and one-turn correction scheme. 

2.5.3   Longitudinal microwave instability 

The threshold of this one is almost an invariant when ma- 
chine size increases. Therefore, it should not be a major 
concern. 

2.6   Synchrotron radiation 

2.6.1    Comparison with the LEP 

100 TeV = 2000x50 GeV This means that, apart from the 
machine size factor, the synchrotron radiation of a 100 TeV 
proton beam is in many ways similar to that of a 50 GeV 
LEP, as listed in Table 1. The following remarks are made: 

Table 1. Comparison of 100 TeV VLHC and 50 GeV LEP 

VLHC LEP 
Synch rad (W/m) 5 55 
Photons emitted (s_1m_1) 4.6 x 10lb 1.3 x 10lb 

Critical energy (keV) 2.24 89.5 

1. The main heat load (and the cooling requirement) 
would actually come from the activation of the NEG 
(350 W/m) instead of the synchrotron radiation. Both 
machines would be the same in this regard. 

2. Assuming the photo-desorption coefficient has a weak 
energy dependence (as generally believed), the gas 
load of the proton machine could be close to or even 
worse than the LEP. 

3. The radiation is hard x-ray in the VLHC (critical 
wavelength 5.5 Ä). It could be a concern when x-ray 
constantly hits the superconducting cable. 

4. The damping time of the transverse amplitude of the 
protons is about 38 hours, which may be too long to 
be useful. 

2.6.2 The NEG 

The NEG (ST707) used at the APS/ANL is about $124/m 
for the material. The engineering cost is several times 
more. (The activation temperature is 450°C. Slots are 
needed for accommodating the thermal expansion.) This 
would mean several hundreds millions dollars for the NEG. 

Moreover, the NEG alone cannot produce the required 
vacuum. Lumped pumps (e.g., TMP) are needed to pump 
down to 10~8 torr (APS data) before activating the NEG. 

2.6.3 Beam lifetime problem 

In the HERA electron ring (26 GeV), poor beam lifetime 
was observed at 3 mA when synchrotron radiation stroke 
the vicinity of several sections of the antechamber that 
houses distributed ion pumps. When these sections were 
removed, the problem disappeared. 

In the present sketch of the low field option, the radiation 
from one of the two beams would land on the wall of the 
antechamber housing the NEG. This makes one to worry 
about if the HERA problem could also happen to this ma- 
chine. 
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2.7 Radiation damage lifetime 

The SSC maximum allowable dose on the kapton was 5000 
Mrad. Scaled from the SSC calculation, the radiation dam- 
age lifetime of the kapton in this machine would only be a 
fraction of a year. 

2.8 Beam pipe 

The complex cross section may exclude the use of stainless 
steel. The concerns about an aluminum pipe are: 

1. The eddy current: 
The ramp time from 0.05 to 2 Tesla doesn't seem too 
bad. But the rectangular shape of the pipe could gen- 
erate sizable eddy current induced sextupole field that 
would have to be compensated. 

2. The high secondary electron yield of aluminum: 
It could cause two types of problems. One is multi- 
pactoring induced by a bunched proton beam as ob- 
served in the ISR at CERN many years ago. Another 
is the recently found electron cloud instability. A so- 
lution is to apply a thin Ti-N coating on the surface 
of aluminum, which has been adopted by LBL for the 
Low Energy Ring of the SLAC B-Factory. But this 
would mean additional cost. 

2.9 Other issues 

These include beam-beam, space charge, intrabeam scatter- 
ing, beam heating and luminosity lifetime etc. They do not 
seem to present any major problem. The coupled bunch in- 
stability still needs some study. The issue of reliability will 
not be addressed in this paper. 

3    CONCLUSIONS 

The VLHC is an interesting yet very difficult machine to 
build. The primary concerns seem to be the number of 
events per crossing, beam stored energy, ground motion, 
dynamic aperture during injection and transverse instabili- 
ties etc. However, the key issue regarding the building of 
such a machine is technology, in particular the magnet and 
tunnelling. All other issues can only take a second seat. 
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BEAM LOSS HANDLING AT TEVATRON: SIMULATIONS AND 
IMPLEMENTATIONS 

A.I. Drozhdin and N.V. Mokhov*, Fermilab, P.O. Box 500, Batavia, IL 60510 USA 

Abstract 

Summary of studies is presented towards minimization of 
beam loss in the critical locations at the Fermilab Tevatron 
to reduce background rates in the collider detectors and to 
protect machine components. Based on detailed Monte- 
Carlo simulations, measures have been proposed and in- 
corporated in the machine to reduce accelerator-related in- 
stantaneous and residual background levels in the D0 and 
CDF detectors. Recent measurements are in good agree- 
ment with the predictions. A re-alignment of the electro- 
static deflector and the Lambertson magnet and the addi- 
tion of shielding in the A0 straight section has resulted 
in reduction of beam induced energy deposition in the su- 
perconducting magnets, which allowed an increase in the 
extracted beam intensity. Using the same simulation tech- 
nique, it has been calculated that the total beam of 1013 

protons can be removed from the Tevatron at the end of 
the store, leaving the antiproton beam in the machine for 
recycling. Using the E0 collimator with attached scatter- 
ing targets, this process will require about 100 seconds to 
keep the power deposition in the superconducting magnets 
below the quench level. 

1   INTRODUCTION 

Tevatron is the world's first superconducting and most pow- 
erful hadron collider. Enormous efforts at Fermilab, reli- 
ably provided 900 x 900 GeV pp collisions with the peak 
luminosity up to 2.5 x 1031 cm-2 s~\ recently resulted in 
the discovery of the top quark, among many other impor- 
tant achievements. The current fixed target run, begun in 
May 1996, exhibits the impressive performance of both the 
machine and experiments. At the same time, work pro- 
gresses to upgrade the accelerator and detectors into even 
more powerful research tools [1]. The high performance 
of Tevatron both in the fixed target and collider modes is 
achievable only with a dedicated beam cleaning system em- 
bedded in the lattice [2, 3, 4]. 

2   BEAM LOSS HANDLING 

In the Tevatron, as in any other accelerator, the creation 
of a beam halo is unavoidable: proton (antiproton) scatter- 
ing in the IPs, in beam-gas interactions and on the limit- 
ing apertures, the diffusion of particles due to various non- 
linear phenomena out of the beam-core, as well as vari- 
ous hardware and software errors - all result in emittance 
growth and eventually in beam loss in the lattice [2, 5, 6]. 

*Work supported by the U. S. Department of Energy under contract 
No. DE-AC02-76CH03000 

This causes irradiation of conventional and superconduct- 
ing (SC) components of the machine, an increase of back- 
ground rates in the detectors, possible radiation damage, 
quench, overheating of equipment and even a total destruc- 
tion of some units. A very reliable multi-component beam 
collimation system is the main way to handle beam loss and 
is mandatory at any SC accelerator, providing [4, 5, 6]: 

• reduction of beam loss in the vicinity of IPs to sustain 
favorable experimental conditions; 

• minimization of radiation impact on personnel and 
environment by localizing beam loss in the predeter- 
mined regions and using appropriate shielding in these 
regions; 

• protection of accelerator components against irradi- 
ation caused by operational beam loss and enhance- 
ment of reliability of the machine; 

• prevention of quenching of SC magnets and protec- 
tion of other machine components from unpredictable 
abort and injection kicker prefires/misfires and unsyn- 
chronized abort. 

At the early Tevatron days the first collimation system 
was designed [2] on the basis of the MARS/STRUCT [7, 8] 
full-scale simulations of beam loss formation in the ma- 
chine. The optimized system, consisted of primary and sec- 
ondary collimators about 1 m long each, was installed in the 
Tevatron which immediately made it possible to raise by a 
factor of 5 the efficiency of fast resonant extraction system 
and intensity of the extracted 800 GeV proton beam. The 
data on beam loss rates and on their dependence on the col- 
limator jaw positions were in an excellent agreement with 
the calculational predictions. 

Later, we have refined the idea of a primary-secondary 
collimator set and shown that this is the only way to use 
such a system in the TeV region with a length of a pri- 
mary collimator going down to a fraction of the radiation 
length. The whole system should consist then of a primary 
'thin scattering target', followed immediately by 'a scraper' 
with a few 'secondary collimators' in the appropriate lo- 
cations in the lattice [5, 6]. The purpose of a thin target 
is to increase amplitude of the betatron oscillations of the 
halo particles and thus to increase their impact parameter 
on the scraper face on the next turns. This results in a sig- 
nificant decrease of the outscattered proton yield and total 
beam loss in the accelerator, scraper jaws overheating and 
mitigating requirements to scraper alignment. Besides that, 
the scraper efficiency becomes independent of accelerator 
tuning, there is only one drastic restriction of accelerator 
aperture and only the scraper region needs heavy shielding 
and probably a dogleg structure. The method would give 
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an order of magnitude in beam loss reduction at multi-TeV 
machines, but even at the Tevatron we have got a noticeable 
effect. Recently the existing scraper at A0 was replaced 
with a new one with two 2.5 mm thick L-shaped tungsten 
targets with 0.3 mm offset relative to the beam surface on 
the either end of the scraper (to eliminate the misalignment 
problem), resulting in reduction of beam loss rate upstream 
of both collider detectors [3]. A few other recent studies 
are described in the following sections. 

3   FORWARD PROTON DETECTOR 

The detector [9] consists of four Roman Pot units placed 
in the D0 straight section upstream and downstream of the 
separators, and of three units at the C48 location. Each unit 
consists of two square 2x2 cm2 detectors placed from both 
sides of the closed orbit. 

Particle background in the Roman pot detectors is orig- 
inated in proton and antiproton interactions with the pri- 
mary and secondary collimators. The primary collimators 
are positioned at 5<r while secondary ones at 8cr. The Ro- 
man pot detectors are at 8<rx for proton beam and 9Acrx 

for antiprotons. Moreover, antiproton intensity intercepted 
by the collimation system is 3.6 times lower compared to 
the proton intensity. Therefore, antiproton background in 
the Roman pots amounts only 2% of the total background, 
and backgrounds in the D0 detector due to Roman pots on 
the proton side about two orders of magnitude higher com- 
pared to the antiproton side. 

Total background hit rates in Roman pots are (2.3- 
3.3)x 106 p/s for detectors at %ax and (0.87-1.09)x 106 p/s 
for detectors at 9ax, i. e. the rates are three times lower for 
the detectors at larger distance from the closed orbit. Beam 
loss distributions in Tevatron with the Roman pot detectors 
at 8ax are presented in Fig. 1. 
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Figure 1: Beam loss distributions in Tevatron for D17 col- 
limation with Roman pots at %crx. 

4 FAST RESONANT EXTRACTION 

Our recent simulations have shown that with the appropri- 
ate collimation, additional shielding in A0 and electrostatic 
deflector and Lambertson magnet realignment, one could 
reduce beam loss rates in Tevatron and increase the ex- 
tracted intensity without quenches. It was found that in a 

narrow region of resonance phases used for extraction, the 
angle of the Lambertson magnet alignment depends mostly 
on the septa position, not on the resonance phase. This an- 
gle is equal to x'=-0.330 mrad for the septa at 20 mm from 
the beam orbit. Any misalignment can drastically increase 
the effective septum thickness and thus beam loss. 
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Figure 2: Fast extraction phase space at the A0 Lambertson 
magnet entrance. Top - extracted beam (black crosses) and 
protons outscattered from the D0 deflector (grey squares). 
Bottom - transverse distribution of outscattered protons. 

Proton distributions at A0 are shown in Fig. 2 with pro- 
ton beam kicked by the D0 electrostatic septum. Protons 
outscattered from the septum wires are intersepted by the 
Tevatron collimators. The E0 straight section is a very con- 
venient place for the absorption of scattered protons, but 
unfortunately, there is no collimator in this location. It was 
found that the antiproton injection Lambertson magnet can 
be used as a collimator with particles catched by the normal 
conducting magnet yoke. Fast resonant extraction related 
beam losses (in SC magnets only) with and without colli- 
mation are presented in Fig. 3. Collimation system reduces 
beam losses in the superconducting magnets downstream 
of D17 by one order of magnitude. The D0 collimator right 
after the septum, catching the low-energy debries from the 
wires, unfortunately doesn't protect the D0 - D17 region. 

Calculations show that aim long collimator 
(rjn=15 mm) upstream of the extraction line superconduct- 
ing skew dipoles will protect them from the secondaries 
produced in the Lambertson magnet. Similar collimator 
with a round aperture of rin=20 mm upstream of the first 
and second quadrupoles will protect them and other ring 
superconducting magnets. 

5    PROTON BEAM REMOVAL 

The upgrade plan requires to remove proton beam from 
Tevatron before the deceleration leaving antiproton beam 
for recycling. There are two main concerns with the intense 
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Figure 3: Fast resonant extraction losses without collima- 
tion (top), and with D0 , D17, F17, F49, A0 collimators 
and Lambertson magnet at E0 (bottom). 

beam fast removal: superconducting magnet quenches 
caused by secondaries from a collimator and a target- 
collimator assembly overheating. A quench level of the 
Tevatron magnets at 1 TeV is about 3 x 108 p/m/s. This cor- 
responds to about 50 W/m. A good practice is to keep a 
heat load to cryogenics below ~ 1.5 W/m, or 1 x 107 p/m/s. 

With the Main Injector, the E0 straight section becomes 
free of the magnets used for the beam injection into the 
Tevatron. With the first 15 m of E0 straight section re- 
served for RF, the rest 35 m can be successfully arranged 
for the proton beam removal (Fig. 4). Four D0 conven- 
tional bump-magnets are supposed to be used for the E0 
dog-leg to protect the Tevatron magnets against neutral and 
low-energy charged particles out of a primary collimator. 
Two 1.5 m long L-shaped secondary collimators placed at 
lOcr downstream of the dog-leg at the entrance to the cold 
region intercept most secondaries. With such a system, the 
maximum beam loss in the Tevatron SC magnets is esti- 
mated to be 1.4 W/m. Moreover, the calculations show that 
it allows to get rid of other secondary collimators in the ma- 
chine and, what is remarkable, reduce the beam loss level 
in the D0 - D17 region by about a factor of four. 

The E0 target heating is a serious problem for short 
spills. An instantaneous target temperature rise is 10000°C. 
The target-collimator assembly cooling tremendously de- 
creases this temperature. With this, for a 10 msec spill a 
stainless steel collimator edge is heated up to 1600°C, but 
already for a 1 sec spill, ATmaa; = 40°C, only. So, the 
target-scraper assembly overheating seams is not a restric- 
tion for the proton beam removal from Tevatron. 

Calculations show that total beam intensity of 1013 can 
be removed from Tevatron during 100 s using E0 collima- 
tor. During the January 1997 experimental studies, proton 
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Figure 4: Dog-leg scheme for proton beam removal at E0 
straight section. 

beam was removed from Tevatron without problem until a 
SC magnet quench happened at the rate of 0.36x 10n p/s. 
This is three times below of that was expected, what is eas- 
ily explained by absence of a scattering target in the col- 
limator and possible closed orbit displacement. Moreover, 
analysis of the spill at beam removal has shown peaks of 
losses at frequency of 1, 4.6, 13.9, 21, 37, 73 and 90 Hz, 
which are understood from the Main Ring and Central He- 
lium Liquefier performance and the beam position oscil- 
lations with synchrotron frequency. The experiment has 
shown that a feed-back system from the Beam Loss Moni- 
tors to the dipole correctors used for the beam displacement 
is necessary. This system would provide rectangular spill 
shape and eliminate low-frequency peaks (1-37 Hz). 
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USING LUMINOSITY DISTRIBUTIONS TO DETERMINE LUMINOSITY 
IN A COLLIDER WITH A COUPLED LATTICE 

M.A. Martens, Fermi National Accelerator Laboratory *, P.O. Box 500, Batavia, IL 60510 

Abstract 

The traditional method for calculating luminosity in the 
Fermilab Tevatron during collider operations assumes a 
knowledge of the machine lattice at the locations of the 
flying wires and the luminous regions. In this paper we 
investigate an alternative method of determining the lumi- 
nosity which does not require a knowledge of the lattice 
functions and can be applied even in the case of a trans- 
versely coupled lattice. By measuring a set of longitudinal 
luminosity distributions each with a different intentionally 
added separation between the proton and antiproton closed 
orbits the transverse widths of the luminous region can be 
determined and used to calculate the luminosity. As an ex- 
ample we apply this method to a set of Monte Carlo gen- 
erated luminosity distributions using a Tevatron lattice that 
is transversely coupled due to a roll in one of the low beta 
quadrupole magnets. 

1    INTRODUCTION 

During Collider Run lb operations in the Fermilab Teva- 
tron there was disagreement by about 20% between the lu- 
minosity calculated from measured beam emittances and 
the luminosity as measured by CDF and DO. Traditionally 
the luminosity is calculated by measuring the proton and 
antiproton beam parameters such as emittance and bunch 
length and using these parameters, along with a set of lat- 
tice functions, to perform the overlap integral for the lumi- 
nosity [1]. With this method errors in the lattice functions 
translate into errors in the calculated luminosity. Measure- 
ments of the lattice functions have been attempted in the 
Tevatron by making one-bump orbit distortions but these 
measurements give errors of at least 10% and furthermore 
has not led to a quantitative understanding of the coupling 
present in the Tevatron. 

As an attempt to better understand the lattice in the in- 
teraction regions we investigate a method for measuring the 
transverse widths of the luminous region and use these re- 
sults to calculate the luminosity. The method takes advan- 
tage of the fact that the longitudinal distribution of lumi- 
nosity in the interaction region changes if the proton and 
antiproton orbits are separated using the electrostatic sep- 
arators. As an example the dashed line in Figure 1 shows 
the expected luminosity distribution as a function of lon- 
gitudinal position when the proton and antiproton beam 
closed orbits are separated horizontally by 180/um in the in- 
teraction region by using the electrostatic separators. The 
luminosity distributions generated in this example used a 
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Figure 1: Luminosity distribution with added orbit sepa- 
ration of AX = +180um. Circles with error bars are a 
Monte Carlo generated distribution. The solid line is the 
result of a fit to the data. The dashed line is the distribution 
used to generate the Monte Carlo data. 

Tevatron lattice which was coupled due to a rolled low beta 
quadrupole. 

Two features are immediately evident in Figure 1. First, 
the luminosity distributions dips near the center of the inter- 
action region due to the hourglass shape of the beams. The 
magnitude of the dip gives an indication of the transverse 
proton and antiproton beam widths. The second notable 
feature is that the luminosity distribution is not symmet- 
ric as would be expected from the ideal design lattice. In 
this example the asymmetry is caused by the coupling in- 
troduced by the rolled low beta quadrupole. 

The method we investigate in this paper uses these fea- 
tures of the luminosity distributions to determine the trans- 
verse beam widths of the luminous region and to calcu- 
late the luminosity. One of the important features of this 
method is the inclusion of transverse coupling. 

The next section of the paper introduces the luminosity 
formula used to handle transverse coupling. The section 
following this discusses the method of calculating the lumi- 
nosity from a set of luminosity distributions and applies the 
method to a simulated set of distributions. The final section 
makes some conclusions and lists some additional sources 
of error which have not been considered in this analysis. 

2   LUMINOSITY FORMULA 

Without giving the details of the derivation (see [2]), the 
expression for the luminosity generated by a single proton 
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and antiproton bunch colliding can be reduced to 

NpNafT, 

V^ I |detC|5 

exp(-~Xo 
1   T-crl 

Xo-^s-z0)
2/a2

z)ds.(l) 

where £ is the total luminosity, Np (Na) is the number of 
protons (antiprotons), /rev is the revolution frequency, and 
s is the longitudinal position. The integral extends over the 
entire luminous region and s = 0 is located at the center 
of the detector. The longitudinal bunch widths of the pro- 
tons and antiprotons are combined into the single parameter 
<j\ which is equal to the proton and antiproton rms bunch 
lengths added in quadrature and divided by 2. It should 
be noted that this expression was derived by assuming the 
transverse and longitudinal phase space distributions of the 
proton and antiproton bunches are ideal Gaussians. 

As written, Equation 1 has no mention of lattice func- 
tions, Edwards and Teng parameters [3], or beam emit- 
tances. Instead we use the 4 x 4 covariance matrix 0s) 
which is a measure of the transverse width of the luminous 
region as a function of longitudinal position s. More ex- 
plicidy the covariance matrix is 

C(s) = 2 3 (2) 

where the a are the rms widths of the luminous region and 
each of the a2 is a quadratic function of the longitudinal 
position s. In the ideal case with no coupling axy would be 
zero and ax (cry) is determined from the convolution of the 
proton and antiproton horizontal (vertical) beam widths. 
Because C_(s) is a symmetric matrix there are a total of 
9 parameters needed to completely specify 0s). 

An important part of Equation 1 is the inclusion of the 
possibility of proton and antiproton closed orbits which are 
separated. If there is a difference in the closed orbits the 
bunches will not collide head-on but instead will pass by 
each other with some separation and crossing angle. The 
total separations between the proton and antiproton orbits 
is given by xoT = (Ax(s),Ay(s)). The final parameter 
in Equation 1 is the cogging offset, z0 which is the longi- 
tudinal distance between the center of the detector and the 
position at which the centers of the proton and antiproton 
bunches collide as they pass by each other. 

As expressed in Equation 1 there are a total of 18 param- 
eters (0s), xoT(s), <JZ, z0, Np, Na, and /rev) needed to 
calculate the luminosity. In the next section we will show 
how 15 of these parameters (all except Np, Na, and /rev) 
can be determined by making measurements of the lumi- 
nosity distributions with different orbit separations inten- 
tionally introduced. 

3   LUMINOSITY DETERMINATION FROM 
LUMINOSITY DISTRIBUTIONS 

The integrand of Equation 1 is the longitudinal luminosity 
distribution. This can be measured using the experimental 

detectors in the luminous regions to make event by event 
vertex reconstructions of the longitudinal position. Inten- 
tionally changing the separation of the proton and antipro- 
ton closed orbits will change the luminosity distributions as 
demonstrated in Figure 1. By collecting a set of distribu- 
tions with a variety of closed orbit offsets it is possible to fit 
the distributions for most of the parameters in Equation 1. 

To determine the sensitivity of the method just described 
a set of nine simulated luminosity distributions was gener- 
ated from a given set of lattice parameters and beam emit- 
tances. For this particular example the lattice used was cal- 
culated by assuming that a low beta quadrupole near the 
interaction region was rolled by 10 mrad and the resulting 
global coupling was corrected using the skew quadrupole 
correction circuits in the Tevatron. (This is similar to a sit- 
uation that existed in the Tevatron early in Collider Run 
lb.) The emittances used for the Monte Carlo generation 
are typical of Tevatron beam in collider operations. The 
horizontal and vertical proton (antiproton) emittances were 
25-K (157r) mm-mrad (95%, normalized) and the rms bunch 
lengths were 65 cm. 

Distribution Ax Ay Az 
Number /xm /xm cm 

1 0 0 0 
2 +180 0 0 
3 -180 0 0 
4 0 +140 0 
5 0 -140 0 
6 +140 +140 0 
7 -140 -140 0 
8 0 0 +40 
9 0 0 -40 

Table 1: Orbit separations and cogging offsets introduced 
for the simulated luminosity distribution measurements. 
The values are the added separation between the proton and 
pbar orbit. A positive value indicates that the proton orbit 
was moved vertically up (or radially out) with respect to the 
centered orbit. 

The distributions were generated with 10000 events di- 
vided into bins 2 cm wide. The separations introduced for 
the 9 distributions are shown in Table 1. These values were 
chosen since they are close to the maximum separations 
currently achievable with the electrostatic separators in the 
Tevatron. The distributions were simulated to include Pois- 
son statistical deviations from the nominal value in each 
bin. Typically there were about 100 counts per bin in the 
peaks of the distributions. One of the distributions is shown 
in Figure 1 as circles with the error bars being the Poisson 
statistical errors. 

These nine Monte Carlo distributions were then fitted 
simultaneously for 24 parameters, 0s) (where cr^(s) = 

°lo + alis + o^s2- etc)> Xo, z0, c
2

z, and 9 scale factors 
which scale the number of events in the luminosity distribu- 
tions to the the actual luminosity. (In principle there needs 
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to be only one overall scale factor but in practice it is sim- 
pler to have one scale factor for each distribution. The ra- 
tios of the fit scale factors values can then be compared to 
the ratios of the measured scale factors and used as a con- 
sistency check.) Using the fit values of the 24 parameters 
the luminosity distributions and luminosity can be calcu- 
lated using Equation 1. In Figure 1 the dashed line is the 
calculated distribution using the fit parameters. 

Mean Std dev. Actual 
Fit Parameter fit value fit value value 

z0 (cm) 0.07018 0.290 0.0 
a2(cm2) 2125.0 35.2 2112.5 
horz sep (/xm) 0.07834 1.29 0.0 
horz ang (/irad) 0.3959 1.59 0.0 
vert sep (/im) .004826 1.52 0.0 
vert ang (/xrad) -0.3417 1.65 0.0 

<rlo 7231 253 7129 

°l\ 2445 377 2389 

°li 26860 2170 25920 
2 

axyO 
2 

axyl 
axy2 
ah 
<4 

-2556 
-1156 
-7290 
7000 

231 
365 

1340 
320 

-2499 
-1173 
-7386 
6930 

2468 507 2491 
21340 1960 21300 

Scale factor 1 0.007511 0.000256 0.0075 
Scale factor 2 0.04768 0.00256 0.0487 
Scale factor 3 0.04758 0.00267 0.0487 
Scale factor 4 0.02613 0.00109 0.0261 
Scale factor 5 0.0261 0.00125 0.0261 
Scale factor 6 0.1405 0.00829 0.1444 

Scale factor 7 0.1402 0.00861 0.1444 
Scale factor 8 0.00928 0.000317 0.0092 
Scale factor 9 0.008631 0.000277 0.0086 

luminosity 14.5576 0.453 14.7462 

Table 2: Average and standard deviation of fit values for 
100 simulated data sets compared to actual values for the 
distributions shown. 

To determine statistically accuracy of this method 100 
independently generated sets of Monte Carlo distributions 
were fitted and the mean and standard deviation of the fit 
values calculated. The results are listed in Table 2 and 
show that the luminosity can be determined with a 95% 
confidence level of ±6%. The fit value of the luminosity 
was also systematically 1.3% lower than the actual value 
although it is not understood why. (Notice also that o-%y0 

ls 

not zero due to the coupling of the lattice.) 

4   CONCLUSIONS 

In practice there are a number of difficulties which would 
add error to these measurements. Among these are the pos- 
sibilities of detector errors, a smearing of the distributions 
from finite resolution of the z-vertex, and multiple interac- 
tions per crossing which may distort the luminosity distri- 

bution as well. 
There were also several assumptions in this analysis 

which if not true will add error. First it was assumed that 
the intensities of the proton and antiproton bunches were 
known exactly. The uncertainties in these measurements 
will add at least several percent error to the calculated lu- 
minosity. Second, the formula for the luminosity in Equa- 
tion 1 also assumes the proton and antiproton bunches are 
ideal Gaussians. Finally, it was assumed in this analysis 
that the actual separation introduced in the closed orbits 
was known exactly. In practice the amount of separation 
added between the closed orbits may not be known accu- 
rately. 

Another complication not considered in this paper is the 
changing beam conditions while the luminosity distribu- 
tions are being collected. Collecting 10000 events per lu- 
minosity distribution for several distributions can take on 
the order of an hour. During this time the proton and an- 
tiproton bunch lengths and transverse emittances are in- 
creasing leading to changing beam conditions and luminos- 
ity. 

It may be possible to reduce the errors on this analy- 
sis but this has not yet been investigated. For instance 
measurements of the bunch lengths to within several per- 
cent could be used to further constrain the fits. Finally the 
choice of orbit separations used in this Monte Carlo (those 
listed on Table 1) were chosen as an example and were not 
chosen to optimize the error on the luminosity. 

Despite limitations on the accuracy of the luminosity de- 
termined by this method, it still may be possible to gain 
information about the coupling of the lattice from the mea- 
surement of the covariance matrix Q{s). 
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EXCITATION CHARACTERISTICS OF FERMILAB MAIN INJECTOR 
DIPOLES AND MAGNET ASSIGNMENT TO REDUCE CLOSED 

ORBIT ERRORS 

P.S. Martin and C.S. Mishra 
Fermi National Accelerator Laboratory* 

Batavia, Illinois 60510 

Abstract 

The Fermilab Main Injector project is building 344 
dipoles, produced from steel with varying magnetic 
properties. The strategies for assigning dipoles, based 
upon their strength characteristics, are discussed. The 
closed orbit errors due to the strength variations are 
expected to be small in comparison to alignment errors. 

1  INTRODUCTION 

The Main Injector accelerator [1] will be constructed 
using 344 new conventional dipole magnets [2-3]. The 
new magnets consist of 216 6-m dipoles and 128 4-m 
dipoles. The 6-m dipoles are divided into two types with 
different styles of electrical and cooling connections, 
referred to as IDA and DDB dipoles; similar, there are two 
types, IDC and IDD, of 4-m dipoles. A given location in 
the lattice can use only one type, i.e. an IDB cannot be 
used in a location for which an IDA magnet is intended. 
The goal for dipole strength variations was to have a 
distribution of all strengths with an rms width of less than 
0.10%. If that could be achieved, then the dipoles could 
be placed randomly in the ring and the closed orbit errors 
arising from the strength variations would (i) be 
correctable with the independent trim dipole correctors 
being fabricated, and (ii) would be comparable to the 
closed orbit errors arising from misalignments of the 
quadrupole magnets. 

2 DIPOLE  STRENGTHS 

The dipoles for the Main Injector fall into three 
categories. First, twelve preproduction dipoles, three of 
each of the four different magnet types, were built using 
steel from one vendor (Armco). These were uniform in 
relative strength, but were about 1% too strong relative to 
later production. They were subsequently machined [4] to 
reduce their high-field strength to more closely match the 
production magnets. The production of the remaining 
dipoles used steel from another vendor (LTV Steel). The 
steel used in the early production dipoles had different 
B(H) characteristics than the later production, [5] and 

* Work supported by the U.S. Department of Energy under contract 

number DE-AC02-76CH03000.. 

consequently, the first fifty magnets (approximately) were 
weaker by as much as 0.4% than the remainder of the 
production. The relative strength at 1.38 T of all the 
dipoles produced and measured to date are shown in 
Figure 1. In this plot, the Armco steel preproduction 
magnets are shown with negative abscissa. 

As can be seen from this figure, the dipole strength 
rose during the first fifty production dipoles up to the 
nominal level, then remained within the band ±0.12%. 
The rms of the production dipoles after the first fifty is 
only 0.04%. The rms of the entire distribution, including 
the modified Armco steel dipoles, is less than 0.12%. 
However, the sample is certainly not a Gaussian 
distribution. While it appears likely that we could easily 
have endured the effects of randomly placing the dipoles in 
the ring, the production and installation schedule afforded 
us ample opportunity to minimize the closed orbit effects 
by assigning dipoles based upon their strength 
characteristics. 

The sole criterion used in assigning magnets is that in 
Figure 1, the strength at 1.38 T. This field corresponds 
roughly to 120 GeV, the energy at which most Main 
Injector extractions take place, in particular the fixed target 
program with resonant extraction from the Main Injector. 
With injection at 8 GeV, the dipole correctors can easily 
handle rather large strength variations at that energy. 
Tevatron injection takes place at 150 GeV; it is hoped that 
by having a good orbit established at 120 GeV, the 
corrections needed to control the orbit at 150 GeV will be 
minimal. Other aspects of the dipoles, e.g. field shape, 
can be found elsewhere [6]. 

The phase advance per cell in the Main Injector lattice 
is close to 90°. This permits us to place magnets of the 
same type, e.g. two IDAs, one cell apart to produce a 
local orbit distortion with essentially no effect on the 
closed orbit in the rest of the ring. Orbit calculations are 
done using a detailed Main Injector lattice and the program 
TEAPOT. Special handling is obviously required for the 
preproduction dipoles and the weaker early production 
dipoles, placing them one cell apart. For the production 
dipoles, with their tighter distribution of strengths, the 
only measure taken is to ensure that no two adjacent 
dipoles have a greater than two standard deviation (of the 
same sign) strength variation from the mean. This 
technique has been applied in a series of episodes during 
the past fifteen months.   By the time the FMI ring 
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Figure 1. Relative strength of all dipoles produced to date, in approximate order of production. 
The pre-production dipoles are at the left. 

enclosure became available in December, 1995, for the 
installation of utilities followed by magnet stands and 
magnets, a large inventory of magnets(~150) had been 
fabricated and measured. These were assigned and installed 
during the period February through April, 1996. As 
additional magnets are fabricated, we wait until thirty to 
forty magnets are available (about three months of 
production) and then assign and install them in a period of 
about one week. At this point in time, 297 dipoles have 
been assigned to the ring, of which 280 have been 
installed. Because of the strength variations observed, 
dipoles have also been assigned as spares, so that single- 
magnet replacements can be made without serious impact 
on the closed orbit. 

AA-^' •^ 

-T— 
3.0 

Path Length (km) 

Figure 2. Closed orbit error due to dipole strength 
variations. 

The expected closed orbit distortion resulting from the 
variations in dipole strength of all the magnets assigned to 
date is shown in Figure 2. The distortion is less than 3 
mm everywhere. The correction dipole magnets being 
fabricated [7] for the Main Injector have the capability of 
correcting errors up to 7 mm at 120 GeV, and therefore 
can easily correct these errors. At commissioning time, 
closed orbit distortions from alignment errors are expected 
to be larger than those due to the dipole strength 
variations. 
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STATUS OF THE FERMILAB FIXED TARGET PROGRAM 

C. D. Moore, FERMILAB1 P.O. Box 500 Batavia, Illinois , U.S.A. 

Abstract 

Fermilab is in the midst of an 800 GeV fixed target ran 
involving ten external beam lines and the operation of the 
pbar source for two additional experiments. Details of 
the preparation are presented with an emphasis on how 
changes from the last run have impacted the current run. 
Statistics and graphical representations show the progress 
toward meeting the goals of the program. An overview is 
presented of the external (floods....) and internal (machine 
instabilities ...) challenges encountered during the run. 

1 FIXED TARGET GOALS 

The main goal of the fixed target program can be 
succinctly stated: we wanted to increase the intensity by 
50% over what we had achieved in the last fixed target 
run which implied that we wanted to increase the intensity 
by 1E13 per pulse. In absolute intensity the goal was 
3E13/pulse; historically we had trouble running reliably 
at 1.6E13 and the peak record was 1.80E13. Our new 
peak intensity record so far is 2.81E13 and we have been 
able to run reliably at over 2.5E13/pulse which was 
another goal. 

A feature of this run was the presence of a neutrino 
experiment, E815, requiring high intensity fast spill 
which had not been done for 9 years. Another set of 
goals was to provide 20 seconds of good quality slow 
spill every 60 seconds at 800 GeV. In the past the fast 
spills had been interspersed within the slow spill and 
caused interference with the slow spill users. In this run 
all the fast spills are bunched together at the start of the 
flattop to provide the 20 seconds of slow spill. 

Our final goal was to reliably provide 100 hours of 
stable running per week. 

2 OVERVIEW OF THE RUN 

Figure 1 provides an overview of the run. In the 
beginning there was a melding of three activities : during 
the daytime there was Main Injector construction near the 
Booster and 1 TeV testing in the Tevatron, beam was 
available during the night and part of the weekends. The 
first goal was to push the beam as far as possible to find 
out what was broken and to test new devices. As 
mentioned above, the fast spill was bunched at the 
beginning and this was made possible by an upgraded 
extraction system QXR, Quadrupole Extraction 
Regulator, [1]. There were three components to our being 
able to place the spill in this manner: QXR upgrade, 
pulser upgrade, and E815 DAQ. In order to have as long 
a period of slow spill as possible we wanted to shorten 
the time between the fast spills. However the 
experimental data acquisition system could not go below a 

half second repetition rate, but even at this rate we had to 
upgrade our pulsed trims in the Switchyard since this was 
an order of magnitude increase in repetition rate. So an 
important component of the early startup was the 
commissioning of the extraction system with the 
multiple fast spills. 

One aspect of the early running was a dedicated 150 
GeV alignment run for E815 which utilized 1/3 of the 
Tevatron as a beam line. This was accomplished during 
the night time running. After 24 hour/day operation was 
established on June 14,1996 we quickly got up to around 
1E13 but we were plagued with numerous feeder failures 
in addition to a large scale flooding from a very severe 
storm. A period of dedicated repairs to the most 
vulnerable feeders reduced the failures to manageable level. 

However, we were still mired at an intensity level of 
approximately 1.2E13 until a set of measurements and 
calculations [2] were done that enabled us to increase the 
extraction step size. This change was made in September 
and along with the work on dampers in the Booster, Main 
Ring, and Tevatron [3] enabled the steady increase in 
intensity up till now. Even with the decrease in losses due 
to the step size change there was a concern about 
activating the DO collision hall which would cause 
background for the DO experiment and so a shutdown was 
made to install additional shielding There was a long 
shutdown for Christmas and the final two major 
interruptions to the program were a TeV dipole failure and 
a site wide power outage. 
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Figure 1: Overview of the Fixed Target Run. Tevatron 
Intensity from 6/5/96 to 5/5/97. 
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3  RUN  SUMMARY 

The run has gone well in comparison with our goals and 
with past runs. Figure 2 shows the integrated hours and 
the weekly hours and it is apparent that we are doing a 
reasonable job of providing 100 hours/week. 

1996/97 Fixed Target Run at 800 GeV 
Integrated Hours 

llllllllllllllllHIII 
1 4 7 10 13 16 19 22 25 28 31 34 37 40 43 46 49 52 55 58 

Week * 

y Hours—♦—Integrated Hours 

Figure 2: Integrated hours  and weekly hours  for the 
1996/1997 Fixed Target Run. 

1996/97 Fixed Target Run at 800 GeV 

Integrated Intensity 
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Figure 3: Integrated intensity and weekly intensity for the 
1996/1997 Fixed Target Run. 

Fixed Target Operation at 800 GeV 
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Figure 4: Comparison of integrated intensities. 

Fixed Target Operation at 800 GeV 

Comparison of Average Intensity 
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Figure 5: Comparison of average intensity 

Gains have been made in the intensities delivered to the 
experiments. Figure 3 shows the analogous plots for the 
weekly intensity and the integrated intensity. Figure 4 
compares the present run to the two previous runs and the 
fair comparison should be between the present run and the 
1990 run (the 1991 run was a continuation of the 90 run 
with a hiatus for our shielding assessments and hence we 
did not make a change from collider operation). The most 
striking gain has been made in the intensity per pulse. 
Figure 5 gives a comparison between the current run and 
the previous runs and it is clear that we have achieved an 
approximately 50% increase in intensity. It should be 
noted that we have consistently met the users request 
since differing experiments have been coming on line 
during the course of the run. 
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4   CONCLUSIONS 

We are doing well in this run particularly in terms of 
increased intensity; and we can consider four main 
ingredients to the success of the run: the E815 target 
train, the Linac upgrade, dampers, and the step size 
change. 

The E815 target train has several positive 
implications for increasing the intensity for the entire 
program. A very helpful use of the train is a convenient 
and useful place to put beam when other experiments go 
down. This means that there is no ratcheting of intensity 
and the intensity of the complex can stay high. A reason 
that we can have this flexibility and not disrupt the 
program is that we have improved (widened) the shape of 
the fast pulses so that operationally we can increase the 
intensity in each pulse (as opposed to adding pulses which 
would change the timing for everybody else) without 
greatly increasing the dead time of E815. The QXR 
upgrade and the Switchyard pulser upgrade imply that we 
can get rid of the intensity related to the fast spill in the 
Tevatron quickly and hence get back to the level of 
intensity that we had run before. However we still have to 
get the beam through the Main Ring and accelerate in the 
Tevatron. 

The Linac upgrade was the reason that we had set 
our intensity goals for the run so much higher than 
previous runs had achieved. This upgrade gives us 
brighter beams to fit through the Main Ring and its 
overpasses (prior to the overpasses the Main Ring 
intensity record was 3.3E13). We want more intensity 
without increasing the size of the beam so it will fit in 
the available aperture (transverse, longitudinal, and 
dynamic), but when we make the beam brighter we 
increase the interaction of the particles with themselves 
and with their environment. 

A general solution to this problem is to build 
dampers and of course we have done this before this run, 
in fact eleven dampers were used for this run that had been 
built previously [3] for the Booster and Main Ring. 
However twelve dampers were specifically built for this 
run [3] for the Main Ring and Tevatron, along with 
specific modifications [4] to the Tevatron RF to suppress 
some High Order Modes that had caused problems in the 
last fixed target run. In addition two anti-dampers were 
built for spill quality considerations [3]. 

More intensity means more extraction losses since 
we resonantly extract utilizing a thin wire septum. 
Modeling and experimental measurements which verified 
the modeling indicated that we could increase the step size 
and since the extraction losses are approximately given by 
the ratio of the wire diameter to the step size it was 
expected that the losses would go down. In fact the step 
size was increased by 50% and the losses in the regions of 
the extraction septum and the extraction Lambertsons 
went down by approximately 1/2. In general there was an 
interactive interplay between the various systems 
(dampers, antidampers, step size parameters), and between 
the various machines (Booster, Main Ring, and Tevatron) 

The experimenters are interested in spill quality over 
varying time scales; there is a web site [5] which shows 
the spill on a short time scale and figure 6 shows our 

progress  in   meeting   our  goal   of  2.5E13/pulse,   60 
pulses/hour, 100 hours/week over a 30 day average. 

Integrated Intensity for the Previous 30 Days 
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Abstract 

Increasing the proton intensity available for antiproton 
production is part of a plan for increasing the 
luminosity in the Fermilab Tevatron in the near future. 
We intend to increase the proton intensity using a kind 
of momentum stacking in the Main Injector called Slip 
Stacking [1]. We report the status of the effort towards 
its implementation. 

1 INTRODUCTION 

According to the current plan for Run II, the 120 GeV 
protons used in antiproton production will be obtained 
by transferring one booster batch into the Main Injector 
at 8 GeV and accelerating it to 120 GeV. We intend to 
increase the antiproton production rate using Slip 
Stacking in the Main Injector. This involves stacking 
two booster batches end to end but with slightly 
differing momenta, into the Main Injector. The two 
batches have different periods of revolution and 'slip' 
relative to each other azimuthally and finally overlap. 

The fractional difference in periods of revolution 
for the two batches is given by 

where —*- is the fractional momentum difference and T| 
P 

is the slip factor. The slip factor is given by 

(1) AT 
= T1 

Ap 

T P 

1 1 
n - 

2 2 
(2) 

Yt Y 

For the MI, Yt = 21.8 and at injection, y = 9.55. 

and T| = 8.86 x 10-3. The duration of a booster 
acceleration cycle, T = 66.7ms. At injection, the 
length of a booster batch 1 = 1.57 (is, and the period of 
revolution in MI, x = 11.14 (is. If the two batches are 
injected 46 MeV apart and allowed to slip, they would 
overlap completely after half a Booster cycle, i.e., 33 
ms. 

When they overlap they are captured using a 
single rf which is the average of the initial frequencies 
associated with the two batches. The two batches might 
be moved closer together in momentum if a smaller 
longitudinal emittance for the final beam is desired. 
Since the booster and Main Injector acceleration cycles 
are 66ms and 1.5s respectively, we expect a substantial 
increase in the pbar production rate, if the process can be 
completed efficiently. 

2 RF MANIPULATIONS 

The following is a list of factors that determine the 
optimum momentum separation between the two 
batches, initially and just before they are coalesced, and 
the rf voltages involved. 

1) A larger momentum separation reduces the time 
before the batches can be coalesced. 

2) A larger momentum separation requires a larger 
horizontal aperture. 

3) A smaller momentum separation just before the 
batches are coalesced leads to a smaller longitudinal 
emittance for the final beam, if the effect of the 
second rf system is small. 

4) The rf buckets for the two batches get more distorted 
as the separatrices move closer together. The losses 
become fairly high if the separatrices overlap. So 
the beams should spend as little time with their 
separatrices close together as possible before they 
are coalesced. 

The procedure used to find rf curves that would 
result in a coalesced beam of small emittance containing 
a reasonably large fraction of the initial beams, is 
described elsewhere[2]. A set of acceptable rf curves is 
shown in figures la -Id. Figures la , lb, lc and Id 
show the variation, before coalescing, of 

1) 
2) 

3) 

4) 

the rf voltage for either of the two original beams, 
the bucket height for either of the two  original 
beams, 
the separation of the frequency of one of the two 
beams from the mean of the two frequencies before 
coalescing, and 
the synchronous phase angle for one of the beams 

respectively. The mean of the two frequencies before 
coalescing is constant through the RF manipulations and 
is the same as the frequency used for coalescing. 
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Figure la : Variation of rf voltage for either beam. 
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Figure lb : Variation of bucket height for either rf. 
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Figure lc : Variation of the separation of one frequency 
from the mean of the two frequencies. 
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Figure Id : Variation of the synchronous phase for one 
of the two beams. 

Fig. 2 shows the particle distributions just before 
coalescing in simulated beams of low intensity subjected 
to the rf curves depicted in figures la-Id. The rf buckets 
corresponding to the two frequencies just before 
coalescing are also shown. The two beams are captured 
with a single rf while they are still accelerating. The 
efficiency of acceleration and coalescing for a final 
longitudinal emittance of 0.34 eV-s is 95%. The shape 
of the final bucket is shown in the figure as the solid 
line. The dashed curve inside the final bucket is a 
contour containing 0.34 eV-s of area. The distributions 
were obtained ignoring all collective effects including 
beam loading. 

At higher intensities, some of the collective 
effects are expected to become important. We have 
investigated the longitudinal space charge effect and the 
effects of beam loading in the rf cavities. We find that 
the beam loading voltage is high and will have to be 
compensated for. 
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Figure 2: Beam distributions just before coalescing. 

3 BEAM LOADING 

If the quality factor, Q, is high and the bunch length is 
short, the cavity voltage V(t) following the passage of a 
bunch of charge q is given by 

V(t) = q^r11      -(oc+i)cort (3) 

where R is the cavity shunt impedance, COf is the cavity 
resonant frequency, and a=l/2Q. 
In the case that the bunches are spaced by   x=27i/(Dr, the 

voltage after the passage of n bunches is easily found to 
be 

-nrcoc 
V(nx) 

-7CCC 
(4) 

We can apply eq.4 to estimate the beam loading 
voltage. As an example, we consider the case where there 
are two batches of 84 bunches each in the Main Injector 
and that the last 42 bunches of the first batch and the 
first 42 bunches of the last batch overlap and are exactly 
in phase. We ignore the difference in revolution 
frequencies of the two batches and the difference between 
the resonance frequency of the cavity and the revolution 
frequencies. Under these circumstances, one can use a 
generalization of eq.4 to estimate the beam loading 
voltage as shown in fig. 3. The calculation is for a total 
of 9 cavities with R/Q=100 fl and Q=5000. The 
voltage increases when the beam passes through the 
cavities. During the time that the two beams overlap 
the voltage increases at twice the rate. When the beam is 
absent the voltage decays at a rate determined by the 
time constant a. 

Approximately 0.4 ms later the bunches are out 
of phase and the beam voltage becomes very small. 

This estimate of the beam loading voltage 
indicates that, if uncompensated, the beam loading 
voltage (1.5 MV) would dwarf the if voltage (100 kV). 
Our computer simulations show that beyond bunch 
intensities of 4 x 109 protons/bunch, the beam loading 
voltage would result in loss of beam if not dealt with. 
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At this intensity the beam loading voltage is comparable 
to the rf voltage. 

-200 -100     0     100   200   300   400   500 
rf bucket number 

Figure 3. Beam loading voltage 

We intend to control the beam loading voltage by: 

1. Tuning all cavities to the nominal 8 GeV frequency. 
2. Using feedforward on all the cavities. A resistive gap 
measures the wall current. This current, after being 
properly scaled, can be applied to the cavity drivers. 
Based on current Main Ring experience it is expected to 
achieve a factor of 10 reduction in the effective beam 
current. 
3. Using feedback on all the cavities. A signal 
proportional to the gap voltage is amplified, inverted, 
and applied to the driver amplifier. This technique is 
expected to achieve a factor of 100 reduction (based on 
previous experience in the Main Ring and results 
achieved elsewhere). 

If all these efforts are successful, beam loading 
should be reduced sufficiently. 

4 CONCLUSIONS 

The problems associated with the implementation 
of Slip Stacking are being studied using computer 
simulations and beam in the Main Ring. Based on the 
studies so far, beam loading voltage appears to be the 
most serious problem, and we are working on solving it. 
We plan to study the methods of reducing the beam 
loading voltage mentioned in Section 3 and the effects of 
the reduced voltage on the beam. 
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EXPERIMENTS WITH SEPARATED BEAMS IN RUN I AT THE 
TEVATRON COLLIDER 

M.A. Tartaglia 
DZero Collaboration, Fermi National Accelerator Laboratory*, P.O. Box 500, Batavia, IL 60510 

Abstract 

During the Tevatron collider Run I, a great deal of effort 
was spent understanding the luminosity at the two collid- 
ing detectors. In collaboration with the Tevatron operations 
group, the DZero experiment recorded data while the col- 
liding beams were intentionally separated by several beam 
widths in the horizontal and vertical planes. The result- 
ing luminosity profiles contain a great deal of information 
about the lattice and beam size parameters at the low-beta 
focus, which can be extracted by fitting in a variety of ways. 
This paper will review details of these separated beam mea- 
surements and present results on Tevatron lattice parameter 
and luminosity determination. 

1    INTRODUCTION 

At the start of Tevatron Collider Run lb there was difficulty 
diagnosing the state of the machine. The luminosities at 
two collider detectors did not agree, with the DZero mon- 
itor indicating about 25% higher luminosity, and the CDF 
longitudinal event profile being asymmetric. Following the 
discovery and correction of a rolled low-beta quadrupole 
at CDF, the machine performance improved dramatically 
and luminosity measurements became more consistent, but 
with DZero showing a 10% deficit relative to CDF. With the 
search for the top quark in full swing, this difference gener- 
ated some interest among DZero experimenters to explore 
whether there might be problems at their collision region. 

As the peak luminosity climbed, both luminometers re- 
vealed shortcomings. Improved bunch-by-bunch devices 
were installed at both experiments, and additional scrutiny 
was given to the luminosity calculations. Ultimately the 
experiments agreed to about 3%, with that difference now 
resolved[l] by further work to understand efficiencies and 
acceptance of the system[2] used to measure the rate of 
interactions in the DZero collision region. However, the 
accelerator-calculated luminosity (using measured bunch 
intensities, emittances, and assumed lattice parameters) 
predicts the detectors should observe about 30% greater lu- 
minosity than is seen (assuming a world average total cross 
section[3]). Precision cross section measurements drive the 
need for a well determined luminosity, and a suitably pre- 
cise calculated value (if achievable) would provide a useful 
cross check to the rate method. 

The beams were first separated at DZero to study halo 
backgrounds and shielding effectiveness: it was observed 
that interactions still occurred some distance from the 

* Operated by University Research Association for the United States 
Department of Energy under contract DE-AC02-76CH03000 

crossing point, where the beam widths are large and over- 
lap. This luminosity z-distribution was asymmetric, which 
set the stage for a series of separated beam tests [4] com- 
pleted on 4 stores over the course of Run lb. 

2   EXPERIMENTAL METHOD 

All scans were performed at the end of a store at relatively 
low luminosity, about 5 • 1030 cm~2 s_1. The scan se- 
quence was to first separate the beams to an extreme po- 
sition (e.g., 200 ßrri) in the horizontal (x) plane, whence 
DZero data were taken for about 10 minutes, yielding 10K 
to 45K events; then the separation was changed to a smaller 
value and data taken again. After completing 2 or 3 data 
points, the beam separation was brought through zero to 
repeat the procedure for the same set of separations, but 
with opposite sign. The same scan procedure was then ad- 
ministered in the vertical (y) plane (with no x separation), 
and at least one zero-separation point was recorded. The 
first scan was in x only; in the final test a scan along a di- 
agonal was made in addition to the x and y scans. Three 
tests occurred during normal ß* = 35 cm operations and 
one during a week of Tevatron running with ß* = 25 cm. 

The DZero Level-0 apparatus[2] is constructed of two 
segmented arrays of fast scintillation counters - situated 
near the beam pipe on either side of the collision region - 
and utilizes precise timing for longitudinal collision point 
"vertex" 2-position finding. There are two readout modes: 
1) a FASTZ mode (for triggering DZero) which uses a sub- 
set of the available counters, has less precise resolution 
(er ~ 8 cm), and is sensitive to vertices within 100 cm 
of the detector center; 2) a SLOWZ mode which individu- 
ally analyzes and records pulse height and time from each 
counter and provides vertex position resolution of 4 cm for 
vertices out to 150 cm, flags multiple interactions and re- 
jects halo particles. Initially the DZero online luminosity 
monitor was based upon a FASTZ ratemeter which aver- 
aged over all 6 colliding bunches. The improved moni- 
tor devices utilized SLOWZ signal sealers and a precise 
clock to evaluate a 1-minute rate per bunch, and was com- 
missioned in late Run lb (only the fourth scan has both 
FASTZ and SLOWZ luminosity measurements, though all 
runs have both conditions flagged in the recorded data). 
Data taking was initiated by a loose coincidence of the two 
Level-0 arrays, or by a prescaled clock signal (to monitor 
the exposure duration). 

The Level-0 data were histogrammed into vertex z- 
distributions with bin size equal to the digitizer resolu- 
tion, 0.75 cm. A typical distribution is shown in Figure 
1, which shows single- (SI) and multiple-interaction (MI) 
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profiles for a 100 ßm separation (the MI shape depends 
strongly on the SI shape). Most of these distributions dis- 
play asymmetries in the relative peak height, and z-position 
minima clearly offset from zero in both x and y planes. 
Some normalization corrections are then applied, to make 
luminosity distributions which can be compared and an- 
alyzed: 1) the FASTZ luminosities are corrected (using 
recorded SLOWZ data) for z-acceptance to 150 cm; 2) the 
number of recorded events is scaled to account for trigger 
prescale and exposure duration, then must be adjusted up- 
ward slightly to account for multiple interactions (hence, 
to first order one must know the luminosity!); 3) all distri- 
butions and measured luminosities are corrected up for the 
measured luminosity decay, about 1% per 10 minute data 
point. 

-150 -100 -50 0 50 

Z Vertex   (cm) 

100 150 

Figure 1: Longitudinal Luminosity Profile for beams sepa- 
rated horizontally by 100 /xm. Solid lines are Single Inter- 
action, and dashed lines are Multiple Interaction events. 

3   ANALYSIS AND RESULTS 

The accelerator-calculated luminosities are evaluated in the 
framework of an ideal Tevatron, where luminosity £ is de- 
scribed by a linear model, uncoupled in x and y, character- 
ized by 24 parameters (e.g., see [4]). Making the standard 
assumption of Gaussian transverse and longitudinal bunch 
shapes, the luminosity distribution dC/dz can be written 

u  .,-»{-(ft) - (fir)-W)} m 
dz crx(z) (Ty(z) az 

A contains the sum over proton and antiproton bunch in- 
tensities which, along with the bunch lengths <rzp and aza, 
are measured to about 1% [5], 

-4=£ 
•LViplViaJr< 

i=l,6 (2TT 
,3/2 (2) 

5X and 8Y are the bunch center to center transverse sep- 
arations, and zc is the beam crossing point (with detector 

center at z = 0), which is measured to a few cm by Beam 
Position Monitor (BPM) timing. Crossing angles are possi- 
ble and result in z-dependent separations. Expressions for 
the transverse beam widths result from convolution over 
bunches, a2

x = {alp + ala), where 

°lP{z) = ßx(z)exp + vl(z) ( -p \ (3) 

with similar expressions in y. The e^ are emittances, 
which are related to the "normalized 95%" values mea- 
sured using flying wires. Note that the beam widths depend 
only on the sum of proton and antiproton emittances. The 
(well known) momentum dispersion is §p- whose coeffi- 
cient 7/(z) is taken to be a linear function of z (nominally 
zero in y). The "beta function" at the low-beta focus is char- 
acterized by a length ß* and given by a quadratic function 
with minimum at ZQ, 

ßx(z) = ß* + 
(z - z0x)

2 

ßl 
(4) 

with a similar expression for terms in y. 
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Figure 2: C/(NpNa) versus separation for X and Y scans; 
the overlayed model calculations use accelerator- (solid 
line) or fit separated beam- (dashed line) parameters and 
have been scaled to agree at zero separation. 
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Figure 3: <7y versus z, overlay of 3 separation ratios from 
scan 2 positive vertical separations. 

We have used several approaches to extract information 
about the colliding beam optics. First, the behavior of lu- 
minosity versus transverse separation could be fitted; how- 
ever, there is no independent determination of the actual 
separations because BPMs are only accurate to ~ 20 \xm. 
Since these profiles were not all symmetric with the sign 
of separation, one might be concerned about the separa- 
tor performance; instead we simply compared the resulting 
profiles and model as shown in Figure 2. 

A second way is to try to fit the longitudinal luminos- 
ity profiles, dC/dz, to extract parameters independently for 
the vertical and horizontal scans: there are 4 or 6 separation 
points in each scan, in each plane, and we find excellent 
consistency. The separations can be made parameters of 
the fit and in most cases agree with the nominal separa- 
tions with about 5 fim error. In all of the scans we find the 
vertical profiles to be completely consistent with expecta- 
tions, but the horizontal focus is less sharp than predicted: 
the fits prefer a larger value for ß*, 25 cm -» 35 cm, and 
35 cm -> 45 cm. It is also possible that the dispersion 
center is offset from the detector center. We find crossing 
angles (up to 50/j.rad) and focus offsets (8 cm) from zero in 
both planes in most of the scans. The large number of pa- 
rameters could be better determined by performing a global 
fit to all of the x and y scans for a given store. 

Third, a very useful consequence of Equation (1) is that 
<rl{z) (and tf(z) or <rly(z)) can be calculated from the 
ratio of two z-distributions recorded with different separa- 
tions 5X\ and 6X2, 

<?M 
(5X2)

2 - (SXi)2 

2 1n(^/^) 
(5) 

The of are quadratic functions of z that can be easily fit. 
The multiple separations of each sign again provide a con- 
sistency test which in this case validates the fundamental 
Gaussian profile assumption, to about 4 a. In Figure 3 an 
overlay of three determinations of ayvs. z is shown for one 

scan. One could improve this analysis by using a larger 
bin size for better statistics; it may then be possible to 
get widths of the individual colliding bunches. This last 
analysis promises to be useful in the more complex case 
of a coupled lattice, where a general framework has been 
derived that requires only measurements of o2(z) along 
{x, y, diag} at the focus to calculate the luminosity[6]. 

4   CONCLUSIONS 

The separated beam technique provides a new method for 
fast diagnosis of the low beta focal optics, and a tool for 
precise measurement of machine parameters. Using sep- 
arated beam scan fitted parameters gives somewhat bet- 
ter agreement with the measured luminosity and transverse 
profiles than is obtained using accelerator measured emit- 
tances and assumed lattice parameters. However the calcu- 
lated luminosity is still substantially low as can be seen in 
Table 1. The next step will be to combine these measure- 
ments of a2 with the covariance matrix technique[6]. 

Scan Store ß* Model/Meas. Model/Meas. 
(cm) Accel Params Fit Params 

1 5224 35 1.31 - 
2 5320 35 1.34 1.19 
3 5378 25 1.43 1.28 
4 5628 35 1.35 1.46 

Table 1: Ratios of calculated to measured luminosity for 
separated beam scan stores. 
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CAPTURE FROM PAIR PRODUCTION AS A BEAM LOSS 
MECHANISM FOR HEAVY IONS AT RHIC* 

B. Feinberg, A. Belkacem, N. Claytor, T. Dinneen, and H. Gould 
Lawrence Berkeley National Laboratory 

1 Cyclotron Rd., Berkeley, CA 94720 USA 

Abstract 
Electron capture from electron-positron pair production 

is predicted to be a major source of beam loss for the 
heaviest ions at RHIC. Achieving the highest luminosity 
thus requires an understanding of the capture process. We 
report measurements of this process at Brookhaven 
National Laboratory's AGS using 10.8 GeV/nucleon 
Au79+ projectiles on Au targets. Capture from pair 
production is a process in which the very high 
electromagnetic field involved in the collision of two 
relativistic heavy ions results in the production of an 
electron-positron pair with the capture of the electron by 
one of the ions. There are many theoretical papers 
published on capture from pair production with 
discrepancies between predicted cross sections. The 
experimental results are compared to theory and to 
previous experiments at 1 GeV/nucleon. The implications 
of extrapolations to RHIC energies are presented. 

1 INTRODUCTION 

At relativistic energies, the capture of electrons by ions 
(recombination) occurs by the well-understood collisions 
processes of Radiative Electron Capture (REC) and Non- 
Radiative Capture (NRC). These processes, which require 
an electron in the initial state, have cross sections that 
decrease rapidly with increasing collision energy. REC is 
the capture of a target electron by the ion with the 
simultaneous emission of a photon (to balance 
momentum and energy). NRC is the capture of an electron 
that is initially bound to a target atom or ion. Until 
recently, REC and NRC were thought to be the dominant 
processes for electron capture at all relativistic energies. 

The large transient fields produced in relativistic 
charged particle atomic collisions (no nuclear contact) have 
long been known to produce electrons through electron- 
positron pair production [1]. But, in 1984, Gould pointed 
out that for bare heavy ions, the probability for pair 
creation with simultaneous capture of the electron from 
the pair into the K-shell, was significant [2]. The cross 
section for this "capture from pair production" mechanism 
has been shown to increase with energy (as does the cross 
section for producing free electron-positron pairs), and is 
predicted to be the dominant electron capture mechanism at 
highly relativistic energies [3]. Since capture from pair 

production requires no electron in the initial state, it can 
take place between two bare ions, possibly limiting the 
lifetime of stored beams of bare heavy ions in relativistic 
heavy ion colliders. 

A number of theoretical papers aimed at calculating the 
cross sections for electron capture from pair production 
have been published since 1984 [4]. Different calculational 
techniques were used for high and low relativistic factor 
(y). Therefore agreement at low energies does not assure 
agreement at high energies. Until recently, no 
experimental measurement to check the validity of the 
theoretical predictions at high y has existed. 

In this article we report measurements of electron 
capture from electron-positron pair production in 
relativistic heavy ion collisions at highly relativistic 
energies, and discuss the possible implications for the 
lifetime of heavy ions in the Relativistic Heavy Ion 
Collider (RHIC) now being constructed at Brookhaven 
National Laboratory [5]. The experiments have been 
performed at the AGS accelerator at Brookhaven National 
Laboratory, using 10.8 GeV/nucleon bare gold ions 
(Au'"+) incident on thin, fixed targets of Au, and are 
compared to experiments at the Bevalac accelerator at 
Lawrence Berkeley Laboratory, using 0.4 - 1.3 
GeV/nucleon bare lanthanum ions (La->7+) incident on 
gold targets. 

2 EXPERIMENT DESCRIPTION 

Figure 1 shows a diagram of the Advanced Positron 
Spectrometer (APS) used to detect positrons. The Au79+ 

ion passes through a fixed target located inside the APS, 
described below. In the case of capture from pair 
production, the electron is created directly bound to the 
gold ion, changing its charge by one unit to Au7^+. The 
experimental signature is the detection of the positron 
emitted during the collision, in coincidence with the 
charge-changed Au7^+. The Au7^+ is magnetically 
separated from the main beam of Au79+ and each charge 
state is detected by a scintillator-photomultiplier tube 
detector. 

* Supported by the Director, Office of Energy Research, Office of Basic Energy Sciences, Chemical Sciences Division 
and (BF) Material Sciences Division, U.S. Department of Energy under contract DE-AC03-76SF00098. 
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Figure 1 - Schematic diagram of the apparatus (top - sectional view). The solenoid field decreases adiabatically from 
the center towards the ends causing the particle orbits to grow and their divergence to decrease, allowing them to be 
swept by the dipole magnets into the detectors. Only one positron detector (and no electron detector) is labeled. The 
target is located near the center of the solenoid and the heavy ion beam travels horizontally through the apparatus. 

The target is placed inside and slightly upstream from 
the center of the APS. The APS is used to detect and 
measure the energy distribution and angular distribution of 
the electrons and positrons emitted from the target. It 
contains a solenoid magnet in the center and a dipole 
magnet at each end. The solenoid generates a strong 
magnetic field (B=0.8 T max.) that adiabatically decreases 
toward the ends. The field transports the electrons and 
positrons away from the target, and converts much of the 
positron (electron) transverse motion into longitudinal 
motion. The positrons and the electrons are efficiently 
deflected in opposite transverse directions at each end of 
the solenoid by the dipoles. There they strike plastic 
scintillator-photomultiplier tube detectors. 

This combination of magnetic fields results in a very 
high acceptance for electrons and positrons emitted both 
forward and backward with respect to the beam direction. 
Without the adiabatically decreasing field, the acceptance 
of the spectrometer would be very low because most of the 
positrons, upon reaching the end of the solenoid field, 
would have a large transverse motion causing them to 
strike the walls of the apparatus rather than to be deflected 
into the spectrometer detectors. Tests of the APS using 
beams and radioactive sources have shown a detection 
efficiency close to unity for emission angles of up to 75 
degrees forward and backward. 

The emission angle with respect to the beam direction 
is measured using the time of flight of the positrons 
(electrons) through the solenoid. Four plastic scintillator- 
detectors (see figure 1) are used to detect the positrons 
(electrons) and to measure their energy and time of flight. 
The magnetically separated Au78+ ion that produced the 
positron, detected in its scintillator-detector at the end of 
the beamline, is used for the timing reference. 

The dipole magnets that deflect electrons and positrons 
in opposite directions are used for the initial 
discrimination between electrons and positrons. However, 
at 10.8 GeV/nucleon, a large number of knock-on 
electrons are ejected from the target by collisions with the 
gold ion. Approximately 3 to 4 electrons with an energy 
above 100 keV are ejected from a 1 mg/cm^ gold target for 
every gold ion, while only one positron from the same 
target is expected for every 5 x 103 gold ions. Roughly 
two or three per thousand knock-on electrons backscatter 
from the electron scintillator-detector into the positron 
scintillator-detector, thus simulating a positron. 

To discriminate against these scattered electrons we 
require the detection of one of the two 511 keV photons 
that are emitted back-to-back when the positrons annihilate 
at rest in the plastic scintillator. The 511 keV photon is 
detected by a Nal scintillator-photomultiplier detector (see 
figure 1). The detection efficiency of the photon (by the 
12.5 cm diameter by 15 cm long active area) Nal detector 
has been measured to be 30%, with roughly 60% of the 
photons appearing as a narrow single peak at 511 keV, and 
the rest as a broad Compton distribution. In our data 
analysis only the narrow peak is used. This sets the 
overall efficiency of the APS for the detection of a 
positron at 18%. 

3 RESULTS 

We integrate the spectra over the positron energy and 
angle to obtain the total cross section for capture from pair 
production. Preliminary results for the total cross section 
for capture from pair production by a 10.8 GeV/nucleon 
Au79+ on a gold target are 9.2 barns. 
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Figure 2 - Graph of capture from pair production as a function of energy. All results are scaled to La on Au, the case for 
which the most experimental data exists. The triangles represent measured cross sections, while the square point at RHIC 
energies, scaled to La, is predicted from perturbation theory. 

4 DISCUSSION 

The preliminary results presented here are in the middle 
of the range of predictions. These calculations, based on 
perturbation theory, predict cross sections ranging from 
5.7 barns to 12.2 barns [6-9]. 

A convenient way to visualize the cross section for 
capture from pair production as a function of energy is to 
scale the collision system to La on Au, where the most 
experimental results exist [3]. Figure 2 shows the capture 
from pair production cross section, scaled for a La 
projectile, as a function of energy. The triangles represent 
experimental results, scaling the point at 10.8 
GeV/nucleon (AGS result) by 1? to represent a La 
projectile rather than a Au projectile. The point for RHIC 
collider energies is scaled from perturbation theory 
predictions for Au on Au [10]. A visual analysis of the 
increase of the experimental cross section with energy 
indicates that the RHIC predictions are reasonable, but not 
necessarily assured. 

Capture from pair production (resulting in the loss of 
the charge-changed ion in the collider ring) has been 
predicted to be the dominant beam loss mechanism for 
colliding Au + Au beams at RHIC and a significant loss 
mechanism for lighter ions [5]. If the cross section is an 
order of magnitude higher than predicted at RHIC energies, 
then the current after 10 hours will decrease to about 20% 
of the initial value, instead of 77%, after taking into 
account intrabeam Coulomb scattering. 

Measurements of the cross section for capture from 
pair production at AGS energies indicate that the high-y 
calculations used to predict the loss rate at RHIC are not 
unreasonable at the low end of their range of validity. 
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Abstract 

The collimation system of LHC will consist of flat colli- 
mator jaws distributed along the IR7 lattice with the aim of 
limiting the maximum combined amplitudes of secondary 
halo particles (born along the edges of the primary col- 
limators). The code DJ (Distribution of Jaws) computes 
this amplitude using a quasi-analytic algorithm (no track- 
ing), by which the maximum initial angles are found, cor- 
responding to trajectories escaping all secondary jaws. We 
report the latest version of DJ, which contains the following 
enhancements: (1) the orientation of each pair of jaws is a 
free variable (instead of using only vertical, horizontal, or 
45° skew jaws); (2) the minimizing method used is "sim- 
ulated annealing", which, for our case of a discontinuous 
function of up to 32 variables, always finds a global min- 
imum. Different initial jaw distributions lead to different 
final ones, but they all give essentially the same maximum 
halo amplitude; this seems to depend only on the number of 
jaws and the lattice parameters, particularly the tune-split. 
We discuss lattice characteristics found favorable for colli- 
mation. 

1   INTRODUCTION 

The betatron beam collimation system for the LHC will be 
installed in the IR7 insertion. It will consist of a set of 
primary collimators, followed by a number of secondary 
collimators arranged to limit the so-called secondary beam 
halo produced at the edges of the primaries, thereby pro- 
tecting the LHC vacuum chamber from scattered particles. 
Each collimator will be composed of a pair of opposing flat 
jaws. 

In [1] we presented the computer code DJ, which dis- 
tributes secondary jaws along the IR7 lattice with the aim 
of minimizing the largest surviving combined amplitude of 
the halo. We now report some enhancements to DJ and the 
improved results which they have made possible. 

2   DEVELOPMENT OF THE MODEL 

2.1    Varying the jaw angles 

In the code DJ, the production of halo particles is modeled 
by a set of point-like sources distributed along the borders 
of the primary jaws (straight lines in the transverse plane). 
The secondary jaws, assumed to act as black absorbers, are 
defined by their horizontal tune advance \ix (within the col- 
limation section IR7) and their rotation angle a around the 

longitudinal axis. 
For a given jaw distribution, a mapping technique is 

used to isolate the fraction of trajectories escaping all sec- 
ondary jaws, i.e. those passing between the two oppos- 
ing jaws of all pairs. For these uncaptured halo particles, 
the code finds the maximum combined x-y betatron ampli- 
tude Amax , where A = (Al + ^)1/2 and Ax,Ay are 
the single-plane transverse invariants. This computation 
is fast (~1 s) as no tracking is needed. DJ further mini- 
mizes Amax as a function of the jaw distribution vector 
(MXI, MZ2-, ßxN, ai,a2-, aN). 

In [1] four types of jaws are used - vertical, horizontal 
and two skew - with rotation angles a = 0°, 90°, 45°, 
135° respectively. In the new version of the code DJ, the 
angle a is an independent variable, along with the jaw po- 
sition, and may range over 0° < a < 180°; during min- 
imization the jaw positions and angles are varied together. 
The improvement in Amax (expressed in terms of the r.m.s. 
amplitude a) is shown in Table 1, for primary and sec- 
ondary collimators set at 6<7 and 7<r respectively. For 12 
secondary collimators, allowing a to vary has the same ef- 
fect as adding 4 more secondaries; for 16 secondaries the 
improvement is less dramatic. 

 Table 1: 
Number of 

secondary pairs 
of jaws 

12 
16 

■n-raax 

discrete a — 
0°, 90°, 45°, 135° 

9.4a 
8.6<7 

0° < a < 180° 

8.7<r 
8.4(7 

' Also at Dept. of Physics & Astronomy, UBC, Vancouver, Canada. 

With variable angles, the program module calculating 
Amax for a fixed jaw distribution remains unchanged. 
However, the minimization of Amax with twice as many 
variables called for some new numerical tools and solu- 
tions. 

2.2   Minimization 

During minimization, the locations of the four primary jaws 
are fixed at maxima of the corresponding beta functions, 
their angles being: 0°, 90°, 45° and 135°. 

The optimization process has been developed in two 
stages: 1) conventional methods, which allow better in- 
sight, but show an unwelcome dependence on the initial 
conditions, with some runs ending up in local minima, and 
2) simulated annealing. 

Amax is not a smooth function of the jaw-distribution 
vector, because of screening effects by some secondary 
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jaws on others. A step of finite length made in any direc- 
tion of the 2Ar-coordinate space may result in unpredictable 
changes in the indices m, n of the two maximum ampli- 
tude jaws [1] and correspondingly in Amax . However, 
for small enough increments, the coordinates of the two 
maximum-amplitude jaws are the only ones whose vari- 
ables affect Amax , so there are only four active variables 
ßmi am, ßn, <*„ (local smoothness). 

Downhill-overstep methods [2] are based on the local 
smoothness of Amax . At each iteration, the LMDIF pack- 
age routine is used with four variables up to the limits of 
the smoothness interval. After that, a step is made outside 
this interval, to pick a new pair of active jaws. The step is 
halved after each unsuccessful iteration (no downhill direc- 
tion found). 

Simulated annealing (SA) - a probabilistic optimization 
method [3], is a recent technique devised for solving diffi- 
cult problems involving discontinuous multi-variable func- 
tions, but requiring large computing time. The Appendix 
offers a quick overview of SA in one dimension. 

At early stages of minimization, if the percentage of 
accepted cases rises, then the range over which the code 
searches for an optimum increases, i.e. the SA algorithm 
keeps more than one local minimum in sight. As the "tem- 
perature" parameter is reduced, downhill moves are less 
likely to be accepted, more cases are rejected and SA fo- 
cuses on the global extremum. 

In several initial runs, appropriate values were chosen 
for the most important SA parameters - the initial tempera- 
ture (T0 = 5) and the temperature reduction factor (0.6). A 
typical SA run assumed fixed IR7 lattice functions, a suf- 
ficiently large number of source points along the edges of 
the four primary collimators, and 12 to 16 secondary colli- 
mators. 

With these parameters fixed, SA runs made for ran- 
dom initial jaw distributions always resulted in essen- 
tially the same minimum value for Amax , as desired. 
The final jaw distributions, however, were by no means 
identical, although many were very similar (see §3.2 be- 
low). The secondary-halo cross-sections differed corre- 
spondingly, having different maximum single-plane invari- 
ants Axmax and Aymax (but the same amplitude near the 
diagonal in (Ax,Ay) space). 

If DJ is modified to search only for jaw locations com- 
patible with the rest of the hardware, then the computing 
time increases unacceptably. The alternative approach was 
taken of shifting the quadrupoles slightly to free locations 
at which jaws were needed. 

max= 0.0B4 I 

200  300  400  500  600  700  800  900  1000 1100 

s [m] 
0.3f 
0.2 

3*    0-1 
I     0.0 
3."-0.1 

-0.2- 

-°3i 399     507     616 
s  [m] 

Figure 1: IR7 lattice and tune-split functions for LHC ver- 
sion 4.2, with IR7 quadrupoles tuned for high negative tune 
split, giving Amax - 9.1a. 

3.1    Optimum lattice setting 

Optics criteria can be formulated in terms of px(s) and 
ßy(s) - the horizontal and vertical tune advances along the 
straight section, with px(so) = py(so) = 0 at the first 
primary collimator (so = 290 m), or equally, in terms of 
the functions p± = (py ± px)/2. The average tune ad- 
vance p+ is roughly proportional to the distance from the 
first primary: p+ oc s — so- Therefore, for a fixed 
length of the collimation section, the collimation quality 
can essentially be expressed in terms of the total p+ and 
the tune-split function p~ (s). 

The advantage of having the tune split vary along the 
beamline was first suggested, and confirmed by tracking, 
by Risselada [4]. For the case of circular collimators, ini- 
tial studies have been carried out [5], aiming to explain the 
relation between the shape of pT (s) and the collimation 
quality, and a search for a rigorous theory is under way. 

As reported in [1], larger oscillations in p,~ (s) give lower 
Amax . but we have also found dependence on the sign of 
p~. The figures below show the lattice and tune-split func- 
tions of IR7 for two cases recently studied: a tune giving 
large negative p" and Amax = 9.1a (Fig. 1), and a tune 
giving large positive p" and Amax = 8.45CT (Fig. 2). The 
following tune-split variation gave Amax < 8.5a: 

- almost everywhere positive and close to periodic, with 
three nearly equal maxima ~ 0.2 each (Fig. 2, bottom); 

- one high peak in the middle ~ 0.25 (an abandoned 
lattice version, not shown). 

On the other hand, a tune giving two large negative peaks 
in p~ (Figure 1, bottom), gives a somewhat higher Amax 

= 9.la. 

3   RESULTS 

Different IR7 tunes were explored for several recent ver- 
sions of the LHC lattice, and for 16 secondary collimators 
Amax was found to be between 8.4<r and 9.1a, depending 
on the lattice setting. 

3.2   Optimum collimator phases 

For a lattice optimized purely for collimation, some rela- 
tion is to be expected between the horizontal and vertical 
betatron phases of perfectly located collimators. Even in 
realistic lattices, constrained by additional factors, the SA 
runs showed that this remains true, favouring certain jaw 
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Figure 2: IR7 lattice and tune-split functions for LHC ver- 
sion 4.2, with the IR7 quadrupoles tuned for high positive 
tune split, giving Amax = 8.45er. 

locations. We also found that //+ is a more relevant inde- 
pendent variable than s. 

Fifty SA runs were performed for nearly optimum con- 
ditions (Amax — 8.45a) using the lattice shown in Fig. 2. 
Each run used a randomly generated initial jaw distribu- 
tion, i.e. random angles and phases for 16 collimators. The 
values of a were then plotted against fi+ (Fig. 3) for the re- 
sultant 50 jaw distributions, which all give nearly the same 
value of Amax: 8.4<r < Amax < 8.5<7. The jaw loca- 
tions tend to cluster near the extreme values of the function 
/x~(/z+). On the other hand, for the lattice with Amax = 
9.I0- the pattern is more chaotic (Fig. 4). 

0.3   0.4   0.5   0.6   0.7   0.8 
ß*=  (M„+M,,)/2 

Figure 3: Collimator distributions from 50 SA runs for the 
lattice shown in Fig. 2 ( Amax = 8.45<r) using 16 pairs of 
secondary jaws with random initial settings. Each point 
represents the rotation angle and the average betatronic 
phase ß+ of one pair. 

4   APPENDIX: EXAMPLE OF SIMULATED 
ANNEALING ALGORITHM IN ONE 

DIMENSION 

In this example, the global minimum of F(x) is searched 
for, within some interval (x\, £2). The user supplies initial 

Figure 4: Collimator distributions for the lattice shown in 
Fig. l(Amax = 9.1a). 

values for x {x\ < x < £2). the step dx and the tempera- 
ture parameter T (T > \xi — a^P- 

At each iteration, 20 trial values xtri are generated ran- 
domly in the interval (x - dx,x + dx). If a trial value 
Xtri is downhill, i.e. F(xtri) < F(x), then it is accepted 
and, if F(xtri) is lower than its previously lowest value, 
xtri is recorded as a new optimum. An uphill xtri can 
also be accepted with probability P = e(F(^)-F(^-i))/T 

(Metropolis criterion). If the trial xtri is out of bounds, then 
it is rejected and simply a new xtri is generated in bounds. 
Each time the trial is accepted, xtr% replaces x (the centre 
x moves, but dx stays). At the end of the iteration, dx is 
scaled to some new length, which would have produced a 
roughly equal number of rejected and accepted trials; for 
instance, dx is increased if too many cases have been ac- 
cepted. 

The temperature is reduced by a factor 0.6 after each 
5 iterations. The process is halted if the optimum found 
remains unchanged during several subsequent temperature 
cycles. 
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THE IPNS ACCELERATOR 50 MeV AND 500 MeV TRANSPORT LINES* 
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Abstract 
The Intense Pulsed Neutron Source (IPNS) accelerator 
delivers up to 500 MeV protons to a depleted uranium 
target producing spallation neutrons for material science 
and other research. A 70-80 ns bunch strikes the target at 
a rate of 30 Hz with an average beam current of 15 uA. 
The 50 MeV and 500 MeV beam lines transport protons 
from the Drift Tube Linac (DTL) to the Rapid Cycling 
Synchrotron (RCS) and from the RCS to the Neutron 
Generating Source (NGS) target, respectively. Through 
over 15 years of operation, the accelerator has been highly 
reliable with the 5 billionth pulse on target recorded 
March 12, 1997. During this time, IPNS operators have 
discovered tunes for various parts of the DTL/RCS 
accelerator allowing for continual improvement in average 
current delivered to the target; however, in numerous 
cases this has been achieved by moving significantly away 
from the original design parameters. A new attempt is 
being made to analyze the lines and develop computer 
models that can be used to alleviate some of the 
undesirable features of the present "best tune." In the 500 
MeV line, higher order elements will be included in the 
modeling with the goal of providing a uniform power 
density profile at the NGS target. This paper describes 
features of the present lines, and progress-to-date in 
analyzing and improving them. 

1 INTRODUCTION 

The primary components of the IPNS accelerator are a 
negative ion source, 750 kV DC Cockroft-Walton, 50 
MeV DTL, 50 MeV transport line, 450 MeV RCS, and 
500 MeV transport line. We concentrate on the two 
transport lines here. A plan view of the IPNS accelerator 
is presented in Figure 1. In the 50 MeV line, attention is 
centered on beam misalignments and what affect they 
have on RCS transmission. In the 500 MeV line, the 
beam profile on the target is important: if too small, the 
high power densities can damage to the target; if too large, 
protons may miss the target resulting in a reduction in 
neutron production and an increase in activation. 

50 MeV TRANSPORT 

PRE 
ACCELERATOR 

RAPID 
CYCLING 

SYNCHROTRON 

RANSPORT 
(PIS) 

This work is sponsored by the U.S. Department of 
Energy, Contract No. W-31-109-ENG-38. 

Figure 1: The IPNS Accelerator System. 

2  50-MeVLINE 

The 50 MeV line includes 8 sector dipoles, 16 
quadrupoles, and a number of smaller vertical steering 
dipoles (VSM). The line is shown schematically in 
Figure 2. Diagnostics in the 50 MeV line include wire 
scanners (WS), segmented Faraday cups, toroids, 
scintillators, and beam position monitors (BPM). Beam 
positions, sizes, and profiles are analyzed with WSs at 
twelve locations along the 50 MeV line. BPMs provide 
real-time displays of beam centroid position. In addition, 
a segmented Faraday cup and a pair of scintillators also 
indicate beam size and position. Starting in 1996, a target 
irradiation area has been established in the 50 MeV line 
for the production of radio-isotopes for experiments at the 
Argonne Tandem Linear Accelerator System (ATLAS). 
The target slugs are relatively small (5 mm, diam.); 
therefore accurate beam positioning information is 
required. 

A working model of the 50 MeV line was 
developed using the first-order-optics code, TRACE3D[1] 
to predict beam size and focusing. It was found that the 
model does a reasonable job in most sections of the 50 
MeV line. For example, near the linac, it was useful in 
identifying the reversal of x and y axes in WS1. 
Nevertheless, some discrepancies remain between 
prediction and WS size data; in addition, WS data 
indicates some beam profiles are neither uniform nor 
Gaussian but instead are quite peaked. Beam offsets 
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Figure 2: 50 MeV transport line elements 

may be responsible for some of the observed nonlinear 
behavior. 

Analysis of a beamline is complicated by beam 
misalignments. Consider the geometry in Figure 3 
showing a circular beam cross section within a 

Figure 3: Beam offset geometry in a quadrupole 

quadrupole magnet. The beam center is offset from the 
magnetic center by 8. With respect to the center of the 
quadrupole, the beam radius may now be expressed as, 

rm = Jr^ +23 r cos^ +S2 

where (|> is measured from the x-axis. The ^-component of 
field may be written as[2], 

Bi=Cnrn-lcos[n(f-jr)] 

where C=UoNI/Rn and n=2. The results of Fourier 
transforming both aligned and misaligned profiles are 
shown in Figures 4 a and b. As expected, a single 
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Figure 4: Modal analysis for a) an aligned beam and b) 
misaligned beam within a quadrupole where R=50.8 mm 
and 8=lmm. 

quadrupole (n=2) mode is evident in the aligned case; 
however, dipole, quadrupole, sextupole, and octupole 
modes (as well as higher order components not shown) 
are predicted for the misaligned beam. An easily 
observable feature is the dipole steering effect of a 
quadrupole on a beam that is not on center. This can be 
used to check beam alignment between diagnostic 
locations. By varying quadrupole coil current a few 
percent about the operating point, BPM data from 
downstream indicates when steering is taking place. 
Higher order field components can also lead to emittance 
growth. In the 50 MeV line some emittance growth is 
tolerable[3]. Ap/p is relatively low from the linac and 
should be at least 0.5 percent at injection to avoid 
instability in the RCS. The x and y rms beam emittance 
out of the linac is measured to be 1.8 7i-mm-mrad. Beam 
emittance is monitored on the 50 MeV line using WS data 
at three adjacent axial locationsfl], each separated by 
approximately 5 m of drift space. (The transfer functions 
of two small VSMs are ignored.) Note that this analytical 
technique combines dispersion with emittance. 

An effort was made to reduce beam offsets in the 
50 MeV line quadrupoles. Using VSMs and larger sector 
dipoles, the beam position was made to lie close to the 
center of the BPMs. (It was not possible to achieve zero 
BPM offset at all locations.) WS data indicates rms 
emittances as follows: ex=3.76± 0.35 u-mm-mr and 
Ey=3.28± 0.32 7t-mm-mr. These values are in reasonable 
agreement with TRACE3D which calculates 4.63 and 
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2.33 7i-mm-mr for ex and ey through this region of the line. 
Though steering in some quadrupoles has been 
substantially reduced, it is still evident in others. Based 
on these initial results, further beam alignment studies are 
planned. 

3 500-MeV TRANSPORT SYSTEM 

The 500 MeV line carries accelerated protons 
approximately 45 meters from the RCS to the Neutron 
Generating Source (NGS) target. The line is composed of 
2 dipole and 15 quadrupole magnets, not including 
extraction optics. The beamline is shown schematically in 
Figure 5. Beam size and position along the line are 
measured with Segmented Secondary Emission Monitors 
(SSEMs). A Segmented Wire Ionization Chamber 
(SWIC), located just in front of the target, provides 
similar    information. Current    Toroids    provide 
transmission efficiency. TRACE3D is again used to 
indicate beam size and focusing along the line. While 
within the RCS, space charge plays a major role in 
longitudinal stability; however, after extraction space 
charge has relativley little effect on the beam. This is 
significant since it means that space charge can be ignored 
in multiparticle analysis of the 500 MeV line without loss 
of accuracy. 
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Figure 5: 500 MeV transport line elements 
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4 BEAM UNIFORMITY 

By adding nonlinear magnet elements to the 500 MeV 
line, a more uniform beam profile may be obtained on the 
NGS target[4]. This modification will be significant, 
especially if the present RCS current limit can be 
increased with a proposed second-harmonic rf cavity. At 
the NGS target, the beam profile is observed to be circular 
in real space and approximately Gaussian as measured by 
the SWIC. We are presently developing a particle 
tracking model to investigate the placement of higher 
order elements in the 500 MeV line. Incorporating the 
model shown in Figure 6, the phase space distribution in 
x-x' space given in Figure 7 is predicted at the NGS 
target. 

Figure 6: 500 MeV line upstream of the NGS 

0.02 

Figure 7: Modeled phase-space distribution at the NGS 
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H CHARGE EXCHANGE INJECTION FOR THE NSNS ACCUMULATOR* 

L. N. Blumberg and Y.Y. Lee 
Brookhaven National Laboratory, Upton, NY 11973 

Abstract 

A scheme for injection into the FODO cell of the National 
Spallation Neutron Source(NSNS) Accumulator ring is 
discussed. A 400 ug/cm2 carbon foil is chosen for a high 
stripping efficiency and for heating of the foil 
consideration. Additional schemes to reduce losses due to 
nuclear and Coulomb scattering at the foil are discussed. 
Subsequent loss from magnetic field ionization of the 
residual H° component is estimated to be small 
comparable to nuclear loss. A method for sweeping and 
collecting the stripped electrons from the foil is presented. 

1 INTRODUCTION 

Injection into the NSNS accumulator ring is H charge 
exchange process where one can accumulate even on top 
of occupied phase space. As described in the linac section 
the beam from the linac is chopped in revolution 
frequency of the ring insuring there be a gap in the 
accumulated proton. The injection will take place in one 
of the dispersion free straight sections just upstream of the 
center quadrupole which has a large aperture. Because of 
the dumping scheme of the excited H° from the stripping 
foil the injection shall take place exact radial position 
where the magnetic field of the quadrupole is 2.43 KG 
which is exactly 10 cm from the reference orbit. The 
magnetic field value is important because the electric 
field felt by the excited H° is such that principal quantum 
number n=4 or less survives the field where n=5 or higher 
strip immediately. It is working a assumption that the 
stripping will take place between DC dipole and the 
quadrupole. However we may consider placing the 
stripping foil inside of the dipole upstream in order to 
avoid the effect of fringe field, however it is much more 
complicated mechanically. A set of 4 pulsing and one 
fixed field dipole are used to create orbit bump to paint 
optimum phase space of the injected proton population. 
The pulsing dipoles are programmed to paint the phase 
space to reduce the space charge effect of the circulating 
proton beam. The optimum distribution would be 
determined later by computer simulation and by 
experiment. The bump scheme should be able to 
accommodate a wide range of distribution from uniform 
phase space density to a so called smoke ring distribution. 
Likewise a set of four vertical pulsing dipoles are utilized 
to paint the vertical phase space. The basic scheme of 
painting the phase space is shown in the fig.l, and the 
proposed orbit bump is illustrated in fig. 2. Table I lists 
the location and kick angle of the orbit bumps both for the 
start and end of the injection process. 

VERTICAL 

LINAC BEAM 

HORIZONTAL 

Fig. 1X and Y injection Phase Space diagram 

012 

Fig. 2 Schematic Injection Bump Scheme 

Table I   Injection Bump Kicker Specifications 

BUMP LOCATION* 0 start flp.nH 
Bl Q8 + 4.9m 7.75 mr 0.0 
B2 Q9+ 1.6m 17.35 mr 22.1 mr 
B3 Q, + 4.4m -27.15 mr DC 
B4 Q,„ + 4.9m 27,05 mr 24.05 mr 

B4A Q,„ + 2.0m 177 mr DC 
B5 Q„ + 2.4m -2.67 mr -7.78 mr 
VI Qg + 0.9m 8.0mr 0.0 
V2 Q8 + 4.4m -3.0 mr 0.0 
V3 Q„ + 0.9m -1.0 mr 0.0 
V4 Q„+4.9m 5.5 mr 0.0 

* Sponsored by the Division of Material Sciences, U.S. Department of 
Energy, Under contract DE-AC05-96OR22464 with Lockheed Martin 
Energy Research Corp. for Oak Ridge National Laboratory. 

"Distance is from center of the quadrupole to the center of the 
bend. Q8 through Qll are quadrupoles in the straight section 
starting from last quadrupole of preceding arc. 
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One has to keep the injection loss and subsequent beam 
loss due to the injection mechanism manageable. There 
are several injection loss mechanisms. They are 1) the 
linac beam missing the foil, 2) H"'s emerging from the foil 
which is a function of the thickness of the foil, 3) H's 
emerging from the foil which is calculated to be 
negligible, and 4) circulating beam loss due to Coulomb 
and nuclear scattering on the foil. The loss mechanism 1) 
is related to the stripping foil size and one should keep 
this loss to less than a few percent. This beam loss along 
with loss due to the mechanism 3) is well known and a 
controlled dumping of the waste beam is planed. The loss 
mechanism 4) is directly related to the thickness and 
number of circulating beam hitting the foil which is 
proportional to the foil size exposed to the circulating 
beam. The foil size is chosen such that it provides a 
compromise between mechanisms 1) and 4). The 
thickness of the foil is determined by mechanism 2), 4) 
and foil heating problem described later. Present working 
plan calls for a foil size of 8 x 4 mm and 400ug/cm2 thick 
carbon foil. The bump magnets are programmable to 
create the best possible distribution of the proton 
population. 

2 DISPOSAL OF UNSTORED PROTONS 

The H' ions which missed the stripping foil and H° 
emerging from the foil should be disposed in proper beam 
dump. We place a thick stripping foil in the path of the H° 
to convert entire beam to proton. The H bent by 
downstream quadrupole will travel to 10KG septum 
magnet, and because of the high magnetic field, they will 
be stripped to neutral hydrogen in the field. We place a 
thick stripping foil inside the septum to strip them to 
proton. Placement of the foil will be determined after 
careful measurement of the magnetic field, and to have 
median of the proton emerging from the septum to be 
parallel with the protons from H". A rule of thumb 
estimation place the foil about 12 cm inside the magnet. A 
set of two quadrupoles placed downstream of the septum 
focuses the protons to the beam dump downstream. 

3 STRIPPED ELECTRON DISPOSAL 

The striped electrons from incoming H' have a 
momentum 0.923 MeV/c and a magnetic rigidity of 0.003 
T-m. The electrons travel with the protons until they 
encounter a magnetic field. The first magnetic field the 
electrons encounter is the field of the quadrupole 
following the foil. The quadrupole has a 0.243 T field at 
the radial location, which minimizes the halo created by 
the excited states of H°. The magnetic fringe field extends 
to approximately a distance corresponding to its gap 
height. The electron trajectory become right angle to the 
proton orbit several centimeters upstream of the magnet 
yoke and 8 cm outside of the foil location. We place a 
collection plate parallel to the proton orbit at this location. 
The final position of the collector plate should be 
determined by the magnetic measurement of the 
quadrupole. The collection plate is water cooled as the 
electron power is expected to be about 1/900 of the proton 

power (about 1 KW for 1 MW NSNS). One has to 
minimize the generation for free electrons inside the ring 
which can cause an instability to the stored protons. The 
collection plate will be electrically biased so that no 
secondary electrons, generated by the striped electron 
striking the plate, escape the plate. 

4 FOIL HEATING CONSIDERATION 

A carbon foil is used to strip electrons of the H" beam 
because of the resiliency and high sublimation 
temperature of the material. The sublimation temperature 
of carbon is above 3500 degree K. The foil is heated by 
the energy deposited by the proton and two 
accompanying electrons. Since they all have the same 
velocity, they should have the same energy loss in a given 
material. There is no data available for what fraction of 
the energy lost by beam in the material contribute toward 
heating of the material. At higher energies, the efficiency 
is estimated to be as low as 30%. However, for our 
calculations we assume that all the energy loss contributes 
to the heating of the material. Furthermore, we assume 
that no heat dissipates by conduction along foil edge and 
that the black body radiation is the only mechanism which 
dissipates the heat. For the one megawatt NSNS injection, 
the linac has effective average current of 18.2 mA in the 
unnormalized rms emittances of 0.14n mm-mr in both 
planes. The peak current density at the foil, where the 
beta-functions are 17 and 5 meters, is about 3800 A/m2. 
Temperature at the spot will rise very quickly to the 
equilibrium where the heat input and the black body 
radiation become equal. Since the heat input is 
proportional to the thickness of the foil while the black 
body radiation is proportional to the surface area, the 
thicker the foil results in a higher equilibrium 
temperature. Figure 3 shows the calculated equilibrium 
temperatures for the effective linac current. In this 
calculation we assumed the emissivity of the carbon foil 
to be 0.8. For the linac current assumed for the NSNS 
injection, up to 400ug/cm2 carbon foil can survive the 
injection whereas thicker foil may reach sublimation 
temperature. In the case where we double the linac 
current for increased power, we may consider a tandem 
foil of two 200ug/cm2 about a cm apart. The foil may lose 

Fig.3 Peak Foil Temperature 
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some solid angle to radiate the heat, however, they have 
enough solid angle to radiate and would survive the 
injection process. 

5 CONVERSION EFFICIENCY IN CARBON FOIL 

Recently very precise measurements of these cross 
sections for H' in carbon have been obtained by Gulley et 
al. [l]at800MeVas 

a_li0 = (6.76±.09)10_19cm2 

CT0,i = (2.64±.05)10"19cm2 

a_1'i = (0.12±.06)10_19cm2 

In Fig. 4 we have evaluated the fraction of H" beam 
emerging after traversing carbon foil in function of 
thickness. It is seen that for our choice of 400 ug/cm2 the 
H° fraction is 8.19 10'3. It would, of course, be possible to 
reduce the H° fraction by using a thicker foil. However, 
losses from nuclear interactions and Coulomb scattering 
would then increase. More serious, the foil temperature 
will increase with the larger energy deposition from 
protons traversing the foil. If thinner foils are required by 
temperature considerations, it is always possible to use 
several foils in tandem to achieve lower values of the 
fraction. 

a.1p0-(6.76±.09)x10,,,cma 

o0i1 -(2.64±.05 )x 10"cm2 

o.1.i-{0.12±.06)x10"1*cm2 

FOIL THICKNESS MJ/cm' 

Fig. 4 Fraction of H° 

6 MAGNETIC STRIPPING OF H° 

Hydrogen atoms emerging from the stripper foil are in a 
distribution of excited states resulting from the stripping 
reaction H -> H°*(n) + e " where n is the principal 
quantum number. This beam then traverses a quadrupole 
downstream of the foil, which bends the foil-produced 
protons back to the equilibrium orbit and the unstripped 
H" component out of tharing. However, the neutral atoms 
can be magnetically stripped in the quadrupole and the 
resulting protons can contribute to uncontrolled losses 
downstream when the stripped proton is outside the 
acceptance ellipse of the ring. Gulley et al.[l] measured 
the population of H° in quantum state n and gives 
distribution function as n"28. We have assumed that their 
results at 800 MeV are valid for a 400 ug/cm2 foil at 1 
GeV. We estimated the fraction of the excited H° 
decaying in .241T field of downstream quadrupole 
causing resulting proton to be outside of the horizontal 
acceptance of the accumulator ring. Using level width 
evaluated by Damburg and Kolosov [2].   A negligible 

portion (order 10'6) of the states n<4 or n>6 decays 
outside of the horizontal acceptance. Though significant 
portion of n=5 H° decay proton end up outside of the 
acceptance. The fraction to total protons stored would be 
<5xl0~5 of stored protons which is less than our loss 
criteria of <10"4. However, if this portion of loss becomes 
a problem we have an option of placing the stripping foil 
inside the gap of upstream dipole to avoid this problem. 
Since placing the foil inside the gap of a dipole creates 
significant complication in foil handling mechanism, 
present working assumption is to place the foil in the field 
free region between the dipole and the quadrupole. 

6 COULOMB AND NUCLEAR INTERACTIONS 

The injection process has been simulated with a Monte 
Carlo program HMININJ which tracks the transverse 
motion of protons from randomly selected H ions through 
the stripper foil and subsequent turns around the ring. 
The formulation and source code have been given 
elsewhere [3]. After a foil traversal the projected 
horizontal and vertical angles of the proton are modified 
by a random angle chosen from a multiple Coulomb 
scattering (MCS) distribution The formulation of nuclear 
elastic scattering (NES) in HMININJ is analogous to the 
MCS formulation. The elastic, non-elastic and total cross 
sections for 1 GeV p+C are taken from Igo, et.al. [4] as o"c 

= 112 mb, tj„ = 258 mb, and aT = 370 mb respectively. 
We have chosen beam ellipses of area eBX sBZ = 12071 
mm-mr and acceptance areas Ax = Az = 240TC mm-mrad. 
The average number of foil traversals per proton <N,> 
minimized at <Nt> = 2.43 when we optimized the 
injection bump for foil traversal. And the loss out of the 
ring acceptance due to Coulomb and elastic scattering is 
also minimum (within statistics for this N = 107 incident 
H" run) at (2.25 + .2)10'5. For this case we can also 
evaluate the fractional loss from nuclear non-elastic 
events using non-elastic cross section = 258 mb, and the 
fraction is 1.26 10s, satisfying the NSNS loss criteria. The 
choice of the foil thickness of 400ug/cm2 is based on 
comparison of losses due to H" magnetic stripping against 
Coulmb and nuclear scattering loss. 
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THE NSNS HIGH ENERGY BEAM TRANSPORT LINE* 
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Abstract 

In the National Spallation Neutron Source (NSNS) 
design, a 180 meter long transport line connects the 1 
GeV linac to an accumulator ring. The linac beam has a 
current of 28 mA, pulse length of 1 ms, and 60 Hz rep 
rate. The high energy transport line consists of sixteen 60° 
FODO cells, and accommodates a 90° achromatic bend, 
an energy compressor, collimators, part of the injection 
system, and enough diagnostic devices to measure the 
beam quality before injection. To reduce the uncontrolled 
beam losses, this line has nine beam halo scrapers and 
very tight tolerances on both transverse and longitudinal 
beam dynamics under space charge conditions. The 
design of this line is presented. 

1 INTRODUCTION 

In the 1 MW NSNS [1], the High-Energy Beam Transfer 
line (HEBT) connects the 1 GeV linac [2] to an 
accumulator ring [3]. A major requirement of all parts of 
this accelerator is to have low uncontrolled beam losses 
(< 1 nA/m), to allow hands on maintenance. To achieve 
such low beam losses in the accumulator, the beam must 
be prepared very carefully before injection. The HEBT 
not only matches the beam into the accumulator, but also 
determines the beam quality at injection. The HEBT is 
equipped with nine sets of beam halo scrapers, and the 
ratio of aperture to rms beam size is kept greater than 10 
throughout the line. The maximum magnetic field in 
dipoles and quadrupoles is kept less than 3 kG, to keep H~ 
stripping losses to acceptable levels. In addition, one must 
maintain very tight tolerances on elements. Fig. 1 shows 
the HEBT line. Table 1 gives the Twiss parameters at the 
entrance and exit of the HEBT. 

2 FUNCTIONS OF THE HEBT LINE 

The HEBT has the following functions, which we have 
managed to decouple: (a) matching of the beam from the 
linac into the transport line, (b) momentum selection, (c) 
momentum compaction, (d) preparation of the beam for 
injection. In addition, one must characterize the beam out 
of the linac and before injection, and cleanup any beam 
halo. We can consider the HEBT as having three sections: 
Linac-Achromat Matching Section (LAMS), Achromat, 
and Achromat-Ring Matching Section (ARMS). In 
addition to the bend to the ring, there is a straight beam 
line used for linac beam characterization, as shown in Fig. 
1.    The first four cells (11.4 m/cell) after the linac 

* Research on the NSNS is sponsored by the Division of Material 
Science, U.S. Deppartment of Energy, under contract number DE- 

AC05-96OR22464 with Lockheed Martin Energy Research Cor- 
poration of Oak Ridge National Laboratory. 

(LAMS) are used to characterize the linac beam, match 
beam into the achromat, collimate beam halo, and 
maintain space for a kicker required in future upgrades. 
Following this, the six cell long achromat (14 m/cell) 
provides momentum selection by cleaning up the beam 
energy halo at the point of maximum dispersion 
(n=8.9m). 

TF 

wem \  /  / "«''P 

Fig. 1 HEBT layout. 

Table 1 Twiss Parameters at the Entrance and Exit of the HEBT 
for a 1 MW beam. 

Twiss Entrance Exit Units 
parameters (foil) 

«X 
0.00 -2.088 

ßx 12.811 17.358 mm/mrad 

£x 0.70 0.70 Ttmrnmrad 
OCy 0.00 0.659 

ßv 9.181 4.20 mm/mrad 

£Y 0.70 0.70 7tmmmrad 

«z 0.0005 0.14 

ßz 0.005 0.05 deg/keV 

e, 1500 1500 % keV deg 

The energy compressor cavity is located in the first cell 
following the achromat (in the ARMS), where the 
dispersion and its derivative are zero. The remaining six 
cells (8 m/cell) are used for matching the beam into the 
accumulator ring, diagnostics, and for beam halo scrapers. 
Every quadrupole in the HEBT is followed by a small 
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dipole magnet for steering of the beam in the quadrupole 
focusing-plane. To keep the uncontrolled beam losses 
low, a study of the required alignment tolerances [4], has 
led to the following requirements (a) translation errors (x 
and y) of < 0.1 mm, (b) pitch and yaw of < 0.1 mrad, (c) 
rotation of < 0.5 deg. 

Linac to Achromat Matching Section 

The linac has a FDOO lattice with a phase advance of 
about 197cell, and the achromat has a FODO lattice with 
607cell phase advance. The first two cells (four 
quadrupoles) of the HEBT provide a smooth transition 
between the two. To remove any linac beam halo, there 
are two movable and two fixed collimators located in the 
2nd to 5th half-cells in this section. The 6th and 7th half- 
cells are kept for kickers required in a future upgrade. 
The space between quadrupoles in the first cell of the 
HEBT is occupied by beam diagnostics. 

Momentum Selection (Achromat) 

A 90° achromatic bend starts at the 5th cell of the HEBT 
line, and finishes in six cells, containing twelve 7.5° 
dipoles. The total phase advance in the achromat is 360°. 
A beam energy-halo scraper is located at the middle cell 
of the achromat, where the dispersion is maximum (8.9 
meter). Fig. 2 shows amplitude functions (ßx, ßy) and 
dispersion function (r|) along the HEBT. The first dipole 
of the achromat is a switching magnet to provide beam to 
the straight linac dump. 
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iiui 

BX (cm/mrad) 

8.» 

BY (cm/mrad) 

6.0 

R16(m) 

iiiiiiinnnnfinnnnnnriiiinniiiiiini 

\/    \ A 

I    I     I.'    '    '    \    ■ I   II I   V 'I  II  PI  II Ml I ,11   I Ml 1,11 I   I  II f I  llll  I  )  I 
(MX) 20.0 411.0 60.0 »Ml 11X111        120.(1        14(1. 160.0        180.(1 

S(M) 

Fig. 2 TRANSPORT output showing the amplitude 
functions ßx and ßY, and dispersion function r\, along the 
HEBT. 

Momentum Compaction 

Momentum compaction is accomplished with a 2.6 meter 
long, 16 cell, 805 MHz rf cavity with a gradient of 1.375 
MV/m. This cavity is similar to the last cavity of linac. 
The cavity is located in the first half-cell after the 
achromat (130 m from the linac), where the dispersion 
and its derivative both have zero values. This location of 
the cavity can provide the desired momentum spread for a 

1 MW (28 mA) beam (see Fig. 3), as well as a 2 MW (56 
mA) beam. 

BEAMATNELU 1 BEAMATNEL2=152 

A=-5.57100E-O2 

25.000 Dcg X    000.00 KeV 

W=1000.00001000.0023 MeV 1- A= -2.0884    B : 17.366 
FREQ= 805.00MHz WL= 372.41mm \ A= 0 63890    B 
EM1TI=  0.70   0.70 1500.00 
EMlTO=  0.70   0.70 1500.94 

Nl= 1   N2=152 

CODE: TRACE3D SUN001 
FILE: nsn.Jiebt 032797 
DATE: 31-MAR-97 
TIME: 9:16:34 

Z A= 5.75927E-02 

25.000 Deg X    000.00 KeV 

Phi=-89.9dce. W=1000.00MeV          
DP= 17.87»leg. DW=   84.14KeV, DZ= 16.17mm, DP/P= 0.06mrad, Ez=  0.92pi-mm 

Fig. 3 TRACE3D output for a 1 MW beam. 

Achromat to Ring Matching Section 

After the achromat, two cells are provided for the 
diagnostics and beam collimators. At the end of the 
achromat this line is parallel to the ring straight section, 
but offset by 10 m, allowing one to have the required 
"dog leg" for injection into the ring. These bends are 
necessary to allow the dispersion and its derivative to be 
zero at the injection stripper foil. As shown in Fig. 2, the 
dispersion has a minimum and maximum of similar 
amplitude but opposite sign through the "dogleg". This 
section has enough quadrupoles to match six variables 
(four amplitude functions and two dispersion functions). 
There is no vertical bend and no vertical dispersion. The 
locations of the dipoles are determined by the injection 
scheme. Fig. 4 shows the phase space particle 
distribution at the foil. 

;W 
Y (cm) vs. X (xm) 

-.50                  0.                 .5C 1.00 

X-prime (rad) vs. X (cm) 

11 if 

Hit H""a"lU* r*°fil* 

-j.tt -.50 a .s 1.00 

0. P1 k; 
,0005 

mi o 

3k 

Y-prime (cm) vs. Y (cm) 
(XllOj 'JL. 

| 1 
NCELL*    116 NGOOD=5(IOO 

NSNS HEBTI032797 190 deg bend I 60 deg phase advance per cell I 

Fig. 4 The phase space and beam size at the injection foil. 
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Diagnostics 

In addition to the straight-ahead linac diagnostic line, one 
needs enough diagnostic devices spread over the entire 
HEBT to determine beam losses and beam quality before 
injection. There is one beam loss monitor per quadrupole 
and one per dipole, with another 27 left for additional 
critical locations. 

Beam position monitors (x and y) are located near 
each quadrupole. Harps, which will only be used at low 
repetition rate due to thermal constraints, will allow beam 
profile measurements to be made at the entrance to the 
achromat, middle of the achromat, and entrance to the 
ring. Using profiles from four crawling-wire profile 
monitors located between four consecutive quadrupole 
magnets, one can infer the beam emittance. There will be 
two of these four-profile units, one at the exit of the linac, 
and one before the entrance to the ring. Bunch shape 
monitors (detailed bunch shape), wall current monitors 
(continuous monitoring of coarse bunch shape), and time- 
of-flight energy monitors (continuous monitoring of beam 
energy) will be located at the output of the linac and 
output of the debuncher cavity (with an additional wall 
current monitor at the entrance to the debuncher). 
Finally, current toroids will allow continuous monitoring 
of beam current at four locations. The diagnostics are 
shown in Fig 1. 

Halo Scraping (Collimation) 

There are a total of nine collimators in the HEBT, one for 
momentum collimation and eight for transverse 
collimation. Four transverse collimators (2 each in x and 
y) are located just after the linac, and the other four in a 
zero-dispersion region just after the compressor cavity. Of 
these eight collimators, the four horizontal collimators are 
movable foils, which strip the H to IT, which is then 
dumped, after horizontal defocusing, in the same dump 
that is used for fixed vertical collimation [5]. This 
reduces costs, and has the added advantage of being 
adjustable in the bending plane. The momentum 
collimator is located at the maximum dispersion point in 
the achromat. This scraper is a pair of movable stripping 
foils in the middle of the bend section, followed by an 
off-line beam dump for the oppositely bent protons. All 
collimators are designed to handle 10"3 of the beam, but 
we expect any one to intercept less than 10"4. The 
configuration for these collimators is shown 
schematically in Fig. 5. 

3 SPACE CHARGE AND MOMENTUM SPREAD 

The tune depression is defined as \i=a/a0, where a and a0 

are the tune with and without space charge. Table 2 
shows these values for different beam currents. The tune 
depression for the 1 MW and 2 MW cases is almost the 
same, because the emittance is larger in the 2 MW case. 
To simulate space charge effects we have used 
TRACE3D and PARMILA programs. Fig. 3 shows the 
TRACE3D output for 1 MW. The momentum spread at 
the exit of the linac is 0.678 MeV for 28 mA. There is no 
longitudinal focusing in the line until the momentum 
compression cavity. The momentum spread at the cavity 
and at the foil for different currents is also shown. 

Table 2 Tune Depressi on and Energy Spread 
Current     o~ o"o M- AE at      AE at AEat 

(mA) HEBT     Com. 
Ent.      Cavity 

(MeV)    (MeV) 

Foil* 
(MeV) 

0         60 60 1 0.678     0.678 0.678 
56        50 60 0.83 0.678      1.494 1.597 
112       49 60 0.81 0.743      1.994 2.119 

fThese currents describe the 1 MW (56 mA) & 2 MW 
(112 mA) if all the 805 MHz buckets are filled. 
$    Energy Compressor cavity is off. 
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Abstract 

For the first time, the deflection of an ultra-relativistic, fully 
stripped Pb82+ ion beam in a bent silicon crystal has been 
observed. The ions were provided by the CERN-SPS in the 
H4 beam at a momentum of 400 GeV/c per unit of charge. 
A 60 mm long silicon crystal, bent over 50 mm to give a 
4 mrad deflection angle, was used in this experiment. The 
measured Pb ion deflection efficiency is comparable to the 
one obtained with protons at an equivalent ratio of momen- 
tum per charge, and is found to be about 15% for a beam 
with a divergence of 35 microradians (FWHM). The inter- 
action rate observed in a background counter is found to 
drop when the crystal is well aligned with the beam. This 
corroborates further the channeling model, which predicts 
that channeled ions are steered away from regions of high 
electron densities as well as the nuclei in the crystal. 

1   INTRODUCTION 

During the past ten years, the deflection of high energy pro- 
ton beams by planar channeling in bent silicon crystals has 
been intensively studied and this technique is now being ap- 
plied routinely at accelerator laboratories around the world 
[1], [2], [3], [4]. Planar channeling, the steering of particles 
by the collective fields of crystalline planes, takes place 
when particles enter the crystal within a small angle (the 
so-called critical angle) to these planes. For small bend- 
ing angles, channeling persists throughout the full crystal 
length. 

Apart from the attraction of a bent crystal as a cheap and 
easy way to extract and split particle beams, it has been as- 
tonishing to see how well the channeling models, originally 
developed for MeV particles, still apply at the highest en- 
ergies available at proton accelerators today, i.e. up to 900 
GeV. Recently, the validity of the models for planar deflec- 
tion were also tested in a different material, i.e. a germa- 
nium crystal, and very good agreement was found [5]. Ions, 
on the other hand, have hardly been used in connection with 
bent crystals at accelerators, the only exception being an 
early test with 53 GeV/c C6+ nuclei at Dubna [6], where 
a deflection efficiency could not be measured. Predictions 
for bent crystal assisted beam extraction from the heavy ion 
accelerators in Dubna and Brookhaven are available since 
a few years [7]. With the availability of the ultrarelativistic 
Pb ion beam at CERN, it was thus of particular interest to 

try and deflect such a very high energy beam with a bent 
crystal. 

The fully stripped 33 TeV Pb ions challenge the exper- 
imenter further due to the high background (5-electrons, 
pions, etc.) observed wherever such ions pass material 
or, worse, are stopped in a beam-line aperture limitation. 
Special precaution has therefore to be taken to identify Pb 
ions in the detectors and to distinguish them from lighter 
particles with lower charge leading to background events. 
The high charge state, however, provides one with a very 
strong signal from Pb ions passing the detectors based on 
energy loss or scintillation. While many experiments turn 
to Cerenkov counters for clean Pb ion identification, in the 
present case standard scintillation counters were used with 
photomultipliers run at a strongly reduced gain compared 
to that used for singly charged relativistic particles. 

On the other hand, the large number of interaction prod- 
ucts from Pb ions passing through material allows to test 
one of the hypothesis' of channeling theory: Positively 
charged channeled particles are steered through the crystal 
at large impact parameters, i.e. away from the lattice nu- 
clei, and channeled ions should thus experience a reduced 
interaction rate compared to non-channeled ions. 

2   EXPERIMENT 

The experiment was carried out in the H4 beam line in the 
North Area of the CERN-SPS. The beam was calculated 
to be parallel in the vertical plane, in which the deflection 
by the bent crystal should take place. The experiment was 
performed in three phases: (a) In order to verify the experi- 
mental arrangement and test the detectors, a proton deflec- 
tion experiment with a 450 GeV/c beam from the SPS was 
performed prior to the Pb ion run. This test gave confidence 
that the bent crystal deflected protons as efficiently as ex- 
pected from the experience acquired over the past years. 
(b) The 208Pb82+ ions with a momentum of 400 GeV/c per 
charge, thus 32.8 TeV/c, were used in a first option with 
more generous collimator settings, resulting in a wider ver- 
tical angular distribution with a FWHM of 50 /xrad, very 
similar to the beam divergence in the proton run. With this 
beam, the first Pb ion deflection experiment was performed. 
(c) Finally, the same Pb ion beam, but with more restrictive 
collimator settings, was found to have a vertical angular 
distribution of 35 /xrad (FWHM), leading to a higher de- 
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Figure 1: Schematic view of the experimental arrangement. 
Pb ions are deflected vertically by the bent silicon crystal. 
Scintillators Scl and HI, H2, H3 are tuned to detect Pb82+ 

ions, while SCbg is tuned for background particles. 

flection efficiency (see Table 1 below). 
The experimental arrangement is schematically shown in 

Figure 1. The location in the H4 beam, equipped with a go- 
niometer on an x-y translational table, was originally pre- 
pared for tests of proton beam splitting in a bent crystal in 
view of the NA48 CP violation experiment [1]. The crucial 
movement of the goniometer for the present experiment, 
i.e. the vertical rotation used to align the (110) planes of 
the crystal with the beam, has a step-size of 35 /xrad, some- 
what large compared to the critical angle for channeling at 
400 GeV/c/Z momentum, which is ± 8 /xrad, but similar to 
the Pb ion beam divergence. 

The Pb82+ ions were steered onto the entrance face of 
the 1.5 mm thick crystal by aiming at a small scintillator 
(SCI, 2 mm high, 5 mm thick and 7 mm wide) installed 
upstream of it. The crystal, 60 mm long in beam direc- 
tion and 18 mm wide, was bent over 50 mm of its length 
in a new version of the now 'classical' three-point bending 
device, which is described in [5]. The resulting bend an- 
gle for this experiment was 4 mrad. The deflected Pb ions 

-0.8       -0.7       -0.6       -0.5 
angle [mrad] 

Figure 2: Measurement of the Pb ion vertical beam diver- 
gence. Good agreement is found between an angular scan 
with the crystal (dots) and a scan of the beam angle using 
steering magnets (+). 

were detected in a set of three scintillators ('hodoscope': 
HI, H2, H3), each 10*10 mm2 in size and 5 mm thick in 
beam direction, installed on a motorised support. The cen- 
tral scintillator, H2, overlaps with HI and H3 by about 2 

mm in the vertical (deflection) plane. The high voltage on 
the photomultipliers of these scintillation counters was re- 
duced and discriminator thresholds adjusted well above the 
detection level for minimum ionising particles (typical HT 
values were -1650 V for protons, -1250 V for Pb ions). An 
additional scintillation counter (SCbg), 100*100 mm2 in 
size and 10 mm thick, was installed outside the beam in or- 
der to detect the interactions produced by lead ions passing 
through the crystal. Thus, its high-voltage was adjusted to 
a level just below the one used for minimum ionising par- 
ticles. The beam divergence of the incident Pb ions was 
determined in two ways: (a) by measuring the intensity of 
the deflected Pb ion beam for varying goniometer angles, 
(b) by varying the incident beam angle with a combina- 
tion of two vertical steering elements (TRIMs), located 42 
and 29 meters upstream of the crystal. These magnets al- 
lowed to change the incident angle without changing the 
beam position at the crystal. Typical results for both types 
of angular scans are shown overlayed in figure 2 for the first 
experiments with a larger beam divergence. The agreement 
between the two methods is excellent, and the divergence 
in this case is found to be 50 /xrad (FWHM). 
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Figure 3: Vertical scan of the hodoscope (stepsize 1 mm) 
for the more divergent ('wide') Pb ion beam. For a non- 
aligned crystal (top), the straight beam peak is visible. Its 
intensity is reduced for the well-aligned crystal (bottom), 
and an additional peak of upwards deflected Pb ions is visi- 
ble. (Note: The integrated number of counts is very similar 
in the two plots.) 

3   RESULTS 

The undeflected and deflected Pb ions downstream of the 
crystal can be detected in a given hodoscope scintillator 
by scanning the hodoscope vertically through the beams. 
The best position resolution (about 2 mm) in such a scan 
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is obtained when the coincidence between two overlapping 
scintillation counters, e.g. H1*H2, is used. The result of 
such a scan, for the case of the larger Pb beam divergence, 
is shown in Figure 3. The top of this figure shows the scan 
for a non-aligned crystal, while the bottom shows the re- 
sult for a well-aligned crystal. In Figure 4, the same result 

0.50 

0.00 
-55    -50    -45    -40    -35    -30    -25 

hodoscope position [mm] 

Figure 4: Vertical scan of the hodoscope (stepsize 0.5 mm) 
for the less divergent ('narrow') Pb ion beam. The coin- 
cidence rate in the overlapping counters H1*H2, for ions 
which passed through SCI, is measured and normalised to 
the incoming beam rate. The undeflected beam is shown 
at -49 mm, 19 mm lower than the Pb ions deflected by the 
crystal. Some ions, visible between the two peaks, were in- 
tially channeled and later lost in the bent part of the crystal. 

is shown with smaller step-size for the narrow angular dis- 
tribution of the incident Pb ion beam. Here, the straight 
and deflected Pb ions are clearly visible, and a region of 
partially deflected (i.e. initially channeled and then lost) 
ions can also be seen. Not visible in Figure 3 and 4 is the 
excellent background rejection of the counters: below the 
straight as well as above the bent beam, zero counts have 
been recorded. 

Analysing the integrated count rates in such a scan, the 
deflection efficiency can be deduced as the ratio between 
the deflected and the incident Pb ions. Results are sum- 
marized in Table 1. For the undeflected beam peak, a cor- 
rection concerning the interactions in the crystal has to be 
applied to the integral found in the hodoscope scan. The 
size of this correction in the present case can be estimated 
from the observation that only 65% of the ions counted in 
SCI are detected in SC1*H2, downstream of the crystal, for 
the non-aligned case (cf. upper part of Fig.3). The remain- 
ing systematic errors in the efficiency analysis stem from 
two sources: (1) The efficiency may be underestimated due 
to the fact that SCI is thicker than the crystal (2 vs. 1.5 
mm), and the beam is wider than both, FWHM about 3.5 
mm. The results presented here have been corrected for 
this effect. The uncertainty introduced in the efficiencies 
is estimated to be 1%. (2) The efficiency may be wrongly 
estimated depending on the cut that is chosen around the 

bent beam peak in Fig. 3 and 4. (A report comparing the 
measured deflection efficiencies for Pb ions with those cal- 
culated by A. Taratin's simulations is in preparation.) 

The observed interaction rate in the 'background' 
counter SCbg (cf. Fig. 1) is found to drop by about 15% 
for a well-aligned crystal (at the peak in Fig. 2), i.e. where 
the largest fraction of Pb ions is channeled and deflected by 
the crystal. This observation is in agreement with the ex- 
pectation based on channeling theory: well channeled ions 
are steered through the crystal far away from the nuclei, 
and the probability for interactions is thus reduced. The 
results obtained with the 'background' counter during an- 
gular scans will be reported in more detail elsewhere. 

Pb beam divergence deflection efficiency 

'wide' beam 50 /irad 8±2% 
'narrow' beam 35 //rad 14±2 % 

Table 1: Measured deflection efficiencies for the 33 TeV 
Pb ions. Statistical errors are negligible; systematic errors 
are given. For more details, see text. 

4 CONCLUSION 

The present experiment has, for the first time, shown the 
feasibility of deflecting a very high energy, fully stripped 
Pb ion beam by means of a bent crystal. The experimental 
results are corroborating the channeling model widely used 
for protons at energies from MeV to TeV. In addition, the 
deflection efficiency for these ions is comparable to the one 
for protons, assuming an equivalent beam emittance and 
crystal geometry. This is all the more positive as one might 
have feared a strong loss of ions due to interactions with the 
atoms in the crystal lattice. The present results can be seen 
as a first, encouraging step towards extracted ion beams 
at the Nuclotron (Dubna) and at RHIC (Brookhaven), as 
proposed by [7]. 
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ENERGY DEPENDENCE OF CRYSTAL ASSISTED EXTRACTION AT 
THE CERN SPS 

G. Arduini, K. Elsener, G. Fidecaro, M. Gyr, W. Herr, J. Klem*, 
U. Mikkelsen and E. Weisse (CERN, Geneva, Switzerland) 

1   ABSTRACT 

The feasibility of extracting particles from the halo of a cir- 
culating proton beam has been successfully demonstrated 
in an experiment at the SPS. Although most measurements 
were obtained at an intermediate energy of 120 GeV, more 
recently we had the opportunity to extract protons from a 
coasting beam at 14 GeV and 270 GeV, thus exploiting the 
full available energy range of the SPS. In this report we 
present a comparison of the measurements at the three en- 
ergies and a qualitative comparison with the predictions. 

2   INTRODUCTION 

Beam extraction with a bent crystal depends on parame- 
ters that change with the beam energy. Beam diffusion and 
the resulting impact parameters and angles depend on the 
beam energy and on the excitation that is used to make the 
beam particles hit the crystal. When the particles enter the 
crystal, their interactions are energy dependent. Multiple 
scattering, critical angle of channeling, and dechanneling 
in straight and bent parts of the crystal change as a function 
of beam energy. Consequently, the extraction efficiency for 
a given extraction set-up depends strongly on the energy of 
the particles. In the SPS we had the unique opportunity to 
extract protons at three beam energies: 14 GeV, 120 GeV 
and 270 GeV. For all energies a beam could be extracted 
with a good signal to background ratio and extraction ef- 
ficiencies, extracted beam sizes and angular scan widths 
could be measured. The crystal properties such as length, 
thickness and bending radius were designed and originally 
optimized for an energy of 120 GeV [1] and significant ef- 
fects are expected for the large energy range available to 
us. 

3    ENERGY DEPENDENCE 

3.1    Diffusion process 

The impact parameter and angle of a particle intercepted 
by the crystal depend on the emittance growth of the trans- 
verse betatron motion in the halo of the circulating beam. 
The natural diffusion in the SPS is very slow and an ar- 
tificial amplitude growth using transverse noise was ap- 
plied. In our experiment random, transverse kicks were 
provided by voltage noise between two electrostatic plates 
[2]. When the noise is uncorrelated and not synchronous 
with the beam, the average emittance growth per second 
can be expressed as: 

< Ae >  _ ß Vrev I2      <U2 > 

sec      ~      2d2      '    j2E2 (1) 

where ß is the transverse beta function at the noise source 
and vrev the revolution frequency. Further, < U2 > is the 
applied r.m.s. voltage squared between the plates of length 
I with a distance d between the plates. 7 is the relativistic 
factor and EQ the proton rest energy. The predicted emit- 
tance growth was confirmed by measurements and scales 
with the energy squared. It has been shown in simulation 
[2] that the average impact parameter scales approximately 
linearly with the applied kick strength, and therefore de- 
creases with the beam energy. It is difficult to obtain a fast 
emittance growth and large impact parameters for the high- 
est energy of 270 GeV. 

3.2   Channeling properties 

3.2.1 Critical angle 

The critical angle scales as -4= with the momentum p and 
we find 39.8 /wad for 14 GeV/c, 13.8 /wad for 120 GeV/c, 
and 9.1 /zrad for 270 GeV/c protons in the case of planar 
channeling in the (110) plane of silicon. 

3.2.2 Multiple scattering and multipass extraction 

When a proton passes the crystal in the amorphous region 
or is dechanneled, it experiences multiple scattering and is 
deflected by a random angle 9 with a Gaussian distribution 
with zero mean value and a width: 

13.6MeV    Leff 

ßcp Xn 
1 + 0.038 In 

Leff 
Xo 

(2) 

* Also: Helsinki Univ. of Technology, Finland 

where cp = 120 GeV, ß ~ 1, and X0 is the radiation 
length of the crystal (~ 9.4 cm for silicon). For a parti- 
cle traversing the full crystal length of 4 cm this angle 6 is 
approximately 66.5 /xrad at 120 GeV/c but usually the par- 
ticles which undergo multiple scattering do not cross the 
full crystal length but only a small part of it (i.e. £e//> c.f. 
[3]). It has been shown [4] that the multi pass extraction 
process plays an important role for extraction from the SPS, 
i.e. particles traverse the crystal multiple times before they 
are eventually channeled. The multiple scattering experi- 
enced in such a passage determines the impact parameters 
for further intercepts on the crystal [3]: strong scattering 
leads to large impact parameters. Due to the strong depen- 
dence of the multiple scattering angle on the energy one 
can expect a strongly changed pattern of impact properties 
on later encounters of the proton on the crystal. It is also 
expected that the width of the vertical profiles of channeled 
particles is increased for lower energies. 

0-7803-4376-X/98/S10.00© 1998 IEEE 168 



3.2.3    Dechanneling 

To be successfully extracted a particle must remain chan- 
neled, but interactions with electrons inside the crystal or 
with the nuclei in the lattice, can lead to dechanneling of 
initially channeled particles. This dechanneling processes 
can be approximated by an exponential decrease of the 
number of channeled particles: n = noe~'/'° where IQ, 

called normal dechanneling length, is equal to 10.8 cm for 
[110] silicon planes and 120 GeV/c protons. This parame- 
ter scales as \lp with the momentum and becomes a very 
important factor at 14 GeV/c, leading to a large dechannel- 
ing probability Pdc. The dechanneling length for 14 GeV/c 
is only about 1.26 cm, i.e. much smaller than the crys- 
tal length and we have to expect that more than 90% of 
the channeled particles dechannel within the crystal length. 
The extraction efficiency should therefore be significantly 
lower than for 120 GeV/c. 

4   PREPARATION OF THE SPS 

The details of the experiment and the analysis can be found 
elsewhere [1, 5, 6]. However, a few particularities setting 
up the SPS for three significantly different energies to get 
comparable results, deserve some attention. The proton 
beam is injected into the SPS at a momentum of 14 GeV/c 
in two batches, one 1.2 seconds after the other, each 10 (is 
long. Typical tunes during the whole cycle (flat bottom, 
acceleration and coast) are 26.62 and 26.58 in the horizon- 
tal and vertical plane, respectively. Injection oscillations 
and low frequency instabilities (resistive wall instabilities) 
are damped by a transverse feedback. A single batch (a 
few 1012 protons) was accelerated (except for the 14 GeV 
coast) to the target energy. The functions of all the ring 
power converters were frozen at that point and the injection 
and the beam dump kickers were inhibited. The damper 
was active at injection and it was automatically deactivated 
after a few seconds. In order to damp the resistive wall in- 
stabilities during the coast at 14 GeV and therefore guaran- 
tee a sufficient lifetime to make the extraction measurement 
possible, the strength of the octupoles for Landau damping 
had to be strongly increased (by a factor 2 radially and 5 
vertically) as compared to that used for the high intensity 
fixed target beam (4.5 x 1013 protons) at injection. Af- 
ter the initial adjustment of the orbit the RF frequency was 
switched off and a lifetime of about 4 hours (without crys- 
tal) was achieved at 14 GeV. The use of transverse noise or 
of adequate sextupoles, required for the extraction at higher 
energy, was not necessary at 14 GeV because of the natural 
diffusion due to the strong octupolar component and to the 
spontaneous beam excitation. 

5   RESULTS 

The experimental procedure such as the alignment of the 
crystal and details about the angular scans are found in pre- 
vious reports [1,5]. Angular scans are performed to align 
the crystal with the beam envelope and the results of three 
typical scans for the three energies are shown in Figs. 1 to 3. 

5.1   Angular scans and profiles 
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Figure 1: Angular scan and vertical width, 120 GeV 

Together with the angular scans we show the width of 
the vertical profiles. It was already demonstrated [1], that 
the best alignment of the crystal coincides with a minimum 
of the vertical width of the extracted beam. This is clearly 
demonstrated for all three energies. 
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Figure 2: Angular scan and vertical width, 14 GeV 

The measured widths of the scans can vary depending 
on the experimental condition and the type of crystal [1]. 
This variation is not yet fully understood and is larger than 
the observable difference between the three energies. The 
profiles measured with the scintillator hodoscope [1] are 
shown in Figs. 4 to 6. For 14 GeV, a significant widening 
of the vertical profiles can be observed and is attributed to a 
stronger multiple scattering of channeled particles at lower 
energies. 

5.2   Extraction efficiency 

The extraction efficiency should be mainly determined by 
the probability for channeling and the chance for dechan- 
neling. We believe that the "channeling probability" is 
mainly determined by a multipass process. Although we 
might expect larger impact parameters for 14 GeV parti- 
cles, the angular scans show no sign of an increased con- 
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Figure 3: Angular scan and vertical width, 270 GeV 
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Figure 4: Profiles of extracted beam at 14 GeV 

tribution to single pass extraction. For all energies in- 
vestigated, the multiple scattering in early passes through 
the crystal is sufficient to increase the impact parameters 
to values large enough to overcome surface imperfections. 
Therefore we do not expect the original channeling proba- 
bility to depend significantly on the energy. The measured 
widths of the angular scans show also no significantly dif- 
ferent behaviour, indicating that the changed critical angle 
and therefore the angular acceptance play a minor role. 
Once captured into a channel, the particles can undergo 
multiple scattering, leading to dechanneling and widening 
of the profiles. This widening of the profiles should be pro- 
nounced in the vertical plane and is clearly observable in 
Figs. 4 to 6. The increased dechanneling probability for 
lower energy should significantly affect the extraction ef- 
ficiency. We define the efficiency of the extraction pro- 
cess as the ratio of the number of extracted particles to the 
number of particles lost from the circulating beam Iiost: 
textr = ^f^- Tne number of extracted particles is deter- 
mined from'a threefold coincidence of trigger scintillation 
counters and the background from the measured profiles. 
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Figure 6: Profiles of extracted beam at 270 GeV 

The number of particles lost from the beam is determined 
from the beam intensity measured with a beam-current- 
transformer (BCT) and the measured beam life time. For 
the measurement at 14 GeV, special care had to be taken for 
the life time measurement: while for the other energies it 
was correct to assume an infinite life time without the crys- 
tal, the natural life time of the beam at 14 GeV was much 
lower and only about 0.1 to 4 hrs. This natural life time was 
measured every time and folded into the calculation of the 
life time reduction due to the crystal. A consequence of the 
small life time at 14 GeV was that during a measurement 
the beam intensity changed significantly, thus changing the 
number of particles intercepting the crystal. This had to be 
taken into account in the calculation of the efficiency. The 
result of this analysis is summarized in Tab.l. 

Beam 
energy (GeV) 

Extraction 
efficiency (%) 

Prediction 
simulation (%) 

14 0.55±0.3 0.46 
120 15.1±1.2 15.1* 
270 18.6±2.7 17.7 

Table  1:    Extraction efficiences  at different energies. 
*Simulation normalized to 120 GeV. 

The extraction efficiencies at 120 and 270 GeV are com- 
parable, while the efficiency at 14 GeV is much lower, as 
expected from qualitative arguments. Also given are the ef- 
ficiencies predicted from simulation for the three energies. 
Since the efficiency is usually overestimated in the simula- 
tion [3, 5] we have normalized it to the value measured at 
120 GeV to study the energy dependence and find excellent 
agreement with the measurement. 
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Figure 5: Profiles of extracted beam at 120 GeV 
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EXTRACTION OF 22 TeV/c LEAD IONS FROM THE CERN SPS USING A 
BENT SILICON CRYSTAL 
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1   ABSTRACT 

The extraction of protons from the halo of a circulating 
beam has been repeatedly demonstrated at the SPS. In a 
recent experiment a coasting lead ion beam was available 
at a momentum of 270 GeV/c per charge corresponding to 
a total momentum of 22 TeV/c per ion and the possibil- 
ity to extract ultrarelativistic lead ions with a bent crystal 
could be demonstrated for the first time. We present the ex- 
perimental challenges, the measurements performed during 
this experiment and the first results. 

2   INTRODUCTION 

Extraction of high energy protons from a stored beam with 
a bent crystal has been demonstrated successfully and with 
a good extraction efficiency at the CERN SPS [1, 2, 3] and 
other laboratories [4]. At the CERN SPS it was shown that 
protons could be extracted for a large range of energies be- 
tween 14 and 270 GeV and the energy dependence is in 
good agreement with the expectation [5]. 

More recently [6] fully stripped lead ions 208Pb82+ were 
deflected in a bent crystal in a beam line experiment at the 
SPS with high efficiency. Encouraged by this result and due 
to the availability of Pb ions in the SPS we have conducted 
a short experiment where we stored a lead ion beam in the 
SPS at a momentum of 270 GeV/c per charge, i.e. a total 
momentum of approximately 22 TeV/c. Using the standard 
experimental procedure we obtained Pb ions extracted from 
the coasting beam with a bent crystal. It is the first time that 
an ion beam at high energy was handled in this way. 

In this paper we shall first describe the setting up of the 
SPS accelerator as a lead storage ring and discuss the ex- 
perimental difficulties connected with this high energy and 
charge per nucleon. We present the results obtained and 
estimate the extraction efficiency. 

3   PREPARATION 

3.1   Setting up of the SPS for Pb 

The fully stripped lead ion beam is injected in the SPS with 
a momentum of 13 GeV/c per charge in 4 batches (2 x 1010 

charges/batch) each 2 /xs long. The beam is accelerated to a 
momentum of 26 GeV/c per charge with a fixed-frequency 
acceleration technique [7], it is debunched to fill the whole 
machine (23 p,s revolution period) to increase the effective 
spill length for the experiments and then it is further accel- 
erated to 400 GeV/c per charge, the usual energy of lead 

* Also: Helsinki Univ. of Technology 

ions for fixed target physics. Because of the large emit- 
tances of the beam (close to the physical acceptance of the 
machine, in particular vertically) the control of the orbit, of 
the tune (QH=26.62 and QV=26.58), of the chromaticity 
(close to zero in both planes) and of the momentum spread 
is important all through the acceleration and in particular at 
low energy. In the preparation of this experiment the above- 
mentioned corrections were performed and a single batch 
was injected and accelerated up to 270 GeV/c per charge 
where all the ring power converters were frozen and the in- 
jection and beam dump kicker inhibited. Due to the low 
intensity no relevant instabilities are observed. 

To obtain the desired emittance growth, transverse noise 
was applied to the beam as in the case for protons [1, 2, 5]. 

3.2    Setting up of the experiment 

The equipment available for this experiment has been iden- 
tical to the one described for proton extraction in Refs. 
[1, 2, 3]. The extracted beam, deflected 8.5 mrad by the 
bent crystal, exits the vacuum chamber and passes three 
scintillation counters (used in coincidence). The 208pD

82+ 

ions are expected to give a very strong signal in these scin- 
tillators, at least two orders of magnitude above the one for 
protons and pions. Thus, the setting up of the correspond- 
ing high voltages (HV) on the photomultipliers was done 
in the following way: First, the crystal was misaligned (no 
extraction!) and background was observed in the detectors 
set to the nominal proton HV (e.g. 2450 Volts in SCI). 
Then, the HV was lowered until the background signal dis- 
appeared (2000 V). Finally, in order not to lose any ex- 
tracted Pb ion signal, the HV was set 50 Volts higher for 
data taking. Discriminator levels and delays remained un- 
touched. Angular scans, obtained by turning the crystal 
and observing the coincidence rate SC1*SC2*SC3, show 
about 20% of background (cf. Figs. 1 a to c). This is a 
clear indication that the HV was not perfectly tuned for Pb 
ions - due to lack of time. For the estimates of the extrac- 
tion efficiency, the same triple coincidence was used in the 
"steady state" for a well-aligned crystal, and a 20% back- 
ground subtraction was applied to the extracted beam rate. 

The extracted beam profiles were obtained from the 
luminescent screen (BTV) installed downstream of SC2. 
This BTV is a standard SPS beam instrument, equipped 
with various screens of different sensitivity, which can be 
chosen remotely. The screens are viewed by a CCD cam- 
era, and more choice of sensitivity is available due to its 
diaphragm and gain. For the present experiment, the sen- 
sitivity could be reduced dramatically with respect to pro- 
ton extraction, and very clean profiles practically free of 
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background could be obtained. These are available either 
directly on TV screens in the SPS control room or in a digi- 
tized form, available at 20 ms intervals, for later evaluation. 
Typical extracted Pb ion beam profiles are shown in Fig. 2. 

4   EXPECTATIONS FOR LEAD IONS 

The main difference between lead ions and protons is the 
high mass and charge state. Both have an impact on the 
interaction of the ions with its environment, in particular 
with the crystal. Important for the acceptance for channel- 
ing is the critical angle ipc which scales with y/Z/p. For 
a highly charged ion the relevant parameter is the momen- 
tum per charge p/Z and therefore the critical angle for ions 
is equivalent to the angle for protons at the corresponding 
momentum of 270 GeV/c, i.e. 9.1 /irad. Protons with a 
momentum of 270 GeV/c have been successfully extracted 
from the SPS [5]. 

Furthermore, the dechanneling scales like Z/p, leading 
to a dechanneling like for protons of equivalent momentum 
per charge. Similar arguments hold for the multiple scat- 
tering in the crystal and its effects, i.e. widening of profiles 
and increased impact parameters, should be comparable to 
protons. 

However, due to the dependence of the inelastic nuclear 
cross-section on the atomic mass A: Oi„ oc A071, the 
losses due to inelastic collisions are strongly increased. 
Worse, the electromagnetic (Weizsaecker-Williams) break- 
up cross section is very important for such highly charged, 
fast ions. As a result, we expect a significant decrease of 
the contribution of multiple pass extraction to our extrac- 
tion process. 

5   RESULTS 

5. /   Angular scans 

The results of three angular scans can be seen in Figs. 1 a to 
c. The experimental procedure is similar to the one used for 
extraction of protons [1,5]. The three angular scans were 
taken at different times during the experiment to study the 
reproducibility. While the widths of the angular scans for 
proton extraction was difficult to reproduce [1, 5], the lim- 
ited statistic for Pb ions available at present seems to indi- 
cate that the reproducibility is better. Furthermore, after the 
background of 20 to 25 % is subtracted, the full width half 
maximum (FWHM) of the scans in Figs. 1 a to c is between 
45 and 55 /xrad, thus significantly narrower than the ones 
measured for protons between 14 and 270 GeV/c [5]. One 
may try to speculate whether these narrower angular scans 
are due to a suppressed contribution of multiple pass ex- 
traction to the total extracted rate, or a reduced phase space 
acceptance for multiple passes. 

5.2   Extracted beam profiles 

Profiles of the extracted beam were measured with a lumi- 
nescent screen and the CCD camera, and could be digitized 
and stored. The results can be seen in Fig. 2. The profiles 
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Figure 1: Angular scans, taken at different times to study 
reproducibility, Pb ions, 270 GeV/c per charge. 

are similar to the profiles obtained with the scintillator ho- 
doscope for protons [1,5]. 

5.3   Efficiency 

The efficiency of the extraction process we define as the 
ratio of the number of extracted particles to the number of 
particles lost from the circulating beam Iiost: 

textr 
*extr 

host 
(1) 

The number of extracted ions is determined from a 
threefold coincidence of trigger scintillation counters 
SC1*SC2*SC3 and the background estimated from the 
measured angular scans is subtracted. As mentioned above, 
the high voltage could not be adjusted to an optimum value 
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Figure 2:  Horizontal and vertical profiles for optimum 
alignment, Pb ions, 270 GeV/c per charge 

for the ions and the error on the number of extracted par- 
ticles is therefore increased. The number of particles lost 
from the beam is determined from the beam intensity mea- 
sured with a beam-current-transformer (BCT) at 19.2 s in- 
tervals and thus from the measured beam life time. Due to 
lack of time, the calibration of both measurements could 
not be done carefully and the extraction efficiency is there- 
fore less accurate than the ones reported for protons [5]. 
For the calculation of the efficiency we use rather conser- 
vative values and estimate an error on the efficiencies of 
approximately 35 - 40 %. The results of our efficiency esti- 

6   CONCLUSION 

We have demonstrated for the first time that fully stripped 
lead ions 208Pb82+ can be extracted from a stored SPS 
beam at a momentum of 270 GeV/c per charge, corre- 
sponding to a total momentum of the ions of approximately 
22 TeV/c. Care was taken to suppress possible background 
signals in the detectors. Although the error on the extrac- 
tion efficiency is substantially larger than for protons, the 
estimated efficiency reaches values up to 10%. A first anal- 
ysis indicates that the width of the angular scans may be 
significantly smaller than for protons, which can be possi- 
bly explained by a reduced angular acceptance and could 
indicate a suppressed multiple pass component of the ex- 
traction process. 
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Beam intensity 
(107 ions) 

Beam 
lifetime (hrs) 

Extraction 
efficiency (%) 

13.0 2.2 4.0±1.5 
10.0 0.3 10.0±3.5 
6.7 1.2 9.0±3.0 
5.0 0.04 11.0±4.0 
5.0 0.23 5.0±2.0 

Table 1: 
charge. 

Extraction efficiences for Pb at 270 GeV/c per 

mates are given in Tab. 1. For the first four measurements in 
Tab. 1 the standard U-shaped crystal [1,5], which was used 
in most of the experiments with protons, was positioned at a 
distance of about 10 mm from the closed orbit. For the last 
measurement an alternative crystal with slightly different 
properties (miscut) was used at a larger distance of approx- 
imately 20 mm from the orbit. Significant differences are 
not observed between the two types of crystals. 

Compared with the measured efficiency from proton ex- 
traction at 270 GeV/c which was about 18% [5], the ef- 
ficiencies for lead are about a factor two smaller, although 
this comparison is based only on a few measurements made 
for lead extraction. We show the efficiencies for different 
values of the noise excitation on the ion beam, i.e. beam 
lifetimes. As it is the case for protons [1,5], no clear corre- 
lation can be observed and the variation of the efficiencies 
is even slightly larger than for protons, but with the present 
precision a clear conclusion cannot be reached. 
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GABOR-PLASMA LENS FOCUSING FOR LEBT SYSTEMS* 
J. Pozimski, R. Dolling, A. Jakob, P. Groß and H. Klein 

Institut für Angewandte Physik, Frankfurt 

Abstract 

Low energy beam transport (LEBT) of high perveance ion 
beams suffers from high space charge forces. Spacecharge 
compensation reduces the necessary focusing force and the 
filling factor of the lenses and therefrom the emittance 
growth due to aberrations and inner fields. The use of 
electrostatic lenses is restricted due to decompensation by 
the electric fields. On the other side magnetic lenses suffer, 
for high mass ions, from necessary high magnetic fields and 
the resulting technical problems. A different approach for a 
LEBT system is a lens using a static non neutral plasma 
confined in a magnetic and electrostatic field configuration 
allowing strong electrostatic focusing together with partial 
conservation of spacecharge compensation. Modelling of 
the plasma in a way that lens aberrations are small is very 
difficult and the underlying theory is not fully understood. 
New measurements at low residual gas pressure as well as 
theoretical work and the results of numerical simulations 
will be discussed. 

1  INTRODUCTION 

Plasma lenses (using electrostatic or magnetic forces for 
focusing) have certain advantages compared with 
conventional lens systems. But so far they suffer from 
inhomogeneities in the plasma column which lead to beam 
aberrations and emittance growth. For the Gabor plasma 
lens (GPL) studies have been started in Frankfurt to 
investigate theoretically and experimentally the properties 
of electrostatic plasma focusing. 

2  THEORY 

Assuming a homogeneous density distribution in the lens 
the maximum electron charge density the 'classicl limit' is 
given by the radial enclosure criteria [1] 

maximum     density 

Pg, max, rad 1m 
(1) 

neglecting all radial loss processes (i. g. by diffusion) and 
any longitudinal effects. An first estimation of the 
restrictions of electron charge density due to longitudinal 
losses ist given by 

Fig. 1 : Theoretical maximum electron charge density in a 
Gabor plasma lens as a function of external parameters (Eq. 
(1)&(2)). 
electron charge density as a function of the external 
parameters is shown in fig. 1. The electron density is a 
quadratic function of the magnetic field and linear with 
anode potential. Nevertheless hereby the electron density is 
overestimated by a factor of 3-5 compared with 
measurements . This behaviour is well known in literature 
for similar confined plasmas [2]. Therefore a computer code 
has been developed to simulate the local electron density in 
the GPL in a self consistent manner. Longitudinal losses are 
estimated from the density of Boltzmann distributed 
electrons at the wall and their thermal velocity. It is further 
(somewhat arbitraryly) assumed that the mean lieftime of 
electrons given by this losses equals the thermalization time 
of the electrons due to collisions. Radial losses caused by 
diffusion of electrons across magnetic field lines are 
neglected. 

ensity 

e, max, long 

AU
AH (2) 

with UA the anodevoltage and TA the anode radius, assuming 
homogeneous lens filling and the minimum potential on lens 
axis to be zero. Combining both criteria the maximum 

*Work supported by BMBF 

Fig. 2: Numerically simulated selfconsistent electron 
density distribution in a Gabor plasma lens (Bz=90* 10" T, 
UA=5 kV, Iioss-1 uA). 
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Fig. 3 : Potential distribution corresponding to fig. 2. 

3  NUMERICAL SIMULATIONS 

Fig. 2 shows the simulated electron density distribution 
inside the GPL assuming equilibrium state for an anode 
voltage of 5 kV and the magnetic field of 90*10"4 T. The 
longitudinal electron losses result to 1 uA. The electron 
density on lens center is comparable to the results of the 
classic theory (Eq. 1). The electrons are longitudinally (due 
to the temperature and losses) and radially (reaching the 
classical limit) concentrated on the lens center. Fig. 3 shows 
the potential distribution inside the lens including the space 
charge of the electrons. To investigate the behaviour of the 
electron distribution inside the lens and of electron losses 
for varried anode voltage and magnetic field strength 
multiple simulations have been performed. Fig. 4 shows the 
dependency of the longitudinal electron losses on the 
electron density on lens axis in equilibrium state. Only for 
loss rates below 100 uA the electrons can thermalize. For 
higher electron loss rates (and therfore production rates) the 
electron density on axis weakly increases. This is due to the 
fact that the electron loss function is dominated by electron 
temperature not by electron density. Fig. 5 shows the 
influence of the anode voltage on the electron density for 
constant magnetic field. The electron density is in first order 
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Fig. 5: Numerical simulated development of electron 
density in equilibrium state in a GPL as a function of anode 
voltage (BZ=500*10"4T, Iioss=l uA).. 
approximation linear with the anode voltage (like in the semi 
classical theory (Eq. (1) & (2))). In contrary the 
measurements show a slightly underlinear behavior. This 
can be explained by increasing radial losses due to higher 
electric fields (diffusion is proportional to E/B). Fig. 6 
shows the electron density for fixed anode voltage as a 
function of the magnetic field. Below a minimum field 
strength all electrons are radially expelled solely by the 
action of the external electric field (classical limit). Above 
the critical field strength the electron density on axis at first 
drastically rises and then becomes constant. For increasing 
magnetic field the diameter of the electron cloud and 
therefore the focusing capabilities are increasing too. 

4  MEASUREMENTS 

Beam measurements using a LEBT with two solenoids for 
beam formation have been performed [3,4] at low residual 
gas pressure (minimizing the effects of electron production 
and the influence of the space charge of the residual gas 
ions). The beam was matched parallel with a diameter of 
appr. 45 mm into the lens. Fig. 7 shows the result of an 
emittance measurement with the beam focussed to 
minimum radius at measurement point by the GPL. The 

1                                    1 
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Fig. 4:  Numerical simulated development of electron     Fig. 6: Numerical simulated development of electron 
density in equilibrium state in a GPL as a function of     density in equilibrium state in a GPL as a function of 

n-4 longitudinal electron losses (Bz=500* 10"* T, UA=5 kV).        magnetic field strength ( UA=3 kV, Iioss=l |xA). 
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Fig. 7 : Emittance pattern of a He+ beam (10 keV, 3.6 mA) 
measured appr. 60 mm behind the GPL (5 kV, 90 *10"4 T). 

performance of the lens is capable to fulfill the injection 
requirements of an RFQ. Comparison with a numerical 
transport simulation (see fig. 8) show that the aberration at 
low angls are caused by inhomogeneous electron density. K 
the quotient of the indirectly measured electron densities 
and the classical theory as a function of the magnetic field 
strength (Fig. 9) show similar behaviour compared with the 
results of the numerical simulations (Fig. 6). Measurements 
of the degree of compensation show a decrease (from 80 % 
compensation to 20 %) compared with transport using only 
magnetic fields. For different external fields the loss channel 
dominating the behavior of the lens changes and therefrom 
the compensation degree. The emittance growth variies 
from 20-300 % dominated by time variing space charge 
forces due to ion source noise and by radial plasma 
inhomogenity. The second is mainly influenced by lens 
geometry and therefore can be optimized through 
simulation. In a second experiment the LEBT has been 
modified by inserting to anodes into the solenoids using the 
two solenoids for delivering the magnetic fields for the GPL. 
Using Argon as beam ions the modified solenoids show a 
higher focusing strength with the GPL effect than without. 
Fig. 10 shows an emittance measurement with an already 
overfocussed beam (at 2 kV,  120* 10"4 T) where the 
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Fig. 8 : Calculated emittance pattern of a He+ beam (10 keV, 
3.6 mA) appr. 60 mm behind the GPL (5 kV, 90 *10"4 T) 
using 10000 particles for transport calculation. 
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Fig. 9 : Development of filling factor K as a function of the 
magnetic field strength (gained by comparison of measured 
data with classical theory (eq. 1)). 
solenoids can deliver an parallel beam at maximum field 
strength only (at 0.6 & 0.8 T). 

5 CONCLUSIONS 

Measurements have proofed that GPLs are able to focus a 
positve ion beam of high perveance and medium mass at 10 
keV beam energy fullfilling the requirements for injection 
into a RFQ. The emittance growth is (at optimum external 
parameters) comparable with magnetic solenoids and for 
high currents better than conventional electrostic 
einzellenses. Numerical simulations show an improved 
quality of transport capability forecast especially for plasma 
states where radial diffusion processes are neglectible. 
Experiments are planned with higher masses (Bi+) at higher 
energy to investigate the possiblities for an inertial fusion 
driver LEBT. In a next step the radial diffusion processes 
will be included into the simulations. 
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AN IDEAL FOR SELECTION OF SHORT-LIVED PARTICLES BY A 
FOCUSING CRYSTAL 

Valery Biryukov* 
IHEP Protvino, 142284 Moscow Region, Russia 

Abstract 

An experimental technique for selection of the short-lived 
particles by means of a focusing crystal is proposed. A tar- 
get (to produce short-lived's) and a focusing crystal are to 
be arranged so that the crystal traps into channeling mode 
the particles emerging from the region downstream of the 
target only. The particles emerging from the target directly, 
cannot be trapped in the crystal. In this way one can trap 
the decay products of short-lived particles to carry them 
out of the background; the trapped beam can be bent, e.g., 
onto the experimental set up. The technique can handle the 
particles with decay length cr down to few micron. The 
capabilities of the technique, resolution, and efficiency are 
analyzed. 

1 INTRODUCTION 

Short-lived particles such as B-mesons have the lifetimes T 

so short that CT equals to only ~ 100-400 fjm. Even with 
relativistic factor of ~ 100 the mean path before decay for 
these particles equals only ~l-4 cm. There is no way to 
handle these particles by a traditional magnet beam optics. 
The bent-crystal-channeling technique allows to steer the 
particle beams, bend or focus them, along a few cm path, 
with equivalent fields on the order of 1000 Tesla and more 
[1]. Applications of this technique to short-lived particles 
have been proposed [2,3]. One application—a measure- 
ment of the particle's magnetic moment in a bent crystal— 
was successfully tested in the experiment [4]. 

2 THE PRINCIPLE 

The discussed idea involves a focusing crystal, which can 
either focus a parallel beam into a point, or perform a re- 
versed process, i.e. trap a beam emerging from a point-like 
source; both applications have been demonstrated experi- 
mentally [1]. Suppose, a target (to produce short-lived's) 
and a focusing crystal are arranged so that the crystal focal 
point F is outside of the target (Fig. 1). Only the parti- 
cles emerging from F can be trapped by the crystal. Then, 
if some particle decays at F, all the decay products will be 
trapped. If some particle emerges from the target directly, 
it is not trapped, unless it passes through F; this consider- 
ation sets a "blind spot" B on the crystal face, where one 
cannot distinguish between the particles of interest and the 
garbage. The trapped particles can be bent, e.g. onto some 
experimental set up (bending efficiencies up to 60% have 
recently been demonstrated [5]). 

TARGET 

CRYSTAL 

LENS 

Figure 1: Schematic arrangement of a target, focusing crystal, 
and the focus F. "Blind spot" is also shown (B). 

With the principle understood, let's understand the lim- 
itations. Crystal traps a particle if it comes within a Lind- 
hard angle 6L, which is e.g. S/irad/S^^TeV) in Si(110) 
planes at energy E. Therefore, the focus is not a precise 
point, but has a transverse size of ±9LL, where the focal 
length L is as set by the crystal design (e.g. it was 0.5-4 m 
in the experiment[l]); in Fig. 1, L is the distance between 
points F and B. 

The typical angle 6D under which the decay products 
emerge from F, is set by the relativistic factor 7 of the par- 
ent particle: 6D ^1/7. Therefore, the longitudinal size of 
the focal spot equals OLL/OD —I6LL. Only the particles 
emerging from this focal spot of the length 7ÖL L and of the 
width 6LL can be trapped by the crystal (Fig. 2). 

TARGET 

CRYSTAL 

LENS 

"E-mail: biryukov@mx.ihep.su 

Figure 2: Schematic of a target and the focal spot dimenions. 
The "blind spot" is shown (B). 

A particle with relativistic factor 7 and the lifetime T has 
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a mean decay path of 7er. The discussed scheme makes 
sense only if 7er is on the order of or larger than J6LL. 

Hence, our technique can handle particles with CT as small 
as 6LL. For the short-lived particles (with beauty or charm, 
or r-leptons etc.) CT varies from 50 to 400 /im. The mini- 
mal 9L,L already obtained in the experiment at 70 GeV was 
40 /im [1]. At higher energy E the technique resolution 
OLL improves like E~1/2. Moreover, L is defined by just 
practical convenience. Again, 6L can be chosen smaller 
og bigger from different crystal planes or axes. E.g., using 
L=0.2 m at 500 GeV gives the minimal resolution of ~1 
/im. If one doesn't care on fine resolution for CT but wish 
to increase the focal spot just to increase the working space, 
this is easy to do by means of greater L. 

The angular acceptance of the crystal should be about 
± I/7. The "blind spot" angular range in the crystal center 
is set by the focal spot transverse size O^L and the target- 
to-focus distance, about 7er. The "blind" range is then 
±9LL/JCT. Its ratio to the crystal angular acceptance, i.e. 
the crystal inefficiency, equals 6LL/CT. As from above, 
this inefficiency is on the order of 1%. 

We can also estimate the rejection factor for the particles 
incident beyond the Lindhard angle. They may be trapped 
in crystal through the scattering processes only, so called 
feed-in or volume capture. The probability of feed-in as 
measured at 70 GeV is on the order of 10-3. Therefore 
only ~10-3 of the background is not rejected by the crystal 
and hence mixed up with the "particles of interest". 

Unfortunately, a high efficiency trapping and bending 
has been demonstrated so far for positive particles only. 
Therefore, a major drawback of the discussed scheme (as 
well as of any other application of bent crystals) is its re- 
striction to only positive particles produced in a decay. 

3 CONCLUSION 

The proposed technique can trap the decay products of the 
short-lived particles and bend them toward an experimental 
set-up. The rejection factor for the particles produced in the 
target is ~1000. The technique can handle particles with CT 

down to ~1 /xm. 
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AN IDEA FOR STUDYING A MULTIPASS CRYSTAL EXTRACTION BY 
THE ENERGY LOSS DETECTOR 

Valery Biryukov* 
IHEP Protvino, 142284 Moscow Region, Russia 

Abstract 

We consider a proton extraction from accelerator by a crys- 
tal equipped with an energy loss detector. The idea is pro- 
posed that the energy loss dE/dz deposited in the crystal by 
a channeled proton may indicate, whether this proton was 
extracted in the first pass, or in the subsequent passes; this 
is a key question in the crystal extraction. 

1   INTRODUCTION 

Because of the abnormally low energy losses shown by 
channeled protons, the technique of dE/dz detectors built- 
in in crystals has found wide application in the high- 
energy channeling experiments. The energy-loss spectrum 
in aligned crystal is split into the "channeled" and "ran- 
dom" fractions, thus providing a way to distinguish be- 
tween these two sorts of particle motion (Fig.l). 

E loss (rel.) 

Figure 1: The energy-loss spectrum in aligned crystal of 
Si(l 10) simulated for 900-GeV protons with divergence (a) 
of 11.5//rad. 

In the crystal extraction experiments, in a diffusion 
mode, the first passage of protons through the crystal is 
very close to the surface, at a depth of <1 /im. Then the 
escape of ^-electrons (knocked out by a channeled proton) 
from the crystal modifies the dE/dz deposited in the crys- 
tal, thus making it depend on a depth (impact parameter) 
b. Hence one may hope to resolve the first pass or multi- 
passes, observing dE/dz deposition of the extracted pro- 
tons in a crystal. 

2   ENERGY LOSS DEPOSITION 

The difference between the energy loss and its deposition 
in the detector is a well-known effect due to the mentioned 
leakage of the most energetic electrons from the detector. 
Here this effect is brought to its extreme, going from typi- 
cal thickness of ~1 mm to <1 pm for the first passage in 
crystal extraction. 

The mean energy loss for channeled particle in the elec- 
tronic scattering can be written as a function of the position 
x[l]: 

+pe(x)   In 
2mec

272 
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where D = 4nNArlmec
2Z?%p, and the other notation 

being standard[2]. Here Tmax « 2mec
2/3272 is the max- 

imal energy transfer to a single electron. C(x) is correc- 
tionfl]. 

To calculate the dE/dz deposition in a 1-mm thick Si, 
one should use Tmax«l MeV because the electrons with 
energy >1 MeV have ranges >1 mm, and leak out. The 
practical range I in Si of the electron of T (keV) energy is 
[2] 

,r , n( 0-9841 \ iM«2.4T^l-1+a0030rj 

For instance, l=\pm corresponds to T=10 keV. With the 
average pesaZv/Z?a0.3 (Zv «4 is the number of valence 
electrons), one finds the dE/dz deposition to be reduced 
by ~15% if one restricts T <10 keV instead of 1 MeV. In 
fact, some energy carried by electrons with 10 keV< T <1 
MeV may be deposited, while the rest of it escapes. The 
escape is a random-walk process. 

3   SIMULATION 

In order to check the discussed idea, the simulation code 
CATCH [3] was applied. Fig. 2 shows a simulated spec- 
trum for the parallel beam of 900 GeV protons incident on 
aligned Si(l 10) crystal. Here Tmax=\ MeV, corresponding 
to the proton depth b of order of 1 mm from the crystal sur- 
face. As opposed, Fig.3 shows the same spectrum for the 
protons passing through the crystal at b ~1 /xm near the 
surface. 

The comparison of Figs. 2 and 3 shows that the reduc- 
tion of the mean dE/dz signal for the protons extracted with 
a single pass may be of order 10%, w.r.t. the protons ex- 
tracted with multi-passes.  The width of dE/dz peak for 
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E loss (rel.) 

Figure 2: The energy-loss spectrum simulated for a parallel 
beam of protons in the bulk of Si(l 10) crystal. 

the channeled protons is due to energetic electrons, hence 
it is greatly reduced for the "low-6" signal. Therefore, 
if the contribution of the first pass to the extraction effi- 
ciency is significant, it should be seen in the dE/dz spec- 
trum. Ideally, this contribution may be sharply peaked, thus 
even splitting the dE/dz spectrum of extracted protons into 
the "first-pass peak" and the "secondary-pass peak". If the 
first-pass signal were easily recognized, this would give a 
great deal of possibilities for research. By reducing the pri- 
mary b below 1 /im, one may make the dE/dz signal even 
more pronounced, thus exploring the crystal at very small 
depths. Note that dE/dz in the secondary passes depends 
on the depth also, thus also providing information. 

Figure 3: The energy-loss spectrum simulated for parallel 
protons channeled within 1 /xm from the surface of Si(l 10) 
crystal. 
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EXPECTED CHARACTERISTICS OF THE NUCLOTRON BEAMS FOR 
EXPERIMENTAL SETUPS 

I. Issinsky, O. Kozlov, V. Mikhailov, P. Rukoyatkin, B. Vasilishin 
141980, Laboratory of High Energies 
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Abstract 

The experiments are planned to perform on the exter- 
nal beams of the Nuclotron [l]-[2], require a knowl- 
edge of their final characteristics which are deter- 
mined by the initial ones such as energy range and 
spread, time structure, envelopes etc., generated in- 
side the accelerator. One of the distinctive features 
of the Nuclotron is the possibility to extract accel- 
erated beams beginning with an injection energy of 
5 MeV/amu up to a maximum of 6 GeV/amu. 

1   ENERGY RANGE 

The application of the resonance of radial betatron oscilla- 
tions for extraction of the beam requires a space between 
its pre-resonance envelope and the septum of a deflecting 
device. This space is used for the growth of the betatron 
amplitude. After injection and at the initial stage of accel- 
eration, the beam occupies a considerable part of the aper- 
ture. The reserve, chosen in designing in the aperture of 
the vacuum chamber ( for possible great orbit distortions 
during commissioning and the use of a beam with a larger 
emittance from the booster in the future ), permits one to 
perform the extraction over the full energy range of the ac- 
celerator. 

Owing to diminishing the emittance and momentum 
spread the extraction coefficient is increased with raising 
the particle energy. However at a maximum beam energy 
narrowing the dynamic aperture of the accelerator appears, 
due to iron saturation for high magnetic fields above 1.9 
T in the dipoles and 37 T/m in the quadrupoles. The sex- 
tupole and octupole components, arising in this case, distort 
the phase trajectories which enlarge the effective emittance 
and decrease the extraction coefficient. 

Filling the aperture of the vacuum chamber in the 
straight section where the electrostatic septum is located, is 
shown in Fig. 1-2. Two cases are more typical: the picture 
just after the injection at a beam energy of 5 MeV/amu and 
at 5.5 GeV/amu. The intermediate case for an energy of 
200 MeV/amu is also presented. 

To avoid beam losses on the septa of the extraction de- 
vices under injection, additional currents are introduced in 
the nearest structure dipoles at this time to make a horizon- 
tal orbit bump and to shift the circulating beam to the inner 
wall of the vacuum chamber. The required additional hori- 
zontal space turns out to be enough for beam extraction at 
the injection energy. In this case, the extraction coefficient 
has the lowest value due to a larger momentum spread [3] 
as well as due to the limitations in the vertcal plane of the 

aperture. The values of the extraction coefficient for these 
three cases are presented in Table 1. 
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Injected beam 

Ro 
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■turn INJECTION ENERGY 
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\           spread 

Figure 1: Filling the aperture of the Nuclotron vac- 
uum chamber after the injection at a beam energy of 5 
MeV/amu. 

ENERGY 200 MeV/amu ENERGY 5.5 GeVfcmu 

Figure 2: Filling the aperture of the vacuum chamber at a 
beam energy of 200 MeV/amu and 5.5 GeV/amu. 

Table 1: Slow extraction efficiency. 

Beam energy 5 MeV/u 200MeV/u 5.5 GeV/u 
Extr.coeff.,% 93 96 98 

2   BEAM EMITTANCE 

The phase diagrams of particles for the resonance 
Qx = 20/3 in the Nuclotron for the low and high energy 
before the essential influence of the third and fourth compo- 
nents in magnetic fields are shown in Fig. 3-4. As seen the 
full value of the extracted beam emittance is determined by 
the total momentum spread in the beam and the spectrum of 
the radial amplitudes. The instantaneous emittance is much 
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Figure 3: Horizontal phase space at ES during slow extrac- 
tion at 200 MeV/amu. 

X(CM) 

Figure 4: Horizontal phase space at ES during slow extrac- 
tion at 6 GeV/amu. 

smaller than this value since the particles, leaving the sepa- 
ratrix at every instant,have only part of the total momentum 
spread. The emittance of particles inside the septum gap is 
correlated in time with their amplitudes and momenta, and 
therefore it can be decreased by steering the entry or exit 
angle of particles during the extraction process. The first 
one can be done by means of bump-magnets, the latter by 
means of an additional magnet corrector downstream the 
accelerator exit. This decrease has a limitation connected 
with a permanent occurrence of particles with different mo- 
menta in the gap. The calculated simultaneous momentum 
spread of particles coming to physical setups, dp/p is equal 
to ±7 x 10-4 and ±2 x 10~4 for low and high energies, 
respectively. The emittance value of the extracted beam in 
the horizontal plane is 9.5ir mm • mrad for the low energy 
and 2.57T mm • mrad for the high one. Its value in the verti- 
cal plane is equal to 207T mm • mrad and 2.07T mm • mrad, 
respectively. 

3   BEAM IN THE TRANSPORT LINES 

As the values of emittance indicated above much smaller 
than the Synchrophasotron one, it allows one to use the 
existing beam lines in the Main Experimental Hall, actu- 
ally without changing. Only the head part of the transfer 
line should be constructed. The expected envelopes of the 
external beam in the transport channel, obtained from the 
phase diagrams of Fig. 3-4, are shown in Fig. 5-6. 
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Figure 5: Envelopes of the 200 MeV/amu extracted beam. 
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Figure 6: Envelopes of the 6 GeV/amu extracted beam. 

4   BEAM TIME STRUCTURE 

The main reason of beam inhomogeneity in time is due to 
ripples in current supplies or parasitic currents in transport 
cables. The band of these frequencies lies within 50 Hz and 
several kHz. Large difficulties in suppressing perturbations 
are caused by high frequencies since an instantaneous cur- 
rent of the extracted beam is determined by the effective 
derivative of the radial betatron frequency Qx. It is also 
more difficult to suppress high frequencies by means of a 
beam feedback system. The main specific role of this sys- 
tem is to control the beam time macro-structure and parti- 
cle steering to the targets, since the time homogeneity must 
be provided with a high stability of supply currents. The 
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evaluations of the beam time homogeneity coefficient 

-(/><] iMffl'*)- 
where Te - extraction time, dNe/dt - extracted beam in- 
tensity, allow one to formulate the requirements to the Nu- 
clotron magnet power supply system under slow extraction 
operating conditions. 

Table 2 presents the expected values of the time homo- 
geneity coefficient obtained using the existing power sup- 
ply system under the flat-top slow extraction operating con- 
ditions. ( Now this system is used for ramping the mag- 
netic field and providing flat-tops for steering the acceler- 
ated beam to the internal target of the Nuclotron.) As can 
be seen, for a good extraction spill, ripples in the supply 
system should be reduced at least from 5 to 10 times. 

for the support and permanent attention to the work on the 
Beam Extraction System. 
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Table 2: Time homogeneity of the external Nuclotron beam 
with the use of the existing supply system. 

w 200 MeV/amu 6 GeV/amu 

Te,S 1.0 10 1.0 10 

F 0.1 io-& 0.95 0.1 

5   INTENSITIES OF THE IONS 

The works that are being performed on the ion 
sources [4], allow one, after completing all the program, to 
expect a wide set of ions for experiments on the Nuclotron 
beams (Table 3). 

Table 3: Nuclotron external beam intensities, part./sec. 

Particles Sources 
Injection from 

Linac 
1997-1998 

Linac+Booster 
Prolonged plans 

P Duoplasm. 1-10" 2 • 1012 

D Duoplasm. 5 • 10iU 1 ■ 10" 

D| POLARIS 1 10s 2-10y 

He^+ Duoplasm. 2 10y 4 • 10iU 

Cö+ Laser 2 10y 1 • 101U 

o«+ Laser 1 109 5-10y 

Fy+ Laser 1 10y 5-109 

Mgia+ Laser 2 10« l-10y 

Ar16+ EBIS 2 108 l-10y 

FeM+ EBIS 1 108 5 • 10« 

Xe44+ EBIS 2 10'' l-10a 

U8'i+ EBIS — ~ 5 • 10b 
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BEAM INJECTION INTO THE NUCLOTRON 
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Abstract 

The system for the single-turn injection of 5 MeV/u heavy 
ions into the Nuclotron is described. The system comprises 
a superconducting septum-magnet, kick electric plates, 
beam diagnostic apparatus and magnet correctors. The sep- 
tum magnet has an iron yoke. The coil and septum made 
of a hollow superconductor, are cooled with a two-phase 
helium flow. The magnetic field is IT. The electric field 
and its fall time in the fast kicker are 7 kV/cm and about 
100 nsec, respectively. The beam diagnostics are composed 
of the Faraday cups and multi-wire collector chambers for 
current and profile measurements over a wide range of in- 
tensities. The magnetic correctors in the beam line and the 
Nuclotron ring are used for injection adjustment. 

The system has operated since 1992. The experimental 
results are presented. 

1    INTRODUCTION 

The superconducting heavy ion synchrotron Nuclotron [1]- 
[3] was put into operation in 1992 as a replacement of the 
35-year Synchrophasotron. The Nuclotron ring was placed 
in the cable tunnel at a mark of -3.76 m below the median 
planes of the Synchrophasotron and the injector (the Al- 
varetz type linac [4]). The latter accelerates ions with a 
charge-to- mass ratio of 0.28 < q/A < 0.5 up to 5 MeV/u 
and protons up to 20 MeV. 

The existing set of heavy ion sources [5]: a duoplas- 
matron (protons, deuterons, and a-particles), a source of 
polarized deuterons, a laser source and an electron beam 
ion source (EBIS) permits us to get ion beams over a wide 
range of masses. 

There are two reasons why the single turn injection was 
chosen: 
- beam pulse durations of the laser source and EBIS are 
comparable to the time of one turn; 
- the minimization of the lattice magnet apertures and 
cross section sizes allows the power consumption to be de- 
creased substantially. As for the storage of light ions (pro- 
tons, deuterons and a-particles), we are planing to include 
booster [6] into the Nuclotron layout. 

2   INJECTION LAYOUT 

Taking into account the features of the Nuclotron position, 
the injection scheme was chosen to provide the beam de- 
flection in the vertical plane. 

A standard layout of the single-turn injection comprises 
two main elements:  a deflecting septum- magnet and a 

kicker. In our case, the principal demand to these devices is 
to have low levels of heat and gas releases. The supercon- 
ducting septum magnet and kick electric plates obviously 
satisfy these conditions better than their warm magnetic 
analogs. 

A low level of the magnetic field and a large thickness 
of the septum allow one to make the coil and septum of the 
superconducting cable. A traditional magnetic kicker was 
also substituted by an electric one because of the low mag- 
netic permeability of a ferrite yoke under cryogenic temper- 
ature. The cross sections of the septum-magnet and plates 
were determined by parameters of the injected and circu- 
lating beam parameters: 
- transverse emittance 
of the injected beam 307rmm • mrad, 
- horizontal emittance 
of the circulating beam 407rmm ■ mrad, 
- vertical emmitance 
of the circulated beam 457rmm • mrad, 
- relative momentum spread 10 _ 3 

The parameters of these devices for the injection of pro- 
tons and heavy ions with a charge-to-mass ratio of 0.5 are 
presented in Table 1. A scheme of beam injection is given 
in Fig. 1. 

Figure 1: The injection scheme.   1 - injected beam, 2 
circulating beam. 
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Table 1: 

No    Parameters Ions      Protons 

1. Energy 
2. Charge-to-mass ratio 
3. Magnetic rigidity 
4. Electric rigidity 
5. Revolution time 
6. Magnetic field in the 

septum-magnet 
7. Length of the 

septum-magnet 
8. Electric field of the 

plates 
9. Length of the plates 

MeV/u 
q/A 
T-m 
MV 
/xsec 

m 

kV/m 
m 

5 12 
0.5 1 
0.647 0.649 
19.95 39.58 
8.152 4.125 

0.120    0.121 

0.5 

250.9 
1.5 

497.7 

3   SUPERCONDUCTING SEPTUM-MAGNET 

The superconducting septum-magnet (Fig.2) comprises a 
C-shaped iron yoke and a coil. The coil is made of a hollow 
superconductor and cooled with a two- phase helium flow. 
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The cryogenic test of the septum magnet has given the 
following results: 

Figure 2: The cross section of the septum-magnet. 

The magnetic yoke is made of steel plates (electrotech- 
nical steel E330-A) 0.5 mm in thickness. The plates were 
compressed at a 6000 kg pressure. The compaction fac- 
tor of the steel plates was 0.985. For cooling the septum- 
magnet to cryogenic temperature the four copper tubes 10 
mm in diameter were soldered on four external corners of 
the yoke. 

The superconducting coil consists of 300 windings. The 
superconducting cablec 0.5 mm in diameter twisted 2970 
filaments is covered with special lacquer and wounded on a 
copper-nickel 5 mm diameter tube with a two-phase helium 
flow inside. The cable consists of 30 isolated superconduc- 
tors, wounded with a step of 40 mm. The superconducting 
coil has more than 30 soldered junctions [7] to obtain a 
successive connection of windings. This connection allows 
one to increase the number of windings up to 300 and to re- 
duce the current as well as the load in the current lead-ins. 
The coil has 3 exits to protect it from quenching. 

Coil current (A) 0 70 120 150 
Heat 
releases (W) 10.6 12.4 14 21 
The current septum 21 mm in thickness has two rows 

of windings, limited by steel plates. They are also used as 
protection from a beam halo. The septum-magnet in cryo- 
stat is shown in Fig.3. The magnetic field measurements 
were carried out by means of harmonic coils in the warm 
and cold regimes. The results of these measurements in the 
areas of the injected and circulating beams are presented in 
Fig.4. 

Figure 3: The septum-magnet in cryostat. 

Bo,T 

Figure 4: The working and fringing fields in the septum- 
magnet. 

4   KICK ELECTRIC PLATES 

A principal scheme and main characteristics of the electric 
plates are given in Table 2 and Fig.5. 

The device of fast voltage removal with a given fall time 
is the line with distributed parameters: plates as a strip line 
and a commutating thyratron circuit as a coaxial line. Both 
lines are matched by wave impedance. 
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The values of resistance, linked to the thyratron an- 
ode circuit, are selected to get a voltage fall smaller than 
100 nsec according to the nonperiodic law. A subsidiary 
scheme was included in the discharge of the high voltage 
cable. 

Table 2: 

1. Nonlinearity of electric field in the 
working area 

2. Voltage on the plates 
3. Discharge time 
4. Rest voltage for 1msec after 

discharge 
5. Total capacity of the potential 

plate relative to the ground 
6. Total inductance 
7. Wave impedance 

<1% 
(40 + 0.4)kV 
< 0.1/usec 

<2% 

280 pF 
0.4/iH 
37.8 Ohm 

WZP, 

3 
75 

80 
120 

6   CONCLUSION 

The first two octants were installed in the tunnel in Febru- 
ary, 1992, and its cooling down, the 5 MeV/u deuteron in- 
jection and transportation through 1/4 of the ring were per- 
formed. The total assembly of the Nuclotron was com- 
pleted in January, 1993, and the first run of cooling and 
beam circulation were carried out in March 17-26. The first 
acceleration experiment took place in July, 1993. Then 10 
runs were carried out and there were no reclamations for 
the injection system. 
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Figure 5: The simplified scheme of the electric plates. 

5   DIAGNOSTICS 

Faraday cups, beam current monitors, multi-wire collector 
profilometers, scintillation observation stations and pickup 
electrodes are used for tunning the injection and first turn 
of the Nuclotron ring. Intensities of the beams (> 109) 
and their profiles are obtained using the collector current 
profilometers. They are placed at the entrance and exit of 
the septum-magnet. 

The Faraday cup and three collector plates are combined 
by four observation stations. The sensitivity of the Faraday 
cups is 107 elementary charges/pulse. The transparancy of 
the first station is about 95%. It is used with another station 
for the adjustment of the first turn. 

Two beam current monitors located in the ring are in- 
tended of intensity beam measurements from 0.5 mA and 
more. 
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CARBON STRIPPER FOILS USED IN THE LOS ALAMOS PSR 
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U.S.A.; I. Sugai, INS, University of Tokyo, Midori-cho, Tanashi-shi, Tokyo 188, Japan 

Abstract 

Carbon stripper foils produced by the modified controlled 
ACDC arc discharge method (mCADAD) at the Institute 
for Nuclear Study have been tested and used for high 
current 800-MeV beam production in the Proton Storage 
Ring (PSR) since 1993. Two foils approximately 
110 ug/cm2 each are sandwiched together to produce an 
equivalent 220 [ig/cm2 foil. The foil sandwich is 
supported by 4-5 urn diameter carbon fibers attached to 
an aluminum frame. These foils have survived as long as 
five months during PSR normal beam production of near 
70 uA average current on target. Typical life-times of 
other foils vary from seven to fourteen days with lower 
on-target average current. Beam loss data also indicate 
that these foils have slower shrinkage rates than standard 
foils. Equipment has been assembled and used to produce 
foils by the mCADAD method at Los Alamos. These 
foils will be tested during 1997 operation. 

1 CARBON FOIL REQUIREMENTS 

The LANL Proton Storage Ring (PSR) currently uses a 
two-stage stripping process. H ions are first neutralized 
with a high field electro-magnet, injected into the PSR 
through the first ring dipole, and then stripped to H* 
(protons) with a carbon stripper foil. The LANSCE 
Reliability Improvement Project (LRIP), which is now 
underway, will remove the high field electro-magnet and 
allow single-stage stripping [1]. 

Beam losses in PSR have two primary causes. First- 
turn losses are caused by excited states of H° produced in 
the injection stripper foil. These particles are lost in the 
first dipole and quad following the stripper foil and 
account for loss of about 0.20% of the injected beam. 
Production of excited states of H° and, therefore, first- 
turn losses, decrease as the foil thickness is increased. 
The second mechanism accounts for most of the losses 
(about 0.25% of injected beam) and occurs because of 
nuclear and large-angle coulomb scattering of the stored 
circulating beam in the stripper foil. These losses are 
distributed around the entire ring. 

1.1 Foil requirements prior to the LRIP 

Currently the PSR delivers an average proton beam 
current of 70 uA. Original PSR beam-dump design 
requirements called for stripper foils 90% efficient. For 
800 MeV hydrogen atoms a 200 ug/cm2 carbon foil is 
required. Over the past 10 years of operation we have 
used carbon foils with a range of mass density from 

185 ug/cm2 to 220 ug/cm2. A 220 ug/cm2 foil is now 
preferred because first turn losses are reduced. 

The PSR foils are currently 16mm wide and 
approximately 55mm long. The size of the foil is chosen 
to minimize scattering losses from interaction with the 
primary circulating beam and maximize foil lifetime. The 
foils are slightly larger than the injected beam size of 
approximately 12mm. This allows for foil shrinkage and 
hence a longer lifetime. The foil assembly is made up 
of two foils of nominal thickness 110 ug/cm2, sandwiched 
together between glass slides and cut to size with a laser. 
The laser cut edges partially bond and assist in holding 
the two foils together. Two aluminum frames are strung 
with 4-5 urn diameter carbon fibers orthogonally and 
diagonally. The doubled foil is then glued along one 
edge to an aluminum frame with a conductive paint. The 
two aluminum frames are bolted together with the 
doubled foil suspended between the carbon fiber grids. 
See Reference 2 and Fig. 1. 

1.2 Foil Requirements for LRIP 

When LRIP is completed, direct H injection and phase 
space painting (beam bumping) should reduce overall 
beam losses by a factor of five. The circulating beam will 
be moved off of the stripper foil during the injection 
period and the injected beam will be better matched to 
the circulating beam. These techniques allow use of a 
smaller width foil with a higher mass density. This will 
reduce the circulating beam interaction with the stripper 
foil and decrease the production of H° excited states. A 
more detailed explanation of ring losses may be found in 
Reference 2. Calculations have shown that a stripper foil 
with mass density 400 ug/cm2 minimizes the sum of the 
two types of beam loss [3]. The desired average beam 
current at the completion of the current upgrade is 
100 uA. The stripper foils will be mounted in the fashion 
described above with the exception that the foil holder 
will be larger to match the new aperture requirements 
both upstream and downstream of the stripper foil 
mechanism. 

2 TESTING CARBON FOILS IN PSR 

Over the past ten years several types of carbon foils have 
been used in PSR. Foils produced by electron beam 
evaporation, glow discharge and arc discharge methods 
have been used. A very detailed lifetime comparison has 
been made by Sugai, et al. [8]. For comparison Figures 
2-3 show the fraction of injected beam lost due to first 
turn losses for several foils. Note that the first turn losses 
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decrease rapidly for the commercial foil as the foil curls, 
shrinks and becomes thicker. However, first turn losses 
remain nearly flat for mCACAD foils throughout the 
months that these foils were used, attesting to the superior 
dimensional stability of this type of foil. A mCADAD 
foil is now in use which has nearly 6 months of beam 
interaction. This is an order of magnitude longer than 
other commercially available foils. Most recently we have 
been using foils produced at the Institute for Nuclear 
Study, University of Tokyo. 

I 

VM 

Fig. 1. Aluminum frames with carbon foil and fibers. 

2.1 Carbon foils produced at INS 

The team at the University of Tokyo has developed a 
technique for producing carbon foils which have shown 
lifetimes in excess of an order of magnitude higher than 
commercially available foils. The foils are produced 
through an arc evaporation process referred to as 
modified controlled AC/DC arc discharge method 
(mCADAD) and is described in detail in references [4-8]. 

The mCADAD foils are produced by arc 
evaporating alternating layers of carbon produced with 
AC and then DC current. The carbon is deposited on 
clean glass substrates and then annealed to remove 
residual stresses. The mCADAD technique is only limited 

in that it is not possible to produce foils with a mass 
density greater than approximately 130 ug/cm2 [8]. Work 
is currently in progress to improve on this limit. With this 
limitation a minimum of three foils will be necessary to 
achieve an equivalent thickness of 400 ug/cm2 for the 
upgraded PSR. 

2.2 Foil Production Capabilities at LANL 

An evaporation system has been assembled at LANL with 
Dr. Sugai's assistance which is capable of producing foils 
with the mCADAD method. The system consists of a 
large, stainless steel vacuum chamber, cryo-pump, 
rotating substrate holder, and arc welding, and annealing 
power supplies, shown in Fig. 4. The electrode holder 
and annealing furnace can be seen in Fig. 5. The carbon 
electrode holders are machined from Macor™. Thickness 
is measured insitu during deposition with an oscillating 
quartz crystal monitor. Annealing temperatures are 
measured with type K thermocouples placed in contact 
with the substrate glass and copper homogenizer. 

Carbon foils have been produced with this system 
using the mCADAD method, and initial testing of these 
foils with the PSR should be completed this year. 
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Fig. 2. First turn loss rate 1993. 
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Fig. 4. mCADAD fabrication system. 

Fig. 5. Electrode holder, center, annealing furnace, right. 

performance of the Proton Storage Ring. The decreased 
shrinkage rates associated with these foils allow the use 
of smaller width foils, thereby decreasing stored beam 
losses. Lower beam losses imply that the ring 
components are less radioactivated and therefore worker 
radiation exposures are reduced. Because of the long 
lifetimes of these foils, only a few (3-6) are required 
during the beam operational cycle, further reducing 
radiation exposures to maintenance personnel. The 
mechanical stripper foil mechanism can also be of a 
relatively simple design, even though the LANSCE 
operations will be extended to eight months per year. 
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3 CONCLUSIONS 

Carbon  foils  produced   with   Dr.   Sugai's   mCADAD 
method  have   significantly   improved   the   operational 
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Abstract 

A project to upgrade the short-pulse spallation source 
target at the Los Alamos Neutron Scattering Center 
(LANSCE) is in progress. This upgrade will reduce the 
target change out time from about a year to about three 
weeks and permit the proton beam current to be raised to 
200 uA. The project includes a new target-moderator- 
reflector system, a new suite of moderators for four new 
flight paths, improved auxiliary systems, remote handling 
capability, and a new crane and service building. The 
project has also supported calculations and experiments 
for target neutronics, rod-target thermo-hydraulics, and 
corrosion-related measurements in a proton beam. The 
final engineering design is now complete and the project 
has begun fabrication and procurement. Installation will 
begin in the fall of this year. 

1 INTRODUCTION 

The short-pulse spallation target is located at the 
Manuel Lujan, Jr. Neutron Scattering Center (MLNSC) at 
the Los Alamos Neutron Scattering Center (LANSCE). 
The present target is a split (flux-trap) solid cylinder 
made from a tungsten alloy. [1] The target feeds a liquid 
hydrogen moderator, a high-resolution water moderator, 
and two high-intensity water moderators. Each 
moderator is viewed by three neutron flight paths and 
their associated instruments. The proton beam is supplied 
from a storage ring (PSR) which stores 800-MeV protons 
from the linear accelerator and delivers 250ns-wide 
pulses at 20Hz. The average current is presently limited 
to 70uA due to stress limitations in the solid upper target. 

The target upgrade is part of a larger project, the 
LANSCE Reliability Improvement Project, which has the 
goal of improving the overall availability and 
productivity of the facility. [2] The goals of the target 
upgrade are 
• Change out of the target-moderator-reflector system 

(TMRS) insert in three weeks or less 
• Provide coupled upper-tier moderators to service four 

new flight paths 
• Increase current capability from the present 70uA 

(56kW) to 200uA (160kW) 
• Preserve the neutronic performance of the existing 

lower-tier flight paths 

When the new target is installed and commissioned in 
May 1998, we will be able to raise the beam current to 
over lOOjiA. The recently-approved SPSS enhancement 
project, when complete, will allow us to raise the current 
to 200uA at a repetition rate of 30Hz. 

2 SIMULATIONS AND TESTING 

The target design process has been guided by extensive 
computer simulations and engineering tests. We have 
also benefitted from the APT materials irradiation 
experiments led by one of us (WFS). 

The final design choices were a compromise 
between neutronic performance, operational reliability, 
good engineering practice, radioactive materials handling, 
and waste management considerations. 

2.1 TMRS neutronics 

The neutronic performance of the TMRS was calculated 
using the LAHET Code System. [3] These simulations 
were used to determine the moderator thickness, target 
material, target thickness, reflector material, reflector 
thickness, and the choice of coolant. Studies were done 
for various partial decoupling schemes in the upper tier of 
moderators and several choices of decoupling materials. 
The moderator overlap and the flux trap gap were also 
varied in the simulations. [4,5] 

2.2 Target thermo-hydraulics 

The LAHET calculations also provided the source term 
for beam heating in the target. The computational fluid 
dynamics code FLOW-3D [6] was then used to model the 
water cooling. 

The clad rod bundle target concept was also tested 
experimentally since it has not been used before in 
spallation targets. This design was conceived to control 
the problem of activated corrosion and erosion products 
contaminating the cooling system and making 
maintenance operations difficult and possibly limiting the 
lifetime of the target. The rod bundle target consists of 
11.1mm diameter tungsten rods inside 0.25mm-thick 
Inconel tubes. 

The test program consisted of placing the Inconel 
tubes in a water cooling loop and heating them 
electrically to simulate the peak heat flux in the target of 
142 watts/cm2. Pitch-to-diameter ratios (p/d) of 1.02, 
1.05 and 1.10 were tested. A failed test at p/d=1.05 led us 
to consider a plate target as an alternative. After a careful 
analysis and repeat experiments, we determined that the 
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rod bundle concept will work and has a sufficient thermal 
margin at 200uA. 

2.3 Corrosion measurements in a proton beam 

The upgrade project has contributed to the materials 
irradiation program. Various material samples, including 
clad and unclad tungsten rod bundles, have been 
irradiated with a one-milliamp beam of 800-MeV 
protons. We now have experience with operations and 
maintenance on tungsten systems and we will soon have 
measurements of the bulk properties of irradiated 
materials. 

The results from this work are very preliminary but 
we have been able to make some general observations. 
After about two amp-hours of operation, corrosion and 
erosion of tungsten was evident but there were no 
catastrophic failures. The material still had some 
strength. The auxiliary water systems were difficult to 
maintain for unclad tungsten because of activated 
corrosion products which tended to deposit on fittings 
and flex lines. 

3 HARDWARE DESIGN DESCRIPTION 

In order to meet the goal of a three-week replacement 
schedule, the targets, moderators, and inner reflector are 
mounted on a single (TMRS) insert. The project will 
build two inserts, compatible crypt shielding, the outer 
reflector and a new crane and access building. It will also 
provide tooling fixtures for assembling future targets and 
facilities for handling irradiated targets. The target insert 
is shown in Figure 1. 

3.1 Target 

The target team has carried two different concepts for the 
upper target to final design. This is because of concerns 
with the thermo-hydraulics of rod bundles and the 
corrosion of bare tungsten. The baseline design is a plate 
target with seven pure tungsten plates and no cladding. 
The fall-back design is an Inconel-clad tungsten rod 
bundle with a pitch-to-diameter ratio of 1.05. The rest of 
the target insert is designed to be compatible with either 
choice. 

The plate target is preferred for neutronic 
performance and is simpler to build than a rod bundle. 
However, the plate target is suceptible to corrosion and 
the design depends upon the bulk properties of tungsten, 
such as thermal conductivity and strength. Some of these 
properties will change with irradiation. 

The lower target is not as severly stressed with only 
10% of the bulk heating rate as the upper target. It is 
made from a solid piece of tungsten. 

3.2 Moderators 

The lower-tier moderators are in flux-trap geometry and 
fully decoupled. They are designed to give the same 

Figure: 1 The TMRS insert. The proton beam enters 
vertically through the pipe at the top. The openings for 
the neutron flight paths can be seen near the bottom. 

performance as the existing flux-trap moderators. The 
upper-tier moderators are in backscattered geometry and 
are partially coupled. Table 1 lists the moderator types 
and the flight paths that they serve. 

Table 1    Moderator types and their associated 

FP# Moderator Type Coupling 
1,2,16 high-resolution water decoupled 
3,4,5 high-intensity water decoupled 
6,7,8 high-intensity water decoupled 

9,10,11 liquid hydrogen decoupled 
14,15 water coupled 
12,13 liquid hydrogen coupled 

3.3 Reflectors 

The inner reflector is edge-cooled solid beryllium. Since 
there is no water in the beryllium to capture neutrons, 
neutronic performance is enhanced and light water can be 
used for a coolant. The beryllium reflector is 0.25m thick 
and is attached to the removable TMRS insert. 

The outer reflector is lead with embedded stainless 
steel cooling lines. It has an inner diameter of 0.60m and 
an outer diameter of 1.14m. It is part of the crypt 
shielding but it can be removed through the roof using the 
bridge crane if necessary. 

3.4 Materials handling 

Safe and efficient methods for handling irradiated 
components is essential in order to meet the goals of the 
upgrade.    We have the benefit of over twenty years 
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experience with high-power (one-megawatt) beams and 
we have developed a substantial remote handling 
capability. 

The target insert is removed and replaced through a 
special access port in the roof of the target cell. Irradiated 
targets are pulled directly into a transfer cask using a 
radio-controlled bridge crane. The transfer cask shields 
personnel from radiation and controls contamination. 
Secondary containment is provided by a building over the 
access port. 

Irradiated targets will be taken to the facilities in the 
high-power beam area for post-mortem testing. We have 
the option of storing them in special culverts for future 
use or cutting them up for disposal. There is a new hot 
cell facility at the CMR building for detailed analysis of 
irradiated samples. The MONITOR remote handling 
system will be used for operations in Area A. 
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Abstract 

An upgrade program for increasing the stored beam 
current in the Proton Storage is presently under way. A 
part of the upgrade is the design and installation of a 
four-magnet beam-bumping system used for phase-space 
painting and minimizing interaction of the stored beam 
with the injection stripper foil. This paper describes the 
bump-magnet system including the relevant beam 
requirements, magnet specifications, power-cable 
specifications, pulsed-modulator requirements, and 
beam-tube eddy-current effects. The magnets are ferrite 
window-frame magnets with saddle windings. The 
series-pass pulsed modulators are programmable both in 
rise and fall time as well as amplitude. The peak 
current can be varied between 50 and 300 A. The 
pulsed-current rise-time is fixed at 1 ms, and the linear 
fall-time during which beam is injected into the ring can 
be varied between 0.5 and 1.5 ms. 

1 SYSTEM OVERVIEW 

The purpose of the bump-magnet modulator system 
is to "paint" the injected beam into the storage ring. To 
do this, four bump magnets are used that have precisely 
controlled, linear-decaying magnetic fields that move 
the injected beam into the ring synchronously with the 
ring-orbit cycle. The beam is bumped in the vertical 
plane. The maximum field strength in any one magnet 
is on the order of 500 gauss, and each of the four 
magnets is pulsed at different field levels with respect to 
the others. The magnetic field strength of 500 gauss 
translates roughly to 300 A peak current in the magnets. 
A simplified view of one modulator/cable/magnet system 
is shown below in Fig. 1. 

The required current waveshape is depicted next to 
the waveform generator. It has a linear risetime, a flat- 
top, and a linear decay time. The decay time is variable 
from 0.5 to 1.5 ms. The amplitude can be varied from 
50 to 300 A. 

2 BUMP MAGNETS 

The four bump magnets are fast-slewing small- 
deflection dipole magnets. In order to minimize design 
and prototype development costs, a single magnet design 
is used for all four magnets. This standardized design 
produces a field strength of 488 gauss (at 300 A) which 
is sufficient to produce a deflection of 3 mrad for 800 
MeV protons. Important magnet parameters are: 30-cm 
length, 12 cm by 12 cm clear aperture, 16 turns, and 
140-p.H inductance. A drawing of the magnet is shown 
in Fig. 2. 

Ferrite-yoke magnets were chosen on the basis of 

Waveform 
Generator 
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Instrumentation |<—i 
& Control 
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Magnet 

Fig. 1 Block diagram of one bump-magnet system. 

Fig. 2  Diagram of the bump magnet with dimensions. 

their lighter weight, smaller size, and lower overall cost 
compared to tape-wound-core magnets. A Ceramic 
Magnetics Inc. MN60 magnetically-soft manganese-zinc 
ferrite with an initial relative permeability of 6500, a 
maximum flux density of 0.45 T, and a coercive force of 

0.08 oersteds was chosen for the magnet. At this 
"'"]     frequency and flux density, the continuous power 

j loss is less than 1 mW/cm^. When the duty-cycle 
I (about 3% for a typical magnet power cycle) is 
| factored in, the average ferrite power loss is 
j negligible. The magnet yoke is made from four 

ferrite pieces with steps in two of the pieces to lock 
the pieces together when pressed by an external 
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clamping structure. The magnet windings 
are single-layer epoxy-potted saddle coils of 
insulated square copper conductor with a 
circular internal cooling channel. 
Resistive power losses in the windings are 
small enough to be easily removed by air or 
water cooling. 

The largest magnet-related power 
losses are expected to be in the beam pipe 
running through the bore of the magnet. 
Eddy currents in the tube not only cause a 
power loss but also affect the field within 
the tube. It is important that the field 
perturbations be minimized. In the pipe, a 
characteristic decay time of dipole eddy 
currents of 15 microseconds or less is 
allowable. In order to provide a thin- 
enough wall to minimize the eddy currents 
and to simultaneously withstand external 
pressure when the pipe is evacuated, we 
have chosen to use a 0.2 mm (0.008 in.)- 
wall 316 stainless-steel formed bellows for 
the beam pipe within the magnet. The 
duty-cycle averaged eddy-current power for 
this pipe is estimated to be about 50 watts at 60 Hz 
repetition frequency. This amount of power can be 
removed by natural air convection. 

The first of the five magnets (four for installation 
and one backup) has been fabricated by Everson Electric 
Company and delivered to Los Alamos. 

3 MODULATORS 

To date, Los Alamos National Laboratory has 
received one of the five modulators from the vendor, 
Dynapower Corporation, to be used in the complete 
bump system. It has been connected to the magnet as 
shown in Fig. 1 and data taken. In the final system, the 
peak current of each magnet is independently adjusted 
while maintaining the same functional shape. In 
addition, when or if needed (or desired) the waveform of 
each magnet's current can be slightly adjusted or 
shaped because each modulator will be controlled by a 
separate programmable-waveform generator. However, 
in all cases, the timing of all four modulators will be 
synchronized. An actual current waveform from the 
first modulator and magnet pair is shown in Fig. 3. The 
top waveform is the magnet current, and the bottom 
waveform is the voltage across the magnet. The 
leading-edge risetime will be fixed at about 1 ms. The 
ring injection takes place during the down-trending 
portion of the waveform. It is this portion that must be 
accurately and repeatedly controlled to ensure accurate 
and repeatable beam bumping. Each of the four 
magnets requires different magnetic-field strengths, and 
different electric-current values. During the leading 
edge and flat-top, the magnet is energized and brought 

Sample 
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soomv 
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3 Actual waveforms of magnet current and voltage across the 
magnet. Top scale: 30 A/V. Bottom: 10 V/V. 

to the desired current and field level. The flat-top is a 
holding period used to synchronize the bump system to 
the ring injection system from which it receives a timing 
pulse and begins the down ramp. 

4 CONCLUSIONS 

At present, there is one operating bump system at 
Los Alamos from which data has been taken. The first 
magnet and modulator have been connected together 
and operated at full current and full repetition rate of 60 
Hz. Test data show that the error between the 
programmed current and actual current is less than one 
percent at the corners which is twice as good as the 
specified accuracy, and less than 0.2 percent during the 
smooth parts of the function. The first bump magnet 
has been field mapped, and the integral field varied less 
than one percent across the bore of the aperture. The 
remaining magnets and modulators are presently on 
order from the respective vendors and are scheduled for 
installation during the Fall of 1997. 
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Abstract HIBALL-II parameters result in those given in Table 1 
for the tenth-scale final focus experiment [3].  (Note that 

A scaled test of a final focus lattice for Heavy Ion     the momentum spread does not result from scaling, but 
Fusion (HIF) is planned at LBNL. The test parameters     rather from specific experimental test issues.) 
have been set by scaling the length dimensions of the 
envelope equation by one tenth while maintaining the 
generalized perveance. The values to be scaled were 
taken, in large part, to be those of the HIBALL-II final 
focus system [1]. The tenth-scale test will focus a 120 
keV Cs+ beam to a radial spot size of 0.25 mm. Tracking 
studies of the tenth-scale system have been performed 
using a version of COSY INFINITY [2] modified to 
include a linear space charge force. A description of the 
planned experimental system, the beam parameters, and 
simulation results are presented. 

1.    INTRODUCTION 

The HIBALL-II parameters were chosen for scaling 
since it represents one of the more comprehensive designs 
of a final focus system for heavy ion fusion. The 
HIBALL-II final focus system specifies a 10 GeV, 1.25 
kA, Bi+ beam. The beam emittance at the entrance to the 
final focus system was assumed to be 30 n mm-mrad with 
a momentum spread Ap/p of ±1%. Under these 
conditions, simulations predict a radial beam spot size of 
3.5 mm at the final target position. The HIBALL-II lattice 
consists of two magnetic quadrupole triplets between 
which are two dipoles. (Note that the dipole elements are 
not significant relative to the transverse optics [-3° each], 
and were not included in this analysis.) Shown in Figure 
1 are the HIBALL-II lattice and the beam envelopes 
predicted with a modified version of COSY INFINITY. 

The beam envelope equation for a uniform, isolated 
beam of elliptical cross-section with semi-major and 
semi-minor axes of a and b respectively, and a beam 
emittance of 8 is given by: 

d2X _    B'X , £2  ,     2K 
2 

120 

Figure 1. Lattice and beam envelopes of HIBALL-II. 

Ion Cs+ 

Energy 120 keV 
Beam Current 63 uA 
K 1.13 xlO"5 

Emittance 3.0 n mm-mrad 
Momentum Spread ±0.2% 
Final Radial Beam Size 0.25 mm 

Table   1.   Tenth-Scale 
parameters. 

Final   Focus  Experiment  beam 

dz*        BP    X3    a{a+b) 

Where X is the physical size of the beam envelope and K 
is the generalized perveance given by: 

/     2 K- 3-with/0=3l|><106(A) 
'o (ßr) 

Following the philosophy of scaling the length 
dimensions of the beam envelope equation by a factor of 
0.1 while maintaining the generalized perveance K, the 

2.    CODE DEVELOPMENT 

COSY INFINITY is a beam physics code, which uses 
differential algebraic (DA) methods to provide systematic 
calculations of particle trajectories resulting from passage 
through arbitrary optical elements. Since COSY 
INFINITY allows the computation of dependencies on 
system parameters and has the ability to compute and use 
high-order maps, it was considered an appropriate tool for 
the analysis of the final focus system. However, the 
generally available version of COSY INFINITY does not 
have a provision for the inclusion of the space charge 
force. The initial effort was to include a simple (linear) 
space charge force in COSY INFINITY. 

Work supported by Department of Energy under contract number 
DE-AC03-76F00098. 
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The implemented space charge model assumes a 
uniform, isolated beam of elliptical cross-section with 
semi-major and semi-minor axes of a and b respectively, 
beam current I, and beam Lorentz factors ß and y. 

The combined electric and magnetic fields generated by 
the beam space charge distribution acting on a particle at 
transverse position (x,y) are given by: 

■ IF I 

Where: 

ßy2 a{a+b) 

F = - 

-2F 
ßy1 b(b+a) 

1 
2xe0c 

The potential is then given by: 

<D(x,y) = .F^_(_i_+_X_) 

This space charge induced potential <J> is used in the 
modified version of COSY INFINITY to calculate the 
transfer matrices and maps. 

3.    TENTH-SCALE FINAL FOCUS EXPERIMENT 
SYSTEM DESIGN 

The tenth-scale final focus experiment system will 
consist of a gun module, a matching section, and the 
tenth-scale final focus magnetic quadrupole lattice. 
Figure 2 shows the system configuration of the tenth- 
scale final focus experiment and the beam envelopes 
predicted with the modified COSY INFINITY. 

Figure 2. Lattice and beam envelopes of the Tenth-scale 
Final Focus experiment system. 

The gun module consists of the LBNL 120 keV Cs+ gun 
and a lattice of five electrostatic quadrupoles followed by 
a circular aperture. The gun parameters provide for a 6.3 
mA beam with an emittance 30 n mm-mrad. To create the 
beam required for the final focus experiment (63 uA in 
30 7t mm-mrad), five electrostatic quadrupoles will be 
used to focus the source image (10 mm radius) to a spot 5 
mm in radius at the position of an emittance truncation 
aperture plate. The emittance truncation aperture will be a 
circular hole of 0.5 mm in radius. Therefore, the beam 
current and emittance will be truncated by a factor of 0.01 

and 0.1 respectively, providing a beam of 63 uA in 3.0 n 
mm-mrad. 

Following the aperture plate, an additional five 
electrostatic quadrupoles will be used to match the phase 
space of the truncated beam to that required for the tenth- 
scaled final focus lattice. Note that the electrostatic 
quadrupoles were modeled as hard-edged with the pole 
voltages symmetric about ground. (Adjacent poles were 
assumed to have equal and opposite voltages.) 

The tenth-scale final focus magnetic quadrupole lattice 
will use two magnetic quadrupole triplets to focus the 120 
keV Cs+ beam to a radial spot size of 0.25 mm at the 
target position. The length dimensions and quadrupole 
settings of the module have been modified slightly from 
the scaled values of HIBALL-II lattice to reduce the 
number of quadrupole types required. In addition, the 
drift space between triplets has been reduced to bring the 
overall length to 8 m. 

4.    HARDWARE REQUIREMENTS 

A total of 10 electrostatic quadrupoles are required to 
match the beam phase space from the gun to that required 
for the tenth-scaled final focus module. The maximum 
voltage required is 10 kV with a radial aperture of 2.5 cm. 
The first quadrupole following the gun has an effective 
length of 0.0762 m with the remainder having an 
effective length of 0.1016 m. The electrostatic 
quadrupoles as well as the 120 keV Cs+ gun have been 
constructed and successfully operated at LBNL. 

For the tenth-scaled final focus module, a total of six of 
magnetic quadrupoles with a radial aperture of 3 cm and 
an integrated strength of 2.3 m'1 are required for the two 
triplets. Four of the quadrupoles will have an effective 
length of 0.4 m and a maximum pole tip field of 1.0 kG. 
The other two will have an effective length of 0.2 m and 
maximum pole tip field of 2.0 kG. The quadrupoles are 
located within existing vacuum tanks and powered with 
nominal 1.0 ms half-sine, pulsed waveforms. As such, 
they are easy to modify or reposition, and other 
configurations could be tried. 

5.    SIMULATION STUDIES 

The system was evaluated by particle tracking using a 
51" order map generated by the modified COSY 
INFINITY. Due to the large intensity reduction (0.01) at 
the emittance truncation aperture, the tracking was done 
in two steps; from the gun to the emittance truncation 
aperture and from the plate to the final target. 

For the gun to aperture plate tracking, ten random seeds 
were used to populate 4,000 particles within an initial 
transverse phase space of 30 TC mm-mrad for each of three 
momentum values (Ap/p = 0 and ±0.2%) giving 12,000 
particles. Of these 12,000 particles, 165 particles shown 
in Figure 3 fall within the phase space defined by the 0.5 
mm radial aperture. The number of surviving particles 
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(165) is statistically consistent with that predicted by the 
0.01 reduction in beam current (120 particles). 

•D 

Q. 
X 

Q. >- 

-10 

Figure 3. Transverse phase space of surviving particles 
for the gun to aperture plate tracking. 

For the emittance aperture to final target tracking, 400 
particles within an initial beam emittance of 3.0 n mm 
were tracked for each of three momentum values (Ap/p = 
0 and ±0.2 %) giving 1,200 particles. Figure 4 shows the 
phase space of these particles at the target position. The 
real space area at the target position is 0.056 n mm2 for 
the case of Ap/p=0 and 0.069 it mm2 including particles 
with momenta of Ap/p = ±0.2 %. The final beam spot 
area at the target position as function of momenta (Ap/p) 
is given in Figure 5. For the tenth-scale final focus 
experiment lattice, the tracking results indicate that the 
chromatic effects do not generate any significant increase 
in the final beam spot size, and therefore, higher-order 
correction will not be necessary. 

6.   SUMMARY 

The Tenth-scale Final Focus design evaluations predict 
that this test will provide a cost-effective, experimental 
basis for future full-scale design evaluations. 
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Figure 4. Transverse phase space for particles tracked 
from the aperture plate to the final target position. 
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Figure 5. The final beam spot area at the target position as 
a function of momentum spread. 
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Abstract 

At the National Superconducting Cyclotron Laboratory 
(NSCL), secondary beams of often short-lived radioactive 
nuclei are produced by the technique of projectile 
fragmentation where a primary beam impinges on a thin 
target to produce a broad spectrum of isotopes with near- 
beam velocity. As a major element of a recently funded 
upgrade of the NSCL facility, an increased capacity 
fragment separator used to select a particular isotope will 
be constructed. The key features of the new fragment 
separator include a high rigidity (6.3 T-m) and large 
acceptance with a solid angle of 8 msr, momentum 
acceptance of ±3%, and an energy resolution of 0.1%. 
Tracking studies and machine simulations have been 
done to verify the optical stability and performance of the 
lattice. The results "of these studies, including simulations 
of magnet misalignment and magnetic field errors, are 
presented in this paper. 

1     INTRODUCTION 

World-wide there are significant physics programs 
which use ion beams of radioactive species as a unique 
tool to support research in nuclear structure and nuclear 
astrophysics research. Two complimentary processes 
are used to produce the radioactive beams. A technique 
called Isotope Production On-Line (ISOL) stops a 
primary, non-radioactive beam in a thick production 
target. The radioactive species produced are then 
transferred to an ion source where they are ionized and 
accelerated to final energy. A second technique called 
Projectile Fragmentation uses a primary, non-radioactive 
beam on a thin (AE/E • 10%) production target. In this 
case, the radioactive species produced have nearly the 
velocity of the primary beam and a downstream magnetic 
transport system (fragment separator) is used to select a 
particular    radioactive     species. The     Projectile 
Fragmentation technique is used at the NSCL [1,2]. 

The projectile fragment separator is used to select the 
specific radioactive species by a two step process. 
Downstream of the production target, the mixture of 
primary and secondary ions is selected for Bp with an 

aperture system at a high-dispersion point. (See Figure 1.) 
Since energy loss is proportional to the square of the 
projectile atomic number, the isotopic selection is 
achieved by passing the Bp-selected and dispersed ions 
through a wedge-shaped energy degrader. The remainder 
of the separator optics is then used to complete the 
isotopic separation. The nature and thickness of the 
production target and the energy degrader, as well as the 
sizes of the momentum apertures are parameters that are 
adjusted to control the secondary beam intensity and 
purity. 

2    OPTICS 

The fragment separator rigidity requirements are set by 
the primary beam energy and the fact that even fully 
stripped neutron-rich ions lighter than the primary beam 
will require a higher rigidity than that of the primary 
beam. At the NSCL, the K1200 cyclotron and the 
capacity of the following beam switch yard have set the 
design rigidity at 6.3 T-m or -30% greater than that of 
the K1200 cyclotron. 

In addition, the kinematics of the secondary beam 
production requires a large solid angle and momentum 
acceptance to achieve efficient capture of the radioactive 
species. A small magnification and large dispersion are 
desirable in the dispersive, horizontal plane (x) to achieve 
a high momentum resolution for the Bp selection. A 
small beam size and resulting larger angular spread are 
desirable in the vertical (y) plane to minimize the effect 
of multiple scattering in the energy-degrading wedge 
used for isotopic separation. The configuration of the 
planned, A1900 fragment separator is shown in Figure 1. 
Basic design specifications are given in Table 1. 

The initial secondary beam emittance at the production 
target position compatible with the A1900 admittance 
will be 25 n mm-mrad (0.5 mm x 50 mrad) and 20 n mm- 
mrad (0.5 mm x 40 mrad) for the horizontal (dispersive) 
and vertical planes respectively. These values provide 
the 8 msr solid angle specified in Table 1. 

The first-order lattice functions are given in Figure 2. 
The lattice uses 24 quadrupoles configured in eight triplet 
packages, and four 45"dipoles in a reverse bend geometry 
so that the incoming and outgoing beams are coaxial. 

Work supported by NSF contract number PHY-952884. 
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TO, 

Figure 1. Layout of the proposed A1900 fragment separator. 

The overall system (production target to focal plane) is a 
unit transfer. 

Figure 2. Lattice functions of the A1900. 

Parameter Specification 
Solid Angle 8 msr 
Rigidity 6.3 T-m 
Momentum Acceptance ±3% 
Intermediate Image (2) 

Magnification Rl 1/R33 2.04/0.75 
Resolving Power* 2915 
Dispersion 5.95 m 

Focal Plane 
Magnification (R11/R33) 1.0/1.0 

Table 1. First-order, A1900 design parameters. 
*Resolving power = dispersion/(initial spot size x 
magnification). 

3     SIMULATIONS 

Since many of the quadrupoles will have a relatively 
poor aspect ratio (length:aperture = -2.2:1) a ö^-order 
map generated by COSY INFINITY [3] was used to 
evaluate higher-order correction schemes and to track 

particles to determine transmission, resolving power, 
beam phase space, and error sensitivity. 

The optical properties were evaluated by tracking 3,600 
particles consisting of 400 particles uniformly populating 
the initial phase space for nine momenta values (±3%, 
±2.5%, ±2%, ±1%, and 0%). Particle loss was considered 
at each magnet aperture and the phase space of the 
surviving particles was evaluated at the lattice mid-point 
and at the focal plane. Of the phase space delineated (8 
msr and Ap/p = ±3%), -94% and -92% survived to the 
lattice mid-point and the focal plane, respectively. The 
energy-degrader isotopic separation was not modeled in 
these simulations. 

Due to the large momentum spread (±3%) and 
divergence (±50 mrad (x) and ±40mrad (y)) of the 
secondary beams, the higher-order aberrations are 
significant. The dominant 2nd-order aberrations are the 
chromatic terms xlx'8 and yly'8. Six families of 
sextupoles were used to minimize all 2nd-order geometric 
and chromatic terms. The phase space generated by using 
the corrected 2nd-order map is given in Figure 3 for the 
lattice mid-point and Figure 4 for the focal plane. The 
maximum sextupole magnetic field required was 2 kG. 
Effort is now underway to provide a similar S^-order 
correction scheme. 

Magnet alignment and mispowering errors were 
evaluated by applying the appropriate errors assuming a 
Gaussian distribution (±2a) for each error and using 
particle tracking to determine the performance 
degradation as a function of the a value. A degradation 
of 5% in the resolution was taken as the criteria for these 
specifications. As a result, the full-range, misalignment 
specifications have been set at ±0.5 mm for the transverse 
positions, ±0.5 mrad angular rotation about the beam 
axis, ± 5 mm longitudinal position, and ±10 mrad angular 
rotation about an axis perpendicular to the beam axis. 
Similarly, the full-scale ripple specifications have been 
set at ±10"4 for the dipole and quadrupole and ±10"' for 
the multipole power supplies. 
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Figure 3. Transverse phase space for particles tracked 
through the corrected 2nd-order A1900 lattice from target 
to the high-dispersion mid-point. 

4     HARDWARE 

Of the 24 quadrupoles, 16 have multipole packages 
consisting of a sextupole and octupole pair. The half- 
lattice, symmetric about the mid-point is: (QA-QA-QBM) 
- B - (QBM-QCM-QBM) - (QBM-QCM-QBM) - B - (QBM-QE- 
QD) where QX represents a quadrupole type, M denotes 
those quadrupoles with multipole packages, () delineates 
the triplet package, and B specifies a bend. Table 2 lists 
the primary magnetic specifications for the quadrupoles. 
For all magnets, the magnetic field shapes are determined 
by the iron configuration and the current coils are 
superconducting. The dipoles have a length of 2.5 m, a 
maximum pole-tip field of 2 T, and a good-field region of 
±10 cm (x) and ±4.5 cm (y). 
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Figure 4. Transverse phase space for particles tracked 
through the corrected 2°d-order A1900 lattice from target 
to the focal plane. 

Type # 
Effecti 

ve 
Length 

(cm) 

Pole 
Tip 

Radius 
(cm) 

Warm 
Bore 

Radius 
(cm) 

Max. 
Pole- 
Tip 

Field 
(kG) 

OA 4 72.3 13.3 10.0 22.1 
OB 12 40.0 15.0 10.0 20.7 
OC 4 79.0 15.0 10.0 22.1 
OD 2 48.6 21.0 17.0 23.1 
OE 2 70.0 15.0 11.6 24.1 

Table 2. A1900 quadrupole paramaters. 
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Abstract 

A multiturn-injection method has been used in 
HIMAC synchrotron to obtain higher beam-intensity. A 
total and a partial efficiency of the multiturn injection 
are measured. The stored beam-intensity and its life-time 
were considerably decreased above 600 |iA of an 
injection current of alpha ions with 6 MeV/n of the 
energy, mainly due to the space charge effect on the 
transverse tune. A dependence of a stored intensity on a 
vertical tune is investigated, and the tune-shift by the 
space charge effect is measured. 

1 INTRODUCTION 

HEMAC (Heavy Ion Medical Accelerator in Chiba) is 
an accelerator complex dedicated to medical application 
[1]. Clinical trials have been successfully progressing 
since June 1994 [2] and the treatments of 230 patients 
were completed by February 1997. 

Heavy ion beams are very suitable for cancer 
treatment because of its high dose localization and high 
LET characteristic. A high irradiation-accuacy has been 
required in the heavy ion therapy, however, because of 
the high dose-localization. Therefore, innovative works 
to realize a high accuarcy treatment are under way: (1) 
The irradiation gated by respiration of a patient was 
developed and has been used for a lung or a liver cancer 
moved along with a respiration [3]. An irradiation dose- 
rate in this case is maximized at DC beam with a 
sufficient intensity. (2) A secondary beam course is 
being constructed in order to treat a cancer around a 
critical organ by using positron emitter beam such as "C 
and "Ne that can be monitored and verified for dose 
localization by a positron camera [4]. When a patient is 
treated by the positron-emitter beams, an intensity of a 
primary beam is required naturally higher by two order 
than the treatment by the primary beam. 

An extracted beam-intensity from HIMAC 
synchrotron should be increased by about one order in 
both cases, because HIMAC accelarater-complex can 
already deliver higher beam-intensity by about one order 
compared with the intensity in the present treatment. 

In the commissioning stage of HIMAC synchrotron, 
however, a stored beam-intensity after an rf-capture was 
considerably decreased above 600(oA of an injection 
current of He2+ with 6MeV/n. The space charge effect on 
transverse tune was suspected and horizontal tune-shift 
was observed. Therefore, an injection efficiency and a 
dependence of a stored intensity on a vertical tune are 
measured as further investigation. The paper reports the 
preliminary results. 

2 MULTITURN INJECTION 

A multiturn-injection system of HIMAC synchrotron 
consists of an electrostatic inflector which separates the 
horizontal phase-space in an injection beam line from an 
acceptance of the ring, and four bump magnets which 
distort the closed orbit. The design parameters of the 
multiturn injection are summarized in table 1. A septum 
of the inflector is located at the distance of 65mm from 
the central orbit in the ring. A collapsing speed of the 
bump orbit is 1.3mm/turn to obtain a gain of about 20 
turn in injecting a beam of 50 turn in the design stage. 
An efficiency of the multiturn injection is expected at 
about 40%, because of a shadow of the septum with 
0.5mm in thickness and mismatching a dispersion 
function of the injection beam with that in the injection 
point of the ring. 

Table 1. Parameters in the multiturn injection 
(a) Injection Beam Parameters 

Energy       T (MeV/n) 6.0 
Emittance   e,  (mm mrad) 13.2 % 
Twiss parameters   ß, (m) 0.33 

a. 0.0 
Dispersion func.D. (m)/ D\ 0.0/0.0 
Momentum spread AP/P 0.3% (FWHM) 

(b) Ring Parameters at Injection Point 
Hori. tune               Q, 3.75 
Twiss parameters    ßY (m) 6.59 

a. 1.32 
Dispersion func.D. (m)/ D'r 2.06/-0.23 
Septum thickness (mm) 0.5 
Acceptance A, (mm mrad) 264 K 
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The injection gain was estimated at about 15-20 turns 
in a commissioning stage, however, because the 
transverse emittance of an injection-beam from the 
injector linac was around 7rc mm mrad which was 
reduced by 50% compared with the design one. Thus, 
the collapsing speed of the bump orbit is optimized to 
0.87mm/turn. As a result, the injection gain is improved 
to about 30 turns and the stored beam-intensity just after 
the injection is increased by a factor of about 1.5. 

A partial capture-efficiency of the multiturn injection 
in 1.3mm/turn in the collapsing speed of the bump orbit 
is also measured by using a chopped injection-beam. A 
time-width of a chopped beam is about 20|is 
corresponding to a time period of 4-5 turns in the ring. 
Figure 1 shows the measurement of partial-efficiency in 
a 70uA of an injection peak-current, ant also a survival 
rate after Is of an rf-capture. The partial capture- 
efficiency is maximized at around 120|is corresponding 
to 30 turns of the injection beam in the ring, which is 
almost consistent with the design. The survival rate after 
Is is decreased at later injection-timing, because of 
reduced a clearance between an acceptance of the ring 
and an amplitude of the betatron oscillation. 

HIMAC synchrotron. The surveyed tune-line in the tune 
diagram is shown in fig. 2. 
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Fig. 1 A partial capture-efficiency just after the rf- 
capture and the survival rate after Is. The solid and 
broken line indicate partial efficiency (arbitrary unit) and 
the survival rate (%), respectively. 

3 SPACE CHARGE EFFECT 

The total and the partial capture-intensity in the 
multiturn injection are almost proportional to the 
injection-intensity in increasing from 70 to 200uA of the 
injection peak-intensity. In increasing injection beam- 
intensity from 200 to 700pA in a peak-intensity, 
however, the stored intensity after the rf-capture with an 
adiabatic capture is not proportional to the increasing 
ratio. The stored intensity is improved by increasing the 
vertical tune by around 0.1 when the injection-intensity 
is increased from 200 to 700|^A. These results suggest a 
limit of a stored beam-intensity by a space charge effect. 

A dependence of a stored intensity on the vertical- 
tune is surveyed in the injection peak-intensity of around 
100, 300 and 780(iA, therefore, because the vertical 
tune-shift and -spread by the space charge effect are 
larger by factor of about 5 than the horizontal one in 
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Fig. 2 The surveyed tune-line is indicated by the solid 
line. The dashed, broken and dotted line are 2nd, 3rd and 
4th resonance line, respectively. 

The measurement results are shown in fig. 3(a)-(c). 
These figures show a stored beam-intensity after 0.1s of 
the injection in setting various Qy while current of 
focusing quadrupole magnet is fixed to be 3. 689 of the 
Qx in 3.129 of the Qy. Other than the common fall off 
due to Qy=3 integer resonance, distinct dips are 
observed in both cases of rf-on and off. They are caused 
by the resonance of Qx+2Qy=10 in the cases of 100 and 
300|aA, while the dip in 780uA by Qx+3Qy=13. The 
vertical tune-shift depending on the stored beam- 
intensity is estimated at around -0.05/10n(ppp) in a 
coasting beam, which is almost consistent with Laslett 
tune-shift. The tune-shift is obtained as follows; In a 
working point above Qx+2Qy=10 such as (3.685, 
3.176), a stored beam is lost by two step in the case of 
780uA, as shown in fig. 4. Such a beam-loss is caused 
by crossing two resonance lines which are Qx+3Qy=13 
and Qx+2Qy=10. Tune-shift is gradually decreased by 
decreasing a stored beam-intensity after the tune-shift is 
quickly occurred during the multiturn injection period of 
300us. The tune-shift is obtained by calculating the 
distance along with the tune-shift line between two 
resonance lines and measuring a stored beam-intensity 
just before a beam-loss, therefore, in the assumption on a 
ratio of horizontal tune-shift to vertical one of 5-10 by 
the space charge effect. 

A stored beam-intensity is rapidly decreased after the 
rf-on with an adiabatic capture, on the other hand, 
because the tune-shift and -spread is increased by 
bunching effect which leads a bunching factor to above 2 
and vertical chromaticity of -6.0. The tune-shift in the rf- 
on is also measured by the same way in the coasting 
beam; Tune-shift is enlarged by factor of 2 compared 
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with that in the coasting beam, which is consistent with a 
measurement result of the bunching factor. 
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Fig. 3 The dependence of the stored intensity after 0.1s 
of the injection on the vertical tune. The injection peak 
current of (a) 780|JA, (b) 300|iA, and (c) 100(iA. The 
broken and the solid lines indicate the coasting beam (rf- 
off) and the bunched (rf-on) beam case, respectively. 
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Fig. 4 The time-change of the stored beam-intensity in 
the injection current of 780|iA when the rf is turned off. 
The working point is (3.685,3.176). The vertical scale 
corresponds to 6.0x10l0ppp/div and the horizontal scale 
is 500ms/div. 

4 SUMMARY 

Total efficiency of the multiturn injection is achieved 
at 45% in just after the multiturn injection. Partial one is 
maximized at around 30 turns which is basically 
consistent with the design. 

A space charge effect on a transverse tune is 
investigated by a vertical-tune survey. The tune-shift in a 
coasting beam is obtained by measuring intensity just 
before beam loss in crossing two resonance lines and 
calculating the distance between them. The result is 
consistent with Laslett tune-shift. A stored beam- 
intensity is considerably decreased due to enlarged tune- 
shift and -spread by bunching effect. 
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PREDICTED FOIL TEMPERATURES IN THE 
BROOKHAVEN ACCUMULATOR RING FOR THE NSNS* 

Jonathan Duke,Rutherford Appleton Laboratory,Chilton,Didcot,United Kingdom. 

Abstract 

An investigation has been carried out into the peak 
equilibrium stripping foil temperatures that could be 
expected in the 1 GeV NSNS Accumulator Ring proposed 
by Brookhaven National Laboratory. 

A carbon foil is assumed. Computed foil temperature 
distributions on the foil's surface are presented, as well as 
the predicted relationships between foil temperature and 
quantities such as the average number of recirculated 
proton hits, linac intensity, and foil mass per unit area 
used. 

1   INTRODUCTION 

The 1 GeV NSNS accumulator ring has been designed to 
use H" injection. In order to ascertain whether the 
stripping foil would survive under the injection conditions 
present in the NSNS a computer simulation has been 
carried out. This is described below. 

The foil simulation is based on a rectangular carbon 
foil , 8 mm wide and 4 mm high. This is a very small 
foil, and the injected beam spot touches both edges. The 
foil is modelled as supported only on the top edge. The 
temperature of the frame is fixed at 295 K . A foil mass 
per unit area of 400 ugcm"2 is chosen, corresponding to 
a thickness of approximately 2.6 urn for carbon. The H~ 
beam is centred in the foil, and is modelled with a 
Gaussian elliptical transverse profile with standard 
deviations of 1.7548mm in the horizontal direction and 
0.8544mm in the vertical direction. Other relevant 
input parameters are a 1280 turn injection at a 
repetition frequency of 60 Hz and with a macro-pulse 
duration of 1.076864 ms. The original planned beam 
intensity of 1.04 x I014 ppp would give a target power of 
1 MW, but present project philosophy is to do all 
calculations for the 2 MW case, ie 2.08 x 1014 ppp. Both 
intensities are simulated. 

Injected H" ions, stripped electrons and recirculating 
protons scatter in the foil and large temperature rises 
result from atomic excitations. The initial rate of 
temperature rise is inversely dependent on the foil 
specific heat. The temperature reaches a maximum at the 
end of each injection and the temperature rise in the 60 
Hz cycling is limited mainly by radiation, with a small 
additional contribution from conduction within the foil. 
Energy losses due to radiation and conduction scale as the 
fourth and first power of the temperature difference from 

the surroundings, and are proportional to the foil 
emissivity and thermal conductivity respectively. 
Specific heat, emissivity and thermal conductivity are all 
material and temperature dependent.[1],[2]. 

With the parameter range covered by this study, a 
constant peak temperature is reached after a time which 
varies between three and fourteen beam pulses, this 
number being inversely related to the energy deposited in 
the foil. 

2   SIMULATION 

Heating and cooling of the NSNS foil are simulated in a 
program based on finite elements, both for time passage 
and transverse position co-ordinates. A fifty by fifty array 
of elements is used. Each element is rectangular and the 
same shape as the foil as a whole. The distribution of 
recirculating protons on the foil is modelled as uniform. 
A real distribution from tracking codes will be used in the 
near future. Since the energy density at the peak of the 
Gaussian distribution is 3.78 times that at the edge of the 
foil, ( for 400 (igcrn'2 and 2.5 foil hits ) the recirculated 
distribution has a much smaller effect on the peak 
temperature than the H" beam spot. The time distribution 
of recirculated proton hits is approximated as linearly 
increasing during each accumulation, in proportion to the 
size of the accumulated beam. In reality the recirculating 
proton hits do not have a simple time distribution, but the 
use of an approximation is justified because a previous 
study [8] had shown the time distribution chosen to be 
unimportant. Energy deposited in the foil is calculated 
using charged particle energy loss data, (both for protons 
and stripped electrons) and mean H~ and H° lifetimes 
[3],[4],[5]. High temperature estimates for specific heat 
have been made by scaling normalised Debye curves [6] 
in both dimensions to give a best fit for published data. 
The asymptote used for the specific heat at high 
temperatures is 2125 Jkg'K"1 .The emissivity is assumed 
constant at 0.80 and the thermal conductivity is 
approximated by: 

15 + 305958 T"13<m    for T > 573 K and 
217.9653 - 0.2233 T for T < 573 K. 

The effects of different numbers of foil hits and of using a 
foil of a different thickness are also investigated. By 
altering independently input parameters such as 
emissivity, heat capacity, and the energy deposited in the 
foil by one H" ion, the variations in foil temperature 
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Figure 1.    A plot of 400 ugcm"2 stripping foil temperatures versus recirculated proton hits. 
KEY:       Series 1 = Melting point of Carbon 

Series 2 = Peak equilibrium temperatures at 2 MW 
Series 3 = Peak equilibrium temperatures at 1 MW 

Series 4 = Minimum equilibrium temperatures at 2 MW 
Series 5 = Minimum equilibrium temperatures at 1 MW 
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Figure 2. A plot of Carbon stripping foil temperatures versus foil mass per unit area 
KEY:     Series 1 = Peak equilibrium temperature with 2.5 foil hits per injected proton, at 2 MW 

Series 2 = Minimum equilibrium temperature with 2.5 foil hits per injected proton, at 2 MW 
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caused by the uncertainties in the input conditions    are 
explored For thinner   foils, eg 100 ugcm2, variations in 
specific heat and deposited energy dominate the total 
uncertainty , but for thicker foils, eg   400 ugcm2  and 
above, the variation in emissivity dominates. For 2.5 foil 
hits, the summed estimated uncertainties in temperatures 
at the peak of the temperature cycle are: 
1MW: 1.5%   2MW: 1.6% 
Uncertainties in minimum temperatures are: 
1 MW: 2.0%.   2MW:2.2% 

an   instant   before   the   eighth   pulse, 
parameters as in Figure 3 

for   the   same 

m- .■'     Mf      .»BBKBISffiiU      1U.     '■*     '§*. 
IBS? »W       ««         jaBPiaBii;«!**!.. **       «■        «*» 
cr iir   is'     «sriiiini^sa ■«.   m    m 
:*» II        I« <fCVfMliailHR?Sft        «*       SI        «* 
SB» ■ *       «f «•''■■■■■■■■■"*»        13        •■        SB» 
88! ■■     If KSIIIIIIIIIIIfi«      "     II      ]|| . 
sat ■■      81 iS* ■■■■■■■■■>>«»      fi     <■      sss 
K*f ■■        XI Mil ■■■■■■■ BINS)«         IM        I*         !&&: 
ggi ii    sa niiMiiu«**f    *i    is    sgg; 
B«t ■■     «» '««■«-■■■■■■■'.tttM'      nr     sa      J«»i 
eg» ii.    :SL    iiik?aii*«»ir Jit'    iff    *ss 

mil     HL    '*iiB*-«--*iSf    .4ir    nm 

i-   in   o   co   r-   T-   in 
T-     l—     CM     CM 

D 2100-2200 

;S49 
02000-2100 

■ 1900-2000 
;S45 01800-1900 

;s4i ■ 1700-1800 

;S37 □ 1600-1700 

S33 ■ 1500-1600 

S29 11400-1500 

:S25 
■ 1300-1400 

;S21 
01200-1300 

■ 1100-1200 
S17 ■ 1000-1100 
;si3 1900-1000 

|S9 ■ 800-900 

:S5 m 700-800 

S1 ■ 600-700 
□ 500-600 
■ 400-500 

Figure 3. Peak Equilibrium temperature distribution 
after eight pulses for a 400ug cm'2 foil with 2.5 foil hits 
per injected proton. (Please note, the foil is actually 
twice as wide as it is high ). 
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Figure 4. Minimum Equilibrium temperature distribution 

3   CONCLUSION 

The peak temperature in the carbon foil, assuming a value 
of 2.5 recirculated proton hits per injected proton, is 1575 
K for 1 MW and 2195 K for 2 MW. These should be 
compared to the melting point of carbon of 3823 K. 
Therefore the foil as presently proposed by Brookhaven 
would be below its melting point, but no account has yet 
been taken of the stresses caused by the temperature 
gradients or by constant proton impact. 
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TRANSFER OF A POLARIZED PROTON BEAM FROM AGS TO RHIC 

N. Tsoupas*, T. Roser, M. Syphers, A. Luccio, 
Brookhaven National Laboratory, Upton, NY 11973 

D. Underwood Argonne National Laboratory 

Abstract 

As part of the RHIC project, the RHIC machine will also 
be able to accelerate polarized proton beam bunches. The 
bunches will be extracted from the AGS machine, with ki- 
netic energy T=25 GeV, and transfered into RHIC via the 
AtR transfer line[l]. When the RHIC machine acceler- 
ates polarized protons, it will operate with two full snakes, 
which define the stable spin direction of a polarized proton 
beam circulating in each ring, along the vertical. Therefore 
a polarized proton beam should be injected into the RHIC 
machine with the stable spin direction along the vertical in 
order to match that of the RHIC machine. The layout of the 
dipole magnets of the AtR linefl] creates a dependance, on 
the injection energy, of the stable spin direction of a polar- 
ized proton beam injected into the RHIC machine. In this 
paper, the study of the stable spin direction (at the RHIC 
injection point) of a polarized proton beam as a function 
of the injection energy is presented. A modification of the 
AtR transfer line, which eliminates this energy dependance 
(within the range of proton injection energies) of the stable 
spin direction is also presented. 

1   SECTIONS OF THE ATR LINE AFFECTING 
THE STABLE SPIN DIRECTION OF A 

POLARIZED PROTON BEAM 

Two sections of the AtR line are affecting the stable spin 
direction of a polarized proton beam during injection into 
the RHIC machine. The first section, which will be referred 
to as the "12.5 mrad vertical bend", (Fig. 1) is part of the 
W-line[l] and is located within the 20° horizontal bend. 
It starts with the +12.51 mrad vertically pitching magnet 
which is located midway along the drift space of the second 
and third combined function magnetsfl] and terminates at 
the exit of the -12.51 mrad vertically pitching magnet lo- 
cated midway along the drift space of the second and third 
quadrupoles of the W-line. 

5    ^TS^|= 
+12.51 mrad V-bend -12.51 mrad V-bend 

Fig. 1. Diagram of the "12.5 mrad vertical bend". 

The second section, which will be referred to as the "3.0 

mrad vertical bend", (Fig. 2) is located within the injection 
section[l] of the AtR line and begins with the 3.0 mrad ver- 
tically pitching magnet, followed by a Lambertson septum 
magnet[2], and terminates at the exit of the RHIC injection 
kicker[3],[4]. It is for the arrangement of the bending mag- 
nets in these two vertical bends, that affects the stable spin 
direction of a polarized proton beam. 

AtR beam Injection in RHIC 

8 mrad (x,z) bend 

mrad V-bend (RHIC Q) 

-0.8 mrad V-bend (RHIC Q) 
+3 mrad V-bend' 

39.9 mrad (x,z) bend (RHIC D) 
-1.73 mrad V-bend (RHIC Inj. kicker) - 

RHIC circulating beam   RHIC injection point 

Fig. 2. Schematic diagram of the "3 mrad vertical bend". 

2   STABLE SPIN DIRECTION AT RHIC 
INJECTION POINT 

The stable spin direction at the exit of the "12.5 mrad ver- 
tical bend" has been calculated[5] earlier. However the in- 
clusion of the partial snake[6],[7] in AGS as well as the 
redesign of the injection section of the AtR line[ 1] required 
new calculations to determine the stable spin direction at 
the RHIC injection point. Details of the calculations are 
also presented in Ref[8]. The new items which are included 
in the present calculations are: 

• A section of the AGS machine (from the center of the 
straight section CIO of AGS to the HI 3 fast extraction 
point)[8] followed by the AtR linefl]. 

• The energy dependance of the stable spin direction[7] 
of a polarized proton beam circulating in the AGS ma- 
chine. 

• The knowledge of the beam ellipsoid in AGS[8]. 

The calculations to determine the stable spin direction at 
the "RHIC injection point" were based on the numerical in- 
tegration of two equations: the differential equation of mo- 
tion (Eq. 1) of a charged particle moving in static magnetic 
and electric fields, and the spin precession equation (Eq. 2) 
of a particle with magnetic moment in the same electric and 
magnetic field: 

dv 
dt TWy 

vxB + E 
(v • E) v 

(1) 

* Work performed under the auspices of the U.S. Department of Energy ft=±.((G,+ 1)s,B+ 
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+ (7_1)G(^BH^I + 

+ ((G7+r^)sx(Bxu)c2)   (2) 

The simultaneous integration of the (Eq. 1) and (Eq. 2), 
above, and the required initial conditions which were 
obtained from the items mentioned above, were per- 
formed with a modified version of the RAYTRACE 
computer code[9] which comes under the name RAY- 
TRACE-SPIN[10]. 

2.1   Stable Spin Direction at RHIC Injection Point (AGS 
Partial Snake Off) 

The vertical component Sy of the stable spin direction, at 
the RHIC injection point, is shown in Fig. 3 as a function 
of Oy. The empty squares are the Sy components of the 
central trajectory particle. The filled squares are the aver- 
age vertical spin projection < Sy >, as calculated from 
the distribution of the Sy component of the 1000 injected 
particles. The error bars are one standard deviation of the 
vertical spin projection Sy and contains over 90% of the 
final spin distribution which is not Gaussian and represent 
a measure of the spread of the stable spin direction at the 
RHIC injection point. This spread of the stable spin direc- 
tion at the RHIC injection point is due to the off central 
trajectory particles which are experiencing the non vertical 
fields of the various quadrupoles and combined function 
magnets (dipole plus quad) of the AtR transfer line. The 
random sampling of the particles was taken from a beam 
with a normalized beam emittance of 10 it mm mrad for 
both vertical and horizondal planes, and one standard de- 
viation of the beam momentum spread Ap/p = ±0.05%. 
The calculations performed to obtain the results shown in 
Fig. 3 assumed that the initial stable spin direction was 
along the vertical. In an actual injection of a polarized pro- 
ton beam the assumption that the spin direction is along the 
vertical will not be valid, at least at the range of energies 
covered by the Fig. 3. This is because of the AGS partial 
snake[7], the effect of which is discussed next. 

Fig. 3. Sy component of the stable spin direction at RHIC 
injection point. AGS partial snake off. 

2.2   Stable Spin Direction at RHIC Injection Point (AGS 
Partial Snake On) 

The vertical component Sy of the stable spin direction at 
the RHIC injection point when the partial snake in the AGS 
is on with 5in Fig. 4 as a function of the Gj. The interpre- 
tation of the graph's symbols is similar to the one given in 
the previous subsection. The results of the stable spin di- 
rection as presented in Fig. 4 show that the initial stable 
spin direction, which is defined by the strength of the par- 
tial Snake in the AGS, has a profound effect not only in 
the spread but also on the average value of the stable spin 
direction itself at the RHIC injection point. 

G7 S   at  RHIC 

1.00 

0.95- 

0) 

o 
O 

Injection Point vs. 
j i i  

Fig. 4. Sy component of the stable spin direction at RHIC 
injection point. AGS partial snake on. 

3   OPTIMIZATION OF STABLE SPIN DIRECTION 
WITH INJECTION ENERGY 

The preceeding sections suggest that the optimum energy 
range for injection of a polarized proton beam into RHIC 
corresponds to values of G7 from ~45 to 48. However, it 
is possible to alter the energy range for optimum polariza- 
tion transfer of an injected beam into RHIC by employing 
three additional horizontally bending dipole magnets in the 
AtR tranfer line. A schematic diagram of the section of the 
AtR transfer line which includes the three added dipoles, is 
shown in Fig. 5. 

#* 
<** tataSf* H-bend Dipole 

(proposed) 
2 m 

H-bend Dipole 
(proposed) 

D2 *?- 
-12.5 mrad V-bend 

(existing) 
WQ3 Quad 
(existing) 

Fig. 5. Diagram of the proposed modification of the AtR 
transfer line for optimum polarization transfer. 

The first of the three proposed dipoles (Dl) shown in 
Fig. 5 is placed in front of the second 12.5 mrad vertically 
bending magnet of the 20° bend of the ATR line (see Fig. 
1). The second dipole (D2) shown in Fig. 5 is to be placed 
just after the second 12.5 mrad vertically bending magnet 
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with the center of the third dipole (D3) placed downstream 
from the center of the (D2) dipole, at a distance equal to the 
distance of the centers of the (Dl) and (D2) dipoles. This 
dipole arrangement is not dispersive, and will only affect 
the stable spin direction after the vertical magnet shown in 
Fig. 5. The beam trajectory will be restored at the exit of 
the D3 dipole, (Fig. 5) and the beam parameters will be 
practically the same as before the inclusion of the dipoles. 
The next two subsections present and discuss the results of 
the stable spin direction at the RHIC injection point when 
the three horizontal dipoles D1.D2 and D3 shown in Fig. 5 
are excited to 1.5 Tesla and bend the beam right,left,right 
respectively. 

3.1   Stable Spin Direction (AGS Partial Snake Off; AtR 
Modified) 

With the AtR transfer line modified by the insertion of the 
three dipoles mentioned above, the calculation for the sta- 
ble spin direction at the RHIC injection point was repeated. 
The vertical component Sy of the stable spin direction at 
the RHIC injection point is shown in Fig. 6 as a function 
ofÖ7. 
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Fig. 6. Sy component of the stable spin direction at RHIC 
injection point. AGS partial snake off, AtR line modified. 

3.2   Stable Spin Direction (AGS Partial Snake On; AtR 
Line Modified) 

In these calculations the AtR transfer line is modified as 
mentioned earlier, and the AGS partial Snake is turned on 
at a 9° strength. The vertical component Sy of the stable 
spin direction at the RHIC injection point when the partial 
Snake in AGS is on, is shown in Fig. 7 as a function of Ghf. 
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BEAM INJECTION INTO RHIC 

W. Fischer*, H. Hahn, W.W. MacKay, T. Satogata, N. Tsoupas and W Zhang 
Brookhaven National Laboratory, Upton, NY 11973, USA 

Abstract 

During the RHIC sextant test in January 1997 beam was 
injected into a sixth of one of the rings for the first time. 
We describe the injection zone and its bottlenecks. We re- 
port on the commissioning of the injection system, on beam 
based measurements of the kickers and the application pro- 
gram to steer the beam. 

1    INTRODUCTION 

The beam for the Relativistic Ion Collider (RHIC) is ex- 
tracted from the Alternating Gradient Synchrotron (AGS), 
transported through the AGS-to-RHIC transfer line (AtR) 
and then injected into either the Yellow or Blue ring of 
RHIC. The AtR comprises the u- and w-line (shared for 
both rings) and one 90 degree arc for each of the RHIC 
rings (named x-line for the Blue and y-line for the Yellow 
ring) [1]. At the end of 1995 u- and w-line were tested with 
beam [2, 3]. In January 1997, bunches of gold ions were 
guided through the y-line, injected into a sextant of the Yel- 
low ring and transported to the end of the sextant [4, 5, 6]. 

At the beginning of the sextant test a vertical corrector 
magnet(yo5-tv9, next to quadrupole yo5-qf8, see Fig. 1) 
was powered with 30 A and replaced the injection kickers. 
It made the initial injection of beam into the sextant easier. 
Later, when good injection conditions were established, the 
injection kickers [7] were commissioned. Kicker strength 
and rise time were measured with beam to ensure that de- 
sign criteria are met. An injection application program, de- 
signed to assist the operator in bringing the incoming beam 
onto the design orbit, was partially tested. 

2   THE INJECTION REGION 

There are 6 quadrupoles at the end of the y-line (yql, ..., 
yq6, see Fig. 1) providing enough degrees of freedom to 
match the optical functions of the AtR with those in the 
ring. After passing the last quadruple triplet (yq4,..., yq6) 
the beam is injected into the sextant. The incoming beam 
lies in a plane about 52 mm above the ring level. A pitching 
magnet (ypl) provides a 3 mrad downward deflection up- 
stream of the septum magnet ylamb. The beam then passes 
through the quadrupoles yo5-qf8 and yo5-qd9 and crosses 
the RHIC reference orbit in the center of the injection kick- 
ers ykil-yki4. The four kickers deflect the beam vertically 
by 1.86 mrad onto the RHIC design orbit. 

The iron Lambertson septum magnet ylamb bends the in- 
coming beam by 38 mrad and brings the beam axis into hor- 
izontal coincidence with the reference orbit in the sextant. 
The iron septum magnet will separate the incoming beam 

yq4     yqfi ylamb 

yq5 ypl yo5-(|8 ykil-yki4 

oJTnrrWiilfilJ irJHloilHHIrl 
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Figure 1: The optical elements in the injection region of the 
RHIC Yellow ring. Dipole are of height 0.5, quadrupoles 
are of height 1. The upper (lower) squares show the lo- 
cations of horizontal (vertical) beam position monitors, 
the triangles denote orbit correctors. The longitudinal s- 
position is taken from the beginning of the transfer line. 

from the circulating one. The stray field in the region of the 
circulating beam is kept below 10-4 T by means of a soft 
iron beam pipe, acting as a magnetic shield. The Corrector- 
Quadrupole-Sextupole assemblies (CQS) for yo5-qf8 and 
yo5-qd9 are shortened by leaving out the sextupole correc- 
tor. In addition, the beam pipe in yo5-qf8 is slightly bent 
upwards to give more clearance for the injected beam. 

Tab. 1 lists some optical functions in the injection region. 
The relatively large vertical beta function in the injection 
kicker (the maximum in the arcs is 45 m) combined with 
the small inner beam pipe diameter (41.2 mm compared to 
80 mm in the arcs) is a bottleneck for injection. 

Table 1: Optical functions in the injection region for the 
horizontal and vertical plane. 

element pos. ßx ßy Dx Dy 

[m] [m] [m] [m] [m] 
yq4 549.81 27.98 25.67 1.69 -0.00 
yq5 555.70 35.68 43.68 1.84 -0.00 
yq6 559.30 12.20 103.12 1.00 -0.00 
ypl 575.93 22.86 25.32 -0.55 0.00 
ylamb 580.83 38.22 14.50 -0.94 0.02 
yo5-qf8 584.35 47.82 11.20 -1.08 0.03 
yo5-qd9 599.18 11.18 47.82 -0.83 0.11 
ykil 601.68 14.61 37.91 -1.00 0.10 
yki2 603.13 17.28 32.79 -1.10 0.10 
yki3 604.59 20.44 28.17 -1.20 0.09 
yki4 606.04 24.08 24.04 -1.30 0.09 

* Work performed under the auspices of the US Department of Energy 

3   INJECTION KICKER MEASUREMENTS 

The injection kickers are described in detail in Ref. [7]. 
There are four injection kickers per ring. The kickers for 
the Yellow ring were commissioned during the sextant test. 
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position range, no kicker, yo5-tv9 at 30A 
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Kicker voltage [kV] 
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Figure 2: Measurement of the injection kicker strength. 
The beam was observed on a flag at the end of the sextant. 
The position on this flag for 3 different kicker strengths is 
compared with the position when the kicker was replaced 
by a nearby vertical corrector. 

The commissioning consisted of four parts: first, finding 
the correct timing, second, determining the correct kicker 
strength, third, measuring the rise time and fourth, record- 
ing the shot-to shot stability for multi-bunch extraction. In 
this case four bunches, 100 ms apart, were injected. 

For the first task the kicker current signal was compared 
with the signal from a beam position monitor close to the 
injection kickers. The main vertical deflection for the in- 
jection still came from the vertical corrector yo5-tv9. The 
kickers were operated with about 30% of their design volt- 
age to find the delay time with the maximum vertical de- 
flection. The beam response to the kicker was observed on 
a flag (yo4-f3) some 500 m downstream at the end of the 
sextant. 

Second, the kicker voltage was varied while the beam 
position was observed on the flag at the end of the sextant. 
At 32.3 kV (close to the design value of 32 kV) the beam 
position on this flag was the same as with the vertical cor- 
rector next to yo5-tv9. 

The rise time limits the number of bunches that can be 
injected into a RHIC ring. Since the electromagnetic field 
in the kicker is rather complicated (about 94% of the mag- 
netic and about 6% of the electric field contribute to the 
kick) only a measurement with beam can give reliable re- 
sults for the rise time. The following procedure was used 
to measure the rise time: In a first step the vertical correc- 
tor was switched on with the kicker timing far off. Then 
the kicker timing was changed until a change of the beam 
position on the last flag was visible. In a second step, the 
kicker was used fully timed in and the corrector yo5-tv9 
switched off. The kicker delay time was varied so long as 
to see a drop in the maximum beam deviation on the flag. 
In Fig. 3 this measurement is shown, when all four kickers 
were used. 

However, in kicker current measurements one of the 
four kickers showed a longer rise time and a reduced flat 
top value.  Therefore, another measurement without this 

weaker kicker was taken too. The kicker was switched off 
and the missing strength was again provided by the verti- 
cal corrector magnet. Applying a similar procedure as for 
the first measurement, the measured rise time was clearly 
below the design value of 95 ns (see Fig. 4). It was found 
out later, that the different behavior of one of the kickers 
could be explained by a temperature regulation problem of 
a thyratron in the pulser circuit for this kicker. 
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Figure 3: Rise time measurement using all four injection 
kickers. The beam position was observed on a flag at the 
end of the sextant. The left part of the curve was mea- 
sured while the vertical corrector yo5-tv9 was powered at 
nominal strength; the right part of the curve was measured 
without it. 
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Figure 4: Rise time measurement using only three injection 
kickers, excluding the "abnormal" one (cf. Fig. 3). The left 
part of the curve was measured while the corrector yo5-tv9 
was powered at its nominal strength; the right part of the 
curve was measured with 0.25 of its nominal strength. 

Fourth, the stability for multibunch injection was mea- 
sured. In Fig. 5 the horizontal and vertical trajectories in 
the sextant are shown for 4 injected bunches separated by 
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Figure 6: Graphical user interface for the injection tuning 
program. 

Figure 5: Injection of multiple bunches into the Sextant. 
Bunches are separated by 100 ms. 

100 ms. There is an excellent agreement for the vertical or- 
bits, indicating that there is no performance degradation of 
the kickers in this mode. The disagreement in the horizon- 
tal plane can be attributed to changing horizontal ejection 
conditions of the AGS. 

4    THE INJECTION PROGRAM 

The injection tuning program guides the beam from the 
pitching magnet ypl through the kicker magnets ykil 
through yki4 (see Fig. 1). The horizontal and vertical phase 
space coordinates at ypl are constructed from two position 
measurements in each plane upstream of ypl. The hori- 
zontal and vertical phase space coordinates at the kickers 
are obtained from a pair of beam position monitors in each 
plane downstream of yki4. From the measured phase space 
coordinates at the kickers a pair of horizontal and vertical 
correctors in each plan is set to correct for the deviations. 
Correctors between ypl and ykl can be set manually. The 
graphical user interface of the program is shown in Fig. 6. 

However, the initial steering in the injection region was 
done with beam loss monitors since the beam position mon- 
itors were not available at this time. Later the injection tun- 
ing program could be tested only for the horizontal plane 
and without the injection kickers. A test result is shown in 
Fig. 7. 

5   CONCLUSION 

Although there is no ample space for the the beam injection 
into RHIC, the injection process during the sextant went 
very well. In addition, the kickers performed as expected, 
even exceeding the rise time requirements. 

Horizontal Position [mm] 

s [m] (S-atr) 

Figure 7: Correction of the horizontal orbit at injection. 
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THE RHIC INJECTION KICKER 

H. Hahn*, N. Tsoupas, and J. E. Tuozzolo, 
Brookhaven National Laboratory, Upton, New York 11973 

Abstract 

Beam transfer from the AGS to RHIC is performed in 
single-bunch mode. Close spacing of the bunches in the 
collider requires an injection kicker with a rise time of <90 
nsec, suggesting adoption of a travelling wave structure. 
The required vertical kick of 0.186 T-m is provided by 4 
magnets, each 1.12 m long with a 48.4 x 48.4 mm aperture 
and operated at 1.6 kA. The kicker is constructed as a "C" 
cross section magnet, in which ferrite and high-permittivity 
dielectric sections alternate. The dielectric blocks provide 
the capacity necessary for the nominally 25 Q, characteristic 
impedance of the travelling wave structure, but impose the 
practical limit on the peak voltage, and thus current, achiev- 
able. Computer studies to minimize local electric field en- 
hancements resulted in a configuration capable of holding 
~50 kV, with adequate safety margin over the nominal 40 
kV. Equivalent circuit analysis indicated the possibility of 
lowering the nominal voltage by operating mismatched into 
20 Q, terminations without degrading the pulse shape. In 
this paper, the experience gained in the fabrication of the 
production units and the results from various single-unit 
tests and operation of four kickers with beam in the "Sex- 
tant Test" are reported. 

1   INTRODUCTION 

The design of the RHIC injection system was dominated 
by the requirements of the strength and risetime of the fast 
kicker. The kicker has to provide a vertical deflection of 
1.86 mrad for beams with a Bp = 100 Tm. The available 
free space for the four kickers limits their effective length to 
1.12 m each. Neglecting any contribution from the electric 
field, the deflecting magnet field is required to be 415 G in- 
side the beam tube. This leads, with the horizontal aperture 
of 4.84 cm, to the current requirement of 1.6 kA. The kick- 
ers are each powered from a Blumlein pulser which is de- 
signed for 50/2 Q, imposing a characteristic impedance of 
25 tt and a nominal voltage of ~40 kV in the kicker. Inject- 
ing beam from the AGS to RHIC is performed by single- 
bunch transfer into stationary buckets of the acceleration rf 
system at 24.15 MHz. Transfer of 120 bunches, as intended 
in a design upgrade, requires filling of every third bucket, 
spaced 107 nsec apart. The ion bunches are expected to be 
<15 nsec long, leading to a risetime requirement (1 - 9%) 
of <90 nsec in deflection or ~45 nsec in current. During 
the bunch length, the flat top requirement is ±1%, easily 
achieved with the 100 nsec long pulse. At the end of the 
injection process, a gap of ~1 //sec will be left to facilitate 

the beam abort, implying that there is no severe constraint 
on the fall time. 

The risetime requirement suggested the adoption of a 
transmission line structure. Using a CERN-type "plate- 
kicker" is the quasi-standard solutio to achieve fast rise 
timesfl]. Replacing its lumped capacitors by high- 
permittivity ceramic blocks promised to be simpler, more 
compact, and thus more economical. Following con- 
cepts contemplated at SLAC[2, 3], the original design for 
the RHIC injection kicker was generated by Forsyth, et 
al.[4]. The kicker R&D program with the results from 
half-length models demonstrated the viability of this solu- 
tion. However, it became evident that the specifications for 
the RHIC kicker are at the limit of what can be expected 
from this type of kicker; furthermore sharp resonances in 
the coupling impedance made appropriate design changes 
imperative[5]. A modified design of the kicker core and the 
development of special tooling and fabrication procedures 
then made the production of full-size kickers for operation 
in the "Sextant Test" possible. 

* Work performed under the auspices of the U.S. Department of Energy 

Figure 1: RHIC injection kicker configuration (Dimensions 
in mm). Only the end blocks are slotted. 

2   KICKER CONFIGURATION 

The kicker is configured as a "C" magnet with interspersed 
ferrite[6] and dielectric[7] blocks as shown in Fig. 1. On 
the top, there are 14 x 1 in. dielectric and 15x2 in. fer- 
rite blocks. The field in the ferrite reaches here 2.13 kG 
at the nominal 415 G in the gap. The ferrite in the sides, 
although in principle continuous, must be assembled from 
1.5 in. long blocks to avoid eddy currents. 
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The design objective of 40 kV across the 1.39 cm thick 
blocks results in a nominal field of 29 kV/cm. This is below 
published values, ~60 kV/cm, for similar dielectrics such 
as sintered titania-rutil[8], or barium titanate[9]. However, 
the manufacturers of our materials provided no information 
(or warranty) as to their electric breakdown limits. Thus, 
prior to their assembly, all incoming blocks were tested in 
Fluorinert between parallel plates to 60 kV with millisec 
pulses. The test voltage for the dielectric and ferrite blocks 
is thus 50% above the nominal design requirement. There 
is reason to assume, that higher fields can be reached with 
nanosec pulses, especially in the ferrite where eddy cur- 
rents play an important role. 

The nominal electrical field of 29 kV/cm is also signif- 
icantly below the reported electric breakdown strengths of 
epoxy and RTV (~300 kV/cm)[10]. Epoxy is used to form 
the magnet core consisting of the ferrite/dielectric blocks 
with the busbar (i.e. the inner conductor), and RTV is used 
in the final assembly of the core into the frame. However, 
due to the large ratio of eaieiAepoxy ~ 30, correspondingly 
larger fields can exist in an epoxy layer over the dielectric 
and must be avoided. Prior to its final assembly the kicker 
core is machine-ground with a diamond wheel to remove 
any epoxy from the surface and to assure direct contact via 
an indium layer with the frame. 

tions and their experimental verification by tests on almost 
a dozen half-length models. Tests were done on magnet 
cores with dielectric blocks ranging from 1.5 to the original 
3 in. width while maintaining the same overall dimensions 
and busbar geometry. The two-dimensional electric field 
lines and equipotentials in a cut through the center of the 
dielectric block is shown in Fig. 2. 
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Figure 3: Electric field components on a line in beam direc- 
tion through the dielectric block (at left), the epoxy layer, 
and the ferrite block (at right). 
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Figure 2: Electric field lines in a cross section at the center 
of the dielectric blocks. 

Searching for a solution which minimizes local field en- 
hancements while retaining a maximum capacitance lead to 
an extensive experimental and theoretical R&D program. 
Electrostatic computations using the OPERA-2d program 
were performed to establish the peak electric fields and 
their location in the core. The design was optimized by 
focussing on the geometry of the dielectric block and the 
details of its contact with the busbar, established by a 4 
mil indium layer. The obvious ideal condition is a dielec- 
tric block between two infinite parallel plates, but find- 
ing the best approximation required numerous computa- 

The boundary conditions of the time-varying electric 
components of the TEM mode in the kickers are identi- 
cal to those of two-dimensional static electric fields. Thus 
the electrostatic field computations with the OPERA-2 pro- 
gram provide correct results for the pulsed electric fields at 
the center of the blocks, and a good approximation over 
a large fraction of the blocks. However, the fields at the 
ferrite-dielectric interface are three-dimensional and have 
been addressed by separate computations. The electric 
field components on a line in beam direction through the 
blocks at the location of the peak field is shown in Fig. 
3. The results confirmed the assumption that the distur- 
bance due to the epoxy layer is highly localized and that the 
fields are essentially two-dimensional in the blocks. The 
three-dimensional peak field enhancement in the dielectric 
blocks of the present design were found to be 3.5 at the 
corner versus the 2.2 at the center. 

3   KICKER PERFORMANCE 

As of today, six full-size production kickers have been 
built. The first four were assembled with MCT-100 blocks 
resulting in a characteristic impedance of 28.6 Cl. Start- 
ing with kicker #5, MCT-125 blocks were used in order to 
reduce the impedance to <~25 fi. 

Direct measurement of the kicker performance without 
beam is effectively limited to the current in the termina- 
tion load and the Blumlein charging voltage, but its value 
is not rigorously equal to the voltage at the kicker input 
end. Half-length models were tested at 50 kV for ~1M 
pulses without degradation, and all production units are 
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verified to reach the nominal 40 kV. In the Sextant Test, 
the kicker magnets were terminated with 20 instead of the 
nominal 25 fi as a precaution in order to gain safety margin 
against voltage breakdown. An equivalent circuit analysis 
substantiated the observation that the current pulse shape is 
only minimally changed[l 1]. The measured load current in 
kicker #5, terminated with 20 fl is shown in Fig. 4 and with 
a different time scale in Fig. 5. The mismatch causes an 
"after-pulse," about 850 nsec after the peak of the deflec- 
tion, due to a reflected signal returning to the pulser and 
there being reflected again. The after-pulse, by serendip- 
ity, falls between the 4th and 5th beam pulse after the in- 
jected bunch, if the design 60-bunch injection is attempted. 
In any case, the after-pulse falls within the ~1 /xsec beam 
dump gap. Measurements in the Sextant Test with beam 
confirmed that 1.6 kA (or ~32 kV across the 20 Q) pro- 
vide the required deflecting strength with a risetime of <90 
nsec[12]. 

hp    stopped 

A 

-250.00 ns 0,000  S 
50.0 ns/div 
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EQUIVALENT CIRCUIT ANALYSIS OF THE RHIC INJECTION KICKER 

H. Hahn* and A. Ratti*, Brookhaven National Laboratory, Upton, New York 11973 

Abstract 

The RHIC injection kicker is built as a travelling wave 
structure in order to assure the required 95 nsec risetime 
in the deflection strength. The kicker is constructed from 
14 cells, each 7.5 cm long, with alternating ferrite and high- 
permittivity dielectric sections. The cell structure permits 
an analysis of the electrical properties of the kicker using 
lumped L, C, and R circuit elements. Their values are ob- 
tained directly from impedance measurements of the full- 
length kicker, the inductance and shunt capacitance values 
by measuring the input impedance at 1 MHz with the out- 
put shorted and open, respectively. A lossy series reso- 
nance circuit in each cell is found to reproduce the mea- 
sured input impedance of the terminated kicker up to ~100 
MHz. The validity of the equivalent circuit was confirmed 
by comparing the measured output current pulse shape time 
with that computed by the P-Spice program. 
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Figure 1: RHIC Injection Kicker Configuration. 

1    INTRODUCTION 

The RHIC injection kicker was conceived as a transmis- 
sion line magnet in order to achieve the required rise time 
of < 95 nsecfl]. The kicker is configured from ferrite and 
dielectric blocks as a "C" type magnet with its geometry 
shown in Fig. 1. The deflecting properties of the kicker are 
dominated by the magnetic field and thus by the geometry 
and properties of the ferrite blocks. The nickel-zinc ferrite 
(CMD-5005 by Ceramic Magnetics) has a high permeabil- 
ity and resistivity for use at frequencies up to ~ 100 MHz. 
Although in principle continuous at the side, the ferrite 
must be subdivided to limit eddy current effects. The ca- 
pacity required to achieve the transmission line behavior is 
predominantly provided by the dielectric ceramic blocks, a 
sintered mixture of magnesium and calcium titanate (MCT- 
125 by Trans-Tech) with high dielectric constant, e = 125, 
to achieve the characteristic impedance of 25 Q. The con- 
tribution to the capacity from the ceramic beam tube is neg- 
ligible, and for convenience sake, all kicker measurements 
were made without it. 

The original kicker design was based on an equivalent 
circuit analysis of a low-pass filter with lumped L and C 
elements [2]. In a subsequent paper, the kicker was treated 
as a transmission line with uniform, albeit anisotropic prop- 
erties in order to establish a better correlation of geomet- 
rical with electrical parameters[3]. In an attempt to esti- 
mate the current rise time from the low-pass band width, 
the kicker was treated as a cascaded chain of transmission 

* Work performed under the auspices of the U.S. Department of Energy 
t Present address: LBNL, Berkeley, CA 94720 

lines with different characteristic impedances and propa- 
gation velocities[4]. Although useful, the simple equiva- 
lent circuits presented so far are limited and do not allow 
a reliable prediction of the kicker performance resulting 
from engineering changes or from varied operational con- 
ditions, such as the mismatched 20 fl termination used in 
the Sextant Test. In this paper, an equivalent circuit for 
a generalized low-pass filter with lumped elements is pre- 
sented, which was obtained from direct measurements of 
the kicker. The P-Spice program was then used to simulate 
the kicker performance and the comparison with experi- 
mental data showed fully satisfactory agreement[5]. 

2   EQUIVALENT CIRCUIT 

The RHIC injection kicker is constructed as a low-pass fil- 
ter with 14 cells, each 7.5 cm long, with alternating fer- 
rite and high-permittivity dielectric sections, thereby ap- 
proximating a transmission line magnet. The cell struc- 
ture permits an analysis of the electrical properties of the 
kicker using an equivalent circuit with lumped L, C, and 
R elements. Their values are obtained directly from input 
impedance measurements of the full-size kicker in the fre- 
quency range up to ~ 100 MHz. Discussed here in detail is 
the production kicker #5, in which the MCT-125 dielectric 
blocks are used. 

The inductance is obtained from the input impedance at 
1 MHz with the output port shorted. The total inductance 
was measured to be 1.59 ßü, resulting in 106 nH for each 
of the 15 series inductors. At frequencies below the A/4 
resonance, 4.757 MHz, the input impedance of the shorted 
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kicker is given by Zin = ZKtan{^nf/fx/4>, from which 
follows the characteristic impedance of the kicker as ZK ~ 
26 ft. 

The capacitance is obtained from the input impedance 
at 1 MHz with the output port open. The total capaci- 
tance was 1.99 nF, resulting in ~140 pF for each of the 
14 dielectric blocks. The measured input impedance of the 
kicker terminated with the nominal 25 Q is shown in Fig. 2. 
The pronounced resonance at 64 MHz can be represented 
by a lossy series resonance. This resonance is associated 
with eddy currents in the ferrite side blocks, as established 
by a series of measurements with side blocks of different 
lengths. The circuit elements, and in particular the damp- 
ing resistors, were adjusted to render the strength of the 
resonances in the open and shorted condition. 
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Figure 2: Measured input impedance of kicker with 
matched output port termination and comparison with P- 
Spice computations. 

Using the equivalent circuit shown in Fig. 3, the P-Spice 
computed input impedances for the output port terminated 
in the design 25 O are compared with the measured results 
in Fig. 2. As seen, the agreement is quite satisfactory and 
establishes the confidence, that dependable predictions of 
the kicker performance can be made based on the equiv- 
alent circuit diagram. Of interest are, for example, the 
kicker response to a step function voltage, the operation 

of the kicker with a 20 Q, termination to reduce the volt- 
age requirement, and the estimate of the longitudinal cou- 
pling impedance in the frequency range below 100 MHz 
for which the equivalent circuit is applicable[6]. 

P" X. 56p 56p 56p 

f* 

Figure 3: Equivalent circuit of injection kicker. Only 3 
of the 14 dielectric capacitors in a full-length kicker are 
shown. 

3   TIME DOMAIN KICKER PERFORMANCE 

Having established the equivalent circuit based on mea- 
surements in the frequency domain, it is now possible 
to predict the kicker performance in the time domain by 
means of P-Spice computations. Measurement of the per- 
formance of the kicker without beam is effectively limited 
to the current in the output load. The charging voltage on 
the Blumlein pulser can also be measured, but its value is 
not rigorously equal to the input voltage at the kicker. 

The kicker load current in production unit #5 terminated 
into 25 Cl is shown in Fig. 4 for a ~40 kV pulser volt- 
age, which satisfies the nominal design requirement of 1.6 
kA. The measured current is in good agreement with the 
P-Spice computation. Also shown is the computed "effec- 
tive kicker current," which renders the rise time of the de- 
flecting force and, neglecting the 3 nsec ion transit time, is 
obtained by averaging the instantaneous current in the 15 
series inductors. The computed rise time of the effective 
current is < 100 nsec in full agreement with the Sextant Test 
beam measurements[7]. 

The pulse propagation time in the 1.12 m long kicker 
was directly measured by means of uncalibrated capacitive 
probes at the input and output ends. The two signals are 
shown in Fig. 5; by using a single trigger, the propagation 
time was directly measured to be ~50 nsec, in excellent 
agreement with the theoretical prediction based on a prop- 
agation velocity of v/c = 0.07. The measured value is 
also in agreement with the computed P-Spice predictions 
as seen in Fig. 5, where the the voltages at the input, at the 
first dielectric block and at the load are shown. 

4   EQUIVALENT CIRCUIT ANALYSIS OF 
COUPLING IMPEDANCE 

The analytical treatment of the kicker coupling impedance 
at low frequencies, i.e. below ~100 MHz, is instructive but 
limited and can be complemented with the use of equivalent 
circuits[6]. An appropriate model seems to be a multi-cell 
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Figure 4: Measured load current at 500 A/division and 
comparison with P-Spice computed curve. The computed 
"effective" current represents the average of currents in the 
15 series inductors and is an estimate of the time-dependent 
kicker deflecting strength. 

section low-pass filter with lumped elements, shown in Fig. 
6 for a half-size kicker model. Having established the equi- 
valent circuit of the kicker alone, one can add the beam 
as a series of magnetically coupled inductors, the val- 
ues of which are determined from impedance wire mea- 
surements LB = 18.9 nH and K = 0.82. The cou- 
pling impedance computed by the P-Spice program at low 
frequencies has been compared with the results from the 
"wire" measurements[6]. The agreement is reasonable con- 
sidering the possible errors in measurement and the limita- 
tions of the model. 
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A STUDY OF BETATRON AND MOMENTUM COLLIMATORS IN RHIC 
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Abstract 

The Relativistic Heavy Ion Collider (RHIC) has two in- 
teraction regions where /3*=l-2m, with large detectors 
PHENIX and STAR. The transverse and longitudinal emit- 
tances are expected to double in size between one to two 
hours due to intra-beam scattering which may lead to trans- 
verse beam loss. Primary betatron collimators are posi- 
tioned in the ring to allow efficient removal of particles 
with large betatron amplitudes. We have investigated distri- 
butions and losses coming from the out-scattered particles 
from the primary collimators, as well as the best positions 
for the secondary momentum and betatron collimators. 

1    INTRODUCTION 

A primary goal of the Relativistic Heavy Ion Collider 
(RHIC) is to provide collisions of heavy-ions at six interac- 
tion regions (IR). Two IR are designed to be at a ß*=\-2 m 
to allow for luminosities of the order of L=1027cm~2s~1. 
Two large detectors, STAR and PHENIX, are located at the 
high luminosity regions. The strong focusing quadrupoles 
at opposite sides of these two IP-s are the limiting apertures 
due to the large betatron amplitude functions of the order 
of ß ~ 1500 m. There will be collisions between different 
ion species as well as between polarized protons. The six 
dimensional emittance of the heavy ion beams is expected 
to double in size due to intra-beam scattering between one 
to two hours. Particle amplitudes can also grow due to 
other effects like beam gas interaction, beam diffusion due 
to the nonlinear beam dynamics etc. This results in beam 
loss at limiting apertures at the triplet magnets close to the 
large detectors. This beam loss created hadronic showers 
which leads to larger than desirable backgrounds in detec- 
tors. To reduce this background it is necessary to scrape 
the unwanted beam. The primary betatron collimator has 
to be able to remove particles with large amplitudes. This 
report studied the distribution of scattered particles from 
the primary collimators and their propagation throughout 
the RHIC accelerators. The optimum location for the sec- 
ondary betatron and momentum collimator are reported. 

2   PRIMARY COLLIMATORS 

Positions of the primary collimators in the two (blue and 
yellow) rings are downstream of the large PHENIX detec- 
tor at locations with high ß value. The efficiency of the 
betatron collimator depends on the value of the betatron 
amplitude function. The best possible location is imme- 
diately downstream end of the high focusing quadrupoles 

where ß ~1000 m. Interaction of the gold ion and proton 
beams with the collimator target has been performed by us- 
ing a computer code written by Van Ginneken [1]- [2]. The 
out-scattered particles were obtained in two steps: 
-The betatron amplitude of particles in the ring is increased 
by a diffusion process based on measurements at the SPS- 
CERN [3]. The amplitude grows continuously if it reaches 
amplitudes larger than 4 a. 
The upstream edge of the collimator is set at 5.5 a with 
a slope which corresponds to the betatron function slope. 
The emittance of the heavy-ions (gold) is assumed to be 40 
■K mm mrad, and 20 it mm mrad for the proton beam. The 
particles' orbit is tracked through the 0.45 m long collima- 
tor. Any orbit which emerges from the collimator without 
having inelastically interacted creates an initial particle dis- 
tribution for further studies. Figure 1 represents the initial 
horizontal phase space of the gold ions orbits at nominal 
energy of 100 GeV/nucleon scattered from the primary col- 
limator. The angle of the scattered ions is very narrow (as 
shown in 1). 

Gold Ions Scattered from the Collimator 

V       -0.00080 

* Work performed under the auspices of the U.S. Department of Energy 

x(m) 

Figure 1: Initial distribution of gold ions scattered from the 
primary collimator 

The momentum distribution of the scattered particles from 
the collimator shows (see Figure 2) that a large number 
of particles have momentum offsets much larger than the 
projected RHIC bucket size at storage ap ± 0.2%. 

3   PHASE SPACE DISTRIBUTION OF THE 
SCATTERED PARTICLES 

This initial particle distribution was then used as input for 
the tracking program TEAPOT [4]. The tracking was per- 
formed with the systematic and random multipoles within 
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Figure 2: Initial momentum distribution of gold ions scat- 
tered from the primary collimator versus horizontal posi- 
tion. 

the quadrupoles and dipoles obtained from the measure- 
ment data, at the top energy of 100 GeV/nucleon for gold or 
250 GeV for protons and for 256 turns. The misalignment 
and roll errors were estimated from the surveying data. The 
rms values for misalignment used for the arc quadrupoles 
were Ax,y=0.5 mm A0=O.5 mrad, while from the measure- 
ments of the triplet quadrupoles the roll and misalignment 
errors for the rms values were Af3=0.5 mrad and Ax,y=0.5 
mm. 

3.1 Longitudinal Phase Space 

During tracking the RF voltage was included and the lon- 
gitudinal motion of the surviving particles was monitored. 
Particles with momentum offsets within the bucket size 
limit executed synchrotron oscillations. Particles projec- 
tions in the longitudinal phase space show in Figure 3 that 
only particles within the bucket survive. Only few parti- 
cles, which survived all 256 turns, finished almost one syn- 
chrotron oscillation. The phase space, shown in 3, is at the 
location downstream of the primary collimator. 

3.2 Transverse Phase Space Distribution 

The transverse positions of the scattered particles on the 
first turn show that most of the particles with large momen- 
tum offsets, are lost around the first bending elements. The 
particle distributions at different locations are presented in 
the normalized phase space: 

Tß and X = x^ß+W) (i) 

Locations with the betatron phase differences of ~ 
30°, 165° with respect to the position of the primary col- 
limator, have been shown to be preferable [5] positions 

Figure 3: Longitudinal tracking 

for the secondary scraper. One of the suitable positions 
(Q9-D9 in th RHIC lattice) for the secondary collimator is 
shown in Figure 4. The phase difference is 165°. 

Normalized Phase Space - At Q9-D9 

0.0000 

X/Vß 

Figure 4: Possible position of the secondary collimator 

3.3   Particles 'momenta at the secondary scraper 

Figure 5 represents projections of the particles positions at 
the possible secondary collimator but in a different space. 
The horizontal axis represents particles' momenta, while 
the vertical axis is chosen for their horizontal positions. 
This plot shows another advantage of having the secondary 
scraper at this location. When the secondary scraper is set 
to a horizontal offset larger than 7a, particles out of the 
bucket are eliminated. It should be noted that the disper- 
sion function has a large value at this location. 

220 



FlagatQ9-D9 256 TURNS Lost Particles - Scattered from the PRIMARY Collimator 

0.015 .... "  —'—i—»  

Bucket size 
+-0.2% 0.010 

0.005 ■ 

0.000 
6.6o= 10.9mm ~^£R ■ 

-0.005 '?'< ■ 

-0.010 Väp. - 

-0.015 y • 

-0.020 .. V ■ 

-0.025 . • .'?''.' 
: 

-0.030 

.         .                  ■....!.. 

; 

-0.005 0.000 

dp/p 

Figure 5: Horizontal positions of gold ions scattered from 
primary collimator at the secondary collimator with respect 
to their momenta. 

4   BEAM LOSS LOCATIONS IN THE RING 

The primary betatron collimators will reduce the back- 
ground at the RHIC detectors, eliminating particles with 
the large betatron amplitudes. On the other hand the scat- 
tered particles from the primary collimator could influence 
the background if they get lost upstream of the detectors. 
At the large detectors with ß* = Im the strong focusing 
quadrupoles have their effective apertures reduced, due to 
the large values of the ß functions. The losses of the scat- 
tered particles from the primary collimator occur at these 
quadrupoles, as shown in Figure 6. The lost particles are 
presented on a logarithmic scale. Figure 6 also shows 
losses at a set of magnets downstream of the primary col- 
limator which are mostly due to the large momentum off- 
set particles. The largest number of lost particles is at the 
strong focusing quadrupoles. 

5   CONCLUSIONS 

The primary collimators in RHIC are important for many 
reasons: 

• To remove the beam halo and reduce the background 
noise for the detectors. 

• As a very good tool for beam diagnostics [5]: accep- 
tance measurements, transverse particle distribution 
of the beam, frequency analysis of the beam loss rate, 
etc. 

A combination of the primary and secondary betatron col- 
limators can be used to remove not only the scattered par- 
ticles from the primary collimator but also to remove parti- 
cles out of the buckets. The secondary betatron collimators 
are effective only if the betatron phase difference between 

TRIPLET 
REGION 
PHENIX 

REGION 
STAR 

DOWNSTREAM of 
PR. Colllm»lor 

S 

*! a 

2000.0 
s(m) 

Figure 6: Losses around the ring from the primary collima- 
tor 

the two scraping stages is correctly chosen. Efficient mo- 
mentum collimation [6] had already been reported at the 
same location, as it is the optimum position of the sec- 
ondary betatron collimator (found in this study). It would 
be possible to create macro buckets with the use of the 
RHIC 28 MHz cavities to trap the particles outside of the 
buckets and scrape them [6]. The secondary collimator po- 
sition determined in this study removes particles with large 
momentum offsets scattered from the primary collimator. 
It should be noted that losses from the primary collimators 
will still be the same in the region between primary and 
secondary collimators. The spray at the triplets with the 
high values of ß functions exists although it is significantly 
reduced. 

6    REFERENCES 

[1] A. Van Ginneken, Elastic scattering in thick targets and edge 
scattering, Physical Review D, Vol. 37, number 11, 1 June 
1988, pp.3292-3307. 

[2] A.Van Gineken, ELSHIM, Program to simulate Elastic Pro- 
cesses of Heavy Ions, BNL-47618, AD/RHIC-100, Informal 
Report, May 1992. 

[3] W. Fischer, M. Giovannozzi and F. Schmidt, "Dynamic aper- 
ture experiment at a synchrotron", Phys. Rev. E, Vol. 55, 
Number 3, p. 3507 (1997). 

[4] L.Schachinger and R. Talman, A Thin Element Accelera- 
tor Program for Optics and Tracking, SSC Central Design 
Group, Internal Report SSC-52 (1985). 

[5] M. Seidel, The Proton Collimation System of HERA, Disser- 
tation, DESY 94-103, June 1994, Hamburg 1994. 

[6] S. Peggs and G.F. Dell, Momentum Collimation at Q9, 
Report-no:RHIC/AP/78, November 1995 

221 
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Abstract 

The AGS to RHIC (AtR) beam transfer line[l] has been 
constructed and will be used to transfer beam bunches 
from the AGS machine into the RHIC machine which is 
presently under construction at BNL. The original design of 
the AtR line[l] has been modified. This article will present 
the optics of the various sections of the existing AtR beam 
line, as well as the matching capabilities of the AtR line to 
the RHIC machine. 

1   THE ATR LINE 

The AtR beam transfer line, has been constructed and 
commissioned[2],[3],[4],[5] by extracting +77Au beam 
bunches of momentum 11.2 GeV/c per nucleon, injected 
from the AGS machine. A schematic layout of the acceler- 
ator complex at BNL is shown in Fig. 1. A more detailed 
diagram of the AtR line is shown in Fig. 2. The AtR line is 
purposely partitioned into four main sections: U-line, W- 
line, X- and Y-lines, and the injection sections, one follow- 
ing the X-line and the other the Y-line. This partition facil- 
itates the optical design of the AtR , because each section 
can be studied independently. A description and the beam 
optics of each section of the AtR will be discussed next. 

7.7    The U-line 

The U-line is the first section of the AtR beam line (Fig. 
2) which starts at the AGS Fast Extraction Beam (FEB) 
point[6] H13 and terminates at the entrance of the first 
magnetic element of the W-line. The U-line has two right 
bends, one 4.25° made of two A-type dipole magnets[7] 
modified from a 29 mm gap to 39.6 mm gap, and the other 
8° of four C-type combined function magnets[7] (placed 
in a FDDF arrangement), and thirteen quadrupoles. The 
U-line has the following functions: 

• Match the Twiss parameters at the AGS extraction 
point[6] H13 (Fig.l) and create an achromatic beam 
(7?x=0, ?7z=0) at the exit of the 8° bend 

• Create a beam waist with low beta function values at 
the location of a thin gold foil which is placed just 
upstream of the quadrupole Q6 of the U-line. The 
gold foil, strips[8] the two K-shell electrons from the 
+77Au ions, and other heavier ions. 

• Match the Twiss parameters of the line to the ones at 
the origin of the W-line 

• Maintain a reasonable upper limit of the beta func- 
tions along the line, so that beam with 95% normal- 
ized emittance 7re = 207T (mm.mrad) will not extend 
more than half of the available beam tube radius 

Linac 

AGS-RHIC Complex 

Fig. 1. Layout of the AGS-RHIC complex with the AtR 
transfer line. 

Injection** 
Section 

" Work performed under the auspices of the US DOE 

Fig. 2. Layout of the AtR transfer line with the U,W,X,Y 
lines and Injection sections. 

Although the AGS Twiss parameters at the extraction 
point H13 depend on the extraction conditions[6], the AtR 
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line has the capability to satisfy all constraints mentioned 
above, over the range that these parameters may vary. The 
Ac. A/> Vx> Vy functions of the U-line are shown in Fig. 3. 

YTransfer 

4.0 

-2.5 

LlU      II.    11«     Imrnl. 

0.0 s [m] 160.1 

Fig. 3. Beta functions {ßx, ßy), and eta functions (j)x, r}y) 
of U-line. 

YTransfer 

159.5 s [m] 389.8 

Fig. 4. Beta functions (ßx, ßy), and eta functions (r]x, r]y) 
ofW-line. 

1.2   The W-line 

The W-line (Fig. 2) consists of eight C-type combined 
function magnets[7], of 2.5° bend each, followed by six 
quadrupoles. The eight combined function magnets form- 
ing a 20° achromatic horizontal bend are placed in a (F-D) 

arrangement to make four cells of 90° phase advance per 
cell. Part of the W-line lies in an incline of 12.51 mrad 
which lowers the beam elevation by 1.73 m. This level 
drop is accomplished by two vertical dipole pitching mag- 
nets. One, which bends the beam down, is located between 
the first and second combined function dipoles of the W- 
line, and the second, which restores the beam to the hori- 
zontal level (bend-up), is located between the second and 
third quadrupoles of the W-line. The beam section between 
the two pitching magnets is designed to be non- dispersive 
in the vertical direction, introducing linear beam-coupling 
which is not significant as far as the first-order beam trans- 
port optics are concerned. However, this simultaneous ver- 
tical and horizontal bend of the beam turns out to be a con- 
cern when polarized protons are to be transported by the 
AtR[9]. Finally, the quadrupoles of the W- line are tuned to 
match the Twiss parameters to the those of the X-line and 
Y-line, discussed next. The optical functions of the W-line 
are shown in Fig. 4. 

200 
YTransfer 

4.0 
lR...jiJYTYTTmrTrnmmmnnmmn Jd 

-2.5 
388.7 s [m] 581.0 

Fig. 5. Beta functions (ßx, ßy), and eta functions (r]x, riy) 
of Y-line. 

1.3   The X- and Y-lines 

At the end of the W-line the AtR line branches into two sep- 
arate lines, the X- line and the Y-line which transport the 
beam to the injection point of the Blue (clockwise circulat- 
ing beam) and Yellow (clockwise circulating beam) ring re- 
spectively. The layout of the magnets of the X-line is iden- 
tical to that of the Y-line apart from the bending direction of 
the beam due to the dipoles of each line. The first magnet, 
common to both lines, is a switching magnet which directs 
the beam to the X or Y line. This is followed by an array of 
twenty six B-type combined function magnets[7] providing 
a total beam-bending angle of 74°. All of the combined 
function magnets are identical in cross-section and length 
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except, the second magnet, which is shorter. The next 24 
magnets are arranged in a regular lattice of six cells. Each 
cell has four magnets (FFDD) with 90° phase advance per 
cell. The last part of the (X,Y) line is the Injection section 
which is discused next. The optical functions of the line are 
shown in Fig. 5. 

2   THE INJECTION SECTION AND MATCHING 
WITH RHIC 

This section of the AtR at the end of the (X,Y)-lines con- 
sists of four short C-type combined function magnets[7], a 
single A-type dipole magnet[7] six quadrupoles, a vertical 
pitching magnet of 3 mrad bend, followed by a Lambert- 
son septum magnetflO] of 38 mrad horizontal bend. The 
total beam-bend of the dipoles is 13.5°. The main function 
of the injection section is to match the beam parameters of 
the injected beam to the those of the RHIC lattice, which 
depend on the cell phase advance. Although the original 
design value of the phase advance per cell for the RHIC 
machine is 89.3°, a different phase advance per cell may 
be required when the value of ß* at injection is different 
from that of the design. For this reason, a study of the 
matching ability of the injection section, was made over a 
range of RHIC Twiss parameters corresponding to different 
phase advances per cell. It was found that, within the range 
of the strength of the last six quadrupoles, the AtR Twiss 
parameters can match those of the RHIC lattice from 70° 
to 130° phase advance per cell. Figure 6 shows the optical 
functions of the Injection line and part of the RHIC lattice 
when the phase advance per cell is 100°. Beam emittance 
growth due to optical mismatch of the AtR line with RHIC 
has already been simulatedfll]. 

agreement with theory. The matching properties of the AtR 
line were also tested[2][3] and found to aggree well with 
the theoretical predictions. 
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Fig. 6. Beta functions (ßx, ßy), and eta functions (t]x, rjy) 
of Injection-line and a section of RHIC. The phase advance 
per cell in RHIC is 100° 

3   CONCLUSIONS 

The theoretical predictions of the AtR optics and its match- 
ing properties to RHIC were presented. Experimental 
tests[2],[4],[5] performed on the AtR optics showed good 
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LHC BEAM DUMP KICKER SYSTEMS 
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Abstract 

The two LHC beam dump kicker systems consist each 
of 14 pulse generator and magnet subsystems. Their task 
is to extract on request the beams in synchronisation with 
the gap in the beam. This operation must be fail-safe to 
avoid disastrous consequences due to loss of the beam 
inside the LHC. Only a failing operation of one of the 14 
pulse generators is allowed. To preserve this tolerance 
premature beam dumps are forced immediately after early 
detection of internal faults. However, these faults should 
occur rarely in order not to be a source of undesirable 
downtime of the LHC. The report determines first the 
level of reliability required for the main components of 
the system. In particular faults which could cause 
spontaneously non-synchronised beam dumps are 
identified. Then, technical solutions are evaluated on 
failure behaviour. Those having a most likely failure 
mode which does not cause dump triggers are favoured. 
These solutions need redundancy and are more complex 
but have the advantage to be fault tolerant. The design 
goal can be achieved with a combination of high quality 
components, redundant signal paths, fault tolerant 
subsystems, continuous surveillance and check-list 
validation tests before the start of the injection of beam in 
the LHC. 

1 INTRODUCTION 

The LHC beam dump kicker system must be able to 
safely dump the beam at any stage during the filling, the 
accelerating and colliding phase, i.e. from the injection 
energy of 450 GeV up to the top energy of 7 TeV. The 
circulating beam, with a nominal maximum energy of 
334 MJ per ring, must be extracted in one single turn of 
89 us duration [1]. 

Severe damage can be induced to the LHC, due to full 
or partial loss of the beam onto machine components. 
This can happen when no response is given to a request 
for dumping the beams or when the dump kicker system 
works incorrectly. 

Possible faults can be classified in 3 types as follows: 
1. Faults detectable early enough such that a dumping 

action without risk can be done, e.g. a faulty charging 
supply with consequence of a slowly decaying stored 
energy on the capacitor. These faults reduce the 
availability of the LHC for physics. 

2. Faults occurring during the dumping action. These 
faults can cause damage when occurring 
coincidentally on more then one subsystem. 

3. Faults generating a spontaneous dumping action 
unsynchronised with the particle free gap in the beam. 
These faults can result in a quench in the super 
conducting magnets. However, the overall system is 
conceived such that no damage occurs. 

The required reliability and the preferred fault behaviour 
of the main components of the dump kicker system have 
been determined such that the risk for damage to the LHC 
is minimised and the availability for physics runs is 
maximised. The study has been restricted to the dump 
extraction kicker system and its service equipment. The 
generation of requests and their transmission has not been 
dealt with. 

2 SHORT DESCRIPTION OF THE DUMP KICKER 
SYSTEM 

Figure 1 shows a functional lay-out of the main 
components of the beam dump extraction kicker system. 

Kicker Magnets 

14      Rjlse generators 

14       Rjwertriggers 

Trigger Generation 
& Synchronisation 

3= 

StatusMonitor Sgnals 
of the 14 Subsystems 

Client interfat» Survällance system 

Dump Requests 

Figure 1. Functional lay-out of the dump kicker system. 

The 14 dump kicker magnets are powered by 14 pulse 
generators which get the trigger from power trigger 
modules. The trigger generation and synchronisation 
system distributes the trigger requests, from the client 
interface, to the power triggers in synchronisation with 
the gap in the circulating beam. There is a re-trigger 
system, which has the task to detect any spontaneous 
trigger in one of the pulse generators and to re-distribute 
this information, as fast as possible, to all remaining pulse 
generators as trigger pulse. Finally, there is a surveillance 
system which has the task to issue a dump request when a 
severe fault has been detected. 

0-7803-4376-X/98/$10.00 © 1998 IEEE 225 



3 REQUIRED PERFORMANCE 

The required performance for safe operation can be 
summarised as follows: 
1. The failure rate of the execution of a request for a 

beam dump should not exceed 1 failure/106 hours. 
2. Operation of 13-out-of-the-14 magnet systems is 

sufficient to dump the beam safely. However, when 
one out of the 14 systems becomes faulty, the beam 
must immediately be dumped. The rate of these faults 
must remain orders of magnitude lower than the rate 
of normal beam dump requests. The failure rate of the 
execution of this request should not exceed 
1 failure/106 hours. 

3. A spontaneously generated trigger in one of the 
systems must trigger immediately all other systems. 
Therefore the maximum admissible rate of these 
triggers has been set to less than 1 event/year. The 
failure rate of this re-triggering process should not 
exceed 1 failure/106 hours. 

4. The reliability must be such that the availability of the 
LHC for physics is not reduced significantly. 

4 THE RESULTING REQUIREMENTS 

For the estimation of the reliability and the risk of all 
systems a same failure rate of less than 
1 failure/year/subsystem has been assumed. In reality this 
will not be the case because the complexity of the 
different systems is rather different. However, it gives the 
possibility to rank the order of risk that the different 
systems provide. The following conclusions have been 
drawn: 
• The failure behaviour of the trigger generation, the 

trigger distribution, the re-trigger, the power trigger 
and the pulse generator must be fault tolerant, i.e. a 
fault should not cause a current pulse in the magnets 
but should result in unavailability. Hence, redundant 
equipment must take over the task of an unavailable 
element. 

• The failure behaviour of the surveillance system and 
the fault detectors in the whole system must be fault 
tolerant, i.e. the occurrence of an internal fault must 
initiate a safe action, which is in most cases a dump 
request. 

• Redundant power trigger/pulse generator chains are 
necessary, otherwise the risk that less then 13 chains 
work simultaneously is above the required level. 

• The more complicated power trigger/pulse generator 
chains have a higher failure rate than the relatively 
simple trigger and trigger generation systems. Every 
effort in the choice of material must be made to keep 
this failure rate below 1 failure/year/chain. 

• A redundant normal trigger system is necessary to 
meet the requirements. 

• A redundant re-trigger system is not really necessary 
but remains recommended. 

• Redundant trigger generation and synchronisation 
systems are necessary. To ensure that the beam dump 
is requested when both systems fail simultaneously, a 
different third redundant system is needed. 

• Non relevant but nevertheless necessary equipment 
should not have any impact on the availability of the 
dump kicker system. 

5 APPLICATION TO THE HARDWARE 

5.7 Prototype pulse generator 

The prototype pulse generator, constructed and 
successfully tested in 1994, is actually composed of two 
parallel circuits (called A and B) connected to a common 
power switch. The subdivision is required for reduction 
of the leakage inductance and the generation of an 
acceptable pulse shape. Two types of power switches 
have been tested. A gas switch [2] and recently a solid 
state switch [3]. 

5.2 Proposed final generator 

To achieve the requirements enumerated in chapter 4 
the following choices and additions are proposed: 
• The generators will be equipped with solid state 

switches because the spontaneous discharges in 
gaseous switches are more likely and lead to faults of 
type 3 (chapter 1). 

• Instead of connecting both subsystems to one power 
switch, each unit will be equipped with its own 
switch. Both switches are interconnected such that 
each takes normally half the current, but is capable to 
conduct the full current in case of unavailability of its 
partner. 

• Two other interconnections between the two units 
provide additional fault tolerant behaviour in case of 
unavailability of other important generator elements. 

Figure 2 shows a block diagram of the pulse generator 
with its power trigger units.  

Kicker Magnet 

Re-trigger lines to 
previous magnet 

Rise 
generator 
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Rise 
generator 

Section B 

Rawer 
tngger/V 

E 
Rawer 
trigger B 

1  
Trigger A 

■ Re-trigger lines 
' to next magnet 

Trigger B 

Figure 2.  Block diagram of the power trigger/pulse 
generator/magnet chain. 
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5.3 Normal trigger and re-trigger system 

Figure 3 shows the principle of the re-trigger system 
whose task is to re-transmit a trigger from one generator 
as fast as possible to all others.  

Dump subsystem N Dump subsystem N+1 

rln 
power trigger 

id 

Receiver in 
power trigger 

Trigger source In 
pulseojenerator 

G^^HpF=HpFJ^} 
Trigger sourcein 

Figure 3. Principle of the re-trigger system. 

A chained input/output system has been chosen 
instead of a star system because it is faster. Each pulse 
generator has several re-trigger sources originating in the 
other 13 pulse generators. One trigger source has enough 
energy to trigger all power trigger modules. Since there is 
no stored energy in the system itself it is difficult to 
create spurious triggers, neither can a disconnected cable 
nor a defective trigger source cause triggers. 

The normal trigger distribution system has no 
constraints on speed and can use the same technology. 

5.4 Trigger generation and synchronisation system 

Figure 4 shows the principle of the proposed trigger 
veneration and synchronisation system.  

To Power Triggers A     To Re-trigger AS    To Power Triggers B 
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Sync.7 
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£ 

Client Interface 6 

Trigger 
Distribution 

Trigger 
Generation & 
Synchronisation 

Sync. Trän 
T=69ps 

Dump Requests 

Figure 4: Client interface, trigger generation, 
synchronisation and distribution 

Quartz controlled generators produce continuously 
dump trigger pulses synchronised with the gap in the 
circulating beam. Internal distribution of these pulse 
trains is inhibited until a beam dump is requested. The 
pulses which pass the inhibit stage are sent via a fan-out 
system to all power trigger modules. In this way the first 
pulse after the reception of a dump request will trigger 

the system. If synchronisation is lost, a synchronised 
beam dump remains nevertheless possible for several 
seconds, because of the stability of the quartz oscillator. 
If the synchronisation of only one of the oscillators fails, 
a dump trigger is forced by the redundant system. This 
mechanism reduces the probability of non synchronised 
dumps to almost zero. Any dump request sends also a 
dump trigger, delayed by 89 us, via the re-trigger system 
to the power trigger modules. This third trigger path 
guarantees that a beam dump is initiated, even when both 
principle systems fail. 

5.5 Surveillance system 

The surveillance system continuously collects status 
information and makes a beam dump request when a fault 
appears. It collects also the post mortem information 
generated by a dump or by a test program which is used 
to validate the safe operation of the system. Special 
attention must be paid to the large volume of information 
needed for these tests. Commercially available PLCs are 
foreseen to be used for this purpose. 

6 CONCLUSION 

The reliability study of the extraction kicker systems 
of the LHC beam dump confirms that most attention must 
be paid to the high voltage pulse generators and their 
power switches to assure fault tolerance and availability. 
It is therefore proposed to employ solid state power 
switches rather then gaseous switches whose risk of 
spontaneous breakdown, which would entail spontaneous 
unsynchronised dumps, is most likely greater. These solid 
state switches will be doubled to assure fault tolerance 
and availability. 

The stringent reliability requirements impose also the 
duplication of the auxiliary systems for triggering, 
synchronisation and surveillance. 

Finally a fault tolerant re-trigger system is needed that 
powers immediately all magnets in case of a spontaneous 
discharge in one of the generators. 
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THE CERN PS EAST AREA IN THE LHC ERA 
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Abstract 

Experiments planned at the CERN Large Hadron Collider 
(LHC) will require a well-equipped test area with low 
momentum (<15 Gev/c) secondary particle beams. These 
beams will be used to test some of the LHC detectors 
components (ALICE, ATLAS, CMS, LHC-B). In 
addition another recently approved experiment (DIRAC) 
will be installed in the PS East Area. This experiment will 
require a primary proton beam of 24 GeV/c to test QCD 
predictions. In this context, the EHNL project (East Hall 
New Look) has been launched. The major modifications 
include (i) an extension of the present area with a primary 
24 GeV/c beam line, (ii) a new secondary beam line lay- 
out with test areas at 3.5, 7, 10 and 15 GeV/c, (iii) an 
additional irradiation area, (iv) an improved facility for 
beam sharing between the various users. This paper 
describes the scope of the project, its new features, the 
planned facilities and its installation schedule. 

1 INTRODUCTION 

Following the approval of the Large Hadron Collider, the 
planned LHC experiments are now preparing parts of 
their   detectors.   Before   full   scale   manufacture   and 

assembly are launched, tests and optimization of these 
components are needed under adequate beam conditions. 
Part of these tests require low-energy particle beams and 
can be performed in the East Hall, either with a primary 
proton beam provided by the PS or with secondaries 
produced by the PS beam hitting a target [1]. Merging 
these needs with the additional request of housing the 
DIRAC experiment to be running with primary 24 GeV/c 
protons in the same East Area, led to the decision to carry 
out a major reshuffling of the PS East Hall under the 
project name EHNL, for East Hall New Look [2]. This 
project aims at upgrading and renewing the area for use 
by physicists before and beyond LHC start-up. 

2  SCOPE OF THE PROJECT 

The DIRAC experiment [3] will make use of a primary 
proton beam of 24 GeV/c from the PS delivered by 
means of a resonant extraction process (300 ms spill) to a 
new, dedicated channel[4]. This experiment has very 
stringent requirements on beam quality: very low residual 
intensity modulation, low beam halo [5], small secondary 
particles contamination and high geometric stability. 

LHC   experiments   will   use   secondary   particles 

General lay out of the new PS East Area Fig 1. 
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selected in momentum and polarity but not separated by 
species, produced from a very similar proton beam hitting 
a target. As at present, there will be 2 targets in the area: 
one on the undeflected beam of the North branch, feeding 
3 secondary channels, T9, T10 and Til, and another one 
on the beam deflected to the South branch by the splitter 
magnet, feeding the secondary channel 17. The 
equipment modules to be tested are up to several cubic 
meters in volume and the various test places should be 
able to house them. 

The above requirements have imposed the redesign 
of three of the secondary lines [6] [7] [8] and major 
modifications in the target area and the switchyard in 
addition to the new primary channel. The facility, 
presently covering 2/3 of the building area, will extend to 
the whole available space. 

Downstream of the DIRAC experiment an irradiation 
facility has been added using the beam catcher upstream 
the beam dump. It will be used to test the radiation 
hardness of voluminous (4 x 4 x 2.4 m3) equipment such 
as the planned liquid argon calorimeter of ATLAS. The 
expected rate of secondaries produced by 2 x 10" 
primary protons/spill imposes quite a massive shielding. 

These modifications, undertaken with restricted 
resources, will make maximum use of existing hardware.. 

User Line Momentum Particle Particles/s 
pill 

General use Til 3.5 GeV/c secondary 106 

ALICE T10 7GeV/c secondary 106 

ATLAS/CMS T9 15 GeV/c secondary 106 

DIRAC T8 24 GeV/c primary p 2x10" 
LHC-B T7 24 GeV/c secondary 10* 

Table 1. Users and beam characteristics. 

3  NEW FEATURES 

In order to allow maximum operational flexibility, most 
lines will be able to run simultaneously, taking advantage 
of the PS multi-user feature. While sharing between both 

secondary targets is achieved, as at present with a septum 
(splitter) magnet, a laminated switching magnet is used to 
serve two users with different needs. For cost reasons, 
switching between the 2 optics will be carried out with 
the available solid yoke quadrupoles. Preliminary tests 
have been conducted showing that induced currents can 
be limited with a suitable current rate of change, giving 
adequate performance in terms of stability and heating. 

Since the completion of the antiproton programme at 
the end of 1996, the intensive proton cycles from the PS 
are no longer required for antiproton accumulation. The 
PS can now feed the East Area with 2 slow extracted 
spills within a 14.4 s supercycle. Thanks to the PS multi- 
user facility, each of these 2 spills can be dedicated to 
different East Area users. For example, while the first one 
can be used by DIRAC only (as single user), the second 
one can be shared by all other users or given to any of the 
North or South branches (see Table 2). 

In the PS itself, an additional tuning device will be 
implemented in the slow extraction process to control the 
instantaneous extracted intensity and reduce the low- 
frequency spill modulation as required by DIRAC. 

4  PLANNED FACILITIES 

These are shown in Fig. 1. with their main characteristics 
and assigned users described in table 1. For secondary 
lines, the momentum and intensity quoted are the 
maximum of the line while for the primary line, they are 
nominal. Irradiation of small samples as done today close 
to the south target position will still be possible but will 
be incompatible with the use of beamline T8. 

The secondary lines are based on the double 
monochromator design and provide full momentum 
recombination in the user area. Momentum resolution is 
a fraction of a percent and the momentum is freely 
adjustable by each experiment up to the maximum. 

The beam transport uses a full set of optimised optics 
to ensure the best possible beam characteristics in the user 
areas. Two examples are depicted on Fig. 2 and 3. 

BEAM 
LINE 

SPLITTER  MAGNET  ON 

All beam within splitter gap                              Beam shared by splitter 
and deflected to South branch                   between North and South (deflected) 

branch 

SPLITTER  OFF or 
Beam outside splitter gap 

All beam to North 
(undeflected) branch Beam to T7 Beam to T8 Beam to T7 Beam to T8 

T7 Primary p+ or Secondaries 
< 10 GeV/c 

No Beam Primary p+ or 
Secondaries 
< 10 GeV/c 

No Beam No Beam 

T8 No Beam 24GeV/c  p+ 
(unscraped) 

No Beam 24GeV/c  p+ 
(scraped) 

No Beam 

T9 No Beam Secondaries < 15 GeV/c Secondaries < 15 GeV/c 

T10 No Beam Secondaries < 7 GeV/c Secondaries < 7 GeV/c 

Til No Beam Secondaries < 3.5 GeV/c Secondaries < 3.5 GeV/c 

Table 2. Possible beam sharing combinations between the 5 East Area beam lines. 
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Fig. 2. Beam optics of primary line T8 for the DIRAC experimen 
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Fig. 3. Beam optics of secondary line T10 for ALICE 

5  INSTALLATION SCHEDULE 

Installation is planned during a long (9 months) shut- 
down of the area, starting at the end of September 1997. 
After dismantling some of the shielding and 
modifications of the target area and switchyard, 
transformation of the secondary lines will take place. In 
parallel, maintenance of recovered elements will be 
carried out, before their reinstallation. After shielding 
replacement, during DIRAC installation, the experimental 
lines will be commfssioned and sequentially put back into 
operation, starting with the least affected line Til and 
ending with the new line T8. The whole area coming back 
again to life in the fall of 1998. 

6  CONCLUSIONS 

At the end of 1998, after completion of the EHNL 
project, the CERN PS East Area will house a major 
physics experiment while providing the physics 
community with a convenient detector test facility for the 

years to come. This facility will then be mainly devoted 
to tests of parts of LHC experiment including the capacity 
for testing radiation hardness of key components. 
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PETRA BUNCH ROTATION 

Wilhelm Kriens 
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Abstract 

The upgrade of the Petra bunch rotation scheme for protons 
will be described. Bunch compression in Petra is necessary 
for stable longitudinal transfer matching with Hera. The 
influence of beam loading in Petra has to be taken into ac- 
count for currents above 50 mA even though a strong fast 
rf feedback system is installed. Amplitude modulation in 
a short push-pull cycle is chosen for bunch rotation and a 
bunch length compression factor of 0.7 is established with 
tolerable distortion. 

1   INTRODUCTION 

Proton transfer from Petra to Hera at 40 Gev/c with regard 
to longitudinal phase space matching using a 52 MHz rf 
system in both machines is somewhat critical [1]. 

Even with an optical change in Petra [2] (7tr = 6.2 to 7.9) 
the rf voltage ratio for matching is rather unfavourable. 

( h \r)\ )petra 

(Mil) 
7.7 (1) 

Hera 

The voltage in Petra is limited to 150 kV for short term op- 
eration. Therefore the voltage in Hera for matching (20 kV) 
is too low for stable beam injection. 

Choosing to operate Hera at 100 kV during injection, re- 
quires longitudinal bunch compression by a factor of 0.66. 

2   BUNCH COMPRESSION 

The first scheme for bunch rotation comprised a 180 de- 
gree phase jump, a dwell period during which the bunch 
lengthens, a jump back to the original stable phase followed 
by about a quarter synchrotron period before beam transfer 
[3]. Since the transfer is determined from synchronization 
with Hera, the start trigger for the phase jump is prepared a 
fixed number of revolution turns before transfer. Although 
the procedure could be optimized to achieve adequate com- 
pression at moderate beam currents, above 50 mA (some 
40 % of design) beam loading effects degraded the ideal 
behaviour. In particular the bunches became distorted dur- 
ing the phase jump. 

In order to reduce beam loading effects, amplitude mod- 
ulation was applied to the rf system inducing quadrupole 
mode oscillation for bunch compression. For this purpose 
a voltage controlled attenuator device with small phase de- 
viation is used at low power input. Additionally the time 
constant of the transmitter gain control had to be increased 
to pass the modulation. The choice for the modulation cy- 
cle depends on the ability of the rf system and was opti- 
mized in relation to beam dynamics. The result can be seen 
from figure 1. A typical bunch in Petra is measured just 
before rotation and in the last turn at transfer. 
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Figure 1: Bunch display just before bunch rotation 
(Trace 1) and the same bunch at extraction time (Trace 2). 

2.1   PETRA RF System 

Two 52 MHz cavities of the same type with independent 
power transmitters are installed [4], Therefore careful 
phasing for power balancing is necessary to get the required 
circumferential voltage. In this case the total rf system can 
be simplified as shown in figure 2 to calculate the beam 
loading effects. 

F 
Yc 

G CY 
A 

V vG vB 

Q, 

Figure 2: Block diagram of the Petra rf system with G the 
transmitter gain and F the feedback factor. Voltages V are 
in complex notation. Q is the detuning value of the cavity 
CY 

The transmitter forward voltage V_G can be expressed 
in terms of the cavity voltage V_c and the beam voltage 
V_B = ^lo- From figure 2 we get the relation between 
the low level input voltage V_s and V_c directly. 

VG^VC + MVC + VB 

= (Vs ~ FVC)G 
(2) 

The detuning value Q  =  Qo^f has settled prior to 
bunch rotation i.e. 

Y_B = -itiV.co and V_co = V_G0 with tps — 0. 
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Introducing the modulation index m = ^ 
ing FG » ft (FG « 100) we get 

]/c  _ m(l + FG) + iü 

Vco 
Vn 

1 + FG + iQ 

Vc 

m 

and assum- 

(3) 

V, 
(1 + ifi) - jfi « m(l + ifi) - ifi     (4) 

GO i-co 

For the special case of 0.1 eVs emittance and a bigaus- 
sian distribution (see figure 3) we get the evolution of the 
bunch length and the distortion of the emittance turn by turn 
as seen in figure 7 and figure 8. The optimum timing for 
beam transfer is at turn 440 after three quarter synchrotron 
oscillations. Only for rather low emittance more rotation 
cycles are useful. Figure 4 displays the phase space at turn 
440 in our special case. 

From equation 3 we can see that the cavity voltage is 
proportional to the input voltage due to the strong fast feed- 
back. Therefore the low level modulator directly controls 
the cavity voltage as desired but the power transmitter is 
disturbed by beam loading corresponding to equation 4. 

With Vco = 140 kV,Ro = 2 Mil and 70 mA of average 
beam current the detuning value is fl = 1. 

If we suppose that the transmitter could deliver a factor 
of two more power for short term modulation, then 35 mA 
for phase jump (m = -1) and 130 mA for amplitude mod- 
ulation (m = 1.3) are the beam current limits for opera- 
tion. Both computer simulations and the reality in Petra 
has shown that rn — 1.3 is sufficient for bunch compres- 
sion via amplitude modulation. 

2.2   ESME Simulation 

The ESME computer program [5] was used to optimize 
the operation mode for amplitude modulation of the cav- 
ity voltage. The aim was to get a minimum compression 
factor for the bunch length with tolerable distortion of the 
emittance. 

Due to the ability of the if transmitter the simulation 
is done with a modulation cycle as shown in figure 6. It 
can be seen that fast ramping of the voltage up and down 
with twice the synchrotron frequency is the best way to 
quickly induce shape oscillation. The maximum voltage 
corresponds to m = 1.3 and the minimum voltage is found 
to be symmetric with respect to the starting value. 
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Figure 4: Distribution at Transfer (turn 440). 

To illustrate the bunch oscillation more impressively a 
mountain range display of the bunch length is shown in 
figure 5. 

PETRA Bunch Rotation 
every 10 turns, from turn 10 

Figure 3: Initial bigaussian Phase Space Distribution. 

Figure 5: Mountain Range Display of the Bunch length. 

Table 1 shows the influence of the initial emittance on 
the bunch rotation based on a bigaussian phase space dis- 
tribution. Bunch compression fulfills the Hera requirement 
for stable injection with less than 5 % of distortion. 

Furthermore it can be seen from the simulation that the 
modulation parameters are not very sensitive. Therefore 
a tuning of these values is not foreseen in the operation 
control. 
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Table 1: Compression and Distortion vs initial Emittance. 

Emittance Bunch length Compression Distortion 
[eVs] FWHM[ns] [] [%] 
0.04 1.74 0.652 0.2 
0.06 2.15 0.646 0.6 
0.08 2.49 0.647 1.2 
0.10 2.80 0.653 2.1 
0.12 3.09 0.668 3.4 
0.14 3.33 0.686 5.0 
0.16 3.61 0.717 7.4 

PETRA Bunch Rotation 
EPSILON VS TURN NUMBER 

300 400 500 
TURN NUMBER □ 

PETRA Bunch Rototion 
EV(1)VS TURN NUMBER 

r                  tl « 
i l 

0.17 i\ 
0.1 B 

1    0.15 

1    0.14 1 
T- 

63  o-13 r 
0.12 - 
0.11 !■ 

1 \                 J I 

'■  ■    
I                 y 

1 1.i. 

300 400 500 
TURN NUMBER D 

Figure 8: Emittance growth. 
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Figure 6: Cavity Voltage Modulation. 
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Abstract 

Intensity of the incident 120-GeV proton beam on the 
antiproton production target is scheduled to increase to 
5xl012 protons per pulse. To prevent damage to the 
target, we plan to spread the hot spot on target with a 
beam sweeping system. Now under development are 
rotating-field magnets for installation upstream and 
downstream of the target. These magnets will deflect the 
beam in a circular pattern on the target. Peak current of 7 
kA and peak voltage drop of 6 kV are expected. The 
power supply, which is separated from the magnet by a 
distance of about 10 m, utilizes magnetic pulse 
compression by saturating inductors to drive the magnets 
through the long transmission lines. 

1 INTRODUCTION 

Antiprotons are collected from the interaction of a 120- 
GeV proton beam with a solid nickel target. The 
efficiency of collecting antiprotons from the target rises as 
the size of the proton beam spot on the target is reduced. 
However at the same time the peak energy deposition on 
target rises. Estimates of the peak instantaneous energy 
deposition for the highest intensity achieved to date 
(3.4xl012 protons per pulse) indicate an energy deposition 
of about 800 J/g. This is above the melting point of 
copper (about 600 J/g), and close to the melting point of 
nickel (about 1000 J/g). Under Main Injector conditions 
(5 x 1012 protons in a 1.6-us pulse), the spot size will have 
to be increased to at least 0.25 mm to keep peak energy 
deposition near current levels. To bring the density of 
energy deposition with a 0.1-mm spot size down to 
currently-existing levels, a system to sweep the beam spot 
on the target will be required[l]. Several upgrades have 
been proposed for the Main Injector as part of the Tev33 
project[2]. These upgrades (e.g. slip stacking) will result 
in increases in proton intensity of factors of 2-4 or more 
above the initial intensity of 5 x 1012. Under these 
conditions sweeping becomes increasingly important, and 
larger sweep radii are required to restore the antiproton 
yield to its level at low intensity. The relative yield 
increase due to the sweeping system is about 15% for a 
0.33-mm sweep radius at an intensity of 5 x 1012, and 
50% for a 0.5-mm sweep radius at a proton intensity of 1 x 
10". 

The upstream sweep magnets will be installed at the end 
of the API beamline.   The API beamline transports and 

focuses the 120-GeV protons from the Main Ring onto the 
target. A pair of upstream magnets, placed at the 
downstream end of the API beamline where the toroid 
M:TOR109 now resides, will sweep the 120-GeV proton 
beam. This location is near the focal point of the proton 
lithium lens, which may be used to focus 120-GeV proton 
beam on target. Antiprotons created in the target are 
collected by a lithium lens, and deflected by the pulsed 
magnet into the AP2 beam line for injection into the 
Debuncher. A single downstream sweep magnet placed in 
a double module between the collection lens and the 
pulsed magnet, near the focal point of the collection lens, 
will redirect the 8 GeV antiprotons exiting the collection 
lens parallel to the AP2 beamline. The portion of the 
antiproton flux that is focused by the lithium lens and 
collected downstream has a diameter of 22 mm. The 
magnet aperture radially inside the conductors is 28.5 mm. 

2 SWEEP MAGNET 

The beam sweeping system currently under development 
traces a 0.33-mm-radius circular pattern on the target over 
the 1.6-us proton beam pulse. The magnets have a 2- 
phase, 4-conductor winding excited by two power supplies 
that deliver 625 kHz sinusoidal current waveforms in 
quadrature to generate a rotating dipole field[3]. The 
magnetic field due to two pairs of current-carrying 
conductors oriented 90 apart is rotating on axis if the 
current in the two pairs of conductors is IQCOS(OX) and 
I()sin(ax). Figure 1 shows the magnetic field lines as 
calculated by POISSON at four times in the cycle. 
Currents to the horizontal and vertical pairs of conductors 
have a cos(cot) and sin(cot) time dependence, respectively. 

The local field is itself not sufficiently uniform for use as a 
sweep magnet. However if the conductors are twisted 
such that the axial current distribution integrated over the 
length of the magnet has the distribution sind or cos9, 
respectively, the line integral of the field along the beam 
path is uniform and rotating. A design for the windings is 
indicated in Figure 2. The windings are in the form of two 
single-turn circuits placed symmetrically at 90-degree 
intervals. Each circuit has a twist of 180 degrees over the 
length of the magnet, such that z=Zosin9, where z0 is an 
axial length, for example, half the length of the magnet. If 
Z(/r0 » 1 (long, thin magnet), the integrated axial current 
is distributed as cos 9. The external power-supply 
connections for the two circuits are indicated respectively 
by the black and shaded circles.    The end rings are 
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common to the two circuits, and, if the magnet is driven by 
a bipolar power supply, are at ground potential. This 
magnet design is simple and mechanically robust. There 
are no breaks in the windings for power supply leads, and 
since the voltage is nominally zero at the ends, there is no 
need to allocate space to provide electrical insulation from 
neighboring devices in the target station. 
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Figure 1. Local magnetic field structure for a 2-phase 
rotating-field sweep magnet. Field distribution is shown 
for (a) cot=0, (b) cot=7i/12, (c) cot=7i/6, (d) cot=7t/4. A 
magnetic core surrounds the conductors. Dimensions are 
in cm. 
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Figure 2. Shape of windings. The black curves represent 
one circuit, the gray curves represent the orthogonal 
circuit. Direction of current flow is indicated in one of the 
circuits. 

Three identical magnets will be used, two upstream of the 
target, and one downstream. The sweeping radius is much 
smaller than the 2 cm diameter of the lithium collection 
lens and the aperture of the AP2 beam line. Each magnet 
is 56 cm long. The deflecting field is 900 G. An air gap 
is used since the beam is already transported through air 
from upstream of the target to downstream of the pulsed 
magnet. 

MARS 10 and CASIM calculations of energy deposition 
by hadron and electromagnetic cascades, supported by 
measurements on the high-voltage test module, show 
significant heating of iron and ferrite magnet cores 
downstream of the target. Total heating increases linearly 
with particle flux, and is a strong function of the radius of 
the magnet core. Three options for the composition of the 
magnetic core have been considered in detail. 
1. Ferrite. Steady-state temperature rise of the core is 

determined by thermal conductivity of the material and 
the rate at which heat is removed at the surface. 
Because of the poor thermal conductivity and low 
Curie temperature (Tc = 200°C), it would be necessary 
to operate with a large inner-radius (3 cm) core and 
carefully cool the ferrite. Ferrite would need to be 
contained in case of cracking due to thermal stress. 

2. Iron laminations. A laminated iron core does not have 
the thermal restrictions of a ferrite core. However very 
thin (<0.1 mm) laminations are required. Difficulties 
are expected in preparing and stacking the laminations. 

3. Powder cores. The material chosen for the cores on 
the prototype magnet is 2-81 Mo-Permalloy pressed- 
powder (MPP). Construction with these cores is 
simple, and their relatively high thermal conductivity 
and Curie temperature (Tc = 460°C) significantly 
simplify the thermal restrictions compared to ferrites. 
The thermal stresses are small and can be contained by 
press-fitting the cores in a nickel housing. Eddy- 
current losses in the MPP material increase in intense 
radiation environments[4]. This is not likely to be a 
major concern, however, since the core is not the 
dominant loss mechanism in the circuit. A ceramic 
pipe will provide electrical insulation between the 
electrical conductors and the cores. 

3 POWER SUPPLY 

The sweep magnets must be provided with approximately 
7 kA at 625-kHz by a power supply located on the floor of 
the AP0 service building. The current will be supplied 
through cables over a distance of approximately 10 m into 
the target vault, and by 2.5 m of strip line through steel 
shield modules to the magnets at the bottom of the target 
vault. The power supply circuit diagram is depicted in 
Figure 3a. Capacitor C3 is connected to the sweep magnet 
(inductance L3) via the strip line. Pulse compression is 
used to excite the ringing circuit L3, C3. Two-stage 
compression with saturated reactors has been chosen, 
which facilitates transfer of the current pulse to the ringing 
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circuit, and provides the capability to utilize a SCR switch 
for resonance charging of first stage capacitor Cl using a 
1:10 step-up transformer. The reactors LSI and LS2 are 
each composed of three 3.3-mV-sec/turn Metglas cores, 
wound with 10-um Kapton insulation. The reactor LSI 
has 16 turns and LS2 has 4 turns. The SPICE analysis 
(Figure 3b) shows that 5 kA peak current, 0.5 us width is 
required to oscillate the magnet ringing circuit at 625 kHz 
with nominal 7 kA amplitude. The peak voltage 
amplitude at the magnet is 6 kV (3 kV to ground), with 
8 kV (4 kV to ground) amplitude at ringing circuit 
capacitor C3. To achieve this, the first compression stage 
capacitor Cl should be charged to 17 kV. Taking into 
account the step-up transformer, the storage capacitor CO 
charging voltage is 1.7 kV, the SCR switch peak current is 
2 kA and the pulse duration is 15 us. The power supply is 
designed to be capable of delivering 80% more current 
than nominal, for a 30 kV charge, to allow for possible 
future increase in beam sweeping radius. The magnet 
current pulse should be synchronized with the extracted 
beam with an accuracy of less than ±30 ns. Total delay in 
the power supply circuit, mainly due to the saturated 
reactors, is 25 us at nominal current. This delay leads to a 
requirement on charging voltage stability of 10"3, which is 
relatively easy to achieve. No other significant source of 
delay jitter has been observed, when testing a model 
power supply. The delay in the charging pulse also allows 
time to disable the Main Injector proton extraction kicker, 
in case of failure of the sweeping system charging supply. 

4 HIGH-VOLTAGE TEST 

Ionization of the air by the particle shower downstream of 
the target will increase the conductivity of the air between 
the conductors. Electrical losses through the ionized-air 
path across the gap reduce the Q of the circuit driving the 
magnet. A dummy test module was installed to measure 
the leakage current between two conductors symmetrically 
placed parallel to the beam path. Both the measurement 
and estimates based on CASIM calculations indicated a 
current drain between the plates on the order of 100 A, an 
acceptable amount. The measured leakage current is 
shown in Figure 4. The current through the air gap turned 
on rapidly at the beginning of the beam pulse and the gap 
rapidly opened after the end of the beam pulse. Avalanche 
ionization of the air is not a problem, as long as peak 
electric fields are kept well below breakdown levels, i.e. 
E<10 kV/cm. The test module was instrumented to 
provide information on heat dissipated and short-term 
magnetic effects in ferrite and tape-wound magnetic cores 
caused by the particle shower downstream of the target. 

LS1 L" 

' lOOn    200n 

n 
STRIP 
LINE 

TRANSFORMER 

25US 3Bus 

Figure 3. Sweep magnet power supply circuit, (a) SPICE 
circuit model, (b) voltage waveforms. 
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Figure 4. Measured leakage current during beam pulse 
between a pair of conductors 3-cm wide x 3-cm gap x 24- 
cm length as a function of voltage drop across the gap. 
Measurements were taken at two beam intensities. 
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Abstract 

We describe a very fast kicker with unique combination of 
high repetition rate and short pulse width. Constructionally, 
the device is a symmetrical counter traveling wave strip- 
lin kicker fed by semiconductor high-voltage pulse gener- 
ator. Experimentally tested kicker has a full pulse width 
of about 7 ns, 1.4 MHz repetition rate and maximum kick 
strength of the order of 3 Gm. Recent achievementsin 
high-voltage semiconductor field-effect-transistors (FET) 
technology and goal-specific optimization of the kicker pa- 
rameters allow many-fold increase of the strength, and the 
kicker can be very useful tool for bunch-by-bunch injec- 
tion/extraction and other accelerator applications. 

1   INTRODUCTION 

The TESLA linear e+ - e~ collider project (see, e.g. [1]) 
requires that the train of 1130 bunches with total length of 
0.8 ms, or 240 km must be stored in a damping ring in 
a compressed mode with a bunch spacing smaller than in 
the linac, and then expanded with use of bunch-by-bunc 
extraction out of the ring. Thus, the circumference of the 
ring is proportional to the minimum rise/fall time of the 
ejection kicker used, e.g. 60-ns-kicker yields 20 km long 
ring, while the circumference of about 2.3 km (the ring in 
existing PETRA tunnel [2]) requires rise and fall times of 
the kicker to be less than 7 ns. Some 3 Gm of the kicker 
strength is needed for the 10 rms bunch size kick amplitude 
[3]. The pulse spacing must be 0.7 p,s. 

Many present-day fast kickers are essentially ferrite 
kickers fed by thyratrons. They enjoy high voltage abili- 
ties of thyratrons but can not work effectively with repeti- 
tion rate above dozen of Hz and can not provide the kick 
duration less than 50-100 ns. Here we describe a device 
which operates with one order of magnitude shorter pulses 
and five orders of magnitude higher repetition rates. Con- 
structionally, the device is a symmetrical counter traveling 
wave strip-line kicker fed by FET based pulse generator. 
We present test results of the kicker prototype which fits to 
the mentioned above requirements. 

2   THE KICKER 

The counter traveling wave kicker is designed, built 
and preliminary tested in Budker Institute of Nuclear 
Physics (Novosibirsk, Russia). High-voltage pulse genera- 
tor is basedon fast field effect transistor (FET) switch by 
BEHLKE Electronic GmbH (Frankfurt a.M., Germany). 

Test measurements with the high-voltage generator were 
held in October 1996 at DESY (Hamburg, Germany). De- 
tails of kicker construction and preliminary test results can 
befoundinRef.[4]. 
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Figure 1: Traveling wave kicker design. 

2.1   Principle of operation 

Fig.l shows the kicker major parts and construction. Two 
pulses from generator with negative and positive polarities 
simultaneously go through connection cables and ceramic 
insulator inputs into two parallel conducting plates (elec- 
trodes). Wave resistance of the electrodes inside the vac- 
uum chamber is tuned to be 50 Ohms. An electro-magnetic 
wave between the electrodes travels with the speed of light 
c along in the direction opposite to an incoming charged 
particle beam and produces horizontal kick. Then the 
pulses pass ceramic outputs (the same construction as the 
inputs) and in ideal case are fully damped in two 50 Ohms 
loads. Each load contains an in-built 1:120 attenuator for 
measurement purposes. 

The electro-magnetic field between the plates consists 
of equal amplitude and perpendicular electric and mag- 
netic components. For ultra-relativistic particles mov- 
ing alongthe electrodes, the resulting horizontal deflecting 
force is twice the electric force for the beam traveling in the 
direction opposite to the pulse propagation direction, and 
the electric and magnetic components cancel each other for 
the beam which goes in the same direction as the pulse. 
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2.2   Time structure of the kick 2.3   Construction features 

Now we consider the time structure of the kick (or deflec- 
tion angle) produced by the traveling wave kicker. For sim- 
plicity, we take a rectangular input voltage pulse U(t) with 
maximum amplitude of Um and pulse duration of tp - see- 
upper plot in Fig.2. Let us denote t = 0 the moment of 
time when the front of the pulse enters the kicker input. As 
the beam passes through the oncoming wave, the maximum 
deflection will be seen by test particles which at t = 0 are 
distanced by doubled kicker length 21 from the input end 
of the device. We will call the corresponding time value of 
Tg = 21 /c as the "kick growth time". The maximum kick 
lasts over time interval of tf — tp- rg which is supposed 
to be synchronized with the bunch to extract (see lower di- 
agram in Fig.2). Behind that bunch, the amplitude vanishes 
over the same "kick growth time". 

One can make two remarks: firstly, if the pulse dura- 
tion is less than the growth time tp < rg — 21 j'c, then 
the kicker does not work in full strength; secondly, if the 
bunch spacing in the storage ring is equal to r, then the 
generator pulse duration must be less than tp < 2T — 21/c 
otherwise neighbor bunches will be deflected too. As the 
result, one can conclude, that the duration of the rectangu- 
lar pulse equal to the bunch spacing tP = T corresponds 
to maximum kicker strength. The kicker length has to be 
less than I < CT/2 because the pulse shape can not be ex- 
actly rectangular, besides that, some flat top of the kick is 
usually required. Again, making numerical example for the 
TESLA damping ring with r = 7 ns, we choose I = 0.5 m 
(i.e. rg = 21 /c = 3.3 ns < r) and the pulse FWHA equal 
6-8 ns. 

deflection 

preceding 
bunch 

following 
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Figure 2: Operation of traveling wave kicker. 

The kicker is made from materials which are able to work 
under conditions of "baked-up" high vacuum such as stain- 
less steel, special kind of bronze, ceramics, covar. Cop- 
per alloy is used for welding of ceramic insulators. The 
electrodes are connected to central conductors of ceramic 
inputs by use of special fixators. 

The electrodes are not flat, their shape is optimized in 
order to achieve homogeneous field and the wave resistance 
of 50 Ohms. Calculated field non-uniformity is less than 
10% over 80% of full aperture of 2AX x 2Ay « 50 x 50 
mm2. 

2.4 Preliminary tests 

Vacuum testing has been done at Novosibirsk INP in ac- 
cordance to modern requirements on accelerator elements. 
The whole kicker was heated ("baked") up to 300°C un- 
der continuous vacuuming with use of oil-free magneto- 
discharge pumps. Vacuum of about MO-10 Torr was ob- 
served after cooling the kicker down to the room tempera- 
ture. 

High voltage test has been done in order to check the 
kicker electrical performance under high vacuum. 1 ms 
long, half-sinusoid shape, 15 kV pulses with opposite po- 
larities fed the kicker electrodes through input cables and 
ceramic inputs at repetition rate of 1 Hz. The loads were 
taken off the kicker. The test has shown no spark or dis- 
charge events over 10 minutes interval. 

The kicker element impedances matching was checked 
with use of low voltage short pulse generator. The reflected 
signal comes after the main pulse and can be presented in 
the same oscilloscope record. An amplitude of the reflected 
pulse serves as an indicator of the matching. During the test 
with 12 ns long pulse which has 2 ns rise and fall times we 
found that the reflected pulse has some 5.5% in amplitude 
mostly due to reflections at the initial pulse fronts. 

2.5 High-voltage pulse generator 

The high-voltage (HV) short-pulse generator is based on 
the solid state field-effect transistor switch HTS 50-12-UF 
by BEHLKE Electronic GmbH (Germany). It has been 
specially designed for HV generators with a short pulse 
duration and extreme edge steepness, and has a very low 
jitter and the lifetime typical of semiconductor devices. 
Major technical parameters of the switch are as follow: 
maximum operating voltage 5000 V, maximum peak cur- 
rent 120 A, turn-on rise time (10-90% in amplitude) ~ 1.6 
ns, minimum pulse spacing is less than 1 ;us, dimensions 
89 x 64 x 31 mm3. Generator provides the necessary time 
structure of the signal: variable number of pulses in train 
- from 10 to 1130, pulse spacing - typically 700 ns (fre- 
quency of about 1.4 MHz), and the pulse train repetition 
frequency of 10 Hz. 
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3   RESULTS 

Fig.3 shows about 120 times attenuated outputs of the 
kicker fed by high-voltage pulse generator. High-precision 
500 MHZ bandwidth HP54542A oscilloscope was used for 
signal recording. 

The maximum voltage applied to each plate is about 
Um = 2.4kV, the full aperture of the kicker is 2a =50 mm 
and total length / =0.5 m, that yields the kicker strength of 
So = 3.2 Gm. The pulse shape is close to half-period of 
sine function with zero-to-zero duration of tp « 6 ns. Be- 
ing installed at the E =3.3 GeV TESLA damping ring such 
kicker can deflect the positron beam by 6m « 30 ^rad, that 
corresponds to about 9y/ßßk — 6 mm beam displacement 
at the point with beta function of about ß =200 m if the 
beta function /?& at the kicker is the same. 

Reflected pulse amplitude was found to be less than 8% 
of the initial one. Further reflected pulse reduction needs 
precise mechanical tuning of the plate convections to the 
output kicker conductors. Observed pulse-to-pulse ampli- 
tude variations were definitely less that 5%, but the stability 
issue was not studied thoroughly. 

As the TESLA damping ring beam extraction requires 
1130 pulses spaced by 0.7 microsecond and this pulse train 
to be repeated 5-10 times a second, we studied the kicker 
in such conditions. 

General conclusion is that the pulse generator works well 
in this regime. The only problem we observed was mono- 
tonically decreasing pulse amplitude with increasing pulse 
number. As the result the maximum amplitude of, say, 
pulse number 11 was some 4% less than of the first one. 
It is known how to work out this effect with use of larger 
high-voltage storage capacitance in the pulse generator, and 
we are going to implement this modification. To carry out 
the mean power maintenance test, we used smaller number 
of pulses (few dozens) in the train with correspondingly in- 
creased repetition rate, and the kicker works well with the 
design average power of 18 W. 
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Nuclear Physics (Novosibirsk, Russia), DESY (Hamburg, 
Germany) and Fermilab (Batavia, USA). We have found 
that the counter traveling wave kicker with more than 2 kV 
voltage, 7-8 ns pulse generator produces some 3 Gm de- 
flecting kick strength. The kicker makes possible to work 
with up to thousand pulses in train with pulse-to-pulse 
space of 0.7 microseconds, and repetition rate more than 
10 Hz. We intend to make further tests and study ultimate 
kick strength, amplitude stability, ways to reduce pulse re- 
flections and eliminate the decrease of the voltage in long 
pulse train. 

There are some ways to increase the kicker strength. For 
that one has either increase the maximum voltage Um, or 
decrease the device aperture a, or increase the kicker length 
I. The maximum voltage is limited by FET breakdown 
in HV switches. Nevertheless, there are existing switches 
with Um of about 8-10 kV, while, at the sacrifice of pulse 
spacing and repetition rate, the voltage can be increased 
up to 15-25 kV. Usually, there is no large freedom in de- 
creasing the kicker aperture in circular accelerators, nev- 
ertheless, for some applications which use single passage 
tiny beams (e.g. in linacs), the shrinking of a can be use- 
ful and possible. Finally, making longer kicker one has to 
take into account the required kick duration because the 
traveling wave kicker has intrinsic kick growth time pro- 
portional to the length rg = 21 /c which should be less than 
bunch spacing in accelerator. Thus, fast and strong deflec- 
tion can be done with use of several short kickers. E.g. the 
bunch spacing of r = 20 ns requires the kicker to be sec- 
tioned into several parts each of them has to be shorter than 
/ = TC/2 = 3 m. 

All together, one can estimate maximum strength of the 
fast kicker for accelerator applications - which we think 
can be realized at the moment - taking the parameters of 
Um = 12 kV, 2a = 4 cm and total length of I = 10 m, 
that results in the strength of Sm = 400 Gm. This value 
indicates that fast traveling wave kickers with semiconduc- 
tor pulse generators can be widely used at medium- and 
high-energy accelerators. 
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OPTICS AND FIELD ERROR COMPENSATION IN THE FNAL 
PERMANENT MAGNET 8.9 GEV/C PROTON TRANSFER LINE 

John A. Johnstone, FNAL*, P.O. Box 500, Batavia, JJL, USA 60510-0500 

Abstract 

Protons are transported 760 m from the Booster extraction 
point to injection into the Fermilab Main Injector. Apart 
from   two,   comparatively   short,   specialized   optical 

matching sections the transfer lattice is described by 90° 
betatron phase advance arc cells and missing-dipole 
dispersion suppressing cells. This repetative structure, 
combined with the small average bend per cell makes it 
feasible to construct this section exclusively from low- 
field permanent dipoles and gradient magnets. The 
permanent magnet section is nearly devoid of powered 
correctors: trajectory control and momentum error 
compensation is accomplished instead by moving select 
gradient magnets transversely. Permanent magnets are 
being used in the transfer line primarily to acquire the 
manufacturing and operational experience necessary to 
ensure success of the future FNAL Recycler Ring. 

1 INTRODUCTION 

Protons extracted from the Booster are transported 756 m 
for injection into the FMI. The 8 GeV transport line is 
comprised of three major sections: a matching section 
between the Booster and the main body of the beamline, 
which also incorporates the descent from the Booster to 
Main Injector elevation; a long section of periodic FODO 
cells; and a final section to match the optics between the 
beamline's FODO section and the FMI. 

As originally designed, the 8 GeV line was to be 
constructed exclusively from magnets recycled from Main 
Ring and the present Booster to Main Ring transfer line. 
This remains true for the optical matching sections at 
each end of the line. However, in the long arc of repetitive 
FODO structure all electromagnets (B2 dipoles and 3Q52 
quadrupoles) have been eliminated and replaced with 
permanent magnet dipoles, gradient magnets, and 
quadrupoles. The design of the permanent magnets used in 
the 8 GeV line are described extensively elsewhere in 
these proceedings [1-4]. 

In addition, unlike its electromagnetic predecessor 
which had trim correctors assigned to every quadrupole 
location, trajectory control through the permanent magnet 
arc will be accomplished largely by gradient magnet 
movements. 

2 PERMANENT MAGNET OPTICS 

The transfer line's permanent magnet section extends for 
644 m and is constructed from 65 gradient, 45 dipole, and 
9 permanent quadrupoles. The relevant magnet parameters 
are summarized below in Table 1. The available aperture 
at each magnet is 92.075 x 47.625 mm, corresponding to 
the interior dimensions of a squashed 3" beampipe. 

The long arc section of permanent magnets produces 
a total bend of 103.45°, with each dipole and gradient 

magnet bending the trajectory by 1.10°. The first 8 
dipoles have reverse bends relative to the remaining 
magnets in the series, which serves to keep the beam well 
clear of the existing Anti-Proton complex. 

Magnet # L 
(m) 

B 
(kG) 

B' 
(kG/m) 

Gradient 65 3.9751 1.4327 4.6562 

Dipole 45 2.4638 2.3116 0 

Quadrupole 9 0.5080 0 29.1470 

Table 1 :   Parameters of the permanent magnets used in 
the 8 GeV line FODO section. 

The permanent magnet section is constructed from 
just three different types of cells. These cells were 
designed with the intent to replicate as closely as was 
reasonable the optics and trajectory defined by the earlier 
electromagnet design. These cells are depicted in Figure 1 
below. 
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Figure 1 :   Physical layout of the 3 permanent magnet 
cell types in the 8 GeV transfer line (not to scale). 
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Lattice functions for the entire 8 GeV line from 
Booster to Main Injector are shown below in Figure 2. 
The 'reverse bend' section extends from quad Q810 to 814, 
and the regular long arc runs from 814 through to the first 
Injector-end powered matching quad at 847. 

400 
Path Unjth   (m) 

Figure 2 : Lattice functions of the proton 8 GeV line 
from the Booster to Main Injector. 

The 'reverse-bend' section is constructed from two 
cells, each characterized by 4 permanent dipoles, 4 
permanent quadrupoles, and 84° of betatron phase advance 
per cell. These cells represent a compromise betweeen 
following as closely as possible the trajectory through the 
tunnel defined by the earlier electromagnet solution and 
achieving a smooth optical match to the subsequent long 
arc of FODO cells. 

The regular lattice section is constructed from two 
types of cells - regular cells with 4 permanent dipoles 
plus 4 gradient magnets per cell and missing-dipole 
dispersion suppressing cells with 4 gradient magnets per 
cell. Both types of cells have -90° of phase advance but 
are not perfectly matched optically. This mismatch is the 
consequence of intentionally creating additional space in 
the lattice to accommodate the possible insertion of 
further diagnostics in the future. As a result dispersion 
neither reaches precisely zero anywhere, nor is it 
optimally minimized through the arc. However, 
horizontal dispersion becomes as small as 0.12 m and 
does not exceed 3.71 mm, which is acceptable. With a 
maximum ß = 47 m and 8p/p = 0.2% the transverse beam 
size is less than ±16 mm for a 40n mm-mr (95% 
normalized) emittance, which is compatible with the 48 
mm (V) x 92 mm (H) aperture of the beampipe. With 
each dipole and gradient magnet producing 1.10° of bend, 
the sagitta is only 5.9 mm and 9.5 mm respectively. 
Again, this is compatible with the available aperture. 

3 FIELD ERROR PROPAGATION & 
COMPENSATION 

Every cell boundary in the 8 GeV line has a BPM 
associated with it and every electric quadrupole in the line 
also has a recycled Main Ring correction dipole nearby. 
Additional correctors are located at the entrance and exit of 
the long arc to provide beam position and angle 
adjustment. 

The main body of the permanent magnet section is 
nearly devoid of trims, and these are situated with an eye 

to centering the beam on downstream multiwires rather 
than for global trajectory control. Instead, as will also be 
the case in the Recycler Ring, any necessary trajectory 
corrections will be performed by moving gradient 
magnets. 

The gradient magnets are designed, and installed, 
with the ability to 'float' transversely on the beampipe by 
as much as ±1". With this feature the available beam 
aperture is always determined solely by the beampipe 
dimensions and is independent of the transverse position 
of the magnet. The dipole kick due to horizontal 
translation by an amount 8 is: 

A0: 
Bp 

A 1 cm magnet displacement therefore translates into a 
kick -0.85% of the nominal bend. This is comparable to 
the strength obtainable from a Main Ring trim (A9 = 580 
(Xr @ 5A). Fairly modest magnet moves therefore provide 
significant steering capability. The effect of dipole field 
errors on the trajectory through the long arc, and the 
consequent gradient magnet movements required for 
correction, have been investigated in simulations. 
Random field error compensation must be addressed by 
any beamline but, unlike the case with electromagnet 
transfer lines, systematic dipole field errors (or, 
equivalently, a systematic beam momentum offset) 
becomes an important issue for permanent magnet lines. 

3.1 Simulation Approximations 

Rather than using the true lattice configuration, 
trajectory error simulations were performed with a lattice 
constructed from 7 regular plus 12 dispersion suppressor 
cells to mimic the repetitive optics of the long arc. While 
results from the simulations should not be sensitive to 
this approximation, trajectory correction is simplified by 
being amenable to solution via the canned algorithms 
intrinsic to MAD [5]. 

The optics of this approximate lattice are shown in 
Figure 3. In all following discussions of simulations the 
beam is assumed to be described by 40JC mm-mr 
emittance (95% normalized) with a momentum spread of 
8p/p = 0.2%. 

mmwiVAWA1 

100      ZOO      300      400      500 
Path Length (m) 

Figure 3 : Lattice functions of the 'approximate' repetitive 
FODO lattice employed in simulations of error 
propagation and correction. 
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3.2 Systematic Field / Momentum Errors 

A systematic 1% dipole field error (much larger than 
any realistic error source imagined) was assigned to each 
of the 28 dipoles, 38 F-gradient, and 38 D-gradient 
magnets in the approximate lattice. Figure 4 shows the 
resulting horizontal beam trajectory and envelope. The 
solid bars intruding from the top and bottom of the graph 
indicate the available beampipe aperture. Position and 
angle of the incoming beam have been optimized to 
minimize the transverse excursions. The resulting rms 
displacement of the orbit is Ax(rms) = 18.5 mm and, with 
maximum displacements of Ax(max) = 31.0 mm, the 
beam scrapes at all high dispersion locations. 

0 100 200 300 400 SO0 
Path Length,   (m) 

Figure 4 : Horizontal beam trajectory and envelope for a 
1% systematic field (or momentum) error. 

Figure 5 shows the beam trajectory and envelope 
after correction. Moving just the F-gradient magnets, 8 by 
10 mm, 12 by 7.5 mm, and 18 by 5 mm, the excursion 
of the beam is dramatically reduced to Ax(rms) = 1.7 mm 
and Ax(max) = 3.2 mm. 
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Figure 5 : Horizontal beam trajectory and envelope after 
moving magnets to correct for the 1% systematic error. 

3.3 Random Field Errors 

Random field errors can be treated analogously to the 
systematic errors. Uniformly distributed, random dipole 
errors in the range ±0.25% were assigned to all 104 
magnets in the approximate lattice. The beam trajectory 
resulting from 20 random generator seeds was calculated. 
The worst case trajectory, which had an orbit wobble 
characterized by Ax(rms) = 3.7 mm and Ax(max) =13.0 
mm, is illustrated in Figure 6 below. 
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It can be seen from Figure 6 that no correction of 
the orbit is strictly necessary - there is ample aperture for 
lossless beam transmission. However, with small 
adjustments to just 12 of the F-gradient magnets, moving 
4 by 1.25 mm, 6 by 1.00 mm, and 2 by 0.5 mm, the 
trajectory deviation can be reduced to the level achieved for 
the 1% systematic error case. Figure 7 shows this 
corrected trajectory, where orbit excursions have now been 
dropped to Ax(rms) =1.2 mm and Ax(max) = 3.0 mm. 
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.Figure 7 : Trajectory and envelope after compensation for 
the 0.25% random field errors. 

4 DISCUSSION 

There are additional sources of error intrinsic to the 
permanent magnets that have not been addressed here. The 
two most important of these are probably the field 
strength variation with temperature and the systematic 
plus random bend center errors. To a large extent however 
the adverse effects of these flaws can be eliminated by 
sorting the magnets prior to installation. 

What has been demonstrated by the simulation 
results presented here is that very large momentum offsets 
from nominal and/or large field errors can be corrected 
through fairly modest movements of gradient magnets, 
without the necessity of separate correction elements. 
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Figure 6 : Horizontal beam trajectory and envelope for the 
'worst case' random 0.25% field errors. 
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A HIGH INTENSITY BEAM ABSORBER COREBOX 
FOR THE FERMILAB MAIN INJECTOR ABORT SYSTEM 

M. Reichanadter, CM. Bhat, C. Crawford, P.S. Martin 
Fermi National Accelerator Laboratory* 
P.O. Box 500, Batavia, Illinois 60510 

INTRODUCTION 

The beam abort system proposed [1] for the Fermilab 
Main Injector will extract a proton beam from the 
accelerator in a single turn (~10|isec) and direct it to an 
external beam absorber, of which the corebox is the 
central component. The primary design constraint of the 
corebox is to absorb an incident proton beam in a safe, 
efficient manner and transfer its energy to the primary 
cooling loop of the Abort Core cooling system. 
Additionally, it is clearly necessary, due to the induced 
radioactivity in and around the beam absorber, that the 
corebox be maintenance-free and have a lifetime equal to 
that of the Main Injector Accelerator, 20 years. 

To achieve the above constraints, the corebox design must 
satisfy three primary aspects; absorb incident and 
secondary particles such that radiation levels are 
maintained below PS AR limits [2], efficiently transfer 
bulk heat to the cooling system, and dissipate mechanical 
wave propagation resulting from the sudden deposition of 
beam energy. 

1 BEAM ABSORBER DESIGN REQUIREMENTS 

The upper bound parameters of a single aborted beam 
pulse are listed below|ZJ; 
beam energy 150GeV 

beam type proton 

total kinetic energy 2.4MJ 

pulse duration 10 M-sec 

pulse rate 0.53Hz 

#particles/spill 1.00E+14 

transverse beam size 
(ax=Oy) Gaussian beam 
distribution 0.125cm 

With regard to repeated beam aborts and the yearly average 

short term continuous 
operation 

1E+I4ppp @ 150GeV 
with a 1.9 sec cycle time 

for 1 hour duration 

average power input 1.28MW 

yearly proton flux 
2.124E+19p/yr @ 

150GeV 

* Operated by Universities Research Association, Inc., under 
Contract No. DE-AC02-76CH03000 with the U.S. 
Department of Energy. 

2      ENERGY DEPOSITION ANALYSIS 

Energy deposition due to high energy particle beam 
interaction within the abort system per proton pulse has 
been calculated using the Monte Carlo computer code 
MARS 13 which simulates the three dimensional hadron 
and electromagnetic cascades. The analysis assumes radial 
symmetry and the energy deposition is calculated on a per 
grid zone basis. The radial zone size varies from 0.06cm 
near the beam axis to 2.54cm at the outer perimeter. 
Along the azimuthal axis, Az is fixed at 12.20cm. 

For a single beam spill, the maximum energy deposition 
for the corebox materials (carbon, aluminum) and the steel 
shielding (downstream of the corebox) is shown in the 
figure below. 
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Figure 1. Energy deposition in MI Abort Corebox 
(Marsl3). 

A summary of the maximum energy deposition values 
and related temperature increase is shown below. 

Carbon Aluminum Steel 

energy (GeV/g/p) 3.60E-02 4.11E-03 9.32E-04 

energy (J/g) 576.72 65.84 14.93 

AT (degrees C) 469.00 72.00 33.00 

3      COREBOX DESIGN 

The Abort Corebox, shown in Figure 2, consists of 
eight, 12-inch long, 6-inch diameter cylinders of 
isostatically-molded, fine grain, high purity carbon, which 
are held in an 11-foot long aluminum water jacket with a 
light shrinkfit (0.002"). The shrinkfit is necessary to 
insure good thermal contact between the carbon cylinders 
and the aluminum water jacket.   This design length, 96 
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inches of carbon, followed by 36 inches of aluminum is 
sufficient to absorb approximately 800kW (average 
power) of the beam's total energy, with the remainder 
deposited in the steel shielding downstream of the 
corebox. The corebox housing is made of aluminum 
6061-T6, a weldable, machinable, moderate strength alloy 
having good corrosion resistance. 

A 0.010" thick titanium window seals and separates the 
carbon cylinders in an argon environment, to prevent 
oxidation of the carbon at elevated temperatures. Energy 
deposition calculations predict that the titanium window 
will reach a peak temperature of 386.68K in about 45 
pulses at 1E+I4ppp. The temperature of the carbon 
cylinders and the aluminum corebox are monitored using 
high temperature thermocouples (Type J, 0.125" dia.). 

Figure 2.   Cutaway isometric of the Abort Corebox 

The primary cooling system for the Abort Corebox has a 
flow rate of 160gpm (Ap=3.8psi) with eight parallel paths 
through the aluminum section of the corebox. The 
aluminum surface temperature is approximately 68C, 
with the AT of the water at 16C, and a film coefficient of 
10500W/m2-K. Prolonged exposure to beam 
environments, leading to the production of tritium, require 
an all-welded system design. 

4      THERMAL CONSIDERATIONS 

Using the energy deposition values per Main Injector 
proton pulse as an input, the temperature increase 
associated with each pulse can be carried out over time, 
until a quasi-steady state is reached. At this point average 
power into the abort equals the average power dissipated, 
and the storage term drops to zero. Separate analysis for 
the carbon, aluminum and steel were evaluated using the 
finite element code ANSYS®, with the following 
assumptions and boundary conditions; 

unsteady, non-linear energy deposition(C,Al) 
energy deposition is in discrete zones (r,z) 
transient, 2-D conduction(r,z) 
p = constant, k and cp = f(T) Ref[3] 
constant temperature boundary at r=7.62cm (C, Al) 
adiabatic boundary on cylinder ends,3T/3z=0 (C,A1) 
natural convection and radiation heat transfer at the Fe 
boundary r=22.86cm, l=213.36cm 
steady, non-linear energy deposition (Fe only) 
shape factor=1.0, emmissivity=1.0 (Fe only) 

Single pulse results of the finite element analysis for the 
carbon and aluminum predict the highest AT values of 

456.1 in the carbon and 66.8 degrees C for the aluminum. 
Average deviation with the MARS 13 analysis is less than 
5%. Carrying the analysis forward in time, the carbon 
and aluminum sections reach the quasi-steady state point 
in about 80 and 25 pulses, respectively, as shown in 
Figure 3. 

76.0 114.0 
time (sec) 

Figure 3.  Maximum nodal temperature versus time 
for the carbon and aluminum sections. 

Downstream of the corebox consists of a series of steel 
shielding slabs 84"high x 84"wide x 121" in length. The 
total energy (57GeV/p @150Gev) is deposited directly in 
a single central slab 18"high x 51" wide x 66"in length. 

A steady-state solution for the steel was investigated 
using the first pulse radial and azimuthal energy 
deposition values averaged over time. Heat transfer from 
the steel shielding was conservatively modeled as a single 
right circular cylinder (r=22.86cm, l=213.36cm), using 
natural convection and radiation at the boundary as the 
transport mechanisms. The results of this analysis predict 
the maximum temperature in the slab of 1437K 
(Tmax/Tmelting=0.807) while transferring 480kW to the 
surrounding atmosphere. 

5      STRESS WAVE CONSIDERATIONS 

The deposition of a large amount of beam energy over a 
few micro-second duration results in rapid material 
expansion due to high temperatures causing dynamic 
stresses that propagate through the material at the velocity 
of sound. Dynamic stress waves can be potentially 
destructive, if either the incident wave imparted by the 
beam, or the reflected wave returning from the free surface 
exceeds the fatigue strength of the material. For a 
perfectly constrained body under thermoelastic pressure 
increase due to energy deposition, we have, 

E 
P = ■a(AT) (1) 

l-2v 

Where E= the elastic modulus, v=Poisson's ratio, and cc= 
the linear expansion coefficient. Applying this to the 
highest energy deposition zones in the carbon and 
aluminum gives values of 25MPa and 337MPa, 
respectively. From this conservative estimate we can 
determine both materials are well  below  their  yield 
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strength, and assume that only elastic waves are present. 
The details of the stress waves imparted in the MI Abort 
carbon and aluminum were investigated using the ANSYS 
program, using the following assumptions and boundary 
conditions; 

• one-dimensional transverse elastic waves are present 
• material is initially at rest, and stress free 
• axisymmetric model, at r=0.0cm, deflection=0.0cm 
• constrained boundary at r=7.62cm, deflection=0.0cm 

(carbon only) 
• ignore water passages in cross-section 

(aluminum only) 
• linear material properties 
• reflection coefficient=100% 

For the carbon cylinders, the outer radial boundary is 
constrained by the shrink fit, resulting in the incident 
compressive wave being fully reflected as a compressive 
wave. This returning wave is focused radially on the 
region surrounding the centerline of the carbon, and 
returns at the beam axis centerline in approximately 
50|J.sec. Element size chosen for the carbon analysis is 
0.5mm (152 elements total), with a wave speed of 
c=(E/p)°5 (=2600m/s). The time step used to resolve the 
dynamic wave is 0.065|i.sec, roughly 1/3 of the ratio Ar/c 
to ensure stability[4]. Total time for the analysis is 
80|isec, which is sufficient for the incident wave to be 
reflected off the outer boundary and return to the central 
beam axis. The analysis indicates that the incident beam 
imparts a compressive radial stress of 9.0MPa (-1300psi), 
with the returning reflected wave increasing the 
compressive stress to lO.OMPa (-1450psi), both 
significantly less than the carbon compressive yield 
strength of 90MPa, as displayed in Figure 4. 
Circumferential stresses were found to be equal or lower 
than the radial stresses. 
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Figure 4. Radial pressure wave resolved for selected 
nodes in the carbon section of the MI Abort 
Corebox. 

The aluminum section of the corebox was modeled as a 
square prism with a center to edge distance of 15.24cm. 
Higher stress peaks are expected in the aluminum section 
due to a high expansion coefficient. Additionally, the 
outer edge of the aluminum is a free surface, resulting in a 

reflected tensile wave, rather than a compressive wave, as 
in the carbon. Tensile waves can lead to density decrease 
in the material, and fracture if the tensile strength is 
exceeded. 

Using Ar=0.5mm with 2400 time steps over 75p.sec time 
span (c=(E/p)05=5100m/s for aluminum), the results of 
the analysis reveal a radial compressive stress of 49.0MPa 
(7100psi) from the incident beam. The reflected wave, 
focused along the centerline of the aluminum, is found to 
be 67.0MPa (9700psi). This analysis is considered 
conservative since there was no consideration of the water 
channels that form a radial pattern through the aluminum 
corebox. This array of holes will help to disperse the 
outgoing compressive wave, and diffuse the reflected 
ingoing tensile wave. The 9700 psi tensile peak, 42% of 
the aluminum's fatigue strength is considered acceptable. 
Figures 5 below illustrates the principal stress imparted 
by the incident and reflected waves. 
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Figure 5. Principal stress wave resolved for selected 
nodes in the aluminum section of the MI 
Abort Corebox. 
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DIAGNOSTIC OF THE COMPENSATION PROCESS OF ION BEAMS 
WITH A TIME-RESOLVING ION ENERGY SPECTROMETER 
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Institut für Angewandte Physik,Robert -Mayer Str. 2-4, 60054 Frankfurt, Germany 

Abstract 

Space-charge compensated high-perveance ion beams are 
of main interest for the injection into RFQ systems. 
Space-charge compensation enhances the maximum 
transportable current in low energy beam transport lines 
which is mainly limited by space-charge forces. The 
compensation electrons are usually produced by residual 
gas ionisation. In this case beam pulses reach the final 
degree of compensation after a certain time. To 
investigate the compensation processes of a periodically 
decompensated beam, a time-resolving residual gas ion 
energy spectrometer was developed. Results of 
measurements and corresponding numerical simulations 
will be presented. 

1 INTRODUCTION 

The residual gas ions (RGI) produced by the interaction 
of beam ions and residual gas are expelled radially in the 
beam potential. Under the assumption of neglectable start 
energy of the RGI, the kinetic energy of the RGI 
corresponds to the beam potential at the point of 
production. The RGI energy distribution contains 
information on the radial beam potential distribution and 
thereby on the degree of compensation. For the 
investigation of the build-up time of space-charge 
compensation a time-resolving RGI energy spectrometer 
with a single particle detector (channeltron) [1] was used. 
The time resolution was limited to 2 us, due to the data 
acquisition. Self-consistent numerical simulations of the 
compensated beam [2] have been performed for different 
electron temperatures and axial densities to match the 10 
% base points of the measured spectra. The combination 
of simulation and measurements allows the determination 
of beam plasma parameters (electron temperature, 
electron line charge density and relative charge density 
of the compensation electrons compared to the beam ions 
on the beam axis) which are difficult to measure directly. 

2 MEASUREMENTS 

The rise time of the space-charge compensation of a 
periodically decompensated DC He+ (10 keV, 3 mA) ion 
beam has been investigated. A pulsed voltage (350 V, 
500 Hz, 50% duty cycle, rectangular) was provided to an 
electrode in order to periodically decompensate the ion 
beam. With the falling edge of the pulse the 
compensation of the uncompensated beam starts by 
trapping the produced compensation electrons in the 

beam potential. Simultaneously the time resolved 
measurement of the RGI flux passing the energy analyser 
(at a fixed analyser voltage) [3] begins. This was done for 
a variety of fixed analyser voltages. Rearrangement of 
the data gives the energy spectra at different times. The 
10% base points of this dynamic energy spectra yield the 
time dependent potentials of the beam center and the 
beam edge (Fig. 1). 
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Figure: 1   Temporal development of potentials of beam 
axis and beam edge and analytical fit. 

40 45 50 
transversal wire position [mm] 

Figure: 2 Projection of beam profile measured with wire 
scanner. 

The projection of the beam ion current density 
distribution was measured with a wire scanner at a DC 
beam for different voltages applied at a decompensation 
electrode. The settings of the focusing magnets were 
choosen in a way that the corresponding change of beam 
profile was neglectable. Fig. 2 shows a measurement for a 
decompensation voltage of 250 V. To receive the needed 
radial density profile from this measurement it was Abel- 
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inverted (Fig. 3). It was assumed that the profile of the 
dynamically compensating beam stayed unchanged as 
well. 

simulation. But for nearly uncompensated beams already 
little errors of the input parameters can result in 
unrealistic temperatures. 
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Figure:  3     Radial  beam profile  gained  from Abel- 
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4   Temporal development of electron tempera- 

3 SIMULATIONS 

A self-consistent equilibrium state of the compensated 
beam can be calculated numerically with radial beam ion 
density distribution and residual gas density as input data 
and electron temperature and density at the beam axis as 
free parameters. A two dimensional multiplicity of appr. 
10000 self-consistent states was calculated. From this 
variety suitable self-consistent states could be choosen for 
every measured couple of beam axis and beam edge 
potentials. (A computer code was developed to compare 
the measured potentials with the potentials calculated by 
the simulation. The minimum distance between the 
measured and calculated value in a two dimensional plot 
(potential of beam center versus potential of beam edge) 
is determined and the corresponding equilibrium state is 
choosen.) 

The resulting time-dependent evolution of electron 
temperature, relative electron density on beam axis (RD) 
and electron line charge density (ELCD) are shown in 
Figs. 4, 5, 6 (dotted lines). The same procedure was 
applied to an analytical fit of the original data (full lines). 
By comparison can be seen that the electron temperature 
is (only at higher temperature values) critically dependent 
on fluctuations of the input parameters while RD and 
ELCD are only weakly affected. Further the temperatures 
resulting from the simulation are unplausible high at the 
beginning of the compensation process (first 30 us) since 
electrons with kinetic energies exceeding the appr. 100 
eV corresponding to the uncompensated beam potential 
are expected to be lost instantaneously. Both effects are 
due to the fact that a beam edge potential which is only a 
little higher than what is compatible with beam axis 
potential and total charge density profile requires 
electrons outsides but not insides the beam radius, to be 
made self-consistent again. In certain limits this can be 
provided by using higher electron temperatures in the 
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Figure: 5   Relative electron density on beam axis as a 
function of time. 
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Figure: 6  Electron line charge density as a function of 
time. 

From Figs. 1, 5, 6 can be seen that the build-up of 
space-charge compensation needs a time of at least 
700 us. The theoretical build-up time is shorter by a 
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factor of 3. This is plausible because the simple 
calculation takes no electron losses into account. The 
build-up of RD and ELCD takes place approximately 
simultaneously during the first 700 us, which are actually 
covered by simulations. This indicates a relatively 
constant shape of the spatial electron distribution and is 
consistent with the approximately constant relations of 
beam axis potential, beam edge potential and electron 
temperature. In the later stages of the process the quotient 
of beam edge potential to beam axis potential decreases 
(Fig. 1) indicating a stronger confinement of the electrons 
to the inside of the beam and a further cooling of the 
electrons. 

4 FUTURE WORK 

The simulations will be extended to the later phases of the 
build-up process. The beam profile monitor will be 

replaced by a CCD camera. The CCD camera is an 
undisturbing diagnostic instrument which might be a big 
advantage, because secondary electron production is 
avoided and it allows for a time-resolved measurement of 
the beam profile. In the following time resolved beam 
profile measurements will be compared to the RGI 
spectra. Furtheron the time-resolved RGI measurements 
will be performed on a pulsed ion beam, instead of a 
continuous beam with pulsed decompensation. For this 
investigations the ion source will be pulsed. 
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DEVELOPMENT OF CRYSTAL EXTRACTION STUDIES 
AT THE IHEP ACCELERATOR 
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Institute for High Energy Physics, 142284, Protvino, Moscow Region, Russia 

Abstract 

The crystal extraction of 107 proton/s on BEC experimen- 
tal facility is described. Detailed computer analysis is made 
to explain the basic experimental results. Future high- 
intensity efficient extraction using a short crystal is an- 
nounced. 

1   INTRODUCTION 

In 1989 at the IHEP accelerator, a crystal extraction of a 70- 
GeV proton beam onto the experimental set-up PROZAfl] 
was carried out. As a development of this method, another 
extraction has been realized onto the experimental set-up 
BEC[2]. The beam line where BEC is located, was created 
for formation from an internal target of the beams of neg- 
atively charged particles in the energy range of 20-40 GeV 
(see fig. 1). 

CIO C9 Q5Q4 
b) 

Figure 1: A bent crystal with bending device (a) and 
schematic of proton extraction onto BEC (b). K is collima- 
tors, Q quadrupoles, M magnets, C scintillation counters, p 
the orbit part, Si the crystal. 

Usage in this case of the other methods of extraction of 
a proton beam is extremely difficult, and requires a signifi- 
cant reconstruction of an initial part of the beam line. Using 
a bent crystal, its bending angle and position inside a vac- 
uum chamber of the accelerator can be chosen so that the 
line of the extraction of a proton beam is on the axis of the 
beam line. An opportunity of extraction into the beam line 
of negatively charged particles from internal targets is thus 
saved. The computations of proton trajectories through a 

nonlinear magnetic field of an accelerator were conducted 
under the programs FTNT and TRAEK[3]. To not restrict 
the accelerator acceptance, the radial position of a crystal 
was chosen equal to w 50 mm from the axis of the vac- 
uum chamber. To bring protons onto the crystal, a local 
distortion of a closed orbit was invoked. 

For extraction, a Si crystal of orientation (111) with the 
sizes 85 x 16 x 0.5 mm3, bent on a angle of 89 mrad 
was used. The goniometer, on which crystal was estab- 
lished, provided its radial translation (coordinate accuracy 
of 0.1 mm) and turning in a horizontal plane with the step 
« 80/xrad. 

Up to 10% of the intensity of an accelerated beam, i.e. 
up to 1011 protons in a cycle, were incident on the crystal. 
Thus the intensity in the extraction beam line was 107 pro- 
tons in a cycle and, hence, the efficiency of extraction was 
at the level ~ 10-4 (see fig. 2). 
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Figure 2: Histogram is the measured dependence of the 
extraction efficiency on the crystal orientation angle. Points 
(*) are the simulation results. 

The received intensity of protons was quite sufficient for 
fulfilment of the planned experiment on BEC. The low effi- 
ciency of extraction with the help of a crystal, bent on large 
angle, as simulations show, is connected not only to in- 
tensive dechanneling process of particles in such a crystal, 
but also to essential influence of defects, inevitablly intro- 
duced at its manufacturing (destroyed near-surface layer) 
and bending (twists). The experiment was simulated by the 
program CATCH [4], which took into account a geometry 
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of the crystal with distortions and the effects of repeated 
passage of particles through a crystal. During the passage 
of particles through a bent crystal lattice, every step (~1 
/zm) the local crystal fields and densities of nuclei and elec- 
trons were calculated, and the scattering events generated 
[4], The lattice of a crystal was considered ideal, however 
on its surface there could be a nonchanneling layer of the 
thickness of a few microns [5] ("septum thickness"), the 
influence of which was investigated in details. In the com- 
putation, the geometry of the holder of a crystal (scattering 
in it) and variable longitudinal and transverse curvatures of 
a crystal, existing in a geometry of fig. 1, were taken into 
account. Besides, the crystal twist was taken into account, 
as a result of which the orientation of atomic planes (111) 
at the entrance of a crystal becomes a parabolic function 
of vertical coordinate y. In our case an angle 6 of mis- 
orientation of the planes (111) is given by the expression 
0(^rad)=2Oxj/2 (mm). 

The results of modeling are shown on figs. 2-4. Com- 
puted for real conditions of the experiment, the efficiency 
of extraction dependence on the angle of orientation of a 
crystal, shown on fig. 2, well agrees with the results of the 
experiment. Modeling has shown, that the chosen length of 
a crystal is optimum, while a vertical gap of the holder of 
10 mm and accordingly the height of a crystal are not suffi- 
cient. Indeed, in experiment the vertical size of undisturbed 
beam was ~13 mm. Moreover, the inaccuracy of the mid- 
dle plane at the crystal position is ±5 mm. Therefore the 
significant part of particles may be lost at the scattering on 
the holder. If to increase a vertical gap of the holder of a 
crystal up to 20 mm, the efficiency of extraction increases 
by 1.5-2 times. 

FxlO4 

10  - 

- 

<N>=\.1 

Fig. 3 shows the computed efficiency of extraction by 
an ideal crystal (no twist, nor near-surface nonchanneling 
layer) as a function of the number N of particle's encoun- 
ters with the crystal. The main contribution to efficiency 
of extraction is from the first passage of particles through 
the crystal, whereas the contribution of the subsequent pas- 
sages quickly drops because of a large scattering of non- 
channeled particles in a crystal. The average number of 
passages of a particle through a crystal before a capture 
into the channeling state, as follows from fig. 3, is only 
<N>=\.1. 

The presence of a near-surface nonchanneling layer, 
which in our case has a thickness of the order 60 /im, and 
of a twist, changes this picture essentially. If a beam is 
slowly brought onto a crystal, the primary impact param- 
eter is only a fraction of micron (the speed of this process 
is ~5 mm/s, the revolution time of a particle in a ring is 5 
/is). At such a depth, a particle hits a nonchanneling layer 
of a crystal and, passing in it the way ~1 cm, scatters by 
~50 //rad, that results in a secondary impact parameter at 
the crystal of ~60 /zm. Thus, the presence in the crystal 
of the nonchanneling layer ~60 /urn results in a complete 
suppression of efficiency of the first passage and partial one 
of the second passage. Dependence of efficiency of the ex- 
traction on a thickness of this layer, with twist and without 
it, is shown in fig. 4. 
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Figure 4: As simulated, the extraction efficiency as a func- 
Figure 3: The number of extracted particles extracted by an tion of the thickness of nonchanneling layer: crystal with 
ideal crystal at the TV-th passage through the crystal. twist (•) and without it (o). 
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From there we see that twist has a large influence on effi- 
ciency either. The crystal with an ideal surface and without 
twist would ensure an efficiency of the extraction one order 
of magnitude higher than presently. 

A radical increase of efficiency of the extraction can be 
reached by a use of a short crystal, bent on the small angle 
~ 1-3 mrad. In a long, strongly-bent crystal the dechan- 
neling losses are almost two orders of magnitude. Besides 
elimination of dechanneling losses of particles, the gain in 
efficiency is reached also because of significant reduction 
of scattering over the crystal length, i.e. respective reduc- 
tion of the beam divergence at the incidence on a crystal. 
Thus unlike in a long crystal, another mechanism of the 
growth of efficiency of the extraction of particles begins 
to work, related to the increase of the average number of 
encounters of particles with a crystal. Computations show 
that at the IHEP accelerator the efficiency of extraction of 
~ 20-40 % by means of a crystal of the length of ~5 mm, 
bent on the angle ~1.5 mrad, can be achieved. Herewith, 
the extracted intensity may be as high as 1011 protons/s. 
The experiment on realization of such an extraction is in a 
stage of preparation. 
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EFFICIENCY OF THE UNK SCRAPER SYSTEM 
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Abstract 

Optimum collimators location and choice of their apertures 
with the purpose of decreasing the flux of outscattered pro- 
tons in circle is considered in this paper. The analytical and 
computer graphic methods are used for solution of this task. 
Statistical modeling of forming beam process are made for 
the UNK and sources of lost protons are defined. With the 
help of the scattered proton traces out from the system and 
special curves the correct installation of collimators can be 
defined. The optimum set and efficiency of collimators can 
be defined by showing collimator jaws on the phase planes 
in the scraper place. Also the advantages of systems with 
the scattering target are considered. It is shown, that the 
losses in the circle are ~ 0.05% from all scraped protons 
in the UNK. 

1   INTERCEPTING COLLIMATORS 

To trap the protons, outscattered from a scraper, collima- 
tors installed downstream are used. An optimum location 
of collimators and displacement them jaws/1-3/ can be 
found from outscattered protons trajectories which are 
defined by initial coordinates at scraper x, x', S = Ap/p 
and magnet structure of the accelerator: 

(1) 
x = J -§-{cos Atp + aosinAV0(xo — Voö + Ax) 

+y/ß%smArp(x'0 - r&S + Ax') + T]5, 

where a, ß - Twiss parameters, r\ ,j]'- dispersion and its 
derivative, A^ = ip — ipo - a change of a phase betatron 
oscillations from scraper, Arc' - scattering angle. The pa- 
rameters with index "0" correspond to scraper location. 

In the case of dispersion absence in system rjo, f] = 0 for 
particles, which were on a phase ellipse with maximum co- 
ordinate XQ, with appreciation Ax <C XQ, the movement 
equation become more simple: 

x = x0 \/ß/ßo cos Aip + Ax' y/ßßo sin Atp.     (2) 

Let us assume that coordinate of scraper edge xo = 
ma, a = my/eßo, where £ is a beam emittance. Dis- 
tance from a beam axis to collimator jaw is xc = ±nac = 
±riy/eß, where the mark " + " means the jaw installed at 
the same side as the scraper from beam and " — ", when 
any. In this case the collimators intercept particles with 
amplitude more then ka : 

k2 = m2+ (±n-m cos Atp)2/sin2 Aip.        (3) 

The collimator position, when to trap outscattered parti- 
cles with minimum amplitude, is defined from(3): 

B          v    a  SSS   BSE                  S3         3      555.55     I       5    l«.,   3 
100 I \ D OrtD   frD B^—    ,1      HHftm—,   I llrra- \ D  Oft 

Figure 1: Horizontal plan of SSl,UNK-600 

In this case the size of a beam, which not interacting 
with collimator, coincides with collimator aperture, that is 
k = n. It is desirable to install the collimators as possible 
closer to the scraper (i=0,l,...), in order not to irradiate the 
equipment stand between them. The size k is defined by 
the narrowest place in the accelerator. 

The particles escaping from the system may change also 
a moment. In case of dispersion availability the displace- 
ment of outscattered proton may be presented like: 

x =x +5£, (4) 

Aip = ±arccos( —) + Tri, 
n 

where   i = 1,2, 

x =x +0Z,, (t) 

€ = V- Vß/ßo (cos Aip+cto sin Atp)r]o - y/ßßö sin Aipr)'0, 

where x - coordinate of escaping particle with equilibrium 
moment. Consequently it is necessary else to consider such 
way will be scrape particles with changed moment on the 
main collimators, and then may define the necessity to in- 
stall the additional collimators. 

In order to reduce of outscattered protons from the sys- 
tem it is necessary to take into account, that their density on 
the edges of collimators jaws was as small as possible. If 
we know normalized angular density of protons, scattered 
by the system target and scraper po (x'), and its intensity IQ , 
then density of protons on the edge of collimator jaw can 
be defined as 

p = I0po(x') ■ p(s)    , where p(s) =   /—-\        . 

Having drawn on plan(fig.l) the curves Ac = k(s)a, 
which define a displacement of collimators jaws, intercept- 
ing particles with amplitude of betatron oscillations ex- 
ceeding na, and knowing distribution function of density 
on the jaw edge, it is rather simply to define an optimum lo- 
cation and aperture of collimators. The collimators jaws are 
desirable to install in places with least density p(s) and min- 
imum significance fc(s). To trap the protons with changed 
moment it is necessary to know the dependence £(s) (fig. 1) 

0-7803-4376-X798/S10.00© 1998 IEEE 252 



1.5 

l.D 

0.5 

0.0 

-2.0 
-0. 

YHK-600 
H_scraper 

o-Aperl 
x-K2      *-K* 
♦-K3      ...-KB 

t f r ...i * * «"■■ 
-« «- 

K3 

. K8 

* K8   j 

. K4   : 

- ► ■« 

-X X K- _ K_^K2 

020 -0.015 -0.010 -0.005 0.000 0.005 

dp/p 

Figure 2: Position of collimator jaws on the phase plane 
r',p in location of horizontal scraper. 

and in places with sufficient size of this function (4) to in- 
stall additional collimators. 

The particles outscattered by a scraper can significantly 
change deviation in vertical plane and to pass through the 
hole of horizontal collimators put on the equipment. With 
the purpose of interception such particles it is necessary to 
install a minimum two additional collimator jaws in vertical 
plane. The dispersion in vertical plane in circular accelera- 
tor usually is negligible. Therefore at the account of system 
we shall consider only particles with equilibrium moment: 

z = z0(y/ß/ßo cos AV>+ao sin Aip)+(z'0+Az') y/ßßo sin AV>. 
(5) 

For particles with different initial coordinates z0 there will 
be the different optimal position of collimators. Let us con- 
sider a particle with zero coordinate z$ = 0, that equals to 
average size of particles coordinates of the whole beam. 
Such particle at hit on collimator edge will have an angle 
z[ = ny/e/ßo/smAipz. 

Maximum coordinate z of betatron oscillations which 
can have a scattered proton escaping from the scraper ZQ = 
m^/eßö. That is the maximum amplitude of protons (in 
vertical plane), which can pass in the accelerator circle, will 
be Az = ka, where k2 = m2 + (a0m + nj sin At^z)

2/ß. 
So as a0 ^ 0 in scraper location in UNK-600 k2 ~ m2 + 
n2/ sin2 Aipz. Then the optimum position of such collima- 
tors will be in case: Atpz = § + iri, and the maximum 
amplitude of vertical betatron oscillations of outscattered 
protons, that will pass in circle will be Az = y/m2 + n2 a. 

Analogically, as well as in case of radial plane, by draw- 
ing curves Ac(s) and pz(s) on plane, it is possible to define 
optimum position and aperture of vertical collimators. 

In order to visualize the losses process on plan it is possi- 
ble to draw trajectories of particles leaving from a scatter- 
ing element with some angles and moments. The places 
of intersections the consequent trajectories with vacuum 
chamber or magnet elements define a location of expected 
losses. For further consideration of system work it is nec- 
essary to take into account the collimators as a source of 
scattered protons. 

2   METHOD OF PHASE PLANES 

By way of drawing inner edges of collimators jaws on the 
phase planes in scatterer position(target, scraper, collimator 
or another equipment) it is possible to define the optimum 
set and sufficiency of collimators. On the fig.2 the loca- 
tion of jaws and circulating beam on the phase plane x',p is 
shown. Two-dimensional consideration is possible because 
the protons leave scraper with the same coordinate XQ. The 
jaws surfaces are imaged by straight lines, that defined by 
expression received from (1): 

'_   '     Xc-Xöy/ß/ßosinAtp 
X ~Xo+        jmsinAil> 

K 

which must be disposed outside of circulating beam region. 
If in straight section there are not large magnet dipoles, then 
the lines will be almost parallel to an axe abscissa, since 
£(s) ~ 0. If it is necessary to trap the protons with large 
moment displacement the collimators should be install in 
normal periods. Then the lines, representing the jaws sur- 
faces, will have slope that proportional to £(s). From the 
picture one can see the duplicating of the jaws, although 
for the interception of scattered particles in one transverse 
plane is enough two, that disposed at any sides from circu- 
lating beam. The additional collimators are used for protec- 
tion of the equipment in straight section from the particles 
are obtained from nuclear reaction and for interception the 
scattered particles from the main collimators. On the phase 
plain it is possible to image the narrowest places in accel- 
erator. In our case these are some places of vacuum cam- 
bers of normal periods, that are imaged by dotted line. The 
protons scattered by the system located on the phase plane 
outside of accelerator aperture between nearest to the beam 
collimator jaws(K4,K8), which have small vertical ampli- 
tude of betatron oscillations, will be lost in the accelerator 
circle. Knowing distribution of scattered protons it is pos- 
sible to find losses on the collimators and the equipment by 
considering them consecutive along downstream. 

In view of the fact that dispersion in vertical plane is 
close to zero it is enough to consider the phase plane z,z'. 
The edges of collimator jaws will be imaged by straight 
lines and circling beam - by ellipse(5). 

3   ESTIMATION OF LOSSES 

There are two main sources of scattered protons which are 
lost in circle: 

• scraper and scattering target; 

• main collimators. 

The particles escaping from the scraper with big amplitude 
of betatron oscillations are intercepted by main collimators 
in radial and vertical planes. The protons pass in the cir- 
cle with changed moment and put in places with big bend 
magnets. With decreasing the aperture of collimators the 
quantity of such particles decreases, but from the increas- 
ing the density of protons on the edge jaws the losses in the 
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Figure 4: Distributions of the protons scattered by steel col- 
limator for angle. 

circle grows. Solid lines show the dependencies with using 
the collimators of full absorption and dashed line - with us- 
ing the collimators on the base of iron. In first case with 
diminution collimator aperture the flux of scattered parti- 
cles in the circle decreases. In the second case is minimum 
of losses / ~0.04% when aperture of main collimators are 
ArtZ =20 — 25 mm(ß =152 m). By using the system 
without target such losses will increase twice. 

Fig.4 represents calculated distributions of protons scat- 
tered by steel collimator on the angle at beam energy 70 
and 600 GeV at the density of hitting beam is lp/mm. 
From distribution it is visible, that at small energies the 
flux of scattered protons is more, but fraction of particles 
that pass in circle is about identical, since even without us- 
ing of additional collimators particles with scattered angle 
from x[ ~ 0.1 to x'2 ~ 0.2 mrad will be lost in circle. 
That is quantity of such particles is possible to estimate 
/ ~ 2Aa;£. • Pc, where Ax'c = x'2 — x[, and Pc - aver- 
age angle proton density in this interval. 

In order to define the density of scattered protons on the 
collimator edges it is necessary to know normalized an- 
gular density of the protons leaving from the scraper and 

the target po(x'). Then density can be estimate: p(x) = 
IoPo(x')/^/ßßosinAi(i, and the size of losses of such par- 

ticles in circle will be / = I0X, where A = 2Ax
/kloPo<-x'). 

■^/ßßosinAip 

For UNK-600 decreasing coefficient will be A ~ 4 • 10-5, 
but with consideration of additional scattered protons on 
any collimators except main the real coefficient is increased 
twice. By using the system without target its fraction of 
losses is doubled. That is the main part of losses in the 
circle form the protons with change moment. For super- 
conductor accelerators interception of such protons is espe- 
cially important. In UNK-3000 the additional collimators 
can decrease a level of losses in circle up to 0.01% from the 
intercepted halo beam. 
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Abstract 

In this paper the functioning of scraper system elements at 
maximum radiation and thermal loads in different regimes 
of the system's work is considering. Substance choice and 
design of system elements construction are made with pur- 
pose of prevention their thermal.mechanical and radiation 
destruction. The advantage of using scraper system with 
scattering target is shown. By simulation of the real scrap- 
ing process in UNK the maximum heating elements is de- 
fined during many circles and at different beam energies. 
The designed scraper system with W target and Cu scraper 
can scrape up to 10% of full intensity 6xl014p at the en- 
ergy E = 70 GeV and up to 1% at E = 600 GeV. 

1   INTRODUCTION 

One of the main tasks at the design of circling accelera- 
tor is engineering reliable and effective scraper system^1/. 
Apart from optimum configuring of optical structure with 
purpose of minimization the protons production in acceler- 
ator circle and decrease heating and irradiation of system 
elements and nearby equipment the main meaning for the 
capacity of work system is the choice of construction sub- 
stance of target,scraper and collimators that securing long 
work in condition of large thermal and radiation loads. 

The conditions of the thermal load of elements are con- 
sidered at three possible regimes of system work: 
1) stationary regime - slowly scrape the halo beam; 
2) to trap particles that are not took in acceleration regime; 
3) accident situation - interception the halo beam during the 
some turns. 
At the stationary regime of work the good thermal conduc- 
tivity A of the system elements for fast removal heat is im- 
portant. At the momentary absorption of beam energy by 
the system for prevention its destruction is needed to choice 
the substance with big thermal capacity Cp and melting 
temperature Tme; and thermal mechanical stability. The 
parameters of some considered substance are introduced in 
table 1. 

Table 1 
Op P A J-mel Lr ~ 6Ln 
J w °c mm m 

QXdea smxdeQ 
w 0.134 19.34 1.686 3380 3.5 0.6 
Cu 0.388 8.93 3.896 1083 14.3 0.9 
Al 0.896 2.7 2.093 660 89. 2.4 
Fe 0.440 7.88 0.744 1535 17.6 1.0 
C 0.670 2.3 0.980 3540 188. 2.4 

The basic circuit of a design of a scraper and target U600 
is submitted on fig.l. With the purpose of reduction of a 

thermal heating of a scraper the intercepted protons at first 
interact with flat scattering target and having changed an- 
gular deviation through some turns get on front face of a 
scraper, having significant impact parameter. For preven- 
tion of mechanical destruction of a scraper oving to a non- 
uniform heating it suppose to make up from blocks, which 
fasten to frame with gaps A ~ 2 mm between blocks and 
frame. 

x 

Figure 1: The layout of a scraper. 

2   CHOICE OF TARGET SUBSTANCE 

At forming the beam by scraper system with scattering tar- 
get the impact parameter on it is insignificant l2l and as a 
result take place the strong heating of its edge that may lead 
to destruction the substance of target and then self scraper. 
In case of using the thin target the density of energy depo- 
sition in substance is practically constant and weakly de- 
pends on the proton energy. 

Table 2 
dE/dy a n Vi »72 K At 
MeV 
sm 

l 
deg xlO6 sm? 

a °C 
w 33.0 4.3 0.84 265 0.21 0.65 800 
Cu 18.2 17.0 0.57 206 0.22 1.12 510 
Al 6.3 22.9 0.62 253 0.24 0.87 150 
Fe 16.5 16.0 0.89 322 0.15 0.22 420 
C 5.6 7.9 2.18 974 0.78 0.64 40 

The heating of the target can present by process of one- 
dimensional defusion at presence the heat source: 

dT       d2T       .   x. 
= K-^-r +p{X,t), 

dt 'dx2 where   K, = 
X 

Cpp' 
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In stationary case of scraping process the heat source 
may be considered as point p(x, t)\x=o = po, and tem- 
perature change will be Z3/; 

T(x,t) = 2p0 e 4Kt 
p0x 

(1- 
2 

27T / 

2-fiü 
ds). 

After closing the process of forming beam with duration ts 

the temperature of most heated region of target edge will 

be: T = 2p0 x ^. 
If one assumes that the beam distributed for normal law 

in plane that perpendicular to out plane, then the maximum 
density of the particles is Izmax = -M— , where IQ - 
number of scraped particles, and az - r.m.s of the beam in 

z plane. Since as po =   /g- ~% t , the temperature of the 

most heated region of target edge Tmax 
>/5feff 

■KOzy/CppXt,   ' 

That is the maximum heating of the target to decrease with 
increasing the duration of the forming beam. The maxi- 
mum intensity of the beam that target can stand is 

im = m 
7T<7; :V?s 

V2 m 
Tcr • y p ■ Cp ■ X 

dB 
dy 

where Tcr - temperature of substance destroy. In consider- 
ing case of slowly heating the Tcr practically corresponds 
to Tmei. The coefficient 771 characterizes the durability 
property of the target in the stationary regime. 

At the accident situation in case of quick beam swelling 
or orbit displacement the particles during the some turns 
put to the target. In that case the heating may be considered 
as momentary and temperature change of the target edge 

p .dE       . 
may be defined: AT = "''""^ where Pmax - maximum 
density of particles during scraping process. 

If to approximate the density distribution of the particles 
on the target in out plane by linear function and to knew 
the value of impact parameter A = y/RV2 /2/, where R 
- transverse beam size and V - the transverse velocity the 
beam to the target, one can find the maximum density of 
protons Pmax = Io/V2ncrzA . Then the maximum inten- 
sity of the beam that target can stand in accident situation 
is 

Im =m~- 
To 

2voz>/RV*,    772 = 
p-Cp 

dE 
dy 

The coefficient 772 characterizes the durability property of 
target in accident regime. 

The thickness of the scattering target is chosen with con- 
sider of needed scattered angle of the protons for preven- 
tion the thermal destroy of the scraper and therefore pro- 
portional to radiation length Lr(table 1). With consider the 
above-mentioned the most suitable substance for making 
the target is tungsten. 

The computer simulation of the beam forming process 
end energy deposition in system elements was done by 
codes "SCRAPER"/4/ and "MARS 12". Calculated curves 

1200  ; 

1000 
U.tarnet                                                   /      \ 
VHK,I=6xlOE+12                                  /           \                        ] 

300 
o-E=600GeU                                    /      x K      \ 
x-E=70GeU                                   /     /         \    \               '■ 

■g    600 / /                               \\           = 

•too //                                    V\ ■; 

200 ^--ZZ*                                                                                    : 

0 
0.0001           0.0010           0.0100          0.1000 

W mm/turn) 

Figure 2: The heating of W target from the transverse ve- 
locity of the beam when to scrape 6xl012p. 

of the heating of the edge tungsten target from the beam 
transverse velocity when to scrape the halo beam with 
intensity 6 x 1012p are shown in fig.2. From there it 
can be seen that in stationary work regime (V ~ 4 x 
10-5 mm/turn, during t~ 2 s) the heating target not ex- 
ceeds 120° C. During the rest time of acceleration cycle 
the thermal energy practically completely removes from 
the target edge. The shape of the curves explained that 
with increasing the transverse velocity increases intensity 
of beam interaction with target and enlarges the impact pa- 
rameter. 

The most dangerous regime of system work is possible 
at fast beam swelling in transverse plane or fast equilibrium 
orbit displacement. Thus the heating of target during some 
dozens turns of scraping halo beam (V ~ 2 x 10_2mm/turn) 
can reach ~ 1100° C (fig.2). In that case for protection of 
accelerator it is necessary to foresee the turn on the beam 
abort system. 

In the regime to trap protons that not took in acceleration 
the protons drift to scraper with average speed V ~ 1.5 x 
10-2 mm/turn during the time ~ 30 mc and simulation 
of process shows that the temperature of the target edge not 
exceeds 200° C. 

3    CHOICE OF SCRAPER SUBSTANCE 

The choice of longitudinal scraper size are made with take 
into account practically full suppression outscattered pro- 
tons from back face of absorber. The flux of such protons 
may be estimated I = I0 x e~'»/L". That is when ab- 
sorber length l3 in six times exceedes the nuclear length 
L„(tab. 1), then flux of outscattered protons from back face 
of absorber will be ~ 0.2% from intercepted protons. 

The values of absorber maximum heating At at scraping 
the halo beam with energy E = 600 GeV and intensity 
I = 6 x 1012p for some substance are presented in the 
table 2. It can be seen that maximum part of the beam 
to its melting I > 80% x I0 to absorb graphite absorber. 
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But its using is practically impossible because of vacuum 
aggravation and technologically hard production. 

ature with time is shown by simple expression: 

Figure 3: Beam sizes on the absorber and its maximum 
heating from thickness of the target. 

The absorber heating, in view of large impact parame- 
ter of protons from them scattering on the target, not de- 
pends on regimes of system work, but defined from its en- 
ergy and intensity. With increased thickness of the target 
magnifying the beam sizes on the absorber because of in- 
creasing the scattered angles of protons and therefore de- 
creasing the maximum scraper heating (fig.3). When inter- 
cepted 0.5%Io the halo beam with the energy 600 GeV by 
the system without target the maximum momentary heat- 
ing of copper absorber reaches 1000° C. By using 10 mm 
tungsten target the heating of most heated region reduces in 
four times. Such the momentary heating of copper absorber 
at intercepted 1 % of beam with energy 600 GeV (fig.4) and 
10% of beam with energy 70 GeV does not exceed 500° C. 

500 

5   300 

I I I I I I I I 1 I I I I I I I I I I I I 
YNK-600,E=(S00BeU 
H. target, l=,10mm 

9 * 

Cu.scraper 
o-R=0-0.5cm 
K-R-l-2cm 
+-R=2-3cm 

" ~T i T. , ■ .T, 
10 60 

Ucm> 
100 

Figure 4: Momentary heating of copper absorber at inter- 
cepted 1% of beam with energy 600 GeV. 

In case of approximation of the transverse distribution of 
energy deposition by cosine function, the changing temper- 

T = T0e~Kt x cos 
■KX 

"2T 

where k = ^r is the coefficient that characterizes the rate 
of absorber cooling , I - thickness of absorber. Then the 
maximum absorber heating will be Tmax = Ti(l + e~kt), 
where T\ is the maximum temperature changing at sin- 
gle intercept of the halo beam. When used cooper blocks 
with thickness lb = 5 sm and the same thickness of the 
frame(fig.l) like energy absorber the heating enlargement 
during the many acceleration cycles will be the least from 
the considers substances: AT = Tie~kt = Tie-3. The 
additional increase of a heating will occur because of pres- 
ence thermal resistance between blocks and frame ai and 
between frame and pipes with cooling water 012: 

Ar=|-(«1+a2). 

Considering above-mentioned facts and technology pro- 
duction, cooper as an absorber substance is chosen. In that 
case at multiple intercept the halo beam with consideration 
of machining contacting surfaces not less then 4 precision 
class and water cooling the temperature of most heated re- 
gion to enlarge weakly Ai ~ 100° C. 

The designed scraper system with W target and Cu ab- 
sorber allows in stationary regime intercepted up to 10% of 
the beam intensity 6x 1014 p at E = 70 GeV and up to 1% 
at E = 600 GeV. In accident case can allow intercept not 
more then 3% of beam from the possibility of destruction 
the tungsten scattering target. 
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Abstract 

The paper describes facilities and computation methods of 
the RTS&T new Monte Carlo code. This code performs 
simulations of three dimensional electromagnetic showers 
development and low energy neutron production and trans- 
port in accelerator and in shielding components with a cal- 
culation of the isotopes transmutation problem. RTS&T 
is based on the compilations from ENDF/B-VI, JENDL-3, 
EAF, FENDL and EPNDL evaluated data libraries to de- 
tailed physical processes simulation, and only a few ap- 
proximations are made. It is possible to use RTS&T com- 
plex to solve the critical reactor problem. Combinatorial 
method of the geometry definition is provided with the pro- 
gram. Recently RTS&T code interface to the ANSYS 4.4 
code system has been developed and tested. 

1    RTS&T MAIN FEATURES 

The code RTS&T (Radiation Transport Simulation and Iso- 
topes Transmutation calculation) was assigned for Monte 
Carlo simulation of many particle types transport in com- 
plex 3D geometries with composite materials and calcu- 
lation particles fluences and functional of radiation fields 
and isotopes transmutation problem as well. 

The specific features of RTS&T Code are: basic pro- 
cesses of particles interactions during their passage through 
the matter are taken into account for the energy range about 

1. 10 eV to 10 TeV for photons 

2. 0.01 MeV to 10 TeV for leptons 

3. 1 MeV to 25 GeV for charged hadrons 

4. Thermal region to 25 GeV for neutral hadrons 

In RTS&T Code 3D geometry definition is provided with 
combinatorial (recursivial) method. Complex 3D geome- 
tries can be defined to a combination of boxes, cylinders, 
spheres and etc. More then 15 standard or user-written 
base shapes and 10 types of the initial radiation source dis- 
tributions may be defined in this code version. 

The secondary particles transport parameters are re- 
tained in stack which can be organized according to lexi- 
cographical or direct method. 

RTS&T Code can be successfully used for verification of 
non-grouping constant systems was recorded in ENDF-VI 
format. 

2   ELEMENTARY PROCESSES SIMULATION 

2.1 Photonic processes 

In the current version of RTS&T Code the following 
photonic processes types are simulated: Photoelectric ef- 
fect (from K, Li, Ln, Lm atomic shells), Rayleigh scat- 
tering.Compton scattering, pair production by photons, 
hadronic interactions of photons (photonuclear effect). 

The EPDL evaluated data library/2/ of photon- 
interaction total cross sections, coherent and incoherent 
scattering form-factors are used in photon transport sim- 
ulation for the energy range about 10 eV to 100 GeV. 

2.2 Charged particles ionization processes 

To simulate the ionization processes induced by the 
charged particles two different models are provided: 

1. Continuous energy loss model with 5-ray generation. 

2. Continuous energy loss model without 5-ray produc- 
tion and full Landau - Vavilov fluctuations. The den- 
sity effect correction to the stopping power of matter 
has been taken account. 

Multiple scattering of charged particles was simulated 
according to Moliere theory. Direct pair production by 
charged hadrons is included in the calculations as well. 

2.3 e± discrete bremsstrahlung process 

The discrete bremsstrahlung photon energy is sampled 
from a Seltzer and Berger/4/ differential cross section for 
electron kinetic energy below 10 GeV and Bethe-Heitler 
cross section above this value. The angular distribution of 
the emitted photon is sampled according to facilitated form 
of the double differential cross section/5-6/. 

2.4 Hadronic processes 

2.4.1    High energy hadronic interactions 

To simulate the interactions of hadrons and charged pions 
with the nuclei in kinetic energy range about 20 MeV to 25 
GeV intranuclear cascade-evaporation model (Dubna ver- 
sion) was provided. To calculate the distance to the inter- 
action point and simulation of hadronic process type the 
Barashenkov total cross sections compilation/7/ was used. 
7T°-mesons decay into two photons is simulated according 
to decay kinematical scheme. 
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2.4.2   Low-energy neutrons transport 

In practice of low-energy neutrons transport calculation the 
files of evaluated nuclear data present the original constant 
information, however, they are used not directly but af- 
ter treatment to multi-group constant systems. In this ap- 
proach comparison of calculation results with benchmark- 
experiments allows to test only information obtained after 
treatment. Then the system mistake supplemented by treat- 
ment itself cannot be estimated in principle, since it is in- 
divisible from the system errors of the evaluated data file 
itself/8/. 

RTS&T code is based on the direct use of ENDF/B- 
Vl/1/ evaluated data library to detailed low-energy neutron 
interactions simulation. The partial neutron-interactions 
processes simulation is performed according to ENDF/B 
laws. During constants preparation process linearization 
and restoration of resolved resonances of neutron cross sec- 
tions with LINEAR and RECENT ENDF-utilities is made. 
Data reading and constants preparation procedure was writ- 
ten in the ANSI "C" language. 

3    ISOTOPES TRANSMUTATION CALCULATION 
METHOD 

The isotopes transmutation process is described by a sys- 
tem of balance ordinary differential equations. For the iso- 
topes concentration Nit where i = 1,M (M is the total 
number of nuclides which to participate in connected tran- 
sitions) the given system of equations is the following: 

dt 
(E)-cj>K(E,t)dE +    (1) 

/ 

+!>'■[Xji+E /a^ • **<B>t)dE 

JVi(O) = N°, 

&i 

Where ak(E) - summary cross section of reactions pre- 
senting the change of i-th nucleus structure, crki(E) is the 
partial cross sections of i-th isotopes formation reactions 
from j-th mother nucleuses under action of particles of 
grade k with the energy E, A* - disintegration constant of 
the i-th isotopes, Xji - disintegration constant of the j-th 
isotopes on the channels were presented to i-th nuclide for- 
mation; <t>k{E,t) is the particles of grade k with the en- 
ergy E total flux, maximum significance of which is E$ ■ 
Breaking a period of exposition of a material on a number 
of temporary sessions with <j>k(E,t = <f>k{E), we receive 
from (1) the independent system of equations with constant 
factors, the analytical decision of which is recorded in a 
matrix kind: 

N(t) = No exp(Ct), Cij = < 

-(A, + £/**(£) ■**(£)*£) 
k    0 

ifi = j 

*« + £/*&(B)-*'WE 
k    0 

otherwise 
(2) 

where exp(Ct) is matrix exhibitor: 

C'f 
eMCt) = Z^T>C° = E (3) 

s=0 

We shall note a number of the equation system (1) fea- 
tures: 

• Practically at any modes of exposition or endurance of 
any material the isotopes transmutation process con- 
tains both fast and slow making, and the distinction 
between them can reach 20 and more orders. Such 
spread of significances of elements of a matrix results 
to its bad conditionality [cond(C) » 1] and allows 
to assume, that a system of equations (1) is "stiff". 
Correctly the definition of "stiffness" of the equations 
system requires the calculation of own significances 
A of matrix C, that reasonably is a difficult problem 
for large-size matrixes. Usually for these purposes a 
ODE system use the following criterion — the system 
is "stiff" if inequalities are executed: 

iiciir1«^, ^(c)!-1«^ (4) 

Where H is the duration of exposition session or en- 
durance, ||C||i and Sp(C) is the norm and trace of 
matrix C respectively: 

n n n 

||C||i = max V |c«|,    Sp(C) = ^Cii = £ A*. 
J"=l *=1 t=l 

Numerical integration of "stiff' systems any obvious 
discrete methods (Runge-Kutta, Adams and etc.) re- 
sults in effect "error explosion" at the chosen step 
^maxaiCllrSlW)!-1). 
Given restriction from above on a integration step can 
result in unreal times of account when connected tran- 
sitions (chains combined with nuclear reactions of ra- 
diation disintegration) contain nuclides with strongly 
distinguished life-times. Hence, application of stan- 
dard methods of numerical integration non-stiff sys- 
tems in an isotopes transmutation problem unaccept- 
ably. 

The majority of specialized methods of numerical in- 
tegration of "stiff" systems of equations are based on 
implicit discrete methods (Rosenbrok, Kollahan and 
etc.), which in case of a system with constant factors 
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require calculations of a return matrix (E + hC)~l, 
where h is the integration step, E - unit matrix. As 
the overwhelming majority of matrix C elements is 
considerably less than 1, reference (manipulation) of 
a given matrix is made with a large error, which grows 
with an increase of its size and with a reduction of 
the integration step. Use of arithmetics with a float- 
ing point of double accuracy to isotopes transmuta- 
tion problem solution does not remove this problem 
(for example, at radioactive disintegration of t/235 nu- 
clei, Cu = 3 • 10~17 and, in case of small h, even the 
operation of summation the diagonal elements of ma- 
trices E and hC already passes on limit of allowable 
accuracy by use of the 64 bits computers). 

The marked specific of an isotopes transmutation prob- 
lem limits the applicability discrete methods of numerical 
integration of ODE systems, that makes the their universal 
settlement circuit unsuitable for construction. 

Direct use of the analytical decision (2) at large times 
and bad conditionality of the matrix C results in unjustified 
quantity terms at calculation exhibitor and high error. For 
the decision of a system of equations (1) in RTS&T code 
the circuit of calculation exp(Ci) was applied recurrent, 
which gives satisfactory results even in case of brightly 
expressed "stiffness" of a equations system (1) in a wide 
range of intervals of time h. 

To construct recurrent of the calculation circuit 
exp(CH), where H is the duration of the exposition ses- 
sion, the interval H is broken into a number of any uniform 
sections h. Then isotopes concentration in each discrete 
moment of time tn = nh, n = 0, 1, ... are defined by the 
formula: 

7V„+i = Nn exp(CTi), n - 0, 1, ... (5) 

To the exponential (exp(CTi)) calculating the additional 
recurrent matrix equation construction is required. Such 
step bl is chosen, which satisfied to following conditions: 

h' = £c>        hT ^mmiWCW-WSpiC)]-1) 

where K is any integer value. Having calculated on (3) 
exp(C7i'), we can find exp(C/i), applying consistently for- 
mulas: 

exp(2C7i') = exp(C/i')exp(C/i'), 

exp(2KCti) = exp(2x-1C/i')exp(2K-1C/i')- 

We shall record these equations as the recurrent matrix 
equation: 

4>k+i = 4>\> where <j>k = exp(2 Ch'),    fc = 0,1,..., K — 1; 
(6) 

Thus, it is possible to choose so small size h', that high 
accuracy of representation exp(CTi') by decomposition (3) 

with small number of the members (s) is provided no mat- 
ter how. On the other hand, the use recurrent of equations 
(5) and (6) for the decision of a system (1) considerably re- 
duces number of steps of integration for the given interval 
H: 

H/h = 2~K ■ H/ti, 

That removes a "large times" problem in any isotopes 
mixes. Valuation of a relative error of the numerical cir- 
cuit of the decision of a equations system (1) to be made 
according to the Runge rule: i.e. results received for the 
steps h'(K) and h'/2(K + 1) are compared. 

4   ACKNOWLEDGEMENTS 

The contribution to the RTS&T code (geometry description 
procedures) have been made by O. Lyashenko to whom the 
autors expresses his cordinal gratitude. 

The autors is grateful to Yu. Fedotov for his interest to 
the work and R. Mukhamadeev (SRC IPPE) for the stimu- 
lating discussions. 

5   REFERENCES 

[1] ENDF-102 Data Formats and procedures for the evaluated 
nuclear data file ENDF-6. BNL-NCS 44945, July 1990. 

[2] D.E. Cullen, M.N. Chen, J.H. Hubbel, S.T. Perkins, E.F. 
Plechaty, J.A. Rathkopf, and J.H. Scofield. Tables and 
Graphs of Photon-Interaction Cross Section from 10 eV to 
100 GeV Derived from the LLNL Evaluated Photon Data 
Library (EPDL). UCRL-50400 vol.6, Lawrence Livermore 
National Laboratory, 1989. 

[3] V.V. Varlamov, V.V. Surgutanov, A.P. Chernyaev, N.G. 
Efimkin. Photo-nuclear library, EPNDL-1, PART2 version 
MARCH-1996. Private communication. 

[4] S.M. Seltzer, M.J. Berger, "Bremsstrahlung spectra from 
electron interactions with screened atomic nuclei and orbital 
electrons", NIM B12 (1985) 95-134. 

[5] Y.S. Tsai, "Pair production and bremsstrahlung of charged 
leptons", Rev. Mod. Phys. 46 (1974) 815. 

[6] Y.S. Tsai, "Erratum: Pair production and bremsstrahlung of 
charged leptons", Rev. Mod. Phys. 49, 815 (1977). 

[7] V.S. Barashenkov. Cross Section of interaction particles and 
nuclei with nuclei. Dubna, JINR, 1993. 

[8] P.A. Androsenko, A.A. Androsenko, G.V. Bolonkina, S.I. 
Dubrovina, A.S. Krivtsov, "The experience of direct use of 
ENDF-B/6 in calculations by the Monte-Carlo method. VI 
Russian scientific conference on radiation shielding of nu- 
clear installations", Obninsk, 1994. 

[9] R. Silberberg, CH. Tsao "Partial Cross-Sections in High- 
Energy Nuclear Reactions and Astrophysical Applications", 
The Astrophysical Journal Supplement Series, supplement 
number: 220, vol.25,1973. 

[10] R. Silberberg, CH. Tsao "Spallation processes and nuclear 
interaction products of cosmic rays", Physics reports, A Re- 
view Section of Physics Letters, vol.191, iV6, August 1990. 

[11] "Radionuclides decay channels. Radiation energy and in- 
tensity. ICRP Recommendation." v. 1-4, Energoatomizdat, 
1987. 

260 



PERTURBATION OF RELEVANT RESONANCE FOR SLOW 
EXTRACTION EFFICIENCY INCREASE 

N.N.Alexeev, S.L.Bereznitsky, A.E.Bolshakov, ITEP, Moscow, Russia 

Abstract 

In synchrotron, slow extraction of circulating beam when 
influenced by non-linear perturbation was analysed both 
analytically and by computer simulation. It was found 
that beam loss on the septum may be reduced two times 
and more if particles distribution in the cross section of 
kicker magnet is deformed with decapole perturbation of 
sextupole magnetic field using for resonance excitation. 
Similar effect is observed for gradient resonance 
extraction with octupole perturbation. Results of 
simulation for ITEP PS slow extraction system are 
presented. 

1. INTRODUCTION 

The resonance slow extraction of the beam circulating 
in the synchrotron is impossible without loss of a part of 
beam that jumping unsuccessfully over a septum. To 
increase the efficiency of the slow extraction, the septum 
width has to be constructed as thin as possible. We are 
considering another way of the beam loss minimisation 
which is base on the forming the particles distribution in 
the cross section of the kicker magnet to reduce a portion 
of scattered particles in the septum of given width. The 
required deformation of the conventional distribution 
may be obtained by the relevant resonance perturbation 
as it will be shown below. 

2. FOUNDATIONS OF ANALYSIS 

The equation of motion at resonance slow extraction is 
written usually in the form 

d    77 9 n 1 
—— + v T] = -&TJ " cos(m^) 
d<T 

(1) 

where r|, (j) - Courant-Snyder variables, v=vr+Av  -  tune 
value, n=2 - for gradient resonance, n=3 - for sextupole 
resonance, m=n-vr - resonance harmonic number. Eq (1) 
may  be  rewritten  in  the  co-ordinate  system  (X,Y) 
proposed by Krylov-Bogolubov-Metropolsky [1] 

rp X(<|>)cos(vr<|))-Y(<|))sin(vr<|>) 
rj' =-(vr+Av){ X(<|))sin(vr(t.)+Y(<t))cos(vr<t))} (2) 

in the form 

X' +AvY= — aTi(X,Y,<t>)nIcos(m<|>)sin(vr<|>) 
v 

Y' -AvX=—arKXY^fcosCmitOcosCv,«!)) 
V 

(3) 

Removing from (3) harmonic addendums and keeping 
addendums responsible for slow changing of betatron 
oscillation amplitude we obtain for gradient resonance 

X'+AvY=—Y 
4v 

Y'-AvX=—X 
4v 

and for sextupole resonance 

X'+AvY= — XY 
4v 

(4) 

Y' -AvX= 
8v 

(X2-Y2) (5) 

It follows from Eq.(4) that a rate of oscillation amplitude 
increases at gradient resonance as 

R'=R sin(2cp)    ,       (6) 
4v 

where X=Rcos(cp) ,Y=Rsin(cp). For sextupole resonance, 
the rate dependence of amplitude is 

R' = -— R2cos(3q))(7) 
8v 

When oscillation amplitudes are big enough, the phase 
space trajectories are close to the linear separatrix and 
cpaconst. 

The particles distribution f(R) in the kicker magnet 
cross section may be obtained in assumption that the flow 
of particles to the transverse direction at the beam 
ejection process is stable and independent of R. In this 
case 

R' -f(R)*const (8) 
and the particles density in the kicker magnet cross 
section for Eq.(7,8) conditions is decreased with R, so the 
maximum density value corresponds to the septum co- 
ordinates. 

3. PERTURBED MOTION ANALYSIS 

It follows from Eq.(8) that a distribution function f(R) 
with lower density value at the septum co-ordinates may 
be obtained by means of corresponding modification of 
R' function. It may be done for example through the 
relevant resonance perturbation according, to 

d  T] 

A</>2 
+ v2?7 = -a77n"1(l-k;72)cos(m0)  .(9) 

where k - factor of resonance perturbation. The rate 
expressions of oscillation amplitude growth for Eq.(9) 
conditions are 
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R'=R— (1- — R2)sin(2q>) 
4v        2 

(10) 

and 

R' =- — R2(l-- kR2)cos(3(p)   (11) 
8v 4 

Setting the k factor in Eq.(lO-ll) to optimum value, one 
can possible to obtain the required particles distribution 
f(R) with minimum density value at the septum co- 
ordinates. 

4. RESULTS OF SIMULATION 

Analytical analysis was verified by computer simulation 
for ITEP Proton Synchrotron slow extraction system 
constructed on simplest scheme with one sextupole lens 
for resonance excitation and one kicker magnet for 
particles extraction. Fig.l shows layout of main 
components for this system. 

om 
KM _203_ 

1     Ik 
202 204 205 

BM2 Ml     M2 

that way that the density descends at septum co-ordinates 
and raises at magnetic gap, but the distribution shortens, 
so the ejection efficiency goes down. Obvious way to 
high efficiency is to lengthen the distribution by 
extension of sextupole resonance. Result of this 
procedure optimisation is shown in fig.3. 

f(R 
Septum Magnetic gap 
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Fig.3. Optimised distribution of particles in kicker 
magnet cross section at decapole perturbation of 

sextupole resonance 

Fig.l Schematic arrangement of beam ejection system, 
where K-is kicker magnet with septum, M12 - magnets 

for local orbit deviation, BM - bending magnets. 

The effective thickness of septum is 2 mm and the 
width of magnetic gap is 4 mm. So the efficiency of 
beam ejection at conventional sextupole resonance 
conditions is near to 60%. Summary distribution diagram 
of particles in the cross section of kicker magnet is shown 
in fig.2. 

0.3 

0.2- 

0.1 

m 
Septum Magnetic gap 

15 16        17 18 19       20 21 mm 

Fig.2. Conventional particles distribution in the cross 
section of kicker magnet at slow extraction 

One can see in this picture that the density slope is close 
to the 1/R2 function as predicted by Eq. (8). and the 
ejection efficiency is 59%. 

Small perturbation of sextupole resonance according 
to Eq.(9) causes deformation of distribution of interest in 

The particles loss in septum was reduced two times and 
efficiency of the beam ejection has raised by 20%. 

Deformation of distribution shown in fig.3 is a result 
of the rate amplitude moderation with approach to the 
septum. In the vicinity of septum the particles are 
jumping hardly over the obstacle to the distant edge of 
septum, but at the more distance from the septum, the 
jumps are further and particles hit the magnetic gap free 
space. 

Fig.4 and Fig.5 show phase space trajectories near 
unperturbed     and     perturbed     sextupole     resonance 

Y 

Fig.4. Phase-space trajectories near sextupole resonance 
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Fig.5. Phase-space trajectories near perturbed sextupole 
resonance 

described by Hamiltonian 

H=—(X2+Y2)+-^-X[(X2-3Y2)--k{X4-3Y4-2X2Y2}] 
2 24v 4 

The open domain of unstable motion around a small 
triangle shown in Fig.4 is transformed to the ring domain 
of formally stable motion with fixed points of two levels, 
shown in Fig.5. The unexcited beam is located in the 
vicinity of origin, so trajectories streamlining three fixed 
points of the first level is only occupied. The kicker 
magnet phase space image is placed near the external side 
of a fixed point separatrix for the best interception of 
particle by particle of the whole beam. 

Fig.6 and Fig.7 show co-ordinate/angle distribution of 
the beam in the cross section of kicker magnet for the 
cases of conventional and perturbed resonance. One can 
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Fig.6. Beam phase portrait for ejection at 
conventional sextupole resonance 

see that the growth of ejection efficiency is accompanied 
by some swelling of the transverse phase volume. This is 
a natural fee for the ejected beam intensity increase. 

Emittance growth is a serious problem and 
disadvantage of this method if it can't be compensated by 
some way. We haven't try to seek minimum emittance 
conditions but it's clear that the value of emittance 
growth depends on a betatron oscillation phase shift that 
happens due to the additional non-linear field component. 
The value of this phase shift may be regulated by 
changing some parameters and conditions of slow 
extraction system. Though there are some complications 
in theoretical treatment and in the choice of the optimum 
configuration for ejection system, we expect to get 
answers for main questions in near future. 
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Fig.7. Beam phase portrait for ejection at 
perturbed sextupole resonance 

CONCLUSION 

The method of beam loss minimisation at slow extraction 
based on the relevant resonance perturbation was 
considered analytically and by computer simulation. It 
was shown that an ejection efficiency growth may be 
obtained with the n+2 order perturbation of the n order 
resonance that using for extraction. The optimum value 
of perturbation for the maximum gain of efficiency 
depends on the machine configuration and the initial 
parameters of the unexcited beam. The problem of 
ejected beam emittance growth is the subject for future 
research. 
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BEAM EXTRACTION SYSTEM FOR THE COOLER INJECTOR 
SYNCHROTRON AT IUCF 

X. Kang, G.P.A. Berg, D. Friesel, S. Y. Lee and T. Sloan 
Indiana University Cyclotron Facility 

2401 Milo B. Sampson Lane, Bloomington IN 47405 
Abstract 

The Cooler Injector Synchrotron (CIS) being built at IUCF 
will serve as an injector for the existing IUCF Cooler Ring. 
The beam extraction from CIS and injection to the Cooler 
Ring include the the orbit bump, extraction kicker, septum 
magnet in the CIS ring, the transport beam line, and injec- 
tion part to the Cooler ring. After extracted from CIS ring 
with a traveling wave fast kicker (15 mrad) and a Lambert- 
sen septum, beams are transported by the beam line BL9 to 
the cooler injection point and injected into the cooler ring 
by a fast traveling wave injection kicker. 

1   INTRODUCTION 

A Cooler Injector Synchrotron (CIS)[1], nearing comple- 
tion at IUCF, is designed to provide polarized light ion 
beams, such as 200MeV proton beams, for the existing 
Cooler Ring. The CIS beam extraction system is composed 
of four orbit bumpers, a traveling wave fast kicker and a 
12° Lambertsen septum. After extracted from CIS, beams 
are transported to the Cooler Ring by the beam line BL9, 
which consists of a suitable set of quadrupoles and dipoles 
for beam matching at the injection point and two solenoids 
for spin manipulation. Beams are injected into the Cooler 
Ring at an angle of 9.4 mrad by a septum and fast travel- 
ing wave injection kicker at the injection point. The beam 
parameters are matched at the injection point horizontally 
by adjusting the positions the strength of the quadrupoles 
and vertically by setting a proper conditions of both CIS 
and Cooler rf systems. 

2   BEAM EXTRACTION FROM CIS 

As shown in Figure 1, single-turn method is used for 
the fast beam extraction from CIS. After deflected by the 
kicker, the beam passes through the region with deflecting 
field for extraction while the closed orbit passes through 
the field-free region in the septum. The beam offset at the 
location of septum xs must not be less than the half-width 
of the circulating beam with an allowance for closed or- 
bit distortions and alignment errors plus the half-width of 
the extracted beam and the septum width. The kicker is 
often dictated by technology and economics, so it is advan- 
tageous to make betatron phase shift between the kicker 
and septum A/x closed to TT/2 and ßk large so that 5k is re- 
duced. The minimum strength of septum depends on how 
much more angular deflection is needed to take the beam 
clear of the next machine magnet. However, the deviation 
of the beam directly from the central orbit provided by the 
kicker is not big enough for the structure of the septum. 

Septum 

Kicker 

Closed orbit 

Figure 1: CIS fast extraction structure. 

To minimize the cost and strength of the fast kicker, beam 
bumpers are used to adjust the closed orbit locally closer to 
the septum. Outside the four bumpers, the closed orbit is 
still along the CIS central line. 

For the CIS extraction, a fast traveling wave kicker[2] is 
used which can deflect 200MeV proton beam at least for 
an angle of 15 mrad within a cycling time of 90 ns. The 
deviation of the beam at the septum is only 17mm Accord- 
ing to the geometry of the septum, totally the beam should 
have a displacement of > 40mm in order to be extracted 
from the ring. So before kicking the beam, four bumpers 
are used to bump the closed-orbit by about 25mm from the 
central orbit in the vicinities of the septum. Figure 2 shows 
the closed orbit bump and beam extraction trajectory in the 
horizontal plane. The beam has a small angle(0.65°) in- 
wards before entering the septum. If the septum is rotated 
by 3.1°, the field component Bz can correct this angle. 

If the traveling wave kicker pulse has some fluctuation 
before and after the kick, the closed orbit and the extracted 
beam will be affected slightly near the septum. The simu- 
lation results show that the maximum change of the closed 
orbit due to ±5% pre-pulse fluctuation is less than ±lmm 
and the changes at kicker and septum are even less. The 
effect of the ±10% kicker top pulse fluctuation(total effect 
of ±5% pre-pulse and ±5% top pulse fluctuation) is that 
the beam trajectory has a change of ±1.5mm at the first 
dipole after kicker. The beam positions at kicker and sep- 
tum change less than ±2mm. 

In the vertical plane, the septum deflects the beam up- 
wards by 12° to let the beam avoid the dipole magnet No. 
3 and then deflected back to the horizontal direction by an- 
other dipole TPES. After the beam is extracted from CIS, 
it is 0.77m above the CIS ring plane vertically, as shown in 
Figure 3. 
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Table 1: Constraints for the transversal injection matching. 

 CeDterline of CIS ring 
*--* Bumped dosed otbil 
• • Extnctedheam with septumrotalioa 
■—' Extracted beam without septum rotation 

Septum 

Figure 2: Closed orbit bump and beam extraction from CIS. 
Note that the orbit deviation are enlarged by 10 times. 

Parameters Initial Final 
B[ 9.9999982 9.9999999 
B'2 -7.2650281 -7.3876488 

B'3 6.6119067 0.9066779 

B't -6.5590755 1.1898049 

Bk 2.2938179 6.7237249 
B'6 -2.4567029 -7.1063014 

B'99 2.0705442 2.5966974 

B109 -1.2928168 -5.5034685 
S12 0.2155292 0.2378493 

than the vacuum chamber and the vertical beam envelope 
is also smaller than the magnet gap, as shown in Figure 5. 

Table 2: Beam parameters matched at the cooler injection 
point. 

Figure 3: Beam extraction trajectory in the vertical plane. 

Parameters Desired Present Error 
/?x(m) 2.281 3.189 0.908 
A/(m) 1.744 1.599 -0.144 

&x 0.173 -0.486 -0.658 
ay -0.130 -0.463 -0.333 

Dx(m) -4.180 -5.079 -0.899 
D'x -0.027 0.053 0.080 

3   TRANSPORT BEAM LINE BETWEEN CIS AND 
COOLER 

The extracted beam from the CIS ring has emittance of 
lOirmm ■ mrad and momentum spread of 0.15% and is 
transported from CIS to Cooler by the transport beam line 
composed of a set of suitable quadrupoles, dipoles and 
solenoids. Two solenoids SOLI, SOL2 and two dipoles 
Dl, D2 are used for providing proper spin orientation for 
polarized beam injection for the cooler ring. In order to 
inject the beam to the cooler properly, both the transversal 
and longitudinal beam parameters must be matched at the 
injection point. 

The constraints for the transversal beam matching are the 
field gradients B' of eight quadrupoles from QA1 to QA6, 
Q99 and Q109, the distance SA12 between the first two 
quadrupoles Ql and Q2. After adjusting the above con- 
straints, the beam parameters ß functions ßx, ßy, ax, ay 

and dispersion function Dx and D'x are matched at the in- 
jection point of the cooler ring. Table 1 shows the initial 
and final values of the above constraints. Table 2 shows all 
the matched parameters. After the matching of the beam 
parameters, the beam envelope along the beam line must be 
smaller than the vacuum chamber to avoid beam loss. Fig- 
ure 4 shows the ß functions along the beam line. After the 
calculation, the horizontal beam envelope is much smaller 

20.0 

10.0 15.0 20.0 
Distance (meters) 

Figure 4: ß functions along the extraction beam line. 

For the longitudinal beam matching, the ratio of the 
bucket height and width of the two rings must maintained 
in order to avoid the bunch dilution during the bucket to 
bucket transfer from CIS to Cooler, 

CIS 
(1) 

Cooler 

This condition requires the equilibrium phase space profile 

265 



20.0 
Distance (meters) 

Figure 5: Vertical beam envelope along the beam line, 

matching of the rf system 

V cos <f>t 

CIS 

V COS <j>s 

hr) hr) 
(2) 

Cooler 

which means that the rf system in CIS should reflect a 
proper longitudinal matching condition. 

4   BEAM INJECTION TO THE COOLER 

Fast injection method is used for the beam injection into 
the Cooler upon the modification of the existing beam line 
BL9. Figure 6 shows the horizontal plane of the injection 
section. 

Figure 6: Horizontal plane of the cooler injection section. 

In the horizontal direction, Cooler stack is deflected by 
3° by DIA and DIB respectively and is bumped close to 
injection beam near LOO by the existing bumpers in the 
Cooler Ring. Injected beam from L91 enters the kicker 
with an angle less then 15mrad and then kicked to the 
Cooler stack direction by the traveling wave kicker. Ver- 
tically, the beam is bent down by a dipole SV2 before en- 
tering L91 and flatten at Lambertsen magnet LOO. 

Based on the existing beam element arrangement, the 
available space for injection kicker is 1.5m and the center 
of the kicker should be 2.0m away from LOO. In order to 
pass through DIA and LOO, the injection beam must have 
an angle of > IQmrad, which is difficult for a 1.5m long 
injection kicker to deflect. The solution is to merge the 
two holes in DIA into one big hole. Then, with an angle 

of 9.4mrad, the beam is easily injected into Cooler by the 
fast kicker which is 2.0m away from LOO. 

Making two existing holes into one big hole, the strength 
and quality of the DIA dipole maybe affected. However, 
the calculation results show that the leaking field in the big 
hole of DIA is only 12Gs which has a deflection angle of 
0.1564mrad on the 200MeV beam. This effect is negligi- 
ble. 

For each injection cycle, 5 pulses from CIS are injected 
to the cooler and accelerated to the desired energy. This re- 
quires that the rise and fall time of the injection fast kicker 
is less than 70 ns. The horizontal gap of the injection kicker 
must be big enough for the beam and the Cooler stack 
bump. The acceptance of the cooler is 20nmm ■ mrad 
and the dispersion function at the injection point is 1.5m, 
which gives a beam size of 11mm. The closed orbit needs 
to be bumped from 8mm to 14mm for the injection. So the 
total width of the gap should be bigger than 4.3cm. 

5   CONCLUSION 

Fast extraction method is used to extract the 200MeV 
beam from CIS and fast injection method is used to inject 
the beam into Cooler Ring. The kicker angles required for 
the extraction and injection kickers are less than \5mrad. 
The ±5% pre-pulse and ±5% top pulse fluctuation of the 
CIS extraction kicker has small effect on the beam trajec- 
tory. Some modifications are needed on the existing beam 
element arrangement in order to inject the beam into the 
Cooler properly. Both transversal and longitudinal beam 
parameters can be matched for the Cooler injection by ad- 
justing parameters of the beam elements and rf systems. 
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INTENSITY ASYMMETRIC MULTIPLE SLOW EXTRACTION AT THE 
KEK-PS 

M.J.Shirakata, K.Marutsuka and H.Sato, 
High Energy Accelerator Research Organization 

Y.Shoji, Himeji Institute of Technology 
Abstract 

Intensity asymmetric simultaneous extraction to multiple 
beam lines at the KEK 12GeV Proton Synchrotron has been 
performed for physics experiments since the end of 1995. 
The exctracted beam to one beam line is about 1/100 lower 
intensity than another. This weak beam has been utilized 
for the primary beam experiments with stable spill quality. 

Table 1: Expected beam losses. 

case 1 case 2 case 3 
4% 5% 22% 

case 1:    EQ1 for EP1 or EQ2 for EP2 
case 2:    EQ1 for EP2 extraction 
case 3:    EQ2 for EP1 extraction 

1   INTRODUCTION 

Resonant slow extraction is widely used in existing syn- 
chrotrons. Some of them have two extraction lines and 
simultaneous beam extraction for multiple beam lines are 
carrying out in order to save the operation time. They are 
symmetric in resonant phase. 

Fig.l is a schematic drawing of the KEK-PS. The KEK- 
PS has three beam lines which consist of two slow extrac- 
tion beam lines (called EP1 and EP2) and one secondary 
beam line of the internal target (IT). In usual, we extract 
the beam only to either EP1 or EP2 beam line with para- 
sitic IT beam. Since the EP1 and EP2 beam lines have their 
own independent extraction system designed for single ex- 
traction, they are not symmetric in resonant phase. 

Booster 

Figure 1: Schematic drawings of the KEK-PS. 

The test operation for the double slow extraction was 
started in 1992, the basic design work was performed[l]. 
In this case, though much efforts was spent to guarantee 
the same intensity on the extracted beam both EP1 and EP2 
beam lines, it found difficult to utilize them for the physics 
experiments due to their unstability and large beam losses 
without building a new extraction system.   However the 

physics committee proposed the intensity asymmetric mul- 
tiple extraction in late 1995 accompanied with the build of 
the new branch of the beam line called EP1-B. The EP1-B 
was designed for very low intensity beam of under 5 x 1010 

[ppp]. This new offering required the intensities of EP1, 
EP2 and IT of about 1:100:10, respectively. The very weak 
extracted beam is utilized for the experiments on the pri- 
mary proton beam. 

The test operation of the simultaneous multiple beam ex- 
traction began to start again with largely asymmetric beam 
intensity. 

2   EXTRACTION SCHEME 

2.1   Double Slow Extraction 

The extraction system of the KEK-PS is designed to uti- 
lize the 2uh = 15 half-integer resonance[2]. The EP1 and 
EP2 extraction system are almost same. The slow extrac- 
tion system consists of one perturbing quadrupole mag- 
net called "EQ", one octupole magnet called "OCT" and 
two electrostatic septa "ESS" and five magnetic septa "sep- 
tum A to E". The "EQ" is installed in order to produce 
a half-integer stopband and the "OCT" is to separate un- 
stable phase space region. On the horizontal tune getting 
closer to the half-integer, the stable region in phase space 
becomes smaller and beam particles begin to spill out of 
the accelerator. The beam particles spilled out are conse- 
quently shaved by "ESS" and deflected to the beam line 
by magnetic septa. The extracted beam is controlled by 
the spill-servo system feeding back the spill intensity [3] [4]. 
The spill-servo system has two inputs. One is the circulat- 
ing beam intensity just before extraction process and the 
other is the realtime spill intensity. The spill-servo system 
controlls the purturbation quadrupole based on these sig- 
nals in order to keep the spill intensity to the constant. 

In double slow extraction, we have two purturbation 
quadrupoles. Table 1 shows the predicted beam loss dur- 
ing the extraction period in three cases. 

Obviously the case 1 which is the ordinary extraction 
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scheme shows the best extraction performance. Though the 
case 2 is acceptable, the case 3 is not. This results deter- 
mines that the using EQ1 is the unique solution for the dou- 
ble slow extraction. In case of the EP2 main channel mode, 
the EP2 spill intensity feeds back to the EQ1 through the 
spill-servo system. 

2.2   Internal Target 

The Internal Target(IT) is the oldest system which was 
applied for the physics experiments in the KEK-PS. The 
IT system consists of the two bump magnets called "IT- 
bump", and two target arms including a spare arm. The 
circulating beam is bended out by IT bump magnets and 
one target arm is inserted into the beam line during the ex- 
traction period. The secondary beam intensity produced 
through the target is about 1/10 of the primary extracted 
beam in usual. Unfortunatery, because the IT bump can- 
not be completely closed due to their series cabling, it can 
largely affect on the intensity of the weakest beam in case 
of the multiple extraction. 

3   RESULTS 

3.I   Beam Intensity and Spill 

The intensity asymmetric multiple extraction has started in 
extracting the weak beam to the EP1-B line which is re- 
ferred as the EP2 main channel mode. The EP1 main chan- 
nel mode is expected to run in this autumn. 

In both cases, multiple extraction has to start the sin- 
gle extraction (very often with IT) using EQ1 purturbation 
quadrupole magnet. The EP1 main channel mode starts 
the ordinary EP1 extraction operation. Then turning on the 
EP2 extraction system with guradually raised bump mag- 
nets. Fig.2 shows the extracted beam spills, circulating 
beam intensity and current of EQ1 magnet of the EP1 main 
channel mode. Table 2 shows the intensities of extracted 
beams. In case of the EP1 main channel mode, the inter- 
fere on the main spill from the multiple extraction is very 
small. 

Table 2: Beam intensities in [ppp] of each extraction 
modes. 

Timing EP1 main EP2 main 

P3 2.9e+12 2.8e+12 
EP1 2.4e+12 2.0e+10 
EP2 2.4e+10 2.0e+12 
IT 1.0e+ll 3.3e+ll 

P3:    acceleration end corresponding to 
just before the extraction. 

Fig.3 shows those of the EP2 main channel mode. In 
case of the EP2 main channel mode, firstly the EP2 single 
extraction tuning utilizing EQ1 is performed and then turn- 
ing on the EP1 extraction system. The EP2 extracted beam 

Figure 2: EP1 main mode. Extracted beam spills (EP2 was 
reversed), circulating beam intensity and EQ1 current. 

Figure 3: EP2 main mode. Extracted beam spills, circulat- 
ing beam intensity and EQ1 current. 

has a different angle with respect to the ordinary extraction 
which is achieved by EQ2. Fig.4 and Fig.5 show the beam 
profile at EP2 after the ESS measured by a single wire pro- 
file monitor. The single wire profile monitor consists of 
the scattering wire and loss monitors. A number of parti- 
cles corresponding to the beam profile scattered by a wire 
are detected by a loss monitor placed just behind the wire. 
Fig.4 is in the normal extraction by EQ2. The island of the 
center is of the extracted beam profile and the right con- 
tinent is the coast of the circulating beam. Fig.5 is of the 
multiple extraction by EQ1. The beam profiles are shifted 
to the inner of the ring and close each other. The septum A 
and B have to be moved to the appropriate position on the 
multiple extraction. 

As mentioned in Table 1, the amount of the beam loss 
with respect to the EP2 extraction utilizing EQ1 is expected 
to be almost the same as that under the normal operation. 
However the extraction ratio of the EP2 main channel mode 
is under 80%. In actual, the beam loss at the EP2 during 
extraction period became above twice, especially on ESS 
and Septum A which were the upstream of the extraction 
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Figure 4: Ordinary extracted beam profile after ESS. 
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• October 1996,8 days 

including no IT extraction period 

Although the weakest EP1 beam intensity varied in 1.7 to 
3.4 x 1010 [ppp] during above period, it could be corrected 
very easily. Any serious changes on the spill structure did 
not observed. The multiple extraction has enough stability. 

On April 1997, the first try of the EP1 main channel 
mode has done. Though this test ended in half a day, it 
seemed to be also very stable. 

4 CONCLUSION 

The intensity asymmetric multiple beam extraction of 
100:10:1 was successed and being applied for physics ex- 
periments nowadays as the usual operation. Over the 3 ex- 
periments goes at the same time on our three beam lines. 
This intensity asymmetric multiple beam extraction is our 
answer to the strong requirements to get more machine time 
for the physics experiments. 
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Figure 5: Beam profile of the EP2 main mode after ESS. 

septa, according to turning on the EP1 extraction. This 
comes from the unseperation between shaved beam by ESS 
and circulating beam as shown in Fig.5. Moreover the in- 
scrutable islands were found in the profile measurements in 
later runs. This problem has not been solved yet even in the 
simulation. 

3.2   Stability 

In the case of the EP2 main channel mode, the stability of 
the beam intensity and spill structure were monitored. 

• December 1995,2 days (the first try) 

• January 1996, 6 days 

• February 1996, 8 days 

• April 1996,14 days 

• May 1996,6 days 
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PSR INJECTION-LINE UPGRADE* 

Barbara Blind and Andrew J. Jason, Los Alamos National Laboratory 

Abstract 

We describe the new injection line to be implemented 
for the Los Alamos Proton Storage Ring (PSR) in the 
change from a two-step injection process to direct H" 
injection. While obeying all geometrical constraints 
imposed by the existing structures, the new line has 
properties not found in the present injection line. In 
particular, it features decoupled transverse phase spaces 
downstream of the skew bend and a high degree of 
tunability of the beam at the injection foil. A 
comprehensive set of error studies has dictated the 
imposed component tolerances and has indicated the 
expected performance of the system. 

1 INTRODUCTION 

We are converting to direct H" injection to reduce the 
beam losses in PSR and thus allow an increase in beam 
current from 75 |XA to 100 |JA, through improved quality 
of the injected beam and injection painting [1,2]. 

To make direct H" injection possible, the injection 
line must be rerouted to bypass the ring dipole through 
which the beam is presently injected. This seemingly 
minor change in geometry, coupled with stringent 
requirements on the beam at the foil, necessitates changes 
throughout the line, while the existing tunnel walls place 
severe restrictions on the layout. 

2 PRESENT INJECTION LINE 

Figure 1 shows a sketch of the present injection line. 

PRESENT INJECTION LINE 

injection foil 

injection-line-tunnel walls 
skew line 

] doublet      0 achromatizing quadrupoles I decoupling quadrupoles 

11=1 BBQ NEW INJECTION LINE 
injection foil 

last bendL 

Figure 1. Top view of present and new injection line. 

The present injection line consists of a skew line to 
take the beam from the transverse coordinates of the 
upstream transport line to those of the ring injection 
section, and a lower injection line to transport the beam 
through a stripper magnet, where H~ are converted to H°, 

and through a hole in the side of one of the ring dipoles to 
the injection foil in the ring, where H° are converted to 
H+. 

The skew line contains an S-shaped bend in a 24.36° 
plane. In beamline order, a 1.5° kicker magnet deflects 
the beam into the injection line, a doublet provides needed 
focusing, and an FDF triplet, between two 6.75° dipoles 
and two -7.5° dipoles, makes the bend achromatic while 
providing focusing in both transverse planes. The D 
quadrupole resides at the dispersion crossover, thus 
decoupling achromaticity from vertical focusing. The 
skew bend causes downstream transverse linear coupling, 
leading to an apparent transverse-emittance growth of a 
magnitude that depends on the input beam and on the 
focus of the line. 

The four quadrupoles in the lower injection line 
prepare the beam for the stripper magnet, where the 
vertical beam size must be small because of the narrow 
gap and the horizontal beam size must be small to 
minimize the additional horizontal-emittance growth 
caused by the stripping process. Because of these 
constraints the injected beam is not matched to the stored- 
beam parameters. 

3 NEW INJECTION LINE 

The new injection line consists of a skew bend, 
matching section and last bend, as sketched in Figure 1. 

3.1 Layout 

The bend in a skew plane is retained because it is not 
practical to replace it by separate horizontal and vertical 
bends. In order to gain space for the matching section, 
the bend angles of the 6.75° dipoles are increased to 7.5° 
and a -1.5° dipole is added between the -7.5° dipoles. 
The 26.86° roll angle of the skew bend is determined by 
the layout of the last bend. 

The matching section is as close to a ring-tunnel wall 
as possible and is more compact than desirable. It is not 
possible to push the skew line upstream to gain more 
space, because it would obstruct access to the injection- 
line tunnel, as well as get too close to the floor. 

The layout of the last bend is essentially fixed by the 
requirement of dipoles at or below the field-stripping limit 
of 3.8 kG, with small bend angles, and the presence of the 
existing PSR elements and ring-tunnel walls. 

3.2 Expected Input Beams 

The accelerator-output-beam transverse profiles are 
Gaussian with longer-than-Gaussian tails. These profiles 
are described well by the sum of two Gaussian 
distributions.    Typically, the "wide-peak beam" (about 

* Work supported by the U.S. DOE and DOD 
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70% of the total beam) and the "narrow-peak beam" (the 
remaining 30% of the beam) have transverse rms 
emittances of about 0.08 n-cm-mrad and 0.02 7t-cm-mrad, 
respectively. 

The momentum distribution is skewed, with a long 
low-momentum tail. The momentum deviation of the 
beam does not exceed about ±0.5%. 

3.3 Nominal Beam at Injection Foil 

The stored-beam Twiss parameters at the injection foil 
are /3X =2.675 m, ^=0.6180, 0, =11.093 m and 
ay = -1.3894, with Dx = 1.456 m and D'x = -0.166. 

We will inject a zero-dispersion beam. For a 
dispersion-matched injected beam of the assumed 
momentum distribution, the foil must practically cover 
all horizontal coordinates to cover the same fraction of the 
beam as for the zero-dispersion injected beam, resulting in 
over twice the number of foil traversals. 

To establish nominal injected-beam parameters and a 
preliminary injection point (injected-beam centroid 
location) at the foil, we chose among the upright injected- 
beam ellipses based on foil-edge location (as far from the 
stored-beam axis as possible, to minimize the number of 
foil traversals) and number of large-emittance stored-beam 
particles created. For transverse rms emittances of 0.08 
n-cm-mrad, the nominal ellipses have rms parameters of 
x = 0.10 cm, x' = 0.80 mrad, y = 0.16 cm, y' = 0.50 
mrad. 

Through repeated ACCSIM runs, we found the desired 
injection point, xQ =0.721 cm, x'0 =-1.960 mrad, 
y0 =2.250 cm, VQ =3.100 mrad. For this injection 
point, the 2-rms injected-beam ellipses touch stored-beam 
ellipses with emittances of ex =3.2 rc-cm-mrad and 
Ey = 6.3 7t-cm-mrad. Figure 2 shows the transverse 
phase space at the injection foil. Shown are the 2-rms 
injected-beam ellipses and the stored-beam ellipses being 
filled. The foil edges are shown at -2.5 rms of the 
injected beam. 

Horizontally, the foil edge is close to the axis, and 
there is no advantage in a closed-orbit bump. We will 
have a vertical closed-orbit bump for injection painting 
and to minimize the number of foil traversals [1,2]. 

3.4 Handling of Non-Nominal Injection-Line Input 
Beams 

The injection line was designed with a particular input 
beam. For all accelerator output beams that have been 
documented to date, it is possible to restore the nominal 
injection-line input-beam Twiss parameters with the four 
quadrupoles immediately upstream of the skew bend. In 
case the non-nominal input beams are allowed to go 
through the line, the matching section can then restore the 
nominal Twiss parameters at the foil. 

3.5 Issues Concerning Skew Bend 

In order to explain the beam-optics properties of the 
skew bend, we need to distinguish between transfer-matrix 

elements in the upright coordinate system (Rtj) and in the 
skew coordinate system (Sy). 

The skew bend must again be achromatic, to avoid 
dispersion-related emittance growth and beam-centroid 
motion with beam-energy shifts. With two quadrupoles 
one can set S16 = S26 = 0 downstream of the bend, which 
automatically results in Rl6 = R26 = R36 = R^ = 0. 

x[cm] y[cm] 

Fig. 2. Horizontal (left) and vertical (right) phase space at 
injection foil. Shown are the 2-rms injected-beam 
ellipses (dark shade), the stored-beam ellipses (light shade) 
and the foil edges (vertical lines). 

In order to avoid the transverse linear coupling usually 
caused by beamlines in a skew plane, the skew bend is 
tuned so that Sn=533,   512=534, S2l = S43, and thus 
also S22 = S44, resulting in a decoupled R matrix 
(Rl3 = RH = R23 = Ru = 0, R3l = R32 = i?41 = R42 = 0) 
with two identical diagonal blocks (Ru = R33, Rl2 = R34, 
R2l = /?43, and R22 = R44). There is no downstream 
apparent transverse-emittance growth, regardless of input 
beam. 

The proposed skew-bend design is quite similar to the 
present configuration (see Figure 1). The doublet 
provides needed focusing, the two F quadrupoles of the 
FDF triplet make the bend achromatic, and the D 
quadrupole at the dispersion crossover provides additional 
vertical focusing. This latter magnet and two new 
quadrupoles at zero-dispersion locations, one upstream of 
the 1.5° kicker magnet and one downstream of the last 
skew-bend dipole, decouple the line. Tuning for 
achromaticity and decoupling are independent. 

The degree of coupling will be checked with a vertical 
steerer upstream, and two BPMs downstream, of the skew 
bend. We should be able to detect coupling that leads to 
1% emittance growth. 
For each near-nominal setting of the doublet, the skew 
bend can be made achromatic and decoupled. By 
measuring the rms beam sizes at strategic points in the 
line, we will be able to distinguish between the nominal 
and near-nominal tunes. 

3.6 Issues Concerning Matching Section 

The matching section has four quadrupoles, which is 
the minimum required to adjust four beam parameters at 
the injection foil. The matching-section quadrupoles are 
in a dispersionless part of the line so that adjusting the 
focus at the foil does not affect the dispersion at the foil. 
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The matching section can produce the nominal beam 
parameters at the foil with the nominal and all expected 
non-nominal input beams. It can also produce beams that 
differ in size by ±25% from nominal in either or both 
planes. These are beams with reasonable foil-edge 
locations and maximum stored-beam emittances that we 
will want to check out in trying to establish the optimal 
tune for the actual input-beam transverse and longitudinal 
distribution. 

3.7 Issues Concerning Last Bend 

The last bend contains four dipoles to guide the beam 
around the ring dipole, and two quadrupoles to make the 
bend achromatic. 

Horizontally, the last bend points at the nominal 
injection point (x0 =0.721 cm, *J =-1.960 mrad), 
vertically, it is aligned for on-axis injection (y0 =0 cm, 
VQ = 0 mrad). The last bend will have two dual-axis 
steerers. To get to the nominal injection point, no 
horizontal steering is required, but the steerers have to 
achieve Ay = 2.250 cm, A/= 3.100 mrad at the foil, 
with deflections of about 2.2 mrad and 1.4 mrad, 
respectively. For on-axis injection, no vertical steering is 
required, but the steerers have to achieve 
Ax = -0.721 cm, Ax' = 1.960 mrad at the foil, with 
deflections of about -1.4 mrad and 3.5 mrad, respectively. 
Horizontal on-axis injection can also be achieved by 
lowering the currents of the first and third dipole, by 
about 2.0% and 3.7%, respectively. 

3.8 Particle Losses 

The apertures will clear at least 6.6 rms of the 
nominal beam with transverse rms emittances of 
0.08 7t-cm-mrad and a full momentum spread of +0.5%. 
In the skew line and in the matching section, there is no 
allowance for steering errors, which we attempt to 
minimize. The aperture of the last bend has an allowance 
for vertical steering to the injection point and horizontal 
on-axis injection. Scraping losses in the line thus are 
expected to be minimal. 

Particle losses from field stripping were computed 
from the relevant formulas [3]. They should be around 
1.6-10"5 from all injection-line dipoles and below 
2 • 10_n from the quadrupoles of the matching section. 

3.9 Component Tolerances 

A comprehensive study of the relative sensitivity of 
the line to alignment and field errors of all magnets 
resulted in tolerances that are readily achievable. To limit 
steering by individual magnets to 0.3 mrad, we specify 
dipole rolls below 0.1°, transverse alignment of the skew- 
bend and last-bend quadrupoles to 0.5 mm and of the 
stronger matching-section quadrupoles to 0.25 mm, and 
dipole longitudinal alignment to 1.0 mm. To keep 
apparent transverse-emittance growth due to individual 
magnets below 3%, quadrupole rolls should be below 
0.1°.   The 1.5° kicker magnet is regulated to ±0.2%, 

causing beam-centroid shifts at the foil to the 0.28-rms 
injected-beam ellipse, horizontally, and the 0.12-rms 
injected-beam ellipse, vertically. For an equivalent effect 
from all other dipoles, the skew-line dipoles will be 
regulated to ±0.01% and the last-bend dipoles to 
±0.002%. To control fluctuations in the injected-beam 
parameters, the quadrupole power supplies need to be 
regulated to about 0.1%, with the last matching-section 
quadrupole requiring 0.01% regulation. 

4 PERFORMANCE OF SYSTEM 

Beam losses in the injection line should be minimal, 
even in the presence of the expected magnet errors and 
imperfections. The performance of the injection line will 
be judged against the factor-of-nine reduction in foil 
traversals (to about 35) and factor-of five reduction in ring 
losses (to about 0.1%) computed for the nominal injected 
beam. 

We simulated beam transport through injection lines 
with errors and beam injection into the ring. The input 
beam was Gaussian-distributed, transversely, with rms 
emittances of 0.08 7C-cm-mrad and had a skewed 
momentum distribution. The central energy was chosen 
to minimize ring losses. The lowest-energy particle had 
about -0.537%, the highest-energy particle about 0.330% 
momentum deviation. The assumed injection-line errors 
were those that can not be corrected, namely random roll 
errors, dipole power-supply fluctuations and quadrupole 
set-point errors to twice the tolerances. Also included 
were random normal and skew sextupoles to 4 10" and 
normal and skew octupoles to 2 • 10"4 of the dipole field, 
and random normal and skew sextupoles and normal and 
skew octupoles to 2 • 10"3 of the quadrupole field, at the 
pole radius. These limits correspond to twice the 
maximum measured values of the mapped magnets. 

The study showed that, for injection lines with errors, 
the nominal ring losses can be preserved as long as more 
beam is allowed to miss the foil and go to the H° dump. 
The approach should be to always keep the nominal foil- 
edge locations and injection point, in which case the 
number of foil traversals, the nuclear-scattering losses and 
the scraping losses all remain essentially unchanged. 

For tuning the line, the injected-beam rms parameters 
will be determined, to better than 20% accuracy, with an 
emittance station near the foil. For the range of beams to 
be then expected, the nominal ring losses can likewise be 
preserved by allowing more beam to miss the foil. 
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MULTI-PULSE EXTRACTION FROM LOS ALAMOS PROTON 
STORAGE RING FOR RADIOGRAPHIC APPLICATIONS 

H. A. Thiessen, F. Neri, K. Rust, and D. B. Redd, Los Alamos National Laboratory, 
Los Alamos, New Mexico 87544 

Abstract 

In Proton Radiography, one of the goals is a motion 
picture of a rapidly moving object. The Los Alamos 
Proton Storage Ring (PSR) in its normal operating mode, 
delivers a single pulse approximately 120 ns wide 
(fwhm). In development runs at the PSR, we successfully 
demonstrated operation of a technique to deliver two 
pulses, each 40 nsec wide, with adjustable spacing. 

1. INTRODUCTION 

For radiography of moving objects, two or more pulses 
with adjustable time spacing are required. The existing 
Proton Storage Ring (PSR) extraction system is 
configured to extract the entire beam in a single turn. Two 
kickers and two kicker modulators fired at the same time 
perform the normal extraction function. By reconfiguring 
the two kickers and two modulators, it is possible to 
obtain two half-sized extraction kicks with adjustable time 
spacing. In this way, we have extracted two pulses with 
adjustable relative timing. The setup will be described and 
experimental results will be presented. 

2. SETUP 

The basic idea of the setup was to rearrange the existing 
kickers and modulators of the PSR extraction system as 

shown in Fig. 1 below. 

* PROTON BEAM 

Fig: 1 Arrangement of two kickers and modulators used to 
deliver two pulses from PSR. In the standard mode of 
operation, each kicker is excited by a separate modulator. 

In this arrangement, one modulator drives two kickers in 
parallel, but with half the voltage of the standard operation 
mode. The second modulator is timed to deliver its pulse 

after adjustable delay. Diodes are used to isolate the two 
modulators from each other as shown in the circuit of 
Fig. 1. Ideally, the beam responds to the first of the two 
kicks by moving to a position corresponding to the center 
of the septum. Approximately 25% of the beam is 
extracted and 50% of the beam is lost on the septum. 
When the second kick is applied later, the remaining 25% 
of the beam is extracted. 

3.  EXPERIMENTAL RESULTS 

In our first experiment (November 24 1996) we ran the 
PSR with a nominal 30 ns wide injected pulse at 4 Hz. 
The injection time was limited to 200 microseconds and 
the repetition rate was limited to 4 Hz to limit the beam 
injected to 100 nA, well below the normal loss in the 
PSR, in order to limit activation and minimize risk to 
components in the event of a spill at a single point. The 
separation between modulator pulses was limited to the 
range of 1-10 microseconds by the existing timing 
system. 

At the best operating point found in the first experiment, 
approximately 83% of the beam was lost, with 10% and 
7% delivered in two pulses to the Fast Current monitor in 
Line D. (The accuracy of our fractional beam calibrations 
is ± 30%.) Pulse width measured by the fast current 
transformer in Line-D was 40 ns, consistent with a slight 
broadening of the 30 ns injected pulse. The observed beams 
were similar over the range of 1 to 10 microseconds, and 
nothing was seen that would preclude extending the 
separation time to 100 microseconds or more. The 
extracted beams were "clean", showing no side lobes or 
unwanted spurious pulses. The observed pulse pair is 
shown in Fig.2. 

Fig:  2.  Observed pulse shape in two-pulse extraction 
mode from PSR. 
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The observed beams at the fast current transformer 
contained approximately 1.6x10 protons per pulse, more 
than 5x more protons per pulse than available in a batch of 
6 micropulses from the linac. (which would have the same 
time width as the observed pulses at PSR). 
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Fig: 3 The closed-orbit bump used in the two-pulse 
extraction experiments. Two vertical lines show the 
position of the septum and of the foil. The closed-orbit 
displacement is -8 mm at the septum, -10 mm, +3 mr at 
the foil. 

In the February 24 1997 experiment, using the bump 
scheme illustrated in Fig: 3 we increased the efficiency to 
about 35% of the stored beam. The bump is designed to 

move the beam closer to the septum and to move the 
closed-orbit away from the center of the injected beam at 
the foil. Moving the beam closer to the septum places the 
center of the beam kicked the first time on the center of the 
septum. Without the bump, the beam center would be on 
the inside edge of the septum. 

The closed-orbit offset at the foil is designed to produce an 
hollow beam in phase-space, whose projection in the 
horizontal direction has two peaks, with a separation of 
about 10 mm. This reduces the percentage of the beam lost 
on the septum, when the two pulses have equal intensity. 
The nominal bump is calculated to be the largest one that 
does not produce significant beam loss. 

The results of the second experiment are shown in Fig. 4. 
After the first modulator is fired, about 50% of the beam is 
extracted or lost on the septum. After the next turn, only 
about 33% of the beam remains in the ring. About 6 turns 
later, more beam is lost. The remaining 17% stays in the 
ring until the second modulator is fired. The horizontal 
fractional tune is close to 1/6, so that the two modulators 
are fired with a separation that is a multiple of six times 
the revolution period, or 2.16 |Xs. We observed that he 
second modulator had to be fired nx6 or nx6+l turns after 
the first, in order to extract the beam. Firing the second 
modulator on any other turn resulted in a neglegible second 
extracted beam pulse. 
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Fig: 4 The top trace shows the ring current from the wall current monitor. The bottom trace is the signal from a fast 
current transformer in Line-D. One time division is 2 (As. The two modulators are fired 9 us apart. 
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With the nominal bump, shown in Fig. 3, most of the 
beam is lost on the septum, after the first kick. Increasing 
the bump at the foil (to make the stored beam more 
hollow) reduces the percentage of the beam lost when the 
kickers are fired but increases the percentage of beam lost 
during accumulation. The efficiency is not increased. 

The pulses in the extraction line have the same width as 
the ring current profile. The "tails" noticeable in the two 
bottom pulses of Fig. 4 are actually due to the line not 
being correctly terminated. We observed 100% 
transmission of the extracted pulses to the LANSCE target 
1. This means that both pulses fit in the acceptance of the 
extraction line, even though they are not centered in the 
extraction channel. Two steerers could be used in the 
extraction line to correct for this offset for proton 
radiography experiments. However, as shown in Fig. 5 the 
two pulse will not completely overlap in phase space, so 
that a DC steerer cannot exactly correct the offsets of both 
pulses. Adjusting the tune of the ring away from exactly 
1/6 can help correct for this, but to to illuminate the same 
object with the same spatial distribution on both pulses 
will not be possible. 

In a future run, we hope to improve the extraction 
efficiency, extend the injection pattern width, and extend 
the injection time. Our goals are to increase the available 
beam in each pulse by a factor of 10-20 with a pulse width 
of 50 nsec, and demonstrate separation of extracted pulses 
out to 100 microseconds. After the SPSS enhancement 
program is complete, it would be possible to generate up 
to 6 pulses in a nearly arbitrary pattern if a suitable six- 
pulse modulator were to be developed. 

In summary, we have demonstrated the ability to produce 
from the PSR two pulses, each with a width of about 40 

nsec and at least 3xl010 protons per pulse, an order of 
magnitude more protons than a train of linac bunches 
with a similar width. The separation between the pulses 

can be adjusted from 2 |is up to 100 |4.s. These pulses 
could be used for high-resolution freeze-motion 

radiography of moving objects. 

-100   -75 0 25       50 -50    -25 
X(mm) 

Fig: 5 The phase-space locations of the circulating beam, 
beam after the first kick and beam after the second kick. 
The ring acceptance of the ring and extraction line are also 
shown. 
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BREMSSTRAHLUNG FROM A NEW TYPE OF TARGET:   INCREASED 
INTENSITY AND AVERAGE ENERGY, AND REDUCED DIVERGENCE 

B.Bogdanovich, V.Kudinov, A.Nesterovich, Yu.Pomasan, E.Tsygankov, VJanenko, 
Moscow Physics Engineering Institute, 115 409 Kashirskoe shosse, 31, Moscow, Russia 

The purpose of the present work is the study of 
increase opportunity of electron bremsstrahlung in narrow 
bodily angle at forward direction. 

Main factor, influencing on bremsstrahlung intensity 
for electron fixed energy and target material, is target 
thickness. During electron interaction with substance two 
competitive processes are observed: bremsstrahlung 
photons' generation, the number of which is increased 
with growth of thickness, and photons' absorption and 
scattering in target material. For all target materials there 
is such thickness (so named "optimum thickness"), at 
which maximum significance of bremsstrahlung intensity 
is observed. Optimum thickness for various materials of 
targets usually satisfies to thickness close to (0.1-0.3) 
radiating lengths [1,2]. 

The angular distribution width increase of 
bremsstrahlung with target thickness growth is stipulated, 
mainly, electrons multiple scattering in target material. 

Therefore one of ways of bremsstrahlung output 
increase in narrow bodily angle at forward direction can lay 
in electrons angular divergence reduction. 

Such way can be realized by means of beam repeated 
passage method through the thin target. At this method 
photons' absorption is practically eliminated, the 
electrons' energy will be realized completely, i.e. the way, 
that electrons pass, corresponds to its run, that, in turn, 
will cause bremsstrahlung output increase. 

Characteristic researches of the electrons' 
bremsstrahlung generated by multiple beam passage 
through thin target were conducted at experimental stand 
based on electron linear accelerator with travelling waves. 
Accelerator (see figure) has following parameters of a 
accelerated beam: energy 3 - 6 MeV, average current 0 - 60 
(i.A. current pulse duration 0.5-2.0 |J.s. The beam 
parameters were received at klystron pulse power about 12 
MW. 

Electron beam, leaving accelerator, has some angular 
divergence, therefore narrow directed beam was formed by 
collimator with 30 mm length and aperture diameter of 8 
mm. Aluminium was used as the collimator material. 
Such choice is connected that aluminium has small 
bremsstrahlung output energy, that, in turn, permits to 
provide a small level of background radiation, arising as a 
result of electrons' interaction with collimator material. 
Electron beam formed by collimator fell into electron- 

guide fabricated from iron, which executed a role of the 
magnetic screen. After electron-guide leaving the electron 
beam gets into magnetic field. Adjusting magnetic field 
strength in magnet, it is possible to transform electrons' 
trajectory in circular orbit. The sizes of the area with 
uniform magnetic field of this magnet permit to provide 
circular orbit of electrons with energy 4.5 MeV on the 
diameter about 120 mm. Maximum magnetic field at 
median plane of electron beam rotating area was equalled 
2830 gauss. 

The bremsstrahlung registration expediently to 
execute under a corner 90° with respect to the beam 
motion direction in accelerator, since in this direction 
background minimum level. Such background always 
takes place in accelerating structure of linac because of 
small beam waste in it. On this basis target unit is placed 
on distance, equal quarter of circle length, describing 
electron orbit, from place of beam entry into magnetic 
field 

Target unit consists from thin aluminium foil by the 
size 50-20 mm, fixed on ceramic pillar and electrically 
insulated from the chamber. This construction has allowed 
to execute beam current control, dropping on the target. 
The aluminium target thickness makes 100 |J,m, i.e. 
-1.1-10-3 radiative length. The electron energy was 
defined from passage curve in aluminium, measured with 
help multi-plate Faraday cylinder. Electron energy has 
made 4.5 MeV. 

Electron current, measured from the conversional 
target at magnetic field value provided circular electron 
orbits in the chamber, makes 1|JA. 

Analyzing received data, it is possible to generalize 
that use of method of electron repeated passage through 
conversional target increases bremsstrahlung output in 1.9 
times in comparison with use of the optimum thickness 
target. 
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Fig.   Experimental installation scheme 
1 - accelerator, 2 - aluminium collimator, 
3 - magnetic screen, 5 - magnet, 6 - target unit 
7 - detector, 8 - detector protection, 
9 - plumbum collimator, 10 - Faraday cup 
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THERMO MECHANICAL CALCULATIONS OF A CYCLOTRON 
DEFLECTOR 

J. DeKamp and F. Marti 
National Superconducting Cyclotron Laboratory, 

Michigan State University, East Lansing, MI 48824, USA 

Abstract 
We discuss in this paper finite element calculations that 
simulate the thermal and mechanical effects on the 
deflector septum of a cyclotron. The energy deposited by 
the beam is cooled by radiation and conduction to a water 
cooled plate. The deformation of the septum due to the 
thermal expansion and electrical pressure is calculated in 
the model. 

1 INTRODUCTION 

The experimental program at the NSCL is shifting toward 
radioactive beams produced by the projectile 
fragmentation method. An upgrade of the facility is under 
way with the purpose of increasing the intensity of 
secondary beams. In the new regime intense primary 
heavy ion beams (1012 ions/sec of Ar at 8 GeV) will be 
extracted. The extraction process starts with an 
electrostatic deflector that peels off the last turn from the 
internal beam. No real separation exists between them, 
just a lower current density region. Power losses of 400 W 
will be absorbed and dissipated by the deflector septum. 
The usual difficulties of cyclotron deflectors are 
compounded in the superconducting cyclotron case 
because of the small vertical gaps where the deflector 
must be placed. 

Traditionally, the cyclotrons accelerating high 
intensity beams have accelerated protons. Some high 
intensity radioisotope producing cyclotrons accelerate 
negative H ions and extract the beam by stripping to 
positive H. The highest intensity cyclotron beams are 
extracted from the PSI accelerators where intensities 
higher than 1.5 mA have been achieved [1]. These 
accelerators are separated sector cyclotrons, where more 
space is available to include large electrostatic deflectors, 
and due to their large size the separation between turns is 
significantly larger than in compact machines like our 
superconducting cyclotrons. 

When the beam is intercepted by the extraction 
system septum, protons will deposit the energy in a much 
larger volume than a heavy ion of the same energy per 
nuclepn. For example a 200 MeV proton has a range of 
25.8 mm in Tungsten while a 200 MeV/u Ar beam has a 
3.3 mm range, see Figure 1.   This much shorter range 

creates unique problems for high intensity heavy ion 
cyclotrons. 

Cyclotron septa have been designed for many years 
with a V notch in their leading edge to increase the 
boundary area of the region where the beam deposits the 
energy [2]. 
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Figure 1 Energy loss as a function of the penetration depth 
for an 8 GeV Ar ion (200 MeV/u). 

2    MECHANICAL DESCRIPTION 

The first electrostatic deflector of the K1200 cyclotron 
consists of three sections approximately 35 cm long, 
connected with hinges that allow the deflector to adapt to 
the orbit shape of the different ions being extracted. Most 
of the losses occur at the entrance edge of the first section 
[3]. Our calculations are then restricted to this first 
segment. A cross section of the deflector is shown in 
Figure 2. The top and bottom plates are made of Cu to 
assure good thermal conductivity and the bottom one is 
water cooled. The high voltage electrode is cooled only by 
conduction through the insulators. The model includes the 
copper housing but not the high voltage electrode. 

The septum is positioned by top and bottom clamps. 
These clamps can prevent the motion in all directions, or 
alternatively, provide a sliding guide that allows 
displacements of the septum, but maintaining some 
alignment while constraining the angle between the 
septum and the guides. When the clamps are "loose" the 
heat transmission to the cooled support housing is 
decreased. 

' Work supported by NSF Grant PHY-95 28844 
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64   mm 

Figure 2 Cross section of the K1200 cyclotron 
electrostatic deflector. The gap between the septum on the 
left and the high voltage electrode is 6 mm. 

3     THE MODEL 

Thermal and mechanical analyses were accomplished 
using the general purpose finite element analysis (FEA) 
program COSMOS/M [4] using 3 node or 4 node shell 
elements for the septum and 8 node solid elements for the 
housing. All thermal analyses used nonlinear, transient 
analysis with temperature dependent material properties. 
Transient analysis was more efficient because of the 
difficulty in convergence of a static analysis with the high 
temperatures and gradients present and T4 radiation 
dependency. 

Mechanical analysis was done on full septa to 
investigate the effects of pressure on the septum due to 
electrostatic forces. For thin septa nonlinear dynamic 
analysis was done because of the relatively large 
displacements and initial instability of thin materials. For 
thicker septa linear static analysis could be used. The 
electric field in the gap (80 kV over 6 mm) will deform 
the septum, increasing the apparent thickness that the 
beam will see. We considered first a Molybdenum septum 
with thicknesses from 0.05 to 0.25 mm, like the septa used 
in the cyclotron at the present reduced power levels. 
These calculations showed that if the electric field started 
on the edge of the septum, the deformations were 0.5 and 
0.016 mm respectively. If the electric field is displaced 1 
cm away from the edge (extending the septum upstream 
of the high voltage electrode) the corresponding 
displacement was reduced to 0.04 mm for the 0.05 thick 
septum and a 0.12 mm thick septum had a displacement 
of 0.015. The electric field was then included in the 
following calculations starting 1 cm from the edge. 

Thermal   mechanical   analysis   was   then   done 
investigating the effects of both temperature and pressure 

along with methods to spread the power dumped in the 
septum over a larger area. The thermal analysis was first 
performed with the resulting temperature profile loaded 
into the mechanical problem, accomplished in 
COSMOS/M by simply specifying a reference 
temperature and issuing a command to read the calculated 
temperatures as a load case. Linear static analysis was 
used for the mechanical analysis. Different boundary 
conditions were investigated on both the thermal and 
mechanical analyses. 

Radiation cooling from only one side of the septum 
has been considered. This gives us a more conservative 
evaluation of the result. The emission toward the high 
voltage electrode side has been neglected . 

4  MATERIALS 

Our study was restricted to the two materials that are 
more likely to succeed in handling the high power: 
pyrolytic graphite (PG) and tungsten (W). In the past we 
have used mostly molybdenum as septum material in the 
cyclotron because the power requirements were lower and 
the residual radioactivity  is less  than  with tungsten. 
Pyrolytic graphite is more expensive and more difficult to 
obtain than Mo or W. 

The thermal conductivities of PG and W are shown in 
Figure 3. The thermal conductivity of PG in the plane 
parallel to the layers is very much higher than in the 
perpendicular direction. 

An important difference between PG and W is the 
ion range. For example the 8 GeV Ar ion mentioned 
above has a range of 3.3 mm in W, but almost 16 mm in 
carbon. This much lower energy density deposition is a 
big advantage that favors PG, besides its lower residual 
radioactivity. 
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Figure 3 Thermal conductivites of pyrolytic graphite and 
W used in the COSMOS model. 

5  RESULTS 

Multiple thermal and mechanical boundary conditions 
were considered. We have performed all the calculations 
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with an 8 GeV Ar beam depositing 400 W in a 0.25 mm 
thick septum. This beam characterizes our worst power 
deposition case. The power density near the end of the 
range is 130 W/mm3 for PG and 510 W/mm3 for W. A 
beam height of 4mm was assumed in the calculations. 

For a PG septum constrained with both (top and 
bottom) clamps and good conductivity to the Cu plates the 
maximum temperature reached 1230 deg. K. We found 
that the septa buckled significantly under these conditions. 
The expansion of the material produced a bulging that 
could reach 2.4 mm. Obviously this is not acceptable, 
because any small increase of the apparent septum 
thickness will increase the amount of power deposited on 
it and increase the problem even more. If we modify the 
boundary conditions, allowing the septum to "float" inside 
the guiding clamps, the heat transmission to the cooled Cu 
plates is decreased but a significant fraction of the heat is 
still dissipated by radiation and the temperature does not 
increase significantly. The buckling in this case is reduced 
to 0.08 mm. A plot of the temperature distribution is 
shown in Figure 4. The corresponding displacement plot 
is shown in Figure 5. 

predicts temperatures of less than 1300 deg K for the 
pyrolytic graphite septum and of 2000 deg. K for a W 
septum with a V notch. The deformations calculated do 
not indicate a serious buckling problem if appropriate 
support systems are used. 
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Figure 4 Thermal distribution in the pyrolytic graphite 
septum. Maximum temperature is 1230 deg. K. The beam 

comes from the right. 

The higher thermal conductivity of PG helps to expand 
the radiation emission area, improving its cooling 
efficiency. In the case of W we have used a V notch on 
the leading edge as described in the Introduction. Under 
this conditions, the W septum reaches a maximum 
temperature of 2000 deg. K approximately, see Figure 6. 
This is a very comfortable margin of safety for a melting 
point temperature of 3400 deg. C. 

6   SUMMARY 

We have modelled the behavior of the electrostatic 
deflector in a heavy ion cyclotron, including the forces 
due to electric fields, temperature dependence of heat 
conduction coefficients and radiative cooling. The model 

Figure 5 Displacement map for the septum in Figure 4. 
The septum is allowed to move inside the guides. The 

maximum displacement is 0.08 mm. 

Figure 6 Temperature distribution in a 0.25 mm thick W 
septum with notch. The beam comes from the left. The 

maximum temperature is 2000 deg. K. 
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OPERATION OF CEBAF WITH HEAVY BEAMLOADING 

A. Hutton, Thomas Jefferson National Accelerator Facility, 12000 Jefferson Avenue, 
Newport News, VA 23606, USA 

Abstract 

CEBAF is a 4 GeV, 200 |xA five-pass recirculating 
superconducting electron accelerator that has been 
operating for nuclear physics research at full energy since 
November 95. The beam current has been increased to 
over 180 \lA at 4 GeV with the maximum current in the 
linac over 900 |JA. The superconducting cavities operate 
in a regime where the beam-induced voltage is comparable 
to the accelerating gradient. The operational limits and 
the issues required to maintain stable operation of the 
1497 MHz superconducting cavities will be discussed, 
together with the implications for the other accelerator 
systems. There are three experimental Halls which can 
run simultaneously with three interleaved 499 MHz bunch 
trains and RF separators. Operation with simultaneous 
beams to two Halls is now routine, and simultaneous 
three beam operation has been demonstrated. The 
maximum design current per bunch train (120 ^A) has 
been achieved. Hall B eventually requires beam currents 
as low as 1 nA (200 pA has been delivered) simultaneous 
with delivery of up to 200 ^A to the other Halls. The 
required beam current ratio of 10,000 has been achieved; 
development of 1 nA beam position monitors continues. 

1  NOMINAL   DESIGN   PARAMETERS 

CEBAF was designed to accelerate electrons to 4 GeV by 
recirculating five times through two, 1497 MHz 
superconducting linacs, each making 400 MeV per pass, 
with the nominal accelerating gradient of 5 MeV/m. The 
design maximum current is 200 pA CW (maximum 
current per linac of 1 mA CW). The current can be split 
arbitrarily among three interleaved 499 MHz bunch 
trains, destined for the three experimental Halls A, B & 
C. A bunch train may be peeled off to any one Hall after 
each pass using RF separators and septa, while all Halls 
can receive the maximum energy. Hall B has a large solid 
angle detector and requires very low currents - down to 
1 nA CW in the presence of beams of up to 200 ^A CW 
in the other halls. Most experiments will need polarized 
beams, initially 35% polarization and later up to 80%. 
Emittance and energy spread criteria of the beams are very 
demanding (design goal of 2xl0"9 m for the 4a transverse 
emittance at energies > 1 GeV and an energy spread 
>2.5xl0"5). The emittance goal is met routinely, while 
the energy spread goal has been obtained, and is 
approached routinely. Low background conditions are 
vital, so careful attention must be paid to beam halo. 

2   INJECTOR 

2.1 Thermionic Gun 

The beam from the 100 keV thermionic is sent through a 
499 MHz chopper which rotates the beam in a circle of 
-1.5 cm radius. Three independent slits are used to 
individually control the current for the three Halls. The 
three beams are then recombined, bunched and accelerated 
to 500 keV, before reaching the first superconducting 
cavities. This region of the machine is the most 
susceptible to space charge deformation and has been the 
extensively modeled with PARMELA. The simulations 
have been carefully benchmarked against measurements 
and have been used to establish focusing parameters that 
minimize space-charge effects. The maximum current 
that has been accelerated in a single 499 MHz bunch train 
is 220 H-A, comfortably above the required 120 |0A. 

Over the last year, extensive tuning has been carried 
out to set up the three simultaneous beams. The major 
problems encountered were in obtaining the same path 
length through the choppers for each of the three beams. 
Without this condition, the bunching for the three beams 
is different and leads to background at the experiments. 

2.2 Three-Beam Operation 

The independent currents are set using the chopper slits in 
the Injector while the energies, or more exactly, the 
number of passes, is controlled by a set of 499 MHz RF 
separators, phase locked to the 499 MHz chopper RF 
system. There is one of these separators in each beamline 
downstream of the second linac. This enables one beam 
to be extracted on each of the intermediate passes and all 
three beams to be separated after five passes. The 
separators are set up using an air-cored corrector to deflect 
a single beam and then varying the phase and amplitude of 
the separator power to exactly re-create the same 
extraction orbit. This works well; the only remaining 
hardware is an independent phase reference for setting up 
an alarm signal for the machine protection system. 

Downstream of the RF separators are DC septum 
magnets to complete the beam separation. These were 
damaged by the pulsed beam used for set-up and are being 
updated to improve the cooling. 

Operation with two beams is now routine and three 
beam operation has been demonstrated. The first 
operation with three simultaneous beams is scheduled for 
May 15, 1997. 
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2.3 Polarized Gun 3  SUPERCONDUCTING   CAVITY   LIMITS 

The polarized gun currently installed in the accelerator 
uses a bulk gallium arsenide cathode illuminated by a 
1497 MHz RF gain-switched diode laser operated at 
780 nm [1]. The laser makes 510 mW total power or 
170 mW per Hall. The combination of laser and cathode 
can produce a maximum of 1070 ixA/Hall per 1% 
quantum efficiency. The quantum efficiency of the 
cathode declines initially at a rate dependent on the 
vacuum conditions, but stabilizes just below 1% and is 
fairly stable at this level. 

The polarized gun was pressed into service on short 
notice and operated routinely, around the clock for five 
weeks. Typical currents required for operation were 
25 (J.A CW, and this was obtained with a measured 
polarization of 36%. The maximum current ever captured 
in the Injector was 140 (xA. 

When the Injector is set up correctly, it is possible 
to change from the polarized to the thermionic gun with 
no change in RF phases. The rotation of the polarization 
vector using a Mainz style Z-bend is still somewhat 
slow, as the solenoids used to perform the rotation also 
steer the beam. This is currently being improved. 

The polarization was measured using a Mott 
scattering chamber [2] operating at 5 MeV, with four 
counters at 173°. The counting rate is very low at these 
extreme backward angles, but we have high currents and 
the backgrounds are so small that measurements can be 
made to a precision of better than 1% in less than a 
minute. 

Two techniques were tried to increase cathode 
lifetime. The optics in the Injector region were carefully 
optimized to obtain -100% transmission at low current. 
Adding a pre-buncher reduces the chopping losses at high 
currents and, with a higher power amplifier than we 
currently have, 100% transmission of beams of 120 \iA 
per bunch train should be obtainable. The ability to 
move the laser spot (300 micron diameter) over an area of 
the cathode of at least 6 mm diameter, while maintaining 
the transmission, has been demonstrated successfully. 

A technique using atomic hydrogen (produced by RF 
discharge in low pressure hydrogen) has been extremely 
successful in cleaning bulk gallium arsenide [3], quantum 
efficiencies of 10% at 780 nm being regularly obtained. 
The process has been transferred to MAMI at Mainz where 
the process was able to recover "dead" cathodes with 
nearly twice the previous quantum efficiency. This 
technique is extremely important for high polarization 
(-80%) strained cathodes where the polarization is a 
surface, rather than a bulk, process and other cleaning 
techniques cannot be used on these very thin layers. If 
this technique can be used for in situ cleaning, the use of 
load-locks for transferring clean cathodes from the 
laboratory to the accelerator may be avoided. 

The lifetime of these cathodes at high currents is the 
principal focus of further study. 

3.1 Characterizing the Cavity Gradient Limits 

The accelerating gradient in the linac is limited by many 
different phenomena, either inherent to the cavities, or due 
to protection interlocks, or system limitations. The 
phenomena and operational criteria are as follows: 
1 Field Emission - the most important effect, limiting 

the gradient in 86% of the cavities. The initial criterion 
was 1 W heat load per cavity, and the operational limit 
is 1 Rad/hr per cavity, established during tests; the 
main effect is electrostatic charging of the cold RF 
window leading to arcing - we interlock a photodiode 
detecting light from the arc. If the arc is real, it is 
always accompanied by a waveguide vacuum trip. 

2 Waveguide Vacuum: >10"7 torr- usually due to an arc, 
but can be outgassing from excessive reflected power. 

3 Quench: 1 MeV/m below the gradient at which quench 
observed in tests - with this limit, a quench has never 
been seen during accelerator operations. 

4 Beamline Vacuum: >3xl0"9 torr - usually due to 
thermal profile shifts which release adsorbed hydrogen. 

5 Qo (intrinsic cavity quality factor) <1.0xl09 - affects the 
cryogenic plant and can be ignored for single cavities. 

6 Window temperature: the infrared pyrometer tripped - 
this is usually due to bad waveguide RF seals, which 
can cause warm window failures. 

Measurements are under way to characterize the applicable 
limit for each of the 330 superconducting cavities 
installed in CEBAF. This involves the original cavity 
acceptance data, and measurements in the tunnel at various 
beam currents to obtain information about the integrated 
systems. This data base is currently about 80% complete. 

3.2 Helium Processing 

The average gradient of the installed superconducting 
cavities was 7.4 MeV/m (predicted from the cryomodule 
commissioning data). Every cryomodule (which contains 
eight cavities) exceeded the design specification of 
5 MeV/m. This year, two different approaches were 
taken to improve the operating performance of the 
cavities, both carried out in situ [4]. The aim was to 
reduce field emission and arcs using helium processing, 
and to condition the waveguide in the thermal transition 
region between the warm and cold RF windows using 
waveguide vacuum processing. 

Helium processing is a well known technique for 
cleaning cavities in laboratory conditions. A gradient of a 
few MeV/m is applied to the cavity and low pressure 
helium gas is bled in to bring the pressure up to -4x10" 
4 torr. These conditions create active field emission, but 
not an RF discharge. The fields were slowly increased to 
the gradient limit due to other effects and maintained at 
this level for as long as the schedule permitted. Most of 
the improvement was obtained in the first half hour, 
followed by diminishing returns. 
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One interesting problem arose in all of the cavities. 
If the cavity trips off, there is a hard multipacting limit at 
-0.7 MeV/m which prevents the RF from being switched 
back on. This was addressed by using a variable frequency 
phase lock loop RF system. By approaching the nominal 
frequency from above, the phase lock loop "jumps" the 
frequency across the multipacting barrier and the cavity 
can be switched on [5]. Thereafter, the gradient can be 
freely varied over the whole range. The effect limited our 
ability to process cavities in parallel, as a mobile RF 
system was needed rather than the installed RF equipment. 
After the helium conditioning was complete, the cavity 
was warmed up to 20 K, which outgassed the helium that 
had been adsorbed by the cavity as well as some hydrogen 
that had built up. There is some evidence that this 
thermal warm-up alone is beneficial to the cavity. 

Operationally, helium processing of two cryomodules 
can be completed in 24 hours with the tunnel locked up 
for safety reasons. This is followed by a 16 hour warm- 
up and cool-down cycle, during which other routine 
maintenance can be performed. We have now processed 
12 of the 41 cryomodules. 

3.3 Waveguide vacuum processing 

Waveguide vacuum processing is a form of pulsed RF 
power processing. We use it in situ to process the 
thermal transition region between the warm and cold 
waveguide windows. Gas is adsorbed in this area, and 
when the cavity reflected power increases due to cavity 
mis-tuning (in principle, beam loading can also produce 
this effect but this has not been observed), the RF wave 
pattern changes from a standing wave (most power 
reflected) to a traveling wave (most power transmitted to 
the beam). Shifting the thermal profile creates outgassing 
leading to arcing and waveguide vacuum trips. 

Low duty factor, pulsed RF power is applied, 
maintaining the vacuum pressure below 10"7 torr. Four 
waveguides are treated at a time for 4 hours, using the 
installed RF power sources and specially adapted software. 
Following this, the waveguide vacuum is usually more 
stable. In particular, the cavities are more tolerant of mis- 
tunings, which makes operation easier. We have now 
processed the waveguide vacuum in 10 of the 41 cryomodules. 

It is still unclear whether the vacuum improvement 
due to 20 K thermal cycling is equivalent to pulsed RF 
processing or whether there is a qualitative or quantitative 
difference between the two processes. 

Using the two processing techniques, every 
cryomodule showed improvement (some cavities could not 
be processed as they were limited by other effects) and an 
overall gain of 63 MeV was obtained in the two linacs 
(i.e. 315 MeV for five passes). This includes some gain 
from relaxed limits. We estimate that continuing this 
treatment for all of the cryomodules would yield a further 
135 MeV (675 MeV for five passes). Figure 1 shows the 
gains achieved. 

Figure 1 
Maximum Cavity Voltage per Cryomodule in CEBAF 

April 1997 
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□ Potential additional capacity with relaxed limits: FE loading and quench 

4 RF/CAVITY   SYSTEM   PERFORMANCE 

4.1   Optimizing RF Systems 

Each superconducting cavity is individually fed by a 
5 kW klystron with its own low level control module to 
feed back and stabilize the cavity phase and amplitude. 
There are 330 of these systems and maintaining each one 
at optimum performance requires tuning with RF power 
alone, as well as procedures using the beam. Careful file 
management is then required to maintain this information. 

The cavities are tuned to the correct frequency using 
the AUTOTUNE program, which also provides an offset 
angle to normalize the phase angle between the input 
drive phase and the cavity gradient, compensating for 
differences in cable lengths and electronic delays. Over 
time, or under different conditions, the control modules 
may change and the AUTOTUNE data is no longer valid, 
so other checks must be made to ensure consistency. 

An effective global check is to slew the master 
oscillator frequency and measure the forward power drawn 
from each klystron, as the cavity accelerating voltage is 
maintained constant by the feedback system [5]. An off- 
line script is then used to look for changes in forward 
power indicating those cavities whose center frequency is 
not correct. 

A further check can be made using beam loading. 
The phase of the klystron forward power with respect to 
the cavity probe signal is monitored as the beam current 
is turned off and on [5]. Changes indicate that the cavity 
loading and the klystron drive power are not in phase. 

The cavity gradients were calibrated using the beam 
and compared with the expected values from the measured 
Qo values of the cavity. This consistency check was used to 
correct calibration and other errors. The gradients are now 
correct to within 5%. This also provided cross-checks on 
cavity dissipation, required to compensate the cryogenic 
loading as a function of gradient. 

4.2 Cavity Phase 

The phase of the cavity fields with respect to the beam are 
calibrated using the KREST program.   The concept is 
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simple: move the klystron phase (or more exactly the 
phase of the cavity probe signal) by ±10°; use the energy 
feedback system to measure the energy change; and set the 
phase to equalize the energy change on either side of the 
nominal phase. The program is used regularly (at least 
daily) as the phase distribution system is still not 
sufficiently stable. However, KREST works so well that 
we can tolerate this lack of stability, at least for now. 

The net result of this preparatory work is that we 
can set the cavity phase and amplitude correctly, 
independent of gradient and beam current. 

4.3 Operating Cavities 

The klystron power is limited operationally by lowering 
the high voltage and by using the modulating anode to 
minimize the electric power. The klystron filament 
voltage is used to limit the cathode current to extend the 
filament lifetime. The parameters are set at the beginning 
of an experimental run, based on the beam energy and on 
the total current traversing the cavities (beam current 
multiplied by the number of passes through the linacs). 
An overhead of 15% is added to the klystron power to 
provide headroom for phase and amplitude control. 

An off-line computer program is used to calculate 
the maximum gradient limit of each cavity, given the 
cavity limitations, the required current in the linacs, and 
the klystron power limits. The gradient limits are used 
by the Linac Energy Management (LEM) program in the 
control room to set up and maintain the linac energy. 
These programs are being integrated into one package, the 
Momentum Management System (MMS), which will set 
the arc magnets as well as the RF systems. The gradient 
of each active cavity is set proportional to the maximum 
allowed gradient for the cavity to maintain the accelerating 
voltage in the linac constant. With a 5% overhead at the 
start of the run, problem cavities can be taken off-line to 
extend the time between maintenance periods. 

5 LINAC    PERFORMANCE 

5.1 Preparatory Tests 

During breaks in routine beam operation for physics, the 
gradients of individual cavities were slowly increased to 
determine the maximum acceptable operating gradient. 
This required operating sections of the accelerator at full 
klystron power and was carried out over a period of 
months, using successive maintenance periods to change 
the klystron voltage tap settings until each zone had been 
tested. The maximum gradient was usually limited by the 
arc rate, and one per hundred hours was considered 
acceptable initially. These numbers were then used to 
define the maximum operating gradient. 

5.2 High Gradient Operation 

The first attempt in May 96 was to set the machine for 
1 GeV per turn (corresponding to  5 GeV   total, 25% 

above nominal). All the cavities were simultaneously 
brought up to their nominal setting. After reducing the 
gradient in troublesome cavities and allowing them to 
condition, most (but not all) could be returned to their 
original setting. After about a shift, the gradients in the 
linac were adjusted to obtain exactly 500 MeV per linac 
and pulsed beam was established. The tune was re- 
checked, the feedback systems were switched on and the 
gradient calibration was checked with beam. 

The 1 GeV run was repeated in December 96 when 
CW beam was established. Initial set-up of the gradients 
took many hours due to waveguide outgassing and fixing 
RF problems. Pulsed beam was set up and apertures were 
swept to ensure that the optics was properly loaded. 
100 |iA CW beam was then established and maintained 
for several hours while working on the RF systems to 
improve the trip rate. 

Following this success, further cavity processing 
was scheduled, leading to a repeat test. This time, the 
linacs were set up for 1.12 GeV (40% above nominal). 
Following approximately the same scenario, 90 |iA CW 
beam was established (limited by the capacity of the beam 
switchyard dump) and after a 2 hour run, the trip rate was 
45/hour - sufficiently good for an accelerator test but not 
yet good enough for physics. The average gradient of the 
active cavities was 7.76 MeV/m, compared to the 
nominal 5 MeV/m. 

An interesting effect was observed that had been 
predicted for some time. The ponderomotive force of the 
RF fields tends to expand the cavities and the cavity tuner 
changes to maintain the correct operating frequency. If 
the cavity trips off at high gradient, the resulting 
frequency shift can be sufficiently large that the cavity 
goes out of resonance. This was observed in only a few 
cavities. The present work-around is to use manual 
tuning or slow ramping of the gradient to allow the tuner 
to follow the frequency changes. This works, but is both 
time-consuming and suffers from mechanical hysteresis of 
the tuner. A better solution would be to slew the drive 
frequency in the control module, but this will take some 
time to develop. 

The result of the tests is that first experiments at 
5 GeV have been scheduled for November 1997, and we 
expect to be scheduling experiments at 5.5 GeV next 
year. 

5.3 High Power Operation 

The nominal beam current to be divided amongst the three 
experiments is 200 (lA, i.e. 1 |iA total current in the 
linacs with five passes. The beam current is regulated as 
part of our NEPA (National Environmental Protection 
Agency) permit and initially we were only permitted to 
operate up to 180 \iA, due to DOE imposed safety limits. 
The DOE has now granted permission to test the 
accelerator up to the full current. 
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We have had a series high power tests, scheduled 
together with the high gradient runs, as the RF and cavity 
preparation was the same. The additional problem is to 
ensure that the beam-loading power vector is aligned with 
the klystron power vector over the range of beam currents. 
The strategy adopted was to raise the current to 100 uA 
and re-check the cavity tunes by sweeping the RF 
frequency, as described above. After fixing any problem 
cavities, the current was increased until the trip rate 
became excessive again, monitoring the klystron drive for 
evidence of saturation. The RF frequency was again swept 
and problem cavities addressed. In a series of tests, the 
current was successfully increased to 180 U.A. The final 
step to reach the maximum current is expected soon. 

All the problems encountered were due to system 
interactions between control module, RF power source, 
and the cavity, which could all be (somewhat laboriously) 
addressed. There are no indications that there are any 
fundamental limitations. The primary difficulty was 
access to a suitable dump, as the only dumps capable of 
taking the power (up to 1 MW) are in the experimental 
Halls and the experimenters are usually either taking data 
or are taking access for fixing their equipment. 

We are now able to schedule multiple Halls with a 
total current of 200 |iA and expect that the availability, 
after initial conditioning, will be independent of beam 
power. 

6 EXPERIMENTAL   CAPABILITIES 

6.1 Hall Status 

Hall C has been taking data since November 95 at ever 
increasing current. The maximum power that has been 
delivered to an experiment is 4 GeV, 120 \iA (480 kW) 
which was achieved with similar availability to any other 
run. Four experiments completed data-taking and data for 
16 theses was obtained. Initially, solid targets were used, 
but the cryo-target was commissioned in August 96. In 
the first three months of 97, the detector was re-configured 
for the t20 experiment and data-taking has commenced. 

Hall A started taking beam in April 96 using the 
electron spectrometer only. A problem with the 
superconducting coil of the hadron spectrometer delayed 
two-arm testing until February 97. Commissioning 
officially ended in April 97 and the first experiment is 
starting now. 

Hall B took first beam in December 96 to evaluate 
backgrounds and determe whether the low currents required 
(see below) could be obtained with sufficient stability. A 
vacuum chamber misalignment was found in the 
experimental line and instabilities in the RF systems 
created beam loss. The misalignment has now been 
corrected and the improvements in the RF tuning that 
were driven by the high gradient and high power programs 
are expected to lead to a significant reduction in 
background for the detector. 

As far as the accelerator is concerned, every beamline 
in the machine has now been successfully commissioned. 

6.2 Low Beam Current for Hall B 

The range of beam currents required by Hall B is from 
1 nA to 1 uA. A version of the Switched Electrode 
Electronics (developed for the linacs with a current range 
of 1 uA to 1 mA) was developed to improve the low 
current capability. The range achieved was from 100 nA 
to 200 \lA and this electronics is installed on beam 
position monitors in the injector, and is now being 
installed for the feedback systems and all the experimental 
beamlines. They were used successfully for the initial 
phase of Hall B commissioning. 

A new type of beam position monitor is being 
developed for use at the target [6]. It uses resonant 
cavities, operating on the lowest deflecting mode at 
1497 MHz. The expected sensitivity of these monitors is 
1 nA. 

One important capability has been demonstrated. 
Currents as low as 200 pA have been produced in the 
Injector, observed on fluorescent screens in the Hall B 
beam-line, and used by the detector for stability and 
background studies. The ability to produce the range of 
beam currents required has been demonstrated. When the 
new 1 nA monitors become available, we will be ready to 
make operation at these low currents a standard operating 
condition. 

It had been expected that the low current beams for 
Hall B would always need a "witness" beam to allow the 
feedback systems to lock on. In these studies, it was 
demonstrated that if a beam with more than a few \iA is 
present on the first turn to enable the energy feedback 
systems to stabilize the linac energies, then the Hall B 
beam at any energy would be sufficiently stable. This 
will be a great help in scheduling multiple Halls. 
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PROGRESS ON ^+/i" COLLIDERS 

Robert B. Palmer, Physics Department, Brookhaven National Laboratory, Upton, NY 11973, USA 

Abstract 

Advantages and disadvantages of muon colliders are dis- 
cussed. Recent results of calculations of the radiation haz- 
ard from muon decay neutrinos are presented. This is a 
significant problem for machines with center of mass en- 
ergy of 4 TeV, but of no consequence for lower energies. 
Plans are outlined for future theoretical and experimental 
studies. Besides continued work on the parameters of a 4 
TeV collider, studies are now starting on a machine near 
100 GeV that could be a factory for the s-channel produc- 
tion of Higgs particles. Proposals are also presented for 
a demonstration of ionization cooling and of the required 
targeting, pion capture, and phase rotation rf. 

1    INTRODUCTION 

The first ideas about the use of muon colliders as a poten- 
tial useful machine for high energy physics were presented 
by Skrinsky and collaborators[1] and shortly after by D. 
Neuffer[2]. More recently the concept has further devel- 
oped and aggressively pursued in a series of collaboration 
meetings and workshops[3],[4]. A feasibility study of a 
4 TeV muon collider was presented at Snowmass[5] and 
now studies have started of low energy machines of energy 
range 500- 100 GeV. 

1.1    Advantages 

A muon collider[6] is a class of lepton collider with many 
of the advantages usually associated with e+e~ colliders. 
Unlike protons, the muons are fundamental particles, and 
when they interact, all the center of mass energy is available 
for the production of new states. 

The possible advantages of muons, compared with elec- 
trons, all arise from the formers higher mass. As a result of 
that: 

• Synchrotron radiation (oc 74 oc m~4) is suppressed, 
and, as a result, muons can be accelerated to high en- 
ergies in circular rings that appear to be much smaller 
than the linear accelerators needed for electrons. 

• Since muon collisions can occur in a ring, the bunches 
collide with one another many (of the order of 1000) 
times. In a linear e+e~ collider they can interact only 
once. 

• Synchrotron radiation (beamstrahlung) is also sup- 
pressed as the bunches pass through one another, al- 
lowing, in principle, very narrow energy spreads (—» 
0.01 %). 

• The cross section for the direct production (s-channel) 
of Higgs particles (fi+ ß~    —»   h, A, H), which is 

oc   m* is over 40,000 times higher for muons than 
electrons. 

1.2 Disadvantages 

But there are disadvantages, most of which arise from the 
fact that fx's decay with a life time, at rest, of about 2 /xs. 

• Because of their short lifetime it is not possible to cool 
muons by the conventional methods used for antipro- 
tons (stochastic, or electron cooling). These methods 
are too slow. And because of the muon's high mass, 
synchrotron radiation cooling is also ineffective. In- 
stead, ionization cooling [7] can be used, but the min- 
imum emittance achievable by this method is not as 
low as that achieved for antiprotons or electrons. 

• Because of their short lifetime, acceleration must be 
rapid and conventional synchrotrons would be too 
slow. A single linac would be good but expensive. 
A linac would thus only be used at the lowest ener- 
gies. Recirculating linacs would be cheaper for later 
stages, and fast pulsed magnet synchrotrons might be 
desirable for the higher energy accelerators. 

• As the muons decay in the collider ring, the electrons 
from the decay enter the beam pipe walls depositing 
energy and generating radioactivity. A tungsten liner 
is required to shield this heating from the supercon- 
ducting magnets used to form the ring. As a result, 
these magnets must have relatively large apertures. 

• Muons decaying as they approach an experimental 
area will also direct electrons into the experiment, and 
these too must be shielded by a tungsten cone that ex- 
tends down towards the vertex. As a result, the solid 
angle over which the detector can operate is reduced 
and experiments must live with a relatively high rate 
of background tracks. 

• Another, and at first surprising, problem from the 
muon decays is that the flux of decay neutrinos can, 
at high energies, become a significant radiation haz- 
ard. This will be discussed in more detail below. 

1.3 Neutrino Radiation Hazard 

This problem was first pointed out by Bruce King [8] and 
has since been calculated in detail by Mokhov[9]. The 
initial discrepancies between these calculations have now 
been resolved. 

The annual doses from this radiation are given by 

dose oc E3/length2 oc E3/depth, 
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where E is the muon beam energy, length is the distance 
from the ring and depth is the depth of the ring below the 
ground. Unless straight sections are kept very short, the ra- 
diation is dominated by such sections, each of which gen- 
erates a highly collimated beams of neutrinos. 

We take the dose limit, as by FNAL, at 10 mR/year limit 
(c.f.: The federal limit is 100 mR/year). Then the 4 TeV de- 
sign (luminosity 1035cm_2s_1), without straight sections, 
would meet the requirement if located at a depth of 250 m. 
If moderate fields are introduced over all straight sections, 
and/or the orbits are time varied, then various solutions ap- 
pear possible, at this energy, without major changes to the 
concept. 

The cubic power law means that colliders below 2 TeV 
present relatively little difficulty, but those significantly 
above 4 TeV will have serious problems unless: 

• Special locations are chosen; or 

• Ways are found to cool the muons to lower emit- 
tances than now seem possible with ionization cool- 
ing. Friction cooling, cooling in crystal lattices, elec- 
tron cooling, and optical stochastic cooling are being 
studied. With lower emittances, the required lumi- 
nosities could be achieved with lower muon currents 
and thus less neutrino radiation. A very speculative 
scenario using optical stochastic cooling[10] would 
achieve the same luminosity with 1/50 th of the muon 
current and allow colliders up to 15 TeV (and lumi- 
nosity over 1036) to meet the dose limits. More work 
is needed. 

2   CONTINUED THEORETICAL STUDIES 

A lot of progress has been made on the theoretical design 
of a 4 TeV, luminosity 1035cm_2s_1 muon collider[5], but 
much still needs to be done. The highest priority items are: 

• Continued study and simulation of all components of 
a muon collider, with particular emphasis on the ion- 
ization cooling system. 

• The studies of a 4 TeV collider must continue. In par- 
ticular, the neutrino radiation problem needs detailed 
study such a higher energy example. 

• Work is also needed on the parameters of lower energy 
machines that could serve both as technology demon- 
strations and colliders aimed at specific physics objec- 
tives. 

In particular the collaboration is studying machine with 
an energy near 100 GeV that might serve as a Higgs Fac- 
tory. The final ring of such a machine would only be built 
after the existence and approximate mass of a light Higgs 
is known. The muon collider would then be able to make 
such a particle via the S-channel and set limits or determine 
its mass, width and branching ratios far better than either a 
hadron machine, like the LHC, or an electron machine, like 

Table 1: Parameters of a 4 TeV and 100 GeV c-of-m en- 
ergy machines 

c of m Energy GeV 4000 100 
p Energy GeV 30 24 
p's/bunch 1013 2.5 5 
rep X Tibunches Hz 30 5 
p power MW 7 2 
muons/bunch 1012 2.0 4 
collider circ m 8000 260 
t at IP m 6.5 5 
4 x ae at IP mrad 3.5 8 
dp/p % .12 .12        .01 
rms en n mm mrad 50 85        195 
ß* cm 0.3 4          9 
<?z cm 0.3 4          9 
(7r ßm 2.8 82        180 
tune shift 0.04 0.05      0.02 
luminosity cm^sec-1 1035 51031    103i 

LEP or a linear collider. Upgrades of such a machine to en- 
ergies of 200 and 400 GeV will also be studied. 

Tb.l gives possible parameters of the 4 TeV collider[5] 
and a 100 GeV "Higgs Factory". In order to minimize the 
cost, it assumes the use of a proton driver that is an up- 
graded version of an existing accelerator (in this case the 
AGS, but it is assumed that similar performance should be 
possible using upgraded FNAL accelerators). Parameters 
are given for two modes of operation of the 100 GeV ma- 
chine: 

1. with maximum luminosity, but a relatively large mo- 
mentum spread; and 

2. with momentum spread reduced to 0.01 % for use in 
precision measurements and S-channel Higgs produc- 
tion, but a somewhat lower luminosity. 

3   CURRENT EXPERIMENTAL PROGRAM 

Two experiments are now under way: 

• The collaboration has joined a BNL nuclear physics 
experiment E910 that, using a Time Projection Cham- 
ber (TPC), is measuring pion production on heavy 
metal targets at different energies. Data has been taken 
and is now being analyzed. The results will be essen- 
tial in establishing a good model of such production 
and will allow an optimization of the target and cap- 
ture geometry. 

• An AGS accelerator experiment (E932) has been pro- 
posed, approved and is scheduled for running in the 
next few weeks. This experiment will study phase ro- 
tation in the accelerator ring, to form the very short 
proton bunches that our parameters require. 
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Results from this experiment should indicate if the 
current parameters are reasonable and what new 
equipment may be required to achieve them. 

4   INITIAL EXPERIMENTAL PROGRAM 

It is clear that theoretical studies alone will not establish 
whether a muon collider is really possible or practical. An 
experimental program is required. An initial 5 year pro- 
gram is being discussed that would consist of the following 
items: 

4.1 Cooling Demonstration Experiment 

The object of this experiment would be: 

1. to test the performance of components of the ioniza- 
tion cooling system and establish the technical perfor- 
mance of such subsystems. 

2. To compare the performance of these components 
with computer simulations so that the use of those 
simulations can be confidently used in the design of 
the complete system. 

It is proposed to build a test facility in which muons from 
a relatively slow spill beam can be fully characterized (in 
all 6 dimensions) as they enter and leave a test module. 
This would be done by the use of counter planes inter- 
leaved with spectrometer magnets and rf deflector cavities 
(see Fig. 1). 

The modules that would be tested in this facility would 
include at least one each of: 

• A FOFO Lattice consisting of alternating solenoids 
surrounding a traveling wave linac with periodic 
lithium hydride absorbers at the zero axial field nodes. 
Elements of this type cool in the transverse direction 
down to modest emittances and would be used for the 
majority of transverse cooling stages. 

• A lattice consisting of one or more current carrying 
Lithium Rods (lithium lenses) alternating with Linacs. 
Such a system, being pulsed, is less desirable than the 
passive FOFO lattice, but has stronger focusing and 
can cool to smaller emittances. Such elements would 
be used in the last few transverse cooling stages. 

• A lattice with bends and wedges of lithium hydride 
placed at locations with dispersion to reduce the mo- 
mentum spread, and thus longitudinal emittance of the 
muons. Such elements would be interspersed with the 
above transverse cooling elements. 

4.2 Target and RF Demonstration 

This experiment, like the cooling, would be performed in 
stages. A beam is required with the most intense and 
shortest proton bunches available. The experimental stages 
would then be: 

4.2.1 Phase I (without Solenoid) 

Build a target system (probably a liquid metal target) and 
study shock damage and cooling. Place an rf cavity at dif- 
ferent distance from this target and study breakdown in the 
cavity due to the intense radiation. 

4.2.2 Phase II (with Solenoid) 

Surround the target with a high field (as near the final pro- 
posed 20 T as possible, but, unlike in the real case, it could 
be pulsed ) solenoid to capture the produced pions. Build 
lower field solenoids to transport those pions to the rf cav- 
ity. Study total pion production and capture efficiency, 
study heat and radiation levels in the solenoid and else- 
where, and study breakdown in a geometry (see Fig. 2) 
closer to that of the muon collider under study. 

4.3 Prototype Pulsed Magnet 

A prototype fast pulsed magnet for the final acceleration 
stage of a 100 GeV machine would be designed and tested. 
Field precession and time jitter would be determined. 

4.4 Prototype SC Magnets 

A prototype Nb^Sn large aperture dipole should be built 
and tested. It may be noted that the luminosity of a muon 
ring is inversely to the circumference and thus proportional 
to the average field in the collider ring. High field is thus of 
special interest to a muon collider. 

A prototype Nb3Sn large aperture insertion quadrupole 
is also needed. Field quality is of particular interest for 
such a magnet. 

5   LONGTERMR&D 

On a ten year time scale, prior to construction of a First 
Muon Collider, a more extensive experimental program 
would be required. But such a program must be condi- 
tional on the earlier experimental demonstrations that the 
basic technical components of a collider can be built. 

A major component of this longer term R and D would 
be a complete demonstration of target, capture, decay chan- 
nel, phase rotation, and the first stages of cooling of a real 
high intensity muon bunch. This might form a third phase 
of the Target and RF Demonstration, discussed above. For 
this experiment it would be important to achieve, through 
appropriate accelerator improvements, the actual required 
proton bunch length and intensity. 

This would be a represent a far more realistic demonstra- 
tion of the required high intensity of muon production and 
of cooling real, and intense, muon bunches. It would also 
represent the construction of items that could be used in the 
First Collider. 

Prototype work would also be required on other mag- 
nets, rf systems, modulators etc. The definition of such a 
program would be one of the tasks of the earlier R and D 
effort. 
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Initial Cooling Experiment (FOFO) 
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Figure 1: Schematic of the proposed Ionization Cooling Experiment. 
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Figure 2: Heavy metal target surrounded by a high field capture solenoid followed by the phase rotation channel. 
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PERFORMANCE OF THE CESR HIGH LUMINOSITY 
INTERACTION REGION 

S. Henderson*, Laboratory of Nuclear Studies, Cornell University, Ithaca, NY 14853+ 

Abstract 

In November 1995, the Cornell Electron Storage Ring 
(CESR) began Phase II operations. The CESR/CLEO 
Phase II upgrade involved the installation of a silicon ver- 
tex detector for the CLEO experiment, and an interaction 
region optimized for a small-radius (2cm) beampipe and 
bunch-train collisions at total beam currents of 600 mA. 
The operating experience of the CESR Phase II Interaction 
Region is reviewed. 

1   INTRODUCTION 

The Cornell Electron Storage Ring (CESR) began Phase II 
Operation in November 1995 following the installation of 
the Phase II Interaction Region (IR). The Phase IIIR was 
optimized for bunch-train collisions at a finite crossing an- 
gle to provide a design luminosity of 6 x 1032cm~2sec_1. 
As part of the upgrade project, the CLEO Experiment in- 
stalled a silicon vertex detector (SVX) [1] around a small- 
radius beampipe. The detector background shielding sys- 
tem was designed to minimize backgrounds and radiation 
dose to the silicon detector and associated electronics in the 
presence of crossing angle collisions at design currents of 
300mA e+ + 300 mA e". After an initial commissioning 
period in which the vacuum system was beam processed, 
CESR beam currents increased, and the luminosity fol- 
lowed. CESR presently operates [2] at peak colliding beam 
currents of ~340 mA and a peak luminosity of 4.1 x 1032 

cm_2sec_1. CESR has delivered 3.9fb_1 since the Phase 
II start-up. 

2   CESR PHASE II 

CESR Phase II exploits an idea put forth by Meiler [3] to 
increase the number of bunches in each beam by colliding 
the beams at a small horizontal angle (0C ~ ±2 mrad). This 
crossing angle allows "trains" of closely spaced bunches 
(with minimum bunch spacing of 14ns) to be collided; 
the angle generates adequate separation of the beams at 
the nearby parasitic crossings in the IR. The beams follow 
"pretzel" orbits in the arcs, and are thus separated at each 
parasitic crossing. 

The presence of the crossing angle has several impor- 
tant consequences for the IR design. First, the off-axis 
beams in the IR quadrupoles generate synchrotron radia- 
tion (SR) which must be properly masked, and this mask- 
ing must in turn be adequately cooled. Second, the crossing 
angle displaces the beams in the horizontally focussing IR 

E 5.3 GeV 
C 6.0 x 1032cm-2sec_1 

iv 0.03 
c 768 m 
Nb 27 per beam 
I 300 mA per beam 
6c 2.5 mrad 

ß: 1.9 cm 

ßt. 1.2 m 

V* 0m 

<?l 1.8 cm 
e/i 0.21 mm mrad 
Qx 10.53 

Qy 9.60 

Table 1: CESR Phase II Design Parameters 

quadrupole, thereby reducing the aperture. Adequate space 
must therefore be provided for the injected bunch oscilla- 
tions. 

The CESR Phase II design parameters are shown in Ta- 
ble 1. The design calls for 9 trains per beam and 3 bunches 
per train for a total beam current of 600 mA. At these cur- 
rents the expected luminosity is 6.0 x 10 32 cm 2 sec -l 

* Representing the CESR Operations Group 
t Work supported by the National Science Foundation 

3   PHASE II INTERACTION REGION 

The IR design had to accomodate competing requirements 
from the accelerator and the detector. To take full advan- 
tage of the precision tracking capability of the SVX, it was 
important to allow the first tracking layer to be as close to 
the interaction point (IP) as possible while still maintain- 
ing acceptable background levels in the face of a 3-fold in- 
crease in beam currents. The SVX readout electronics, the 
most radiation sensitive component in the IR, were mea- 
sured [4] to fail at 25-35 krad accumulated dose when pow- 
ered. (The lifetime dose when unpowered is ~80-100 krad. 
The detector background design goals were i) SVX layer 1 
occupancy < 1% hits/strip//isec and ii) SVX dose (when 
powered) < 20 krad in 3 years. In addition, the SVX tem- 
perature stability requirements are ±5°C. 

Meanwhile, the accelerator design requires minimization 
of HOM-generation and adequate IR aperture for injected 
bunch oscillations into crossing angle orbits. 

The IR design was based largely on simulation of detec- 
tor backgrounds and radiation dose (described below). We 
determined that a beampipe radius of 2 cm gave accept- 
able backgrounds and set the first layer of Si at r = 2.35 
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Figure 1: Interaction Region layout from the IP to 52 cm. Starting at the IP and moving radially outward are the Be 
beampipe (extending to 21 cm), three layers of Si tracking and the carbon fiber support tube. Starting in the middle of the 
figure and moving outward is the stepped copper SR mask (21-50 cm), tungsten shielding, SVX receiver electronics and 
carbon fiber housing. 

cm. The Phase II interaction region upgrade consisted of 
installing the following components: i) a 2cm radius beryl- 
lium beampipe, ii) the CLEO SVX, iii) the detector back- 
ground shielding system, iv) IR instrumentation, and v) 
new vacuum system components within ±12 m of the IP. 
In addition, the final focus quadrupoles were modified. The 
Phase II IR from the IP to 52 cm is shown in Figure 1. 

3.1 Interaction Region Optics 

A rearrangement (from Phase I) of final focus quadrupoles 
made for more favorable IR optics [2]. The vertically 
focussing permanent magnet quadrupole was lengthened, 
allowing the horizontally focussing IR quadrupole to be 
moved closer to the interaction point. This reduces the 
maximum horizontal ß in the IR to ~60 m (an improve- 
ment over the Phase I optics which had ßt ^ 100m). In- 
jection performance is improved since the maximum ex- 
cursion of the injected bunch is reduced at this point. In 
addition, the physical aperture in the electromagnetic IR 
quads (Ql and Q2) was increased by enlarging the pole tip 
radii, providing an additional ~2 cm of horizontal aperture. 
These two features improve CESR injection and reduce de- 
tector backgrounds during injection. 

3.2 Central Beampipe 

The central beampipe is a 2 cm outer radius double-walled 
water cooled beryllium beampipe [5]. The beampipe, man- 
ufactured by Brush-Wellman Inc.1, was assembled from 
two Be tubes; the inner tube had ribbed supports. A 20 mil 
gap between Be tubes was provided for coolant flow. Mani- 
folds at each end provide inlets and outlets to four separate 
cooling channels. Water was selected as the coolant be- 
cause of its excellent thermal conductivity, capable of dis- 
sipating 400W with only 5°C temperature rise. 

The inner surface of the Be beampipe was coated with 
10^m gold for the absorption of scattered synchrotron ra- 

1 Brush Wellman ADC, 34325 Ardenwood Boulevard, Fremont, CA 
94555 

diation. The gold was deposited with a cylindrical mag- 
netron sputtering technique [6]. The total beampipe thick- 
ness is 0.6% Xo, half due to the gold coating and half due 
to Be/H20. 

Since corrosion of bare Be by ions in water is problem- 
atic, a layer of epoxy was applied to all bare Be surfaces by 
the manufacturer following the gold coating process. 

3.3   Detector Background Shielding 

The detector shielding system [7] minimizes beam- 
generated backgrounds arising from two sources: beam- 
gas interactions (Coulomb scattering and Bremsstrahlung) 
and scattered synchrotron radiation. Bremsstrahlung inter- 
actions result in beam particles which have lost a portion 
of their energy and which become over bent in dipole mag- 
nets and over focused in quadrupoles. Such "lost particles" 
may be directed into the experimental detector by the IR 
quadrupoles. In addition, Bremsstrahlung photons are gen- 
erated and may strike near the IP. Coulomb interactions re- 
sult in full energy beam particles which have large oscilla- 
tion amplitudes and may strike the vacuum chamber near 
the IP. 

Synchrotron radiation, generated in the final bend be- 
fore the IR straight and in the IR quadrupoles due to the 
crossing angle trajectory, is directed toward the interaction 
point, and if not intercepted would strike the Be beampipe 
directly, leading to unacceptably large x-ray fluxes in the 
inner detectors. 

The detector shielding consists of two parts. The detec- 
tor is shielded from lost beam particles with massive W 
shielding, chosen for its short radiation length. The de- 
tector is shielded from synchrotron radiation by a stepped 
copper mask with innermost tip radius r = 1.2 cm. The 
mask is profiled in such a way that SR photons strike only 
the "tips" of the mask, and no flux is received on other sur- 
faces. X-rays striking near the tip may forward scatter into 
the beampipe and detector, generating background (termed 
"tipscattering" in this paper). Additionally, x-rays which 
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pass over the innermost tip may strike the back surface of 
the mask. These photons may interact, producing fluores- 
cent x-rays which strike the beampipe. (This process is 
termed "backscattering"). 

The choice of scattering materials and beampipe coat- 
ing material was based on x-ray scattering Monte-Carlo 
detector background simulations. In particular, the gold 
beampipe coating material was chosen because its L ab- 
sorption edge was found to be a good match to the scattered 
x-ray flux. 

To monitor radiation levels in the IR, the beampipe has 
been instrumented with 12 PIN diode detectors at each end, 
sensitive to charged particles, as well as x-rays. The mon- 
itoring system is continuously read out and logged, and is 
used for background tuning purposes. 

The detector background simulation predictions for 
CESR design conditions (600 mA total current; flat 3.5 
nTorr pressure profile; 40% CESR duty factor; 15 keV SR 
threshold) are summarized in Table 2. 

Source 
SVX layer lOcc. 

% hits/layer//iis 
Dose 

krad/year 
SR (tipscattering) 

(backscattering) 
Beam-Gas 

0.007 
0.001 
0.18 

0.1 
0.6 
8 

Total 0.2 9 

Table 2: Detector background simulation predictions for 
CESR design conditions 

3.4 Retractable Radiation Shields 

During CESR injection, the beams are horizontally sepa- 
rated at the interction point, making one of the beams fur- 
ther off-axis in the horizontally focusing IR quadrupole. 
As a result, large SR fluxes can be generated. Simulations 
show that SR doesn't directly strike the beampipe, but for 
added safety, retractable W shields were mounted on the 
beampipe [9]. The shields are constructed from W foil and 
have total thickness 200/im. They are remotely actuated, 
and were designed to close during CESR injection and ma- 
chine studies. 

3.5 IR Vacuum System 

As part of the Phase II interaction region upgrade new vac- 
uum system components between ±12m from the IP were 
required. IR Pumping [8] is accomplished in large plenums 
incorporating massive titanium sublimation pumping (lo- 
cated at ±2m, ±6m and ±10m from the IP). 

4   COMMISSIONING AND OPERATIONAL 
EXPERIENCE 

The IR components were assembled in early 1995, and the 
IR was installed from April-October 1995. CESR start- 
up began October 29, 1995 and first e+e~ collisions were 

obtained November 14. The SVX was turned on during 
collisions on November 21,1995. Beam currents were ini- 
tially limited by detector background levels for the first 2-3 
months of operation as the storage ring pressure improved 
from beam processing. Since this initial start-up period, 
CESR currents have no longer been limited by detector 
backgrounds. 

Figure 2 shows the dynamic pressure rise (dP/dl) vs. 
accumulated beam dose measured at the 6 m TiSP cham- 
bers, demonstrating the effects of beam processing (and 
TiSP flashing) since Phase II start-up. For orientation, after 
the first month ~10 A-hr had been accumulated, and after 
five months, ~100 A-hr had been accumulated. Now, af- 
ter ~700 A-hr, typical dynamic pressure rises in the IR are 
~0.002 nTorr/mA [8]. 

■   i—i 111111 <   i i 11111. 

Single Beam Dose (A»Hr) 

Figure 2: Dynamic pressure rise vs. beam dose for the 6 m 
TiSP chambers since CESR Phase II start-up. 

4.1 Radiation Levels 

The IR radiation history since Phase II start-up is shown 
in Figure 3. Nearly 2 krad was logged during the initial 
2 month beam processing phase. About 10 krad have been 
logged since start-up, about half of which was accumulated 
with the SVX electronics powered. Since CESR beam cur- 
rents have been nearly constant for the past ~6 months, the 
radiation has been increasing linearly with time, at a rate 
of ~8krad/year at peak total currents of ~320 mA (~4.6 
krad/year powered). The accumulated powered dose repre- 
sents about 20% of the lifetime dose for the SVX readout 
electronics. 

Of the total accumulated dose since Phase II start-up, 
63% was delivered during high energy physics data-taking, 
17% during CESR Injection, and 20% during other activi- 
ties, including machine studies. 

4.2 Beampipe Cooling 

The beam-generated heat load on the central Be pipe has 
been measured [10] by reducing the coolant flow and stor- 
ing large beam currents, noting the temperature rise. 15- 
20W was measured at 300mA total current (36 bunches and 
~8.3 mA/bunch). The heat load has also been measured 
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5.1   Single Beam Results 
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Figure 3: IR radiation history since CESR Phase II start-up. 

by noting the temperature rise during data-taking periods, 
although the heat generated by the nearby SVX detector 
electronics (~200 W) is a much larger source, making ex- 
traction of the small beam-related power difficult. Scaling 
this heat load to the design current of 600 mA gives at most 
80W, well within the design capacity of 400W. 

The measured heat loads are consistent with calculated 
values, given the uncertainties involved. The expected im- 
age current heating is ~3W; the HOM power generated in 
the IR mask structure is ~6W at these beam currents. 

5   COMPARISON OF BACKGROUND WITH 
SIMULATION 

A comparison of measured background rates with detector 
background simulation predictions has been undertaken. 
Two simulation tools are in use at CESR, one for beam-gas 
backgrounds and another for SR backgrounds [11]. Each 
begins with the CESR lattice description, vacuum cham- 
ber geometry, and closed orbit and interaction region bump 
strengths. The beam-gas simulation generates Coulomb 
and bremsstrahlung interactions throughout the machine 
and tracks the secondaries, collecting those beam parti- 
cles and photons that strike near the IP. These particles 
are used as input to a GEANT-based Monte-Carlo simu- 
lation of the detector response. The SR simulation gen- 
erates photon fluxes from a 2-D description of the beam, 
and follows their trajectories to vacuum chamber surfaces 
where fluxes are accumulated. These calculated fluxes are 
used as input to an x-ray scattering Monte-Carlo simula- 
tion, which propagates scattered photons (from Compton 
scattering, Rayleigh scattering and fluorescence) to the de- 
tector where the response is simulated. 

We have compared single-beam radiation levels, measured 
with the beampipe radiation monitoring system, with sim- 
ulation predictions. For a single beam of 140 mA, the av- 
erage IR radiation was 0.8 rads/hr, compared with a sim- 
ulation prediction (including the measured pressure profile 
and IR bumps) of 0.75 rads/hour (0.25 from SR, 0.50 from 
beam-gas). Although the agreement for this set of con- 
ditions is quite good, other results revealed discrepancies. 
Namely, the simulation failed to predict the dependence of 
background rates on the horizontal displacement bump, an 
IR bump (used to displace the collision point) which is rou- 
tinely used to optimize background levels. 

5.2   Pressure Bump Studies 

Preliminary pressure bump studies also revealed disagree- 
ment. By introducing calibrated leaks and turning off 
pumps in different sectors of the machine, the "source- 
effectiveness" (the contribution of a single source point to 
detector backgrounds) of different portions of the ring was 
measured. We observed that only the region from 0-30m 
from the IP contributes to detector backgrounds; the IP is 
"masked" from lost-particles generated elsewhere. (This 
result is predicted by simulation.) In addition, we observed 
that ~2/3 of the background is generated within 12m from 
the IP (the IR straight and the nearest dipole) and ~l/3 
is generated in the "hard-bend" region (the region 14-40m 
from the IP which contains stronger bends), a result for 
which the beam-gas simulation failed to account. 

In order to better understand the "hard-bend" contribu- 
tion to detector backgrounds, a calibrated CO leak was in- 
troduced at ~ 15m from the IP [12]. Different pressure pro- 
files were generated (shown in Figure 4a) by systematically 
turning off distributed and lumped pumps one-by-one in the 
hard bend region to obtain a set of 7 pressure conditions. 
Pressure profiles were calculated (based on available pres- 
sure measurements) with a one-dimensional finite element 
method in which the pumping speed of each pump and ther- 
mal outgassing rate are adjusted to obtain the best fit. For 
each condition, IR radiation levels were measured with a 
small stored beam current. The IR radiation response for 
each of the 7 cases, normalized to beam current, is shown 
in Figure 5 (curve "rad_meas"). 

Since the beam-gas simulation did not properly ac- 
count for the hard-bend contribution, another simpler ap- 
proach was taken. The source-effectiveness for IR mask 
strikes was calculated as follows. At each source loca- 
tion, the range of energy losses which produce trajecto- 
ries that strike the IR mask (without hitting an aperture 
between the source point and mask) is calculated. A 
bremssstrahlung weight is assigned to that location from 
the bremsstrahlung cross-section integrated over the range 
of calculated energy-losses. Likewise, a Coulomb weight 
is calculated by determining the range of scattering an- 
gles which lead to trajectories that strike the IR mask. 
The total weight (bremssstrahlung and Coulomb) is plot- 

294 



ted as a function of the source location in Figure 4b (curve 
"effect_SDH_tot_p2"; relative strength shown on the right 
axis). This calculated source effectiveness clearly shows 
two contributions: one lobe from 0-10m, and another from 
16-27m. 

The calculated source-effectiveness is compared to the 
measured radiation rates for various pressure profiles, up 
to a normalization factor, by multiplying the pressure pro- 
file times the source-effectiveness. The overall normaliza- 
tion is obtained by choosing two pressure profiles (P2-P3) 
whose difference corresponds to a pressure bump near 20m 
(shown in Figure 4b, curve "P2_minusP3") which over- 
laps the predicted source effectiveness. The pressure bump 
times the effectiveness divided by the measured difference 
in radiation between the two cases provides the normal- 
ization factor. The calculated radiation response for the 
7 cases, using this normalization factor, is displayed in 
Figure 5 (curve "RAD_caljiorm"). The agreement be- 
tween the measured radiation response and the calculated 
response is excellent. 

These results confirm that there is a significant contribu- 
tion to backgrounds from the "hard-bend", region, a result 
explained by a simple calculation of lost particle trajecto- 
ries and fluxes. Work is underway to reconcile the sim- 
ple source-effectiveness calculation described here with the 
full Monte-Carlo simulation. 
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Figure 5: Measured IR radiation response is compared with 
the calculated response for the 7 pressure profiles shown in 
Figure 4. 

6   CONCLUSIONS 

The design and performance of the CESR Phase II Inter- 
action Region has been reviewed. The IR shielding per- 
formance is as expected, although detailed features of the 
background sources are still under investigation. Mean- 
while, CESR luminosity continues to improve, having de- 
livered 3.9 fb_1 since Phase II start-up [2]. 
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Figure 4: (Top) Pressure profiles for a calibrated CO leak 
experiment. The leak was introduced at 15m. (Bottom) 
The calculated source-effectiveness for IR mask strikes is 
shown (right axis) together with a pressure bump resulting 
from the difference in profiles P2 and P3. 
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B-FACTORY INTERACTION REGION DESIGN* 

M. Sullivan 
Stanford Linear Accelerator Center, Stanford University, Stanford, CA 94039 USA 

Abstract 

High luminosity B-factories are generally high current (1- 
3 A) e+e- storage ring accelerators that operate at a cen- 
ter-of-mass energy equal to the mass of the Upsilon (4S) 
resonance (10.58 GeV). The high beam currents are 
achieved by storing a large number of bunches (several 
hundred to several thousand) into each beam. Two de- 
signs, the ones located at SLAC and KEK, also have 
asymmetric beam energies. This imparts a boost to the 
nearly stationary B mesons formed from the decay of the 
4S resonance and allows precision vertex tracking detec- 
tors to look for a difference between the decay profiles of 
the matter and anti-matter B mesons, thereby observing a 
violation of CP. Bringing the stored beams into collision 
is one of the major challenges of any B-factory design. In 
order to achieve high luminosity the beams must be 
tightly focused. This pushes the final focusing elements 
close enough to the interaction point to be inside the 
solenoidal field of the physics detector. In addition, 
beam-related detector backgrounds from synchrotron 
radiation and scattered beam particles must be kept below 
an acceptable level. The major B-factory designs at Cor- 
nell University, KEK, and SLAC have all addressed these 
problems in various ways that depend on specific accel- 
erator design decisions. This paper discusses the accel- 
erator parameters and detector constraints that influence 
an interaction region (IR) design, as well as how the 
various IR designs address the challenges posed by a high 
luminosity B-factory. 

1 ACCELERATOR PARAMETERS 

Several factors must be balanced in the design of any IR. 
First, detector backgrounds from the incoming beams, 
always a concern, must be manageable. But there are 
several accelerator parameter decisions that strongly 
affect the design of an IR, and some of these parameter 
selections are not driven by IR concerns but are the result 
of other constraints of the accelerator design. Some of the 
parameters that affect any design of an IR are: 

• Beam energies 

•   K 
• Beam coupling or beam aspect ratio 

• Head-on or crossing angle collision 

• Beam bunch spacing 

*Work supported by U.S. Department of Energy, under 
contract number DE-AC03-76SF00515. 

• Beam currents 

• Beam size and beam emittance 
• Beam-Stay-Clear 

1.1 The beam energies of a B-factory 

For B-factories, the beam energy range is somewhat 
restricted since all designs have a center-of-mass energy 
of 10.58 GeV. However, the three B-factory designs use 
different beam energies. The SLAC, LBNL, LLNL PEP- 
II design[l,2] has the largest energy asymmetry (9 on 3.1 
GeV) while the Cornell CESR-III design[3,4] has sym- 
metric beam energies and the KEK design (KEKB)[5,6] 
has an intermediate energy asymmetry of 8 on 3.5 GeV. 
How these beam energy selections affect the IR designs 
will be discussed in more detail shortly. 

1.2 P; 

The vertical beta function value (ß*) at the interaction 
point (IP) for all three B-factory designs is small: 1-2 cm. 
In order to achieve these small ß* values the final focus- 
ing elements of the beams must be very close to the colli- 
sion point. All three designs have machine elements 
within 1 meter of the IP, which places these elements 
inside the detector magnetic field. 

1.3 Beam coupling 

The beam coupling or beam aspect ratio at the collision 
point is another important parameter. Generally, the flat- 
ter the beams—vertical over horizontal beam size as 
small as possible—the easier it is to control synchrotron 
radiation (SR) backgrounds. This is one reason why 
round-beam designs are difficult. However, extremely 
flat beams are also difficult to achieve. The accelerator 
must be very precisely aligned in order to get the beam 
coupling much below 2%. All three B-factory designs use 
a beam coupling of 2-3%. 

1.4 Collision angle, bunch spacing and beam separation 

At what angle the beams collide plays an important role 
in designing how the beams are separated. Head-on col- 
liding beams are certainly the most difficult to separate. 
The beam energies, the distance between beam bunches 
and the collision angle determine the beam orbit geome- 
try near the IP. Each B-factory design has a different 
approach in dealing with this aspect of the IR design. 

7.5 Large beam currents 

To obtain a high luminosity, all B-factories have signifi- 
cantly large beam currents; typically 1-2 A per beam. 
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These large beam currents pose several difficulties for IR 
designs. Synchrotron radiation power is a distinct concern 
throughout the accelerator but this is especially true in- 
side or just outside the detector where space is tight and 
temperatures must be carefully controlled. 

The large beam currents also induce I2R heating losses 
and higher-order-mode (HOM) losses. These power 
losses can be quite large and special care must be taken 
that beam pipes are smooth and conductive throughout 
the IR. Unwanted cavities in the beam pipe near the IP— 
almost unavoidable due to the large beta functions and/or 
the merging of two beam pipes—have HOM absorber 
material to limit their Q and lower the amount of local 
resonant heating. 

1.6 Beam size and beam emittance 

The beam size in the IR influences many aspects of the 
design. Masking for SR, magnet apertures and beam 
separation all depend on the size of the beams. The size is 
determined by the emittance of the beam and the beta 
functions in the IR. Although the beam emittance is an 
important IR parameter, the range of this parameter is 
generally set by other aspects of the accelerator, usually 
by the circumference of the ring and the design of the 
lattice for each beam. In some cases, the emittance is 
increased through the use of wigglers. The beta functions 
near the IR are usually lower in high emittance accelera- 
tors than they are in accelerators that have low emittance 
in order to keep the beam sizes reasonable. In general, the 
larger the beam, the more difficult it is to protect the 
detector from SR; especially the radiation that is emitted 
from the particles out at a high number of beam sigmas. 

1.7 Beam-stay-clear and beam tails 

The collision of the two beams induces a disruption in the 
colliding bunches, which kicks beam particles out to large 
transverse distances (many beam sigmas) from the beam 
center and starts to lower the lifetime of the beams. For 
this reason, as well as to increase accelerator flexibility, 
the beam-stay-clear (BSC) aperture is usually made as 
large as possible especially near the IP. In addition, in 
order to minimize detector backgrounds from lost beam 
particles, one prefers a beam aperture that gets larger as 
the beams approach the IP. However, the desire for large 
beam apertures must be balanced with the need to install 
masks near the IP for both SR and lost particle back- 
grounds and the need to keep magnet apertures reasona- 
bly sized. The population of particles in these "beam 
tails" is a major concern in estimating SR background 
rates. The particles at large transverse distances from the 
beam center have the best chance of generating photons 
that can directly strike the detector beam pipe. 

events. This is the important definition of integrated lu- 
minosity—how many physics events are accumulated. 
Toward this end, the detector imposes some requirements 
on the accelerator and also complicates the IR by its pres- 
ence. Some detector needs and constraints are: 

• Low backgrounds 
• Maximum solid angle for detecting particles 
• Smallest possible radius for the beam pipe 
• A beam pipe that is as transparent as possible 
• A solenoidal detector field of 1 -1.5 T 

2.1 Low Backgrounds 

The beam-related backgrounds, both SR and lost parti- 
cles, must be kept below a level that allows the detector 
to operate with minimal impact on detector efficiency. In 
addition, the radiation levels must also be kept low 
enough to ensure that detector components have a rea- 
sonable (5-10 yr.) lifetime before being damaged. One of 
the primary ways of keeping the lost beam particle back- 
grounds low is to have a very low vacuum in the beam 
pipe upstream of the detector. All B-factory designs ask 
for a low vacuum in these regions. 

2.2 Maximum solid angle 

Maximizing the solid angle of the detector means that the 
space left for accelerator components that are inside the 
detector is very precious. The beam pipe, supports and 
magnetic elements must be as compact as possible. 

2.3 The detector beam pipe 

The beam pipe around the IP needs to have as small a 
radius as possible to get a precision vertex tracker as 
close to the collision point as possible. In addition, the 
beam pipe needs to be as transparent as possible to the 
emerging physics events and yet be opaque to the SR 
from the beams. The choice for all three B-factories is a 
Be beam pipe that is coated on the inside with a high Z 
material (e.g. Au) to absorb the SR photons. 

2.4 Detector magnetic field 

The detector has a solenoidal magnetic field with a value 
in the range of 1-1.5 T. Any accelerator magnets inside 
the detector field must be either permanent magnet (PM) 
or superconducting. The detector magnetic field will also 
steer the beams because the beams are not traveling down 
the axis of the detector. Each B-factory design has a dif- 
ferent approach toward solving these difficulties. 

2 DETECTOR CONSTRAINTS 

The physics detector of a B-factory needs to be as effi- 
cient as possible in collecting the interesting physics 
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3 B-FACTORYIR DESIGNS 

Some of the accelerator parameters that influence the 
design of the IR and the choices made by the three accel- 
erator designs are listed in Table 1. Comparing B-factory 
IR designs, we shall see how these parameter selections 
have influenced each design. 

Table 1. Some Parameters of the B-factories 
PEP-II KEKB CESR-III 

e+      e- e+     e- e+       e- 
E (GeV) 3.1     9.0 3.5    8.0 5.3     5.3 

1(A) 2.1      1.0 2.6    1.1 0.5     0.5 

ß/ (cm) 1.5     2.0 1.0    1.0 1.0     1.0 

ex (nm-rad) 66      49 18     18 251    25 

a(x,y) (mm) 181,5.4 77, 1.9 388,11.7 

Coupling (%) 3 2 3 

I 0.03 0.05 0.03 

Sb(m) 1.26 0.59 4.2 

# of bunches 1658 5027 45 

6C (mrad) head-on ±11 ±2.1 

L (cm_2sec_1) 3xl033 lxlO34 1.8xl033 

3.1 PEP-II 

As stated earlier, PEP-II has the largest energy asymme- 
try (9 on 3.1 GeV) of the three designs. This permits the 
design to have head-on colliding beams. The fairly small 
bunch spacing (1.26 M) means that a strong horizontal 
bend magnet (Bl) must start separating the beams as soon 
as possible after the beams have collided. This tapered 
magnet starts at about 21 cm from the IP and separates 
the beams enough so that the tune-shift at the first para- 
sitic crossing (0.63 M) is small. Immediately following 
Bl is the vertical focusing quadrupole (Ql) for the low 
energy beam (LEB). This horizontally defocusing magnet 
continues to separate the beams. Separation is maximized 
by superimposing a dipole field over the quadrupole 
field, which shifts the magnetic center of Ql to where the 
high energy beam (HEB) is located. These two magnets 
are in the detector field and are therefore permanent mag- 
nets. The next magnet (Q2) is a horizontally focusing 
septum quadrupole for the LEB—the HEB travels 
through a field free region. The following two magnets 
(Q4 and Q5) are also septum magnets and are the final 
focusing doublet for the HEB. Figure 1 shows a plan 
view of the IR for PEP-II. It is important that Q2 be a 
septum magnet. If it were a shared magnet, with both 
beams going through it, a large amount of the beam sepa- 
ration gained in Bl and Ql would be lost. 

The rapid separation of the beams by Bl and Ql gen- 
erates significantly high-power fans of SR. The SR fan 
from the upstream Ql magnet must be masked from the 
detector beam pipe and the power absorbed by the mask 

-2.5 o 
Meters 

Figure 1. Layout of the interaction region of the PEP-II 
B-factory. The vertical scale is highly exaggerated. The 
detector for PEP-II is offset in z by 37 cm in the direc- 
tion of the HEB. 

must be completely removed to maintain a constant tem- 
perature for the PM material of Bl and Ql. 

The SR fans generated by the HEB as it travels 
through the Bl magnets are very intense. However, the 
49 kW of power in these fans do not strike any nearby 
surfaces and are absorbed in a dump that starts about 12 
m away from the IP in the downstream HEB beam pipe. 
The primary source of SR background is the photons that 
scatter to the detector beam pipe from the mask tips. 
Because of this, the PEP-II design is insensitive to SR 
from the beam tails. Some care must still be taken to 
ensure that photons generated by particles in the beam 
tails do not directly strike the detector beam pipe. Once 
this is achieved, the SR background rates from beam tail 
particles are much lower than the background rates pro- 
duced by the photons that scatter from the mask tips. 

The design has no room for a compensation solenoid 
to help cancel the effects the detector field has on the 
beam orbits. Instead, the location of the IP is allowed to 
move vertically. This displacement means that the two 
beams will receive a vertical kick from Ql which par- 
tially compensates the steering effects of the detector 
field. In addition, the center of the Q2 and Q4 magnets 
are also vertically displaced by a few mm to further steer 
the beams before correctors positioned between Q4 and 
Q5 can be used to continue correcting the beam orbits. A 
series of skew quads completes the corrections needed to 
compensate for the effects of the detector field[7]. 

The two beams go into separate pipes in the Q2 septum 
magnet so the beam pipe in front of Q2 and behind Ql is 
the largest beam pipe in the IR. This local bulge in the 
beam pipe can trap HOM energy. Some amount of ab- 
sorber material (e.g. silicon carbide) will be mounted in 
this chamber to limit the amount of resonant power 
trapped in this region. 
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The HEB travels through two bend magnets located 
between 22 and 27 m from the IP. The magnet closer to 
the IP is a low field bend magnet, which minimizes the 
SR striking the IP region. The magnets sweep out a large 
fraction of lost beam particles that were produced even 
farther from the IP. Consequently, the region from these 
magnets to the IP is the primary source of lost particle 
backgrounds in the detector for the HEB. The LEB goes 
through a vertical bend magnet at about 10 m from the IP 
that is also effective in sweeping out lost beam particles 
that have been produced further upstream. The PEP-II 
design calls for a low vacuum in these regions in an effort 
to minimize lost particle backgrounds. In addition, the 
PEP-II design includes a graded beam aperture where the 
aperture gets larger as the beams travel to the IP. This 
also helps to reduce the background rate from lost parti- 
cles. 

3.2 CESR-III 

The accelerator at Cornell is a single storage ring with 
equal energy beams of 5.3 GeV. The final focus doublet 
is located close to the IP with the vertical focusing quad- 
rupole made up of two elements. The first is PM material 
and is positioned very close to the collision point (0.34 m 
to 0.84 m). The rest of the vertical focusing and all of the 
horizontal focusing is accomplished by two supercon- 
ducting quadrupoles (Q01 and Q02). Figure 2 shows a 
layout of the CESR-III IR. 

Cornell has developed a scheme to store many bunches 
into each beam and still use only one storage ring. Elec- 
trostatic plates separate the beams into different orbits 
around the ring that intersect each other in several places. 
However, by carefully selecting which rf buckets to fill 
with charge, they plan to be able to store up to 0.5 A in 
each beam. In order to get this much current into each 
beam it is necessary to introduce a small crossing angle of 
±2.1 mrads. This allows the beams to be far enough apart 
at the first parasitic crossing (2.1 m) so that the extra 
tune-shift is small. The crossing angle introduces some 
SR due to the bending of the beams in Q01 and Q02, but 
the power is not high (3 kW) and it is directed nearly 
forward and should not contribute to detector back- 
grounds. The small amount of near IR bend radiation 
means that SR background calculations are dominated by 
radiation from particles in the beam tails and by upstream 
bend magnets. 

The relatively small circumference of the Cornell ring 
when compared to the other two B-factories means that it 
is difficult to get beam emittances that are much below 
250 nm-rad for 5.3 GeV beams. This means the maxi- 
mum ßx value needs to be kept reasonably low in order to 
keep the x size of the beams manageable. To achieve this, 
the final focusing elements are close to the IP. 

CESR-III has no compensation solenoids. The beams 
are nearly parallel to and only slightly offset from the 
detector axis so there is very little beam steering from the 
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Figure 2. Layout of the CESR-III interaction region. The 
vertical and horizontal scale are the same as in Fig. 1. The 
Q03 magnets are not used except for round beam studies. 

detector field. A family of skew quads take out the cou- 
pling induced by the solenoidal field. 

Since CESR is a symmetric energy accelerator, the 
masking must be symmetric on either side of the IP. This 
leads to SR backgrounds that are dominated by photons 
that strike the inside, or detector beam pipe side, of a 
downstream mask. These surfaces usually have a fairly 
large solid angle view of the detector beam pipe so pho- 
tons that bounce out of these surfaces have a good chance 
of entering the detector. 

The arc magnets begin about 15 m from the IP with the 
start of a low-field bend magnet. The hard-bend arc mag- 
nets are so close to the IP that lost beam particles origi- 
nating from the start of the arc are swept out into the 
detector and are a major source of lost particle back- 
ground. The design asks for a low vacuum pressure in 
this region. 

3.3 KEKB 

The B-factory at KEK has beam energies of 8 and 3.5 
GeV. This smaller energy asymmetry makes it difficult to 
collide the beams head-on. This is one reason the KEKB 
design collides the beams with a crossing angle of ±11 
mrads. The large crossing angle helps to separate the 
beams quickly, which allows the KEKB design to have 
the smallest bunch spacing (0.6 m) and hence the smallest 
parasitic crossing (0.3 m). The large crossing angle also 
helps to separate the beams enough to place the first sep- 
tum magnets (QC1E) about 3 m of the IP. The design 
minimizes the bending of the incoming beams, which 
minimizes the SR that can cause detector backgrounds. 
This produces an asymmetric lattice design around the 
collision point (the other two designs have symmetric 
optics) and concentrates all of the bending of the beams 
to the downstream side of the IP. The beams are still bent 
because the first vertically focusing quadrupole (QCS) is 
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Figure 3. Layout of the KEKB interaction region. The 
scale matches that found in Figs. 1-2. CSL and CSR are 
compensating solenoids. 

shared. QCS is a superconducting quadrupole and the 
three remaining quadrupole pairs are normal-conducting 
septum quads. Figure 3 shows the layout of the KEKB 
design near the IP. 

The cyrostats that contain the QCS magnets also con- 
tain compensating solenoids that are positioned inboard 
of the QCS magnets. These two coils together completely 
cancel the detector integral B«dl seen by the beams by 
operating at 2-3 times the strength of the detector field. 

The KEK design uses the Tristan tunnel to house the 
storage rings. This tunnel is the largest of the three de- 
signs (3016 m in circumference) and this allows the 
KEKB design to have small beam emittances. These 
small emittances have made it possible to use larger beta 
functions near the IP without making the transverse beam 
size too large, which in turn allows the final focusing 
elements to be positioned farther from the IP where the 
beams more separated. The small emittances make it 
easier to shield the detector from SR, and it also means 
that the detector backgrounds from SR are almost entirely 
driven by the particle density in the beam tails, out at 
high beam sigma. 

KEKB also has a single beam pipe near the IP that 
splits into two pipes, one for each beam, so there is a 
local cavity that can trap resonant power. Absorber mate- 
rial will be placed in this cavity to limit the resonant 
power. 

Not bending the beams as they approach the IR, sig- 
nificantly lowers the number of SR photons that can 
cause background in the detector. However, this also 
tends to lengthen the amount of beam pipe that must have 
a low vacuum in order to keep the lost particle back- 
ground at an acceptable level. 

4 SUMMARY 

Several accelerator parameters influence IR designs of B- 
factories. The beam energies,  ß * values, emittances, 

coupling values, currents, bunch spacing, and collision 
angles are all important parameters that affect IR designs. 
The physics detector also has conditions or requirements 
that must be included in any design. Low backgrounds, 
maximum solid angle, a small thin beam pipe, and a large 
solenoidal field are some of the requirements for a B- 
factory detector. 

Of all of these parameters, the selection of the beam 
energies probably has the largest single impact. The 
CESR-III design with symmetric-energy beams has the 
simplest IR. The focusing elements are naturally shared 
because both beams are in the same ring. A small non- 
zero crossing angle is utilized to enable the storing of 
more beam bunches, which increases the current and 
hence the luminosity. The other two B-factories (KEKB 
and PEP-II) have asymmetric beam energies (3.5 on 8 
and 3.1 on 9 GeV). The different beam energies mean 
that each beam is in a separate storage ring and that each 
beam has separate final focusing elements near the IP. 
Both designs have one shared quadrupole, the vertical 
focusing quadrupole of the LEB, which helps to further 
separate the beams horizontally and allows the next final 
focus element to be a septum magnet. The KEKB design 
minimizes SR as a source of background by not bending 
the incoming beams near the IR. This, with the smaller 
energy asymmetry and small beam emittances leads the 
design to a crossing angle of ±11 mrads and to different 
beam optics on either side of the IP. The PEP-II design 
has a large enough energy asymmetry to be able to col- 
lide the beams head-on. However, in order to get the 
beams far enough apart at the first parasitic crossing, 
powerful bend magnets are positioned very close to the 
IP. The final focus optics are kept symmetric, but this 
means the shared vertical focusing quadrupole generates 
significant SR on the incoming side that must be masked 
and absorbed. 

Essentially, all three B-factory IR designs have to 
address the same problems. The design differences pri- 
marily occur when initial accelerator parameters are cho- 
sen (beam energies, crossing angle, beam emittances, 
etc.). These parameter decisions lead to IR designs opti- 
mized for the particular choices made. 
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HIGH BEAM CURRENT EXPERIMENTS FOR THE KEKB 
CONDUCTED AT THE TRISTAN ACCUMULATION RING 

Y. Funakoshi and K. Akai, High Energy Accelerator Research Organization (KEK), 
1-1 Oho, Tsukuba-shi, Ibaraki-ken, 305 Japan 

Abstract 

Dedicated machine time of about 10 weeks has been de- 
voted to the high beam current experiment by using an elec- 
tron beam of the TRISTAN Accumulation Ring (AR). In 
the experiment, we investigated performance of prototypes 
of RF cavity systems and a bunch-by-bunch feedback sys- 
tem which will be used in the KEKB. We found that the RF 
cavity systems work very well at the beam current more 
than 500mA. The bunch feedback system was very effec- 
tive to suppress the instability. We also made an experiment 
on the fast ion instability with interesting results. 

1   PURPOSE OF THE EXPERIMENT 

The KEKB is an asymmetric electron-positron collider 
aiming at the study of the B meson physics and is now un- 
der construction at KEK. Main design parameters of the 
KEKB are listed in Tablel. 

2   EXPERIMENTAL SETUP 

2.1   AR 

Beam energy 
Luminosity 

Beta functions at IP ß*/ß* 
Tune shifts £x/£y 

Beam current 

HER LER 
3.5GeV 

2eo„-l 
8.0GeV 
1 x 1034cm~'sec 

0.33/0.01m 
0.039/0.052 

1.1 A    I     2.6A 

Table 1: Main design parameters of the KEKB 

As is seen in the table, one of the most critical issues for 
realizing its design performance is accumulation of these 
unusually high beam currents against several obstacles. 

One of the major beam current limitations will possibly 
come from coupled bunch instabilities arising from the fun- 
damental mode and the higher order modes of acceleration 
cavities and some other sources such as resistive walls. To 
overcome the coupled bunch instabilities from RF cavities, 
we have developed two new types of RF cavity systems. 
One of these is a normal conducting cavity called ARES( 
Accelerator Resonantly coupled with Energy Storage) and 
the other is a specially designed superconducting damped 
cavity. We have also developed a bunch-by-bunch beam 
feedback system to suppress remaining instabilities. 

The main purpose of the present experiment is to inves- 
tigate whether these RF systems and the beam feedback 
system do work well under a high beam current. In the 
beam test conducted at the AR, we could prepare the beam 
current of 573mA at maximum. 

In parallel with these beam tests, we also carried out ma- 
chine studies on the fast ion instability and other coupled 
bunch instabilities, which resulted in some interesting in- 
formation. 

The AR was designed and had been employed for the in- 
jector of the TRISTAN Main Ring. When the TRISTAN 
project was terminated in 1995, the main role of the AR 
was switched to a SOR machine. Main machine parame- 
ters are listed in Table 2, including beam parameters used 
in the experiments. A 2.5GeV linac is used for the injector 
of the AR. Almost all present experiment was done at this 
injection energy, although usual SOR operation is done at 
6.5GeV. 

Particles electrons 
Circumference C 377m 
RF frequency fnp 508.58MHz 
Harmonic number h 640 
Beam energy Eb 2.5GeV 
Beam current lb 573mA(max) 
Tune Vx/vy 10.160/10.228 
Momentum compaction a 0.0129 
Natural chromaticity do/CyO -14.5/-13.7 
Chromaticity corrected £x/£y ~7/7 
Radiation loss/turn Uo 0.1458 MeV 
RF voltage Vc 0.6~2.5 MV 
Synchrotron tune vs 0.018~0.036 
Natural bunch length oi 2.0~0.94 cm 
Energy spread AE/E 4.40X10-4 

Damping time re/rß 21.6/43.1 msec 
Natural emittance exo 43.6 nm 

Table 2: Main machine parameters of the AR 

The AR has two RF sections in the east and west long 
straight sections. Originally 4 units of 9-cell RF cavities 
called APS (Alternating Periodic Structure) were installed 
in each RF section. In the experiment, these APS type cav- 
ities were removed temporarily and the cavities for beam 
test were installed. The bunch-by-bunch feedback system 
was installed in the south long straight section. 

2.2   ARES 

The ARES is composed of three cavities; i.e. an accelerat- 
ing cavity, a coupling cavity and a storage cavity. The stor- 
age cavity is intended to store large energy so that we can 
decrease the effective R/Q value of the cavity system and 
mitigate the coupled bunch instability arising from the fun- 
damental mode. We have prepared two different types of 
the ARES for the beam test. They adopt different schemes 
for HOM damping of the accelerating cavities. For the first 
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type of the ARES (ARES95), we adopted a chokemode- 
type accelerating cavity. The second type of the ARES 
(ARES96) is equipped with four rectangular waveguides 
and grooved beam pipes. In addition to these, an acceler- 
ating cavity of the ARES95 alone, which we call ARES-A, 
was installed in the east RF section in order to provide nec- 
essary RF voltage. 

2.3 SCC 

For a superconducting cavity (SCC) of the KEKB, we 
adopted single-cell structure, since it can reduce the num- 
ber of HOMs and also minimize the coupler power. For 
the purpose of HOM damping, beam pipes with large di- 
ameters are attached on both sides of the single cell cavity. 
All HOMs are extracted to the beam pipes and absorbed by 
ferrite absorbers attached on the inner surface of the pipes. 
As for an input coupler, we adopted a coaxial antenna type 
coupler, which is the same type as was used for the TRIS- 
TAN Main Ring. 

2.4 Bunch-by-bunch Feedback System 

Prototypes of both transverse and longitudinal feedback 
systems were tested in the experiment. The transverse sys- 
tem consists of button electrodes for signal pickup, an ana- 
log signal processing system including a long cable delay, 
two kinds of power amplifiers which cover different fre- 
quency regions and stripline electrodes used for kickers. 
The longitudinal system is composed of button electrodes 
for signal pickup, a digital signal processing system includ- 
ing a 2-tap FIR filter, power amplifiers and a four cells of 
series-drift-tube type kicker which is just the same as used 
in ALS. 

3   MACHINE OPERATION 

3.1   Schedule 

The experiment was done in two periods except some pre- 
liminary beam experiments. The first experiment was car- 
ried out during the period from July 1st to July 22nd in 
1996. In this experiment, we only tested ARES-A and a 
full system of the superconducting cavity. As for the feed- 
back system, only the transverse feedback in the horizontal 
direction was tested. 

The second experiment was done during the period from 
October 17-th to December 2nd. In this experiment, two 
sets of full-set ARES (ARES95 and ARES96) were in- 
stalled and examined with the beam. In this report, we 
mainly describe results of the second experiment and men- 
tion briefly the first experiment when necessary. 

The study time of the second experiment consists of 
about 7 weeks. For the first 4 weeks of the study, we op- 
erated the ARES96 in the west RF section and ARES-A in 
the east. And for the next two weeks, all normal conducting 
cavities in the ring were detuned and SCC was operated and 
studied. For the last week of the study, we operated SCC 

and the ARES95. In Table 3, we summarize study or op- 
eration items and the number of shifts consumed for each 
item. Here, we mean 8 hours by 'shift'. 

Study or operation item # of shifts 
ARES96 16.5 
ARES95 4 
SCC 20 
Feedback 9.5 
Fast ion instability 7.5 
Multibunch instability 4.5 
Other studies 1 
SCC warmup 14 
ARES95 aging 16.5 
Machine tuning 4 
Trouble 13.5 
Gas desorption from vacuum chamber 19.5 
Linac study and maintenance 26 

Table 3: The operation statistics in the second experiment 

3.2   Preparation of High Current Beam 

A crucial mission to the beam operation was to accumulate 
as high beam current as possible. In the following sub- 
sections, we describe experiences on problems which we 
encountered in the course of the beam operation. 

3.2.1 Beam lifetime 

Prior to the experiment, we installed lots of devices for the 
beam test in the ring. Owing to this, vacuum pressure of 
the ring was rather bad particularly at the beginning of the 
experiment. In this situation, the beam lifetime which is 
determined by the collision of the beam with residual gas 
was very short and the beam current was limited by the 
balance between the particle loss rate due to the beam life 
and the injection rate. 

To improve this situation, we had to rely on the photo- 
desorption process of the vacuum chamber induced by syn- 
chrotron radiation. For this purpose, we merely circulated 
the beam without any other studies. The number of shifts 
used for gas desorption amounted to 19.5 in total. Most of 
these were concentrated in the beginning of the experiment. 
The effort to improve vacuum pressure continued until the 
middle of the experiment when beam lifetime did not limit 
the beam current anymore. 

3.2.2 Coupled bunch instability 

In the beam test, we encountered unexpectedly strong cou- 
pled bunch instability. Strength of the instability depended 
on the beam filling scheme. In the experiment, we tried 
three different kinds of filling schemes, i.e. (1) bunch 
train scheme, (2) equally spaced multibunch scheme and 
(3) 4 x 4 filling scheme. 

In the bunch train filling scheme, we tried to inject a 
beam with a bunch spacing of 2nsec. This bunch spac- 
ing is minimum with our RF frequency of 508MHz. We 
tried three cases for the bunch current; i.e.   ImA/bunch, 
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2mA/bunch and 4mA/bunch. When we did not use the 
beam feedback system, the maximum beam current was 
around 40mA in the case of 2mA/bunch, for example. 
However, by using the transverse feedback system the total 
beam current was increased to 320mA. Both the horizontal 
and vertical feedback were needed to store high current. 

The equally spaced multibunch filling scheme was 
mainly used for the study on the coupled bunch instabil- 
ity itself. Results of the study are summarized briefly in the 
next section. Also in this mode, large beam current could 
not be stored without the feedback system. 

The bunch train injection and the equally spaced multi- 
bunch mode were needed for some study items, such as 
the study on the fast ion instability or the study on the 
coupled bunch instability itself. However, other studies 
required as a high average beam current as possible. To 
meet this requirement, the optimum beam injection condi- 
tion has been searched. Through trial and error, we found 
that we can store more than 500mA with so-called 4 x 4 in- 
jection scheme. In this scheme, we inject four bunch trains 
which are equally spaced. Each bunch train consists of four 
bunches and then the total number of bunches in the ring is 
16. The bunch spacing in the bunch train is 40nsec which 
means 20 RF buckets. In addition to this injection scheme, 
we used relatively high values for corrected chromaticities 
of 7 both for £x and £y so that we can rely on the head-tail 
damping. 

3.2.3   Heat-up of hardware components 

The AR was not designed for a high beam current ma- 
chine. We paid very close attention to heat-up of hard- 
ware components. Particular attentions were paid to the 
bellows, gate valves and ceramic chambers for pulse mag- 
nets or beam current monitors. Temperature sensors were 
attached on all of these components and temperature was 
monitored in realtime and recorded with a logging database 
system together with values of vacuum pressure all around 
the ring. In the first experiment, we observed conspicu- 
ous temperature rise for some ceramic chambers and one 
of these induced vacuum leakage just before the end of the 
experiment. Before the second experiment, these were re- 
placed with spares. In the second experiment, the com- 
ponents listed above did not give us any troubles. How- 
ever, we were troubled with heat-up of the stripline elec- 
trodes which were used for beam feedback system in the 
usual operation and were not used in the experiment. Ow- 
ing to this heat-up, one of the electrode was deformed to 
block off the beam motion. We removed all relevant elec- 
trodes. Based on the bench test after the beam experiment, 
we guess that heat-up was triggered by radiation damage 
of cables which connected the electrodes and dummy loads 
for power attenuationfl]. 

4   RESULTS 

Results of the experiment for each study item are reported 
in detail elsewhere[2][3][4][5][6][7] [8][9]. In this report, 

a very brief summary is given below. 

4.1   ARES 

The two ARES systems were tested independently to each 
other; when one ARES was operated, the other ARES 
was detuned. Most of the study was concentrated on the 
ARES96, which was considered to be adopted as the nor- 
mal conducting cavity for KEKB. The ARES96 was op- 
erated for about 4 weeks and the ARES95 for 2 days. In 
order to provide necessary voltage, ARES-A or SCC was 
also operated together with the ARES. 

4.1.1 High power and high current operation 

Main RF design parameters for the ARES in KEKB-LER 
are: 0.5 MV of accelerating voltage which corresponds to 
a wall dissipation of 155kW, and 350kW of input power 
with full design current. Prior to the beam experiment both 
ARESs were successfully tested above 200 kW of the wall 
dissipation. In the beam test, a beam current of 500mA was 
stably stored by either of the two ARES cavities operating 
at 0.5MV together with SCC or ARES-A. 

Two input couplers with a disk-type ceramic window 
were broken at about 70kW just before the beam test. After 
replaced with a spare, we conditioned it more carefully by 
having harder interlocks and keeping better vacuum pres- 
sure. This coupler was successfully operated up to 200kW 
during the beam experiment. In a bench test performed 
after the beam experiment, it was shown that this type of 
coupler works well with an input power of 430kW. 

4.1.2 Fundamental mode behavior under heavy beam 
loading 

Since the ARES is a highly original scheme, its basic char- 
acteristics of the fundamental mode with heavy beam load- 
ing was carefully studied. We observed behavior of the 
ARES system with changing beam current, beam fill pat- 
tern, relative phase between the ARES and another cavity 
(ARES-A or SCC) or a voltage ratio of the two cavities. 
Observed behavior was well reproduced by calculations 
based on a coupled-resonator model. In particular, follow- 
ing two points are important. First, the movement of the 
tuners at the accelerating and storage cavities under beam 
loading was in good agreement with a calculation. It indi- 
cates that the frequency detuning of the fundamental mode 
is reduced as was expected. Second, we observed transient 
behavior of the power extracted from the damper at the cou- 
pling cavity which damps parasitic 0 and pi modes associ- 
ated with the fundamental mode. The measured responses 
to a single bunch beam, an equally-spaced beam, and an 
equally-spaced beam with an ion-clearing gap were pretty 
well reproduced by simulations. Thus the principles of the 
ARES theory were experimentally confirmed. 

4.1.3 HOM damping and absorbers 

The maximum power absorbed by the HOM absorbers was 
about 6.6kW per cavity for the ARES95 and about 6.4kW 
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for the ARES96. So far as these power is concerned, there 
was no problem in HOM power absorption. 

The effect of HOMs on the beam was studied by scan- 
ning the movable tuners at the accelerating and storage 
cavities of the detuned ARES with a 100mA single bunch 
beam. During the tuner scans, there was no indication that 
the HOMs affected the beam motion. In the other studies 
during the experiment, we did not see any indication that 
the HOMs are responsible for the beam instability. 

4.1.4   Long-term stability 

The ARES96 was operated for about 4 weeks. During this 
term, we consumed lots of shifts for gas desorption of the 
vacuum chambers. In some cases, we continuously held 
overnight a high beam current more than 400mA. Even in 
such a relatively tough condition, the ARES did work very 
stably. 

4.2   SCC 

The SCC was operated for one week in March, two weeks 
in July and two weeks in November in 1996. Most of the 
time it was operated at 1.0 - 2.5MV and all other cavities 
were detuned except for the tuner scan study. 

4.2.1 High current and high field operation 

The results of the beam tests with the SCC exceeded the 
world records set by a CESR-B SC cavity tested in the 
CESR ring as follows. The maximum beam current of 
573mA was stored by our cavity operating at 1.2MV. A 
high current of 350mA was also stored at 2.5MV, which is 
much higher than the design voltage of 1.5MV for KEKB- 
HER. The current limitations were not by cavity perfor- 
mances, but by other things such as saturation due to a bal- 
ance between the beam life time and the injection rate (the 
case of 1.2MV), or heat-up of ring components (the case 
of 2.5 MV). The maximum RF power transferred to beam 
was 160kW with an input power of 270kW. Furthermore, 
at a bench test performed prior to the beam test, an input 
coupler was successfully tested up to 850kW. 

4.2.2 HOM damping and absorbers 

The maximum HOM power absorbed by the ferrite ab- 
sorbers was 4.2kW. We experienced no degradation of per- 
formance of the HOM absorbers during the experiment. 
The loss factor estimated from the absorbed power is con- 
sistent with a calculation at a bunch length of 1.5cm and 
longer. 

Tuner scan was done at the beam current more than 
400mA. We could not see any effects of the HOMs on the 
beam motion. In the tuner scan, we surveyed a frequency 
range of about 400kHz for the fundamental mode. 

4.2.3 Direct RF feedback 

The SCC control system was equipped with a direct RF 
feedback loop. We observed that it was very effective to 
stabilize the cavity control loops. When we stored 500mA 

without the direct RF feedback, there was a strong 0-mode 
coherent synchrotron oscillation. By applying the direct 
RF feedback, however, the oscillation was suppressed by 
lOdB and the beam current of 573mA could be stored sta- 
bly. It mitigated the stability condition for the static Robin- 
son phase instability. 

4.2.4   Long-term stability 

One critical issue is a trip, which is a discharge caused by 
condensed gas on cold surface of the SC cavity and the in- 
put coupler region. In the first beam test (July), the SCC 
could not be operated stably due to frequent trips. At that 
time vacuum condition of the AR was too bad, since we 
had opened a large part of the ring to install hardware com- 
ponents to be tested. Prior to the second experiment, we 
took two measures for this; i.e. (1) We increased the num- 
ber of vacuum pumps from 2 ion pumps to 5 NEG plus 
1 ion pump on each side of the SCC. (2) We installed an 
equipment to supply a DC bias between the inner and outer 
conductor of the coaxial-type input coupler. In addition to 
these, we warmed up the SCC to room temperature after 
the 4 week operation of the ARES96 and before the study 
of the SCC in order to degas the condensed gas. As things 
turned out, the frequency of the trips drastically decreased 
even without the DC bias and stable operation continued 
for two weeks during the second experiment. We guess that 
the improvement of vacuum pressure contributed to this. It 
is estimated that the gas flow rate to the cavity from the 
ring was reduced by one order by strengthening the vacuum 
pump power. Then, we could not investigate the effect of 
the DC bias. 

4.3   Beam Feedback System 

In the bunch train filling scheme, the transverse feedback 
was very effective, as is briefly mentioned before. Table 
4 shows a summary of the maximum number of bunches 
stored in this mode depending on the feedback status and 
the bunch current. H (V) in the table designates the hor- 
izontal (vertical) feedback. The bunch spacing was 2nsec 
for these data. 

Bunch current 
H:off 
V:off 

H:on 
V:off 

H:off 
V:on 

H:on 
V:on 

1mA 
2mA 
4mA 

18 
20 
25 

20 
70 
25 

20 
60 

>300 
>170 
>100 

Table 4: Maximum number of bunches stored in the bunch 
train filling scheme. 

In the case of 4mA/bunch, we could store 376mA at 
maximum, while we could not store 100mA without the 
feedback. The feedback system worked well with this short 
bunch spacing of 2nsec as well as with longer bunch dis- 
tances. Damping times of the feedback were measured by 
employing the memory function of the two-tap FIR filter 
complex. Results were less than 1msec for the horizon- 
tal plane and about 2msec for the vertical direction at the 
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bunch current of 2mA, which are consistent with expected 
values from a rough calculation. 

On the other hand, we observed a strong coupled bunch 
motion also in the longitudinal direction. The longitudi- 
nal feedback system was effective to suppress the instabil- 
ity, although the feedback gain was not sufficient in some 
cases. However, the longitudinal coupled bunch instability 
was not responsible for the beam current limitation. A pos- 
sible explanation for this longitudinal motion is that it orig- 
inates from the bellows which do not have an inner shield. 
There exist about 130 such bellows in the AR. 

4.4   Multibunch instability 

To investigate the coupled bunch instability, we tried the all 
RF bucket filling scheme. In this scheme, we filled all of 
640 RF buckets with the beam by injecting beam at a very 
low injection rate, typically in units of 20/iA/bunch. This 
measurement was mainly intended to search high Q modes 
responsible for the coupled bunch instability. The total 
beam current was limited at around 20mA with this fill- 
ing mode. However, no sharp betatron or synchrotron side 
band was observed at the maximum beam current. What we 
observed instead were vertical betatron side bands which 
were broadly distributed in a range of ±20MHz around 
n x fRp, where n is an integer and /RF the RF frequency. 
This indicates that the phenomena are related to the ion 
trapping. 

To focus on the ion trapping effect, we made a further 
study with a symmetrical 64 bunch mode for the sake of 
the time saving. In this study, we used the transverse feed- 
back system to hold the beam against the instability. We 
observed what happens when the feedback is turned off. By 
using the two-tap FIR filter complex again, the transverse 
positions of every bunch were recorded turn-by-turn for 
1640 turns. The data taken was processed by FFT to see the 
beam spectrum and its time development. We found that 
the m=12 mode is most unstable at the total beam current 
of 80mA and the m=13 mode at 110mA, although some 
broadly distributed modes were excited. These results are 
qualitatively well reproduced by a calculation based on the 
2-beam model. We guess that the beam current limitation in 
the equally spaced multibunch filling scheme comes from 
the ion trapping effect from these observations. 

The current limitation in the bunch train mode, however, 
can not be explained by the conventional ion trapping ef- 
fect, since most of the RF buckets are left unoccupied by 
the beam and the ions should be cleared during this long 
gap. A calculation shows that the fastest growth of the cou- 
pled bunch instability comes from the resistive walls and 
its growth time is around 7msec at 500mA if cancellation 
does not work. However, this growth rate is not enough to 
explain the maximum current shown in Table 4. It was ob- 
served that the beam loss due to the instability was coinci- 
dent with the beam injection timing. This indicates that the 
transient effect of the coupled bunch instability should be 
taken into account. Further study is needed to understand 
the origin of this current limitation. 

4.5   Fast ion instability 

In the study, a bunch train of 100 bunches with the 2nsec 
spacing was stored, which means that only about succes- 
sive 1/6 RF buckets were filled with electrons. Although 
we studied two cases for the total beam current of 115mA 
and 170mA, the two cases gave essentially the same result. 
We observed that the vertical coupled bunch oscillation was 
enhanced by introducing a nitrogen gas into the ring. This 
indicates that the phenomena are ion-related. The oscil- 
lation amplitude increased along the bunch train from the 
head to tail of the train. On the other hand, the oscillation 
phase decreased along the train. The growth time of the 
instability was shorter than several msec. These results can 
be interpreted as the fast ion instability. The total (oscilla- 
tion) phase shift from the head to tail of the train was about 
3 radians, which is consistent with a calculation based on 
the linear theory within factor 3. Further simulation studies 
based on more realistic model have been in progress. 

5   FUTURE PROSPECTS 

The test results encourage us to use the ARES in LER and 
HER, and the SC cavities in HER by keeping good vacuum 
environment. In FY1997 we started mass-production of the 
ARES and the SC cavities. 
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EXPERIMENTAL STUDY OF THE ION TRAPPING PHENOMENON IN 
TRISTAN-AR 
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Abstract 

The betatron oscillation of the electron beam in TRISTAN 
AR was observed in multi-bunch operation in which every 
a few tens of rf buckets are selected to be filled with beam. 
Transverse coupled bunch instability was observed and its 
growth time was measured by utilizing the feedback sys- 
tem. The betatron sideband spectrum were distorted when 
most of the selected buckets were filled. The conjecture of 
ion trapping explains the facts that we observed. 

1   INTRODUCTION 

During the high current operation study in TRISTAN- 
AR[1], we tried to store beam with full rf buckets (640 
bunches) a few times. We found that we could store only 
~ 20mA beam current or less, unless we use orbit feed- 
back. At that moment, we observed the vertical beam os- 
cillation whose frequency was 1 — 5vy, where 5vy is the 
fractional part of the vertical tune (~ 0.23). Although this 
limitation was easily overcame by the feedback, however, 
we were interested in what gives it. This is the motiva- 
tion of our study. We suspected this current limitation was 
coming from the coupled-bunch instability caused by the 
trapped ions. We identified the unstable modes and mea- 
sured their growth time. We observed the betatron sideband 
spectrum to look for a signal of trapped ions on it. In this 
paper, we will report on these observations and discuss the 
results based on the conjecture of ion trapping. 

The main machine parameters of AR, which are used in 
this paper, are listed below. The average vacuum pressure 
was a few x 10-7 Pa. 

AR parameters 
Beam energy 
RF frequency 
Harmonic number 
Revolution frequency 
Circumference 
Horizontal emittance 
Horizontal tune 
Vertical tune 

mec
27 

Wrf/27T 

h 
ujtev/27r 

C 

V, y 

2.5 GeV 
508.58 MHz 
640 
794.66 kHz 
377.26 m 
43.6 nm 
10.160 
10.228 

For simplicity, we use the averaged beam sizes which are 
defined as ax = y/exßx = 510^m, where ßx = CJ2-KVX 

is the constant called the typical value of the horizontal be- 
tatron function. We assume 6% xy coupling and we get 
(xy = 125/im. In the followings of this paper, the beam 
sizes read these constant values. 

2   EXPERIMENTS AND RESULTS 

In our study, we operated the machine with 64 bunches 
(equally spaced, every 10 rf buckets) instead of with 640 
bunches (to save time for the beam injection). According 
to the argument of the stability of the linearized motion 
of ions near the beam orbit, 64-bunch beam can trap all 
kinds of ions (singly ionized). Suppose the beam consists 
of rib identical bunches, which are equally separated from 
each other (by C/rib), and each contains Ne electrons. The 
bunch has the Gaussian distribution both in x and y whose 
r.m.s. are ax and ay respectively. The stability criterion of 
the ion (vertical) motion is 

A-KNerpc 1 1 
u)revA   Oy (ax + Oy) rib ~ (1) 

where rp is the classical proton radius. By using the pa- 
rameters in the table, the formula is reduced to 7(mA) < 
0.035 A n\ where I is the total stored beam current. If 
rib = 64, all kinds of ions are trapped if / < 140 mA. 
Since the beam current was at most I ~ 100 mA in our 
study, rib = 64 is enough. 

We measured the growth time of the unstable mode by 
utilizing the transverse feedback system in AR[2]. By the 
trigger of the feedback off, the data taking was started to 
record the positions of every bunch turn to turn (for 1640 
turns). The stored data was processed by FFT to see the 
spectrum and its time dependence. See Fig. 1. In this case, 
the initial beam current was 80 mA. We can see the lower 
sideband at the frequency 2 — Svy grows up. The growth 
looks linear rather than exponential. When we start with 
110 mA, we found the sideband at 3 — Svy grew up linearly. 
The summary of our observations is 

• m = 12 mode is unstable at 80 mA, 

• m — 13 mode is unstable at 110 mA, 

• linear growth. 

One possible explanation of this coupled-bunch instabil- 
ity is the resistive wall instability. We estimated its growth 
time to be a few tens msec or less but this is too slow com- 
pared with our observation in Fig. 1. If resistive wall in- 
stability occurs, the maximum growth always appears in 
m = 11 mode and this means the sideband at 1 — 8vy has 
always dominant growth. However, this was not true in our 
observation. The impedance of the rf cavities may also be 
another source of the instability. However, the impedance 
calculation shows the rf cavities give very small growth 
even when we operate the machine with its maximum beam 
current (~ 500 mA). 
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Figure 1: A result of the measurement of growth time. The 
growth of the betatron lower sidebands, n - 8uy are plotted 
for the case n — 1,2,..., 6. We did not find a significant 
growth at the lower sidebands of n > 4 nor at all of the 
upper sidebands. Ordinate is the amplitude of the betatron 
sidebands and abscissa is elapsed time after the feedback 
being off. We see n = 1 and n = 3 sidebands also grow. 

We now consider whether the observed mode instabil- 
ity can be induced by ion tapping or not. If the ions are 
produced and trapped by the stored beam, the transverse 
motion of the ions and the betatron motion of the beam are 
coupled. The 2-beam model[3] is the simplest model to de- 
scribe this coupled oscillating system. In this model, both 
the beam and ions are uniformly distributed along the ring 
(they have constant line densities) and their transverse dis- 
tributions are Gaussian of same dimensions both in x and 
y (ax and ay). If the oscillation is small, the transverse 
oscillation of the ions is oc exp(ifM) while the beam oscil- 
lates oc exp{i (m6 - fit)}, where m is the transverse mode 
index of the multiple bunches and 0 < 9 < 2-n is the az- 
imuthal coordinate along the ring. The frequency Q, is the 
solution to the mode equation[3] 

(fi: 2-u>2) m TTlLJr, V
2

UJ
2
   -w2}=waw?. (2) y    rev      ^eJ e    i     v-*-/ 

The parameters in Eq. (2) are Jf = Xerpc2/Aay((xx + ay) 
and u>l = \irec

2l^ay{ax + ay), where re is the classical 
electron radius and Ae and Aj are the line density of the 
electrons and of the ions along the ring respectively. The 
former, Ae, reads Nenb/C in our case. We consider only 
CO+ since it is expected to be dominant among the ions in 
the ring. 

Eq. (2) has four solutions and two of them can be com- 
plex, if m > 11. The complex solutions imply the system 
is unstable (2-beam instability). If this occurs, the oscilla- 
tion grows exponentially. In Fig. 2, the frequency spectra 
of beam-ion system in the cases of m = 11,12 and 13 are 
shown. It is notable that our observation of the unstable 

modes basically agrees with the model predictions on what 
mode is unstable and on where (how much beam current) 
it occurs. Note that the model predicts m = 11 mode is 
unstable just above 10 mA. This instability might cause the 
current limitation that we observed in 640-bunch operation. 
The oscillation at the sideband 1 - 5uy will grow and this 
also meets our observation. 

However, the growth rate of the unstable modes pre- 
dicted by the model is the order of/isec, which is extremely 
fast compared with our observations. Of course, the growth 
rate by the model is false, because we could stabilize the 
beam by the orbit feedback, which gives the damping rate 
about 1 msec. A weak-strong simulation (in which ions are 
treated by macroparticles while the beam is rigid) on the 2- 
beam instability indicates that actual growth rate becomes 
smaller due to the ions decoherence by the nonlinear force 
by the beam[4]. Since ion decoherence is not included in 
the 2-beam model and this should be the one reason the 
model disagrees with our observation of the growth time. 
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Figure 2: 2-beam instability by CO+ ions. We assume 
Aj/Ae = 1 x 10-3. If the solution is complex, both its 
real and imaginary part are shown. The mode m = 11 
is unstable in the beam current range from 10 to 12 mA. 
Similarly, the model predicts m = 12 and m = 13 modes 
are unstable from 56 to 64 mA and from 134 to 162 mA 
respectively. 

Next we observed the signal from a button pickup with 
a network analyzer to see the tune shift due to the ion trap- 
ping. We observed the spectrum of a sideband during the 
injection process. The beam was injected into the 64 buck- 
ets sequentially. In Fig. 3, we show three examples of spec- 
trum at 4 - 5vy. Compare the spectrum at 20 buckets being 
filled (top picture) and that at 50 buckets (middle picture). 
The spectrum became fater and fatter (but the frequency 
of the peak was almost kept) and finally the spectrum was 
suddenly distorted like the bottom picture just before the 
injection was over (at around 60 buckets were filled). We 
see that the peak of the spectrum is at 2.9856 MHz in the 
top picture while it is at 2.9843 MHz in the bottom. The 
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Figure 3: The pictures of the display of network analyzer 
to observe the spectrum of the betatron sideband at 4 - 
vy. Each picture shows the spectrum observed when 20 
buckets(Top), 50 buckets(middle), or 64 buckets(bottom) 
were filled. The span of each picture is 20 kHz. The bunch 
current was 0.65 mA (42 mA/64 bunches). 

Finally, let us estimate Aj from tune shift by the formula 

^VeßyC 1_ 
Suv 

7      47T     (Jy (ax   + Oy) 
Aj, (3) 

where ßy is the typical betatron function (~ 6 m). By 
Eq. (3), we find the total number of ions in the ring is 
XiC ~ 3.3 xl08ifthe tune shift is 1.3 kHz. The number of 
beam electrons is 7.9 x 109 J(mA). In Fig. 3, / = 42 mA 
and we find the ratio Aj/Ae is 1 x 10-3. 

1000 F 

A 

0.S9 0.595 

Frequency (MHz) 

Figure 4: Weak-strong simulation result on the response 
(the amplitude of forced oscillation) of the beam. The beam 
is shaken at the frequency near 1 - 6vy sideband. The beam 
consists of 64 bunches and the beam current is 15 mA. 

3   CONCLUSION 

The facts we observed here suggest that the trapped ions 
do exist in the multi-bunch operation in AR. The 2-beam 
model is useful to understand the mechanism of the insta- 
bility, however, the numerical simulation is necessary for 
clarifying the detailed mechanism, since the strong nonlin- 
earity in the ion motion plays a role. 
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peak was shifted by 1.3 kHz by this distortion. 

We performed same observations for 32-bunch, 16-bunch 
and 4-bunch operation mode, keeping the total beam cur- 
rent. In the 32-bunch mode (bunch current was ~ 1.3 mA), 
the spectrum was again changed as in the 64-bunch mode. 
It is implicative that this occurred when about 30 buckets 
were filled. In the other operation modes, we didn't see 
the change. This kind of distorted spectrum was observed 
in other machine[5]. It is natural to understand this spec- 
trum change is induced by the additional focusing by the 
trapped ions. We tried to reproduce the "trapped signal", 
the spectrum like the bottom picture in Fig. 3, by the weak- 
strong simulation. The result is shown in Fig. 4. A spec- 
trum which looks similar to the trapped signal has been ob- 
tained. 
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EXPERIENCE WITH BUNCH TRAINS IN LEP 
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Abstract 

Since 1995 LEP is operated with the new bunch train 
scheme. This scheme allows head-on collisions of four 
trains of up to four bunches within a train. The first expe- 
rience with this new scheme and the problems encountered 
during the commissioning and the operation are reviewed 
and discussed. The performance of LEP and the results 
from dedicated experiments are shown and compared with 
expectations. The modifications and improvements to al- 
low a successful operation at LEP2 energies are discussed 
and the performance at energies above 80 GeV is presented. 

1   INTRODUCTION 

The bunch train scheme for LEP was developed in 1994 
[1, 2, 3], and then commissioned operationally in 1995 [4, 
5, 6]. The two motivating factors for the scheme were: 

• To increase the luminosity at Z° energies by increas- 
ing the number of bunches 

• To raise the maximum current per bunch in 8 bunches 
per beam for operation at W energies. 

The 8 bunch pretzel scheme [7, 8] was limited, at injec- 
tion energy, to bunch currents significantly less than the 
expected 1mA. For operation at 45 GeV this limitation was 
not a problem since the beam-beam effect limits the bunch 
current to around 350 (J,A, which is easily attainable at in- 
jection energy with pretzel. However at higher energies, it 
is desirable to collide much larger intensities and this lim- 
itation becomes a problem. It follows that a new scheme 
should be flexible enough to permit an optimization of the 
number of bunches and bunch intensity, depending on the 
constraints and requirements. 

The plan was to operate LEP in 1995 with four equidis- 
tant trains of bunches in each beam. The number of 
bunches per train is determined by the maximum length 
of the train, limited by the separation scheme and experi- 
mental constraints [5]. Simultaneously, the scheme was op- 
timized and modified for running at LEP2 energies where 
eight bunches per beam and higher intensities per bunch 
were envisaged. 

2   CONFIGURATION IN 1995 

The 1995 bunch train scheme in LEP used electrostatic sep- 
arators to provide extended local separation bumps around 
the interaction points (IP) such that: a) trains of up to four 
bunches separated by 87 ARF could be accommodated; b) 
all bunches in the counter- rotating e+ and e" beams were 

separated at all encounters at injection energy and during 
the energy ramp; c) bunches in the counter-rotating e+ 

and e~ beams were separated at all parasitic encounters 
at physics energy; d) collisions could take place between 
e+ and e~ bunches at the four experimental IPs; e) a ver- 
tical 'vernier' bump could be superimposed at these points 
to allow adjustment of the collision for luminosity optimi- 
sation. In each such pit six separators are necessary, since 
the beams need to be brought into collision at the IP while 
remaining separated at the parasitic encounters, essentially 
creating a closed electrostatic 3 "corrector" bump on each 
side of the IP. The small closed vernier bump was superim- 
posed using two of the separator pairs. 

Each of the odd (non-experimental) pits was equipped 
with four electrostatic separators, to create an extended 
bunch train bump which separated all e+ and e- bunches 
[2,6]. 

The direction of the separation bumps can be chosen 
freely but since some of the side effects of the bumps, (e.g. 
dispersion and orbit effects, see later section), can accu- 
mulate or cancel depending on the relative direction of the 
orbit distortion, the directions of the separation bumps were 
chosen to minimize these effects by a partial compensation. 

3   SIDE EFFECTS AND BEAM DYNAMICS 

3.1 Vertical dispersion 

The vertical separation bumps induce a residual vertical 
dispersion proportional to the bump amplitude which must 
be kept as small as possible to avoid an increase of the ver- 
tical emittance or the excitation of synchro-betatron reso- 
nances in the RF cavities. An insufficient separation how- 
ever, would lead to other effects, i.e. large beam-beam tune 
shifts and beam-beam induced orbit effects. This would 
result in low life-times and reduced luminosity. A compro- 
mise has to be found to meet all requirements simultane- 
ously. 

3.2 Effects from parasitic beam-beam interactions 

Further insight into the side effects of the parasitic en- 
counters can be gained by a first-order calculation, starting 
with the vertical orbits caused by the electrostatic separa- 
tor bumps. The vertical orbit kick, Ay', the horizontal and 
vertical beam-beam tune shifts, £x and £,,, at a parasitic en- 
counter are given by: 

Ay' 
2Nre 

-yd £* = 
Nreßx 

2ir-yd2 Zy = - 
Nreßy 

2iryd2 (1) 

The separation between the beams at the parasitic en- 
counter is d. It is assumed that the vertical r.m.s. beam ra- 
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dius is much smaller than the separation at the parasitic en- 
counter, cry <^ d; N is the intensity of the opposite bunch, 
re is the classical electron radius, and 7 is the usual rela- 
tivistic factor. Any vertical orbit kick Ay' causes a vertical 
orbit distortion y and a vertical orbit slope y' at any obser- 
vation point around LEP which are given by the standard 
equations for the closed orbit and its slope. The closed or- 
bit position and slope of a bunch are obtained by adding the 
contributions of all parasitic encounters with the bunches of 
the counter-rotating beam. 

In general, different bunches in different trains meet the 
bunches of the opposite beam at different parasitic encoun- 
ters. Therefore, different bunches travel on different ver- 
tical orbits and have different vertical slopes around LEP. 
Hence, different vertical collision offsets Sy and different 
slopes 5y' exist between any two bunches colliding at the 
head-on interaction points. From symmetry arguments it 
is evident that, for an ideal machine without imperfections 
and equal bunch populations, the first bunch of a train has 
an orbit offset of the same magnitude and opposite sign 
as the last bunch of the equivalent counter-rotating bunch 
train. Similar arguments hold for each bunch of a train, re- 
sulting in an asymmetric orbit for the bunches along a train. 
It is easy to remove the average vertical offset by vernier 
adjustments, but it is impossible to remove the spread in the 
vertical offset between the bunches. For trains of only two 
bunches the above mentioned symmetry allows a vernier 
adjustment to collide both bunches of a train head on, al- 
though not on the same orbit. 

Not only at the interaction point the orbit of a bunch is 
changed, the separation at a parasitic encounter is also af- 
fected and such a change of separation is not taken into ac- 
count in the perturbative approach. A self consistent treat- 
ment of the problem becomes necessary. 

Table 1: Self consistent results for the separation sy in ^m 
for the three bunches in a train. The bunch current is / = 
0.25 mA, the beam energy is E = 45.6 GeV. 

Bunch     IP2      IP4      IP6      IP8 

1.42 
.32 
1.42 

-1.59 
.07 

-1.59 

1.82 .15 
.61 2.09 
1.82     .15 

a train is a by-product of the luminosity optimisation by 
vernier scans. Fig. 1 shows the results of a typical scan. 
The difference between the optimal position for families 
a, b and c gives a measure of the shape of the trains and 
the width of the scan a measure of the vertical beam size 
which is significantly larger than the separation between 
the bunches. A rather good agreement between the calcu- 
lated and measured results was found [6]. 

Families 
•     be 

.9 lim 

5.0 fim 

2.3 fim 

IP8   Scan 13.1 pm 

3.3   Self consistent calculation 

The first-order calculation mentioned does not include the 
consequences of the beam-beam interaction at the parasitic 
encounters. These effects are included in a self consis- 
tent computation which is embedded in a computer pro- 
gram trainflO], It finds the individual closed orbits of 
all bunches, as well as their vertical dispersion, tunes and 
chromaticities. The understanding and evaluation of the 
side effects via the self consistent calculation was impor- 
tant in understanding some of the limitations of the scheme. 
The comparison is made for bunch trains of three bunches 
per train since most of the time LEP was operated with such 
trains and experimental data is available. 

3.3.1    Self consistent orbits 

Tab. 1 shows the results of calculations of the separation sy 

at the collision point in /xm for the three bunches, labelled 
a, b and c in a typical bunch train in the even-numbered 
pits. The vertical separation sy is symmetrical between the 
leading and trailing bunches in a train as expected. The 
measurement of the vertical separation between bunches in 

Figure 1: Vertical scans to optimize luminosity and to mea- 
sure individual orbits 

3.3.2   Tune and chromaticity splits 

Similar differences between the bunches within a train ex- 
ist for the tunes, the chromaticities and the dispersion. Typ- 
ically one finds in the calculation splits up to 0.02 for the 
fractional part of the tune for bunch currents of 0.5 mA. The 
chromaticity spread can reach values up to AQ' « 1.0. 
These calculations have been confirmed by measurements 
[6]. 

4   PERFORMANCE 

4.1   Life time 

In the original design it was foreseen to operate LEP with 
four bunches per train, i.e. each individual bunch having 
three parasitic encounters at each interaction region. The 
typical separation d at the three encounters in an even inser- 
tion are shown in Tab.2. Also shown are the calculated cor- 
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Table 2: Separation and normalized beam-beam tune shift 
for parasitic encounters 

Encounter Separation Utv [io-J] 
1 10-12 mm 2.7/1.0 

2 15-20 mm 0.3/1.5 

3 5-7 mm 1.1/7.5 

responding horizontal and vertical beam-beam tune shifts 
at 45.6 GeV and for 0.5 mA bunch current. It can be ob- 
served that the encounter farthest from the interaction point 
experiences a much larger vertical shift, caused by the sig- 
nificantly smaller separation [6]. During the running period 
when LEP was operated with four bunches per train, fre- 
quent life time problems were experienced for the bunches 
corresponding to this close encounter. As a consequence, 
it was decided to abandon the fourth bunch and continue 
the operation with three bunches per train, thus avoiding 
the encounter with the smallest separation. Furthermore, 
since the contribution of the 4th bunch to the spreads of 
the tunes and chromaticities is large, the overall spreads 
were also reduced. The machine was much easier to oper- 
ate with these shorter trains and the life-time of all remain- 
ing bunches was acceptable [6]. 

4.2   Luminosity and beam-beam tune shift 

When LEP was operated with three bunches per train, the 
luminosity was not fully up to the expectations and partic- 
ularly the beam-beam tune shift achieved was lower than 
was hoped for. Values between 0.025 and 0.030 were the 
best found during the year. This should be compared with 
tune shifts of 0.03 to 0.04 regularly obtained with four 
bunches and the Pretzel scheme with 8 bunches, and with 
best values of around £,y «   0.045. 

It was already demonstrated (Fig.l and Tab.l) that with 3 
bunches per train the bunches do not collide head on. It was 
believed that the lower beam-beam tune shift was caused 
by the offset collison. In a dedicated a run with only two 
bunches per train where all bunches can be collided head 
on, the beam-beam tune shift quickly reached values above 
0.040 with a maximum at 0.045. 

5   EXPERIENCE AT LEP2 

5.7    Configuration in 1996 

Unlike LEP running at 45.6 GeV, LEP2 is not beam-beam 
limited and it is advantageous to concentrate the available 
intensity into fewer bunches. While the aim at LEP1 was to 
increase the number of bunches the main issue at higher en- 
ergies is to remove the intensity limits at injection and run 
with a smaller number of bunches. The original scheme 
was designed that it could operate with any number of 
bunches between one and the maximum of four per train 
and the bunch spacing was kept flexible to optimize it for 

the number of bunches, however fulfilling the constraints 
dictated by the hardware. For the first runs of LEP2 in 
1996, no hardware modifications were necessary on the 
separation scheme but the bunch spacing was increased to 
minimize the residual beam-beam effects from unwanted 
parasitic beam-beam encounters [9]. The chosen spacing of 
118 ARF is compatible with the existing longitudinal feed- 
back system and has a minimum impact on the performance 
of the orbit measurement system. 

5.2   Luminosity and intensity 

In 1996 LEP was run at two energies: 80.5 and 86.0 GeV. 
During most of the year, the total current was limited to 
rather low values due to RF considerations and therefore 
the machine was operated with single bunch trains, i.e. four 
on four bunches. Furthermore, several low emittance lat- 
tices were tried [11] with varying success. However a few 
runs were made with trains of two bunches and the results 
were very promising. The beam-beam tune shift achieved 
was the same as for single bunches at equivalent bunch in- 
tensities and the resulting luminosity was as expected. The 
total current was always limited due to the commissioning 
of the large LEP2 RF system. 

In a dedicated experiment [12] the maximum intensity at 
injection was studied for different RF configurations and no 
bunch train related problems were found up to intensities 
above 0.550 mA per bunch, where the intensity could not 
be further increased due to RF limitations. This is a very 
promising result for a good luminosity in future runs. 
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LOW EMITTANCE LATTICES FOR LEP 

Y. Alexahin*, P. Beloshitsky*, D. Brandt, W. Herr, J.M. Jowett, M. Meddahi, G. Roy, A. Verdier, 
CERN, Geneva, Switzerland 

Abstract 

In 1997 LEP will enter its third phase and will be operated 
at energies well above 90 GeV. In order to reach the re- 
quired luminosities at these higher energies, i.e., to reach 
the maximum beam-beam tune-shift parameter, an optics 
with a small horizontal emittance is desirable. Such a lat- 
tice must have a dynamic aperture sufficient to guarantee 
the beam life time. Several lattices with different phase ad- 
vances per cell have been developed for this purpose and 
the reasons for these particular choices are explained. The 
relative merits of these different solutions as well as the 
experience gained both in dedicated experiments and in us- 
ing these lattices in regular operation during 1996 are dis- 
cussed. 

1   INTRODUCTION 

LEP was originally designed for cell phase advances, fiXtV 

of 60° and 90°. At beam energy E = 45 GeV, a 90° optics 
allowed the machine to be operated at the beam-beam limit. 
Above 90 GeV, this would require larger bunch intensities 
than can be achieved at present. For flat beams of kb equal 
bunches of N particles, the luminosity is 

L = 
Nkbf{ 

2r, ?H) (i) 

where 7 = E/mc2, /o is the revolution frequency, re the 
classical electron radius and £y the usual vertical beam- 
beam strength parameter. In the absence of horizontal 
blow-up effects, the RMS horizontal beam size is deter- 
mined by the emittance, a* = y/ß*ex, while the vertical 
size a* is determined by beam-beam and other effects. 

Since £y oc Nß*/(E<7*<T*), a low emittance (high 
phase-advance) lattice or a lower value of ß* allows the 
beam-beam limit to be reached at high energy with lower 
intensity. 

For flat beams, (1) shows that the luminosity depends 
only on £y and /?*, the vertical beta-function at the in- 
teraction point. The luminosity is independent of £x oc 
Nß*/Ea*2 = N/Eex. However, since £x should itself not 
exceed a maximum value (presently £x ^ 0.03 in LEP), 
it might be necessary to increase ex when N/E is large 
enough. 

The minimum value, ß* ~ 5 cm, is determined by the 
stability of the low beta quadrupoles which produce un- 
manageable orbit drifts if ß* is too small. Accordingly, in 
order to maximise £y, the only free parameters are tx, ß* 

and a*. The vertical beam size a* is limited by our abil- 
ity to correct the vertical closed orbit distortion, the beta- 
tron coupling and the vertical dispersion at the IPs. The 
minimum value of ß* is limited by the background due 
to the large value of ßx in QS1 and the correction of the 
non-linear horizontal chromaticity. Experience in LEP has 
shown that with ex = 46 nm, a value of ß* ~ 2 m produces 
an acceptable background. Thus, keeping the horizontal 
beam size ax constant in the second, horizontally focusing, 
quadrupole from the IP (QS1), we see that the minimum 
of ß* scales with ex, a further advantage of low emittance 
lattices. Furthermore, since the low beta insertions gener- 
ate strong chromatic aberrations which have to be corrected 
by the arc sextupoles, the sextupoles should be arranged in 
pairs separated by an odd multiple of ir. Horizontal phase 
advances of 90°, 108° and 135° have been considered. 

2   SITUATION AT THE END OF 1995 

At that time, just before the increase in beam energy from 
'LEP1' to 'LEP2', both theoretical work and experimental 
observations had been accumulated for the three options 
mentioned above. It was generally agreed that tracking 
calculations of the dynamic aperture were the best avail- 
able tools to evaluate the high energy optics. The dynamic 
aperture of LEP is ultimately limited by the radiative beta- 
synchrotron coupling instability (RBSC) [1]. However the 
derivatives of betatron tunes with amplitude are useful indi- 
cators [2] that some combination of resonance phenomena 
and RBSC may limit it sooner. For example, experiments 
with the (135°, 60°) optics [3, 4] were difficult because 
of the large horizontal detuning dQx/dWx

l that rapidly 
moved the tune towards the integer. 

Tracking calculations indicated that, above 90 GeV, 
the dynamic apertures of both the (90°, 60°) and the 
(108°, 60°) optics were insufficient, mainly because of 
the large cross-detuning term dQy/dWx[4, 5]. Instead, 
a (108°, 90°) optics (with lower dQy/dWx) was recom- 
mended for high energy. All predictions of dynamic aper- 
ture, including those of larger dynamic aperture for a proto- 
type (108°, 90°) optics, had been tested experimentally [6]. 

On the other hand, the (108°, 60°) optics had been fully 
commissioned in machine development and was ready for 
operation. Similar development for the (108°, 90°) optics 
would have required a re-cabling of the sextupoles (into 2 
instead of 3 SD families) incompatible with the operational 
(90°, 60°) optics. For 1996, it was therefore decided to 
operate LEP with a (108°, 60°) optics (at 80.5 and 86 GeV) 

* Visitors from PPL JINR, Russia 

'By convention, these derivatives are quoted with respect to the 
Courant-Snyder amplitude variables, Wx,y, equal to twice the canonical 
action variables. 
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and to complete the development of the (108°, 90°) optics 
for higher energies. 

3   DETUNING WITH AMPLITUDE 

The first derivatives of the tunes with respect to amplitude 
are presented in Table 1 for several LEP optics. Small val- 
ues are generally better but it should be kept in mind that 
the tune-variations may become quite non-linear at ampli- 
tudes well within the dynamic aperture. 

ßx »V 
dQx t)Qy 

dW„ 
dQx 

60° 60° -0.7 -1.9 -6.5 

90° 
90° 

90° 
60° 

1.0 
1.8 

0.6 
18.7 

-14.2 
-28.7 

108° 
108° 
108° 

60° 
90° 
36° 

22.4 
25.1 
19.3 

70.3 
16.7 
12.3 

-78.7 
-16.9 
2.1 

102° 
135° 

90° 
60° 

11.3 
-157.7 

10.2 
7.6 

-16.2 
7.6 

Table 1: First derivatives of the tunes with respect to am- 
plitude at the closed orbit for various choices of the arc-cell 
phase advances. The units are 103m_1. 

From this point of view, the (60°, 60°) optics (used in 
LEP operation at 45.6 GeV from 1989-91) is an excel- 
lent candidate, except that its emittance is too large at 
high energy. At the other extreme, the very large (neg- 
ative) 8Qx/dWx of the 135760° optics ruled it out for 
operation. Table 1 also shows that all 108° optics have a 
rather large horizontal detuning in common. With a typ- 
ical working point Qx ~ 102.25, this can bring large- 
amplitude particles onto the imperfection-driven resonance 
3<3X = 307. As already mentioned, both the (90°, 60°) and 
the (108°, 60°) optics have a large cross-term 8Qy/dWx 

which is mainly responsible for the insufficient aperture 
predicted at high energy. The (90°, 90°) optics origi- 
nally proposed for LEP2 remains a strong candidate. It 
was .dropped from consideration in recent years because 
fiy - 90° is unfavourable for polarization and its emittance 
is not so small as with fj,x = 108°. Nevertheless calcula- 
tions show that it has the largest dynamic aperture. 

4    LIFETIME AND DYNAMIC APERTURE 

As described in detail in previous papers [5, 6, 7], two 
methods are commonly used to measure the acceptance of 
LEP: 

Kick method: A bunch is given a single kick whose am- 
plitude is increased until about 50 % of the bunch popula- 
tion is lost. The corresponding amplitude is an estimate of 
the horizontal dynamic aperture and has been compatible 
with predictions from tracking in all cases studied [7]. 

Phase space inflation: The horizontal emittance of the 
beam is increased by reducing the RF frequency (and, con- 
sequently, the damping partition number, Jx) until the life- 
time reaches a value of one hour. This provides an estimate 
of the maximum emittance with which the machine can 
be operated. If the particle dynamics is essentially linear 
(and weakly-damped), direct application of the elementary 
quantum lifetime formula can be used to estimate the dy- 
namic aperture from this emittance. 

Under such conditions, which amount in practice to 
the absence of strong resonances and "anomalous" non- 
gaussian beam tails, both methods agree quite well. 

Such conditions do not hold in, e.g., the (108°, 90°) op- 
tics at high energy where the motion is strongly non-linear 
because of resonances and strong radiation effects. With 
the kick method, resonances manifest themselves as a par- 
tial loss at a certain kick amplitude [5] (corresponding to 
the location of the high-order fixed points). In determinis- 
tic tracking (with "radiation damping" but no quantum fluc- 
tuations [1]) of imperfect machines, these amplitudes were 
found to be stable and are therefore included in the dynamic 
aperture. At higher amplitudes, the losses decreased before 
finally rising rapidly at a larger amplitude corresponding to 
the dynamic aperture. 

With the inflation method, it was found in 1996 that 
the lifetime dropped when the resonance amplitudes were 
sufficiently populated (usually when they corresponded to 
about 6<T of the distribution of the beam core). A tentative 
explanation of the reduced lifetime in terms of enhanced 
diffusive transport by the resonances has been proposed [8]. 

Thus, good dynamic aperture is not in itself sufficient to 
provide good lifetime. It may lead to an over-estimate of 
the emittance that can be accommodated in the machine, as 
measured by phase-space inflation. 

5   MEASUREMENTS IN 1996 

In June 1996, LEP was started up with a (108°, 60°) op- 
tics. During the initial period of collisions at 45 GeV (re- 
quired for the calibration of the detectors), lifetime deterio- 
rated as soon as the bunch intensity exceeded lb ~ 200 /xA. 
The available aperture was measured and found to be about 
20 % smaller than predicted. Given the pressures of time 
and other conditions unrelated to beam dynamics, the op- 
tics was abandoned without actually having been tested 
at high energy and the "fall-back" (90°, 60°) optics was 
commissioned. This optics behaved much as predicted and 
record performance was achieved at 80.6 and 86 GeV. 

Towards the end of the period, the sextupoles were re- 
cabled and the (108°, 90°) optics was given its first full 
test. At 45 GeV, similar lifetime problems to those ob- 
served with the (108°,60°) lattice were experienced. It 
should be noted that, with both 108° optics, it was the first 
time that LEP was operated with f„ < fx £ 0.03. So far, it 
is not understood whether the observed strong blow-up of 
the horizontal beam size was related to the absolute value 
of £x or another mechanism. Apart from these problems 
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at 45 GeV, the (108°, 90°) optics was used in operation at 
86 GeV for the last three weeks of the 1996 period and 
yielded peak luminosities about 60 % of the best achieved 
with the (90°, 60°) optics. The main experimental obser- 
vations can be summarised as follows: 

• The maximum ex measured with the inflation method 
was about 30 % smaller than predicted and smaller 
than needed for operation above 90 GeV. 

• Third and higher order resonance effects were clearly 
seen in the beam centroid motion following kicks. 

• The missing acceptance was correlated with the 
presence of enhanced beam tails. Enhanced diffu- 
sive transport by the imperfection-driven resonance 
3QX — 307 has been invoked to explain the tails [8]. 
Further resonances are important at larger amplitudes. 

• The vertical beam size remained larger than expected 
from the usual compensation of linear betatron cou- 
pling. This anomalous vertical beam size has now 
been interpreted as a consequence of the proximity of 
the working point to the synchro-betatron resonance 
Qy - 2QS = 96; it is reproduced in tracking with 
quantum fluctuations. This feature is much weaker on 
the (90°, 60°) optics. 

These unexpected results have been extensively analysed. 
The reduced lifetime does not appear to be related to any 
systematic errors in the model of the machine or the parti- 
cle dynamics. Systematic non-linear resonances can also 
be excluded. The only plausible explanation is that the 
problem is related to the presence of strong resonance is- 
lands located at large amplitudes which, in the case of all 
108° optics, are easily reached by the particles because of 
the horizontal detuning with amplitude dQx/dWx. The 
straightforward behaviour of the (90°, 60°) optics as ex- 
pected is consistent with this. 

6   FUTURE OPERATION 

On the basis of the experimental results in 1996, it has been 
decided to use a (90°, 60°) optics for operation in 1997. At 
92 GeV, ex will be reduced by increasing the damping par- 
tition number Jx. However, the motivation for a low emit- 
tance lattice remains strong since the latter technique re- 
quires more longitudinal dynamic aperture and so reduces 
the maximum energy attainable with the given RF voltage. 
As far as low emittance lattices are concerned, three possi- 
ble counter-measures are presently under study: 

Minimize the resonance driving terms (mainly 3rd or- 
der). A scheme with some independent sextupoles is un- 
der study. A new working point (less sensitive to synchro- 
betatron resonances) will also be tried. 

Reduce the horizontal detuning. A scheme with oc- 
tupoles is being studied. However, hardware considerations 
render its implementation impossible before 1998. 

An optics with smaller horizontal detuning. Given 
our present understanding, such a solution seems attrac- 
tive. As a result of preliminary studies, a (102°, 90°) op- 
tics is a very promising candidate. It reduces dQx/dWx 

by more than a factor of two (see Table 1) while the related 
increase in emittance would only be 10 % as compared to 
the 108° case. Admittedly, such a solution would only be 
compatible with a single sextupole family in the horizon- 
tal plane (hardware constraint) which would not allow ß* 
to be reduced. In fact, a 90° optics (with modified Jx and 
squeezed ß*) would yield a comparable if not better perfor- 
mance than this new lattice. For this reason, a (90°, 90°) 
solution might regain the attraction it lost in 1993 because 
of polarization. 

7 CONCLUSION 

The dynamic apertures of both the (90°, 60°) and the 
(108°, 60°) optics were predicted to be insufficient above 
90 GeV, mainly because of the large cross-detuning term 
dQy/dWx. Following experimental tests and exten- 
sive calculations for imperfect machines in 1995-96, the 
(108°, 90°) optics was retained as the ultimate candidate 
for high energy. Operation in 1996 with this optics has 
shown that the presence of strong imperfection-driven res- 
onances combined with a large horizontal detuning (com- 
mon to all 108° optics) resulted in the build up of tails 
which reduce the practical stability region to values lower 
than required above 90 GeV. Operation in 1997 will resume 
with a (90°, 60°) optics. Increasing the horizontal damp- 
ing partition number Jx should reduce the horizontal emit- 
tance enough for both background and performance con- 
siderations. In parallel, efforts will continue towards de- 
veloping an improved low emittance lattice. These efforts 
will be shared between finding cures to the problems of 
the (108°, 90°) optics (minimize the resonant driving terms 
and reduce the detuning with amplitude) and developing a 
new (102°, 90°) optics that could be an attractive alterna- 
tive from 1998 onwards. In case of difficulties, a (90°, 90°) 
optics would have to be seriously re-considered. 
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Abstract 

The High Energy Ring of the PEP-II B-Factory has been 
constructed in the PEP tunnel. It is now beginning beam 
commissioning. This report will address the status of the 
ring systems and our experience in commissioning the 
systems as well as the first beam running. 

1 INTRODUCTION 

The High Energy Ring (HER)[1] of the PEP-II B- 
Factory[2] is a 9-GeV electron storage ring designed for 
1 A beam current in 1658 bunches. It has been built at 
SLAC in the existing PEP tunnel, using mostly existing 
PEP magnets that have been refurbished. A state-of-the- 
art copper vacuum system is capable of handling up to 
3 A beam current. 5 rf stations with 4 cavities each will 
deliver up to 14 MV at 476 MHz, sufficient for 1.15 cm 
bunch length at 1 A beam current. [3] Figure 1 shows a 
layout of the ring and the ring parameters are given in 
Table 1. The HER is complemented by the 3.1-GeV Low 
Energy Ring (LER)[4], which is on a construction 
schedule roughly one year later than the HER. 

Table 1: HER Parameters 
Circumference 2199.32 m 

Energy 9 GeV 
Beam Current 0.99 A 
Tunes vx, vy 24.62, 23.64 

ßx*,ßy* 33,1.5 cm 

harmonic number 3492 
Synchr. tune vs 0.0049 
Bunch Length 1.15 cm 
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As of this conference, the accelerator systems for the 
HER have been installed. A temporary beam pipe is 
bridging the interaction Region 2, to be replaced with the 
final vacuum system during installation of the LER. In 
the meantime, a sophisticated set of background detectors 
has been installed, thus allowing an early assessment of 
the backgrounds produced by the HER. 

2 SYSTEMS COMMISSIONING 

2.1 Magnets and power supplies 

In order to provide flexibility in tuning the ring, the 
magnet system consists of 18 magnet strings that span the 
whole ring and about 100 locally controlled magnets that 
are individually powered or in small groups. All magnets 
have been individually measured and typically have max. 
10"4...10"3 field deviation across the beam-stay-clear 
aperture. The power supplies and controllers are specified 
at 10"4 accuracy for drift and noise. 

Commissioning of this system has been proceeding 
fairly smoothly. Each supply was first checked in the lab, 
installed and checked out according to a specified plan 
with hi-potting and polarity checks preceding initial turn- 
on of the supplies. The availability of a working control 
system turned out to be of great help, in fact, checkout of 
each supply also verified the database entries for the 
particular magnets involved. 

Once checked out, as much long-term testing as 
possible was carried out. In this way, a sporadic tripping 
problem of the intermediate supplies was identified and 
addressed without using any beam time. These runs also 
confirmed the excellent stability of the system; Fig. 2 
shows an example of current variation for a typical supply 
over about 13 hours. 
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Figure 1: Layout of the High Energy Ring 
Figure 2: Power supply relative current variation vs 

time 
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2.2 Vacuum System 

Completion and pump-down of the vacuum system 
proceeded by region. In order to reduce the risk of 
contamination, installation was done under a constant 
flow of dry N2 and using "filtered-air showers." Pump- 
downs proceeded using cart-mounted turbo pumps for 
roughing down to the 10"6 torr level. Following thorough 
leak checking the ion pumps were turned on one by one. 
Pressure in the system is measured by monitoring the 
pump currents; typically pressures below 10"° torr were 
achieved after 24 hours as shown in Fig. 3. 
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Figure 3: Initial pump down curve for Region 8. 

Besides the regular ion pumps there are distributed 
ion pumps in each arc dipole and NEG pumps in the arc- 
to-straight transitions as well as in Region 2. These 
pumps have not yet been activated. 

23 Beam Diagnostics 

The beam diagnostics system of the HER consists of 
about 300 button-type beam position monitors (BPM), 
100 beam loss monitors (BLM), a dc current transformer, 
a bunch-current monitor and a synchrotron-light monitor. 
It is described in detail in another contribution to this 
conference. [5] The BPM processors are capable of turn- 
by-turn readout for 1024 turns. Self-calibration and -test 
capability aids trouble shooting. 

The BLM system uses lead-shielded Cherenkov 
detectors mounted close to the beam line at strategic 
locations. The processor module is capable of detecting 
losses over a 10" dynamic range by either charge- 
integrating the PMT output (high losses) or counting 
pulses (low losses). Each channel can trigger a beam 
abort if enabled. 

2.4 Feedback Systems 

Advanced digital broad-band feedback systems have been 
constructed and installed for both the transverse and 
longitudinal plane. These are described in detail in other 
contributions to this conference. [6,7] 

3 FIRST BEAM RESULTS 

On May 10, 1997, an electron beam was successfully 
injected and taken through about 1/3 of the ring into a 
temporary dump located at Region 2. Figure 4 shows a 
screen photo of the beam spot observed. This has allowed 
us to begin commissioning of the BPM and the BLM 
systems as well as assessing the state of the magnet 
system. Two of the five rf stations are also operational; 
however, their effect on the beam has not yet been 
studied. 

Figure 4: First beam spot observed at the Region 2 dump 

3.1 Beam diagnostics 

Checkout and timing of the BPM system was the first 
major task and proceeded fairly smoothly. The timing 
curves exhibited the expected width of about 40 ns; an 
unexpected oscillation on top of the distribution was 
tracked to firmware and corrected. The beam-loss 
monitors have a gated channel specifically synchronized 
with the injection timing with a few hundred |is width, 
these were also timed easily. 
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Figure 5: Beam trajectory from injection to Region 2 

3.2 Magnet system 

The beam was first "parked" on a dump just upstream of 
the injection region and then injected into the ring using 
the dc bump magnets only. Once the launch conditions 
were established the beam made it around the ring to the 
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dump at Region 2 without using any corrector magnets, 
indicating the absence of any gross alignment errors. Fig. 
5 shows the recorded beam orbit trajectory. 

Quadrupole settings were checked in two ways: By 
recording a difference orbit for two different launch 
conditions a betatron oscillation was be displayed and 
compared to the on-line model. The agreement is rather 
good indicating that the magnet settings are not far off the 
design values. The dispersion function was determined by 
taking the difference orbit for beams of different energy; 
the result showed the dispersion being small in the 
straight section Region 12 and up to 1.25 m in the arcs; in 
fair agreement with the model values of 0 (straight) and 
1.5 m. 

Even though the injection kicker was not required for 
this run, it was activated and its timing set. Fig. 6 shows a 
timing curve taken, the kicker rise time was determined to 
be about 300 ns with a total pulse width of just over 1 us; 
in good agreement with the expectation. The kicker field 
strength was found from R12 measurements to be 8-10 
Gm/kV, consistent with lab measurements (the 
uncertainty is due to the still uncertain BPM calibration). 
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Figure 6: Injection kicker timing curve 

3.3 Vacuum system 

The vacuum system performed well during the run; beam 
intensities were still too low to see any significant effect 
on the gas pressure. 

The machine aperture was scanned vertically using 
the injection bump magnets (which are strong enough to 
scan the whole aperture of the ring, while individual orbit 
correctors are not). Fig. 7 shows the result of such a scan; 
as the transmission drops BLMs downstream of the 
location of the beam loss show a clear and unambiguous 
response. ..   
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These scans also provided for a consistency check of 
the BPM calibration: From the lattice model, the R12 
coefficients (x/x') from the injection bumps to the point 
of beam loss were calculated and indicated a vertical 
aperture of about 45 mm, close to the chamber height of 
50 mm. The Figure also shows the reading of a nearby 
BPM, indicating a maximum excursion of only 10 mm. 
Since it was already determined that the magnet 
excitations were roughly correct, this pointed to a 
calibration error for the BPMs. That was later 
corroborated by more detailed R12 measurements and 
traced to an omission of a scale factor in the database. 

The horizontal aperture was scanned in a similar 
fashion using the Lambertson septum. 

4 SUMMARY AND CONCLUSIONS 

With a successful sector test the PEP-II High Energy 
Ring has entered the commissioning phase. As of the time 
of the conference the status is as follows: 
• Magnet and vacuum system appear to be in good 

shape with no significant problems uncovered. The 
alignment of the machine appears to be good. 

• Physical aperture of the sector tested is as expected. 
The injection kicker is working and timed in. 
BPM and BLM diagnostics in 1/3 of the ring have 
been commissioned and appear basically sound. 

• Beam trajectories under various conditions indicate 
that the magnet settings are close to their design 
values. 
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DUAL APERTURE HIGH LUMINOSITY COLLIDER AT CORNELL 
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Abstract 

We describe a very high luminosity electron-positron col- 
lider that operates in the T4ä energy range. Trajectories 
intersect with a small horizontal crossing angle so that 
closely spaced bunches collide only at the interaction point. 
An electrostatic deflector steers the counter-rotating beams 
into side-by-side vacuum chambers that share a common 
dipole guide field. The beams also share superconducting 
RF accelerating cavities. Independent focusing and chro- 
maticity correction is provided by dual aperture supercon- 
ducting quadrupoles and sextupoles. The machine is in- 
stalled above the synchrotron injector in the CESR tun- 
nel. The existing storage ring can remain for service as an 
accumulator or dedicated synchrotron light source. With 
3A/beam in 180 bunches, ß* = 7mm, beam-beam tune 
shift parameter £ = 0.06 and beam energy of 5.3GeV, we 
anticipate luminosity of 3 x 1034cm_2s_1. 

1    INTRODUCTION 

Luminosity projections for the dual aperture machine are 
based on straightforward extrapolation of CESR parame- 
ters. At present we store trains of bunches in a single ring 
that collide at a small horizontal crossing angle[l]. We 
propose to increase the number of bunches, spacing them 
uniformly rather than in trains, to increase the current in 
each bunch, decrease ß*, and to increase the beam-beam 
tuneshift parameter. The parameters of the dual aperture 
machine, and CESR parameters as it operates today, are 
shown in Table I. 

Table I. Dual Aperture Machine 
Parameter CESR New Machine 

Number of SC cavities 10 
E[GeV](beam energy) 5.3 5.3 
hot [ A] (current/beam) 0.16 3.06 

n&(number of bunches) 18 180 
hunch [m A] (current/bunch) 9 17 

Sb [ns] (bunch spacing) 42 14 
6>*[mrad] ±2.1 ±2.3 
ft [mm] 18 7 
ft[m] 1 1 

a i [mm] (bunch length) 19 7 
cfc[10-7m] 2.2 2 

PSR[MW](per beam) 0.176 3.4 
VC[MV] (cavity voltage) 6 24 

iv 0.04 0.06 
L[1033cm-2s_1] 0.41 30.2 

2   OPTICS AND ORBITS 
The trajectories of the beams as they extend from the inter- 
action point to the first dual aperture magnet are shown in 
Fig. 1. The quadrupole magnets Ql and Q2 are the same 
magnets that are being assembled for installation as part of 
the Phase III upgrade[2]. The 4 meter long separator kicks 
the beams onto the axes of a dual aperture quadrupole (Q4) 
20m from the interaction point, where the beam to beam 
separation is 81mm. The separator voltage is comparable 
to that of the horizontal separators now in service in CESR. 
Note that at distances greater than 2.1m from the IP the 
separation of the beams is always at least 10ax. Bunches 
can be uniformly spaced every 14ns. 

Throughout the rest of the machine the beam trajectories 
are on the respective axes of the dual aperture quadrupoles. 
In contrast to present day operation of CESR, where multi- 
bunch beams share a common aperture, there are very few 
parasitic long range interactions in the dual aperture ma- 
chine. The tunes, orbits, chromaticities, coupling etc., 
of the beams can be independently manipulated. And 
nowhere do the trajectories explore the fringe fields of sex- 
tupoles, skew quads, or dipole correctors. We expect that 
this qualitative improvement in the optics will translate to 
enhanced beam-beam performance. 
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Figure 1: The crossing half angle is 2.3mrad. The sepa- 
rator kicks the beams ±1.9mrad. The beams are 81mm 
apart at the dual aperture quadrupole 20m from the IP. 

3    ACCELERATING CAVITIES 

The beam current and reduced bunch length are supported 
by increased RF power and accelerating voltage. With the 
development a high power, 500Mhz waveguide window, 
each of the single cell superconducting cavities can deliver 
800 kW to the beam at a peak voltage of 3MV. Four super- 
conducting RF cavities will be installed in CESR during the 
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next year for the Phase III upgrade/citepadamsee. Ten cells 
are required to store 180,17mA bunches in each beam with 
bunch length of 7mm. 

In order to obtain the highest accelerating voltage in each 
beam with the fewest number of cells, both beams circulate 
through the same set of cavities along parallel orbits that 
are displaced ±40.5mm from the cavity axis. The beam 
tube radius of the cavities is 120mm. The impedance of 
the superconducting RF system is very low. Each cell has 
a large aperture. The R/Q of the higher order modes is low 
and there is excellent damping. Finally, very few cells are 
required. It appears that deflecting modes excited by the 
off axis beams will be tolerable. 

4   VACUUM AND IMPEDANCE 

The vacuum chamber must be capable of handling large 
synchrotron radiation heat load, maintaining a long beam- 
gas lifetime, and must minimize the coupling impedance to 
avoid beam instability. 

4.1    Vacuum system 

Synchrotron radiation parameters derived from the overall 
machine parameters are listed in Table II. The linear and 
surface power densitites are sufficiently low to allow the 
use of an extruded aluminum chamber. However, we are 
considering the use of a formed copper chamber for im- 
proved synchrotron radiaton shielding. To withstand the 
power density in the higher field "hard bend" magnets near 
the interaction point copper chambers are required. The gas 
load in the vacuum chamber comes almost entirely from 
the photodesorption from the chamber walls. If we require 
a beam-gas lifetime of 3 hours at an ultimate photodesorp- 
tion coefficient of 2 x 10-6, the average linear pumping 
speed in the storage ring arcs must be 230£ - s-1 - m_1, 
as summarized in Table III. 

Table II: Synchrotron radiation parameters in arc magnets 

Parameter Value 
Beam energy(GeV) 5.3 

Current per beam (A) 3.06 
Normal bend radius (m) 88 

Vertical beam divergence(/irad) 30 
Radiation divergence(/xrad) 54mm 

Total divergence(/xrad) 62 
Beam chamber radius (mm) 27 

Minimum radiation stripe width (mm) 0.135 
Maximum linear power density (kW/m) 4.39 

Maximum surface power density (W/mm2) 13.0 

Table III: Vacuum parameters in arc magnets 
Parameter 

Photon emission rate (s~lm~L) 
Photodesorption coefficient 
Outgassing rate (s~1m~1) 

Required beam-gas lifetime (hours) 
Average pressure (CO2 equivalent)(Torr) 
Average linear pumping speed (ls~1m~1) 

Value 
2.4 x 10i9 

2 x 10-6 

4.7 x 1013 

3 
6.4 x IO-9 

230 

The two vacuum chambers must be separate and have 
circular cross sections where they pass through the dual 
bore quadrupole magnets. This circular cross section must 
be maintained through the dipole magnets as well to mini- 
mize the coupling impedance. A Ti sublimation pump sup- 
plements the distributed ion pumps in the chamber to im- 
prove the pumping speed at low pressures. The conduc- 
tance of the pump slots is well in excess of that needed to 
maintain the necessary linear pumping speed. The cham- 
bers in the quadrupole magnet packages however, must be 
pumped through their ends with lumped ion pumps. The 
conductance of the pipe requires that the unpumped region 
be no longer than 1.3 m. Recent experience with syn- 
chrotron light sources [4] indicates that it may be possi- 
ble to install the chamber without an insitu bake, reducing 
the need for sliding joints, and the associated the coupling 
impedance. 

4.2   Impedance and Stability 

The loss factors for critical vacuum chamber components 
for a bunch length of 7mm are substantial. Total higher 
order mode power disspated in separators, RF cavities, 
crotches, scrapers and beam position monitors for a 3A 
beam is estimated to be nearly 1MW. The beam is pre- 
dicted to be stable against all single- bunch instabilities and 
longitudinal coupled bunch instabilities because of the use 
of very low impedance superconducting RF cavities. The 
beam will be transversely unstable due to the resistive wall 
impedance, and will require active feedback of the type cur- 
rently in use in CESR. The beam is predicted to be stable 
against the fast ion instability. The photoelectron instabil- 
ity is expected to be weak because of the relatively large 
bunch spacing. 

5   ARC MAGNETS 

The arc dipoles will be conventional resistive magnets. The 
width of the dipoles is sufficient to accomodate both beams, 
with a beam-to-beam separation of 81mm. Parameters of 
the magnets are given in Table IV. 

Table IV: Dipole magnet parameters 

Parameter Requirements 
Number of magnets 140 

Magnetic length 3200mm 
Field 0.24T 

Pole width 300 mm 
Gap 65 mm 

Good field aperture(0.05%) 135mm X 54 mm 
Ampere-turns/pole 6000 A 

Current 600 A 
Power 10.9 kW 

5.1    Quadrupoles, Sextupoles and Correctors 

The requirement for closely-spaced dual bore quadrupoles 
in the two ring symmetric collider arises from the desire 
to minimize, as much as possible, the separation of the 
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beams in the two rings. Minimizing this separation allows 
not only the quadrupoles but also the dipoles to be smaller. 
This results in less costly and simpler magnets. The limited 
space available in the existing tunnel for the new rings pro- 
vides an additional motivation to keep overall dipole and 
quadrupole cross section small. Furthermore, the difficul- 
ties of beam separation as the beams emerge from the in- 
teraction region is minimized with a small beam separa- 
tion. The goal for the beam-to-beam separation in the cur- 
rent design, 81mm, requires a sufficiently high current den- 
sity that a normal conducting solution for the quadrupoles 
would have prohibitively large operating costs. Thus a su- 
perconducting coil design is the only practical and afford- 
able choice. Table V presents the parameters of the super- 
conducting quadrupoles. 

Table V: Quadrupole magnet parameters 

Parameter Requirements 
Number of magnets 90 

Magnetic length 380mm 
Field gradient lOT/m 

Pole tip diameter 70 mm 
Gap 65 mm 

Good field aperture(0.05%) 54 
Ampere-turns/pole 6750 A 

Current 150 A 
Heat leak(4.6°^r to 300°AT)Power 2W 

The quadrupole is shown in Fig. 2. A prototype has been 
fabricated and tested[5]. The warm bore tube is water 
cooled. The coil was fabricated from NbTi operating at 
4.6°K. The cryostat contains inner and outer LN2 shields, 
and multilayer insulation. The combination of a rectangu- 
lar coil cross section, and a hyperbolic shape for the iron, 
assures excellent field quality over the 54 mm diamter aper- 
ture. The required field quality has been measured in the 
prototype. 

Figure 2: Dual aperture superconducting quadrupole mag- 
net. 

Adjacent to each quadrupole will be a sextupole and a 
dipole corrector. These magnets will also be superconduct- 
ing, and will be packaged in the same cryostat with the 
quadrupole. Each quadrupole, sextupole, and dipole cor- 
rector in the ring will be separately powered. To reduce the 
heat leak due to the multiplicity of leads, high temperature 

superconductor will be used for the current lead transition 
to room temperature. 

An alternative high temperature superconductor (HTS) 
design is being explored[6]. 

6   INJECTION 

Table VI summarizes the requirements on the injec- 
tor system. The current performance of the Cornell 
Linac/synchrotron complex is adequate to satisy the re- 
quirements indicated in Table VI, on a charge-per-bunch 
basis. However, the Linac/synchrotron now accelerates 
only 14 bunches, not 180, per cycle; so the total current 
must be increased by a factor of more than 10. There may 
be some multibunch stability issues which will need to be 
solved in this mode of operation. 

Table VI: Injector requirements (per species) 

Parameter Requirements 
Bunches per synchrotron cycle 180 

Particles per bunch 2xl07 

Total particles per synchrotron cycle 3.6 x 109 

Transfer efficiency 90% 
Fill time (minutes) at 60Hz 5 

Total particles in storage ring 6 x 1013 

The existing transfer lines from the synchrotron to CESR 
need to be modified by the insertion of a switching dipole 
in each line. New transfer lines, starting from this dipole, 
then bring the beams up to an injection system into the two- 
ring collider. In this scheme, positron beams can also be 
transferred from CESR into the two-ring collider. 
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BEIJING TAU-CHARM FACTORY DESIGN STUDY 
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Abstract 

This paper describes recent progress of the design of the 
Beijing Tau-Charm Factory (BTCF). The main machine 
goals, parameters, various operation modes, and some 
hardware systems are reviewed here. 

1   INTRODUCTION 

A Tau-Charm Factory (TCF) is a high luminosity e+ e~ 
collider operating near the J/ip and r production threshold, 
which requires center of mass about 3 to 6 GeV. It has been 
considered as an unique facility to research some areas of 
particle physics by the worldwide communities of the high 
energy physics [1]. 

The feasibility study of the BTCF was approved in Feb. 
of 1995. Since then the design study activities have mainly 
focused on the optimization of the lattice and a preliminary 
study of key components and systems. The experiences 
from the existing e+e~ storage ring colliders, specially 
from CESR and BEPC provide a firm foundation for BTCF 
design. Also there is a lot experience that we can use from 
previous designs of TCF, B-factory and ^-factory. Consid- 
erable economies can be achieved by siting BTCF nearby 
BEPC site. The injector system (linac) of BEPC can be 
used for the injector of the BTCF and there are substantial 
opportunities to use the hardwares and existing buildings 
and the other infrastructure for BEPC [2]. The layout of 
general BTCF is shown in Figure 1. 

BTCF Double-Ring 

Figure 1: General layout of the Beijing tau-charm factory. 

2   GOALS AND PARAMETERS 

The BTCF is planned, ultimately, to have three modes of 
operation. In priority order, they are the high luminos- 
ity mode, longitudinal polarization mode and monochro- 
mator mode respectively. Accordingly, this design focuses 
primarily on the high luminosity mode. Preliminary de- 
signs for providing polarization and monochromatic oper- 
ation are included to assure that the basic design is com- 
patible with eventual operation in these modes. The main 
machine parameters for the high luminosity mode and the 
monochromator mode are listed in Table 1. The design 
goals are listed as follows: 

• Achieving a peak luminosity L — 1 x 1033 cm_2s_1 

in a high luminosity mode at a beam energy E = 
2.0 GeV. 

• Beam energy being adjustable from 1.5 GeV to 
2.5 GeV with the potential up to 3.0 GeV being kept. 

• Providing the possibility of the operation of the po- 
larization mode and the monochromator mode in the 
future. 

• Maintaining the detector background at acceptable 
level. 

• Keeping high injection efficiency and reliable opera- 
tion. 

3   DESCRD7TION OF THREE MODES 

The collider consists of two rings, one above the other, with 
one IP. Each ring is 53 m wide and 165 m long with a cir- 
cumference of 385.4 m. The two rings are vertically sepa- 
rated 1.56 m. Each ring can be divided into four main parts: 
one interaction region (IR) with a beam separation section 
at each side, the spin rotator sections for the polarization 
mode, two arcs and an utility region with the injection sec- 
tion at one side. Detailed design of the optics for the op- 
eration modes has been discussed in Ref. [3]. The design 
about IR and background issues can be referred to in Ref. 
[5]. The beam-beam issue is discussed in [6]. The follow- 
ing is general description for the three operation modes. 

3.1    High Luminosity Mode 

Electron and positron beams collide at a small horizon- 
tal crossing angle which is refered to the crossing angle 
scheme. This scheme has the advantages that more bunches 
can be stored and the particles per bunch can be reduced 
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Table 1: Machine parameters for BTCF including the high 
luminosity mode and the monochromator mode. 

Mode High Lumi. Monochr. 
Beam energy E (GeV) 2.0 1.55 
Circumference C (m) 385.447 385.447 
Revolution frequency/o (MHz) 0.778 0.778 
Crossing angle at IP 2<j>c (mrad) 5.2 0.0 
/^-function at IP ß*/ßy(m) 0.66/0.01 0.01/0.15 
Dispersion at IP Dx/Dy (m) 0.00/0.00 0.00/0.45 
Betatron tunes QxIQy 11.75/11.76 12.21/11.23 
Momentum compaction ap 0.014 0.014 
Synch, rad. loss/turn Uo (keV) 174 67 
Damping time Tx/Ty/re (ms) 30/30/15 26/61/90 
Natural emittance exo (nm) 138 36 
Vertical emittance ey (nm) 2.1 5.3 
Momentum spread cre 5.9 x 10-4 7.8 x 10-4 

Synchrotron tune Qs 0.069 0.067 
Natural chromaticity Q'x/Q'y -17/-35 -36/-31 
Total current per beam I (A) 0.57 0.33 
Number of bunches kb 86 29 
Particles per bunch AT6(10") 0.54 0.93 
Bunch space (m) 3.78 11.97 
RF frequency frf (MHz) 476 476 
RF voltage Vrf (MV) 6.8 5.0 
Natural bunch length ai (cm) 0.76 1.0 
Beam-beam effect £x/£y 0.044/0.04 0.018/0.015 
Luminosity L (cm_^s_i) 1 x 10-" 2 x 10-" 
CM energy spread au (MeV) 1.7 0.14 

compared to the head-on collision at the certain luminos- 
ity. There are 86 bunches spaced 3.78 m in each ring for 
this scheme with the gap of about 15% leaving for ion- 
clearing. The crossing angle 4>c at the interaction point (IP) 
is chosen as 2<pc < 0.16a*/ai to avoid the excitation of 
synchro-betatron resonance according to the CESR expe- 
rience [4]. This angle is produced by a pair of horizontal 
bending magnets BHs, each located symmetrically in one 
side of the IP. The horizontal phase advance between the 
BH and the IP is ir so that the orbit distortion is defined 
between this two BHs. Certainly, head-on collisions can be 
obtained if needed and the way is to turn off the BHs. 

3.2   Polarization Mode 

The major energy range of the longitudinal polarized beam 
required by physics side is around 2.0 GeV and 1.55 GeV. 
In case of BTCF, the polarization time due to Sokolov- 
Ternov effect is too long [2] compare to the beam lifetime. 
The use of asymmetric wiggler to shorten the polarization 
time causes the significant increase in energy spread. Con- 
sequently, the beams must be prepolarized before they are 
filled into the ring. It is planned that only e~ is prepolarized 
at begin ing for the design. 

The spin rotation scheme(s) is certainly needed to en- 
sure the longitudinally polarization at the interaction point. 
Three kinds of spin rotator, say, HERA-type mini-rotator, 

symmetric solenoid spin rotator and Siberian snake, are 
studied to seek the proper scheme on the BTCF. Briefly, 
the main difficulty for the mini-rotators each consisting of 
3 vertical and 3 horizontal bends is that the vertical emit- 
tance produced by vertical bends can not be neglected ow- 
ing to the large bending angle (about 20° at 2.0 GeV ) 
needed. The vertical emittance can hardly be controlled 
lower then 10 nm with general arrangement. The more 
sophisticated arrangement aiming to minimize the vertical 
emittance needs to split the large dipoles to 2-3 small pieces 
and to insert quadrupoles in between therefore longer space 
is required. The Siberian snake is the candidate for low 
energy polarization scheme on BTCF. However it suffers 
from the short depolarization time, i.e., about 26 minutes at 
1.55 GeV. 

The scheme adopted in current BTCF design is sym- 
metric solenoid spin rotator. The rotator in each side of 
the IR consists of a pair of superconducting solenoid and 
2 horizontal dipoles to rotate the spin direction and many 
quadrupoles for the local coupling compensation and other 
matching. To reach an applicable polarization level the 
spin-matching must be applied to suppress the strong de- 
polarization effects even for the perfectly aligned machine. 
The 'partial' spin-matching by adjusting 25 quadrupole 
strengthes results in remarkable enhancement in depolar- 
ization time (100 minutes) and equilibrium polarization 
level. Change in helicity can easily be achieved by revers- 
ing the field direction of solenoid. 

Generally speaking, up to now, the consideration for the 
longitudinal polarization has significantly changed the lay- 
out and lattice of BTCF The detailed studies [7] suggest 
that more modifications in ring design are necessary to 
optimize the performance of polarization operation mode. 
For instance, a larger circumference(420-450m) is much 
preferable. 

3.3   Monochromator Mode 

The monochromator mode has been incorporated into de- 
sign at normal energy of 1.55 GeV with 29 bunches in each 
ring. The bunch space is 11.97 m with the gap of about 
10% for ion-clearing. This mode doesn't affect the lay- 
out of the storage ring. Only small variation is needed. In 
the IR, some qaudrupoles are required to change polarity, 
and some are required to turn on or turn off. In arc, eight 
Robinson wigglers are arranged to reduce beam emittance 
and increase beam energy spread. 

4   INJECTION 

The BEPC linac system will be upgraded to a full energy 
injector which will provide the ability to finish the injection 
in 5 minutes. To this end, the following measures will be 
taken: (1) upgrading linac energy. An accelerating unit (12 
m long) will be added in the end of the existing linac, and 
meantime 14 new klystrons (65 MW) replace the present 
14 klystrons (30 MW); Another option is to use recirculat- 
ing scheme. (2) Increasing the positron yield rate. A high 
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current electron gun(10 A) would be developed to increase 
the electron strength on the e+ target and the positron tar- 
get are moved to next station to enhance the bombarding 
energy of electrons; (3) Increasing the repetition rate from 
current 12.5 Hz to 25 Hz; (4) adopting the bunch train in- 
jection mode. 

5   INSTABILITY CONTROL 

The beam current limitation and its stabilities are very im- 
portant issues for the BTCF. To reach the high luminos- 
ity, there is high current in storage ring. A great attention 
must be paid on the effects which the strong current maybe 
cause. 

The criterion of microwave instability gives an 
impedance threshold requirement at single bunch current 
of 6.7 mA as \Z/N\ejf < 0.51JX The present estimation 
for the impedance of ring components including RF cav- 
ities, kickers, separators and vacuum chambers indicates 
that \Z/N\o ~ 0.24 Cl. It seems that a good control of ring 
impedance can be realized. The bunch lengthening effect 
due to the longitudinal wakefield has also been investigated 
with a code [8] developed in KEK. The results show that 
the bunch length increases about 6%. 

The important means to control multibunch instability is 
to reduce the number and impedance of the high-Q resonant 
structures in the rings, so that the superconducting cavities 
would be adpoted. Using of the HOM dampers would re- 
duce external Q value less than 100. Great progress has 
been made in the design and test öf fast feedback system at 
PEP-II and other labs, which makes it feasible to develop a 
system for the BTCF to suppress instability as required. 

For the Transient Ion Trapping and Beam-Photoelectron 
Interaction, their mechanisms are being investigated with 
simulation program developed in KEK, and related ma- 
chine studies are in progress in the BEPC and other lab- 
oratories. Due to the factor that the BTCF has a large beam 
emittance and less bunch numbers than B factory, it would 
be expected that these instabilities in BTCF should be much 
weaker than that in a B-factory. 

6   RF SYSTEM 

The design requirements of the RF system are mainly based 
on following considerations: maintaining a short bunch 
length of less than 1 cm; minimizing the contribution of 
RF system to the machine impedance. 

Single-cell and deeply damped superconducting (SC) 
cavity with a frequency of 476 MHz is selected in terms of 
following reasons. First, it has large gradient~ 10 MV/m. 
Second, it has large beam pipe and small impedance. The 
RF voltage is designed at 9 MV in maximum and operated 
at 6.8 MV with 3 SC cavities per ring. Each cavity delivers 
50 KW to the beam. 

<5xl0-10TorrintheIR. 
Total pumping speed of 5.8x104 L/s with 58 sets of sput- 

ter ion pumps and NEG pumps is needed per ring to deal 
with high thermal load and minimize the photo desorbed 
gas load. A test with NEG pumps to get the pressure of 
lower than 10~10 Torr has been done, which provides ex- 
perience to the design of the IR vacuum. 

The vacuum chamber will be made of extruded alu- 
minum in the arc and stainless steel in the straight section 
with the following inner dimensions: 90 mm x 60 mm in arc 
region (HxV); 90 mmx90 mm in utility section; 130 mm 
x 130 mm in Ql and 150 mm x 150 mm in Q2; The vac- 
uum pipes at bending magnet region consist of two parts: 
the beam chamber and antechamber in which the copper 
absorbers are installed to intercept the synchrotron radia- 
tion flux. The great attentions has been paid to smoothness 
of the chamber. 

The vacuum system of the BTCF is similar to B-factories 
and ^»-factory but not quite as much of a challenge with that 
of other factories. So their experiences will be incorporated 
to the BTCF design. 

8   SUMMARY 

The BTCF with a luminosity of 1033cm_2s_1 at the en- 
ergy of 2.0 GeV is feasible on a rather conventional basis 
of multibunch and small crossing angle collision scheme 
together with a micro-/? insertion. To reach such a goal, 
it is essential to incorporate the advanced experience and 
the technological achievements of the existing e+e~ stor- 
age ring collider. However, some challenging work for the 
BTCF still needs to be studied further in optimizing the lat- 
tice, the IR design, impedance control, RF design, vacuum 
design and some problems related to the engineering. 
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7   VACUUM 

The BTCF storage ring requires that the operating pres- 
sure should be <lxl0-9 Torr in the arc region and 
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Abstract 

The acceleration cycle of the Advanced Photon 
Source (APS) booster synchrotron is completed within 223 
ms and is repeated at 2 Hz. Unless properly corrected, 
transverse and longitudinal injection errors can lead to 
inefficient booster performance. In order to simplify daily 
operation, automated tuning methods have been devel- 
oped. Through the use of beam position monitor (BPM) 
readings, transfer line corrector magnets, magnet ramp 
timing, and empirically determined response functions, the 
injection process is optimized by correcting the first turn 
trajectory to the measured closed orbit. These tuning algo- 
rithms and their implementation are described here along 
with an evaluation of their performance. 

1 INTRODUCTION 

The Advanced Photon Source (APS), located at 
Argonne National Laboratory, is a third-generation syn- 
chrotron light source facility which consists of a main stor- 
age ring with attached beamlines and a powerful, high 
efficiency injector system. The injector system is com- 
prised of a 400-MeV, 60-Hz positron linac, a positron 
accumulator ring (PAR), and a 7-GeV, 2- Hz booster syn- 
chrotron (booster). 

The booster synchrotron accelerates a 400-MeV 
bunch of positrons to 7 GeV in 223 ms. This bunch is then 
extracted from the booster and is directed toward the stor- 
age ring with the entire process being repeated at a 2-Hz 
rate. The booster lattice is quite simple and is comprised 
of forty FODO cells laid out over a circumference of 368 
m. 

Reliable, efficient operation is of key importance at a 
synchrotron light facility such as the APS. Diagnosing 
operational problems and treating them effectively must 
occur to insure that the users obtain maximum beam time. 
Automation of processes such as injection tune-up and 
maintenance insures consistent beam quality and allows 
operators to quickly set up beam and deliver it to the stor- 
age ring for use by the experimenters. This paper will 
focus on the operation and automated injection tuning 
methods of the booster. 

2 BOOSTER SYNCHROTRON INJECTION 
TRAJECTORY CONTROL 

2.1 General 

In an ideal machine under ideal conditions, the closed 
orbit would be immediately revealed on the first turn; how- 
ever, due to errors in the injection trajectory, energy, and 

phase, this is not the case. In the case of trajectory errors, 
if the measured closed orbits and the first turn trajectories 
are known, then the correction of first turn trajectory to the 
closed orbit can be automated. If the beam position trajec- 
tory history is known at a region of high dispersion, then a 
similar process can be applied to the longitudinal plane. 

2.2 Transverse and Longitudinal Planes 

Through the use of pulsed septum and kicker magnets, 
the beam arrives in the booster from the transfer line dur- 
ing a single turn on axis injection process. Transverse 
injection errors result when the voltage-controlled PAR 
extraction and booster injection pulsed magnets drift 
slightly over time. This causes the injection trajectory to 
wander. For reasons of simplicity and accuracy, the PAR- 
to-booster (PTB) transfer line corrector magnets are used 
to touch up the incoming injection trajectory with an auto- 
mated tune-up procedure, rather than attempting to accu- 
rately control these pulsed magnets. 

Eighty beam position monitors exist around the 
booster synchrotron, each capable of single-pass measure- 
ments in both the vertical and horizontal planes, and each 
attached to a 64k beam history module. After waiting 1 
ms and then averaging 1000 or more turns, the measured 
closed orbits are revealed. The timing of the BPM system 
is then adjusted so that the BPMs measure the first turn tra- 
jectory. This is then compared to the closed orbit, yielding 
the error signal for the feedback algorithm. 

Due to zero dispersion, the injection trajectory feed- 
back in the vertical plane is inherently much less complex 
than that of the horizontal and will be discussed first. 
Using timing changes and the BPM system, two vectors 
are constructed—one for the closed orbit and one for the 
first turn. Both assume the form of 

um = ("l >u2 .-."/»)■ (1) 

Four horizontal and vertical corrector magnets in the 
PTB line can be adjusted relative to the behavior of the 
existing trajectory such that the incoming trajectory will be 
corrected to the measured closed orbit. To inject automati- 
cally onto the closed orbit, two correctors are chosen such 
that they are separated by approximately 90 degrees phase 
advance. For each corrector, a beam response is deter- 
mined at every beam position monitor throughout the 
booster. These two data sets are then combined into one, 
giving the desired response matrix. The kick provided to 
the beam via a corrector k can be represented by 0^, giving 
the following matrix equation 

Au„, = 9U9M, (2) 
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where 9t is the response matrix found by the method 
given above and A8„ is the vector giving the size of varia- 
tion of the correctors used. The objective is to reduce 
Au , the error trajectory used for the feedback loop, to 
zero, describing the situation in which the first turn trajec- 
tory matches the measured closed orbit. Singular value 
decomposition is used to invert the matrix 9\ [1]. After 
inversion, 

Corrected 

A9„= 9t"'Au„ (3) 

which reveals the amount the correctors must be adjusted 
[2]. The calculated currents are then multiplied by a gain 
factor, and the corrector setpoints are updated by this 
amount. This process is repeated in a feedback loop until 
the rms of A um is sufficiently small. A gain of 0.5 was 
empirically determined to maximize the system perfor- 
mance while avoiding instability. 

Because longitudinal and horizontal beam motions 
both appear as positional variations at BPMs located in the 
non-zero dispersion regions, the longitudinal errors must 
be corrected before simple correction of the horizontal can 
begin. The longitudinal injection errors result from slight 
drifts of the booster dipole magnet ramp or the relative rf 
phase between the PAR and booster. Phase and energy 
errors appear 90 degrees out of phase. Upon injection, an 
energy error, as measured on a turn-to-turn basis at a high 
dispersion point, assumes a cosine-like form, while a 
phase error has a sine-like signature. Energy errors are 
corrected through the adjustment of the start ramp time of 
the magnet ramping system. Phase errors are corrected by 
changing the relative phase between the PAR and the 
booster. 

In the longitudinal plane, only one reliable beam posi- 
tion monitor in a high dispersion region need be used. 
The beam position is recorded over a series of 256 turns 
and is stored in a beam history module. This number of 
turns was chosen such that a sufficient number of synchro- 
tron oscillations could be viewed (Qs = 4x10 ). It is 
through this data that the energy and phase errors are 
revealed. 

The longitudinal corrections can be approached in a 
fashion similar to that used for the vertical plane. The 
required feedback parameters are again empirically deter- 
mined. The start ramp time and relative phase are adjusted 
manually to eliminate errors such that only noise 
remained. Then, the start ramp time is adjusted in a series 
of five steps relative to the original setpoint, and the slope 
is determined. Also, the relative phase is adjusted in a 
series of five steps relative to the original setpoint, and the 
slope is again determined. Figure 1 exemplifies the results 
of manual longitudinal tuning in the following order: 
energy and phase errors eliminated, phase error only (36 
degrees), and energy error only (1.25 MeV). Some signal 
processing is first applied in order to extract only the 
desired longitudinal motion from the accumulated beam 
position history. An example of the processed phase error 
is found overlaid in Figure 2. 
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Figure 1: Manual tuning results. 
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Figure 2: Model and actual phase error. 

Regarding correction of the longitudinal errors, a sim- 
ple method is employed. First, the cosine-like component 
of the motion is determined. A change in the start ramp 
time is then made to zero this energy error. The data is 
then processed on the remaining sine-like component, and 
a PAR rf system phase change is made to zero the phase 
error. 

With the longitudinal corrected, it is now simple to per- 
form the horizontal correction. This method is quite simi- 
lar to that used in the vertical plane; however, the 
dispersion in the horizontal plane adds a small complexity. 
The revolution freuqency of the booster is adjusted to 
accommodate the storage ring. This forces the booster to 
run slightly off-energy and creates a constant off-energy 
orbit displacement, which must be accounted for and sub- 
tracted off the closed orbit measurement to reveal only the 
betatron closed orbit. This is measured by calculating the 
average offset of the closed orbit in the horizontal plane 
and by dividing it by the average dispersion in the booster, 
i.e., 

((dp)/p) = <xE)/<Tl). (4) 
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The energy of the incoming trajectory position offset is 
then determined at each BPM. This result is subtracted 
from the measured horizontal betatron closed orbit motion, 
and the same correction algorithm used in the vertical case 
is employed. 

3 RESULTS 

3.1 Vertical Tune-up 

Automation in the vertical plane has proved quite 
effective. Figure 3 shows the rms difference of the closed 
orbit and the first turn trajectory with the feedback loop off 
and then switched on. Here, the gain was set to 0.5 which 
was found to be adequate in that it kept the system from 
becoming unstable yet still rapidly corrected the vertical 
trajectory. The vertical feedback system can run indefi- 
nitely without becoming unstable. 

3.0 —i       Vertical Trajectory Control Feedback 
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Figure 3: Vertical feedback response. 

3.2 Longitudinal Tune-up 

Using unity gain in the feedback loop designed for 
correcting the longitudinal errors proved successful. Both 
the phase and energy errors were corrected within one iter- 
ation. This feedback loop may also be run indefinitely; 
however, reduction in the gain proves to be slightly less 
noisy. 

3.3 Horizontal Tune-up 

The horizontal plane corrected successfully after the 
longitudinal errors were eliminated; however, if the longi- 
tudinal errors are not corrected, the horizontal feedback 
loop becomes unstable in less than twenty iterations. This 
is due to the energy and phase offsets of the first turn cor- 
rupting the horizontal signal. Figure 4 shows the rms dif- 
ference of the closed orbit and the first turn trajectory with 
the feedback loop off, then switched on. As with the verti- 
cal, an assigned gain of 0.5 proved successful in that it pre- 
vented the system from becoming unstable; however, 
correction in the horizontal plane it is still not as successful 
as the results given in the vertical. 
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Figure 4: Horizontal feedback response. 

4 CONCLUSION 

Although this injection tune-up system is in actual 
fact automated, a graphical user interface, which is cur- 
rently under development, will provide an easy-to-use 
system. The automation, however, has proved itself useful 
by correcting the first turn trajectory in the booster with 
minimal effort. The vertical was the simplest plane to cor- 
rect in, thus allowing tests on the automation software to 
take place, and the automation of the horizontal and longi- 
tudinal corrections was built on this knowledge. 
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Abstract 
The Advanced Photon Source (APS) [1,2] linear 

accelerator beam could be used to produce slow positrons 
during the hours between the storage ring injection 
cycles. Initial concepts for the design of a target that is 
optimized for slow-positron production are discussed, and 
simulation results are presented. Some possible ways to 
increase the nominal linac beam power for improved 
slow-positron production are also discussed. 

1 INTRODUCTION 

Slow positrons are valuable tools in atomic physics, 
materials science, and solid state physics research. Slow 
positrons can be used: 1) to probe defects in metals, as 
positrons are repelled by ionized atoms and may be 
captured at vacancies; 2) to study Fermi surfaces through 
analysis of photons generated by positron/electron 
annihilation; and 3) to study surfaces and interfaces of 
materials through analysis of energy losses, diffraction, 
and reemission of positrons from surfaces or interfaces. 

Slow positrons can be emitted by radioisotope sources 
or they can be obtained by moderating the positrons 
produced by accelerator beams. Normally, an intense 
electron beam impinges on a target made of a high atomic 
number material, such as tungsten or tantalum. Positron 
production occurs as a result of bremsstrahlung 
interactions, and the positrons are then moderated by a 
series of foils that have a negative work-function for 
positrons. Positrons emitted from the moderator are then 
captured and transported to an experimental area by 
electromagnetic fields. The number of positrons that can 
be delivered to an experiment is a function of the incident 
beam power, target material and geometry, moderator 
efficiency, and slow positron capture and transport 
efficiency. 

The APS linac beam could be used to produce slow 
positrons during the hours between storage ring injection 
cycles or top-off operations. The linac and some possible 
ways of increasing its beam power are discussed. 

Initial concepts for the design of a target that is 
optimized for slow-positron production are discussed, and 
simulation results are presented. We compare the positron 
yield obtained from simulations of various target 
configurations for a fixed beam power and energy. 
Finally, we present an integrated target-moderator 
concept that will result in a high-intensity slow positron 
source, when combined with an efficient extraction and 
transport system. 

2 THE APS LINAC 

The APS electron linac accelerates 30-ns-long pulses 
containing 50 nC of charge to an energy of 200 MeV. The 
resulting 500-W electron beam impinges on a 7-mm-thick 
water-cooled tungsten target that serves as a positron 
converter. Pair-produced positrons and electrons are 
refocused by a 1.5-T pulsed coil and directed into the 
positron linac where, during normal operation, they are 
captured and accelerated to 450 MeV. Linac design 
parameters are listed in Table 1, together with achieved 
performance values. 

The nominal electron beam power of 500 W can be 
increased for slow positron production purposes by 
increasing the nominal pulse length of 30 ns and by 
increasing the effective repetition rate. 

The upstream accelerating structure in each linac is 
directly powered by a 35-MW klystron, while the 
remaining structures are powered in groups of four by a 
klystron and SLED (SLAC Energy Doubler) cavity 
assembly. The SLED cavities can be detuned, thereby 
allowing the full klystron pulse, nominally 5 us, to be 
used. The beam energy with SLEDs detuned but without 
heavy beam loading was measured to be about 400 MeV. 
Measurements to determine the maximum accelerated 
pulse length with reasonable energy spread are scheduled. 
A new pulser design that allows re-firing of the gun 1 us 
after the end of the first beam pulse is under 
consideration. 

The linac repetition rate is limited to 60 Hz by the 
present modulator's resonant-charging system design; 
however constant-current power supplies that could also 
allow a faster rate are presently being tested [3]. 

Table 1: Linac Performance Summary 
Design Achieved Units 

Energy on Target 200 240 MeV 
Gun Pulse Length 30 ns > 1 us 
Current on Target 1.7 >2 A 
RfRate 60 60 Hz 
e~ Energy Spread ±8 <±8 % 
e+ Emittance <1.2 <1.2 mm mrad 
e+ Energy 450 458 MeV 
e+ Current 8 14 mA 
e+ Energy Spread ±1 <±1.6 % 
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3 TARGET DESIGN SIMULATIONS 

We performed computer simulations of several target 
configurations using the electromagnetic shower code 
EGS4 [4], in order to optimize the target-moderator 
design parameters. In the simulations, a pencil beam of 
electrons is incident perpendicularly to the basis of a 
tungsten cylinder. The beam power is fixed at 800 W and 
the incident electron energy is 400 MeV. We examined 
the positron yield from single-layer targets and multiple- 
layer targets of varying layer thicknesses. The energy 
distributions and the divergences of all shower products 
were analyzed in each case. 

Simulations of single-layer target geometries indicate 
that a tungsten target that is three radiation lengths (Xo) 
thick (10.5 mm thick) results in the highest positron yield. 
However, for the same incident beam power and energy, 
the total positron yield from segmented targets can be 
significantly higher. The total yield of positrons with 
energies up to 6 MeV is shown in Figure 1. The yields in 
the figure are calculated per incident electron and are 
shown for the optimized single-layer target and for the 
optimized five-layer target. The single-layer target is 
three-radiation-lengths thick, and the multi-layer target 
segments are 1.250-, 0.750-, 0.750-, 0.125-, and 0.125- 
radiation-lengths thick, respectively. 
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Figure 1: Production, per 400-MeV electron, of positrons 
with energies in the range 0 < Ee+ < 6 MeV, by a single- 

segment three-radiation-length target and by a five- 
segment target of the same total effective length. 

In Figure 2 we show positron production by each 
segment of the five-layer target. The yield per incoming 
400-MeV electron increases from 0.14 positrons per 
electron after the first segment to 0.30 after the fourth 
segment, and decreases slightly to 0.24 after the last 
segment. Contributions from backscattered positrons are 
negligible, and are not included in this estimate. Using the 
numbers  above  and  assuming  an  average moderator 

reemission efficiency of 10~2 [5], we estimate a total slow 
positron yield from the target of roughly 1010 positrons 
per second. The final slow positron current at the 
experiment will, of course, be significantly less as a result 
of inefficiencies in the capture and transport processes. 
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Figure 2: Positron production in the range 
0 < Ee+ < 6 MeV after each target segment of the 

optimized five-layer target. The segment thicknesses are 
indicated under each symbol. 

The transverse distributions of positrons generated in 
the first and last segments are shown in Figures 3(a) and 
3(b), respectively. The positron beam divergence 
increases by a factor of ten between the first and the last 
target segment, as can be seen in the figures. 
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Figure 3: Transverse distributions of positrons with 

(0 < Ee+ < 6 MeV) generated in the first (a) and fifth (b) 
segments of the five-layer target. 
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4 A TARGET-MODERATOR CONFIGURATION 

The efficiency of slow positron production depends 
strongly on the target-moderator geometry. We are 
developing an integrated tungsten-based target-moderator 
concept in which the moderator "foils" are machined into 
the target itself. Figure 4 depicts such a self-moderating 
tungsten target segment. The reemission percentage of 
low-energy positrons would be higher if we were to use 
thinner foils, but thinner foils are difficult to produce and 
to handle. Our concept uses the electrical discharge 
machining (EDM) process to machine foils into the target 
in a simple and straightforward way, thus reducing the 
manufacturing and handling difficulties. We have shown 
that foil thicknesses > 125 Jim can be machined, and we 
are continuing to investigate ways to achieve thinner 
foils. 

Our studies indicate that the APS linac can be used as a 
source of slow positrons. An integrated target-moderator 
concept is now being optimized, and measurements to 
determine the maximum achievable linac beam power are 
underway. 
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Figure 4: Self-moderating tungsten target segment. 
Details of the moderator are shown in the insert. 

The separation between foils must be optimized for 
maximum efficiency while still allowing penetration of 
the electromagnetic extraction fields. We incorporated 
effects of the electrical extraction fields into our computer 
simulation, and preliminary tests of the code have been 
performed. We have not yet simulated the moderating 
process. 
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Abstract 

The feasibility of the conversion of the HERA electron ring 
into a pulse stretcher for a 15-25 GeV injector linac has 
been studied. Such an injector would be available if a lin- 
ear collider will be built at DESY. The linac pulses will be 
stretched to a c.w. beam by slow extraction from HERA. 
This paper describes the proposed extraction scheme and 
gives estimations of the stretcher performance in terms of 
duty factor, emittance and energy spread of the stretched 
beam. 

1   THE ELFE@DESY PROJECT 

ELFE (Electron Laboratory For Europe) is proposed as a 
15-25 GeV, 30 fiA c.w. electron beam facility for nuclear 
physics experimentsfl]. In the past different approaches 
have been studied to provide such a beam, e.g., a polytron 
or a recirculating linac[2]. 

A new approach has been proposed during the concep- 
tual design studies of a DESY linear collider[3]. If a 
500 GeV linear collider linac will be installed at DESY, 
the first section of this linac could be used to inject a 15 to 
25 GeV beam into the HERA electron ring. The ring would 
then act as a stretcher for the short linac pulses (in the case 
of TESLA the pulses are 800 /is long at a repetition rate of 
10 Hz) to create a quasi-continuous beam. Figure 1 shows 
the schematic layout of this facility. 

Collider 
source 

ELFE 
electron beam    ►-     extraction      Collider *■ 

>-—<l >       ^ 
ELFE        Return hop   \_ mty  J 

Injection                       ELFE beam 

ELFE 
(HERA) 

Figure 1: ELFE @ DESY schematic layout 

The overall feasibility of the conversion of HERA into 
ELFE@DESY has been discussed in[4]. The main result 
of that paper is that ELFE@DESY appears to be feasible. 
There are various problems to make the facility work. For 
example the linac pulses have to be fitted into the HERA 
circumference, which needs a complex injection scheme. 

Furthermore the ring has to be capable to hold currents 
up to 150 mA to stretch the injected charge to a 30 fiA c.w. 
beam. To counteract the arising collective instabilities a 
good feedback system has to be installed[5]. 

And, also very important, a mechanism has to be applied 
which can ensure the extraction of a constant current from 
the ring. Details of the extraction mechanism are presented 
in the following. 

2   EXTRACTION METHOD 

The extraction methods used in currently operating electron 
stretchers (which work at energies below 4 GeV) have been 
checked for their applicability to ELFE@DESY. The two 
mainly used methods are: 

• The stable horizontal phase space area near a betatron 
resonance is shrinked by ramping the tune towards the 
resonance in such a way that a constant rate of parti- 
cles becomes unstable and is extracted. 

• A constant rate of particles is pushed out of the RF 
buckets, for example by RF phase ramps. The par- 
ticles outside the buckets subsequently loose energy, 
and with the chromaticity of the ring this energy drift 
is converted into a tune drift onto a betatron resonance. 

In both cases the horizontally unstable particles move 
along separatrix branches towards an extraction septum. 
Mostly a sextupole-driven third-order resonance is used 
where the stable phase space has the shape of a triangle 
(Fig. 2).1 During the movement on the separatrix branch 
the stepwidth increases rapidly, providing a stepwidth suf- 
ficiently high to cross the septum with few losses of only 
1-2%. 

Calculations and simulations show that the energy loss 
per turn in HERA is too large to enable the use of the sec- 
ond method. The longitudinally unstable particles loose en- 
ergy too fast, so that they cross the resonant tune with only 
a small chance of getting extracted in a controlled way. So 
the extraction method of choice is the tune ramp method. 

The disadvantage of the tune ramp method is the depen- 
dence of the optics on the ramp. The most obvious effect 
is the drift of the separatrix branches, which is proportional 
to the tune shift and results in a drift of the x' coordinates 
of the extracted particles. This can easily be counteracted 
by an appropriately ramped dipole near the septum. 

Other effects are an alteration of the stepwidth of the 
particles at the septum, and a change of the chromaticity. 
These two parameters affect the emittance of the beam dur- 
ing extraction, but in ELFE@HERA the influence is less 
than 5%. 

'Sometimes a combination of a second and fourth order resonance is 
used, but there is no apparent advantage. 
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Figure 2: Separatrix triangle (with ELFE@DESY parame- 
ters) 

3 TRANSVERSE OPTICS 

To control shape and size of the separatrix area dedicated 
sextupoles are needed. The effect of a sextupole on the 
resonance strength scales with ß3/2, so these sextupoles 
should be placed within regions of high ß functions. Like- 
wise, to minimize the influence of the sextupoles needed 
for chromaticity correction on the resonance the phase ad- 
vance per cell in the arcs should be near 60°. 

For an untilted triangle the phase advance between sex- 
tupoles and septum has to be 30° (modulo 120°), and the a 
function at the septum should be zero. To achieve a small 
emittance of the extracted beam it is also desired to have 
vanishing ring chromaticity and a dispersion free beam op- 
tics at the septum, e.g. £x - 0 and D(ssep) = D'(s3ep) = 
0. 

Fortunately in the case of HERA the optics of the straight 
sections can be tuned nearly arbitrarily. So a beam optics 
has been designed to fulfil the criteria mentioned above. 
The betatron tunes, the extraction sextupole strengthes, the 
optical functions at the sextupoles and the septum, and the 
horizontal septum position have been chosen to get a step- 
width at the septum of 4 mm. This value is a good com- 
promise between small emittance and small particle losses 
on the septum. Figure 3 shows the proposed optics of one 
straight section. 

4 SIMULATION RESULTS 

To get an estimation for the achievable performance of 
the machine in terms of duty factor, emittance and energy 
spread of the extracted beam a series of tracking simula- 
tions has been performed with MAD[6] and BETA. The 
tracking module of MAD fully includes the influence of 
synchrotron radiation, which in our case is important. 

A small selection of the results is shown in Table 1. In 
the achromatic case the emittance is very small, but the en- 
ergy spread is slightly larger than projected in[2]. By tun- 
ing the chromaticity the energy spread can be reduced, but 
then the emittance increases intolerably. 

It has been demonstrated that by using an adaptive tune 

1429 1608.2 1697.8 

s(m) 

Figure 3: Straight section optics 

ramp shape control the machine can be emptied nearly 
completely, and an intensity distribution dependend duty 
factor of at least 90% can be reached. Taking into account 
the cycle timing and the filling structure of the ring the 
overall duty factor is reduced to nearly 80%. 

5   ANALYTIC CALCULATIONS 

The results of the tracking simulations have been counter- 
checked with analytic calculations. The emittance of the 
extracted beam as a function of energy, chromaticity and 
dispersion at the septum has been succesfully reproduced, 
as well as the reduction of energy spread by chromaticity 
change. Details can be found in[7]. 

The calculations are based on the analytic treatment of 
sextupole driven third order resonances. Without perturba- 
tions unstable particles move along the separatrix branches, 
in fact they are effectively pushed towards them. By ap- 
proximating the resulting compression of the outgoing tra- 
jectories with exponential functions one is able to compute 
the effects of perturbing influences which push the particles 
away from the separatrix branches. 

In the case of ELFE@DESY the main perturbation is 
the stochastic structure of the synchrotron radiation, which 
creates a random walk of the particles, and synchrotron os- 
cillations in combination with non-zero chromaticity. In 
the latter case the separatrix branches are displaced peri- 
odically, and by the compression effect the particles follow 
these displacements, but with phase shifts and with smaller 
amplitudes. 

6   SEPTA AND EXTRACTION CHANNEL 

The first septum has to be as thin as possible to minimize 
particle losses. This suggests an electrostatic wire septum. 
The drawback of an electric septum is that the electrons can 
only be deflected weakly. Nonetheless with the help of ad- 
ditional magnetic septa it is possible to guide the electrons 
out of the machine. 

Figure 4 shows a solution for the extraction channel with 
one electrostatic and three magnetic septa. The upper graph 
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energy [GeV] horiz. chromaticity ex/ir (90% of beam) [mm/xrad] (AP/P)FWHM [10-3] 
15 zero 3.75 ±0.16 1.19 ±0.05 
20 zero 6.76 ± 0.26 1.64 ±0.06 
25 zero 10.06 ±0.37 2.01 ±0.07 
15 ±10 88.15 ±3.11 0.92 ± 0.03 
15 ±20 117.25 ±5.23 0.69 ± 0.03 
15 ±30 124.45 ± 7.09 0.48 ± 0.03 

Table 1: Basic tracking results 

shows the trajectory of a particle kicked by the electrostatic 
septum, whereas the lower graph includes the magnetic 
septa. 
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Figure 4: Extraction channel 

The extracted beam leaves the ring vacuum chamber 
20 m downstream the electrostatic septum. So, there is left 
a 40 m drift space to the center of the straight section, which 
should be enough for optical matching to the experimental 
target.    . 

order betatron resonance controlled by tune ramping. The 
extraction process has been extensively studied with track- 
ing simulations and analytic models, to get estimations for 
the duty factor, the emittance and the energy spread of the 
extracted beam, and to find the optimal operation parame- 
ters of the ring. 
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7   SUMMARY 

It appears to be feasible to convert the electron ring of 
HERA into a stretcher for the pulses of a linear collider 
linac in the energy range of 15 to 25 GeV. The slow ex- 
traction from the ring makes use of a sextupole driven third 
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BEAM LIFETIME AT THE SRS 

H. Owen, CLRC Daresbury Laboratory, Warrington WA4 4AD, UK 

Abstract 

The beam lifetime in the SRS electron storage ring at 
Daresbury Laboratory is governed by several processes 
which vary significantly according to the machine 
operating mode. A theoretical model of the storage ring 
has been developed, taking the variable vacuum chamber 
aperture, dynamic aperture and other effects into account 
to predict the expected overall beam lifetime. 
Measurements have been performed to separate the 
contributions from the different loss processes: Touschek 
scattering, beam-gas scattering and quantum lifetime 
effects. Comparison with experiment gives a reasonable 
agreement with theory in the different operational modes 
used on the SRS. 

1   INTRODUCTION 

The 2GeV SRS electron storage ring has delivered 
synchrotron radiation to users since 1981. In that time, 
there have been several upgrades, most notably the 
addition in 1987 of extra quadrupoles to change the lattice 
from an 8-cell to 16-cell FODO structure to reduce the 
beam emittance. In addition to the dipole beamlines the 
storage ring presently includes 2 superconducting wigglers 
and an undulator; 2 multipole wigglers are planned to be 
installed in 1998 with reduced vertical apertures [1]. 

1.1 Lattice Modes 

The SRS operates in 2 principal modes. In multibunch 
mode the lattice is operated with a high radial tune (HIQ) 
to minimise the emittance. In single bunch operation the 
Touschek lifetime is maximised by operating with a 
lower radial tune (LOQ), bringing the working point close 
to a 2nd-order difference resonance to increase the 
coupling. Injection from the 600MeV booster synchrotron 
necessitates ramping to the operating energy of 2GeV. A 
summary of the lattice properties in the different modes is 
given in Table 1. Additionally, multibunch operation is 
performed with both gapped and uniformly filled bunch 
structures. 

Table 1. Lattice properties in HIQ and LOQ modes. 
Emittances are the theoretical natural values. 

HIQ LOQ 
Emittance /nmrad    600 MeV 9 23 

2GeV 104 258 
Horizontal Tune Q„ 6.19 4.21 
Vertical Tune Qy 3.37 3.21 
Momentum Compaction 0.029 0.058 

The 2 working points operating over a range of 
energies, coupled with the complex aperture profile 
through the storage ring, makes the modelling and 
prediction of the beam lifetime complex. In the following 
sections a simplified machine model is developed which 
allows a comparison of theory with experiment. 

2 APERTURE   MODEL 

2.1 Introduction 

The many modifications to the storage ring have resulted 
in a complex vacuum chamber profile. In particular, the 
upgrade to a higher brightness lattice has meant that 
several vacuum vessels are larger than they need to be, and 
the usual assumption that dynamic aperture is 
consistently larger than the physical aperture is not true in 
the SRS storage ring. This of course has important 
implications for any theoretical estimates of lifetimes. 

2.2 Physical Aperture Model 

A simplified model of the storage ring apertures has been 
adopted to reasonably approximate the real machine whilst 
making modelling of proposed changes to the physical 
apertures more straightforward. Broadly speaking, the 
model breaks the machine up into 4 sections: 

1. Dipole vessel 
2. D-Quadrupole vessel 
3. Straight section vessel 
4. F-Quadrupole vessel 

Distributed Pump D-Quadrupole 
Vessel 

Horizontal Plane 

f/////////////////////////////////////////////////// 

F-Quadrupole     Distributed 
Vessel Pump 

?////////////////////$/////*/ 

////////////// 

'/////////////////////, 

Dipole 

77777777777777777777777777777777777777777777777777777777777777777 
'"""""""""^^ 

iffim. 

Clearing Electrodes D-Qu.ln.polc     w,   .„vc^l, F-Qmdnipote      Clearing 
Vessel ^ Vessel Electrodes 

Figure 1. Physical aperture model. The real elements 
limiting the aperture in each model section are shown for 
each plane, together with the limiting apertures (given in 
mm). The positions of the lattice elements are also 
shown. 

The vacuum chamber aperture is assumed to be 
constant throughout each of these vessels. In addition, a 
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vacuum valve on the 6T superconducting wiggler further 
restricts the machine aperture at one point in the machine; 
the physical model is summarised in Figure 1. In reality, 
the largest deviation from this model occurs in the 
insertion device vessels, where there are different 
components in each straight such as cavities, beam 
scrapers, undulators etc. 

2.3 Dynamic Aperture 

Tracking was performed with a MAD model [2] of the 
lattice in both the ideal case and with realistic error terms 
deduced from vertical dispersion measurements [3]; typical 
closed-orbit deviations from errors are consistent with 
those observed on the real machine With 40 sample sets 
of errors it is found that the dynamic aperture is 
approximately 80% of its ideal value in both the HIQ and 
LOQ lattice modes. Comparing the on-momentum limits 
with physical aperture confirms that dynamic limits are 
significant in the horizontal plane (see Figure 2). 
Vertically, the dynamic aperture exceeds the physical limit 
throughout the lattice. In most cases the limiting aperture 
for Coulomb scattering is in the vertical plane, and so the 
dynamic limit is not relevant. 

2.00 3.00 4.00 
Position in Cell /m 

Figure 2. Comparison of physical and dynamic aperture in 
the horizontal plane in HIQ and LOQ modes. The 
dynamic aperture is significantly less than the physical 
aperture in large sections of the machine. 

The acceptance limit for off-momentum particles, which 
determines the Toushek and other gas scattering cross- 
sections [4], can also come from dynamic limits. Using 
first MAD to calculate the dynamic momentum 
acceptance, and then ZAP [5] to calculate the resultant 
energy aperture, it is found that the dynamic limit is 
much smaller than the physical limit brought about by 
the finite lattice dispersion (see Table 2). 

Table 2. Physical and dynamic momentum acceptances in 
the HIQ and LOQ lattice modes. 

3  LIFETIME   CONTRIBUTIONS 

The total beam lifetime is given by the contributions of 
several effects: 
• Beam-beam scattering - Touschek effect. 
• Beam-gas scattering from residual gas: 

B - Bremsstrahlung (inelastic) from gas nuclei. 
C - Coulomb (elastic) scattering from gas nuclei. 
I - Inelastic scattering from electrons in residual gas. 
E - Elastic scattering from electrons in residual gas. 

• Quantum lifetime limits - this is not significant in 
the SRS under normal operating apertures. 

3.1 Beam Lifetime at 2GeV 

3.1.1 Multibunch Lifetimes 

At 2GeV the RF voltage of 1.3MV (determined from 
measurements of synchrotron tune frequency) provides a 
momentum acceptance of 0.80% in HIQ, meaning that 
the momentum acceptance is believed to be limited by 
dynamic effects. The predicted beam-gas lifetimes are 
shown in Figure 3. At 2GeV the predicted Touschek 
lifetime is 113 hours with 200mA of uniformly filled 
beam current (for an emittance coupling of 2.5%); this 
value changes according to the beam current, the machine 
coupling and the fill structure. When both Touschek and 
beam-gas effects are combined in an overall lifetime 
prediction (using experimental measures of bunch length 
and fill structure) a reasonable agreement with theory is 
obtained. An example set of data is given in Figure 4; 
here the Coulomb scattering component has been varied 
by changing the limiting vertical aperture with 
collimators in the storage ring, whilst the other scattering 
components are constant. The discrepancy may be 
accounted for if a 30% error in pressure measurement is 
considered, which is quite reasonable at low pressures. 
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Figure 3. Theoretical beam-gas scattering at 2GeV in the 
HIQ lattice mode using the physical aperture model. A 
typical operating pressure in the SRS is around InTorr. 
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Figure 4. Example of variation of experimental 
multibunch lifetimes in HIQ with half-aperture at the 
storage ring vertical collimators. The solid line is the 
theoretical prediction based upon emittance and pressure 
measurements. 

The increased momentum compaction in LOQ 
results in a smaller RF acceptance of 0.56%, meaning 
that the momentum acceptance is RF-limited. The beam- 
gas scattering contributions are similar to those for HIQ 
(see above), and varying the vertical aperture with a 
multibunch beam gives a similar variation of total beam 
lifetime (see Figure 5). 
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Figure 5. Example of variation of experimental 
multibunch lifetimes in LOQ with half-aperture at the 
storage ring vertical collimators. The solid line is the 
theoretical prediction based upon emittance and pressure 
measurements. 

3.1.2 Single Bunch Lifetimes 

With single bunch currents the beam lifetime becomes 
Touschek-dominated; the RF limit to the momentum 
acceptance has been confirmed by observing the variation 
of lifetime with RF voltage in single bunch mode, with a 
rise from 1.2 to 1.4MV giving -10% increase in beam 
lifetime. The variation of the total current-lifetime product 

with coupling, achieved by varying the distance of the 
working point from the adjacent 2nd-order resonance, 
gives a good agreement with calculations of the Touschek 
lifetime (see Figure 6). 
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Figure 6. Variation of current-lifetime product with 
machine coupling for single bunch currents. Theoretical 
predictions including the gas scattering contribution are 
also shown. 

3.2 Beam Lifetime at 600MeV 

At 600MeV in HIQ the RF voltage of 0.4MV gives 1% 
momentum acceptance, so that dynamic aperture still 
limits the acceptance. However, even in multibunch the 
lifetime is strongly Touschek-limited, and with the 
natural emittance of 9.4nmrad would be around O.lhours 
with 200mA of uniform current. This is alleviated by the 
significant transverse beam blow-up which occurs at 
600MeV, which in HIQ corresponds to an emittance 
around 80nmrad. This raises the Touschek lifetime to 
around 6 hours; predictions using an increased emittance 
are consistent with this measurement. A similar 
phenomenon occurs when injecting at the LOQ working 
point which helps to maintain the Touschek lifetime in 
single bunch before energy ramping takes place. 
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Abstract 

For the SB-Linear-Collider project (SBLC) at DESY a re- 
design of the damping ring has been performed, mainly in 
order to optimise the dynamic aperture. The lattice of the 
proposed damping ring has a DBA structure, similar to the 
3rd generation light sources ESRF, APS and SPRING-8. 
The damping ring is build up with 6 superperiods. The 
straight sections between these periods are used for the in- 
jection, ejection and rf-cavities. In turn, each superperiod 
consists of 6 DBA cells. The straight sections of these 
cells are used for the installation of the wigglers, which 
are needed for the damping. With the installation of overall 
150 m of wigglers (B0 = 2 T and A0 = 0.2 m) the equilib- 
rium emittances are eXto = 6.5 • 10-10 m • rad and e^o = 

"n m ■ rad (the corresponding normalised emit- 
1 m ■ rad and eVio 

: 
1.3 -10 
tances are : e, „ = 3.8 • 10~6 m ■ rad and ev.o = 7.6 ■ 10-8 

m ■ rad. The damping time results in ry < 3.4 ms. The dy- 
namic acceptance including misalignment and magnet er- 
rors is in the range of Ax < 72 mm ■ mrad and Ay < 80 
mm ■ mrad. 

1   INTRODUCTION 

1.1    General 

High luminosity in linear colliders can only be reached by 
damping the beam in a so called damping ring before it 
is accelerated to high energies. For the S-Band-Linear- 
Collider project (SBLC) at DESYfl] the beam has to be 
damped to normalised emittances ex<n < 5 ■ 10~6 m • rad 
and eVin < 2.5 • 10-7 m • rad within a time of 19.6 ms 
corresponding to the repetition frequency of 50 Hz. Ac- 
cording to the pulse structure within the linacs (2 us) the 
circumference of the damping ring has to be larger than 
600 m. The current within one pulse should be 300 mA. 
In order to reach these parameters the damping ring must 
have a sufficient dynamic aperture for the injection pro- 
cess and a sufficient lifetime. To meet the requirements 
on the damping time, damping wigglers have to be intro- 
duced. Conventionally, such a ring is realized by a race- 
track structure[2][3][4]: two arcs with bends and two long 
straight sections that accommodate the damping wigglers, 
injection, extraction and the RF-system. In such a scheme 
the dynamic aperture is drastically reduced by introducing 
the long straight sections for the damping wigglers. 

In comparison to these design the 3rd generation light 
sources like ESRF, APS, ALS, ELETTRA[5] etc., have a 
relatively large dynamic aperture. Investigations at these 

projects have shown that the installation of insertion de- 
vices doesn't reduce the dynamic aperture very much. 

1.2   Damping Ring Requirements 

The damping of the emittance within a storage ring is, 

c-, — p.    . . p-Zt/TD    l   p (1 
„-2t/rDN 

(1) 

where £/ is the final emittance, £inj that one of the injected 
beam and eequ is the equilibrium emittance of the damp- 
ing ring, TD is the damping time of the ring and t is the 
accumulation time within the ring, t = 19.6 ms. 

The evaluation of Eq. (1) gives for the damping ring the 
following requirements: eXiH = 4 • 10-6 m ■ rad, ey<n = 
2-10 -7 m rad, TD < 3.5 ms. 

Here, an emittance dilution budget of 25% from the 
damping ring to the IP is taken into account. The energy 
of the damping ring should be in the range between 2.5 and 
3.5 GeV. At an energy of 3 GeV the normalised emittance 
of 4 • 10-6 m ■ rad translates into an absolute horizontal 
emittance of 6.7 • 10-10 m • rad which is the domain for a 
fourth generation light source, about an order of magnitude 
below existing third generation light sources. 

The small emittance of the injected electron beam (eXi„ 
= 1 ■ 10-4 m ■ rad) results in a relaxed dynamic aperture (« 
10 7T ■ mm ■ mrad for the electron damping ring (DR). Quite 
different is the situation for the positron DR. The emittance 
of 1 ■ 10-2 7T • mm ■ rad results in a beam size at injection 
of 5 mm. According to the fast damping (rp < 3.5 ms) 
this value will be damped within 3.5 ms down to 1.8 mm. 
We assume that an aperture of 3 ax>inj = 15 mm should 
be enough for the positron damping ring, resulting in an 
acceptance of 20...30 IT ■ mm • mrad. 

2   LATTICE 

2.1   Lattice of the base ring 

We took as the base of the redesign the lattice of the 
ESRF[6] and performed the following alterations: 1) Re- 
duction of the circumference from 880 m to 660 m; 2) De- 
creasing the radius of curvature of the bending magnets in 
order to enhance the damping; and 3) Changing of the de- 
flection angle from 5.625 degree to 5.0 degree in order to 
reduce the emittance and increase the number of straight 
sections from 32 to 36. 
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2.2 Introduction of damping wigglers 

Six straight sections are needed for injection, extraction and 
the rf-system. With an equal distribution of them around 
the ring we have a sixfold symmetry. The length of a 
straight section - from quadrupole to quadrupole - is 6 m. 
With 5 m long wigglers an overall length of 150 m of wig- 
glers can be installed. The maximum magnetic field within 
the wiggler has been set to 2.0 T and the period length to 
0.2 m. 

The wigglers have an effect on the damping time, the 
energy spread and the emittance. The emittance is reduced 
five-fold, the damping time by a factor of 7.5 and the energy 
spread increases by 3.1. Including the wigglers the ring has 
the following parameters: 
ex<0 = 6.5 • lO-10 m ■ rad, eVi0 = 0.13 ■ 10-10 m ■ rad, re 

= 1.67 ms,rx = 3.34 ms, ry = 3.34 ms. 

2.3 Damping Ring Layout 

The schematic layout of the SBLC-DR is presented in 
Fig. 1. The DR has a sixfold symmetry and each superpe- 
riod consists of five unit cells with two matching sections. 
The unit cells are the normal DBA-structures with a damp- 
ing wiggler in the straight section. The matching sections 
are the places for the injection, ejection and the rf-system. 
The lattice functions of the superperiod are presented in 
Fig. 2. 

Injection 

Ejection RF 

Matching 
Cell 

Unit 
Cell 

Unit 
Cell 

Unit 
Cell 

Unit 
Cell 

Matching 
Cell 

Figure 1: Schematic layout of the SBLC-DR. With a six- 
fold symmetry, each superperiod consists of five unit cells 
and two matching sections. 

In order to have within the matching sections the same 
phase advance as within the unit cell one has to introduce 
in the straight section of the matching section some extra 
quadrupoles because the wigglers within the straight sec- 
tion of the unit cell perform a focusing in the vertical di- 
rection. The dynamic aperture including misalignment and 
some magnet errors is given in Fig. 3. At injection the aper- 
ture is a factor 5 larger as the positron beam size. This is 
sufficient. The energy acceptance of the DR is larger as 
4%. 

Figure 2: Lattice functions within one superperiod of the 
SBLC damping ring. Each superperiod consists of the unit 
cells with wigglers and two matching sections at each side. 

-20 0 20 
x/mm 

Figure 3: Dynamic aperture of the SBLC-damping ring 
with field errors AB/B = 5 • 10~4 for the bending and 
AG/G = 5 • 10~3 for the quads. 

ALIGNMENT TOLERANCES AND THE 
VERTICAL EMITTANCE 

The vertical equilibrium emittance is essentially deter- 
mined by the magnet and beam position monitor (BPM) 
alignment tolerances and by the orbit correction procedures 
applied. We used the PETROS computer code to simulate 
alignment errors and orbit correction procedures. Assum- 
ing rms magnet and BPM position tolerances of 50 p,m, 
the MICADO algorithm is applied in several iterations un- 
til the quality of the orbit does not improve anymore. From 
10 different random seeds of errors we obtain an average 
vertical normalised emittance of (1.0 ± 0.9)10~7 m • rad. 
So the required emittance could just be achieved with the 
assumed tolerances and standard correction techniques. 
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4   RF-SYSTEM 

The layout of the RF-System is determined by the radia- 
tion loss per turn UQ and the required energy acceptance. 
For the SBLC-DR U0 = 3.95 MeV (including the damping 
wigglers) and the energy acceptance (AE/E)RF should 
be at least 10 times the energy spread. With an overvolt- 
age factor q = 2 the energy acceptance is 7.2%. There has 
to be installed an overall voltage of 7.9 MV with a beam 
power of Pbeam = 1.2 MW. The number of cavities is de- 
termined by the power which can be fed through the in- 
put coupler. Currently, both normal or superconducting 
cavities are being considered. For the ELETTRA normal 
conducting cavity[7] as well as the HERA superconduct- 
ing one[8] it is around 110 kW. Hence overall 10 to 12 
cavities have to be installed. The CESR superconducting 
cavity[9] is designed for an input power up to 250 kW. Al- 
ready achieved have been 150 kW. This means that 5 to 
8 cavities have to be installed. The specifications of the 
CESR cavity are: G = 6 MV/m, VRF = 1.8 MV, Q0 = 109, 
(R/Q = 89 ft/cell, QL = 2 • 105 and leff = 0.3m). Tak- 
ing 5 cavities with a gradient of 1.8 MV/cell the overall RF 
voltage leads to q = 2.6, with an RF energy acceptance of 
7.2%. By taking the phase <ps = 22.62 degrees, the syn- 
chrotron tune results in vs = 8.92 • 10~3, Qs = 2.55 • 104, 
fs = 9.724 kHz. 

The bunch length is then, with aE/E = 2.2 ■ 10-3, equal 
to az = 4.25 mm. 

5   INSTABILITIES 

5.1   Single Bunch Instabilities 

The microwave instability, sometimes referred to as turbu- 
lent bunch lengthening, causes an increase in both the mo- 
mentum spread and the bunch length of a bunched beam. 
With Iaver = 0.8 mA per bunch, a= 1.64 ■ 10-4, az = 
4 • 10~3 m, (aE/E) = 2.2 ■ 10~3 and R = 104 m one gets 
for the broad band impedance a maximum allowed value 
of [Zn/n] = 0.3 Q, that would avoid the instability. Accord- 
ing to some measurements the contribution of the vacuum 
chamber at ELETTRA has a value of 0.15 fi[10]. We as- 
sume a similar value here as well. From the measured loss 
factor of the CESR superconducting cavity [9] a broad band 
impedance of 0.03 - 0.05 Q could be determined. With 
8 cavities the contribution of the RF-system to the broad 
band impedance is 0.24-0.4 £2. From this we can estimate 
the impedance as : [Zn/n] = (0.4-0.7) Q, which is about 
a factor of two larger than desirable. Taking into account 
the SPEAR-scaling this value reduces down to 0.06 £2. So 
bunch lengthening seems to be avoidable, but not with a 
large safety margin and further studies of this issue are re- 
quired. 

the longitudinal coupling bunch instability and re is the 
damping time of the synchrotron oscillations. Taking a 
shunt impedance of Rs\\ = 200 kQ, (which is typical for 
a normal conducting cavity) results in a maximum current 
of 136 mA. The shunt impedances of the HOM's within 
a CESR superconducting cavity are in the range of 0.1- 
0.7 kQ, leading to an instability threshold of I > 380 mA. 
Hence the coupled bunch instability are of no importance 
when using superconducting cavities. 

There are coupled bunch instabilities in the transverse di- 
rection, too. For a transverse impedance of R± = 11 Mfi/m 
(which is typical for a normal conducting cavity) the max- 
imum stored beam within the DR is 4.0 mA. The trans- 
verse impedances of the CESR-SC-cavity are smaller than 
0.025 Mfi/m leading to a threshold current of 1760 mA. In 
this case, however, other contributions to the impedance (in 
particular the resistive wall impedance) may become dom- 
inant. Whether or not a feedback system is required, must 
be determined by more detailed investigations. In any case 
it should be noted that the issue of multibunch instabili- 
ties is significantly relaxed compared to the B-factory rings 
presently under construction at SLAC and KEK. 
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5.2   Multibunch Instabilities 

With 333 stored bunches and a total current of 300 mA, 
multibunch instabilities are of concern. Stability is guar- 
anteed if (l/r||) < (l/re).    1/T|| is the growth rate of 
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Abstract 

A pulse stretcher mode of the electron storage ring, KSR, is 
presented. Such a scheme as includes the extraction system 
in the same straight section as the injection line is adopted 
in order to enable coexistence of the stretcher mode with the 
insertion device. This scheme also has a merit that it can 
use the same beam dump as the output beam from the 
electron linac. 

1     INTRODUCTION 

KSR is an electron storage ring with the maximum energy, 
circumference and radius of curvature of 300 MeV, 25.6 m 
and 0.835 m, respectively. It was initially designed as a 
synchrotron radiation light source [1],[2]. Responding to 
the recent needs for electron beam of the energy region 
around 100 MeV with high duty factor, its possibility as an 
electron stretcher ring has also been studied. The 100 MeV 
electron beam accelerated by the s-band (2857 MHz) disc- 
load linac with the maximum duty factor of 2x10s is 3-turn 
injected and extracted from the ring in -100 msec by the 
third-order resonance extraction utilizing transverse RF 
electric field synchronized with betatron oscillation. Here 
the repetition rate of 10 Hz is assumed both for the linac and 
the stretcher ring, KSR. With this stretcher mode enabling 
duty factor of more than 90 %, the average electron 
intensity is expected to be improved from 1.2xl09 per 
second to 1.5xl012 per second inspite of the reduction of the 
peak intensity from 6xl015 per second to 1.7xl012 per 
second [3]. The scheme studied so far, however, had been 
assuming only tentative use of such stretcher mode before 
the final use of KSR as a synchrotron light source and the 
stretcher mode was not compatible with the insertion 

device. A new arrangement of the extraction system to 
compromise the insertion device and the stretcher mode is 
presented in the next section. Then the slow extraction 
scheme is presented together with the brief design of the 
extraction equipment. Finally the present status of the KSR 
is briefly given. 

2    LAYOUT FOR KSR STRETCHER MODE 

The slow beam extraction channel for KSR stretcher 
mode is to be installed in the same long straight section as 
the injection line as shown in Fig.l. The electrostatic 
septum is to be set 1.809 m downstream from the exit of the 
quadrupole magnet(QF) just after the RF cavity and the 
electrode for RF-knockout. The septum magnet is set 0.7 m 
downstream from the electrostatic septum so as to keep the 
septum thickness as large as 14 mm with technically 
reasonable electric field of 60 kV/cm. As the resonance 
exciter, a single sextupole magnet(SXR) is located after the 
quadrupole doublet just downstream of the inflector. The 
contribution of the sextupole magnets for chromaticity 
correction (SXA and SXB) to the resonance will be cancelled 
out when the horizontal betatron tune is exactly equal to 7/3 
[3]. For real extraction process, the horizontal betatron tune 
should not coincide with this value in order to form finite 
size separatrix. The contribution, however, is expected to be 
small and can be neglected at the lowest order 
approximation. 

3    SLOW EXTRACTION SCHEME 

The output beam from the electron linac will be 
injected by 3-turn injection into the transverse phase space 
with use of the perturbator (PB) and the beam emittance thus 

5m 
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Fig. 1 Layout of the s-band Electron Linac and the Stretcher, KSR 
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Fig. 2(a) Complete Chromaticity Correction. 

injected is estimated to be 250 Jtmmnnrad [3]. So we 
want to extract the beam by expanding the horizontal 
betatron oscillation amplitude with use of RF knock-out 
method [4]. 

3.1 Chromaticity Correction 

Complete chromaticity correction so far proposed as 
shown in Fig. 2(a) assumes usage of rather strong 
sextupole strength (B'7 /Bp) of-36.0 and 36.5 1/m2 for 
SXA and SXB, respectively, where the chromaticities 
(defined as AQ/(Ap/p)) in horizontal and vertical directions 
are calculated to be 0.027 and 0.007, respectively. With 
this chromaticity correction, it has been found that the 
extraction beam can almost align at the entrance of the 
Electrostatic Septum (called as ESS hereafter) when the 
slow extraction with RF knockout is applied This 
situation holds for relatively small momentum spread 
with the size of a few % as shown in Fig. 3(a). Due to 
large nonlinearity caused by strong sextupole fields, the 
situation changes largely for the beam with much larger 
momentum difference. In addition to this, the extracted 
beam has the same momentum spread as large as that of 
the circulating beam. 

The sextupole strengths of 1/3 of the above values 
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Fig. 2(b)  Chromaticity corrected with sextupole magnets 
with 1/3 strength. 

realize the betatron tunes given Fig. 2(b). Under such 
chromaticity correction, electron beams with lower 
momenta than 2% are considered to be stable because their 
horizontal tunes are much different from the third integer 
resonance, 7/3. Even for the momentum of 2%, the beam 
with the amplitude of 0.033 m is also found to be stable as 
shown in Fig. 3(b) by solid circles. By application of 
transverse RF electric field which resonates with 
horizontal betatron oscillation with tune value 2.3406 
(corresponding to fractional momentum difference of 
2 %), the amplitude of betatron oscillation will increase. 
The electron with the larger amplitude (0.04 m) will be 
extracted as shown in Fig. 3(b) by open circles. The merit 
of this scheme is that the momentum spread of the 
extracted electron is expected to be smaller because only 
higher momentum electron around 2% will be extracted 
This scheme, however, needs additional beam acceleration 
scheme described below. More quantitative calculation is 
needed to give precise value of the momentum spread of 
the extracted beam. 

3.2 Induction Accelerator for Momentum Shift 

In order to extract all the circulating beam with the 

Phase Space Behaviour at the Electrostatic Septum 
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Fig. 3(a) Phase Space Plot of the Extracted Beams with 
Different Momenta at the Entrance of ESS. 
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Fig.3 Phase Space Plot of the Electron Beam at the 
Entrance of the Electrostatic Septum. 

340 



scheme described above, the circulating beam should be 
accelerated in the time interval of 100 msec. For this 
purpose, we are now thinking about the possibility of 
utilizing an induction accelerator as used at TSR for laser 
cooling [5]. We want to accelerate 100 MeV electron as 
large as 4% in 0.1 second. As the revolution frequency of 
the electron is 11.67 MHz, necessary acceleration voltage 
per turn is 3.4 V and flux interval of 0.34 Vs is needed, 
which seems in the reach of the present technology [5]. 

3.3 Electrostatic Septum (ESS) 

In order to kick out the beam expanded to some 
amplitude (-0.057 m) and realize the necessary coil space 
for the succeeding septum magnet, an electrostatic septum 
with the septum thickness and length of 0.2 mm and0.3 
m, respectively is to be used. The electric field of 60 
kV/cm will be applied and the deflection angle of 18 mrad 
is added to 100 MeV electron. The gap of the ESS is 
designed to be variable between 10 and 15 mm. 

3.4 Septum Magnet (SM) 

For the septum magnet located 0.7 m downstream 
from the end of the ESS, the thickness of 14 mm will be 
available as septum thickness. With this condition, the 
magnetic field of 5 kG is attainable although the current 
density in the septum coil is estimated to be as high as 58 
A/mm2. The septum magnet will be set in the air and the 
vacuum chamber is installed inside of its gap. From the 
previous experience at TARN II, the current density up to 
78 A/mm2 has been realized even in the vacuum chamber 
[6]. For the case of 100 MeV electron, the radius of 
curvature is 700 mm and the septum magnet will have the 
curved aperture. It will deflect the extracted electrons as 
large as 46° with the length of 0.5 m. In Fig. 4, the 
trajectory of the extracted beam is shown. 

4    PRESENT STATUS  OF KSR 

The precise alignment of the magnets of KSR has 
already been completed in 1995 and cabling of power line 

Trajectory of the Extracted Beam 
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Fig. 4 Trajectory of the Extracted Beam. 

5 Overall View of KSR. 

and control systems and piping for cooling waters have 
been finished in 1996. The installation of the vacuum 
chambers into the magnet sections have also been finished 
last year. An arc section has been already evacuated and 
was found to be free from major leak(see Fig. 5). 

Within this fiscal year, beam injection into the ring 
is expected. The construction of the beam injection line 
and vacuum chambers in the long straight sections are 
now proceeding. In parallel to this, the construction of the 
equipment for slow beam extraction has been started so as 
to use the KSR as an pulse stretcher forthe electron-beam 
radiation-physics. 
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ACCELERATOR MODELING AT SPEAR* 

G. LeBlanc, MAX-lab, Lund, Sweden/SSRL, Stanford, CA 
W. J. Corbett, SSRL, Stanford, CA 

Abstract 

The response matrix, consisting of the closed orbit change 
at each beam position monitor (BPM) due to corrector 
magnet excitations, was measured and analyzed in order 
to calibrate a linear optics model of SPEAR. The model 
calibration was accomplished by varying model 
parameters to minimize the chi-square difference between 
the measured and the model response matrices. The 
singular value decomposition (SVD) matrix inversion 
method was used to solve the simultaneous equations. The 
calibrated model was then used to calculate corrections to 
the operational lattice. The results of the calibration and 
correction procedures are presented. 

1      1 INTRODUCTION 

The modeling program is based on using a measured 
response matrix to calibrate a model of the accelerator 
system. The measured response matrix as a tool for 
determining the linear optics of storage rings has proven 
valuable in the past [1-4]. The practical aspects of 
measuring the matrices at SPEAR and their use as a 
diagnostic tool are discussed. 

1.1 Objectives 

The objectives of the SPEAR modeling program are to: 
• calibrate models for different configurations of the 

ring parameters to create an accurate on-line model, 
• identify hardware errors and predict and correct beam 

parameters such as beta functions, 
• fine-tune    the    ring    and    improve    the    overall 

performance of the accelerator, 
• isolate the effects of insertion devices on the electron 

beam and calibrate models for them. 

2      MEASUREMENT PROCEDURE 

The measurement procedure is time consuming and 
therefore automated. There are three types of 
measurements for each attempt at model calibration: 
• The response matrix. 
• The rms noise level of the BPMs. 
• A dispersion orbit. 

2.1       The Response Matrix Measurement 

The measurements are initially made with a bare 
lattice.  This  means  shutting off octupoles  and  skew 

quadrupoles as well as removing the insertion devices. 
Once a model is calibrated for the bare lattice, the other 
elements can be added and modeled. 

The measurements are made using a procedure 
which systematically changes the excitation current of 
each corrector magnet. For each corrector, the change in 
the closed orbit is recorded. In the case of SPEAR, there 
are 31 correctors and 29 BPMs in each plane, which 
results in a 62 x 58 matrix. 

2.2 The BPM noise 

The rms noise levels for each of the BPMs is measured by 
simply taking many orbit measurements with a stable 
beam. This defines the limit to how well the model matrix 
can be made to match the measured one. 

2.3 The Dispersion Orbit 

The dispersion measurement is used to calculate the 
energy shift associated with each of the horizontal 
correctors. 

3      CALIBRATED PARAMETERS 

The calibration of the various model parameters depends 
upon the effect they have on the response matrix. If the 
effect is larger than the BPM noise level, it can be 
calibrated. At present, the following parameters have been 
calibrated for SPEAR: 
• The corrector strengths. 
• The BPM gain factors. 
• The    energy    shifts    associated    with    horizontal 

correctors. 
• The quadrupole strengths. 

3.1 Corrector strengths 

Initially, the corrector strengths are all set to the same 
value. This provides a means of checking the calibration 
procedure since there are different types of correctors, 
which should have different values. The calibrated values 
can then be compared to the predicted values. 

3.2 BPM Gain Factors 

The BPM gains are initially set to unity. Once they are 
allowed to vary, a measure of the spread in gains and a 
direct indication of whether or not all. BPMs are 
functioning is obtained. 

' Work supported in part by Department of Energy Contract DOE-AC03-76SF00515 and Office of Basic Energy Sciences, Division 
of Chemical Sciences. 
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3.3 Quadrupole Strengths 

The initial model quadrupole strengths need not be very 
accurate. In the case of SPEAR, there are numerous 
"fudge" factors which have been introduced in order to 
obtain a better correlation between model and machine. 
The calibration procedure described here eleminates these 
factors. 

4      THE CALIBRATION PROCEDURE 

The calibration procedure is as follows: 
• Measure the response matrix. 
• Create a model response matrix. 
• Calculate the changes in the model response matrix 

for the parameters that are to be calibrated. 
• Compare the measured and model matrices. 
• Calculate the parameter changes that minimize the 

difference. 
• Iterate until the solution converges. 

When starting with an un-calibrated model, the 
number of iterations necessary for convergance can be 
reduced by calibrating the corrector strengths, energy 
shifts with horizontal correctors and quadrupole family 
strengths first. Once this is done, the BPM gains can be 
added and the individual quadrupole strengths can be 
calibrated seperately. Experience has shown that five or 
six iterations usually suffice for convergance of the 
solution. With several thousand (62 x 58 = 3596) 
measured data points, it is possible to include many 
parameters. At present there are 2 x 31 correctors, 2-x 29 
BPM gains 50 quadrupole strengths, and 31 energy shifts 
for a total of 201 calibrated parameters for the bare lattice. 

Once a calibrated model is acquired, changes in the 
parameters can be calibrated. All of the parameters can be 
left to vary and the measured response matrix from the 
bare lattice replaced with one measured after the change is 
made. 

5      OBSERVATIONS AND RESULTS 

The initial calibrations of SPEAR illuminated the need for 
a more precise model. The calibration of the bare lattice is 
now routine. 

The results of the very first iterations of the 
calibration procedure showed that there were two BPMs 
with gains that differed considerably from the rest. These 
happen to be older monitors that were known to be 
problematic. After calibration it is possible to use the 
information obtained from them scaled with the gain. 
While the coupling terms of the matrix are not presently 
being used in the calibration routine, they have shown that 
there is a BPM that gives an erroneous vertical signal 
when the horizontal correctors are changed. The cause is 
still under investigation. 

The corrector gains obtained from the first 
calibrations showed that there was a new corrector that 

had little or no effect on the beam. This was discovered to 
be due to the fact that one of the corrector coils was wired 
wrong and has since been corrected. 

5.1 Quadrupole Families 

There are seven families of quadrupoles in SPEAR. Each 
family is powered in series by a single power supply. The 
calibration of the quadrupole family strength gives a 
current/quadrupole-strength value which is independent of 
magnetic measurements made prior to installation of the 
magnets on the ring. This can then be used to calculate 
new current settings in order to make any changes. The 
tunes are not directly used in the calibration routine and 
are used to confirm that the calibrated values are correct. 
The individual quadrupole strength calibrations show the 
spread within families that, while it is not possible to 
individually set the current, offer a way to simulate beam 
parameters which are difficult or impossible to measure 
on the machine. 

5.2 Quadrupole Shunt Calibrations 

Quadrupole shunts are used on SPEAR for finding the 
center of quadrupoles and measuring the beta functions 
[5,6]. A response matrix was measured for a bare lattice 
and a model was calibrated, and then the shunt was 
activated and a new response matrix was measured. This 
matrix was put into the calibration routine and all the 
parameters were left to vary. The first iteration showed 
that the calibrated strength of the shunted quadrupole was 
reduced by a couple percent while the others remained 
virtually unchanged. This test will be repeated for every 
quadrupole and the calibrated change in strength with 
shunts used to refine shunt-based measurements. It also 
shows that the calibrated differences in quadrupole 
strengths within a family of the order of a few percent can 
be trusted. The calibrations done so far have shown that 
the quadrupoles within a family keep their ordering from 
strongest to weakest with different current settings as 
well. 

5.3 Beta Function Corrections 

The beta functions calculated using the initial calibrated 
model were not very uniform compared to the design 
values. A measurement of the beta functions was then 
made and compared to the calibrated model values. The 
calibrated current/quadrupole-strength values were then 
used to calculate new current settings in order to correct 
the discrepancy. The beta functions were measured and a 
new model was calibrated. Figures 1 and 2 show the 
vertical beta functions before and after correction. The 
stars are measured values and the solid lines are 
calculated from the calibrated models. Some of the 
difference between the measurements and the model 
values is due to the fact that the quadrupole shunts are not 
all calibrated as yet and the measured values are an 
average over the length of the quadrupoles. 
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Figure 1: Vertical beta function before correction. Figure 2: Vertical beta function after correction. 
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Figure 3: Difference matrix before calibration. 

6      CONCLUSIONS 

The response matrix calibration method produces a 
very accurate model of the linear optics of a storage 
ring. Figures 3 and 4 show the difference between 
measured and modeled response matrices before and 
after calibration. Work is in progress to calibrate the 
effects of insertion devices.Once a calibrated model 
exists, it is straigthforward to identify and quantify 
changes to the machine due to installation of new 
elements or failure of existing ones. 
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STATUS OF THE MAX-II STORAGE RING 

G. LeBlanc, Ä. Andersson, M. Eriksson, L-J. Lindgren, P. Röjsel and S. Werin 
MAX-lab, Lund, Sweden 

Abstract 

The MAX-II storage ring is a third generation synchrotron 
light source recently commissioned in Lund, Sweden. A 
description of the ring is presented along with an 
evaluation of the performance during commissioning. The 
status and most recent results of the early stages of 
operation are also presented. 

1 INTRODUCTION 

The MAX-II storage ring was designed [1] and built in 
such a way as to optimize the cost/performance ratio 
rather than the performance per se. In addition, there were 
constraints far as space, economy and manpower, which 
necessitated the use of some novel techniques [2]. The 
commissioning procedure has proven that these 
techniques were successful. 

2 MACHINE DESIGN 

A national committee defined the specifications for 
the MAX-II ring. The most important ones were: 
• An electron energy of 1.5 GeV. 
• An emittance of less than 10 nmrad. 
• 10 straight sections at least 3meters long for insertion 

devices. 
There were also conditions, which necessitated the 
following constraints: 
• A maximum ring circumference of 100 meters. 
• Approximately   40   man-years   for   design   and 

construction. 
• The ever present limited funds. 

2.1 Solutions 

The idea was to build a very compact machine that would 
be delivered in blocks. Each block would be one cell of 
the ring, with vacuum chamber, beam position monitors 
and magnets mounted on a rigid girder. One main supplier 
would have the responsibility to deliver the cells and 
subcontract the various components as necessary. The 
design specifications were given in terms of mechanical 
and electrical tolerances rather than ring performance. 

2.2 Lattice 

The double bend achromat was taken as the starting point 
for the lattice design. It was known from previous 
experience with the MAX-I storage ring that allowing 
finite dispersion in the straight sections would permit a 
substantial reduction in the emittance. A ten-cell structure 

would meet the specification of less than 10 nmrad 
emittance at 1.5 GeV. The ideal position for chromaticity 
correcting sextupoles is in the middle of the quadrupoles. 
This combined with the desire for a compact lattice led to 
the decision to design the sextupoles in the pole profiles 
of the quadrupoles. A back-leg winding allows for 
chromaticity correction. An evaluation of the magnets can 
be found in reference [3]. The machine functions for the 
unit cell are seen in figure 1. 

BETA AND ETA»10 FUNCTIONS <M> 
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Figurel: MAX-II machine functions. 

2.3 Magnets and Girders 

The goal was to manufacture the magnets in such a way as 
to be able to mount them on the girders in well-defined 
positions, eliminating the need for further adjustment of 
individual magnets. The girders were fitted with knobs 
that were machined in a numerical planer. The magnets 
are built with stamped grooves, which are used to align 
them on the machined knobs. 

The BPMs are also placed on machined knobs, 
eliminating the risk of movement with the thermal 
expansion of the vacuum chamber. The stainless steel 
vacuum chamber is connected to the BPMs with bellows 
on either side. Otherwise it hangs freely, with strategically 
placed bellows to allow for thermal expansion. 

Once assembled, the girders are aligned using a 
central reference pillar. Two people can adjust the 
alignment of the whole ring in two days. 

2.4 Injection 

The need to be cost efficient led to the existing, 500 MeV 
MAX-I storage ring, being used as the injector. MAX-I is 
injected   with   100  MeV  electrons   from  a  racetrack 
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microtron, the energy is ramped to 500 MeV, and the 
beam is extracted in one shot and sent through a 
transport line before being injected into MAX-II. 
Several shots are required to fill the ring with the 200 
mA design current before the energy is ramped to 1.5 
GeV. 

3 PRESENT STATUS 

The storage ring is performing well and the first 
synchrotron radiation experiments will be performed 
soon. The alignment procedure proved to be effective 
when the first attempt to store a beam was 
accomplished without the use of corrector magnets. 

3.1 Injection 

The MAX-I storage ring is functioning well as an 
injector to MAX-II [4]. It takes a couple of minutes to 
cycle MAXI from extraction of the beam to injection 
from the microtron to a stored beam at 500 MeV. The 
whole process takes approximately 20 minutes, as seen 
in figure 2. With a circulating current of 200-250 mA 
in the "injector" we have succeeded in injecting 
approximately 30mA in each shot into MAX-II. Taking 
the difference in machine circumference into account, 
this means an overall efficiency of around 50% where 
the fast extraction, transfer, injection and capture 
procedures are included. 

Cms* stacking in MAMI 
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Figure 2: Current Stacking in MAX-II 

3.2 Operation 

The target and achieved parameters are compared 
below. 

Parameter Target Achieved 
Energy (GeV) 1.5 1.53 
Current (mA) 200 220 
Life time (Ah) 2 2*) 
Coupling (%) 10 <1 
Hor. Emittance (nmrad) 8.8 **\ 

Beam Long Term Drift (|xm) 20 7 
Energy Spread 0.07 **)      1 

*)   At 5% coupling. 
**) To be measured. 

3.3 Emmitance Measurements 

Emittance measurements have been performed at 
"zero"- current and 1.5 GeV, where the results show 
that the nominal horizontal emittance (9 nmrad) is 
achieved. Choosing different coupling can vary the 
vertical emittance. At the lowest coupling an emittance 
of only 20 pmrad has been measured. At nominal 
currents the coupling can be chosen to about 1% 
without problem. However, at nominal currents the 
energy spread of the beam is larger than the natural 
one. 

3.4 Insertion Devices 

At present, there are four insertion devices installed on 
MAX-II. In addition, there is a super conducting 
wiggler which is being conditioned outside of the ring 
for installation in the near future. Table 1 gives the 
parameters    of    the    existing    insertion    devices. 

1311 1411 1511 1611 1711 

K 66 mm 60 mm 52 mm 244 174 mm 

K™, 4.50 3.63 2.69 140*) 29.3 
# of poles 77 87 99 1/2 + 1 + 1/2 27 
Total length 2.65 2.65 2.65 0.9 m 2.65 
Magnet gap 22 - 300 mm 22 - 300 mm 22 - 300 mm 36 mm 22 - 300 mm 
Peak field 0.74 T 0.65 T 0.55 T 6T*) 1.8 T 
Type Hybrid, taper Hybrid, taper Hybrid, taper Super     conduc- 

ting wiggler 
Multipole 
wiggler 

Status In operation In operation In operation Delivered In operation 
*) To be measured 

Table 1: Insertion devices for MAX II (May 1997) 
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4 LIFETIME PROBLEMS DURING 
COMMISSIONING 

After filling the MAX-II ring with about 150 mA and 
ramping to 1.5 GeV, the lifetime was as expected for 
the first 10 to 20 minutes. Then suddenly the lifetime 
dropped to a much lower value, say about one hour. 
During this drop we did not observe any increased 
currents in the ion vacuum pumps. However, we did 
observe an increased radiation level in the extension of 
one of the short straight sections of a specific cell. 
After some time with a rapidly decreasing current the 
lifetime made a rather quick increment of at about the 
same time scale as the initial decrement. Some hours 
later we could observe another sharp lifetime 
increment. These abnormalities are seen in figure 3. 
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4.1 Possible Cause 

We had previously experienced problems with fingers 
of the rf-shields in the ring. These shields were 
installed to smooth the vacuum chamber in all bellow 
joints. After the first troubles they were dismantled in 
all cells but two. The rf-shields are made from thin 
sheets of a beryllium-copper alloy with a melting point 
at around 900deg/celsius. The sheets are cut finger-like 
and formed to fit the vacuum-pipe. 
The observed radiation increase coincided with the 
position of the remaining rf-fingers. This led us to the 
conclusion that they might be responsible for the 
observed effect. It was previously observed that part of 
the rf-fingers might loosen from the vacuum chamber 
wall and even bend into the path of the electron beam. 
Assuming that this could happen, without fully 
understanding why, it could happen that such a finger 
might be hit by synchrotron light. The light would heat 
up the finger to the melting point, and start to evaporate 
it. The circulating beam would experience the metal 
vapor, which explains the reduced lifetime, however 
the vapor will not reach the ion-pumps. 

4.2 Cure 

We decided to open up the last two cells and check the 
rf-fingers and found two melted fingers. We assume 
that the stepwise rising lifetime corresponds to the two 
situations when finger 1 and finger 2 stop evaporating. 
After starting up Max-II again we conclude that the 
beam lifetime problems have disappeared, and we now 
see a normal lifetime map. 
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Figure 3: Typical current/lifetime maps found a) 
before and b) after removal of remaining rf-shields. 
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HIGH DUTY FACTOR BEAMS EXTRACTED FROM THE MIT-BATES 
SOUTH HALL RING* 

K. Jacobs, R. Averill, S. Bradley, G. Dodson, K. Dow, M. Farkhondeh, S. Kowalski, B. McAllister, 
D. Tieger, C. Tschalaer, E. Tsentalovich, W. Turchinetz, F. Wang, A. Zolfaghari, and T. Zwart 

MIT-Bates Linear Accelerator Center 

Abstract 

The South Hall Ring at the MIT-Bates Linear 
Accelerator Center is a combination of pulse stretcher 
ring to produce high duty factor extracted beams and 
storage ring for use with internal targets. It is designed 
to operate at energies from 300 MeV to 1 GeV for 
nuclear physics experiments. In pulse stretching mode, 
half-integer resonant extraction is used to convert the 
<1% duty factor beam from the linac into near CW 
beam. To date, we have extracted beams with duty 
factors in excess of 50%, and high throughput 
efficiencies. The first nuclear physics experiments using 
extracted beam are planned for the near future. Details 
of commissioning the ring for extracted beam operation 
are presented. 

1 INTRODUCTION 

The MIT-Bates Linear Accelerator Center operates 
a 1 GeV S-band linac/recirculator used for basic research 
in nuclear physics. The linac has a maximum duty factor 

of 1%, with average currents up to 50 uA. With the 
present interest in coincidence experiments, it is 
desirable to have a much higher duty factor while 
maintaining the same average current. To achieve this, 
we have constructed the South Hall Ring (SHR) at 
Bates. Operated in pulse stretcher mode, it is designed 
to convert the pulsed beam from the linac to near CW 
beam using half-integer resonant extraction. The 
extracted beam is delivered to the existing external 
target set-up in the South Hall for use in experiments. 

This paper describes the design of the ring and the 
results of resonant extraction to date. 

In addition to operating as a pulse stretcher, the 
ring can also be operated in a storage mode to provide 
high average current beam to internal target 
experiments. 

2 DESCRIPTION 

Figure 1 shows the layout of the Bates facility, 
including the ring and the south experimental hall. The 
ring is 190.204 m in circumference, with a 9.144 m bend 
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Fig. 1 Layout of the Bates facility, including the South Hall Ring and associated beamlines 
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radius. It is designed for two-turn injection of 40 mA 
from the linac, giving 80 mA stored current, operating at 
a fixed electron energy between 0.3 and 1 GeV. With an 
injection frequency of 1 kHz and a 1 ms extraction time, 
the average current delivered to an experiment is 
designed to be 50 uA. The ring RF frequency is 2.856 
GHz, the same as the linac frequency, giving a harmonic 
number of 1812. Every RF bucket contains charge. An 
energy compression system located after the linac gives 
an injected energy spread into the ring of 0.04%. 

In extraction mode, the horizontal tune is 7.460. 
Octupoles are used to divide the horizontal phase space 
into stable and unstable regions. The beam is injected 
into the stable region near the separatrix. A ferrite-core 
ramped quad is then used to move the tune closer to the 
half-integer resonance. This causes the stable area to 
gradually shrink resulting in some of the electrons 
becoming unstable. As an unstable electron's betatron 
oscillation amplitude increases, it will eventually enter 
the field of the extraction electrostatic septum and be 
deflected down the extraction line to the fixed target in 
the South Hall. 

Diagnostics for use in extraction include a DCCT 
to monitor the current in the ring, another DCCT in the 
extraction line to measure extracted current, and a 
Faraday cup located after the South Hall target point, to 
quantify the extracted charge. The expected precision of 

the Faraday cup is ±0.1 %[1]. A retractable secondary 
emission monitor (SEM) foil in the extraction line can 
be used for qualitative duty factor assessment, as well as 
a measure of the extraction efficiency. For more 
accurate duty factor measurements, we have 
implemented a system of particle detectors to monitor 
the singles and accidental coincidences counting 
rates[2]. 

3 RESULTS 

We have successfully performed resonant 
extraction from the ring using both one-turn and two- 
turn injection. Figure 2 shows the extraction line SEM 
for extraction of a single, one-turn injection pulse. By 
integrating the SEM signal to determine the extracted 
charge, we calculate an extraction efficiency of 86%. A 
rough estimate of the duty factor, based on observing the 
SEM signal on different time scales, indicates a duty 
factor of a few tens of percent. The spike at the 
beginning of the extraction pulse is, in some cases, due 
to part of the injected beam lying outside the stable 
phase space area. In this situation, adjusting the injection 
trajectory into the ring can eliminate this spike, although 
this leads to a delay in the onset of resonant extraction 
with a corresponding reduction in the duty factor. 

Fig. 2 Extraction of a single pulse from the ring. The 
vertical scale is 4.2 |ia/div, and increasing current is 
down on the graph. The horizontal scale is 0.2 ms/div. 
Also shown is the integral of the extracted current. 

0- ttEffliÖtt 
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Fig.3 Extraction of a train of pulses injected into the 
ring at 600 Hz. The upper trace is the extracted current, 
and the lower trace is the current in the ring. For both 
traces, increasing current is down. The horizontal scale 
is 2 ms/div. The average extracted current is a few 
microamps. 
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In an effort to fully understand extraction from 
the ring, it has proven useful to study the ring in storage 
mode. With stored currents of up to 30 mA, we have 
achieved 1/e lifetimes of 7 minutes at 750 MeV. This 
has allowed us to make detailed investigations of various 
ring properties, including the closed orbit, tunes, and 
possible ion effects. 

To date, extraction at high injection rates, as 
would be required by a nuclear physics experiment, has 
not been attempted for more than a brief period of time. 
Figure 3 shows an example of such extraction. The 
figure shows the extraction line SEM signal, and the 
current stored in the ring, for a series of injection pulses 
occurring at 600 Hz. This is a preliminary example of 
the sort of quasi-continuous beam we expect to be able 
to deliver in the near future. 

Monochromatic extraction from the ring has also 
been performed. In this case, the ring RF is turned off, 
and the chromaticity is adjusted to be negative. (This is 
most easily accomplished by turning off the sextupoles, 
and using the natural chromaticity of the ring.) As the 
electrons lose energy due to synchrotron radiation, their 
tune gradually increases toward the half-integer 
resonance, and they are eventually extracted. This 
extraction technique lacks the flexibility of the 
extraction process described earlier because the duration 
of extraction is determined by the beam energy, the 
spread of electron energies in the beam, and the 
chromaticity. We do not anticipate using monochromatic 
extraction in general. 

4 SUMMARY 

We have demonstrated operation of the South Hall 
Ring in pulse stretcher mode using half-integer resonant 
extraction. Good throughput efficiency has been 
obtained, and rough estimates of the duty factor indicate 
extracted beams are close to being useable for 
experiments. More work is planned in both these areas. 
It is expected that after one more commissioning run, the 
ring will be ready to deliver extracted beam for use by 
experiments. 
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TRANSVERSE KICK IN MISALIGNED TRAVELING WAVE 
STRUCTURES DRIVEN AT THE FUNDAMENTAL MODE 
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Abstract 

Fabrication errors in traveling wave structures result in 
non-axissymmetric RF fields that couple to the if drive at 
the fundamental mode frequency. We calculate the 
excitation of the dipole mode and the integrated effect on 
the beam, using the thin iris and small hole 
approximation. 

1   INTRODUCTION 

An advantage commonly claimed for structures with 
circular symmetry is that the accelerating kick is 
independent of transverse position, and no transverse 
deflection results from the fundamental accelerating mode. 
Here we calculate the correction to this statement 
resulting from misalignment of the accelerating cells 
during the fabrication process. The resulting tolerance on 
fabrication errors is qualitatively different from the well- 
known limit deriving from the loss in no-load voltage 
from cell detuning [1]. While the effect is small for 
conventional accelerator applications, it could be 
significant for applications requiring low-emittance 
beams, and for structures of small dimension, where 
mechanical alignment is difficult. 

We consider an n-cell travelling wave structure as a 
stack of coupled cavities, as illustrated in Fig.l. To 
calculate the cell-to-cell coupling in the general case, 

A       / 

\/       \ 

\      / 

/      \ 

1   ( 
/       \ 

\       / 

( 
/      \ 

/ 

/      \ N /      / 

#1       #2    •••     #k     •••    #n 
Figure: 1 An ideal, perfectly aligned n-cell structure. 

we consider first a mode A of a closed lossless cell, for 
which   Maxwell's   Equations   may   be   expressed   as, 

Vx£, ■■kxHx and Vx£ K"v with 

normalization of Ex to unit volume integral. With the 

introduction of the port coupling the cavity to another 
cavity, we consider the amplitude of the electric field in 
mode X, 

ex(t) = jd3rE(r,t).Ex(r), 

for which Maxwell's Equations may be expressed as 

(■§r + 0)l)ex=-0)xc j(nxE).HxdA, 
port 

with (Oi=kxc. The magnetic field amplitude 

hx(t) = \d3rH(r,t).Hx(r), 

may be computed from   dhx/dt = — G)xex/Z0,   with 

Z0"377O. When coupling is magnetic it is convenient to 
transform the coupling integral to the form, 

(£ + ®JK=®A^(0). \r{n.§)dA. 
port 

For illustration, consider the case of two right- 
cylindrical pillboxes operated in the TM010 mode. One 
has, for the unperturbed mode, 

Em = zJ0(ß0l r)E0V Hm = -K(A)i r)Eov 

where ß0i = (Oml C — jml R, the cavity radius is R, 

the length is L, and j'0J~2.405.   The normalization is 

E01=(7üLR2jf(j0l)y
112, with J1(j0I)~0.5l92. In the 

presence of a centered aperture of radius a«R, the electric 
field lines are deformed, some terminating on the iris 
edge, with the result that in the iris there is a tangential 
electric field [1] 

F  =i 4J^     ^ 

where   AEZ = [e   —e   \EQX   is  the  discontinuity  in 

normal electric field across the closed iris, and e   is the 

amplitude of mode A, in cell #k. Evaluating the port 
integral, one finds 

(£+fflb2iK=-w*tfi«-«2J. 

* Supported by the DOE Contract DE-AC03-76SF00515. 
f On leave from Technische Universität Berlin. 
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(|- + ö,oi)<=-I^o.ö>o.«-<). 

with coupling constant 

K, -      4       a'   _1 575_«1_ 

In the general case of multiple cells, one has a chain 
of coupled oscillators. Including the perturbation due to 
wall-losses, one finds that the k-th interior cell satisfies, 

»)< 

_ 1 
t(*0 - f^oul^ou-^o,   + K"ou+e

01 

t+n 

For a perfectly tuned structure driven at the design 
frequency (0, the mode amplitude, takes the form, 

ek =e01e~r(A~ , with y=jO+r, 9 the design phase- 

advance per cell, and T the damping decrement per cell. 
The accelerating or "no-load" voltage may be expressed as 

VNL = WV^0*, with t the arrival time at the first cell, 

and 

Vm=(E01LT)e^^eJ (k-i)d>~k 
01 ; 

with   T = sin((p/2)/((p/2)  and f=0)L/c the transit 

angle at the drive frequency. By design, travelling-wave 
structures are operated at synchronism  6=(p, so   that 

Vm=(E0lLT)e*,2~e0l(l-e-nr)(l-e-ry\   For   a 

constant impedance structure nF=% is  the attenuation 
parameter for the structure. 

Next, let us perform a similar calculation for the 
TMuomode in this geometry. Considering the ^-coupled 
polarization, the mode basis functions are 

Eu = zE{ j 7, (ßuf) cos 0, 

Hn =Eu(r^sm<l> + p;{ßur)cos<t>), 

where     ßn=(Oulc = jnl R,    j„~3.%32    and    the 

normalization    is     Eu = (f LR2Jl(ju)j      ,    where 

J2(j„)~-0.4028. Near the axis Hx ~ jyEu. 

To compute the cell-to-cell coupling of the TMU0 

mode one requires the normal component of the magnetic 
field in the iris [2], 

TJ   _  2  r ■AHsin0, 

where Miy=\En\h\x-hl^ is the discontinuity in 

tangential magnetic field across the conducting boundary 
in the absence of the port. Evaluating the port integral 

Hx{0)» \r(h*H)dA = \aiEnMIr 

port 

and, eliminating h% in favor of ex, one finds, 

where the coupling constant is 

v-   —      4       " 
11 ~ 3«/l(;„) LR1 

In the normal development of the subject of dipole modes, 
it would be natural at this point to extend the formulation 
to include excitation by the beam in a multi-cell structure. 
However, our interest is not beam-excitation of dipole 
modes, but excitation by the externally driven 
fundamental mode. 

2 CELL   MISALIGNMENT 

We consider next a multi-cell structure with 
misalignments, parameterized as illustrated in Fig. 2. 
Depending on the fabrication technique, additional 
constraints may apply. For example, for the Mark III 
structure [1], all ck~0 to within the straightness of the 
pipe, and the xk are roughly independent. For the DDS 
structure [3], all ck~xk to the machining accuracy of the 
cups, while the cell-to-cell offsets are roughly 
independent. Note that each of these approximate 
equalities places the emphasis on post-machining 
assembly, where the largest errors occur in practice. 

xk 
/ 
Y A cell k 

M 
ck 

W 
Figure: 2 With respect to a reference axis (solid line), cell 
k has offset ck, while the Mi iris (on the upstream side of 
cell k) is offset by xk from the axis. 

To compute the dipole mode excitation in cell k, let 
us first fix attention on the downstream port. We will 
work to lowest order in misalignments, neglecting 
quadrupole and higher modes, and neglecting too the 
perturbation to the fundamental mode from the dipole 
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mode. In the absence of a port the discontinuity in 
tangential magnetic field from the TM,» mode alone is 

A», =lE01ß0i([x-ck% -[x-c4+1]C)- 

It is the zeroth Fourier component in iris-centered azimuth 
of this term that determines the normal magnetic field 
threading the port, and this is just the average over the 

coupling   iris,    (Afl,) = jEmß0l (ekh^ - Sk+lh^*1), 

with £k = xk+l -ck, and 8k = xk -ck. The resulting 

drive term for the Mi-cell TMU mode is then 

(£ + (02
n)ek I = -(02

n7](eke
k

m - 8k+le£l), 
\OT '    " \upstream,Ol s ' 

where the coupling constant is 

i1 = \aiE0lEnß01=l.l3-^. 

Including all other perturbations one has 

(£+TS4+<»)< = 

with 

A = ft+(e**oi - 8k+le
ko?) + *fc-( W -ek-A

l)> 

As described in the introduction the terms e    are known; 
01 

thus the amplitudes e   may be obtained in the frequency 

domain, with the numerical solution of a tri-diagonal 
matrix equation. The impulse to an electron enetering the 
first  cell   at   time   t   can   then   be   computed   from 

Apx = SiPne
10*', where CO is the frequency of the drive 

and the integral of vertical magnetic field yields 

p -LS.JL.W LTei'pl2\eke j(k-\), 

To make some analytic progress, note that it is 
typically the case that the fundamental mode drive 
frequency lies in a stop-band for the dipole modes and thus 
to a good approximation, adjacent TM110 excitations are 

decoupled. Thus ~     A,. A. with 

Ak = CO2 - (6lx_k + j(Ox x_k(01 Qk. For illustration let 

us simplify to the case of a constant impedance structure. 
Suppressing subscripts, and substituting 

-r(t-i) 

-^tv{ek+8k-Sk+le-r-ek_^} 

Performing the sum, we have, 

mcr\l       2 mc2  V0\J   A     '/£oi\l-e-"r/"^ 

where, 

n-\ n-\ B-l 

t=l t=2 t=l ifc=l 

= («"-1)1(1 -tf-r)2(xt-C4) + (c,-Cl)] 
t=2 

This phasor ^ is, in magnitude, roughly an average of 
misalignments over the structure. However, remarkably, 
for cup-type cells and assuming the first and last cells are 
centered on the beam-axis, there is no deflection to lowest 
order in misalignments. For the Mark Ill-type assembly 
errors add. We may extract from this result a simple rule 
of thumb for the maximum deflection Ap for a short 
(«r«!) structure imparting maximum energy AE, 

Ap«iA£i 

with 

1 = 1 6-^- w 

In this form the result permits simple, practical estimates. 
For example, taking an 11.4GHz structure, operated in 
2n/3-mode, with a/A~0.16, we find L"0.88cm, TTlcm, 
a"0.42cm, and ffl5cm. Thus a l|im average offset 
between iris and cell center, in a lOOMeV accelerating 
section, can produce a maximum kick of 7xlO'4MeV/c, or 
a 0.6 (irad deflection for a IGeV beam. This kick is 
reduced to zero as the beam approaches the accelerating 
crest. 

3   CONCLUSIONS 

We have quantified a new alignment tolerance on 
accelerating structures, arising from cross-talk between the 
fundamental and dipole modes, occuring when cylindrical 
symmetry is broken due to fabrication errors. 
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Abstract 

The ATF damping ringfl] was built to demonstrate the pro- 
duction of low emittance, high current beams for future lin- 
ear colliders. To attain high beam currents, multiple high 
current bunch trains are required. The low-level rf system 
should be designed to minimize both steady-state and tran- 
sient beam loading effects in the accelerating cavities. In 
addition the design should be sufficiently flexible to allow 
for a variety of beam dynamics tests which require a wide 
range of beam currents and cavity voltages. The low-level 
rf system and stability boundaries for reduced power and 
full power operation are discussed in this paper. 

1   INTRODUCTION 

Control of the longitudinal beam parameters is just one as- 
pect of many exciting studies to be performed using the 
ATF damping ring. These include the use of damped 
cavities[2] for suppression of longitudinal coupled-bunch 
modes, the use of a sub-rf cavity to compensate for intra- 
train synchronous phase offsets[3], and beam-loading ef- 
fect minimization during normal operation using a single- 
turn beam injection/extraction scheme[l]. Many of the 
studies planned involve the use of a wide range of beam 
currents and bunch lengths (i.e., cavity voltages). 

2   STABILITY BOUNDARIES 

Table 1 shows the operating conditions at the design en- 
ergy of 1.54 GeV with a full 714 MHz (harmonic num- 
ber h = 330) rf system (250 kW klystronfl], 4 cavities) 
for different numbers of bunch trains. The cavity coupling 
parameter[2] ß = 2.4 corresponds to optimum coupling at 
full current neglecting higher order mode losses. The vari- 
ables listed are: the dc beam current Idc, the beam energy 
Eo, the accelerating voltage Vc, the radiation loss per turn 
per electron U0, the higher order mode loss per turn[4] C/fc, 
the synchronous phase1 <j>s, the synchrotron frequency fs, 
the longitudinal damping time rs, the natural energy spread 
?g, the bunch length as, the momentum compaction a, 
the Robinson damping time T, the total shunt impedance2 

R, the quality factor Q, the cavity fill time (without direct 
feedback) Tfm, the cavity tuning angle (for minimum re- 

* Work supported by the Department of Energy, contract DE-AC03- 
76SF00515 

2R= lüi 
"■ 2   Pa 

fleeted power) </>z, the overvoltage3 q, the rf bucket height 
^, the average klystron power (Pg), average dissipated 
power (Pc), the average beam power (Pb), and the average 
reflected power (Pr)- 

Parameter JVt = l 2 3 4 5 

Idc [mA] 120 240 360 480 600 
Eo [GeV] 1.54 1.54 1.54 1.54 1.54 
Vc [MV] 1.0 1.0 1.0 1.0 1.0 

I/o [keV] 156 156 156 156 156 
Uh [keV] 36 36 36 36 36 
<t>s [deg] 79 79 79 79 79 
/. [kHz] 17.4 17.4 17.4 17.4 17.4 
TS [ms] 5.5 5.5 5.5 5.5 5.5 
t [io-4] 6.75 6.75 6.75 6.75 6.75 
crs [mm] 3.6 3.6 3.6 3.6 3.6 
a [1(T3] 1.9 1.9 1.9 1.9 1.9 
r [ms] 0.19 0.11 0.13 0.17 0.23 
ß[Mß] 7.2 7.2 7.2 7.2 7.2 

Q 22100 22100 22100 22100 22100 
T/m [fJ.s] 2.90 2.90 2.90 2.90 2.90 
4>z [deg] -26.3 -44.7 -56.0 -63.2 -68.0 

9 5.21 5.21 5.21 5.21 5.21 

4rf%] 1.94 1.94 1.94 1.94 1.94 
(Pg) [kW] 101 120 140 162 186 
(Pc) [kW] 70 70 70 70 70 
(Pb) [kW] 23 46 69 92 115 
(Pr) [kW] 8 4 1 0 0 

Table 1: RF parameters for design operation with 1 to 5, 
full current bunch trains. 

Plots for various operating currents at different number 
of particles per bunch Nppb, number of bunches per train 
Nbpt, and number of trains Nt are shown in Fig. 1 for 
the case of a single (top) and five (bottom) bunch trains. 
The solid curves are contours of constant total dc current. 
The expected threshold for transient bunch lengthening[l] 
is shown at Nppb = 3.5 x 1010 assuming a 5 mm bunch 
length. The vertical lines indicate constraints imposed by 
the larger of the injection or extraction kicker rise and/or 
fall times (jk): 

Nb >pt 
jVt   Jrf 

■ Tk\ X   
l~bb 

(1) 

where nb is the bunch-to-bunch spacing.     Assuming 
Tk = 60 ns, are shown in Fig. 1(b) a solid vertical line 

30=       Vc q    u0+uh 
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(rbb=\A ns), and a dashed vertical line (nb=2.S ns). The 
solid vertical line in Fig. 1(a) corresponds to a maximum 
kicker flattop time of 180 ns with Ub = 2.8 ns. 

0.1   0.2   0.3   0.4   0.5   0.6 

Figure 1: Map of possible fill patterns for the ATF damping 
ring with a single train (a) and with the design fill of five 
bunch trains (b). 

The parameter space [5] for full current operation at 
1.54 GeV is shown in Fig. 2. The horizontal axis is the 
tuning angle cf>z, which is a measure of how far off reso- 
nance the cavity is being driven. The open circle designates 
the design operating point which lies along the line of zero 
loading angle (<j>i = 0) for minimum reflected power. The 
shaded region shows a region of instability due to Robin- 
son's high current limit. The region indicated by hatches 
is accessible as limited by the available klystron output 
power. In practice, the hatched region may be somewhat 
reduced, particularly at high currents, if transient loading 
in the accelerating cavities is not minimized. 

Ps™x = 250kW 
VC = 1.0MV 
i, = 78.9 deg 
(Uo+iW-iKkeV 

K»7A3 

Figure 2: Parameter space for full current operation. Plot- 
ted is the beam current (Jb = 2Idc) as a function of tuning 
angle <j>z. 

Steady-state limitations to the rf beam current (twice the 
dc beam current) are shown as a function of cavity volt- 
age in Fig. 3. The top two plots are for initial commis- 
sioning at reduced power (45 kW) with 2 cavities and a 

radiative loss per turn of 79 keV at 1.30 GeV and 156 keV 
at 1.54 GeV. The bottom plot assumes 225 kW available 
klystron power, 4 accelerating cavities, and a 1.54 GeV 
beam energy. Shown for zero loading angle are two limits: 
the maximum klystron output power (circles) and Robin- 
son's high current limit (crosses below the power limit). 
For experiments requiring both high beam currents and low 
cavity voltages, direct feedback[6] will be required. 
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Figure 3: Beam current limits. Plotted is the beam current 
h versus the cavity voltage Vc. 

3   LOW-LEVEL RF SYSTEM 

The design of the low level rf control system aims towards 
minimum complexity while satisfying basic requirements. 
These include compensation for radiation and higher order 
mode losses, provision of sufficient cavity voltage to en- 
sure an energy acceptance of 1%, regulation of the cavity 
voltage and beam phase under steady-state operating con- 
ditions, and minimization of adverse effects arising from 
transient beam loading at injection. These requirements 
should be fulfilled while minimizing the required source 
power and the power reflected from the cavities. 

A block diagram for the low level control system is 
shown in Fig. 4. In the full rf system, the output of a single 
714 MHz klystron is used to power 4 cavities. Conven- 
tional isolators are used after the klystron output power has 
been divided by two. A 1428 MHz master oscillator pro- 
vides the phase reference for the S-band linac, the damp- 
ing ring, and the extraction line bunch compressor klystron. 
The phase of the beam at injection and extraction is varied 
using phase shifters upstream of the feedback loops. Using 
the single-turn injection and extraction schemefl] the injec- 
tion and extraction phases may not be independently con- 

355 



^ To prelinac 
"^ & injector 

Klystron phase regulation 

i i_._   'BEE '111 

DRBPM 

4-97 
8297A1 

Figure 4: Block diagram of low level rf system. 

trolled. In this design, the damping ring rf phase is adjusted 
for optimum phase at injection; the phase at extraction is 
therefore fixed. To ensure proper phase in the bunch com- 
pressor, the phase of the compressor klystron is adjusted 
via feedback using a measurement of the beam phase from 
the damping ring. Conventional feedback loops are used 
to regulate against changes in the cavity voltage and beam 
phase. Direct feedback[6] is included to facilitate experi- 
ments at low cavity voltage. 

4    RAMP TO FULL CURRENT 

Due to the proximity of the design operating current to sta- 
bility boundaries (see Fig. 2), care must be exercised with 
injection of each bunch train. A suggested injection scheme 
involves detuning the cavities using the tuner feedback set- 
points prior to injection of each train such that after the 
train has been injected, the average loading angle is zero. 
The required tuning angle for a train of current 1^ is 

4>z = tan  J( tiRi 
VK 

sin 0a), (2) 

where Ri = y4rg is the total loaded impedance. But since 
the tuning feedback loop measures the loading angle (not 
the tuning angle), the tuner setpoint required at train t is 

_1(Jb
t+1-V)^sin0a 

(pi — — tan      j  
Vc + h Ri cos 4>s 

(3) 

Note that conventional current ramping with a fixed tuner 
setpoint would result in beam loss at injection of the final 
bunch train due to the beam loading limit. 

Numerical simulations of the complete rf system have 
shown that transient loading of the rf system may lead to 
beam loss at the highest operating currents. This may be 
avoided using either direct feedback or, for better regula- 
tion of the cavity voltage and beam phase, by changing the 

rf phase (in this case by A0 = —<j>i from Eq. (3) at injec- 
tion of a bunch train. The latter option is particularly useful 
for maintaining a high duty cycle and is described further 
in Ref. [7]. 
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Abstract 

The design current for the Next Linear Collider (NLC) 
damping rings is an order of magnitude higher than existing 
damping rings. As opposed to storage rings, damping rings 
are required to operate at a high repetition frequency. Tran- 
sient beam loading is therefore particularly severe. The 
NLC design[l] calls for a full current fill pattern consist- 
ing of up to 4 trains of 90 bunches for a total dc current 
of 1.2 A. However, using conventional filling techniques, 
with a rapid current ramp the ring energy acceptance could 
decrease due to transient loading and the beam might not 
be captured. In this paper we describe two features of the 
low-level rf system design. The first avoids any reduction 
of duty cycle while the second ensures beam capture and 
regulation of the cavity voltages and beam phase. 

1   INTRODUCTION 

A critical requirement of the NLC damping ring rf system 
design is to maintain a high duty cycle (i.e., the damping 
ring should not limit the repetition frequency). There are 
three sensible schemes for injecting to full current. The 
usual approach uses the tuner feedback loops to compen- 
sate for detuning caused by the beam. Because conven- 
tional tuner movers are slow, however, rapid injection to 
full current is not possible. The second option involves 
minimizing the total reflected power by preseting the tun- 
ing angle <j)z prior to injection of each train such that the 
loading angle <j>i is zero after the train is injected. This 
scheme is required if the total klystron is power limited[2], 
but is also slow due to the tuner bandwidth. A faster tech- 
nique involves one preset of the tuners to <f>z*, which is 
the tuning angle for zero loading angle at full current, fol- 
lowed by consecutive injection of all bunch trains. Since 
the reflected power may be substantial, particularly during 
initial detuning without beam, the magic tee and circulator 
loads must be designed to absorb high power levels. In the 
interest of maintaining a high duty cycle the fast injection 
scheme has been studied for the NLC. 

2   HIGH DUTY-CYCLC INJECTION 

Simulations have shown that both with and without the 
tuner preset, the NLC damping ring could not be ramped 
to full current: the impulse change to the cavity voltage 
caused by injection of a high current pulse train caused 
enormous cavity voltage and beam phase oscillations. To 
correct this problem, direct feedback[3] was considered for 

* Work supported by the Department of Energy, contract DE-AC03- 
76SF00515 

correcting these beam-induced transients. However, there 
are a number of disadvantages introduced by the loop: 

• the required gain places a tight tolerance on the total 
delay (less than 210 ns for an open loop gain of 2.5 for 
the NLC damping ring) and hence on the delay time 
in the klystron, 

• the required gain may introduce coupled bunch modes 
that could be supported by the cavity, and 

• because the transient is corrected after it is detected, 
residual cavity voltage and beam phase oscillations 
still persist. 

Alternatively, the cavity phase and amplitude may be 
'preconditioned'[4] based on knowledge of the incoming 
charge. Preconditioning is similar to feed-forward, how- 
ever the incoming charge is anticipated rather than mea- 
sured. In either case, the total cavity current, cavity volt- 
age, and the phase angle between them are held constant 
during the injection process. 

The principle of the injection procedure involves preset- 
ting the external references for the cavity voltage Vrej and 
for the input rf phase (f>ref such that the cavity voltage is 
unchanged in phase and amplitude at injection. The re- 
quired preset of the reference voltage is AVref = SAIg 

where S is the transconductance of the klystron and Ig is 
the generator current: 

A/P = 
Vc/R + Ib

k cos <t>b
k     Vc/R + Ib

k+1cos</>b
k+1 

COS <f>b COS (fib 
k+1 

(1) 
where Vc is the total cavity voltage (which is the vector sum 
of the generator and beam voltages), R is the total, loaded 
cavity shunt impedance, Ib

k is twice the dc beam current 
for train k, and cj>b{k) is the synchronous phase angle (mea- 
sured with respect to the crest of the cavity voltage) with k 
trains. 

The preset for the reference phase is given by 

A*, 'ref tan' 

tan' 

tan^ + ^sin^h* 

l + ^cos^ 
(2) 

.! tan^z ^ sin 06* 

1 + i^cos^ fc+i 

Here (j>z* is the tuning angle for at maximum current Im 

and desired loading angle <j>i at maximum current: 

/      I R \ I R 
tan <j)z* = ( 1 + -^— cos 4>b ) tan <f>i - -^— sin <j>b. (3) 
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Typically the loading angle is zero at maximum current so 

(j6z*=tan ^-^r-sin</>(,). (4) 

The steady-state phasor diagram for the injection process 
is shown in Fig. 1. Here Ic is the total cavity current, and 
Ibk and Ig

k are respectively the beam and generator cur- 
rents for train k. The total cavity voltage Vc and total cavity 
current Ic have contributions from both the beam and the 
power generator. By presetting the rf amplitude and phase 
at injection of each bunch train, Vc and Ic are are constant 
for all bunch trains. As shown in Fig. 1, the cavity tuners 
are preset to <j>z* to allow for rapid injection of all bunch 
trains. The loading angle <j>i decreases from <f>i = (f>z* with 
no beam to cj>i =0 at full current. The time required to 
reach the steady-state condition depicted is minimized by 
presetting the rf amplitude and phase (see Eqs. (1) and (2)) 
at injection of each bunch train. 

Ic   (=lf) 

Figure 1: Phasor diagrams for injection. The superscripts 
(1) through (4) refers to the total number of bunches in the 
damping ring. 

The procedure for ramping to full current is: 
1. With beam off, deactivate the tuner loops and detune for 
(j>i = 0 at maximum current; that is, set the tuner position 
to 4>z* (see Eq. 4). 
2. Set the external references Vref = SIg for the desired 
cavity voltage. 
3. Inject train 1. 
4. Increment Vref by AVref = SAIg and </>re/ by A<f>ref 
and inject train 2. 
5. Repeat step 4 until all trains have been injected. 
6. Reactivate tuner loops. This procedure could be exe- 
cuted at maximum duty cycle so that the total time for in- 
jection is of n trains is n cycles, or 22.2 ms at 180 Hz for 4 
bunch trains in the NLC damping rings. 

In practice, recovery from no beam to full current would 
require at least 12 cycles (66.7 ms at 180 Hz) due to limi- 
tations imposed by the machine protection system (MPS). 
The envisioned startup sequence[l] is as follows: inject 4 
single bunch trains, inject 4 trains of 10 bunches, and in- 
ject 4 trains of 90 bunches. Startup procedures under these 
conditions are given in detail in Ref. [1] for initial commis- 
sioning and MPS-compatible injection to full current. 

3   SIMULATIONS OF THE HIGH CURRENT 
RAMP 

Numerical simulations were performed using a model con- 
taining two (linear) klystrons, two if cavities, and various 
feedback loops including realistic nonlinear elements such 
as time delays and filters. At present the cavity is modeled 
as a narrow-band resonator so that only beam interactions 
with the fundamental cavity mode are analyzed. The simu- 
lated response of the cavity voltage and beam phase to the 
injection of the first train is shown in Fig. 2 for three cases: 
no transient loading compensation (solid), correction with 
direct feedback using a loop gain of 2.5 (dot-dashed), and 
correction with presets (dashed, almost flat). The results 
are summarized in Fig. 3 in which the peak-to-peak cav- 
ity voltage and phase oscillations are plotted as a function 
of train number using direct feedback or using presets. As 
can be seen, the correction of the beam-transients is sub- 
stantially improved (by more than a factor of 10) with the 
rf amplitude and phase presets. 

1040 

Time   (ms) 

Figure 2: Simulations of injection transients in the cavity 
voltage (a) and beam phase (b) at injection of the first 0.6A 
train. There are three curves: uncorrected (largest oscilla- 
tions), correction with direct feedback (intermediate oscil- 
lations), and correction with presetting the rf amplitude and 
phase (essentially flat). 

In Fig. 4 is shown simulation results for the injection pro- 
cedure outlined above for a zero to full current ramp. The 
cavity voltage and beam phase preset references as calcu- 
lated from Eqs. (1) and (2) are also shown along with the 
required generator and reflected powers. Notice that the 
Robinson damping time is shorter the higher the current. 
This is because of the fixed tuning angle. Also worth not- 
ing is the decrease in the coherent synchrotron oscillation 
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Figure 3: Simulated peak-to-peak variations in the cavity 
voltage and beam phase as a function of train number. The 
transients are corrected either with direct feedback (a) or 
with presets (b). Note the change in vertical scales. 

frequency with current; as the beam current is increased 
the phase of the beam with respect to the generator crest 
becomes smaller resulting in a reduced restoring force for 
coherent phase perturbations. 

A potential error associated with presetting the phase and 
amplitude is that the cavity voltage will be regulated to the 
specified value, Vref, if the incoming charge is of differ- 
ent current than anticipated, then the amplitude feedback 
loop would regulate to an incorrect voltage. Notice how- 
ever that Eqs. (l)-(4) may be used in feed-forward, which 
would require a measurement of the incoming charge. An- 
other complication arises from thermal heating due to syn- 
chrotron radiation in the accelerating cavities. Fortunately, 
the thermal time constant of the cavity is much longer than 
the time required for the current ramp. 

4   SUMMARY 

A simple technique is proposed which would allow the high 
duty-cycle required for the NLC damping ring. One com- 
plication is the power dissipation requirements in the circu- 
lators and magic tee loads. Fortunately, the total absorbed 
power is 4 times smaller that of the PEPII[5] loads so it ap- 
pears managable. Superior cavity voltage and beam phase 
regulation was predicted by numerical simulations to result 
from using cavity voltage and rf phase presets (as opposed 
to using direct feedback). The preset scheme also has the 
advantage that no additional hardware is required to damp 
the coupled-bunch modes that would be introduced using 
direct feedback. 
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power Pg, and the reflected power Pr. 
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CENTROID AND EMITTANCE OF A KICKED BEAM IN RINGS 

Chun-xi Wang and John Irwin 
Stanford Linear Accelerator Center, Stanford, CA 94025 

Abstract 

We generalize the existing decoherence theory of a kicked 
beam to linearly uncoupled 4D transverse phase space. An- 
alytical results for the beam centroid motion as well as 
beam emittance (i.e., 1st and 2nd order beam moments) are 
given. We formulate the problem in the language of one- 
turn map and normal form theory in order to emphasize the 
approximations used and facilitate further generalizations. 
We will not discuss the chromaticity decoherence factor, 
which can be found in the references. 

1    BEAM PHASE-SPACE DISTRIBUTION AND 
NORMAL FORM OF ONE-TURN MAP 

After a stored beam is kicked, the beam phase space dis- 
tribution will filament due to nonlinearities. In order to 
calculate the beam centroid motion and emittance growth, 
we need to know the phase-space distribution of the kicked 
bunch. To obtain this time dependent distribution, we em- 
ploy the basic rule for transforming a continuous distribu- 
tion / from one set of variables u to another v = Tu, which 

h(v) = U{T-lv)\ JT\ (1) 

where Jr is the Jacobian of the single-valued transforma- 
tion T. This rule will be used repeatedly although in most 
cases it will not be mentioned explicitly. Suppose the initial 
distribution is po{x) and the effect of a kick is to translate 
the equilibrium distribution from (p) = 0 to (p) = Ax' 
without changing positions, the new phase space distribu- 
tion obviously is p(x,p) = po(x,p — Ax'). 

The n-th turn phase space distribution pn(x) depends on 
the one-turn map M of the ring, i.e., pn{x) = p{M~nx), 
where we have used the fact that the Jacobian of the one- 
turn map equals to 1 due to symplecticity. In general, 
the map M could be extremely complicated and numeri- 
cal tracking is the only way to proceed, even though such 
tracking is very time-consuming. However, for a normal 
operating ring, the one-turn map usually has very weak 
nonlinearity and the tune is placed away from significant 
resonances. Therefore, it is safe to assume that there is an 
effective normal form 

M = A~1oMoA (2) 

for the map of a normal operational storage ring. Now the 
phase space distribution becomes: 

Pn(x) = p(A°Af-noA-1x) (3) 

Since the normal form represents a simple rotation in the 
normalized phase space A~lx, it is much easier to work 

with this normalized phase space. Using action-angle vari- 
Jy,(j)y}, the n-th turn phase space dis- ables J = {Jx,& 

tribution reads: 
xi uyi Yy 

pj(J)   =   Ps(AoAf-nJ) 
=   Ps(A{Jx, <j>x — 2m/xn, Jy, <t>y 

(4) 

2iwyn}) 

In Eq. (4) we only assumed that the single particle mo- 
tion can be canonically transformed (via a nonlinear map 
A) into a circular phase space motion with amplitude de- 
pendent tunes ux and vy. To further simplify the calcula- 
tion, we adopt the following major approximations: 

• Take only the leading terms in the normal form A/", 
i.e., consider only the linear tune-shift-with-amplitude 
terms. 

• Drop the nonlinear part of A, i.e., just use the linear 
Courant-Synder normalization and the well-known 
action-angle variables {J, <f>}. 

Note that these approximations, especially the last one 
when nonlinear part of A is large, may limit the usefulness 
of the result. In the following, we limit our discussion to 
the case of linearly uncoupled 4D transverse phase space. 

Let us start with a 2D well-damped beam. Due to ra- 
diation damping and quantum excitation, the well-known 
equilibrium distribution is: 

P0(X,P) = J_e-A(7*2+2«*P+/5p2) 
2ne 

(5) 

where a, ß, 7, and e are the Twiss parameters and emit- 
tance. Using Eq. (4) and the Courant-Synder normalization 

matrix >1 =(   _   fm   1 / m  ), the action-angle phase 

space distribution right after a kick becomes: 

p{J,<S>) 

1 p0 ( \/2 Jß cos 4>, -y/2J/ß (sin <f> + a cos 4>) - Ax'J 

1      -i [2J/e+2^2 J/e k sin0+A;2] 

27T6 
(6) 

where k = i/2AJ/e = f Ax' is a dimensionless quantity 
that measures the effective kick A J on the action. For the 
n-th turn, one simply shifts the phase <j> by — 2TT(UO + aJ)n, 
where VQ and a are the linear tune and tune-shift-with- 
amplitude. 

Now we consider the 4D case with negligible linear cou- 
pling between the x and y degree of freedom. The total 
phase space distribution is a direct product of the distri- 
butions in the two 2D subspace. However, there is an ex- 
tra tune-shift term contributing to the decoherence process 
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which must be taken into account because, in the 4D case, 
the tunes reads: 

Uy      =     Uy 4" dXyJx ~r dy^y   ' (7) 

where ax, axy, and ay are the tune-shift-with-amplitude co- 
efficients. In summary, the 4D phase space distribution of 
a beam kicked to {0, Ax', 0, Ay'} is: 

p(Jx,<l>x,Jy,<t>y) 
^ 1       -%(2Jx/ex+2y/2J*/ex fc„ sin **+*£) 
_    27rex 

1       -\{2Jy/ty+2^/2Jy/tyky sin*B+^) 

27re„ 
(8) 

where all the symbols are subscribed with x and y to indi- 
cate the horizontal and vertical planes. $x = <t>x - 27r(z/° + 
ax Jx + axyJy)n and similar shorthand holds for $y. 

2   BEAMCENTROID 

Using the phase space distribution of Eq. (8), the centroid 
motion is simply given by: 

(x)       =        (A{Jx,<j)x,Jy,(ßy})\xcomponent 

c±    (y/2Jxßxcos<t>x) (9) 

(Px)     =      (MJx, 4>x, Jy,<l>y})\Plc component 

oi    -(v2Jx7x cos(^>x - - + arctanax)) 

where (• • ■) means average over phase space distribution. 
These first moments rely on the integral: 

|»00 y»27T 

{y/2Txcos{<l>x + <po)) =     dJxdJy    d<j)xd(j)y 
Jo Jo 

p{Jx,<t>x,Jy,<l>y)\/ZJxW>s{(l>x+<l>o) 

= kx,/e^Äsm(2Tru°n + A4> + fa) (10) 

where 

Ä   = 

A<£   = 

1+<>S 

y      x 
2   1+0 

+ 2arctan#x + 

i + ox 

k2
x  ex 

2 1 + 61 
k2   a 
_V.       xy      -L arrtan 0 
2 l + ^+arCtan^ (11) 

and 6x = 2itaxexn, 6xy = 27raX2/€j/n. 
In summary, we obtained the centroid motion of a kicked 

beam in uncoupled 4D transverse phase space as: 

(x)    ~    kxax Äsin(27ri/°n + A<£) (12) 

(pa,)    ~    kx(Tx>Äcos(2nu^.n + A<^ +arctanax) 

Obviously, similar results hold for (y) and (j>y). Compar- 
ing this to the 2D result in Ref. [1,5], there are extra contri- 
butions to the decoherence factor A and phase shift A<j> due 
to the new transverse degree of freedom and nonlinear cou- 
pling, even when the beam was kicked in one plane only. 
These modifications are particularly important when con- 
sidering beam decoherence in the vertical plane, because 
the horizontal emittance is usually much larger than the 
vertical one. The effect of non-zero a is also included in 
Eq. (12) explicitly. For kicks other than the one we have 
used, the phase and amplitude need to be adjusted to sat- 
isfy the initial condition as for a single particle. 

3   BEAM SIZE AND EMITTANCE 

For many applications, it would be important to know the 
rms emittance and other second order beam moments as the 
beam decoheres. The calculation of these moments rely on 
the following two integrals: 

2 xt2        /-OO 

(Jx) 
i     *i+£ r 

=     e      »      / 
£x£y Jo 

f 
Jo 

dJxJxe  ^Io(\l—-kx) 

' _i_    , 2Jy    ,. 
dJye   «»J0(« hr-ky) 

ex(l + lk2
x) (13) 

and 

(Jx cos(2^x 4- <t>o)) 

— e T*        dJye  «»J0(J-^ky) 
xCy Jo y   ev 

I 
Jo 

dJx Jxe  ~£ I2{\ —- kx) cos[47r^xn + 4>o\ 

kl 
= -ex"^-Äcos{A-KU°n + A0 + <£o) 

where Io and h are modified Bessel functions, 

(14) 

A   = 
[1 + (20x)2]3/2 

k%     (2g,,)2 

e       2    l + (2»x)2 

A0        = 

I ky (20Xy) 

C       2    1+(M.,)' 

v/1 + (20X3/)
2 

füW+3arctM29l + 

fIOT+arctan2*- (15) 
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Using Eqs. (13)&(14) we obtain: 

<z2) 

= ßx((Jx) + (JxCOS2(j>x)) 

(16) 

= o~ l + =;kl- -Agicos(4m£n + Aft 

(17) tä) 
= 7x ((^x> - (Jx cos(2<t>x + 2 arctanax))) 

-k%.Ä cos(47ri/°n + A0 + 2 arctanax) 

<xpx) (18) 

= -ax(Jx) - y/ßxjx (Jx cos(2</> - 2 + arctanc0) 

fc2 

= -axex(l + y) + 

-f- sJßxlxk\Ä sin(47ri/°n + A<£ + arctan a) 

From the first and second order moments, it is easy to get 
the rms values, such as 

ax
ms(n) 

= V(x»> - <z>2 

= *« (l + ^(1 - Ä2) + %Ä2 cos(47r^n + 2A0) 

-Acos(47ri/°n + A(^)]} (19) 

The rms emittance becomes: 

e™(n) 

5 M(X - xf} {{px - px)
2} - ((x - X) (px - px)f 

= exil + fc2(l - Ä2) + M [l _ 2Ä2 - i2+ 

2A2icos(2A0-A^)||   2     (20) 

~ exy]\ + 2kx9x + *J(1 + fc2)02
v + 0(0*) 

where fcx  =  ^/^ and ky  =  y^. Since both 

A and A decay to 0 as the time increases, it is obvious 
that ex

ms -+ ex(l + §fc2) = (Jx). Note that this is the 
limit without radiation damping. The beam will finally be 
damped into the equilibrium state of emittance ex. The rms 
emittance of Eq. (20) has a very interesting property: it 
does not depend on the linear tunes vx and v°. The Taylor 
expended expression is good for a relatively small number 
of turns after the kick, where 8 oc n is small. By switching 
the subscripts, all expressions apply to the vertical plane as 
well. 
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Abstract 

We present the parameters of an e+e- collider sized for the 
tunnel of a 50 + 50 TeV superferric hadron collider[l]. 
Assuming a diameter of 170 km and a maximum radiated 
power of 100 MW, this collider should have a maximum 
energy of 500 - 600 GeV (cm.) and should be able to 
produce a luminosity L = 0.9.1033 cm-2sec-l at a center 
of mass energy of 360 GeV, (somewhat less at higher or 
lower energies) which would make it useful for producing 
top quarks or light Higgs bosons. Design problems 
include the very low field magnets, synchrotron radiation 
power, beam stability, and heat removal systems. 
Preliminary magnet, vacuum chamber and cooling designs 
are presented along with possible construction techniques, 
and some costing algorithms. We also consider an ep 
collider with 70 GeV electrons and 5 TeV protons as an 
injector. 

1 PARAMETERS 

We have considered an e+e" collider[2] located in the 
tunnel of a 50 + 50 TeV hadron collider, which could 
operate at energies sufficient to study e+e" -» tt and light 
Higgs production[3]. If this facility was operated as an ep 
collider, a cm. energy of Vs = 7 TeV could be reached. 

The most important parameters of a tt factory 
operating at a beam energy of 180 GeV are shown in 
Table I. A complete parameter set is on the WWW[4]. 
We assume a total RF generator power available at the 
cavity windows of 100 MW, and a superconducting RF 
system similar to that of LEP operated at a gradient of 5 
MV/m. We assume that the collider consists either of a 
single ring, operated with pretzels and parasitic beam- 
beam collisions every quarter betatron wavelength, and 
have adapted phase advance, arc tune Q and number of 
bunches k accordingly, or of two rings. Wiggler magnets 
are used to make the horizontal emittance a factor of 10 
higher than its equilibrium value without wigglers. The 
advantage is a smaller value of the synchrotron tune, the 
disadvantages are a smaller dispersion in the arcs, a 
possibly smaller dynamic aperture and a larger momentum 
spread in the beam. We have not checked that the 
dynamic aperture is large enough. 

We assume that the aperture is filled and that the 
beam power limit is reached at a beam energy of 180 
GeV. If we control the beam size such as to remain at the 

beam-beam limit over a range of energies, the luminosity 
is proportional to £2 for E < 180 GeV, and proportional 
to Er^ for E > 180 GeV. We increase the phase advance of 
the arc cells in steps from rc/8 at 100 GeV to nil at 250 
GeV. In order to satisfy the pretzel condition, all phase 
advances are integral fractions of n/2. We assume that 
wiggler magnets, installed in wiggler insertions where H 
has four times the arc value, are used to make the 
horizontal emittance a factor of ten larger than its 
equilibrium value without wigglers. Table II shows the 
proposed variation of phase advances and wiggler 
excitation. At energies below 250 GeV, the desired beam 
size can often be reached by more than one combination 
of phase advance iillit&nA emittance increase Fz. In Table 
II, we favor higher values of yJln and F£ in order to 
restrict the variation of the synchrotron tune Qs with the 
energy E. It is indeed possible to achieve the strong 
variation of the beam radii with E by adjusting the phase 
advance in steps and using emittance wigglers. 

Table I: The Parameters of a Very Large Lepton Collider 

Beam energy E /GeV 
Circumference C /m 
Luminosity L /cm~2s~* 
Beam-beam tune shift ijjx = <jjy 

Beta functions at IP ßx* : ßy * /m 
Beam emittances £% : £, /nm 
Beam radii at IP <7X* : ay* /^m 
Bunch population N 
Total current / beam /b /mA 
Number of bunches /beam k 
Bending radius p /m 
Injection Energy 2sjn: / GeV 
Dipole fields Bmax : Bm: /mT 
Phase advance / cell ß /2K 

Arc tune Q 
Cell Length Lp /m 
Beta functions in arcs /Jmax : /Jmjn /m 
Beam radii cxY Oy /mm 
Synchrotron radiation loss Us /MeV 
Aperture radii Ax : Ay /mm for 10a 
Center of mass energy spread o^ /GeV 
RF voltage VRF /MV 
Total generator power P„ /MW  

180 
531000 

9.15E+32 
0.03 

1.0 : 0.05 
32.5 : 1.7 
180 : 9.01 
8.04E+11 

37.2 
512 

72628 
50 

8.3 : 2.3 
0.125 

258 
249 

488 : 218 
4.3 : 2.8 

1376 
53:38 

0.26 
1616 

102 

0-7803-4376-X/98/$10.00© 1998 EEEE 363 



Luminosity L/nb'V1 

1.0 

0.1   ■: 

0.01 
1000 200 500 

Beam Energy E/GcV 
Figure 1, The energy dependence of the luminosity 

The aperture limited luminosity is given by the 
expression La=7tfkl;CFx*Cy*'ft/re

2ßy*, where the revolu- 
tion frequency/ °= 1/p, and the number of bunches k « p 
if the bunch spacing is fixed by the hardware required to 
separate the beams, thus La is independent of p. If power 
limited, LP = (3/l6K)^pP/re

2Eeßy*^, where Es is the 
rest mass of the electron and re its radius[2]. The 
maximum luminosity occurs when La = Lp, and this 
energy, £max, is proportional to p1/5. Thus the specific 
dimensions of the tunnel only weakly affect the operating 
parameters. 

The energy resolution of the collider, o^ -0.26 GeV, 
in the center of mass at the tt, would be useful for high 
resolution studies of threshold behavior and may be better 
than other collider options. 

The polarization time is about 19 hours at 180 GeV, 
and comparable to the typical duration of a physics fill. 
The tolerance on the closed orbit harmonic at the spin 
tune is very tight, even with Siberian snakes. Therefore, 
no useful degree of polarization is expected. 

The requirements that all three degrees of freedom are 
damped by synchrotron radiation imposes constraints on 
the length of all quadrupoles, as does nonlinear radiation 
damping [3]. 

Table II. Luminosity L, proposed phase advances 
ß/2n in the arc cells, emittance increase factors F£ 

with wiggler magnets and circumferential RF voltage 
V as functions of the beam energy E, (L, I and V are 
evaluated at the lower end of the energy range). 

£7GeV L/nb-is -1 n/2n 7/mA FP    V /GV 
100->136 0.28 0.0625 21 4-»2.2  0.2 
136-» 180 0.52 0.0833 29 5.2->3   0.7 
180-^250 0.92 0.125 39 10->1    1.8 
250->335 0.34 0.25 10 8->l    5.3 

2. RF SYSTEM 

Table II also shows the total current in one beam /, 
the luminosity L, and the total circumferential RF voltage 
V as a function of energy. The total RF generator power at 
the cavity windows increases proportional to E? up to 180 
GeV. There it reaches 100 MW, and remains at that value 

for higher energies by design, although the required 
voltage continues to rise as E^. Above 250 GeV, the RF 
voltage and the length of the RF system, assuming ~6 
MV/m, become absurd. 

Current technology limits input power to super- 
conducting cavities to about 500 kW. Using a very 
reasonable gradient of 6 MV/m in a superconducting cell 
with 0.425 m active length, operating at a synchronous 
angle of 31.6° and matched at 160 mA beam loading 
gives 3 cells per cavity for 588 kW input power. 
Klystrons providing 1.7 MW at 350 MHz determine 3 
cavities per klystron and 70 klystrons for 1.4 GV 
synchrotron loss. This system should benefit from 
expected improvements in RF coupler and window 
technology, superconducting gradients and klystron power. 

Instabilities related to higher order monopole and 
multipole modes can be managed by aggressive higher 
order mode damping techniques, which are available. 
Coupled bunch longitudinal instabilities, exacerbated by 
cavity detuning being comparable to the revolution 
frequency are a concern. 

3 MAGNET ISSUES 

Since the maximum dipole field required is only 23 
mT even for 500 GeV, one could use thin steel 
laminations separated by large nonmagnetic spacers, as in 
LEP, and stabilized against thermal expansion with 
materials like invar. Error fields should be on the order of 
4 x 10"4 of the dipole fields, and the earth's field is on the 
order of 0.05 mT, thus it will be necessary to carefully 
shield this field from the beam, particularly at injection 
when the dipole field is -2.3 mT, (assuming E-lQi = 50 
GeV). If the electron ring was used in combination with 
the hadron ring for e/p collisions, even larger fields from 
the superferric magnet and return current must be shielded. 

AB/B 

0.1 

0.01 

0.001 

0.0001 

0.00001 

Bext 

Desired at 
injection ////! 

—4- 

-3.0 1.0 -2.0 -1.0 0.0 

Distance into magnet / gap 
Figure 2, Measured error fields after degaussing, with 

parametrizations of Brown and Spencer. AB/B = (measured 
field) / (field at injection), which is equivalent to the 
measured field in mT. The hatched line shows level of 
residual fields. 

In order to evaluate experimentally the degree of 
shielding one would expect from the normal magnet yoke 
itself we constructed a prototype of a C magnet from 
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0.025" laminations spaced by 0.25". This prototype is 
0.2 m long and made from magnet laminations cut and 
glued to make a C magnet with a gap height of 3.81 cm. 
Measurements were made with a Bartington MAG-01 
single axis fluxgate magnetometer. The magnet was 
degaussed by exciting it at 60 Hz, with slowly 
decreasing amplitude from 700 A-turns to zero. The 
results are shown in Figure 2, above, compared with 
Brown and Spencer[5]. 

Since the total mass of iron required is ~ 20 kg/m 
the magnet will rely on an external support structure 
against mechanical motion and thermal expansion. 
Possible component dimensions are shown in Figure 3. 

0 10 20 30 cm 
Fig 2. Dipole yoke, 4 conductors and vacuum chamber 

4 VACUUM ISSUES 

The vacuum system is defined by the comparatively 
small amount of photoproduced gas per unit length, and 
the large radius of the ring, which makes the vacuum 
chamber effectively straight between discrete absorbers. 
The average photodesorption of gas per meter by 
synchrotron light is given by Qg3&lm=24.2EIr]l2nR [6], 
where ögas is the gas load in Torr-L/s, and T] is the 
photodesorption coefficient, roughly 10"^- 10"6. At 180 
GeV a pressure of 10"9 Torr could be reached with an 
average pumping speed of ~ 2 Ls'W1. 

We consider a vacuum chamber with a beam channel 
and a antechannel containing NEG strips, discrete absor- 
bers and ion pumps. The slot impedance is a concern for 
beam stability. OFHC copper absorbers 0.6m long 
protruding into the antechannel would protect the vacuum 
chamber from synchrotron radiation. With discrete 
absorbers the gas load and ionizing radiation would be 
localized and handled more efficiently. Each absorber 
would intercept 19 kW of power with a surface 
temperature rise of 150 °C. Bulk water temperature rise 
in the absorber with 4 gpm of water flow would be 18 
°C. 

Since the machine would be far underground and 
distances would be large, we have considered sinking the 
200 W/m of synchrotron power directly into the rock by 
taking the cooling water from the synchrotron absorbers 
through an array of pipes extending from the tunnel. 

Since the conductivity of rock is low but the specific heat 
is high, heat tends to be absorbed rather than conducted 
away. The required power can be absorbed by an array of 
pipes extending on the order of 3 m in one direction from 
the tunnel, water in the rock would help heat conduction. 

We anticipate sharing a ~3 m diameter tunnel with 
the hadron collider magnets and a two way railroad, with 
access points to the surface located far apart. 

5 COST MINIMIZATION 

The cost of the facility is expected to be dominated by 
the cost of the tunnel, magnet/vacuum systems and RF. 
Tunnel costs have been estimated at 1000 $/m from a 
number of sources[l]. Bending magnet costs for a system 
of length / should roughly scale like Bl <* Bp <*E for a 
given magnet cross section, however the very low dipole 
field permits the use of more compact coil structures 
which should permit a considerably smaller and lighter 
stamping than that used in LEP. The RF cost has been 
roughly estimated at <0.25 $/V, although R&D directed at 
producing higher gradients could perhaps reduce this. 

6 THE INJECTOR: AN ep COLLIDER 

The injector for the hadron and e+e" colliders would be 
a proton ring of 3-5 TeV and an electron ring, both with a 
circumference of 15 - 30 km. If the >1.8 GV, 100 MW if 
system for the e+e" collider were installed in the injector 
ring, an energy Ee ~ 80-100 GeV might be obtained. Use 
of these rings as an ep collider would thus be possible up 
to Vs -1000 - 1350 GeV. The power to the vacuum 
chamber, Pav ~8 W/mm, can be cooled with simple water 
channels on the outside circumference. 

7 CONCLUSIONS 

An e+e" collider could be added to a 50+50 TeV low 
field hadron facility permitting high energy lepton physics 
as well as ep physics in an integrated facility. 
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TRANSVERSE POLARIZATION BEYOND THE Z ENERGY AT LEP 

A. Blondel, M. Böge, E. Bravin, B. Dehning, M. Placidi, F. Tecker, J. Wenninger 
CERN 

Abstract 

Experimental results on transverse polarization obtained at 
LEP at a beam energy of 50 GeV are shown. The ap- 
plication of the refined orbit correction procedure known 
as Harmonic Spin Matching, implemented to compen- 
sate for depolarizing effects originating from orbit errors 
and misalignments of the machine elements, is described. 
Prospects and plans to improve the transverse polarization 
level at higher energies to extend the range of application 
of the direct and precise calibration with resonant depolar- 
ization are reported. 

1   MOTIVATION 

At LEP II the W mass should be determined with a accu- 
racy which is 5 to 6 times smaller as the present valuefl]. 
To reach this aim the beam energy has to be known with 
an accuracy of 15 MeV[l]. The energy calibrations at LEP 
I were based on the technique of resonant depolarization 
which is not directly applicable at the LEP II beam ener- 
gies of about 90 GeV. Energy calibrations with the tech- 
nique of resonant depolarization will be done at lower en- 
ergies and the results will be extrapolated to the LEP II 
beam energy. The extrapolation is based on magnetic field 
measurements. To ensure a low extrapolation error rela- 
tive comparisons of magnetic and the resonant depolariza- 
tion technique calibrations have to be done at several ener- 
gies. The error on the extrapolation will decrease with an 
increase of the difference between highest and lowest beam 
energy were this comparison could be performed. The low- 
est energy is given by the instruments for the magnetic field 
measurements and the highest energy by the level of polar- 
ization which allows a resonant depolarization calibration. 

2 POLARIZATION MEASUREMENTS ABOVE 
THE Z ENERGY 

It gets extremely difficult to achieve a reasonable level of 
polarization at energies well above the Z energy of 45 GeV 
(see Section 4). As a step towards higher energies where 
polarization can be used in order to perform an energy cali- 
bration this paper reports on a polarization measurement at 
50 GeV in November, 1996 (see Fig. 1). The measurement 
was performed during a dedicated machine development 
shift. The solenoids of the experiments were switched off 
in order to exclude the depolarizing effects introduced by 
their strong longitudinal fields. For the same reason the 
bunch train bumps which are used during luminosity oper- 
ation were deactived. After the application of deterministic 
and empirical HSM (see Section 5.1) the polarization went 
up to «11%. 

An attempt to measure polarization at an even higher 
energy around 55.3 GeV lead to a measured polarization 
of about 2%. This turned out to be not sufficient for the 
present polarimeter to perform a proper energy calibration. 

4:00 4:20 
day time [h] 

4:40 

Figure 1: Polarization Measurement at 50 GeV. The rise- 
time fit confirms «11% polarization measured by the LEP 
polarimeter. 

3   POLARIZATION IN ELECTRON STORAGE 
RINGS 

The centre of mass spin motion in electric and magnetic 
field is governed by the Thomas-BMT[2][3] equation: 

ds 
dl 

Q, x s, 

where Q(B, E, 7) is a function of the fields and energy. 6 
is the azimuthal coordinate. 

In a flat ring with the conditions B \\ ez, E = 0 and 
after transformation to a frame which is circulating with 
the beam, Q, becomes: 

o      e^  R 

crwy 2w 

where the first part is the relativistic cyclotron frequency, 
R the circumference of the ring and 07 the spin tune, a 
denotes the electron anomalous g factor. 

The emission of synchrotron radiation in an electron 
storage ring can cause spin flip from up to down and vice 
versa. An asymmetry in the emission rates leads to an ex- 
ponential polarization buildup with time antiparallel to the 
direction of the bending field: 

P(t) = Poo(l-expH/Tp]),    T, -^7* f? de 
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with p = modulus of bending radius, the equilibrium po- 
larization Poo = 92.4% for a flat ring and the character- 
istic buildup time TP = 360 min for a ring like LEP at 
44.74 GeV. The rise time decreases with the 5th power 
of the energy. So far depolarizing effects have been ne- 
glected. Due to the stochastic change of momentum by 
photon emission betatron oscillations are excited. Espe- 
cially in the quadrupoles this leads to additional fields seen 
by the particle which can act on the spin. As a result spin 
diffusion and hence depolarization is introduced. This dif- 
fusion process is particularly strong when the precession 
of the spins is synchronous with orbital and energy oscilla- 
tions, i.e., when the spin resonance condition: 

aj = m + mxQx + myQy + msQs 

is fulfilled, where Qx,Qy,Qs are the horizontal, vertical 
and synchrotron tunes, m and mx<y>3 are integers. 

Under the presence of these depolarizing effects the 
reachable equilibrium polarization P is given by: 

P = 
i + (V^XM2) (i) 

where Td denotes the characteristic time of the depolariza- 
tion process and Tp/rd depends quadratically on the beam 
energy in linear approximation. Figure 2 visualizes P as a 
function of the spin tune 07. 
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4   LIMITATIONS OF POLARIZATION AT HIGH 
ENERGIES 

Synchrotron oscillations with large amplitudes cause a 
large frequency modulation of the spin tune 07. Similar 
to the mechanism of frequency modulation in RF waves, 
synchrotron sidebands appear in the spectrum of the spin 
motion. This leads to sidebands to the linear spin reso- 
nances. On the basis of a formalism introduced by Buon[6] 
and S. Mane[7] the strength of the sidebands can be quan- 
tified. The relevant parameter is the modulation index: 

a = 
\   Qs )*• 

(2) 

The sideband strengths only depend on the strength of the 
parent resonances and on powers of a. For rings with large 
energy spreads like 

LEP with an relative energy spread ae ~ 6.5 x 10"4 

at 44.7 GeV and with Qs = 0.06 the sideband resonances 
are strong up to high order (a =1.2). Figure 3 visualizes 
the rapid change of a with energy for 3 different values 
of Qs. It should be noted that a nearly doubles between 
from 44.7 (orplOl.5) to 50 GeV (07=113.5). The most 
appropriate way to fight these sidebands is the weakening 
of the driving linear resonances which can be performed 
using the method of Harmonic Spin Matching. 

x 
•8 a 
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"8 

"1       Qs=0.0588 fr/17)    ' H 
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Figure 3: Modulation index a as a function of the spin tune 
aj for three different synchrotron tunes. 

Figure 2: Equilibrium polarization P as a function of the 
spin tune 07. 

METHODS TO RESTORE POLARIZATION AT 
HIGH ENERGIES 

At high energy and large energy spread not only the first     5-1   Harmonic Spin Matching 
order resonances (\mx\ + \my\ + \ms\ = 1) are impor- 
tant. The synchrotron sidebands (07 = Qx,y,s + msQs) 
are getting strong and becoming the main limitation of po- 
larization at high energies (see Section 4). 

The spin diffusion can be controlled by a proper align- 
ment of the ring elements (especially the quadrupoles) and 
with a special orbit correction scheme which minimizes the 
coupling between the orbital and spin motion for a given 
(but unknown) error distribution of the magnets (see Sec- 
tion 5.1). 

The spin motion can be highly perturbed when the spin pre- 
cession is in phase with energy (synchrotron) and betatron 
oscillations, in particular for harmonics of the perturbed or- 
bit close to the actual spin tune. Suggested in 1985[4], Har- 
monic Spin Matching (HSM) is a method to minimize the 
spurious tilt of the spin precession axis by compensating 
the harmonics of the Fourier expansion of the orbit close 
to a specific value of the spin tune. The method relies on 
a lengthy procedure for the correction of the orbits, made 
difficult from the tiny entities of the corrections required, 
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only monitored by the observation of the effects on the po- 
larization itself (Empirical HSM). 

The HSM implementation described in[5] was intended 
to reduce the drawback caused by the very long polariza- 
tion time in LEP («360 min at 44.7 GeV) and consisted 
in deriving the amplitude of the correcting bumps for the 
harmonics of interest directly from the beam position in- 
formation (Deterministic HSM). 

In 1993 the application of this method lead to an im- 
provement of the polarization from «15%) to more than 
40% [5]. Starting from this level the correcting harmonic 
amplitudes were varied in steps while recording the polar- 
ization level to search for an optimum. The experiment, 
performed at a spin tune 07 = 101.5 corresponding to 
an energy of 44.7 GeV resulted in a polarization level of 
(57±3)%. 

At higher energies with much lower equilibrium polar- 
ization (see Fig. 4) one has to improve on the Deterministic 
HSM just described in order to get near to the polariza- 
tion maximum. Without any good initial guess it would 
be very difficult to optimize polarization using Empirical 
HSM. In fact one can improve on it by applying a "Beam 
Based Alignment" technique. 

:? 7 

c o 
""S .N 

o 
Q. 

6   CONCLUSIONS 

A measured polarization of «11% at 50 GeV has been re- 
ported. The main aim of the forthcoming studies will be 
to increase the maximum energy were polarization can be 
observed in order to reduce the energy extrapolation error 
at 90 GeV. Beam Based Alignment in combination with 
Deterministic and Empirical HSM will be used to correct 
the orbit properly. There are as well ongoing studies on a 
new dedicated polarization optics which will provide better 
starting conditions for polarization. 
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Figure 4: Estimate of the reachable polarization level at 
55.3 GeV involving linear spin resonances plus their syn- 
chrotron sidebands derived from [8]. 

5.2   Beam Based Alignment 

The technique described in[9] determines the offset be- 
tween the magnetic axis of a quadrupole and its adjacent 
beam position monitor. The gradient of the magnet is mod- 
ulated with low frequencies (a few Hz) and very small am- 
plitudes and the effect on the beam is observed with a high 
sensitivity pickup. The observed movement of the orbit is 
minimal when the beam goes through the magnetic cen- 
tre of the quadrupole. It is shown that the knowledge of 
these offsets together with the quadrupole alignment data 
brings the Deterministic HSM very near (80%) to the max- 
imum polarization level which can be achieved with Empir- 
ical HSM. Following this argument it was recently decided 
to equip all vertically focussing quadrupoles in the arcs of 
LEP with the necessary hardware. 
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TRAPPED MODES IN CESR SLIDING JOINTS 

E. B. Anderson and J. Rogers 
Laboratory of Nuclear Studies, Cornell University, Ithaca, NY 

Abstract 

Trapped modes in the sliding joints in CESR were in- 
vestigated as a possible source of instabilities. To detect 
these modes, experiments were performed where pairs of 
bunches of positrons were run through at various spacings. 
It was hoped that constructive and destructive interference 
of wake fields would produce varying amounts of heating. 
Data taking was time consuming, and insufficient numbers 
of data points could be taken to fit to the wake fields. To 
help solve this, the frequency of the mode was measured 
on the bench. A single trapped mode and its profile were 
observed. The trapped mode has a frequency of 3.59 GHz, 
just below the TM cutoff of the beampipe. Measurements 
of the mode were used to predict a shunt impedance of 
4.9 ohms. The corresponding loss factor is slightly higher 
than the total loss factor found in previous time domain 
measurements[6]. The program ZAP[8] was used to pre- 
dict an instability threshold of about 2.1 A. 

1   INTRODUCTION 

A section of waveguide, like a beampipe, has a cutoff fre- 
quency below which modes cannot propagate down the 
guide. If there is an enlargement in part of the guide, 
a mode can exist there that is unable to propagate in ei- 
ther direction down the waveguide. This "trapped" mode 
will have a frequency just below the cutoff frequency of 
the guide if the perturbation is small. The frequencies of 
trapped modes have been estimated analytically[l, 2]. In 
this paper, the clear observation of a trapped mode in a 
CESR sliding joint is described and the consequences to 
the machine investigated. 

2   TWO BUNCH TESTS 

In order to search for trapped modes in the sliding joints, 
a single beam, two-bunch test was undertaken[3]. The first 
bunch would excite any trapped modes. The second would 
pass through the fields six to twenty-eight nanoseconds 
later. This would create varying amounts of heating de- 
pending on the phase of the trapped mode when the second 
bunch passed. Because the time constant for the heating of 
the sliding joints was around ten minutes, waiting for the 
temperature to stabilize was time consuming, and only a 
limited number of data points could be taken. 

Because the bunch measurements were made in terms 
of temperature, a calibration was made to relate the energy 
lost in the sliding joints to the temperature differences ob- 
served. A resistor was lowered into an unused cooling pipe 
hole on the sliding joint and surrounded by thermally con- 

ductive grease. With no current in the accelerator, known 
currents could be passed through the resistor at a known 
voltage. 

The data from the two bunch tests did not appear to rep- 
resent a single mode in the joints, but there was insufficient 
data to fit two modes to the small number of data points. In 
order to fit this data, an attempt was made to measure the 
frequency of any trapped modes by making bench tests. 

3   BENCH TESTS 

In previous experiments[4], two apparently trapped TMoi 
type modes were observed. A Slater perturbation 
method[5] was used to determine the field profiles of the 
modes. The results suggested that these peaks were actu- 
ally the first and second order cavity modes produced by 
end plates used to terminate the ends of the sliding joint. 

The problem of differentiating cavity and trapped modes 
was then addressed. It was important to be able to separate 
out the cavity modes, while also terminating the ends of 
the cavity to clean up the measurement. Sliding electrical 
shorts were constructed that could be moved freely along 
the inside of the beampipe. Indium was used between the 
sliding joint and the beampipe sections in order to improve 
the conduction at the joints. 

The length of the cavity could now be quickly and easily 
changed. Changing the length caused the cavity modes to 
move, but any trapped mode would maintain the same fre- 
quency. By using this method, an unshifting peak was spot- 
ted at 3.5977 GHZ, just below the TM cut-off frequency. In 
order to establish if this was a trapped mode, the profile was 
measured using a Slater perturbation method[5] identical to 
the one used above. The profile observed, shown in Fig. 2, 
had the characteristic shape of a trapped mode located near 
the center of the sliding joint. The Q value for the mea- 
sure mode was at least 1800, and rose close to 2000 when 
the contact between the beampipe sections was particularly 
good. Because the actual extensions of the sliding joints 
in the accelerator varies appreciably, the frequency of the 
mode was measured as a function of the separation of the 
bellows plates. The original data was taken with a separa- 
tion between the bellows plates of 0.83 inches. It can be 
seen in Fig. 3 that the frequency changes over an approx- 
imately 50 MHz range. Notice that the full width at half 
maximum of an individual peak is about 1.8 MHz, so the 
separations must be fairly close for the modes in the differ- 
ent sliding joints to interact. 
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Figure 1: The diagram above shows the brass end plate used in the early bench measurements along with the beampipe 
section and sliding short used in the later measurements. They are shown together for space and comparison reasons: the 
sliding short was never used with the brass end plate. 
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Figure 2: The plot above shows the relative electric field 
strength of the mode as a function of position. 

4   CALCULATION AND COMPARISON 

Attempts were made to use the frequency measured above 
and make a fit to the two bunch test data. The calibra- 
tion done above had already indicated that the tempera- 
ture variations expected would be on the order of a degree. 
Attempts to fit to individual joints seemed dominated by 
noise, so an average was taken over all of the joints in the 
machine. There seemed to be a consistent change in tem- 
perature between data points. Unfortunately, the fits clearly 
indicated a very non-physical result for the heating. When 
the fits were extrapolated to zero bunch spacing, the heating 
was not a maximum, in fact, it appeared to be near a min- 
imum, which is clearly nonsensical. It seemed clear from 
the pattern of the points, and the non-physical nature of 
the fits that could be made, that current variation probably 
dominated any temperature effect that could be measured. 

Knowledge of the relative field profile and the frequency 
of the mode allowed the calculation of the transit time fac- 
tor for the mode. The value for this factor was 0.787. 

Previous bench measurements[6] had determined an ap- 
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Figure 3: The frequency of the trapped mode changed as 
a function of the extension of the sliding joint. This is im- 
portant since the extension of the joints vary greatly around 
the accelerator. 

proximate total loss factor for the sliding joint of 3.9xl0-3 

(V/pC) at a bunch length of 1.8 cm. The loss factor due 
to the trapped mode should depend on bunch length in a 
Gaussian fashion as shown in Fig. 4. Information about 
the trapped mode was used to determine its contribution 
to the total loss factor of the sliding joint. The field con- 
figuration in the sliding joint was estimated by using the 
transverse dependence of the calculated fields of the lowest 
order TM mode[7] and the longitudinal profile measured 
above. This field configuration was used to calculate the 
stored energy in the mode and, thus, the shunt impedance 
of the mode. This calculation gave a shunt impedance 
(R/Q) of 4.9 ohms. This impedance relates to a loss fac- 
tor of 4.2xl0-3 (V/pC) for the trapped mode in the slid- 
ing joint at a bunch length of 1.8 cm. Note that this value 
is higher than the measured value for the total loss factor, 
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Figure 4: The loss factor due to the trapped mode should 
depend on bunch length in a Gaussian fashion, as shown 
above. 

which includes all of the modes in the joint. In any case, 
the high value of the loss factor for the mode suggests that 
the trapped mode is the dominant source of impedance in 
the sliding joint. 

Analytical estimates of the trapped mode[10] predicted 
that the mode would be found 21 MHz below the cutoff 
frequency compared to an experimentally measured differ- 
ence of about 80 MHz. The predicted shunt impedance was 
lower, only about 2.1 ohms. 

Under normal operating conditions, the loss factor above 
relates to about 80 eV lost per sliding joint per electron. 
Because there are one hundred sliding joints in the ring, 
the total energy loss would be 8 keV per revolution. 

The program ZAP[8] was now used to estimate the ef- 
fects of the trapped mode on beam stability. The program 
could not deal with the large number of actual sliding joints 
in CESR. First, as a very rough measure, a simulation was 
done with a single mode with one hundred times the pre- 
dicted impedance. This rough test came up with all sta- 
ble modes under normal operating currents, and an insta- 
bility did not occur until a current of 2.13 A was used. 
Next, twenty sliding joints were used, with each having five 
times the impedance of a single joint. In this test, the there 
were some Landau damped modes over the entire reason- 
able current range. Unstable modes appeared at currents of 
2.17 A, a value well above current operating conditions. 

For tests where more than one mode was used, the fre- 
quencies of the sliding joint modes were not assumed to be 
the same. The distribution of sliding joint extensions in the 
ring had been sampled previously [9]. Of the hundred slid- 
ing joints in the accelerator, the extensions of 31 had been 
measured. To determine the extension of a random joint, 
a measured value was selected at random. The extensions 
were measured to the nearest thirty-second of an inch, but 
were only measured at one point around the rim of the bel- 
lows plates, so significant error was possible. To simulate 
this uncertainty, a Gaussian deviate of one thirty-second 
of an inch was added to the randomly selected measured 

value. Using the measurement discussed above, the exten- 
sion was translated into a frequency for the trapped mode. 

5   CONCLUSION 

Trapped modes in the sliding joints were studied to see if 
they might eventually place a limit on the beam current. 
Machine studies generated interesting data, but data collec- 
tion was too time consuming for the number of unknowns 
involved. Attempts to measure the frequencies using a net- 
work analyzer shed doubt on earlier measurements of the 
mode frequencies, but indicated a trapped mode in the slid- 
ing joint at about 3.60 GHz with a Q factor of about 2000. 
The mode observed predicted a loss factor of 4.2xl0-3 

(V/pC) due to the trapped mode. The loss factor is slightly 
higher than expected from earlier measurements, but in- 
dicates the importance of the trapped mode in the overall 
impedance of the structure. 
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1    INTRODUCTION 

The Cornell Electron Storage Ring operates with trains 
of bunches that collide with a horizontal crossing angle 
of ±2.1 mrad. CESR has achieved a peak luminosity of 
4.1 x 1032 cm-2s_1 with a total current of 320 mA and 
nine two-bunch trains in each beam. The beam-beam tune 
shift parameter saturates at £„ ~0.04 The current depen- 
dence of luminosity and tune shift parameter are shown in 
Fig. 1 During the 1996 calender year a total of 2.69 fb_1 

was delivered to the CLEO experiment at center of mass 
energies on or near the T4S resonance, 5.3 GeV/beam. In 
February 1997, our most recent full month of operation, we 
logged 443 pb_1. Total current is limited by a multibunch 
londitudinal instability generated by parasitic modes in the 
RF accelerating cavities. 
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Figure 1: Luminosity and beam-beam tune shift parame- 
ter at 5.3 GeV with nine two-bunch trains in each beam. 
Bunches within each train are 42 ns apart. 

2   OPTICS 

During an extended shutdown in 1995 to install a silicon 
vertex detector in the CLEO detector, the interaction re- 
gion optics were modified to increase the effective aper- 

ture for the crossing angle trajectories. Maximum excur- 
sion of the separated orbits occurs in the horizontally fo- 
cusing interaction region quadrupole. By moving the hori- 
zontally focusing quadrupole nearer to the interacton point, 
the peak horizontal ß is reduced from 100 m to 70 m. In 
addition, we increased the physical horizontal half aperture 
from 70 mm to 82 mm. (At the interaction point ß*=18 mm 
and /Ö*=l.l m.) With this modification, the limiting aper- 
ture is shifted to the diametrically opposite point of the ma- 
chine. The increased aperture reduces the sensitivity of the 
detector to particles lost during the injection process and 
to background associated with colliding beams. The in- 
teraction region optics will be modified again when super- 
conducting quadrupoles are installed next year in Phase III 
of the luminosity upgrade, /^-functions as they exist today 
(Phase II) and as modified for Phase III are shown in Fig. 2. 

Phase II 

" Work supported by the National Science Foundation 

2 3 4 5 6 7 8 
distance from IP (m) 

Figure 2: Upper plot indicates optical funtions in IR based 
on 1.5 m long permanent magnet quadrupole(REC). With 
installation of superconducting quadrupoles (Ql and Q2) 
ß* is reduced to 10 mm and peak ß as parasitic crossings 
are reduced to 40 m. 

3    CROSSING ANGLE 

Four horizontal separators generate a differential closed or- 
bit distortion. The storage ring optics are symmetric with 
respect to the diameter that includes the interaction point. 
The separators are arranged in pairs about the symmetry 
axis with equal but opposite voltages. The differential or- 
bits are antisymmetric with ±2.1 mrad horizontal angle and 
zero displacement at the interaction point. The crossing an- 
gle provides for separation of the closely spaced bunches at 
the parasitic crossings near the interaction point. 

The quadrupole optics are designed so that the closed or- 
bits minimize the long range beam-beam interaction at the 
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multiple parasitic crossings in the machine arcs that arise 
with 9 trains of bunches. The number of trains is con- 
strained by the number of horizontal betatron wavelengths 
around the ring. The closed orbits are shown in Fig. 3. The 
horizontal tune is 10.52. 
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Figure 3: Electrostatically separated, crossing angle orbits 
can accomodate nine trains. Maximum train length is 56ns 
corresponding to 5 bunches per train spaced 14 ns apart. 
Tick marks indicate parasitic crossings that occur with 2 
bunches spaced 28 ns apart in each train. 

4   INJECTION 

Various modifications to the injector and storage ring dur- 
ing and subsequent to the 1995 shutdown have lead to im- 
provements in injection rates. 

In the linac the positron converter and pulsed solenoid 
assembly were replaced. Solenoid misalignment was elim- 
inated. Failed DC focusing solenoids located directly 
beyond the target were also replaced. Instrumentation 
was implemented to allow fine tuning of gun pulser de- 
lay for compensation of prebuncher loading[l]. A pair of 
quadrupoles in the synchrotron were relocated to reduce 
dispersion and increase energy aperture of the accelerator. 
Injector positron current has increased by a factor a five. 

Electrons are injected into CESR after the storage ring 
is filled with positrons. The electron bunch is injected in 
the horizontal plane executing betatron oscillations about 
the closed orbit of the stored electrons. In the reconfigured 
optics, the effective horizontal aperture in the interaction 
region is significantly increased. In addition, the closed 
orbits have been manipulated to increase the aperture in 
the arcs for the injected bunch, and to increase separation 
from the counter-rotating positrons at the parasitic crossing 
points. 

Filling rates are 45 mA/minute for positrons and 
90 mA/minute for electrons. Twelve bunches are accel- 
erated in each synchrotron cycle. Luminosity and current 
measured in a 24 hour period is shown in Fig. 4. The length 
of each run is 75 minutes. The time from the end of one run 
until the start of the next is 10 minutes. 

Figure 4: Luminosity and current for 5 February 1997. In- 
tegrated luminosity for the day was 2S.6pb~1. 

5   CURRENT LIMITS 

5.1   Collective effects 

Instabilities arise in CESR due to distributed ion pump 
leakage voltage and parasitic cavity modes. Photoelectrons 
are trapped in the electric field that leaks through the pump 
slots in the dipole magnets[2]. Trapped electrons resonate 
with the multiple bunch beams. The effect is dramatically 
reduced by operating the pumps at 2 kV rather than the 
nominal 7 kV. Pumping speed is essentially unaffected by 
the change in voltage. 

A broadband horizontal feedback system independently 
stabilizes bunches spaced as few as 14 ns apart via a 
stripline kicker. The horizontal feedback permits operation 
with chromaticity at or slightly less than zero. Dynamic 
aperture is greater with the weaker sextupoles. A vertical 
feedback system with similar capability is installed but not 
yet required in normal operation. 

At present total beam current is limited by a longitudinal 
instability[3]. The instability threshold is sensitive to spac- 
ing of bunches within the train. A consequence of our RF 
numerology is that bunches are necessarily spaced in mul- 
tiples of 14 ns. Allowed spacings for operation with nine, 
two-bunch trains include 14 ns, 28 ns, 42 ns, or 56 ns. The 
42 ns spacing yields the highest threshold for the instability 
of about 280 mA in a single beam. Additional dependence 
of the instability threshold on RF cavity temperature and 
orbits within the cavities indicates that higher order cavity 
modes are the relevant impedance. Calculations of insta- 
bility rise times, based on measured frequency and Q, and 
computed R/Q of cavity modes are consistent with depen- 
dence of thresholds on current and bunch spacing[4]. 
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We have implemented longitudinal feedback based on 
the signal processing and kicker of the horizontal feedback 
system. Finite dispersion in the kicker couples horizontal 
kick to longitudinal motion. The effective longitudinal kick 
is about 140 V. With the existing feedback the instability 
threshold is increased to a total current of about 330 mA. 
Work is continuing to improve the sensitivity of the pick- 
up to the longitudinal motion and to assemble an amplifier 
capable of producing a 1400 V kick. 

5.2 Parasitic long range beam-beam effect 

We anticipate increasing the number of bunches in each 
train from two to three as performance of the longitudinal 
feedback system permits. With 27 bunches in each beam 
there are 53 long range parasitic interactions of the coun- 
terrotating bunches. There is an observable dependence of 
various optical functions of one beam, on the current and 
spacing of bunches within the opposing beam[5]. We find 
that the long range effect can be compensated but that tun- 
ing for best luminosity is very different for single and mul- 
tiple bunch configurations. 

Measurements with a single high current positron beam 
of multiple bunches, and one or two noncolliding bunches 
of electrons indicate tolerance to nonlinearities of the para- 
sitic forces. We measure the lifetime of a single two-bunch 
train of electrons in the presence of 270 mA of 8 two-bunch 
trains of positrons as a function of total separation ampli- 
tude. The bunches of train one of electrons collide with 
none of the bunches in trains 2-8 of positrons at the in- 
teraction point. We find no effect on positron lifetime for 
separation amplitude of 70% of the maximum consistent 
with the machine aperture. The measured dependence of 
required separation as the fourth root of total current sug- 
gests an upper limit in excess of 500 mA/beam[6]. 

5.3 Electrostatic separators 

There are four horizontal and two vertical separators re- 
quired to separate the electrons and positrons at all of the 
parasitic crossing points. Vertical separators one half a 
vertical betatron wavelength apart displace beams at the 
crossing opposite the interaction point. Photoelectrons are 
produced in the synchrotron radiation absorbers. We ob- 
served instabilities due to the resulting photocurrents in the 
vertical separators. Permanent magnets were installed on 
the absorbers to trap the electrons [7]. The separator plates 
were biased by increasing the voltage on the negative plate 
and decreasing voltage on the positive plate to reduce pho- 
tocurrent from absorber to plates and the instability was 
eliminated. Although there is no evidence that the per- 
formance of the horizontal separators has suffered due to 
photoelectron emission, permanent magnets have been in- 
stalled on the absorbers and photocurrent has been reduced. 

6   UPGRADE STATUS 

Within the next two years, as part of the Phase HI upgrade, 
the CESR RF system and the interaction region optics will 

be replaced so that we can collide 500 mA/beam with nine 
trains of as many as five bunches. The four 5-cell room 
temperature RF cavities will be replaced with four single- 
cell superconducting cavities[8]. Each of the superconduct- 
ing cavities will be capable of coupling over 400 kW to the 
beam. Because of the large open geometry of the super- 
conducting cell, the high gradient and excellent damping of 
parasitic modes, the effective higher order mode impedance 
of the superconducting system is about 1/10 of the existing 
structures. We expect that the threshold for longitudinal in- 
stability to correspondingly increase. With processing and 
operating experience we anticipate attaining total acceler- 
ating voltage nearly double that of the existing installation. 

During the shutdown for upgrade of the CLEO detec- 
tor, the interaction region quadrupoles will be replaced 
with superconducting magnets[9]. The superconducting 
quadrupoles will be arranged in pairs. There will be a 
horizontally and vertically focusing magnet in each of 
two cryostats. A vertically focusing permanent magnet 
quadrupole will be mounted on the interaction point end 
of each of the cyrostats[10]. The /3-functions, (/?*=10 mm, 
ßl=l m) are shown in Fig. 2 (Phase III). Parasitic crossings 
occur at 2.1 m, 4.2 m, etc., from the interaction point if the 
bunches are spaced 14 ns apart. Note that the ß- function 
at the crossing points is 40 m or less, and consequently no 
greater than at typical crossings in the machine arcs. The 
near miss in the interaction region will not limit bunch cur- 
rent. 

Machine parameters in present operation and anticipated 
with the installation of superconducting RF and interaction 
region quadrupoles are shown in the table. 

Parameter Today Phase III 
Ä(mm) 18 13 
0Ü(m) 1.1 1.0 
Horizontal emittance(mm-mrad) 0.21 0.21 
Bunch length(mm) 19 13 
Accelerating voltage (MV) 6 12 
Number or trains 9 9 
Bunches per train 2 5 
Bunch spacing 42 ns 14 ns 
Total beam current(mA) 160 500 
Synch, radiation power(kW) (2 beams) 350 1100 
Peak luminosity (xl032cm_2s_1) 4.1 >10.0 
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Abstract 

Colliding beam experiments at CESR with beams made 
round by running on the coupling resonance have been 
performedfl], and runs are planned with the beams made 
round by Mobius modification^]. To simulate perfor- 
mance in these configurations stochastic and beam-beam 
modules have been added to the Unified Accelerator 
Libraries[3] for use along with pre-existing lattice repre- 
sentation, and map and element-by-element, TEAPOT++ 
modules. For a realistic CESR lattice containing sextupoles 
beam-beam performance is simulated. 

1   INTRODUCTION 

Over the years, many accelerator simulation programs have 
been developed. These programs, libraries and data for- 
mats tend to be inoperable with one another, and major 
modifications are required for them to work together. To 
cope with this interoperability issue, the Unified Accelera- 
tor Library (UAL) has been designed and developed[3]. 

The UAL not only gives guidelines to programmers 
who develop codes in the future but also enables existing 
"legacy" codes to work seamlessly with other UAL com- 
pliant codes. In other words, with one-time-only modifica- 
tions, old codes can be integrated with other UAL compli- 
ants. Due to the UAL, the lifetime of codes is expected to 
be extended considerably, permitting more emphasis to be 
placed on design and algorithms. 

One of the objectives of this paper is to demonstrate the 
effectiveness and versatility of the UAL to enable realistic 
simulation. The other objective is to predict the luminos- 
ity of CESR. To achieve the latter, real CESR lattice data 
is extracted from the CESR database and converted into 
Standard Machine Format (SMF)[4], and a beam-beam in- 
teraction UAL module and a stochastic-damping[5] UAL 
module have been developed to simulate the essential beam 
physics. 

2   SIMULATION 

To simulate colliding beams, one beam is described by an 
analytical distribution function and the other is described 
by a large number of macroparticles. As the macroparticles 
are tracked, self-consistency is achieved by allowing the 
parameters of the analytic distribution to evolve. A flow 
diagram of the simulation is shown in Fig. 1. 

First, we have to supply input parameters relevent to the 
CESR operations. These values are either obtained empir- 
ically from direct measurements, or from computations of 
other computer programs, or as control parameters of the 

Figure 1: Program flow diagram. 

simulation. The empirical ones include values such as en- 
ergy deviation, damping coefficient, average energy, and 
bunch length. The computed values include Twiss param- 
eters and the CESR lattice description. The only control 
parameter we have used so far in this simulation is beam 
current. 

Next, a single bunch with, say 1000, sample particles 
is Monte Carlo generated in accordance with the input pa- 
rameters. Parameters of this artifical bunch are preferably 
in the neighborhood of the "self-consistent" state for faster 
convergence. 

After the bootstrapping processes, the program enters 
nested loops. The "outer loop", associated with beam evo- 
lution, consists of 10001 (typically) cycles of "inner loops". 
In the inner loop, we transport the beam around CESR 
by the TEAPOT++ generated map, apply damping and 
quantum fluctuation, apply beam-beam interaction, update 
particle statistics, and tally tail fluxes of the beam. This 
whole outer loop cycle is iterated about 5 times until a self- 
consistent state is reached. 

The first process in the inner loop is particle propagation 
around the CESR lattice. Since the TEAPOT++ element- 
by-element tracking method is considerably slower than the 

'The number of cycles should be appreciably larger than the inverse of 
the damping coefficient to achieve equilibrium 
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map method, we employed the map method in the simula- 
tion. However, this map method has to be checked. To do 
so, we transported a particle with initial amplitude 1 mm 
at the interaction point using element-by-element tracking, 
6th order map, 8th order map, and 10th order map. The dis- 
placements after 5000 turns are tabulated in Table 1. The 
results show that even 6th order can provide accurate prop- 
agation. Since essentially all particles lie within 1 mm from 
the center at the interaction point as seen in Fig. 3, it is valid 
to use the map method to transport the particles in the stor- 
age ring for faster processing. In particular, we have chosen 
an 8th order map2. 

method    x y V 
track 9.4828478 3.8684952 8.2396275 1.4646015 
map6 9.4904625 3.8555656 8.2165072 1.4473738 
map 8 9.4831417 3.8681267 8.2392599 1.4643757 
maplO 9.4828516 3.8684907 8.2396238 1.4645996 

Table 1: Displacements of various transporting methods af- 
ter 5000 turns with initial amplitude 1 mm. x and y are in 
units of 10~4 m, and x' and y' are in 10-3. 

Comparison among maps of different orders are tabu- 
lated in Table 2. The numbers in the second and the third 
columns are calculated by fomulas: 

order 

E (k + dim - 1)! 
^    k\(dim - 1)! 

and 
ordi 

E(tt,rflm"?,)!(fc-i) 

(i) 

(2) 
^    k\(dim - 1)! 

respectively3. These tables provide information useful for 
selection of an optimal method and to estimate processing 
times. 

order generation 
time 

terms multiplications 

6 
8 
10 

3 min 
25 min 
150 min 

923 
3002 
8007 

3829 
17590 
60633 

Table 2: Comparisons among map methods. The times are 
measured on a system with SPECInt92 «200. 

Next, damping and quantum fluctuation is applied to a 
once-circulated bunch. The damping decrement we used 
so far is 10 times larger than the empirical value for faster 
convergence. And the amplitude of quantum fluctuation is: 

"v/12<5d<7o (3) 

where Sd is damping constant. This amplitude is multiplied 
by a uniformly distributed random number between -1 and 

2Because of synchrotron radiation damping, preservation of symplec- 
ticity is not a critical issue. 

3 In our case, dim — 6 

1. The quantum fluctuation is applied in both horizontal 
and vertical directions with independent random numbers. 

After damping and quantum fluctuation, we apply beam- 
beam deflection to a bunch. The deflection due to the beam- 
beam interaction is calculated by the formula: 

Apx,Apy -2r ^NC M e E r2 (4) 

where Cr is a (cumulative) circularly symmetric distribu- 
tion, re is the classical radius of electron, and N is the total 
number of particles in a bunch. During the first 1000 turns, 
the beam-beam deflection is calculated with a Rayleigh dis- 
tribution (which is just a circularly symmetric Gaussian 
distribution in polar coordinates) with a standard deviation 
consistent with the input Twiss parameters. However, start- 
ing from the second outer loop cycle, a "near-Rayleigh dis- 
tribution"4 obtained at the end of previous outer loop cycle 
is used to calculated beam-beam deflections until the end 
of the cycle. This corrected beam profile gradually drives 
the beam into a self-consistent state. 

Then, we update the particle distribution statistics and 
this accumulated data is used to fit the beam profile with 
an improved "near-Rayleigh probability density function" 
at the end of every outer loop cycle5: 

At the end of every inner loop, we take statistics of parti- 
cles crossing preset boundaries located at 8a, lOcr, 12cr, 
and 14er in phase space, where a is the initial Courant- 
Snyder invariant. To prevent multiple counting of par- 
ticles wandering near boundaries, we put "Schmidt trig- 
ger" like buffer layers of \<J surrounding those boundaries. 
Those crossing the 14(7 boundary are declared lost and are 
restarted in accordance with the initial parameters. These 
data are used to estimate lifetimes. 

After 1000 inner loop repetitions, we use the collected 
particle distribution data to fit the beam profile by near- 
Rayleigh function. The first and the second moments of 
the distribution are used to calculate power p and anr as in 
the equation (5) by a formula: 

Mi 
(r2) 

r2(3/P) 
r(2/p)r(4/P) 

and 

-I/P r(2/P) 
r(3/p) 

<r> 

(6) 

(7) 

Finally, after the nested loop processes, luminosity of 
a self-consisted state is calculated from the near-Rayleigh 
function of the self-consistent state. 

4The corresponding probability density function is: 

PR„(r,<Tnr)=¥7^ 
•r(2/p) 

-i(-^—)p 

(5) 

This near-Rayleigh function is a generalization  of the well-known 
Rayleigh probability density function. 

5 Data in the database is cleared at the end of each outer loop cycle 
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3   RESULTS 

This whole simulation is repeated for several beam 
strengths from 1 mA through 28 mA as explained in the 
previous section. Obtained luminosities are plotted against 
beam current in Fig. 2. As beam currents increase, devi- 
ations from the quadratic single beam curve become large 
due to beam-beam interaction. The quadratic curve is based 
on the 1mA point, where the beam-beam effect is insignif- 
icant. 

state, but we are only interested in the stability of the self- 
consistent state. To estimate lifetimes, we fit the plot of 
emittance versus logarithm of number of boundary cross- 
ings with a straight line. This is then extraporated to var- 
ious aperture sizes from Ha through 20a. The result is 
tabulated in Table 3. These estimates cannot be expected 
to have absolute values, but their relative significance as 
other parameters vary is expected to help finding optimal 
operating conditions. 

luminosity(1031 cm 
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2 
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Figure 2: Graph of luminosity versus beam current. 

It is also interesting to see how the beam profile evolves 
as the beam current increases. To see the beam evolution, 
we have plotted the fitted near-Rayleigh density functions 
of those self-consistent states in Fig. 3. As can be seen in 
the figure, tails of the beam profile grow, the peaks move 
outward, and entire beam profiles are correspondingly low- 
ered somewhat as beam intensity increases. 

0.1    0.2    0.3    0.4    0.5    0.6    0.7    0.8    0.9      1 

distance from the center (mm) 
Figure 3: Self-consistent states of various beam currents at 
ß «0.2 m. 

Lifetimes of high beam currents are estimated based only 
on the final outer loop cycle. This is because most parti- 
cle loss takes place during evolution to the self-consistent 

current 
22mA 
25mA 
28mA 

14a 
10s 
Is 
Is 

16cr 

10s 
Is 

18(7 
"IcFT 
102s 
10s 

20(7 

104s 
102s 
10s 

Table 3: Estimated beam lifetime for high beam current. 

4   PLANS AND PROSPECTS 

We intend to develop a method to apply the quantum fluc- 
tuation process collectively rather than turn-by-turn as in 
this simulation. Such a method will enable us to con- 
struct a multiple turn map with beam-beam interaction and 
stochastic-damping process incorporated. Furthermore, a 
semi-continuous model of the beam may replace the dis- 
crete particle model employed in this simulation. 
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INTERACTION REGION DESIGN FOR BEIJING TAU-CHARM FACTORY 

Y.Z. Wu, Q.L. Peng 
Institute of High Energy Physics, Beijing 918-9, China 

Abstract 

Beijing T-charm factory (BTCF) is compatible with three 
modes of operation: high luminosity mode, longitudinal 
polarization mode and monochromator mode. It consists 
of two rings, one above another, with one interaction point 
(IP). This paper will describe the overall design of the 
BTCF interaction region (IR). A cryostat which contains 
an anti-solenoid (A-S), a shield solenoid (S-S), two focus- 
ing quadrupoles (Ql, Q2) will be installed at each side of 
the IP. Design parameters of these iron free superconduct- 
ing magnets A-S, S-S, Ql, Q2 and the supporting system 
for these IR magnetic elements will be described. The IR 
vacuum chamber, the background issues which related to 
synchrotron radiation and lost particles will be described 
also. 

1    INTRODUCTION 

BTCF is a high luminosity collider with large number of 
bunches, the design of the IR is inherently difficult since 
two requirements must be satisfied. The beams must be 
focused to as small size as possible so that the quadrupoles 
must therefore be close to the interaction point to reduce 
chromatic aberrations and sensitivity to magnets position 
errors. The beams must also be separated as near to the 
IP as possible to minimize the spacing between successive 
bunches and still avoid unwanted crossings. 

The IR configuration design for BTCF gives both accel- 
erator physics and technology challenges: 

• keeping the two beams in collision and separating 
them as close as possible to the IP. 

• compatibility with multi-operation schemes and dif- 
ferent phases. 

• masking for synchrotron radiation and lost particles 
backgrounds. 

• accommodating required machine elements without 
violating detector stay-clear region. 

The design criteria for BTCF IR include the following: 

• The IR configuration provides an effective compen- 
sation scheme of the high field(l.OT) of detector 
solenoid. 

• All apertures in the IR must be designed for a beam 
of at least 14<r (uncoupled in the horizontal plane and 
full coupled in the vertical plane). 

• The levels of synchrotron radiation and lost particles 
in the detector must be sufficiently low. 

2   BEAM SEPARATION SCHEME 

The geometry of the central drift chamber of the detector 
has a direct bearing on the IR design. In the present de- 
sign of the BTCF detector, it requires the accelerator com- 
ponents must fit within a conical space with an opening 
angle of 18.2°. The first accelerator component can only 
approach to within 600 mm on each side of the IP, which 
follows the forward detectors. The Schematic side view of 
the detector and together with the IR accelerator compo- 
nents are shown in Fig 1. 

Forward Detector Electrostatic Separator 

Figure 1: Schematic layout of the detector facility and IR 
accelerator components. 

The IR is designed to be compatible with different 
modesfl]. Our initial choice is head-on collision or a small 
crossing angle configuration with flat beams. This config- 
uration is the closest to conventional circular colliders so 
that the designed luminosity estimates are the most reliable. 
The monochromator mode will be realized by changing the 
polarity of the insertion quadrupoles and using additional 
quadrupoles in the beam separation region. 

Figure 2 is the magnet layout of the interaction region. 
Two iron-free superconducting quadrupoles (Ql, Q2) are 
used to achieve the micro-beta function at the IP. The max- 
imum field gradients of Ql and Q2 are respectively 29 T/m 
and 20 T/m with a length of 0.5 m. An electrostatic sep- 
arator (ES) with 3.5 m long makes two beams separation 
about 9 mm at the first parasitic crossing point which is 
just inside of ES. Two vertical offset quadrupoles QV1 and 
QV2 are used to further increase beams separation so that 
a sufficient separation is obtained to install the vertically 
bending septum magnets while QV1 and QV2 have a func- 
tion to focus the beams in horizontal plane. Three bending 
magnets BV1, BV2, and BV3 further finish the beams sep- 
aration. The last vertical bending magnet BV4 brings the 
beams back onto horizontal orbit. 
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Figure 2: Magnet layout in the interaction region. 

3   SUPERCONDUCTING SOLENOIDS AND 
QUADRUPOLES 

The detector superconducting solenoid has a maximum 
field strength of 1.0 T over a distance of ±2.70 m around 
the IP. This longitudinal magnetic field causes strong cou- 
pling of the betatron oscillations and perturbations of the 
machine beam optics. To reduce this effect, an A-S and an 
S-S are used on each side of the IP to compensate the de- 
tector field along the beam line[2]. Located at 0.6 m away 
from IP, A-S with an effective field length of 0.3 m and 
field strength of 3.0 T compensate the detector field from 
IP to 0.9 m, and S-S which has a field of 1.0 T and effective 
length of 1.8 m compensate the detector field from 0.9 m to 
2.7 m. Calculation of the magnetic field by combination of 
these solenoid magnets and the detector solenoid, includ- 
ing effects of iron yoke of the detector, has been done with 
computer code. The design parameters of the anti-solenoid 
and the shield solenoid are listed in Table 1. 
Table 1: Main parameters of the compensation solenoid. 

A-S S-S 
central field 3.0 LOT 
current 442.6 86.61 A 
max. field on conductor 
with detector field 1.80 1.035 T 
no detector field 2.935 1.80 T 
store energy 44.58 80.93 KJ 
current density 147.5 28.87 A/mm2 

magnetic pressure 
in radial direction 9.8 0.4 MPa 
coil IR 100 182 mm 
coil OR 120 202 mm 
number of turns 1500 11700 
effective magnet length 300 1800 mm 
body force 
in axial derection 25.42 37.35 KN 

Though the strength of the longitudinal attractive forces 
between the end yoke and the A-S and S-S is somewhat 
larger, they are within the acceptable level for engineering 
viewpoints. 

Because the S-S screens the Ql and Q2, the saddle coils 
of Ql and Q2 no longer suffer large attractive forces com- 
ing from the detector field. The Ql and Q2 saddle coil 
end parts should sustain enough radial attractive forces 
when the S-S does not work. The design parameters of the 
quadrupoles are listed in Table 2. The design is based on 
the cos20 windings that are clamped by stainless collars. 
The maximum fields of the Ql and Q2 are all less than 

4.0 T, these quadrupoles can be operated in a very wide 
margin. 

Table 2: Main parameters of the quadrupoles. 

Ql Q2 
field gradient 29 20T/m 
effective field length 500 500 mm 
current 3096.6 2381.9 A 
max field on conductor 3.47 2.98 T 
store energy 218.6 150 KJ 
induction 22.8 53 mH 
coil IR 115 125 mm 
coil OR 129 139 mm 
number of turns 110 119/pole 

Figure 3 shows the cryostat cross section at the middle 
of the Q2 quadrupole. Starting with the innermost part, the 
main components of the cryostat at Q2 are: inner vacuum 
vessel, inner radiation shield, inner helium vessel (80K), 
inner helium vessel (4K), Q2 correction coil, Q2 coil, stain- 
less collar, outer helium vessel (4K) for Q2, inner helium 
vessel (4K) for shield solenoid, shield solenoid correction 
coil, shield solenoid coil, outer helium vessel (4K), outer 
helium vessel (80K), outer radiation shield, outer vacuum 
vessel. The inner and outer diameter of the vacuum vessel 
of the cryostat at Q2 are 180 mm and 508 mm respectively. 

Figure 3: Cryostat cross section at the middle of Q2. 

A cryostat will be installed at each side of the IP. They 
are supplied through a multi-channel transfer line by a com- 
man cryogenic system. Many practical constraints near 
the IP are considered for designing the cryostat, includ- 
ing small outer diameter, large warm bore, narrow thermal 
space, sufficient strength to sustain the forces on the mag- 
nets, small heat load, easy operation and maintenance. 

4   IR VACUUM CHAMBER CONSIDERATION 

To ensure adequate quantum life time, the chamber is de- 
signed to accommodate at least 14<r. The diameter of the IP 
vacuum chamber grows up from 80 mm at IP to 120 mm at 
forward detector, to 140 mm at A-S and at Ql, to 160 mm 
atQ2. 

In order to easily assemble the SC cryostat, the beam 
pipe is divided into three parts at its different cross sec- 
tion. The first part is over a distance of ±0.60 m around 
the IP, which ends at the forward of the A-S. The second 
part begins at the forward of A-S and ends at the backward 
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of Ql with the length of 0.8 m. The third part begins at 
the backward of Ql and ends at the backward of S-S with 
the length of 1.3 m. The central section of the first part is 
a double-walled pipe of pure beryllium with the length of 
400~600 mm around IP. The inside wall and outside wall 
are all 0.5 mm thick with a space of 1 mm between the two 
walls for helium cooling. The beryllium section around IP 
is brazed directly to the copper beam pipe that extends out- 
side. 

After the first part of the beam pipe has been pushed in 
and assembled onto the inner surface of the central drift 
chamber by support pillars at 0.6 m from IP, the forward de- 
tector, which has been divided into four sectors(each sector 
90°) in order to assemble easily, is then assembled onto the 
beam pipe at 300-600 mm from IP. Next the second part is 
assembled on the first part, then the SC cryostat is pushed 
in along the beam line through a movable table, at last the 
third part is assembled on the second part through a special 
flange. 

The average pressure of the vacuum chamber will be 
maintained below 5 x 10-10 Torr by the distributed NEGPs 
at the upstream of Ql and Q2. Ti-sublimation pumps(TSP) 
surrounding the beam pipe at A-S will absorb the large SR 
power. 

5   SUPPORTING SYSTEM 

Design of IP suport system is based on these cosiderations: 
sufficient rigid strength, easy assembly, easy maintenance, 
and easy alignment. For the accelerator requirement, the 
whole cryostat of the SC component should be completely 
buried inside the detector. So the cryostat assembly can 
only go along the beam line. 

The SC cryostat at each side of the IP is supported by a 
precise table. Controlled by a host computer, the table can 
be moved along the beam line (Z direction), horizontally (X 
direction), vertically (Y direction), and can also be rotated 
around the X and Y axises. During the operation, the mass 
center of the cryostat is nearly 1.8 m off from the support 
table which has to remain outside of the detector, so enough 
rigid strength is needed for cryostat and joints that connect 
the cryostat and the support table to prevent the shake of 
the cryostat from earthquake. 

Each cryostat has its position monitors for detecting the 
cryostat X, Y position and its tilt meters for detecting the 
tilt of the cryostat. For easy alignment of the two cryostats 
along the beam line, each cryostat has a set of hair cross 
targets stationed on its top surface. On each endplate of 
the detector central drift chamber, two glass windows will 
be installed to allow the surveyors looking through left and 
right of hair targets on the SC cryostats. 

In order to easily access into the inner detector, the de- 
tector end yoke is designed to split into two same doors 
along its central vertical line. When the left and right door 
of the detector end yoke are opened and moved along X in 
opposite direction, the support table that loads the 3.5 m 
long ES is receded about 1.2 m along the beam line and 

then moved along X direction about 2 m, next disassem- 
bled the third part of the beam pipe in order to easily pull 
out the SC cryostat, then the SC cryostat table can be re- 
ceded along the beam line. 

6   BACKGROUND ISSUES 

IR beam-related background includes synchrotron radia- 
tion (SR) photons and lost beam particles. SR is produced 
when beam particles experience transverse accelerations in 
the magnetic fields of quadrupoles and dipoles. Lost par- 
ticles are created through Bremsstrahlung and Coulomb 
scattering on the residual gas molecules inside the vacuum 
chamber. 

According to the computer simulation[3], the SR fans 
generated from the bending magnet BV1, BV2, BV3, off- 
set quadrupoles QV1, QV2, and electrostatic separator ES 
mainly strike on the central part of the beam pipe and on the 
end part of the ES. Lost particles through Bremsstrahlung 
hit the vacuum chamber between the two ES. Two half- 
circle shaped masks, made of high Z material such as tan- 
talum and installed inside at upstream of the copper vac- 
uum chamber, are designed to prevent the SR fans from 
directly striking on the beam pipe. They also are used as 
masks to intercept the lost particles. A vertically movable 
mask should be placed between QV1 and QV2 to intercept 
parts of SR fans from hitting on the ES's. In order to re- 
duce the rate of lost particles, two more movable masks are 
arranged in vertical direction, one is placed at upstream of 
BV3 at 17.7 m from IP, another is at 46.55 m from IP. With 
these masks and movable masks, the IR background can 
reach better condition than the two B factories[4]. 

7   SUMMARY 

The interaction region of BTCF is described. The beam 
separation scheme is initiated by two electrostatic sepa- 
rators, two offset quadrupoles and several vertical bend- 
ing magnets further finish the beam separation. The SC 
cryostat at 0.9m from IP must be stayed within a limited 
angle(18.2°) in order to provide maximum amount of the 
detector solid angle. The SC cryostat that contains super- 
conducting magnets is supported by a movable table which 
can be moved along the beam line easily. In order to assem- 
ble the IR beam pipe easily, it is divided into several parts at 
its different cross sections. IR background can be reached 
a relatively better condition by using several masks. 
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STATUS OF THE KERB PROJECT 

Shin-ichi Kurokawa, KEK, High Energy Accelerator Research Organization 
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Abstract 

KEKB, KEK B-Factory, is an asymmetric energy, two- 
ring, electron-positron collider for B-physics, and is now 
under construction at KEK. Machine study done at the 
accumulation ring, AR, of TRISTAN, in 1996 showed 
that HOM-free normal-conducting cavities, called ARES, 
and superconducting, single-cell, single-mode cavities 
being developed could be used for KEKB. Fast beam-ion 
instability was also studied experimentally. Installation of 
equipment in the tunnel started in February 1997. 
Commissioning of the machine will start from the 
upgraded injector linac in May 1998 to the two rings in 
October 1998. We anticipate beam collision toward the 
end of the year, which will be followed by the start of 
physics experiment in early 1999. 

^INTRODUCTION 

KEKB[1][2][3] is one of the two B-Factories under 
construction in the world. Energies of the KEKB rings 
were set at 3.5 GeV for the positron ring (LER) and 8 
GeV for the electron ring (HER). In order to facilitate 
direct injection into the rings and increase the intensity of 
positrons, the present 2.5 GeV linac is now being 
upgraded up to 8 GeV. The positron production taget will 
be moved from the present 0.2 GeV position to the place 
where 3.7 GeV electrons hit the target. A new 150 m 
tunnel is being constructed to accommodate transport 
lines between the upgraded linac and the KEKB rings. 

Two rings of KEKB are housed in the TRISTAN 
tunnel of 3000 m circumference and installed side by side. 

At the center of one of the four long straight sections of 
the tunnel, we have an interaction point, IP, where 
BELLE[4] detector will be installed. 

Even though we try to squeeze ßy* at IP to 1 cm, 

the design luminosity goal of KEKB, lO^cnrV1, 
requires high stored currents of 2.6 A at LER and 1.1 A at 
HER distributed into 5000 bunches. These large currents 
and large number of bunches oblige us to use special 
higher-mode free and beam-loading proof accelerating 
cavities to prevent coupled-bunch instablities. Two types 
of cavities, normal-conducting ARES cavity and 
superconduction single-cell, single-mode cavity, SCC, are 
being developed. We adopt copper vacuum ducts for both 
rings that can sustain large heat load, have a smaller 
photo-desorption coefficient and have good self-shielding 
capability of synchrotron lights. 

The most salient feature of KEKB is a finite-angle 
crossing scheme at IP. Electron beam and positron beam 
collide at ± 11 mrad. This crossing scheme makes any 
use of separation dipole magnets unnecessary; the 
interaction region becomes simple and facilitates the 
shortest bunch spacing of 0.59 m. Although simulation 
studies have not shown any degradation of luminosity and 
significant increase of tails due to synchrobetatron 
resonances excited by the finite-angle crossing, we are 
rather prudent and developing crab cavities as a backup 
system. Orientation of incoming bunches of electrons 
and positrons is tilted by crab cavities by 11 mrad; the 
electron and positron bunches collide head-on at IP in the 
center-of-mass frame. 

Figure 1 shows the layout of KEKB, and Table 1 
summarizes its parameters. 

Table 1 Main Parameters of KEKB 

Ring LER HER 

Energy(GeV) 3.5 8.0 

Circumference(m) 3016.26 

Luminosity (ernes' *) 1 x 1034 

Crossing angle(mrad) ±11 
Tune shifts 0.039/0.052 
Beam function at IP(m) 0.33/0.01 
Beam current(A) 2.6 1.1 

Natural bunch length(cm) 0.4 
Bunch spacing(m) 0.59 
Emittance(m) 1.8xlO-8/3.6xlO-10 

Energy loss/turn(MeV) 0.8lt/1.5tt 3.5 

RF voltage(MV) 5~ 10 10-20 t   without wigglers 

RF frequency(MHz) 508.887 tt   with wigglers 
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Fig. 1 Configuration of KEKB accelerator system 

2. PRESENT STATUS OF CONSTRUCTION 

2.1 Magnets and its installation 

One thousand and six hundred main magnets and 1700 
steering magnets are used at KEKB. Among them 119 
dipoles and 313 quadrupoles of HER are refurbished 
magnets from TRISTAN. Except for small number of 
correction magnets and special quadrupoles near IP, all 
magnets have been ordered and delivery of magnets started 
in December 1996. Magnetic measurement systems 
became ready in January 1997 and have been in full 
operation from February. Forty magnets are measured per 
week. 

Since two rings are installed side by side and only 
1.1 m is available for transportation of magnets, we made 
two hovercraft-type transporters. Magnets started in late 
February 1977. Installation of magnets located at outer 
side of the tunnel will be installed first by this summer, 
which will be followed by the installation of magnets at 
inner side of the tunnel. 

2.2 Vacuum system 

By 1996 90% of copper vacuum ducts and their 
components had been ordered to companies. The delivery 
of the vacuum ducts started in September 1996. Vacuum 
ducts are baked, leak-checked, filled with dry nitrogen gas 
and stocked before being installed. 

2.3 Interaction region 

Basic iron structure of BELLE detector was completed and 
temporarily moved in to IP in April 1997 for surveying 
its position with respect to accelerator components. A 

pair of superconducting final-focus quadrupoles will be 
installed at both sides of IP inside the detector. One 
cryostat contains one superconducting quadrupole, one 
anti-solenoid, one correction skew quadrupole and two 
steering dipoles. The first full set of these coils have 
been completed and a test in a vertical cryostat will start 
soon. The superconducting magnet system will be 
completed by this summer and in September 1997 a 
combined test with the BELLE solenoid will begin. 

3. CAVITIES AND AR BEAM TEST 

^n June, July and November 1996, we had a series of 
dedicated beam tests at the accumulation ring, AR, of 
TRISTAN[5]. All APS-type normal-conducting cavities 
were replaced with cavities of KEKB, namely, two 
ARESs, and one SCC. ARES consists of three cells: an 
accelerating cell, an energy-storage cell operated in TE013 
mode, and a coupling cell that connects the accelerating 
cell and the energy-storage cell. Two ARESs that were 
tested differed from each other in that one type of ARES 
(ARES-95) used a choke-mode type cavity as its 
accelerating cell and the the other (ARES-96) had an 
accelerating cell with four wave-guide HOM dampers 
attached to the side of the cell. 

Throughout the beam tests, AR was filled with 
electrons and operated at 2.5 GeV. We oftained the 
following results concerning ARES [6]: 
(1) We could stably store 500 mA of the total current 
with both types of ARES operated at 0.5 MV. No serious 
HOM modes were found to be excited by beams. 
(2) Power absorbed by HOM dampers attached to the 
accelerating cell and that absorbed by a damper attached to 
the coupling cell agreed well with the design. 
(3) Concerning the fundamental RF property such as the 
detuning frequency, transient response, etc., we did not 
find any serious disagreement between the experiment and 
theoretical calculation. 

The results we obtained about SCC are summarized 
as follows[7]: 
(1) By the use of SCC operated at 1.2 MV, we could store 
573 mA. This current was not limited by the cavity but 
by the radiation level around AR. No serious HOM modes 
were excited in SCC. 
(2) The maximum accelerating voltage achieved was 2.5 
MV that corresponded to the field gradient of 10.3 MV/m. 
(3) We encountered rather frequent trips of the cavity in 
the July run. During summer shutdown we increased the 
pumping power of ducts close to the cavity and lowered 
the vacuum pressure by more than one order of 
magnitude. This worked well: in the November run, we 
observed almost no trips of the cavity. 
(4) SCC has two cylindrical HOM ferrite absorbers 
attached to the vacuum ducts at both ends of the cavity. 
Maximum HOM power absorbed by these absorbers 
amounted to 4.2 kW, which was very close to the 
expected value of 5 kW when the cavity is used at HER. 
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Encouraged by the results of the beam tests, we have 
decided to use both types of cavities. By the 
commissioning, we will install 10 ARESs at LER, and 4 
SCCs and 12 ARESs at HER. 

4. FAST ION INSTABILITY AND 
PHOTOELECTRON INSTABILITY 

The following two new instabilities are expected to be 
serious at B-Factories. 

4.1 Fast ion instability 

Even though we have a long enough bunch gap at the 
electron ring and all ions are cleared during the gap, ions 
created within a passage of a bunch train excites strong 
coupled-bunch oscillation in the train. The amplitude of 
the oscillation grows as the bunch number counted from 
the head of the train increases. This is the fast ion 
instability, FII[8]. 

At AR we studied FII[9]. We stored 100 to 200 
electron bunches in AR at 2.5 GeV and observed the 
spectrum of beam oscillation. If the current was high 
enough, strong vertical betatron oscillations were 
observed. After the stored current decreased and the vertical 
oscillations died out, we injected nitrogen gas in the ring. 
Strong coupled-bunch oscillations were excited again. The 
oscillation amplitudes of bunches in the train were 
registered for 1600 turns on a transient memory system. 
Analysis shows that the amplitude of the oscillation 
grows along the bunch train. The phase advance between 
bunches was consistent with that determinded by the ion 
oscillation frequency. 

4.2 Photoelectron instability 

In a positron ring, photoelectrons created by synchrotron 
lights at the inner surface of the vacuum duct are attracted 
by the beam. Although electrons are swept out rather 
quickly (within a few times ten nanoseconds), a stationary 
distribution of electrons (electron cloud) is established by 
continuous production and clearing of electrons. 
Transversely displaced bunches disturb the elctron cloud, 
which then exerts forces on subsequent bunches. The 
oscillations of bunches may resonantly couple via the 
electron cloud and lead to a coupled-bunch instability 
called photoelectron instability, PEI[10]. 

There had been only one experiment on the PEI 
performed at KEK PF[11]. The experiment showed that 
positron bunches stored at PF ring started to oscillate 
vertically if the current became larger than a threshold. 
The spectrum showed a pattern that was similar to that of 
oscillations excited by a wake field of 10-20 nsec range. 

In order to verify the PF experiment and clarify the 
details of PEI, we conducted a series of experiments at 
BEPC of IHEP as a joint collaboration beween KEK and 
IHEP. These experiments clearly confirmed the result of 
the PF experiment[ 12]: The vertical betatron oscillations 
were observed only for the positron beam; The spectrum 

of the betatron oscillation was distributed around 50 MHz 
range that indicated that the range of force was 15-20 nsec. 
The study will be continued in 1997. 

5.     MILESTONES 

We have set the following new milestones taking into 
account the progress of the construction.   See Table 2. 

Table 2  Milestones of KEKB 

date Milestones 

1994 April start of construction 
1995 July bidding for LER main equipment 

Dec. start of dismantling of TRISTAN 
1996 Mar. end of dismantling 

June bidding for HER main equipment and 
final focus sperconducting quadrupoles 

July beam test at AR 
Oct. beam test at AR 
Nov. beam test at AR 
Dec. start of bypass tunnel construction 

1997 Feb. start of installation of magnets 
Oct. completion of bypass tunnel 

1998 May upgraded linac commissioning 
Oct. LER and HER commissioning 

1999 early physics run starts 
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SIMULATION OF TAIL DISTRIBUTIONS DUE TO RANDOM 
PROCESSES 

AND BEAM-BEAM INTERACTION IN KEKB 

Eun-San Kim and Kohji Hirata 
High Energy Accelerator Research Organization (KEK), 1-1 Oho, Tsukuba, Ibaraki, 305, Japan 

Abstract 

A simulation that uses a new technique to obtain tail dis- 
tributions in electron-positron storage rings is applied to 
KEKB. This program makes it possible to investigate tail 
distribution in simple and fast simulation technique and 
shows good agreement with solvable cases. The simula- 
tion now includes exact solution for six dimensional beam- 
beam interaction and several rare random processes. An 
estimate of the lifetimes for KEKB is also presented. 

1    INTRODUCTION 

It is important to calculate beam distributions by consider- 
ing several processes which affect the beam tails. However, 
it is not always possible to obtain beam distributions by an- 
alytical treatments. 

D.N. Shatilov developed a method to reduce the CPU 
time in simulating the beam tail due to scattering by the 
residual gas[l]. The beam tail is then obtained by consid- 
ering the contribution of small angle scattering which oc- 
curs with a high degree of probability. However, it is not 
sufficient to consider small amplitude and frequent random 
processes only when we estimate the beam tail. Thus, we 
will investigate the beam tails caused by the rare and large 
amplitude processes from the core. 

The aim of this paper is to propose a simple and fast sim- 
ulation technique for various rare random processes on the 
beam tails. It is shown that results of this simulation tech- 
nique show good agreement with solvable cases [2]. We 
thus expect that this simulation technique is applicable to 
obtain beam tails in the cases of analytically unsolvable 
random processes. The beam lifetime are also obtained by 
counting number of the particles extending beyond energy 
and transverse apertures. 

In Sec. 2 the simulation technique is described and re- 
sults of the simulation are compared with those of analyt- 
ically solvable examples. Some applications are given in 
Sec. 3, and Sec. 4 is devoted to a discussion and conclu- 
sions. 

cess, we create a new macroparticle (n + l)-th. This new 
macroparticle has one particle (A^+i=l) and the macropar- 
ticle which undergone a random process now has a number 
of particles Ni — 1. 

We assume that the variation in the random variable due 
to a random process is limited to a range between a mini- 
mum and a maximum value. The variation in the random 
variable due to a random process can be obtained by the fol- 
lowing way. First, calculate the probability (P = Nip) that 
a macroparticle undergoes a random process in the ring, 
and generate one uniform random number (0< x <1). If 
x < P, a random process occurs for the macroparticle. 
Second, generate a uniform random number (ei) in the in- 
terval between the minimum value (ec) and the maximum 
value (em) and one uniform random number in the inter- 

val 0  < y  < (4zj£l)maxt and compare y and (-4^) 

e=ej • Here e is the energy random variable and ( A\   ) 

£=e> is the cross section corresponding to the e'. If y < 

(  A ') e=ei, the random variation corresponding to S\ is 

given to an electron. If y > ( j^ ')e=ei. discard these e\ 
and y, and generate new e\ and y until the relation y < 
do(£) 

=£1 holds. 
It is shown that equilibrium distributions are little 

changed by variations of ec of around 0.001% in beam- 
gas bremsstrahlung. The number of initial macropar- 
tices that are used in simulation is 40000. We inves- 
tigate the present method using design parameters of 
KEKB, T£=2300, TX=TV=4600, I/S=0.01, ^=47.52 and 
i/„=43.08[3]. 

The motion of each macroparticle is as follows: 

Y = ^r, 

1.Input 
We rescale the variables as follows: 

X- — P = 
ßIPPx 

< 

Q 
ßIPPy z z 

E = 
E0<y% 

2   DESCRIPTION OF SIMULATION TECHNIQUE      where ao    and ao m nominal beam sizes in üansveisc 

As an example, we can consider the case in which an elec- 
tron loses energy by random processes in a ring. The initial 
distributions of n macroparticles in the phase spaces are 
given randomly with specified variances. Each macropar- 
ticle i has a particle number (N) and p is the probabil- 
ity that an electron undergoes a random process in one 
turn. Once an electron in a maroparticle undergoes this pro- 

x,y 
and longitudinal directions. ßIP, E0, a° and e' (=E — E0) 
are betatron function at IP, nominal energy, relative energy 
spread and energy deviation due to a random process, re- 
spectively. 
2. Random Process 

E' = E- 
E, (1) 

o"e 
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where e' is given by values between the minimum energy 
and the energy aperture of the beam. 

Q 
Uy 

(2) 

where transverse scattering angles 6x<y are given by values 
between the minimum angle and the transverse apertures 
of the beam. a'x= ^ and a'y= ^. Here, ax%y and ßXiV 

are the transverse beam sizes and betatron functions at the 
position where the random process occurs, respectively. 
Equations (1) and (2) can be applied for longitudinal 
random processes and beam-gas scattering, respectively. 

3. Synchrotron and Betatron Oscillations 
4. Synchrotron Radiation 

On the other hand, the probability that an electron loses 
energy e is given by 

tU) = — — 
Otot de 

(3) 

When a random proces occurs, then its contribution to equi- 
librium distribution has the expression 

r°°    ~ 
exp[JV /    dtf{Ke-dtsin((ß + wt)/(E0a°)} - 1], (4) 

Jo 

where <f> = tan~1K2/Ki[4]. We assume that the num- 
ber of synchrotron oscillations during one damping time is 
very large. We can then replace the synchrotron oscillation 
by an average over each synchrotron period. A solvable 
model to obtain the distribution functions in longitudinal 
and transverse random processes was shown in Refs. [2] 
and [4]. 

To show the validity of the simulation technique, we 
compare the results of the simulation for the cases of beam- 
gas bremsstrahlung and beam-gas scattering with those of 
the solvable model. 

2.1   Beam-Gas Bremsstrahlung 

An electron with energy E0, which passes a molecule of 
the residual gas, loses its energy due to the radiation emit- 
ted when an electron is deflected. There is a certain proba- 
bility that a photon with energy u is emitted, producing an 
electron with energy E', where E'+u = E0. The differen- 
tial cross section for an energy loss due to bremsstrahlung 
between E and E + dE is given by 

da 
i„,r,   ^duE'.,E? + E'2   2,,     183 4^^+1)7^l(Vl)l0g l 

zl/3+9J' 
(5) 

where Z, a and re denote the atomic number, the fine- 
structure constant and the classical electron radius, respec- 
tively [5]. . 

We assume that one type of molecule uniformly ex- 
ists in the ring, so that N=Qac, Q=2.65 xl020nPo, 

where a, c, Q, n and Pa are cross section of the beam- 
gas bremsstrahlung, velocity of the light, number of gas 
molecules in a unit volume, number of atoms in each 
gas molecule and partial pressure of the gas in pascals. 
Figure l.(a) shows energy distribution produced from the 
tracking of synchrotron oscillation, synchrotron radiation 
and beam-gas bremsstrahlung for a vacuum pressure of 
10~9 Torr. The dotted lines and square symbols are equilib- 
rium distributions obtained from the simulation and solv- 
able model, respectively. Figure l.(b) shows energy distri- 
bution produced from the tracking of the synchrotron oscil- 
lation and synchrotron radiation. It may be inferred that the 
beam tails in Figs. l.(a) and (b) are caused by the influence 
of beam-gas bremsstrahlung. 

_P (fö        p (b) 

-i4 

Figure 1: The horizontal axis is E, the energy deviation normal- 
ized by the energy spread. The vertical axis represents the distri- 
bution in E measured using a logarithmic scale. The number of 
turns is 230000. 

2.2    Beam-Gas Scattering 

The cross section of the elastic scattering with an atom 
is given by Rutherford scattering formula. Figure 2.(a) 
shows the vertical distribution produced from the tracking 
of beam-residual gas scattering, betatron oscillation, syn- 
chrotron oscillation and synchrotron radiation. Here we 
considered scattering angle occuring between %a'y radian 
and 300cry radian. The ßy value at the position where the 
scattering occurs is set to 10 meters. The dotted lines and 
square symbols show equilibrium distributions from ob- 
tained the simulation and solvable model, respectively. 

We see from the above two examples that the simulation 
shows good agreements with the solvable model. 

3   APPLICATION 

For practical purposes, we consider beam-beam interaction 
and random processes with a non-uniform density distribu- 
tion such as beam-beam bremsstrahlung and Bhabha scat- 
tering. Transverse beam-beam force is given by Bassetti- 
Erskine formula[6] and synchro-beam mapping is consid- 
ered[7]. 

3.1   Beam-gas Scattering and Beam-Beam Interaction 

Figures 2.(b) and (c) show the horizontal and vertical distri- 
butions due to beam-residual gas scattering for a pressure 
of 10-9 Torr and beam-beam interaction. It is shown that 
particle loss is increased by the beam-beam interaction. It 
is also shown that the vertical tail is caused by the beam-gas 
scattering rather than the beam-beam interaction. 
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Figure 2: (a) shows vertical distribution due to beam-gas scatter- 
ing, (b) and (c) show horizontal and vertical distributions due to 
beam-gas scattering and beam-beam interaction. The horizontal 
axis is Y, the distance normalized by the nominal vertical beam 
size. The vertical axis represents the distribution in Y measured 
using a logarithmic scale. The number of turns is 46000. Hori- 
zontal and vertical apertures are assumed to 34a£' and and 30<7y' 
at IP, respectively, where a°'=cr°/ßiP and <j%'=cr°/ß- " ip 

3.2   Random Processes in Longitudinal and Transverse 
Motions and Beam-Beam Interaction 

Figures 3.(a), (b) and (c) show the horizontal, vertical 
and longitudinal distributions due to the random pro- 
cesses of Bhabha scattering, beam-gas scattering, beam- 
gas bremsstrahlung, beam-beam bremsstrahlung and beam- 
beam interaction. The apertures are limited by 34cr°', 30a°' 
and £7=15 in the horizontal, the vertical and the energy di- 
rections, respectively. We can see that particle losses are 
mainly limited by the energy and the vertical apertures. 

w      p m  

Figure 3: (a) Horizontal, (b) vertical and (c) longitudinal distri- 
butions due to longitudinal and transverse random processes and 
beam-beam interaction after 46000 turns. Pressure in ring is 10-9 

Torr. 

3.3   Lifetime as a Function of Apertures in KEKB 

Beam lifetimes for bremsstrahlungs and scatterings as a 
function of energy and vertical apertures are listed in unit 
of hours below. Horizontal aperture is assumed to 34<r°'. If 

Energy aperture £=10 £=15 £=20 

Beam-Beam Brems. 
Beam-gas Brems. 

6.6 
32.4 

7.3 
35.3 

7.8 
37.7 

Vertical aperture Y=25<r°' Y=30<T°' Y=35<T°' 

Bhabha Scattering 
Beam-gas Scattreing 

13182 
21.8 

18595 
31.3 

25252 
42.7 

we estimate the lifetime including the beam-beam interac- 
tion to four random processes, it gives the lifetime around 
5 hours in the aperture limitations of 34cr°', 30<r°' and 
£7=15 for KEKB. It is shown that particle loss due to the 
beam-beam bremsstrahlung plays important role on elec- 
tron beam lifetime for KEKB. 

4   DISCUSSION AND CONCLUSION 

Two simplifications were employed for our simulation to be 
valid: first, once a particle undergoes a random process, it 
does not undergo a random process again. The choice of a 
too small ec reduces the efficiency of this simulation, with- 
out giving any contribution to the tail distribution; and large 
ec can result in larger statistical fluctuations. Secondly, we 
assumed that new macroparticles in longitudinal and trans- 
verse directions reach an equilibrium state during two lon- 
gitudinal and transverse damping times, respectively. This 
assumption makes it possible to simulate long-term runs. 

The tail distributions are obtained by considering only 
the events of relative large amplitudes in several rare ran- 
dom processes for KEKB. It is shown that the beam-beam 
bremsstrahlung in KEKB is the predominate random pro- 
cess leading to particle losses. 

A new simulation technique for beam tails is presented. 
This simulation method provides a simple and fast means 
to obtain the tail distributions due to various random pro- 
cesses in the storage rings. This simulation showed a good 
agreement with the solvable cases. 

On the other hand, if random processes that produce 
beam tails occur with high probability, this situation re- 
quires us to generate more new macroparticles in our sim- 
ulation. We would thus need more tracking times in this 
case. 

The contribution of small amplitude scattering to the tail 
can be obtained by the simulation method of D.N. Shatilov. 
The effect of large amplitude scattering on the tail can be 
treated by this simulation method. 
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HOM HEATING AT THE PEP-IIB-FACTORYIR BERYLLIUM VACUUM 
PIPE * 

X. Lin, C.-K. Ng, K. Ko 
Stanford Linear Accelerator Center, Stanford University, Stanford, CA 94309 

Abstract 

The higher-order-mode (HOM) heating of the central 
beryllium beam pipe in the PEP-II B-Factory interaction 
region is evaluated. Both single and multi-bunch effects are 
considered. While single-bunch heating is not an issue, res- 
onant heating due to multiple bunch passages is found to be 
unacceptable. Modifying the IR configuration around the 
central pipe has been shown to alleviate this problem. Sim- 
ulation results indicate that the new design is sufficiently 
effective in reducing possible resonant heating down to a 
level that is within existing cooling requirements. 

1   INTRODUCTION 

The PEP-II interaction region (IR) consists of a cen- 
tral beryllium vacuum pipe connected to incoming beam- 
lines through a series of synchrotron masks which are not 
collinear and vary in dimensions along the beam axis. 
Fig. 1 shows the IR geometry in the horizontal and verti- 
cal planes. The aspect ratio of the structure is very large; 
the central pipe length is 40 cm while its radius is 2.5 cm. 
At one end the masks extend to almost a meter from the in- 
teraction point. Since there is only vertical symmetry this 
long structure is numerically challenging to model. Pre- 
vious studies have assumed a rotationally symmetric mask 
geometry for simplicity. This work is aimed towards mod- 
eling the full 3D effect of the actual IR geometry. 

The set of masks and tapers in the IR raises concerns in 
regard to the impedance it presents to the beam as well as 
the joule heating generated by the electromagnetic fields 
that the colliding beams induce. The design as depicted in 
Fig. 1 has already incorporated smooth tapers with the first 
concern in mind. Wakefield calculations show that the IR 
contribution to the ring impedance is not significant. The 
concern over joule heating is the subject of this paper and 
the present analysis seeks to determine whether the addi- 
tional thermal loading will exceed existing cooling specifi- 
cations. 

2   TRAPPED MODES IN BERYLLIUM PD?E 

The wakefields generated by the colliding beams at the 
masks can be trapped in the beryllium pipe due to the con- 
strictions by the masks at both ends of the pipe. These 
trapped modes do not play a role in the heating incurred in a 
single bunch transit. However, in multiple bunch passages, 
resonant heating can occur if the trapped mode is driven by 
a beam harmonic and its decay time is long compared with 
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Figure 1: PEP-II IR region: horizontal and vertical plane 

the bunch spacing (high Q). This cumulative heating can 
lead to thermal loading much beyond what the cooling sys- 
tem can handle. To quantify this effect, the identification 
and characterization of the trapped modes are essential. 

Trapped modes are normally best calculated in the fre- 
quency domain using cavity codes. These are localized 
modes below the beampipe cutoff and with low loss (high 
Q). The central pipe is, in a sense, a quasi-cavity whose 
beampipes are formed by the masks and tapers that ex- 
tend out to larger pipes. Seen from the central pipe the 
beampipe cutoff is effectively changing with distance, first 
higher then lower as one approaches the larger outer pipes. 
In this structure some modes can be trapped within the cen- 
tral pipe while others can tunnel through the mask region 
and propagate in the outer pipes. 

Figure 2 sketches the axial electric field of a partially 
trapped mode. Such a mode would not be determined cor- 
rectly by a cavity code because there is outflow of energy. 
Although methods exist that use cavity code data to treat 
this coupling, they presently cannot handle multiple modes 
in the external waveguides which is the case here. To cir- 
cumvent this difficulty we pursue a direct time domain ap- 
proach in which all the modes are impedance matched at 
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ometry of the masks is an important effect. Summing all 

Figure 2: The longitudinal mode pattern in PEP-IIIR re- 
gion 

the ends of the larger beampipes. 

3   SINGLE BUNCH SIMULATION 

The time domain simulation is basically a wakefield analy- 
sis whereby one drives a nominal bunch through the struc- 
ture to find the energy loss and Fourier-transforms the 
wakefield to obtain the impedance spectrum. For heating 
calculation, it is further necessary to find the fraction of the 
energy loss to the pipe wall. We achieve this by monitor- 
ing the tangential magnetic field on the wall surface as a 
function of time (up to 67nsec, 16 bunch spacings). The 
set of monitors includes 8 locations in the azimuthal direc- 
tion and 20 in the axial direction. Using this magnetic field 
data the wall loss can be obtained via perturbation theory. 
Fig. 3 shows the total heating spectrum within 20 cm of 

Figure 3: Heat spectrum in the beryllium pipe. The insert 
lists the Q value of the TEn group of modes. 

the IP, which is essentially the beryllium pipe. One can 
identify the modes by referencing the cutoff frequencies of 
the central pipe: TEn = 3.5 GHz, TM0i = 4.6 GHz and 
TE21 = 5.8 GHz. It is found surprisingly that the domi- 
nant modes are from the TEn family. If the IR geometry 
were treated to be rotationally symmetric (2D) the domi- 
nant contributions would have been from the TM0i group. 
TE modes would not be excited by the beam because they 
have zero electric field along the beam path. However, in 
the region where the masks intrude into the beampipe in 
the horizontal plane (right end of the central pipe), The az- 
imuthal symmetry has been broken. The TE modes can 
have an axial field component and therefore be generated. 
Fig. 4 shows the dominant mode in the group, TEn&> that 
is well trapped. This is a clear indication that the 3D ge- 

■ 11111 • 1! ■ • 11 ■ »i' •'" ■ ■ 'H'' ■ utii-iii.■iii'iii.iHi.iUj,' 

Figure 4: TEn6 mode pattern 

the modes the total heating is calculated to be 9W for a 3A 
beam. 

4   MULTBBUNCH HEATING 

When a single bunch passes through IR, it loses energy 
AC/„ to the mode n. In the case of a train of bunches pass- 
ing through IR, each bunch not only interacts with its own 
wakefield but that of the proceeding bunches[l]. Therefore 
the energy loss 

C/n = AE/„{l + 2]Texp[( 
1=1 

—un * tß 

2Qn 
+ iUntB)l}}   (1) 

contains the summation of all previous wakefield. The fac- 
tor of 2 comes from the fundamental Theorem of beam 
loading[2]. The summation at resonance u>n£ß = 27rm, 
with integer m, is 

Un = MJn 
4Qn (2) 

when 2Qn > u)ntß- 
In the previous single bunch heating calculation, we have 

integrated up to T = 67nsec, at which time most low Q 
modes have been completely damped. However, a few 
slowly decaying modes are still resonating. Thus, we ex- 
press the multibunch heating 

■ multi ■ single 
Jo°°exP(- f)4Q 
IoeM 

single 

uit 
Q 

4Q 

utB 

l-exp(-^-)wtfl 
(3) 

to account for finite integration time interval. The mode 
index n has been dropped to simplify the notation. 

Because wakefield calculation requires a much finer 
mesh and correspondingly more CPU time, a separate 
MAFIA simulation with a dipole to excite individual modes 
is performed to calculate the Qext- A few Qext values for 
the TEnx modes are displayed in the insert in Fig. 3. The 
Qext of the first 3 modes are so high that we are not able to 
determine them. Since the metal surface results in a natural 
Qo of 30K, the total Q of TEn6, for example, is roughly 
14K. From Eq. 3, TEn6 results in a heating of 4.4 KW if 
it is on resonance. The other high Q modes contribute even 
more. The total heating is unacceptable. 
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5   HEATING REDUCTION 

It is seen from Eq. 3 that high Q resonance is highly un- 
desirable. And we have also noticed that the smooth taper, 
with the aim to reduce the broadband impedance, traps the 
modes very well. Since wakefield calculation shows that 
the IR contribution to the ring impedance is not significant, 
we could use thin irises (See Fig. 5) instead of tapers to in- 
crease the tunneling of the trapped mode, thus reduce the 
QeXf The vertical mask on the right side is also pushed 

Table 1: Multibunch heating 

modes Qext "single "multi 

TEni 3600 0.018 8.32 
TK112 1080 0.022 1.38 
TMou 4000 0.33 113 
TM012 730 0.1 2.58 
TE211 8000 0.13 103 
TE212 1400 0.32 14.2 

Total(W) 242 

8   l- 
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Figure 5: New PEP-II IR region- horizontal plane 

in to shield horizontal mask, which induces the dominant 
TE11 contribution. The resulting single bunch heating is 
shown in Fig. 6. The TEn contribution has been greatly 
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Figure 6: Power dissipation spectrum for new design 

reduced at the expense of larger TM01 and TE21 excitations 
due to the abrupt geometry change. 

We also evaluated the Qext's of the modes by the pre- 
viously mentioned method. Tab. 1 summarizes the multi- 
bunch heating if modes are on resonance. The total heating 
of 242 W assumes a very pessimistic situation where all 
modes are on the beam harmonics. It is very unlikely be- 
cause the beam harmonics are 238 MHz apart in the case 
of nominal 4.2 nsec spacing. 

6   TWO BEAM EFFECTS 

For a symmetric mode with respect to IP, its excitation from 
two colliding e+ and e- beam will be twice as that from a 
single beam. Correspondingly 4 times the power will be 
generated. On the other hand, an anti-symmetric mode will 
have zero excitation (see Fig. 7). Assuming the worst case 

Figure 7: Two head on beams. 

scenario with all the modes being symmetric, the HOM 
heating is 4 x 242 = 968W for 3 A beams. In addition 
to the 30 W image current heating, the total wall heating 
does not exceed the cooling requirement. 

7 CONCLUSION 

The PEP-II IR HOM heating has been numerically ana- 
lyzed. By modifying the synchrotron masks at the ends of 
the central beryllium chamber, the excitation of TE modes 
are substantially suppressed and the Qext's are greatly re- 
duced. Resonant heating from multibunch on the chamber 
wall is lowered to within the designed 1 KW cooling ca- 
pacity. 
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THE PEP II INJECTION KICKER SYSTEM 

G.C. Pappas, A.R. Donaldson, D. Williams, 
Stanford Linear Accelerator Center 

Abstract 

PEP II or the B Factory consists of two 
asymmetric storage rings. The injection energy for 
electrons is 9 GeV, while that for positrons is 3.1 Gev. 
The bend angle into the high energy ring (HER) is 0.35 
m-rad, and the angle into the low energy ring (LER) is 
0.575 m-rad. The magnetic length for the HER kicker is 
0.85 m, and 0.55 m for the LER kicker. The field 
produced by the magnet is therefore 123.5 G for the HER, 
and 132 G for the LER. Each ring has a kicker magnet 
upstream of the injection line which is used to distort the 
orbit of the stored beam. An identical magnet downstream 
of the injection line is used to restore the orbit of the 
stored beam and inject the incoming beam. The two 
magnets are driven in parallel by the modulator. The 
aperture of the magnets is 3.86x3.46 cm (HxV). 
Therefore the current required to drive the HER is 863 A, 
while for the LER it is 756 A. The inductance of the 
magnet is approximately 1.4 uH/m. The current pulse is a 
critically damped sinusoid with a rise time of less than 
300 ns. A kicker system has been designed which can be 
used for injection of both beams by varying the charge 
voltage. The modulator uses a conjugate circuit to match 
the impedance of the magnet, and coupling to the beam 
chamber. 

THE PEP n INJECTION KICKER MAGNET 

The PEP II injection and orbit distortion kicker magnets 
are single turn, H-type magnets, made from blocks of 
Ceramic Magnetics CMD5005 ferrite. The HER magnet 
uses 6 C-shaped ferrite blocks which are clamped 
together with their pole tips facing to form a rectangular 
aperture. The LER, which is 1/3 shorter, uses only four 
ferrite blocks. The magnets used for beam abort are 
identical to the injection kicker magnets1. The beam 
chamber is made from 2.5" inner diameter by 3.0" outer 
diameter alumina-ceramic pipe, and is coated with 0.3 
Q/square of kovar which was applied by a sputtering 
process. The length of the ceramic tube is 39.37", 
resulting in a coating resistance of approximately 1.5 Q. 
The bus bars are bonded to the ceramic chamber with 
indium, and are water cooled to remove the power 
dissipation of the beam return current in.the resistively 
coated chamber. The ceramic beam chamber supports the 
weight of the upper bus, and the upper ferrite. EPR rubber 
is used between the bus bars and the ferrite for 
mechanical compliance. The ferrite core is then clamped 
together in an aluminum housing. A cross sectional view 

Work supported by the Department of Energy under 
contract No. DE-AC03-76SF00515 

of the magnet is shown in Figure 1, while a longitudinal 
view is shown in Figure 2. 

EPR RUBBER—' 

ALUMINUM FRAME 
BUS BAR 

WATER COOLING PIPE 
COATED CERAMIC BEAM CHAMBER 
CMD5005 FERRITE 

Figure 1. Cross section of the PEP II injection kicker 
magnet. 

rBEAM  CHAMBER 
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-<33.369)'.045- 

-42.930- 

Figure 2. Longitudinal view of the PEP II HER injection 
kicker magnet. 

The electro-magnetic field solver MAXWELL 
was used to calculate various parameters associated with 
the magnet. The inductance of the single turn of the 
magnet was calculated to be 751 nH, the inductance of the 
beam chamber is 577 nH, and the mutual inductance 
between the bus bars and the chamber is 556 nH. The 
capacitance from the bus bars to the aluminum case and 
the coated chamber is 5 nF. A plot of the field distribution 
across the middle of the aperture is shown in Figure 3. 
The driving current for this calculation was 1221 A which 
results in a magnetic gain of the magnet of 0.139 G/A. 
The highest electrical field stress point is in the corner 
where the bus bar separates from the ceramic chamber. 
The field calculated at this point with a bus bar voltage of 
15 kV is 4.7 MV/m. This high field is troublesome, 
however no electrical breakdown, or corona has been 
detected in testing. 
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Figure 3. Plot of magnetic field magnitude across 
center of the aperture. 

The magnet and coated chamber can be modeled 
as a single turn transformer shown in Figure 4. In this 
model the bus bar Li is replaced with the term LrM 
(90 nH), and the coating inductance L2 is replaced with 
the term L2-M (180 nH), where M is the mutual 
inductance between the conductors. The resistor is used 
to model the chamber coating resistance. Using this 
model it is possible to solve for the effect that the coating 
has on both the B field rise and fall times, and the peak 
magnetic field2. The results of this analysis are shown in 
Table 1 for various coating resistances. The nominal rise 
time for the current pulse was 100 ns for this analysis. 

90N laoN 
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THE PEP II INJECTION KICKER MODULATOR 

The modulator for the PEP II injection system 
uses a capacitor discharge circuit to form a pulse which 
has a sinusoidal rise, and an exponential decay. A 
schematic of the modulator is shown in Figure 5. A 20 
kV, Electronic Measurements, Inc. capacitor charging 
power supply, model 402L, is used for the high voltage 
source. The switch tube used is a EG&G HY5, single gap, 
ceramic envelope, hydrogen thyratron. 

6.2S    MAGNET 

RESERVOIR 

HEATER  O 

Figure 5. Schematic of the PEP II, HER injection kicker 
system. 

Four parallel lengths of Time Microwave 
AA8481 cable connect the modulator to the magnet. The 
impedance of the AA8481 cable is 25 Q, for a 6.25 Q 
connection to the magnets, with the injection kicker 
magnet and the orbit distortion magnet being driven in 
parallel. The lengths of the cable runs for the magnets are 
189.5 ft for the HER injection kicker, 254 ft for the HER 
orbit distortion kicker, 478.1 ft for the LER injection 
kicker, and 260 ft for the LER orbit distortion kicker. 

It is possible to use a conjugate circuit in parallel 
with the magnet which makes the magnet load and 
matching resistor appear to be purely resistive, and 
therefore minimize reflections3. In the conjugate circuit, 
the inductors, capacitors, and resistors from the magnet 
model shown in Figure 4 are replaced with capacitors, 
inductors, and resistors, respectively. The values of the 
components in the conjugate circuit can be calculated 
from   the   characteristic   impedance   of   the   cable, 

Figure 4. Schematic for single turn transformer model of 
magnet and beam chamber. 

Roß t us B 
100 0.3 15.7 
0.45 0.34 14.22 
0.2 0.38 13.43 
0.1 0.44 11.48 

Table 1. Pulse rise time and peak B field for various 
chamber coating resistances. 

Z = J— , in the case of the inductor and capacitors, and 

Rcon=R2/Z, where R is the resistance of the chamber 
coating. The modulator, magnet with beam chamber, and 
the conjugate circuit were modeled in SPICE. The results 
of this analysis are shown in Figure 6. Here the charge 
voltage was 15 kV. 

OPERATION OF THE HER INJECTION SYSTEM 

The HER injection kicker system has been fully 
tested and installed. Figure 7 shows the magnet current, 
and the magnetic field integrated over the length of the 
magnet. The area of the probe used was 1.275xl0"3 m2, 
therefore the field at 1200 A is approximately 149 G, or 
124 mG/A. 
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magnet are well matched. 
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Figure 6. SPICE simulation of the PEP II HER injection 
kicker system, showing magnet current. 
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Figure 7. Magnet current and integrated magnetic field. 

From Figure 7, it is seen that the rise time of the 
current pulse is approximately 200 ns, while the rise time 
of the integrated magnetic filed is approximately 400 ns. 
This discrepancy is close to that predicted by the analysis 
shown in Table 1. Several attempts where made to 
increase the rate of rise of the current pulse. Circuit, and 
magnet connection inductances were reduced as much as 
possible. The overall circuit inductance with the magnet 
shorted was measured to 810 nH. The load, which is 
made from sixteen parallel, twelve inch long by one inch 
diameter, cylindrical, Cesiwed, type AS resistors, 
contribute the majority of this inductance, approximately 
500 nH. A new load using disk type resistors with a 
coaxial return is planned. 

In order for the PEP II injection scheme to work 
properly, the magnetic field in the injection kicker magnet 
and the field in the beam distortion magnet need to be 
identical. Because the cable runs to the magnets are 
different, any reflection from the magnets need to be 
minimized. Figure 8 shows the magnet currents for the 
HER injection and beam distortion magnets, and clearly 

010°       1 10*      210*      310*      410*      510*      610' 

"s" 

Figure 8. Overlay of HER injection and beam distortion 
magnet currents. 

CONCLUSIONS 

A modulator and magnet have been constructed 
which are capable of providing the pulsed magnetic field 
consistent with the PEP II injection kicker requirements. 
Only a proto type modulator has been built and installed 
for the HER. Two new modulators are currently being 
fabricated. The system has not been fully commissioned 
with beam. 
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Abstract 

Efficient production and collection of a large number of 
muons is needed to make a muon collider viable. Target 
options are considered to maximize pion yield and to pro- 
vide target survivability for 8 and 30 GeV primary beams 
of approximately 1014 protons per pulse at 15 Hz. Re- 
alistic Monte-Carlo simulations are performed for targets 
of different configurations and dimensions in a high-field 
solenoid. Different materials, including liquid metals and 
coolants, are studied to optimize heat removal. 

1   INTRODUCTION 

To achieve adequate luminosity in a muon collider it is nec- 
essary to produce and collect large numbers of muons. The 
basic method starts with a proton beam impinging on a thick 
target (one to two interaction lengths) immersed in a 20 T 
solenoid followed by a long 5 T solenoid channel which col- 
lects muons resulting mainly from pion decay (Fig. 1). The 
aperture of the 20 T solenoid is assumed to be 7.5 cm so 
as to give a large transverse phase space acceptance ade- 
quate for a transverse momentum p™ax = qBa/2, where 
B is the magnetic field, q the particle charge, and a the 
solenoid radius. The normalized phase space acceptance of 
this solenoid for pions is ap™ax/mrc = qBa2/2m^c. For 
a 20 T solenoid the momentum acceptance is 0.22 GeV/c, 
and the phase space acceptance is 0.12 m-rad. 

-> 

-&*•       BK20 T 
0.2 cm (F«) 

Figure 1: Production target in 20 T solenoid. 

Extensive simulations have been performed for pion pro- 
duction from 8 and 30 GeV proton beams on different tar- 
get materials in a high field solenoid [1, 2]. Solid (carbon, 
aluminum, copper, tungsten iridium) and liquid (gallium, 
mercury, lead) targets of different radii (0.4 cm to 3 cm) 
and thicknesses (0.5 to 3Aj, where A/ is nuclear interaction 
length) have been explored. Values of A/ are taken from [3]. 

2   YIELD AND TARGET HEATING STUDIES 

For the collection geometry described in the previous sec- 
tion, target composition, length and radius are varied and 
pion yield is studied using particle production and trans- 
port simulation codes. The MARS code [4], developed over 
many years at IHEP and Fermilab for particle-matter inter- 
action simulations, is used for simulating particle produc- 
tion and transport in thick targets within the solenoid field. 
The MARS code is also used to study energy deposition in 
the target and surrounding solenoid. In excess of 90% of 
all accepted muons are found to be the progeny of pions in 
the momentum range 0.05 -1 GeV/c for both 8 and 30 GeV 
protons. 

Materials investigated as target candidates are carbon, 
aluminum, copper, gallium, tungsten, iridium, mercury and 
lead. This set spans the Periodic Table and ranges in den- 
sity from 1.8 to 22.4 g/cm3. It is found [1, 2] that the pion 
yield is higher for high-Z materials, but saturates at Z >29. 
At the same time, power dissipation grows rapidly with Z. 
Analysis shows that for the required beam parameters the 
only practical materials are those with Z <31 (gallium or 
lighter). Copper and solid carbon have been studied in de- 
tail in[l, 2]. Below we concentrate on carbon/water and 
liquid gallium since they appear to have a desirable combi- 
nation of thermal and yield properties in the proton energy 
range of 8 to 30 GeV. The TT+K yield in the kinetic energy 
range from 0.05 to 2 GeV is studied for the above targets in 
the 20 T solenoidal field. 

0.5 1.0 1.5 
RMS Beam Spot Size Sigmax=Sigmay (cm) 

* Work supported by the U.S. Department of Energy under contract No. 
DE-AC02-76CH03000. 

Figure 2: Positive and negative meson yields per 30 GeV 
proton for gallium target (R=3 cm, L=36 cm) vs rms beam 
spot size <Tx=<Ty. 
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It is found that pion yields are nearly optimized as long as 
the target radius R«2.5<r, where a is the rms beam spot size, 
for all target materials and lengths, at both 8 and 30 GeV. 
For the fixed target radius, the yield is slightly smaller for 
small beam spot sizes and drops rapidly at <r > R/3 (Fig. 2). 

Figures 3 and 4 show the yield versus target thickness 
for carbon and gallium targets. The optimal target length 
is about 1.2 to 1.4 A/, but yields vary by no more than 10% 
over a range of 1 to 2.5 A/. 

studies were done using 1.5 x 1015 protons per second 
at 8 GeV and 7.5 x 1014 protons per second at 30 GeV 
to produce the same number of muons per second in the 
collider. This corresponds to beam powers of 1.9 MW at 
8 GeV and 3.6 MW at 30 GeV. Due to the relatively short 
target lengths, only 5 to 15 percent of the beam power is 
absorbed by the target. 

3   TARGET COOLING OPTIONS 
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Figure 3: Positive and negative meson yields per one 8 
or 30 GeV proton for a target composed of carbon disks 
(0.704 cm thick) with 0.15 cm water gaps vs target assembly 
thickness. Beam rms <r=0.4 cm. Rc=l cm, Ru;ater=4 cm, 
Ac=53 cm, Au,ater=91 cm. 
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Figure 4: Positive and negative meson yields per one 8 or 
30 GeV proton for gallium target (R=3 cm, AGa=24 cm) vs 
target thickness. Beam rms cr=0A cm. 

Beam power deposited in the target varies greatly with 
composition mainly due to increased electromagnetic 
shower development in high-Z materials. Because pion 
yield roughly doubles from 8 to 30 GeV, target heating 

The MARS calculations show the target energy deposition 
per pion produced increases linearly with target length for 
lengths more than one interaction length, and so, since the 
yield maximizes at lengths slightly in excess of one A/, the 
remaining calculations were typically performed for targets 
of length about 1.3 A/. A broad set of liquid targets as well 
as solid targets with forced cooling are considered. The best 
coolants include water and low-melting point alloys of gal- 
lium. Carbon is the best option for a surface-cooled, solid- 
cylinder geometry due to its relatively low heating power 
density. However, a large radius graphite cylinder is needed 
at these powers in order to have enough surface area for 
heat transfer to the cooling water which flows through the 
solenoid bore at lOm/s. There is a film drop AT/ =46°C 
across the target-coolant interface, so for an inlet tempera- 
ture of 40° C the water temperature will approach 86° C at 
some locations. 

A core-cooled bar with narrow water channels improves 
heat transfer for any solid target by increasing the heat trans- 
fer surface area. In this geometry, coolant channels may 
be drilled through the bar. The selected core-cooled design 
has the target sliced into disks (7 mm thick with a 1.5 mm 
coolant channel between adjacent slices), and the proton 
beam passes through the whole stack of these disks. This 
results in a smaller target radius (2.5 cm for carbon) with a 
water tank of only 4 cm radius at these beam powers. Wa- 
ter supplied at a flow rate of 19 liter/s is adequate to provide 
3 m/s flow across the carbon disks, resulting in a maximum 
water temperature of about 75°C as shown in Fig. 5. The 
steady-state maximum disk temperature is about 110°C for 
both 8 and 30 GeV beams. 

— max WO 
— ~  total press drop (kPa) 

I ' ' i I i ' ' I ' ' ' I ' ' ' I ' 
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Channel flow speed across disks (m/s) 

Figure 5: Maximum water temperature and pressure drop 
in 2.5 cm radius, 69 cm long carbon target for 8 and 30 GeV 
protons. 
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A liquid target circumvents the fatigue life limits associ- 
ated with solid targets at high beam powers. A cylindrical 
tank of stagnant gallium could be inserted into the solenoid 
bore and cooled by concentric loops of flowing water, im- 
mersed in the liquid metal. This approach eliminates all 
MHD pressure drops, since the liquid metal is not flowing 
through the magnetic field. The preferred liquid target op- 
tion however, is the simplest system: the Ga serves as the 
coolant as well as the target. In this target geometry, in- 
let and outlet headers flow the liquid gallium parallel to the 
solenoid's magnetic field in order to minimize the MHD 
pressure drops. Within the niobium alloy tank (3 cm ra- 
dius), the gallium flows a short distance across the magnetic 
field at a slow speed (less than 0.1 m/s). A volumetric flow 
rate of 1.2 liter/s is adequate to keep the outlet temperature 
at 248° C (for the higher power, 30 GeV beam) with a total 
pressure drop of 176 kPa (see Fig. 6). Extensive experimen- 
tal work at Argonne has shown that a thin ceramic coating 
(e.g., 10 fim AI2O3) inside the tank will essentially elim- 
inate the MHD portion of the pressure drop (Fig. 6). Al- 
ternatively, flow control and MHD pressure reductions are 
possible by tank geometry modifications and/or electric bi- 
asing [5]. 
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(V. P.) coolant to the vacuum. Tritium production and re- 
moval must also be considered in water cooled systems. 
Liquid gallium has several useful properties for high power 
targetry including a very large temperature margin to boil- 
ing (less sensitive to LOFA), extremely low V. P. and low 
reactivity in air and water. It is also safe to handle. To 
minimize corrosion, gallium should be kept below 350°C. 
We have not performed detailed calculations for pressure 
and flow behavior in high magnetic fields or activation of 
gallium at high proton fluence. In summary, either water 
cooled, solid carbon disks or liquid gallium can probably be 
used as targets in a muon collider source. 
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Figure 6: Outlet temperature and pressure drop in a 3 cm 
radius, 33 cm long liquid gallium target in a metal tank ir- 
radiated by 8 and 30 GeV beams. 

4   CONCLUSIONS 

For a 30 GeV proton driver with 12.5 x 1012 protons/bunch, 
gallium yields 10.6xl012 pions/bunch while graphite 
yields only 7.7 x 1012 pions/bunch. At 8 GeV, these yields 
are about a factor of two lower. Using a large beam and 
target radius (2.5 - 3 cm) reduces the maximum pulsed 
energy density to 10 J/g in graphite and 20 J/g in gallium, 
minimizing shock damage. A gallium target is about half 
the length of a graphite assembly, possibly reducing costs 
of the high field solenoid. It is desirable to operate coolants 
at pressures less than 400 kPa to reduce the likelihood of 
leaks and loss of flow accidents (LOFA). The graphite 
performance here assumed unirradiated properties, but 
thermal conductivity, shock and fatigue resistance may 
deteriorate with beam fluence. 

For solid targets water cooling is simplest, but operation 
near boiling can result in possible overpressure failure with 
LOFA and water leaks will introduce high vapor pressure 
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Abstract 
frequency on amplitude in longitudinal phase space causes 
the distribution to distort into an S shape as it rotates. 

The proton driver for a muon collider [1,2] must be 
capable of producing 2.5 x 10 13 p/bunch on target (in 4 
bunches) in order to reach the design luminosity in the 
collider ring. Additionally, the bunches are very short, 
with an rms of only ~1 ns, to match the longitudinal 
emittance requirements of downstream capture, cooling, 
and acceleration systems. This criterion along with the 
high intensity places constraints on the proton driver 
design which will require both theoretical and 
experimental verification. This paper will discuss the 
bunch shortening techniques to be tested experimentally, 
the impact of longitudinal space charge, and potential 
instabilities in such an accelerator. 

1  INTRODUCTION 

There has been great interest in developing high-intensity 
(~1014 protons per pulse) proton sources for neutron 
spallation sources, hadron factories, and muon colliders. 
Muon colliders also require rms bunch lengths as short as 
a nanosecond. Short bunch lengths limit the initial muon 
longitudinal phase space area, thereby enabling effective 
collection, cooling, transport, and acceleration, as 
described in ref [1]. Shorter proton bunches also allow 
capture of more highly polarized muon beams. This paper 
describes methods for producing short bunches and the 
experimental tests which are planned at the AGS and the 
Fermilab Booster. 

Because of the conservation of longitudinal phase-space 
area, shorter bunches imply larger momentum spreads. 
For example, a Gaussian bunch with a longitudinal 
emittance of 1 eV-sec and an rms bunch length of 1 nsec 
at 8 GeV has a full momentum spread of about ±1.5%. 
Such momentum spreads are probably tolerable for a short 
time before extraction in a well-designed lattice. 

2 BUNCHING 

Bunch rotation has been used at Fermilab and elsewhare as 
a straightforward way to shorten bunches. In this method, 
the amplitude of the rf voltage is programmed to induce a 
rotation of the longitudinal phase space distribution in a 
stationary bucket. The efficacy of a simple bunch rotation 
is limited by the fact that the dependence of synchrotron 

Three methods are under consideration to reduce the bunch 
distortion during bunch rotation. These are: a) separate 
shears in energy and phase to minimize the motion in 
phase space required to produce the final bunch, b) 
augmenting the fundamental rf frequency with harmonic 
cavities which can cancel the nonlinearities, and c) 
compensating rotations above and below transition which 
cancel nonlinear effects. 

The use of separate shears in momentum and phase 
requires that the transition gamma of the machine, yt, be 
changed between the two processes, using new lattices 
such as the FMC[3]. If necessary, the momentum 
dependence of the slip factor 77 of the lattice can be 
matched to that of the beam. A transition jump is also 
required in the third method. 

Working close to transition has some obvious advantages: 
the beam is naturally shorter there and more bucket area is 
available. However, flattoping too close to transition 
energy should be avoided for two reasons: the synchrotron 
frequency is very low, so that bunch manipulations take 
too long; also, as described below, space charge effects 
below transition can prevent bunching unless they are 
compensated by inductive inserts[4-7]. 

3 LONGITUDINAL SPACE CHARGE 

Below transition the longitudinal space charge force [4] is 
defocusing and thus opposes the effect of the rf voltage. 
Longitudinal space charge can strongly perturb, and 
perhaps prevent, the bunch rotation required to produce 
short proton bunches. The voltage produced on a particle 
in one turn by the longitudinal electric field due to space 
charge is 

„2' 
V{=- 

2e0r 
where g0 = (l+21n(fc/a)), b is the vacuum chamber radius 
and a is the beam radius, A' is the longitudinal charge 
density gradient, e0 is the permittivity of free space, yis 
the relativistic factor and 2KR is the circumference of the 
ring. As the bunch is compressed over N turns, an 
individual particle in a bunch will lose (or gain) an 
amount of energy, shown in Fig 1, given by 

0-7803-4376-X/98/$10.00©1998 IEEE 396 



N 
U = qZVi=q(V)N = q(Vy 

A£ max 
I=1 2nr\äplp 

where (V) is the simple average of the space charge 
induced voltage per turn, during the compression process, 
q is the charge and U must be in units like W introduced 
below. The value of synchrotron phase at the start of the 
compression is A<j)max, and the expression in the 
denominator is the phase change per turn for a given slip 
factor 77 and momentum offset, Ap/p, since S(j)tum/2n = 
Sflf = J] Ap/p. 

N        i=l 
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Figure 1, the final stage of bunching. 

The complete expression can be written for a triangular 
bunch more explicitly in terms of the average charge 
density gradient (A') rather than the average voltage per 
turn (V), after expanding r\ as 

g/?go(A')A0max 
U = 

4ne0(l-y
2/yf)Ap/p 

As long as the energy loss by the particle is much less 
than the initial energy displacement from the center of the 
bunch, W, distortion of the bunch will be minimal. Thus 
the condition for bunching is that 

W    47te0W(l - y2/ yf)Ap/p 

Values for the parameters can be obtained numerically for 
the AGS and the driver of the muon collider for a bunch 
compression using widths from FWHM / 2 = 10 ns down 
to 1 ns, Figure 2. The results show that if the bunching 
is done too close to yt it will proceed slowly and space 
charge will dominate, however if \y-yt\>0.2y, bunching 
can proceed. 

Since the design of the accelerator enters into this 
expression as R/W(l - y^/y^Ap/p, the size of the ring 
should be minimized, likewise the momentum aperture 
and the difference between the operating and transition 
energy should be maximized. (Because the energy offset 
W<=Ap, the momentum spread essentially enters with an 
exponent of 2). Thus one wants a lattice with an efficient 
packing factor for dipoles, magnets with a large aperture 
and the transition energy as far from the beam energy as 
possible during the final bunch rotation. 
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Fig 2. Degree of nonlinearity during bunching. 

The third method under consideration, in which transition 
is jumped before the final bunch rotation, has the 
potential to put the space-charge voltage to good use to 
augment the rf bunching voltage. Alternatively, if 
inductive inserts are used to alleviate longitudinal space- 
charge effects, the above limitations can be circumvented. 

4 OTHER INSTABILITIES 

The bunch hitting the target will have a peak current of 
1600 - 3200 A, which is significantly larger than is 
presently seen in synchrotrons. Although this current 
might be the cause of significant instabilities, the bunch 
will be stabilized by a number of effects. 

The incoherent space charge tune shift 

Av.w = 
*rpNt 

= 0.2 
2ABßy* 

will be large. By introducing Landau damping, this tune 
spread will tend to stabilize the beam against transverse 
resistive wall effects. 

In synchrotron space, the bunch is stabilized by a large 
momentum spread. Since the approximate threshold for 
these instabilities is given by the Keil-Schnell relation 

Z\\ =F\r]\ß2Ele(Ap 

n Ipk        I P 
a constant phase space area would imply I^ocAp/p for a 
vertical bunch, so the threshold Z\\ln °= Ap/p. Thus 
bunches become more stable as they are shortened. 

In addition, it is assumed that the current will rise very 
rapidly in the final stages of bunching, and this period of 
time will be short relative to the growth time for known 
resonance effects. 
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4 EXPERIMENTAL TESTS 

Bunch rotation schemes can be tested at both the AGS on 
high-intensity (~1013 p/bunch), long bunches (rms close 
to 20 ns) and on low-intensity, nanosecond bunches in the 
Fermilab Booster (~5xl010 p/bunch). The longitudinal 
structure of the beam will be measured using a resistive 
wall monitor, a fast analog scope with sequential 
triggering (25 (is rearm rate) and diagnostic software 
developed at Brookhaven (ref). 

With this system, the longitudinal structure of the 
Fermilab Booster has been explored from injection to just 
below transition by accelerating to 4 GeV instead of the 
nominal 8-GeV extraction energy. Although the Booster 
gradient magnets cannot sustain a flattop, at least a 
millisecond of data can be obtained with little energy 
change before extraction. To effect a bunch rotation, the 
rf cavities can be quickly paraphased in opposite directions 
which cancels the net rf voltage seen by the beam. A 
"tumbling" bunch can be observed in Fig. 3 when the rf 
cavities are paraphased from a net rf voltage of 800 kV to 
150 kV. Hardware is presently being developed and tested 
to unparaphase the rf cavities in order to recapture a 
shortened bunch. 

Figure 3. tumbling bunches in the Booster. 

In the AGS, the gradient magnets can be programmed to 
maintain a flattop. During a flattop of 25-GeV kinetic 
energy, a bunch rotation will be effected using the rf 
cavities. Other techniques such as firing the Yt jump 
system on the AGS to shorten the bunches by the 
shearing caused in crossing transition (rapidly) will also 
be investigated. 

Expansion of the bunch can be accomplished either by 
turning down the rf and letting the beam expand in phase 

or by operating close to transition with the rf fully on, 
which expands the energy spread. Although the bunch 
will be truncated by the momentum aperture, rotation to a 
vertical orientation would then proceed to the extent 
allowed by longitudinal space charge. Both procedures 
would be studied as a function of proximity to transition 
and bunch intensity, with two dimensional reconstruction 
of bunch density from time dependence of the longitudinal 
current density. 
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Abstract 

The proton driver for the n/i collider might operate at 
about 15 Hz and produce four bunches of 2.51013 

protons/bunch at about 10 GeV (or half that number at 20 
- 30 GeV) with an rms bunch length of about 1 nsec. A 
number of options have been considered to produce these 
bunches using: a) simple bunch rotation, b) energy 
slewing near yt followed by a fast increase of yt which 
facilitates bunching, and c) change of rf frequency in a 
ring-to-ring transfer. Flexible Momentum Compaction 
(FMC), or similar, lattices seem to offer control of yt 

even on short time scales. The large momentum spread, 
space charge tune shift and rapid bunching would tend to 
stabilize short, intense bunches, although 1^ ~ 1600 A. 
Both active (harmonic cavities) and passive (inductive 
wall) solutions have been considered to minimize high 
current beam effects. Magnet and vacuum systems would 
be similar to other high current designs. 

1   REQUIREMENTS 

The specifications on the proton driver for a ßß collider 
follow from the muon bunch parameters desired in the 
collider and from the capabilities of the systems for muon 
production, collection, cooling, and acceleration. Designs 
for these systems have been discussed at length in the 
"Snowmass Book" [1]. Although there is considerable 
latitude in the choice of system parameters, it is clear that 
a high-performance muon collider requires a high- 
performance proton driver. In general, delivery to the 
production target at a high repetition rate of a few short, 
intense proton bunches of moderate energy is necessary. 
The two parameter sets in Table I, adapted from reference 
[1], typify the formidable requirements on a proton driver 
for a 2 TeV x 2 TeV collider with luminosity of order 
1035 cnT^sec'l. Of course the specifications on the 
proton driver and/or on the other systems can be relaxed 
for a less demanding collider, such as a demonstration 
machine at lower energy and luminosity. 

Table I. Typical Proton Driver Requirements 
Energy 30 10 GeV 
Repetition Rate 15 30 Hz 
Bunches 4 2 
protons/bunch 2.51013 51013 
Rms bunch lent ;th         1 1 nsec 

Except for the short bunch lengths, these beam 
specifications are similar to those for recently designed 
medium-energy hadron facilities and spallation neutron 
sources, and so similar approaches are possible. (The 
short bunch lengths are needed to keep the initial 
longitudinal emittance of the muons as small as possible, 
thereby simplifying their collection and subsequent 
cooling; shorter bunches also allow production of muon 
beams of higher polarization.) The need for short bunches 
can be addressed either by adding systems such as a 
compressor ring or multiple chicanes downstream of the 
proton acceleration stage(s) or by integrating the short- 
bunch requirement into the acceleration stage(s). (A 
companion paper at this conference presents more detail 
on bunch-shortening strategies.[2]) 

2 THREE ALTERNATIVES 

Three proton driver designs have been considered. The 
first two columns of Table II show major accelerator 
parameters of the first two approaches, a 30 GeV 
synchrotron loosely based on the AGS and a single 10 
GeV synchrotron with a 1 GeV linac injector. These two 
options were described in the "Snowmass Book" [1], and 
so they will not be discussed further here. This paper 
presents a third alternative that has been developed since 
the Snowmass meeting: an 8 GeV, two-ring complex in 
which the bunch-shortening strategy is integrated into the 
design of the two synchrotrons. The last two columns of 
Table II show major accelerator parameters for the two 
rings of this latter option. 

Table II. Major Synchrotron Parameters 
Final Energy 30 10 8 GeV 
Booster Energy 3.6 4 4 GeV 
Injection Energy 0.4 1 1 GeV 
Circumference 1080 580 474 158 m 
Tune shift 0.1 0.2 0.4 0.4 
Transition energy 40 10-14 14 7 
RF Harmonic 12 8 84 4 
Long Emittance 4.5 2.5 1 0.5 eV-s 
Voltage /turn 4 1.8 0.5 0.2 MV 

♦Work supported by US Department of Energy under 
contracts with the respective laboratories. 
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3 DESIGN OVERVIEW 4  RF SYSTEMS 

The design requirements are a challenge for all the 
accelerators. A design intensity of 1014 protons per cycle 
corresponds to 100 mA x 160 (Xsec from the linac. 
Longitudinal tracking including the effects of space charge 
indicates that efficient capture can be achieved by injecting 
chopped beam into pre-existing buckets. It is expected 
that the full energy spread of the 1 GeV H" injected beam 
will be reduced to about 1 MeV by a debuncher cavity. 
Under these conditions the simulations show that the 
longitudinal emittance per bunch following injection and 
capture will be about 0.5 eV-s. The small circumference 
of the first ring helps to keep the longitudinal emittance 
relatively small. 

Transverse space charge effects are serious in both rings. 
The Laslett incoherent tune shift is limited to the barely 
tolerable value of 0.4 by the high linac energy of 1 GeV 
and by large normalized 95% transverse emittances of 
200rt mm-mrad. In the first ring, the harmonic number of 
four is chosen to match the desired number of bunches so 
that every bucket is occupied, thereby keeping the 
bunching factor favorable to reduce space-charge effects. 

The strategy for bunch length reduction calls for a bunch 
rotation just before extraction from each stage. The rf 
frequency in the second ring is chosen to be seven times 
that of the first ring for ease of matching to the 
longitudinal phase space distribution of the rotated bunch. 
With a circumference ratio of three, the harmonic number 
of the second ring is 84; the circumference and harmonic 
number of the second ring then match those of the 
Fermilab Booster. 

Of course the shorter bunch length exacerbates space- 
charge effects in the second ring. In fact the transfer 
energy of 4 GeV is chosen to equalize the Laslett tune 
shifts shortly after injection in the two rings. After 
acceleration, another bunch rotation just before extraction 
from the second ring produces rms bunch lengths of about 
1 nsec. Even if the longitudinal emittance has grown by 
this time to 1 eV-s, the momentum spread after rotation 
will be only about ±1%, which should be tolerable for a 
short time in a well-designed lattice. 

Transition energies somewhat above the extraction 
energies are specified for both rings. This not only avoids 
acceleration through transition but also facilitates the 
bunch rotation. For the second ring and, if necessary, also 
the first, flexible momentum compaction lattices [3] can 
be used to raise the transition energy above the operating 
range. Such lattices also facilitate rapid variation of the 
transition energy, as may be useful for some of the bunch- 
rotation schemes. 

In the limited space available, the design is illustrated by a 
fairly detailed discussion of rf considerations for the 
critical first ring rather than a more superficial treatment 
of both rings. 

The guide field ramp is resonant at 15 Hz and is linearized 
by addition of about 15% of second harmonic. The rf 
frequency varies from 6.64 to 7.43 MHz. The required 
accelerating voltage Vacc = V sin <|>s reaches a maximum 
nearly constant value of 52.7 kV. The rf bucket area is 
chosen to start at 1 eV-s, twice the expected bunch area, 
and to grow during acceleration to 1.7 eV-s just prior to 
extraction. In the case where the beam intensity is 
sufficiently small so that rf potential well distortion due 
to beam space charge effects can be ignored, the required rf 
voltage reaches a maximum value of 104 kV with <|>s = 20 
degrees near 8 ms in the cycle. Beyond the maximum, the 
voltage decreases because the slip factor r| decreases as y 
approaches Yt. 

At the design intensity, 2.5 x lO1^ protons per bunch, the 
rf potential well is distorted seriously by longitudinal 
space charge effects[4]. In order to develop the required 
bucket area in the presence of the potential well distortion, 
the rf voltage must be increased to a maximum value near 
146 kV with a corresponding decrease in synchronous 
phase angle. It may be possible to reduce or eliminate the 
additional rf requirement by compensating for the space 
charge induced longitudinal voltage through the 
introduction into the ring of additional inductance[5.6,7]. 
This can be done by lining short sections of the beam 
pipe with ferrite having sufficient bandwidth and relative 
permeability. The value of the introduced inductance must 
be reduced during acceleration to compensate for changes 
in ßy2. It is proposed to do this by enclosing the ferrite 
sections in bias current carrying solenoids which are 
capable of changing the ferrite permeability during 
acceleration. (A collaboration has been initiated between 
Fermilab and Los Alamos to make an experimental study 
of passive compensation of longitudinal beam space 
charge forces. Several ferrite inductive inserts with bias 
solenoids are being built at Fermilab. These will be 
measured electrically at Fermilab and subsequently 
installed in the Los Alamos Proton Storage Ring for a 
two day experiment with high intensity beam). 

Near 27 ms on the acceleration ramp the rotation period of 
the ring is about 620 nsec. With 1014 protons (16 \lC) 
in the ring the dc current is 26 A. At this point the rf 
power delivered to the beam, I,jcV sin <|>s, is 1.4 MW. An 
rf system capable of generating 120 kV and delivering 1.5 
MW to the beam over the specified frequency range is 
indicated. This can be done using ten ferrite loaded rf 
cavities of standard design. Each rf station (rf cavity, 
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power amplifier, de power source, etc.) will be capable of 
generating 12 kV and delivering 150 kW to the beam. 

The rf cavities will be single gap double-ended structures 
slightly more than 1 m long. Each side of the 
accelerating gap will be driven directly by a 300 kW 
power tetrode capable of delivering up to 40 A of rf 
current. Because of the anticipated very heavy beam 
loading and the consequent large current capability of the 
tubes (and the relatively low Q of the system), it may not 
be necessary to actively tune the cavities to (or near) 
resonance during acceleration. The beam loading will 
require that the cavities be tuned above the beam frequency 
in any case, so the cavities may be tuned to a resonant 
frequency above the maximum beam rf frequency (thus 
ensuring Robinson stability) and allowed to remain there. 
This will require that the tubes deliver substantial 
"quadrature" current in some cases, which will increase the 
anode dissipation. It is expected that the dissipation and 
current capability of the tubes to be used will be adequate 
to meet these demands. 

During acceleration the rf bucket area is adjusted 
adiabatically such that as the bunches approach extraction 
energy the bunch longitudinal emittance (assumed here to 
approach 0.75 eV-s) will extend to ±n/2 radians in the 
quasi-stationary buckets. The required bucket height is 
±7.1 MeV and the rf voltage is near 2 kV. At this point, 
just prior to extraction, the rf voltage is raised suddenly to 
its maximum value, 120 kV. This raises the bucket 
height to ±75 MeV. The bunch distribution will rotate to 
a maximum energy spread ±50 MeV in approximately 75 
|is. Even with slight deformation due to synchrotron tune 
spread the resulting bunch length will be within ±7-8 
nsec. This will allow extraction and injection into a 
second ring where the rf frequency may be as high as 53 
MHz. 

This bunch rotation process may be subject to several 
limitations. As the momentum spread of the bunches is 
reduced near extraction the beam conditions may exceed 
the Keil-Schnell threshold for self bunching instability 
(microwave instability). Because the beam is below, but 
near, transition, the growth rate and the resulting 
longitudinal emittance blow-up may not be sufficient to 
rule the procedure out. Secondly, as the bunches are 
narrowed during rotation the longitudinal space charge 
voltage will increase dramatically and may limit the 
desired bunch narrowing. This problem may be mitigated 
by use of the above mentioned passive space charge 
compensation scheme. Finally, at the end of rotation the 
beam momentum spread will reach ±1%, so the ring 
aperture and that of the extraction channel must be made 
adequate to accept this rather large momentum spread. 
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Abstract 

We analyze the design of the target for pion production 
and energy deposition for the muon-muon collider using 
the nuclear cascade codes. Heat removal from high-energy 
deposition in the target is discussed, together with the use 
of a target compressed by a laser, or light- and heavy- 
ions drivers. The latter approach needs further technologi- 
cal development, but it can reduce substantially the energy 
needed to collect and control the produced muons. 

1 INTRODUCTION 

To achieve a luminosity of 1035 cm_2s_1 for a 2 + 2 Tev 
muon-muon collider machine as well as a luminosity of 
1033cm~2s~1 for a 250+250 GeV collider, it is necessary 
to produce and collect a large number of muons[l]. The 
basic method presently used starts with a proton beam im- 
pinging on a thick target (one to two interaction lengths), 
followed by a long solenoid which results mainly from the 
decay of pions. Since a substantially large amount of the 
energy is deposited to the small target, heat removal from 
it is one of most important problems in designing the tar- 
get to efficiently collect pions. The energy cost to collect 
the secondary particle beam using the high solenoid mag- 
netic field and RF cavity is very high. To reduce the energy 
cost of producing and collecting the muons which result 
from the decay of the pions, the approach of using a highly 
compressed target, which is practiced in inertial fusion, is 
promising. 

2 YIELD OF PIONS 

To evaluate the various nuclear cascade codes, we calcu- 
lated the rate of pions production and energy deposition of 

a 1-cm-radius target with a radiation length of 1.5, made of 
carbon or copper.placed in a 28 Tesla solenoid field, into 
which 8 or 30 GeV protons were injected. We compared 
the results obtained by the LAHET, GEANT, MARS 
and ARC codes (Table I)[2],[3],[4]. The positive pion 
yields from LAHET are almost the same as those from the 
MARS calculation; however, the negative pion yield for 
high-energy proton injection is greater than the yield of 
positive pions. The yield of positive and negative pions by 
GEANT code are, 1.5 and 2.0 times greater, respectively, 
than the MARS calculation, and the GEANT code has 
highest yields. 

The large difference among the yield of pions indicated 
that the presently adopted codes for this analysis are not 
satisfactory. To capture efficiently the pions produced in 
the target, data on its momentum distribution is important. 
The early experiments mostly measured pions with rather 
large momentum; data for those of less than 300 MeV/c is 
scarce. New experiments presently are being carried out at 
the AGS[3]. The cascade models for the production of pi- 
ons in the HETC code, from which LAHET was derived, do 
not take into account the detailed resonance reaction above 
3 GeV proton energy injection. The hadron cascade model 
must be improved to give a good evaluation in the medium 
energy range above this energy. 

3   ENERGY DEPOSITION AND ITS REMOVAL 

Table II shows the deposition energy calculated by the 
MARS[2], GEANT, and LAHET codes for the injection of 
protons with 8 and 30 GeV energies. The MARS calcula- 
tion is almost same as the GEANT code except for Cu tar- 
get 30 GeV proton injection, while LAHET produces about 
20% less than the others. Energy deposition in the 

Table 1 Pion yields from Carbon and Cupper targets. 

Proton Energy 8GeV 8GeV 30GeV 30GeV 
Material C Cu C Cu 

7T+/p MARS[2] 0.5 0.58 0.91 1.16 
7T~/p MARS[2] 0.41 0.50 0.83 1.05 
7T+/p ARC[3] 0.52 0.62 1.31 1.62 
7T_/p ARC[3] 0.37 0.51 1.15 1.62 
7T+/p GEANT 0.858 0.858 2.184 2.674 
7T~/p GEANT 0.581 0.613 1.857 2.396 
7T+/p LAHET 0.4701 0.588 0.747 1.329 
7T_/p LAHET 0.3646 0.600 0.586 1.630 

* Permanant address: Tsinghua University, Beijing 100084, China 
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carbon target is reduced by increasing the proton 
energy of injection, but that deposited in the copper target 
is almost independent of the proton injection energy. 

Table 2. Energy deposition in the target, in unit of KW. 

Proton 
Energy 8GeV 8GeV 30GeV 30GeV 

Material C Cu C Cu 
MARS 140. 360. 153. 600. 
GEANT 143. 376. 153.3 743.7 
LAHET — 303.6 — 493.2 

Figure 1 and 2 show, respectively, the distribution of 
energy deposition in the target of r= 0.~10. mm and 
z= 0.~20. cm when a pencil beam is injected into the 
center of copper targets to which solenoid magnetic field 
of 28 and zero tesla is applied. The figures show that the 
presence of the magnetic field does not greatly change 
distribution of the deposition energy. In the case of the 
carbon target, deposition peaks at about 0.4 interaction 
length; heavy atom targets, such as Cu and Pb, have a 
secondary peak appearing at near 0.6 interaction length. 
The distribution of energy deposition is sharply reduced as 
radial direction increases. 

Figure 1:  Energy deposition in Cu target with 28 tesla 
solenoid magnetic field. 

Although energy deposition in the copper target is not 
high enough to damage it by shock waves created by the 
sudden deposition of energy, efficient heat-removal is re- 
quired to reduce the stress caused by the increase in tem- 
perature. Although copper material has good thermal con- 
ductivity, the temperature at the center rises by more than 
1250 °C above the coolant temperature, and the stress 
caused by this excessive heat reduces the lifetime of the 

Figure 2: Energy deposition in Cu target without magnetic 
field. 

target above a heat deposition of 8.5 KW power density. 
Thus, the solid material target must have excellent thermal 
conductivity. Carbon does not have good thermal conduc- 
tivity, and so its center temperature is higher than that of 
the copper material, even when a smaller amount of energy 
is deposited. When water is used to remove heat, a substan- 
tial volume has to go through a 2-cm radius coolant channel 
connected to the copper target at a velocity of 3 m/sec to get 
a 50 °C decrease. One way to reduce the temperature of the 
target center is to circulate the liquid, such as H2O, inside 
the target even though this reduces pion yield somewhat. 

Liquid target materials, such as Hg, Li, and Pb-Bi Eutec- 
tic are good candidates for removing heat. Heavy-atom ma- 
terial is more efficient in producing pions, but the specific 
heat is not very large; the removal of 0.8 MW heat gen- 
erated in a 1-cm radius target requires a 10 m/sec coolant 
velocity for Pb coolant, and 3 m/sec for liquid Li coolant. 

4   USE OF A COMPRESSED TARGET 

The heat-removal problem can be mitigated by increasing 
the size of the target; however, this makes the phase-space 
of the produced pions large, so that collecting and cooling 
the decayed muons becomes more expensive. 

It was demonstrated in inertial fusion [5] that the DT pel- 
let could be compressed to about 600 times the liquid den- 
sity DT target using the 15KJ (1 nano sec, 15 TW) laser 
beam of Gekko-XII. 

When the target material is compressed to M times its 
original density, the size of all devices controlling the sec- 
ondary particle can be reduced in inverse proportion to the 
compression factor of (1/M). For example the 1-cm radius 
20-cm long target can be reduced to a 0.001-cm radius 
and 0.02 cm length target, and the emittance of the sec- 
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ondary particles of pions created can be reduced by a fac- 
tor of 1000. The secondary particles with short, low emit- 
tance can be effectively controlled by the high-power laser 
instead of by a radio-frequency electro-magnetic wave, 
which produces a far smaller electric field strength than the 
laser and requires a large acceleration cavity for controlling 
them. 

To compress target material heavier than the DT tar- 
get, more high- driving energy is needed, but it is different 
from inertial fusion which requires a temperature increase 
to start the fusion reaction. The compression of our target 
material does not require an increase in temperature; thus, 
the required compression energy is much smaller than in 
practical inertial fusion. In inertial fusion to compress the 
fusion pellet of radius 0.5 mm requires MW orders of laser 
driver. 

A 10lswatt/cm2 laser beam-power can create an elec- 
tric field of 109V/cm by using inverse Cerenkov radia- 
tion^]. An extensive study is underway on the acceleration 
of electrons using a laser with strong intensity, such as a 
far field approach of inverse free electron laser[7] a plasma 
acceleration of laser wake field accelerator, two beat wave- 
beams acceleration[8,9,10]. By modulating a high intensity 
laser, we might control the secondary particles produced by 
a high-power accelerator in a similar way as laser acceler- 
ation. 

By using the RF cavity, the secondary particles produced 
are confined with a high magnetic field of a few tens Tesla, 
and the phase rotation cavity is located far from the target 
area[l]; the bunch of secondary particle beam is elongated 
during its travel from the point of generation to this cavity, 
and long cavity is required which has low frequency RF. 

When secondary particles are created from a small sized 
target of high density, the bunch of secondary particles are 
small in size and can be focussed and controlled directly 
just after their creation by a strong laser field. The cavity is 
not needed. 

Although to compress the target material initially re- 
quires a large amount of energy for driving devices, such 
as a laser, light- and heavy-ions drivers, the substantial ex- 
pense of energy required for controlling the secondary par- 
ticles can be saved. The reduction of the emittance confers 
a tremendously high cost-benefit advantage. 

This approach of using the laser is especially useful for 
collecting the anti-protons [11] for which ionization cooling 
can not be used because of its annihilation of anti-protons. 

The technology of accelerating a charged beam by laser 
is still in its infancy, but this technology also should be ap- 
plied to target technology. 

To compress the target material, we can employ a high- 
z pinch device instead of irradiation by laser, light- and 
heavy-ions. This suggested approach to compression is 
much simpler than the others. 

5   ACKNOWLEDGEMENTS 

The authors acknowledge to Drs. R.Palmer, A.N.Skrinsky, 
J.Gallardo, H.Kirk, R.Fernow, Y.Zhao, Y.Torun for their 
valuable discussion ,and to Dr. Woodhead for her editorial 
work on this paper. This work was performed under the 
auspices of the U.S.Department of Energy under contract 
No. DE-AC02-76CH00016, and was partially supported 
by Power Reactor and Nuclear Fuel Development Corpo- 
ration. 

6    REFERENCES 

[1] R.Palmer et al. "Muon Collider Design", BNL-62949 
(1996). , "Muon Collider" 9th advanced ICFA, Beam Dy- 
namics and Technology Issue for Mu-Mu collider, Beam 
Dynamics Workshop. Oct.1995, AIP Conf. 372, P.3. Mon- 
tauk, NY, 1995 Edited by J. Gallardo. 

[2] N.V.Mokhov, R.J.Noble and A. Van Ginneken, 'Tar- 
getry and Optimization for muon colliders" Fermilab-Conf- 
96/006 & AIP Conf. 372. p.61 

[3] D. Kahana and Y.Torun "Analysis of Pion Production Data 
from E-802 at 14.6 Gev/c using ARC" BNL-61983(1995), 
and private communication. 

[4] H. Takahashi and X. Chen, " An Analysis of Pion Produc- 
tion" AIP Conf. -372, p.87, Montauk (1995). 

[5] C. Yamanaka " Advances in inertial Confinement Fusion" 
OR3.1, ICENES'89, Karlsruhe, 1989. 

[6] L.C.Steinhamer and W.Kimura, " Mutistaging & e-beam 
Trapping in Laser Particle Accelerator, Advanced acceler- 
ator Concept, AIP-279, Port Jefferson NY, 1992, Edited by 
J.Wurtele 

[7] CM. Tang "Report of the working group on Far Field Ac- 
celerators", AIP-279, p. 259, 

[8] T. Tajima and J.M.Dawson Phys. Rev. Lett. 43 ,267 (1979). 

[9] T. Katsouleas " Summary of the working group on Plasma 
Accelerator' AIP-279. p.371. 

[10] A. Fisher, J Gallardo, J. Sandweiss, A. Van Steenbergen , " 
Inverse Free- Electron Laser Accelerator, AIP-279, p.299. 

[11] H. Takahashi, and J. Powell " Multiple Collision Effects 
on the Antiproton Production by High Energy Proton (100- 
1000 GeV), Antiproton Science and Technology" The Rand 
Corporation. Oct 6-9. 1987, p.620. 

404 



A LATTICE FOR THE MUON COLLIDER DEMONSTRATION RING IN 
THE RHIC TUNNEL* 

D. Trbojevic, R.B. Palmer, E.D. Courant, J. Gallardo, S. Peggs, S. Tepikian 
Brookhaven National Laboratory, Upton, NY, 11973, USA 

K.Y. Ng, Fermi National Laboratory 

Abstract 

The future n+n~ Muon Collider should have a luminosity 
of the order of 1035 cm_2s_1, an the energy of 2 x 2 TeV. 
We present here a demonstration machine at a lower energy 
to test the feasibility of all components involved, which 
could be placed inside the existing Relativistic Heavy Ion 
Collider (RHIC) tunnel. The maximum energy of the 
muons in the RHIC tunnel depends on the maximum attain- 
able field in the dipoles. The maximum energy in the exist- 
ing RHIC rings for protons is 250 GeV, where the strength 
of the magnetic field in the dipoles is 3.5 T. A design of 
the storage ring lattice for a 50 GeV muon demonstration 
machine is also presented. 

1   INTRODUCTION 

The Muon Collider advantage with respect to an electron 
collider at high energies is that it could be a circular ma- 
chine, because of negligible synchrotron radiation (for en- 
ergies less than 10 TeV). This makes the number of colli- 
sions per bunch much larger than 1 in linear electron col- 
liders, and together with a larger mass makes,in principle, 
a luminosity advantage of a factor of 105 for the same size 
machine. Other components of the muon collider, its fea- 
sibility and physics opportunities are presented in reports 
[1],[2], [3], [4], [5], [6] etc. The muon collider storage 
ring will have 2 TeV energy fj,+ and [T bunches and will 
provide luminosity of 1035cm_2s_1. For this luminosity 
the rms bunch length has to be 3 mm, which defines the 
ß*=3 mm at IP. Short bunches require the collider to be 
isochronous [7]. In this report lattices for demonstration of 
the muon collider rings, with muon energies of 250 GeV 
and 50 GeV, are presented. Parameters for the demo ma- 
chine (Section 1), like transverse and longitudinal emit- 
tances, distances of the first quadrupoles to the crossing 
point, etc. are defined first. Next, possible choices for 
values of the magnet apertures, lengths, and strength will 
be presented. The momentum spread of the /i+ and (i~ 
beams sets up a limit for the dispersion function excursions. 
An existing ring and elements of the Relativistic Heavy Ion 
Collider (RHIC) were used to create a first example (Sec- 
tion 3) of an isochronous storage ring. The RHIC collision 
parameters and magnet elements were used for the new lat- 
tice. Next, a demo muon collider storage ring lattice, with 
0.5 TeV center of mass energy, is set inside the RHIC tun- 
nel (Section 4). Finally another demo machine with a 0.1 
Tev center of mass energy is presented (Section 5). 

2   STORAGE RING PARAMETERS 

Muons, fi+ and fi~, will be created from the decay of pi- 
ons 7T+ and n+, made from higher energy protons on a 
high Z target. Muons, ß+ and ß~, will reach the collider 
storage ring after they have been accelerated and cooled 
in both longitudinal and transverse phase space. A design 

Table 1: 

E (TeV) Ap/p (%) £(7rm) ß* (mm) LD(m) 
4.0 0.12 50 10~b 3 6.50 

0.4 0.12 85 10-6 10 4.00 

0.2 0.12 108 10-6 13 2.80 

0.1 0.12 136 10-6 16 2.00 

of a demonstration muon collider storage ring would be at 
much lower muon energy than the proposed 4 TeV (cen- 
ter of mass energy) machine. The muon six-dimensional 
emittance, defined as: 

£6D = e»°rme%°rmAp/P az jß, (1) 

of a lower energy demo ring should not be different from 
the estimated 4 TeV collider emittance (latest prediction 
e6D = 170 • 10~127rm). A free space parameter LD, be- 
tween the first high focusing quadrupole and the crossing 
collision point, is defined by the opening angle of the detec- 
tor. The bunch length defines the ß* at the crossing point. 
The momentum compaction a (a — I/72) also depends 
on the bunch length. Parameters of interest for a lattice de- 
sign of lower energy storage rings, are presented in Table 1. 
The bunch lengths in the 200 GeV and 50 GeV demo muon 
colliders, as presented in Table 1, are equal to 10 cm and 
16 cm, respectively. Short bunches require the momentum 
compaction to be adjusted. The maximum of the disper- 
sion function in the lattice design is limited by the large 
beam momentum spread. Momentum offsets of the incom- 
ing muons are estimated to be large (Ap/p = 0.12%). If 
the beam size, resulting from the momentum offset, <TP, is 
of the order of the transverse beam size, defined by the be- 
tatron function, Oß, than: 

Dmax < <r/(Ap/p). (2) 

* Work performed under the auspices of the U.S. Department of Energy 

The muons have a short life time. Products of the muon 
decay deposit energy in the magnets, requiring shielding 
of the superconducting magnets. The size of the aperture 
is reduced and has to be considered in the lattice design. 
The aperture of the magnets depends on the muon beam 
size.  Parameters like: the shield radius, quadrupole coil 
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Table 2: 
ETeV Shield Coil(cm) P,(W/m) L(s-'cm-*) 

4.0 R=6.0cm D=8.0 1292 732 103* 
0.4 R=4.0cm D=6.0 431 8.4 1032 

0.2 R=3.5cm D=5.5 431 2.6 1032 

0.1 R=3.0cm D=5.0 431 0.8 1032 

"UT  111 

diameter, power per length dissipation, and luminosities at 
four different center of mass muon energies, are presented 
in Table 2: 

3   ISOCHRONOUS RHIC LATTICE 

The RHIC collider lattice is three fold symmetrical. It 
has standard FODO cells in the arcs and six "zero" dis- 
persion anti-symmetric interaction regions (IR) with triplet 
quadrupoles. Dipoles reach a magnetic field of 3.5 T with 
30% quench margin in the arcs. An isochronous lattice is 
designed by using flexible momentum compaction (FMC) 
modules, as previously presented [8], and magnets of the 
same size as in the present RHIC machine. Figure 1 shows 
the betatron functions inside one of the IRs together with 
one FMC module. 

SO 100 
sinm 

DiKperaion max/min: l.32013/-1.44711m, 

\ max/min:   1326.8«/ 1.00000m, v,: 38.41802, ^: -152-5°, 

Pr max/min:   1321.64/ 1.00000m. vy: 21.20131.^: -113.86, 

r,:(  0.00,««*«) 

Module length: 3833.8462m 

Total bend angle: 6.28318548 red 

Figure 1: Isochronous RHIC lattice-IR with one FMC 
module. 

4   250 GEV ISOCHRONOUS MUON DEMO 
COLLIDER LATTICE IN THE RHIC TUNNEL 

Previous RHIC upgrade parameters at the crossing points, 
of /?* = lm and ßmo.x = 1326m, are replaced by the 
250 GeV demo muon collider storage ring of /?* = 10 
mm and/3maa; = 18525m. The distance between the cross- 
ing point and the first quad is estimated to be LD~3 m. 
The RHIC triplet is replaced by quadrupole magnets op- 
timized for the demo muon collider. Figure 2 shows the 
betatron functions inside one of the IRs together with one 
FMC module. The FMC module is the same as in the pre- 
vious example. A dipole, located between the first and the 
second high focusing quadrupoles, reduces the background 
of the detector. 

(VJ\ 

Dispmion max/min: 1.34568/-3.54095m, 

P^ max/min: 18525.84/ 0.01000m, vx: 32.13923,^: -950.30, 

$y max/min: 18462.92/0.01000m, vy: 27.69136, ^: -736.34, 

Y,:(  0.00«**«*) 

Module length: 3833.8462m 

Total bend angle: 6.28318548 rad 

Figure 2: The IR and one FMC module of the 250 GeV 
isochronous demo muon collider lattice in the RHIC tunnel. 

5   DEMO MUON COLLIDER 50 GEV STORAGE 
RING 

The rms transverse emittance of a 50 GeV on 50 GeV muon 
storage ring is estimated to be e = 136 • 10-67rm (see Table 
1). The beam size is defined as: 

while from the rms transverse emittance: 

Oß = 
eß 'Twiss 

iß 

(3) 

(4) 

The relativistic factor for a muon energy of 50 GeV is 
7/9=473.22. The rms muon beam momentum width reach- 
ing the 50 GeV demo collider is estimated to be Ap/p — 
0.12%. If the maximum value of the dispersion function 
is £>m0a;=2m, the beam size ap = DmaxAp/p = 2.4 mm. 
For Dmax = lm the rms of beam size from the momentum 
width is a factor of two smaller {ap=1.2 mm). If the max- 
imum pole tip field at the quadrupoles is Bmax=% T, then 
estimated gradients are calculated by using the radii equal 
to4cr. 
The demo muon collider storage ring consists of eight FMC 
modules, which make the arc part of the machine, and a sin- 
gle interaction region with one crossing point. The FMC 
module consists of four FODO cells with a IT low beta sec- 
tion in the middle. Longitudinal dimensions of the mag- 
nets inside the FODO cells define the maximum values of 
the betatron functions. There has to be enough clearance 
between the wall of the beam pipe, which is reduced due 
to the shield and the circulating beam. Construction of the 
FMC module starts by defining a 90° FODO cell which 
conforms to the op beam size request. The maximum value 
of the dispersion function in this FODO cell is defined by 
the size of the bending angle. As reported earlier [9] the 
dispersion value in an FMC module is roughly half of the 
value within the 90° FODO cell. The length of a dipole in 
the FMC module is Ld=3.7m. The maximum values of the 
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betatron functions in the FMC module are /3X=17.1 m and 
ßy=17.5 m, and for the dispersion function Dx = +1.38m 
and Dx = -1.23 m, as presented in Figure 3. A proce- 

Dispeniion max/mill: I.37940M.22531m, 
P,max/mm:     17.14/0.641731^^:5.18392,$,:   -8.95. 

Pjlimctain:     17.51/6.32597m, vy: 2.71278, ^:   -1.64, 

1t: (3675.79,  0.00) 

Module length: 179.2398m 

Total bend angle: 5.50380945 red 

Figure 3: The Flexible Momentum Compaction Module of 
the 50 GeV demonstration, storage ring 

dure for the interaction region triplet design was previously 
reported [10]. Table 3 shows the quadrupole gradients and 
lengths: It is important to note that for experimental back- 

Table 3: 

QUAD G (1/m) Length(m) ßx(.m) ßv(ta) 

Ql -115.0 0.686 597.0 331 
Q2 58.34 2.293 2261.3 1140.0 

Q3 -58.34 1.646 1083.15 2261.0 
Q4 123.0 1.630 135.54 2.03 

ground reduction a dipole was installed between the first 
and the second quadrupoles inside the IR region, and that 
the quadrupoles on the opposite sides of the crossing point 
are antisymmetric to balance the chromaticities. The beta- 
tron functions of the interaction region together with FMC 
modules are presented in Figure 4. The circumference of 
the machine is 263.4 m with an average radius of 42 m. 
There are eight FMC modules each 25.6 m long, and one 
straight section-IR 58.5 m long. The chromaticity of the 
whole lattice is corrected by sextupoles within the FMC 
modules in the arcs. The second order tune shift induced 
by the sextupole is small (all axx, axy, ayy <104 m-1). 

6   SUMMARY 

A progress report on the muon collider demonstration ma- 
chines was presented. First, two examples showed that an 
isochronous storage ring could be placed inside an existing 
tunnel (RHIC) with magnets already built. The center of 
mass energy for ju+ and pT beams in these two rings is 0.5 
TeV. If this energy is selected for a demonstration machine, 
the circumference of the new ring could be much smaller 
than in the examples presented. The two examples of 250 
GeV storage rings had a circumference 3833 m because this 

Diipenlon man/mm: 1.37940M.22531m, 

P.max/min:   2261.29/0.01600m, v„: 7.42284,6,: -153.44, 

Py max/min: 2262.49/0.01600m, vr: 4.41199,^:-152.80, 

Y,: (2797.94,  0.00) 

Module length: 186.4850m 

Total bend angle: 6.28318548 n 

Figure 4: The IR with two FMC modules of the 50 GeV 
isochronous demo muon collider lattice. 

is the RHIC circumference. The size of the 0.1 TeV muon 
collider demonstration storage ring is very small (the cir- 
cumference is only 263 m). More tracking and detector 
background studies will follow. 
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Abstract 

We present a 250 GeV linac arrangement using normal 
conducting cavities that could be used for a muon collider 
demonstration machine. One scenario consists of six 200 
MHz linacs and rapid cycling pulsed magnets to be 
installed in a tunnel with six straight sections. The RF 
parameters of the cavities are given. Another scenario 
consists of 800 MHz. Also addressed is the possibility of 
using normal conducting cavities with liquid nitrogen 
cooling, which has several advantages. 

1 INTRODUCTION 

The readability of the muon collider is interesting from 
both technological and economical points of view. As a 
first step, a demonstration machine with lower energy is 
considered. Since the lifetime of muon is short, rapid 
acceleration is required and thus the RF equipment must 
take a significant part of the total cost, especially at the 
final stage, which plays a major role for the energy gain. 
Superconducting cavity would be desirable in order to 
save rf power. However, the machine in question will 
work at a low duty rate, pulse mode, the peak power 
extracted by the muon beam is 640 kW average (see 
later). Besides, the muon decay deposits energy all along 
its path, which may cause trouble to the super- 
conductivity. Therefore an alternative, normal conducting 
scheme was investigated [1]. 

2 BASIC PARAMETERS OF THE 
DEMONSTRATION MACHINE 

Since the muon collider involves lots of new technology, 
a demonstration machine with reduced energy and 
luminosity is considered so as to be more realistic. The 
energy of 250 GeV with intensity of 4xl012 muon per 
bunch is considered. Recently, an even lower energy, 
which may also be interesting from the point of view of 
physics, has been proposed. In this paper we concentrate 
only on the final stage of a 250 GeV + 250 GeV machine. 
Following is a list of basic parameters related to the RF. 

Number of beams 

Number of bunches 
Muons per bunch 
Charge per bunch 
Repetition rate 
Current per beam 
Injection energy and y 

2 (u* and u~     beams 
passing same channel) 
2 (1 for each beam) 
4xl012 

0.64 C 
2.5 Hz 
1.6 uA 
50 GeV/y = 473 

Output energy and y 250 GeV / y = 2366 
Average extracted power     320 kW per beam 
Total extracted power 640 kW 
It is also of very much concern about the radiation 

energy, which is produced due to the muon decay and 
dissipated along its path, including RF cavities. The 
decay equation is: 

dN N 
— =  (1) 
dt       yr^ 

where N is the number of muons, y is the relativistic 
factor, and T^ = 2.2 us is the muon lifetime in the rest 
frame. So the decay (radiation) power, P^, is: 

Pä=-rEt 

dN    £ _    MO 
»o dt 

N = N-7.10xlQ-bW   (2) 

where E^0 is the rest energy of muon. Note that the 
decay power depends only on the number of muons, but 
is independent of the energy y. For our basic parameters, 
the instantaneous radiation is Pd = 30.8 MW per bunch. 
The total energy will be the integral of time. 

3 THE CONCERNS FOR THE RF SYSTEM 

7.7 Superconducting or normal conducting 

The advantages of superconducting (sc) are saving RF 
power and possibly higher gradient, which will shorten 
the acceleration length. However, the minimum average 
power is 640 kW, while the peak power is three orders 
higher, so it must work in pulse mode, which complicates 
the sc system. Besides, the stability in the heavy radiation 
environment and the capability of handling its heat load 
are questionable. According to the above data, assuming 
the accelerating cycling time is 400 uS, then the total 
radiation power is 61.6 kW on average. Assuming one 
third is converted to electrons (or positrons for u+, the 
remaining to neutrinos), and that one third of electrons 
are dissipated at cavity walls, we find the deposit power is 
6.8 kW. This is a big load for a sc cryogenic system. The 
normal conducting (nc) system, on the other hand, 
requires a much higher rf power, which implies a large 
amount of capital investment. As an improvement, liquid 
nitrogen cooling has been investigated. The result is 
encouraging, and will be discussed later. 

7.2 Frequency 

The higher frequency can run with higher gradient, less 
stored energy, more compact and less costly. However, 
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the bunch length and transverse emittance will limit the 
maximum frequency. The availability of power sources is 
also an important consideration for the frequency choice. 
In our case, 200 and 800 MHz have been considered. To 
our knowledge, the largest power available for 200 MHz 
is with tetrode or triodes only. Triode RCA/Burle 7835 
with a maximum long pulse power of 5 MW, and tetrode 
4CM25000KG of CPI with a potential power output 7 
MW may be the best candidates. For 800 MHz, the 
klystron Litton L-5859 with peak power of 12 MW would 
be satisfactory. 

1.3 Accelerating Gradient 

The gradient must satisfy two criteria. One is related to 
the muon lifetime, i.e. after acceleration the number of 
decayed muons must not be significant. This leads us to 
the expression: 

E    »^- = 0.\6MV/m, (3) 
ecTM 

where Eacc is the average gradient throughout the entire 

muon system [2]. 
Another criterion is related to the energy drop due to 

the beam loading, i.e. that energy extracted by the bunch 
must be much less than the energy stored inside the 
cavity. It results in the expression: 

(4) Eacc»q-^(R/Q)flTlcoslt, 
where Eacc is the accelerating gradient, q is the charge of 

the bunch, R/Q the cavity parameter, f the rf frequency, T 
the transit time factor of the cavity, and <(> the synchrotron 
phase. Since the total charge q is rather large, this data is 
of concern. The energy drop will be addressed later. 
These criteria suggest applying the highest gradient 
possible. However, the maximum gradient is primarily 
limited by the breakdown. The maximum surface electric 
field on the cavity wall is considered to be no more than 2 
times the Kilpatrick criterion1. Then one would like to 
reduce the ratio of maximum surface field to the 
acceleration gradient (or the gap voltage). A noseless 
cavity has a lower ratio than a cavity with noses (termed 
reentrant cavity), and it also has a lower Hraax, which 
determines the maximum surface current density. But, 
noseless cavities have lower R/Q and thus require higher 
rf power. Therefore, if highest gradient is desirable, one 
tends to use noseless cavities, as in many super- 
conducting rf systems, where the power loss is ignorable. 
If a normal conducting cavity is used and lower rf power 
is required, then a reentrant cavity is usually better. A 
compromise is necessary. Table 1 shows a comparison. 

1.4 The RF power requirement 

Many factors affect the power requirements. The power 
source must be able to compensate the cavity resistive 

loss, the energy extracted by the beam, and the energy 
converted to high order modes (HOM). The finite filling 
time will require longer pulse length than the real 
acceleration time. This portion of the energy is reflected 
from the cavity or dissipated as a pulse tail. The beam- 
extracted power is 640 kW as mentioned above. HOM 
losses are generally small, and can be ignored, provided 
proper depression has been made. The resistive loss is the 
major part for a normal conducting system. The following 
equation shows the relation to other parameters. 

P = 
X    E„ G      1 

(5) 
2 T2 cos2 <f>nQ{R IQ) 

where G is the total energy gain of the muons, equal to 
200 GV in our case, n the number of cycling turns, and X 
the free space wave length. Therefore, increasing Q, 
number of turns, or frequency will reduce the power 
requirement, while increasing gradient will increase it. 
The high R/Q of the cavity is desirable from the above 
equation. The reentrant cavity usually has higher R/Q, but 
also has a higher ratio of maximum surface field to the 
gap voltage. 

1.5 Voltage drop and energy drop 

In our case the beam loading is very heavy, and the 
voltage drop can be significant. The voltage induced by 
the bunch is2: 

Vb=2Tkq = ±Tcoq(R/Q) (6) 
where k is the loss parameter[3], 

1        V2 

4a    AW 
a is a cavity shape parameter. The relative energy drop 
has the exact form as follows: 

(8) 

(9) 

AW    „a{RIQ) .  = T—-——qcosp, 
W v " c c 

while the relative voltage drop is roughly a half. 
AV ^ 1 AW 
V   ~ 2 W ' c c 

The energy stored in the cavity must be much larger 
than that extracted by the beam in order to avoid 
instability. The expression (4) is deduced from (8). 
Moreover, in our scheme both u* and \i~ will pass through 
the same cavities, while the phase difference between the 
two bunches varies with the location of cavities. The 
voltage induced by two beams differs from cavity to 
cavity. This factor strengthens the above concern. A 
lower R/Q is beneficial from above equation. 

1 A multiple of 2.5 or 3 may be possible, but not certain. 

2 The formula is in accordance with the definition R/Q = 
VVcoW, which has a factor of 2 difference with another 
frequently used definition of R/Q. 
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4 THE 200 MHZ SCENARIO 

As a paper study example, we considered using the 
existing RHIC tunnel at Brookhaven National Lab to 
house the muon accelerator ring. This ring includes 6 
straight sections with length of 283 m for each and a 
circumference of 3834 m. There would be adequate room 
for a 250 GeV rapid cycling accelerator. The following 
parameters were chosen: 

Number of cycling turns 
Energy gain per turn 
Linac length 
Accelerating gradient 
Revolution time 
RF effective pulse length 

Cavities   were   simulated 
options were calculated but not optimized yet. Some 
results are summarized in Table 1. 

Table 2 

40 
5 GeV 

6 X 200 m 
4.17MeV/m 
12.77 uS 
510 uS 

by   SUPERFISH.   Many 

The reentrant cavity needs less power, but the 
maximum field is higher. The noseless cavity has more 
potential to increase gradient, but the power will also 
increase correspondingly. The energy drop is for one 
bunch only. For two bunches it will be higher. The worst 

case is that two bunches, ju+ and /d~, enter the same 

cavity at the same time, then the drop will be doubled. 

5 THE 800 MHZ SCENARIO 

From Equation (5), it is clear that highest frequency is 
preferable. If it's not restricted to an existing tunnel then 
a smaller ring with more cycling turns will reduce the 
power further. We now consider the following 
parameters: 

Frequency 800 MHz 
Circumference 2000 m 
Cycling turns 60 
Revolution time 6.67 uS 
RF effective pulse length 400 uS 

A cavity is simulated via SUPERFISH and Table 2 
summarizes some data with different gradients. 

Gradient MV/m 15 10 5 
E    /E 1.57 1.04 0.52 
Linac length m 222 333 667 
Cavity loss GW 3.57 2.38 1.19 
Beam load GW 0.64 0.64 0.64 
Total rf power GW 4.21 3.02 1.83 
Average power4 MW 4.44 3.18 1.93 
Efficiency % 15.2 21.2 35.0 
Energy drop % 8.2 12.3 24.6 

Tal 3lel 
Cavity code # 200A3 200B5 200B8 
Shape (w/wo nose) w wo wo 
Diameter cm 96 132 128 
Iris (diameter) cm 15 46 30 

MV/m 34.8 11.3 10.6 
E    /E 2.38 0.77 0.72 
Hm„ kA/m 25.5 17.3 15.4 
Total rf power GW 1.96 3.43 2.79 
Average power3 MW 2.94 5.15 4.18 
Efficiency % 25.6 14.6 18.0 
Energy drop % 5.59 1.93 2.55 

It shows the power requirement is reduced, even 
though the gradient is higher and with much shorter linac 
length, implying a significant cut of cost. However, the 
energy drop is rather large. A further careful treatment is 
necessary. 

5 LIQUID NITROGEN COOLING 

It is well known that the resistivity of metals decreases 
with decreasing temperature. Although the cryogenic 
system is usually expensive, liquid nitrogen is not. At NY 
it costs 5 cents a liter, cheaper than bottle water. The 
cooling cost is $1.13 per kWhr. At liquid nitrogen 
temperature, 77K, the conductivity of copper is 7.5 times 
better than that at room temperature. For beryllium it is 
23 times better than that of copper at room temperature. 
Assuming this condition is applied, then the Q of the 
cavity will increase 2.7 and 4.8 times respectively. 
Taking account that the inner surface temperature of the 
cavity is higher than the coolant, with a beryllium coating 
applied, the Q can still be 2.7 times higher. The 
preliminary study shows it will save a lot of rf power and 
the capital investment. 

The challenge is to develop this technology. The 
concerns are: (1) Does the heat conductivity enable the 
cavity to reach an adequate low temperature? (2) Does 
the anomalous skin effect invalidate the estimate? (3) 
Does the magnetic field surrounding the cavity matter? 
(4) Is the cost saving for liquid nitrogen really 
worthwhile? Early studies of the above problems are 
encouraging. 
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1   INTRODUCTION 

A 2 TeV on 2 TeV muon collider has been proposed [1] 
with a design luminosity of 1035 cm-2 s-1. The ring has 
a circumference of about 8 km, and the muon lifetime at 
2 TeV corresponds to approximately 1000 turns before the 
beam luminosity degrades substantially. The cooling pro- 
cess produces a round beam with a normalized emittance of 
50 x 10-5 mrad and 2 x 1012 muons per bunch. The beam's 
large emittance requires that ß* at the interaction point (IP) 
must be only 3 x 10-3 m, in order to reach the design lu- 
minosity. Due to the hourglass effect, a very short bunch 
length equal to ß* must be maintained to reach the design 
luminosity. To prevent the bunch from spreading in time, 
the momentum compaction factor a must be 10~5 [2], or 
less; that is, the ring must be nearly isochronous. 

The small value of ß* leads to very large peak beta val- 
ues in the final-focus quadrupoles, and unprecedented chro- 
maticities. Correction of the large chromaticities makes for 
a highly nonlinear Interaction Region (IR). This IR, com- 
bined with the isochronicity condition, makes design of 
a muon collider lattice very challenging. The lattice pre- 
sented here builds on a base ring design described in a fea- 
sibility report, [1], and, more recently, in several muon- 
collider workshop proceedings [3]. 

2   LATTICE 

The collider lattice must satisfy three major design con- 
straints. The first is an Interaction Region (IR) with an ex- 
tremely low value of ß* (~ 3 mm) at the IP, consistant with 
an acceptable dynamic aperture. This requirement is diffi- 
cult because the the final-focus quadrupoles need shielding 
from the high muon-decay backgrounds [4], which reduces 
their gradients, leading to increased peak /3-function val- 
ues and nonlinear beam dynamics. Second, the ring must 
be nearly isochronous in order to preserve short 3 mm long 
bunches with a modest rf system. Third, the corrected chro- 
maticity must be small, so that the momentum dependent 
dynamic aperture is sufficient. Following is a description 
of a lattice which meets these requirements. 

utility insertion for injection, extraction, and beam scrap- 
ing. The two arcs are identical; each contains 14 periodic 
cells or modules. One additional arc module located at the 
experimental-insertion end of each arc can be perturbed 
and rematched to allow adjustment of the machine tunes 
without impacting lattice functions in the rest of the ring. 
Consequently the ring structure, both geometrically and op- 
tically, has a single superperiod, and reflection symmetry 
about the line joining the centers of the two insertions. 

Arc module In order to have very short 3 mm bunches in 
the 2-TeV muon collider, the storage ring must be quasi- 
isochronous, which requires that the momentum com- 
paction a be very close to zero. Furthermore, the lat- 
tice must be designed so that over the required momentum 
range, the momentum compaction remains small. Since 
the experimental insertion has bending regions with posi- 
tive contributions to a, the contributions of the arcs must 
be negative. 

2.1    Overview 

The ring has a roughly oval shape, with reflection sym- 
metry about the vertical axis. The lattice has two cir- 
cular arcs, separated by the experimental insertion and a 

* Operated by Universities Research Association, Inc. under contract 
No. DE-AC02-76CH03000 with the U. S. Department of Energy 

Figure 1: Lattice functions of an arc module (ßx: solid, ßy: 
dashed, r)\ dot-dash). 

A negative value of a in the arcs is obtained by invok- 

0-7803-4376-X/98/S10.00© 1998 IEEE 411 



ing the approach used in flexible momentum compaction 
(FMC) modules[5]; where two FODO cells are connected 
by a matching region with horizontal phase advance of 
nearly TT (low ßx). This drives the dispersion r) to a negative 
value at the ends of the module and makes abends ~ 0. 

The specific module used for this muon collider lattice 
(Fig. 1) has been modified by including an insertion with 
a vertical phase advance of nearly tr (low ßy) at the end 
of the module. This modification has several advantages 
compared to the standard FMC module. Firstly, the neg- 
ative dispersion region has been flattened and lengthened 
so that the value of a is mainly determined by the bends 
placed in the dispersion plateaus-making it much less sen- 
sitive to rf, and thus providing a wider range of quadrupole 
settings and corresponding lattice functions which satisfy 
the negative or low-a criterion. In fact, a can be tuned with 
a sensitivity of 10~5 to 10-7 through the use of paired trim 
dipoles in these two regions alone; thereby preserving both 
lattice functions and closure. Over a range in a of -10-4 

to +10-4 the impact on the lattice functions in the rest of 
the ring is negligible. 

Secondly, the vertical phase advance of the module is 
no longer nearly an integer, but is identical to the hori- 
zontal phase advance, 1.5-K. This is particularly impor- 
tant, because when the corresponding sextupoles in suc- 
cessive modules are separated by odd multiples of -n in 
both planes, one obtains partial cancellation of their geo- 
metrical effects. (The near 7r vertical phase advance caused 
off-momentum particles to experience integer-related res- 
onances in the long arc strings when sextupole correctors 
were on.) 

Thirdly, the regions of high-/3x, low-/3j, and low-/3x, 
bxgh-ßy in this arc module are ideal locations for sextupoles 
for chromatic correction of the arcs and reduction of the 
variations of a with momentum. A pair of horizontal sex- 
tupoles adjacent to the center doublets are especially ef- 
fective in eliminating the dependence of a on momentum 
offset. With these two sextupoles the variation of a over 
the momentum range of ±.004 can be restricted to less than 
10-6, cancelling the dependence to approximately third or- 
der. 

Experimental insertion The design of an insertion with 
an extremely low-beta interaction region for a muon col- 
lider presents a challenge similar to that encountered for the 
Next Linear Collider (NLC)[6j. The design used here for 
each half of the symmetric low-beta insertion follows the 
prescription proposed by Brown[7]; it consists of two tele- 
scopes with a chromatic correction section between. There- 
fore, the experimental insertion consists of three parts: the 
Final Focus Telescope (FFT) or IR, a Chromatic Correc- 
tion Section (CCS), and a Matching Telescope (MT). Fig.2 
shows the right half of the insertion beginning at the IP. 
From left to right, the figure shows the FFT, CCS, and MT. 

The low beta-function values at the IP are mainly pro- 
duced by four strong superconducting quadrupoles in the 
FFT with NbSn coils. Their poletip fields range from 9.5 

28/03/87   13,18,1 + 

ft       ft       D, 

Figure 2: Experimental insertion (half) with 3 mm ß* val- 
ues at the IP (y/ß~x~: solid, y^: dashed, rj: dot-dash) 

to 12 T depending on the apertures, which determines the 
size of the coils and sustainable currents [8]. The first of 
the four quadrupoles begins 4 m away from the IP, they all 
have 2-cm thick tungsten liners and are interleaved with 
tungsten collimators to protect them from the intense back- 
grounds from muon decay [4]. 

The IR quadrupoles are followed by a pair of 15-m long 
bucked superconducting dipoles which sweep background 
particles produced by muon decays away from the IR. A 
long space follows without quadrupoles but with a sub- 
stantial length of bending magnets that function to match 
rj and rj' from their zero values at the IP into the CCS and 
to give additional protection of the detector from muon de- 
cay products. In this IR design, ßmax in both planes is 
145 km. A more detailed description of the experimental 
insertion, especially the FFT, can be found in the Snow- 
mass proceedings[9]. 

The extremely high beta values in the FFT quadrupoles 
produce large chromaticities, which must be corrected lo- 
cally with sextupoles. The natural chromaticity of the FFT 
is -1500 in the horizontal and -2200 in the vertical. The 
purpose of the CCS is to correct these large first-order chro- 
maticities locally, relatively close to the IP, by using inter- 
leaved sextupole pairs. These sextupole pairs are located at 
positions with large values of the dispersion and of the beta 
function corresponding to the chromaticity to be corrected 
by that pair. 

In this design, these ß values are 10 km in the plane be- 
ing corrected and .5 - .7 m in the opposite plane. The dis- 
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persion is 3.4 m at the horizontal sextupoles and 1.5 m at 
the vertical ones. The sextupoles which comprise each pair 
are "separated by betatron-phase intervals of <j> = n. Addi- 
tionally, they are located at positions where the phase in- 
terval from the IP is an odd multiple of n/2. The vertical- 
correction sextupole is closest to the IP, since the vertical 
chromaticity is the largest. 

This sextupole arrangement cancels the second-order ge- 
ometric aberrations of the sextupoles, which reduces the 
second order tune shift by several orders of magnitude. The 
large ratio between the beta functions allows the sextupoles 
to be interleaved and still maintain the delicate higher-order 
cancellation. Shortening the chromatic correction section- 
especially with respect to the number of maxima and min- 
ima included for sextupoles- proves to be very important in 
improving the dynamic aperture. Placement of sextupoles 
at minima in the plane not being corrected reduces signif- 
icantly the aberrations arising from sextupole length and 
cross-plane correlations. 

Utility insertion The utility insertion has been specifically 
designed with high-beta regions to facilitate beam scraping 
and extraction of unwanted beam, and injection and extrac- 
tion. A detailed discussion of this insertion can be found in 
a paper submitted to this conference [11]. 

3   SUMMARY 

Work on improving the experimental insertion at first con- 
centrated on reducing its chromaticity by altering the FFT, 
but it t proved necessary also to optimize the CCS and 
and the global phase advance to improve the dynamic aper- 
ture. When the peak beta functions in the CCS were low- 
ered from 100 to 50 km, the dispersion raised in the inser- 
tion sextupoles, and the working point optimized using the 
phase trombones, the dynamic aperture increases from 1 to 
5 sigma. Further studies indicated that a 10 km version of 
the CCS with the same final focus structure had an even 
more improved dynamic aperture due to a much reduced 
tuneshift with amplitude created by the strong chromatic 
correction sextupoles. 

In a sextupole-dominated ring, as is the muon collider, a 
global tune of just below the integer or half integer pre- 
serves the near IT phase advance required on successive 
passes of beam through strong sextupoles. There appears 
to be a delicate cancellation of residual nonlinearities on a 
turn-by-turn basis even when sextupoles are paired with the 
required IT phase difference. The large (negative) tuneshift 
with amplitude counters the near integer/half integer tune 
so that particles off the closed orbit are displaced away 
from and do not cross resonances. Therefore, despite a near 
ineger tune, the working point is stable and appears to be a 
characteristic of a sextupole-dominated ring. 

The chromaticity must be corrected in order to provide 
a reasonable momentum aperture; if it is not the sign of 
the momentum which crosses the integer tune (as deter- 
mined by the residual chromaticity) is severely clipped. 

The overall momentum bandwidth of the system is lim- 
ited by third-order aberrations and residual second-order 
amplitude-dependent tune shifts. These aberrations arise 
from small phase errors between the sextupoles and the 
final quadruplet, and from the finite lengths of the sex- 
tupoles. Presently, the entire ring has a dynamic aperture 
of greater than 5 sigma and a momentum acceptance larger 
than ±.15%. The base working design stands to be im- 
proved further by raising the dispersion in the utility sec- 
tions (from .6 m at the sextupoles) and by implementing 
higher-order correction schemes; as was done in another 
collider lattice design by K. Oide [10], which has many 
good features and performance. 
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Abstract 

One of the most serious technical problems in the design 
of a 2-TeV muon collider arises from muon decay. With 
2 x 1012 muons in a 2-TeV bunch, 2 x 105 /j,—>evü decays 
occur per meter. Immersed in strong magnetic fields, the in- 
duced electromagnetic showers deposit about 2 kW/meter 
in the storage ring; far surpassing the heat load capacity of 
cryogenic systems. Yet a more problematic background is 
the intense, highly directional, neutrino flux generated by 
the decays. This background does not respond to conven- 
tional shielding techniques; in fact the total radiation dose 
from neutrino interactions is worsened in the presence of 
shielding. The work presented here will discuss methods 
to reduce or compensate for the severe decay backgrounds 
and radiation produced in a very high-energy muon col- 
lider. 

1    INTRODUCTION 

There has been strong interest in a high-energy high- 
luminosity /z+/z~collider project [1] based on the physics 
potential of such a machine which is beyond or comple- 
mentary to what can be accomplished at e+e~and hadron 
colliders. However, there remain many issues to be exam- 
ined in such a machine, especially technical ones. One 
of the most serious technical problems in the design of 
a muon collider arises from muon decay. With 2 x 1012 

muons in a 2-TeV bunch, there are 2 x 105 \±-^>tvv de- 
cays per meter in a single pass through an interaction region 
(IR), or 6 x 109 decays per meter per second. Both the de- 
cay electrons (with an energy of about 700 GeV) and the 
synchrotron photons emitted by these electrons in a strong 
magnetic field induce electromagnetic showers in the col- 
lider and detector components. Almost 15MW of power 
is deposited in the storage ring, or about 2 kW every me- 
ter. The resulting heat load to the cryogenic systems and 
the background levels in the collider detectors exceed the 
past operational experience and even the upgrade designs 
at hadron and e+e~colliders. In addition, the intense, di- 
rected neutrino beam generated is, in itself, a serious is- 
sue, perhaps even more so than the high radiation level 
from electromagnetic showers. Neutrino interactions in the 
soil intended to shield the collider produce unacceptable 
radiation levels at large distances. Since earth shielding is 
unavoidable, techniques have been explored which diffuse 
neutrino-generated radiation. 

Substantial suppression of the induced background lev- 
els is critical in the concept of a muon collider and detec- 
tor [1, 2]. The design of a storage ring and, in particular, 

* Operated by Universities Research Association, Inc. under contract 
No. DE-AC02-76CH03000 with the U. S. Department of Energy. 

an IR in such an environment is a difficult and challenging 
problem [3]. The merits of different approaches to solving 
beam-induced energy deposition issues in a muon collider 
IR are the subject of this paper. Calculations of the parti- 
cle interactions in the lattice and detector components for a 
2 TeV muon beam are performed with the MARS code [4]. 

2   IR DESIGN PROBLEMS 

The MARS studies have shown that the two quadrupoles 
nearest the interaction point (IP) require a minimum of 
6 cm of tungsten. Even with a relaxed ß* = 3 cm IR lat- 
tice [5] a power dissipation in these quadrupoles range from 
4 to 13 kW An acceptable level is about 10 W/m so these 
values are too high by two orders of magnitude. The sec- 
ond solution, a noncosine theta magnet, does not work for 
the SC IR quadrupoles. Compared to the early IR design 
with ß* = 3 cm, the situation is much worse for a similar IR 
design with /?* = 3 mm even with a considered 6-cm thick 
tungsten liner. 

In the IR adding a 6-cm liner increases the difficulty 
of an already problematic design, since the nonlinear at- 
tributes of the IR are strongly correlated with the strength 
of the final-focus quadrupoles [6]. The beam size at the 
quadrupole nearest the IP is only 2 cm; therefore, adding 
6 cm to the aperture represents a factor of 4 decrease in 
the quadrupole gradient. The /3-functions in the high- 
beta quadrupoles increase by roughly this factor, feeding 
an iterative effect: apertures increase further and gradi- 
ents decrease correspondingly. First-order chromaticity 
has approximately a linear dependence on the peak ß- 
functions, and increases proportional to the gradient re- 
duction. Nonliearities, particularly those associated with 
sextupole-based chromatic correction have a much stronger 
dependence. Higher orders of chromaticity, for example, 
show an increase of about two orders of magnitude for a 
factor of two decrease in gradient. Therefore the net effect 
of a thick liner is to increase dramatically the nonlinear be- 
havior of the IR. 

3   REDUCTION OF HEAT LOAD 

More recent designs [6] employed strong non- 
superconducting quadrupoles near the IP (Bitter 
quadrupoles), to reduce the peak /3-function values 
and distribute the energy more evenly through the IR. 
The power levels, however, were still unacceptable in two 
of the SC quadrupoles: over a hundred Watts per meter. 
At this point it became clear that both active and passive 
shielding must be designed into the final focus system. The 
following calculations have been performed using the final 
focus and chromatic correction section shown in Fig. 1. 
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Figure 1: Horizontal (solid line) and vertical (dashed line) 
/3-functions in the ß* = 3 mm IR lattice. Dot-dashed line 
shows the dispersion. 

To eliminate background particles generated outside of 
the IR, sweep dipoles were positioned on either side of the 
final focus [3]. To be effective, the sweep dipoles had to be 
15m long and superconducting with a poletip field of 8.5 T. 
Additionally, they had to be placed at least 1 m upstream of 
the elements to be protected. The sweep dipoles removed 
backgrounds propagating from the long drift preceeding the 
high-/3 quadrupoles and from the arcs. In the latest design, 
a pair of reversed, horizontally-bending dipoles were used 
in order to restrain the dispersion function through the long 
IR drift. Otherwise, the dispersion would reach an enor- 
mous value at the end of the 150 m drift, which marks the 
beginning of the chromatic correction module. 

In spite of the added dipoles, the heat load remained 
too high in most of the IR quadrupoles, in particular, the 
focussing and defocussing pair nearest the IR Optically, 
these quadrupoles are the most significant in determin- 
ing the nonlinear properties of the IR. Passive shielding 
was then included in the final focus to spread decay elec- 
trons (positrons) along the entire region instead of allow- 
ing them to hit apertures in the immediate vicinity of the 
IR To achieve this tungsten collimators were sandwiched 
between all quadrupoles. Calculations indicate the colli- 
mators should be 15 cm long, with a 4a aperture in order 
to fully shadow the SC quadrupoles which have a 5a aper- 
ture. As shown in [3] combined effect of adding dipoles 
and collimators to the IR allowed the protective tungsten 
liner of all the SC quadrupoles, including the innnermost 
ones, to be reduced to 2 cm. Resulting power dissipation 
in the SC components is shown in Fig. 2 together with the 
results for the original lattice. One sees a drastic reduc- 
tion in heat load in most critical components closest to the 
IR With the thinner liner the strength reduction of the IR 

quadrupoles is a factor of 2 compared to the case with no 
liner, but it is twice as strong as the case with a 6-cm liner. 
The smaller liner reduced peak /^-functions by about factor 
of two (to 150 km), and first-order chromaticities were cor- 
respondingly halved (presently -1500 in the horizontal and 
-2300 in vertical plane). Second and third order chromatic- 
ities fell by almost two orders of magnitude. 
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Figure 2: Power dissipation in the IR SC components. 
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Figure 3: Number of secondary muons coming to three de- 
tector regions as a function of distance from IP of 2 TeV 
muon decays. 

4   BACKGROUND REDUCTION 

A careful design of the final focus system includes [3]: 1) 
tapered liner apertures, 2) sweep dipole magnets, 3) tung- 
sten collimators interspersed between quadrupoles, and 4) 
tungsten collimators inside the detector with the aspect of 
two nozzles about the IP. Careful attention to the IR and 
shielding design has reduced the background levels signif- 
icantly. In the optimum configuration, background fluxes 
are reduced by an order of magnitude. However, there still 
remains a serious problem with secondary muons, mainly 
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Bethe-Heitler pairs ^Z-*Zfi+fi~. Fig. 3 shows the sec- 
ondary muon background distributions in three detectors 
caused by 2 TeV muon beam decays along the IR. One can 
deduce that the region, 15 < L < 90 m, from IP is mostly 
responsible for high muon fluxes in the calorimeter. The re- 
sults were obtained with thin shielding between the quads 
and dipoles, but it is clear that thick magnetized shields 
across the entire tunnel cross section (or even wider) will be 
required to bring the muon fluxes down. Another promis- 
ing possibility, also studied using MARS, is the implemen- 
tation of timing cuts. 
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Figure 4: Neutrino induced average dose in the orbit plane 
vs distance in soil from the ring center for five values of the 
vertical wave field. 

5   NEUTRINO 

An intense secondary neutrino beam is created from muon 
decays and significant radiation levels result from neutrino 
interactions. The dose levels remain high even at very large 
distances from the collider ring [7]. Ironically, the neutri- 
nos are not a problem in air at same distances; i.e. if the col- 
lider is left unshielded. Since the neutrino beam is highly 
collimated and directional - the intrinsic divergence is only 
50 /urad from 2-TeV muon decay - the solution proposed 
here is to vary the production direction of the secondary 
neutrino beam. The neutrino beam is already spread in a 
horizontal disc by the collider dipoles. A vertical wave can 
be instituted in the collider ring to distribute the radiation 
and lower the average dose. This vertical wave should be 
varied in strength and phase over time to really smear the 
dose. MARS calculations indicate that such a floating ver- 
tical wave installed in the arc can be used to mitigate the 
neutrino flux by more then order of magnitude (Fig. 4). The 
approximately 8-m arc dipoles can be rolled by 20 mrad to 
achieve the desirable 200 /urad kick (B~0.2 T in Fig. 4). 
To avoid the complication of skewed quadrupoles, net rolls 
or horizontal magnetic fields are cancelled before entering 
quadrupoles. That is, the first dipole in a set of three is 
rolled 10 mrad horizontally, the next double that in the op- 

posite direction, and the last the same amount in the orig- 
inal direction to almost exactly cancel coupling, vertical 
dispersion and amplitude effects. Reverse rolls and other 
time-varying changes can be instituted to reduce dose lev- 
els in all directions. 

6   SUMMARY 

The combination of 5<r aperture sweep dipoles and 4<r aper- 
ture tungsten collimators reduced not only the heat load 
in the SC IR elements to acceptable values, but also im- 
proved tremendously the performance of the muon collider 
IR through strengthed quadrupole gradients. The reduction 
of dissipated power is almost a factor of 2000 in some ele- 
ments for the same IR design. Operationally, therefore, the 
beam-induced energy deposition problems in the IR appear 
to be resolved (if the liners and collimators are kept at room 
or nitrogen temperature). The backgrounds in the detector 
with the new IR, although reduced by a factor of 10, still 
require further work. 

The serious problem of neutrino-generated radiation, in 
principle, appears to be solved by introducing a system- 
atic, time-varying vertical wave in the collider ring to dis- 
perse this strongly-directed radiation. The lattice appears 
to support the concept of a vertical wave through rolled arc 
dipoles although detailed tracking and error studies need to 
be done to determine is such a configuration can be sup- 
ported. 
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SIMULATION STUDIES OF IONIZATION COOLING 

D. Neuffer and A. Van Ginneken 
Fermilab, P. O. Box 500, Batavia IL 60510 

Abstract 

A u+-u" collider must compress the beam phase-space 
volume by a factor of ~106 to obtain high luminosity, and 
this beam cooling must occur before u-decay. In this 
paper we present simulations of ionization cooling which 
explore the various conditions needed for cooling to 
collider conditions. Cooling by large factors is 
demonstrated and directions toward complete cooling 
scenarios are discussed. 

I. INTRODUCTION 

The u*-u" collider [1, 2, 3] concept relies on ionization 
cooling to compress the beam phase-space volume to 
obtain high luminosity. This method has been described 
by Skrinsky et al.[2] and by Neuffer.[3] In ionization 
cooling, the beam loses transverse and longitudinal 
momentum while passing through a material medium, but 
regains only longitudinal momentum in acceleration 
cavities. Cooling by large factors requires successive 
stages of energy loss and reacceleration (20 to 50 stages). 
In this process the beam will evolve from a large phase- 
space volume to more compressed forms, and the cooling 
sections must change to match these. Also since the 
ionization cooling process does not directly cool the beam 
longitudinally, the beam must also pass through wedge 
absorbers at regions of non-zero dispersion to exchange 
longitudinal and (cooled) transverse phase-space. 

The differential equation for rms transverse cooling is: 

de» 

ds 

1   dE 
lE ds 

ßiEf 
2ß3mHc

2L, 
(1) 

ß'jD "" ^(J  iu„i;   I^RJ 

where the first term is the frictional cooling effect and the 
second is the multiple scattering heating term. sN is the 
normalized transverse emittance, E is the u energy, and 
ßx is the betatron amplitude. Similarly an equation for 
longitudinal cooling (reduction of energy spread aE) with 
energy loss can be written as: 

dal 
:-2 

flu. gds „2   , 

ÖE    E 

ifaj1) 
(2) 

ds dE" ds 
in which the first term is the cooling term and the second is 
the heating term caused by random fluctuations in energy 
losses. The longitudinal cooling term is nearly zero, but it 
can be enhanced by placing the absorbers where transverse 
position depends upon energy (at nonzero dispersion) and 
where the absorber density or thickness also depends upon 
energy, such as in a wedge. In that case the cooling 
derivative can be written as: 

dE 
9f 
3E 

dE   *1P 
ds ßcpp0 

(3) 

where p'/p0 indicates the change in density with respect to 
transverse position, p0 is the reference density associated 
with dE/ds, and r\ is the dispersion (r| = dx/d(8p/p)). 
Increasing the longitudinal cooling in this manner decreases 
the transverse cooling by the same amount. 

In the long pathlength Gaussian-distribution limit, the 
energy heating term is given approximately by: 

it d AEr '). 
ds 

(remec
2J ne 

2. 
(4) 

where ne is the electron density in the material. This 
expression increases rapidly with higher energy (larger y). 

II. u-COOLING REQUIREMENTS AND 
SCENARIOS 

The u-beam at the end of the rf rotation and decay section 
is expected to be ~300 MeV in energy with an rms energy 
spread of -10%, an rms bunch length of ~3m and with a 
transverse emittance in x and y of eT = 0.015 m-rad 
(normalized). With the presently proposed high-energy 
u+-u' collider parameters the rms transverse emittance 
must be reduced to -0.00005 at the end of the cooling 
system (300x smaller). The longitudinal emittance 
required in the 2x2TeV collider is 3mm bunch length by 3 
GeV energy width, (only ~10x smaller). The overall 6-D 
cooling required is-106. Cooling by these large factors 
requires a sequence of absorbers interspersed with 
reaccelerations. This     sequence     must     include 
dispersion/wedge absorbers for energy cooling, and rf 
bunching for bunch length control. To minimize 
transverse heating (see Eq. 1), LR (the material radiation 
length of the absorber) must be large, which means a light 
element such as Li or Be, and ßi must be small and 
become progressively smaller as the beam is cooled, 
which means strong focusing at the absorbers. Scenarios 
for complete cooling have been developed; detailed 
simulations are needed to verify and optimize possible 
scenarios. 

III. SIMULATION METHODS 

Simulation of particle transport through a cooling section 
starts from a description of the phase space of the incident 
muons. To evaluate the cooling progress the kinematic 
variables of the particles are noted upon crossing some 
fixed set of planes perpendicular to the central 
trajectory—including the start and finish of the absorber. 
For a Hamiltonian formulation, this makes z, the distance 
along the nominal trajectory, the logical choice of 
independent variable. The cooling channel may include 
absorbers of arbitrary composition and dimensions as well 
as magnetic fields of arbitrary specification.   Absorber 
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material and magnetic field as a function of location are 
supplied to desired accuracy either by a field map or by 
an analytical prescription. Except when traversing a field- 
free void or a void in which the field is simple enough to 
permit an exact analytic solution, particles are traced 
through the absorber geometry in a series of small steps— 
each typically of the order of a few mm. 

The physics content of SIMUCOOL is essentially 
unchanged from that presented in some detail in ref. [5]. 
Briefly, the main ingredients are: ionization energy loss as 
described by the Vavilov distribution modified for spin 
one-half particles and with inclusion of an energy 
threshold above which u-e collisions are simulated 
individually, and multiple Coulomb scattering, in which 
an angular threshold is adopted below which it is treated 
in the Gaussian approximation and above which as 
coherent individual ^-nucleus scattering events. Lesser 
contributions (small at the low energies of interest here) 
such as incoherent Coulomb scattering between muons 
and nuclear protons, bremstrahlung, e+-e" production, and 
deep inelastic u-nucleus collisions are also included in the 
simulations. 

Energy loss and multiple scattering are treated as 
continuous processes and are thus applied during each 
step of the Monte Carlo which takes place in a material. 
All other processes, including large energy losses and 
large angle scattering, are treated event-by-event. 

In each simulation a beam of 5000—25000 particles, 
generated within 6-D gaussian distributions is tracked 
through absorbers plus through transport and acceleration 
modules. Beam properties at the end of the transport are 
calculated and compared with rms equations. 

IV. SIMULATION RESULTS 

Simulations of ionization cooling have been obtained for 
a variety of situations corresponding to critical portions of 
a cooling scenario. The cases which have been explored 
include the following: absorbers at a ß* focus, absorbers 
within solenoids, Be or Li lens absorbers, and wedge 
absorbers with cooling over a range of energies from 
multi-GeV levels to 20-MeV. We discuss some of these 
below; a more detailed discussion, with more cases, is 
found in ref. 6. 

1. Absorbers in free space 

The simplest cooling case is a field-free absorber at a 
beam focus. A number of these cases have been studied, 
using a variety of materials, and with beams at momenta 
from 200 MeV/c to 1.2 GeV/c. Overall very close 
agreement with rms equations is obtained, and very little 
particle-loss by scattering to large angles or large 5p/p 
occurs. For example, a 400 MeV/c beam was tracked 
through 40cm of Be (matched to ß*=20cm at the center). 
With p reduced to 277 MeV/c, the rms emittance is 
reduced from 0.01 to 0.0077 m-rad while Sp^, increases 
from 8 to 10.4 MeV/c. 

Cooling was tracked over a broad range in initial 
energies, and figure 1 shows energy spread before and 
after a 20 cm Be rod, showing the increased width as well - 
as the non-gaussian loss pattern with a "Landau tail". 
Energy straggling increases with increasing energy (see 
Eq. 4) and becomes too large for p > ~800MeV/c. 

Figure 1: momentum distribution of a beam before and after a 
20 cm Be absorber, showing increase in 8p, as well as change in 
distribution shape. 

2. wedge absorbers 

H-cooling naturally cools only transversely, and is 
accompanied by a gradual increase in Sp,,^. 6-D cooling 
requires periodic exchanges in phase space, and this can 
be obtained if the beam is given a non-zero dispersion 
(position dependence on momentum) and then passes 
through a wedge absorber, which is placed so that the 
high-momentum side of the beam passes through more 
material and loses more energy. The resulting process 
reduces 8p/p while increasing the intrinsic transverse size, 
thereby increasing sT by the same factor. 

x (cm) 

Figure 2. Beam (x-E distribution before and after a wedge + 
absorber for x-p emittance exchange. Note that 6E is reduced by 
a factor of 2, and dispersion is reduced (lm -> -0). 
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Wedge absorbers of various materials have been 
simulated with vaious beam conditions (p, 8p,,,,,, eT, etc.) 
and phase-space exchanges in agreement with cooling 
models have been obtained. 

As discussed in ref. 7, the wedge and beam transport 
can be optically matched to obtain r| = 0 at the exit of the 
wedge. Figure 2 shows simulation results of such a case, 
in which a hot 400 MeV/c beam with 8pmi =7.4%, eT = 
0.015, at ß* = 0.34m and dispersion r\ = lm, passes 
through a Be wedge + absorber. In the simulation, the 
energy spread is reduced by a factor of 2 while e5 is 
nearly doubled, in agreement with expectations. (ey is 
slightly cooled.) As seen by the reduction in the x-p 
correlation, the dispersion r\ is cancelled to ~ zero. 

3. Cooling in Be (Li) lens and in Solenoids 

From Eq. 1, cooling requires small ß* or strong focusing 
at the absorbers. This can be most readily sustained if 
there is strong focusing at the absorber, and this can be 
obtained if the absorber is itself a focusing lens; i. e., a Li 
or Be lens, which is a conducting rod carrying a high 
current (up to -1MA). Fields up to ~20000T/m can be 
developed in such rods. Simulations of u-beam transport 
within conducting rods are able to obtain excellent 
cooling, in agreement with the rms equations. The 
cooling was insensitive to initial conditions and occurs 
with very large momentum spread (bpm). 

Another suggested method for focusing within 
absorbers is to place the absorber within a high-field 
solenoid. Our simulations showed that this was not 
effective. The difficulty occurs because the solenoid 
introduces axial motion (angular momentum) into the 
beam which is damped within the absorber. However on 
exiting the absorber, the original axial motion is removed, 
and the beam has a net axial motion which dilutes the 
(projected) emittance. 

4. Multistep cooling 

To demonstrate the possibility of cooling by large factors, 
a beam was transported through a sequence of 8 Be lens. 
In each of these, momentum loss by a factor of 2 (from 
400 to 200 MeV/c) was obtained and followed by 
reacceleration, while focussing gradients were increased 
from lens to lens from 30T/m to 2000T/m, matching the 
decreasing beam size. To control 5pm, a set of wedges 
was placed in the center of the cooling sequence, which 
reduced bpm, by ~2x. Fig. 3 shows transverse phase- 
space (px, x) at the beginning and at the end of the 
sequence. Transverse cooling from 0.01 to 0.0004(~25x) 
and 6-D cooling by ~500x was obtained. Extrapolation to 
a complete cooling scenario seems possible. 

V. DISCUSSION 

We have obtained simulations of (x-cooling within 
absorbers in close agreement with rms equations. These 
simulations cover the range of conditions which occur 
within a complete collider cooling scenario, and support 

H-cooling feasibility. However the simulations do not yet 
track a complete scenario, and they do not include a 
complete representation of the nonlinear beam transports 
and rf acceleration details. An integrated transport + 
energy loss simulation is needed, and this integrated code 
should develop into an optimizing design tool, u-cooling 
simulations are also being developed by Fernow, Kirk, 
MacDonald, Palmer, et al.[8, 9] and their contributions 
will be essential in developing consistent design tools. 

Also, there is as yet no experimental verification of 
ionization cooling, and cooling experiments in agreement 
with design calculations will be needed to establish the 
practicality of the u-cooling concepts and requirements. 

13 
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Figure 3: Transverse phase space before and after an 8-rod Be 
lens cooling system, with wedges for 8p control. sT is reduced 
by a factor of 25 and 6-D 6 is cooled by 500x 
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AN ASYMMETRIC MUON-PROTON COLLIDER: LUMINOSITY 
CONSIDERATION 

V.D. Shiltsev 
FNAL*, MS 221, P.O. Box 500, Batavia, Illinois 60510 

Abstract 

An asymmetric muon-proton collider is proposed as an in- 
strument for possible quark structure search. Energy of 
proton beam is supposed to be some 5-6 times of muon 
energy. Estimated luminosity of the collider with two rings 
- the Tevatron accelerator and yu-ring - is found to be of the 
order of 1033 s"1 cm-2. 

1   INTRODUCTION 

Several proposals of (j,+—fi~ and/i—p colliders were made 
in recent years (the past and present status of these ideas 
can be found, e.g., in Ref. [1]). Here we discuss a mod- 
ification of existing plans of muon facilities which would 
fit to the requirements of a search for quark structure. This 
could be an asymmetric muon-proton collider in which the 
momenta of colliding quarks and muons are roughly the 
same in value but opposite. This condition will ease the 
observation of the events with large transverse momentum 
transfer which involve destruction of quarks or where quark 
structure may manifest itself. As an example, one can con- 
sider 1000 GeV protons of the Tevatron facilities which 
confine quarks with broad momentum spectra around the 
mean value of some 160 GeV/c. Therefore, an appropriate 
muon momentum should be about 100-200 GeV/c. This 
paper is devoted to brief consideration of the possibilities 
of such a collider, beam parameters and luminosity of the 
machine, and comparison with other probable competitive 
accelerator schemes. 

2   BEAM PARAMETERS AND COLLIDER 
LUMINOSITY 

Let us consider possible scheme of the fi—p collider which 
consists of two rings. Parameters of the ~200 GeV muon 
ring are taken from[2] where it is assumed that muon pro- 
duction and acceleration systems can provide M = 2 
bunches of Nß = 2 ■ 1012 particles within transverse nor- 
malized rms emittance of en^=50 mm ■ mrad with a rate of 
/L=30 Hz. These muons decay in the ring after a charac- 
teristic number of turns of n3 = 300 • B[T] in the bending 
field of B in Tesla. Here we will consider B ~ 6T and, 
therefore, ns ~ 2000. 

A good candidate to deliver the beam of protons could 
be Tevatron. In the upgraded regime of "TeV33"[3] the 
length of the bunch of £7P=1000 GeV protons will be about 
az=l5 cm, while the number of protons depends on the 
transverse normalized emittance as Np ~ 1011 • enp[mm ■ 

* Operated by Universities Research Association, Inc., under contract 
with the U.S. Department of Energy 

mrad\. The last relation assumes limiting factors for pro- 
ton beam population are low-energy space charge effects at 
injector stages and intrabeam scattering. 

Transverse sizes cr*, a* of the beams at the ß—p collider 
interaction point should be approximately the same, thus, 
under the condition on beta-functions ß* ~ ß* ~ az we 
have following relation between transverse emittances: 

^np 
%)(%)• 

n/i) (1) 

here 7P « 1000 and jß « 2000 denote relativistic factors 
of particles. 

Taking for definiteness ß* = 2/?* = az = 15 cm, we 

obtain aIP = Jtnpß^hp « 40 fim and enp = 12.5 ■ 
10~6 m. Consequently, the expected maximum number of 
protons is Np = 1.25 • 1012. 

Now we can estimate the luminosity of the muon-proton 
collider as: 

fLnsNßNpM 
47r<r|p 

1.3 • 1033 s^cm,-2. (2) 

As protons are supposed to live for a long time in the 
ring, one should consider beam-beam effects. With the pa- 
rameters mentioned above, the proton tune shift due to op- 
posite muon beam is: 

Nßrp 

47re„D 
0.02, (3) 

that seems acceptable (here rp = 1.53 • 10-18 m is the pro- 
ton classical radius). The decay of muons leads to changing 
(reduction) of the shift within characteristic time of 2000 
turns, therefore some external stabilization of the proton 
ring tune probably would be useful. 

Beam-beam tune shift for muons is equal to 

^ = 
Nprß 

47TC. 
■ 0.026, (4) 

nß 

again far away of limiting values (rM = 1.36 ■ 10-17 m). 
Concluding this section, we would note that the key pa- 

rameters for the ß — p collider luminosity are the muon 
production rate and the muon emittance. As these param- 
eters are presently under detailed study, somewhat "pes- 
simistic" variant II[1] with smaller Nß, smaller repetition 
rate of \i production //,, and larger emittance enß is con- 
sidered and put into summarizing Table 1, while high /J,- 

production option is marked as variant I in the Table. For 
proton beam-beam tune shift estimations with smaller rep- 
etition rate //,, the 'duty factor' of collisions was taken into 
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Table 1: Two Options of \i - p Collider 

Parameter I II 
Muon Energy, Eß, GeV 200 200 
Proton Energy, Ep, GeV 1000 1000 
fj, Intensity, WM/bunch 2 • 10w 5 • 10" 
fj, Emittance, enß, 10_ö m 50 200 
Storage turns, na ~2000 ~2000 
(j, Pulse rate, /x, 30 10 
N bunches (p, n), M 2 2 
Beta at IP /?*, cm 

/3;,cm 
7.5 
15 

7.5 
15 

Waist size 07p, /mi ~40 ~90 
p Emittance enp, 10~b m 12.5 50 
p Intensity, 7Vp/bunch 1.25 • 10" 5 • 10" 
Beam-beam shift £p 0.02 

0.026 
0.0005 
0.026 

Luminosity L, s~Lcm~2 1.3 • 103a 1.1 • 10ay 

account: < £p >« £p(/z,ns//o) where f0 ^ 47 kHz 
is the Tevatron revolution frequency, and £p is given by 
Eq. (3). Let us remark also, that inasmuch as beta functions 
at the interaction point are of the order of bunch length, 
the "hour-glass" effect can slightly decrease luminosity (by 
some dozen percents). 

3   DISCUSSION 

It is interesting to compare the proposed proton-muon col- 
lider with other lepton-hadron machines presently under 
study, namely, possible e - p facilities of LEP+LHC at 
CERN and TESLA+HERA-p at DESY(Hamburg). Table 2 
demonstrates main features of these machines: momenta of 
quarks (pq ~ Ep/6c) and leptons pi, maximum momenta 
transfer Q ~ 2^/p^pl (all momenta in GeV/c), and lumi- 
nosity in s~1cm~2. 

Table 2: Quark-Lepton Collider Projects 

Project Q Pi Pi L, 10ai 

TESLA+HERA-p 350 250 140 ~1.0 
LEP+LHC 700 90 1300 1-10 
it-ring+Tevatron 350 200 160 10-100 

The TESLA+HERA-p project[4] with use of super- 
conducting linear accelerator of electrons can provide 
momenta-symmetric quark-lepton collisions, but its lumi- 
nosity is limited by power of electron beam. The lumi- 
nosity of the LEP+LHC is somewhat higher and limited 
by beam-beam instabilities into both beams of electrons 
and protons, but momenta asymmetry of the order of 15 
is not convenient for the experiment. As it is mentioned in 
the Table 2, the luminosity of the muon-proton collider at 
FNAL could be the highest one, depending mostly on the 
^-production and cooling. 

It seems reasonable to consider the proposed (j, — p ma- 
chine as the first step toward a large scale 4 TeV cm. 
energy ß+(i~ collider. With respect to the full-scale set 
up such a testing facility does not require production of 
both charge muons, allows large longitudinal emittance of 
//-beam and, therefore, gives some freedom in obtaining 
lower transverse emittance (see in Refs. [1, 2]). Due to 
ability to operate with /x bunches as long as proton ones, 
one expects no troubles with single bunch instabilities in 
the muon ring, and at the same time it could substantially 
simplify focusing optics of the ring and the interaction re- 
gion. 

Further increase of the ß - p collider luminosity can be 
obtained with larger number of bunches M, or with im- 
plementation of "traveling focus" regime [4] in order to de- 
crease effective beam sizes at interaction point while bunch 
length is larger than the value of beta function. Formally 
speaking, quark-muon luminosity is some 3 times the ob- 
tained value, because number of quarks is triple number of 
protons we used in our estimations. 

4   CONCLUSIONS 

The asymmetric fj, — p collider with energies of 200 GeV 
in muon beam and 1 TeV for protons is considered as a 
tool for quark structure search. The option with intersect- 
ing Tevatron accelerator and /x-ring allows to obtain lu- 
minosity of the order of 1033 s-1 cm-2. The key issues 
for high luminosity are large number and small transverse 
emittance of muons, while the muon bunch length can be 
as large as proton one's. The beam-beam effects are found 
to give no severe constraints on beam intensities. It was 
also shown that the proposed scheme has some advantages 
with respect to other possible lepton-hadron colliders, such 
as LEP+LHC and TESLA+HERA. The muon-proton col- 
lider at FNAL seems to be also a perfect candidate as the 
first stage of high-energy //+/i~ facility. 
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CONTROL OF LONGITUDINAL COLLECTIVE BEHAVIOR IN THE 
MUON COLLIDER RINGS * 

Wen-Hao Cheng, Andrew M. Sessler, William C. Turner, and Jonathan S. Wurtele 
Lawrence Berkeley Laboratory 

Berkeley, California 94720 
Abstract 

The longitudinal single bunch collective effects in a Muon 
Collider [1] ring are theoretically examined. The situation 
involves an intense bunch, a short bunch, a small momen- 
tum compaction, a rather large impedance compared with 
the stability threshold criterion, and a luminosity life time 
limited by muon decay to a thousand turns. Qualitative de- 
scriptions of stability are given and a scaling law for the in- 
stability threshold is derived. Numerical simulation results 
for the impedance-related instabilities are given for two 
cases of current interest - a 250 GeV x 250 GeV demon- 
stration machine and a 2 TeV x 2 TeV high energy ma- 
chine. The results of these simulations are in good agree- 
ment with the predictions of the scaling law and show that 
the longitudinal collective effects are controllable with a 
proper choice of parameters (viz. rf voltage, rf frequency, 
linear and non-linear longitudinal chromaticity). 

1    LONGITUDINAL BEHAVIOR 

A ring with a high degree of isochronicity (i.e. a small slip- 
page factor \q\ = \pdC/Cdp - I/721 = 10~7 ~ 10"5, 
where 7 = l/-\/l - ß2, p is the particle momentum, and 
C is the circumference of the ring) is needed to satisfy 
the requirement of a short bunch with a practical rf system 
[1]. However, small \rj\ implies small longitudinal Landau 
damping. Small |TJ| also implies that the static effect of the 
longitudinal wake force causing potential-well distortion of 
a beam is important. The longitudinal motion of the beam 
is one of the main concerns for a muon collider ring [2]. 

A large number of accelerator parameters enter into the 
description of longitudinal beam motion. Although each 
of these impacts the analysis of beam stability, the values 
of many of them are fixed by considerations that do not 
involve beam stability, and they are not available for ma- 
nipulation to improve the beam stability situation. Some 
examples of the fixed parameters are: beam energy, cir- 
cumference, peak beam current, bunch length, momentum 
spread etc.. However, there remain a few free parameters 
that can be adjusted for longitudinal beam stability. They 
are: the lowest order and higher orders of the slippage fac- 
tor, i.e., 771,7?2, V3> me supply of rf energy per turn, eVrf; 
and the wavelength of rf, Ar/. Here, the slippage factor is 
expaned as 77 = 771 + 772 5 + 773 S2, where S = dp /p. In 
this study, we use multi-particle simulations [3] to search 
for a workable operation region in the parameter space: 
±771,772,773, (Vrf/\rf). A key ingredient in these analyses 

* Work supported by the U.S. Department of Energy under contract No. 
EDDEFG-03-95ER-40936 and DE-AC03-76SF00098 

is the choice of broad-band impedance model to describe 
the electrodynamic interaction of the beam with beam tube 
discontinuities. In this paper, we use a broad-band (Q = 1) 
resonator model [4]. The ring inductance and resonant fre- 
quency of the model are chosen by scaling [5] from the 
impedance budgets (inductance and loss factor) that have 
been reported for B factories (PEPII and KEKB). The scal- 
ing takes account of differences in circumference, beam 
tube radius and bunch length and yields an impedance that 
is representative of the state of the art for smooth beam 
tubes. To fit the impedance of existing machines scaled to 
the muon collider rings, we use the paramters of the broad- 
band resonator model: shunt impedance Rs(kQ) = 18.8 
(2 TeV), 3.1(250Ge^); Q = 1; and the resonant angular 
frequency o>r = 17GHz for both rings. The low frequency 
broad-band impedance of the rings is \Z(j/n\ = UIQL = 
0.26J7, where LJQ is the revolution angular frequency and 
L is the ring inductance. The rf cavity impedance is also 
included in our simulations. We use Perry Wilson's scal- 
ing formula for the longitudinal wake function [6]. Ef- 
fects of Landau damping, potential-well distortion, nonlin- 
ear synchrotron oscillation, longitudinal microwave insta- 
bility, and also, intensity decrease due to mu-decay, are all 
included in the simulations. Since the muon storage time 
is typically only a thousand turns, the system is in a tran- 
sient state. The choice of storage ring working point will 
be seen to depend on the tolerance for bunch lengthening 
and energy spreading during the storage time. 

1.1    How isochronous? The value of \r]i |. 

Simulations show that the most suitable values of \-q^\ 
(when 772 = 773 = 0) are: ~ 10-6 for the 2 TeV ma- 
chine and ~ 10~5 for the 250 GeV machine, which for 
resonable rf voltage gives tolerable bunch centroid drift, 
energy spread growth, and bunch lengthening, compared 
to smaller 771. This is simply because larger |T7I| gives 
faster Landau damping, where the Landau damping rate 
can be approximated as rj"1 = naw = nrjiUJocrs [7]. Our 
simulations show that, the regime of \rji\ < |77f | freezes 
the z-motion but engenders in the ^-motion a correlated 
growth of as which quickly exceeds the lattice momentum 
acceptance. The regime of (7711 ~ |T7^| smears the wake 
field-energy correlation and reduces the growth of momen- 
tum spread and bunch lengthening. Increasing 771 further 
to 17711 > 177^ I results in unreasonably large rf voltage (to 
match the phase space) for acceptable bunch length and 
momentum spread. 
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1.2 How much rf? The value ofVrf/Xrf. 

Since increasing the rf gradient results in improved com- 
penstation of the variation of wake potential across the 
bunch, the problem of longitudinal behavior in the muon 
collider rings can be ameliorated by employing a large 
Vrf/\rf. Furthermore, for a given Vrf/\rf, the value of 
Vrf will be reduced by using a high rf frequency. How- 
ever, there are two restrictions: (1) width of the rf bucket 
needs to be large enough, where Azbucket = Kf » °z\ 
and (2) beam loading due to the rf-cavity impedance can- 
not be too large, where /ßi,(=energy-loss per particle per 
eVrf) is scaled approximately by 1/A^ [6]. For the cases 
we have examined we find that a S-band rf (frf = 3GHz) 
is a suitable candidate, compromising the requirements of 
a large Vrf slope, a large enough rf bucket width (Azsep = 
10cm ~ 33<T2), and a small enough beam loading factor 
UBL 

W
 33%, obtained by numerical calculation of the 

energy loss of a Gaussian beam due to the rf cavity) [6]. 
Simulations show that one needs approximately 450 MeV 
of eVrf for the 2 TeV machine and about 25 MeV for the 
250 GeV machine to suppress the large excitations of bunch 
length and bunch energy spread. The requirement for large 
Vrf/\rf can, alternatively, be achieved by using two rf cav- 
ities. One cavity with higher frequency (X-band) provides 
large rf voltage gradient across the bunch (even if the cavity 
is overloaded), and the second cavity with lower frequency 
(S-band) supplies the beam energy lost due to interaction 
with impedance of the cavities and the ring [8]. Via this 
scheme, the total Vrf needed could perhaps be reduced. 
Detailed examination is underway. 

1.3 Above or below transition? The sign ofr\\. 

Simulations show that operation of the ring below transi- 
tion 771 < 0 produces less bunch-lengthening and energy- 
spreading than operation above transition 771 > 0. A pos- 
sible explanation is that when 771 < 0 (> 0), the bunch 
tends to lean backward (forward) due to the potential-well 
distortion. The bunch tail thus experiences less (more) 
wake force generated by the bunch head. Consequently, 
the bunch tail lengthens less (more). Of course, this could 
depend on the impedance models, bunch length, and how 
bunch frequency spectrum overlaps with an impedance 
spectrum. Detailed discussions on the effect of negative 
771 can be found in Ref. [9]. 

1.4 Effects of longitudinal chromaticity: 772. 

The longitudinal chromaticity 772/771 introduces energy de- 
pendence into the synchrotron frequency in a way exactly 
analogous to the energy dedendence of the betatron fre- 
quency described by transverse chromaticity. Similarly, 
the transverse head-tail instability due to the transverse 
chromaticity has a longitudinal counterpart - the longitudi- 
nal head-tail instability (LHT) driven by longitudinal chro- 
maticity. The head-tail instabilities have no stability thresh- 
old [10]. Moreover, when 772 ^ 0, the rf-bucket is dis- 
torted and the phase space acceptance is reduced . The so 

called "a-bucket" appears when 772 is larger than some crit- 
ical value. It is clear that the lattice design should have the 
value of 772 minimized to avoid the LHT instability and re- 
duction of longitudinal phase space acceptance. 

1.5 Effects of nonlinear longitudinal chromaticity: 773. 

It has been shown in a study of the transverse head-tail 
instability [11], that the nonlinear transverse chromaticity 
plays role similar to the varying transverse chromaticity 
(modulated by a synchrotron period), in which an other- 
wise accumulating head-tail phase is cancelled during the 
modulation. Similar to its transverse counterpart, the non- 
linear longitudinal chromaticity 773, in contrasted to 772, 
does not cause the LHT instability but contributes an in- 
coherent frequency spread that provides Landau damping. 
Our simulations show that, 773 can help decrease energy- 
spreading of the bunch, when 771 < 10-6 and the syn- 
chrotron oscillaton period is longer than the storage time. 

1.6 Effects of beam-beam interaction 

There are two longitudinal effects from the classical beam- 
beam interaction that could degrade the beam luminosity. 
The first is the hourglass effect for centered collisions, in 
which the luminosity decreases when az grows at fixed ß*. 
This could occur when there is bunch lengthening due to 
microwave instability, or phase space mismatch. The sec- 
ond is the hourglass effect for longitudinally displaced col- 
lisions at the IP (Interaction Point). This could occur when 
there are bunch centroid shifts due to the potential-well 
distortion, rf phasing errors or injection timing errors [1]. 
Control of the bunch length and bunch centroid, described 
above, is therefore important to prevent these sources of 
luminosity degradation. 

2   SCALING LAW FOR THE LONGITUDINAL 
STABILITY THRESHOLD 

We examine the longitudinal behavior of 250 GeV x 250 
GeV and 2 TeV x 2 TeV machines with a scaling law for 
the impedance threshold. The parameters essential to the 
scaling of the stability threshold are listed in Table 1. First 
we examine the scaling law for the energy spread (by using 
the low current matching condition): 

as = a,(w./cM) oc az^{Vr{IXrf)/{CE\m\).    (1) 

According to Table 1, we have 

es(0.25TeV) 
as(2TeV) 

1f,?    (Vrf/\m\Kf)(0.25TeV) 
V   (Vrf/\m\\rf)(2TeV)   ■  () 

If we keep the same energy spread for both collider rings, 
then the rf needed is scaled as 

Vrf/Xrf(0.25TeV) 
Vrf/Xrf(2TeV) 

1 
350 

|77i|(0.25TeV) 
|77i|(2TeV) (3) 
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The Boussard-modified Keil-Schnell criterion gives us the 
scaling law for the effective threshold-impedance [4], as 

\Zo/n\the oc (E/e)\r]i |of/Jp. Since Ip oc N/az, we have 

Zjj/n     (o.25rey) 
the 

Zjj/n      (2TeV) 

\m\(0.25TeV) 

\m\(2TeV) 
(4) 

the 

If we increase |r/i| by a factor of 35 for the 250GeV ma- 
chine, then Vrf/\rf needed (to satisfy the matching con- 

dition) becomes a factor of 10 smaller, and |2o/n|tfce a 
factor of 5.83 larger. If the ring impedance of the low en- 
ergy collider is below this threshold, then the wake voltage 
no longer dominates the longitudinal dynamics, and the 
matching condition needs to be approximately preserved. 
The scaling laws, from Eqs. (1) to (4), are thus self- 
consistent. Simulations show that the longitudinal behavior 
of the 250GeV machine is much easier to control. 

Beam energy E (TeV) 2 0.25 
Muons per bunch N (IQ12) 2 4 
Circumference C (km) 8 1.3 
Bunch length az (cm) 0.3 0.8 
Bunch energy spread as (%) 0.15 0.15 

Slippage factor n\ (10-6) -2 -70 
Longitudinal chromaticity 772 0 0 
Nonlinear long, chromaticity T73 -0.1 -0.1 
RF energy eVrf (MeV/turn) 450 25 
RF frequency frf (GHz) 3 3 
RF phase-offset <j)rf (radian) -0.32 -0.53 
Synchrotron period l/vs (turn) 417.6 262.7 

Table 1: Nominal parameters of the Collider Rings and the 
paramters for the rf and n used in simulations. 

3 CONCLUSION 

Based on an estimate for the impedance and results of 
multi-particle simulations, we conclude that the longitudi- 
nal behavior in the Muon Collider rings can be controlled 
to a level that the luminosity will not be significantly de- 
graded. The parameters for the rings are presented in Table 
1. Results of simulation for the longitudinal behavior are 
shown in Figs. 1 and 2. 
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Figure 1: Multi-particle simulation results of the phase 
space in the (a) 500th and (b) 1000th turn, for the (1) 2 
TeV ring and (2) 250 GeV ring. The initial distribution is 
bi-Gaussian in the phase space. The effect of mu-decay is 
included, the rf-cavity impedance and the impedances of 
a broad-band-resonator model are employed. Parameters 
used in simulations are shown in Table 1. 
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Figure 2: Simulation results of the excitation of bunch 
length and bunch energy spread for the 2 TeV ring and the 
250 GeV ring, where A(7Z = az/az(0), ACTS = crs/as(0). 
Parameters used in simulations are shown in Table 1. 
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RESULTS FROM THE DESY TESLA TEST FACILITY 

B. Aune, for the TESLA collaboration 
Deutsches Elektronen-Synchrotron DESY 

D-22603 Hamburg, Germany 

Abstract 

The TESLA Test Facility (TTF), under construction at 
DESY by an international collaboration, is an R&D test 
bed for the superconducting option for future linear e+/e- 
colliders. It consists of an infrastructure to process and 
test the cavities and of a 390 MeV linac. The 
infrastructure has been installed and is fully operational. It 
includes a complex of clean rooms, an ultraclean water 
plant, a chemical etching installation and a ultra-high 
vacuum furnace. The linac will consist of three 
cryomodules, each containing eight nine-cell cavities 
operated at 1.3 GHz. The accelerating gradient should be 

of at least 15 MV/m, with a Q of 3xl09. The injector 
delivers a beam of 10-15 MeV, it has been installed and 
commissioned. The first module is in place, a 140 MeV 
beam is expected in June 97. An overview of the facility 
and results of the tests are given in this paper. 

1   INTRODUCTION 

The superconducting option for an electron-positron 
linear collider of 500 GeV center of mass energy 
(TESLA) is being studied by an international 
collaboration [1], in parallel with similar efforts by other 
groups on various technical solutions. 

The TESLA approach uses superconducting structures 
operating at a frequency of 1.3 GHz with a gradient of 
25 MV/m and a quality factor of 5xl09 at T=2K. This 
choice presents advantages for the design of the collider, 
linked to the low rf frequency and the high AC-to-beam 
power efficiency of a SC linac. Many well-separated 
bunches are accelerated in a long rf pulse, the tolerances 
are relaxed compared to other approaches. Another 
characteristic of this choice is the low peak rf power 
needed and the availability of klystrons [2]. 

The technical challenge of TESLA is to operate a large 
number of cavities (20000) at very high gradient and to 
design the linac at a reasonable cost. 

The TESLA Test Facility (TTF) is under construction 
at DESY with major components flowing in from the 
members of the TESLA collaboration. Its aim is to 
demonstrate the ability to accelerate a beam with proper 
qualities through a chain of 24 cavities operating at a 
field level of at least 15 MV/m and to reach an overall 
design of cavities, cryostats, couplers and auxiliary 
systems which leads to costs competitive with the other 
approaches based on conventional structures. 

2 INFRASTRUCTURE   AND   CAVITY 
PERFORMANCE 

2.1 Cavity processing 

Obtaining a useable gradient of 25 MV/m or more in 
9-cell cavities requires that one can overcome the field 
limitations: quenches and field emission. The quench 
limit is due to heat dissipation in local defects, the 
solution to the problem is to use very high purity Nb 
with increased thermal conductivity. The field emission, 
mainly due to the presence of micron sized particules on 
the surface, requires extreme cleanliness in the processing 
and installation of the cavities. 

The infrastructure for cavity preparation is composed 
of a complex of clean rooms (from class 10000 to class 
10), a chemical etching facility and ultra-clean water 
supply. A UHV furnace is used to improve the niobium 
material properties via heat treatment at 1400 C in 
presence of Ti gettering. High pressure water rinsing 
(100 bar) is applied at the last step of cavity preparation. 

2.2 Cavity performance 

The cavities are first tested in a vertical cryostat in 
which high peak power processing (up to 1 MW in short 
pulses) can be applied. Temperature mapping is also 
available. 

After welding of the helium tank and mounting of 
couplers and tuner, a cold test is performed in a special 
horizontal cryostat, where the complete accelerating 
system is tested in the TTF pulsed mode (field flat top of 
0.8 ms). The behavior of the couplers, the tuning 
mechanism and other components are checked before the 
cavity is installed in the linac. 

Twenty cavities have been tested in the vertical 
cryostat, nine of them in the horizontal one. A complete 
summary of the tests is given in a separate paper [3]. 

The specifications for TTF have been exceeded in the 
majority of these tests. In several cases, a field of 
25 MV/m has been obtained in cw mode and up to 
30 MV/m in pulsed mode. According to the 
measurements in the horizontal cryostat, the average field 
in the first module should exceed 15 MV/m. 
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3 THE   TTF   LINAC 

The experience gained on the TTF linac will feed 
directly into the TESLA collider design. There are a 
number of aspects in which both designs are similar. A 
detailed description of the linac can be found in [4]. 

The main components of the linac are: the injector, a 
first cryomodule housing 8 cavities, a 12 m long warm 
section in which a bunch compressor will be later 
installed, two cryomodules connected in series and a 
diagnostic area. The main parameters of the linac are 
given in table 1. 

Table 1 TTF linac parameters 

Energy 
Beam current 
rms energy spread 

pulse length 
repetition frequency 
Accelerating gradient 
Quality factor Qo 

Heat load at 2 K 
Number of cavities 
Number of modules 

3.1 Injectors 

390 MeV 
8 mA 

2xl0-3 

0.8 ms 
10 Hz 

15 MV/m 

3xl09 

86 W 
24 
3 

The TESLA design values for the beam current will 
be reached in two stages: the 1st injector delivers 8 mA 
with a bunch repetition frequency of 216 MHz and a 
bunch charge of 37 pC, while the 2nd one will give the 
same current with a frequency of 1 MHz and a bunch 
charge of 8 nC. In both cases, the rms bunch length is 
1 mm. 

Injector I delivers a beam of at least 10 MeV. It 
consists of a thermoionic 250 kV source (40 kV gun 
followed by an electrostatic column), a 216 MHz (f/6) 
prebunching cavity and a standard nine-cell SC cavity 
housed in its own cryostat and powered by a 200 kW 
klystron. A beam analysis station allows the tuning of 
the injector linac. 

Injector II will be composed of an rf gun followed by 
the same SC cavity giving a total energy of about 
20 MeV. A bunch compressor will be used at this level 
to obtain the bunch length of 1 mm. Two models of rf 
gun are under development: one for the full TESLA bunch 
charge (8 nC) and another one optimized for very low 
emittance (~1 mm.mr) at reduced charge (1 nC) for FEL 
experiments. They both use a 1.5 cell 1.3 GHz cavity 
powered by a 5 MW klystron and a Cs2Te photocathode. 
The installation will permit the use of injector I or 
injector II alternatively. 

3.2 Cryomodules 

Three cryomodules, each 12.2 m in length, constitute 
the main body of the linac. Each one contains eight 
cavities, and a 4 K package including a superferric 
quadrupole doublet, steerers, a beam position monitor 
(cylindrical RF cavity, TM110 mode) and a HOM 
absorber. The liquid helium distribution and cold gas 
recovery system are incorporated into the cryostat. The 
cryostat design principle is to make the individual 
accelerating modules as long as possible and combine 
them to strings fed by a single cold box. This should 
result in low static losses (typically 0.2 W/m at 2K) and 
important cost reduction. The cavities are suspended from 
the helium gas return pipe which serves as a reference 
girder. Each cavity is equipped with its own Ti helium 
vessel welded around it, the beam tubes and the 
connections for couplers being inside the insulating 
vacuum. 

3.3 Cavities 

The 9-cell cavities are made of 2.8 mm, high RRR 
niobium. In addition to the standard fabrication technique, 
stiffening rings between adjacent cells have been added in 
order to reduce the detuning due to radiation pressure. 
With this technique a detuning parameter of 

~1 Hz/(MV/m)2 is obtained. The main parameters of the 
accelerating cavity are given in table 2. 

A tuning mechanism acts on the overall length of the 
cavity, driven by a stepping motor located in the isolation 
vacuum. The tuning range is 800 kHz, corresponding to 
about 10^ motor steps. 

Table 2 Parameters of the TTF cavity 

Frequency 1.3 GHz 
Number of cells 9 
Active length 1.036 m 
Cell to cell coupling 1.87 % 
Iris diameter 70 mm 
Epeak/Eacc 2 
R/Q 1010 Ohms 
long, loss factor (a=lmm) 8.5 V/pC 
RF power at 25 MV/m 206 kW 
External Q 3xl06 

.4 Couplers 

Two versions of coaxial input coupler have been 
developed. The coupler consists of a cold part mounted on 
the cavity in the clean room and closed by a 70 K ceramic 
window, and a warm part mounted after the installation of 
the cavity in the cryomodule. This part contains a coaxial 
to wave-guide transition and a second ceramic window at 
room temperature. An adjustment of the coupling by a 
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factor of 3 around the design value is provided by moving 
the inner conductor. Flexibility for axial displacement 
during cooldown of up to 15 mm is achieved via inner 
and outer conductor bellows. 

The HOM couplers are mounted at both ends of the 
cavity with a nearly perpendicular orientation. A notch 
filter is incorporated for the fundamental mode rejection. 
Two types have been developed, a welded version and a 
demountable one. Both have been tested at high field level 
during the horizontal cryostat tests and the damping of the 
most dangerous modes has been measured. The Q's of the 
dipole modes are sufficiently low for the designed 
multibunch instability in TESLA. 

3.5 RF system 

RF power is provided by a 5 MW klystron which can 
feed 16 cavities. The power distribution is a linear system 
branching off identical amounts of power for each cavity 
from a single line by means of directional couplers. 
Individual three stub wave guide tuners for impedance and 
phase matching of each cavity provide the possibility of 
adjustment of phase by ± 30 deg. Individual low power 
circulators are installed on each cavity. 

The low level RF control system must keep the 
fluctuations of the accelerating field (vector-sum of 16 
cavities) to a low level to reduce the uncorrelated 
contributions to energy spread. The major sources of field 
perturbations are caused by fluctuations of the resonance 
frequency of the cavity and by fluctuations of the beam 
current. A digital feedback system will provide control of 
the accelerating field [5]. 

4 STATUS   AND   RESULTS 

All the components for beam acceleration through the 
first cryomodule (140 MeV) are installed, the first beam 
is expected at the beginning of June 97. 

4.1 Injector 

The complete injector has been installed and tested [6]. 
During this first experiment the accelerating field in the 
capture 9-cell cavity was limited to 14 MV/m by strong 
field emission, although in the previous horizontal test a 
field of 18 MV/m was obtained. High power processing 
will be applied during the next run. The designed 
characteristics for the beam have been obtained (table 3) 
with a very good stability and reproducibility. The analog 
RF control system has been extensively tested with and 
without beam [7]. The expected values for amplitude and 

phase stability have been demonstrated: ± 4.10"^ and 
±0.1° peak to peak. 
In addition the 12 MeV beam has been used for beam 
monitors developments: profile and emittance using an 
OTR station associated with an intensified gated camera, 
calibration of BPM, beam current measurement and loss 
monitoring system using toroid transformers. 

Table 3 Injector Test Results 

Design Measured 
Beam current 8 mA 8 mA 
Energy > 10 MeV 12 MeV 
rms energy spread 100 keV < 100 keV 
pulse length 0.8 ms 0.8 ms 
bunch rep rate 216 Mhz 216 Mhz 
bunch width (gun) 640 ps 600 ps 
rms norm emitt. 5 mm.mr 3-4 mm.mr 

4.2 Cryomodule and cryogenic system 

The connection and pre-alignment of the string of 
8 cavities and the SC quadrupole doublet has been made 
inside the clean room. The string is then moved on a rail 
outside the clean room. The complete mounting of the 
cryomodule has been achieved in 8 weeks, as scheduled. 
This first module has been equipped with a large number 
of temperature sensors as well as vibration sensors. 
Particular care has been taken in the alignment procedure. 
It has been found that with the present design, an accuracy 
better than 0.5 mm can be achieved for the cavities, as 
required from the TESLA specifications. Some 
improvements will be made for the following cryostat 
which will permit an accuracy of 0.2 mm. The position 
of the cavities will be monitored during cool-down and 
steady state operation with a system of stretched wires and 
wire position monitors [8], each cavity being equiped 
with 4 monitors. 

The cryogenic system is fully operational, it has been 
used in routine operation during the injector tests. 

4.3 RF system 

The existing 5 MW klystron and modulator will be 
used to power the 8 cavities of the first cryomodule. A 
new multi-beam klystron is under development by 
Thomson which will deliver a power of 10 MW with an 
efficiency of 70%. The first tube is expected by the end of 
97, it will be used to power the 24 cavities. 

The digital low level RF control system has been 
extensively tested during experiments in the horizontal 
cryostat. The design performances of the system have 
been demonstrated under high field operation where the 
detuning of the cavity due to Lorentz forces is important. 
The data acquisition system for amplitude and phase of 
RF signals based on a 1 MHz sampling, digital in-phase 
and quadrature detection system has been used during the 
injector tests to monitor the field stability. 

4.4 Beam lines and monitors 

The complete beam line from the injector to the high 
energy beam analysis station is installed and under 
vacuum. All the components have been vacuum fired and 
carefully cleaned, the connections in the tunnel being 
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made under the protection of a local clean room. The 
pressure in these lines is in the range of 10~10 mbar. 

The complete beam monitoring system, including data 
acquisition is installed, some monitors have been tested 
using the 12 MeV beam from the injector. 

5 SCHEDULE   AND   EXPERIMENTS 

5.7 First module, injector I 

Starting in June 97 the experimental program with the 
beam accelerated through the first module includes: 
- Measurements    of   cavity   performance    in    linac 

environment. 
- Cryostat behavior: losses, alignment of cavities. 
- RF to beam power transfer: test of the rf control 

system. 
- RF steering effect of couplers by measuring the beam 

displacement for various rf phases. 
- Measurement of dark current. 

5.2 Modules 2 and 3, injector II 

In 98 will be installed the high charge injector and two 
more modules, giving an energy of at least 400 MeV. 
This equipment will permit to evaluate some of the key 
parameters for the collider design, like: 
- HOM power deposited at T=2 K and choice of absorber 

at intermediate temperature. 
- Cavity offset measurement with HOM power on dipole 

modes. 
- short range and long range wakefields  evaluation, 

damping of HOM with beam on axis and off axis. 
In 99 an ondulator will be installed to demonstrate the 

feasibility of a free electron laser operating in the SASE 
mode. A bunch compressor after the 1st module will 
reduce the bunch length to 0.2 mm. 

5.2 Future plans 

For the longer term future, it is planned to double the 
length of the linac to 1 GeV and to operate a VUV light 

source yielding a coherent, very bright beam of photons 
with wavelength tuneable between 20 nm and 6 nm. 

The linac extension would be composed of optimized 
versions of the components of TESLA. 

6   CONCLUSION 

The first stage of the TTF linac is now finished, the 
injector has delivered a 12 MeV beam, the beam 
experiments at the level of 140 MeV will start in June 
97. A test set up for the FEL gun will be operated at 
DESY starting in September 97, the final tests for the 
TESLA gun are being accomplished at Fermilab. 
Experiments on free electron laser are schedule for 99. 
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Abstract 

The SLAC Damped Detuned Structure (DDS) is an 
accelerator structure designed to suppress the long range 
transverse wakefields which limit the performance of high 
current multibunch accelerators. We discuss the 
conceptual considerations which have led to its 
development and discuss the steps involved in arriving at 
a design. 

1. INTRODUCTION 

The performance of long pulse train, high pulse current 
accelerators is limited by long range dipole wakefields. 
These wakefields distort particle orbits, thereby causing 
transverse emittance growth and eventually Beam Break 
Up. The SLAC Damped Detuned Accelerator Structure, 
the DDS, is being developed in order to mitigate this 
problem as it occurs for the design parameters of the 
linacs for the Next Linear Collider, parameters which 
include an X-band operating frequency with 120 
nanocoulomb pulse trains of the order of fifty meters in 
length, but the concept is applicable to any long pulse 
train high pulse current accelerator. 

2. DESCRIPTION OF DDS 1 

The accelerator structures of the presently planned DDS 
series are composed of a sequence of 204 cells coupled by 
beam irises and terminated at each end with a matched 
coupler cell. The structure is driven at 11.424 GHz 
through the upstream coupler, the downstream coupler is 
used to provide a matched termination. The cells are 
uniformly spaced at one third the 11.424 GHz free space 
wavelength (8.747 mm) and must be dimensioned so as to 
maintain a uniform cell to cell phase advance of 120 
degrees in the accelerating (monopole) mode. This 
requirement constitutes a constraint which must be 
respected when individual cell dimensions are varied so as 
to detune the dipole modes and the manifolds added so as 
to damp them. 

The aim of Gaussian detuning [1] is to replace the narrow 
band of synchronous modes of each dipole band excited 
by an offset velocity of light bunch in a uniform structure 
with a broad band of discrete modes which by virtue of 
their amplitude and frequency distribution is Gaussian in a 
smoothed sense. If the frequency distribution were in fact 
a smooth Gaussian, then the wake function would exhibit 
a Gaussian decrease with time. The Gaussian is however 
truncated because the number of participating modes is 

finite, which imposes a finite frequency width on the 
Gaussian. Furthermore, since it is composed of a set of 
discrete modes, the mode amplitude density function is a 
sum of 8 functions in frequency rather than a smooth 
function. On account of the truncation, the decrease is, on 
average, less than Gaussian after a time of the order of 
Ml Una*), where 8f is the frequency width and of the 

Gaussian width parameter. On account of the discreteness 
the destructive interference which caused the decrease 
becomes partially constructive at times of the order of the 
reciprocal mode separation, leading to a reappearance of 
the wake. These effects are exhibited in the detuned 
structure wake shown in Fig. 1. 
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Fig 1: Wake function for DT and matched DDS 1 

A careful balance between the Gaussian width at and the 
frequency spread 8f is required to optimize the wake for 
the first few trailing bunches; the detuned structure of Fig. 
1 has 8f equal to four times ar With reference to trailing 
distance, the wake naturally separates into a short range 
(to be distinguished from the intra bunch wake) and a long 
range part. 

In order to prevent the reappearance of the wake at larger 
time delays, damping is added to the detuned structure to 
form the DDS. The damping is provided by four 
waveguide-like structures equally spaced in azimuth 
around the accelerator structure and running its full 
length. In DDS 1, the first realization of the DDS 
concept, each waveguide is delineated by a rounded 
rectangular aperture in the disc containing the beam 
aperture which connects smoothly to a slot extension from 
the cylindrical wall of the cell. Because of their 
appearance and because they also serve as pumping 
manifolds, these structures are typically referred to as 
manifolds. Also because they are intended to drain dipole 
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mode energy from the cells and carry it to loads at both 
ends of the manifolds, their function is manifold-like with 
respect to dipole mode energy as well. 

In addition to the detuning related variation of cell 
dimensions, the manifold dimensions also vary along the 
structure to optimize cell to manifold coupling. Cross 
sections in the cell center and through the aperture disc as 
well as a perspective drawing are illustrated in [2], along 
with a cell in perspective (or cup) with the upper beam iris 
absent. The structure is fabricated by stacking such cups. 
The terminating loads involve a mitered 90 degree H- 
plane bend, a 90 degree circular H-plane bend, a taper to 
standard waveguide, a window, and an external load. 
Two cells plus the coupler at each end of the structure are 
not connected to the manifolds to avoid conflict with the 
load assembly. The end section of the structure plus its 
load assembly is illustrated in Fig. 2. 

Manifolds (Two of Four Windows 

DriftTube 
Fundamental Mode 
Input Coupler 

modes and manifold modes except at avoided crossing 
regions, where they mix. The synchronous mode (at the 
synchronous frequency fs where the light line and lower 
dipole curve cross) is virtually confined to the cell, 
therefore negligibly damped, and has a strong TM 
character, which is responsible for its strong coupling to a 
velocity of light beam. 
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Fig 2: Cross-sectional view of DDS 1 

Figure 3: Brillouin Diagram for Cell 106 (Avoided 
Crossing shown inset) 

Much of the behavior of a DDS can be understood by 
examining the aggregate of the individual cell properties 
described in the preceding paragraph. Figure 4 is a plot of 
the zero and % phase advance frequencies, fx, and fs all 
plotted as a function of cell number. The frequency range 
shown is restricted to the region relevant to the lower 
dipole mode. We do not discuss the upper dipole band 
because its contribution to the wake is negligible. 

3. QUALITATIVE DESCRIPTION OF DDS 
DAMPING AND MANIFOLD RADIATION 

We begin by examining the properties of a strictly 
periodic structure formed by stacking a set of identical 
cells of typical cross section, say cell 106. Figure 3 shows 
a plot of the frequency of the lowest three modes as a 
function of phase advance per cell. The dots are points 
obtained by MAFIA simulation (see comparison to 
experiment in [3]), and the curves are obtained from an 
equivalent circuit theory [4,5]. The dashed curves 
correspond to equivalent circuit theory results obtained by 
setting the coupling of the cells to the manifold to zero. 
The large dashes correspond to the lowest two dipole 
modes of the manifold decoupled structure, the small 
dashes (fine-line in inset) to the manifold itself. The 
manifold has the character of a periodically shunted 
waveguide; only the lowest pass band is shown. One sees 
from Fig. 3 that the coupling has a significant effect only 
where the uncoupled curves approach one another, and 
that typical avoided crossing behavior is exhibited where 
the uncoupled curves cross (the "crossing point 
frequency" fx). Examination of the electromagnetic field 
patterns shows a clear separation of modes into cell 
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Figure 4: Mode limits, excitation point and damping point 
as a function of cell number 

The curves are based on the uncoupled lower dipole 
curves (like that shown for cell 106 in Fig. 3) for an 
assortment of cells. The structure may be thought of as a 
propagating structure with slowly varying properties. 
There is a band of frequencies which appear on both 
phase advance curves. A mode within that band may be 
thought of as a wave which propagates back and forth 
between the turning points represented by these phase 
limits.   Such modes are localized within the structure, 
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being confined to the corresponding range of cells. At 
frequencies below this band modes are confined to a 
region between the upstream end of the structure and the 
cell on the zero phase advance line. Similarly modes at 
frequencies above this band lie between the cell on the 
zero phase advance line and the downstream end of the 
structure. The two phase advance curves cross because 
the cell to cell coupling changes from forward wave to 
backward wave for cells on the downstream side of the 
crossing region, and the modes with frequencies near this 
crossing are highly localized in the corresponding cells. 
An offset drive beam excites a mode at frequency f at 
cells whose fs approximately coincides with f, and only 
the modes which have such cells contribute significantly 
to the wakefunction. Thus the frequency band of the 
wake function is limited to the band of synchronous 
frequencies. It is apparent from Fig. 4 that all such modes 
include cells with crossing frequency close to the mode 
frequency. Thus we have the following physical picture. 
A given mode is excited in the neighborhood of its 
synchronous cells. The excitation propagates back and 
forth between the zero and pi phase advance cells, passing 
the crossing point cells on each trip. The energy leaks 
into the manifold at the crossing point cells thus providing 
damping. 

The confinement of most beam excited modes to the 
interior of the structure and the extreme localization of 
some are confirmed in equivalent circuit calculations and 
for azimuthally symmetric structures by full simulations 
[6] as well. The correlation of frequency with cell 
number is demonstrated in fig. 5, and the relation between 
frequency and cell number which it implies is shown in 
fig. 6. Because this frequency at a given cell is shifted 
from the synchronous frequency of that cell, we refer to 
them as the coupled and uncoupled frequencies 
respectively. The short horizontal lines in fig 6 represent 
the number of cells in the localized offsets required to 
reach the level of the localization peaks shown in fig 5 
and, are indicative of the sharpness of the localization. 
For application of the manifold power spectrum to 
monitoring beam position and structure alignment see [7, 
8]. The following picture emerges of the damping 
process. To be specific we consider a particular mode, 
mode 100 at 14.836 GHz. The mode is localized between 
cells 48 and 148. The drive bunch launches a forward 
wave around cell 55 which propagates downstream. 
When it passes cells near 122 it loses power to the 
manifold, exciting in it a downstream wave. The 
remaining power is partially reflected at the coupling 
point and partially reflected at the downstream end of the 
mode. Only the latter portion contributes to a manifold 
wave in the upstream direction. In the perturbation theory 
limit the power coupled out is small and the forward and 
backward excitations of the manifold are equal. When the 
coupling to the manifold is large, however, one expects 
the    downstream    excitation    of    the    manifold    to 

predominate. Figure 5 indeed shows that the downstream 
preference occurs for virtually all the important modes, 
even those for which the relative position of the excitation 
and damping points are reversed. This reversal occurs 
only downstream from the point where the curves cross in 
Fig. 4, where the cell group velocity is negative. The 
beam induces a wave with forward phase velocity in the 
cells, but the excitation moves backwards and passes the 
coupling cell before it is reflected. Its phase velocity is 
still forward, however, so that it excites a forward wave in 
the manifold. Thus the expected preference is still 
downstream. This preference is in fact seen to be very 
large, one of many results in conflict with a perturbation 
treatment. 

0.001 

Freq (GHz) 

Fig 5: Power spectrum emitted from downstream DDS 
manifold with the power spectrum of localised offsets 
overlaid Upstream power spectrum shown dashed. 

Uncoupled 
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FIG 6: Coupled and uncoupled synchronous frequency vs 
cell number 

4. THE SPECTRAL FUNCTION 

The transverse momentum pl imparted to a charge qw 

witness bunch that has passed through an accelerator 
cavity of length L trailing a charge qd drive bunch at 
distance s with offset rd, both traveling at velocity c, due 
to the dipole mode excitation left in the cavity by the drive 
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bunch is expressed in terms of the wake function W(s) via 
the relation 

cp,= qwqdrdLW(s) (4.1) 

W(s) is usefully expressed in terms of its spectral function 
S(f) [5] as follows: 

W(s) = 9(s) J S(f) sin(27tsf / c) df 

with 

S(f) = -4Im{Z(f-je)} 

(4.2) 

(4.3) 

where Z(f) is the wake impedance, ie the Fourier 
transform of W(s) evaluated just below the real axis. The 
usually displayed wake envelope function W (s) is given 
by: 

W(s) = 9(s) js(f)exp(27tjsf/c)df (4.4) 

The definitions given here are appropriate to the wake 
function of a well aligned structure with a uniformly 
offset drive beam. Wake functions, wake moments, and 
their associated spectral function representations for more 
general situations are discussed in [9]. 

The computation of S from the equivalent circuit 
representation of the structure is described in [5,10]. In 
the undamped case S consists of a sum of 8 functions 
generally written in the form: 

S(f) = 2£Kp5(f-fp) (4.5) 

where K,, is the kick factor and fp the frequency of the 
modes [1]. In order to visualize its form for the 
undamped case it is useful to replace it by its smoothed 
version Ss(f)> obtained by replacing 8(f-fp) by 1/(1^, - fp) 
over the interval [fp.f^,] and zero otherwise. The behavior 
of W(s) at the first trailing bunches is well represented by 
using Ss in place of S. For DDS the spectral function is 
continuous in the pass bands spanned by the manifolds. 
The modes are damped in this frequency range, and (by 
design) the undamped modes outside this range have 
negligible kick factors. The appearance of S is like a sum 
of lorentzians reflecting the underlying structure of 
damped modes and oscillating about the smoothed 
undamped Ss (Fig. 7). If the structure is well damped, the 
widths are of the order of the mode separation so that the 
oscillations are quite gentle and for ideal damping would 
be barely discernible. 

Apropos of the smoothed undamped spectral function Ss, 
we note that a good representation of the short range wake 
can also be obtained from an independent cell model, the 
"uncoupled model", as discussed in [1,11], and equally 
well from the associated smoothed spectral function, Su(f), 
a function which can be obtained without reference to an 
equivalent circuit. The frequencies and kick factors in the 
modal sum are simply the synchronous frequencies of the 
individual cells and their kick factors. 

14.25 14.5 14.75   15   15.25 15.5 15.75   16 
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Fig 7: Matched DDS spectral function overlaying 
smoothed undamped spectral function 

5. DESIGN 

The design of a DDS begins with the selection of a basic 
cell-plus-manifold configuration and the dimensions to be 
varied to shape the detuning and damping profile. As 
discussed in [12,13] the primary considerations are Q 
(high) and shunt impedance (high) of the monopole mode, 
control of intra bunch transverse wakefields, and 
manufacturability. The manifolds are designed to be 
single mode in the lower dipole range and cutoff at the 
accelerator frequency. The pros and cons are discussed in 
[13], the main advantages, however, are compactness of 
design, simplification of fabrication, and of analysis. The 
basic design also includes the cell to manifold coupling 
configuration. The requirements are adequacy, 
adjustability, minimal degradation in cell Q, shunt 
impedance, and pumping efficiency. A combination of 
openings in the cell walls, slots which intrude into the 
beam iris, and variation of manifold dimensions have been 
found to meet the requirements. 

The next step in design is selection of a structure profile, 
ie cell parameters as a function of cell number. The 
procedure for the DDS is very similar to that of the 
detuned structure described in [11], It is a two step 
process. Beginning with a qualitative idea of required 
detuning width, one designs a set (-11) of fiducial cells. 
The primary requirement is the tuning of the accelerator 
mode. This being done one needs the dispersion diagram 
for the lowest three dipole modes, the determination of the 
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synchronous frequency fs, and the kick factor for each of 
the fiducial cells. A smooth continuous mapping of cell 
dimensions and kick factors onto fs is then constructed. 
The selection of Su(f) (typically a truncated Gaussian) 
provides as discussed in [13] an assignment of fs to each 
cell and allows one to compute and evaluate the short 
range wake in the uncoupled model. To proceed further it 
is necessary to use the dispersion diagrams to establish the 
circuit parameters of the equivalent circuit theory and to 
construct smooth continuous mappings of them on to ft as 
well. One can then construct Ss, the smoothed undamped 
but coupled spectral function and again compute and 
evaluate the short range wake. Should the two differ in 
detail in an unfavorable way, one could refine the f, 
distribution. This procedure was used to design DDS 3&4 
from the fiducial cell set of DDS 2 [12,14]. 

At this stage all the information is at hand to compute the 
complete damped wake function for matched loads from 
the full spectral function theory. Examples of the 
foregoing for matched manifold terminations are shown in 
Figs 1 and 7. Design of terminations is of course part of 
the design job. Up to now this has proved to be very 
important because even quite small reflections seriously 
degrade the wake. Reflection coefficients for DDS 1 are 
shown in [3], its highly oscillatory spectral function in Fig 
8, and its experimentally measured wake envelope 
function in Fig. 9. 

doownstream end may not be as seriously affected by the 
rAflprtinnc 
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Fig 8: Spectral function for DDS 1 including VSWR of 
the manifold terminations. 

Other examples, with reduced reflections and improved 
detuning configurations are shown in [12]. In order to 
optimize the damping profile it would be useful to have 
two or three sets of our -11 fiducial cells. Then, using 
interpolation, one could choose manifold and cell- 
manifold coupling dimension profiles so as to lead to the 
smoothest spectral function. While at this stage matching 
seems to be more important than the damping profile, it is 
possible that the extreme sensitivity to reflection is related 
to the manifold being over coupled in the central region, 
and the contribution of the undercoupled cells at the 

reflections. 
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Fig 9: Calculated wake function for DDS 1. The dots 
indicate experimental data measured in the ASSET 
experiment. Shown inset is the short range wake function 
up to two metres. 
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STUDIES OF BEAM INDUCED DIPOLE-MODE SIGNALS IN 
ACCELERATING STRUCTURES AT THE SLC 

M. Seidel 
Stanford Linear Accelerator Center, Stanford University, CA 94309 

Abstract 

Beam emittance dilution by self induced transverse fields 
(wakefields) in accelerating structures is a key problem in 
linear accelerators. To minimize the wakefield effects the 
beam trajectory must be precisely centered within the struc- 
tures. An efficient way to achieve this is to detect beam 
induced microwave signals in the lowest dipole mode band 
and to steer the beam by minimizing these signals. This 
paper briefly covers some experiences from SLC S-band 
structures, but mainly concentrates on results of a wake- 
field instrumentation scheme applied to a NLC prototype 
X-band structure and tested with beam in the SLC linac. 
A beam based in-situ structure straightness measurement 
is shown as well as results of beam steering experiments 
based on phase and amplitude detection of two separated 
modes in the structure. After centering the beam the reduc- 
tion of the wakefield was demonstrated independently by 
probing it with a test bunch that is deflected by the residual 
wakefield at a short distance behind the drive bunch. 

1    INTRODUCTION AND BASIC PRINCIPLES 

A high energy beam of charged particles that passes 
through an accelerating structure off-center excites asym- 
metric electromagnetic fields, to lowest order dipole modes, 
that act back on the beam. These transverse wakefields 
dominate the beam dynamics in linear accelerators and 
present the most severe limitation for the preservation of 
small emittances during the acceleration process. These 
concerns are important not only for linear colliders but also 
for industrial or medical applications of linear accelerators. 
Wakefield effects can be classified as short range effects, 
ie. fields that deflect the tail of a single bunch on a ps time 
scale, and long range effects that couple the orbits of con- 
secutive bunches in a train. Both can lead to instabilities 
and emittance blow up of the beam. An historical exam- 
ple for the performance limiting effects of transverse wake- 
fields is the observation of the beam-breakup instability in 
the SLAC Two-Mile Accelerator in 1966 [1]. 

Since then several powerful methods for suppressing 
long range wakefields have been developed. The basic ap- 
proaches employ detuning and/or damping of the higher 
order modes (HOM's) that deflect the beam. A frequency 
spread of the modes is introduced by a specific variation 
of cell dimensions. It leads to a fast decay of the wake- 
field in time due to destructive interference of the modes. 
Damping can be achieved by several methods. In the case 
of the SLAC damped detuned structure [2] [3] small slits 
in the cells couple the HOM's to manifolds that run along 
the structure and guide them to loads. Another way is to 

coat the cell irises with a lossy material as in the SBLC de- 
sign [4]. The so called choke-mode cavity [5] employs inte- 
grated choke filters on each cell that reflect the fundamental 
mode but permit a strong damping of the higher modes. 

However, the described methods cannot reduce the am- 
plitude of the short range wakefield that is mainly deter- 
mined by the iris radii of the structure cells and is therefore 
more or less fixed by the choice of accelerating mode fre- 
quency. As a result the wakefield scales roughly as the third 
power of the frequency [6]. In order to reach high gradients 
several new collider designs employ high frequency struc- 
tures that result in enhanced wakefields. The only way to 
keep short-range wakefields small is to align the beam with 
micron precision to the electrical center of the structure, 
thereby preventing the excitation of asymmetric fields. An 
effective approach is to detect beam induced dipole mode 
signals directly in the structure and minimize them by mov- 
ing beam or structure. The technique of using the accel- 
erator structure itself as a beam position monitor (BPM) is 
being considered in several of the presently proposed linear 
collider designs. The advantage of this scheme over sepa- 
rate BPM's is that the structure measures the beam position 
in the only relevant reference frame, namely with respect 
to the electrical center of the structure. This eliminates the 
need for conventional structure to BPM alignment on a /im 
scale. 

2   EXPERIENCES WITH THE TEN-FOOT S-BAND 
STRUCTURE IN THE SLC 

The SLC linac consists of roughly 900 ten-foot structures 
which are operated at 2.856 GHz (S-Band). Typically the 
vertical emittance blowup in the linac amounts to 100% 
to 200% and is caused by transverse wakefields. One 
tries to compensate the wakefield effects by BNS damping 
and by empirical optimization of long orbit bumps. Oth- 
erwise one relies on beam steering using BPM informa- 
tion. There is some evidence from long range wakefield 
measurements that misalignments between structures and 
BPM's can occasionally reach mm size levels [7]. The 
observed emittance growth suggests rms beam-to-structure 
misalignments of « 300 ^m. Therefore a more precise 
method of determining the beam orbit with respect to the 
electrical center of the structure would improve the perfor- 
mance of the machine considerably. In the SLC runs of 
1995/96 several dedicated experiments were carried out to 
investigate beam induced dipole mode signals in the SLC 
structures and to evaluate their usefulness for beam steering 
purposes. For these experiments the signals are detected in 
the standard SLC waveguide network that distributes the 
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RF power from the klystron to the input couplers of four 
structures. The signals were analyzed with crystal detectors 
that integrate over the whole spectrum, with a spectrum an- 
alyzer, and with a down-mixing scheme that allows for am- 
plitude and phase detection in connection with a strip-line 
BPM signal to provide a beam phase reference. Details are 
presented in [8]. The most important results and identified 
problems are summarized here briefly: 

• Beam position dependent modes are detected in roughly 
the expected frequency range 4.1GHz to 4.4 GHz, how- 
ever, the detailed mode spectrum is not understood well. 
A strong signal whose origin is not known dominates the 
spectrum around 4.210 GHz. 

• Signals generated by either horizontal or vertical offsets 
are not easily distinguished, complicating their interpreta- 
tion. Horizontally polarized modes will couple to the TE10 
mode in the input waveguide. Vertically polarized modes 
could either couple to the TE20 mode or, after a slight ro- 
tation, to TE10 as well. Experimental results indicate that 
for the same beam offset, horizontally excited signals are 5 
to 10 times stronger than vertical ones. 

• The input and output couplers introduce intrinsic asym- 
metries in the horizontal plane that possibly shift the de- 
tected center position for certain modes systematically. 

• Using both phase and amplitude detection of individ- 
ual modes a position measurement resolution of 12 /im rms 
was demonstrated by correlating the signal with BPM data 
[8]. Fifteen BPM's were used to determine the beam orbit 
at the structure position for this measurement in the hori- 
zontal plane. It remains to be demonstrated that the posi- 
tion of minimum dipole mode excitation indeed coincides 
with minimum wakefield deflection. 

In summary the application of dipole modes for beam steer- 
ing is difficult in the SLC because the structure has no ded- 
icated ports for HOM's, and, in addition we measure a su- 
perposition of signals from four structures. To overcome 
this problem one has to perform multidimensional scans in 
both planes, offset and angle to find a global minimum of 
the signal amplitude. For more detailed studies it is planned 
to install a special setup in sector 2 that allows to access 
signals from individual structures. 

3 ACCELERATOR STRUCTURE SETUP 
EXPERIMENT (ASSET) 

In August 1996 a prototype NLC structure was installed in 
the SLC beamline at the low energy end of the linac. The 
main goals of this experiment were to measure the long- 
range wakefield suppression in a damped detuned struc- 
ture (DDS) and to test a wakefield instrumentation scheme, 
based on the above described principles of dipole mode de- 
tection. The ASSET facility [9] [10] permits to send two 
bunches, "drive" and "witness" through the structure at a 
precisely controlled time separation. The drive bunch con- 
sists of positrons, the witness bunch of electrons and their 

E 
[GeV] 

Qb 
[nC] [mm] [mmmrad] 

drive 1.2       3.2... 4.8     0.55 30/3 
witness       1.2 -2.6 0.55 30/3 

Table 1: Beam parameters for the ASSET experiment. 

trajectories are separated by a chicane downstream of the 
structure under test. The drive bunch was dumped imme- 
diately whereas the witness travelled down the SLC linac. 
The wakefield seen by the witness bunch was inferred from 
the change in its downstream orbit. Basic beam parame- 
ters are given in Table 1. The setup is sketched in Fig. 1. 
The prototype DDS used in the experiment consists of 206 
cells and operates in 27r/3 mode at 11.424 GHz (X-Band). 
The lowest dipole mode band is roughly Gaussianly de- 
tuned with a mean of 15.1 GHz and a width of 2.9 %. The 
damping is provided by coupling the cells to four manifolds 
that run along the structure. With these features the wake- 
field amplitude falls below 1 V/pC/mm/m within 1.4 ns and 
does not recohere above that level afterwards. 

/ 
Quadrupole + BPM 

DDS 

-3m- 

Figure 1: Layout of the ASSET facility. 

-L^ 
IF Out 

DDS 

206 Cells 
11.424 GHz 

Beam 
Position 
Monitor 

Figure 2: Electronic setup for the detection and processing 
of the DDS manifold signals. 

Besides providing damping the manifolds permit to ac- 
cess beam induced dipole mode signals that origin through- 
out the structure. The signals from one manifold are pro- 
cessed in the circuit depicted in Fig. 2. With this setup it 
is possible to measure either the RF power excited by the 
beam as a function of frequency, or to select a 15 MHz 
wide slice of the spectrum and determine phase and ampli- 
tude of the signal at this particular frequency. In the latter 
case a broad band BPM signal is used as phase reference in 
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a second mixer arm. The witness deflection measurement 
capability of the ASSET setup provides the unique oppor- 
tunity to center the beam based on dipole signals and to 
confirm the precision of the alignment independently with 
the wakefield measurement. 

3.1   Beam Based Structure Straightness Measurement 

The detuning of the structure results in a longitudinal local- 
ization of the beam-structure interaction for certain dipole 
mode frequencies [11]. Qualitatively this can be under- 
stood from Fig. 3 that shows a Brillouin diagram of the 
phase advance per cell as a function of frequency for five 
different longitudinal locations in the structure. When the 
phase advance reaches that of a free space wave it interacts 
coherently with the beam that moves at nearly the speed of 
light. The corresponding frequencies can be read from the 
diagram by determining the crossover of the curve with the 
speed-of-light-line. 

as 
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Figure 3: Brillouin diagram for the lowest dipole mode 
band, for five representative cells in the structure (cell num- 
bers given). 

This localization allows one to extract the cell to cell 
straightness of the structure from the beam induced man- 
ifold signals. For this purpose the beam was moved step- 
wise transversely across the structure and a complete spec- 
trum of the manifold signal was acquired at each step. Then 
the two dimensional array of dipole mode power P as a 
function of frequency v and beam position y was fit slice- 
wise to parabolas: 

P(vn,yk) = Al(yk-yf")2 + Bl (1) 

where yk is the beam position in the fc'th step, and An, 
Bn and y™m are the parabolic fit parameters for frequency 
slice vn. A measurement is shown in Fig. 4. 

Several methods to transform the minimum power po- 
sitions into cell offsets have been investigated. One pos- 
sibility is to describe the structure by a two-band coupled 
circuit model and to express the field energy deposited by 
a passing beam in terms of an eigenfunction expansion of 
TM-like modes. After minimizing this expression with re- 
spect to the beam position one obtains a system of coupled 

14.2 14.6 15.0 15.4 

Frequency [GHz] 

15.8 

Figure 4: Minimum power positions ymin (upper plot) and 
fit parameter A2 from Eq. (1) (lower plot) as a function 
of frequency for a beam position scan in the vertical plane. 
Note the zero position in the upper plot is arbitrarily de- 
fined. 

linear equations that can be solved for the cell positions 
[12]. A different scheme that takes the manifold damping 
into account uses a spectral function method [11] to predict 
the beam induced power directly at the manifold ports for 
any frequency. Again one obtains a set of linear equations 
after minimizing the power with respect to the beam posi- 
tions. Simulations indicate that also a simple one-to-one 
mapping of frequencies to cell positions gives a satisfac- 
tory result. A computation of the cell positions using the 
eigenfunction expansion is shown in Fig. 5 together with 
a mechanical measurement of the structure. Though the 
beam based measurement reproduces the basic features in 
the alignment curve, there are larger differences at the ends. 
These deviations are probably caused by thermal expansion 
of the material due to the raised temperature levels in the 
SLC tunnel. The large vertical displacement after cell 45 is 
due to slippage during bonding of the structure cells. 

A practical application of this beam based straightness 
measurement is to find large internal misalignments in 
structures without time consuming surveying. Furthermore 
the knowledge of the cell to cell alignment permits to com- 
pute an optimum trajectory in the structure for minimal 
emittance growth. Though the excitation of wakefields in a 
structure with misalignments cannot be avoided in general, 
it is possible to minimize single bunch effects. We note that 
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100 

Cell Number 

Figure 5: Cell to cell alignment, inferred from the mini- 
mum power position measurement (solid line), compared 
to a mechanical straightness measurement (dots). 

the short range kick in cell n for times of the order of the 
bunch length twffj/c« X/c can be parametrized as [6]: 

A0„(t) oc 
2/0 + flpsn - y" 

„3.5 

cell 

*, (2) 

were yo, #o are beam offset and angle with respect to the 
structure center and sn, an are the longitudinal position and 
iris radius of cell n. The emittance growth of the bunch is 
minimized when the slopes of integrated kick and projected 
beam displacement at the structure center vanish: 

^A0n = O,    ^A0ns„ = O. (3) 

For known cell offsets the equations (3) can be solved 
for yo, 0o and determine thereby the optimum trajectory: 

0o = 
cimo - comi 
mom2 — m\ 2  ' yo 

com2 - c\m\ 

mom2 - ml 

m" = Zi' C" = E 
„cell „v 

„3.5 (4) 

In a large scale linac, however, performing this proce- 
dure for each structure will be too time consuming. With 
straight structures it is sufficient to center the beam at two 
longitudinal locations as described in the next section. 

3.2   Two Mode Beam Steering and Residual Beam Offset 
Measurement 

As noted above the ASSET setup provides one the opportu- 
nity to center the drive beam in the structure by minimizing 
dipole mode microwave signals, and to confirm the align- 
ment afterwards by adding the witness beam and measuring 
its deflection. The kick the witness bunch receives is given 
by 

Aey(t) = 
eQdLsW±(t) 

Ew 
Ayd, (5) 

were Ls = 1.8 m is the length of the structure, Ew is the 
energy of the witness bunch, Wj_ the transverse wakefield, 
Qd, Ayd drive bunch charge and offset. Thus the trans- 
verse wakefield as a function of time can be inferred by 
measuring the kick per unit drive bunch offset while vary- 
ing the distance between the two bunches (Fig. 6). Once 
the wakefield amplitude is known one can also infer an 
unknown beam offset from the measured kick. For small 
beam offsets the transverse wakefield kick will scale down 
whereas the longitudinal wakefield at 11.4 GHz (beam- 
loading) stays strong. This can introduce a systematic error 
for the measurement of the transverse kick due to disper- 
sive trajectory variations. In order to suppress this effect for 
precise offset measurements the relative timing of the two 
bunches was varied in three steps at which the 11.424 GHz 
beam-loading was zero, but the transverse wakefield varied 
nearly maximally (Fig. 6). Amplitude and phase detection 
of the dipole mode signal was used for centering the beam 
(Fig. 7). In order to align the beam both in position and an- 
gle, two modes, located near the input and output ends of 
the structure, were minimized simultaneously by switching 
the spectrum analyzer back and fourth between two fre- 
quencies. This procedure has been performed several times 
using different frequencies. After each attempt at center- 
ing the drive beam, the witness beam was introduced and 
its deflection was measured ten times at the three bunch 
distances. The amplitude of the kick oscillation was deter- 
mined by fitting a sine-function to the three values and then 
converted into an equivalent drive beam offset. 

20 40 60 80 

bunch distance [ps] 

Figure 6: Transverse wakefield inferred from the deflec- 
tion of the witness bunch for large drive beam offsets as a 
function of time (dots), a scaled prediction (dotted line) and 
the expected variation of the fundamental mode component 
(solid line, arb. units). For alignment measurements the 
wakefield curve was sampled at the indicated three points. 

However, when analyzing the data it became clear that 
the relative ratios of the three measured wakefield ampli- 
tudes did not scale as the expected sine-like curve in Fig. 6. 
In order to fit the points one has to allow either the fre- 
quency of the oscillation to deviate from 15.1 GHz or its 
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Figure 7: Amplitude and phase of the dipole mode signal 
at a frequency of 14.9675 GHz as a function of the vertical 
beam position. For each beam position 5 pulses have been 
measured. The vertical beam jitter amounts to 15 /xm rms. 

phase with respect to the bunch crossing to deviate from 
0°. Fig. 8 shows the measurement results when we allow 
the frequency to vary. The pattern of the data could be re- 
lated to the relatively large internal misalignments in the 
structure. If the beam is centered on average it will excite 
modes with opposite signs in different regions of the struc- 
ture that beat against each other. As pointed out above it 
is now impossible to avoid the excitation of wakefields for 
any trajectory. We define the optimum beam position as the 
point where the slope of the wakefield for t —* 0 vanishes. 
In our measurements, however, we sample the beating os- 
cillation at only three points and interpret it as a pure har- 
monic oscillation for which we determine amplitude and 
frequency. Apparently we observe the inferred frequency 
going down for small amplitudes, whereas at some point 
it jumps over to values above 15.1 GHz. The solid line in 
Fig. 8 is an analytical prediction which is based on the me- 
chanical alignment measurement. This curve exhibits the 
same qualitative behavior as the measurement but not the 
observed magnitude. The dashed curve, which fits the data 
better, assumes in addition a sine-like transverse force at 
the fundamental mode frequency 11.424 GHz with an am- 
plitude corresponding to 10 /xm beam offset. Such a com- 
ponent could be generated by specific cell misalignments 
although its magnitude has not yet been estimated. 

-20 0 20 

Fit Drive-Beam Position [/im] 

40 

Figure 8: Inferred frequencies and equivalent beam offsets 
for several trials of centering the drive beam. 

4   SUMMARY 

Dipole mode based beam steering is a promising technique 
to control transverse wakefields in accelerating structures. 
It will be essential to push performance limitations in future 
low emittance or high current linear accelerators. The com- 
parison of experiences from the SLC and the modern DDS 
structure shows that dedicated HOM couplers are needed to 
distinguish both transverse polarizations of the modes. The 
DDS manifolds permit to access all modes along the struc- 
ture which makes it possible to perform an in-situ beam 
based straightness measurement. Using phase and ampli- 
tude detection an alignment precision of better than 40 /im 
has been achieved and verified by measuring the wakefield 
deflection of a second test bunch. 

The author is indebted to C. Adolphsen, R. Assmann, 
K. Bane, P.Emma, R.Jones, N. Kroll, R. Miller, 
C. Nantista, TSlaton, J. Wang, D. Whittum for contribu- 
tions to the presented results. This work was supported by 
the Department of Energy, contract DE-AC03-76SF00515. 
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Abstract 

The design for the Next Linear Collider (NLC) at 
SLAC is based on two 11.4 GHz linacs operating at an 
unloaded acceleration gradient of 50 MV/m increasing to 
85 MV/m as the energy is increased from 1/2 TeV to 1 
TeV in the center of mass[l]. During the past several 
years there has been tremendous progress on the 
development of 11.4 GHz (X-band) RF systems. These 
developments include klystrons which operate at the 
required power and pulse length, pulse compression 
systems that achieve a factor of four power multiplication 
and structures that are specially designed to reduce long- 
range wakefields. Together with these developments, we 
have constructed a 1/2 GeV test accelerator, the NLC Test 
Accelerator (NLCTA)[2]. The NLCTA will serve as a test 
bed as the design of the NLC is refined. In addition to 
testing the RF system, the NLCTA is designed to address 
many questions related to the dynamics of the beam during 
acceleration, in particular, multibunch beam-loading 
compensation and transverse beam break-up. In this paper 
we describe the NLCTA and present results from initial 
experiments. 

1 INTRODUCTION 

The Next Linear Collider Test Accelerator (NLCTA) is 
a 42-meter-long beam line consisting consecutively, of an 
injector, a chicane, a linac, and a spectrometer. 

The injector is a 150-KeV gridded thermionic-cathode 
gun, an X-band prebuncher, a capture section, and a 
preacceleration section. Downstream from the injector we 
have a magnetic chicane for longitudinal phase-space 
manipulation, energy measurement and collimation. After 
the collimation, the average current injected into the linac 
is comparable to the NLC specification, 1.0 ncoul/1.4 ns. 

The NLCTA linac consists of up to six 1.8-meter-long 
X-band accelerator sections which are designed to suppress 
the long-range transverse wakefield. These sections are 
powered by three 50-MW klystrons whose peak power is 
quadrupled by SLED-II rf pulse compressors. This yields 
an unloaded acceleration gradient of 50 MV/m so that the 

maximum energy gain of the beam in the linac is 540 
MeV. The NLCTA RF system parameters are listed in 
Table 1. 

Downstream from the linac we have a magnetic 
spectrometer that can analyze the bunch train after 
acceleration. A vertical kicker magnet in the spectrometer 
provides a method for separating the bunches vertically so 
that the energy and energy spread can be measured along 
the bunch train. We can also measure the emittance in the 
spectrometer and in the chicane. 

Table 1. NLCTA RF System Parameters 
Parameter Design Upgrade 
Linac Energy 540 MeV 920 MeV 
Active Length 10.8 m 10.8m 
Ace. Gradient 50 MeV 85 MeV 
Inj. Energy 90 MeV 90 MeV 
RF Freq. 11.4 GHz 11.4 GHz 
No. of Klystrons 4 7 
Klystron Power 50 MW 75 MW 
Klystron Pulse 1.5 psec 1.5 psec 
RF Compression 4.0 4.0 
Structure Length 1.8 m 1.8 m 

In the next few sections we present an overview of the 
NLCTA, and we conclude the paper with a discussion of 
results from initial experiments. 

2 CONVENTIONAL SYSTEMS 

All the conventional systems for the NLCTA are 
complete. All of the non-RF components in the beam 
line are installed; this includes magnets, beam position 
monitors, vacuum system and all shielding and cabling. 
All of the power supplies are installed and tested and are 
operated routinely with the NLCTA control system which 
is an extension of the SLC control system. The 
thermionic electron gun and all injector solenoids ate 
installed and tested. Presently, the beam line is under 
vacuum with the two injector structures installed and two 
of the six linac accelerator structures installed. 

1 Work supported by Department of Energy contract 
DE-AC03-76SF00515. 
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3 THE RF SYSTEM 

A schematic layout of the NLCTA RF system is 
shown in Fig. 1. The beam is initially bunched with two 
pre-buncher cavities at the fundamental frequency of 
11.424 GHz. It is then accelerated in two 0.9 m-long RF 
structures with an unloaded energy gain of 90 MeV. The 
first of these two injector structures has several low-beta 
cells to capture the beam optimally. The injector 
accelerators and prebunchers are powered by a single 50 
MW klystron compressed by a factor of 4 by a SLED-Ü 
pulse compression system. After the chicane, the linac 
consists of six 1.8 m-long structures (two presently 
installed). Each of the first two pairs is powered by a 
single 50 MW klystron. The final pair of structures and 
final klystron will use the SLED-II compression system 
in common with the middle pair of the linac. 

11.4 GHz Distribution 
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Figure 1. A schematic of the NLCTA rf system 
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Figure 2. High-Power test of XL-4. 

Several more klystrons of the XL-4 type will be 
produced for the NLCTA. However, the development 
effort for NLC klystrons has been turned towards the 
development of a periodic permanent magnet (PPM) 
focused klystron[4]. This eliminates the focusing 
solenoid from the klystron which reduces both the capital 
and operating cost significantly. The initial tests of the 
first PPM klystron have yielded up to 60 MW with about 
60% efficiency. This klystron power exceeds the 50 MW 
required for the 0.5 TeV NLC. 
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Figure 3. A schematic of the SLED-II rf compression. 

4 KLYSTRONS 

The NLCTA (and NLC) specifications call for a 50 
MW Klystron operating with a 1.5 |isec pulse length (1.2 
fisec for the NLC). Thus far the klystron development 
effort at SLAC has produced five klystrons that meet or 
exceed the NLCTA specification [3]. In Fig. 2 you see 
the output power of the fourth in the series, XL-4. It is a 
very robust klystron with a very stable output power. As 
you can see from Fig. 2, XL-4 can produce a 75 MW 
pulse 1.2 (isec long. Both XL-2 and XL-3 also produce 
more than the required 50 MW and all of the three 
klystrons have the required bandwidth to work with the 
SLED-II compression system. The first XL-4 klystron 
has been installed on the NLCTA injector modulator and 
is being used to power the injector of the NLCTA. The 
second XL-4 klystron has been installed in the first RF 
station of the NLCTA linac and is presently being used to 
power the first two accelerator structures of the linac. 

5 RF PULSE COMPRESSION 

A schematic diagram of the SLED-II compression 
system is shown in Fig. 3. The klystron power flows 
through a 3-dB hybrid where it is split to resonantly 
charge two delay lines. After several round trip times the 
klystron phase is flipped by 180 degrees, after which the 
power from the klystron adds to the power emitted from 
the delay lines to create a compressed pulse of RF power. 

In Fig. 4 you see the results of low power and high 
power tests of the injector SLED-II. The cold tests show 
the expected pulse compression of four, and the high- 
power tests follow the cold tests quite closely. 

All three SLED-II systems have been installed in the 
NLCTA, and the injector compression system and the first 
linac compresion system have been conditioned up to 
about 180 MW output. The tests of the these two SLED- 
II systems have shown excellent performance with an 
overall efficiency that exceeded our expectations. 
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6 RF STRUCTURES 

The NLC requires accelerator structures that operate 
reliably with an unloaded gradient of 50 MV/m for the 0.5 
TeV collider and 85 MV/m for the 1.0 TeV upgrade. The 
NLCTA will serve as a model of this upgrade path in that 
we will begin at the lower acceleration gradient and 
eventually increase the gradient to the required 85 MV/m 
(see Table 1). 

In addition to the gradient requirement, the NLC 
structures must be designed to substantially reduce the 
long-range transverse wakefields that can cause beam 
breakup. To achieve this reduction we have pursued two 
basic types of accelerator structures, the detuned structure 
and the damped-detuned structure. As you can see in Fig. 
1, there are a total of eight structures in the NLCTA. The 
first two are one-half-length detuned structures. The 
second pair are full-length detuned structures. The third 
pair are damped-detuned structures; and finally, the last 
pair will be damped-detuned structures. 

6.1 Detuned Structures 

In a constant gradient traveling wave structure the 
irises are tapered to vary the group velocity in order to 
keep the gradient constant in spite of the loses in the 
structure. This tapering produces a variation of the 
frequency of the first dipole mode along the structure 
length that can be as much as 10%. The detuned structure 
takes advantage of this by changing the profile of the iris 
taper in order to create a smooth Gaussian-like distribution 
of higher-order modes. This leads to a Gaussian like 
initial decay of the wake field behind the bunch[7]. We 
have succesfully tested this concept using probe and 
witness beams in the Accelerator Structure Test Set-up 
(ASSET) facility in the SLC[8]. There are four detuned 
structures in the NLCTA. 

6.2 High-Power Tests of Structures 

During the past several years we have performed many 
high-power tests of different types of structures[9]. These 
tests indicate that surface fields up to 500 MV/m can be 
obtained in copper structures at 11.4 GHz. In power- 
limited tests, average acceleration gradients in short 
structures have reached 120 MV/m[10].   The first 1.8 m 

detuned structure has been high-power tested up to 67 
MV/m[ll]. Thus far, the injector sections in the NLCTA 
have been conditioned up to 55 MV/m average 
accelerating gradient while the first two linac structures 
have been conditioned up to 45 MV/m. 

6.2 Damped-Detuned Structures 

In order to further reduce the wakefield and the 
tolerances, it is necessary to provide some moderate 
damping for the higher-order dipole modes. To 
accomplish this we have developed a damped-detuned 
structure that uses four symmetrically placed manifolds to 
provide the damping [12]. A schematic of the cell for the 
structure is shown in Fig. 5. The structure cells are 
coupled to four waveguides that are formed when the cells 
are diffusion bonded together. The dipole mode is coupled 
out to the waveguide where is propagates to the end of the 
structure to a load. This technique damps the first dipole 
modes with Qs of about 1000. The signals from the 
manifold can be used as a beam position monitor to align 
the structure to the beam. 

Alignment 
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Figure 5. A cell of the Damped-Detuned structure. 

The first two damped-detuned structures have been 
constructed in collaboration with KEK[13,14]. The first 
of these, DDS1, has been tested in the ASSET facility. 
The results of the experiment are shown in Fig. 6. The 
measured long-range transverse wakefield is reduced by 
more than two orders of magnitude realtive to the short- 
range wake and agrees well with the theoretical 
predictions[14,15]. Finally, the modes that are damped 
have now been shown to yield a sensitive position 
measurement along the length of the structure [16]. 
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Figure 6. Tests of the Damped-Detuned structure. Points 
are data while the curve is a theoretical prediction. 
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7 BEAM LOADING EXPERIMENTS 

Presently, we are accelerating beam up to 60 MV in 
the NLCTA injector and an additional 140 MV in the two 
installed structures of the NLCTA linac. This yeilds 200 
MV in the spectrometer. 

The first round of experiments in the NLCTA address 
the primary goal for beam dynamics studies: to acieve an 
rms energy spread of 10"3 with the NLC beam loading. 
To accomplish this it is nessesary to tailor the RF pulse 
for one filling time so that it matches the steady state 
beam loaded profile for the desired current. All subsequent 
bunches then serve to keep the beam in the steady state. 

PHASE     n Pi    iri' 
MODULATOR 

KLYSTRON STRUCTURES 

Figure 7. Layout of an RF station including the phase 
modulator which is controlled by the I & Q inputs. 

This profile is closely matched by a simple ramp of 
the RF amplitude in the output from the SLED-LT 
compression system. To achieve this ramp in the 
NLCTA we take advantage of the addition of several time 
bins of RF in the SLED system. By varying the phase in 
a programmed manner, the resultant RF output from 
SLED-II can be a linear ramp, or any variation thereof. 

A conceptual diagram of the fast phase variation 
system is shown in Fig. 7. The phase modulator is 
controlled by I and Q modulators driven by an arbitrary 
function generator. The phase programming chosen for 
this experiment is shown in Fig. 8. You see that the 
resulting ramp of the RF amplitude in the compressed 
pulse is quite linear. 

? 2.0 
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Figure 8. Phase profile (upper plot) of the klystron RF 
drive and resulting SLED output amplitude (lower plot) 

for 13% loading (solid line) and no loading (dashed). 

1250  1300  1350  1400  1450  1500 

Time (ns) 

Figure 9. Measured RF amplitude (top plot) and phase 
(bottom plot) out of SLED when the klystron drive was 

phased to compensate 13% beam loading. 
The measured RF output from the linac SLED-LI 

system is shown in Fig. 9. The amplitude is quite linear 
while the phase changes over the ramp are about 4 
degrees. 

In order to measure the effect of this RF profile on the 
accelerated beam the NLCTA has been equipped with a 
kicker magnet upstream of the spectrometer magnet which 
provides a dipole field that ramps linearly in time during 
the 120 ns bunch train passage. In the plane of the 
spectrometer profile monitor, the vertical direction is 
mapped to position within the bunch train while the 
horizontal position is mapped to the beam energy. 

In Fig. 10 you see two cases, one for uncompensated 
beam loading and one for compensated beam loading. In 
the uncompensated case, there is a large transient due to 
the beam loading after which in the upper part of the 
figure the beam reaches steady state. In the compensated 
case the transient has been completely compensated 
yielding a 200 MeV beam with 1/3 A current with a full 
spread of about 0.3% in relative energy. Therefore, with 
1/2 the desired average current for the NLC, it seems to be 
quite straightforward to compensate all beam loading 
effects locally along the length of the linac. 

-H h*- 0.3% AE/E 

Figure 10. Profile monitor images of the bunch train at 
the end of the spectrometer. 
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The kicker magnet has spread the 120 ns train length 
vertically with head of the train at the bottom. The 
dispersion generated by the spectrometer bend magnet has 
spread the electrons horizontally in proportion to their 
energy with higher energy toward the right. The left image 
was recorded with 13% loading compensation in the linac 
and right image with no linac compensation. 
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Abstract 

One of the major challenges in the next-generation 
electron-positron linear colliders is to produce and control 
multi-bunch beams with extremely small transverse emit- 
tance. The Accelerator Test Facility (ATF) at KEK is a test 
accelerator that has been built to study the feasibility of 
production, damping, control and diagnosis of such beams. 
The facility consists of a multi-bunch capable thermionic 
gun, bunchers, followed by a 1.54 GeV S-band injector, 
beam transport and a test damping ring. This paper reports 
the preliminary results from commissioning and accelera- 
tor studies of the test damping ring that has started in Jan- 
uary, 1997. 

1   INTRODUCTION 

Next-generation electron-positron linear colliders, such as 
JLC [1], must collide multi-bunch trains of electrons and 
positrons with extremely small transverse and longitudinal 
emittances. This is an absolutely essential requirement for 
obtaining the desired collision luminosity. Typically, the 
beam to be accelerated in a linear collider is a bunch-train 
which consists of ~ 100 bunches, whose invariant emit- 
tance should be jex ~ 3 x 10-6 m and 7ey ~ 3 x 10~8 m. 
The bunch length should be ~ 100 ^m, and a typical bunch 
intensity should be 1 x 1010 or less. 

The ATF (Accelerator Test Facility) project [2] was 
launched in 1990 as a test facility for investigating the tech- 
nical feasibility of the low-energy portion of such a linear- 
collider, which is responsible for producing multi-bunch 
beams with extremely low emittance. At present the ATF 
consists of: 

• A multi-bunch capable thermionic gun that can pro- 
duce a bunch train with up to 20 bunches spaced by 
2.8 ns with an intensity < 5 x 1010/pulse, 

• A 1.54 GeV S-band injector linac equipped with 
multi-bunch beam-loading compensation system 
based on the ±AF scheme [3], 

• An injection beam line, 

• A 1.54 GeV damping ring, and 

• An extraction beam line. 

In addition, a variety of beam diagnostic instruments are 
implemented throughout the facility. 

After completing the injector linac, a series of ex- 
periments were conducted on producing and diagnosing 
multi-bunch trains by using the gun, pre-injector and the 

1.54 GeV linac, prior to building the damping ring (DR), 
[4,5]. Construction of the ATF DR was started in Novem- 
ber of 1993. The hardware commissioning of the ATF DR 
began in December of 1996, and the beam commission- 
ing in January of 1997. This paper reports the preliminary 
results from the commissioning work of the ATF DR and 
presents the plans for the near-future. 

2   DESIGN OF THE DAMPING RING 

As mentioned earlier, the beam to be produced at ATF is 
a multi-bunch beam with up to 20 bunches, whose spac- 
ing is 2.8 ns. The ATF DR has been designed to oper- 
ate at 1.54 GeV and can store up to five such bunch trains. 
The ring has a race-track shape, consisting of two arc sec- 
tions and two straight sections. The ring cirumference is 
138.6m. 

The target equilibrium emittance is ~/ex = 5 x 10-6 m 
and jey = 3 x 10-8 m. For this purpose, a special de- 
sign of a strong-focusing FOBO lattice is implemented 
using combined-function bending magnets in the arc sec- 
tions. The two arcs have 36 FOBO cells in total. The 
horizontal phase advance per cell can be varied from 100° 
to 160°, leading to the equilibrium horizontal emittance of 
>yex = 6.6 x 10-6 ~ 4.3 x 10_6m. 

The two straight sections are dispersion-free, and they 
accommodate injection and extraction septa, RF cavities, 
and 20.4 m of damping wigglers which reduce the radiation 
damping time by a factor of 1/2. The expected damping 
time is 9.1 ms, when operated at 1.54 GeV 

The apertures in the injection and extraction septum 
magnets region are 7 mm vertically and 14 mm horizon- 
tally. In the early stage of the beam commissioning a sig- 
nificant beam loss often occurred in this region due to the 
jitter originating in the linac. The physical apertures in the 
wiggler section are 12 mm vertically and 24 mm horizon- 
tally. The aperture in the arc section is 24 mm diameter and 
the 5 m long straight section in the ring near the injection 
and the extraction lines has the physical aperture of 14 mm 
diameter. 

In total 96 sets of beam-position monitors (BPMs) are 
installed in the DR for measuring the beam orbit in an arbi- 
trary turn. For beam profile measurements, a synchrotron 
radiation monitor has been installed near the exit point of 
one of the arc sections. In addition, a "laser-wire" system is 
under development to measure the profile of several micron 
sized beam. 

As a study machine, the ATF DR has several operation 
modes in terms of the bunch structure. For example, the 
number of particles per bunch, the bunches per train and 
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the trains per ring, and the train spacing can be flexibly cho- 
sen under the restriction that the total stored current should 
not exceed 600 mA due to the limitation of radiation safety 
requirements and the cooling of the vacuum chamber. 

The control system for ATF has been built based on the 
commercially-available V-system[6]. It allows to imple- 
ment graphical user interface that lets physicists without 
the inner knowledge of the hardware system easily operate 
the device from an X-window terminal. 

3   FIRST BEAM COMMISSIONING 

The beam commissioning started on Jan. 21. The first beam 
revolution (two-turns) in the damping ring was observed on 
Jan. 27. A beam profile in the first turn was measured by 
synchrotron radiation monitor, and many turns of beam cir- 
culation was confirmed on Jan. 30 with a wall current mon- 
itor[7]. The effect of the radiation damping was observed 
on Feb. 15. 

As of May 1997, the ATF DR is operating with a beam 
energy of 0.96 GeV at a repetition rate of 1.56 Hz in a 
single-bunch mode. The stored beam current is up to 
6 x 109 electrons/bunch. The measured beam lifetime is 
about 50 s, consistent with the estimated Touchek lifetime 
assuming the ring momentum acceptance of ±0.5 %. 

In the following, we present some highlighting items 
from the initial commissioning experience of the ATF DR. 

3.1   Alignment 

The damping ring is built on support girders that are 
equipped with active position controls for applying the 
beam-based alignment technique. Full implementation of 
this system is expected to complete in September, 1997. 

One active-girder in the arc section supports one com- 
bined bending magnet, two quadrupole and two sextupole 
magnets. The magnets on each girder have been installed 
with a relative position accuracy of ~ 30/xm (rms). The 
girder-to-girder alignment accuracy resulting from the ini- 
tial installation in January of 1997 is estimated to be 
±200 /xm (peak-to-peak). The scatter plot of the x-y set- 
ting errors, and distribution of the measured longitudinal 
setting errors are shown in Figure 1[8]. 

The closed orbit distortion (COD) has been measured on 
the stored beam and the COD amplitude was found to be 
less than ±1 mm, peak-to-peak. This is consistent with the 
currently-conceived quality of the transverse alignment. 

Conducting beam-based alignment measurements on 
quadrupole magnets and combined-function bending mag- 
nets, and applying the results would significantly improve 
the alignment accuracy. This work is planned for the near- 
future run. During the initial run, the alignment of SF sex- 
tupole magnets has been quickly checked by observing the 
dependence of the tune on the strength of SF magnets. It 
is estimated that the position accuracy of 34 SFs is 120/zm 
(r.m.s.), or better. 

When the wiggler magnets are turned-on, the beam is 
captured by using the rf frequency of 714 MHz, which is 
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Figure 1: Scattered plot on transverse setting error and lon- 
gitudinal setting error which were measured on magnets of 
the ATF 14 active girders using a 3D mobile tracking sys- 
tem 

the design value. This indicates that the longitudinal align- 
ment is fairly good, too. When the wiggler magnets are 
not excited for machine study purposes, the orbit length 
becomes shorter by 1.95 mm. To cope with this condition, 
the ring rf frequency needs to be increased by 10 kHz in 
such cases. 

Estimation of COD in the injection septum region is 
shown in Figure 2. With the use of the energy feedback 
system (pulse by pulse) for the linac beam, and by apply- 
ing an optical matching between beam transport and the 
damping ring, the beam loss in the injection septum region 
has become negligible. 

3.2   BPM Response versus Steering Kick 

The beam trajectory in the ATF DR is measured with 96 
sets of BPMs. A simple and inexpensive circuit has been 
developed for signal processing. At present the beam or- 
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Figure 3: Response of BPM 

bit can be measured every 20ms[9]. The working of the 
BPM system has been checked by analyzing the response 
of the measured orbit with respect to perturbations applied 
by varying the excitation of steering dipole magnets. By 
comparing the current on the steering magnets and the re- 
sponse of the BPM data in their immediate neighborhood, 
the BPM resolution was found to be 90fj,m at 3 x 109 elec- 
trons/bunch. Figure 3 shows an example of the response 
of a BPM right next to the steering dipole magnet whose 
excitation is varied. There, the excitation current of one of 
the vertical steering magnet is varied while observing the 
variation of the beam orbit on a BPM near-by is measured. 

3.3   Field Errors of Quadrupole Magnets 

Field errors of quadrupole magnets in the ATF DR have 
been studied by creating 7r-bump orbit perturbations[10]. 
If no "leakage" orbit distortion is found to be originating 
from the bump, it indicates an absence of optical errors. If 
a "leak" orbit distortion is observed, its magnitude is re- 

lated to the magnitude of focusing field errors in the region 
where the 7r-bump is created. 

Quadrupole field errors are also estimated by measur- 
ing the orbit distortions, which are induced by varying the 
strength of steering magnets, and comparing them with 
model calculations[l 1]. 

In the initial phase of the study errors of a few % level 
were found on quadrupole magnets used in the ATF DR. 
All quadrupole magnets and combined-function bending 
magnets are equipped with individual trim-coils and small 
power supplies associated with them. Small quadrupole 
magnets are installed near the combined bending magnets. 
By using these trim coils, the overall quadrupole field er- 
rors can be reduced to a ~ 0.2 % level. 

3.4 Field Error on Combined and Wiggler Magnets 

For each type of magnets used in the ATF DR, magnetic 
field measurements were conducted on representative pro- 
totype models only. Not all magnets in the ATF DR had 
their field map data collected, due to the budget constraint 
and the desire to reduce the production period. 

However, provisions are made to allow surveys of mag- 
netic field qualities using the beam. All combined-function 
bending magnets and major quadrupole magnets have trim 
windings whose currents can be individually controlled. 

It has been found that the combined bending magnets (36 
units in total) can be grouped into three families accord- 
ing to their field strength for a given excitation current. A 
group of six bending magnets has the field strength weaker 
than the average by 0.86%, while another group of 15 is 
stronger by 1.02%. 

In addition, an uncanceled error kick that amounts to 
3 mrad was found on the wiggler magnet. To quickly re- 
duce this error, the cabling of the wiggler magnets have 
been temporarily revised, so that these error kicks form a 
chicane orbit which roughly cancels the orbit distortion. As 
a more definitive solution, four horizontal steering magnets 
will be installed at both sides of the wiggler section during 
a long shutdown period this summer[12]. 

3.5 Beam Size and Damping Time Measurements 

An SR (Synchrotron Radiation) monitor, which is installed 
near the end of the first arc[13], has been used to study the 
beam profile and beam damping within the ATF DR. An 
image spot size of 76 //m (horizontal) was measured after 
damping. This corresponds to an actual beam spot size of 
45 (im, when corrections are applied for the diffraction ef- 
fects and the depth of focus. This horizontal spot size is 
in rough agreement with the expected value for operation 
at ~ 1 GeV. Considering the intra-beam scattering effects 
at 0.96 GeV, ß- and 77-functions at the light source point of 
the SR monitor, diffraction effects, the depth of focus, and 
other issues, very preliminary estimates of on the beam pa- 
rameters in the first beam commissioning are quoted as: 

• Horizontal emittance ~ 2 nm, 
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Figure 4: Bunch Length Measurements and Calculation 
with intra-beam Scattering 

• Vertical emittance ~ 0.5 nm, 

• Bunch length ~ 9 mm, and 

• Energy spread ~6x 10-4 at 0.96 GeV. 

At present, the observed vertical size of the SR image is 
bigger than the expectation by factor 2. Detailed studies on 
possible set-up errors in the ATF DR as well as plausible 
systematic errors in the SR monitor optics system are be- 
ing done. The vertical deformation of the first mirror was 
found. It enlarges the vertical image size. To measure the 
beam size directly, new beam instrumentation like the laser 
wire with a optical cavity in the ring and 5/xm carbon wire 
scanner in the extraction line is necessary. 

The damping times have beem measured in cases with 
the wiggler magnets turned on and off. The horizontal 
damping time has been measured to be about 40 ms with 
the wiggler off, and 30 ms with the wiggler on. They are in 
good agreement with expectations at ~ 1 GeV. 

The SR monitor is also equipped with a streak camera 
which can be used to measure the bunch length. The result 
of a bunch length measurements is shown in Figure 4, to- 
gether with the calculated values which takes into account 
intra-beam scattering effects. This is indicative of effects 
of potential-well distortion and an x-y coupling (emittance 
ratio) of several %. Also, synchrotron frequency was mea- 
sured as function of the cavity voltage, by using a bunch 
phase monitor. The measurement was found to agree with 
theoretical values within 1%[14]. 

4   PROSPECTS 

The ATF DR has been operated at the beam energy of 
0.96 GeV, limited by the hardware condition of the injec- 
tor linac until now. The beam energy will be gradually in- 
creased up to 1.54 GeV later this year. 

For the next few months our focus will be on the devel- 
opment of the beam handling techniques to stably operate 
the entire ATF complex with a 1.0 GeV beam. The specific 
work item list includes: transient beam loading at high cur- 
rent beam injection, fast ion instability, beam loading ef- 
fect due to train gap, nonlinear beam dynamics, intra-beam 
scattering, long beam tail due to beam-gas scattering, in- 
vestigation of Touchek lifetime, and so on. 

The next-stage beam commissioning will be started on 
May 20. Beam energy will be increased to 1.3 GeV. 
Then, a series of precise measurements on the image 
size, the bunch length, possible field errors and so on 
will be continued in a single-bunch operation until the 
summer shutdown. Hardware upgrades for the rf system 
and multi-bunch operation are scheduled for the next year 
(1998)[15,16]. Many experiments with the extracted beam 
from the damping ring are under consideration. Precise 
measurement of wake-field is also planned at the ATF ex- 
traction line next year[17]. 
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Williams worked on the operation of the injection kicker. 
N. Phinney, M. Ross, K. Jobe and D. McCormick built the 
beam loss monitor (PLIC) for the first beam tuning and 
implemented software tools using MATLAB for off-line 
data analyses. F. Zimmerman, P. Emma and M. Wood- 
ley worked on the beam diagnostics to survey errors in 
the model and the hardware set-up. W. Bialowons and S. 
Choroba contributed to the damping ring beam operation 
and hardware diagnosis. T. Lee and M. Kim checked the 
sensitivity of beam transfer matrices in the ring. E. Gian- 
felice , J. Choi and K. Kim measured ^-function and W. 
Kriens built a signal processing circuit to measure the syn- 
chrotron frequency. S. Morita, K. Wachi, A. Miyamoto and 
T. Matsui of E-Cube Co. are working on the power supply 
system, the water cooling system and the alignments. T. 
Ishi and N. Koizumi of Kanto-Joho Co. are working on the 
V-system software. Their works are greatly appreciated. 
The success of ATF damping ring on first beam commis- 
sioning is a consequence of the efforts of all the above peo- 
ple. Finally the author acknowledges the useful comments 
and critical reading of the manuscript offered by N. Toge. 
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SUPER-ASSET: A TECHNIQUE FOR MEASURING AND 
CORRECTING ACCELERATOR STRUCTURE MISALIGNMENTS 

AT THE SLC 

F.-J. Decker, R. Assmann, M.G. Minty, P. Raimondi, G. Stupakov 
Stanford Linear Accelerator Center \ Stanford University, Stanford, CA 94309 USA 

Abstract 

Transverse wakefield kicks from misaligned accelerating 
structures in the SLC linac contribute significantly to 
emittance growth. If these kicks could be measured 
directly, it would be possible to align and/or steer the 
beam to a kick-free trajectory. In the Accelerator Structure 
Test Facility at SLAC, ASSET [1], the kicks due to a 
drive bunch are measured with a witness bunch at varying 
bunch separations. In ASSET, the first bunch is discarded 
and only the second bunch is measured. Super-ASSET is 
an extension of this technique where both bunches are 
accelerated down the entire linac together and a "sum 
trajectory" of both bunches is measured with beam 
position monitors (BPMs). The trajectory of the second, 
kicked bunch can be calculated by subtracting the orbit of 
the first bunch, measured alone, from the sum trajectory. 
This paper discusses BPM response issues and the 
expected resolution of this technique together with 
alignment and steering strategies. 

1 INTRODUCTION 

In the SLAC Linear Collider (SLC), misalignments of 
the accelerating structures may cause transverse wakefield 
kicks which deflect the tail of the bunch and create 
emittance growth. In addition to several indirect 
techniques summarized in the next section, we will 
discuss here the most direct approach to measure locally 
the kick of the bunch head to the bunch tail. Two bunches 
are accelerated down the linac very close together in time, 
a few wavelengths A) apart. For e+ and e", possible 
choices are ±A/2, ±3A/2, ±5A/2, ... so that they are 
both accelerated. This method probes the short-range 
wakefields. A perfect wakefield free orbit would produce 
no kicks for all bunch separations, but the real situation 
is more complicated. If the linac is not totally straight, 
the steering kicks of the magnets create dispersion which 
must be compensated. 

2 DIFFERENT TECHNIQUES 

Many   other   alignment   techniques   have been 
suggested to reduce emittance growth. After mechanical 
alignment, beam-based measurements are used to center 
the beam position monitors (BPMs), quadrupoles, and 
structures. Most of these techniques rely on assumptions 
which may not be valid. With the following table we try 
to give an overview. 

Technique Assumption 
(BJPM, Quad, Ace.) 

Achievement 

1 Alignment (all) mechanical, mechanical 
a) initial electric center resolution, 
b) beam based change is right beyond that 

2 Steering (B, Q) B, A offset = 0 BPM reading 
a) 1-to-l Q to B offset = 0 bpm center 
b) DF.TBDFS B offset for e+/~ quad center 
c)SVD ave. alignment less        corr. 
d) ballistic no elec/mag field kick 
e) quad scaling no elec. kicks get B offset 

get 0 offset 
3 Wakefield (A) wake big effect signal reading 

a) dipole signal A to signal = 0 S center 
b) A/ or Acrz[4] clean distiction calc. effect 
c)hi order wake no asym coupler hi wake center 
d) Super-Asset BPM response beam-S center 

4 Bumps (global) end result o.k. smaller emit. 
a) oscillations error within oscil. minimum 
b) local 360° meas. and corr. and stable 

Table 1: Alignment and emittance reduction techniques 
(DF [2]: dispersion free, TBDFS [3]: two beam DF 

steering, SVD: single value decomposition). 

3 SUPER-ASSET 

The basic idea of Super-ASSET is to measure the 
wakefield kick from one bunch closely following another. 
It is necessary to take the first bunch orbit xu and subtract 
it from the "sum orbit" JCJ of both beams to get the kicked 
beam orbit x2: 

X£ = (qixl + q2x2flt))/qi: (1) 

with qz = qx + q2f(t) and f(t) is the response function of 
the BPM: f(t) = 0 for a large time separation t of the two 
bunches, and/(f) = 1 for t = 0. 

3.1 BPM Response 

The BPM response function f[t) was measured by 
combining positive (1.51010) and negative(-1.061010) 
signals in a test setup. Figure 1 shows the result 
compared with a theoretical response. Since the BPMs are 
self-triggered by the signal, the sum signal must exceed a 
certain threshold: ql + q2> ^trjg(=2-109 particles). 

Work supported by the Department of Energy contract DE-AC03-76SF00515. 
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Figure 1: Measured (o) and calculated (*) BPM 
response. Due to the slow rise time of pulses used in the 
test setup, the minimum is shifted to +2 ns, which can 
be also modeled (x). The dashed and dash-dotted lines in 
the top left, would be the curves, if the BPM were 
triggered externally and not self-triggered by the beam. 
The dashed curve is 1.5E10 (1-0.7/(0). 

When superimposing bunches of different sign charge, 
the BPM resolution can be significantly increased because 
the measured offsets are normalized to the total beam 
current, which is small. For example, 4-10 -310 = 
0.4101()= q1 , x2 = 0, Xz =q{xj qz = 10 *,. The BPM 
readout will saturate for big offsets, so only ±0.8 mm 
offsets can be measured rather than the full +8 mm. 

3.2  Wakefield Kicks 

100 r—i—i—i—i—I—i—i—i—i—I—i—i—i—r 

U 
ft 

>? -50 — 

4000 

a 2000 
o 
ft 
\ 
>J_ 

0 

-2000 
X 

-4000 
J I I I I I I I I I I 1 I l_ 

0.0 0.3 0.1 0.2 
z [m] 

Figure 2: Wakefield of an SLC accelerator structure. 

The  maximum   wakefield  of  an   SLC   accelerator 
structure  is   about   WL   =   5   V/pC/mm/m   (Fig. 2). 
Therefore for N = 51010 particles (8 nC), an offset Ax = 
1 mm, and a 12 m long structure (L), the transverse kick 
e± is 480 keV / E: 

This kick will affect the beam differently at different 
points along the linac depending on the energy E and the 
betatron function ß of the focusing lattice. Averaged over 
a bunch length of about 1.2 mm the wakefield is only 
Wuve = 1 V/pC/mm/m  or 20% of the peak. Table 2 
shows the effect of this wakefield at different locations in 
the linac. At the beginning of the linac (Li02) there is 
only a 3 m structure between quadrupoles. The region 
about 500 meters along the linac (Li05) is the most 
sensitive by a factor of 2.5-3, because the quadrupole 
spacing becomes large and the energy is still relatively 
low. Li30 is the end of the linac. 

Li02 Li05 Li30 
ETGeVl 1.2 7 46 
Ana* M 10 40 50 
<T/[urad] 14 3 1 

Öjjurad] 80 (/4) 14 2 

crv [urn] 140 115 50 
Ay Tumi 200 540 100 
rat^O^o' 1.4 4.7 2 

Table 2: Effective kick of a 1 mm accelerator structure 
offset between quadrupoles compared with the angular 
divergence cr/for an emittance of y£y = 0.45-10s m-rad. 

3.3 Measurement Sensitivity and Systematic 

As seen from the Tab. 2, a 1 mm offset of the beam 
in a structure would cause an average centroid displacment 
of 1.4 to 4.7 times ay, increasing the projected emittance. 
To measure these kicks, the difference orbit at two 
different bunch separations is used, e.g. A/2 and 3A/2, or 
3A/2 and 5A/2 (A= 105 mm). The wakefield kick changes 
sign for different separations, enhancing the sensitivity of 
the measurement. Wakefield differences of 4 or 
6 V/pC/mm/m produce effectively 5 times the offset Ay 
of table 2 or about 1 mm, 2.7 mm, 0.5 mm for the 
three locations. A typical measurement with e7e~ might 
be 21010 positrons follow by 31010 electrons with a 
difference orbit xzm = x^ - xZb = 3(x2a - x2b) = 1.2, 3.2, 

0.6 mm. The BPM reading is about 0.5 to 3 times the 
structure offset, indicating that with a BPM resolution of 
10-20 urn, one measures the structure offset to about the 
same resolution. Averaging many readings can further 
increase the accuracy. 

4 FIRST MEASUREMENT 

Although the experiment with high current electron 
and positron bunches has not yet been performed, 
preliminary tests with two electron bunches were made 
during the 1997 SLAC fixed target run. A charge of 
3.010 in two bunches (A = 105 mm apart), or of 
1.510 in one bunch was accelerated down the linac 
(Fig. 3). 

6x = eNLAxW±/E. (2) 
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One and Two Bunch Setup 
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Figure 3: Gap monitor signal of one or two bunches. 

The expected kick is much less for this configuration: 
2.7 mm in sector 5 becomes 0.8 mm at these currents 
which is measured as 0.4 mm when the BPMs average 
two same sign bunches and is further reduced to 0.16 mm 
because the wakefields are 2 rather than 5 V/pC/mm/m at 
this separation. A closed bump of 2 mm peak (1.7 mm 
effective) should produce an oscillation of about 
0.27 mm, in good agreement with the measurement (see 
Fig. 4). 
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Figure 4: Wakefield kick of a 2 mm bump, top: for one 
bunch nearly closed, bottom: for two bunches a 250 |im 
oscillation starts. 

5 COMPENSATION METHODS 

Once the accelerator structure misalignments are 
known, there are two basic approaches. First, there is 
mechanical alignment which may be only practical for a 
few worst offenders. Second, one may attempt to find an 
optimal beam trajectory through these misalignments. 

Simulations have shown that dispersive emittance 
growth which is normally 4 times smaller than the 
wakefield growth may increase dramatically if the beam is 
steered to the center of the structures to avoid any 
wakefield kicks. Clearly wakefield and dispersion effects 
have to be minimized at the same time. This can be done 
by canceling wakefield and dispersion growth separately 
over one betatron oscillation (8 correctors for e7e~). One 
may also try to cancel the growth locally by trading the 
dispersive kick off against the linear part of the wakefield 
kick. The method to be used is still under study. 

6 SUMMARY 

With Super-ASSET, a beam based technique, we 
should be able to measure and locally correct the biggest 
source of emittance growth in the SLC linac - the 
transverse wakefield kicks of the accelerator structures. If 
successful, this method promises to be useful for future 
linear colliders, and might relax the tolerances for 
wakefield dominated designs. 
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LIMITATIONS OF INTERACTION-POINT SPOT-SIZE TUNING 
AT THE SLC* 

P. Emma, L.J. Hendrickson, P. Raimondi, F. Zimmermann 
Stanford Linear Accelerator Center, Stanford University, CA 94309, USA 

Abstract 

At the Stanford Linear Collider (SLC), the interaction- 
point spot size is minimized by repeatedly correcting, for 
both beams, various low-order optical aberrations, such as 
dispersion, waist position or coupling. These corrections 
are performed about every 8 hours, by minimizing the IP 
spot size while exciting different orthogonal combinations 
of final-focus magnets. The spot size itself is determined 
by measuring the beam deflection angle as a function of 
the beam-beam separation. Additional information is de- 
rived from the energy loss due to beamstrahlung and from 
luminosity-related signals. In the 1996 SLC run, the typi- 
cal corrections were so large as to imply a 20-40% average 
luminosity loss due to residual uncompensated or fluctuat- 
ing tunable aberrations. In this paper, we explore the origin 
of these large tuning corrections and study possible mitiga- 
tions for the next SLC run. 

1    INTRODUCTION 

During the last two runs of the Stanford Linear Collider, 
typical vertical interaction-point (IP) spot sizes at nominal 
bunch populations (~4x 1010 particles per bunch) were 
about 35% larger than expected from the linac emittances, 
energy spread and IP angular divergences. Recent evidence 
suggests that a large part of this discrepancy might be at- 
tributed to imperfect or inadequate IP spot-size tuning. In 
this paper, we present some of the evidence and outline pos- 
sible solutions for the next run. 

2   SPOT-SIZE CORRECTIONS 

The spot size at the SLC interaction point (IP) is routinely 
optimized by correcting the most important low-order aber- 
rations, such as waist shift, dispersion and skew coupling, 
for either beam. The aberrations are corrected by excit- 
ing orthogonal linear combinations of quadrupoles and/or 
skew quadrupoles (so-called 'knobs'), measuring the spot 
size for different, typically 5-7 knob values, and adjusting 
each knob to the best value. 

Consider one aberration as an example. For different val- 
ues of the knob correcting this aberration, the convoluted 
horizontal or vertical spot size of the two beams at the IP 
is inferred from beam-beam deflection scans [1], i.e., from 
the measured deflection angle as a function of beam-beam 
separation. The optimum correction is computed by fitting 
a parabola to the square of the spot size as a function of the 
knob value. A correction is applied by setting the knob to 

* Work supported by the U.S. Department of Energy under contract 
DE-AC03-76SF00515. 

the minimum of this parabola. The same procedure is then 
repeated for another aberration. 

A full set of beam-beam based corrections for a total of 
10 aberrations (5 per beam: 3 vertical and 2 horizontal) 
requires about 1 hour of real time, during a large part of 
which the luminosity is then necessarily mistuned. In addi- 
tion, often at least one tuning iteration is necessary, in order 
to achieve typical 'good' spot sizes. On average one cor- 
rection is applied to each aberration about once per 8-hour 
shift. A qualititative illustration of the effect of tuning and 
the spot-size degradation between two tunings is shown in 
Fig. 1. In the figure, the degradation Aa/a (which is added 
in quadrature to unity) is shown to grow linearly in time. In 
reality it may increase with the square root of time or, more 
likely, in some irregular fashion. 

Ada 

time 

Figure 1: Schematic of tuning effect and spot-size increase 
between tunings. 

IP aberration tuning, May-July 96 
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Figure 2: Incremental IP corrections of waist, dispersion 
and skew coupling during the 1996 SLC run. Shown dotted 
is the average resolution of an aberration scan as quoted by 
the SLC control system. 
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Figure 2 depicts all incremental corrections to the verti- 
cal waist position, dispersion and skew coupling that were 
applied during the 1996 SLC run. The rms corrections ap- 
pear to be larger than the typical measurement resolution, 
indicated by dotted lines. 

If an IP aberration is not fully corrected, the spot size will 
be larger than the nominal value. For the three most critical 
aberrations, the increase of the vertical spot size Aa due to 
imperfect correction is given by 

A<r„ 

Wy6*v 

T]yS 
det 

for a vertical waist shift wy 

for vertical a dispersion r\y 

for a skew coupling coeff. d 
(1) 

where the spot-size increase ACT,, is added in quadrature to 
the design rms spot size, which in the following is taken as 
cryo = 500 nm. 

The relative luminosity degradation due to limited mea- 
surement precision (A<ry/cryo) for the feth aberration on a 
single beam is given by the formula AL/Lo\k,p = 1 - 

l/J(Aay/ay0)lp/2 + 1, approximately equal to 

AL 

L0 :,p        A\avo)k,P 

(2) 

where LQ designates the ideal luminosity without any aber- 
ration, the subindex p refers to the precision, and k counts 
the different aberrations. 

To estimate the luminosity loss which is implied by the 
rms incremental corrections, one has to make assumptions 
about the evolution of an aberration between two consec- 
utive corrections. Assuming a random walk (~ VÖ be- 
tween tunings, and considering a tuning interval which re- 
sults in an incremental correction Aay/ayo\k,i of the fcth 
aberration, the average luminosity loss is AL/LOIM = 1 - 

l/J(A<Ty/<Tyo)li/2 + 1, or, again expanding the square 

root, 

AL 
L k,i 

avo)k,i     yVyoJkj 
(3) 

where the subindex i indicates that this luminosity loss is 
inferred from the 'incremental' correction. To avoid dou- 
ble counting, we have subtracted a contribution from the 
measurement precision. The total luminosity loss due to 
both precision and incremental changes of all vertical tun- 
ing corrections is finally obtained from 

AL 

Lo tot 
iW^V   +|E(^V      (4) 

where in the SLC case, A; = 1,..., 6. Additional luminosity 
loss may arise from the horizontal tuning corrections. 

Using the above formula, we can estimate the luminosity 
loss implied by the incremental corrections in Fig. 2 and by 
the quoted measurement precision. The results for the var- 
ious aberrations are summarized in Table 1. A luminosity 

loss AL/L is equivalent to an increased vertical spot size 
ofay/<TyO ~ Lo/L ~ 1/(1 — AL/LQ), where cry0 « 500 
nm is the ideal single-beam spot size. A 38% luminosity re- 
duction due to IP aberration tuning would thus correspond 
to a vertical spot size of 700 nm, which is remarkably close 
to the typically achieved good values! 

corr. knob precision    AL/L rms incr.     AL/L 
waist shift 
dispersion 

skew 

0.09 cm      6.5% 
0.11mm     2.6% 
0.02 kG      0.2% 

0.23 cm     28.4% 
0.22 mm     9.4% 
0.14 kG     10.0% 

total 38% 

Table 1: Quoted scan precision, rms knob increment and 
estimated luminosity loss from residual low-order verti- 
cal aberrations for the 1996 SLC run. The luminosity-loss 
numbers are relative to a 500-nm single-beam spot size. 

3   INTERPRETATION 

If the applied corrections reflect real aberration drifts, due 
to, for example, orbit changes in the final-focus sextupoles, 
or rf phase changes in the linac etc., one might expect to 
see correlations in the corrections for different aberrations. 
In Fig. 3 we plot incremental changes to one knob versus 
those of another knob (i.e., for another aberration or the 
other beam) which were coincident within one hour. No 
correlation between any two knobs is evident, which sug- 
gests that the corrected aberration drifts are not real. 
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Figure 3: Zero correlation between IP corrections for dif- 
ferent aberrations and for the two beams. 

To better understand the above findings, we performed 
hundreds of tuning simulations for waist, dispersion and 
coupling correction. In all of these simulations the aber- 
ration to be tuned was perfectly corrected initially. Then, 
for each beam-beam based tuning scan we added a random 
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measurement error 

AT,y « 0.12 Sy0 
-'yo 

1/2 

(5) 

where Ey = Jo\fi- + o"y,e+ denotes the convoluted spot 
size of the two beams at the IP, and the subindex 0 refers 
to the beam size at the minimum of the fitted parabola. In 
rough agreement with measurements, the error was scaled 
as the square of the spot size for each step of the scan. The 
error increases on the wings of the parabola, because, dur- 
ing a tuning scan, when, e.g., the waist is off center, both 
the IP orbit-jitter correction [2] and the beam-beam scan 
range are no longer optimal. 

The rms correction calculated in this way was 0.19 cm 
for the waist position, 0.24 mm for the vertical dispersion, 
and 0.09 kG for the skew coupling. These values are very 
close to the actual incremental corrections listed in Table 
1. This strongly suggests that the quoted scan precicision 
widely underestimates the actual error, at least by a fac- 
tor 3-4, and that the IP corrections were completely domi- 
nated by the limited resolution of the beam-beam deflection 
scans! 

4   MITIGATIONS 

There are two possible approaches to alleviate this situa- 
tion. First, one may improve the resolution of the beam- 
beam deflection scans. This could be achieved by a va- 
riety of means, such as using better beam-position moni- 
tors to correct for orbit variations, optimizing and adjust- 
ing the scan ranges (e.g., by expanding the scan range for 
larger beam sizes), or increasing the scan speed (e.g., by 
using fewer BPMs or by shifting the waist with upstream 
quadrupoles and not with the superconducting final triplet). 

An alternative approach is to replace the beam-beam de- 
flection scans altogether with a feedback dither technique 
based on informations from a fast luminosity monitor, in 
conjunction with fast orbit bumps across the final-focus 
sextupoles. 

The second option is more innovative and also more 
promising. Here, a knob is varied in some harmonic or 
random pattern for thousands of pulses (roughly 10 s are 
needed per 1000 pulses), and the corresponding luminosity 
signal (radiated-Bhabha scattering events) is recorded. 

Suppose the knob setting fc, taken as dimensionless, is 
related to the convoluted IP spot size (inversely propor- 
tional to the luminosity) as 

Ey   =   Xy0Vl+S(k-   fc0)2 (6) 

where fco represents the residual aberration that we want to 
correct, and the parameter S is a normalized 'sensitivity'. 
If the aberration is completely corrected initially (fco = 0), 
a knob change by fc = ±1 would reduce the luminosity by 
a factor 1/-/1 + S. 

In SLC operation the signal of the luminosity monitor 
Lm is impaired by a large and fluctuating background con- 
tribution, so that its distribution is fairly wide, with an rms 

spread equal to about 30% of the average signal. If we av- 
erage over n pulses, the resolution of the luminosity signal 
should improve as ALm/Lm « 0.3/y/n. To be conser- 
vative, in the following we assume that the spread of the 
signal is 100%, i.e., we assume ALm/Lm m \/y/n. 

We denote the average luminosity signal for the three 
different knob settings fc = —1,0, +1 by Lm-, Lmo and 
Lm+. Fitting Lm(k) to a parabola and assuming S < 1 
and fc < 1/V2S, the approximate optimum knob value 
can be inferred: 

*opt 
->m+ Lm- 

4I<mo — 2(Lm+ + Lm_) 
(7) 

If the luminosity is measured over n/3 pulses for each of 
the three knob values, the statistical resolution in center- 
ing the knob is Afc/fc = y/3/(2n) (ALm/Lm)/S, and 
the residual luminosity loss from the statistical error is 
AL/L « S (Afc)2/2 or 

AL 

L 45 

AL„ 
4Sn 

(8) 

However, the systematic error made by the parabolic ap- 
proximation in Eq. (7) is for most cases larger than the sta- 
tistical error, so that the tuning will have to be iterated. 

For example, if S = 0.2 (5% luminosity loss during the 
dithering) and using 10000 pulses of data, the statistical ac- 
curacy is AL/L « 0.04% for a single knob, or 0.4% for 
10 knobs! This is two orders of magnitude better than what 
has been achieved by aberration tuning with beam-beam 
deflection scans, but, recognizing additional systematic er- 
rors, we aim for an overall improvement by a factor of 3- 
10. 

5 CONCLUSIONS 

There is strong evidence that inaccurate IP spot-size tuning 
is responsible for about 20-40% average luminosity loss 
over the last 2 SLC runs. For the next run, we will replace 
the conventional tuning which is based on beam-beam de- 
flection scans by a novel dithering feedback which we ex- 
pect to be more effective and as much as ten times more 
precise. This feedback correlates fast orbit-bumps across 
the final-focus sextupoles with the signal from a fast lumi- 
nosity monitor. 
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DEVELOPMENT OF C-BAND RF PULSE COMPRESSION SYSTEM 
FOR ee LINEAR COLLIDER 

T. Shintake, N. Akasaka and H. Matsumoto, 
High Energy Accelerator Research Organization, 1-1 Oho, Ibaraki, 305 JAPAN 

Abstract 

A new type of RF compression scheme was proposed by 
the authors for the C-band RF system in the eV linear 
collider in 1996[1]. This scheme generates a flat pulse 
output using 3-cell coupled-cavity for the high-Q energy- 
storage. A cold model cavity was fabricated and tested to 
test the flat pulse generation. The input RF amplitude is 
modulated with a scheduled waveform in order to 
compensate the output power ripple associated with the 
coupled cavity resonances. The cold model generated a 
flat pulse compressed with gain Gp of 3.25. 

1 INTRODUCTION 

A new scheme to compress an RF pulse into a short 
square high peak-power pulse was proposed by the 
authors in the course of R&D study for e+e- linear 
collider[2]. Figure 1 shows the schematic diagram. This 
scheme uses a 3-cell coupled cavity as an RF energy 
storage. After the filling time, when the input RF phase is 
flipped by 180 degree, the compressed RF pulse is 
emitted into the output port and no reflection power backs 
to the input port because of the 3-dB hybrid coupler same 
as in the case of SLED. The coupling irises limit the 
group velocity of the propagating wave inside the 3-cell 
cavity, and make it like a delay line. Therefore, this 
scheme is an extension of the SLED-II pulse compressor, 
which uses a long circular waveguide as a delay line and 
generates an ideal square output pulse[3]. The irises make 
the delay line length short, however it causes the 
frequency dispersion effect in the propagating wave, 
resulting in a large distortion in the output waveform. To 
compensate this, we apply the amplitude modulation 
(AM)  on the input RF power into the compressor. 

C-band fff Sycttm tor •<*• Uf»r CoRktor 

::fim*tW*mti&M 60UW Klr«t>on 

Pt,«wtt*Ampmu<l. ModutMien 

KWT 
■turn*'' 

c»mv 

Pula«CompfM«or 

Basically, we can do this with one klystron. However, the 
klystron is non-linear device, that is, the input to output 
power response is not a linear function, we need a careful 
compensation to this effect. The klystron will be operated 
below saturation condition, then the power efficiency will 
be lowered. In the two klystron configuration shown in 
Fig 1, the klystrons operate at saturation condition with 
enough power efficiency. The input RF phase is 
modulated (PM), and the two output powers are 
combined in the 3-dB hybrid. The in-phase component 
(vector sum) goes to the pulse compressor, and the 
quadrature component (vector difference) is damped in 
the dummy load. Since the two vectors rotate in the 
opposite directions, the vector sum always runs on the 
real axis, and no phase change is came out in the output 
sum vector. The amplitude of the two vectors is adjusted 
to the same value with the input RF power knob. The 
phase modulation pattern will be generated automatically 
in the self-learning pulse-to-pulse feedback system. 

2 DESIGNED COMPRESSION PARAMETERS 

In the coupled cavity system, only the 7i/2-mode does not 
generate dynamic phase variation during the transient 
pulse response. Because the 7i/2-mode stays just in the 
middle of the Brillouin diagram, all vectors of the 
sideband components associated with the AM modulation 
rotate symmetrically, and generate a real vector sum same 
mechanism as the PM-to-AM modulation scheme in 
Fig. 1. 

We studied the pulse response of the delay line by a 
computer simulation based on the equivalent circuit 
model. We chose the 3-cell design as the optimum. The 
simulation predicted the power gain of 3.5 at the pulse- 
length compression factor of 5, thus the effective power 
efficiency was 70% (= 3.5/5 ). 

3 COLD MODEL DESIGN 

Figure 2 shows the cold model of the RF compressor. 
One delay line is enough to study the RF pulse 
compression by detecting the reflection wave using a 
directional coupler. The input power is fed through a 
rectangular waveguide, and converted into the circular 
TE01 mode in the newly developed mode converter, then 
injected into the 3-cell energy storage cavity. The total 
cavity length is about 1 m. 

Fig.l System diagram 
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Table 1 Cavity parameters. The symbol k stands for the 
coupling constant between two cavities. 

1st cell       2nd cell 3rd cell 

1-2 cell 2-3 cell 
Iris Diameter [mm]              43.6 42.4 
k (designed)                         1.00 0.65 
k (measured) 095 0.66 

3.1 Energy Storage Cavity 

The design and achieved parameters are listed in Table 1. 
In order to get a higher Q-value and low loss mode, we 
need to use a copper pipe with a large diameter. We chose 
the pipe diameter at 152.60 mm, which corresponds to 
ka = 9.12. Since the operating frequency is much higher 
than the lowest cutoff frequency (1.1 GHz for TEH), 
there are many unwanted low-Q modes as shown in 
Fig. 3. We use TEOln mode for the energy storage. To 
avoid mode mixing, all of the structure in the energy 
storage cavity was made cylindrically symmetric, which 
makes no mode coupling to the modes other than TEOn. 
Additionally, to avoid direct excitation of those mode 
from the external circuit, we use a mode converter. 

From a pulse simulation with the measured coupling 
constants, the highest attainable power gain is 3.45. 

3.2 Cavity Tuning 

The 7t/2-mode pattern and its resonance frequency is 
exactly identical to those in the individual cell-mode. We 
can establish the cell-mode by replacing the neighboring 
cells with detuned cavities. Since the dimension of the 
detuned cavity is chosen not to resonate at the target 
frequency in any mode, no power can leak into the 
detuned cavity and all field is trapped within the test cell. 

We measured the cell-mode using detuned cavities, 

I Energy Storage Cavity: a * 79.8 mm | 

Diameter [mm] 152.60 152.60 152.60 
5 Length [mm] 432.70 144.02 433.42 

Mode TE0,1,15 TE0,1,5 TEO.1,15 a 

Q (analytical) 190 k 85 k 190 k E 
3 z 

0 (measured) 181k 82 k 187 k > g 4.ri JBX. 
TM11 ' 
3-932 

TM01 
2.41 

TE03 
10.1 ?3 

TE23 
8.969 

TE02 
T5T5 

TE01 
3.B32 

Tfii:? 
S331 

TE2I 
3.054 

Mode Converter 
a»40mm 

TM TE 

Fig. 3 Mode diagram. 

and machined the cavity length on a turning lathe. Each 
of the three cavities was tuned to the target frequency. 
The maximum error was 100 kHz in the 2nd coupling 
cavity. 

3.3 Mode Converter 

In order to limit the number of propagation mode inside 
the circular waveguide, its diameter was chosen as small 
as 80 mm (see Fig. 3). The four coupling irises generate 
rotational electric field symmetrically to excite only the 
TE01 mode. Residual imbalance can generate a small 
amount of TE21 mode. Computer simulation using HFSS 
predicted the excitation power of unwanted mode is less 
than 1%. 

RF performance was measured from rectangular 
waveguide port, attaching a matched load in the circular 
waveguide port. The measured VSWR was 1.05 for 
5 MHz bandwidth. 

4 PULSE MEASUREMENT TEST 

For this cold model measurement, the input pulse to the 
cavity was generated by AM modulation with a double 
balanced mixer. The modulation signal was provided by 
HP8175A Digital Signal Generator. The input signal was 
fed into the cavity, then the reflected signal was detected. 
After fine trimming of the modulation pattern in order to 

Mode Circular 
Converter      Waveguide 

{ $80 mm) 

Input Celt 
(No.1) 

43S.70 

(No.2) 
ii.JMrV'Energy 

{ No, 3) 

OC ~—T~ 

TEO.1,15 110,1,5 '■l¥E<p,t5; 

■Wtt-Mtt&imhit) 
47.85 »SJ.15»rB 
3,95 - 5.85 OHt : 

. Tiss *n*n. 

Fig. 2 Energy storage cavity and mode converter. 
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Fig 4. (a) Output pulse, (b) Zoom at the flat top. 

obtain the maximum power gain and to make the pulse 
top flat, the resulting output signal is shown in Fig. 4. At 
the flat top, the output power is constant within 1%. The 
measured power gain Gp is 3.25, which is 94% of the 
expected value of 3.45. Further analysis on the power 
gain measurement is under way. 

5 DISCUSSION 

The required tuning accuracy was estimated by the 
coupled cavity analysis[4]. Thanks to the high stability in 
7t/2-mode, errors in the cell resonance frequency do not 
cause large phase or voltage error in the stored field. 
Therefore, tuning accuracy of the cell-to-cell frequency is 
not tight. For example, 300 kHz frequency error (the 

relative frequency error of 10"4, which corresponds to 
dimension error of 50 urn of cavity length or 15 urn of 
cavity diameter) on the 3rd cavity cause only 1% 
amplitude error and 0.06 degree phase error in the 3rd 
cavity voltage. The leakage power into the 2nd coupling 
cell is sensitive to the 3rd cavity error. However, the 
deterioration in the total Q-factor due to this leakage is 
only 0.67%. Dimension accuracy in a practical machining 
of a cylindrical cavity on a turning lathe is much better 
than the error assumed above. 

We need to study the error effect due to the brazing 
process. According to some experience in fabrication of 
the disk-loaded structure, the resonance frequency shift 
due to brazing is below 200 kHz at S-band (2856 MHz). 
Therefore, the brazing will not cause a difficulty. 

After the brazing, we will measure the 7t/2-resonance 
using the detuned cavity attaching to the input port, and 
adjust the screw mounted on the end plate of 3rd cavity to 
meet the frequency to the right operation frequency of 
5712 MHz. The Tc/2-mode resonance frequency is simply 
given by 

CO„n = 
U,o), + £/,&>, 

Ul+U3 

where Un is the stored energy in the nth cavity. Since the 
large energy stored in the 3rd cavity, we can adjust the 
7t/2-mode resonance by tuning the 3-rd cavity frequency. 
To get phase stability of 3 degrees in the compressed RF 
pulse, the required frequency accuracy is 8 kHz, and 
temperature must be kept constant within 0.1 °C. This is 
the same accuracy level required to the conventional 
SLED cavity. 
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BEAM CHARACTERISTICS VERSUS CAVITY MODELS IN CLIC 

G. Guignard, CERN,1211 Geneva 23, Switzerland and J. Hagel, Madeira Univ., Funchal, Portugal 

Abstract 

The luminosity requested for linear colliders with center- 
of-mass energies exceeding 500 GeV, implies a multibunch 
operation be considered in order to limit the RF power con- 
sumption. In the Compact Linear Collider (CLIC), though 
the repetition rate is high, a train of at least 20 bunches 
is necessary to obtain the performance needed for the ex- 
periments. Since at high RF frequency the wakefields are 
large, beam break-up is critical and stability simulations 
have been carried out for different pre-estimated models 
of detuned and/or damped cavities. The results obtained 
give indications about the wakefield level that should not 
be exceeded along the train, to avoid significant emittance 
growth. They also show the sensitivity to some specific 
parameters and the dependence on the scaling of focusing 
with energy. Eventually, they are used as guide lines for 
accelerating structure development and as a basis for a pos- 
sible set of CLIC parameters. 

1   INTRODUCTION 

In CLIC, studies of multibunch beam dynamics were re- 
quired since the luminosity requested for the physics im- 
plies the use of trains of bunches. For such investigations, 
analytical models were developed and numerical codes 
written, that simulate the beam behaviour in the presence of 
both short- and long-range wakefields [1]. The MBTR code 
[1] allows one to track simultanously an arbitrary number 
of bunches, using wakefield Green's functions computed 
either from the frequency modes or the dependence in the 
time domain. The bunches are subdivided into slices and 
the wakefield kicks are then calculated for all possible com- 
binations of pairs of slices j and k, with j smaller than 
k. Two utility programs MBUNCH and MOVIE help for 
an efficient use of MBTR. MBUNCH deals with editing 
the input file, handling the emittance graphs and the out- 
put files, running the codes and allowing an automatic opti- 
mization of some preselected parameters. MOVIE presents 
animated graphics of the transverse motion of the slices 
during acceleration. Off-sets of bars represent the displace- 
ments of the slices of each bunch and evolve with the dis- 
tance s down the linac. The motion of any subset of 5 
bunches can be observed simultanously on the screen and 
instabilities brought into evidence. More recently, a rep- 
resentation of the motion in the phase space of the center- 
of-charge of every slice of charge has been added [2]. The 
phase-space oscillations of any subset of 5 bunches can be 
displayed simultanously, informing on the quality of the fo- 
cusing constraint. In both cases, a single bunch can also be 
followed on the monitor. Fig. 1 gives such a picture frozen 
at s = 265m for a bunch controlled by BNS damping (the 
head being at the origin). 

These tools have been used to investigate the long-range 
field attenuation necessary to damp the beam break-up. 
Two models issued from recent design studies and field cal- 
culations made for CLIC structures have been retained for 
the simulations reported below. The first one is a damped 
structure with radial wave-guides in each cell and the sec- 
ond is a damped-detuned structure with staggered tuning 
of the cells and reduced damping. Calculations were done 
with these two models and different beam parameters. The 
charge was either pushed to the single bunch limit or de- 
creased by a factor two, focusing was increased and scal- 
ing with energy optimized on the single bunch stability. 
Bunch-length was reduced with the charge per bunch. Mi- 
crowave quadrupoles for BNS damping were used in the 
high-charge case and momentum spread in the other. BNS- 
damping was adjusted for minimizing the single-bunch 
emittance in the presence of misalignments of all linac ele- 
ments and autophasing condition on minimizing the growth 
due to a betatron oscillation. 

dy/ds(/U.rad) 18.75E-01 
s =    265.9 m 

BUNCH 1 

-18.75E-01 
Betatron Motion 
Subtracted 

yfjim) 

-18.7bE-01 
Phase Space (y|dy/dz) 

Figure 1: Controled off-sets of bunch 1 in phase space. 

2    QUADRUPOLE VERSUS DIPOLE MODE OF 
SINGLE BUNCH MOTION 

Single bunch emittance growth is vanishing if all its slices 
oscillate coherently in a dipole mode. This can approxi- 
mately be obtained by a proper setting of RF quadrupoles 
or energy-spread minimizing the effect of the transverse 
self-wakefields. It seems evident that the long-range trans- 
verse effects of a bunch on a second are dominant when the 
first bunch is submitted to a dipole mode. These effects 
should indeed be weaker when the first bunch oscillates 
with the same amplitude but in a higher coherent mode 
or incoherently. However, the single bunch emittance in- 
creases in the latter case. Taking into account the fact that 
BNS damping is an efficient method to preserve this emit- 
tance and that such a method is not practical in multibunch 
mode [1], it can be a useful strategy to deviate from a co- 
herent dipole mode in the first bunch. This is in fact what 
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is happening in the autophasing case. 
In this section, the effect on the second bunch of a first 

oscillating in a quadrupole mode is investigated analyti- 
cally. Following Ref.l, the equations of motion for a slice 
of charge with index n in bunches 1 and 2 are given by 

Fig. 2 shows p along the second bunch for an increasing 
number of slices. As can be seen the reduction of the ex- 
cited amplitudes in bunch 2 when bunch 1 oscillates in a 
quadrupole mode rather than in a dipole mode is tremen- 
dous, namely about 0.4%. 

2/i'„+M
2/(4vr2)yin=0 

^n + /i
2/(47r2)2/2n = /x2/(47r2)^3/2(ö) 

N 

x-IZrf)^«-^) 

(1) 

(2) 
fe=i 

where 6 and y are the usual Courant and Snyder vari- 
ables, i.e. 

6 
/V(2 

i  r ds 
(2TT)J0  ß(s) (3) 

and N is the total number of slices. The function W rep- 
resents the transverse wake potential of bunch 1 acting on 
bunch 2 and E and q are the bunch energy and the charge 
of one slice respectively ( a constant charge distribution 
across the bunch is assumed). While the first equation has 
a trigonometric solution, the second equation is evidently 
resonant. Keeping only the secular term we obtain: 

!/2n(0) = -pT-<7„So0sin/V(27r)0 
Ü/X/7T 

(4) 

where qs = Nq is the total charge of the bunches and 
ai represents the strength of the lowest dipole mode of the 
transverse wakes. The n dependent quantity an is given by 

On = 

N 

-E* 
fc=i 

cos  —(zsep + (n- k)Az) (5) 

where Yk are the initial transverse displacements of the 
slices in bunch 1 , zsep is the separation between the two 
bunches, Az is the length of one slice and u)\ and c are the 
circular frequency of the dipole wake and the light veloc- 
ity respectively. In the case of a coherent dipole oscillation 
of bunch 1, Yk = Const. = Yo where Yo represents the 
oscillation amplitude. In the case of a coherent quadrupole 
oscillation, the first and the last slices oscillation are of the 
same amplitude but out of phase by n. This is exactly ful- 
filled by a distribution of the initial conditions such as: 

Yk = Y0 1-2 
fc-1 
N-l 

(6) 

The relation between the two solutions for bunch 2, valid 
with the quadrupole mode and the dipole mode respec- 
tively, is found to be 

Pn = t/2n 
JD) 

on 

On 

^N        2fe 

= 1 + 
E-iv       2fc  n 

k=l N-i^kn 
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Figure 2: Ratio between oscillation amplitudes caused by a 
dipole and a quadrupole mode in bunch 1 

This result indicates that deviating from a dipole mode 
in the single bunch should reduce multi-bunch emittance 
growth along a train of bunches. However, the single bunch 
emittance will be increased by such a method and one has 
to find a good balance between these two quantities. 

3   WAKEFIELDS FORDS AND DDS 

Studies of accelerating structures for multibunching have 
been carried out. Three schemes of wakefield reduction 
have been considered, detuning [3], damping [4] and detun- 
ing with additional damping [5]. A detuning scheme does 
not provide a sufficient level of performance, according to 
previous simulations [1]. Hereafter are given the simu- 
lations required to demonstrate the adequacy of the other 
two schemes. First, the models of long-range wakefield de- 
duced from the structure studies are briefly described. The 
short-range wakefields are taken equal to those obtained 
from the frequency mode analysis of the structure with no 
field reduction and constant impedance (CIS). 

The damped structure (DS) is based on frequency dis- 
criminated waveguide damping. Damping waveguides, 
connected to the outer cavity wall are chosen to have a cut- 
off frequency above the fundamental but below all higher 
modes. Time domain MAFIA computations [4] were used 
to determine the transverse and longitudinal wakefields. A 
constant impedance structure has been assumed. The initial 
exponential drop-off of the transverse wakefield is shown 
on Fig. 3 over a distance of 2m behind bunch 1. The 
resonance associated with the the cut-off frequency of the 
waveguide creates a persistent wake at 33 GHz, which ber 
comes dominant beyond this distance and decreases with 
x'1-5. The numerical model for tracking keeps only this 
persistent component after 2m, with an amplitude at this 
point which is equal to the value given by the initial drop- 
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off. For the longitudinal wakefield, all modes beyond the 
fundamental have been assumed to be reduced by a factor 
10, with respect to the modes of CIS. 

The damped-detuned structure (DDS) is a detuned ac- 
celerating section with low level damping obtained by cou- 
pling all cavities to several identical and symmetrically 
located waveguides (manifolds) which run parallel to the 
structure and are terminated at each end by matched loads. 
As for DS, MAFIA computations [5] were performed to 
determine the wakefields. The roll-off of the transverse 
wakefields and the effect of damping over a distance of 2m 
behind bunch 1 is also drawn on Fig. 3. In the absence of 
a dominant persistent wake, the field was calculated over a 
total distance of 12m (i.e. 40 bunches separated by 30 RF 
periods). In this design, the attenuation of the longitudinal 
wakefield was also estimated and the corresponding func- 
tion of distance included in the tracking. Fig. 3 shows that 
DDS has been optimized for a bunch separation of 30 RF 
periods (field reduction of 100 at 0.3m) and the field reco- 
herence in DDS implies higher wakes than in DS after a 
distance of lm behind bunch 1. 

0.2   0.4   0.6 0.8     1      1.2    1.4    1.6    1.8 

z [m] 

Figure 3: Transverse long-range wakefields. 

4   EMITTANCE GROWTH 

Tracking simulations were carried out, to compare the mer- 
its of the two structures DDS and DS and to check if the 
wakefield level obtained in these designs at the position of 
bunch 2 is acceptable for the emittance preservation. Pre- 
vious calculations [1] indicated that the long-range field 
should at least be attenuated by a factor 100 at this point, 
and both designs are achieving this, for a bunch separation 
of 30 and 15 RF periods with DDS and DS, respectively. 
Tracking with a small number of bunches confirmed that 
this requirement is about right. However, for a long train 
made of 20 bunches or more (beam loading being com- 
pensated), it came out that a maintained decay of the long- 
range field as in DS is a strong advantage in preventing 
beam break-up by propagation of an instability. 

Results depend strongly on the beam parameters and on 
the assumptions made. It was established that raising the 

focusing by a factor 2 with respect to the nominal case 
(1996 parameters) successfully limited the blow-up of the 
effective emittance. In addition, the emittance growth was 
found to be sensitive to small variations of the scaling of fo- 
cusing with energy: the scaling of the quadrupole strength 
was varied for a given set of misalignments, while the scal- 
ing of the cell length was not modified. These two elements 
were introduced in the simulations. BNS damping was first 
optimized for single bunch blow-up in the presence of mis- 
alignments and off-sets all along the linac (BNS). It was 
then adjusted either for the blow-up of the whole train or 
for minimizing the (dipole mode) effect of a betatron os- 
cillation (autophasing). Cases with a charge per bunch of 
8 ■ 109 and a bunch length of 160/xm (1996 parameters) and 
then 4-109 and 60fj,m, respectively, were computed; the lat- 
ter aiming at a substantial reduction of the wakes. Results 
related to 500 GeV linacs (with a gradient of 100 MV/m) 
are given in Table 1, for the two structures, the two BNS 
conditions and the two beam characteristics defined above, 
and different train lengths. 

Ne    nb           DDS DDS DS DS 
(BNS) (Auto) (BNS) (Auto) 

8-109    20    47/24000 216/3742 47/269 216/236 
4-109    40        7/1809 30/68 7/15 30/39 
4-109    45      26/4580 145/280 26/35 145/170 

Table 1. Relative emittance growths (single-/multi-bunch) 
in % with DDS and DS structures, two BNS conditions 
and misalignments of 5/xm for the first two cases and of 
10/im for the last. 

The conclusion from these results is threefold: a field 
attenuation by 100 at one bunch separation is required, 
a further and continuous reduction of the wake behind 
the exciting bunch is preferable (clear advantage of DS 
over DDS), and autophasing reduces beam break-up at the 
expense of the single bunch emittance. The latter is in 
agreement with the inference of the analysis summarized 
in Section 2 and results show that the use of DS would 
allow a compromise between single- and multi-bunch 
optimization of the emittance preservation. 
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Abstract 
Recent microfabrication technologies based on the LIGA 
(German acronym for Ljthographe, Galvanoformung, und 
Abformung) process have been applied to build high- 
aspect-ratio, metallic or dielectric planar structures suit- 
able for high-frequency rf cavity structures. The cavity 
structures would be used as parts of linear accelerators, 
microwave undulators, and mm-wave amplifiers. The 
microfabrication process includes manufacture of preci- 
sion x-ray masks, exposure of positive resist by x-rays 
through the mask, resist development, and electroforming 
of the final microstructure. Prototypes of a 32-cell, 108- 
GHz constant-impedance cavity and a 66-cell, 94-GHz 
constant-gradient cavity were fabricated with the syn- 
chrotron radiation sources at APS and NSLS. This paper 
will present an overview of the new technology and de- 
tails of the mm-wave cavity fabrication. 

1 INTRODUCTION 

All new concepts for proposed accelerators such as next- 
generation linear colliders or muon colliders require sub- 
stantial advances in the area of the rf technology. For 
example, to maintain a reasonable over-all length at high 
center-of-mass energy, the main linac of an electron- 
positron linear collider must operate at a high accelerating 
field gradient. Scaling accelerating structures to signifi- 
cantly higher frequencies could provide higher field 
gradient as proposed by P.B. Wilson [1]. 

The new micromachining technology, known as 
LIGA, consists of deep-etched x-ray lithography (DXRL), 
electroplating, and micro-molding. The microfabrication 
processes have been developed by W. Ehrfeld and co- 
workers to the degree that sub-millimeter actuators, mo- 
tors, and gears can be built with great accuracy and a high 
aspect ratio [2]. Electric field levels as high as 50 MV/m 
and magnetic field levels of 1 T have been achieved with 
components. This technology could offer significant ad- 
vantages over conventional manufacturing methods in 
such areas as precision fabrication and mass production. 

The idea of applying these techniques to develop rf 
cavities for mm-wave linacs [3], undulators [4], free- 
electron lasers [5], and mm-wave amplifiers originated at 
Argonne National Laboratory in 1993. A meter-long 
structure with similar accuracy that also provides chan- 
nels for vacuum pumping, adequate cooling, and focusing 
elements for beam dynamics can be built. Major chal- 
lenges of the DXRL techniques are: fabrication of the 

wafers into three-dimensional rf structures, alignment and 
overlay accuracy of the structures, adhesion of the 
PMMA on the copper substrate, and selection of a devel- 
oper to obtain high resolution. Efforts have been directed 
toward meeting these challenges. 

2 MM-WAVE STRUCTURES 

Due to DXRLs ability to maintain precise tolerances, it is 
ideally suited for the manufacture of rf components oper- 
ating at frequencies between 30 GHz and 300 GHz. The 
first two structures fabricated were a 32-cell, 108-GHz 
constant-impedance cavity and a 66-cell, 94-GHz con- 
stant-gradient cavity. A 32-cell, 108-GHz constant- 
impedance cavity is a planar accelerating structure; its 
linac application has been investigated thoroughly, and its 
parameters are shown in Table 1. In changing from a typi- 
cal cylindrical symmetrical disk-like structure to a planar 
accelerating structure, there is less than 5% loss in shunt 
impedance and Q-value. For a practical micro-linac ap- 
plication 10 MV/m is chosen in the accelerating gradient, 
but the accelerating gradient is not limited to that when 
the rf system is operational in the pulse mode with less 
repetition rate. 

Table 1:   The rf Parameters of a 32-Cell, 108-GHz 
Constant-Impedance Cavity 

Frequency f 108 GHz 
Shunt impedance R 312MO/m 

Quality factor Q 2160 
Operating mode TW 271/3 

Group velocity vg 0.043C 

Attenuation factor a 13.5 m"1 

Accel, gradient E 10 MV/m 
Peak power P 29.1 kW 

For a constant-impedance planar structure, the dou- 
ble-periodic structures with confluence in the Jt-mode 
designs were considered. The 27i/3-mode operation in 
these structures can give high shunt impedance, group 
velocity, and low sensitivity on dimensional errors. More 
detailed descriptions such as rf simulation using the 
MAFIA computer code and the thermal analysis related to 
this structure can be found in Refs. [6,7]. 

The constant impedance structure is simple and can 
be easily fabricated, but may not be the best for accelera- 
tor applications, especially due to the difficulty of heat 
removal in the microstructure. In a constant-impedance 
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structure, the concentration of heat at the structure input 
can limit the high power rf operation of the structure. To 
have higher shunt impedance of the structure, the thick- 
ness of the irises between the cells must be small (say 
<0.1^). However, heating imposes a limit in this case; 
heating at the center of the irises limits the maximum in- 
put power. Successful heat removal and uniform heat 
loading throughout the structure are important for opti- 
mum performance of the mm-wave accelerating structure. 

The constant-gradient linear accelerating structure 
has been used in many present accelerators due to its 
higher energy gain and better frequency characteristic. 
The constant-gradient structure has higher shunt imped- 
ance and more uniform power dissipation, and is less 
sensitive to frequency deviations and beam break-up when 
compared to the constant-impedance structure. The con- 
trol of cell-to-cell coupling in the side-coupled structures 
can be made to realize the constant-gradient planar 
structures. 

The one limiting factor in the micromachining proc- 
ess is that the planar structure has to have uniform 
indentations on a planar wafer. Using microfabrication 
technology, it is more difficult to realize a constant- 
gradient structure than a constant-impedance structure. 
Changing the group velocity along the structure while 
keeping the gap and cell depth dimensions constant is 
difficult. Since the structure needs to be manufactured on 
a planar wafer, adjusting the cell width and length with a 
constant depth within the structure is necessary. A con- 
stant-gradient structure can be realized with a cut in the 
iris between the adjacent cavity cells along the beam axis 
in each half structure. Figure 1 shows the constant- 
gradient structure with cuts in the irises and its rf pa- 
rameters are summarized in Table 2. 

ft 
tavvv 

^ T 

.4u$=£_ 
Figure 1: The 66-cell, 94-GHz constant-gradient cavity. 

Table 2: 94-GHz Linac/rf Parameters 
Parameter Symbol Value 
Beam energy Eo 50MeV 
Avg. beam current k 1mA 
Frequency f 94-GHz 
Field gradient E 10 MV/m 
Mode of operation TW 2n/3 
No. of cavities N 66 
Structure length 1 7 cm 
rf power P 29.1 kW 

3  FABRICATION 

The simplified version of the DXRL process is shown in 
Fig. 2. It consists of making an x-ray mask, preparing a 
sample and x-ray exposure, developing, and electroplat- 

ing the structure. In DXRL, the requirements imposed on 
the resist materials, resist coating process, and develop- 
ment are much different from the thin resist layers. No 
dissolution of unexposed positive resist is allowed during 
development, and good adhesion of the high-aspect ratio 
resists structure to the copper substrate is essential. In 
addition, the microstructures must have high mechanical 
stability and low internal stresses to prevent stress corro- 
sion during exposure and development. Also, the resist 
material must be compatible with the electroplating proc- 
ess. 

Prepare Substrate 

■ .   m   .L   ' n'tL 

Apply PMMA Expose and Develop 
PMMA 

Electroplate Remove PMMA 

Figure 2:   Simplified DXRL process. 

DXRL with high-energy synchrotron radiation allows 
resists up to 1000 um thick to be fabricated with submi- 
cron accuracy. A high-accuracy DXRL mask was made 
by means of an intermediate mask—that is, in two steps. 
The first step was the photolithography. A plating base of 
Ti/Au 75/300 Ä was used for the e-beam writer and then 
3um Au was plated on the intermediate mask. The second 
step used soft x-ray lithography at the Center for X-ray 
Lithography in Stoughton, Wisconsin (1-GeV Aladdin). 
For the DXRL mask, 45-um Au was plated over a 300- 
um Si wafer where the x-ray was exposed and removed. 
To observe the high depth-to-width aspect ratio in the 
final product, micron range structures were patterned on 
the DXRL mask [8]. To avoid alignment problems and x- 
ray fluorescence, these two steps were done on the same 
sample substrate without a physical gap. 

Poly-methylmethacrylate (PMMA), up to 1-mm 
thick, was used as a positive resist. The copper substrate 
was diamond-finished to have a flatness of 1 um over 4 
inches. Then either an oxide film was grown to one mi- 
cron thick or an equally thick Ti coating was deposited in 
order to promote better adhesion to the copper substrate. 
Through these processes, the flatness of the copper sur- 
face is maintained but still rough enough to give a good 
adhesion to the PMMA sheet (the roughness of less than 
0.1 urn) [9]. 

When the PMMA film was cast onto the copper sub- 
strate, it was then annealed at various temperatures 110 - 
170_ C for one to three hours [10]. The NSLS (National 
Synchrotron Light Source) beamline X-26C and the APS 
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2-BM-A beamline were used to expose the sample. The 
transmitted x-ray intensity was calculated based on the 
APS bending magnet parameters and is plotted in Figure 
3. The ratio of the top dose to the bottom dose for the 1- 
mm-thick PMMA is about 1:1. During the exposure, the 
sample was enclosed in a He-purged housing with a 
Kapton window, and the sample holder baseplate was 
water-cooled. The first platinum mirror with a grazing 
angle of 0.15° was used to cut off all the high energy x- 
rays above 40 keV as shown in Figure 3. More informa- 
tion on the APS 2-BM beamline for the DXRL can be 
found in Ref. 11. 

Transmitted Intensity during PMMA exposures for LIGA 
IntcDsliy (WMU/tKMiiunwI.cin) 
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Figure 3: Transmitted x-ray intensity during PMMA ex- 
posures for DXRL at APS, energy (eV) vs. intensity 
(W/cm3). 

Two different developers were used in the develop- 
ing process. The first developer was a mixture of 60% vol 
2-(2-butoxy-ethoxy) ethanol, 20% tetrahydro-1, 4- 
oxazine, 5% 2-aminoethanol-l, and 15% DI water [12]. 
The allowed dose range was 3 to about 10 kJ/cm3. Below 
the threshold the crosslinked resist could not be dissolved, 
and above this range damage to the resist can occur from 
production of gases in the PMMA. The second developer 
was methyl-iso-butyl ketone (MIBK) diluted with 2- 
propanol. 

After developing the microstructure, copper can be 
electroplated to the positive resist and the surface can be 
diamond-finished. The final electroplated structure for the 
prototype of the 108-GHz constant-impedance cavity 
structure is shown in Figure 4. 

4 SUMMARY AND FURTHER WORK 

• To get a size-controllable structure, details of both the 
developing process (for example, use of ultrasonic 
cleaning) and electro-plating process (pulse mode op- 
eration) has to be optimized. 

• Two mirror-imaged fabricated structures for the 108- 
GHz constant-impedance cavity are being aligned 
ready for network measurement. 

• The metallurgical study of the copper-electroplated 
sample, recently done by C. Pearson at SLAC, shows 
that the level of oxygen in the sample appears to be 
too high, one has to improve the electroplating process 
for vacuum/high power rf. 

• The bead-pull measurement setup for the LIGA- 
fabricated mm-wave cavity structures is underway. 
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Abstract 
A prototype of a muffin-tin accelerating structure 

operating at 32 times the SLAC frequency (2.856 GHz) 
was built for research in high gradient acceleration. A 
traveling-wave design with single input and output feeds 
was chosen for the prototype which was fabricated by 
wire electrodischarge machining. Features of the 
mechanical design for the prototype are described. 
Design improvements are presented including 
considerations of cooling and vacuum. 

1 INTRODUCTION 

The cavities of high gradient accelerating structures 
in the 90 GHz frequency range have millimeter 
dimensions. Micromachining is more suitable for the 
fabrication of mm-scale structures than conventional 
machining. Therefore, a rectangular geometry of the 
muffin-tin design[l] was chosen. Various fabrication 
techniques have been reviewed[2] with the conclusion 
that wire electrodischarge machining(EDM) and deep x- 
ray lithography(LIGA)[3] were the most promising 
candidates. 

To test wire EDM as a fabrication technique and to 
gain experience in measuring RF properties of 90 GHz 
structures, a 7-cell traveling-wave prototype with a single- 
feed, vertical-coupling input/output scheme was built. 
This first prototype was used for low-power RF 
measurements only[4]. The absolute dimensional 
tolerance required for 90 GHz structures is under 3 |im. 
A test cut with key features of the design was performed 
prior to the fabrication of the finished prototype. 

Cooling and vacuum were not included in the 
prototype design. To reduce the need for tight 
dimensional tolerances and improve the compatibility 
with cooling and vacuum, a second generation design is 
contemplated and described in this paper. 

2 DESIGN AND FABRICATION OF 
THE FIRST PROTOTYPE 

Figure 1 depicts the sketch of the accelerating 
cavities. The dimensional parameters in [mm] are: 
2a=0.788, 2b=2.364, t=0.263, g=0.831, w=2.364, and 
d=1.049. 

Figure 2 shows the mechanical design of the 
prototype prior to the assembly. A laminated design with 
power coupling in the vertical direction was used. The 
structure is divided accordingly into five layers from top 

t Work supported by Department of Energy contract DE- 
AC03-76SF00515. 
♦Permanent Address: Technical University Berlin, EN2, 
Einsteinufer 17, D-10587 Berlin, Germany. 
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Fig. 1: Sketch of muffin-tin accelerating structure. 

to bottom: input waveguide taper(a), coupling iris for 
input(fc), muffin-tin cavity structure(c), coupling iris for 
output(d), and output waveguide taper(e). The linear 
waveguide taper matches standard WR10 waveguide(2.54 
mm X 1.27 mm) to the input coupler(2.54 mm X 0.831 
mm); it has a transition length of 10 mm which causes 
only 1% conversion loss. Each layer is registered by 
precision alignment pins in two diagonal reference holes. 
The most critical alignment is between the coupling iris 
and the coupler cavity. A 5 um misalignment there could 
increase the VSWR significantly. Since the coupling 
irises and coupler cavities are in different layers, this 
poses a great challenge on the alignment technique. 

The pumping slot and beam pipe were cut through 
both sides of the middle piece, c in Fig. 2. The width of 
the beam pipe was chosen to be 1.4 mm in order to 
prevent leakage of the TMn accelerating mode. Since this 
prototype will only be used for RF cold tests, the finished 
structure is just clamped with screws and belleville 
washers. 

Figure 3 shows the cross section of the input coupler 
sliced along the xy plane. Because of the single-feed 
input/output scheme, a shallow well with dimensions 
equal to the coupling iris was used to symmetrize the 
electromagnetic fields. Without this well, the RF power 
could leak out through the beam pipe or pumping slot. 
The geometry of the input/output coupler was designed to 
obtain a VSWR less than 1.1 and a 1 GHz flat bandwidth 
centered around the operating frequency[4]. 
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Fig. 2: The mechanical design of the first prototype prior 
to the assembly. 

waveguide 
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—1.99- 
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Y 

x 
Fig. 3: The cross section of the input coupler sliced along 
the xy plane. Note that the width of the end cells is w= 
1.99 mm as compared with w= 2.364 mm for the other 
cells. 

To assess the machining accuracy provided by wire 
EDM, a test piece which contains key features such as 
reference holes, pumping holes, and cavity cells, was 
fabricated and evaluated by a Leitz coordinate measuring 
machine which has a measurement accuracy of ±0.5 (im. 
This test piece was cut on a AGIECUT 150 HSS wire 
EDM using a 4 mil brass wire at Ron Witherspoon, Inc.. 
The design of this test piece is depicted in Fig. 4. 

The deviation of nominal centers of cavities was 
within 1 (im, and the variation of sizes of cavities was less 

than 2.7 (lm. The center of pin hole at the upper right 
corner was off by 3.5 (Am in z and 0.3 (im in x direction. 
The distance between two pin holes are 38 mm in z and 
39 mm in x respectively. The results from the test cut 
seem encouraging. The above results suggest that the 
fabrication error might be dominated by the accuracy of 
alignment and assembly of all constituent layers. 

cavity cell 

0 
beam pipe 

MODOD: 

0  - -0 
f.      pumping slot 

—-z 

Fig. 4: The schematic sketch of test piece. The reference 
zero is the center of the pin hole at the bottom left corner. 

The RF evaluation of the complete first prototype is 
presented in P.J. Chou et al. submitted to this 
conference[4]. 

3 THE SECOND GENERATION DESIGN 

The desire to improve compatibility with cooling and 
vacuum and relax the tight requirement on layer to layer 
alignment leads us to the design depicted in Fig. 5. The 
structure will be divided into four layers. The key parts 
are layers a and b. The RF power will be coupled into the 
structure from the horizontal direction. The matching 
devices used to reduce the reflection of incident power 
will be integrated into the same layer with the cavity cells. 
From the results of previous test cuts, we are more 
confident in the machining accuracy provided by EDM 
than in the alignment technique. The sketches for layer a 
and b are shown in Figs. 6 and 7 respectively. The 
matching devices have the same height as the cavity cells. 
This one height level design will make technique 
LIGA[3] a possible candidate for fabrication. Besides 
wire EDM technique, sinker EDM could also be used to 
fabricate the structure. 

From the standpoint of RF design, the horizontal 
coupling scheme is better than the vertical coupling 
scheme used in the prototype in Fig. 2. The vertical 
coupling scheme could induce a TE10 mode which can 
leak out through the beam pipe or pumping slot if the 
electromagnetic field is not properly symmetrized for a 
single-feed design. This is why we have a narrow beam 
pipe(1.4 mm) in the prototype. From the standpoint of 
wake fields, we would like to have a wider beam pipe. 
The horizontal coupling scheme will allow us to use a 
wider beam pipe without worrying about power leakage. 
The basic principles are the same as those of a magic 
T[5]. 
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FINAL ASSEMBLY 
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Fig. 5: Sketch of the 2nd generation design. Vacuum and 
cooling channels are included. 
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Fig. 6: Sketch of layer a — the top half of the structure. 
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Fig. 7: Sketch of layer b — the bottom half of the 
structure. 

4 ENGINEERING ISSUES OF THE 
SECOND GENERATION DESIGN 

Simplified models were used to estimate some basic 
characteristics of the cooling and vacuum. A flat duct 
carrying water at high velocity is used. The duct is 
assumed to have an infinite width. The higher the water 
flow velocity, the higher the heat transfer up to the point 
where water flow erodes the metal and the water 
cavitates(boils) where it is forced around corners or over 
edges. As a practical limit, a flow velocity of 600 cm/sec 
is used. For a 10 °C temperature gradient between the 
metal wall and 600 cm/sec fluid velocity, the heat transfer 

was calculated to be 50.5 watts/cm2 in a 2 mm high duct. 
An estimate of the average heating due to the RF power 
dissipation on the wall was made with the following 
parameters: E= 300 MV/m, r = 250 Mil/m, RF pulse 
length= 40 ns, repetition rate= 150 Hz, structure width= 4 
mm. The average heating per unit area was estimated to 
be 25 watts/cm2. 

Vacuum has been estimated to be around 10"10 Torr 
for a 1mm X 10 mm rectangular duct that is more or less 
continuously connected to the structures. The estimate 
assumes only outgasing from temperature rise due to 
average RF power. The flux of outgasing from the 
accelerator structure itself due to pulse heating of peak RF 
power would have to be added in. The pulse heating 
problem is currently under experimental investigation[6]. 

5 SUMMARY 

We have presented the design concepts, results of 
mechanical test cuts, and discussions on various 
engineering issues for 90 GHz accelerating structures. 
Cooling and vacuum do not seem to be major problems. 
Fabrication issues do not seem to be an obstacle. 
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WAKEFIELD DYNAMICS IN QUASI PERIODIC STRUCTURES 

A. Novokhatski* and A. Mosnier 
CEA/DSM, CEA-Saclay, F-91191 Gif-sur-Yvette Cedex, France 

Abstract 

The behavior of longitudinal wakefields of very short 
bunches, excited in in multicell accelerating structures has 
been studied. Computations were performed in structures 
proposed for future linear colliders (like TESLA, SBLC 
and NLC) for bunch lengths down to 50 micrometers. The 
loss factor, which gives the global energy loss of the bunch, 
and the profile of the wake function, which is of major in- 
terest for bunch energy spread calculations, have been care- 
fully studied. A strong modification of wakefields along 
the finite train of multicell cavities was clearly found for 
short bunchlengths. In particular, the wakes induced by 
the bunch, as it proceeds down the successive cavities, de- 
crease in amplitude and become more linear around the 
bunch center, with a profile very close to the integral of 
the charge density. The loss factor per unit length, decreas- 
ing also with the number of cavities, becomes independent 
of bunchlength for very short bunches and goes asymptoti- 
cally towards a finite value in the permanent regime. How- 
ever, any break in periodicity (or multi-periodicity) will 
spoil the wake distribution and hence tends to increase the 
wakefield amplitude. 

1   INTRODUCTION 

The wakefields, excited by very short bunches in accel- 
erating structures, are of major concern in the design of 
new projects for Linear Colliders and X-ray Free Electron 
Laser, because they can give rise to large energy spreads 
and transverse emittance growths. Up to now, wake- 
fields calculations had been performed for single TESLA 
cavities[l]. They showed dramatic bunchlength depen- 
dence, scaling approximately inversely with square root 
of bunchlength. For the TESLA linac and especially for 
the SASE FEL mode[2], such wakefield behaviors could 
lead to relatively large uncompensated energy spreads. It 
is worthwhile noting that the ratio of iris radius over the 
bunch length, the relevant parameter for wakefield stud- 
ies, is about 50 for the TESLA linac and even 700 for the 
SASE FEL parameters. Some analytical and qualitative re- 
sults (see, for example[3]) predict the behavior of fields 
induced by short bunches in a single cavity and periodic 
structure. Unlike long bunches, wake potentials for very 
short bunches scale inversely with the square root of dis- 
tance and become infinite at vanishing distance for a single 
cavity, whereas they are bound for periodic structures. It 
is then of outstanding importance to know when a chain 
of cavities behaves like a periodic structure or like a single 
cavity. The three regions, single cavity, transient and per- 
manent regime were studied by means of numerical sim- 

ulations on different structures. The results on the train of 
TESLA cavities will only be presented here. Unfortunately, 
conventional time-domain codes need very tiny mesh sizes 
to cope with the very high frequency part, generated by 
short bunches, leading to unreasonable long CPU times and 
poor accuracy [4]. For successful numerical wakefield cal- 
culations, a time-domain code, called NOVO, was then es- 
pecially developed for very short bunches by one of the 
authors. For solving Maxwell's equations in time domain, 
the finite-difference method with improved characteristic 
of the dispersion curve in the region of minimum critical 
wavelength was used[5]. Lastly, an 'universal' analytical 
expression, valid for periodic structures, has been com- 
pared to the numerical results. We found that the couple 
of adjustable parameters, are very smooth functions of the 
exact geometry for multi-periodic structures like TESLA. 

2   SINGLE-CELL APPROACH 

Starting from the TESLA cavity, which is composed of 9 
cells, we consider the single-cell approximation, where the 
different cells of a cavity are assumed independent. For 
relatively long bunches, this approximation is justified and 
can help in understanding the wakefunction evolution with 
bunchlength. Two parameters can be used to describe the 
"smallness" of the bunch length: the aperture radius a and 
so, which is defined for a cell with gap length g as So = 
a2/2g. In the case of a single cell with simple rectangular 
shape, for the distances smaller than the aperture radius s < 
a, it is possible to derive a good analytical estimation of the 
point-like wakefunction [6] 

,  v       ZQC s + g y/s(s + 2g)) 

where the function F(x) is given by 

(2/x) arcsin(a;/2) 

(TT/S) 

F(S-)} 
a 

F(x) = 
ifz <2 

ifx> 2 

The bunch wake potential W(s) induced by a Gaussian 
bunch with a bunchlength a = 0.5 mm passing through 
a TESLA-like cell, approximated by a rectangular shape 
(a=35 mm, g=90 mm and b= 103.3 mm), has been calcu- 
lated from the convolution of the above wakefunction for- 
mula with the bunch charge density and from time-domain 
simulations. Both results are shown on Fig. 1 and are in 
very good agreement. For much shorter bunches, when 
s < < s0 (so = 5.3 mm for the TESLA cell), the well known 
result of K. Bane and M. Sands[3] can be found again from 
the above expression 
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Budker Institute of Nuclear Physics, 630090 w(s) = 
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Figure 1: Wake potential for a rectangular TESLA-type 
cell: numerical (circles) and analytical results (solid lines). 

For a single cell, the wakefunction (bunch wake potential) 
varies inversely as the square root of the distance (bunch- 
length). A slight discrepancy between numerical simula- 
tions and theoritical scaling with bunchlength was found 
in bell-shaped cells like the TESLA cavity, and can be ex- 
plained by the following. The more the bunch is short, the 
less the fields penetrate the elliptical iris region. We can de- 
fine an "equivalent gap", which grows (from 88 to 100 mm) 
when the bunch shortens (from 1 to 0.1 mm). 

3   MULTI-CELL APPROACH 

Whereas the field pattern around the bunch is assumed un- 
changed before and after its travel through a cell in the 
single-cell approximation (the total energy loss in multi- 
cell structures would be then simply the sum of the losses in 
the individual cells), this assumption is not any more valid 
for short bunches. For example, the electric force lines left 
by the bunch in the exit beam tube of a single-cell cavity are 
represented on Fig. 2 for two bunchlengths a = 2 mm and a 
= 100 /j,m. The electric force lines are almost radial for the 
longer bunch, as they were before the cell, whereas a lot of 
lines lie horizontal and do not touch the wall of the beam 
tube in the vicinity of shorter bunch. The next cell will 
then be excited by the bunch of "extended length" and the 
radiation energy will be smaller than in the previous cell. 
After several cells, the electric force lines in the iris region 
reach a "steady-state regime", as if they were induced by an 
equivalent longer bunch. The number of cells N needed to 
achieve this periodic behavior depends on the bunchlenth a 
: the more the bunch is short, the more the number of cells 
must be large. It be estimated from a simple geometrical 
model of the radiation process for a structure of period L : 
N > a2/2aL. Time domain simulations were performed 

on a periodic structure, consisting of regular TESLA cells. 
Fig. 3 shows the loss factor per unit length for a bunch- 
length of 0.2 mm as a function of the number of involved 
cells and converges to a finite constant value after a large 
enough number of cells (steady-state). 

number of cell 

Figure 3: Loss factor vs number of cells in a chain of regu- 
lar TESLA cells (a = 0.2 mm). 

In the region of very short bunches, the loss factor does 
not nearly depend on the bunchlength and is given by 
k = Zoc/2na2. However, more than 50 cells are needed to 
achieve the stabilization of the wakefunction. It was found 
that for any periodic structure, the wake potential can be 
very well described by the following expression, as sug- 
gested by K. Bane[7] 

w(s) = ^((l+ß)eM-\[^)-ß) 

The parameter ß is 0.16 and so = a2/2L. 
Figure 4 shows wake potentials, calculated for the 

0.2 mm long bunch for different number of cells (from the 
sixth to the tenth 9-cell regular TESLA cavity, as well as 
the analytical expression. A very good agreement is clearly 
observed : from the head to about one a after the bunch 
center with a fast convergence of the wakes and at the tail 
with damped oscillations of the wakes around the analytical 
curve. 

S(mm) 

Figure 2: Electric force lines of the bunch field just after 
one TESLA cell for <x=2 mm (left), cr=0.1 mm (right) 

Figure 4: Wake potentials induced in cell numbers 54, 63, 
72, 81, and 90 (dark line) and the analytical expression (cir- 
cles) in the periodic TESLA structure (c=0.2mm). 

4   MULTI-PERIODIC STRUCTURE 

If the multi-cell approach gave a good estimation of the 
wakes induced in periodic structures, the TESLA linac is 
far from being purely periodic. It is in fact a multi-periodic 
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structure : a first elementary period is the regular bell- 
shaped cell, a second one is the 9-cell cavity, connected to 
a beam tube and a third one is the module, housing 8 cavi- 
ties and a different connecting tube. In addition, some ex- 
tra effects, like the larger tube diameter with respect to the 
iris aperture, must be taken into account. When the bunch 
leaves a cavity and enters the drift tube, some field must be 
created to fill in the space enclosed between the two differ- 
ent radii of 35 and 39 mm. First, wake potentials were cal- 
culated for a TESLA module, housing eight 9-cell cavities 
and beam tubes. The successive wake potentials, induced 
in each of the individual cavities and their beam tube, are 
shown on Fig. 5 (left) for a bunch of length a = 0.2 mm. 
In the same way, the wake potentials, calculated for the pe- 
riodic structure, composed of regular TESLA inner-cells, 
and without spacing between cavities are reproduced on 
Fig. 5 (right) for comparison. We note that the shapes are 
identical, but with larger amplitudes per cavity in the real 
multi-periodic TESLA structures.  For the multi-periodic 

s(mm) s (mm) 

Figure 5: Wake potentials induced by each of the cavities 
(<7=0.2mm) in first real TESLA module (left) and in peri- 
odic structure composed of regular cells (right), 

structure, we found that the wake potential per unit length 
can be described by the same previous expression, valid for 
the periodic structure, but with two additional parameters 

w(s) = iÄ((l + ß) exp(-a./^) - ß) 

The parameters A = 0.94, a = 1.33 and ß = 0.18 were 
found from the fit of the loss factors, computed for different 
short bunches. The wake potentials induced in the last 8th 
cavity of the module are plotted on Fig. 6, as well as the an- 
alytical results for two bunchlengths, 0.2 mm and 0.05 mm. 
We can note that the steady state is practically achieved for 
the 0.2 mm long bunch, but a larger number of cavities is 
needed for the shortest 0.05 mm bunch. However, in the 
reality, the spacing between the last cavity of a module and 
the first one of the next module will be larger than the stan- 
dard spacing (3 rf half-wavelengthes) between two succes- 
sive cavities. The bi-periodicity is broken again and as a 
result, the wakefields will be reinforced. This effect can be 
observed on Fig. 7. At the left side, the wake potentials 
for a 0.05 mm bunch are drawn for each of the eight con- 
secutive cavities in a first module. It is worthy to note the 
amplitude, decreasing with the cavity index. At the right 
side, they are drawn for the next 9th cavity, with a same 

s/slgma 

Figure 6: Wake potentials in the 8th cavity of the TESLA 
module for (a=0.2 mm and <r=0.05 mm) and analytical re- 
sults (circles). 

standard spacing (as if it belonged to the previous module) 
and with the real additional spacing between two modules. 

Figure 7: Wake potentials in the 8 cavities of a module 
(left) and in a 9th cavity (right), with standard spacing and 
with real spacing (circles) 
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A STATISTICAL APPROACH TO ANALYSE EFFECT OF 
MISALIGNMENTS AND CORRECTION ALGORITHMS IN 

HIGH-ENERGY LINACS 

S. Fartoukh, CERN, 1211-Geneva 23, Switzerland 

Abstract 

This paper presents a new and general tracking method ca- 
pable of analysing, in a statistical way, the dipole wakefield 
effects on a high-energy charged-particle beam. 

1   EQUATION OF MOTION 

We consider an electron bunch travelling along a line con- 
taining magnetic quadrupoles and RF structures. We note s 
the longitudinal coordinate along the line, and z, a rela- 
tive position within the bunch ( z > 0 at the bunch tail). 
We will assume the beam to be fully relativistic so that 
the longitudinal distribution of particles p(z) is completely 
rigid along the s axis. For a slice of charge at a relative 
position z inside the bunch, we note dx(s, z) the trans- 
verse position (horizontal or vertical) of its centre of grav- 
ity, x(s, z) = Sx(s, z) + x(s, z) the position of any par- 
ticle within the slice, and j(s, z)mec

2 its energy (thus, x 
describes the betatron motion in the presence of accelera- 
tion). Then, the fundamental dynamics relation, projected 
on the transverse and longitudinal planes, gives [1]: 

rx"(s,z) + 7'(s, z) /~/(s, z) x'(s, z) + k(s,z)x(s,z) 

e2/meC 
y(s,z) 

/z 

■0 

W${z-z*)p(z*)6x(z*)dz* 
(1) 

7'(s, z) = e/mec
2 (GRF(S, Z) - e /    p(z*) W[(z - z*) dz*) 

J—00 

Here, W[ and W% are the longitudinal and transverse 
delta-function wake potentials, k(s, z) [m~2] is the qua- 
drupole strength seen by the slice z and GRF(S, Z) [V/m] 
represents the accelerating field along the line1. Summing 
Eq. 1 over all the particles of the slice z, we obtain the 
equations verified by 5x(s, z) and x(s, z): 

' 5x"(s, z) + 7;(s, z)/j(s, z) 5x'(s, z) + k(s, z) Sx(s, z) 

e2/mef f   W$(z - O p(z') 5x{zm) dz* (2) 

7(S>*0    J-oo 

x"(s, z) + 7'(s, z)/~i(s, z) x(s, z) + k(s, z) x(s, z) = 0   (3) 

Eq. 3 is the the well-known Hill equation and the classi- 
cal theory of the beam matrix and R matrix, not reported 
here, can be applied in order to track the "x-envelope" of 
each slice all along the line2. Eq. 2 has no analytical solu- 
tion in the most general case and its numerical treatment is 
presented hereafter. 

1
GRF(S, z) = 0 and k(s, z) = Gq(s)e/ (7(s, z)mc) in quadrupoles, 

Gq(s) [T/m] being the step function which describes the quadrupole 
gradient within the line; GRF{S,Z) = GRF COS{UJRFZ/C — </>RF) and 
k(s, z) = 0 in RF structures. 

2In this model, we see that the motion of x is totally independent of 
the one of Sx; this would not be the case anymore if, for instance, we had 
taken into account the quadrupole mode of the wakes. 

2   GENERALISED R-MATRTX 

By splitting the bunch into ns slices of thickness Az, we 
can write the integro-differential equation 2 as a vectorial 
differential equation of order one and dimension 2ns: 

X'{s) = A(s) * X{s) (4) 

where X{s) = [Sx(s,z{), Sx'(s,zi)... Sx(s,zn,), öx'(s,zna)} 
and where A is the following 2ns x 2ns matrix: 

(Al    0 

A= 

0 \ 
0 

with< 

\AnalAns2- ■ -A°nJ 

Al- 

Aij — 

-k(s,Zi) 
Y(s,zt) 
y(s,zi) j 

' 0 0 
Azp(zj)Wr(zi-Zj)0 

The solution of the previous equation can be written as 
X(s)=TZ(s)*X(0), where TZ(s) is a 2nsx2ns matrix that 
we call "generalised R-matrix in the presence of wakefield" 
and which verifies the matricial differential equation: 

11'{s) = A(s) * TZ(s)  with ft(0) = Id (5) 

We can easily see that, like the A matrix, 1Z is a lower 
triangular 2x2 block matrix: the diagonal blocks R^ de- 
scribe the motion of the slices z, without any wakefields 

(R% = Al * Rf-t) whereas the lower blocks Rij, i>j, tes- 
tify to the interaction between the slices Zj and Zj due to the 
transverse wake. Certainly more complicated than a classi- 
cal tracking, this method has nevertheless the advantage of 
a very practical computation of the beam line sensitivity to 
the displacements of its components (next section). 

3    BEAM LINE SENSITIVITY 

Simple case: 

dy = y = $ = 0 '             \ 

X'jn 

\ 
X 

A 
Entry face of the           > 
displaced component     ■ 

Idx ,                 ;l s -m 

" \!        ds           ; 

Figure 1: 

Here, we are interested in the effects of transverse mis- 
alignments of the beam line components. Assuming the 
elements to be totally rigid objects, their position along the 
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line can be defined by six parameters (see Fig. 1); first, 
we execute a global translation of the component, then, 
three rotations, leaving invariant the middle point of the 
displaced entry face of the component (I[a in Fig. 1): 

• the horizontal, vertical and longitudinal displacements 
dx, dy and and ds respectively. 

• the rotation 9 around the actual vertical axis, y-m in 
Fig. 1, or yaw angle, the rotation 4> around the newly 
defined horizontal axis, x[n in Fig. 1, or pitch angle, 
the rotation ij> around the newly defined longitudinal 
axis or roll angle. 

We will forget here the "longitudinal alignment errors", ds 
and ip, which do not create any transverse offset3. Then, we 
consider a component of length L with the misalignments 
dx and 9, and we suppose that the beam goes into the com- 
ponent (abscissa so) with the initial conditions X(so); us- 
ing the previous section, we can compute the beam offset 
at the component exit (si = s0 + L) in the following way: 

X(si) = K{s0^ si) (x(si) + Xm{dx,e)\ + Xoat(dx,0) 

whereXin(dx,0) = -[dx,6,...,dx,0] andXoat(dx,9) = 
[da; + L9,9,...,dx + L8,9} refers to the change of coor- 
dinate at the component entry and at the component exit 
respectively. Thus, at any abscissa Sf, we can estimate the 
line sensitivity relative to the misalignments of any of its 
components; for instance, for a yaw angle 0» of the element 
number i, we obtain: 

deiX(sf) = TZ(si + Li^Sf)(eont(Li)+Tl(si-*Si + Li)Gi^ 

with 6in = -[0,1... 0,1] and e^U) = [U, 1... U, 1]. 
Finally, in the same way, we can obtain all the response 
coefficients of the line, concerning the initial offset (angle 
and position) of the bunch. 

4   CORRECTION ALGORITHMS 

The simplest alignment methods are based on a correction 
of the bunch centre-of-charge deviation measured at one or 
several beam position monitors (BPM) within the line by 
moving the quadrupoles transversely. More recently, new 
correction schemes have been proposed, based on the si- 
multaneous minimisation of trajectory deviations and tra- 
jectory differences linked to variable quadrupole settings or 
linked to variable bunch charge or bunch length [2]. How- 
ever that may be, all these correction techniques have in 
common the following fact: they all come down to the min- 
imisation by moving quadrupoles of a certain function $ 
which depends quadratically on measurements of trajectory 
deviations. Then, it can be shown [3] that after this min- 
imisation the vector X(sf) (containing the positions and 
angles of the ns slices at the line output) does not depend 
anymore on the quad misalignments before correction but 

only and in a linear way on the errors of the line4, that we 
write in the formal following way: 

3For flat beams, the roll angle ip, coupling both transverse planes, may 
become critical for the emittance growth in the plane where the beam 
dimension is the smallest, but, actually, it is not yet implemented in the 
method. 

X(sf)=MerdXer (6) 

where dXer is a stochastic vector containing the "errors 
of the line" and where Mer is a 2ns x Ner matrix which 
depends on the focusing lattice (via the response coeffi- 
cients) and on the choice of the correction algorithm (via 
the choice of the function $). 

5   STATISTICAL BEAM RESPONSE IN TERM OF 
EMITTANCE GROWTH 

From now on the rest of the paper, the notation <Q>er will 
represent the average of the quantity Q over the statistic 
distribution of the "errors", compared to the same notation, 
without suffix, referring to an average over the longitudinal 
particle distribution p(z). So, we suppose that the vector, 
mer =<dXer >er, and the covariance matrix, Ter = < 
dXer 

TdXer >er -merrier, are known quantities which 
depends on the pre-alignment scheme5. 
For the sake of simplification, we will assume mer = 0. By 
using Eq. 6, we can compute the average and the covariance 
matrix of the vector X(sf) at the line output: 

m = < X(sf) >e 
; def 

= Mer Hier = 0 

r  = < X(sf) lX(Sf) >er = Mer Ter 'Mer 
(7) 

Nevertheless, for reasons which will appear later, we prefer 
to define the symmetric matrix Vi < ; < 2»» by: 

1 < 3  < 2«a 

r2i-i,2j-i= £Qij((5x{zü- <Sx>)(öx(zj)- <5x>)) 

T2i,2j        = ^Qij((Sx'(zl)- <6x'>){5x'(z3)- <5x'>) 

r2i-i,2j    = £Qij((6x{z,)- <öx>){Sx'(z3)- <Sx'>)\ 

l<i<nB, l<j<ns, where AQi3= Az^/'p{zi)p(z3) , 
na ns 

<5x>= Y^ Azp(zn)<5a;(zn) and <&x >= Yj Azp(z„)<5a:'(z„) 

which can be easily computed from V and p(z). 
The beam matrix of the whole bunch at the line output is 

(<a;2 >     <xx' >   \ 
, ,2       1 where the nota- 

tions used are explained hereafter. 

• < x2 > is the RMS value of the transverse beam ex- 
tension at the line output. Since the motions of x(z) 
and 5x(z) are uncorrelated (Section 1), we have: 

<x2 >=  f dzp(z) [{a2
x{z) + (6x(z)- <Sx>)2} 

4From now on the rest of the paper, by "errors of the line", we will 
always refer to the structure and BPM misalignments, to the BPM and 
correction resolution, and to the initial conditions of the different trajecto- 
ries considered in the correction algorithm. 

5Here, we will only consider static misalignments of the structures, 
resulting from the linac pre-alignment strategy; then, we suppose that the 
characteristic time required to apply the correction remains very small 
compared to the characteristic period of the machine vibrations (ground 
motion). 
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where ax(z) represents the transverse size (RMS 
value) of the z-slice at the line output. 

• In a similar way, and with evident notations, we have: 

<xn > = fdzp(z) [a2
x,(z) + (Sx'(z)- <&x >f] 

<xx>=   dzp(z)[axx>(z) + (6x(z)- <6x>)(6x'(z)- <<5x'>)] 

Thus, we can write the matrix 5 in the following manner: 

/ n3 na \ 

5 = So + 

/     X271-1 X2n /     X{ 

\   n=l n=\ 

(8) 

/ 

where So is the beam matrix at the line output, assum- 
ing no error within the line6, and where X is the 2ns- 
dimensional vector defined by: 

X2n-i= ^/Azp(z„)(<5x(z„)- <Sx>\,     1 < n < ns 

X2n = \/Azp(z„)(6x'(z„) — <Sx'>),    1 < n < ns 

(9) 

the covariance matrix of which is the matrix T previously 
defined. Finally, the RMS emittance is defined as usual by: 

<*) w) (10) 

In order to go further in the computations, we are forced to 
make the following assumption: we assume the vector Xer 

to be Gaussian, so that the vector X becomes also Gaus- 
sian7. Hence, the knowledge of T permits the complete 
description of the statistical distribution px related to the 
vector X: 

px(x) = V expf-far-1*) 
W      (2ff)». ^/detCT)       V   2 / 

(11) 

The first and second moment of the emittance distribution 
are then: 

<e>e - L 
- L 

e(X)px(X)dX 

e2(X)px(X)dX 
(12) 

The second moment is easy to compute, since the function 
e2(X) is a polynomial in X of degree 4. For the compu- 
tation of the first moment, a direct estimation by numerical 
integration is of course out of question (the computation 
time growing exponentially with 2ns). In fact, we are able 
to reduce this integral to a 2-dimensional integral (indepen- 
dently of ns) and, under these conditions, we can compute 

6So = YZ'=1 P(*") Az<nSi„(z„)TflJin where Ein(*„) is 
the beam matrix of the slice zn at the line input and R° n, the diagonal 
block (n, n) of the generalised R-matrix of the whole line, which is also 
the classical 2x2 transfer matrix describing the motion of the slice z„ 
without any wakefield (Section 1). 

1X depends linearly on the vector X, Eq. 9, which depends linearly 
on the vector Xer, Eq. 6. 

it numerically [3]. 
If now, we note N(e), the percentage of machines which 
give, a final single-bunch emittance lower than e, we have: 

N(e) = [        px{X)dX= [     e(e - e(X))px(X) dX 

where 0 represents the Heaviside step function. Thus, by 
definition of the density pe, we have: 

Pe(e) = ^(e) = /     6(e-e(X))px(X)dX       (13) 

where 5 is the Dirac distribution. Unfortunately, no solu- 
tion was found permitting the estimation of this distribution 
in the most general case. Indeed, we have to approximate 
e(X) by its development at the second order in the coeffi- 
cients of the vector X. In other words, we assume that a 
perturbation regime has been reached, for which the non- 
constant part of the function e(X) becomes small, when 
averaging over the distribution of the beam line errors, in 
such a way that the moments of order greater than two can 
be neglected. Thus, we write: 

e(X) = Vdet(Eo) 1 + -TXTö lX   + o(X4)      (14) 

where To is the following 2x2 block diagonal matrix: 

r0^
f 

/ £0 
0 

0 
So 

0   \ 
0 

(15) 

\   0      0     ...    So / 

Finally, with this approximation, we obtain [3]: 

Pt(Ae/e) = i- l°°dk exp(tfe(^/e)) \f[ (1 + ik\p)] 

where Ae/e= (e — \/det£0)/\/detSo and where Ap, 

l.<P<2nä, are the 2ns eigenvalues of the matrix ITÖ1. 

6 CONCLUSION 

Starting from a given probability law for the misalignments 
of the beam line components, a given trajectory correction 
scheme, and a given focusing lattice, the method computes 
the statistical distribution laws of certain quantities relative 
to the beam itself. Therefore, the power of this new ap- 
proach lies in the fact that it can generate, in one single 
passage, statistical results which could be reproduced by a 
classical tracking program, but in a much more tedious way 
(several runs on several beam lines with randomly gener- 
ated misalignments). 
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Abstract 

In this paper, we describe the single and multi-bunch 
sources of emittance dilution in the linacs of both 1 and 
5 TeV center-of-mass energy linear colliders. The linacs 
operate at high rf accelerating gradients with a frequency 
around 30 GHz. At this high accelerating frequency, the 
wakefields are very strong and we discuss the BNS damp- 
ing and correction procedures as well as the alignment and 
construction tolerances that are required to preserve the 
transverse emittance. Finally, because the collider must op- 
erate with long bunch trains, we consider the multi-bunch 
emittance dilution for a few cases where either the long- 
range transverse wakefield is damped or it is decreased by 
a combination of weak damping and detuning. 

1   INTRODUCTION 

In this paper, we discuss the emittance dilutions in linacs 
for linear colliders with center-of-mass energies (cms) be- 
tween 1 and 5 TeV. The 5 TeV collider is based upon the 
design described in Refs. [1,2] while the 1 TeV version is 
similar to the CERN Compact Linear Collider (CLIC)[3] 
although using slightly different parameters which have 
been optimized to reduce the effect of the transverse wake- 
fields. The primary beam parameters for both cms energies 
are listed in Table 1. 

Center-of-mass energy [TeV] 1 5 
Luminosity [1033cm_2s_1] 10 100 
Part, per bunch (JV) [1010] 0.4 0.3 
Bunches per train (nt) 45 200 
Bunch spacing (At) [ns] 0.5 0.5 
Bunch length (az) [/xm] 50 35 
Emit, from DR (ryex/y) [1(T8] 100/5 40/0.5 
Emit.atFF(7ex/„)[10-8] 125/10 50/1 

Table 1: Beam parameters for 1 and 5 TeV colliders 

In both cases, the accelerators are based on 30 GHz rf 
power. This relatively high rf frequency allows for much 
higher acceleration gradients without significantly more se- 
vere alignment tolerances[2, 4]. Even though the wake- 
fields are much stronger in the high frequency structures, 
this scaling arises because the optimized charge and bunch 
length are much smaller and thus the effect of the wake- 
fields and the required tolerances are comparable to those 
in lower frequency designs. 

The primary sources of emittance dilution that we con- 
sidered are due to misalignments, both static and time- 
varying, of the accelerator sections, quadrupoles, and 
BPMs. Simulations were performed using the codes 
LIAR[5] and MBTR[6] which differ slightly in the mod- 
els utilized but give similar results. In the next sections, we 
first describe the linacs that were studied and then discuss 

the single bunch dilutions, the multi-bunch beam break-up 
and emittance dilution, and finally, the jitter and stability 
issues. 

2   LINAC DESIGNS 

The loaded accelerating gradient is 100 MV/m in the 1 TeV 
case while it is twice that in the 5 TeV design. Both de- 
signs have an injection energy of 10 GeV and the linacs are 
constructed from standard FODO arrays. In addition, the 
lattice cell lengths and beta functions, for the 1 and 5 TeV 
cases, scale roughly with the beam energy to the powers 
0.4 and 0.5 and are arranged into 5 or 6 separate sectors, 
respectively. The linac parameters are listed in Table 2 and 
the vertical beta function in the 5 TeV design is shown in 
Fig. 1. 

Center-of-mass energy [TeV] 1 5 
Loaded ace. gradient (G) [MV/m] 100 200 
Beam loading 15.7 12.3% 
Total linac length [km] 8.1 15.8 
Active/total length 65% 80% 
Initial energy [GeV] 10 10 
Init. cell length [m] 6.6 7.2 
Approx. energy scaling 0.4 0.5 
Average rf phase (&•/) -13° -5° 
Energy overhead for BNS 2% 1% 

Table 2: Linac parameters for 1 and 5 TeV colliders 
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Figure 1: ßy in a linac of the 5 TeV collider. 

In most sectors, the phase advance per cell starts 
at roughly 90° ~100° and then slowly decreases, re- 
ducing the variation of the energy spread required for 
'autophasing'[7] which is used to control the single bunch 
beam break-up. In the 1 TeV case, this required energy 
spread is roughly 0.8% rms while it is about 0.4% rms in 
the 5 TeV case. Finally, the average rf phase required to 
achieve a final relative energy spread of 0.8% full width is 
-13° and -5° for the two cases while the energy overhead 
required to vary the rf phases and implement the autophas- 
ing is roughly 1~2%. 
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3   SINGLE BUNCH DILUTIONS 

The primary single bunch emittance dilutions are due to the 
transverse wakefields and the non-zero beam trajectory that 
arises from quadrupole and BPM misalignments. As listed 
in Table 3, we have assumed tolerances of 10 /xm random 
misalignments of the accelerator structures and 2 /im align- 
ment between the quadrupoles and the BPMs; the initial 
quadrupole alignment is not important. These values are 
similar to those used in the NLC design[8] and would be 
attained using beam-based alignment. Specifically, the ac- 
celerator structures could be aligned to the beam trajectory 
by measuring the beam induced dipole mode power and 
the quadrupole-to-BPM alignment could be determined by 
varying the quadrupole strengths; more details on the align- 
ment techniques can be found in Ref. [8]. 

Center-of-mass Energy [TeV] 1 5 
Tolerance on quadrupoles [fj.m] 100 100 
Tolerance on rf struc. [/im] 10 10 
Tol. on BPM-to-quad [/xm] 2 2 
Correction procedures 1-to-l 1-to-l & 

e-bumps 
Single Bunch Aey/ey 45% 33% 
Full Train Aey/ey 46% 37% 
Emittance Budget 100% 100% 

Table 3: Tolerances for 1 and 5 TeV colliders; the 1 TeV version 
only uses 1-to-l trajectory correction while the 5 TeV collider also 
requires the use of emittance bumps similar in concept to those 
used in the SLC. 

With these tolerances and correcting the trajectory with 
the simple 1-to-l method, we find ~50% vertical emittance 
growth in the 1 TeV design and ~200% growth in the 5 TeV 
case. While with the 1 TeV parameters, the emittance dilu- 
tion after the 1-to-l trajectory correction is acceptable, this 
is not the case at 5 TeV and thus some additional form of 
emittance correction has to be considered. 

3.1   Emittance Correction 

There are a number of possible emittance correction tech- 
niques. In this paper, we describe a global correction tech- 
nique where emittance tuning 'bumps' are varied to mini- 
mize the emittance at emittance diagnostic stations located 
along the linacs; a similar technique is routinely used at the 
Stanford Linear Collider (SLC) to reduce the vertical emit- 
tance dilution from roughly 1000% to about 100%[9]. In 
our case, the emittance tuning bumps are constructed from 
pairs of accelerator structures which are separated by 90° 
in betatron phase and are located upstream of the diagnos- 
tic stations. The results of simulations are shown in Fig. 2 
where five sets of bumps reduce the emittance dilution from 
roughly 190% to about 35%. Finally, results using an alter- 
nate technique, where the phase advance along the linac is 
varied by small changes in the quadrupole strengths, are 
describe in Ref. [10]; here, a similar six-fold reduction was 
also found. 
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Figure 2: Simulation of emittance growth versus distance in 
5 TeV linac after correction using 5 pairs of movable accelerator 
structures to minimize the emittance at the emittance diagnostic 
stations; the line is the average of 40 different error distributions 
with error bars to denote the variation while the crosses are the 
results from one of the 40 cases. 

4   MULTI-BUNCH DILUTIONS 

Multi-bunch beam break-up will limit the bunch-to-bunch 
spacing. In these high energy linacs, the amplitude of the 
long-range transverse wakefield is reduced by 'detuning' 
the dipoles modes so that there is a spread in mode fre- 
quency and/or by damping the wakefield directly. In ei- 
ther case, the wakefield decays rapidly with time. Thus, 
the threshold for multi-bunch instabilities, which is propor- 
tional to both the bunch charge and the wakefield, is ex- 
tremely sensitive to the bunch separation. 

We have calculated the emittance dilution that arises 
from an injection trajectory error versus the bunch separa- 
tion assuming a wakefield calculated by scaling the NLC 
DDS accelerator structure[8] to 30 GHz. The dilution 
remains roughly equal to the single bunch dilution un- 
til the bunch separation is reduced to 10~12 rf buckets 
where the beam break-up becomes significant. Similar re- 
sults are found using the wakefield for the CLIC damped 
structure[ll] but the CLIC DDS accelerator structure[12] 
does not perform as well at the shorter bunch spacing be- 
cause it was optimized for a bunch spacing of 30 buckets. 

If the multi-bunch beam break-up is small, the multi- 
bunch emittance dilutions are also usually small when com- 
pared to the single bunch emittance dilutions. Assuming 
the tolerances described in the previous section, we find 
that this is true for both the 1 and 5 TeV cases; as listed in 
Table 3, the dilutions with a full bunch train are very similar 
to the single bunch dilutions. 

5   JITTER AND STABILITY 

One of the big liabilities in a large linear collider is the 
sensitivity to vibration and drifts. We can separate the mo- 
tion into three regimes: motion due to ground waves which 
tends to be highly correlated, high-frequency motion which 
is essentially random from magnet-to-magnet (jitter), and 
slow drifts where the elements perform random-walk type 
movements. 
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5.1 Correlated Ground Motion 

At low frequencies (/ ^10 Hz), where the wavelength is 
long compared to the betatron wavelength, the correlated 
ground motion has little effect on the beam; the beam sim- 
ply follows the ground contour. In addition, the trajectory 
feedback systems further reduce the sensitivity to the low 
frequency motion. Calculations, based on measurements at 
SLAC[8], show that, in the worst case, the induced beam 
motion would be less than 5% of the beam size. 

5.2 Jitter 

The jitter tolerance, to limit the beam motion to 25% of the 
beam size due to uncorrelated magnet vibration, is 4.5 nm 
in the 1 TeV design and 1.2 nm in the 5 TeV design; the 
reduction is primarily due to the smaller beam sizes in the 
higher energy case. This imposes tight, although not un- 
reasonable, tolerances on the man-made or 'cultural' vibra- 
tion; measurements at the ALS in Berkeley and the FFTB 
at SLAC have observed roughly 1 nm difference between 
quiet conditions where the magnet motion is simply due 
to ground motion and noisy conditions where all systems 
where operational. If necessary, additional stabilization 
could be provided by using either active or passive damp- 
ing. 

5.3 Drifts 

Slow drifts of the accelerator components are frequently 
described with the 'ATL' relation[13] which assumes that 
the magnet positions along the linac perform a random 
walk in both time and separation. In this case, the expected 
difference in transverse position between any two locations 
will vary as (Ay2) = A*T*L where T is the time between 
successive measurements, L is the distance separating the 
two locations, and A is a coefficient that depends on the 
geological conditions of the surrounding environment. For 
our calculations, we use a coefficient A=5x 10-7 fi2/s/m. 
This is larger than values measured in the FFTB tunnel at 
Stanford Linear Accelerator! 14] but is smaller than mea- 
surements at some other laboratories. 

In the 1 TeV case, the emittance dilution increases by 
roughly 50% after 30 minutes which is similar (50% faster) 
to the NLC design. The dilution increases roughly 3 times 
faster in the 5 TeV case as is illustrated in Fig. 3. This sug- 
gests that, in the 5 TeV case, the beam trajectory should 
be re-steered (using 1-to-l correction) every 5 minutes to 
constrain the time-averaged dilution to roughly 15%. Al- 
ternately, a similar correction procedure could be imple- 
mented as a slow steering feedback loop. In either case, 
there should be minimal luminosity impact. 
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Figure 3: Simulation of emittance growth versus distance in the 
5 TeV linac due to ATL motion after 10 minutes with coefficient 
A = 5 x 10~7; the simulation includes seven feedback stations 
that constrain the beam trajectory along the length of the linac 
and the results are the average of 40 different seeds with error 
bars denoting the variation. 
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A LOW EMITTANCE LATTICE FOR THE CLIC DAMPING RING 

J.P.Potier, CERN, CH-1211 Geneva 23, L.Rivkin, PSI, CH-5232 Villigen 

Abstract 

Damping rings with very small normalized equilibrium 
emittance and short damping times are required to 
deliver trains of bunches with a high repetition rate for 
the high-luminosity linear colliders. Using analytic 
expressions for the equilibrium emittance as a function of 
deflection angle per dipole, as well as the expression for 
the Twiss parameters providing the minimum emittance, 
a strategy to stay close to this minimum is described. In 
order to get as close as possible to the optimum Twiss 
parameters values, a quadruplet lattice with high 
horizontal phase advance is introduced. Finally, this 
approach is illustrated for the particular case of the CLIC 
damping ring and the resulting performance is described. 

1 INTRODUCTION 

The electron-positron linear colliders at high energy, 
requiring high luminosity, are all based on a high 
collision rate using beams of very small dimensions at 
the interaction point. These small beam dimensions 
require strong focusing in the final focus, as well as very 
small transverse emittance beams. Such small emittance 
will possibly be reached with high brightness electron 
guns presently under development, but is impossible to 
reach directly with the positron sources that have 
emittance three or more orders of magnitude higher. 
Therefore, for the positron beam, a damping ring facility 
will be necessary. 

Most of the damping rings proposed nowadays are 
based on the Theoretical Minimum Emittance lattice 
(TME) in which the Twiss functions ßx and Dx sate 
minimum in the middle of the bending magnet. The 
simplest example is a combined function bending magnet 
with a defocusing gradient and surrounding focusing 
quadrupoles to produce the appropriate Twiss functions. 
Such a lattice was proposed [1] for the CLIC damping 
ring. This ring was designed for the working energy of 3 
GeV in order to get enough damping, but due to the 
strong chromaticity correction sextupoles, it suffered 
from a severe detuning versus emittance and from a great 
sensivity of the transverse dynamical acceptance to 
misalignment errors. 

In this paper, using analytic expressions of the 
equilibrium emittance as a function of the deflecting 
angle per dipole, as well as the expression for the Twiss 
parameters corresponding to the minimum emittance, an 
expression for the emittance of the de-tuned lattice is 
proposed and a strategy to stay as close as possible to the 
minimum is developed, keeping the dispersion as high as 
possible, in order to limit the strength of the chromaticity 

correction sextupoles. A main damping ring based on 
this approach is then derived providing beam 
characteristics fulfilling, without any wigglers, the 500 
GeV/c CLIC injector complex requirements [2]. The 
corresponding parameter list for this damping ring is 
summarised in Table 2. 

2 MINIMUM EMITTANCE LATTICE 

The transverse equilibrium beam emittance of a ring 
working at an energy E, composed of dipole magnets of 
length L and deflection angle 0, can be expressed as a 
function of the optics parameters in the middle of the 
bending magnet a , ß, D, D'. After integration of the 

synchrotron integrals, using the approximation of small 
bending angle, the emittance is [3]. 

£x0 
_ cqE    I5 _ cqE 

yD2 + 2aDD' + ßD'2 

a-D' + r-D] 02 
12       ) 

\\2-L    320J 

where C„ = 1.468-10 
m 

GeV" 
. As is well known, this 

expression is minimum for aopt = D'0pt = 0 i.e. the optical 

and dispersion functions are symmetric with respect to the 
middle of the bending magnet and 

ßopt l^B,Dopt 
LB 

24  ' 
£x0 

CqE< 03 

Jx      I2VI5 
For the de-tuned lattice, still preserving the symmetry, the 
emittance blow-up s/sopt   can be expressed using the 

normalised values ßr = ß/ßopt and Dr = D/Dopt 

5 D1    2Dr 9 [   1     , ßr] 
—■• ■ + — ■  h  
8 ßr       ßr 2 [4 ßr     9j 

The family of curves for different values of constant 
blow-up ranging from 2 to 128 in the ßr, Dr diagram is 

shown using logarithmic scales in Figure 1. 
For a given emittance blow-up, the maximum of 

Dr =/( ßr) curve is chosen, where 

ßrmx=£r and Drmx =1 ,±.£T- 
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The curve representing the position of these maxima is 
also shown in Figure 1. 
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Figure 1 Dispersion versus beta function for a given 
emittance detuning and dispersion versus emittance for a 
maximum dispersion and a given emittance detuning 

3 CHOICE OF THE LATTICE PARAMETERS 

3.1 Bending field and design energy 

In the CLIC injector complex [2], one train of 1 to 10 
bunches is injected and extracted at a repetition rate, f 
from 1210 to 2400, but a number of trains k , are concur- 
rently circulating in the damping ring in order to leave a 
larger time for damping T = k/fr . The present design is 

based on trains of 10 bunches, spaced by 20 cm, at a 
repetition frequency fr of 1800 Hz. 

The damping ring circumference C is chosen to 
accommodate the k trains, with enough separation 
between them to allow for the rise and fall of the injection 
and extraction system lk . In the case of a fast kicker, 

/& is 7.5 m (25 ns). Using a particular combination of fast 

kickers and RF kickers, the time separation between the 
bunch trains, ls can be reduced down to /&/2 (12.5 ns) 

[4]. If n is the number of damping time necessary to 
damp the incoming emittance the reduced damping time 

Tr = 
lx,y 

has to satisfy the condition rr < ■ 
1 

C ' '     n-ls-fr 

As shown in [5], the round beam produced by the 
positron injector is first pre-damped in a collector ring 
with large transverse and longitudinal acceptances during 
5 xxy and then damped in the main damping ring (MDR) 
during 4 rxy . Under these conditions, with rr < 37 us/m, 
the beam emittance at extraction will not be larger than 
the equilibrium emittance by more than 10%. This value, 
which depends on the bending field and on the design 
energy, can be written as 

254-10' 

JXBE2 

with Jx= 1 as the bending magnet will have no gradient. 
In order to maximise the damping, keeping the 
normalised emittance low, the highest possible field in the 
bending magnet is chosen while staying far from 
saturation, B around 1.5 T, and then E from the above 
equations is E= 2.15 GeV/c. 

3.2 Twiss functions in the middle of the bending magnets 
needed to produce the design emittances 

Taking into account the emittance blow-up between the 
ring exit and the interaction point, the normalised trans- 
verse emittances at the output of the main damping ring 
have to be ysx = 2.5-10"6 radm, yey = 0.04-10"6 radm with a 

bunch length cr = 18 mm. We have chosen to use a low 

emittance detuning value sr = 3.7 to use the TME lattice 
efficiently withDr= 4.2 close to the maximum on the 

detuning curve andßr= 4.4 (see figure 1). The number nB 

of cells can be worked out from the optimum equilibrium 
emittance and the emittance detuning, resulting in nB = 60 
and a dipole magnet length L = .5 m. 

4 QUADRUPLET TME LATTICE 

In order to provide the low dispersion and beta values in 
the middle of the dipole magnet, it will be flanked on 
each side by a defocusing quadrupole followed by a 
focusing quadrupole. The corresponding lattice is shown 
in Figure 2. 

Parameter Sym- 
bol 

Units TME 
lattice 

Momentum E GeV/ 
c 

2.15 

Deflection per cell 9 ^ 6.0 
Momentum compaction «. io-3 0.29 
Normalised equilibrium 
emittance 

ye 10"6 

radm 
2.56 

Normalised damping time T, 10"6s 37 
Horizontal phase advance per 
cell 

M. 271 0.445 

Vertical phase advance per cell H. 2TC 0.217 
Emittance detuning elsopt Er - 3.7 

Dispersion in the middle of the 
bending 

D mm 9.4 

3 in the middle of the bending ß m 0.292 
ß detuning ßr - 4.42 
Dispersion detuning D, - 4.19 
Table 1: Main characteristics of the CLIC TME lattice 

The main characteristics of a ring built of 60 cells are 
shown in Table 1. The values found are in good 
agreement with the analytical calculation made above. 
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a voltage of 1 MV providing enough Touschek life-time. 
The parameters of the main damping ring are in Table 2. 
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Figure 2: Twiss functions for the TME lattice providing 
an emittance detuning of 3.7 

5 MAIN DAMPING RING DESIGN 

Each damping ring arc consists of five TME quadruplet 
cells and two dispersion suppressers, that utilise half of a 
regular bending magnet. The arcs are separated by short 
straight sections equipped with quadrupole triplets to get 
a  = 0 and a small ßx in the middle. These short straight 

sections can house a damping wiggler. An arc is 
represented in Figure 3. 

Figure 3: Arc of the CLIC main damping ring including 
short straight sections 

The ring is made up of two halves, 5 arcs each, and 
two long straight sections with n phase advance in each 
plane. These straight sections are inserted symmetrically, 
one for the RF cavities the other for the injection and 
extraction systems. The chromaticity is corrected by two 
families of sextupoles in the regular cells, and the 4 other 
families in the dispersion suppresser and in the straight 
sections. 

The dynamic acceptance has been studied in the ring 
without the long straight sections. The closed orbit is cor- 
rected to 50um, using position monitors (assumed reso- 
lution 25 urn) located at each sextupole, with the correc- 
ting dipoles located at the same positions. The dynamic 
acceptance is more than 6.5* 10"6 radm without errors. In 
this case, de-tuning versus the emittance in the aperture is 
less than 0.005 in the horizontal plane and 0.003 in the 
vertical plane at 10 % coupling. In presence of errors, at 
full coupling, with dP/P within ± 0.5% and position er- 
rors up to 50um, the dynamic acceptance is 4.0*10'6radm. 

As the bunch distance is a multiple of 0.2 m the RF 
frequency of the accelerating cavity will be 1.5 GHz with 

Parameter Sym- 
bol 

Units MDR 
ring 

Momentum E GeV/c 2.15 
Number of cells - - 60 
Ring length (without straight 
sections) 

L m 283 

Normalised equilibrium 
emittance 

ye 
n 

10"6 

radm 
2.5 

Emittance detuning e/8opt Er - 3.8 

Damping partition numbers J 1,1,2 

ß detuning ßr 4.4 
Dispersion detuning Dr 4.2 
Normalised damping time * 10"6s 37 
Bending magnet field B T 1.47 

Horizontal / vertical tunes r^x,y 271 31.2/1 
3.3 

Horizontal/vertical 
chromaticities 

My -107 / 
-21 

Momentum compaction a. io-3 0.24 

Dynamical acceptance in +/- 
1% 

^dyn 10"6 

radm 
4.0 

Rms displacement errors <J     , urn 50 
RF frequency /„ GHz 1.5 
RF voltage v„ MV 1.0 
Energy loss per turn un MV 0.39 
Bunch length °- mm 1.8 

Table 2: Characteristics, of the main damping ring 
adapted to the CLIC requirements using the TME lattice 

CONCLUSIONS 

Using an analytic approach, a damping ring working 
close to the theoretical minimum emittance has been 
designed fulfilling CLIC's requirements. As the CLIC 
bunch train length and repetition rate are evolving, this 
approach will be used to adapt the parameters and 
possibly introduce wigglers, to adapt to the new requests. 
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NULLING EMITTANCE MEASUREMENT TECHNIQUE 
FOR CLIC TEST FACILITY 

P. Tenenbaum*, H.H. Braun, F. Chautard 
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Abstract 

In order to test the principle of Two-Beam-Acceleration 
(TBA), the CLIC Test Facility utilizes a high-intensity 
drive beam of 640 to 1000 nC to generate 30 GHz accel- 
erating fields. To ensure that the beam is transported effi- 
ciently, a robust measurement of beam emittance and Twiss 
parameters is required. This is accomplished by measuring 
the beam size on a profile monitor, while scanning five or 
more upstream quadrupoles in such a fashion that the Twiss 
parameters at the profile monitor remain constant while the 
phase advance through the beam line changes. In this way 
the beam size can be sampled at different phases while 
a near-constant size is maintained at the profile monitor. 
This eases many of the difficulties of such measurement 
devices, especially those associated with limited dynamic 
range. In addition, the beam size is explicitly constant for 
a matched beam, which provides a "nulling" measurement 
of the match. Details of the technique, simulations, and 
results of the measurements are discussed. 

1   INTRODUCTION 

The CLIC Test Facility (CTF) was constructed in order 
to demonstrate the validity of the two-beam acceleration 
(TBA) scheme proposed for CLIC, and to gain real-world 
experience with such a scheme in an accelerator environ- 
ment. The CTF consists of a pair of linacs constructed side 
by side: a Drive Beam, which accelerates a high charge 
electron beam to roughly 50 MeV and injects same in to 
a line of 30 GHz CLIC Transfer Structures (CTS); and 
a Probe Beam which accelerates a low charge to roughly 
40 MeV and injects same into a line of 30 GHz CLIC Ac- 
celerating Structures (CAS). Energy is removed from the 
Drive Beam via the CTS and transferred to the CAS. The fi- 
nal energy of the Probe Beam after acceleration in the CAS 
is expected to be 320 MeV[l]. 

In order to generate the required accelerating fields in the 
Probe Beam, the Drive Beam will consist of 48 bunches 
of 14-21 nC, for a total charge on each RF pulse of up 
to 1 /iC[2]. Such high charges imply serious issues of 
wakefields, beam loading, and beam size, especially since 
the beam is required to pass through the CTS region in 
which the aperture is 15 mm diameter. In order to pass 
through such small apertures, the normalized rms emit- 
tance of the Drive Beam train cannot exceed 200 mm.mrad, 
corresponding to a limit of 1000 mm.mrad for the entire 
beam[3]. 

In order to ensure that such tolerances are met, it is nec- 
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essary to have some means of measuring the emittance of 
the Drive Beam, which can then be used to tune charge, 
orbits, RF phases, for example, until the limits above are 
met. 

In an accelerator of the sort described above, the tradi- 
tional method of emittance measurement is the so-called 
"quad scan" technique: the beam is focused to a waist 
on a profile monitor, and the beam size at the monitor 
is measured as a function of the strength of an upstream 
quadrupole. This allows reconstruction of the beam phase 
space at the upstream face of the scanned quadrupole[4]. 
In the case of the CTF Drive Beam line, such an arrange- 
ment is not optimal for several reasons. First, the small 
aperture of the CTS mandates that all waist points in the 
beamline be reserved for RF cavities, not profile monitors, 
and the waists are difficult to shift. Second, the dynamic 
range demanded by the quad scan technique is difficult to 
achieve: because the beam size must be modulated by a 
factor of \/2 for good resolution of the parameters, quad 
scans tend to have poor signal-to-noise performance when 
the beam is large (at the scan extremes), and saturation 
when the beam is small (at the center of the scan). Third, 
the profile monitor of choice in the CTF is a combination 
Transition/Cerenkov Monitor (TCM): an extremely small 
beam with the high charge and energy parameters described 
above is likely to damage the TCM. For these reasons a 
traditional quad scan was contraindicated, and a different 
technique had to be devised. 

2   NULLING EMITTANCE TECHNIQUE 

The principal requirement of an emittance measurement 
technique is that the beam size be measured at different 
betatron phases, to allow reconstruction of the beam matrix 
at a single point. Consequently it is possible to imagine 
a technique in which only the betatron phase is varied, and 
the beam parameters at the profile monitor remain constant. 

This is the basis of the measurement method used on the 
CTF Drive Beam. Given the design Twiss parameters at a 
"treaty point" in the line (ß0, a0), the design parameters 
at a downstream profile monitor (/3/, a/), and the design 
phase advance v, the strengths of the intervening quads are 
varied such as to alter the phase advance but still result in 
the same final beam parameters. 

If the beam is not perfectly matched at the treaty point, 
some modulation of the beam size will occur during the 
scan; for a perfectly matched beam, no modulation will oc- 
cur (as opposed to a quad scan, in which modulation oc- 
curs under all beam conditions). Thus, for a reasonably- 
well matched beam, the adjustment of profile digitization 
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and filtering remains valid over the entire scan range, and a 
large beam size can be maintained on the profile monitor at 
all times. The technique can be thought of as "nulling" in 
that a perfectly matched beam experiences no modulation 
in the measured size, and thus the technique has maximum 
sensitivity when the tunable parameter (mismatch) is near 
its minimum. 

2.1    Calculation of Quadrupole Strengths 

In this measurement, there are four parameters which are 
held constant - ßx, ßy, ax, and ay - while one parame- 
ter is varied, specifically the betatron tune in the measure- 
ment plane (the tune in the non-measured plane was not 
constrained). This requires 5 quadrupole magnets in all. In 
the CTF Drive beam, six magnets (arranged in 2 triplets) 
were varied for emittance measurements, and the extra de- 
gree of freedom allowed greater scanning ranges. The quad 
strengths for each scan were generated by the lattice-fitting 
facility of DIM AD [5], since the quad strengths vary non- 
linearly as a function of tune, as shown in Fig. 1. The total 
range of betatron phase allowed by quad strength limita- 
tions was 108° in the horizontal and 72° in the vertical. 
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Figure 1: Quadrupole strengths required for ux scan. 

2.2    Calculation of the Beam Matrix 

Calculation of the incoming beam matrix follows the tra- 
ditional emittance measurement formalism. Given an in- 
coming sigma matrix a^ and a sigma matrix at the profile 
monitor a^v\ the relationship between aft = (ax )2 and 

is: 

*ff    =    R2n^+2RnR12a
{^+R2

ua. 

=     riSi +T2S2 +T3S3, 

(0) 
22 

(1) 

where we have defined shorthand variables Vj and Sj to de- 
note transport and beam terms, respectively, of Eq. 1. At 
each step of the scan the beam size is measured and aft^ 
calculated; the R matrix from the input to the screen is cal- 
culated from the quad strengths. A least-squares solution 
to Equation 1 satisfies the matrix equation 

a    =    Be,        where 

aj 

Ck 

i 

- £ 

Mi r,'(iK7(0 

rj(i)rk(i) 

Sk, (2) 

where (i) denotes the values on the ith step of the measure- 
ment and 5(i) is the measurement error on aft (i). The 
matrix in Eq. 2, a 3 x 3 symmetric matrix, can easily be in- 
verted analytically to yield a solution for the terms of a^°\ 

2.3   Simulation of Emittance Scans 

Emittance scans were simulated using DIMAD to track 
1000 particles through each step of the emittance scan. Be- 
cause DIMAD's tracking engine is second-order, this al- 
lowed examination of distortions to the fit arising from 
chromaticity in the quadrupoles between the treaty point 
and the profile monitor. Table 1 shows the results of the 
simulation, with monochromatic beam parameters, beam 
parameters from the sigma matrix of the tracked particles 
(1% rms energy spread) at the end of the line, and fitted 
parameters (assuming 10% resolution of the profile sizes). 
Note that the distortions due to chromaticity are small (de- 
viations of second column from first column), and fitted 
values agree within errors. 

Table 1: Results of simulation studies of Nulling Emittance 
Technique. 

Parameter 
(unit) 

1st Order 
value 

2nd Order 
value 

Fitted 
value 

7£x 
(mm.mrad) 

18.4 18.4 18.1 ±1.4 

ßx 
(m) 

0.945 0.986 1.01 ±0.09 

ax -1.129 -1.186 -1.19 ±0.13 

(mm.mrad) 
18.4 19.0 19.4 ±3.0 

ßy 
(m) 

2.691 3.045 3.06 ±0.6 

av -0.600 -0.699 -0.72 ±0.27 

3   RESULTS OF EMITTANCE MEASUREMENT 

Early tests of the nulling emittance measurement technique 
resulted in poor fits and, frequently, imaginary emittances 
in the vertical plane. Further investigation revealed that 
both of these pathologies were improved by reducing the 
strength of the final quadrupole in the fits by roughly 20% 
at all magnet currents. It was subsequently discovered that 
the final quad was in fact of a different design from the 
others, and was weaker than other CTF quads by design. 
Because the final quad's current-vs.-gradient performance 
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was uncertain, the scans were redesigned to leave the fi- 
nal quad at zero field (its design strength in the 1996 CTF 
optics). 

Another pathology observed in early tests was that at cer- 
tain points in the scan the beam size would increase to fill 
the profile monitor, while for most of the points the beam 
size varied smoothly. Upon examination it was seen that 
the scan region which produced well-behaved spot sizes 
was the region in which all quad strengths were varied 
monotonically and by increments small compared to their 
overall strengths, the so-called "perturbative" region of the 
scans. Magnet scans were re-configured to use only the per- 
turbative regions, resulting in a reduction in the total phase 
shift available. However, the S/N performance of the sys- 
tem (determined by repeating the scan 3 times and forming 
an average and rms of the 3 measurements at each point) 
was seen to be better than expected, and thus the reduction 
in phase shift did not compromise the fit quality unaccept- 
ably. The cause of the discontinuous beam size behavior is 
not known. 

A final oddity observed was that consecutive measure- 
ments of the beam emittance would result in inconsistent 
fits, while the data appeared to be qualitatively similar from 
one fit to the next. It was determined that on each fit, one 
point (consisting of 3 beam sizes averaged together) would 
have a much smaller variance than the other points (as lit- 
tle as 1 /im, while all other points were closer to 20 /xm). 
Because a different point in each scan would be anomalous 
in this fashion, the low-variance points would pull the fits 
out of agreement. This was corrected by adding an error 
of 10 fim in quadrature with the measured variance. This 
would preserve the overall relative weighting of points but 
prevent the fits from being pulled in the fashion described. 
Figure 2 shows a horizontal emittance scan, with the mea- 
sured data (points) and fit (lines) superimposed. 
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Figure 2: Example of emittance measurement in CTF. 

Using the measurement technique as described above, 
the CTF Drive Beam single- bunch emittance was mea- 
sured at different bunch charges (2 to 4 nC) and source laser 
spot sizes (0.7 to 2 mm diameter). Normalized emittances 
varied from 30 to 50 mm.mrad in the horizontal, and 35 to 

70 mm.mrad in the vertical. 

4   SYSTEMATIC ERRORS 

There are several possible sources of systematic error 
which can affect the emittance measurement: 

• A profile monitor scale factor of up to 2%, based on 
pixel calibration asymmetries 

• A 5% error in determination of absolute energy, based 
on comparing 2 methods of measurement 

• magnet scale factors up to 1% and offsets up to 1% of 
maximum strength. 

The first two errors were studied analytically, while magnet 
errors were studied via a Monte Carlo simulation. The re- 
sults of these studies are summarized in Table 2, and com- 
pared to systematic errors. 

Table 2: Relative contributions of statistical and systematic 
errors. 

Name 
Value 
(typ.) 

Stat. 
error 

Scale 
error 

Energy 
error 

Magnet 
error 

7«x 30-50 5-7% 4% 25% 10% 

ßx 1.4 5-7% 0% 5-7% 2-3% 
ax -1.5 0.2 0.0 0.15 0.03 

l£y 36-70 10-15% 4% 25% 15% 

ßv 2.5 10-15% 0% 10-15% 10-15% 
ay -1.0 0.3 0.0 0.2 0.15 

5   CONCLUSIONS 

The Nulling Emittance measurement technique is a vi- 
able method for measuring beam parameters in environ- 
ments where the standard quad scan is not available. In 
the CTF Drive Beam, good statistical resolutions have been 
achieved for all beam parameters. Some systematic errors 
(particularly beam energy error) require improvement. 
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Abstract 
We present parameters for a linear collider with a 3 to 
5 TeV center-of-mass energy that utilizes conventional rf 
technology operating at a frequency around 30 GHz. We 
discuss the scaling laws and assumed limitations that lead 
to the parameters described and we compare the merits 
and liabilities of different technological options including 
rf power source, accelerator structure, and final focus sys- 
tem design. Finally, we outline the components of the col- 
lider while specifying the required alignment and construc- 
tion tolerances. 

1   INTRODUCTION 
Over the last decade, there has been an extensive effort in 
developing designs for a 0.5 to 1 TeV center-of-mass en- 
ergy (cms) e + e— linear colliderfl]. At this time, many 
of these designs are well advanced and have moved to the 
stage where detailed engineering is being performed and 
much of the required technology has been, or is being, 
demonstrated in dedicated test facilities. Thus, it seems 
timely to look to the next stage in linear collider develop- 
ment. 

In the past, there have been a number of studies of very 
high-energy linear colliders; for example Ref. [2]. More re- 
cently a working group at 1996 DPF/DPB Snowmass meet- 
ing was dedicated to the study of a 5 TeV e+e~ collider and 
this group concentrated mostly on advanced acceleration 
and collision techniques[3]. In this paper, we will continue 
a discussion, that was started in Ref. [4], on the possibil- 
ity of a 3 to 5 TeV e+e~ linear collider based on relatively 
conventional rf power with a frequency around 30 GHz and 
having a luminosity (£) of 1035cm_2s_1. 

The rf frequency is similar to that studied as part of the 
Compact Linear Collider (CLIC) project. The relatively 
high rf frequency was chosen because it allows for much 
higher acceleration gradients without significantly more se- 
vere alignment tolerances[5]: 

y^-JA^G1'2/»7'16 (1) 

where Ae/e is the relative emittance dilution, G is the 
gradient, and u> is the frequency. Even though the wake- 
fields are much stronger in the high-frequency structures, 
this scaling arises because the optimized charge and bunch 
length are much smaller and thus the effect of the wake- 
fields and the required tolerances are comparable to that 
in lower frequency designs. We believe that the primary 
difficulty presented by the higher frequency choice is the 
present lack of high power rf sources. 

In the following sections, we will first discuss the con- 
straints imposed by the beam-beam interaction, then we 
will describe the determination of the collider parameters 
and, finally, we will estimate the impact that these parame- 
ters have on the various subsystems of the collider. 

2   BEAM-BEAM INTERACTION 
The primary difficulty when considering a very high en- 
ergy e+e~ collider is the beam-beam interaction at the col- 
lision point (IP). Because the beams must be very dense to 
provide useful C, they have very strong electro-magnetic 
fields. These fields have two primary effects: first, they 
cause the particles to radiate beamstrahlung photons which 
induces a large energy spread, smearing the C spectrum, 
and, second, e+e~ pairs can be produced in the strong 
fields creating a potential background source. 

Two approaches have been or are being investigated to 
avoid these problems: the muon collider[6], where the rel- 
atively massive particles are far less sensitive to the beam- 
beam forces, and charge compensation, where the beam 
fields are compensated by co-moving beams or plasma re- 
turn currents. 

Unfortunately, both of these solutions also have signif- 
icant difficulties. Thus, in this paper, the approach is to 
optimize the parameters of a conventional e+e~ linear col- 
lider to maximize the amount of C close to the full cms 
energy while accepting a substantial smearing in the lower 
energy C spectrum. The C spectrum can be parameterized 
in terms of T, a measure of the field strengths, n7, the av- 
erage number of photons radiated per particle, and SB, the 
energy loss due to the beamstrahlung[7]: 

„     5       rhN 2reaN .        1 
6 acrz(ax + cry) 

5 aazT
2 

SB 
1 

(2) 

(3) 4   Ac7   (1 + (1.5T)2/3)2 

where re, a, and Ac are the classical electron radius, the 
fine structure constant, and the Compton wavelength and 7 
and N are the beam energy and the number of particles per 
bunch. 

Now, in general, the width of the L spectrum is described 
by SB but the amount of luminosity at the full cms energy 
£10o% is a function of n7: 

(l_e-«-y)2 
•£l00% ~ C-Q- (4) 

where £0 is the luminosity of the collider which scales as 
n7 when Tel and n7    when T>1. 

At cms energies of roughly 1 TeV, the collider param- 
eters can be chosen so that the effects on the C spectrum 
are relatively insignificant. In particular, T can be kept 
around 0.3, where the radiation effects can still be de- 
scribed classically, n7 is close to 1, and 6B is around 10%. 
In this regime, the luminosity at full cms energy scales as 
£10o% ~ (1 — e~nT)2/n7 which peaks at an n7 of 1.26. 

Unfortunately, it is difficult to attain similar parameters 
at higher energies. In particular, because T is proportional 
to the beam energy, T will have a value that exceeds 1 and, 
in practice, is the order of 10. In this regime, SB is es- 
sentially proportional to n7 and the luminosity at full cms 
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energy is £100% ~ (1 - e_nT)2/v^; this is roughly con- 
stant for n7 between 1.6 and 3.5 with a peak at n7 = 2.34. 

3   PARAMETER DETERMINATION 
The parameters of a linear collider are inter-related in a 
complex manner making their straightforward determina- 
tion difficult. In the following, we present the principal ar- 
guments that lead to the values listed in Table 1. First, we 
consider issues in the IP region. A straightforward extrap- 
olation from the 1 TeV collider designs shows that to gain 
an order of magnitude in £ without significantly increasing 
the beam power, and thereby the ac power consumption, 
requires decreasing the vertical spot size. The vertical spot 
size is limited by three effects: the optics, the beam emit- 
tances, and beam jitter. 

Center-of-mass Energy [TeV] 3 5 
£ (with pinch) [1033cm-2s-1] 113 125 
£ (with FF dilution) (£0) 90 100 
£ within 5% of cms energy 46 44 
£ Enhancement (Ho) 1.8 1.8 
Num. photons/particle (n7) 1.6 1.7 
Beamstr. param. (T) 6 13 
Part, per bunch (N) [1010] 0.3 0.3 
Emit, at DR (-yex/y) [10~8] 40/0.5 40/0.5 
Emit, at FF (jex/y) [KT8] 50/1 50/1 
IPbetafunct. (/3*/y) [mm] 8/0.10 8/0.10 

IP beam size (<J*x/y) [nm] 39 / 0.70 31/0.54 

Bunch length (az) [/mi] 35 35 
Bunches per train (rib) 200 200 
Bunch spacing (At) [ns] 0.5 0.5 
Rep. rate (frep) [Hz] 96 60 
Loaded gradient (G) [MV/m] 150 200 
Beam loading [%] 14.8 12.3 
Total linac length [km] 24 30 
Structure length [cm] 63 70 
Shunt impedance [Mf2/m] 87.5 87.5 
rf -> beam eff. [%] 27.3 21.7 
ac->rfeff. [%] 45 45 
ac power [MW] 235 330 

Table 1: Parameters for 3 and 5 TeV colliders. 

Ground motion measurements at SLAC have shown that, 
if the final doublet magnets are anchored firmly to the 
ground, the natural seismic motion will cause the beam 
centroids to jitter by less than 0.3 nm at the IP[8]; in the 
NLC design, these anchors are constructed from optical in- 
terferometers and piezo-electric movers. We will assume 
this sets a lower limit on the spot size. Given additional 
constraints from the final focus optics as well as the emit- 
tance generation and preservation, we have assumed a min- 
imum vertical spot size of 0.5 nm; this is roughly 10 times 
smaller than that in the 1 TeV NLC and CLIC designs. 

Now, given this vertical spot, the horizontal and verti- 
cal emittances are constrained by the 'Oide' effect where 
synchrotron radiation in the final FD doublet leads to chro- 
matic dilution of the spot. Assuming a doublet with aper- 
tures roughly \ that in the NLC design, the smaller aper- 

tures are possible because the beam sizes are also smaller 
in the FD, the Oide effect limits the emittances to: 

-yex ^ 80 x 10"8 m-rad       jey < 1 x 10-8 m-rad .   (5) 
Next, we have chosen to limit n7, which constrains the 

ratio N/ax, to the lower end of the range discussed in the 
previous section, i.e., around 1.6. This provides the largest 
fractional contribution of C100%/Co while still maximiz- 
ing the absolute value of £10o%- In this case, the £ within 
5% of the cms energy is about 45% £o which is the same 
percentage as that in the 1 TeV NLC design. 

Finally, the desired luminosity determines the total beam 
power. For the 3 TeV collider, the luminosity is scaled with 
E2 as desired by the physics while for the 5 TeV param- 
eters the same £, as assumed by the Snowmass working 
group studying 5 TeV colliders[3], namely 1035cm~2s_1, 
has been chosen. 

At this point, we need to consider constraints from the 
linacs. First, to attain optimal rf-to-beam efficiency, we 
must consider trains of bunches that are long compared to 
the accelerator structure fill time. Second, to prevent beam 
break-up, the spacing between these bunches is limited by 
the decay of the transverse wakefield. Given the wakefield 
of the present CLIC structure design[9] or that of an NLC 
DDS structure scaled to 30 GHz, the minimum bunch spac- 
ing that could be considered is about 12 rf buckets. We have 
chosen a spacing of 15 rf buckets or 0.5 ns at 30 GHz; this 
differs significantly from the assumption in Ref. [4]. 

Next, the gradient is determined from conflicting re- 
quirements between the beam dynamics, which are easier 
with high gradients, the collider length, and the rf-to-beam 
efficiency, which is greater for low gradients. In this fre- 
quency regime, the maximum gradient is not thought to be 
limited by rf breakdown but instead by heating and the as- 
sociated fatigue. A straightforward calculation would sug- 
gest that 200 MV/m is possible although this will need to 
be verified with detailed tests. In these parameters, we have 
chosen to minimize the collider length and thus assumed a 
loaded gradient of 200 MV/m for the 5 TeV parameters and 
150 MV/m for the 3 TeV parameters. 

Finally, the bunch charge and length need to be deter- 
mined and, again, there is a trade between increasing the 
rf-to-beam efficiency, reducing the effect of the transverse 
wakefield, and controlling the energy spread induced by the 
longitudinal wakefield. The optimal scaling[5] 

N ~ GUJ~
3/2 G~

1
UJ -5/8 (6) 

leads to a bunch length that we felt was too small (15 /xm) 
and thus we limited the bunch length to 35 /nm, about 100 
times smaller than in the damping rings. We then limited 
the bunch charge to keep the energy spread required for 
'autophasing', a standard method of controlling the single 
bunch beam break-up, to less than 1%. This results in a 
smaller beam loading and a lower rf-to-beam efficiency, but 
keeps the transverse emittance dilution acceptable. 

The final parameters are listed in Table 1 for both 3 TeV 
and 5 TeV cms energies; in both cases, the injection sys- 
tems are assumed to be similar and thus the beam param- 
eters are similar. It should be noted that we have included 
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substantial emittance and IP spot size dilution based on tol- 
erances similar to those in the CLIC and NLC designs. 

4    COLLIDER SUBSYSTEMS 
4.1 RFPower 
Attaining an acceleration gradient of 200 MV/m re- 
quires 480 MW of rf power in each accelerator struc- 
ture. This power could be generated using the CLIC 
Two-Beam Accelerator (TBA) concept, the Relativistic- 
Klystron TBA[10], or advanced klystrons, such as a sheet- 
beam or cluster klystron, with rf pulse compressionfll]. 
All of these sources are expected to have efficiencies be- 
tween 45 and 55%, but, of course, all require extensive 
R&D; we have assumed 45% in our parameter list. 

4.2 Injector Complex 
The e~ and e+ sources are expected to be relatively simple. 
The required charges and beam currents are significantly 
lower than in the NLC design and thus the sources could 
be similar. Of course if desired, the conventional positron 
source could be complemented using a helical undulator 
after the IP to generate polarized positrons. 

The damping rings are required to produce beams with 
emittances that are a factor of 6~8 smaller than those from 
the NLC rings. To do this, one could use a pre-damping 
ring (similar to the present NLC rings) to perform most of 
the damping and then a ring with half the bending field but 
twice as many cells to obtain the final emittances. In this 
case, the alignment tolerances and the effect of intrabeam 
scattering will be similar to that in the NLC rings. 

Finally, attaining the bunch length of 35 /zm will require 
compressing the bunch length by two orders of magnitude. 
This is thought to be possible but care must be taken to 
minimize the longitudinal nonlinearities and the emittance 
growth due to coherent synchrotron radiation. 

4.3 Linac Dynamics 
There are three primary issues in the linacs which are de- 
scribed in greater detail in Ref. [12]. First, the bunch spac- 
ing is limited by the multi-bunch beam break-up as de- 
scribed earlier. Next, we have assumed alignment toler- 
ances of 10 /xm on the accelerator structures and 2 /xm on 
the BPM-to-quadrupole alignment which are similar to the 
values in the NLC and CLIC designs and are thought to be 
attainable using beam-based techniques. With these toler- 
ances, the vertical emittance dilution is about 200% after 
1-to-l trajectory correction. Emittance bumps, like those 
used very effectively in the SLC to reduce the vertical emit- 
tance dilution from roughly 1000% to 100%, should reduce 
the dilution to roughly 50%; this is half of the 100% that 
is budgeted. Finally, because of the very small beam emit- 
tances, the linac and beam delivery systems are sensitive to 
motion of the quadrupoles. This limits the strength of the 
focusing system in the linac and requires the use of slow 
cycling trajectory correction feedback[12]. 

4.4 Final Focus and Interaction Region 
In the final focus and interaction region, we have assumed 
parameters similar to those of the NLC and CLIC final 

focus systems, leading to a ß* that is significantly larger 
than the limit imposed by the bunch length. This choice 
was made for two reasons. First, with the emittances de- 
termined by the Oide limit, these beta functions lead to 
spots that are consistent with the limits from the measured 
ground motion. Second, for a given optics and tolerances, 
the length of the final focus system scales linearly with the 
beam energy[13] which, for the same tolerances, already 
implies a length of 3 to 5 km per side. 

The other difficulty that arises with these high energy pa- 
rameters is the large number of coherent e+e~ pairs that are 
produced when T ^ 1. Fortunately, these pairs are emitted 
with small transverse momenta and thus can be removed 
from the IP with a strong solenoidal field. In addition, by 
adding a small toroidal component to the solenoidal field, 
the particles can be directed out the beam exit ports, pre- 
venting the pairs from interacting with any material until 
well outside the detector. 

5   CONCLUSION 
In this paper, we have studied the feasibility of a 3 to 5 TeV 
e+e~ linear collider. Although much work is still required 
before completing a design and experience gained with a 
0.5 to 1 TeV linear collider will further optimize the param- 
eters, this preliminary study shows that a 'conventional' 
e+e~ linear collider is a viable candidate for a multi-TeV 
experimental physics facility. 
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SIMULATION OF GROUND MOTION INDUCED BEAM JITTER IN THE 
SBLC MAIN LINAC 

C. Montag* 
DESY, Notkestrasse 85, D-22607 Hamburg 

Abstract 

To keep the two beams of linear colliders in collision, the 
beam offset with respect to each other should be signifi- 
cantly below the beam size. To investigate the effect of 
ground motion on the beam trajectory, a ground motion 
simulation algorithm has been developed. This code mod- 
els measurements taken at various laboratory sites and pays 
special attention to coherence properties of ground motion. 
Additionally, possible stabilization feedback algorithms are 
included. The code can be adapted to a broad range of vi- 
bration spectra and coherence properties. As a specific ap- 
plication, beam jitter in the main linac of the S-band Linear 
Collider SBLC has been investigated. The resulting rms 
beam jitter of ay « 1.3 jum corresponds to a luminosity 
degradation of only 1%. The jitter can be reduced to about 
0.45 fim using active stabilization of quadrupole vibrations. 
This indicates that, with respect to ground vibration, there 
is significant luminosity upgrade potential for SBLC. 

1   GROUND MOTION SIMULATION MODELS 

To simulate ground motion, two complementary algorithms 
have been developedfl]. Both of them can be adapted to 
practically any measured ground motion power spectra and 
coherence. The first one is based on digital filters shaping 
white noise random signals in order to get a realistic spec- 
trum and correlation properties, while the second one em- 
ploys fast Fourier transformations to compute ground mo- 
tion signals in the time domain from the power spectra of 
absolute ground motion and the coherence spectra. 

1.1   The filter-based model 

The power spectrum Ptot(^) of ground motion can be 
roughly approximated as 

-PtotM = -j, (1) 

while the power spectrum of uncorrelated ground motion 
of two points at a distance L is described according to the 
ATL rule[2] as 

p(v, L) = 
A-L 
u" 

(2) 

Since Ptot,nM = Pcorr.nM + Pincorr.nM = PtotM, 

with Pcorr.nM > 0 and Puncorr.nM = p(u, Ln) > 0 be- 
ing the power spectra of the correlated and the uncorrelated 

* now at KEK, Tsukuba, Japan 

motion of the nth magnet with respect to the (n - l)th at 
distance L„, we get 

P(u,Ln) <Ptot,nM (3) 

for all n. Therefore, Eq. (2) has to be modified for u> > 
w0 = y/B/{A ■ L)[3]. 

Application of a first order lowpass filter with cutoff fre- 
quency u>o to the total motion signal of the nth magnet with 
power spectrum Ptot,n(w) leads to[l] 

Pcorr,n+l(w) 
W0 

S + W0 

W0 

S + UJo 

Ptot,n(w) 

B 

w 
(4) 

with s = iuj being the Laplace variable. The uncorrelated 
part of motion of the (n + l)th magnet with respect to the 
nth one results from applying a first order highpass filter to 
a second, independent signal with the same power spectrum 
Pn+1(w) = P/w4[l] 

r,n+l(w) 
S + Wo 

In the low-frequency limit, we get 

A ■ Ln+i 

Pn+lM- 

Urn iruncorr,n+l 
u—*0 Ul" 

(5) 

(6) 

which reflects the ATL rule. 
As Can be Shown, PCOrr,n+l+Puncorr,n+l = Ptot,n+l = 

B/u)4, while the resulting coherence |-y| can be calculated 
as[l] 

l7l 
r,n+l   \ 

>rr,n+l / 

|sl2 + w,2 (7) 

To get a more realistic power spectrum, the experimental 
data obtained at DESY were fitted as 

+ 

+ 

+ 

B 
w4 

4.225 • 10-14 

s2 

(8) 

m2Hz 

7-10- 

s2 + 9.425 Hz • s + 246.74 Hz^ 

7-10 -7 

s2 + 0.528 Hz -s + 0.774 Hz' 

m2Hz3 

m2Hz3, 
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which in the low-frequency limit is dominated by the B/UJ
4 

term, leading to an ATL-like behaviour of the uncorrelated 
motion (Eqs. (5) and (6)). 

The power spectrum and coherence measured in the 
HERA tunnel correspond to A = 4 • 10~6 //m2/(m • sec) 
and B = 3 • 10-2£tm2 • Hz3[4, 5]. Figure 1 shows the 
resulting power spectra of absolute and relative motion of 
two magnets at a distance of £=30 m. 

D 
CO 
o-  0.0001 • 

1e-06 

1e-08 
100 

Figure 1: Power spectra (PSD) of absolute (solid line) and 
relative (dashed line) motion of two magnets at L=30 m 
distance for A = 4 • 10~6 -^- and B = 3 • 10" m-sec 

Hz3[l]. 
~2 /xm2 

1.2   The FFT-based model 

To compute the time-dependent motion signals at various 
points Sk along a straight line, the corresponding amplitude 
spectrum Pa(cj) has to be multiplied by a phase factor func- 
tion exp[i(uit + </>fc(w))] and inversely Fourier transformed. 
As can be easily shown, this leads to perfectly correlated 
signals x(t) and y(t) at any two points sx and sy for any 
arbitrarily chosen initial phase functions (f>x and <j)y, 

I7HI 
$(w) • exp[i(<px(oj) - 4>y(u>))\ 

$(w) 
= 1. (9) 

On the other hand, averaging over all neighbouring points 
Sk, Sk-i separated by the same distance L leads to[l] 

ITMI    =    \(exp[i((f>k(ui) - (j)k- 

=    |(exp[i- A(j>k})\, 
iH)]>| 

(10) 

with 0 < |7(w)| < 1. For a gaussian distribution of A<j>k 
with mean value /z = 0 and variance a2, and for a large 
number of points, this results in a coherence [1] 

l7l Jim  — Y]exp(i-At/>fe) 
K—>oo J\  *—' 

fc=l 

(ID 

To compute signals with a desired correlation 7(w), the 
phases c/>fc(w) for the motion signal at the location Sk are 
calculated from those at the point Sk-i according to 

<£fcM = </>fc-i(w) + A(f>k(cj), (12) 

with A(f>k(uj) being normally distributed with rms value 
er = y/—21n(7(a')) and mean value /x=0. 

Having once defined the coherence for a certain distance 
LQ, the coherence for any distance L results automatically 
according to 

|7(L)| = exp 
L <T2(L0) 

(13) 

The coherence measured in the HERA tunnel can be ap- 
proximated by [1] 

0.08 

0.0028 ■ w 

|7(6m)|    =    exp (-—-a; 

+ 

+ 

(14) 

^(ul-u;2)2 + (2-5-u>m-ij)2 

 1.05 -u  

y/(u>2-UJ2)2 + (2-6-LJc-Lj)2' 

with 

^m =    2TT-0.14 Hz, (15) 

U)c =    2?r-2.5Hz, (16) 

5 =    0.2. (17) 

2   THE LINAC LATTICE 

The S-band lattice is composed of FODO cells with con- 
stant phase advance \i = 90°. Since the accelerating sec- 
tions between the quadrupoles consist of identical units of 
1=6 m length, the scaling of the /3-function is chosen as a 
stepwise function of the energy to approximate a ß oc y/E 
scaling[6]. Figure 2 shows the scaling of the /3-function of 
this lattice. 

BETA FUNCTION ALONG THE LINAC 

u  100 

12000 
POSITION/ (m) 

Figure 2: /3-function scaling chosen for the SBLC main 
linac. 
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3   SIMULATION RESULTS 

Both ground motion simulation algorithms described above 
have been used to determine ground motion induced beam 
jitter in the SBLC main linac. At the end of the main linac, 
a beam based correction system has been assumed which 
corrects the position of each bunch train by subtracting the 
value measured at the previous one. This can be described 
by the transfer functionfl] 

tf(s) = l-exp(-sTo), (18) 

where s = iu and T0 are the Laplace variable and the time 
between consecutive bunch trains, respectively. 

Using the FFT-based simulation algorithm, the rms beam 
jitter was determined to be approximately 1.3 /xm. This 
can be significantly reduced to about 0.45 /xm apply- 
ing an active stabilization system to reduce quadrupole 
vibrations[7], with a transfer function shown in Fig. 3. 

18.9      28.8 
/[Hz] 

Figure 3: Measured feedback gain (thick line) of the ac- 
tive stabilization system in the frequency band from 0 to 
30 Hz. The smooth thinner curve shows the theoretical 
transfer function used for the simulation[7]. 

From the rms beam jitter cry, the resulting luminosity £ 
in terms of the nominal luminosity £Q can be expressed as 

1e-08 18-07 1e-06 16-05 0.0001 0.001 
A [urn^m'sec)] 

Figure 4: Resulting rms beam jitter as a function of the pro- 
portionality factor A in the ATL rule. The solid line repre- 
sents the rms jitter amplitude resulting from pure ground 
motion, while the dashed line shows the corresponding 
value with active stabilization. 
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C = Co ■ exp    —2 
4*beam , 

(19) 

with (Tbeam = 9-1 Mm being the rms beam size at the end 
of the main linac. The obtained values correspond to lumi- 
nosity degradations due to beam offset of 1% without and 
0.1% with active stabilization, respectively. 

Furthermore, the effect of the proportionality constant 
A on the luminosity was simulated using the filter-based 
algorithm (see Fig. 4). The rms beam jitter at A = 
4 • 10-6 /im2/(m • sec), the value obtained at HERA, 
is 1.7 fjxa. without and 0.9 //m with active stabilization 
(Fig. 4). This is in good agreement with the results ob- 
tained using the FFT-based model. 
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THEORETICAL STUDY OF POWER RELATIVISTIC AMPLIFIERS FOR 
ELECTRON BEAM BUNCHING • 

E.A. Perelstein, L.V.Bobyleva, A.V. Elzhov, V.l. Kazacha, Joint Institute for Nuclear 
Research, 141980, Dubna, Russia 

Abstract. 

Two schemes of electron-positron linear colliders with 
energy in the TeV range based on the two beam 
accelerator (TBA) concept are being studied now [1,2]. In 
a TBA the first accelerator-driver produces a high current 
electron beam. The beam must be bunched along all 
collider length..There are some schemes for generating of 
such high-intensity drive beam bunches. One of the 
schemes for generating of high-intensity drive beam 
bunches was tested in [3], where the Choppertron used 
transverse velocity modulation of a beam. Another idea 
for generating drive beam is to use the bunching in the 
free electron laser (FEL) [4]. It was shown in [5,6], that a 
high degree of bunching can be rather easily achieved in 
a short FEL amplifier.In [7,8,9], the first direct 
observation of the bunching of a relativistic electron 
beam, produced by a high power FEL interaction, was 
presented.. 

This work is devoted to the computer simulation and 
comparison of the bunching of a relativistic electron 
beam produced by a FEL and by a travelling wave tube 
(TWT). The calculation results of the electron beam 
bunching in the FEL are also compared with the 
experimental results in [7,8]. With the help of rather 
simple model it is shown that one can obtain the electron 
beam bunching in the TWT at a shorter length than in the 
FEL because the space gain in the TWT is higher than in 
the FEL. 

1 BEAM BUNCHING EQUATIONS 

The following equations describe the self-consistent 
spatial problem of the movement of a relativistic electron 
beam in a microwave electromagnetic field, which can be 
used both for a TWT and for a FEL in the Compton 
regime: 

dy j 

dZ 
= -rca 

d0j 

~dZ 

sin y/ j. 

1       da 

1P~H 

0'=l-2 M) 

dZ 

J_ 

dm 
—a, = TJ <cosy/> 

TJ < sin y/j > 

(1) 

* This work was supported by ISF, grant No. JLD100 and by 
Russian FBR, grant No.96-02-17395. 

The parameter ^ = 'O 

Here M is the number of electrons (macroparticles), 
Yi is the j'h electron energy £, = m0c

2/j units of E = m0c
2; 

mo is the electron rest mass, c is the light velocity, 
Z = zcot/c is the dimensionless longitudinal coordinate, 
and coo is the microwave frequency. The value Oj is the 
phase of the /* electron relative to the electromagnetic 
field; <p is the phase of the microwave complex amplitude 

(a=ase"p), y/j = <p + Oj is the total ponderomotive 

phase. The brackets in the equations (1) denote an 

average over the bucket. The value as = eEs/m0co0c 

is the dimensionless amplitude of the microwave electric 
field, Es is the amplitude of the microwave electric field. 

The parameter K is the microwave coupling 
coefficient. Its value depends on the type of used device. 

 , the constant I& = m0c'le 
y*AJ    N 

= 17 kA; N is the norm of the electromagnetic wave[10]; 

/jj.   is longitudinal electron velocity and  ß h   is the 

microwave phase velocity. 

2 SIMULATION OF BUNCHING PROCESS IN 
FREE ELECTRON LASER 

To obtain the system of differential equations for 
simulation of the bunching process in a FEL with a 
helical wiggler we have used the corresponding 
equations [10,11], taking into account the effective 
frequency shift 0)p connected with the plasma wave in a 
beam. It is similar to the accounting of a plasma wave in 
the resonance condition in [7,8]. Finally we get: 

dWj 
— = KXjas sin y/j (j = 1,2,..., M) 

dZ 

das 

~dZ~ 

where 

(K+k,)-c 
+ 1 + 

0)n 

»7i < 
sin y/j      dcp 

1 w, 

2y0r j 

'>'-£"> 

i 

(Op        1 + a' +Qwfl,tCOS^. 

a>(A
+      2ro

2(l-w,.)2 

cos w, 
..   m<-—J->,(2) 

1 - Wj 

. Here W;. =\-EjjE0 

is the relative change of the f electron energy; 

kw = 27t/Xw; X^ is the wiggler period; ks is the axial 

wavenumber for the waveguide resonance mode inside 
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the wiggler; y0 is the electron initial energy; ßz is the 

longitudinal   dimensionless   velocity   of  the   resonant 
particle, determined from the relations: 

ßz=pt-ßl . ßi/ßz =aJr0; *„ = «./2r„2 

and (Q   =   I e-— .  is the relativistic plasma 
"    V   mo     rjU2 

frequency,:   ne   is   the   electron   beam   density   and 

Yz=\l VWf • The parameter aw = eB^/lnf^C2 , 

where Bw is the wiggler magnetic field amplitude. The 

coefficient 
»7i = 

2K0y 0/0 

UJ N 

For our simulation we used the electron beam and 
FEL parameters from [7,8]: electron beam energy 
~2.2MeV, electron current inside the wiggler ~ 500 A, 
electron beam radius ~ 0.5 cm, wiggler period 
12   cm,   wiggler   field   Bw   =   1.1   kG,    microwave 

frequency/0 = 3.5   1010 Hz (Hn mode). In [7,8]  the 

initial microwave power of 10 kW was injected into the 
circular waveguide in the Hn mode. The corresponding 

microwave electric field amplitude as = 4.4 -10 . Then 
we obtain the following parameter 

values: Kx = 0.022, //, = 2.5 • 10 , (the norm of wave 

N = Nn= 24.3 in our case). We define the bunching 
parameter B in the same manner as in [7]: B = \<e,y/>\. 

We also simulated the initial energy spread in the 
electron beam with the help of 2000 electrons which had 
been distributed in 40 phase points from 0 = 0 through 
0 = 271 and in every point 50 electrons had the gaussian 
distribution upon the relative energy with dispersion a. 

Fig.l shows the results of the calculations of the 
FEL microwave power and their comparison with the 
results obtained in [7,8]. To take into account the wiggler 
adiabatic entrance in [7,8], we suppose the exponential 
power growth to start at 48 cm from the wiggler 
beginning. This point corresponds to zero length in Fig.l. 
As one can see from Fig.l, these results are in a rather 
good agreement. Comparing the distribution of the 
microwave power along the wiggler obtained 
experimentally in [7,8], one can draw a conclusion that 
the difference observed between the maximum 
microwave power and the calculated one for 
monoenergetic beam in ~10 times may be partially 
caused by the initial energy spread in the electron beam. 
Fig.2 shows the calculated spatial evolution of the 
bunching parameter B. The vertical lines in Fig.2 
correspond to the time dependence meassurements of the 
correspond to the time dependence meassurements of the 
bunching parameter along the beam [7]. The regular 
wiggler part ends at the length approximately equal to 
170 cm. Our further along the wiggler calculations are 
not sufficiently correct. So comparing the obtained curve 
corresponding a = 5% and the experimental results one 

can   suppose   that   the   low   experimental   bunching 
parameters in [7] (B ~0.1) were due to the beam energy 
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p? 
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3.0- 
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Figure:   1     The  FEL  microwave power  versus  the 
interaction length. 

spread influence. The maximum bunching is reached in 
the region of maximum micromave power values. 

3  SIMULATION  OF  BUNCHING  PROCESS  IN 
TRAVELLING WAVE TUBE 

To simulate the electron beam bunching in a TWT 
amplifier based on the corrugated waveguide, we used the 
following system of differential equations: 

dw, 
K2assmy/j,     (/=1>2 M) 

dZ 
de, w, 

dZ 

da 
-£ =7]2< sin y/j > , 

Ttl 

_1 

ßPH 
J-, (4) 

dq> 
—as = 7]2 <COSVj > 

/0 - is the corrugation amplitude and where x"  = 

dis the corrugation spatial period [12].   The parameter 
2kiYo , where N, T]2 is the following: „   _ h 

y'A^ N, 
01 

is the norm of E01 type wave in the TWT. 

We chose the following electron beam and  Em 

type electromagnetic wave parameters 
for our simulation:-electron beam energy ~2.2 MeV, 
electron current inside the TWT~ 500 A, electron beam 

radius ~ 0.5cm, microwave frequency/0 = 17-10   Hz 

(X ~ 1.76 cm), initial microwave power in TWT=10 kW. 
The parameter d value was found from the dispersion 
curve of the corrugated wave guide   having 10 = 1mm, 
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radius -1.8 cm and when ß h ~ 0.982. The dispersion 

curve was calculated with the help of the code URMEL. 
In our case 

ct=0 

     cs=5%> 
numerical 
simulations [7] 

U.K - 

0.6- 
S 
cS _ 
£ a. 0.4- &u 

Jl - 
Ci 
a 0.2- 

m 
_ 

0.0- -i ■ 1 1 r 

0 100 200 300 
Length (cm) 

Figure:  2    The FEL bunching parameter versus the 
interaction length. 

d was ~5.8     mm;     K j 2K Then     we     have 

K2 * 0.102 and % « 3.2 • 10 (the norm of wave 

iV01 ~ 10 ). For the initial microwave power ~ 10 kW in 

the TWT the corresponding dimensionless amplitude of 
the microwave electric fielda, ~ 6.8 -10 . 

1 1 1 1      |      i      |      i      | 

0 50       100      150      200      250 
Length (cm) 

Figure:  3     The TWT micrrowave power versus the 

interaction length. 
Fig.3    represents    the   calculated   evolution    of   the 
microwave power as a function of the interaction length 

along the TWT. The two curves correspond to the initial 
electron beam energy 2.2 MeV and 1 MeV. 
One can also see from Fig.3 that the bunching length in 
the TWT decreases essentially when the initial beam 
energy is diminished. The dependence of the microwave 
power at the TWT exit on the energy spread (2.2 MeV) is 
rather weak. This dependence becomes sufficient when 
the initial electron beam energy decreases down to 1 
MeV. As one can see from Fig.l and Fig.3, the bunching 
length of the electron beam with energy 2.2 MeV 
in- 1.5 times less in the TWT than in the FEL. The 
energy spread in the bunches is larger in the TWT than in 
the FEL. 

4 CONCLUSIONS 

Our simulations showed that a high degree of 
bunching of the electron beam having the energy in the 
range 1 - 2 MeV can be rather easily achieved in a short 
travelling wave tube. 
The electron beam (2.2 MeV, 500 A) bunching occurs in 
a TWT at the distance in -1.5 times shorter than in a 
FEL. It is connected with the fact that the space gain in 
the TWT is much higher than that in the FEL. But the 
bunch energy spread is larger in the TWT than in the 
FEL. The bunching effect depends weakly on the initial 
energy spread in the TWT and greatly in the FEL. 

The TWT bunching efficiency decreases with the 
initial electron beam energy increase. Thus the TWT may 
be efficiently used for the electron beam bunching in the 
energy span 1 MeV through 2 MeV when the TWT 
length may be made of 0.5 m through 1 m. 

REFERENCES 

[1] A.M. Sessler, Proc. Workshop on the Laser Acceleration of 
Particles, eds. C. Yoshi and   T. Katsouleas, AIP Conf. 
Proc. 91 (1982), p. 154. 

[2] W.  Schnell, CERN-LEP-RF/86-27 (1986); CERN-LEP- 
RF/88-59 (1988). 

[3] G.Fiorentini, T. Houk and C. Wang, UCRL-JC-111391, 
Livermore (USA, 1993). 

[4] W.B. Colson and A.M. Sessler, Annu. Rev. Nucl. Part. Sei., 
v. 35, (1985), p. 25. 

[5] H.D. Shay, R.A. Ryne, S.S. Yu and E.T. Scharlemann, 
Nucl.Instrum. Methods, A304 (1991), p. 262. 

[6] J. Gardelle, J. Labrouche and P. Le Taillander, Phys. Rev. 
E, v. 50 (1994), p. 4973. 

[7] J.Gardelle, J. Labrouche and J.L. Rullier, Preprint CESTA/4 
(1996). 

[8]   J. Gardelle et al., Preprint CESTA/5 (1996). 
[9]   J. Gardelle, J. Labrouche and J.L. Rullier, in: the Proc. of 

EPAC 96  (Sitges(Barcelona),   10-14 June  1996),  v.l, 
p.298. 

[10] N.S. Ginzburg and A.S. Sergeev, Zh. Tekhn. Fiz., v. 
61 (1991), p. 133. 

[11] A.M. Sessler et al., Nucl. Instr. Methods, A 306 (1991), 
p. 592. 

[12]  V.L.Bratman et al.,  in:  Relativistic  High-  Frequency 
Electronics, ed. A.V. Gaponov-Grekhov (IAPAS USSR, 
Gorky, 1979), p. 249. 

490 



EMITTANCE DILUTION AND MAGNET DESIGN FOR 
THE TTF FEL  SECOND BUNCH COMPRESSOR 

I.N.Ivanov , S.I.Kukarnikov, A.Yu.Molodozhentsev , V.A.Petrov, V.Ph.Shevtsov, 
Laboratory of Particle Physics, 

Joint Institute for Nuclear Research 
Dubna, Moscow region, 141980 Russia and 

T. Limberg, M. Marx, 
DESY, Notkestrasse 85, 22603 Hamburg, Germany 

Abstract 

This paper presents results of investigation of the 
transverse emittance dilution in the TTF FEL bunch 
compression system. The requirements for the bending 
magnet field of the dipole magnets of the second bunch 
compressor are determined. The dipole magnet design for 
the bunch compression system is performed. The dipole 
magnets are optimised to obtain minimum transverse 
emittance dilution. 

1   INTRODUCTION 

The TTF FEL second bunch compressor consists of 
four identical bending magnets to change the 
longitudinal rms bunch size from 0.8 mm to 0.25 mm at 
the energy of 144 MeV [1]. Main parameters of the 
dipole magnet for the second bunch compression 
system should be the following [2] : 
• C-type magnet with the aperture gap no less than 2 cm; 
• the good field region should be no less than 20 cm 
in horizontal direction and ±1 mm in vertical direction; 
• dipole magnetic field component should be variable 
from 2808.712 Gs till 3753.616 Gs for different values 
of the bending angle which should be between 17+23 
degrees [1]; 
• length of the bending magnet 50 cm. 

The main peculiarity of the bunch compression system 
is the following. Each particle of the bunch moving in 
transverse magnet field spends time determined by own 
energy and bending magnet field value. The magnet field 
is not uniform in a working region caused by the magnet 
field errors which can be presented as some quadrupole 
and sextupole magnet field components. In this case 
calculation of the time should be made accurately to 
investigate longitudinal and transverse particle motions. 

2 TRANSVERSE EMITTANCE DILUTION 

Using the special algorithm [2] the special program is 
made to investigate emittance dilution due to quadrupole 
magnet field component in the bending magnets of the 
second TTF FEL bunch compression system. This 
results is   checked by  the  PARMELA 

program. And as the next step, the transverse emittance 
dilution due to sextupole component of the bending 
magnet field is estimated by the PARMELA program. 

2.1 Transverse emittance dilution due to 
the quadrupole component of the magnet field 

To estimate transverse emittance dilution due to 
quadrupole component of the bending magnet field of the 
2nd bunch compression system one can use the developed 
program. The particle bunch can be presented as some 
slices in the transverse direction. Each slice has the own 
energy. The energy of the slices are in the range 
144±0.720 MeV (CT=0.005). The transverse coordinates 
and velocities of the particles in the slice are generated to 
get the microcanonical distribution. 

The initial bunch parameters are the following: 
az=0.08 cm, o-E=0.005; Es=144 MeV; 
e„=l 7i.mm.mrad or 2 7t.mm.mrad; 
ßx=15.0 m, ßy=8.0 m, ax=ay=0,   where az are the rms 
longitudinal beam size, crE is the energy dispersion, en is 
the normalized emittance. 

Figure   1   presents  the relative  emittance  dilution 
D/„exit     „initial \ / „initial r r ., 8X=(8     —8        )/S as a function of the 
average quadrupole component in the working region of 

' 1 ÖBy\ — — )       for the dipole 
B0 ox / 

magnet field 2968.617 Gs for the different initial 
emittances. 

The transverse emittance dilution may be 
estimated by the PARMELA program also. The 
emittance for the system with an ideal bending magnet 
field is constant before and after the bunch compressor 
for the developed program. Unfortunately, using the 
PARMELA program one can get this result with 1...2% 
accuracy. 

Comparison of the obtained results with the data, 
obtained by the PARMELA code shows a good 
coincidence of the results. To analyse the transverse 
emittance dilution using the PARMELA program the 
particles of the bunch are generated randomly in a four 
dimensional transverse hyperspace with uniform phase 
and  random  energy (inputö). 

the dipole magnet (g) = I 
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Figure 1: The relative emittance dilution as a function 
of the quadrupole component of the bending magnet 
field for different initial values of the normalized 
transverse emittance : lpi mm.mrad- the dashed line, 2pi 
mm.mrad - the solid line. The dipole magnet field is 
2968.617 Gs. 

Relative emittance dilution as a function of 
sextupole component 
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Figure 2: The relative emittance dilution as a function of 
the sextupole field component of the bending magnet for 
different initial values of the normalized transverse 
emittance : lpi mm.mrad- the dashed line, 2pi mm.mrad 
- the solid line. 

The initial parameters are the same as mentioned above. 
The obtained result corresponds to the emittance with the 
90% of the particles. To present the bunch 1000 particles 
are used. To include the quadrupole field component in 
the bending magnet the magnet can be presented as "short" 
bending magnets. Between the "short" dipole magnets the 
quadrupole and sextupole lenses can be installed to model 
the "real" magnet field of the magnet with dipole, 
quadrupole and sextupole components. Length of the 
lenses should be small. 

2.2 Transverse emittance dilution due to 
the sextupole component of the magnet field 

To estimate the emittance dilution caused by the 
sextupole magnet field component in the bending magnet, 
the PARMELA program is used. In this case the 
quadrupole component is fixed and get from the previous 
calculations. Figure 2 presents the relative emittance 
dilution as a function of the sextupole field component of 
the bending magnet field for the dipole magnet field value 
of 3200 Gs. The quadrupole field component is g=5.0e-5 
(1/cm) that corresponds to the 9.5% emittance growth of 
the 1 7i.mm.mrad beam without the sextupole field 
component . To estimate the influence of the sextupole 
component for the another initial condition the extra 
calculation is made for the 2 7c.mm.mrad beam with the 
quadrupole component g=7.5e-5 (1/cm) that corresponds 
to the 8.5% emittance growth. One can see from Figure 2 
that to get the emittance growth about 15% in the 2nd 
bunch compression system the average sextupole field 
component should be about (2-=-5)e-4 (1/cm ). 

3  DESIGN OF THE DIPOLE MAGNET 

3.1 Definition of the main parameters of the magnet 
For the 1 7t.mm.mrad initial normalized 

emittance and the emittance dilution in the second 
bunch compression system about 15%      the relative 

1  dB, 
quadrupole component  g = 

Bn  öx 
of the magnetic 

field in the working region should be 4.0-10"5 (1/cm) 
and the average sextupole component 5.0-10"4 (1/cm2). 
Then the dipole magnet design is performed to get the 
field quality in the working region for the emittance 
dilution less than 15%. 

When the aperture of the magnet is much 
smaller than the length of the magnet and a radius of 
curvature is bigger than the magnet's length the ends of 
the magnets constitute only a small fraction of the 
investigated field seen by a beam and the fact that the 
fields in the ends are three-dimensional can be ignored. 
Magnet calculations are made by the POISSON and the 
OPERA-2D codes. 

To simplify installation of the vacuum chamber 
and the magnetic field probes the C-type dipole magnet 
should be used [3]. These magnets will be installed 
vertically along the TTF accelerator. Unfortunately, this 
type of dipole magnet has some magnetic field gradient 
to the inner coil for the field in the 0.2-^0.4 T. The 
value of this gradient is constant in the working region 
for the range of the bending magnet field of the TTF 
bunch      compression system.   Magnetic      field 
distribution is a function 
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of permeability of the magnet material. To investigate the 
influence of the material on the magnetic field quality the 
different permeability tables are used which are the 
internal tables of the POISSON and the OPERA 
programs. 

3.2 Optimization of the dipole magnet 

To decrease the field gradient of the C-type 
dipole magnet in the working region one can use special 
trimming the poletips. For this the poles of the magnet 
should have some converging angle to the external coil to 
escape the quadrupole component of the field in the 
working region. Optimization of the pole shapes should 
be done after the magnet measurements. The correction 
angle of the magnet poles is a function of the type of the 
material. Figure 3 demonstrates the relative magnetic field 
distribution before (the solid line) and after (the dashed 
line) correction of the converging angle for permeability 
table that is the internal table of the OPERA-2D program. 

Relative magnetic field for some the correction 

dtyB0iB<Mi>»MleMdln1tocrtir 

The final surface processing of the magnet poles should 
be carried out after the magnet measurement to minimize 
the quadrupole component in the working region. 

After this processing the magnetic field accuracy has 
to be about 0.05% for the flux density 3753.62 Gs. To 
optimize the edge field the pole-end pieces are installed. 
The profile of the pole-end pieces should be determined 
after the magnetic field measurements. The correction 
coils will be used for the magnetic field tuning. 
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Figure 3: The relative magnetic field distribution before 
(the solid line) and after (the dashed line) correction of the 
converging angle of the poles. 

3.3 Technical description of the dipole magnet 

The steel 1010 with a carbon content less than 
0.13% is planned to use for manufacturing of the magnet 
yoke. The yoke sizes have been optimized to provide the 
working region about 200 mm, sufficient durability of the 
yoke under influence of the magnetic field force and to 
reduce a quadrupole component of the magnetic field in 
the working region. To minimize the pole width and the 
power supply the gap height should be as small as 
possible. The gap size, determined by the beam tube 
dimensions, is equal to 20 mm. The poles should be made 
to separate from the yoke of the magnet, to install and 
swap of the magnet coils and to simplify the pole surface 
processing. 
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Abstract 

Measurement of wakefield is planned at the Extraction 
Line from the Damping Ring of ATF, Accelerator Test 
Facility at KEK. In this experiment, 'residual' long-range 
transverse wake field excited by multi-bunch beam will be 
measured, and will be compared with theoretical 
calculation of wakefields with cell-to-cell misalignment. 
The residual wakefield which is induced by cell-to-cell 
misalignment of structure. Because the multi-bunch beam 
from the Damping Ring is expected to be stable and 
extremely low emittance, we can measure a small 
transverse kick of 10 nrad by using 500 nm resolution 
BPMs and optimized optics of the extraction beam line. 

1 INTRODUCTION 

In the linac of the KEK JLC design [1], the 
bunch train which is 85 bunches of 7.2xl09 electrons and 
1.4 ns bunch spacing. In this multi-bunch design it is 
important to control the long-range transverse wakefields 
generated in the accelerating structures of the linac. The 
transverse modes of the accelerator cavities cause the 
multi-bunch beam break-up instability. As of today, a 
variety of structure schemes have been developed to reduce 
(detune or damp) the effect of dipole wakefields. One is the 
detuned structure (DS) in which the dipole modes will be 
canceled by spreading the frequencies of the relevant modes 
in the structure [2]. Another scheme, such as the damped- 
detuned structure (DDS) is being studied at SLAC [3]. A 
heavily-damped or a medium-damped structure based on 
the choke-mode structure has also been developed recently 
[4]. In the choke-mode structure, all of the higher-order 
modes are heavily damped. 

The wakefield can be calculated by existing 
computer programs within certain limitations. So it is 
important to compare the result of the theoretical 
calculations with measurement using real beam. Until 
now, measurement of the wakefield suppression have been 
made on X-band detuned structure (DS) at Argonne's 
Advanced Accelerator Test Facility (AATF) [5] and 
detuned damped structure (DDS) at ASSET [6]. In 
ASSET, the measurement of wakefields was performed 
by using two bunches (electrons and positrons) which 

were injected into the system with individual control of 
the bunch timing and intensity. This experiment measured 
wakefield which was proportional to beam offset. 

Our plan is to do the measurements of 
wakefields at KEK in the diagnostics section of the 
extraction line from the ATF damping ring (Figure 1). 
This damping ring is designed to generate extremely low 
emittance and stable multi-bunch beam. Using this low 
emittance beam, the measurement with high sensitivity 
will be expected. The purposes of this experiment are the 
measurement of the residual wakefield which is induced by 
cell to cell misalignment of structure, when beam goes 
through the average center of the structure and single 
bunch blow up will be minimized. It is important to 
check theoretical calculation of transverse wakefield with 
cell to cell misalignment. The superposition effect of 
long-range transverse wakefield excited by multi-bunch 
beam will also be compared with the result of theoretical 
calculation. 

2 TRANSVERSE WAKEFIELD MEASUREMENT 

2.1 Long-range transverse wakefields 

The key requirement of this measurements is that 
its sensitivity to the long-range transverse wakefield is 
below the tolerance on the wakefield strength in the KEK 
JLC design. It is difficult to characterize the limit on wake 
function. However, the criterion of wakefield strength 
that emerge from recently studies is less than 1.0 
MV/nC/m2 at each bunch location assuming r.m.s. 
misalignment of about 10 p,m [7]. When the beam offset 
to the structure center is 10 u.m and wake function per 
unit length for 1.3m-long structure with its cells perfectly 
parallel to the beam is 1.0 MV/nC/m2, the transverse kick 
amounts to 25.4 nrad/structure assuming the bunch 
charge and the beam energy are 3 nC and 1.54 GeV, 
respectively. 

Furthermore, if the cell-to-cell misalignment is 
comparable to the offset of the beam with respect to the 
structure, the effect of the misaligned cells cannot be 
ignored and it becomes important to study the effective 
kick from the cell misalignment in the structure. 

0-7803-4376-X/98/$10.00©1998 IEEE 494 



Quadrupole magnet + BPM 2.2 m 

Beam from 
Damping Ring 

Beam Dump Quadrupole magnet + BPM 

Figure 1 Layout of the ATF extraction line 

2.2 Layout of Extraction Line and Measurements 

The layout of the extraction line is shown in 
Figure 1. The measurement of wakefields will take place 
at the latter half of the extraction line. This linear region 
is diagnostics section and is dispersion free. The structure 
will be installed before the diagnostics section and will be 
mounted on a remotely controllable support. All 
quadrupole magnets are equipped with internal high 
resolution beam position monitors (BPMs). These are 
stripline type, because these have to measure a bunch-by- 
bunch beam positions. Some wire scanners located at the 
diagnostics section. 

Firstly the Twiss parameters at the test structure 
and measurement points are optimized. Then single bunch 
blow-up by beam position jitter at the structure will be 
minimized by moving the test structure using the active 
mover support and observing beam profile using the wire 
scanners. Finally bunch-by-bunch beam positions are 
measured by BPMs downstream of the structure. The 
monitors for individual bunches with 2.8 ns bunch 
spacing have been developed at ATF 80 MeV pre-injector 
[8][9]. 

2.3 Optics 

Let Twiss parameters of the structure position 
(Sj) be a, and ß„ and those at the position of the BPM to 
measure transverse kick (S2) be ot2 and ß2. The transfer 
matrix from the structure to the measurement point is 
given by 

R(sjs2) = Ml       "12 

*21      "22 

\ßll ■ \ ■^-(cos^ + atSint/J 

»/Aft 

VAftsinv 

cos(p-a2sin^) 

-(1) 

where \|f is phase advance from St to S2. R12 should be big 
to detect small transverse kick by long-range wakefields in 
the structure. Beam size at the BPM (-yjeß2 ) should be 

small for the resolution of measurement, while beam size 
at  the  structure  {Jeßx)   should  also  be   small   for 

minimizing the effect of short-range wakefield induced by 
beam position jitter. To get the big R12 , ß,, ß2 and phase 
advance from Sj to S2 should be optimized. 

2.4 Sensitivity 

Define the sensitivity at the BPM to measure 
transverse kick of long-range wakefields as follows. 

Beam offset by long - range wakefield 

J(net beam size)  + (beam size blowup) 

tyh, 

■\{ay2)
2 +(Ax,to„)2 

(y: vertical direction) 

--(2) 

This ROS is the ratio of the beam offset by long-range 
transverse wakefields to the beam size at the BPM. When 
the value of ROS is big, this measurement will be easy. 
Here, beam offset by long-rang wakefield (Ayhng), the net 

beam size (cxy2), beam size blow-up by beam jitter and 

short-range wakefield (Ayshort) are given by 

4yfa„Ä=tf12(s,A2)xAy;;„s 

Ay*«=M*i/'2)*4yito, 

(3) 

where Ay'lmg, Ay'short and £ are kick angle  by long-range 

and short-range wakefield at the structure and emittance of 
beam at BPM, respectively. We assume that all bunches 
in a pulse have the same injection error, and ignore bunch- 
by-bunch jitter. From these equations and transfer matrix 
from Sj to S2, ROS is independent of ß2. And optimum ßt 

which make ROS maximum is derived from bunch 
charge, beam energy, beam position jitter and strength of 
short-range wakefield at the structure. When single bunch 
wakefield is assumed as iy7.(j) = 2<Tz1.3xl020[V/C//n3] 
[10], the optimum ßj is given in the case of two particle 
model by 

A- 
Ay ,jjSE- -2-WT(2<Tz)-— sinv 

L_ 
E 

(4) 
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where Ayjitter, ay and az are the position jitter at the 

structure, the vertical and longitudinal beam size at the 
structure, respectively. Maximum ROS is given by 

*OSmax. = 
Wlc long 

2e. 
Ay 

(5) 
jitter    <} 

%-WT(.2oz)- 

when sin\)/ is equal to 1, i.e. phase advance from S, to S2 

is 7t(n+l/2) (n: integer). 
The beam position jitter at the structure 

contributes to the error on the signal measurement. 
Extremely low emittance of ATF's (e„y=30 nm) and stable 
beam has an advantage in getting a high sensitivity. 
However, our long bunch length (a =5 mm) has a 
disadvantage from the effect of the short-range transverse 
wakefields on the measured bunch motions. To minimize 
this effect, length of the witness bunch should be as small 

as possible. 

2.5 Resolution of measurement 

To measure much smaller transverse kicks by 
long-range wakefield, the beam offset at BPM due to the 
transverse kicks must be larger than the resolution of 
BPM. For example, let the transverse kick (Ay'hns) be 10 

nrad, and the extracted beam from the damping ring has 
the following parameters in Table 1. 

Table 1 : ATF design parameters 

Beam energy E 1.54 GeV 
Bunch charge q 3.0 nC 
Particles/bunch N 1-3 1010 

Bunch spacing tb 2.8 ns 
Bunches/train Nb 10-60 
Bunch length a2 5.0 mm 
Horizontal emittance enx 4.3-5.1 urn 
Vertical emittance env 30 nm 

The beam position jitter at structure is assumed to be 
0.1ay. In this case, ROSraax is equal to 5.4xl0"3. For the 
resolution of BPM is 0.5 ^m, ß2 has to be larger than 425 
m which means vertical beam size 65 \im at the BPM. A 
design of the beam optics which satisfied the above 
requirements was actually done, as shown in Figure 2. 
The resolution of BPM is also realistic value with 2.8 ns 
bunch spacing [11]. 

Even in the case that the pulse-to-pulse or bunch- 
by-bunch beam jitters are larger than the resolution of 
BPM and cannot be ignored, by measuring the orbits of 
all bunches in a pulse at the same time in diagnostic 
section, this measurement is free from the problem of the 
beam position jitter. Then we can still measure the much 
smaller transverse kick by residual wakefield. 

i i I & i 
Figure 2 Optics of the ATF extraction line 

3 CONCLUSIONS 

At the ATF extraction line, the precise transverse 
wakefields measurements will be able to perform using 
extremely low emittance beam, high resolution BPMs and 
optimized optics of the extraction beam line. The 
experimental study of wakefields in an accelerating 
structure with cell-to-cell misalignment will be performed 
with using ATF multi-bunch beam. 
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Abstract 

The beam optics in a linear accelerator may be changed 
significantly by variations in the energy and energy 
spread profile along the linac. In particular, diurnal tem- 
perature swings in the SLC klystron gallery perturb the 
phase and amplitude of the accelerating RF fields. If 
such changes are not correctly characterized, the result- 
ing errors will cause phase advance differences in the 
beam optics. In addition RF phase errors also affect the 
amplitude growth of betatron oscillations. We present an 
automated, simple procedure to monitor the beam optics 
in the SLC linac routinely and non-invasively. The 
measured phase advance and oscillation amplitude is 
shown as a function of time and is compared to the 
nominal optics. 

1 INTRODUCTION 

The SLC linac is subject to large variations of its op- 
tics. Most of those variations occur on a day-night basis 
and are strongly correlated with the outside temperature. 
A diagnostic pulse was first implemented in 1995 [1] 
and then used extensively during the 1996 run in order to 
monitor the behavior of the SLC optics. 

We distinguish between the machine and the beam 
optics. The former is defined by the magnet strengths 
and the design beam energy, while the latter describes 
the multi-particle behavior of the beam in the presence 
of strong wakefields. The diagnostic pulse measures the 
beam optics. The variations in beam optics that are 
shown in this paper are caused by two different mecha- 
nisms. 

1. The beam energy along the linac is not constant. 
As some of the 300 klystrons switch on and off, the local 
beam energy changes while the final beam energy is 
kept constant. The lattice strength in SLC is adjusted in 
order to minimize this effect. In addition, the accelerat- 
ing gradient at a single structure can vary due to unde- 
tected errors. 

2. The transverse beam dynamics in the SLC linac is 
dominated by wakefields. Wakefield effects cause both a 
change in phase advance and the amplification of beta- 
tron oscillations. The wakefield effects on the optics 
depend on beam current, RF phases, bunch length and 
bunch distribution. Any change in those parameters will 

change the beam optics. For a detailed description of the 
multi-particle beam dynamics see [2]. 

2 IMPLEMENTATION 

In standard SLC operation electron bunches are sent 
down the linac with a rate of 120 Hz. The sophisticated 
timing and triggering system of the SLC allows one to 
automatically kick selected pulses with 5 Hz, measure 
the induced betatron oscillations and dump them at the 
end of the linac. The positrons are not affected. In 1996 
the SLC diagnostic pulse used 10 pulses every 
15 minutes. The loss in integrated luminosity is negligi- 
ble. The 1996 implementation was restricted to the ver- 
tical plane of electrons. It is illustrated in Figure 1. 

SLC diagnostic pulse 

7t       3K 

(5 Hz) 

SRTL 

Fast 
kicker       SARC 

Figure 1 Schematic illustration of the SLC diagnostic 
pulse implementation. 

The data was processed with two different methods. 
A simple online algorithm fitted the locations where the 
betatron oscillations crossed the zero axis (zero-crossing 
method). The phase advance is determined in 180 degree 
intervals and is almost independent of the knowledge of 
the optical functions. The method is simple, fast and 
robust. The average of two initial phases were saved into 
history plots that allowed tracking of the stability of the 
phase advance for a number of different regions in the 
linac. In this simplified model the amplitude of the os- 
cillations was defined as the maximum BPM amplitude 
between zero-crossings. 

A more complete analysis was suggested in [3]. This 
algorithm was implemented into the online analysis 
during the 1996 run and was used for the offline analysis 
presented in this paper. A complete description can be 

1 Work supported by the Department of Energy, contract DE-AC03-76SF00515 
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found in [4]. Here we merely outline the principle. For a 
single measurement, the diagnostic pulse acquires two 
betatron oscillations (x,,x,') and (x2,x2') with different 
initial phases. The same R-matrix transports both beta- 
tron oscillations from the initial point "0" to all down- 
stream locations "i": 

(xpx,'). =R-(x1)Xl')()    and   (x2,x2'). =R-(x2,x2')() 

This allows reconstruction of the full R-matrix. Assum- 
ing that the single-particle Twiss functions apply locally, 
the R-matrix is then transformed into normalized coor- 
dinates. The two main observables, phase advance v|/ and 
normalized amplitude A, are then obtained as: 

V|/ = arctan 
R, 

\RnJ 
and   A: ^f 

The amplitude is corrected for adiabatic energy damp- 
ing. Without wakefields, A is equal to one along the 
whole length of the linac. BNS damping aims at keeping 
A close to one in the presence of wakefields [4]. In ad- 
dition, the beam Twiss functions ß and a can be deter- 
mined from the diagnostic pulse data. 
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Figure 2 Phase advance difference with respect to the 
machine optics along the SLC linac (simulation). The 
"zero crossing" results are compared to the result of the 
R-matrix algorithm. 

The results for the phase advance from the two 
methods are compared in Figure 2. As expected, the re- 
sults agree very well. The average of the two "zero- 
crossing" results gives an accurate measure of the beam 
phase advance. The total oscillation swing in the R- 
matrix result in Figure 2 is a measure of the beta mis- 
match over all possible initial phases. 

3 STABILITY 

The phase advance and the normalized oscillation 
amplitude were monitored for the whole 1996 run, from 
March to August 1996. A major goal for those measure- 
ments was to identify the temperature dependent day- 
night stability problems affecting the SLC performance. 
As soon as the outside temperature began to rise in May, 
large day-night variations were observed indeed. Fig- 
ures 3 and 4 show the measured beam phase advance 
and normalized oscillation amplitude on May ll1" for 

two periods called "day" and "night". The "night" period 
contains data from 1:12am to 5:31am, while the "day" 
period contains data from 12:14pm to 14:38pm. 
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Figure 3 Measured beam phase advance difference in 
the SLC linac with respect to the machine optics during 
day and night of May 11*, 1996 
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Figure 4 Measured normalized oscillation amplitude in 
the SLC linac during day and night of May 11"1, 1996. 

It is seen that the beam optics changes from day to 
night. The total phase advance varies by up to 100°, 
while the normalized amplitude changes by almost a 
factor of 2. The beam-based emittance optimization for 
the SLC linac is heavily affected by those changes. 

Once the beam signature of the day-night variation 
was measured with the diagnostic pulse it could be 
traced to an uncorrected temperature-dependent varia- 
tion of the RF phase synchronization system in the linac 
[5,6]. A simple model was developed that simultane- 
ously explained several outstanding stability problems in 
the SLC linac. For more details see [5]. 

Figures 5 and 6 show the variations in phase advance 
and normalized amplitude before and after a temperature 
correction was applied to the phase distribution system 
(on day 191). Day-night variations in the beam optics 
were significantly reduced. 

4 ABSOLUTE ERRORS 

The measured multi-particle beam optics can be 
compared to the expectations. Detailed simulations were 
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performed with the LIAR computer program [4]. The 
simulations used the measured quadrupole settings, the 
actual SLC beam energy and the measured beam profile 
and current, to the known accuracy. 
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Figure 5 Measured variation of the beam phase advance 
in sectors 2-4 from June 28th to July 16*. 
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Figure 6  Measured normalized amplitude in sector 11 
from June 281" to July 16th. 
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Figure 7 Relative difference between measured and 
simulated beam phase advance along the SLC linac on 
the night of July 31*. 

Figure 4 compares the measured normalized ampli- 
tude to the simulation result. The amplitude at night 
shows reasonably good agreement with the expectation. 
Figure 7 shows the relative difference in phase advance 
between a measurement on July 31s1 and the simulation. 
The agreement between the measurement and the simu- 
lation is at the 1-2% level. Taking into account uncer- 
tainties in the longitudinal beam profile, the RF phases, 
etc. this agreement is remarkably good. 

It is important to point out that the diagnostic pulse 
also allows one to locate large setup errors. An example 
is shown in Figure 8. The phase advance changes by 
about 130° when a klystron early in the linac is switched 
off. 

S[m] 

Figure 8 Measured phase advance before and after 
switching off a klystron in the beginning of the linac. 
The lattice was not rescaled. 

5 SUMMARY 

A diagnostic pulse was developed and used success- 
fully in the SLC linac for monitoring and checking of 
the multi-particle beam optics. The measured signature 
of large day-night variations in the beam optics indicated 
a solution to a long outstanding stability problem for the 
SLC. The measured beam phase advance was shown to 
agree on the 1-2% level with detailed simulations of the 
multi-particle beam dynamics. In addition, the normal- 
ized oscillation amplitude shows very good agreement 
within its measured stability. The diagnostic pulse also 
provides a valuable tool to find large errors in the 
klystron and optics setup. It will provide an essential tool 
in the operation of future linear colliders. 
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OBSERVATION OF DARK-CURRENT SIGNALS FROM THE S-BAND 
STRUCTURES OF THE SLAC LINAC1 
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Stanford Linear Accelerator Center, Stanford University, Stanford, CA 94309 

Abstract 

It is well known that the electromagnetic fields in high- 
gradient RF structures can cause electron emission from 
the metallic structure walls. If the emitted electrons are 
captured and accelerated by the accelerating fields so- 
called "dark-current" is induced. Dark-currents have 
been measured and studied for various RF structures. In 
this paper we present measurements of RF induced 
signals for the SLC S-band structures. For nominal 
gradients of 17 MV/m it is shown that the dark-current 
can be strong enough to significantly reduce the signal- 
to-noise ratio of the SLC beam wire scanners. We also 
show results from RF measurements in the dipole band. 
The measurements are compared to more direct 
observations of dark-current and it is tried to connect the 
results to possible effects on the accelerated particle 
beam. 

1 INTRODUCTION 

Accelerating, high-gradient RF structures are 
known to generate significant dark-current [1]. The 
generation and strength of dark-current has been studied 
experimentally and theoretically in a number of previous 
publications [1,2,3,4]. Though some quantitative 
understanding on the strength of dark-currents and its 
dependence on structure design, cleanliness, gradient, 
and other parameters has been achieved, it has proved to 
be hard to quantify the effects on the accelerated beam. 

We consider dark-current for the SLC linac. The 
beam energy (>1.19GeV) is high compared to the 
energy of the dark-current electrons gained within a 
girder with four or two structures (< 0.220GeV). Due to 
the large energy 
disparity, the dark-current is then almost completely lost 
after the first quadrupole [4]. The dark-current does not 
propagate down the linac and only local effects are 
important. These can be twofold: 
1. Generation   of  background  for  local   diagnostic 

devices. 
2. Beam   deflections   due   to   possible   azimuthal 

asymmetry in the dark current distribution. 
The first nuisance is observed in the SLC linac on a 
regular basis and results locally in a limitation of 
maximum accelerating gradient for certain RF structures 
in the SLC linac. Possible beam deflections due to 

asymmetric dark-current have not been observed directly 
so far. They provide, however, a possible mechanism to 
explain observed growth in "beam jitter" along the SLC 
linac [5]. This mechanism, if strong enough, could 
generate unacceptably large beam jitter in future linear 
colliders like the NLC, SBLC or JLC. In this paper we 
describe attempts to indirectly assess possible effects on 
the beam by simultaneously measuring the dark-current 
and RF induced dipole mode signals from the structures. 

700 ■ " 1  1 1 i     i     i 
66% 

T- 

600 - f 57%  + - 

13 500 - t *    X - 
a J   » M 400 L - 
«5 

1 
300 

200 

M / V. - 

100 
i 1   1   1 1 

-2000-1500-1000 -500     0     500   1000 1500 

Wire position [mm] 

Figure 1 Example of transverse beam profile 
measurements with two different drive settings of the 
upstream klystron. The background was almost halved 
when the klystron drive was reduced from 66% (squares) 
to 57%. 

2 SLC WIRE MEASUREMENTS 

RF induced dark-currents can disturb important 
beam measurements. Among the most crucial diagnostic 
devices in SLC are the wire scanners that allow a full 
reconstruction of the beam emittance at different 
locations in the linac. A thin wire is moved through the 
beam and produces scattered electrons. The number of 
scattered electrons is proportional to the beam intensity 
at the actual location. A measurement of the number of 
scattered electrons as a function of wire position then 
reveals the transverse beam profile. 

The scattered electrons are detected with a Photo- 
Multiplier Tube (PMT) that is located downstream of the 
moving wire. If dark-current electrons hit the PMT they 
produce a background to the beam-induced signal. The 
signal-to-noise ratio is reduced and the measurement is 
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distorted. Figure 1 shows an example where the dark- 
current induced background was reduced by lowering 
the drive of an upstream klystron. 

Occasionally the dark-current induced background 
can completely "hide" the beam-induced signal in the 
SLC linac. As a consequence, the maximum accelerating 
gradient for certain structures must be limited such that 
dark-current induced background for the wire 
measurements is avoided. For the study that follows we 
used the PMT signals as a qualitative measure of dark- 
current in the RF structure. 

3 RF INDUCED DIPOLE-MODE SIGNALS 

An asymmetric, not centered current can excite a 
dipole mode in RF structures. It was shown that beam- 
induced dipole mode signals correlate well with the 
centroid position of a particle beam in the RF 
structure [6]. Here we describe measurements of purely 
RF induced signals in the dipole-mode frequency range 
(DM). The setup of dipole-mode measurements for the 
SLC is described in [6]. 

In order to study the nature of the observed dipole- 
mode signals, we simultaneously studied RF induced 
dipole-mode and PMT (compare above) signals. The 
experimental layout is sketched in Figure 2. We mainly 
considered C-Band signals at 4.064GHz and 4.210 GHz. 
The RF induced DM (without beam) produced a signal 
that was about 60 times smaller than that from a bunch 
with 3.5-1010 electrons and a 50-100|im offset in the 
structures. 
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Figure 2 Layout of the experimental setup. The dipole- 
mode signals were measured at the input couplers of 
Klystron 2-2. The PMT signals were measured at the 
location of WIRE LI02, 239. 

4 MEASUREMENTS 

RF-induced PMT and C-Band ("DM") signals were 
measured    simultaneously    for    different    klystron 
parameters. The parameters of interest are: 
1.   Beam voltage: Voltage of the klystron beam. 

2. Klystron delay: Changes delay and width of RF 
pulse. If small, then the klystron produces no RF 
power. 

3. RF tuning: Tuning of the SLED cavities. 
As a first test the klystron beam voltage was changed. 
Figure 3 shows the measured PMT and C-Band signals 
for the different settings. The results are summarized in 
Figure 4. As expected for dark current, the PMT signal 
shows a strong dependence on the beam voltage. 
However, the C-Band signal shows only little change. 
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Figure 3 PMT (left) and C-Band (right) signals for 
different beam voltage settings of klystron 2-2. 

7 -i 
PMT 

- 1 

6 - DM --•O—                                                                                       y/ A - 0.8 •a 
5 - /            / 

/ d 
.2? 

4 - ^y^-V - 0.6 C/3 
43 

3 - 
©  -«—<^/ 

- 0.4 
o 
2 
0 

2 - 
-0.2 5 

1 - 
m mx 

275 
1             1             1             1 

280        285        290        295 
i   " 

300 

Beam voltage [MV] 

Figure 4 Summary of the results from Figure 3. The 
PMT signal shows a strong dependence on the klystron 
beam voltage, while the DM signal does not. 
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Figure 5 C-Band signals (top) and PMT signals (bottom) 
for different klystron delays. 

The arrival times of both signals follow the 
klystron delay. This is shown in Figure 5. For small 
delays the beam voltage drops (measured but not shown 
here) and the PMT signal vanishes. The C-Band signal 
becomes unstable (fluctuates between nominal value and 
zero: large error bars) but does not vanish. 
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It was also tried to correlate the variations in the 
PMT and the Beam voltage signals. The correlation for 
35 consecutive measurements is shown in Figure 6. 
There is either no correlation or the correlation is hidden 
by measurement noise. 
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Figure 6 Correlation between C-Band and PMT signal. 
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Figure 7 Sensitivity of C-Band signal against tuning of 
the bottom cavity. 
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Figure 8 Sensitivity of PMT signal against tuning of the 
bottom cavity. 

Finally we changed the tuning of the SLED 
cavities. As shown in Figure 7, the C-Band signal was 
eliminated by a small change in the tuning screw of the 

bottom cavity. At the same time the PMT dark current 
signal did not change significantly, indicating that the 
accelerating RF voltage and the associated dark current 
did not change. 

5 CONCLUSION 

Dark current in the SLC S-band structures is 
observed with the photo-multiplier tubes of the wire 
scanners. We studied the dependence of the PMT signals 
on several klystron parameters and found the expected 
qualitative behavior. 

We also observed RF-induced C-Band signals. 
These signal were about 60 times smaller than the dipole 
mode signal from a bunch with 3.5-1010 electrons and a 
50-lOOu.m offset in the structures. We performed 
measurements at 4.064GHz and 4.210 GHz for varying 
klystron parameters. The C-Band signal showed a very 
different behavior compared to the PMT signal. Its 
strength did not depend strongly on the beam voltage in 
the structure or the klystron delay, as did the PMT 
signal. A minor change in the tuning of a klystron cavity 
was sufficient to eliminate the C-Band signal. At the 
same time the klystron beam voltage and the PMT dark 
current signal remained essentially unchanged. We could 
adjust the klystron such that we either had a C-Band or a 
PMT signal. Both signals, generated from the same 
klystron, apparently are caused by different physical 
mechanisms. 

There is a strong indication that the C-Band signal 
is generated in the upstairs klystron and not in the RF 
structure. Because the signal is relatively large, it could 
affect the beam if it was transported into the downstairs 
RF structure. We can very roughly estimate that the 
observed variation in the C-Band signals is equivalent to 
an rms quadrupole jitter of less than 10 ran. Further 
studies are needed to get a better quantitative 
understanding of the strength and importance of 
klystron-generated RF signals. 
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OBSERVATION AND ANALYSIS OF STATIC DEFLECTIONS FROM 
TRANSVERSE LONG-RANGE WAKEFIELDS IN THE SLC* 

R.W. Assmann, F.J. Decker, P. Raimondi, T.O. Raubenheimer 
Stanford Linear Accelerator Center, Stanford University, Stanford, CA 94309 

Abstract 

In the SLC main linac a train of three bunches is accel- 
erated. The leading positron bunch is followed by two 
bunches of electrons. When the positron bunch passes 
off-axis through the RF structures, it excites dipole modes 
in the structures, for example long-range transverse wake- 
fields which deflect the subsequent electron bunches. Al- 
though the magnitude of the deflections is small one can 
infer the deflections by measuring the trajectory difference 
while changing the spacing between the positron and elec- 
tron bunches. Knowing the positron trajectory the mis- 
alignments of the accelerating RF structures with respect 
to the BPM's can be calculated. We present measurements 
from the SLC linac and discuss the data analysis and errors. 

1   INTRODUCTION 

A charge that is accelerated in the SLC linac excites trans- 
verse wakefields if it is misaligned with respect to the cen- 
ter of an RF structure. Figure 1 shows the calculated trans- 
verse wakefield W(z) that is excited in an SLC S-Band 
structure of length L0 from a charge Q\ with offset 5y. A 
charge Q2 at position s with energy £2(3). that follows the 
first charge with distance Az, then experiences a wakefield 
deflection 

8(s) = W(Az) 
eQtLpjs) 

E2(s) 
Sy. (1) 

The unknown beam to structure offsets 5y are caused by 
unavoidable alignment errors and are the cause for severe 
emittance dilutions in the SLC linac[l]. If they were deter- 
mined accurately then the optimization and stabilization of 
the SLC beam emittances could be improved. 

Transverse wakefields are usually distinguished into 
short-range wakefields that act within a bunch and long- 
range wakefields that act from one bunch to the next. Both 
are generated from beam to structure offsets. However, it 
is important to note that differently from the short-range 
case, long-range wakefields remain only in the first third of 
a structure and decohere afterwards. We are going to show 
how to determine the beam to structure offsets from long- 
range wakefields. In the presence of large internal structure 
misalignments those offsets will differ somewhat from the 
ones important for short-range wakefields. 

The SLC beam consists of three bunches: 1) a positron 
bunch, 2) an electron bunch, and 3) an electron bunch 
for positron production.   Here we consider the first two 
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Figure 1: Transverse wakefield as a function of distance Az 
for the SLC S-Band structures. The nominal bunch spacing 
is indicated by the dotted line. 

bunches. The electron bunch witnesses the transverse long- 
range wakefields from the leading positron bunch. With 
Eq. (1) it is seen that a change in Az changes the wakefield 
deflection 6. For a single structure and if Az is changed in 
many steps the wakefield can be mapped out and the beam 
to structure offset is determined. Here we consider many 
superimposed errors and only a few possible settings for 
Az. Assuming that the wakefield function is known, a sin- 
gle change in bunch spacing then allows to calculate the 
beam to structure offsets from the measured change Ay2 in 
the trajectory of the second bunch: 

Ay2(s) f ds'R12(s,s')-A9(s') 
Jo 

eQiLo(s') 
I ds'R^s')      E2{S>) 
■Wo ■ U(s') ■ 5y(s'). 

(2) 

(3) 

* Work supported by the Department of Energy, contract DE-AC03- 
76SF00515. 

The long-range wakefield function W(Az) for SLC is 
dominated by a 4140 MHz mode and can be approxi- 
mated with good accuracy by Wo • /</>(«') where Wo « 
0.13 V/pC/mm/m and 

U(s') = cos [Ms') -Acp + (j>o\ - cos [4>d(s') + fa] ■ 

The change in distance Az is expressed through an off- 
set A</> = Az/7.2cm ■ 360° in the long-range wakefield 
phase. (j>o is the nominal phase between the second bunch 
and the long-range wakefield. The analysis is slightly com- 
plicated by the fact that the long-range dipole-mode fre- 
quencies of the SLC S-Band structures have been adjusted 
by a technique called "dimpling". This was done in or- 
der to avoid beam breakup with continuous beam operation 
in the SLAC linac. The "dimpling" is taken into account 
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by a phase offset cf>d that is a function of position s and 
takes the values 0°, 45°, and 90° for the modes 4140 MHz, 
4142 MHz and 4144 MHz. Figure 2 illustrates the dipole 
mode frequencies for all structures in the SLC linac. 
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Figure 2: Dipole mode frequencies for the SLC S-Band 
structures. The effect of "dimpling" is illustrated. 

All terms in Eq. (3) can be measured or calculated ex- 
cept the beam to structure errors 8y(s). This allows to 
solve for 5y(s). Note, that due to the energy dependence in 
Eq. (3) the sensitivity of the method changes widely along 
the linac. The wakefleld deflections at injection energy are 
almost a factor of 50 stronger than the deflections at the 
end of the linac. A part of this difference is compensated 
by stronger focusing in the beginning of the linac. 

2   MEASUREMENTS 

The fundamental mode of the SLC S-Band structures is 
2856 MHz. The corresponding wavelength is 0.35 ns 
which defines an RF bucket. In order to change the bunch 
spacing between the positron and the first electron bunch, 
the positrons were not moved while the timing of the elec- 
tron bunch was moved in two steps of 1 RF bucket. The 
corresponding changes in A<f> are 160° and 320°, allowing 
for a significant change in the phase factor /^(s) and the 
measured electron trajectory. 

The measured trajectory change from a 1 bucket move- 
ment of the first electron bunch is shown in Fig. 3. The 
positron trajectory remained unchanged within its stabil- 
ity. Measurements were done repeatedly with 1 and 2 RF 
bucket changes for the electrons. Each measurement was 
calculated from three online measurements, each the aver- 
age of 30 beam trajectories. The spread within the three 
average measurements was used to determine the system- 
atic measurement error to be roughly 20 /im. 

3   ANALYSIS 

Starting from Eq. 2 the problem to be solved is 

Ri2-a = b, (4) 

with b being the array of BPM measurements Aj/2, & the 
array of wakefleld deflections 6 and Ru the relevant trans- 
port matrix. Note that for most of the linac, kicks from four 
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Figure 3: Measured change A1/2 in the electron trajectory 
due to moving the electron bunch 1 RF bucket (10.5 cm) 
closer to the positrons. The measurement (solid) is com- 
pared to a fit (dashed) for 10 wakefleld deflections and an 
average offset of all structures (compare next section). 

structures between neighboring BPM's are lumped together 
into a single effective kick. 

For the data analysis we used the method of singu- 
lar value decomposition (SVD). SVD factorizes Ru = 
U -S-VT with UUT = 1 and VVT = 1. The matrix 
S is diagonal with the diagonal elements Wi sorted in de- 
scending order. A number Wi indicates something like the 
effectiveness of a combination of kicks to change the trajec- 
tory. Putting a "threshold" on Wi will force the solution to 
use the most effective combinations of kicks and the RMS 
kick of the solution is reduced. Unphysical kick combi- 
nations can such be avoided. This is illustrated in Fig. 4. 
The solution is obtained as a = VS~lUTm with the er- 
ror (5a)2 = (VT/W) . The knowledge of the error 5a 
allows to iterate the result while disregarding the most in- 
significant kicks with large relative errors. In Fig. 5 it is 
shown that about 15 kicks are sufficient to explain the mea- 
sured data within its resolution. The agreement between 
the fit and the measurement is illustrated in Fig. 3 for just 
11 kicks. Though some differences are left, the data is well 
explained within its resolution and possible errors in the 
used optics R12 model. The data also allows to determine 
the phase cf>o between the electron bunch and the long-range 
wakefleld. Figure 6 shows that a minimum fitted x2 is ob- 
tained for 4>o « 15°. 

For the final results, the 1 and 2 bucket data sets were 
fitted simultaneously. The structure misalignments were 
calculated from the fitted wakefleld kicks and the results 
were compared to conventional survey data. We drew the 
following conclusions: 

1. The measured trajectory changes can be explained 
within the noise of the measurement by 15-20 large 
structure misalignments with an RMS of 1.5 mm. In 
addition an average offset of « 120 /zm of all structures 
is needed to explain the data. 

2. Due to the limited stability and BPM resolution, it 
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is difficult to resolve single errors.   The errors are 
lumped together into a few large ones. 

3. The LRWF results depend on the model used for the 
wakefield optics. We obtained consistent results with 
a modified model. 

4. There is no strong correlation between misalignments 
found by long-range wakefield and survey measure- 
ments. However, large offsets from the long-range 
wakefield analysis tend to coincide with problems in 
the survey. About 25 out of 263 survey measurements 
(about 10%) have large uncertainty errors. Assuming 
no correlation with the LRWF results, we would ex- 
pect that about 2 out of 20 LRWF kicks coincide with 
the survey problems. However, we find 7 coincidences 
that might indicate real problems. 

5. Twelve out of twenty large misalignments obtained 
from the long-range wakefield analysis occur at the 
end of a sector (instrumentation section). 

4   SUMMARY 

During the 1994/1995 run transverse long-range wakefields 
were studied in the SLC. Changing the distance between 
the e~ and e+ bunches, the static wakefield kicks from the 
leading positrons on the electrons were changed and the 
corresponding change in the electron trajectory was mea- 
sured. A significant change in the electron trajectory was 
indeed observed, indicating several large transverse struc- 
ture offsets in the SLC. A detailed data analysis was done 
for the vertical plane. 

Though limited in their accuracy, the long-range wake- 
field analysis pointed to the instrumentation sections at the 
end of linac sectors as the likely locations of large structure 
misalignments. Because the regular lattice is interrupted 
there, traditional alignment and survey methods are limited 
in their accuracy, explaining the possibly large misalign- 
ments. Also, an average structure offset of about 120 /an is 
needed to explain the measured electron trajectory. 

The available signal to noise ratio from the long-range 
wakefield measurements is not large enough to resolve 
all important structure errors with the required accuracy. 
Within the available resolution, errors are lumped together 
into a few large kicks. Although sufficient for a steering 
minimization, the accuracy is not sufficient for a mechani- 
cal realignment of the RF structures. A related approach[2] 
to determine the structure alignment with a better signal to 
noise ratio has been proposed and will be tested in the SLC 
linac during the 1997 run. 
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Figure 4: The x2 and the RMS kick found by SVD as a 
function of the number of linear combinations that are in- 
cluded into the solution. The x2 can be greatly reduced 
with just a few kick combinations. If too many combina- 
tions are included, unphysically strong kicks are introduced 
that reduce the x2 only slightly. 

3.0 ■ 

2.5 

2.0 ■ 

LL o 
Q 1.5 

1.0 
% . 

0.5 V. .....-• ■ 

0 50 100 150 200       25 

Number of kicks 

Figure 5: The x2 per degree of freedom as a function of the 
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long-range wakefield is indicated by a minimum x2 of the 
fitted solution. 
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BEAM-BASED ANALYSIS OF DAY-NIGHT PERFORMANCE 
VARIATIONS AT THE SLC LINAC 
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Abstract 

Diurnal temperature variations in the linac gallery of the 
Stanford Linear Collider (SLC) can affect the amplitude 
and phase of the rf used to accelerate the beam. The SLC 
employs many techniques for stabilization and 
compensation of these effects, but residual uncorrected 
changes still affect the quality of the delivered beam. This 
paper presents methods developed to monitor and 
investigate these errors through the beam response. 
Variations resulting from errors in the rf amplitude or 
phase can be distinguished by studying six different beam 
observables: betatron phase advance, oscillation amplitude 
growth, rms jitter along the linac, measurements of the 
beam phase with respect to the rf, changes in the required 
injection phase, and the global energy correction factor. 
By quantifying the beam response, an uncorrected 
variation of 14° (S-band) during 28°F temperature swings 
was found in the main rf drive line system between the 
front and end of the linac. 

1 INTRODUCTION 

Since the SLC now produces flat beams with 
emittances as low as yey = 0.2* 10"5 m-rad at the end of 
the linac, stability of the hardware has becomes 
increasingly critical. Slow variations coming from day- 
night temperature swings make it difficult to maintain the 
best emittances. It has previously been shown that the 
largest variations are caused by the accelerating rf system, 
but it was unclear whether the amplitude (A) or the phase 
(0) of the rf was varying. An earlier paper [1] described 
sources of amplitude variations, while this paper 
concentrates on the more serious effect of rf phase 
variations. In particular, beam-based measurements were 
used to distinguish between the two (A, 0). First we 
discuss the stability requirements, then the beam-based 
signals and simulations, and finally the primary problem 
source, the main drive line which distributes the rf 
synchronization. 

2 STABILITY REQUIREMENT 

If the linac alignment and beam orbit were perfect, the 
requirements for rf stability would be relaxed. Changes in 
longitudinal phase space parameters (energy, phase, bunch 
length, and energy spread) would not couple into the 
transverse phase space. Improved alignment is  clearly 

desireable (see [2]). In reality there are transverse offsets 
and the resulting wakefields must be canceled at the SLC 
by compensating orbit bumps [3]. Typically a bump 
spans about six betatron wavelengths. An initial 
emittance of 1.0*10~5 m-rad without bumps can be reduced 
to 0.2*10" m-rad. To control transverse jitter, the SLC 
uses BNS [4] damping which introduces a large energy 
spread in the beam. This causes the wakefield cancelling 
bumps to be very sensitive to energy and phase changes. 
An energy change of 1%, or a phase change of 1.5° over 
the region of the bump can change the phase advance by 
22°. This disturbs the wakefield-tail cancellation and 
generates an emittance growth of Ae = (1.0 * sin 22°) = 
0.4 m-rad. Similar effects occur if the energy gain of one 
klystron (out of 30) is unknown to 30%. 

3 BEAM BASED SIGNALS 

After stabilizing the rf amplitudes [1], it was 
recognized that there were still large daily variations in the 
betatron phase advance of the beam, as measured by 
oscillation data taken automatically with a diagnostic 
pulse [5, 6] (Fig. 1). 

10    12    14    16 

Time [days] 

Figure 1: Diurnal betatron phase advance variation. The' 
overall phase measured from the beginning of the linac to 
this point is 2800°, so a -100° phase change corresponds 
to 3.5% energy gain. After day 10 it was compensated. 

To distinguish between rf amplitude and phase as the 
source of the drifts, additional diagnostics were required. 
Table 1 summarizes the observables used. 

* Work supported by the Department of Energy contract DE-AC03-76SF00515. 
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Indications 
uobiu^nergycorrecnon HU 
retatron phase advance 
injection phase 

oscillation amplitude growth 
transverse rms litter 
beam phase monitors 

Variation 
+1.5 
at 500 m: -100" 

e : +7°, e : +4° 
50% 
100% 
Li2: 7°, L28: -7" 

Reasons 
A, $ 
A, 0 

<j>, cable 

<j>, cable 

Table 1: Beam parameters studied and possible causes 
(A: rf amplitude, <j>: rf phase, cable: cable length). The 
amount of the variation is the day/night ratio, or for 
phases the day minus night difference. 

The global linac energy correction accounts for the 
integrated sum of all energy errors. A 1.5% diurnal change 
corresponds to 1.5% more or less spare energy available. 
If this were due to rf amplitude changes, it could not 
explain the 100° phase advance change (equivalent to 
3.5% of the energy) measured after 500 meters of linac. 
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Figure 2: Simulated amplitude growth factor along the 
linac (solid) compared with 2% energy reduction (dashed) 
or +3° phase variation (dash-dotted). 

An indication that phase variations were dominant 
came from simulations of the amplitude growth of 
betatron oscillations which showed a different sensitivity 
to energy or phase variation (Fig. 2). For a single 
particle, the amplitude growth factor of an oscillation 
scales as (det(R) E/Ea)

in, where R is the effective matrix 
of the beam transport elements including wakefields and 
EIEa is the energy normalization. For a BNS damped 
beam, the energy spread will cause the amplitude to 
decrease through filamentation. In the presence of 
transverse wakefields, the tail of the bunch is excited to 
even larger amplitudes than the head and the amplitude 
grows. Oscillation amplitudes were found to change by up 
to 50% between day and night (see Fig. 3). Similar 
behavior was observed in the rms of the transverse beam 
jitter measured by the feedback systems located along the 
linac. The jitter changed as much as 100% diurnally. If 
the source of the jitter is constant, this indicates that the 
BNS damping has become weaker. 

■8 
3 

•a u N 

O 

500      1000      1500     2000     2500 

S[m] 

Figure 3: Measured oscillation amplitude growth 
factor plotted versus location in the linac for day and 
night. At 1000 m the variation is 50% larger in mid-day 
(3.6/2.4). 

Another indication of these problems was given by 
monitors which measure the beam phase with respect to 
the rf near the beginning and end of the linac. A diurnal 
difference of ±7° (or 14° over the whole linac) was seen 
(Fig. 4). In principle this change could be due to 
measurement systematics such as cable length changes. 
However, the simulations below indicated that the 
observed variation was consistent with the other measured 
effects. 

Linac Beam Phase Monitor 
 1 1 T—i f- 

IS 

£ 30 

20 
117        118 122 123 119        120        121 

Time [Days in 1996] 
Figure 4: Beam phase in sector 2 and 28 and outside 

temperature  showing  an  anticorrelation  and  a  phase 
variation of 7°. The temperature swing during that period 
was about 28°F daily. 

4 SIMULATIONS 

Simulations were performed to understand if the 
various observations were consistent with the hypothesis 
of a 14° phase variation of the main drive line that 
synchronizes the linac rf. The simulation assumed an ideal 
energy profile with a BNS configuration of 22° for the 
first 700 meters and -16.5° for the rest of the linac at 
night. If the phase length changed by 14° during the day, 
the initial BNS phase would decrease by 7° (to 15°) and 
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the final phase would increase by 7° (to -9.5°). These 
variations weaken the BNS damping and provide less 
suppression of beam jitter. With weaker BNS phases, the 
beam is closer to the crest of the if and the total energy 
available is larger. The beam energy at the end of the linac 
is held constant by feedback but the error is reflected in 
the global energy correction required. If one calculates the 
energy gain for the weaker daytime BNS phases (from 
cos 15° to cos (-9.5°)) and compares it to the ideal night 
value, there is an energy discrepancy of 1.4% (see 
Fig. 5). This is consistent with observed behavior. 
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Figure 5: Relative energy gain along the linac for different 
main drive line conditions: At night the energy gain per 
sector is reduced by the cos (22°) and cos (-16.5°), while 
during the day it varies along the length of the linac by a 
factor between cos (15°) and cos (-9.5°). The third curve 
shows the day curve scaled down by 1.4% to reflect the 
effect of the global energy feedback which holds the mean 
energy constant. 

5 MAIN DRIVE LINE 

The main drive line (MDL) which synchronizes the 
linac rf phases was found to be a major source of the 
observed sensitivity to diurnal temperature variations. The 
phase length of the MDL is affected by external 
temperature and barometric pressure variations. This 
length is monitored by an interferometer [7] and a 
feedback system then adjusts the linac rf phases to correct 
for the measured length changes. The various diurnal 
effects described here indicated that temperature variations 
of the MDL were not fully compensated by the 
interferometer feedback. An additional ad hoc temperature 
correction was applied to alleviate the symptoms while 
the true source of the error was being investigated. This 
correction effectively doubled the feedback response to 
temperature change (see day 124 in Fig. 6), and it 
successfully reduced the diurnal variation in the beam 
parameters discussed (see day 10 in Fig. 1). Further 
investigations of and improvements to the rf hardware ate 
discussed in another paper [8]. 
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Figure 6: MDL interferometer phase versus time. The 
phase length may vary by up to 30° with barometric 
pressure swings, and up to 15° with diurnal temperature 
cycles. Before the correction at day 124, only half of the 
temperature dependence, about 7°, was being compensated. 

6 SUMMARY 

Diurnal variations of linac energy profile were traced to 
uncorrected phase length changes in the main drive line 
which synchronizes the rf. The residual phase variation of 
up to 14° was compensated by applying an additional 
temperature correction while the true source of the error 
was investigated. 
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LONGITUDINAL PHASE SPACE SETUP FOR THE SLC BEAMS 
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R.L. Holtzapple, LNS, Cornell University 

Abstract 

The longitudinal phase space distribution of the SLC 
beams is affected by many different machine parameters 
and constraints. By using a technique of over-compression 
[1] in the ring to linac transfer line, a small energy spread 
of 0.12 % can be achieved at the end of the linac for a 
bunch length of 1.2 mm (cr). In the final focus a small 
energy spread is desirable to reduce emittance dilution due 
to chromatic effects. Optimization of the bunch length is 
also important as a longer bunch of 1.2 mm can contribute 
up to 40 % luminosity enhancement due to disruption. If 
there is a correlated energy variation along the bunch, for 
example due to mistuning of the optimal rf phase with 
respect to the beam, the bunch will be further compressed 
as it passes through the SLC Arcs. The resulting bunch 
can be too short to produce the desired disruption 
enhancement, but will radiate more beam-strahlung during 
collisions giving a false indication of higher luminosity. 
This paper discusses the interplay of these issues from the 
damping ring to the interaction point. 

1 GOALS AND PROBLEMS 

The longitudinal phase space is setup to give a small 
energy spread for the limited band-pass [2] at the 
interaction point (IP) and to give no reason for luminosity 
weighted polarization [3]. No energy spread also helps to 
have no compression in the arcs to get a long bunch length 
at the IP. This gives luminosity enhancement due to 
disruption, when the hour-glass effect due to a large 
angular divergence is not yet limiting. - A long bunch in 
the linac experiences bigger transverse wakefield kicks, 
and a correlated energy spread would help stability (BNS- 
damping). Due to beam loading from the first bunch 
(positrons) to the second one (electrons), the accelerator 
structure should only be partially filled (off the PSK 
energy peak) to have the same energy for both bunches. 
This costs energy overhead and leads to a setup with a 
shorter positron bunch, which is further off the rf crest 
getting less energy. Short bunches give more beam-beam 
background at the IP, and have more low and high energy 
tails, which create other background along the way. 

2 INITIAL CONDITIONS AND HIGHER ORDERS 

The bunch length in the damping ring depends 
strongly on the beam current. Based on the data in [4] a 
10 % in current changes the bunch length by 5 %. The 
dependence of the bunch length on the gap voltage is 
weaker at high current (fourth-root) than at low current 
(square root) [4]. At high current and high gap voltage a 
higher than expect bunch length is seen, which could be 

due to the microwave instability (saw-tooth) [5]. The 
measured energy spread varies from 0.080 % at low 
current to 0.092% at 4-1010 particles per bunch. The 
expected spread at low current is close to 0.071 %. There 
should be no dependence on gap voltage, except from the 
microwave instability. Increasing the gap voltage from 
750 to 950 keV, the energy spread changes from 0.089 to 
0.094 % at 4-1010. The bunch length is strongly distorted 
by the potential well in the damping ring. The asymmetry 
factor is A = (<xh- cr,) / (ah + <xt) = -0.4 at 41010, which 
means that for az= 7.5 mm, the head has a <7h = 4.5 mm 
(40 % less) while the tail has a <r,=10.5 mm. The centroid 
is 1.6 A <TZ = -4.8 mm shifted from the peak. 

There are several higher order effects in the RTL, 
which are utilized to obtain the smallest possible energy 
spread with no energy tails at the end of the linac. These 
include: 

2.1 Higher Order Dispersion 

The 7/566 term is about 1.5 R5(, = -900 mm, which 
means that higher and lower energy particles in the RTL 
are bent backwards (late), which is the right direction 
(sharp rise). This term can not be varied easily without a 
lattice design change. Figure 1 shows the 1, 2, and 3 
sigma contour lines of the compression and the resulting 
linac bunch distribution. 

2.2 Non-linear rf curvature 

A similar effect can be achieved by decelerating the 
centroid of the beam in the compressor cavity using a 
phase offset. 

2.3 Bunch Precompression in the DR 

With bunch pre-compression [6] a quadrupole mode 
oscillation without phase oscillations is induced by 
successive application of two changes to the gap voltage. 
While advantageous for increasing the beam current, the 
advantages of bunch over-compression for bunch shaping 
are somewhat reduced. Interestingly [7] pre-compression 
of the bunch does not flip the asymmetry in the 
longitudinal beam distribution in the damping ring. 

After the damping ring (DR) the bunch is asymmetric, it 
gets on the non-linear rf curve of the compressor, and 
after the ring-to-linac (RTL) beam line the bunch is over- 
compressed (S-shape). This gives a linac distribution with 
about two times (N/2) sharper edges than a Gaussian. 

2.4 Sawtooth Instability 

The sawtooth instability of the new damping ring [5] is 
visible as bursts in a 180 kHz signal and as ±3 % changes 
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in the wings of the beam distribution at about 20 % peak 
height (quadrupole mode). This causes the linac bunch 
length to change by about 10 % causing additional 
transverse jitter, which was observed for the positron 
beam [8]. Techniques to control the time of occurrence of 
this instability have partially successful to date, yet will be 
studied further. 

After RTL 

Linac RF with Longitudinal Wakefield 

Figure 1: Bunch Compression Setup. 

3 LONGITUDINAL PHASE SPACE TRANSPORT 

The bunch length is usually adjusted using bunch 
compression and control of the injection phase into the 
linac to obtain the smallest energy spread at the end of the 
linac. With a typical bunch charge of 4-1010 particles, the 
7 mm bunch length [4] from the damping ring (DR) is 
compressed to 1.2 mm. Since 1993, the compressor cavity 
has been operated at a 1.4 times higher voltage in order to 
shape the longitudinal particle density distribution by 
over-compression. The goal of bunch shaping is to 
produce a very steep leading edge of the distribution 
which compensates [9] for the slope of the net voltage in 
the linear accelerator structures. The cancellation results 
in a minimum energy variation across the bunch (Fig. 2). 

The SLC arcs have a compression term RS6 = 
150 mm, which means that a correlated energy spread of 
0.3 % would compress the bunch from 1.2 mm to 0.75 
mm. If the correlation is not linear, but stronger in the 
core (as for the 1 mm Gaussian bunch distribution of the 
SLC design) the compression is even more, the 1 mm 
SLC-design beam at 5-1010 would be totally compressed. 
To avoid additional compression in the arcs, the smallest 
possible incoming energy spread must be maintained. The 
IP bunch length sensitivity on linac injection phase is 
about ±20 % per degree. A small energy spread gives 
nearly no compression (Fig. 3). 

At the interaction point (IP) the beams encounter 
strong beam-beam focusing forces. If the bunch length is 
of the order of the focal length, the luminosity may be 
enhanced. Up to 40 % disruption enhancement, at 
lOOZ/hour, is expected [10,11,12] with 1.0 mm bunch 
length, 41010 particles per bunch. However, in tuning for 
high luminosity, there may be conflicting requirements. 
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Figure 2: Energy-z correlation for different linac 
phase. 

For example, with a very short bunch and no 
enhancement, the radiated beam-Strahlung is higher. 
Detectors sensitive to beam-strahlung may therefore be 
difficult to interpret. 

Small phase changes of ± 1° influence the energy-z 
correlation which changes the IP bunch length by 20%. 
The beam distribution is generated by over-compression. 
The lower plots show the energy distribution on the right. 

The beam has to get the right bunch length and 
distribution in the RTL, so the longitudinal wakefield and 
the rf-curvature cancel each other to get a small energy 
spread, so that there is no further compression in the ARC. 
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Figure 3: Setup for no ARC compression. 

4 EQUAL BUNCH ENERGY 

The two bunches in the linac can be adjusted by different 
means in energy, energy spread, and bunch length. The 
leading bunch, the positrons, produce via beam loading a 
change in energy gain (relative to the next pulse of 
electrons) of about 1.2 % at 4-10'°. This energy difference 
is compensated by adjustment of the time of the phase flip 
in the energy doubling, SLED (see Fig. 4). Due to finite 
available energy, however, this time cannot be arbitrarily 
set. It is difficult therefore to maintain positrons of large 
bunch length. This area needs further research since the 
positron bunch length was too short during the last run. 

Equal energies are obtained by putting both beams, which 
are 60 ns apart, off the peak of the PSK energy curve to 
compensate the beam loading. At high current the beam 
loading of the positrons is so high that the offset would 
cost lots of energy, which makes it necessary to use other 
methods (like short bunch and off the rf crest). 

Measured PSK Energy Curve 
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5 SUMMARY 

To get the desired long bunch length at the interaction 
point (IP), the following has to be right: 

1. compressor strength 2. linac phase 
to get the smallest possible energy spread at the end of the 
linac. Positron bunches might get shorter to get less 
energy due to the right rf phase (for energy spread), to 
compensate for more energy due to the beam loading and 
rf fill-time of the accelerator (PSK). 
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DYNAMIC FOCUSING SCHEMES FOR LINEAR COLLIDERS* 

J. Irwin*, SLAC, 2575 Sand Hill Road, Menlo Park, CA, USA 

Abstract 

By using the intense fields of a demagnified bunch as a 
final lens, one can greatly simplify and shorten the 
conventional final focus and collimation systems of linear 
colliders. In the dynamic focusing schemes described 
here, the lens bunches enter the interaction region through 
separate beamlines. Design details and constraint 
equations for such focusing schemes are developed for 
future high energy linear colliders. 

1   INTRODUCTION 

1.1 Motivation 

This study was motivated by the observations that the 
beam delivery system for the next linear collider (NLC) 
[1], consisting of a final focus sytem, a big bend, and a 
collimation system, has a length one-half the length of 
the main accelerating system length, and that this beam 
delivery length will grow roughly as the center-of-mass 
energy to the 3/2 power. Since the length of linear 
colliders built on the crust of a round earth are limited in 
length to around 200 km, this scaling law becomes a 
serious obstacle to building linear colliders with greater 
than 5 TeV cm. energy. 

1.2 An ideal focusing system 

Figure 1. A schematic of an ideal final focus system.  A very strong 
lens is placed 3 mm from the IP. The total length is about 2 m. 

Figure 1 shows an ideal final focus system. FD labels a 
conventional final doublet where the beamsize is only 
modestly enlarged over its typcial vaues in the linac. The 
total length, from the final doublet to the IP, is a couple 
of meters. It is supposed that there is a very strong lens, 
not much larger than the beam,  located a couple of 

^ork supported by the Department of Energy, contract 
DE-AC03-76SF00515. 
*Work initiated during program New Ideas for Particle 
Accelerators, Institute for Theoretical  Physics, 
Santa Barbara, CA, 1996 

millimeters from the IP. This has the advantage that the 
chromaticity, 11 ß* would be so small (about 20) that 

no chromatic correction is needed, and the sensitivity to 
errors would be small for similar reasons. Furthermore 
since the beam is not blown up, there is no need for a 
collimation system or a big bend. In other words the 
system of fig. 1 can replace an entire beam delivery 
system. The problem is how to manufacture the small 
powerful lens. 

1.3 The Dynamic focusing idea 

Lens-main 
Collision 

-    \ 
Main 

Parasitic Lens 
Interaction 5-97 

S312A5 

Figure 2.  The dynamic focussing scheme for implementing the ideal 
final focus system. 

Figure 2 shows a situation in which the small lens of fig. 
1 is created by a secondary beam. The study of such a 
system will be the subject of this paper. 

1.4 Relationship to superdisruption 

The idea of using the strong fields of a particle bunch to 
focus beams has been attributed to D. Leith and discussed 
under the title superdisruption [2, 3]. These efforts were 
largely directed at achieving stronger focusing (smaller IP 
ß functions), and implementation schemes were limited to 
consideration of two closely-spaced bunches traveling in 
the same beamline. With dynamic focusing the main 
intention is to simplify the beam delivery systems, and 
lens beams are imagined to have much lower energy and 
enter the interaction region through a second dedicated 
beamline. 

2 LINEAR COLLIDER IP PARAMETERS 

Any discussion of ideas for future linear colliders must 
pay attention to the constraints imposed by interaction 
point (IP) considerations. 
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2.1 The main IP constraint equations 

The three principal IP constraint equations are the 
luminosity equation, the disruption constraint, and the 
beamstrahlung constraint. We write the luminsoity 

„    „   LEB      NH           NHg 
equation as F = 4n =  

axay <Ty(o} + 0y) 
where 

we have introduced a quantity F, a rationalized flux 
specified by luminosity, beam energy and beam power. 

ay H is the enhancement factor,  g = 1 + — , has been 

introduced for convenience, and equals 1 for flat beams 
and 2 for round beams. 

The vertical disruption constraint equation is crucial 
because if the beam is not charge compensated there is a 
kink instability which limits the disruption to about 15, 
and for charge-compensated beams there is an instability 
in the charge separation which limits the disruption to 
about the same value. It is interesting that these two 
constraint conditions already determine az. 

By introducing appropriate variables, the beam- 
strahlung equation can be solved analytically to give 
N/(ax+ ay) as a function of y/az. The result can be 
written 

■T] 
25 a r„ N 

12 nv  (<X, + <Ty) 

2nr%e 

5a 

where r\ is a factor greater than 1 which goes to 1 rapidly 
for large y/az. Even with charge compensation, which 
will be valid only to some fractional extent, one must 
heed a beamstrahlung constraint equation. 

(7, 

One can now solve for <Ty and N. 
V/2 2    2 

and N = - 
1 

C,TJ 

DyF 

Kn\Hg A, y      "y 

where c, is a constant about equal to 8000. The only fiee 
parameter is the aspect ratio at the IP. The Oide condition 
can be used to determine the required normalized 
emittance. The ß* thusly determined is fairly constant 
with energy and has a value near 100 urn. 

3  DYNAMIC FOCUSING  PARAMETERS 

3.1 Cromaticity condition 

t 
The chromticity f v = —- of the lens-beam lens is chosen 

y        ßy 

to be about 20, so for ß*=150 |im, t*= 3 mm. The 
chromaticity is also the demagnification from the lens- 
beam lens to the IP. 

3.2 Lens beam charge per bunch 

For a charge NQ in a uniform disk of radius RQ 

2N0re 
 Sä-j-. This condition yields 

f     YM*Q 

NQ=NQo 
# 

la M 

where NQo = t,y 

The fraction of the main beam not incident on the 

uniform disk will be exp(- 
RLn 

2<TM 
). To limit this 

quantity to 2%, the exponent would have to be about -4. 
Furthermore, if one assumes that 50% of the beam is 
outside the uniform disk, then the total charge in the lens 
will be about 6 times NQ,, For the NLC emittance, the 
total charge comes out to be a workable 4 109. 

3.2 Uniform lens distributions 

Concerning the production of uniform bunches we remark 
that there exists a phase-space density function, 

p °c IHR1 - r1 where r2=x2+x'2+y2+y'2, which 
produces a uniform distribution This is hollowed-out in 
the center and singular at R=r. Nevertheless one can try 
to approximate this distribution at low energy. Nonlinear 
elements in the lens-beam final focus system can shape 
the distribution at the IP phase. 

3.3 Pinch effect 

Figure 3 shows the lens beam colliding with the main 
beam. Each beam focuses the other. The ratio of the 
focal lengths can be detemined to be a power ratio: 

Figure 3. The lens beam, moving to the left, is pinched by the main 
beam moving to the right.. 

— = ———. The luminosity loss due to the change in 
h   YQ

N
QO 

(       V 
focal length will be about — « — — -^f-    .To have 

L     ls[fQ ß*„) 
a low-power lens beam, one must have a very short main- 
beam bunch length. 

4 MAIN CONCERNS 

4.1 Parasitic crossing effects 

The most challenging situation can be seen in the 
multibunch geometry of fig. 4, where the beams are 
separated by a distance 156. The parasitic kick can be 

expanded into multipoles. The dipole kick can be 
corrected by steering, and the quadrupole kick by 
adjusment of matching into the interaction region.   Even 
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the sextupole term could be compensated. But suppose 
we take it as uncompensated and let it define a limit on 
the beam separation. The resulting equation is 

89 > 
5 N, Q YM 

9Nn 
'M- At the NLC, with a divergent 

"Go  YQ 

angle of about 30 |ir, the limit on 80 is about 1 mr. 
parasitic crossing is not a limiting problem. 

The 

4.2 Motion of lens 

Again referring to the geometry of fig. 4, if 9L is small, 
then the focal points as the lens beam travels through the 
main beam will lie along a vertical line. This is exactly 
what is required to crab the main beam. If 0L is non-zero, 
it must be small compared to the diagonal angle of the 
main beam. As pointed out in the pinch effect, the main 
beam must be very short, so the diagonal angles are quite 
large. Lens motion should not be a problem. 

4.3 Multibunch instability 

Figure 4.   The incoming beam geometry required for multiple-bunch 
beams. 

To facilitate multiple-bunch beams we must have both 
the main beams and the lens beams enter and exit in 
separate beam lines with a crossing angle. The required 
geometry is shown in fig. 4. Because the energy of the 
lens beam is contemplated to be smaller, one obtains a 
limit 

8M + 0L 
M }M 

2 -\YL 

on 6M arising from multibunch considerations. This 

limit establishes the bound on yL/yM. ^M depends 

weakly on energy. 

4.4 Jitter 

The jitter of the lens beam is a serious problem, because 
the lens determines the focal point for the main beam. 
With the demagnifications assumed, the lens beam jitter 
would have to be less than 1%. If in fact such a small 
jitter were achieved, one could contemplate a head on 
80=0 operation. Then the head-on lens-lens collision 
would align the main-main collision if the focal length of 
the lens-lens collision is twice t*. The jitter limit in 
this case comes from distortion due to the misaligned 
lens-lens collision. Seeref. [2]. The jitter limit for this 
case is about 6%. 

5 EXOTICA 

It is interesting to contemplate whether one can bypass 
the Oide limit with dynamic focusing. For the 
geometries we have described the Oide limit is not 
changed. But one can contemplate long-bunch lens beam 
schemes which approach the adiabatic focusing scheme 
[5]. It seems that appropriate lens beams could be 
prepared, but the effects of the parasitic crossing reappear 
and have not been fully analyzed. 

6   SUMMARY 

For energies greater than 10 TeV cm, beam delivery 
system lengths become unmanageable. Dynamic 
focusing is an alternative solution if micron length 
bunches can be produced and accelerated. Lens beam jitter 
must be held to a few percent. IP parameters are 
improved from the ability to have round beams at the IP. 
For NLC parameters one could achieve ay = ax = 20 nm, 
ye = 10"6 rad-meter, and N = 5 109. Furthermore the 
collimation system, the big bend and the final focus 
system are all but eliminated. For a2 = 2 (xm the lens 
beam to main beam power ratio is 1/30. An energy ratio 
of 25 is permitted by the multibunch instability. 
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THE SHORT-RANGE WAKEFIELDS IN THE SBLC LINAC 

K.L.F. Bane, Stanford Linear Accelerator Center, Stanford, Ca., USA 
M. Timm, T. Weiland, THD, Schloßgartenstr. 8, 64289 Darmstadt, Germany 

Abstract 

The short-range longitudinal and transverse wakefields of a 
point charge in the SBLC linac are obtained using a modal 
summation technique. Simple functional fits to these wakes 
are given, which can be used as Green functions in beam 
dynamics simulations of bunches. These results, however, 
are valid only after the beam has traversed a critical num- 
ber of cells Ncrit. Using time domain computations with 
Gaussian bunches we have obtained results that are consis- 
tent with Ncrit varying as aa2/(Lcrz), with a the iris radius 
and L the period length of the structure, az the bunch length 
and a a constant on the order of 1. For the loss per cell to 
reach to within a few per cent of the asymptotic value we 
find that a ~ 0.5 -1.0. 

1   INTRODUCTION 

In the S-Band Linear Collider (SBLC) project[l] long 
trains of short, intense bunches of electrons and positrons 
are each accelerated through 16 km of linac to 250 GeV 
before colliding at the interaction point. The accelerat- 
ing structure is a disk-loaded, constant gradient structure 
consisting of 180 cells. Each bunch is Gaussian, with rms 
length az = 300 /im, which is short compared to the iris 
radius a: az/a ~ .025 (forFEL operation it is even shorter: 
az/a ~ .0021). For a single cavity with beam tubes 
the longitudinal high frequency impedance varies with fre- 
quency as w-1/2, implying that the longitudinal wakefield 
of a short bunch varies as CTJ

1/2
[2]. For a periodic struc- 

ture the longitudinal high frequency impedance (real part) 
varies as a;-3/2, and the wakefield per cell of a bunch ap- 
proaches a constant value as az —> 0[3, 4]. For a structure 
consisting of a finite number of repeating cells with beam 
tubes the wake of the first cell is the same as the single 
cell result and the wake per cell asymptotically approaches 
that of the periodic result as the beam progresses down the 
structure. For a Gaussian bunch the number of cells needed 
for the periodic solution to be valid, Ncriu is given by[3,4] 

Na Laz 
(1) 

with L the structure period length and a a constant of pro- 
portionality on the order of one. 

In this report first a frequency domain approach is used 
to obtain the short-range longitudinal (monopole) and 
transverse (dipole) wakefields in a periodic, SBLC-like 
structure. Then time domain calculations are performed to 
test the validity of Eq. 1, and to find a. More details can be 
found in Ref. [5]. 

2   THE ASYMPTOTIC WAKEFIELDS 

In the SBLC linac the cell dimensions vary within a struc- 
ture, but only gradually. We first find the wakes for 5 purely 
periodic models, with cell dimensions similar to 5 repre- 
sentative cells of the actual SBLC structure. For our 5 
representative cells we take cells 1, 45, 90, 135, and 180 
for which a is 1.1 cm, 1.225 cm, 1.35 cm, 1.475 cm, and 
1.6 cm, respectively. Note that the cell length L = 3.33 cm, 
iris thickness t = 5.3 mm, and cavity radius b « 4 cm. The 
wakes of the 5 models are then averaged to give the wake- 
fields representing an entire structure. 

To obtain the longitudinal wakefield of a periodic struc- 
ture we use the computer program KN7C[6] to obtain 
the synchronous frequencies and loss factors of lower 
monopole modes. We approximate the high frequency 
contribution to the impedance using the so-called Sessler- 
Vainsteyn optical resonator model[6], a model that has also 
been applied, for example, to the SLC[7] and the NLC[8]. 
The real part of the impedance (assuming t/L is small) 
becomes[8] 

N 

Rz{v) IV- 53 nknS(> 
71=1 

VZ + i Q(v — VN)    v > 0 

(2) 

(l/ + 2yfi + 2)< 

with kn the loss factor and vn the frequency of the nth 

mode, Z0 = 377 Q, joi = 2.41 the first zero of the Bessel 
function J0, C - 0-824, t/ = 4a2v/{cL(2), with c the 
speed of light and L = yjL{L-t)\ @{x) = 0 for x < 0, 
1 for x > 0. Fourier transforming Rz (v) we obtain the 
longitudinal wakefield: 

N 

Wz(s) 
vns     ZpcjfaL 

cos 1 „  0T    X / j 2kn 
n=l 

x f-  ^+1 

(3) 

+ 2y? + 2)2 
X2Lsi/. 

C0S(^2_) 

with UN — 4a2WAr/(cLC2)- The transverse (dipole) wake- 
field is obtained in the analogous manner, but using the 
computer program TRANSVRS [9] to obtain the dipole 
mode frequencies and loss factors. 

For the longitudinal case we have found, for each of the 
5 representative structures, vn and kn for all modes up to 
75 GHz (about 250 modes) using KN7C. Comparing, at the 
higher frequencies, the binned modal contribution to the 
Sessler-Vainsteyn part of Eq. 3 we find good agreement, 
to within 10%. Then substituting into Eq. 4 we obtain the 
wakefields shown in Fig. 1 (the solid curves). The values 
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at the origin, which should equal [4] Wz(0) = Z0c/(-ira2) 
(= 198 V/pC/m for cell 90 dimensions), are 4-5% low, in- 
dicating some calculation error. The average of the 5 repre- 
sentative wakes (with the wakes of cell 1 and 180 weighted 
by half) is given by the dashed curve in Fig. 1. Finally, a fit 
to the average wake, given by 

Wz = 200.(V/pC/m) ■ exp \-0.77(s/mm)i]  ,    (4) 

is shown by the dots in Fig. 1. 

300 

Figure 1: The longitudinal wakefield of representative cells 
in the SBLC structure (solid curves). The dashes represent 
the average, the dots the model fit, Eq. 4. 

For the transverse case modes up to 68 GHz (about 350 
modes) were calculated. Comparing, at the higher fre- 
quencies, the binned modal contribution to the Sessler- 
Vainsteyn part of the impedance we again find good agree- 
ment. The transverse wakefields for the 5 geometries are 
shown in Fig. 2 (the solid curves). In this case the slope 
at the origin should equal[8] W^(0) = 2Z0c/(-Kai) (= 
2.17 V/pC/mm2/m for cell 90); our numerical results agree 
to within 2% in all cases. The average wake is given by the 
dashed curve in Fig. 2. A fit to the average wake, given by 

Wx    =   4.10(V/pC/mm/m) ■ [l - (1 + (5) 

1.15[s/mm]2 J exp ( —1.15[s/mm]5 J    , 

is indicated by the dots. 

3   TRANSITION TO THE ASYMPTOTE 

To test the validity of Eq. 1 for Ncrit (and the applica- 
bility of the asymptotic solutions) and to find a, at least 
for the longitudinal case, we have performed a series of 
MAFIA[10] time domain calculations. We have obtained 
the per cell loss factor ktot of short Gaussian bunches of 
various lengths in structures consisting of a finite number of 
cells with infinitely long beam tubes. Although the SBLC 
structure is a constant gradient structure, for simplicity, we 
use only identical cells, with the dimensions of cell 144 
in the real structure, for which a = 1.20 cm. The bunch 
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Figure 2: The transverse (dipole) wakefield of representa- 
tive cells in the SBLC structure (solid curves). The dashes 
give the average, the dots the model fit, Eq. 5. 

lengths vary from az = 0.1 mm, 0.3 mm, 0.5 mm, and 
then in 0.25 mm steps up to 4 mm; the number of cells 
vary from Nceu = 1 to 10. A very fine mesh is used (e.g., 
az = 0.1 mm, Nceu — 10 => 65 x 106 meshpoints) in 
order to obtain good accuracy. 

The per cell loss factor ktot is plotted as function of az 

in Fig. 3 (the results are connected by lines). The results 
are bounded by two curves representing the single cell so- 
lution, given by the Lawson diffraction model [2]: 

ktot — 
r(i/4)z0c 

47r5/2a 

with T(l/4) = 3.63 and g the cavity gap (i.e., L 
the periodic solution: 

(6) 

t), and 

ktot — 
L 

2y/na:i f Jo 
dsWz{s)e (7) 

with Wz given by Eq. 4. For bunch lengths larger than 
about 2 mm the loss per cell is independent of the number 
of cells. For shorter bunches we note that the single cell 
results approach the single cell asymptotes, as the bunch 
length decreases. Also, for a given bunch length, as the 
number of cells increases, the loss per cell asymptotically 
approaches the periodic structure curve, however, with a 
slight systematic offset (which is not understood). Note 
that for a finite number of cells, as the bunch length be- 

— 1/2 comes ever shorter the loss again varies as az  ' . 
To determine Ncrit we first calculate the differential loss 

factor for each cell from the MAFIA data, nn, defined as 
the total loss factor for an Nceu cell structure minus that 
of an Nceu — 1 cell structure, which we then convert into 
a function of cell number through cubic spline interpola- 
tion (see Fig. 4). In Fig. 4 we note that for az =0.1 mm 
the curve decreases throughout the range; for the longer 
bunch lengths it is rather constant throughout the range. For 
the intermediate bunch lengths, however, nn begins by de- 
creasing gradually, and then levels off for high cell number. 
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Figure 3: The loss factor ktot (az) obtained by MAFIA for a 
Gaussian bunch in a structure consisting of a finite number 
of cells (1-10) Also shown are the single cell (Eq. 6) and 
the periodic structure loss factor. 

Upon careful inspection one notices that for these curves 
there is also a slight (~ 3%) dip before the curve reaches 
the final, asymptotic value. In Fig. 5 numerical errors prob- 
ably account for the slight anomalies that we see in the high 
end of the curves for short bunches; nevertheless, the gen- 
eral trend of these curves is still correct. 

ü 

a V 

Figure 4: The differential loss factor of cell Nceii, Kn, for 
various bunch lengths, as obtained by MAFIA (the results 
are connected by smooth curves). 

Let us consider 3 different criteria that result in a K„ that 
is within a few percent of the asymptotic value: (1) the 
point in the curve, before the dip, where Kn reaches the 
same value as the asymptote, (2) the dip position, and 
(3) the position (after the dip) where the curve reaches to 
98% of its asymptotic value. The az = 0.1 and 0.3 curves, 
as well as those for which az > 2.0 mm, are not included; 
as asymptote we take the value of nn at Nceu = 8. The 
results are shown in Fig. 5, with case 1 given by the x's, 
case 2 by the diamonds, and case 3 by the +'s. Fitting the 
data to a power law (Ncrit as a function of az) we obtain 
as exponent -1.06 in the first case and -0.85 in the oth- 

ers. However, given the accuracy of the calculation, we can 
say that the results are consistent with the -1 power de- 
pendence of Eq. 1. As for the coefficient a, when fitting 
to Eq. 1 we obtain 0.5, 0.7, and 1.0 for cases 1, 2, and 3, 
respectively. In summary, to obtain an average loss at the 
end of a finite length, repeating structure that is within a 
few percent of the average loss in the truly periodic struc- 
ture the critical number of cells needed is given by Eq. 1, 
with a ~ 0.5 -1.0. 

(72/mm 

Figure 5: Ncrit(a!c) is obtained from Fig. 4 following 3 dif- 
ferent criteria (discussed in the text). The curves are fits to 
Eq. 1, taking, a = 0.5,0.7,1.0 respectively. 
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DESIGN OF A 30 GHZ DAMPED DETUNED 
ACCELERATING STRUCTURE 
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Abstract 

Within the framework of the SLAC/CERN studies of 
30 GHz linear colliders, an attempt has been made to 
scale as closely as possible the existing X-band NLC 
damped detuned accelerating structure to 30 GHz. A 
simple scaling was not possible because of mechanical 
and RF constraints. The 30 GHz design has 101 cells 
and a minimum aperture of 3.4 mm. In order to obtain 
acceptably small values for both the single-bunch 
transverse wakefield and the long-range multibunch 
wakefield a relatively large non-linear variation of the 
iris thickness was introduced in addition to the iris 
diameter variation. The resulting wakefield has a short- 
range value of 1290 V/pC/mm/m and a long range 
value below 10 V/pC/mm/m. 

1 INTRODUCTION 

RF frequencies around 30 GHz are being considered for 
both the Compact Linear Collider (CLIC) and the 3-5 
TeV e+e- linear collider studies [1,2] to allow operation 
with high accelerating gradients (100-200 MV/m). In 
order to reach the required luminosities these machines 
have to be operated with multiple bunches per rf pulse. 
There is therefore a common requirement for a 30 GHz 
multibunch accelerating structure. Because of the large 
amount of design and experimental verification 
(ASSET) work that has been invested by SLAC in their 
X-band Damped Detuned Structure (DDS) it was 
decided to see to what extent this structure could be 
scaled to 30 GHz. 
The basic approach was to scale as closely as possible, 
the existing SLAC X-band design but taking into 
account mechanical and RF constraints specific to 
30 GHz. Some design choices have been biased in 
favour of the existing CLIC parameters (8xl09 particles 
per bunch, a bunch spacing of 30 rf cycles (1 ns) and a 
loaded accelerating gradient of 100 MV/m) which 
require a transverse wakefield reduction to about 1% at 
the second bunch and thereafter at least a linearly 
decreasing level [3]. Although this structure was 
designed essentially around the CLIC parameters, a 
parallel aim of the work was to investigate the general 
potential of the DDS for use with other 30 GHz linac 
parameters. 

2 STRUCTURE GEOMETRY 

The basic 30 GHz cell/manifold configuration is the 
same as that of the X-band DDS (Figure 1). Two cells at 
both ends of the structure are not coupled to the 
manifold to allow space for the output manifold bends. 
All cell and manifold dimensions are approximately 
scaled 11 GHz values except the minimum iris thickness 
which was limited to 0.5 mm to have sufficient 
mechanical stiffness, and the minimum iris diameter 
which was limited to 3.4 mm to avoid an excessive short 
range transverse wakefield level. The number of cells 
for this DDS design has been reduced to 100 cells from 
the 200 of the X-band structure. This was done to 
maintain a near optimum RF to beam efficiency for 
CLIC multibunch parameters and to restrict the 
maximum accelerating gradient to less than about 
150 MV/m (corresponding surface field of about 
400 MV/m). 

Manifolds (Two of Four) Windows 

Drift Tube 
Fundamental Mode 
Input Coupler 

Figure: 1 The basic DDS configuration 

3 MICROWAVE DESIGN AND ANALYSIS 

The basic design approach is to add a light amount of 
damping to a detuned structure by coupling the cells to 
four parallel waveguide manifolds. The three stages of 
the rf design procedure are (i) analysis of the lowest 
dipole mode behaviour using an uncoupled cell model 
(all higher dipole modes are assumed to be detuned by 
an iris thickness variation) (ii) analysis of the behaviour 
of the two lowest dipole bands using a coupled cell two- 
band  model   (iii)   spectral   function   analysis   of the 
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detuned structure with manifold coupling. Details are 
given in references [4,5,6]. 
The maximum iris diameter was limited to 4.7 mm to 
obtain a small separation (150 MHz) between the first 
dipole pass band and the operating frequency. This 
results in a total detuning bandwidth for uncoupled cells 
of 8.4% (3.2 GHz). The truncated gaussian detuning 
distribution was chosen to have a a,=1.56 % (0.6 GHz) 
to give a roll-off level of about 1% after a time of 30 
fundamental RF cycles (the CLIC bunch spacing), and a 
minimum long range transverse wakefield level (the X- 
band DDS was optimised for a 16 RF cycle roll-off 
time). 
In the coupled cell analysis it was found that modes 
with relatively high kick factors were concentrated in 
the last two cells which were not coupled to the 
manifold and were therefore not damped (Figure 2). 
This occurred because a relatively large minimum iris 
diameter was chosen to minimise the single bunch 
wake, and consequently the position where the 
fundamental dipole band changed from a forward wave 
to a backward wave, with the group velocity going 
through zero, was close to the end of the structure (in 
cell 99 of 101 cells). By using a sine-like (0-90°) iris 
thickness to diameter dependency rather than a linear 
one, these high kick modes are spread out and extend 
into damped cells. 

Figure: 2 Kick factors as a function of cell number 

One of the main design aims is to maximise the time 
before recoherence occurs, this is proportional to the 
inverse frequency separation of the modes. The largest 
separation, and therefore the shortest time, occurs in the 
high frequency tail of the gaussian distribution where 
the previously mentioned undamped high kick modes 
are localised. Using a sine-like iris thickness 
distribution rather than a linear one increased the 
recoherence time significantly (see Figures 3 and 4). 
After the initial roll-off, the wakefield level for this 
purely     detuned     structure     stays     well     above 

10V/pC/mm/m, which is unacceptable for the CLIC 
parameters [3]. The coupled cell kdn/df (kick factor x 
modal density) distribution is shown in Figure 3. 
Although the coupled cell detuning bandwidth is larger 
than the uncoupled one, the a is smaller resulting in a 
longer roll-off time (see Figure 5). 
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Figure: 3 The modal contributions to the wake 

Figure: 4 The transverse wakefield calculated using a 
double band model but without damping manifold 

As in the X-band structure, the dimensions of the 
damping manifold and the distance between manifold 
and cell (coupling strength) vary along the length of the 
structure. The main structure dimensions taking into 
account the cell/manifold coupling are given in Table 1. 

Table 1 Main structure dimensions (input - output) 

Cell diameter 8.68-8.12 mm 
Iris diameter 4.66 - 3.40 mm 
Iris thickness 0.50- 1.10 mm 
Manifold height 2.0 mm 
Manifold width 4.38 - 4.21 mm 
Manifold / cell spacing +0.09 to-1.10 mm 
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Including the effect of the damping manifold using the 
spectral function method of analysis [6] modifies the 
kdn/df distribution. The effect of the damping manifold 
is to give a finite Q to the modes (previously assumed to 
be delta functions) causing them to overlap and produce 
a continuous but rippled spectral function - see Figure 5. 
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Figure: 5 Spectral function for cell/manifold coupled 

structure 

The resulting transverse wake function is given in 
Figure 6. The long-range wake level is just below 
10V/pC/mm/m. The 40 V/pC/mm/m wake at the 
second bunch (Ins) is somewhat higher than that 
required for CLIC. This level can almost certainly be 
reduced by redesigning the structure to have a larger a 
for the frequency distribution although this would 
probably increase the long range wakefield level. 
Increasing the number of cells to 150 would certainly 
improve the long range transverse wakefield 
performance. The manifolds are assumed to be perfectly 
terminated, however analyses made on the X-band 
structure have shown that the wake is seriously 
degraded by small termination mismatches. 

Table: 2 The theoretical fundamental mode 
characteristics (input - output) 
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Figure: 6 The final 30 GHz DDS transverse wakefield 

The steady state beam loaded voltage along the length 
of the DDS structure is shown in Figure 7. 
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Figure: 7 The steady state beam loaded voltage 
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Abstract 

Accelerating cavities exchange HOM power through 
interconnecting beam pipes in case of signal frequencies 
above the cut-off of their propagating waveguide modes. 
This may lead either to improved HOM damping or - in 
the case most severe - to unwanted phase coherence of 
fields to the beam. Therefore the knowledge of the 
scattering properties of a cavity as a line element is needed 
to analyse all kinds of RF cavity-cavity interaction. Since 
there is a lack of measurement tools capable to provide a 
multidimensional scattering matrix at a given frequency 
point, we have been developing a method for this 
purpose. It uses a set of 2-port S-parameters of the device 
under test, embedded in a number of geometrically 
different RF environments. The application of the method 
is demonstrated with copper models of TESLA cavities. 

1  INTRODUCTION 

Usually the spectra of beam-excited fields contain signi- 
ficant parts above the RF cut-off of several waveguide 
modes of the beam pipe. Therefore one has to be con- 
cerned about the effects caused by the RF-interaction of 
the beam line elements: it may for example increase the 
damping of resonant cavity modes by stronger coupling to 
absorbing elements, it allows for resonant fields localised 
between different beam pipe insertions or it may introduce 
signal paths delayed by multiple reflection to - in the 
worst case - particle velocity. Either of these situations is 
covered within a description in terms of transmission and 
reflection properties of the beam line's elements with 
respect to their interconnecting planes, i.e. their scattering 
(S-) parameters. Since the interaction is not restricted to 
the fundamental mode, but includes a - frequency depen- 
dent - number of waveguide modes, the multidimensional 
matrix of the S-parameters (see sect. 2) is necessary and 
sufficient to characterise a line element in any environ- 
ment. Thus we have been developing an experimental 
method, allowing for multidimensional S-matrix measure- 
ment in a waveguide setup. Since its first presentations 
[1,2] we adopted an improved evaluation scheme which 
minimizes the overall error. It is demonstrated in the case 
of two modes for a device measurement and three modes 
for a calibration of an adaptor at single frequency points. 

2 THEORY 

The S-matrix of an adaptor (A, B in Fig. 1) with one 
coaxial line (index 0) and n modes propagating in the 

waveguide port may be written as: 

4 = Aoo Aoi ■ ' Aon   1 

Aoi An; " Aln 

^ A<)n All,' " Ann j 

l00 A
T 

(1) 

Herein the scalar A^, describes the reflection at the coaxial 
port, Ä the coupling from the coaxial line to each wave- 
guide mode and A the reflection at the waveguide flange, 
that may couple every mode to each other. The matrix is 
symmetric due to the reciprocity of the device. Like in the 
single mode case, the problem of determining the proper- 
ties of a device splits into the calibration step - i.e. deter- 
mination of the adaptors, which connect the device to an 
ideal network analyzer - and the measurement once the 
adaptors are known. Considering the number of unknowns 
(10 for two modes at two waveguide ports) it becomes 
clear that a single measurement with two completely 
known adaptors, which gives three numbers (two reflec- 
tion, one transmission quantity), not provides sufficient 
information. Thus one has to use different pairs of known 
adaptors for a number of subsequent device measurements. 
To keep the calibration effort as small as possible we take 
two adaptors and then combine them with various delay 
line lengths (Fig. 1). In the same manner we use a short 
and different delay line lengths (which are the only reliable 
broadband waveguide standards of easy making) to 
calibrate the two adaptors. 

Figure 1: Schematic drawing of setups used for adaptor 
calibration with delayed shorts and for measurement. 
Small letters denote the signals at all connection planes, 
index 0 corresponds to the coaxial line. 

If we consider a setup with two adaptors A and B, a test 
device C and two connecting waveguides with lengths L^ 
and L2 (Fig. 1), we are able to write down all signals, 
related by S-matrices: 

0-7803-4376-X798/$10.00© 1998 IEEE 521 



(2 a-e) 

All the submatrices are (n x n)-dimensional. For the 
waveguide of length L and the phase constants Y holds: 

fe-^L 0    0   A 

B(L)=      0     ■•.    0 (3) 
V   0     0 e"YnLJ 

Using an additional abbreviation 

Hn Bi2 1_ E(L,)    0 

0    E(L2) 
Cn Qi2 

C12C22 

E(L,)    0 
0    E(L2) 

B12M22 
and with respect to the fact, that the complete setup is 
just a coaxial line - two port with a (2 x 2)-S-matrix 

b0Wr,T Ua0 
goJ'U rj^ho 

one finds after elimination of all signal quantities ([1]): 

(4) 

T r, 
_    ^00 0 

0   B 00 

AT0 
0 BT 

U11 Ö12 
T 
12 H12 H22 

1- 
Ä0 
OB 

U11 H12 
^012 022 

(-1)/- 

(5i) 
(5) 

We shall refer to (5) as the "complete model". It can be 
rewritten using 

(1-M)(_1) = (I+M + M2+M3 + -) (6) 
(we skip the discussion of the mathematical conditions) 

T r, 
Aoo 0 

0  Boo 

ÄT0 
0 B ST II TJT 

Ö12 y 
Hi2H22Jj=0 

AO 
OB 

HriH 1 a 12 
= AUi2H22 

UBJ 

(7) 

as a geometric matrix series. This expansion is useful as 
well as an approach for the numerical solution of (5) with 
a set of measurement data as for its physical interpre- 
tation. We are going to use an approximation for the right 
hand side of (7), that contains only the terms of order j=0 
and j=l. This will be called "reduced model". To simplify 
discussion, we restrict ourselves to the calibration step, 
which is a special case of (5) (set all elements of C to 0 
except the upper left block which is the negative identity). 
Then the complete model is: 

T^LO = A«, - AT B2(L,) [1 + A E2(L!)](- 1}Ä (8) 
and its reduced version reads like: 

T^Lj) = AQO-ÄTE2(L,) Ä + ATE2(L!) AE2(L,) A (9) 
Evaluating this for two modes (10) shows that each term 
describes a possible signal path from initial incidence to 
final detection. Thus the arithmetic derivation of (5) ((7) 
resp.) is just a summation over all paths, written very 
compact. 

r1(L1)=A00-(A2
1e-2iViLi+A2

2e-2i^i) + 

+ (Ag1A11e-41TiLi+A§2A22e-4iT2 

+ 2Ao1Ao2A12e-2i(Ti+Y2)L, )_ (10) 

In order to find the S-parameters of C (A, B resp. during 
calibration), a set of equations (5) ((8) resp.) with mea- 
sured data inserted has to be solved. This is done by an 
iteration scheme, which significantly improves the results 
compared with the approximative approach [1,2]. The 
latter one remains as a first step of the method, used to 
find initial values in the following way: Neglecting all 
higher orders of internal reflection but the first, 
r1(L1,L2) (and similar T, T2) is a linear combination of 
length oscillations with well known wavenumbers (left 
column) and amplitudes with simple dependencies on S- 
parameters, listed here for the easiest case (10): 

1 A(K) =*A<X) 
e-2iTlLi -Aj, =*±Aoi 
e-2iY2Ll A2 A02 =>±A02 

e-
4'ViLi AoiAu =>AU 

e-4iY2Ll A 02 A 22 =>A22 

e-2i(Y1+Y2)Ll 2A01A()2A12 =>±An 

Thus the amplitudes and consequently the S-parameters 
are found explicitly from the solution of an overdetermi- 
ned system of equations like (10) with T taken from the 
set of experiments with different L. Although the S-para- 
meters found in this manner seemed to resemble the mea- 
sured system behaviour quite well [1,2], consistency tests 
and experiments simulated numerically (sect. 3) showed, 
that the S-parameters, especially if weakly contributing, 
may carry intolerable errors. The reason was found to be 
the influence of higher orders of internal reflection, neg- 
lected so far. Therefore their contribution has to be incor- 
porated, which is done by iteration. Again, transform (8) 
using (6), but keep all higher reflection degrees - again as 
a geometric series - together with T on the left hand side: 
r + (ÄTE2AE2[!+AET'AE2A) = 

= A00-ATE2A + ÄTE2AE2A 

The expression in brackets is easily evaluated for given S- 
parameters and corrects the measured T for the higher 
reflection degrees, of course on an approximative base. 
Then the reduced model on the right is fitted as before to 
the left hand side, which gives new S-parameters. The 
procedure is repeated until the variation of the S-para- 
meters vanishes, which corresponds to the best approxi- 
mation of the complete model to the measured data. All 
considerations demonstrated for the calibration step (star- 
ting from (8)) can be transferred to the measurement (5). 

3  SIMULATED  EXPERIMENTS 

In order to test the procedure a 3-mode set of S-parameters 
of two adaptors A, B and a device C was generated to 
evaluate (5) for a typical set of 18 x 18 different 
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combinations of L„ L2. This was taken as "measured" in- 
put. Tab. 1 shows 4 (of 21) parameters of C; first the true 
value originally invested, the initial value found by the 
fit-method and the result of the 4lh iteration step. Alt- 
hough there are significant errors of some of the fit-values 
the iteration shrinks them within a few iterations dramati- 
cally. The overall error, defined as the value sum over the 
deviations between iteration result and truth of all 21 
parameters is displayed in Fig. 2 for each iteration step. 

4 MEASUREMENT SETUP AND EXAMPLES 

The various delay line lengths have been realized by buil- 
ding two adaptor systems sliding in two fixed waveguides. 
Their design is not critical (beside the supression of trans- 
verse polarizations) since they have to be calibrated any- 
how. They are driven by stepping motors with spindles 
that allow for a nominal position resolution of 6.25 |im 
and a shift of 0.35 m. The RF equipment consists of a 
HP8753C-6 GHz-network analyzer, connected with the 
adaptors using phase-stabilized flexible RF cables. The 
components are computer controlled. The adaptors and the 
test device are insulated to reduce thermal drifts. 
A typical result of an adaptor calibration is shown in Fig. 
3. It was found at 4.50 GHz with three propagating 
modes (TEU, TM01, TE2I) in a 78 mm diameter circular 
waveguide. Fig. 4 demonstrates that the input reflection 
T(L) (line) of the adaptor calculated with these S- 
parameters fits the measured dots very well. Fig. 5 gives 
an example for results of a device measurement. 

5 CONCLUSION AND OUTLOOK 

A method that expands network analyzer functionality in 
the regime of multimoded waveguides has been success- 
fully demonstrated for up to three non-degenerated propa- 
gating modes. It provides all information needed to 
describe the behaviour of a given waveguide insertion at 
an arbitrary frequency point (or a spectrum of them). Thus 
it allows to predict the RF properties of every chain of 
known insertions, which is important not only for acce- 
lerator sections with respect to (HOM-) fields but for all 
waveguide applications with excitation of more than the 
fundamental mode. Further investigation will be spent in 
the resolution of (esp. polarizational) degenerated modes 
in order to expand the method's range of applications. 
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Parm. Truth First Fit 4th Iteration 

c[l. 1] 0.1445 + 0.1334 I 0.3185-0.28651 0.1445 + 0.13341 

c[2, 2] -0.1162-0.14341 -0.4127 - 0.1202 I -0.1161-0.14341 

c[2, 6] 0.04041 - 0.062091 0.04047-0.061131 0.04041 - 0.06209 I 

c[5, 6] 0.2104 - 0.09209 I 0.1841-0.11671 0.2104 - 0.09192 I 

Tab. 1: Sample S-parameters in simulated experiment 
10. 
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Fig. 2: Value sum of error of all S-parameters over 
iteration number. First point is result of fit procedure and 
used as start value. 
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Abstract 

The wake field effects in accelerator sections for future lin- 
ear colliders will be reduced either by damping, by detun- 
ing or a combination of both. In the case of the DESY S- 
Band Test Facility [1] it is foreseen to employ two higher 
order mode (HOM) damped cells within a detuned stack of 
undamped ones. In order to obtain optimal performance by 
use of single cell dampers a design was derived by apply- 
ing numerical tools. To understand the behaviour of such a 
damper cell in a detuned structure, a damper cell was build 
and inserted in a strongly detuned 36-cell S-Band struc- 
ture. This structure was investigated by bead pull measure- 
ments. The predictions of MAFIA field calculations were 
compared to experimental results. 

1   INTRODUCTION 

The S-Band 500 GeV Linear Collider Study SBLC fore- 
sees about 5000 constant gradient (eg) acceleration struc- 
tures of 180 cells with a loaded gradient of 17 MV/m. It 
considers a bunch train of 333 bunches with a spacing of 
6 ns from bunch to bunch. To achieve a high luminosity 
any cumulative beam break up along the bunch train has to 
be avoided. Wakefield effects driven by HOMs are one of 
the primary sources of emittance growth. Consequently, 
the suppression of these HOMs is a very crucial point in all 
actual linear collider designs. The major interest of calcu- 
lations was focused on the modes of the first dipole band 
since they cause the severest deflecting effects, but also the 
3rd and 6th dipole passband need to be studied. 

Calculations for the SBLC structure were carried out 
with ORTHO [2] for a somewhat simplified 180-cell struc- 
ture with 30 landings. One of the main results was that not 
only the first 7t-like dipole modes influence the beam dy- 
namics but about 140 modes! A major part of these deflect- 
ing modes is trapped inside the eg structure, that is without 
contact to the end cells. 

Since the phenomenon of trapped HOMs in tapered 
waveguides was neither theoretically nor experimentally 
well known and has a strong influence on the design of 
damping schemes further HOM investigations have been 
started: A test structure was designed with the goal to have 
a structure which is easy to measure, easy to manufacture, 
which is computable with different numerical methods 
(MAFIA, URMEL-T, ORTHO, COM) without geometric 
approximations, and which shows the clear appearance of 
trapped modes. 

Performing RF-measurements on long structures is se- 
verely limited by the appearance of mode overlap. There- 

fore a relatively short structure had to be chosen. In order 
to get a both mechanically and thermally stable structure a 
massive design was chosen. For low mechanical tolerances 
a simple geometry was designed. The structure has a very 
strong linear tapering of the iris, constant outer radius and 
twice as thick irises as the original SBLC structure. Com- 
parisons of numerical calculations and measurements 
without damping system [3], gave a good agreement in res- 
onance frequencies and the field distribution. Further the 
clear appearance of trapped modes was found for several 
modes [4]. Calculations for the damped system have also 
been done, and have been compared with measurements. 

2   THE TEST SETUP 

The structure, made of standard OFHC copper, consists of 
36 cells clamped together by truss rods. The cell geometry 
is similar to the one chosen for the SBLC, except for the 
iris thickness which is 10 mm instead of 5 mm. The iris 
openings were evenly tapered from 40 mm diameter at the 
beginning to 20 mm at the end. 

For the measurements of the damped structure we have 
inserted a sheet of paper covered with graphite in cell #18. 
This damping material could be inserted without demount- 
ing of the structure. It is only a model for test purposes that 
represents a damping unit like a wall slotted cell with four 
rectangular waveguides attached. This method avoids the 
influence of changed electrical contacts due to the reassem- 
bling on the measured Q-values. Proper alignment is en- 
sured by laying the structure on top of an optical bench. 
The field measurements were performed using a modified 
nonresonant bead pull technique [5], [6], [7]. Data is taken 
by a HP8719c network analyser for 801 discrete positions 
along several paths parallel to the cavity axis. 

3   SIMULATION WITH DAMPING SHEET 

The simulation of the 36-cell structure with a very thin 
(about 1.5 um) damping sheet in cell #18 is practically not 
possible with discretization methods since it is not possible 
to mesh accurately enough within reasonable storage de- 
mands. Therefore other methods were necessary to get 
quantitative theoretical results for the damping effect. In 
case of small losses it is well known that the field distribu- 
tion does not change considerably compared with the loss 
free case. Then it is reasonable to use the field distribution 
of the loss free case to calculate the power loss by means of 
perturbation theory. As the measurement improved [4] the 
undisturbed field distribution may be used to calculate the 
damping effect for the 36-cell structure. 
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Figure 1: Three cells out of the 36-cell structure. Cell #18 
with the damping material (hatched). 

Practically this was done with MAFIA in the following 
way: First a loss free field calculation was executed for the 
original 36-cell structure. In a second calculation a thin 
sheet with a different material number was inserted in cell 
#18, as shown in figure 1. The hatched area near the outer 
wall of cell #18 is the graphite. Even though a rather coarse 
mesh would lead to a perfect approximation of the struc- 
tures shape1 preceding studies showed that smaller step 
sizes near all edges resulted in much better agreement for 
the frequencies obtained in measurement respective simu- 
lation while the field distribution agrees already well 
enough for a coarse, quasi equidistant mesh. The frequency 
is very sensitive to an appropriate discretization and an ap- 
propriate bead [3]. 

During the solution of the eigenvalue problem this mate- 
rial as well as all walls of the structure are treated as perfect 
conductors. Afterwards, in the postprocessing all wall ma- 
terial gets the conductivity of copper 0 = 5.8- 10 S/m 
while the sheet in cell #18 gets a lower conductivity. 

At this point some approximations are necessary since 
the sheet has to be thicker than the original one from the 
measurements. The reasons are that each material should 
be discretized with at least two steps in each coordinate di- 
rection and that the quotient of largest to smallest step size 
should be kept within reasonable limits in order to limit the 
condition number of the matrix of the eigenvalue problem. 
Therefore the material sheet which represents the very thin 
graphite sheet got a conductivity of a = 5.0 • 10 S/m in- 
stead of graphite's conductivity of a = 1.25 • 10 S/m. 

After calculating the total stored energy Wm and the 
wall losses2 Pwau the quality factor Q may be determined 
[8] for a mode with frequency co by 

W,. 
CO- 

wall 
(1) 

Finally the frequency shift caused by the damping sheet in 
cell #18 is obtained by (2) neglecting second order terms. 

5co 
0)0 22 

(2) 

4   THE MEASUREMENT METHOD 

The method applied is a variant of the nonresonant bead- 
pull technique as described elsewhere [9]. In the measure- 
ments we are only interested in the longitudinal component 
of the electric field, because it is sufficient to indicate the 
effect of the damper cell. Thus we used a dielectric needle 
(AI2O3, er = 9.2) as bead. This ceramic bead was 6 mm 
long and 1 mm in diameter. A lumped circuit representa- 
tion of the resonator combined with Slaters formula [10] 
leads to the electric field: 

p2       PWall   (1+*l+*2)
2   |A      , 

EL = . • As2i 
a 2(0-,^ 

5   RESULTS 

(3) 

For the measurements the bead was calibrated in a TM0IQ- 

pillbox for the longitudinal perturbation constant 
(a = 9.34 • 10"20 Asm2/V). Since the measured modes 
were of dipole type the bead pull measurements were per- 
formed off-axis with a distance of 7 mm to the structures 
axis. For the measurements we have chosen several modes 
of the first dipole passband which have significant field 
strength at the damper position (cell #18) since a consider- 
able damping effect could only be expected in this case. 

In a tapered structure trapped modes always change their 
phase shift from cell to cell from 0 to jr. To investigate the 
influence of the damper position, we have chosen mode A 
with the Tt-end, mode B with the 7t/2-part and mode C with 
the 0-end at the damper position. Additionally all modes 
between A and C have been measured (see figure 2). The 
results are summarized in table 1. 
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Figure 2: Comparison of calculated and measured damp- 
ing effect (reduction of Q0). 

As mentioned above, the damper was realized by a sheet 
of paper covered with graphite (thickness 1.5 |Xm, conduct- 
ance of graphite = 1.25 • 10s 1/Qm). First the sheet was 
pressed to the inner wall of cell #18 in order to have a sym- 
metric damper and relatively weak damping effect (damper 
on surface). Additionally the damping effect was increased 
by moving the sheet some mm towards the iris, since the 
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electrical field increases in this direction (damper in cell). 
The results of simulations are presented in table 2. It must 
be mentioned, that Q-values calculated by the simulations 
are always higher than those derived by measurements. 
This is caused by HF-contacts between adjacent copper 
cells. 

To compare the results from measurements and calcula- 
tions, damping effect versus frequency is plotted for both 
in figure 2. As can be seen there the agreement is mostly 
excellent, except the first two modes on the left. These two 
modes proofed to be very sensitive on the position of the n- 
like end. Already a small disturbance moves the position to 
the next cell. Thus this discrepancy was expected. 

Table 1: Measurement results 

Table 2: Results from MAFIA-calculation 

f0 [GHz] V0,undamp. *<0,damped Qo,d/Qo,und. 

4.143,830 10,353 8,927 0.862 

4.159,260 10,264 2,507 0.244 

4.173,972 10,464 9,002 0.860 

4.188,848 10,157 8,161 0.803 

4.203,234 10,193 9,454 0.928 

4.217,087 11,291 7,919 0.701 

4.230,494 10,848 9,646 0.889 

4.243,603 10,997 10,389 0.945 

4.256,029 10,490 8,181 0.780 

4.267,888 11,174 8,319 0.744 

4.279,207 11,185 9,621 0.860 

4.289,655 11,447 11,350 0.991 

4.299,424 11,396 10,923 0.958 

4.308,621 11,757 9,640 0.820 

4.317,108 11,918 8,244 0.692 

4.324,609 12,112 10,764 0.889 

6   CONCLUSION 

From former measurements a strong influence on mode ge- 
ometry was expected [11]. But weak damping as well as 
strong damping has not changed the mode geometry signif- 
icantly. The damping effect is evenly distributed over all 
phase shifts. 

The black line in figure 2 represents the measurement re- 
sults for the Q-reduction. The results of the MAFIA calcu- 
lations are plotted as gray line. For all modes, except the 
first two ones, an excellent agreement was found. Thus one 
may say that the numerical representation of the damper 
was successful. 

f0 [GHz] ^0,undamp. Vo.damped Qo,d/Qu,und. 

4.151,653 13,650 13,645 1.000 

4.154,160 12,552 6,936 0.553 

4.175,661 12,641 10,291 0.814 

4.189,950 12,736 9,785 0.768 

4.206,170 12,839 11,478 0.894 

4.217,273 12,947 9,205 0.711 

4.233,617 13,066 12,032 0.921 

4.246,928 13,185 12,426 0.942 

4.256,809 13,308 9,809 0.737 

4.268,974 13,436 10,972 0.817 

4.281,471 13,570 12,449 0.917 

4.292,834 13,699 13,596 0.992 

4.302,226 13,833 13,064 0.944 

4.309,774 13,962 10,984 0.787 

4.317,561 14,094 11,269 0.800 

4.325,724 14,229 14,953 1.051 
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Abstract 

In resonant cavities which are connected via beam pipes 
fields usually tend to propagate with shrinking wave- 
lengths. Nevertheless there may also exist some non-prop- 
agating resonant modes („trapped modes") in the fre- 
quency range above the beam-pipe cut-off with relative 
high shunt impedances which are strongly localised in the 
inner part of a accelerating structure. Due to their field dis- 
tributions these trapped modes can hardly be coupled to 
dampers at the ends of the cavity and therefore could have 
dangerous effects to beam dynamics. Their detection is 
very difficult, if one considers that they are embedded in a 
spectrum of several hundred resonant modes. We therefore 
started to search trapped modes in a 9-cell copper TESLA 
cavity. The principles of our method and results from 
measurements are presented in this paper. 

1   INTRODUCTION 

For the next generation of electron-positron linear colliders 
with initial center of mass energies of 350...500 GeV lumi- 
nosities above 1033 cm"V are required [1]. High luminos- 
ities correlates with small transverse beam emittance, so 
that any kind of beam instabilities has to be controlled to 
avoid emittance growth. One major cause for emittance di- 
lutions in a high energy linear accelerator are wakefields, 
which are excited by the bunches itself traveling through 
the accelerating structure. These wakefields could act back 
on the exciting bunch itself (Single Bunch Breakup) or on 
all following bunches (Multibunch Beam Breakup) which 
would be more and more deflected. Especially for super- 
conducting structures with high quality-factors, these 
wakefields could strongly affect beam dynamics. To pre- 
serve the emittance along the whole accelerator, dangerous 
Higher Order Modes (HOMs) caused by wakefields have 
to be damped or/and the structure has to be detuned. Dif- 
ferently from long stacked structures with damped cells 
within the structure [2], the TESLA HOM-damping 
scheme foresees two couplers attached to both sides of a 9- 
cell cavity and a single absorber between an 8-cavity mod- 
ule [3]. If HOM-power propagates it can be diminished by 
the HOM-dampers, but there also may exist some trapped 
modes which are strongly localised within the cavity. Due 
to their vanishing field distributions to the ends of the cav- 
ity, no strong coupling to the dampers is possible, so they 
might have considerable influence to the beam dynamics. 
Therefore we made measurements with a TESLA copper 
9-cell cavity following the basic interest to find such 
trapped modes in the high frequency range. 

2   THE MEASUREMENT 

2.1 The Test Setup 

To measure a frequency spectrum in transmission we cou- 
pled in the RF-power with an antenna fed through a small 
hole in the middle plan of the sixth cell of the cavity and 
coupled out ditto with a second antenna with about 30° dis- 
tance from the first. The antennas were fixed with the help 
of brass bases mounted on the surface of the cavity. Hol- 
low waveguide pipes of 78mm diameter and a length of 
0,5m were flanged on both sides of the cavity and models 
of two HOM-couplers and a input coupler were assembled 
between the cavity and the waveguides. Necessary for the 
measurement method each pipe was equipped with a mov- 
able short, driven by a stepping motor, provide for differ- 
ent boundary conditions. For perturbation measurements 
we fed a nylon thread through the holes on the axis of the 
shorts. We used a spherical dielectricum as bead in order to 
perturbate transversal and longitudinal fields in like man- 
ner. Data is taken by a HP8719C network analyzer. The 
network analyzer and the stepping motors are controlled 
via GPIB with a computer, using LAB VIEW™ and Math- 
ematica™ to work up output files. 

2.2 Method 

Compared to propagating modes trapped modes should be 
less affected by variing the peripheral boundary conditions 
at the waveguide flanges, due to their vanishing field distri- 
butions to the ends of the cavity; thus we started to measure 
the transmission spectrum in a range of 4...8.2 GHz for 
several positions of the shorts. By overlaying the measured 
data, remaining pikes in a spektrum indicate transmission 
signals (S2i) not affected by variing the peripheral bound- 
ary conditions. This means low coupling to the waveguide 
pipes, which is one criterion for trapped modes. Hence, we 
went in our most stable parts of the spectrum for a bead- 
pull measurement to confirm whether there are localised 
modes or not (so far we make no statements about the 
shunt impedances of the trapped modes). The field meas- 
urements were performed using a non-resonant bead-pull 
method,  assuming that for small perturbations holds 
3A2 IAS21I [4,5]. 

2.3   Results 

The following pictures (see fig. 1 and fig. 2) show two 
measured spectra for different combinations of positions of 
the stepping motors altogether overlayed in each picture. 
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Figure 1: Transmission S2i in dependence on frequency 
for 16 different boundary conditions (f = 5.6...5.7 GHz). 
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Figure 2: Transmission S2i in dependence on frequency 
for 9 different boundary conditions; zoomed region of 
fig. 1 (f = 5.65...5.66 GHz). Bead-pull measurements were 
made at frequencies around the pikes. 

The first figure shows a measurement in the frequency 
range of 5.6...5.7 GHz, where we found some regions with 
remaining pikes, independent on the positions of the 
shorts. We examined this regions properly and found some 
very distinct pikes which are shown in Figure 2. 

For perturbation measurements we proceeded in the 
same manner like we did for the spectral measurements, 
i.e. measure with different positions of the shorts and over- 
lay measured data (at a given frequency). For all measure- 
ments we took 401 positions along the structure and 9 dif- 
ferent boundary conditions, moving the shorts along al- 
most the maximum lengths of the waveguide pipes. For 
some special frequencies located around the pikes, imaged 
in fig.2, we made bead-pull measurements, to investigate 
wether fields are concentrated within the inner part of the 
cavity. Figure 4 shows our result for a frequency of 
5.6524 GHz. To get information about the location of the 
single cavity cells, refer to fig.3, where results of a bead- 
pull measurement for the accelerating 7t-mode of the 
TESLA cavity at 1.3003 GHz is shown (we index cell 1 to 
9 from left to right). If we compare both figures, we ob- 
serve no field distribution at the end cells but in the inner 
cells, i.e. a trapped mode. Notice the steep decrease of cou- 
pling from cell 8 to 9. We also found a localised mode in 
the adjacent pike at a frequency of 5.6572 GHz (see fig. 5). 
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Figure 3: Bead-pull measurement at the accelerating n- 
mode f= 1.3003 GHz of the TESLA cavity; pikes give lo- 
cation of the single cells. 
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Figure 4: Bead-pull measurement at f=5.6524 GHz. 
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Figure 5: Bead-pull measurement at f = 5.6572 GHz. 

In fig. 7 one of the mostly occuring examples of a proof to 
the contrary is demonstrated, where a spectral measure- 
ment (see fig. 6) still shows a pike hardly influenced by the 
positions of the shorts at 7.4167 GHz, though the field dis- 
tribution is not localised and strongly dependent on the 
boundary conditions. Finally in fig. 9 another localised 
field distribution, found at the frequency of 8.1727 GHz, is 
displayed (refer to the corresponding spectral measure- 
ment illustrated in fig. 8). 
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Figure 6: Transmission S2i (f = 7.41...7.42 GHz). 
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Figure 7: Bead-pull measurement at f = 7.4167 GHz. 
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Figure 8: Transmission S2i (f = 8.17...8.18 GHz). 
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Figure 9: Bead-pull measurement at f = 8.1727 GHz. 
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2.4   Accuracy 

Since the fundamental cut-off frequency of the waveguide 
pipe (d=78mm) appear at 2.254 GHz (TEll-Mode), the 
field distribution for the accelerating mode of the cavity at 
1.3003 GHz vanishes exponentially in the waveguide 
pipes. Hence, only very small influences of boundary var- 
iations should appear in fig. 4. The amount of remaining 
fluctuations comes mainly from thermal drifts, we tried to 
avoid as far as possible by covering the structure with pol- 
ystyrene, mechanical tensions and oszillations of the bead, 
provoked from movements of the stepping motors itself or 
other mechanical excitations. 
On the other hand the influence of the antennas, fed in the 
sixth cell, change its resonant character due to the changed 
geometrie and hence can lead to the effect of trapped 
modes which would not be the behaviour of the hollow 
cavity itself. For further investigations we are going to take 
remedial measures by variing the depth of the antennas or 
couple into one of the adjacent cells to prove whether the 
trapped modes found remain localised. 

3 CONCLUSION 

In cavities without dampers in the inner part of the struc- 
ture trapped modes can hardly be damped and hence can 
strongly affect beam dynamics, especially if they are su- 
perconducting. We recently started to search for trapped 
modes in a copper TESLA cavity. Up to now we found 
three of them in the frequency range of 4...8.2 GHz. From 
our experience they occur very rarely but the existence of 
more than the ones shown cannot be excluded. So far we 
have no results about shunt impedances of the trapped 
modes, so that further investigations have to be done. 

4 REFERENCES 

[1] R. B. Palmer:"Prospects for High Energy e+-e" Linear Colliders, 
SLAC-PUB-5195, Stanford 1990 

[2] W.F.O. Müller, P. Hülsmann, M. Kurz, C. Peschke et al. ^'Measure- 
ments and Numerical Calculations on Higher-Order-Mode-Dampers 
within a Stack of 36 detuned S-Band-Cells", Proceedings of the 
XVIIIth International Linac Conference, Geneva (Suiss), 1996 

[3] D.A. Edwards (Ed.):"Tesla Test Facility Linac", Design Report 
(TESLA-Rep. 95-01), DESY, Hamburg March 1995 

[4] P. Hülsmann, M. Kurz, H. Klein:"Experimental Determinition of 
Field Strength and Quality Factor of heavily Damped Accelerator 
Cavities", Electronic Letters, Vol. 27 No. 19, pp. 1727-1729, 
12.09.91 

[5] M. Kurz:"Untersuchungen zu mikrowellenfokussierenden Be- 
schleunigerstrukturen für zukünftige lineare Collider", thesis, 
Frankfurt am Main, 1993 

5   SUPPORT 

(work supported by DESY/Hamburg 
and BMBF under contract 06of359) 

529 



DEVELOPMENT OF C-BAND (5712 MHz) HIGH POWER WAVEGUIDE 
COMPONENTS 

H. Matsumoto, T. Shintake, N. Akasaka, KEK High Energy Accelerator Research Organization, 
1-1 Oho, Tsukuba, Ibaraki, 305, Japan and H. Baba, A. Miura, Nihon Koshuha Co., Ltd., 

1119 Nakayama, Midori-ku, Nakayama, Kanagawa, 226, Japan 

Abstract 

High Power waveguide components at C-band (5712 
MHz) frequencies have been developed for a main linac 
of eV linear collider range of 300-500 GeV CM. energy. 
350 MW of maximum if power has to be transmitted 
through the waveguide components. An EIA-WR187 
(W: 44.55 mm, H: 22.15 mm and t: 4 mm) type sized 
conventional rectangular waveguide was chosen to reduce 
transmission loss to about the same order of magnitude as 
with existing S-band waveguide. The thickness of the 
wave guide was fixed to make for easy machining, and 
assembling for the brazing process. 

A vacuum waveguide flange of unisex type with a 
simple shape was successfully developed. A Beth-hole 
type coaxial coupler, E- and H-corner, directional cou- 
pler, vacuum pumping port, 3-stub tuner, viewing port 
and phase shifter were successfully developed all with 
input VSWRs of less than the 1:1.1. 

1 INTRODUCTION 

For an eV linear collider with a center of mass energy of 
300 to 500 GeV, the main linac will use some 2040 rf 
acceleration units [1]. Each unit is comprised of two 50 
MW klystrons, two modulator power supplies, one rf 
compression system of a new design, the waveguide sys- 
tem, four choke-mode type damped accelerating struc- 
tures and their supporting girder. The total component 
count is extremely large and no laboratories have any 
experience yet in the operation of so many accelerator 
devices. Thus, it is very clear that the preeminent consid- 
erations are to make the system simple, highly reliable, of 
higher efficiency and lower cost. 

In the C-band main linac, a maximum rf power of 
350 MW has to be transmitted through the waveguide 
system to drive the accelerating structures with 32 MV/m. 
The high voltage break-down is dominated by the total rf 
voltage between metallic surfaces in the waveguide. The 
waveguide impedance at C-band takes on similar values 
at S-band. Therefore, the gap voltages in C-band 
waveguide need not take higher value than the S-band. 
According to some experience at S-band frequency, 
power levels of 350 MW should not cause any difficulty 
for stable operation. At the C-band frequency of 5712 
MHz, there are two choices for waveguide size: one is 
EIA-WR187 (3.93-5.85 GHz), the other is EIA-WR159 
(4.9-7.05 GHz). EIA-WR187 which has an inner cross 
section of 44.55 mm wide and 22.15 mm high was chosen 
over the larger waveguide because it can have an rf power 
transmission loss close to that of existing S-band 
waveguide. The theoretical rf transmission losses in rec- 
tangular waveguides of EIA-WR187 (at 5.712 GHz) and 

EIA-WR284 (at 3 GHz, 72.1 x 34.0 mm) are -0.032 dB 
and -0.021 dB, respectively. Fortunately the C-band 
main linac can use conventional rectangular type 
waveguide pipe. Further, the C-band high power rf sys- 
tem does not require any special components. Thus, it 
should be producible at the same reliability and cost as S- 
band. 

However, there is no standard for C-band high power 
waveguide components, especially as high a peak rf 
power as 350 MW in vacuum. Thus, many components 
will have to be developed, but most of the design work 
will be straightforward without any particular limitations. 
Figure 1 shows a photograph of the directional coupler. 

Figure 1: Photograph of a directional coupler for C-band 
frequencies. 

This paper will describe the design concept and per- 
formances of wave guide components. 

2 WAVEGUIDE COMPONENTS 

2.1 Rectangular waveguide pipe 

The raw materials of the waveguide use high quality 
OFHC (Oxide-Free High Conductivity) copper with a 
purity of > 99.96%, because one of the main reasons for 
rf breakdown is poor quality inner surfaces - insufficient 
purity of the raw copper material and it cleanness. Table 
1 lists the chemical compositions of the copper material. 

The rectangular waveguide is made by a cyclic extru- 
sion process the first step to make a thick circular pipe 
from a copper bar, which is then gradually formed to 
shape by 7 more cycles of the pulling processes. 

Table 1 : Chemica compositions of copper. (%) 
Pb Zn Bi Cd Hs 

<0.005 <0.0001 <0.001 <0.0001 <0.0001 
o, P s Se Te 

<0.001 <0.0003 <0.01 <0.001 0.001 
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A 3 m length was chosen as the unit length of the 
waveguide so that dimensional accuracy could be main- 
tained. Also a 4 mm waveguide thickness was chosen to 
allow using a common jig to join each element in the 
brazing process. Typically a dimensional accuracy of 
<±0.1 mm and a surface roughness in the range of -0.13- 
0.23 um (rms.) at the center cross section of the 
waveguide is obtained. From the results of some experi- 
ments at S-band, it is clear that there will be no problem 
in actual operations at high peak rf power. 

2.2 Waveguide vacuum flange 

In this work, one of the important goals was to make a 
standardized waveguide vacuum flange. This important 
component has to serve in two roles as both an rf seal and 
a vacuum seal. Further, the most commonly occurring 
problems such as discharge breakdown and vacuum leak 
often happen near the flange gasket. A new type unisex 
waveguide flange has been developed to increase reli- 
ability and reduce cost; it comes from a modified DESY 
type S-band flange as shown in figure 2 [3]. As can be 
seen in the figure, the gasket edge has a simple shape for 
easy machining and the optimum compression forces 
produces zero gap at the outside of the flange. The loss in 
flatness between the flange and gasket along the inside 
wall is within 50 [im when there is zero gap in the outer 
wall between the flanges. 

IM'.':-"1*. 2ERO am 

Figure 2: Unisex type waveguide vacuum flange. An ex- 
panded view of part of the gasket edge. 

2.3 RF Window 
The lifetimes of existing high peak power klystrons are 
typically at most around 4xl04 hours on average; failures 
are caused mostly by broken rf window ceramics and 
insulation breakdown of the electron guns. In the C-band 
linear collider, more than 4000 klystrons will be used for 
the two main linacs. Thus, klystron replacement work 
has to be done without interrupting accelerator operation. 
It should be also noted that the aging process of an accel- 
erating structure takes roughly one day, once the vacuum 
is broken. In order not to compromise the operational 
efficiency, a need arises for rf-windows that allow re- 
placing klystrons without opening the accelerator vacuum 
system. 

2.3.1 Ceramic material 

There are three important technologies to make robust 
alumina ceramic for the high peak power rf windows: (1) 

use high quality alumina powder which has a fine grain 
size of <0.8 pm with 99.99% of purity, (2) eliminate the 
voids inside the ceramic even those whose sizes are on 
the order of a few micro-meters, and (3) use low rf loss 
sintering binder materials. Micro-voids between the ce- 
ramic grain boundaries and large amounts of Magnesium 
(Mg) are the main reasons for the discharge breakdown 
problem in high peak power rf windows [3]. For our 
work, a Hot-Isostatic-Pressing process was used to elimi- 
nate the micro-voids resulting in a reduction from 3.8% to 
less than the 0.5% by volume weight. The Mg in the 
sintering binder was successfully reduced to 0.06% by 
volume weight. 

2.3.2 Structure of the window 

A pill-box shaped traveling-wave rf window was de- 
signed for the 50 MW C-band klystron; it will be used for 
the two rf windows connected at each output port. The 
window has a diameter of 57 mm, length of 72.85 mm 
and a 3.85 mm thick ceramic disk. The design was made 
to have no TE22 or TE51 resonance modes at 5.712 GHz. 
For this design, the most important considerations were in 
reducing the electrical field strength at the window ce- 
ramic disk by choosing a traveling-wave structure, and 
the use of very high quality ceramic disks. Figure 3 
shows the electrical field distributions in steady state and 
the frequency response of the rf window. 
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Figure 3:   Electrical field strength.   Two thick solid lines 
shows the electrical field strength along the axis. 

As can be seen in the figure, the envelopes of the 
electrical field strength are reduced just at the ceramic 
disk. The frequency bandwidth where the reflection coef- 
ficient is 0.1 or less is 500 MHz as shown in figure 4. 
These characteristics will be good enough for the 50 MW 
klystron. Thus from the R&D results at S-band fre- 
quency, it will be good enough to apply 50 MW of peak 
rf power at C-band. 
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Figure 4: Frequency bandwidth of traveling-wave type pill- 
box window. 

2.4 Traveling wave resonator 

The design and fabrication of a Traveling Wave Resona- 
tor (TWR) is very useful in developing the key technolo- 
gies for unknown, variable frequencies, because it is 
composed of several necessary high power waveguide 
components such as a directional coupler, a phase-shifter, 
a stub tuner, a pair of the Beth-hole couplers, two vacuum 
pumping ports, two viewing ports, E- and H-corners. The 
parameters of our TWR are shown in Table 2. 

 Table 2: C-band TWR parameters  
Physical size 
Resonant loop length 
Number of wavelengths 
Input coupler ratio 
RF power gain 
One-way loss in loop 
Variable phase shifter range 
5 elements stub tuner range 

166 cm x 75 cm 
-300 cm 
48 at 5.712 GHz 
-12 dB 
12.3 dB 
0.11 dB 
±180° at 5.712 GHz 
r < 0.13 at any phase 

This TWR was designed with no specific upper peak 
rf power handling capability, but it had to be operational 
at a minimum peak rf power of 150 MW. To guarantee 
the performance of the rf window in the TWR, the win- 
dow has to operate even with an overload condition of 
three times higher than the actual operational output 
power from klystron. For the moment, 5 MW of rf power 
will be fed to the TWR from a 5 MW klystron that was 
received from SLAC. In this case, the rf window of the 
C-band klystron will test the rf power up to 85 MW, that 
will be good enough to check the performances of the rf 
windows for the 50 MW klystron. 

In general, the upper limit of rf power handling capa- 
bility of the TWR would be set by breakdown in one of 
the tunable components such as the phase-shifter, or the 5 
elements of the sub-tuner or the gasket of the vacuum 
flange [4]. Most TWRs use a variable phase-shifter con- 
sisting of a pair of movable multistage choke short plung- 
ers with a 3 dB hybrid coupler which usually has rectan- 

gular cross section. Thus, the movable choke short 
plungers have to be aligned to the same gaps with less 
than a 1 mm error on both horizontal and vertical over the 
full stroke, that is very hard work even at the S-band fre- 
quency. Therefore, it was decided to try to use a circular 
waveguide (TE11 mode) for the pair of movable shorting 
plungers as shown in figure 5. 

Using circular waveguide will reduce the difficulties 
in fabrication as well as increase the breakdown limit. 
The phase shifter has 360° of tuning range with an input 
VSWR within the 1:1.1. The rf pickup monitor used is 
based on the Beth-hole type directional coupler with a 
demountable structure. The vacuum seal between 
waveguide and coupler head used a ceramic disk (t: 1.5 
mm and §: 24 mm) with a metal o-ring gasket, it does not 
require any brazing process. The other components have 
already been done by this time. High power operation of 
the TWR will be started beginning in June 1997. 

A photograph of the circular movable shorting Figure 5: 
plungers. 

3 CONCLUSIONS 

C-band high power waveguide components were success- 
fully developed with a very conventional rectangular 
waveguide which further does not require any special 
structure. It was confirmed that the unisex waveguide 
vacuum flange is very useful to make the system simple 
as well as to reduce the cost. Thus, the total system cost 
would be reduced as compared with an existing S-band 
frequency accelerator with same reliability criterion. 
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DEVELOPMENT OF C-BAND 50 MW PULSE KLYSTRON 
FOR e+e LINEAR COLLIDER 

T. Shintake, N. Akasaka, H. Matsumoto, KEK High Energy Accelerator Research Organization and 
Y. Ohkubo and H. Yonezawa, Toshiba Co., Japan 

Abstract 

Hardware R&D for the C-band (5712 MHz) RF 
system was started as a KEK research program for the e+e' 
linear collider project in 1996[1]. In order to achieve 500 
GeV CM. energy at the e+e" collision within 25 km site 
length, the C-band system requests 4080 tubes of 50 
MW pulse klystron, which drives the accelerating gradient 
32 MV/m at the full beam current. The first 50 MW class 
klystron at C-band was designed and fabricated (named 
Toshiba E3746). 

1 INTRODUCTION 

The e+e" linear collider is a large scale machine. In the 
main linacs for 500 GeV CM. stage, we use more than 
8000 accelerating structures, 4000 klystrons and pulse 
modulators. Therefore, the system must meet the 
following demands. 

(1) High reliability. 
(2) Lower construction cost. 
(3) Simple. 
(4) Reasonable power efficiency. 
(5) Easy to operate. 
Above list provides main guide-line and boundary 

conditions to our design work. Among the design 
parameters, the choice of the drive rf frequency plays most 
important role concerning the total system performance as 
well as the hardware details. We proposed C-band as the 
bestfrequency[l]. Reasons are 

(1) Fabrication tolerance of the accelerating structure is 
not so tight. The straightness tolerance is 30 |i.m for 1.8 
m long structure. 

(2) RF pulse length to be generated from a klystron is 
about 2.5-3.0 usec. HV pulse power supply for the 
klystron is easy to generate this pulse length, and we can 
use a conventional line-type modulator. 

(3) Klystron can be made as an extension of existing 
S-band klystrons. 

The item (3) will be discussed in the next section in 
detail. 

2   CHOICE OF MAIN PARAMETER 

To do optimum design of a high-power klystron, we 
scaled operating parameters of the existing S-band 
klystrons to the C-band frequency. Generally speaking, 
design of the high-power klystron becomes harder at 
higher frequency bands, and its power rating becomes 
lower. C-band frequency is twice higher than S-band, thus 
we have to limit the design target of the output power 

lower than the existing S-band tubes. To keep the same 
level of tube reliability or even better, we laid two 
boundaries. 
(1) Gun Voltage 

Use the same level or even lower gun voltage than the 
most reliable klystrons at S-band. We believe that in the 
pulsed power klystrons, possibility of HV breakdown in 
gun region, or idler cavities and the output gap, is a 
sensitive function of the beam voltage. From the 
experience on Toshiba E3712-klystron (80 MW, 375 kV), 
or SLAC 5045-klystron (50 MW, 350 kV), we chose the 
gun voltage around 350 kV. 

Lower voltage design needs higher beam current. The 
power conversion efficiency tends to be lower in a higher 
beam current klystron due to the space charge force acting 
on bunch. We took the reliability issue as the first 
priority than the power efficiency in our design. 
(2) Beam energy per pulse ( V7T) 

From a view point of the power handling in a tube, it 
is reasonable to limit the total beam injection energy 
lower than a certain amount. If a part of the high power 
beam collides to the drift-tube wall or an interaction gap, 
and the power density is high enough, the copper material 
can be melted or vaporized, it resulting in HV breakdown 
in the output gap or other high-field regions. Since the 
drift tube diameter scales as inverse of the if frequency, the 
V7T energy scaling becomes 

VIr< 
From the operational experience in S-band klystrons, we 
found the safety value for C-band klystron as 300-400 
J/pulse. The HV pulse length to be applied is 3.5 |isec, 
and the power efficiency is 45 %, the safety level of the 
peak power at C-band becomes 50 MW. 

Table-1 shows the design parameter and target 
performance. 
Table-1.   Main Parameter of E3746 klystron. 

Parameter Unit 

D2 °c of1 

Frequency 5712 MHz 
Output Power 50 MW 
Beam Voltage 350 kV 
Beam Current 317 A 
Microperveance 1.5 A/V1'5 

Gain >50 (B 
RF Pulse Width Max. 3 Usec 
Pulse Repetition 100 pps 
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3.  ELECTRON GUN 

To maintain a long lifetime, it is better to keep the 
maximum loading of the cathode emission lower than 10 
A/cm2. Assuming the power conversion efficiency as 45 
%, and gun voltage 350 kV, the required beam current 
becomes 320 A. Therefore, the minimum required cathode 
area is 32 cm2, or a diameter of 64 mm. We use a cathode 
diameter of 74.5 mm, then the average cathode loading 
becomes a quite safe value of 6.3 A/cm2. 

Using the computer simulation code EGUN, the gun 
geometry was optimized to obtain a laminar flow with 
desired beam envelop. 

The designed parameters are listed in Table-2. The 
maximum electric field is 22.1 kV/mm, which is same 
level as that in S-band klystrons such as the SLAC 5045 
or Toshiba E3712. 

In order to eliminate a diode oscillation associated with 
a high-Q resonance in the small gap around the cathode 
element[2], we made the volume of the cylindrical pocket 
as small as possible. 

Table-2 Electron Gun Parameter 

Parameter unit 

Microperveance 1.5 
Cathode Diameter 74.5 
Cathode Loading (average) 6.3 
Type of Cathode Dispenser 

Scandate 
Focused Beam Diameter 10 
B earn Area Convergence 56:1 
Electric Field on Anode 22.1 

on Whenelt 21.7 

|iA/V 
mm 
A/cm2 

kV/mm 
kV/mm 

4. DRIFT-TUBE AND BEAM FOCUSING 

Larger size of the drift-tube makes the electron gun 
design easier and focusing field lower, but it makes danger 
against spurious oscillation due to positive feedback loop 
driven by propagating or trapped mode inside the drift- 
tube. To chose the drift-tube diameter, we basically scaled 
from S-band tube. 

Table-3 summarizes the drift-tube parameter. We use 15 
mm diameter at upstream and 16.3 mm at downstream. 
The Bessel function J0(ka) value is close to 1.0, which 
means the interaction gap can keep good coupling to the 
beam[3]. 

As listed in the table, the TEH cutoff frequency at 
downstream is lower than the operating frequency. In 
principle, TEH mode does not interact with a beam in a 
smooth beam pipe, but it can create a small coupling 
impedance at a transition of beam pipe or an interaction 
gap, which sometimes causes a parasitic oscillation in a 
high current klystron. To avoid this type of oscillation, 
an rf damper (a small piece of stainless-steel pipe) was 
inserted at the beam pipe transition taper. 

This klystron uses a solenoid focusing. The perfect 
Brillouin field is 1.13 kG to focus the beam of 10 mm 
diameter. To maintain beam stability we apply 2.6 kG 
maximum at upstream, and 2.4 kG at downstream. 

Table-3   Drift-tube and Focusing Parameter 

Parameter lst~3r 4th~5 
d th 

cavity cavity 
Drift Diameter 2a 15 16.3 mm 
Beam Diameter 2Rb 10 10* mm 
Wave Number ka 0.90 0.97 
Bessel Function J0(ka) 0.81 0.78 
Cutoff Frequency TE11 5.86 5.39 GHz 

TM01 7.65 7.04 GHz 
TM11 12.2 11.22 GHz 

Brillouin Field Bz 1.13 kG 
Focusing Field Bz 2.6 2.4 kG 

5. INTERACTION CAVITIES AND BEAM 
SIMULATION 

E3746 is a five cavity klystron: the input, 2 gain 
cavities, the penultimate and the output cavity, whose 
parameters are listed in Table-4. To optimized those 
parameters, we used FCI (Field Charge Interaction 2+1/2 
PIC code). Example result of the simulation is shown in 
Fig. 1. FCI said the expected output power is 49.1 MW 
and the power efficiency is 44.3 %. 

Table-4  Interaction Cavities 

Type Frequency 
(MHz) 

R/Q 

(") 
Input 
2nd 
3rd 
4th 
Output 

Reentrant 
Reentrant 
Nose-less[3] 
Nose-less 
Nose-less 

5712 
5725 
5738 
5847 
5712 

350 
2000 
2000 
2000 
27.5 

67.3 
62.5 
57 

64.2 
79 

1.0FT7 

Fig. 2 FCI simulation result ( Beam Voltage = 350 kV, 
Beam Current = 317 A, Drive Power = 250 W, Output 
Power = 49.1 MW, Power Efficiency = 44.3 %). 
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6. OUTPUT GAP 

6.1 Output Gap Impedance 

The output gap extracts the rf power from the beam, as 
a reaction the beam is decelerated by the rf field. To make 
the power efficiency maximum, we need to design the 
output gap at the impedance matching condition. From 
the equivalent circuit analysis, the optimum impedance is 
given by 

Zm~{RIQ)QL 

— c      _ 

MI. oi 

deceleration 

M2Ial 

(1) 

is the beam deceleration voltage, which is 

close to the beam voltage: 
deceleration = 0-8 ~ 0.9VDC. Iml is the rf current on the 

beam, which takes 1.5 or higher value right before the 
output gap, and it decays inside the output gap. As an 

' deceleration 

usually 
V. 

average,   we   assume   l^ L =1.1-1.3/ DC- M   is   the 

coupling constant, in our case M = 0.62. From eq. (1), 
the optimum impedance becomes 1.7 ~ 2.3 kCl. Togather 
with the FCI simulation, we decided the impedance at 2.2 
kfi. 

6.2 Output Structure Design 

Figure 2 shows the output structure, which has two 
output arms, they are combined again at the external 
circuit after two ceramic rf-windows. The rf-window is so 
called the traveling-wave type, newly developed as a part 
of C-band waveguide R&D[4]. 

The external-Q was determined by the Slater's method 
on the MAFIA 3D simulation, and the iris size was 
decided to meet the desired value. According to the R/Q 
calculation, there is always some ambiguity in estimating 
the stored energy in the cavity, because some field leaks 
into the waveguide, and we can not clearly define the 
cavity volume. We solved this problem by recognizing 
the total system of the output cavity and waveguide as a 
coupled cavity system. It has 0- and rc-modes according to 
those phase. We calculate the shunt impedance in each 
mode. According to the coupled cavity model, the 
intrinsic shunt impedance of the gap is simply given by 

(RI Q)cav = (i? / 0o_mode + (RI Q)„_mode • 
Using this method, the shunt impedance was determined 
to be 79 Q., then the cavity impedance becomes 2.18 kQ. 

Slatw't MMhod 
O.xt .27.6 

Akuak>'> Mathod 
R/Q «7« 

Impodanc* 
R • (R/Q) Qtxt. 2.18 kfl 

— I [    I [|tl**H"~ 

Fig. 2 Output Structure. 

7   HIGH POWER TEST AND FUTURE R&D 

The high power test is scheduled in June 1997. For the 
next step, we will try to replace the output cavity by a 3- 
cell traveling wave output structure[5], in which the field 
gradient becomes almost half of the single gap design. 
Additionally, we use the Choke-Mode Cavity[6] in the 
traveling-wave output structure to damp all of the higher 
order modes. 
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INPUT COUPLER DESIGN FOR C-BAND ACCELERATING STRUCTURE 

C. Suzuki, Nagoya University, Department of Physics, Nagoya, 464-01, Japan, 
N. Akasaka and T. Shintake, KEK, 1-1 Oho, Tsukuba, 305, Japan 

Abstract 

To increase an electric field symmetry in a coupler cavity, 
a very simple structure of two-iris coupler cavity was 
proposed by H. Matsumoto in 1994. MAFIA 3D code is 
useful to simulate Slater's tuning curve method, which is 
used to determine the dimensions of the coupler cavity 
such as iris aperture and cavity diameter. It was find that 
MAFIA simulation results show that two-iris method will 
realize a good symmetrical electric field with very simple 
structure as well as no difficulties for fabrication. This 
type of double feed coupler will be used for Choke-mode 
type damped accelerating structure at C-band (5712 
MHz) and rf-gun for linear collider. 

1 INTRODUCTION 

An eV linear collider such as energy range of 0.5 to 1 
TeV CM. will require very high luminosity of several 
times of 1037cm2/s necessary for physics experiment. 
Multi-bunched beam operation will be essential to obtain 
such high luminosity. Thus, it is very important to 
accelerate a low emittance beam in a main linac to 
achieve a nano-meter size beam at collision point. 
However, this is not easy because of the wake field power 
that accumulates in the accelerating structure. 

Choke-mode damped structure at C-band frequency 
was proposed by T. Shintake in 1992, that will positively 
eliminate the wake field in the structure [1]. An S-band 
Choke mode structure was tested up to the maximum 
accelerating gradient of 50 MV/m with beam loading in 
1994 at KEK-ATF (Accelerator Test Facility) with no 
problem [2]. 

The field asymmetry due to the coupling iris can be 
a serious problem. It will kick the beam during passage 
through the coupler cavity even if the beam is aligned to 
the cavity axis, leading to the emittance growth. 

To eliminate the field asymmetry in the coupler 
cavity, two-iris coupler came back again at several 
laboratories such as DESY, KEK, and SLAC with 
different feeding methods [3,4,5]. An original idea was 
proposed at SLAC when they planed the two mile linear 
accelerator, but there has been no actual application until 
recently years. 

In 1994, two-iris coupler cavity, such as shown in 
figure 1, was proposed by H. Matsumoto to apply the 
accelerating structure and rf-gun. As can be seen in the 
figure, its structure is very simple and it requires no 
additional equipment such as a power divider. It was 
tested up to the accelerating gradient of 60 MV/m without 

any problem at S-band frequency [6]. It is very clear that 
important considerations on the design of coupler cavity 
is not only the field symmetry but the simplicity of the 
structure, because no laboratories have any experience on 
more than 8000 accelerating structures in one accelerator. 

This paper will describes the design procedures of 
the coupler cavity for C-band Choke-mode structure 
using the Slater's tuning curve method with MAFIA 3D 
code. 

2 C-BAND ACCELERATING STRUCTURE 

The main parameters of the accelerating structures for the 
C-band linear collider at the energy of 500 GeV CM. are 
listed in table 1 [6]. The short-range wake-field is a strong 
function of the beam aperture (2a), approximately 
proportional to aiS [7]. To prevent the single-bunch 
emittance growth, relatively large beam aperture is 
chosen compared to conventional structures. The average 
la (16 mm) allow alignment tolerance of 30 um, which 
can be achieved with conventional fabrication techniques 
of the disk loaded structure. Two 50 MW klystrons with 
an rf-compression system is planned to generate the 
accelerating gradient of 31 MV/m (including beam 
loading) at the beam aperture. The two-iris coupler was 
designed according to these parameters. 

Table 1: Parameters for accelerating structure. 
Frequency fn 5712 MHz 
Phase shift per cell BD 3TI/4 

Field distribution CG. 
Number of cells 91 Cell 
Active length 1.8 m 
Quality factor Q 9950 
Average shunt impedance Rs 53.1 MQ/m 
Attenuation parameter r 0.53 
Filling time tf 286 nsec 

Groupe velocity up-stream 
down-stream 

Vg/C 0.035 
0.012 

beam aperture    up-stream 
down-stream 

2a 18.2 
13.1 

mm 

Inner diameter    up-stream 
down-stream 

2b 44.7 
42.5 

mm 

3   DESIGN OF COUPLER CAVITY 

3.1 Concept 

Figure 1 shows the coupler cavity and the 1st regular 
cavity. Two irises are located on opposite sides of the 
caivty at vertical direction in the figure, connected to the 
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narrow wall of a J-shaped rectangular waveguide. The 
dimension of the J-shaped waveguide is determined as 
follows: (l)The width is chosen so that the phase length 
between the two irises is 2\. (2)The radius is set as large 
as possible to minimize the internal reflection. (3)The 
height is the same as the iris to allow accurate fabrication. 
A standard rectangular waveguide EIA-WR-187 
(47.55x22.15 mm) is used to feed the rf power. 

Impedance 
matching section 

Choke mode Damped Cavity 

Coupling 

SiC (Absorber) 

Coupler cavity     Regular cavity 

< SIDE VIEW > < TOP VIEW > 

Figure 1: Cross sections of C-band accelerating structure. 

A simplified equivalent circuit model of the two-iris 
coupler is shown in figure 2. This type of coupler uses the 
conventional impedance change along waveguide [5]. 
The suceptances iß, and iB2 correspond to the irises. The 
length between the two irises is chosen as nkt (n=l,2,3...), 
and the length from the short end to the second iris is 
rrikJA (m=l,3,5...). Then the impedance of the short end 
seen from the irises become infinite. Finally, when the 
loss of transmission line between iJS, and the short end is 
negligible this system can be modified to a simle parallel 
circuit and the same power is fed into the cavity from the 
two irises. 

I nX«    (n=1.2.3....) i    mW4   I (m=1,3,S...) 

Z(z,) = - Az,)-' Z(0) 

Short end 

Impedance seen from the short plane :   Z(z) = iZ0tan—-z       z : distance from the short piani» 

susceptance seen from the signal: 

ZQ : characteristic impedance 
of the transmission line 

B(y)=-2tan— y y : distance from the signal 

■■B, = B, 

Figure 2: Simplified equivalent circuit model of two-iris 
coupler. 

3.2 Design parameter for coupler cell 

According to the equivalent circuit analysis on the 
coupled-cavity model [8], resonant frequency fc is given 
by 

fc=fo{l + \kcosßDJ. 

where/0 is the rf-frequency (5712 MHz) and k is the 
coupling constant between the input coupler cavity and 
the 1st regular cavity. The external Q (Qexl) is expressed 

as 

ß«« ßD 
v„l c 

Using  these  equations  and  table   1,   coupler  cavity 
parameters are calculated as listed in table 2, where k was 

given by the relation vg I c = — kß DsinßD. 

Table 2: Parameters for coupler cavities. 

Frequency (MHz)         /. 
External Q                    Q„ 
Coupling constant k_ 

Input 
5627.2 

67.3 
0.0420 

Output 
5682.9 

196 
0.0144 

4  DESIGN WORK OF COUPLER CAVITY 

The dimensions of the coupler cavity was determined by 
3D-MAFIA code to obtain the target values of /c and ßeM. 
First, the guide wavelength was set to 2A,g at 5712 MHz 
adjusting the waveguide width. Next, the coupling iris 
width (w) and inner diameter (2b) were determined by 
Slater's tuning curve method. 

4.1 Waveguide width 

To obtain the guide wavelength of 2\ at 5712 MHz, the 
resonant frequency of the waveguide was calculated by 
changing the waveguide width. The geometry used in the 
calculation is shown in figure 3. From this calculations, 
determined width is 37.0 mm. In this case the attenuation 
is as small as 0.06 dB/m. To confirm the absence of 
internal reflection, the resonant frequencies under the 
electric and magnetic boundary conditions were 
compared. Their differences was within 10 MHz, which 
indicates that no critical reflection occurs. 

Magnetic field 

(Iris) 

Magnetic short 
(or Electric short) 

*'::.►.! 
Change width 

Figure 3: Geometry used in waveguide calculation by 
MAFIA. The arrows indicate the magnetic field under 
magnetic boundary condition. 
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4.2 Resonant frequency and external Q 

The Slater's tuning curve method was used to determine/,, 
and QM [9]. In this theory, external Q is related to the 
frequency change of the resonance according to the 
distance between the center of iris and short end. The 
geometry used in the calculation is shown in figure 4. The 
differential coefficent dd/dXg of the tuning curve takes its 
maximum value at/c. The external Q (ßext) is calculated 
from dd/dXg at/c. The calculated values of/c and QM for 
various w and 2b are shown in figures 5 and 6. The solid 
and dashed lines in figure 7 show the relation between 2b 
vs w with/t=5627.2 MHz and ß„=67.3, respectively. The 
cross point of the two lines gives the design values of 2b 
and w. The result is as follows: 2b is 41.55 mm, and w is 
18.0 mm. 

Change the distance 
to the center of iris Waveguide 

Cavity   (2b) Magnetic field Magnetic short 

Figure 4: Cross section of the geometry used in Slater's 
tuning curve method in the plane normal to the beam axis. 
The whole geometry consists of the coupler cavity, 
waveguide, beam pipe, and half of 1st regular cavity. 

i 
2 . 2b=4 1.0 mm 

' arget value: 5627.2 MHz; 
. 

■ 

75 mm 

a 
E 

I 

Iris width : w (mm) 

Figure 6: External Q of coupler cell. 
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[                     l 
N f=5627.2 MlHz 

1VI 
?  Qext=i67.3 

:   Design value]       X,, 

41.4 

2b (mm) 

Iris width : w (mm) 

Figure 5: Resonance frequency of coupler cell. 

Figure 7: Determination of coupler dimensions 

5  SUMMARY 

The target value of /c and QM of coupler cell was given by 
equivalent circuit analysis. The coupler dimensions 2b 
and w were determined so that fc and QM take the target 
values using Slater's tuning curve method with MAFIA. 
More detailed calculation including the output coupler 
will be done. Final values of 2b and w will be deternimed 
precisely with the cold model test. 
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DEVELOPMENT OF CHARACTERIZATION TECHNIQUES FOR 
X-BAND ACCELERATOR STRUCTURES 

S.M. Hanna, RJ. Loewen, H.A. Hoag, R.H. Miller, R.D. Ruth, J.W. Wang 
Stanford Linear Accelerator Center, Stanford University, CA 94304 USA. 

Abstract 

The recent effort to develop accelerator structures for the 
Next Linear Collider (NLC), requires an accompanying 
development of accurate and efficient techniques to 
characterize these structures at different phases of 
development. At SLAC, we have been developing 
different microwave techniques to: verify predictions 
from computer simulations in the design phase, to insure 
that the machined cells are within the design tolerances, 
and finally, to confirm overall RF performance of the 
completed structure. For this final test, a semi-automated 
system was built to implement the bead-pulling technique 
under traveling-wave conditions. This technique maps 
the phase and amplitude of the axial electric field along 
the structure. 

1 INTRODUCTION 

At SLAC, we have built six (6) accelerator sections for 
the NLC Test Accelerator (NLCTA), [1]. These are 
nearly constant gradient structures employing Gaussian 
detuning as means of suppressing the transverse 
wakefields by varying the physical dimensions of 
successive cells. Four of these sections are Detuned 
Structures (DS). The other two are of the Damped 
Detuned Structure (DDS) type [2]. In these sections, 
further suppression of wakefields is done through 
damping of dipole modes excited by the beam. This is 
accomplished by means of four rectangular slots or 
manifolds equally spaced in azimuth around the cell and 
running the full length of the structure. 

The DS sections include two 0.9m-long injector 
sections, and two 1.8m-long accelerator sections. In 
these four sections the assembly was done through 
brazing using copper/gold alloys. Variations in the braze 
fillet required fine tuning of individual cells after 
assembly. 

The two 1.8m-long DDS sections were assembled 
using diffusion bonding, requiring no tuning. However, 
the existence of the manifold slots in the cell proper 
disturbs the azimuthal symmetry. Therefore, the design 
process included accurate frequency measurements of 
short stacks of sample cells. The data from these 
measurements were used to finalize the dimensions 
predicted from computer simulations. 

In this paper, we discuss some of the techniques we 
use to characterize the above structures. In Figure 1, we 
outline the series of tests we have implemented to support 
different development phases of the accelerator sections 

from  the  design  phase,  through  manufacturing,   and 
finally, testing of the complete accelerator section. 

Low Power Testing for 
NLCTA Accelerator Structure 

Phase Form of Structure        Technique 

Design 

ffrgjjf Short Stack 
of Selected 

Cells for 
$   Cold-test 

Standing-wave 
Resonances 

Machined cells 

Manufacturing 

Cavity 
Resonances 

Stack of 
Machined Cells 

Standing-wave 
Measurements 

8176A1    6-96 

Bead pulling 
Standard 

Microwave 
Measurements 

Figure   1.      Outline   of  low-power   microwave   tests 
performed on NLCTA accelerator structures. 

2 TESTS SUPPORTING DESIGN PHASE 

During the design phase of DDS I, the accuracy of the 
simulation was tested by fabricating five (5) short stacks 
for cells 10, 70, 106, 156, and 196. Each stack consisted 
of five cells and two half cells of like dimensions. On- 
axis probes measure the accelerating mode frequency. 
Results of these measurements were used to refine the 
dimensions of the 204 cells of the structure predicted by 
computer simulation. 

Off-axis, E-field probes in the manifolds are used to 
excite and detect dipole modes, while loop-type H-filed 
probes in the manifold are used to excite and detect 
manifold modes. Coupling between cell dipole modes 
and manifold modes can thus be characterized. Measured 
frequencies were found to agree well with the simulation. 
In Figure 2, we show the results of measurement (as 
compared to computer simulation) of the dispersion 
curves of the first and second dipole modes and the 
manifold  mode  in  cell   106  of the  DDS  I  section. 
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3.2 Tuning DS Sections 
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Figure 2. Measured dispersion relation for cell 106 of 
DDS I as compared to theoretical calculations. 

3 TESTS DURING MANUFACTURING PHASE 

3.1 Microwave QC of Cells 

In all of the NLCTA structures, the diameter of each cell 
(2b), the thickness of its iris (t), and the diameter of its 
aperture (2a), all vary progressively from cell to cell. The 
goal is to detune the dipole modes and prevent short 
range cumulative build up of wakefields, while 
maintaining quasi-constant gradient characteristics of the 
fundamental accelerating mode [2]. To verify the 
regularity of machining of successive cells, we measured 
the resonant frequency of the individual cells using a 
setup for microwave quality control (QC), [3]. 

By plotting the inverse of the measured frequency 
versus the cell diameter, one obtains a straight line fit 
which is a convenient way of verifying the (2b) cell 
dimension. Results of measurement of 204 cells for DS 
II structure are depicted in Figure 3. 

0.84 0.854 0.868 0.882 0.896 0.91 

2b (in) 

Figure 3. Measured 1/frequency versus cell diameter and 
the linear fit. 

The four detuned structures were brazed and required 
tuning of the cells in the subassemblies. This is to correct 
for any deviations in the volume of the cells due to 
brazing. A stainless steel plunger is progressively pulled 
through the structure from the center of one cell to the 
next. The resulting phase shift is measured using an 
HP8510 Network Analyzer at the frequency 
corresponding to the operating frequency of 11.424 GHz 
and corrected for room temperature and dry N2 under 

atmospheric pressure. Pushing or pulling the cylindrical 
walls of the cells affects the impedance match from cell 
to cell for the accelerating mode. Time-domain 
reflectometery (TDR) measurements are used to check on 
the matching as the tuning process progresses. The use of 
both frequency-domain and time-domain capabilities of 
the network analyzer proved effective in tuning the 
structure while monitoring the effect on the structureis 
match. In Figure 4, we show results of typical time- 
domain measurements during tuning. The reduction in 
reflection is apparent as more cells are tuned. 

60        80 

Time (ns) 
140 

Figure 4 Results of time-domain reflection measurements 
at different tuning stages of DS II. 

4 FULL STRUCTURE CHARACTERIZATION 

Each of the completed accelerated sections was finally 
checked using a semi-automated system of bead-pull 
[3,4]. The technique implemented is based on traveling- 
wave perturbation [5]. Figure 5 shows a schematic for 
our bead-pull system. A small metallic cylindrical bead 
is attached to a thin nylon string along the axis of the 
vertically-mounted accelerator section. The position of 
the bead is determined by the position of the carriage 
moving on a lead screw driven by a stepper motor. The 
computer which controls the motor also collects and 
processes the reflection coefficient data (S„) from the 
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microwave network analyzer which was operated in the 
fast acquisition mode. The measurement time is typically 
3 minutes. The field perturbation introduced by the bead 
located at a given position can be modeled as a reactive 
discontinuity in a transmission line. The susceptance 
associated with this discontinuity is proportional to the 
energy perturbation, and hence to the square of the field 
at this location. 

showed good agreement between theory and experiment. 
The electric field Ez can be obtained as the square root of 
the measured complex reflection coefficient (S„). 
Measured Ez field for the DDS II section is shown in 
Figure 6. The three-fold symmetry of the accelerating 
2TI/3 mode is manifested clearly. 

Measured 
Data 

Control 

fcömpuaffi 
3= 

Control = 
Readout: =Or 

Stepper 
Motor 

bad— 

Output 
Coupler i 

A 
*'Net wo mil 

tmm, 

Accelerator. 
Section 

Bead 

Thread 

Input 
Coupler 

s 

4-95 
792» 1 Lead Screw 

90 

Figure 5. Schematic diagram for the semi-automated 
bead-pull test setup. 

Using the bead-pull system shown schematically in 
Figure 5, we tested the 6 NLCTA accelerator the sections. 
We used a stainless steel cylindrical bead of diameter 
db=0.625 mm and a length lb=lmm supported on a 
monofiliment nylon string of diameter ds = 0.145mm. 
The measurements were made at frequencies corrected 
for the nylon string, the room temperature and dry N2. 
The variation in the reflection from the bead as it is 
pulled along the axis of each structure traces the 
hypotrochoid function. This trace can be predicted 
theoretically for a given longitudinal electric field, Ez 

based on its space harmonics.   Our previous work, [4] 

180 

330 

240 300 

270 

Figure 6. Phasor of the electric field along the axis of the 
DDS II accelerator section. 
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HIGH-GRADIENT CAVITY BEAT-WAVE ACCELERATOR 
AT W-BAND 

D. H. Whittum, H. Henke+, and P. J. Chou*, 
SLAC, Stanford University, Stanford CA, 94309 

Abstract 

Pulsed if heating is a fundamental limit on high-gradient 
acceleration in copper structures. Reduction of pulsed 
heating is favored by a short exposure time for the copper; 
yet in conventional accelerators, efficiency requires an 
exposure time of order a cavity fill time. At W-Band, the 
cavity beat-wave transformer concept permits efficient 
energy transfer to resonant accelerating modes on a sub- 
nanosecond time-scale. We re-examine this acceleration 
scheme as it appears at W-Band, with attention to drive 
beam dynamics. 

1 INTRODUCTION 

High energy physics today is limited by the 
accelerator, and little else. The most severe limit arises 
due to accelerating gradient, for machines of arbitrarily 
great dimension are not supportable by society. However, 
it is impossible to conceive of an electron collider 
operating with a gradient of, say, lGeV/m, relying on 
known collider concepts and technology. Inventions are 
required. 

For the linac proper one must account for trapping, 
breakdown, and pulsed heating. Trapping refers to the 
acceleration from rest of field-emitted electrons in the 
structure. The gradient G, and wavelength A, may be 
related to the trapped fraction F, by means of the binding 
field expression [1], with the result, 

GX = 3.2MV{\ - sm[7t(F - })]}"'. 

Breakdown is a phenomenological problem at present, but 
it does exhibit a clear pulse length dependence. For a 
pulse length equal to the natural fill-time of a travelling 
wave structure with attenuation parameter T~l, experience 
at S and X Band is consistent with a limit on electric field 
[2], 

£ir = 25^/1/2(l + 2.7/3/8), 

where / is the rf frequency in GHz. Pulsed heating refers 
to the sudden deposition of heat, by Ohmic loss, in the 
conducting structure. For a pulsed temperature rise AT, 

G(^) = 0 25(-&-)U2(   f   V/4 

for an idealized rectangular pillbox cells, in a constant 
gradient structure with attenuation parameter t=\, and 
pulse length equal to a fill time. These scalings are 
depicted in Fig. 1. Also seen are gradients achieved to- 

102 

10-2 

LWFA 

Breakdown 

Trapping 

10-4    10-3    10-2    10-1     10°     101      102 

I (cm) 

Figure: 1 Current state of the art in high-gradient 
accelerator research. 

date, versus accelerator wavelength. Overlaid are the 
trapping condition, an extrapolation of known breakdown 
scalings, and curves of constant pulsed temperature rise. 
The fit to empirical breakdown results extends only over 
the solid portion of the curve. Also shown are recent 
results for the Laser Wakefield Accelerator (LWFA) [3] 
and the Plasma Beat-Wave Accelerator (PBWA) [4]. 
Points corresponding to the 0.5TeV collider concepts are 
also depicted [5]. Shown but not labelled are DESY S- 
Band, NLC II, VLEPP, and KEK C-Band. The block 
marked "SLC" extends from 20MV/m as for a typical 
structure, to 40MV/m as for certain higher gradient 
structures on the linac. 

These scalings imply that high-gradient requires 
short-wavelength. For a 1 GeV/m linac, interest begins 
in the W-Band, 75-110GHz. We have added a cross-mark 
in Fig. 1 as a helpful landmark, corresponding to 1 
GeV/m. The corresponding frequency is close to 91.4GHz 
(3.3mm), the 32nd harmonic of the SLC fundamental 
frequency, 2.856GHz. 

The curves of pulsed temperature rise make clear 
too, that such a linac will suffer severe pulsed heating, 
and the conventional travelling wave structure we have 
taken as our paradigm, will surely fail short of 1 GeV/m. 

* On sabbatical from Technische Universität Berlin. 
' Supported by the DOE Contract DE-AC03-76SF00515. 

0-7803-4376-X/98/$10.00© 1998 IEEE 542 



To be sure, it is yet an open question exactly what cyclic 
pulsed temperature rise a structure can withstand, and this 
is the subject of ongoing research [6]. It should also be 
emphasized that the technology of handling high mm- 
wave power does not yet extend to the 150-200 MW level 
one would require to establish GeV/m gradients. Based on 
experience at longer wavelengths, one would expect to 
find serious problems with field emission. Field emitted 
current density takes the form, 

^)-6xlO-u(i3E)uexp(-^). 

with E the theoretical surface field in MV/m, and ß a 
phenomenological "field-enhancement factor" typically 
50-100, depending on the state of the surface 
(composition, cleanliness, finish) [7]. Such a field 
enhancement would result in explosive emission at 
GeV/m gradients, and would be unacceptable. At the same 
time, there is experimental evidence that field emission is 
inhibited on short, ns time-scales [8], and this is 
encouraging insofar as the natural fill time for a W-Band 
structure is on the order of 10ns. 

2 CBWA CONCEPT 

This problem of pulsed heating can be solved in 
principle by a radically different acceleration technique, 
first proposed by Henke [9]. The concept is of the two- 
beam type and promises the high-efficiencies often 
discussed in connection with such schemes. It is depicted 
in Fig. 2, consisting of two beamlines, and two side- 
coupled cavities. The coupling between the two cavities, 
for the case of isolated resonances, may be characterized 
by the beat-period TB. 

o - 
K 

V 

q-E r^ 
Figure: 2   One period of a CBWA, consisting of two 
beamlines and two side-coupled cavities. 

A drive bunch of charge Qb passing through the drive 
cavity will deposit energy W=KQb

2 in the fundamental 
mode, characterized by loss-factor K. Total energy loss, 

all modes considered will be larger by a factor B>1. The 
corresponding average decelerating voltage in the drive 
cavity is V=KQb. In a time Tg/4, this energy will appear 
in the accelerating cavity, characterized by loss factor k, 
corresponding to a no-load accelerating voltage, 
v=2(kK)'nQb. The transformer ratio is then 
R = v/V = 2(k/K) This   energy  subsequently 

reappears in the drive cavity, and can be extracted by a 
second drive bunch, modulo higher mode losses and wall 
losses in a beat period. 

To evaluate these scalings additional ingredients are 
required. Given the desired wavelength for operation 
(3.3mm) geometry constrains k to at most ~32V/pC, and 
a more conservative value, including reduction due to 
beam ports would be 13V/pC. Finally, pulsed heating in 
the drive cavity requires that the decelerating voltage not 
be too large. We will take R~5. Assuming cavities spaced 
at 1/3 of a wavelength, one arrives at the parameters 
indicated in Table 1. The problem with the concept is 
clearly indicated in the last row: an enormous drive charge 
is required. From the point of view of single-bunch beam 
dynamics, this is untenable. 

Table 1 Example Parameters for a W-Band CBWA 

Parameter Value 
Drive Cell Loss Factor K 2V/pC 
Drive Cell [R/Q] 14 n 

"     per unit length 13 Ul/m 
Accelerating Cell [R/Q] 90 Q 

"     per unit length 82k£2/m 
Peak Accelerating Gradient 1 GeV/m 
Avg Decelerating Gradient 200 MeV/m 
Drive Cell Avg Voltage V 220 kV 
Drive Charge & HOnC 

Thus despite any attractive features of the concept, it 
is clear that the first and most important flaw is stability 
of the drive beam. To attempt to repair the transverse 
dynamics, one can split the drive charge up, employing a 
bunch train. To hold pulsed heating to 200°K, one needs a 
quarter-beat period of 300ps. Thus at most 30 W-Band 
periods are available for the drive bunches, and one 
requires a bunch charge of 5nC. We consider next the 
transverse stability of such a bunch train. 

3 DRIVE-BEAM DYNAMICS 

From the foregoing discussion it is clear that the 
beat-wave accelerator requires an intense drive beam to 
propagate through mm-dimension apertures. Having 
required the drive beam to interact strongly with the 
fundamental mode of the structure, one suspects it will 
obligingly find other modes of the structure to drive. For 
the longitudinal wake, one's concerns may be allayed to 
some degree by the enlarged beam aperture presumed by 
the lower [R/Q] of the drive structure. The transverse 
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wake, however, requires special attention. While the low 
[R/Q] is favorable for transverse wake reduction, the drive 
beam charge is quite high, and one must consult the 
details of the scalings for beam break-up to assess the 
viability of the concept. The beam centroid ^ satisifies, 

0 

with Ib the beam current, and /0~17kA. We take as a model 
wakefield a single dominant, damped mode, 

W(T) = W0 sin(QT)exp(-f|). 

The wakefield amplidute takes the form, 

W0 = WO) Ic ,   where  the  dimensionless  amplitude 

w"l for a closed pillbox, and diminishes as the beam- 
port is widened. 

Treating the drive beam current waveform as 
constant, and assuming strong-focusing, asymptotic 
growth for an initial offset %0 takes the form [10], 

as 

is 

| = 0.24£exp(A-f), 

with exponent, 

/     /       \1/2 

If the Q for the dipole mode is sufficiently low, such 
thatf>Tia, =zW0Q

2lykp?   asymptotic  growth  is   a 

maximum at T = TM(. scaling 

<L, /4 ~ 03eA' I QA'in where      the      exponent 

A' = zW^QIlykSl. These scalings are quite harsh for a 

drive beam charge in the range of HOnC. For example, 
even with an extremely low Q~2, a high drive beam 
energy "lGeV, and a modest range z"100m, and assuming 
an extremely low wakefield amplitude, w ~ 0.1, one can 
hold the saturated growth to £,„,/<!;„ = 14 only by means 

of a very short betatron period, x =2jt/kß=10cm- Such 

strong focusing is not out of the question, for example, 
with ion-channel guiding. While other cures are available 
[10], the research emphasis for such a concept is clear: 
single-bunch wakefield analysis for a large aperture 
geometry, one that implements very strong damping of 
multibunch wakefields, and, if exotic focusing 
mechanisms are to be avoided, then detailed design and 

analysis   of  small   aperture   magnets   for   mm-wave 
structures, along the lines of the work by Hill [11]. 

4 CONCLUSIONS 

The cavity beat-wave transformer permits efficient 
use of rf in strongly coupled (high [R/Q]) accelerating 
structures, while limiting the time to which copper is 
exposed to high fields, to the range of several hundred ps. 
This cannot be accomplished in a conventional travelling 
wave structure, constrained by the fill time and bandwidth 
product. In the limit of 100's of ps exposure time, pulsed 
temperature rises can be held to below 200°K. It is an 
open question whether such heating is acceptable [6,7]. At 
the same time, the beat-wave concept suffers, as all two- 
beam concepts do, from the need for an intense drive 
beam, and the attendant problems for the drive beam 
dynamics. 

REFERENCES 
[1] M. Chodorow, et al, Rev. Sei. Instrum. 26 (1955) 

pp. 134-204. 
[2] A.E. Vlieks, et al., Breakdown Phenomena in High- 

Power Klystrons, SLAC-PUB-4546, presented at the 
Xlllth International Symposium on Discharges and 
Electrical Insulation in Vacuum (Paris, June, 1988). 
P.B. Wilson (private communication). 

[3] The Rutherford Appleton Lab LWFA work made use 
of a 25TW, 0.8ps laser pulse with peak intensity 
1019W/cm2, producing an inferred plasma density of 
1019cm"3, and 107 44MeV electrons of "5mm-mrad 
normalized emittance. The inferred gradient was 
100GV/m. 

[4] C.E. Clayton, et al., Phys. Rev. Lett. 70 (1994) 37, 
and Phys. Plasma 1 (1994) 1753. The UCLA PBWA 
work made use of a 0.2TW, Ins laser pulse with peak 

of 1014W/cm2, in a 1016cm'3 plasma. It 
electrons for an inferred 

intensity 
produced up to  28MeV 
gradient of 2.8GV/m. 
International Linear  Collider  Technical   Review 
Committee Report, G. A. Loew and T. Weiland, eds, 
(July 1995) SLAC-R-95-471. 
D. Pritzkau, etal, these proceedings. 
G. A. Loew and J. W. Wang, RF Breakdown Studies 
in Room Temperature Electron Linac Structures, 
SLAC-PUB-4647,     presented     at      the      XJJJth 
International    Symposium    on     Discharges    and 
Electrical Insulation in Vacuum (Paris, June, 1988). 
F. Villa and A. Luccio, Test of a High-Gradient 
Low-Emittance Electron Gun, June 1996 (Laser and 
Particle Beams, to be published). 
H. Henke, Cavity Beat-Wave Transformer for a 
Two-Beam Accelerator, CERN-LEP-RF/88-55 

[10] D.H. Whittum, etal, Phys. Rev. A 46 (1992) 6684. 
[11] M. Hill, A Study of a Planar Six-Wire Quadrupole 

Magnet Design, TET-Note-96/08, Technische 
Universität Berlin (1996). 

[5] 

[6] 
[7] 

[8] 

[9] 

544 



MINIMIZING RF SYSTEM COSTS IN A LINEAR COLLIDER BY AN 
OPTIMIZED CHOICE OF BEAM AND STRUCTURE PARAMETERS 

R.M. Jones and P. B. Wilson 
Stanford Linear Accelerator Center, Stanford, CA 94309 

Abstract 

In the design of future linear colliders it will be important 
to reduce the cost of the RF system by minimizing the 
total number of major system components (klystrons, 
modulators and pulse compression systems). In this paper 
we develop a procedure for performing this minimization 
by varying appropriate accelerating structure and beam 
parameters while maintaining a constant luminosity, AC 
"wall-plug" power and net beam-loaded accelerating 
gradient. Results for both standing-wave and traveling- 
wave accelerator structures are presented, including the 
plane-wave transformer and more conventional disk- 
loaded structures having cells with shaped (as opposed to 
purely cylindrical) outer boundaries and irises. 

1.  INTRODUCTION 

The process for choosing the parameters of a linear 
collider proceeds in two, roughly separable, stages. First, 
given energy and luminosity goals, limitations on final 
focus optics, and limitations imposed by beam-beam 
effects such as beamstrahlung and pair production, the 
bunch dimensions and charge are chosen. Next, the rf 
accelerating gradient, number of bunches (related to the rf 
pulse length) and repetition rate are chosen, consistent 
with the desired luminosity and a reasonable ac "wall- 
plug" power. Alternatively, in a well-known optimization 
technique, the accelerating gradient is allowed to vary, 
and a balance is struck between length-related and power- 
related costs to find the gradient and associated ac power 
which minimize the total cost. This optimization is very 
loose, since the cost coefficients entering into the equation 
are only approximately known, and further, cost variations 
about the minimum are second order. In the case of a 
linear collider, there are further social and political 
constraints on both the allowable ac power and total 
collider length. In this paper we assume that both the 
allowable ac power and accelerator length (or loaded 
accelerating gradient for a given final energy) have 
already been fixed by these considerations. 

Having fixed the luminosity, the accelerator length and 
the ac power, the primary goal in the following analysis 
will be to minimize the rf system cost by adjusting the 
accelerating structure parameters (primarily the field 
attenuation parameter, t) and the beam parameters 
(spacing between bunches and number of bunches) to 
minimize the number of rf system components: klystrons, 

modulators and pulse compression/rf power distribution 
systems. The analysis is applied to the parameters of the 
11.4 GHz, 1 TeV NLC linear collider design as outlined 
in the Zero-Order Design Report (ZDR [1]). 

2. TRAVELING-WAVE STRUCTURES 

The NLC 1 TeV design is based on an unloaded gradient 
of 85 MV/m, a beam loading gradient of 21.5 MV/m 
(bunches with a charge of 1.1 x 1010 electrons spaced 16 
X, or 1.4 ns, apart) and an on-crest loaded gradient of 63.5 
MV/m. The required rf power of 145 MW/m is provided 
by a binary pulse compression system with a power gain 
of 3.5 driven by four 75 MW klystrons and delivering 
1,040 MW to 7.2 m of accelerating structure (four 1.8 m 
sections). The power provided by this "power unit" of 4 
klystrons, 2 modulators and one pulse compression system 
is assumed to be fixed in the following analysis. The 
loaded gradient is given for the NLC detuned accelerating 
structure [2] by: 

GL= 55.5 = (ap)"2(l-e-2t)1/2(96.3)   - 

[(141.7)/AT] (2.1) PN|--— 

Here a is the relative power per unit length, normalized to 
145 MW/m. It is inversely proportional to the separation 
between power units, and directly proportional to the total 
number of power units in the linac. The quantity p gives 
the relative shunt impedance, compared to 79MQ/m for 
the center cell in the NLC structure design; N is the bunch 
charge, normalized to 1.1 x 1010; and AT is the separation 
between bunches in ns (which must be an integer multiple 
of the damping ring rf period of 1.40 ns). The numerical 
constants are in MV/m. 

Equation (2.1) gives the dependence of the unloaded and 
beam loading gradients on the attenuation parameter x for 
a constant gradient accelerating structure. The field profile 
for the Gaussian detuned NLC structure differs somewhat 
from a true constant gradient; moreover, the structure 
parameters vary considerably along the length of the 
structure (the shunt impedance varies by about ± 20%). 
Therefore, the constants in the square brackets are 
adjusted to give the unloaded and beam loading gradients 
obtained from an exact calculation. The effective shunt 
impedances for the unloaded and beam loading gradients 
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are 78.2 MQ/m and 80.5 M£2/m respectively for x = 
0.51). In spite of the approximation underlying Eq. (2.1), 
we expect that it will adequately represent scaling as 
function of x to the precision needed for the optimization 
proceedure to be carried out here. 

A further complexity in Eq. (2.1) is that the effective 
unloaded gradient is reduced by off-crest operation 
necessary for BNS damping, by an overhead allowance 
for feedback and by an allowance for stations off for 
repair. A reduction factor of 0.91, contained in the 96.7 
MV/m constant, takes this overhead into account. The 
effective loaded gradient is then 55.5 MV/m for a =p = N 
= 1, AT = 1.4 ns and x = 0.51. This effective gradient is 
conserved in this analysis. 

For the 1 TeV NLC design given in the ZDR, a luminosity 
of 1.1 x lO^/cmVsec is obtained for a train of 90 bunches 
spaced 1.4 ns apart. The bunch train length is therefore 
125 ns. For a structure filling time of 100 ns, and allowing 
15 ns for rise time due to phase switching, the if pulse 
length is 240 ns. To keep the ac power constant, the 
quantity (Tp/240 ns)fr a must be conserved where fr is the 
pulse repetition rate (120 Hz in the NLC design). To keep 
the luminosity constant, the quantity N2 nb /r = 10,800 

must also be conserved. As a further consideration, we 
must allow for the possibility that the Q of the structure 
can change following design improvements. The time 
constant of the NLC structure is 195 ns, and the filling 
time is then TF = (195 ns) X Qr where Qr is the 
improvement factor compared to Q = 6980. The beam 
pulse length is AT(nb -1). Putting these considerations 
together, to conserve both ac power and luminosity: 

of. 195xQr+AT 
^10,800     A 

f„N2 + 15 = 28,800     (2.2) 

The quantity in square brackets is the total pulse length, Tp 

= TF + T^ + 15 ns. For specific values of AT, fr, Qr and 
p, the quantity Nr can be eliminated between Eqs. (2.1) 
and (2.2) to obtain F(cc, x) = 0. This can be evaluated to 
find the value of x which gives the minimum value of a. 

The above procedure has been carried out for six cases: 
bunch spacings of 1.4, 2.8 and 4.2 ns with repetition rates 
of 60 and 120 Hz. The minimum values of a for these 
cases are shown in Table 1, together with corresponding 
values of x, N and Nb at amin, for the standard NLC 
structure with p = 1, Qr = 1 (denoted by NLC-1 in the 
Table). Recently, changes in the geometry of the 
individual cells in the NLC structure have lead to a 20% 
improvement in shunt impedance (p = 1.2) and higher Q 
(Qr = 1.12). The Q has been increased by making the outer 
cell wall elliptical in longitudinal cross-section, and the 

r/Q has been improved by giving these iris a tear-drop 
shape with a slight bulge. Results of the minimization 
procedure for these new parameters are shown as NLC-2 
in Table 1. 

3. STANDING-WAVE STRUCTURES 

The minimization procedure described above can also be 
applied to standing-wave structures. Based on a 
normalizing shunt impedance of 79 M£2/m, the expression 
analogous to Eq. (2.1) for a standing-wave structure is 

55.5 = 
2ß' 

1 + ß 
(ap)1/2(97.2)-^L[(139)/AT]     (3.1) 

where ß is the cavity coupling coefficient. A reduction 
factor of 0.91 is again included in the constant 97.2 MV/m 
to allow for the required overhead. 

An advantage of a standing-wave structure is that beam 
loading compensation is exact if the beam is switched on 
at time Ts = TF In (1/b), where b is the ratio of the beam 
loading gradient to the on-crest unloaded gradient, 

b = 0.651 _£_ 
aß 

N 

AT 
(3.2) 

The beam pulse length is again given by Tb = (nb - 1)AT, 
and to preserve the luminosity N2 nb fr = 10,800. 
Analogous to Eq. (2.2), to conserve ac power and 
luminosity 

of. \™±m 
i+ß 

1.5361 SS]Mf • + 

( 
(3.3) 

of, AT ^-11 + 15^28,800 
f,N2        '       f 

The quantity in the curly brackets is the rf pulse length in 
ns. Again, N can be eliminated between Eqs. (3.1) and 
(3.3) to obtain F(oc, ß) = 0, which can be solved for 
minimum a as a function of ß for various values of AT, fr, 
p and Qr. This minimization has been carried out for 
several standing-wave structures. First, if we assume the 
NLC structure is converted to a n-mode structure (denoted 
as PMS) with the same average beam aperture as the 
center cell of the TW structure, but with fully rounded 
outer cell boundary, we obtain [3]: p = 1.00, Qr= 1.50. A 
second interesting structure is the plane wave transformer 
(PWT) structure proposed by D. A. Swenson [4]. If the 
iris aperture radius of this structure is opened up to 4.7 
mm, the r/Q is expected to decrease by about 40% to 3.8 
kfi/m. This is about 35% of the value for the NLC 
structure. The scaled Q of the PWT is 44,500. The 
introduction of this support rods is expected to reduce this 
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substantially (by about 25%) to 33,000. Thus the high 
shunt impedance, 132 MQ/m (p = 1.67), comes 
principally from the large increase is Q (Qr = 4.73). This 
has the disadvantage of making the filling time and rf 
pulse length longer. Minimum values of a, together with 
associated values of ß, N, nb and Tp, are shown in Table 2 
for the PMS and PWT structures for various values of fr 

and AT. 

4. DISCUSSION 

From the first entry in Table 1, it is seen that the 
parameters as given in the ZDR for the NLC-1 structure 
(X = 0.51, N = 1, nb = 90 and tp = 240 ns) are close to 
optimum. However, it has recently been realized that by 
increasing the bunch spacing to 2.8 ns the beam loading 
could be reduced, allowing a reduction in the unloading 
gradient and a corresponding decrease in the number of 
power units required for the linac. The parameters 
presently under consideration are based on using six 1.8 m 
NLC-2 structures per power unit (giving a = 0.66) 
together with x = 0.54, N = 1.0, n„ = 82 and Tp = 362 and a 
relative luminosity of 0.91. These values are not too 
different than the optimum parameters given in the third 
row of Table 1. The luminosity could be regained by a 
slight increase in bunch charge. The x parameter is too 
low, but it cannot be increased without reducing the 
structure group velocity, which leads to an unacceptable 
increase in dipole wakefield. A modest further reduction 
in a could be made by increasing AT to 4.2 ns, but at the 

expense of higher N (enhancing both wakefields and 
beam-beam effects), a longer klystron pulse length (equal 
to 4 T), and a still greater optimum x. All of the 60 Hz 
solutions, while giving a modest reduction in a, lead to 
unacceptably long klystron pulse lengths. 

In the standing-wave case, the PMS structure gives results 
which are closely comparable to the traveling wave, NLC- 
2 results; possibly this structure should be given further 
consideration. The slight reduction in a offered by the 
PWT structure is offset by the mechanical complexity of 
this structure and the difficulty in cooling the irises. 
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Table 1: Minimum a and Associated Parameters for two NLC Traveling-Wave Structures 

AT        ft "min 
X N n* Tp(ns) 

(ns)     (Hz) NLC-1      NLC- 
2 

NLC-1     NLC-2 NLC-1     NLC-2 NLC-1 NLC-2 NLC-1 NLC-2 

1.4      120 0.99       0.87 0.47        0.45 0.96 0.88 98 116 243 274 

1.4       60 0.84       0.75 0.67        0.62 0.77 0.72 305 350 570 639 

2.8      120 0.74       0.64 0.67        0.64 1.17 1.07 65 75 325 372 

2.8        60 0.65       0.57 0.91        0.86 0.96 0.89 195 228 734 837 

4.2       120 0.65       0.56 0.79         0.76 1.35 1.23 49 60 372 429 

4.2         60 0.58       0.51 1.06         1.01 1.11 1.03 145 171 826 950 

Table 2: Minimum a and Associ ated Parameters for two Standing-Wa"\ re Structures 

AT     fr ami„ ß N r b t„(ns) 

(ns)   (Hz) PMS  PWT PMS  PWT PMS  PWT PMS PWT PMS  PWT 

1.4   120 0.82  0,87 2.79  5.77 0.85    1.12 124 71 291    277 

1.4     60 0.73   0.60 2.34  3.38 0.70     0.69 371 376 655    800 

2.8     120 0.64  0.60 2.15   3.91 1.07     1.34 78 50 375     402 

2.8      60 0.58   0.44 1.86   2.48 0.89     0.85 230 248 821     1079 

4.2    120 0.57   0.50 1.90    3.27 1.25     1.54 57 38 420        477 

4.2       60 0.53   0.39 1.67    2.15 1.03     0.98 168 186 910      1239 
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Abstract 

The first damped detuned accelerator structure, DDS 1, 
has been built, tested in the ASSET experiment, and 
installed in the NLCTA. The planning and construction 
of a series of further structures, incorporating some mod- 
ifications, is under way. DDS 2, 3, and 4 all incorporate 
the same basic design as DDS 1. The manifold design for 
the last 5 % of the downstream end of the structure has 
been modified to accommodate improvements in the 
manifold loads. Calculations based on the spectral 
function method indicate, on average, a factor two or 
better reduction in the long range wake. Modest 
modifications in the distribution of geometrical detuning 
parameters along the structure which, according to 
calculations based on spectral function theory, 
significantly improve the short range wake will be 
incorporated in DDS 3 and 4. The basic cell configuration 
will be redesigned in DDS 5 with the intention of 
improving shunt impedance as well as incorporating 
further improvements in the wake. 

1 INTRODUCTION 

The NLC Accelerator Structures group at SLAC is 
engaged in three simultaneous processes: 1) optimizing 
the design of NLC Accelerator Structures, 2) learning 
how to fabricate them within satisfactory dimensional 
tolerances including the straightness tolerance, and 3) 
manufacturing structures for the NLC Test Accelerator. 
The schedule realities of these three goals have led to a 
process of making incremental changes in the design 
which were compatible with the fabrication schedule. The 
NLC beam parameters have evolved, going from a pulse 
train of 10 bunches with 1.4 ns spacing to 90 bunches with 
a 1.4 ns spacing, and now will change to 82 bunches with 
a 2.8 ns spacing. 

2 DETUNING 

The first two NLC developmental accelerator sections 
were the Mark 1 and Mark 2, detuned sections which 
were identical in design except for minor dimensional 
corrections. All of the NLC structures discussed here are 
1.8 meters long with 206 cells (including the couplers) 
and are designed to operate with a 2n/3 phase advance per 
cell in the accelerating mode. The dipole modes in the 
Mark 1 and 2 structures were undamped, except for 
copper losses. These structures were designed to be 
approximately constant gradient with the dipole mode 

frequencies adjusted to have a gaussian density 
distribution by varying the iris radius a, and the disk 
thickness t. The resulting gaussian density distribution of 
the lowest dipole band had af = 2.5% about a center 
frequency of 15 MHz. The full frequency spread was 
10% with the gaussian distribution truncated at +/-2af. 
The effect of the gaussian detuning of the Mark 1 was 
measured by Adolphsen [1]. The measurements showed 
that the wake fields fell by a factor of about 70 to below 1 
Volt/pC/mm/m by the time that a second bunch arrived 
1.4 ns after the drive bunch. To get an equivalent fall off 
in 1.4 ns with damping would require a Q of 12 for the 
dipole modes. However, while the Gaussian distribution 
is very effective in achieving a destructive interference 
which produces a rapid fall off at short times, because 
there are a finite number (206) of discrete modes, they 
begin to constructively interfere again after times 
inversely proportional to the separation between modes. 
The build up of the wake field due to this reappearance of 
constructive interference can be seen in the wakefield plot 
for the detuned (DT) structure at the top of Fig. 2. 

3 DAMPED DETUNED STRUCTURES 

DDS 1 was the first of our manifold damped detuned 
structures. DDS 1,2,3, and 4 have 4 rounded rectangular 
damping manifolds arranged at 90 degree intervals in 
azimuth around the accelerator cells. Each manifold is a 
single mode, TEi0, waveguide with its wide dimension in 
the radial direction, so that the E fields are in the 
azimuthal direction. The small dimension of the 
manifolds is 5 mm along its full length. The wide 
dimension (radial direction) of the manifolds tapers from 
11 mm at the input end of the structure to 9.8 mm at the 
output end. Each manifold couples to every cell except 
the first 3 (counting the couplers) at each end by means of 
a rectangular coupling hole which is 5 mm in the 
azimuthal direction and about 7 mm long. The coupling 
is controlled by tapering the wide dimension of the 
manifolds and by controlling the distance of the manifolds 
from the outer wall of the accelerator cells. In DDS 1 
through 4, the coupling was chosen in an attempt to 
achieve a loaded Q of about 1000 for all the modes in the 
lowest dipole band which interact strongly with the beam. 
The loaded Q of 1000 was chosen to produce a damping 
time of 20 ns. We didn't realize that only the more widely 
spaced modes which contribute to the early rise in the 
wakefields need a Q of 1000. The Q of each mode should 
be    such    that    the    bandwidth    of   the    mode    is 
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Fig 1: Shown uppermost is twice the kick factor weighted 
density function (2Kdf/df) for the DT (damped detuned) 
structure. The succeeding curves are of the spectral 
function for DDS 1, DDS 2 and DDS 3 The significant 
improvement in the matching to the HOM loads for DDS 
2 reduces the amplitude of the oscillations of the spectral 
function. DDS 3 uses similar HOM couplers and loads 
as DDS 2 but the cells have been redistributed using a 
recently developed mapping function method . The inte- 
gral is dashed. 
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Fig 2: Shown uppermost is the wake function for the DT 
structure. The succeeding curves are of the wake function 
for DDS 1 (HOM couplers included and ASSET data 
points), DDS 2 and DDS 3. The dots in DDS 2 and DDS 
3 indicate the position of the 82 bunches placed 2.8 ns 
apart. The long range wake for DDS 1 is improved over 
the DT structure by an order of magnitude or more, the 
medium and long range wake for DDS 2 by a factor of 3 
over DDS 1, with further improvement of the short range 
wake for DDS 3. 
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manifold 

Ellipsoidal cell wall 

Coupling slot 

Fig 3: Interior of 1/4 of improved Ellipsoidal Cell. 

roughly equal to its frequency separation from it nearest 
neighbors. This transforms the impedance distribution 
from 200 delta functions to a fairly smooth gaussian in the 
frequency domain. Since the mode density varies 
continuously across the distribution, the Q of the modes 
should also vary. There were two more significant 
problems in the design of DDS 1: 1) The manifold 
terminations were not well matched; 2) the coupling 
changed the gaussian distribution somewhat and 
exacerbated the effect of the truncation of the gaussian, 
particularly at about 15.8 Ghz. This is apparent in the 
spectral function [2] for DDS 1 and 2 in Fig 1, and causes 
an increase in the wakefields for the first few meters for 
DDS 1 and 2 as seen in Fig 2. The terminations for the 
manifolds DDS 1,2,3, and 4 consist of H plane mitered 
bends to bring the manifolds out from the structure 
followed by H plane radiused bends, tapers up to WR-62 
rectanqular waveguide, alumina windows and commercial 
waveguide loads. The VSWR of mitered bends at the 
output end rose to about 2.0 at the low frequency end of 
the band, and the VSWR of the windows used on DDS1 
rose to 2.0 at the high frequency end. 

For DDS 2 the mitered bend on the output end was 
redesigned and new windows were purchased so that the 
VSWR is about 1.1 across the center 1 GHz of the band, 
and rises to 1.2 at the band edges. The improvement in 
the calculated spectral function and a resultant 
improvement of a factor of about 3 in the wakefield from 
about 7 to about 35 meters from DDS 1 to DDS 2 is 
evident in Fig 1 and 2. 

function and hence significantly lowers the wakefield for 
the first few meters. 

4 DDS 5 AND 6: ELLIPSOIDAL CAVIHES 

In the fall of 1996 a program was started to improve the 
efficiency of the RF system of NLC. The changes in the 
cell design which raise the shunt impedance about 20% 
and the related changes in the RF system and its 
parameters which combined give a 33% reduction in the 
RF power required for NLC are described in Ref [3] and 
[4], respectively. The conceptual shape of the interior of 
the new ellipsoidal cavities is depicted in Figure 3. The 
round TE„ manifolds were chosen because they are easier 
to fabricate, and improve the vacuum conductance. The 
outer surface of the cells is an ellipsoid of revolution 
rather than a right circular cylinder as in DDS 1,2,3 & 4. 
The ellipsoidal outer surface gives about a 10% 
improvement in shunt impedance by increasing the Q. 
The rest of the improvement comes from shaping the disk 
with a gentle ellipsoidal bulge near the beam hole. The 
ellipsoidal outer surface significantly reduces the coupling 
produced by a hole between the manifold and the cavity, 
so we have added a thin (1.5mm) radial slot in the disk to 
enhance the coupling. This slot interupts the azimuthal 
currents in the TM„ like dipole mode producing a 
displacement current across the slot which couples 
strongly to the TE„ mode in the manifold. The slots in 
the disk will not extend further than 3.5 mm in from the 
cell maximum diameter, which is roughly half the 
distance to the beam hole and is also close to the thinest 
part of the disk, the surface electric fields are well down 
from their maximum. This slot depth gives a cell to 
manifold coupling which is about 60% stronger than the 
couplings for previous structures. 

The long range behavior of the wake function could be 
improved substantially more by improving the match of 
the terminations. For this reason, and to simplify the 
mechanical design, internal loads will be considered for 
future DDS designs. 
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For DDS 3 and 4 the gaussian distribution has been 
modified to reduce the effect of the truncation at +/- 5%. 
Using the same range of cell parameters as in DDS 1 and 
2, the density distribution has been changed to obtain a 
symmetric kick factor weighted gaussian density function, 
Kdn/df with af = 2.125% truncated at +/- 2.35 a,. As can 
be seen in Fig 1 & 2, this significantly reduces the 
truncation step at the high frequency end of the spectral 
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Abstract 

Transverse wake functions so far reported for the SLAC 
DDS have been limited to those caused by uniform offset 
of the drive beam in a straight perfectly aligned structure. 
The complete description of the betatron oscillations of 
wake coupled bunches requires an array of wake 
functions, referred to as moments in [1]. Modifications of 
these arrays induced by structure misalignments are also 
of interest. In this paper we express the array elements in 
terms of a spectral function array. Examples are given 
based upon DDS 1. 

1. INTRODUCTION 

Adolphsen [1] has pointed out that an analysis of 
transverse wakefield coupled multibunch motion in a 
FODO array requires an array of wake functions instead 
of the single function usually defined. Oide [2] has 
emphasized the need to compute these wake functions and 
also to measure them where possible. The offset wake 
function, which we here designate by W,,,, instead of the 
usual W, gives the angular deviation A0 of a witness 
bunch trailing a uniformly offset drive beam at a distance 
s that has passed through a structure of length Ls via: 

A0 = (qwqdLs/E)WO()(s)rd (1.1) 

Here qw and qd are the charges of the witness bunch and 
drive bunch respectively, rd the drive bunch offset, and E 
the witness bunch energy. As a result of betatron motion 
through the FODO array, however, the drive bunch 
motion may be at an angle with respect to the structure 
axis. Choosing the structure center as the fiducial point 
from which to define the offset we expect an additional 
angular deviation A9 proportional to 8d, the drive beam 
angle, which we express as: 

Ae = (qwqdLs/E)W0I(s)(L/2)9d, (1.2) 

the total being the sum of (1.1) and (1.2). Furthermore, 
for sufficiently large L8 one cannot neglect the effect of 
the wake induced offset of the witness beam on its 
betatron motion. This leads us to define two more 
elements of the wakefield array (called the moment array 
in[l]),W10andWnvia: 

Ax = -(qwqdLs/E)W10(s)(L/2)rd 

-(qwqdL/E)W„(s)(L/2)2ed. (1.3) 

For consistency with our treatment of the drive beam, Ax 
is defined with respect to the center of the structure by 
projecting the angle and displacement on emergence from 
the structure back to its center, assuming rectilinear 
motion. Expressions for the above array elements based 
upon the independent oscillator model, a model in which 
W10 and W01 are equal, are given in [1]. Finally we note 
that structure misalignments generate offset patterns of 
the drive beam different from those discussed above. 
Some are of a sufficiently general nature (eg bowing) that 
it is useful to define wake functions for them as well (we 
designate the bowed case by W02 and W12). The same 
general methods which we will apply here apply to more 
irregular cases such as those discusssed in [3], and for 
each such case there are two functions that need to be 
computed, one for A9 and one for Ax. 

2. SPECTRAL FUNCTIONS FOR THE WAKE 
FUNCTION ARRAY 

The extension of the formalism introduced in [4] is 
straightforward although, as we shall see, some elements 
of the array require spectral function integrals involving 
both the sine and cosine of (27tsf/c) instead of merely the 
sine as is the case for W,,,,. The wake function Wffi is in 
the equivalent circuit theory expressed as: 

W()()(S)=   ]>>nm(s) (2.1) 

where (qw qd L/E)wnm is the angular kick experienced by 
the witness bunch at cell n due to a unit displacement of 
the drive bunch at cell m. Hence the angular kick 
received by the witness due to a set of displacements 
d%(m) at cell mis: 

Ae = (qwqdLs/E)d]rwnmx(m) (2.2) 
n,m=l 

The various W0x referred to above are determined by 
specification   of   the   dimensionless   %(m),   with   an 
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appropriately defined length scale d.     To obtain the 
displacement associated with the above we write (2.2) as: 

A9(s) = X5en 

Then: 

Ax = LsX5e„(^-|) 
n=l 

=-iLsi>n(^) 
n=l 

Comparing with eq. (1.3), we see that 

N 

Wlx =   XWnm%l(n)5C(m) 
n,m=l 

(2.3) 

(2.4) 

(2.5) 

manifold are nonpropagating are called gaps. The integral 
in eq. (2.8) is carried out on the physical sheet, a sheet on 
which Knm has no singularities except poles and branch 
points on the real axis and vanishes at infinity. Knm also 
satisfies the symmetry relations: 

Knra(f) = K;m(f*) = Knra(-f) = Kron(f) (2.10) 

with f, f* and, -f all on the physical sheet. An important 
consequence of these relations is that K is real on the gaps; 
the real part is continuous and the imaginary part changes 
sign across the cuts. 

To proceed to the spectral function representation it turns 
out that one must split Z (and correspondingly W) into 
even and odd parts thus: 

where x,(n) = (2n-N-l)/(N-l). For the angle wake the 
displacement of the drive bunch at cell m is just 
(L^GjX^m) so that comparing with eq. (1.1), (1.2) and 
(1.3) we have the general form: 

Zy(f) = £KnmC0S[27CLf /cOl-m)]*»^!!!) 
n,m=l 

N 
(2.11) 

Zy(f) = XKnm sin[27tLf/c(n-m)]xi(n)xj(m) 

WM = X
w-5Ci(n)Zj(m) (2.6) 

where i, j equals zero or one, and x„ equals one . 

For a bowed structure the displacement of the drive bunch 
at cell m is given by d X2(m) wnere d is the span of the 
bow and %2 is given by: 

with: 

X2(m) = [(2n-N-l)/N-l)]2-l/3 (2.7) 

In parallel with the Wi; array we require a wake 
impedence array Zir Since the wake impedance is simply 
the fourier transform of the wake function, we have for 
the array: 

WM(s) = Jz^f- je)exp[27cjs/c(f- je)]df (2.8) 

where e is a positive infinitesimal quantity, and we write 
the impedences schematically as: 

Zy(f) = JT Knra(f)exp[27tjLf /c(n-m)]xi(n)zj(m)(2.9) 

where L is the structure period. It will be sufficient for our 
purposes to specify the needed properties of K^. More 
detailed information is given in [4]. The Knm are four 
valued analytic functions of f with branch points on the 
real axis located at the propagation band edges of both 
ends of the manifold. The cuts connecting the four sheets 
are on the real axis wherever either end of the manifold is 
propagating.     The segments where both ends of the 

Z  = Ze. + jZ" 
IJ IJ        J      IJ 

(2.12) 

The expressions for We and W0 are reduced to spectral 
function form by making use of the fact in that in general 
the precursor term 9(s)W(-s) is negligeably small [4]. 
Noting that the Fourier transform of W°(-s) is just +, 
respectively, that of We,"(s) except that it is evaluated just 
above the real axis instead of below, we are led to write: 

wfu=e(s)[w^u(s)+w^(-s)] 

w.. =w.e+w.° 
Ij IJ IJ 

(2.13) 

(2.14) 

These lead to integrals over positive frequency cuts and 
sums over positive frequency poles as in [4]. We find 

Wy =6(s)[SySin[27cLf/c(n-m)]df 

Wy = 8(s)J" Sy cos[2nLf / c(n - m)] df 

Sy'ü(f) = ^Hm{Zy'°(f-je)} 

(2.15) 

(2.16) 

Pole terms are included in the spectral functions as 8 
functions as in [4]. 

We note that the even wake functions vanish (by 
construction) at zero s as expected from causality while 
the odd ones do not. Some sense of the importance of the 
precursor term can be obtained by comparing the wake 
envelope functions of the even and odd parts at zero s. 
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3. EXAMPLES OF SPECTRAL FUNCTION AND 
WAKE FUNCTION ARRAY ELEMENTS 

We conclude by presenting a number of examples of the 
spectral function array elements and their associated wake 
envelope functions. These are useful for assessing the 
relative importance of the various components. It should 
be recognized, however, that the envelope functions 
cannot be combined linearly. 
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Fig 1: Even spectral function, WQ, associated with the sine 
wake function, and its integral for a matched HOM 
coupler with a beam transiting a DDS at an angle 

s(m) 

Fig 2:   Sine wake envelope function resulting from the 
spectral function of fig 1. 
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Fig 3: Even spectral function, W0
C, for matched HOM 

coupler with a bowed DDS. 

For any given situation the wake functions themselves 
must be linearly combined and the result put in envelope 

form if desired. In general, it is our experience that the 
cosine wake terms are far smaller than the sine wake 
terms, and they are especially small as s vanishes, 
consistent with the expectation that precursor terms are 
small. Since W01 and W10 differ only in the sign of these 
otherwise equal cosine terms, they are very nearly equal. 

Illustrated in fig 1. is the spectral function corresponding 
to Z01 for a beam travelling through the DDS at an angle. 
The features of the W^, are evident, namely under-coupled 
modes in the upper frequency end. 

30       40       50       60       70 

s(m) 

Fig 4: Sine wake envelope function for a bowed DDS 

Fig 5: Sine wake envelope function corresponding to S„ 
for a beam travelling at an angle through the DDS 
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Abstract 

The power spectrum emerging from the damping 
manifolds of a DDS provides valuable quasi-local 
information on the displacement of a drive beam from the 
axis of individual cells, where the displacement may be 
due to beam offset, small cell misalignment, or a 
combination of the two. The degree of localization and 
the indexing of frequency to cell number is determined 
directly from the spectral function theory. Examples for 
specific DDS designs will be presented. These relations 
can be used to determine geometrical misalignment 
patterns. 

1. INTRODUCTION 

The damped detuned structure (DDS) is a detuned 
accelerator structure [1] to which four waveguide like 
structures have been attached in an azimuthally symmetric 
manner. These "waveguides", called damping manifolds 
by convention, are extended along the length of the 
accelerator structure and are coupled to all cells except 3 
at either end. These damping manifolds are intended to 
perform three functions: 1. provide moderate damping of 
dipole modes excited by an offset drive beam by 
conducting their energy to loads at the end of the 
structure, 2. serve as pumping manifolds for the 
accelerator cells, and 3. provide via the power spectrum of 
radiation from the ends of the manifolds, beam position 
and structure alignment information [2]. In this paper we 
focus on the third of the above and in particular extend the 
preliminary analysis reported in [3] on power spectrum 
localization and its application to the determination of 
structure misalignment from power spectrum 
measurements. The appliction of manifold radiation to 
beam positioning is discussed in [4] and [5]. 

2. THE MANIFOLD POWER SPECTRUM AND ITS 
RELATION TO OFFSET LOCATION 

In the independent cell model (often referred to as the 
uncoupled model) [1] one treats the cells as independent 
entities which respond in a narrow band about their 
synchronous frequencies to an offset velocity c particle. 
Thus the appearance of a frequency band in the power 
spectrum of the manifold radiation is associated with 

offsets at the cells which respond at frequencies within 
that band. The underlying idea behind this model is the 
expectation that the structure in the vicinity of a particular 
cell is sufficiently like a uniform structure based upon that 
cell that the concept of the cell synchronous frequency is 
applicable. Since the establishment of synchronism must 
involve several cells, one expects even in the independent 
cell model that the association of cell location with 
radiation frequency must have some width. In this section 
we apply the equivalent circuit theory, including detuning, 
damping, and manifold reflections to a determination of 
this relation. 

The power spectrum for a beam with uniform offset 8x is 
proportional to P(f) given below by [3]: 

Pu (f) = 8x2f sin <Kf )|A(f) / (1 + R(f ))|2 (2.1) 

Here <|>(f) is the manifold phase advance function, R(f) the 
reflection amplitude, and A(f) the manifold excitation 
amplitude for unit offset [6] all evaluated at the 
terminating manifold section, and f is the frequency. This 
function computed for DDS 1 is shown in Fig. 1 and 
compared with the results from the ASSET experiment 
[4]. 

-30 

S-40 
(0 jfl                                               i\| 1 

a> 

o -50 f           1 i 
a. ! 

-60 MJ 
13.5     14     14.5     15     15.5     16     16.5 

Frequency (GHz) 

Fig 1: Power spectrum radiated to the downstream HOM 
coupler: experimental values are shown dashed and those 
calculated from circuit theory are indicated by the solid 
curve. 
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In the equivalent circuit theory both the cell and manifold 
amplitudes are linearly related to the excitations at the 
individual cells so that instead of defining A(f) for 
uniform  offset we  write   A(f) = ^un(f)5xn   or with 

Mn(f) = Vfsin$(f)un(f)/(l + R(f)): 

Pu(f) = [£Mn(f)8xn| (2.2) 

The un(f) may be determined from the procedure outlined 
in [3]. To apply (2.2) to the localization problem we set 
8xn = 8x for a set of adjacent cells n-r to n+r and zero 
elsewhere and compute the power spectrum. The result 
for a representaive set of central cells is shown in Fig. 2. 
The pair of integers above each sharp peak in the figure 
give the central cell number n on the left and the span 
specifier r on the right. The number r is determined by 
requiring it to be the smallest number which gives a peak 
equal in amplitude to that obtained by applying 8x to all 
of the cells. Because r is a small integer, this criterion is 
not met exactly, but the figure indicates how well it is 
met. We call the central frequency of the peaks the 
coupled synchronous frequency of the central cell. 

4 14.5 15 15.5 16 

Freq (GHz) 

Fig 2: Power spectrum emitted from the downstream DDS 
manifold illustrating the narrow frequency bands emitted 
by localized offsets. The pairs of numbers above each 
peak indicate the central cell and the span specifier (see 
text) of the localized offsets. 

The curve of the coupled synchronous frequency in Fig. 3 
is a fit to the points determined in Fig. 2; the horizontal 
bars represent a fit to the span. The synchronous 
frequencies of the independent cell model (called 
"uncoupled") are shown for comparison, and one notes a 
shift, small, but significant for locating misalignments. 
The span 2r+l varies from three to thirteen cells and is 
largest at frequencies where the mode are most extended. 
Almost all the (damping suppressed) modes of DDS 1 are 
standing waves terminating within the structure, but their 
extension varies from one or two cells to over a hundred. 
For the more extended modes the excitation region is well 
localized within the mode. 

200 

Cell # 

Fig 3: Illustration of the deviation of the synchronous 
frequency from the uncoupled one due to cell-to-cell 
detuning. The short horizontal lines indicate the extent to 
which cell offsets may be localized by frequency. 

3. BEAM-BASED STRUCTURE ALIGNMENT 

In fabricating the first DDS a number of cell 
misalignments occurred, the worst being 60 microns at 
cells 45 to 46. This is illustrated in Fig. 4 in which the 
second and third of the three mechanical measurements 
performed using a CMM (coordinate measuring machine) 
are plotted. The third measurement was performed after 
the ASSET experiment. However, it is evident that the 
absolute value of the jog at cell 45 is similar to data set 2. 
Indeed the main difference between the two data sets is an 
angular shift, a translational offset, and a bend. 
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Fig 4: Two set of mechanical alignment data: measured 
before the ASSET experiment (data set 2) and after the 
completion of the experiment (data set 3) 

A beam based alignment measurement carried out 
during the ASSET experiment is reported in [5]. The 
measurement, performed by stepping the beam 
transversely across the structure, provided a complete 
power spectrum at each step. From this data one obtains 
the beam position which minimizes the power at each 
frequency and generates the curve of minimum power 
position versus frequency given in [5]. A curve of 
minimum power position versus cell number can be 
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obtained by identifying the frequency with the coupled 
synchronous frequency given in Fig. 3 as a function of 
cell number. One can then relate this measurement to 
structure misalignment by assuming that when the power 
is minimized at a particular coupled synchronous 
frequency that the beam is centered on the cell to which 
that frequency belongs. The cell offsets obtained in this 
way (i.e. remapping) are, after translational and angular 
adjustment, compared to the two sets of CMM data in 
Figs. 5 and 6. The adjustments are legitimate because the 
position and tilt of the beam relative to the axis of the 
CMM measurements is not known. 

200 

Cell« 

Fig 5: Comparison of the CMM data set # 2 versus the 
ASSET power minimization position data remapped from 
frequency to cell number (see text). 

200 

Cell* 

Fig 6: Comparison of the CMM data set # 3 versus the 
ASSET power minimization position data remapped from 
frequency to cell number (see text). 

The minimum power position X(f) can also be linearly 
related to the mechanical offsets by writing 8xn in Eq. 
(2.2) as X(f) - xn where xn is the mechanical offset of the 
n'th cell and minimizing (2.2) with respect to X(f). In 
terms of 295 discrete frequencies f„ for which the 
measurements were made one finds: 

X(fm) = XKn(fm)X„ (3.1) 

Kn(f) = Re XM*m(f)M„(f)  / 2Xoo (3.2) 

It is thus a set of linear equations for 295 power 
minimization positions in terms of 206 offsets. The 
determination of the X(fJ from a set of xn is 
straightforward and reported in [3]. For comparison with 
the remapping method described above, however, one 
needs to determine the cell offsets from the minimum 
power positions. Equation (3.1) is solved for the xn by 
employing the pseudo (ie Moore-Penrose) inverse, based 
upon the singular value decomposition of K„(fm) regarded 
as a 295 x 206 matrix. The result obtained (after 
stabilization by application of a tolerance criterion on the 
singular values and Savitzky-Golay filtering on the 
output) is shown in Fig. 7, where it is compared to that 
obtained by remapping. The agreement is satisfactory, 
but there is no evidence that the pseudo inverse method 
improves the delineation of abrupt offset changes. Thus 
for the present at least we consider the remapping method 
to be preferred, both because it is simpler and because it 
does not involve uncertain numerical procedures. 

c o 
u 
J, 
O 
in 

200 

Cell* 

where: 

Fig 7: Cell offsets computed by the pseudo inverse 
method(so!id curve) compared to those computed by 
remapping as in Figs. 5 and 6 (dashed curve). 
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SPOTSIZE STABILIZATION STUDIES FOR THE TESLA BEAM 
DELIVERY SYSTEM 

A. Sery 
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Abstract 

Studies of the ground motion induced spotsize growth in 
the interaction region of the TESLA linear collider and 
some tools to recover are presented here. Analytical re- 
sults are given and compared with simulations by particle 
tracking. Performance of different procedures, such as or- 
bit correction, adaptive alignment and knob scan, studied 
by tracking simulations, is reported. 

1   INTRODUCTION 

The main parts of the TESLA Beam Delivery System[l] 
are the Collimation Section, Tuning and Diagnostic Section 
and the Final Focus Sytem (Fig. 1). It is the BDS where the 
most important tolerances on transverse misalignments of 
focusing elements are located. 

Figure 1: Optics of the TESLA Beam Delivery System[l]. 

Ground motion is one of the main sources that will pro- 
duce, after certain time, an intolerable value of misalign- 
ments resulting in reduction of luminosity via the beam 
offset and distortion at the Interaction Point. The fast or- 
bit feedback, which is possible for TESLA due to uniquely 
long bunch separation, will cure the beam-beam offset. We 
will concentrate therefore only on the spotsize stabilization. 

When the beamline is affected by ground motion only 
(no correction applied yet), the free evolution of the beam 
spotsize can be evaluated analytically using the ground mo- 
tion spectrum P(ui,k) and the corresponding spectral re- 
sponse functions, determined in linear approximation^]. 
This analytical treatment is incorporated into the "FFADA" 
program[3]. The analytical results provide quite helpful in- 
formation on the critical time scales, however the question 
"whether the linear approximation is sufficient?" should 
not be forgotten. 

Semi-analytical methods, appeared recently, are able in 
some cases to evaluate efficiency of a correction in lin- 
ear collider. The generalized spectral approach[4] can give 
clear analytical expression for several correction method 
applied to a regular linac. The method proposed in[5] is 
more general and may be of great help if fully developed. 

However, when a correction is applied to a BDS to stabi- 
lize the spotsize, simulations must be used to determine the 
procedure performance since such procedures may be quite 
complex and the focusing structure is very irregular. 

2   FREE EVOLUTION OF THE BEAM 

Since the critical time scales are quite large for the beam 
size growth, it is sufficient to consider only the diffu- 
sive "ATL" ground motion[6]. The motion assumed to 
have the same coefficient A in both horizontal and verti- 
cal planes. Neighboring elements (such as quadrupole - 
sextupole pairs or the final doublet) were assumed to be 
placed on the same support. The beam parameters used 
in simulations were: 250 GeV/beam, ex = 2.8 ■ 10-11 m, 

5-10-13m,/3* 25 mm, ß* 0.7 mm, aE = 10" 
After the beam tracked through the misaligned beamline, 
the offset was removed and the average beam matrix ele- 
ments, for example axy = xy, were computed. Tracking 
was performed then with different seeds that gave the rms 
beam matrix {c'iy)1^2- It was convenient to normalized it 
to the nominal values in the point of observation: 

{<rly)n2 = täy)1/2/,/<7xxO<7yyO. 
Let us first consider only the the FFS part of the BDS. 

The analytically found dispersion, waist shift and coupling 
(which the spot size growth is determined by) versus the 
A ■ T coefficient are presented on Fig. 2 in comparison with 
the tracking results. One can see that the linear approxima- 
tion and tracking are in perfect agreement for the FFS part 
of BDS. If one assumes A = 10-5 jum2s_1m_1 then the 
critical time scale for 2% luminosity loss is about 200 s for 
the FFS part of the TESLA BDS. 

However, when the complete TESLA BDS was stud- 
ied by tracking, much faster spotsize degradation has been 
found (Fig. 3). The terms like yy', yx' and yx of the nor- 
malized beam matrix, which were proportional to A ■ T that 
indicates on nonlinear effects, have shortened the resulting 
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Figure 2: Elements of the normalized rms beam matrix an 

for the FFS part of the TESLA BDS versus AT. Linear 
model prediction (lines) and tracking results (symbols). 
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Figure 3: Elements of the normalized beam matrix an for 
the complete TESLA BDS versus AT. Linear model pre- 
diction (lines) and tracking results (symbols). 

critical time scale by about one order of magnitude. This 
time is still quite large with respect to the repetition rate, 
nevertheless, allowing safe operation of the collider. 

The reason for this nonlinearity has been found to be the 
vertical misalignment of quadrupoles located in maxima of 
betatron function in the IP-phase part of the collimation 
section. Since these quadrupoles are in phase with the IP 
one could expect that they have little effect on the IP beam 
size. However, misalignments of these quadrupoles pro- 
duce a vertical beam offset in sextupoles of the Chromatic 
Correction Section (CCSY). If the matrix between paired 
sextupoles in CCSY is not perfectly M = -1, then the 
beam distortion at IP will appear. 

Assuming that the vertical misalignment of the 
quadrupole in IP-phase collimator is yc the following ex- 
pression for the element of the normalized beam matrix in 
the IP can be finally deduced: 

fä/)n=6K%KtR12ßcß
2

sy
2

c 

where ßc is the maximum of the vertical betatron func- 
tion in the IP-phase collimation section, ßs is the vertical 
betatron function in CCSY sextupoles, K2 is the strength 
of CCSY sextupoles, K\ is the strength of quadrupoles 
in the IP-phase collimation section, R\i is the matrix el- 
ement between paired sextupoles in CCSY. The latter can- 
not be much smaller than the length of CCSY quadropoles 
or sextupoles, in our case R\i « 1 m. The 2% luminosity 
loss criterion gives yc ^ 0.1 /mi for our parameters, much 
tighter than the value given by the linear approximation. 

3    CONTROLLED EVOLUTION 

Different procedures may be used to prevent the beam size 
growth in the IP of a BDS. We consider here the orbit cor- 
rection ä la "one-to-one", the adaptive alignment[7] and 
tuning by knob scan[8]. All these procedures have their 
advantages and disadvantages. So, a proper combination 
of these or other techniques should be used to provide reli- 
able luminosity stabilization. 

Finding the proper combination of algorithms requires to 
know performance of each individual procedures. In partic- 
ular, one needs to know influence of Beam Position Moni- 
tor resolution (the effect of BPM offset is not considered in 

the paper) and capability of a procedure to struggle against 
the increase of misalignments driven by ground motion. 

The beam dispersion growth can be found analytically 
if the first two procedures are applied to a regular FODO 
linac[4]. The qualitative dependence of the beam disper- 
sion when the "one-to-one" orbit correction is applied 

(r?)<x{<jlpm + ATL)N + AATLN3 

where N is the number of quadrupoles in the linac, L is the 
quadrupole spacing, T is the time since the moment of per- 
fect alignment, AT is the time interval between successive 
corrections, <7bpm is the BPM resolution. From the other 
hand, if the adaptive alignment is applied, we have 

fa2>«(*bPm + AATL)N3 

We see the obvious fact that for the "one-to-one" orbit cor- 
rection the beam dispersion grows with time, since the al- 
gorithm does not realign quadrupoles, in contrast to the 
adaptive alignment where the beam dispersion does not in- 
crease with time. From the other hand, the influence of 
the BPM errors is more severe for the adaptive alignment 
since a single BPM error produce the trajectory offset in 
all downstream quadrupoles, while only three quadrupoles 
will have the trajectory offset for a single error for the "one- 
to-one" orbit correction. 

For a irregular focusing system, such as the BDS is, the 
dependencies given above are valid too, but the quantitative 
answer may be obtained only by simulations. The results 
are shown in Fig. 4 and Fig. 5. 
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Figure 4: Normalized vertical beam size (cryy)n for the 
TESLA BDS versus AT for different procedures applied 
solely. The second axis assumes A = 10-5 /im2s_1m_1. 
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Figure 5: Normalized beam size {<Jyy)n for the TESLA 
BDS versus BPM resolution for the orbit correction and 
for the adaptive alignment. 
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For the orbit correction simulations we used several 
monitor-corrector pairs. The monitors are two plane BPM, 
they are located in all critical places, mainly in maxima of 
beta functions, at the face of each sextupole, at the face of 
the final doublet. Correctors are located at the proper place 
(with respect to the betatron phase) upstream to the corre- 
sponding monitor. Simulations assumed that the perfectly 
aligned line were available at the beginning that gave pos- 
sibility to store the "gold orbit" to be recovered by the orbit 
correction after the beam line misaligned. 

For the adaptive alignment simulation both the origi- 
nal formula[7] and the one corrected for thick lensesflO], 
which gave much better but still not quite satisfactory re- 
sults, were tried. We had to use finally the algorithm 
which starts from the same conditions as[7] but does not 
make any simplifying assumptions on the focusing struc- 
ture. These conditions are the following: a) if three neigh- 
boring quadrupoles aligned to the same line but the incom- 
ing beam has an offset at the face of the first quadrupole 
then the displacement applied to the central quadrupole by 
the algorithm is zero; b) the same but the incoming beam 
has an angle; c) if the central lens misaligned by Ax the 
algorithm should move it back by the value CAx where C 
is the coefficient which control convergence. All the nec- 
essary transfer matricis were assumed to be known. The 
algorithm worked well for the BDS. However, if applied to 
the beamline with too high misalignments, it diverges be- 
cause the orbit offset in the CCS sextupoles introduces cou- 
pling of x and y planes, which the algorithm assumes inde- 
pendent. Applying the orbit correction before the adaptive 
alignment will cure the problem. 

The knobs used in simulations were the displacements of 
paired sextupoles of CCSX and CCSY similar as in[9]. The 
sextupoles can be moved in horizontal or vertical plane, 
symmetrical or antisymmetrical, in certain relevant range, 
orthogonally affecting on the IP beam matrix: 
in CCSY, horiz., symm., range 2 /xm, affect on ayy> 
in CCSX, horiz., asymm., range 3 /on, affect on axg 
in CCSY, vert., symm., range 2 /mi, affect on ayxi 
in CCSY, vert., asymm., range 5 /mi, affect on ays. 
These   knobs   were   scanned   with   step   digitized   by 
range/7Vs, to maximize the luminosity, which was assumed 
to be permanently measured.   The value Ns « 20 was 
found to give good results. The knobs located in the tuning 
section of the BDS, which control all the linear coupling 
terms at the FFS entrance, were also used in simulations. 

We see that the orbit correction is able to stabilize the 
luminosity during about one week with quite feasible BPM 
resolution (about 0.5 /tm). The adaptive alignment is able 
to keep the beam size forever if continiously repeated but 
the required BPM resolution is 10 times higher (50 nm). 
One should note here that if the orbit correction will be 
applied after the adaptive alignment, the BPM resolution 
of the latter should not be already as high. Formally, for 
the regular linac <r^ ^ ATmL is required where Tm is 
the time until the orbit correction is able to recover ground 
motion influence. The value <7bpm ™^ be a ^ew A™ m our 

case and might be limited by other effects not considered 
here (beamline walking out, etc.). The performance of the 
knob scan procedure is relatively modest since the linear 
knobs are not able to help when the distortion produced 
also by non-linear beam matrix elements. This procedure 
is an additional remedy, therefore. 

Would the choice be limited by these three procedures, 
the following combination could be used. Normal BDS 
operation will be done with the orbit correction only. The 
knob scan procedure will be done a few times per week, in 
vivo. After about one months the adaptive alignment can 
be applied to recover the smooth beam line. For this the 
experiment should stop. Of course, another combination as 
well as other methods of orbit correction and beam based 
alignment can be used, it will be studied further. 

4   CONCLUSION 

The IP spotsize growth induced by the diffusive ground 
motion has been studied by simulations and analytically in 
the linear approximation. The linear approximation was 
found to be in perfect agreement with the tracking results 
for the FFS part of the BDS, while much faster beam degra- 
dation caused by nonlinear effects has been found when 
the complete BDS was studied. The resulting critical time 
scale is still quite large with respect to the repetition rate, 
nevertheless, to ensure safe operation of the collider. 

The possible spotsize stabilization strategy for the 
TESLA BDS is to work only with the simple orbit cor- 
rection, ä la one-to-one, performing knob scan procedure 
several times per week. With this strategy a beam based 
realignment of all focusing elements will be required only 
about each month. 
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PRE-ALIGNMENT OF CLIC USING THE DOUBLE-WIRE METHOD 

W.Coosemans and H.Mainaud, CERN, 1211 Geneva 23, Switzerland. 

Abstract 

The pre-alignment and active control method for the 
Compact Linear Collider (CLIC) is described. Two new 
types of instruments are used in this system - a biaxial 
Wire Positioning System (WPS) which uses a stretched 
wire as the spatial reference, and a capacitive three axes 
Tilt Meter System (TMS). The instruments, and the way 
they are used with the well-known Hydrostatic Levelling 
System (HLS) are described. 

1 INTRODUCTION 

Transverse alignment tolerances of about 10p. (rms) are 
required for the Compact Linear Collider (CLIC) [1] in 
order to limit the emittance blow-up due to transversely 
deflecting wakefields to reasonable values. An active 
alignment system using precision micromovers is 
proposed to achieve these tight tolerances. The length of 
each CLIC linac for the 500 GeV centre-of-mass 
machine is about 4 km. Since the CLIC scheme is a two- 
beam scheme, each linac in fact comprises two parallel 
linear accelerators about 550 mm apart. The accelerating 
structures and beam position monitors of each linac are 
supported by precisely pre-aligned V-blocks sitting on 
SiC girders. The ends of two adjacent girders are 
connected by swivel-joint link rods to a common 
platform which is driven by three remote-controlled 0.1 
urn resolution stepping motors (Fig.l). The inter-girder 
articulation points are 1.41m apart. The quadrupole 
supports are independent of the girder supports and are 
driven by five identical stepping motors. The quadrupole 
support platforms are located above the girders. 

2 GENERAL DETAILS OF THE METHOD 

Aligning the linac in this case means aligning the 
articulation points of the girders, and the magnetic 
components. One linac has about 2780 girders and 400 
magnetic components. 
The standard deviation on the relative position of three 
consecutive intersection points or three consecutive 
magnetic components must be less than 5 urn. To obtain 
this result and to monitor continuously the geometry of 
the linacs, it is planned to use a technique known as the 
"double-wire method". 
This involves stretching parallel rows of wires parallel to 
the axis of the linacs. The wires overlap half way along 
their own length and form a geometric reference network 
for the alignment and monitoring operations. The 
articulation points of the girders and the magnetic 
components are fitted with sensors which use the wires 
as their reference. 
Three types of measuring instrument are foreseen: 
a) the hydrostatic levelling system (HLS), which has 

already been fully described and widely used; 
b) the tilt measuring system (TMS), a new instrument 

currently under development which measures, to a 
precision of the order of O.lurad, angles and 
accelerations along two horizontal axes, and 
accelerations along the vertical axis; 

c) the two-axis wire positioning system (WPS). 

3 WIRE POSITIONING SYSTEM (WPS) 

The WPS is an instrument that measures, along two axes 
and to a precision of the order of one micron, the 
distance between its mechanical axis and a stretched 
wire (Fig.2). 

Figure 1: Inter-girder connection Figure 2: WPS + HLS + Tensioner 
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The technique used is capacitive measurement. The 
sensor and its target, the wire, form a variable capacitor. 
The measurement range along the two axes is ± 5 mm. 
For this range, the instrument delivers a voltage of 0 to 
10 V per axis. The WPS has the form of a rectangular 
parallelepiped (46x46x70 mm), it has two opposite 
electrodes per axis this gives a good signal linearity (the 
most linear zone is around the mechanical centre of the 
sensor) and also eliminates any symmetrical cross- 
sectional variations of the reference wire. To install the 
wire, the instrument opens diagonally with a horizontal 
sensor and a vertical sensor in each half. Two pins are 
provided for the precise re-assembly of the two parts. 
The maximum error after this operation is 2 \xm. The 
sensor consists of passive metal and ceramic 
components. If necessary the electronics can be located 
some tens of metres away for protection against 
radiation and the effects of magnetic fields. The 
electronic sensor assembly is very stable. Measurements 
taken over several days under laboratory conditions have 
shown variations of only 3 urn. Although the inherent 

capacitance of the cable connecting the sensor to the 
electronics is several orders of magnitude greater than 
the capacitance of the sensor this is not in this case 
detrimental due to the use of the special total shielding 
technique. The only constraint is that the electronics are 
adjusted for a given cable length. 
Since the instrument is both stable and reproducibile it 
can be reliably calibrated. It was found that all the 
instruments have a nearly identical calibration curve, 
this is a direct result of the manufacturing precision. The 
calibration curves have a highly linear central zone 
(± 1 mm) and an outer zone of reduced linearity. The 
prototype sensors do have a defect, however, namely 
that the electrical zero does not correspond to the 
mechanical zero and varies for each sensor. Deviations 
of up to 50 |j.m have been observed. This defect will be 
corrected in the next batch of sensors. Once that has 
been done, it will be possible to use all the sensors with 
the same calibration curve; the maximum precision of 
± 1 (am will naturally only be obtained in the highly 
linear zone. Outside this zone the deviations may be as 
much as 50 (xm. 

Figure 3 : Clic alignment : schematic plan view 
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3 THE WIRE 

The wire used is actually a twisted wire made out of 
very   strong   low   density   carbon-fibres   to  minimise 
deflections. It conducts electricity sufficiently well to 
allow capacitive measurements. 
The characteristics of the wire are as follows: 

• apparent average diameter: 0.32 mm 
• weight of 100 m of wire: 8.522 g 
• deduced density: 1.06 kg/dm.3 
• elastic limit: approximately 9 kg 
• mass of counterweight used: approximately 6 kg. 

The drawback of this wire is that in the long term some 
fibres eventually break and cause non-symmetric cross- 
sectional differences which distort the measurement. To 
eliminate this drawback, a method of impregnating the 

wire that will only cause a slight variation in the linear 
weight is being developed. 
To be able to consider the wire as a reference it is vital 
to have a precise model of the stretched wire in the 
vertical plane under a given load. For a 60 m carbon 
fibre wire tensioned with 6 kg, a change in deflection of 
1 urn may be obtained by modifying (i) the 
counterweight by 1 g (ii) the wire length by 3 mm (iii) 
the position of the WPS by 2 mm in the zone where the 
wire has its maximum slope, or by 27 cm in the 
horizontal part (iv) the linear weight by less than 0.01 g. 
It is actually the linear weight which, with a very slight 
variation, has the greatest impact. As it is impossible to 
know this value precisely, it will be necessary during the 
calculations to consider the linear weight as an unknown 
and to introduce other parameters, namely the heights of 
the ends and the mid-point of the wire. 
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A series of experiments has been conducted to determine 
the catenary of the wire with great accuracy. These 
measurements were carried out using a system that 
combined the HLS and WPS (as shown in figure 2). 
Once the catenary of the wire had been determined, the 
theoretical shape was calculated using the known 
parameters: length of the wire, dead weight, an 
estimated value of the linear weight of the wire and the 
heights of the ends and the mid-point of the wire. 
Comparison of measured and calculated values resulted 
in a standard deviation of less than 5 urn. 

5 DOUBLE WIRE METHOD APPLIED TO CLIC 

For the reference metrology of CLIC, the technique 
involves stretching wires approximately 60 m long from 
end to end on either side of the linacs. There are three 
rows of wires, of which one is common to both linacs. 
The wires in each row overlap. The wire attachments of 
one row are located at the mid-point of the wires in the 
opposite row. The ends of the girders are fitted with two 
wire positioning systems precisely located with respect 
to the articulation point. These instruments determine 
the position of the articulation point with respect to the 
wires and define the distance between two wires. The 
quadrupoles have two sensors which are on the same 
wire (see figure 4). 

Figure 4: Quadrupole support 

The points where the wires are fixed are deliberately 
chosen not to be the points that have to be aligned. The 
wire is fixed at one end and has a counterweight attached 
to the other. It passes over a knife-edged pulley which 
keeps it tensioned to a precision of 10"5 N. The model 
assumes that the ends of the wires are at the longitudinal 
mid-point of the sensors fitted to the end of the girder 
closest to where the wires are really fixed. To model the 
wire in the vertical plane, the heights of the ends and the 
mid-point of the wire have to be determined. The mid- 
point height (point 1 in figure 3) is simply measured 
using the combined HLS-WPS system shown in figure 2. 

Measurement of the ends could be done in the same way 
but is in fact done in the following more complicated 
way to minimise the number of HLS-WPS systems used. 
Since the WPS unit (point 2 in figure 3) is 100 cm at 
most from the next nearest HLS the height of point 2 can 
be calculated from point 1 without significant error using 
the theoretical model. The height of point 3 is then 
determined from point 2 using the tiltmeter reading. A 
similar strategy is adopted to determine the heights of 
points 4,5 and 6 from the height of point 1. 

6 ALIGNMENT OF CLIC TEST FACILITY (CTF) 

It is planned to install the instruments and support 
systems described in this paper in CTF2 in June 1997. A 
pre-assembly of two of the 30 GHz modules is shown in 
figure 5. This will be a unique occasion to test this 
system in a working accelerator environment and should 
produce valuable information for further developments. 

Figure 5: Pre-assembly of CTF2 30 GHz modules 

7 CONCLUSIONS 

The WPS has been shown to be a very good metrology 
instrument, and a stretched wire can be used as a two 
axis spatial reference. As for the double-wire method, 
some simulation work has been done. Preliminary results 
have reinforced our belief that the method is valid for 
the alignment of CLIC, but a great deal of work remains 
to be done before our study is complete. 
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A MULTI-DRIVE BEAM SCHEME FOR TWO-BEAM ACCELERATION IN 
A TEV LINEAR COLLIDER 

R. Corsini, J.P. Delahaye. C. Johnson, A. Millich, A. Riche, 
CERN, CH 1211 Geneva 23, Switzerland 

Abstract 

The Compact Linear Collider (CLIC) study of an e+/e- 
linear collider in the TeV energy range is based on Two- 
Beam Acceleration (TBA) in which the overall RF power 
needed to accelerate the beam is extracted from high 
intensity relativistic electron beams, the so-called drive 
beams. Due to the high beam power, acceleration and 
transport of the drive beams in an efficient and reliable 
way is specially challenging. An overview of a 
potentially effective scheme is presented. It is based on 
the generation of trains of short bunches, accelerated in 
low frequency c.w. superconducting cavities, stored in an 
isochronous ring and combined at high energy by 
funneling before injection by sectors into the drive linac. 
The various systems of the complex are discussed as well 
as the beam dynamics all along the process. An original 
method has been specially developed to stabilize such an 
intense beam during deceleration and RF power 
production in the drive linac. 

1 INTRODUCTION 

The 65 MW of RF power at 30 GHz for e+/e- 
acceleration up to 1 TeV cm. in CLIC [1] is provided by 
high-current relativistic electron beams (the drive beams). 
The conversion of drive beam energy into RF power is 
made by means of low impedance resonant structures 
(CLIC transfer structures, CTS). The power is then fed 
into the accelerating structures (CLIC accelerating 
structures, CAS) of the two main linacs (e+/e-), running 
in parallel with the drive linacs. 
Each one of the two drive linacs is divided in 10 sections 
of ~ 600 m length, powered by different drive beam 
pulses, providing 136 GW of peak power for 50 GeV 
acceleration of the main beam. The main and drive linacs 
are composed of many short modules, whose layout is 
depicted in Fig. 1. 

DRIVE LINAC 

OH CLIC TRANSFER STRUCTURE 

424 MWi 

ffl     QUADRUPQLE   )^fcj| 

ftSffi     CAS     fcfrf   CAS     fcfrf 

MAIN LINAC 

CAS    E{p    CAS     Efcj 

188 cm 

In such scheme one CTS feeds four CLIC accelerating 
structures (CAS). In this paper the following set of CAS 
and CTS parameters are considered: 

CTS CAS 
R/Q = 100 Q/m 25kQ/m shunt impedance 
I 1.33 m 0.39 m effective length 

Q    = 4750 3500 quality factor 

va     = 0.41c 0.065 c group velocity 

Figure 1. Main-drive linac module. 

With the given parameters the required peak RF 
power per CAS is 106 MW, and the pulse duration is 
50 ns. The RF pulse is generated in the CTS by a drive 
beam pulse composed of 560 bunches, spaced by 3 cm. 

The total charge per pulse is 5.6 uC, with a charge per 
bunch increasing from 5.3 nC to 11.4 nC in the first 20 ns 
and staying constant for the rest of the pulse, in order to 
obtain the desired RF pulse shape for beam loading 
compensation of the main beam. The CTS is a traveling 
wave structure composed of a cylindrical chamber of 10 
mm radius coupled by longitudinal slits to four teeth- 
loaded rectangular waveguides. 

The structure has been optimised [2] using the code 
MAFIA, in such a way as to obtain the desired coupling 
and group velocity, while keeping the transverse 
wakefields to a minimum level (~ 1 V/pC/mm/m). In 
order to control the transverse instability of the drive 
beam during RF power production, damping of the dipole 
mode is foreseen by slits located at 45" in the chamber 
and terminated with loads. 

2 DRIVE BEAM GENERATION 

Several schemes for the CLIC drive beam generation 
are at present under study [3,4]. In the solution described 
here [5], short bunch trains are generated using 
photocathode rf guns, accelerated in superconducting 
structures and then combined with the correct spacing. In 
this way the global beam loading is distributed in time 
over all the repetition period, allowing its compensation 
by power refill of the accelerating structures. A long 
collector ring (20 km) is used to store the bunches as they 
are accelerated. The bunches are compressed to their final 
length only after extraction from the ring. In this way the 
isochronicity requirements are relaxed, and the resistive 
wall effect in the ring is minimised. A smaller ring (the 
combiner ring) is used for the final recombination of the 
bunches at the right spacing. 
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Figure 2. Drive beam generation complex layout. 

In Fig. 2 a schematic layout of the drive beam 
generation complex is depicted. Initially, 2 x 160 trains 
composed of 35 bunches each are generated in two 
photoinjectors and accelerated up to 1.8 GeV in two 
612.5 MHz superconducting linacs in push-pull 
configuration. The bunches in a train are spaced by 48 cm 
and have an rms length of 5 mm. This is repeated with the 
repetition rate of the main linac (700 Hz). A total of 1.83 
GV of cavities at fundamental plus 45 MV cavities at 
612.5 MHz ± e to provide beam loading compensation 
along the train will be installed. The train to train beam 
loading is compensated by power refilling of the 
structures in between the passage of the 160 trains. The 
necessary RF power at 612.5 MHz is 70 MW, the power 
per meter of structure being 390 kW/m. 

The trains are then combined two by two using a 
transverse RF deflector at the same frequency as the 
linacs, halving the distance between bunchlets. The trains 
are then injected into the collector ring using simple 
magnetic kickers. The ring is of dog-bone shape, and the 
two long straight sections (-10 km each) can be located 
in the same tunnel as the main and drive beam. 

The end bends are composed of two 360" arcs with the 
same radius (125 m) needed for the main beam bends, 
and could be in the same tunnels as well. 

After 1.4 ms the whole ring will be filled. When the 
last train is injected, the ring is emptied. Every second 
train is ejected by magnetic kickers in two different 
locations of the ring, at 10 km distance, and each train 
couple is recombined in a transverse RF deflector 
operating at 612.5 MHz. 

The bunches are then compressed in length by RF (170 
MV, 2.5 GHz, superconducting) + magnetic chicanes 
down to an rms length of 0.6 mm. 

The trains are combined four by four in the combiner 
ring (270 m long), in order to obtain 20 trains of 560 
bunches at 3 cm distance. The injection into the ring is 
made using two transverse RF deflectors at 2.5 GHz that 
creates a time dependent local deformation of the 
equilibrium orbit [6]. When all of the four trains are 
combined, they are extracted by a magnetic kicker, and 
the whole cycle is repeated for the next four. The 20 long 

trains so obtained are alternately switched in the two 
drive linacs. 

The longitudinal beam dynamics has been evaluated all 
along the drive beam generation complex, in order to 
ensure that the final parameters (bunch length and energy 
spread) will allow the beam transport and power 
production in the drive linacs. 

The longitudinal wakes and RF curvature in the 
injector linac, the radiation losses, the resistive wall 
effect, the space charge and the non-isochronicity in the 
collector ring are included in the calculation. 

The rms energy spread along each bunch train after 
beam loading correction is very small (~ 6 10"4). The 
single bunch energy spread at the exit of the injector linac 
is determined by the combined effect of the longitudinal 
wakefields and of the RF curvature and is of the level of 
0.26 %. 

In order to minimize the phase errors between 
bunchlets introduced in the magnetic chicane by the 
energy fluctuations between bunchlets, a 180° two-stage 
compression system is planned to be used [7]. In such a 
case, the phase error between bunches in a train can be 
kept to less than ± 1 degree. The final bunch length is 
0.6 ± 0.02 mm rms as desired, while the total energy 
spread is limited to 6 %, which appears to be acceptable 
for transport to the drive linac. 

3 THE DRIVE LINAC 

The drive beam must be transported along the drive 
linac keeping the losses to a minimum, since even a small 
fraction of the drive beam power can give rise to an 
unacceptable local temperature increase [8]. 

The problem is complicated by the huge energy spread 
that the drive beam bunches develop along the linac (the 
first bunches of the train remain approximately at the 1.8 
GeV injection energy, while the last bunches reach a 
minimum energy of ~ 200 MeV, see Fig. 3) and by the 
transverse wakefields in the CTSs. The drive beam 
focusing is based on variable strength FODO cells. 

Figure 3. Energy profile along a drive beam pulse at the 
end of a drive linac section. The energy distribution 
within three subsequent bunches of the steady state part is 
also shown. 
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The initial quadrupole gradient is decreased along each 
linac section as the bulk of the drive beam pulse loses 
energy, thus keeping the full energy range in the stable 
region of betatron phase advance. 

In order to control the transverse beam break-up, a 
certain amount of damping of the dipole mode in the CTS 
is necessary. On top of that, a novel method [9] (tuned 
decoherence damping, TDD) has been devised to control 
the instability during deceleration. An energy modulation 
is introduced in the train in such a way that odd bunches 
have a few percent energy difference with respect to the 
even bunches, as shown in Fig. 3. This essentially 
decreases the instability growth rate by damping coherent 
oscillations between adjacent bunches. The lattice 
parameters and the TDD amount can be optimised 
depending on the beam parameters using simulation 
codes that include the wakefields, specially developed for 
this purpose [9, 10]. In the case considered here, an 
energy difference of about 5 % is the optimum value; it 
could be introduced in the drive beam before injection 
using 40 MV of 5 GHz cavities. 

The results of a typical simulation are shown in Fig. 4. 
Without wakefields (100% structure damping), the beam 
envelope is controlled all along the section and explodes 
afterward when the FODO becomes unstable for the 
lowest energy part of the beam. In the case of no or 
insufficient CTS damping, the transverse wakefield 
instability arises very soon, while the use of 30% 
damping of the dipole mode between subsequent bunches 
(100 ps) and of decoherence damping allows the 
instability to be controlled up to the end of the section. 

The CTS rms misalignment is assumed to be 50 um in 
this simulation, while the rms quadrupoles misalignment 
is 5 urn. Such values can in principle be obtained by 
applying a beam based one-to-one alignment algorithm to 
a witness drive beam pulse, but assumes a very good 
stability (< 5 urn) of the quadrupole magnetic center. 

The use of a dispersion-free algorithm for the drive 
linac prealignment has been investigated, and while it 
gives better results for the trajectories without wakes, the 
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Figure 4. Drive beam envelope along a drive linac section 
for different hypothesis. The initial integrated 
quadrupole strength is 5 T, decreasing to a final value of 
0.6 T at the end of the section (600 m). 

simulation results including wakefields show a bigger 
beam blow-up. Studies on pre-alignment methods that 
can relax the required precision and improve the 
operability are under way. 

4 CONCLUSIONS 

A method has been described for the generation of the 
CLIC drive beam based on recombination of bunch trains 
at high energy. Such a method could provide a very good 
efficiency of ~ 40% (wall plug to RF) for 30 GHz power 
production. In spite of the unusually high power, the 
drive beam generation and acceleration are pretty 
conventional. The splitting in sections of the drive linac 
allows to keep the power in each drive beam at the 
acceptable value of 7 MW and makes the scheme easily 
extendable. The main drawbacks are the necessary 
gymnastics in beam storage and combination, and the 
relatively high CTS impedance, resulting in an increased 
transverse instability. As can be seen in Fig. 4, the drive 
beam stability is on the edge of the wakefield limit, and a 
critical issue will be the amount of damping which can be 
introduced in the CTS. 

Experimental tests with beam are under way in the 
CLIC Test Facility, equipped with modules similar to the 
ones depicted in Fig. 1, although the CTS and drive beam 
parameters are somewhat different. 
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ANALYSIS OF A SYMMETRIC TRIPLET AND ITS APPLICATION TO 
RING INSERTIONS 

T. d'Amico, G. Guignard, CERN, 1211 Geneva 23, Switzerland 

Abstract 

It is interesting to study the matching capability of a triplet 
for a large range of parameters and to cover all the possi- 
ble solutions. Fully analytical treatments can be used for 
this purpose, when working with the thin lens approxima- 
tion. Closed solutions and the conditions in which they 
exist are described for the special case of triplets with a 
symmetric geometrical arrangement. They define all pos- 
sible matchings, which correspond to the requests or limits 
on the Twiss parameters that are specified, and then de- 
fine the range of values that are obtainable for the betatron 
functions. Numerical extension to thick lenses gives the 
complete solutions for the retained cases. Applications are 
presented on insertion and lattice problems, with emphasis 
on the design for a possible isochronous ring that is part of 
the injection chain of the CLIC drive beam. 

1   INTRODUCTION 

The design of a new type of isochronous ring for the in- 
jection chain of the CLIC drive beam [1] needs a matching 
section between two adjacent isochronous cells. The pur- 
pose of this section is twofold. First the betatron function at 
the entrance and at the exit of it should have the same value 
and its slope should be equal and opposite. Second the to- 
tal phase advance including the isochronous cell should be 
nir/m where n and m are small integers, in order to mini- 
mize the geometrical aberrations. The symmetry of the be- 
tatron function leads quite naturally to choose a symmetric 
lattice for the matching section. We selected a symmetric 
triplet for its compactness and because it provides the re- 
quired degrees of freedom. Several authors [2-7] have ob- 
tained analytical solutions in the thin-lens approximation 
for different configurations of quadrupole multiplets which 
are more general than a simple symmetric triplet. Their 
number of free variables is different from the six degrees of 
freedom of the transfer matrix and implies extra constraints 
or a mismatch factor [8]. In addition the adaptation of the 
analytical development of the general triplet to the symmet- 
ric case is cumbersome and does not take advantage of the 
lattice symmetry in an easy way. 

First Second Third 
quadrupole   quadrupole   quadrupole 

li 
G2 

li 

four free variables (the two drift lengths I1J3 and the mag- 
netic gradients G2, G4 respectively of the first and half of 
the second quadrupole). It can easily be proved [9] that 
the diagonal elements of the transfer matrix for each plane 
are equal. Thus the number of independent values which 
can be fixed by selecting the Twiss parameters at the en- 
trance and at the exit of the triplet is also four. The number 
of solutions is finite and does not depend upon additional 
assumptions. This observation has convinced us that a spe- 
cific study would be useful not only for the design of an 
isochronous ring but also to explore, in an exaustive way, 
all the existing solutions for a more general matching prob- 
lem. A particularly interesting one is related to the experi- 
mental insertions of collider rings such as the LHC. Triplets 
are indeed conveniently used to match the double waist at 
the interaction point to the rest of the lattice on either side. 

2   COMPATIBLE BETATRON FUNCTIONS FOR A 
SYMMETRIC TRIPLET 

The equality of the diagonal elements of the transfer matrix 
for each plane forces an important constraint on the beta- 
tron function in that plane at the entrance and at the exit 
of a symmetric triplet. Neglecting the special case when 
the phase advance is an odd multiple of 7r we may distin- 
guish two situations. The first one which can be called a 
mirror symmetry triplet occurs when the betatron function 
has equal values and its derivative has opposite values, the 
phase advance being a free parameter. This is the case of 
interest for building up an isochronous module which may 
be chained up to form a ring. An example is shown in Fig. 
2. The second configuration occurs when the betatron func- 
tion has different values at each end of the symmetric triplet 
with its derivatives being free parameters. This generality 
is limited by the fact that the phase advance can no longer 
be freely chosen and is given by : 

cot/i 
ß2ai + /3iQi2 

ßi-fa 

Figure 1: Schematic of a symmetric triplet 

A geometrically symmetric triplet as shown in Fig.l has 

where a±,ßi and «2,^2 are the Twiss functions at the 
entrance and exit of the triplet (see Fig. 1) respectively. 
Thus we have the choice only between two phase advances 
which differ by n. The more general case, which will be 
called a matching triplet can be of interest in several types 
of insertion. Its application to a collider final focus, where 
a round beam at the interaction point is matched to the stan- 
dard periodic FODO cell, has been studied. An example is 
given in Figs 3 and 4. 
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Figure 2: Horizontal and vertical /3-functions of a symmet- 
ric triplet which inverts the slopes of these functions. 
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Figure 3: Hor. and vert. /3-functions of the first solution of 
a symmetric triplet which transforms a round beam with a 
waist into a round beam with opposite divergences. 

3   DETERMINATION OF THE FOUR 
PARAMETERS OF A SYMMETRIC TRIPLET 

In the thin lens approximation, the transfer matrices for the 
horizontal and vertical planes can be expressed as functions 
of the two drift lengths li,l3 and the quadrupole strengths 
g2 = K2lq,gi = K±lq where lq is the quadrupole length 
and Kz, K± are the normalized gradients. To further sim- 
plify the problem the corresponding elements in each plane 
can be combined by taking half the sum and half the differ- 
ence of those in the first column (only two elements in each 
transfer matrix are actually independent). Thus we obtain 
the following system of equations: 

ct-\ + 4252Ö4 = a 
Mi + hto + gt) = b 

££ gig* + g2 + g<L = d, 

(i) 

Figure 4: Hor. and vert. /3-functions of the second solution 
of a symmetric triplet which transforms a round beam with 
a waist into a round beam with opposite divergences. 

where a, b, c, d are defined by: 

a = (th,u + t„,n - 2)/4 .    b = (*Mi ~ *«,n)/4 

C = (i/i,21 + tv,2l)ß ,      d = (thl21 - t„,2l)/4 ■ 

where th,nm an^ tV)„m are the elements of the horizontal 
and vertical transfer matrices respectively. The full analysis 
of (1) can be found in [9]. Neglecting the very special cases 
when either c = 0 or c = ±d and assuming be — ad ^ 0, 
the general solution of (1) is given by : 

{be — ad)z - (bd — ac) 
d2 

-d2 

92 

K3      = 

94     = 

(be - ad){l - z2) 

{bc-ad)(l-z2) 

z{c2 - d2) 

z2(d- cz) 
1-z2 

where z is a solution of the cubic equation 

,     2d   , d2 - c2 

c c{bc — ad) 
= 0. 

Of course only real values of z chosen such that the corre- 
sponding drift lengths are positive, should be retained. 

4   APPLICATIONS 

The motivation of the study was to obtain the parameters 
of the matching triplet between two isochronous modules 
providing given phase advances in the two planes. The be- 
tatron function and its derivative were determined by the 
isochronous module while the phase advances were chosen 
in such a way that the total phase advances for the periodic 
cell were 7r/3 in the horizontal plane and 3n/2 in the ver- 
tical plane. Thus every three cells in the horizontal plane 
and two in the vertical plane, kicks due to field errors may 
cancel out. This is a typical application of mirror symmetry 
and the results are quite good (Fig. 2). A second interesting 
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application is the matching from an interaction point to the 
standard FODO lattice. This would be schematically the 
case in circular colliders such as LHC when are neglected 
the constraints imposed on the value of the first drift length. 
At the interaction point, the values of the betatron functions 
in the two planes are equal and relatively small ("low ß") 
while their derivatives are null. At the exit to the triplet it is 
assumed that the betatron functions in the two planes cross 
each other with opposite slopes. Thus, 

ßh,l - ßv,l - ßl ,Oih,l = Oth,2 = 0 

ßh,2 = ßv,2 = ßl , Q.h,2 = -Oth,l = OL2 

The horizontal and vertical transfer matrices are 

Th = ±l/ao 

Tv = ±l/a0 

Q-2 ßl ~ ß2 

7i - 72        ot2 

-a2 ßi - ß2 

7i - 72       -Q-2 

where a0 = Vßil2 + ß%l\ - 2 and 71 = l//?i, 72 = 
(1 + a%)jß2. It is possible to show [11] that two and only 
two sets of triplet parameters satisfy these transfer matrices 
if we neglect a difference of n in the corresponding phase 
advances. The only condition is that a2 should not be zero 
or equal to yf{ß2 — A)/A- These two sets of parameters 
are given by: 

1    _ a;;zr,i+a;o 
1 I71-72I 

52 _ 71—n 
<*2        1 —Z,. 

h = 2J1/Z*! 

54 
«2Z,.,lg2 

2a0 

where zr,i is the (only) real solution of the cubic equation 
z3 + z + 2a0/a2 = 0 

b) f = 1/52 = Z^Z 

h = |//a2|\A*o(ao + |<*2|) 

k = \fWl + \a2/ao\ 

54 = -52/2. 

This treatment has been included in the package 
BeamOptics developed using the Mathematica language 
[10]. When l\ is imposed the approach described here can 
be extended by adding a drift of free length at the exit of 
such a symmetric triplet. It is then possible to examine 
the behaviour of important quantities such as the length 
of this drift and the maximum value reached by the beta- 
tron functions inside the triplet; and this according to the 
variation of the triplet parameters in a predefined range, 
and to specific constraints on the betatron functions at the 
end of the added drift. Two cases have been investigated 

: waist in one plane and equal values of the betatron func- 
tion with opposite slopes. All the possible solutions can be 
determined for canonical triplets (54 = —g2), general sym- 
metric triplets and even triplets where the third quadrupole 
strength is slightly modified. This study was applied to in- 
sertions of LHC type and provided interesting results on 
the ranges of acceptable triplet parameters [11]. 

5 CONCLUSIONS 

It has been shown that in the thin lens approximation a geo- 
metrically symmetric triplet is a structure simple enough to 
be handled analytically and yet powerful enough to be ap- 
plied to several interesting and quite different lattices. The 
method provides in a direct way all the existing solutions 
permitting a complete study of the required lattice. Exis- 
tence conditions can only be made explicit in special cases 
but readily constructed as an abacus whenever needed. It 
can be shown [9] that the extension to thick lenses is eas- 
ily obtained by solving a system of two nonlinear equa- 
tions functions of the normalized gradients K2,K\. Of 
course such results are obtainable also by standard numeri- 
cal matching programs although they may have difficulties 
in converging if not conveniently guided. Moreover their 
use is cumbersome and time consuming when included in 
a chain of specific codes written in other languages. The 
thin lens approximation obtained by the method described 
here is an excellent starting point for such algorithms. 
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THE S-BAND LINEAR COLLIDER TEST FACILITY AT DESY 

M. Schmitz for the SBLC study group 
Deutsches Elektronen Synchrotron (DESY), Notkestraße 85, D-22603 Hamburg, GERMANY 

Abstract 

The S-Band Linear Collider Test Facility under construc- 
tion at DESY serves as a test bed for the essentiell hard- 
ware to build a large scale eV linear collider based on a 
3GHz accelerating rf and having a center of mass energy 
of at least 500GeV. Besides the injection system at the 
beginning and a beam analysis area at the downstream 
end, the central part of the test facility consists of two 
modular units similar to those to be installed in a S-Band 
Linear Collider (SBLC) tunnel. The key-questions of 
Higher Order Mode (HOM) excitation, measurement, 
damping and feedback on the alignment of the accelerat- 
ing structure as well as the quadrupole position have to be 
answered in order to manage the most crucial aspect of a 
15km linear accelerator, namely the beam stability. The 
final layout of this test facility and the performance of the 
present setup including the first accelerating section fed 
by a 150MW klystron will be presented. 

I. INTRODUCTION 
Since 1991 a study group investigates the feasibility of a 
large S-Band Linear Collider (SBLC). Although S-Band 
accelerators are used in a lot of laboratories, the demands 
for a SBLC are not simple extrapolation from any exist- 
ing accelerator. Therefore a R&D program started in 1992 
to build up a S-Band Test Facility at DESY, in which the 
crucial aspects for a SBLC design can be investigated ex- 
perimentally: 

• Design, construction and operation of an injection system 
that is capable to produce bunchtrains that fulfill the SBLC 
demands (see section II). 

• Development, operation and improvement of a high peak 
power rf-source, i.e. klystron and modulator as well as other 
high power components, like rf-windows and loads (see 
section III). 

• Elaboration of a reliable concept to keep the HOM-effects 
below a tolerable limit determined by emittance growth. In 
this context measurement and damping of HOM's as well as 
straightness and alignment of the accelerating structure has 
to be mentioned (see section IV). 

• Development of suppression techniques fighting ground 
motion and vibration (see section V). 

The general layout of this test facility is shown in figure 1 
and its main parameters are listed in table 1. Delivered by 
an injector the beam will be accelerated by 2 modular 
units similar to those as being proposed for the SBLC. 

One module consists of 2 travelling wave sections (ß=l, 
27i/3-mode, 17MV/m) of 6m length each, that are driven 
by one 150MW/3us klystron connected to a 375MW peak 
power modulator. In addition the downstream end of each 
accelerating section is completed with correctors, one 
screen and a focussing triplet accomodating a stripline 
type beam position monitor. Before being dumped at the 
end of the 40m long test facility the quality of the 
400MeV beam will be analyzed using a spectrometer 
beamline including an OTR screen. 

energy at full current 400 MeV 
injector energy «4 MeV 
length of bunchtrain >2 us 
number of bunches 1-250 
bunch to bunch separation 8,16 or 24 ns 

particles per bunch 1.5, 3.0 or 4.5 1010e' 
current in bunchtrain >300 mA 
normalized rms-emittance «10010* rcmrad 

Table 1: Main parameters of the S-Band test linac 
In the present status the beamline ends downstream of the 
1. ace. section behind the focussing triplett. Except for a 
4-cell travelling wave structure (TWB1), which is quite 
important for the process of bunching the injector is com- 
pletely built up and delivers beam to the first ace. section. 
Since the first half of this section is surrounded by sole- 
noids, it can not be mounted on the regular girder con- 
taining the micro-movers (see section IV). Therefore the 
concept of beam-based-alignment is not applicable for 
this section anyhow and thus a 5.2m long section similar 
to the regular 6m section (see table 3) has been placed 
there. The additional space will accomodate a kicker by 
which means the excitation of HOM's can be provoked in 
the following 3 regular 6m sections. From this point of 
view the l.acc. section can also be regarded as belonging 
to the injection system. Results of the beam operation 
with this present setup are described in the next section. 

II. INJECTOR AND BEAM OPERATION 
The injector, combining high bunchcharge with short in- 
terbunch spacing, was designed by means of EGUN and 
PARMELA calculations [1]. The pulses of desired charge 
in a train of adequate timestructure are generated at a 
90kV thermionic gun and compressed by means of two 
standing      wave      subharmonic      bunchers      SHB1 
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2.ACC.SECTION 
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Concrete Wall 

50MW Klystron 

I      3.ACC.SECTION I     4.ACC.SECTION 

I    A    i      "HI ^P^^—ISOMW Klystron 1 

m        i 

Beam Analysis and 
Spectrometer Area 

M odulator 

H h 

Figure 1: General Layout of the S-Band Test Facility 
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(125MHz/34kV) and SHB2 (500MHz/36kV) as well as 
two S-Band travelling wave structures TWB1 (ß=0.6, 
4cells, 2TI/3, 7MV/m) and TWB2 ((3=0.95, 16cells, 87t/9, 
12MV/m). Two 5MW klystrons will be used to supply 
TWB1 and TWB2 individually. In order to achieve a gra- 
dient of 12MV/m at the available power of 5MW while 
maintaining a large iris aperture, the group velocity of 
TWB2 is only 0.4%-c. Therefore the 87i/9-mode was cho- 
sen. Starting with a 90kV gunpulse carrying 12nC 
(7.5-10'V) in a FWHM-bunchlength of 2.5ns, PAR- 
MELA simulation predicts an overall compression to a 
pulselength shorter than lOps with more than 95% trans- 
mission. Since both TWB's also serve for acceleration the 
kinetic energy at the output of the injector is expected to 
be about 4MeV. 

Starting in april 1995 with a short beamline dedicated 
for commissioning of the bunchtrain production at the 
gun, a longer beamline including both SHB's investigated 
their bunching performance from autumn 1995 to end of 
June 1996 [2]. The present setup started its operation in 
autumn 1996. It includes the first accelerating section and 
the whole injector complex except for TWB1. 

The gun produces 2us long bunchtrains with 8ns, 
16ns or 24ns interbunch spacing. The gunpulses carry at 
least 7nC (4.4-10'V) in a FWHM length of typically 
2.2ns. Their normalized rms-emittance measured 60cm 
downstream of the gun was 37t-mm-mrad compared to the 
PARMELA prediction of 6.87imm-mrad. From the same 
simulations 200ps long pulses are expected after com- 
pression with both SHB's. Bandwidth limited by the 
wallcurrent monitor 300ps long signals and a transmis- 
sion better than 85% were observed. This is valid for 
every bunch of the train, since a feedforward-system 
compensates beamloading effects at both SHB's. In the 
final stage TWB1 sitting at the longitudinal focal point 
determined by the operation of both SHB's and having a 
phase velocity of 0.6-c will guarantee a clean capture of 
these pulses. 

However TWB1 is still missing while TWB2 is al- 
ready at its final position. In order to be captured at 
TWB2 having a phase velocity of 0.95-c, the 90keV 
pulses have to be accelerated at SHB2 while SHB1 still 
operates around zero crossing. From a 6.8nC (4.25-1010e') 
gunpulse about 5nC (3.12-1010e) can be found down- 
stream of TWB2. In that optimized case SHB2 raises the 
average beamenergy by 36keV while its amplitude was 
52kV which gives a phase of about 50° wrt. the beam. Fi- 
nally 4.8nC (3-10'V) have been accelerated through the 
1. ace. section of 5.2m length. From a 8um-Al foil 
mounted «1.5m behind this section Optical Transmission 
Radiation (OTR) has been detected and a profile of the 
beam can be seen. Measuring the displacement of the 
beam at the OTR-screen introduced by a correction coil 
results in a beam momentum of 100MeV/c (±15%), cor- 
responding to an accelerating gradient of 19MV/m. Tak- 
ing the 5.2m section parameters from table 3 this gradient 
compares fairly well with the measured input power of 
58MW. 

Besides the information on the beam profile, the 
OTR will be used for energy and bunchlength measure- 
ment. In the first case its angular distribution has to be 
analyzed, while in the second case the frequency spec- 

trum of the infra-red part of the coherent OTR needs to be 
measured. Both experiments just started commissioning 
their setup. 

III. MODULATOR AND KLYSTRON 
Since modulators and klystrons contribute significantly to 
the total cost of a linear collider, as much peak power as 
possible has to be produced with a single device. In 1993 
a R&D program together with SLAC, the Technical Uni- 
versity of Darmstadt, PHILIPS (Hamburg) and DESY 
started to construct and operate two 150MW/3ps/50Hz 
klystrons. Accompanied by 2D and 3D simulations [3] to 
optimize the overall layout, in 1994 the first and in 1995 
the second klystron having a slightly modified output cir- 
cuit geometry and improved HOM damping in the drift 
tube was built and tested at SLAC meeting the require- 
ments as can be seen in table 2. 

Design #1 #2 
beam voltage 535 527 508 kV 
u-Derveance 1.79 1.78 1,80 A/V15 

output power 150 153 150 MW 
pulse length 3.0 2:3.0 >3.0 US 
efficiency 40 43 45 % 
gain >50 56 57 dB 
Table 2: Parameters of both 150MW klystrons 

Similar to the one at SLAC to test the 150MW klystron at 
full power and 60Hz, two PFN-type modulators for the 
test facility are built at DESY. They consist of 4 lines in 
parallel resonantly charged up to 50kV within 17ms via a 
charging choke. A current of 16kA is supplied into the 
primary of a 1:23 pulse transformer when discharging the 
PFN by switching two thyratrons. Maximum ratings of 
the modulator are 535kV and 700A [4]. 

The first unit of modulator and klystron has been in- 
stalled in the test facility and was successfully commis- 
sioned at 150MW/3us/50Hz with the same performance 
as during the SLAC tests (see table 2). The second unit 
will be commissioned soon. 

Since November 1996 one output arm of the 150MW 
klystron#l has been connected to the 1. ace. section while 
the other still works on a load. Presently, after about 400h 
of beam operation and conditioning, the section can be 
operated with an 1.5us long rf-pulse of 60MW (i.e. 
120MW of klystron power) at 25Hz repetition. 

IV. ACC. SECTION AND HOM-HANDLING 
The accelerating section is of constant gradient type oper- 
ating in 27t/3-mode, with a continuous taper of the group 
velocity along its whole length of 6m. HOM handling to 
avoid emittance dilution due to single- and multibunch 
instabilities together with simple construction techniques 
to reduce the costs for mass production are the main top- 
ics to be investigated. The HOM handling concept re- 
quires HOM-damping, adequate section detuning as well 
as a certain straightness and alignment of the section. As- 
suming an average Q-value of the HOM's of 4000 (natu- 
ral »13000) and the SBLC bunchcharge of 1.8nC (6ns 
interbunch spacing) the total accuracy of alignment and 
straightness of the 6m section has to be <50pjn rms. In 
that case beam dynamics calculations predict an emit- 
tance growth of about 20% for a 15km long linac. 
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Since there are a lot of trapped modes in long travel- 
ling wave structures, external dampers would have to be 
coupled to the section at many positions, which is neither 
reasonable nor cost saving. Instead of that internal 
damping by sputtering a thin (20um) steel layer onto the 
iris showed a Q-reduction of the HOM by a factor of 5, 
while the fundamental Q changes only by 5%. This layer 
withstood an iris tip field of 28MV/m in a high power 
standing wave test resonator without any degradation. 

Nevertheless one or two cells will be equipped with 
HOM couplers to measure the beam induced power 
which is correlated to the average excentricity of the 
beam axis wrt. the section. This signal has to be mini- 
mized (beam based alignment) when driving the micro- 
movers that are mounted below the section girder. The 
girder as shown in fig. 2 must not deteriorate the straight- 
ness of the section, mounted on top of it, even with tem- 
perature transient around it. Therefore it is constructed 
from a tube (448mm dia.) that is totally thermal insulated. 
The movers, one on each end of the girder can operate 
between ±1.5mm with a step size of 150nm (see figure 2). 

Linac II SBLC 
length of section 5.2 6 m 
attenuation 0.5-0.6 0.55 neper 
group velocity 3.3-1.2 4.1-1.3 %-c 
filling time 750 790 nsec 
Table 3: Parameters of the accelerating sections 
for LINAC II and SBLC 

In the process of replacing old sections of the LINAC II 
(the eV injector linac at DESY) 5.2m long sections hav- 
ing comparable parameters (see table 3) were built at 
DESY. While the straightness tolerance is easily met after 
the vertical inductive brazing of typically lm long pieces, 
which have a measured rms deviation of typically 20um, 
the horizontal braze of the complete 5.2m section has 
shown deviations of up to 1mm. They have been de- 
creased down to lOOum rms by a recently developed 
straightening procedure, and will achieve the target value 
of 30um after commissioning of an improved straighten- 
ing device constructed for this reason. 

Up to now five 5.2m sections have been assembled, 
tuned and high power tested at DESY. One of them is in- 
stalled in the test facility as 1. ace. section and 3 are oper- 
ating in the LINAC II continuously without difficulties. 

Other major technical developments being made so 
far are a very compact symmetric high power input cou- 

Figure 2: Regular girder for the 6m section including micro 
movers (short piece of structure on top to demonstrate the full 
assembly) 

pier [5] and the collinear load [6]. The collinear load ab- 
sorbs the remaining rf-power over the last eight cells of 
the section while still accelerating the beam. Such a load 
avoids a second high power coupler (costs), represents no 
obstacle for the inductive brazing coil, is perfectly sym- 
metric (no transverse kicks due to field asymmetries) and 
absorbs any higher order mode touching the end of the 
section. 

The first 6m section equipped with symetric high 
power couplers, iris coating, internal load and 2 HOM 
couplers (one at the front end and one almost at 2/3 of the 
section length) will be installed on the regular girder in 
the test linac end of May this year. 

V. GROUND MOTION AND VIBRATION 
Any kind of quadrupole motion within the frequency 
range of 2-30Hz can hardly be damped either in a passive 
manner or with beam based feedback techniques. There- 
fore ground motion detectors (geophones and acceler- 
ometers) have been tested and further developed [7]. 
Each quadrupole in the test facility will be equipped with 
such a detector to feed back on the vertical quadrupole 
position via piezo movers. Attenuation of amplitudes up 
to 14dB within this frequency range has been achieved 
and corrects the vertical rms quadrupole motion down to 
the 20nm range. 

In addition a simple and stiff concrete support with 
mechanical resonances well beyond 100Hz has been built 
for the quadrupole to avoid any externally driven excita- 
tion. To decouple the vibration introduced by water flow 
within the coil windings of the quadrupole, the coils are 
mounted on a separate aluminium support within the 
quadrupole yoke. This support can be mounted separately 
to the floor. 
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AN ASYMMETRIC LINAC-RING COLLIDER FOR BARYON TIMELIKE 
FORM FACTOR MEASUREMENTS WITH EXISTING HIGH ENERGY 

STORAGE RINGS 

RPatteri and R.Baldini, INFN-LNF, 100044 Frascati, Italy and 
CBini, INFN-Roma I, Roma, Italy 

Abstract 

It is considered the possibility of using a positron storage 
ring like CESR and a low emittance, high duty cycle 
electron linac or a CW racetrack microtron of 100-200 
MeV to realize an asymmetric collider providing a 
luminosity L-1030 cnrV1. A suitable linac can be based 
on the superconducting modules developed for the 
TESLA Test Facility (TTF) at DESY or for CEBAF at TJ 
Laboratory. The microtron option can be developed 
similarly to the existing first 2-stage of the Mainz 
microtron or based on the studies for the RTM of 
NIST/LANL in late 80's. 

1 INTRODUCTION 

The energy range of the existing e+e~ storage rings no 
longer spans the pp and nn pair production threshold 
with adequate luminosity to improve the statistics and 
data quality of the old experiment. Quite unexpected 
results from the FENICE experiment [1], which measured 
the neutron e.m. form factor from the reaction 
e+e~ —>nn, are pushing for a new e+e~ collider at cm. 
energy around the baryon pair threshold. Besides the low 
cross sections, an additional difficulty in these 
measurements is due to the low kinetic energy of the 
emerging particles. In order to overcome the difficulty of 
detecting the low energy neutron coming from the nn 
pair nearly at rest in the laboratory frame, as in a 
symmetric storage ring, an asymmetric collider has been 
considered. 

Such a a machine could be based on an existing high 
energy storage ring, e.g. CESR at energy ~5-f8 GeV, 
where an intense positron beam is stored, and a low 
energy electron beam at an energy <200 MeV. The range 
of electron  energy Ee  for head-on  collision  with a 
positron beam of energy Ep providing invariant mass Vs 
is given by 

0) s = 4EpEe. 

The   center-of-mass   energy   range   between   the   nn 
threshold and Vs=3.1 GeV as a function of the electron 
energy Ee is shown in fig. 1 for two different values of 
Ep.   The invariant masses corresponding to the baryon 
pair thresholds and the J/\\i mass are also shown. 

Crucial parameters of the electron accelerator are the 
beam emittance, which must be comparable with that of 
the storage ring, and the average current which, although 
~103 times lower than the stored current, is nevertheless 
very high when compared to typical linac currents. A 
linac in the injection chain around a storage ring cannot 

provide such a beam quality, but the required 
performances are achieved at some linac based FEL 
facilities. The bunch separation in the linac beam must 
be an integer multiple of that between the bunches stored 
in the ring and the rf systems must be phase-locked to 
ensure the stability of the collision point. 
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Figure: 1 Invariant mass vs. electron beam energy in 
head on collision with the stored positron beam of energy 
5.3 GeV (continuos line) and 8 GeV (dashed line). 

In order to improve the statistical accuracy with respect to 
FENICE by at least an order of magnitude in a reasonable 
running time a new collider must provide a luminosity 
L>1029 cnrV1. Comparing this value with the 
luminosity L-1033 cnrV1 expected at CESR after 
planned upgrade to raise the storable current to 500 mA 
the goal should be attainable with Iav>50 uA. This 
current can be obtained either by a 5 mA, 1% duty cycle 
sc linac or by a CW machine. 

Electron beam polarization would provide a valuable 
tool to help to disentangle the contribution to the neutron 
form factor due to the magnetic part GM and the electric 
partG£. 

2 THE LUMINOSITY OF A LINAC-RING 
COLLIDER 

The luminosity of an head-on linac-ring collider is given 
by 

L = 
nenpfc 
4nax*z 

(2) 

where ne and np are respectively the electron and 
positron bunch population, fc is the collision frequency, 
given by the stored bunch frequency fy times the linac 
duty cycle 8.  The beam sizes ox, oz are defined by the 
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ring lattice and energy and it is assumed that the linac 
beam sizes can be matched to those of the ring. As far as 
the "geometrical" coefficients in the denominator of 
eq.(2) is concerning, it is best to run the ring at the lowest 
as possible energy Ep, because crccEp.   However this 

implies higher sensitivity of the storage ring to beam- 
beam perturbation and higher electron beam power in the 
dump. Increasing the ring energy, and therefore 
decreasing the linac energy to satisfy eq.(l), has similar 
effect on the linac and ring beam sizes owing to opposite 
energy dependence 

cr, linac ■Iß. x,z^ linac ' ^e > "ring — -JPx,z£x,i EP ring     t 

where 4"L and £ring WQ respectively the linac and ring 

normalized emittance. It is worthwhile noting that a 
reduction of Ee implies a reduction oc E* of the rf power 
in the linac accelerating structures: by trading off between 
the peak power and the duty cycle it is possible in 
principle to compensate for the luminosity reduction at 
higher ring energy by increasing the linac duty cycle. 

2.1 Machine parameters 

A luminosity estimate has been carried out assuming the 
values experimentally achieved at CESR in the old 
operating mode [2] which stored 112 mA in 7 bunches. 
The parameter set is listed in table I. 

Machine parameter value unit Note 

Energy Ep 5.3 GeV 

Hor. emittance ESRJX 1.2 10-8 mrad @ 1.0 GeV 

Hor.-vert.coupling k 0.015 
Positron/bunch np 2.5 1011 @ 112mA 

Bunch spacing Sb 300 ns 

Horiz. opt. funct. ßx* 1.0 m 

Vert. opt. funct. ßz 18 10-3 m 

Beam size ax 574 urn 

Beam size oz 10 urn 

Damping time tx,tz 26.9 ms 

Damping synchr. tg 13.4 ms 

The parameters referring to the electron beam, listed in 
table II, are based on experimental data or design 
specifications at the TESLA Test Facility at DESY [3]. 
These values are comparable with the performances 
achievable by industrial grade sc technology (see for 
instance the CEBAF project for a FEL based industrial 
application of sc technology [4]), so they are a reliable 
basis for the estimate of the collider performances. 

The specifications of the TESLA Test Facility linac 
are of course suited to linac-linac collider operation, 
therefore some features which could provide a boosting 
of performances as a linac-ring collider have not been 
considered;  for  instance  the  R&D  privileges  higher 

accelerating gradient to get a shorter linac instead of a 
longer macropulse. 

The luminosity attainable with the parameters listed 
in table I and table II is 1.7 1029 cnrV1. 

Table II - Main parameter of the linac 
Machine parameter value unit Note 
Energy Ee 0.16 GeV @ nn th. 
Length L 45 m 

Emittance £fl^c 
1.0 10-8 mrad @lGeV 

Horiz. opt. funct. bx* 5.0 m @ nn th. 

Vert. opt. funct. bz* 1.5 10-3 m @ nn th. 

Macropulse current Im 8 mA 
Particles/bunch ne 1.8 1010 

Bunch frequency % 3.333 MHz 

Pulse duration Ton 1.0 ms 

Repetition rate fr 10 Hz 

Duty cycle 8 0.01 

2.2 Improvements and Limiting Factors 

The macropulse linac current limit requires that 
nefb=constant; however, a reduction of linac pulse 
frequency implies a corresponding increase of np so that 
at constant current both in the ring and linac beam 
L oc fl1. The corresponding luminosity as a function of 
the number of bunches stored in CESR is shown in fig. 2. 
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Fig. 2 - Luminosity vs. number of stored bunches in 
CESR at 112 mA (continuous line). The luminosity 
achieved at ADONE for the FENICE experiment is 
shown for comparison. 

A limit to the bunch density of the colliding beams is 
given by the beam-beam perturbation characterized by 
the linear tune shift parameter £,; the experimental data 
from all the existing storage rings indicate that a bunch 
density limit corresponding to !max~0-05 cannot 
exceeded. In the case of a linac-ring collider this limit 
apply of course only to the stored positron beam. The 
maximum values of \ for the cases in fig. 2 are £x=0.032 

and £z=0.033. It is to note that this perturbation affects 
the stored beam with a low duty cycle, so that the 
damping can restore the initial beam condition before the 
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next linac macropulse. The average effect on the beam 
should be not higher than that due to an equivalent £eq 

given by the previous E, weighted by the duty cycle plus 
the damping times: £eq,i=£i fr (Ton+T;). The resulting 
values are well below the range 0.02<£meas<0.04 
measured at CESR in a variety of conditions [5]. 
Probably the single bunch density will be limited by the 
longitudinal instability before the previous limit applies; 
it should depend strongly on the planned upgrade of the rf 
and feedback systems. 

These considerations applies if Iav is provided by a 
pulsed beam with 8<0.01. Of course a trade off as large 
as possible between ne and fb is desirable since this 
relaxes the ring specifications and reduces the 
perturbation of the stored beam. Moreover, the increase 
of the current up to 500 mA is achievable mainly 
increasing the number of the stored bunches. 

3 THE MICROTRON OPTION 

The average current could be obtained by a low current 
CW machine like a small storage ring or a racetrack 
microtron. In this case the beam beam perturbation on the 
positron beam is reduced by a factor 1/8 and a 
corresponding increase in luminosity, at constant %, could 
be obtained by squeezing the beam size by the same 
factor at the interaction point. However, in the case of a 
low energy storage ring the perturbation affecting the 
stored beam is likely to be intolerable; although this 
option deserves a better insight, it is presently rejected 
because the short lifetime of the perturbed beam is 
expected be an intense source of background. 

The CW racetrack microtron option has no such a 
limitation since it provide a disposable beam. Moreover 
the footprint of the microtron is small and can be easily 
allocated at some distance from the ring. The transport 
line can be optimized for the best collision point layout 
without ring lattice constraints. If the perturbation on the 
stored positron beam could be made negligible, parasitic 
operation becomes possible as an alternative to dedicated 
operation largely increasing the running time of the 
experiment. 

The existing machines providing Iav - 100 uA use 
normal conducting accelerating modules, which make 
them simpler and cheaper with respect to a 
superconducting based accelerator. The suppression of 
higher order modes excited by recirculating beams was 
considered the major drawback of the sc structures at the 
time of their construction; in the meanwhile wide 
experience has been gained in this field so the feasibility 
of a superconducting CW microtron deserves a better 

consideration now. Recent operation of the TTF 10 MeV 
capture section at 8 mA indicates that a 200 MeV, 20 
passes machine providing 400 uA is conceivable. 

The performances of the operating Mainz RTM [6] 
and of the IAS A machine [7], derived from the 
discontinued NIST/LANL PEL program, are listed in 
table III for comparison. 

Table III - Parameter list of existing or planned 
RT microtrons providing lav > 100 uA 

RTM machine Mainz IASA unit 
Energy max 185 247 MeV 
Average current 107 100 MA 
Injection energy 14 42 MeV 
Gain per turn 3.2 8.5 MeV 
# of recirculations 51 25 
Energy width 36 — keV 
Emittance 14 IO-9 -- 7t mrad 
Magnet spacing ~6 8.6 m 

4 CONCLUSION 

The construction of a dedicate electron accelerator for 
one specialized and time limited experiment could seem 
expensive. However the electron beam quality is very 
high and it can be easily exploited for up-to-date 
experiments in different fields, such as FEL or y 
production for solid state or nuclear physics, by Compton 
or Thomsom scattering, thereby largely improving the 
cost/productivity ratio. 

The performances achieved in the past by CESR and 
those expected by a TTF-like linac allow to design a 
linac-ring collider providing a luminosity more than an 
order of magnitude better than the luminosity for the 
FENICE experiment with boosting in the laboratory 
frame further improving the effectiveness of the 
experiment. Potential upgrading of both the linac and the 
storage ring performances should provide safe margins to 
easily reach the goal of luminosity L = 1030 cm"2s_1. 
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MOPA FEL SCHEME AS A SOURCE OF PRIMARY PHOTONS FOR 
GAMMA-GAMMA COLLIDER TESLA AND SBLC 

E.L. Saldin, E.A. Schneidmiller 
Automatic Systems Corporation, 443050 Samara, Russia 

M.V. Yurkov 
Joint Institute for Nuclear Research, 141980 Dubna, Moscow Region, Russia 

Abstract 

This report presents description of the free electron laser 
system to be the source of primary photons at Lnear Col- 
lider TESLA/SBLC [1]. 

1   INTRODUCTION 

The project of a Linear Collider is under development by 
the international TESLA collaboration [1]. In addition to 
studying e+e~ physics, it is planned to organize the sec- 
ond interaction region for studying 77 and 7e collisions. 
Gamma-quanta will be produced by means of Compton 
bacscattering of laser photons on the electron beam from 
the main accelerator [2]. To provide high conversion ef- 
ficiency, the peak laser power should be not less than 
300 GW. Time structure of the laser operation should be 
identical to that of the main accelerator. The laser pulses 
should be synchronized precisely with respect to the elec- 
tron pulses with accuracy of about one picosecond. It is 
likely that the laser should be tunable, so as an optimal 
wavelength range depends on the collider energy. Finally, 
to provide a more reach program of physical experiments, 
the laser should provide a possibility to steer the polariza- 
tion of the laser light. All these requirements make the 
problem of the laser for gamma-gamma collider to be not 
trivial, especially for the TESLA project [1, 3,4]. 

Potential features of a free electron laser (FEL) allow 
one to consider it as an ideal source of primary photons for 
a gamma-gamma collider. Indeed, FEL radiation is tunable 
and has always minimal (i.e. diffraction) dispersion. The 
FEL radiation is totally polarized: circularly or linearly for 
the case of helical or planar undulator, respectively. A driv- 
ing accelerator for the FEL may be a modification of the 
main linear accelerator, thus providing the required time 
structure of laser pulses. The problem of synchronization 
of the laser and electron bunches at the conversion region 
is solved by means of traditional methods used in accel- 
erator techniques. FEL amplifier has potential to provide 
high conversion efficiency of kinetic energy of the electron 
beam into coherent radiation. At sufficient peak power of 
the driving electron beam the peak power of the FEL radi- 
ation could reach the required TW level. 

The idea to use the FEL as a laser for gamma-gamma 
collider has been proposed in ref. [5]. More detailed study 
of this idea has shown that the problem of construction of 
free electron laser can be solved using Master Oscillator - 

Power Amplifier (MOPA) scheme with the driving accel- 
erator for the FEL amplifier constructed on the same basis 
as the main accelerator for a linear collider [6, 7, 8, 9]. At 
present an option of an FEL as a laser for gamma-gamma 
collider is studied for different projects. While there ex- 
ist different FEL configurations, an amplifier configura- 
tion has definite advantages for application in the gamma- 
gamma collider schemes [9]. The choice of specific tech- 
nical solution depends on the parameters of the linear col- 
lider project. For instance, for the VLEPP, CLIC, JLC and 
TESLA projects it has been considered to use MOPA FEL 
scheme [3,4, 10, 12,13]. 

Designers of NLC project consider an FEL scheme using 
induction linac and chirped pulse amplification technique 
[14, 15]. 

2   FEL PARAMETERS 

In the present study of the Linear Collider Project it has 
been accepted to use MOPA FEL scheme as a source of 
primary photons for gamma-gamma collider (see Fig. 1). 
Such a choice fits well to both TESLA and SBLC op- 
tions. In this scheme the optical pulse from Nd glass laser 
(A = 1 /im, 1 MW peak power) is amplified by FEL am- 
plifier up to the power of about 500 GW (see Table 1). The 
driving beam for the FEL amplifier is produced by the lin- 
ear rf accelerator identical to the main accelerator, but with 
lower accelerating gradient due to higher beam load. It is 
important that the requirements to the parameters of the 
FEL driving electron beam are rather moderate and can be 
provided by injector consisting of gridded thermoionic gun 
and subharmonic buncher. 

Table 1 presents the main parameters of the FEL ampli- 
fier and the driving accelerator. It is seen from Fig. 2 that 
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Figure 1: MOPA FEL configuration for a gamma-gamma 
collider 
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Table 1: Parameters of the FEL amplifier 

Electron beam* 
Electron energy 2GeV 
Peak beam current 2.5 kA 
rms energy spread 0.2% 
rms normalized emittance 2-K x 10-2 cm rad 
rms bunch length 1 mm 

Undulator 
Undulator type Helical 
Undulator period (entr./exit) 15 cm/ 12.9cm 
Undulator field (entr./exit) 10.2 kG/11.9 kG 
Length of untapered section 17 m 
Total undulator length 60 m 

Radiation 
Radiation wavelength 1 fxm 
Input power 1MW 
Output power 500 GW 
Flash energy 2.3 J 
Efficiency 10% 

Time diagram of the accelerator operation is identical to 
the time diagram of the main accelerator. 
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Figure 3: Radial distribution of the radiation power den- 
sity (1) at the undulator exit and the electron beam current 
density (2). 

initial size of few millimiters (see Fig. 3). 

To reduce the cost of the laser system, only one free elec- 
tron laser can be used. This scheme operates as follows. 
The FEL is installed only in one branch of the linear col- 
lider. When the laser bunch passes the focus of the conver- 
sion region, it is not dumped but is directed to the optical 
delay line which provides a delay time equal to the time in- 
terval between the bunches. Then it is focused on the elec- 
tron beam of the opposite branch of the linear collider. Of 
course, this configuration provides colliding gamma-beams 
with the second micropulse of the collider. Nevertheless, 
the number of microbunches is equal to several hundreds, 
so it will not result in significant reduction of the integral 
luminosity. 

3   FUTURE PERSPECTIVES 

Figure 2: Output power of the FEL amplifier versus undu- 
lator length (curve 2). Curve 1 corresponds to untapered 
undulator. 

500 GW level of output power is achieved at the undulator 
length of about 60 m. Total flash energy in the laser pulse 
is about of 2 J. 

Using FEL amplifier allows one completely exclude 
transmitting optical elements and deliver the laser beam to 
the conversion region using several reflections from metal- 
lic mirrors which are rather stable to the laser radiation 
damage. This can be done when vacuum systems of the 
FEL amplifier and linear collider are combined. The first 
reflection mirror can be installed at a distance about several 
tens of meters after the exit of the undulator when the laser 
beam expands to the size about several centimeters from 

The present design has been limited with an approach 
which can be realized at the present level of accelerator 
and FEL technique. The main reserve to improve the FEL 
performance is to increase its efficiency which will allow 
to decrease the requirements to the value of the peak elec- 
tron beam power. The perspectives of the FEL efficiency 
increase are on the way of using multi-stage FEL ampli- 
fier with diaphragm focusing line (see Fig. 4) [16,17]. The 
principle of operation of this FEL scheme consists in the 
storing of the energy in a single laser pulse amplified by 
a sequence of electron bunches. This scheme has evident 
perspectives for the TESLA project due to a large bunch 
spacing. Preliminary study shows that the energy of the 
driving electron beam could be reduced to the value of sev- 
eral hundreds of MeV and the value of the peak current 
could be reduced by several times. The beam load in accel- 
erator will be also reduced approximately by a factor of 3 
due to higher FEL efficiency about of 30 %. 
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Figure 4: The scheme of multi-stage FEL amplifier. 
One optical pulse is amplified by a sequence of electron 
bunches. The peak power of the output radiation exceeds 
by a factor of N (number of amplification stages) the peak 
output radiation power of traditional single pass FEL am- 

plifier. 
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A CONVENTIONAL READ-OUT ELECTRONICS 
FOR THE BUTTON-TYPE BPM IN THE ATF DAMPING RING 

F. Hinode, J. Urakawa, KEK, Oho 1-1, Tsukuba, Ibaraki, 305 Japan and 
Y. Yoribayashi, Hoshin Electronics Co. Ltd., Hatanodai 5-4-3, Shinagawa, Tokyo, 142 Japan 

Abstract 

A conventional read-out electronics for button-type beam 
position monitor (BPM) has been developed for the KEK 
ATF (Accelerator Test Facility) damping ring[ 1 ]. This elec- 
tronics system is used in early stage of beam commission- 
ing in the damping ring. The system can measure the beam 
orbit by single pass processing of bunch train, have the res- 
olution of about 10 /zm, and is reliable. It is also desirable 
that it is low cost because of a requirement of several hun- 
dreds of circuit channels. The system consists of charge- 
sensitive ADCs and clipping modules. The clipping mod- 
ule employs a clipping technique, which clips the bipolar 
signal from a BPM to integrate the signal charge. It is also 
useful for strip-line type BPM because of the enrichment 
of low frequency component. The design and test results 
with a beam operation are reported. 

1   INTRODUCTION 

To achieve as small an emittance as possible is one of crit- 
ical issues to obtain a high luminosity in the linear col- 
lider, as well as to achieve a high acceleration efficiency 
and a strong final focus. Future linear colliders, such 
as JLC, require a very small vertical emittance, typically 
eny — 30 nm. A damping ring, the most feasible method 
for obtaining such a tiny emittance, is a fundamental part 
necessary to ensure the high performance of a linear col- 
lider. An ATF damping ring is one of those machines which 
is devoted to verifying and to demonstrating the tiny emit- 
tance of JLC. The damping ring has a race track shape and 
the lattice has a symmetry of a 180 degree rotation. There 
are four wiggler magnets and RF cavities or kicker magnets 
in an each straight section. 

To achieve such a low-emittance beam we must correct 
the dispersion of the orbit, which is small (77 < 2 mm) 
in the long wiggler section of the damping ring. A pre- 
cise measurement of the dispersion is indispensable. Usu- 
ally, the actual dispersion is obtained by comparing each 
closed-orbit distortion under the conditions of different RF 
frequency (Afjtp ~ 10 kHz). For. this reason, the require- 
ment for the resolution of the BPM is less than 5/xm. Fur- 
thermore, the impedance of the components, such as the 
vacuum chamber, can be the source of a single-bunch in- 
stability which could degrade the beam quality. To avoid 
such an instability, the total longitudinal impedance must 
be less than about 0.2J1 The results of wake-field cal- 
culations indicate that the impedance is very small on the 
electrode of the button-type compared with the directional- 
coupler type. We therefore selected the button-type elec- 
trode for the BPM. The detail about BPM chamber is de- 
scribed in [2]. 

2   SYSTEM OVERVIEW 

We developed a conventional read-out electronics system, 
which feature is a single-path monitor, enough position res- 
olution, flexibility, simple and low cost. To measure the 
beam orbit with only one-passage of the beam is desirable 
for well understanding of the beam status; damping, sta- 
bility, etc. To be a single-path monitor is also very impor- 
tant especially in the first stage of beam commissioning, 
because we have no screen monitor in the damping ring. 
In the ATF damping ring, the beam operation is performed 
with single or multi-bunch beam. In the case of the multi- 
bunch beam, the bunch spacing is 2.8 nsec and the number 
of bunches is about 20. Those bunches form a bunched 
train and the maximum number is five trains which can cir- 
culate in the damping ring. It is favorable to measure the 
position of each bunch in a bunched train, however, it is 
very hard to satisfy this requirement with the above many 
conditions in same time. Therefore we did not take into 
account of this point for the present system. We tried to 
construct the whole system to be quite simple taking into 
account of the flexibility and maintainability. 

Figure 1 shows BPM system for the ATF damping ring. 

BPM electronics system for the ATF Damping Ring 

K 
common tor 6 sections 

NM    CAMAC 

clipping Fanout      Dlscrl. 
module    <*«'9»ADC 
(8ch) <1Sch> 

n input   [ | 1 
reset   [ 1 

Gain Selector 

TD2 
(slave) 

"~L 

TD2 
Fanout      (master) 

Beam Timing 
(rev. timing) 

Fanout      Gate Generator        CSY 

Figure 1: Schematic diagram of the BPM system. 

There are 96 button-type BPMs in the damping ring to- 
tally, and which belong to three kinds of types. One type 
of button BPMs are mainly used in the two arc sections of 
the race track ring, which has a cylindrical shape of inner 
diameter of 24 mm. The second type is used in the two 
wiggler sections which has a race track shape, and the third 
one is in a septum section, which has a cylindrical shape of 
inner diameter of 14 mm. These 96 BPMs are divided into 
six sections with respect to the beam line, i.e. two straight 
sections and 4 quarters of 2 arc sections. These BPMs can 
measure the position in a same time. The same time means 
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to measure the same turn signal of a circulating beam. The 
signal cable length in each section is adjusted taking into 
account of time of flight to detect the same turn beam by a 
common trigger signal. 

Each section has several units, which consist of clipping 
modules, charge-sensitive ADCs and a discriminator. Mas- 
ter timing signal from common timing system is adjusted 
to the beam injection by a master TD2 module and dis- 
tributed to six sections. The timing adjustment for each 
section is done by a slave TD2 module. The another turn 
signal can be easily measured in same time by remote con- 
trol of the delay timing of the master TD2. And also if we 
need, arbitrary turn orbit can be measured for each section 
independently by remote control of the delay timing of the 
slave TD2. The four signals from each BPM are processed 
by clipping module, which clips the bipolar signal in order 
to integrate the charge by charge-sensitive ADC. Figure 2 
shows the circuit of clipping module. 

axis is an input signal level (arbitrary unit) changed by an 
attenuator. The solid line shows a linear fit for the central 
region. 

I inpul h- 

♦6V -6V 

Figure 2: Circuit of CL mini-card in the clipping module. 

The clipping module is a NIM type module and highly 
condensed to mount eight channels, so that one clipping 
module can process signals for two BPMs. One channel 
of the clipping module consists of a low-pass (100 MHz) 
and a band-pass filter (30 MHz), amplifiers and a clip- 
ping mini-card. For the first two amplifiers inside the 
clipping module, which gain can be changed correspond- 
ing to the signal level. Inside the clipping mini-card, 
bipolar signal is clipped by a shot-key barrier type diode, 
MA700/A (VF=0A V, @IF=l mA). The output signal 
from clipping module is then digitized by the charge- 
sensitive ADC, which has 16 channels with 14 bit inside 
a CAMAC one width module. 

3   PERFORMANCE OF THE ELECTRONICS 

The preliminary electronics test was carried out at a test 
bench. Test signal was generated by differentiation of 
a short width rectangular pulse from a pulse generator 
(Hewlett Packard), and then fed into clipping module. Out- 
put linearity of the clipping module was checked with this 
test signal. Because of the diode feature in the clipping 
mini-card, the clipping module doesn't have good linearity. 
Fig. 3 shows the result of output linearity. The horizontal 
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Figure 3: Output linearity of clipping module. 

Although this linearity will be improved by a circuit 
modification, presently the nonlinearity is corrected by a 
software on the position calculation. 

The performance of electronics was checked by using 
a HP pulser. The input signal which simulated a BPM 
signal was split into two channels of a clipping module 
as a centered beam. The position is calculated by X = 
k * {Va - Vc)/(Va + Vc), where Va and Vc were ADC 
counts after pedestal subtracted and linearity corrected. 
Conversion coefficient k = 6388 jum was used. In order 
to estimate a resolution, 50 measurements were made dur- 
ing each signal amplitude and the standard deviation was 
taken as a resolution. Figure 4 shows the measured reso- 
lution of the electronics system. Equivalent beam charge 
was normalized by an actual beam signal. If beam charge 
of 2 x 1010 particle/bunch is achieved, the position resolu- 
tion of about 10 /im will be realized. If more resolution is 
required, averaging will be taken over several turns. 

The position resolution was also demonstrated by using 
a wire method at a test bench. Test pulse was fed into the 
50 /im tungsten wire, and a BPM was moved by x-y mover 
with respect to the wire. Figure 5 shows the measured wire 
position as a function of the mover position with 50 /xm 
step. Though the signal shape was not exactly same as 
the beam one because of miss-match into the thin wire, the 
measured position could be easily distinguishable with less 
than 100/im resolution. 

Since the first beam commissioning in January 1997, 
the ATF damping ring is successfully operated with single 
bunch beam of about 3 x 109 particles per bunch. Although 
this beam intensity is much smaller than the designed one, 
which is mainly limited by the efficiency of the beam trans- 
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Figure 5: Measured wire position by the BPM pickup. 50 
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Figure 6: Measured position response to the steering mag- 
net. 100 times position measurements. 

4   SUMMARY 

A conventional read-out electronics for button-type BPM 
has been developed. Nevertheless the quite low beam in- 
tensity, the damping ring was successfully commissioned 
with this BPM system. This system has still some points to 
be improved, however, preliminary result shows the resolu- 
tion of 90 (im with the beam intensity of 3 x 109 particles 
as a one-path monitor. As increase the beam intensity, the 
performance will be improved. 
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port, the BPM signal is clearly observed except for some 
BPMs. Faults of these BPMs are caused by an insufficient 
signal level and a large noise from a kicker magnet. Fig- 
ure 6 shows the measured position response to the position 
calculated from steering magnet currents. The result shows 
large standard deviation due to the beam jitters, however, 
the mean position is quite consistent with the position cal- 
culated from steering magnet current. 
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Abstract 

A distributed cooling water system was designed for a 
large scale linear collider. It consists of a large number of 
small cooling water units and several main cooling 
systems. One small unit is installed for each RF unit of 
the main linac. The heat removed from the accelerator is 
transferred from the small unit to the main cooling system 
through a heat exchanger and moved to a cooling tower 
outside the accelerator tunnel. The fine temperature 
control is carried out in each small unit by utilizing waste 
heat from klystrons and a small electric heater. A 
prototype unit was made and has shown that the 
temperature of cooling water can be controlled within 
±0.03°C. 

1 INTRODUCTION 

The next generation linear collider with the cm. energy 
of 200-500 GeV is the most suitable machine to unveil 
the mystery of the origin of mass, to understand the 
symmetry breaking mechanism in the standard theory and 
to determine the direction of the physics beyond the 
standard theory. Thus, an early construction of the linear 
collider corresponding to the LHC is the world-wide 
issue. In order to realize this requirement, a linear 
collider using C-band frequency (5.712 GHz) for the 
main acceleration is proposed [1], since the straightness 
tolerance for the accelerating structure is 30 urn which is 
achievable with the conventional technology and the 
klystron and its power supply can be also fabricated with 
the conventional technology. In the system design of 
such a large scale linear collider, the cooling water system 
is one of the important elements which affects the 
reliability and cost of the whole system and a structure of 
the accelerator tunnel. A design study of the cooling 
water system has been carried out to reduce the 
mechanical vibration due to the fast water flow in the 
main water pipe, isolate the pressure between the main 
cooling system and accelerator components and reduce 
the cost of main pipe not to make sacrifices for the 
reliability and a distributed cooling water system is 
investigated [2]. A test by using a prototype model has 
been carried out to prove the temperature stability. 

2 C-BAND LINEAR COLLIDER AND THE 
COOLING WATER SYSTEM 

The overall parameter of the C-band linear collider is 
given in Ref. 3 and a schematic diagram of one unit in the 

main linac RF-system is shown in Ref. 1. The design 
luminosity is 6.6ool033/cm2/s and the length of the linac 
for electron and positron is 13 km. In the RF unit, 
accelerator components to be cooled with water can be 
classified into two groups such as (1) four 1.8 m-long 
choke-mode type accelerating structures which have an 
accelerating gradient of 40 MeV/m(nominal) and 31 
MeV/m (loaded), a coupled cell type RF-pulse 
compressor, a waveguide system, and two 50 MW 
klystrons and (2) klystron focusing magnets, RF windows 
of the klystron and klystron modulators, and a quadrupole 
magnet. The groups (1) and (2) require fine and rough 
temperature control, respectively. Total number of the 
unit in the two main linacs amounts to 2040 and the total 
wall plug power is 150 MW. Since the total length of the 
two linacs is about 26 km, the cooling water system is 
divided into 26 sub-systems in order to reduce the unit 
length to 1 km. An average density of the dissipated 
power in the tunnel is 5.8 kW/m, most of which is cooled 
with water. The other part of the dissipated power 
including the power loss in the cable, lighting etc. is 
0.5-1 kW/m, which have to be moved out of the tunnel 
with an air conditioner. 

3 CONCEPTUAL DESIGN 

Requirements for the cooling water system of the linear 
collider are summarized as follows: 
(1) the temperature of cooling water for accelerating 
structure must be controlled better than ±0.05°C, 
(2) the system should not cause vibration to the 
accelerator components which is larger than 20 nm in the 
frequency region above 1 Hz [4], and 
(3) the diameter of main water pipes should be as small as 
possible. 
The items (1) and (2) are required by the stable operation 
of the linear collider. The litem (3) is related with the 
construction cost and the tunnel design. 

To satisfy these requirements, we adopt a distributed 
cooling water system in which many small cooling water 
units are distributed along the linacs, one cooling unit for 
each RF unit, and one large cooling water system (Main 
cooling water system) is installed for each 1 km-section 
to receive the heat from small units and to move it out of 
the tunnel. As the fine temperature control is carried out 
in each unit, rather rough temperature control (±2.5°C) is 
enough for the main system. 

A schematic diagram of the small cooling unit is 
shown in Fig. 1. The temperature control is carried out in 
two stages: coarse and fine.  The coarse control is done 
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using waste heat. A part of hot water from the load, such 
as klystrons, is led to the inlet port of the pump through 
the valve V2 and mixed with cold water from the tank. 
Valves VI and V2 are controlled by single controller to 
act as one 3-way valve. These valves are controlled so 
that the temperature at TO is kept constant which is 
slightly lower than the final temperature at T2.   Some 

water is led from here to the group (2) components (see 
Sec. 2). The rest of water enters the next section where 
the fine control is carried out by the electric heater 2. 
Then, it is supplied to the group (1) components. The 
heater 1 is installed as auxiliary heat source which is used 
at start-up or break down of the RF. 
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Fig. 1 Blockdiagram of the cooling unit. 

4 PROTOTYPE OF THE UNIT 

A prototype of the cooling unit has been made and is used 
at the magnetic measurement station of the KEKB project 
[5]. The maximum flow rate and the maximum heat load 
of the prototype unit are 50 l/min and 50 kW, 
respectively. Figure 2 shows a block diagram of the unit. 

Water temperature of the main cooling system is 
usually maintained at about 25 °C and its temperature 
control is rather coarse (±3°C). Therefore, we have to 
introduce the present unit. The difference of the two units 
(Fig. 1 and Fig. 2) is that the prototype unit has chiller 
unit while the unit of Fig. 1 does not. This is because the 
water temperature to be fed to the magnets must be 
maintained at about 28 °C even in summer where the 
temperature of main cooling system may be above 30°C. 

Cooling power of the chiller unit is discretely 
controlled (0-50-100%) and the water temperature of the 
buffer tank is cooled to 15-20°C. Cooling water is 
supplied to magnets by pump2. The method of 
temperature control is the same as described in Sec. 3: 
coarse control using waste heat and fine control by the 
electric heater. The target temperature at Tl is 27°C, 
lower than the final temperature of 28°C by 1°C. As 
shown in Fig. 3, althoug the temperature of the main 
cooling water changes ±3°C, the water temperature at T2 
is maintained at 28.2+0.02°C, the stability of which is 
considerably better than the target value of ±0.05°C. 

5 CONCLUDING REMARKS 

We have designed the distributed cooling water system in 
which one small cooling water unit is installed for each 
RF unit. The water temperature in the unit is coarsely 
controlled by the direct mixing of hot water heated by the 

klystrons and cold water from the buffer tank. Then the 
fine control is carried out by the small electric heater. 
The prototype of the unit was constructed. It shows that 
the water temperature can be controlled within ±0.05°C 
by the present method. In the next step, we will pursue 
better operation parameters to minimize the power 
consumption. The life and reliability of parts are also 
important issues to be pursued, because it depends on 
them whether this method can be adopted by the linear 
collider or not. 
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Abstract 

The ATF Damping Ring (ATF DR) aims to demonstrate the 
technical feasibility of a low-energy part of next-generation 
electron-positron linear colliders by producing an elec- 
tron bunch train with extremely small emittance. To diag- 
nose the beam profile and radiation damping there, a syn- 
chrotron radiation (SR) monitor which uses visible light 
has been designed and built. This paper presents the sys- 
tem configuration of this SR monitor and the preliminary 
results from the initial beam commissioning. 

1   INTRODUCTION 

The ATF aims to serve as a prototype accelerator complex 
of a low energy part of a next-generation linear collider, 
which is responsible for producing a multi-bunch electron 
beam with extremely small emittance. The design param- 
eters of the ATF DR include: beam energy = 1.5 GeV, 
beam current = 600 mA max, bunch population = (1 ~ 
3) x 1010/bunch, repetition rate = 25 Hz. The target equi- 
librium beam emittance is: enx = 5.1 /im, eny = 30 nm, 
enz =12 mm [1]. The beam commissioning of the ATF 
DR began in January of 1997 in a single-bunch operation 
(3 ~ 6 x 109 e / bunch) with a beam energy of 0.96 GeV, 
and a reptition rate of 1.5 (or 0.8) Hz. 

An SR monitor which uses visible light was prepared as 
one of the tools for measuring the transverse beam size and 
the bunch length. The system features: (1) a fast gate cam- 
era to distinguish the SR images turn-by-turn and bunch- 
by-bunch, (2) a retractable reference target for calibrating 
the image focus point, (3) a mechanical shutter in the SR 
beam line to prevent deformation of the first mirror due to 
the thermal stress caused by the SR power deposit, (4) a 
double-sweep streak camera for observing variations of the 
bunch length during the damping process. 

Major portions of the hardware and software were pre- 
checked at the INS 1.3 GeV electron synchrotron [1], be- 
fore installing them in the ATF DR. At the ATF DR the 
system functioned flawlessly from the beginning, and suc- 
cessfully observed the first beam circulating in the DR. 

2   APPARATUS 

2.1    Optical System 

Figure 1 shows the layout of the optical system. The source 
point is located 270 mm downstream of the entrance edge 
of a bending magnet (bending radius = 5.73 m) at the end 
of the west arc. The first mirror, made of aluminum-coated 
copper, reflects the SR light by 90° upward. After reflected 

by the second mirror and passing through the first lens (/ = 
1000 mm), the SR light is divided into two paths: one is 
fed to a fast gate camera after a second lens (/ = 40 mm), 
the other to a streak-camera through a mirror and a second 
lens (/ = 80 mm). The magnification ratio of the optical 
system for the fast gate camera is 1.17. At the entrance 
of the streak camera, the SR light is collimated with a slit 
(30 urn. wide), corresponding to a 14 ps (FWHM) offset for 
our measurement. 

When the beam is absent.by inserting the reference target 
at the source point with an air-actuator mechanism, several 
illuminated patterns (1 mm square and 0.4 mm rectangles) 
can be observed with the optical system.This is used for 
calibration of the magnification ratio and focusing. 
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Figure 1: Layout of the optical system. 

2.2 Fast Gated Camera 

A fast gate camera (Hamamatsu, C2925) is used to observe 
an image with very short gate width with good light ampli- 
fication. Its main parameters are given in Table 1. Since 
the minimum bunch separation expected in the ATF DR is 
2.8 ns, the camera can discriminate SR signals on a turn- 
by-turn and bunch-by-bunch basis by appropriately select- 
ing the gate timing and width. 

2.3 Streak Camera 

A double-sweep streak camera (Hamamatsu, C5680) is 
used to measure the variation of a bunch length during the 
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Table 1: Main parameters of the fast gate camera. 

Gate width 
Gate jitter 
Repetition frequency 
Luminous gain 
Sensitive wavelength 
Extinction ratio 

3 ns ~ 100 fis 
less than 200 ps 
10 kHz 
7000ft-L/ft-C 
160 ~ 840 nm 
1.6 x 1010 

damping process. The vertical sweep in the streak image 
gives the bunch length information, while the horizontal 
sweep gives the bunch images at specified time intervals. 
Several tens of streak images are, thus, acquired in a same 
frame. The main parameters of the streak camera are given 
in Table 2. 

Table 2: Main parameters of the streak camera. 

Vertical sweep unit 
streak time 
resolution 
repetition rate 

Horizontal sweep unit 
sweep range 

Sensitive wavelength 
MCP gain 

0.2 ns ~ 50 ns 
better than 1.5 ps 
10 kHz max. 

100 ns ~ 100 ms 
400 ~ 900 nm 
3000 max. 

3   DIAGNOSTICS 

3.1    Transverse Beam Profile 

The transverse beam profile at a selected turn is measured 
by appropriately setting the gate timing of the fast gate 
camera [2]. An example of the observed image profile is 
shown in Figure 2. This measurement is repeated at dif- 
ferent gate times to diagnose the transverse beam damping. 
The beam size as function of time (cr(t)) is expressed by 

a2(t) oc e(t) - tie-zt'T + ee(l - e~zt<T),       (1) 

where e* is the initial emittance at injection, ee the equi- 
librium emittance, and r the damping time. Figure 3 shows 
the measured a2 as function of the store time. Table 3 com- 
pares the measured damping time with expectations assum- 
ing an emittance coupling of 1%. The measured horizontal 
beam size has contributions from the dispersion at the SR 
emission point, namely, 

<*l = txßx + (Vx^p/p)2 (2) 

With design values of rj = 48 mm and Ap/p = 9.2 x 
10-4, the correction amounts 44 fim. The measured image 
size in the equilibrium condition is known to be enlarged by 
a diffraction effect (~ 21/zm) and a focusing depth effect 
[3,4]. Their contributions require careful analyses. 

Figure 2: An example of the observed beam profile. 
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Figure 3: Result from a damping time measurement. 

3.2   Bunch Length 

The trigger signals for the streak camera are generated 
based on the revolution frequency. Measurement of the 
bunch length immediately after injection requires a pretrig- 
ger with a large lead-time (80 ms), which, is difficult to 
create without jitters with the present circuit. A new trig- 
ger circuit the jitter-free high-precision pretrigger, based on 
a digital delay circuit, is under development. 

An example of the streak image is shown in Figure 4. 
The damping of the bunch length is illustrated in Figure 5. 
The measured and expected bunch length damping times 
are summarized in Table 3. 

4    SR BEAM CHOPPER 

Deformation of the first mirror due to the thermal stress 
cause by the SR light is a concern. The SR power on the 
mirror surface is estimated to be 10 W/mm2 for a stored 
beam current of 600 mA. Copper has been chosen as the 
material of the mirror for advantages of thermal conduc- 
tance.   Some efforts against the deformation have been 
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Figure 4: An example of the observed streak image. 
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Figure 5: Measurement of the damping of the bunch length. 

Table 3: Comparison of the measured and calculated values 
of the image/beam sizes and damping times. 

Measurement Calculation 
ax    76.4 pm 45.2 pm 
cry     113/urn 7.9 pm 
<7Z     41.6 ps 25.5 ps 

Damping time (wigglers off) 
TX     36 ± 12 ms 46.8 ms 
Ty     100 ± 10 ms 68.5 ms 
r2     54 ± 2 ms 44.6 ms 

Damping time (wigglers on) 
TX     29 ± 2.4 ms 30.0 ms 
Ty     58 ± 10 ms 39.7 ms 
TZ     no meas. 56.3 ms 

made or planned at other facility [5, 6]. To further reduce 
the SR power on the first mirror, an SR beam chopper sys- 
tem has been built, whose layout is shown in Figure 6. By 
driving the shutter at 0.1 Hz, the SR power on the mirror 

surface can be reduced to 0.1 W/mm2. In this case, accord- 
ing to calculations with ANSYS, the expected deformation 
is reduced from ~ Ipm to ~ 20 nm. The performance of 
the system has not been verified, since up to now the ATF 
DR has been operated at a small store current (~0.5 mA). 

Pulse motor 

SR power 
1 V        I    "    10W/mtn 

Power reduce ratio 
~25%(CW) 
~1.2%(0.1Hz) 

I 
Synchrotron Right 

Monitor Trig. 

Figure 6: Layout of the SR beam chopper. 

5   SUMMARY 

An SR monitor system has been designed and built for 
the ATF DR. The first data set was successfully collected 
during the initial beam commisioning of the ATF DR. 
Some discrepancies have been found between the mea- 
sured image size parameters and calculations. Studies are 
in progress on diagnosing possible errors in the SR monitor 
optics system as well as possible set-up errors in the ATF 
DR. 
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Abstract 

Accelerator Test Facility (ATF) consists of a 1.54 GeV S- 
band linac, a beam transport line, a damping ring and an ex- 
traction beam line. A beam commissioning of the linac was 
performd in November 1995. A single bunch and multi- 
bunch beam were accelerated up to 1.43 GeV at the end of 
the beam transport line. The beam experiments on high- 
gradient acceleration, structure BPM and multi-bunch en- 
ergy compensation were performed after the beam com- 
missioning. The operation of the linac was suspended from 
April 1996 for the construction of the damping ring. The 
operation of the linac was restarted from December 1996, 
and the beam commissioning of the damping ring was car- 
ried out in January 1997. 

1   INTRODUCTION 

The 1.54 GeV ATF linac is designed to accelerate multi- 
bunch of electrons for the injection to a low-emittance 
damping ring. However, the ATF linac is designed not only 
as an injector of the damping ring but also as a test-stand 
for the linear collider technology such as multi-bunch ac- 
celeration, high gradient acceleration, beam loading com- 
pensation and instrumentations. 

The required specification of the linac is as follows: A 
multi-bunch consists of a train of 20 bunches with a bunch 
spacing of 2.8 ns and a bunch population of 2x 1010 elec- 
trons. The maximum energy spread of 90 % of multi-bunch 
electrons is 1.0 % full width, and the normalized emittance 
at the end of the linac is less than 3 x 10-4 m-rad (la). 

Table 1 shows the specification of the 1.54 GeV ATF 
linac. The construction of the linac was completed except 
some improvements of rf system in order to obtain the de- 
sign specification of the linac. 

2   80 MEV PRE-INJECTOR LINAC 

A 200 kV thermionic electron gun consists of an EIMAC 
Y646-E or Y796 grid-cathode assembly. A train of 
20 pulsed-beam with a pulse width of 1 ns FWHM and 
2.8 ns pulse spacing is produced from the gun by applying 
an rf-voltage to the grid. Each pulse beam contains more 
than 2x 1010 electrons. The buncher section consists of two 
357 MHz subharmoinic bunchers (SHB) and a 2856 MHz 
travelling wave buncher. A high current multi-pulse beam 
produces a cumulative loading voltage in the SHB cavity, 

which distorts the cavity voltage. A small induced volt- 
age and high generator voltage provide a small phase shift 
caused by successive bunches. Therefore, low R/Q cavities, 
which reduce the beam-loading voltage are utilized. The 
bunching and transmission rate were checked by using the 
PARMELA simulation code. The resultant bunch length 
was less than 12 ps (FWHM), even after 20 bunch loading 
with greater than an 87.3% transmission rate. However, the 
present 5 kW solid-state amplifiers are not sufficient in or- 
der to compress a pulse beam to short bunch length without 
long tail. The bunch with long tail increases energy spread 
and results in the beam loss in a linac. Two 25 kW am- 
plifiers are now in under fabrication to obtain the sufficient 
bunching in the SHB cavities. 

A Type-E3712 klystron produces 100 MW peak power 
of 1.0 /xs pulse duration for the travelling buncher and a 
3 m-long accelerating structure. The peak power of 5 MW 
divided from the klystron is supplied to the buncher, and 
that of 60-95 MW is supplied to a 3 m-long constant gra- 
dient accelerating structure. 

The bunch-by-bunch beam instrumentations are installed 
in the 80 MeV pre-injector linac. These ae composed of 
amorphous core monitors, wall current monitors, phosphor 
screen monitors, button BPMs, optical transition radiation 
(OTR) monitors and a wire scanner. The bunch length is 
observed by an OTR monitor and a streak camera. The 
emittance of the bunch is evaluated from the beam size ob- 
served by an OTR monitor combined with the Q-magnet. 
The emittance of each bunch is also measured by a wire 
scanner with fast-gate gamma detection. 

3   RFSYSTEM 

At the ATF linac, nine Toshiba-E3712 klystrons and two 
SLAC-5045 klystrons are used for the rf system. A type- 
E3712 klystron is used for the 80-MeV pre-injector de- 
scrived above. The accelerating section consists of eight 
tpe-E3712 klystrons. Each klystron is connected to two ac- 
celerating structures via a SLED cavity and operated in the 
long-pulse mode to produce a rectangular pulse waveform 
of 80 MW rf peak power in 4.5 /is pulse duration. At 3.5 (is 
after feeding into the SLED cavity, the rf phase is made 
to reverse during a 1.0 /zs pulse duration. The extracted rf 
peak power from the SLED cavity is multiplied to 400 MW. 
Terefore, an accelerating structure is driven at 200 MW of 
peak power.  When the pulse front of non-rectangular rf 
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Table 1: Required specification of the 1.54 GeV ATF linac. 

Beam energy for DR 1.54 GeV 
Energy spread 
(Full Width of 90%beam) <1% (each bunch at 1.54 GeV) 
Total length 85 m (from gun to linac end) 
Accelerating structure 27T/3 mode, constant gradient 

Total length 3 m 
Total number 16 
Accelerating field 

Maximum peak 52 MV/m 
Nominal 33 MV/m 

RF frequency 2,856 MHz 
Feed peak power 200 MW/structure 

Klystron 
Klystron peak power 80 MW/klystron 
Pulse length 4.5/L4S 

Total number 8 
Pulse compression Two-iris SLED 

Power gain 5.0 (average) 
S-band pre-injector 

Beam energy 80MeV 
Number of bunches 20 
Bunch population 2.0xl010 

Bunch separation 2.8 ns 
Bunch length (FWHM) <10ps 
Normalized emittance <3xl0-4radm(l<7) 

waveform reaches an output coupler, the accelerating field 
distributes from 38 MeV/m to 52 MeV/m along the struc- 
ture. The design accelerating gradient of 33 MeV/m can be 
achieved at 65 MW of average peak power. Seven klystron 
modulators in the accelerating section are connected to a 
25-kV common HV power supply with HV common-bus. 
Three of them were designed to reduce a size of modulator. 
Self-healing type capacitors with long lifetime are utilized 
to decrease the size of pulse-forming networks. This ca- 
pacitor consists of a metalized film with thin Zn-electrodes 

o 
(300 A in thickness) which form a series of microscopic 
capacitors. The case volume is less than third of the con- 
ventional type of capacitor. 

Two 5045 klystrons are operated in a short-pulse mode 
to produce a rectangular rf pulse with peak power of 
50 MW in 1.0 ^s pulse duration. These klystrons pro- 
duce the 2856±4.32727 MHz rf frequencies for the energy- 
compensation system. 

4   ACTIVE ALIGNMENT SYSTEM 

The support tables of the accelerator section of the linac 
have an active mover mechanism and wire-position sensors 
to align linac components with a tolerance less than 20 /im 
r.m.s. The 91 m-long wires are stretched in both sides of 
the linac from the gun to the end of the linac. One end 
is fixed to the pre-injector stage, which does not have an 
active mover mechanism, and the other end is stretched by 
tension weights of 33.5 kg. Each position sensor consists of 
a pair of induction coils electrically connected in series, and 

mounted on a vertically movable offset stage fixed at a sup- 
port stage. The center position of a pair of induction coils 
is pre-calibrated on the calibration stand. The sensors are 
installed at four corners of the support table for Q-magnets 
and beam monitors, and accelerating structures. The wire 
position is detected by a synchronous detection of the sig- 
nal from the differential coils using a 60-kHz, 100-mA AC 
current on the wire. The resolution of the position sensor 
is 2.5/im. The dynamic range of the sensors is ±2.5 mm, 
which is determined by the gap length between two induc- 
tion coils. 

The linac support tables are machined with an accuracy 
of less than ±10/im. The left side of the support table has 
a reference line parallel to the beam axis. The accelerat- 
ing structures, Q-magnets and beam monitors are aligned 
to the reference line with an accuracy of less than ±10/mi. 
Each sensor installed on the left side of the linac has two 
pairs of induction coils to detect the vertical and horizontal 
positions from the wire. These sensors are aligned along 
the sag of the wire with a vertical offset. Therefore, the 
reference line is aligned in a straight line. Each sensor in- 
stalled on the right side of the linac stages has a pair of 
induction coils for measuring only the vertical position. As 
a result, the support tables are vertically and horizontally 
aligned with an accuracy of less than 20/xm r.m.s. The ex- 
periment of structure BPM has been carried out by using 
active alignment system of an accelerating structure. 

5   ±AF ENERGY-COMPENSATION SYSTEM 

In the damping ring, the variation of bunch spacing is 
not acceptable. The energy compensation system by us- 
ing four dipole magnets is not applicable, since the vari- 
ation of bunch spacing is not acceptable in the damping 
ring. The proposed ±Af energy-compensation system is a 
new idea to compensate the multi-bunch energy by keeping 
the bunch separation synchronized with the rf frequency. 
When a multi-bunch pass through an accelerating struc- 
ture driven at an rf frequency which is slightly larger or 
smaller than the fundamental frequency, the multi-bunch 
would be obtained a different energy gain caused by the 
phase shift. The energy spread of a multi-bunch can be 
compressed to a small value required by the damping ring. 
The compensation energy depends on the position of elec- 
trons in a bunch, since the bunch has a bunch length and 
the compensating field has a slope of the part of sinusoidal 
wave. If the bunch is compensated by both a negative slope 
and a positive slope, the effect of the slope is canceled and 
the bunch would be accelerated or decelerated by a flat- 
top field. The system has high flexibility for bunch pop- 
ulations from zero to 4xl010 electrons/bunch by adjust- 
ing the rf power of klystrons. The advantages of the ± Af 
ECS system are as follows: simple system, high flexibility, 
highly efficient compensation, and without any effect to the 
single-bunch beam-loading. 

The system in the ATF linac comprises two klystrons and 
two 3 m-long accelerating structures designed at two differ- 
ent rf frequencies. In order to simplify the timing system, 
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the rf frequency deviation was chosen to be 4.32727 MHz, 
which is twice a damping ring revolution frequency, and 
is also the 660th subharmonic frequency of the 2856 MHz 
fundamental frequency. Therefore, an accelerating struc- 
ture is driven at 2856+4.32727 MHz while another acceler- 
ating structure is driven at 2856-4.32727 MHz. The max- 
imum peak power from the klystron is 50 MW at a 1.0/is 
pulse duration. One unit of the system can compensate an 
80 MeV energy difference among the multi-bunch. There- 
fore, the system can compensate an energy difference of 
160 MeV at the maximum among the multi-bunch. The 
maximum compensated beam-loading is estimated to be 
about 10 %. 

Figure 1 shows the multi-bunch energy spread with and 
without ECS. The observation of the beam energy was per- 
formed by using BPM installed after a bending magnet of 
the transport line. The multi-bunch signal from the BPM 
was observed by a digital oscilloscope of 1 GHz bad width. 
The effect of the ECS is successfully demonstrated in the 
cases of 10 bunches with a bunch population of 4xl09 

electrons and 20 bunches with that of 7x 109 electrons. The 
energy spread among bunches could be reduced to ±0.5% 
peak to peak. Figure 2 shows the single bunch energy 
spread with and without ECS. 
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Figure 1: Multi-bunch energy spread with and without 
ECS. 

6   INSTRUMENTATION 

The beam-diagnostic system, except for the position moni- 
tor is installed in the linear accelerator in order to measure 
the characteristics of each bunch in a multi-bunch. The 
beam current is measured by an amorphous core current 
transformer(CT) and wall current monitors(WCMs). The 
beam profile (transverse and longitudinal) is measured by 
optical-transition radiation monitors(OTRMs). The beam- 
profile measurement of each bunch is performed by using a 
fast gate camera and OTR monitors. The beam emittances 
of each bunch is measured by a wire scanner(WS) and a 
gated photo multiplier tube(GPMT). These monitors have 
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Figure 2: Single bunch energy spread with and without 
ECS. 

the capability of multi-bunch measurements and were de- 
scribed in the pre-injector section. 

7   TROUBLE SHOOTING OF THE LINAC 

After restarting linac-operation for the beam commission- 
ing of the ATF damping ring, it was found that the pre- 
fire in the tyratron tubes during a DC-charge to a pulse- 
forming network produces an over voltage to the thyra- 
tron tube. The source of the over voltage is a resonance 
between the high capacity DC power-supply connected to 
seven klystron modulators and a pre-fired modulator. In or- 
der to avoid the damage of the thyratron tubes, the seven 
klystron modulators were forced to operate at lower volt- 
age. Therefore the output rf power from seven klystrons 
were limited to 30-35 MW, and then the beam energy was 
limited to 1.0 GeV. The protection circuit to decrease the 
resonant voltage and an interlock system were installed in 
the DC power supply and modulators. After that the beam 
energy could be increased to 1.44 GeV. After rf process- 
ing of SLED cavities and accelerating structures, the beam 
energy would be increased to 1.54 GeV. 
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Abstract 

A Relativistic Klystron Two-Beam Accelerator 
(RK-TBA) is envisioned as a if power source upgrade of 
the Next Linear Collider. Construction of a prototype, 
called the RTA, based on the RK-TBA concept has 
commenced at the Lawrence Berkeley National 
Laboratory. This prototype will be used to study physics, 
engineering, and costing issues involved in the 
application of the RK-TBA concept to linear colliders. 
The first half of the injector, a 1 MeV, 1.2 kA, 300 ns 
induction electron gun, has been built and is presently 
being tested. The design of the injector cells and the 
pulsed power drive units are presented in this paper. 

1 INTRODUCTION 

A Lawrence Berkeley National Laboratory (LBNL) and 
Lawrence Livermore National Laboratory (LLNL) 
collaboration has been studying rf power sources based 
on the Relativistic Klystron Two-Beam Accelerator (RK- 
TBA) concept for several years [1,2]. The collaboration 
has prepared a preliminary design study for a RF power 
source suitable for the NLC [3]. This RF power source, 
referred to as the TBNLC, is comprised of subunits, each 
approximately 340 m in length with 150 extraction 
structures generating 360 MW per structure. The number 
of subunits is dependent on the power requirement for the 
collider, e.g. 76 subunits are required for a 1.5-TeV 
collider.     A  test  facility,  called  the  RTA,  has  been 

established at LBNL[4] to verify the analysis used in the 
design study. The primary effort of the facility is the 
construction of a prototype TBNLC subunit that will 
permit the study of technical issues, system efficiencies, 
and costing. In this paper, we will discuss the 
development of the RTA electron source and it's pulsed 
power system, which has recently been constructed and is 
now undergoing testing. 

2 INDUCTION ELECTRON GUN 

An illustration of the 1-MV, 1.2-kA induction electron 
source is shown in Figure 1. The cores are segmented 
radially to reduce the individual aspect (Ar/Az) ratios with 
each core driven separately at about 14 kV. The lower 
aspect ratio reduces the variation in core impedance 
during the voltage pulse simplifying the pulse forming 
network (PFN) design. We chose a constant radius 
insulator    design. This     design     increased    the 
METGLAS[5] core volume by about 10%, but the added 
cost was recovered in reduced insulator and fabrication 
costs. Figure 2 is a photograph of the completed cathode- 
half of the gun undergoing initial pulsed power tests. 
Currently, the cathode-half gun is being used to test 
various insulator configurations. The test results will be 
incorporated into the RTA's induction accelerator design. 

A novel feature of the gun design is the insulator. 
We are doing high voltage testing with a single, 30 cm 
ID, PYREX[6] tube for the insulator with no intermediate 
electrodes.   The average gradient along the insulator at 

dispenser cathode 
induction cores 

Figure 1. Illustration of the RTA gun, a 1.2-kA, 1-MeV induction electron source. 
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Figure 2. Photograph of the assembled cathode-half of 
gun. The cathode will be located within the pumping 
spool. Flange for the anode-half of gun is blanked off. 

the operating voltage of 500 kV is about 5.1 kV/cm. 
Maximum fields at the triple points, the intersection of 
insulator, vacuum, and metal, is less than 3.5 kV/cm. 
Maximum surface fields in the cathode half of the gun are 
about 85 kV/cm. The maximum field is about 116 kV/cm 
on the anode stalk. The rationale for using PYREX is to 
explore methods of reducing the costs of induction 
injectors. PYREX is significantly less expensive than 
ceramic, and additional savings are realized by avoiding 
intermediate electrodes. Since there is additional risk 
associated with this approach, our design allows for the 
addition of intermediate electrodes and/or substitution of 
a ceramic insulator with minimal impact to schedule or 
expense. However, the initial high-voltage tests on the 
cathode-side insulator are encouraging. 

3 PULSED POWER SYSTEM 

The pulsed power system will consist of a 20-kV Energy 
Storage Bank Charging Power Supply, 6-kJ Energy 
Storage Bank, two Command Resonant Charging Chassis, 
24 Switched Pulse Forming Networks, and four Induction 
Core Reset Pulsers, half of which is shown in Figure 3. A 
photograph of one PFN is shown in Figure 4. Each PFN 
will drive a single 3-core induction cell. A sample pulse 
for a single cell with a 40 Q resistor simulating beam 
loading is shown in Figure 5. 

Segmenting the core in the induction cell and driving 
the individual core segments avoids a high-voltage step- 
up transformer. This reduces the developmental effort 
needed to achieve a "good" flattop pulse (minimal energy 
variation) with fast risetime and improves the efficiency 
of the overall pulsed power system. Our system of low- 
voltage PFNs driving multiple core induction cells is 
similar to the system envisioned for the extraction section 
in the TBNLC design. For the core material, we choose 
METGLAS alloy 2605SC instead of the 2714AS, the 
preferred material for the TBNLC, due to the larger inner 
diameter gun cores. In the RTA gun configuration, the 
larger flux swing of 2605SC was of greater importance 

Power 
Supply 

20 kV 

Anode 
CRC 

PFN 
pair 

CRC 
PhN 
pair 
 ^ 

^ 

■ 
PFN 
pair Reset 

' PFN 
pair Reset 

e 
PFN 
pair 

PFN 
pair 

^ 

To Cell #1 
To Cell #2 

To Cell #3 
To Cell #4 
To Cell #5 
To Cell #6 
To Cell #7 
To Cell #8 

To Cell #9 
To Cell #10 
To Cell #11 
To Cell #12 

Figure 3.  Block diagram of the pulsed power system 
for the cathode half of the RTA gun. 

Figure 4. Photograph of single PFN used for driving a 
gun induction cell. The PFN is comprised of multiple 
LC stages charged to about 28 kV and uses thyratron 
switching. 

Figure 5. Oscilloscope trace of pulsed gap voltage 
applied to a single induction cell. Top trace is voltage 
(10kV/div) and middle trace is current (4kA/div). 
Time scale: 100 ns/div. 
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than the lower loss per unit volume of 2714AS. The RTA 
extraction section will use 2714AS to permit an accurate 
measurement of the pulsed power system efficiency 
expected for the TBNLC. 

Design of the switched PFNs follows easily from 
published METGLAS core loss data[7]. For the RTA 
induction cells, a flux swing of 2.6 T in 400 ns (FWHM) 
results in a magnetization rate of 6.5 T/us. At this rate, a 
loss density of 1800 J/m3 translates into 30 J lost in a cell 
with 16.7xl03cm3 of 2605SC METGLAS. For a cell 
input voltage of 14 kV applied for 400 ns, these losses 
require that 5900 A be supplied to the three radial cores. 
An additional 3600 A is required to supply beam current 
(1200 A x 3 cores/cell), resulting is a total current of 9 
kA. The required drive impedance is then 1.5 Q, which is 
provided by the PFN module shown in Figure 3. 

Achieving the fast risetime necessary to minimize the 
volt-seconds required for the injector cores presented a 
challenge. Budget constraints coupled with the large 
availability of EEV CX1538 thyratrons from the ATA 
program at LLNL made these tubes an attractive option. 
However, their poor time rate of current change (4 kA/us 
rating) made them questionable for this application, 
which requires about 40 kA/us. A variety of techniques 
were tried to decrease the risetime. In a 1.5 Cl system, 
stray circuit inductances must be maintained at or below 
100 nH to achieve a 10-90% risetime of 150 ns. This was 
accomplished by placing the thyratron between two 
current sheets connecting the PFN output to the output 
cables. The ionization time of the thyratron was 
substantially reduced by applying a 1-2 A pre-pulse to the 
keep-alive grid 300-400 ns prior to the arrival of the main 
control-grid pulse. Despite all these improvements, 
ceramic thyratrons, such as the Triton F-130, may have to 
be used in the final injector system to overcome excessive 
stray inductances and capacitance. 

An area of concern is the consistency of the 
METGLAS cores. Several core materials were tested at 
the RTA Test Facility to establish a data base for design 
studies. However, this testing did not address the issue of 
consistency between cores of the same material. We now 
have a data base including the 38 cores of METGLAS 
alloy 2605SC used in the construction of the cathode-half 
of the gun. Figure 6 shows the energy loss per unit 
volume for these cores extrapolated to a magnetization 
rate, dB/dt, of 5 T/us. The cores used 20 urn thick 
2605SC layers with MYLAR insulation and achieved an 
average packing fraction of 76%, minimum of 72% and 
maximum of 78%. The cores had a radial thickness of 
5.8 cm with an inner radius of 19 cm, 27 cm, or 35 cm. 
The small, medium, and large cores in Figure 6 refer to 
the different inner radii. The three horizontal lines 
represent the average loss per volume for the respective 
core sizes. The smaller the core radius, the higher the 
loss per volume, as shown in the figure. However, total 
loss per core for the 38 cores was approximately the same 
with no significant dependence on core size. 
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Figure 6. Test results for the METGLAS alloy 2605SC 
cores. 

The standard deviation in loss per volume for the 
small and medium cores was 14% and the large core was 
29%. However, by matching the cores, the standard 
deviation for a three core cell was reduced to 4%. If the 
core losses vary sufficiently, it becomes necessary to 
tailor individual PFNs to adjust for the different cell 
loads. For a large relativistic klystron, matching cell cores 
should permit acceptable energy loss variation. 
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Abstract 

A C-band (5,712MHz) RF system for an e+e- linear 
collider at 500 GeV center-of-mass energy requires total 
4,080 units of 50 MW pulse klystrons and matching 111 
MW peak-power modulators for two main linacs. An 
initial design value of the wall plug power for the entire 
RF system is 150 MW with 2.5 usec RF pulse width and 
100 Hz pulse repetition rate. A detailed circuit analysis 
shows that it is possible to get the overall RF system 
efficiency of approximately 24 %, or equivalent to 210 
MW wall plug power. This includes 85 % DC high 
voltage charging efficiency using compact inverter power 
supplies, and 70 % pulse efficiency using 3.5 usec pulse 
length (ESW) with less than 1 % flat top ripple, and 
auxiliary powers for thyratron heater, klystron heater, 
focusing magnet, pulse transformer reset, and etc. 

1 INTRODUCTION 

An e+e- linear collider at 500 GeV CM. energy is a very 
large scale machine of which total length is around 20 km. 
There are many general requirements for this system such 
as high reliability and availability, reasonable power 
efficiency, lower construction cost, simple and easy 
maintenance, easy and flexible operation. 

This paper analyzes the power consumption and 
efficiency of a C-band RF system for an e+e- linear 
collider at 500 GeV CM. energy. This system has total 
4,080 units of klystrons (50 MW peak) and modulators 
(111MW peak) for two main linacs[l]. 

2 SYSTEM DESCRIPTION 

Table 1 shows specifications of a C-band RF system 
including a klystron and a modulator. A modulator 
produces 3.5 usec (ESW, Equivalent Square Wave) pulse 
with 111 MW peak power. The flat-top portion of 2.5 
usec with ripple less than 1% is utilized to generate 50 
MW RF power by a klystron with 45 % conversion 
efficiency. Fig. 1 is a simplified circuit diagram of the 
modulator. The HV inverter power supply provides DC 
high voltage generation with 0.5% fine regulation of PFN 
charging voltage without de-Qing system. It also has a 
feature of command charging. This makes the system 
simple, modular, and reliable. A PFN is a 16-stage 
Guillemin E-type LC network. There is no thyrite to 
present the low inverse voltage required for the thyratron 

deionization in the EOLC circuit due to the command 
charging scheme of the inverter power supply. 

Table 1: Specifications of a C-band RF system. 
Klystron (E3746) 

Operating frequency 
Peak output power 
Repetition rate 
Efficiency 
Perveance 
Gun voltage 
Beam current 
RF pulse length 

Modulator 
Peak output power 
Average output power 
HV pulse length 
Peak switching current 
PFN charging voltage 
PFN impedance 
Stored energy in PFN 
PFN cell number 

5712 MHz 
50 MW 

100 pps 
45 % 

1.53 uA/V1'5 

350 kV 
317 A 

2.50 usec 

111 MW 
38.9 kW 
3.50 usec (ESW) 
4758 A 
46.7 kV 
4.91 Q 
389 Joule 

16 

HV 
Inverter 
Power 
Supply 
+50kV 

son 
—V*- 

..   EEV 
;     CX1836A 

Thyratron 

PFN 4.91 0.16 Stage 
-TTH <VP-i— 

L 

■A  J=»£ 20 
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ii 

EOLC 
5 0 

Pulse Transformer 

Figure 1: Circuit schematic of a C-band modulator. 

3 DEFINITION OF EFFICIENCY 

Fig. 2 is a block diagram of power flow for a pulsed RF 
system. It shows the power conversion flow and 
corresponding efficiencies of each sub-system. A 
charging system with PAc. input power supplies PDC, 
charging power to PFN of a pulsing system. A pulsing 
system produces PPULSE. pulse power which is the flat-top 
portion of a pulse. Then a klystron utilizes it to generate 
RF power, PRF. A PAUx. auxiliary power includes the 
solenoid coil power for klystron magnet, heater powers 
for thyratron and klystron, a core reset power for a pulse 
transformer, a cooling fan power, and so on. r|c, %, 
and T|K represent efficiencies of each sub-system. Table 2 
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is the list of essential efficiencies. 

p, 

&*■ 

Charging 
System 

Pulsing 
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—♦ 

% 

Klystron 

Figure 2: Power flow and efficiencies of an RF system. 

Table 2: Definition of efficiencies. 
flc   = PDC / PAC 

T|P   = PPULSE / PDC 

TIK  = PRF / PPULSE 

TIM = PPULSE / PAC 

T)KM = PRF/PAC 

; Charging Efficiency 
; Pulsing Efficiency 
; Klystron Efficiency 
; Modulator Efficiency 
; Klystron-Modulator Efficiency 

TIRF = PRF / (PAC + PAUX) ; RF System Efficiency 

4 RISE TIME ANALYSIS 

A charging system has an efficiency of 85 % specified by 
the vendor of the inverter power supply. The efficiency 
of a klystron is given by the design value of 45 %. A 
pulse efficiency depends on the detail design parameters 
of the pulsing system including a pulse transformer and a 
klystron. The rise time of a pulsing system including a 
pulse transformer and a klystron load for a matched PFN 
can be described by following equations; 

Tr =/(<r) ((L„+ LL) (CD+CL))" 
/(cr) = 2cr(m/ (m+1) )05 ( 0.255 - 0.256 a+ 0.537 a2) 
a = (ym + l/y)/(2(m {m+1) f5) 
m=RL/RG 

r=zT/RL 
ZT=((LT+Lw)/(CD+CL)f

5 

where/(a) is a fitting function to give the rise time from 
10 % to 90 % of maximum pulse height, LL is the leakage 
inductance of a pulse transformer, Lw is the wiring 
inductance of a system, CD is the distributed capacitance 
of a pulse transformer between primary and secondary 
coils, CL is the distributed load capacitance of a system 
including the klystron, RL is the klystron load impedance, 
Rc is the PFN generator impedance. ZT is the 
transformation impedance of the pulse transformer 
including Lw and CL, and m is the matching parameter 
between the PFN and the klystron, y is the impedance 
matching parameter between the transformation system 
and the klystron. 

For a lumped PFN modulator with given total 
distributed capacitance and total leakage inductance, the 
optimum value of/(cr) for generating good waveforms is 
1.74 with a of 0.78, y of 1.58, and m of 1.05. A good 
waveform means that it has a minimum rise time with less 
than 2 % overshoot. A larger /gives a slow rise time and 
a smaller y makes the large overshoot with ringing. It is 
important to keep the optimum /, and minimize 
distributed capacitance and leakage inductance to get the 
minimum rise time with good waveforms.    A wiring 

inductance of 1 uH of the pulsing system at the primary 
side with 15 step-up ratio of the transformer gives 225 uH 
inductance at the secondary side. This inductance 
corresponds to the minimum rise time of 0.22 us with /of 
1.58. Fig. 3 is the analyzed result of distributed 
capacitances using DENKAI in the pulse tank including 
the klystron assembly. The right-half of the figure shows 
potential lines in the region of the klystron tube and 
between the coils of the pulse transformer in the tank. 
The calculated values of capacitance are presented at the 
left-half of the figure. Total distributed capacitance in the 
tank except the capacitance between the coils is 115 pF. 
If the capacitances between the corona ring and other 
structures not included in this estimation is added to the 
result, it becomes approximately 120 pF. This 
capacitance corresponds to the minimum rise time of 0.39 
us with /of 1.58. So the large distributed capacitance in 
the pulse tank is more limiting parameter for the pulse rise 
time in the case of the C-band RF system. 

Klystron 
Cathode 

klystron 
Anode 

Pulse Transformer Pulse Tank 

Figure 3: Distributed capacitance and potential lines in 
the pulse tank with E3746 klystron. 

Table 3: Parameters of the C-band pulse transformer. 
Turn Ratio 15 
Primary turns 3 
Leakage inductance (uH) 1.60 
Stray capacitance (nF) 6.33 
Shunt Inductance (mH) 0.36 
Core Resistance (Q) 411 
Droop (%) 2.39 
Overshoot (%) 1.96 

The primary consideration of the transformer design is 
to keep the capacitance low between primary and 
secondary coils, for example under 30 pF to make the rise 
time of less than 0.5 us and guarantee the flat-top width of 
2.5 us. Typical parameters of the pulse transformer at the 
primary side are summarized in Table 3. Total inductance 
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and capacitance including transformer parameters are 499 
uH and 164 pF which give the rise time of 0.47 us. 

5 POWER DISTRIBUTION ANALYSIS 

The simulated klystron voltage waveform with its 
expanded view using PSPICE is shown in Fig. 4. The 
expanded view shows 2.5 us flat-top with ripples less than 
1 % which results the phase shift of 5.68° of the klystron 
RF output. Analyzed power distribution of a C-band 
klystron-modulator system is described in Table 4. Total 
51.4 kW is required to generate 12.5 kW RF power with 
100 Hz operating condition. The beam power of 15.3 kW 
is dumped to a collector of a klystron within the portion of 
flat-top. This loss caused by the conversion inefficiency 
of the klystron is 30 % of the total power. Wasted pulse 
power includes all the losses which are not contributed to 
make RF power from the stored energy of the PFN. The 
loss during rise and fall time is 10 kW which includes 
stored energies in the leakage inductance and the 
distributed capacitance, and electron beam power 
delivered to the collector during this time interval. This is 
the main loss in the pulse modulator, which is 19.5 % of 
the total power. The magnetizing loss of 0.9 kW means 
the stored energy in the shunt inductance of the pulse 
transformer which is finally dissipated at the tail clipper. 
The solenoid coil power of the klystron magnet is 
assumed just as 3 kW but it still takes main part of the 
auxiliary power. 

Table 4: Power distribution of a C-band svstem. 
Total Power = 51,371 W 

1. RF Power 12,488 (24.3%) 
2. Wasted Beam Power 15,263 (29.7%) 
3. Wasted Pulse Power 12,071 (23.5%) 
4. Charging Loss 7,072 ( 13.8%) 
5. Aux. Power 4,477 (   8.7%) 

Wasted Pulse Power 
a. Rise/Fall Time Loss 9,991 (19.45%) 
b. Magnetizing Loss 929 ( 1.81%) 
c. Thyratron Loss 416 ( 0.81%) 
d. Eddy Current Loss 463 ( 0.90%) 
e. RC Snubber Loss 272 ( 0.53%) 

Aux. Power 
a. Klystron Magnet 3,000 (5.84%) 
b. Thyratron Heater 567 (1.10%) 
c. Cooling Fan 450 (0.88%) 
d. Klystron Heater 316 (0.62%) 
e. Core Bias 100 (0.19%) 
f. Thyratron Reservoir 44 (0.09%) 

6 EFFICIENCY 

Table 5 shows the efficiencies of the each sub-system of 
the C-band klystron-modulators. The pulse efficiency of 
70 % is mainly limited by distributed capacitance in the 
oil-filled pulse tank. It is difficult to improve the pulse 
efficiency using the standard method. Since a net RF 
system efficiency is 24 %, the total AC wall-plug power 

of 210 MW will be consumed to generate the total RF 
power of 51 MW using 4,080 units of a klystron- 
modulator system. 

100 

a      1       2      ;r     *      5; 
Time(#sec) 

Figure 4: Simulated klystron voltage waveform. 

Table 5: Efficiencies of the C-band system. 
Charging Efficiency 85.0 % 
Pulse Efficiency 69.8 % 
Klystron Efficiency 45.0 % 
Modulator Efficiency 59.3 % 
K-M Efficiency 26.7 % 
RF System Efficiency 24.4 % 

7 CONCLUSIONS 

A net RF efficiency of the C-band system is estimated to 
be 24 %, and this requires total AC wall-plug power of 
210 MW. The charging efficiency of 85 % can be 
improved up to 90 % through the trade-off design of the 
inverter power supply. The pulse efficiency of 70 % is 
almost optimized. If the PM-AM modulation method of 
the C-band system[2] allows the 2-3 % tolerance of the 
flat-top ripple, it can be improved up to 75 %. The 
klystron efficiency of 45 % is the most flexible parameter 
in the RF sub-systems. It could be raised up to 60 %. 
Then it is expected to get a net RF efficiency of 35.4 %, 
and total AC wall-plug power demand can be lowered to 
144 MW. 

[1] 

[2] 
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SLAC ACCELERATOR OPERATIONS REPORT: 1995-1997* 
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Abstract 

Operational statistics for the linear accelerator programs at 
SLAC are presented, including run-time records for SLC 
and the fixed-target programs. Also included are 
summaries of reliability and maintenance-related statistics. 

1  PROGRAM   CHRONOLOGY 

The SLAC linear accelerator programs and hardware 
reliability statistics for January 1992 through March 1995 
were presented in Reference [1]. This paper extends that 
analysis through April 1997, for the periods of linac 
operation summarized in Table 1. Scheduled off times in 
this table were relatively long periods needed for major 
installations and upgrades. Time periods when the 
accelerator was off for holidays are not listed. 

ESA runs were periods when polarized electrons were 
delivered to fixed-target experiments E154 and E155 in the 
End Station A experimental hall. The ESA run in 1995 
was the first to use the A-Line transport system following 
its upgrade to full 50 GeV capability, and is described in 
greater detail in Reference [2]. The FFTB runs were 
periods of low repetition rate (30 Hz) operation in which 
damped electrons were delivered to the Final Focus Test 
Beam facility for experiment E144. SLC machine 
development included extended periods of pre-run system 
turn-on, new system commissioning, and experiments to 
characterize and improve the performance of various 
accelerator systems. SLD logging refers to periods of 
SLC operation dedicated to producing Z particles with the 
SLD detector on and recording data. 

During the period from August 12 to 19, 1996, the 
primary beam was delivered to ASSET, a station in the 
linac tunnel downstream of the damping rings used for 
testing prototype accelerator structures. This program, 
which was intended to develop the testing facility as well 
as to test an actual prototype structure, was essentially a 
week of continuous tuning and machine studies. The 
ASSET test, while considered very successful, is not 
discussed further in this paper because of its short duration 
and because it offers little additional insight into the 
overall reliability of the accelerator facility. 

In addition to the primary programs discussed in this 
paper, a parasitic electron beam was operated for parts of 
May and June, 1996, during the SLD run. This beam, 
which was generated by converting bremsstrahlung 
radiation from linac collimators when the SLC was 

* Work supported by Department of Energy contract DE- 
AC03-76SF00515. 

operating, had no adverse impact on the primary program 
and is not reflected in the statistics presented below. The 
goal of this program was to characterize the parasitic 
electron beam, including measuring the achievable flux 
and energy range, for use in future applications. 

Time period 

1 Apr 95- 10Sep95 

HSep95- 30Sep95 

1 Oct 95 - 30 Nov 95 
10 Dec 95- 23 Dec 95 
2 Jan 95-   10Feb96 
12Feb96- 31 Mar 96 

1 Apr 96-   31Jul96 
1 Aug 96 - 12 Aug 96 
19Aug96-   3Feb97 

4Feb97- 28 Feb 97 

1 Mar 97- 30 Apr 97 

Program 

Scheduled off. Rebuild A- 
Line. Install PEP e" inject 
transport line.  
Check out / turn on at 30 
Hz. 
ESA run - E154. 
FFTB run - E144. 
SLC machine development. 
NDR fire and recovery. 
SLD logging. 
FFTB run - E144. 
Scheduled off.   Prepare for 
fixed target program. 
Install PEP positron inject 
transport line.  
Turn on, commission A-Line 
and PEP e" inject line.  
ESA run - E155. 

Table 1. SLAC program chronology April 1995 through 
April 1997. 

2 TIME   ACCOUNTING 

Time accounting records were kept by the accelerator 
operators, who recorded the number of hours devoted to 
each of the categories in the first column of Table 2 at the 
end of each eight hour shift. The experimental runs 
summarized in this table included only the time periods 
dedicated to logging data in the indicated detector and 
excluded pre-run turn on and commissioning time. The 
run periods began when the accelerator and the detector 
were ready to begin production data collection and 
continued until the detector was scheduled to shut down. 
The SLC/SLD program in 1996 was originally scheduled 
to begin in February; however, a fire in the north 
damping ring vault delayed this program while repairs 
were made, and useful luminosity was not delivered to the 
SLD detector until April. For purposes of this paper, we 
have taken April 1 as the scheduled starting date and have 
not included the time period in February and March 1996 
in computing the run statistics presented below. 
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ESA FFTB SLD FFTB ESA 
95 95 96 96 97 

Exp't 70% 54% 45% 60% 63% 
Logging 
Machine 1% 5% 12% 3% 3% 
Develop. 
Alternate 4% 3% 3% 5% 7% 
Program 
Tuning 8% 7% 14% 10% 5% 

Unsched. 10% 24% 23% 16% 11% 
Down 
Sched. 7% 8% 3% 6% 11% 
Off 

Total 1465 336 2927 288 1463 
Hours 

Table 2.     SLAC primary linac program run time 
accounting 1995-1997. 

The "experiment logging" category is defined as the 
time when a suitable beam (or colliding beams) was 
available to the scheduled experiment, and the detector 
equipment was active and recording data. Machine 
development in Table 2 included brief (<1 day) 
interruptions to data logging, usually dedicated to 
measuring accelerator system parameters and 
implementing improvements. The extended periods of 
scheduled machine development work listed in Table 1 are 
not included here. Alternate programs were brief tests or 
experiments scheduled on short notice when the primary 
program could not be carried out as planned. This 
typically happened when some accelerator subsystem 
critical to the primary program was undergoing repairs 
while other accelerator systems, such as the injector 
system and the electron damping systems, were operating 
normally. During the ESA runs, most of the alternate 
program time was used for testing and commissioning the 
new PEP electron injection transport line. 

Tuning is defined as any time when no specific 
hardware or software systems were known to be 
malfunctioning, yet the beam properties did not meet the 
requirements of the scheduled program. Typically this 
was the time spent by operators and accelerator physicists 
measuring and correcting beam parameters. Unscheduled 
down time was logged when a system or component 
failed, rendering the beam unusable for either the main 
experiment or an alternate program. Scheduled off 
represents planned interruptions to the primary 
experimental program, typically for maintenance and 
minor upgrades or for adjustments to existing systems. 

The extended scheduled off periods shown in Table 1 are 
not included here, nor are holiday periods. 

The improvements in beam polarization achieved in 
1993 - 94 proved invaluable for the programs in the time 
period reported here. The polarization delivered to the 
ESA experiments was typically 82 to 83 percent. The 
polarization delivered to the SLD experiment was slightly 
degraded by the more complex transport system (including 
the SLC electron damping ring and arc), but was typically 
73 to 79 percent at the collision point. During the 1996 
SLC run, approximately 52 thousand Z particles were 
recorded by the SLD detector. This corresponds to an 
average luminosity of 39.6 Z's per hour, although the 
peak luminosity improved over the course of the run, and 
at times reached 100 Z's per hour. 

3 HARDWARE   RELIABILITY 

Hardware availability, defined here in terms of time 
when the accelerator hardware is not broken, is a measure 
of the overall reliability of the accelerator systems needed 
to carry out the accelerator program. The hardware 
availability, mean time to failure, and mean time to repair 
are listed in Table 3 for each of the major accelerator 
programs. These quantities are defined as follows: 

Availability = 1- (Downtime / Scheduled Operating Hours). 
Mean Time To Failure (MTTF) = Sched hrs / # of Failures. 
Mean Time To Repair (MTTR) = Downtime / # of Failures. 

Availability MTTF MTTR 
SLC   1993 82.8 % 7.7 1.3 
SLC   1994 80.7 % 8.5 1.6 
SLC   1996 79.0 % 10.7 2.2 

ESA   1993 93.3 % 12.7 0.9 
ESA   1995 92.0 % 21.2 1.7 
ESA   1997 89.4 % 10.9 1.2 

FFTB   1995 83.6 % 15.6 2.6 

FFTB   1996 83.7 % 16.0 2.6 

Table 3. SLAC hardware reliability summary. 

Hardware failures as defined in this section are those 
failures that noticeably interrupt or impede a scheduled 
running program and do not require testing or inspections 
to locate. As these data indicate, the hardware availability 
was consistently better during ESA and FFTB operation 
than during SLC operation. This was mainly because the 
ESA and FFTB programs required only electrons (no 
positrons) and thus required fewer active devices. SLC 
and ESA data from Reference [1] for 1993 and 1994 are 
also included for comparison. 
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The availability values are significantly higher than 
the experiment logging values in Table 2. For the SLD 
program, this difference arises primarily because of the 
substantial time required to tune the SLC and to carry out 
the machine development activities needed to meet 
performance goals. For the ESA experiments, the 
difference is due almost entirely to the time lost when the 
targets were unable to accept the beam. Experiments 
El54 and El55 both used sophisticated polarized targets 
that required frequent attention for maintenance and 
processing, sometimes scheduled, and sometimes not. 
The time when the targets were unavailable is counted 
under a combination of the other categories in Table 2. 
During target interruptions to El55, the PEP injection 
line was tested (alternate program), the linac pulse length 
was stretched (machine development), and safety systems 
were tested and certified in preparation for SLC and PEP 
operations (scheduled off). 
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Abstract 

The NLC low frequency (S and L band) rf linacs are heav- 
ily loaded by a beam of about 130 ns in macropulse length 
(90 bunches) and a current up to 2.75 Amps. Beam loading 
generates a large energy spread along the bunch train. For 
these linacs, the bunch train is much shorter than the filling 
time of these linac structures, and the energy of the beam 
drops approximately linearly with time during the pulse as 
a result of beam loading. For such a case, there are two nat- 
ural choices for beam loading compensation, AT (which 
achieves compensation by injecting the beam before the 
accelerator structure is full) and AF (which compensates 
by having some accelerator sections at /o ± AF). There 
are, however, disadvantages with these methods: non-local 
compensation in the AF method (except using many short 
AF sections) and low efficiency in the AT method due 
to short filling time and amplitude modulation required for 
compensation. In this paper, we will discuss a combined 
AT + AF method. In this scheme, the filling time of 
the structure is optimized for AT compensation for phase-I 
operation. In phase-II operation, AF sections are used to 
compensate the extra 50% beam loading due to higher cur- 
rent. Simulations have shown that up to 30% of power can 
be saved by using this method. 

1   INTRODUCTION 

The NLC [1] S-band L-band linacs are heavily loaded by 
a beam of about 130 ns in macropulse length (90 bunches) 
and a current up to 2.75 Amps. Energy compensation is 
required in order to obtain a small energy spread along the 
bunch train. The pulse length of the bunch train in these ac- 
celerators is much shorter than the reasonable filling times 
of the structures which are in turn shorter than the ringing 
time, 2Q/u, for the structure. In this situation, the energy 
of the beam will drop approximately linearly with time dur- 
ing the pulse as a result of beam loading. For this case 
there are two natural choices for beam loading compensa- 
tion: 1) AT (early injection and amplitude modulation), 
i.e., inject the beam before the structure is full and mod- 
ulate the amplitude of the input power to produce a slope 
in the acceleration voltage that cancels the beam loading; 
2) AF, i.e., having one or more accelerator structures run- 
ning at a frequency 1 to 2 MHz above or below the nominal 
frequency and roughly in phase quadrature from the accel- 
erating phase. Thus the beginning of the pulse can be de- 
celerated by the off frequency section(s), while the end of 
the pulse is accelerated. 

* This work was supported by the U.S. Department of Energy, under 
contract No. DE-AC03-76SF00515. 

—! tb r- 

Figure 2.1: Compensation voltage Vk(t) of a AF section. 

The seven S-band and four L-band low rf frequency 
linacs in the NLC complex each accelerates a different 
beam current. For example, in phase-I operation, current 
in the S-band e+-drive linac is 1.5-A while in the e~- 
prelinac is 1.0-A. Further more, the currents will be 50% 
more in phase-II operation. This requires the compensa- 
tion schemes to be capable of compensating beam load- 
ing of wide range of beam currents. Both AF and AT 
schemes have been proven to be effective with NLC oper- 
ation parameters [2]. However, there are advantages and 
disadvantages with the AF and AT methods. While the 
AF scheme has high efficiency (for high currents), it yields 
a poor energy spectrum along the accelerator. The AT 
scheme, on the other hand, gives a good energy spectrum, 
but is low in efficiency for high beam currents. To solve 
the problem, we present, in this paper, a hybrid approach 
using AT + AF. Under high beam loading conditions, 
compensation is distributed between AT and AF. Both 
AT and AF are operated to compensate a lower beam cur- 
rent, which improves the efficiency (AT) and reduces en- 
ergy spread (AF). The machine parameters used in this 
paper are for the present design. They may evolve in the 
future. 

2   AF COMPENSATION 

In an compensation accelerator section powered by rf at 
a frequency F0 ± AF, the bunches see a field which ap- 
pears to vary with the difference frequency AF as shown 
in Fig.2.1. If the beam pulse length satisfies the relation 
% < g-L_ and is phased as shown, the energy gain will 
vary quite linearly with time. 

The frequency offset AF of the compensation sections 
need to be chosen between the requirement of compen- 
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Figure 2.2: Energy spread in an accelerator module with 
AF compensation in the middle. 

sation power (oc 1/AF2) and the residual energy spread 
(oc AF2). We have chosen a AF (1.4 MHz for S-band) 
such that the phase spread of the bunch train in the AF 
section is about 60°. The maximum compensable beam 
loading voltage in this case is equal to the maximum ac- 
celeration of the AF section. With 25% maximum beam 
loading at nominal operation, one AF section can compen- 
sate beam loading of a module of four regular sections. 

Within each module, with the AF section in the mid- 
dle, the beam energy spread reaches half of the compen- 
sation voltage of a single off-frequency section as shown 
in Fig. 2.2. The compensation section then over corrects 
by a factor of two which reverses correlation of energy 
with time during the pulse. In order to maintain a small 
enough energy spread to achieve an acceptable emittance 
growth it appears necessary to distribute the power from 
one klystron running off frequency to a number of short 
accelerator sections, so that each correction is acceptably 
small. However, the high power microwave distribution 
system to many short AF compensation sections becomes 
unreasonably complicated and expensive. In addition to 
non-localness of AF compensation, the residual energy 
spreads (difference between the sine and "linear" beam 
loading curves) of all modules in an accelerator have the 
same distribution along the bunch train and they add up. 

3   AT COMPENSATION 

The way AT compensation works is shown in Fig. 3.3 in 
which the voltage Vk(t) produced by a step function rf 
pulse is plotted as a function of time for a traveling wave 
linac section. Also plotted is the beam induced voltage 
Vb(t). The resultant sum of Vk(t) and Vb(t) is plotted for 
the case where the beam is turned on before the linac struc- 
ture is full. 

For SLED-I driven structures, the input power to the 
structure decreases exponentially [3]. As a result, the slope 
of the acceleration voltage decreases with time. To com- 
pensate at high beam currents in the NLC, it is preferable 
to used a reasonably short filling time. In addition, the 
power profile needs also be modulated to change the slope 
of the acceleration voltage, which enables to compensate 
beam loadings of different currents. The advantage of AT 
compensation is that the compensation occurs in every ac- 
celerator section, so that the energy spectrum can be good 
through out the linac, thus minimizing emittance growth 
from dispersion and chromatic effects. In addition, the am- 

Figure 3.3: AT beam loading compensation using early 
injection. 
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Figure 3.4: SLED-I wave forms for compensating 1, 1.5, 
and 2.2-A beam currents using AT compensation scheme. 

plitude modulations in different modules of an accelera- 
tor is independent and the residual energy spread can be 
made random. The residual energy spread AF at the end 
of the accelerator will be VNAEmoduie- The relative en- 
ergy spread is proportional to \/VN. 

For 1.5-A current with optimized filling time, the effi- 
ciency of AT is comparable to AF. For 1- and 2-A cur- 
rents, the efficiency is about 30% lower due to amplitude 
modulation, Fig. 3.4. 

4   HYBRID AT + AF APPROACH FOR POWER 
SAVING 

Low efficiency with AT compensation is mainly due to 
amplitude modulation of the SLED output. One can im- 
prove the efficiency of the AT compensation scheme by 
optimizing the filling time of the structure for each given 
beam loading current to avoid amplitude modulation. It is 
effective at relatively low beam currents, fails at high beam 
currents where the filling time of the structure would be- 
come too short. For the later case, a compromise can be 
found between energy spectrum and efficiency by combin- 
ing AT and AF. With the combined scheme, the filling 
time of the structure is optimized to compensate a lower 
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Figure 4.5: A sketch of AT + AF compensation scheme. 

Table 4.1: AT and AT + AF results for the NLC prelinacs 
Phase-I Phase-II 

Current (A) 1.0 1.5 
Facce;/module 
(MeV) 

310(244) 305 (254) 

AE/Eaccet 1.1 x HTa 

(3.2 x 10~4) 
9 x 10~4 

(1.1 x 10-5) 

PAF/module 
(MW) 

0.0 5 

P saved 38% 30% 

beam current using AT, and AF sections are used to com- 
pensate the extra beam loading when operating at high cur- 
rents. In this case, the AF section compensates only a 
small fraction of total beam loading, non-localness of AF 
is less a problem. A sketch of an accelerator module with 
AT + AF compensation is shown in Fig. 4.5. 

In the NLC, The current in phase-II is 50% more than in 
phase-I. With the combined AT+AF concept, it is natural 
to optimize the filling time of the structure for AT com- 
pensation for phase-I. In phase-II, AF sections are used to 
compensate the extra beam loading, which is only 30% of 
the total phase-II beam loading. 

A comparison between AT and hybrid AT -f AF in 
power requirement is shown in table 4.1 for the S-band 
prelinacs operating in phase-I and phase-II. The numbers 
in parentheses are for pure AT compensation. More than 
30% of power can be saved with the hybrid approach in 
both phase-I and II operations for the prelinacs. Similar 
results were found for other NLC low rf linacs with the 
AT -I- AF approach. 

5   SUMMARY 

In this paper, we have discussed the advantages and disad- 
vantages of using AT and AF beam loading compensation 
schemes in term of efficiency and local energy spectrum for 
SLED-I driven disk-loaded waveguide structures. Compro- 
mise between efficiency and energy spread was found by 
using a hybrid AT + AF approach. With the NLC S-band 
prelinac parameters, over 30% of power can be saved by us- 
ing the hybrid scheme as compared with pure AT scheme 
(filling time optimized for 1.5-A current). Similar power 
saving can be obtained for other low rf frequency lincas in 
the NLC complex. 
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NEUTRAL BEAM COLLISIONS AT 5 TEV 
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Abstract 

At 5 TeV center-of-mass energy, collective effects are a 
prominent feature of electron-positron collisions, 
contributing to backgrounds and energy-spread, and 
suggesting a practical limit on the charge per bunch. To 
circumvent such collective phenomena we examine 
collision of neutral beams, with particular attention to the 
effect of mismatch and instability. 

1 INTRODUCTION 

The exploration of high-energy physics has 
progressed over the last 50 years only by continuous and 
inspired invention [1]. Today, blessed with a surfeit of 
predictions for the 5 TeV frontier [2], we are unable to 
reach the energy required. The problem, for linear colliders 
is this: to reach high luminosity with a reasonable site 
power we must produce small beams in collision. 
However, small beams interact collectively and pinch each 
other [3]. 

As a particle encounters the oncoming beam at the 
interaction point, its trajectory is bent and it radiates 
"beamstrahlung" photons, with a spectrum characterized 
by the parameter 

Y = l.lxl0 
2     YNbre

z 

(l+R)oyoz 

the ratio of average photon energy to incident electron 
energy. Here re = 2.82xl0"13 cm is the classical electron 
radius and Nb is the number of particles per bunch. The 
quantity R = ojGy is the aspect ratio of the beam at the 
IP, ax and ay are the rms spot sizes in collision, a, is the 
rms bunch length, and y=ECM/2mc2 is the Lorentz factor 
for an electron. 

It is instructive to parameterize the collider scalings 
by Y. We abbreviate W = azY/rey. The average 
fractional energy loss of an electron in collision is given 
by [4] 

8 « 6.6 x 10_5WY 1 + (1.5Y): 2/3 1-2 

The number of particles per bunch is 

Nb=8.5xl0"JW 
Oy 

(1 + R), 

Supported by DOE Contract DE-AC03-76SF00515. 

and the bunch crossing rate may be expressed in terms of 
luminosity 

,.4 Lojr     R f = 2.1xl(T 
W2 (l+R)2 

where aT ~ 6.7xl0"25cm2 is the Thomson cross-section. 
Site power P may be expressed as 

P-3.5xl02^^)^ 

where r\ is the efficiency of conversion of wall-plug 
energy to beam kinetic energy. Finally, the colliding 
beams serve to focus each other with focal length ~cr/Dy, 
where the disruption parameter is 

Dv :1.7xl0-2^ 
/     \ 

Center-of-mass energy, luminosity and site power 
constrain all variables as functions of <5 and Y (and R). 
Additional restrictions should be considered with care; we 
tentatively consider the following: (1) control energy 
resolution in collision: 8< 0.1 (2) control backgrounds: 
Y < 0.2. If we accept these constraints as equalities, all 
parameters, but R, follow directly. For example, at 5 TeV 
center of mass energy, a useful event rate requires 
luminosity of order L ~ 1035cm"2s"1. Perceived operating 
costs limits P to, let us say, 500 MW. With 8 = 0.1 and 
Y = 0.2 one finds W ~1.6xl04, ^-«r/O.lcm, £yi.5xl03, 
and other parameters as in Table 1. 

Table 1 Naive collider scalings at 5 TeV. 

°y = 5x10" -7r|(l + i-)cm 

f = 1.4x10' ̂ (l + R^Hz 

Nb = 5x10 3Tl(l + R) 

£ny = 1x10" V(l4)m- rad 

The relatively long bunch length has implications. 
For a linac operating with a pure sinusoidal accelerating 
waveform (i.e., a conventional linac), the bunch length 
constrains the linac wavelength to X ~ 53a/8m, where 8 
is the percent rms energy spread for the beam. The 
momentum bandwidth of the final focus system [5] 
constrains S. For example 8 ~ 0.2% implies a linac 
operating at S-Band or longer wavelengths. Gradients are 
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limited at long wavelengths due to breakdown and 
trapping [6] and even at a gradient of 50 MeV/m, the linac 
complex would occupy 100 km. These numbers could be 
relaxed, with non-interleaved chromatic correction, or 
harmonic rf energy spread compensation, or with a 
breakthrough in the understanding of breakdown. 
Regardless, the disruption parameter is sufficiently large 
that the beams would be violently unstable in collision. 

One way out of this dilemma is to relax the 
constraint on Y, and accept and deal with the copious pah- 
production that would result. In this case, one could 
contemplate a machine at wavelengths of cm, gradients as 
high as 200 MeV/m, and a linac 25 km long. There is a 
second alternative, and this is the subject of the present 
work. 

2 NEUTRAL BEAM COLLISIONS 

We consider luminosity production by collision of 
two neutral beams, each consisting of two co-propagating 
e+ and e" beams. We put aside the issue of initial state 
tagging. Parameters we have in mind are ax=ay = c, ~ 2 
nm, ßy ~ 220 \im, em = Eny ~ lxl0"7m-rad,/ ~ 550Hz, 
eNb ~ 2nC. Corresponding two-beam parameters are S ~ 
l,Y~3xl04, rj ~ 1%. As a check of consistency, we 
take note of the Oide limit [7], arising from synchrotron 
radiation in the final focus, 

^ = 3.6 t-ny 

5/7 
^1/7 ßv 

= 9.3Y 

N3/7 
c-ny -.211 

where the function F depends on the optics, and is of order 
unity. The bunch length is subject to az < ßy, and the 
uncompensated disruption parameter Dy ~ 1.4crz(|im). 

We consider next, what collective limits arise in this 
system. As noted by Balakin and Solyak[8] and 
Rosenzweig et al [9] neutralized beams in collision suffer 
from a charge separation instability. A minute deviation 
from neutrality is amplified as the like-charge beams repel 
each other. This effect needs to be evaluated 
quantitatively, and a strong-strong, multi-particle 
simulation has been written for that purpose. The 
following section describes that simulation and the work 
that has been done to date to verify it. 

3 INSTABILITY OF NEUTRAL BEAMS 

We employ a particle-in-cell simulation based on a 
three dimensional grid with charge allocation by area 
weighting in the transverse plane, and solution of 
Poisson's equation in the transverse plane. The transverse 
algorithm is described in references [10, 11], and is best 
suited for approximately round beams which is the case of 
interest. The modification of previous work for this paper 
is that the simulation has been made strong-strong by 
splitting the beams into a number of slices 
longitudinally. For the results reported in this paper the 
azimuthal bin size was 7t/8, the radial bin size was 0.01ar 

and   there   were   16   longitudinal   slices,   with    10 
particles/slice/beam. 

The charge separation instability can be solved 
analytically (see next paragraphs) for uniform charge 
density beams with the assumption that the beam radius 
is constant through the collision, and the simulation has 
been tested by comparing results with this analytical 
solution. 

Righl Moving M»Xeft Moving 

Lf = -L L( = Lr = 0 L/ L^ = L 

Figure 1: Configuration and coordinates for the 
calculation. Lr and L( are right-handed coordinates that 
move with the beams. The figure is drawn at the start of 
the interaction. 

Let Rr and Rf denote the transverse separations of the 
beams moving to the right and left, respectively. The 
equations of motion, derived from Gauss' Law for 
uniform beams, are 

d% 

dt2 

8c2D- 
Rr; 

d2Rr _ 8c2D - 

dt^ 
Rp 

where L is the full length  of the beams,  D is  the 
disruption given by 

reNbL 
D: 

ft 
and ar is  the beam  radius.  Let  Lr  and L/ denote 

coordinates that move with the bunch as shown in Fig. 1. 
The equations of motion can be rewritten in terms of Lr 

and Lf as 

r-y RKL^> Lr) = TT Rr(L^?> Lr) » 

a2   - 
i- 2D ^TRr(L^Lr) = ^R^(L^,Lr). 

These equations can be solved by Laplace 
transformation. For example, the equation for the Laplace 
transform of Rr with respect to Lr is 

ir(Le, p) = ?r0 coshf ^-J + ^ rr'0 sinhf ^> 

+ j dx^ sinh 
0 

2D(Lr-x1)U6 

\ L2P 
i|%)+pR«)}> 

where p  is   the   Laplace  transform   variable  and  the 
subscripts "0" denote initial values. 

For the specific case where the centroids of the right 
moving beams are offset from each other by 2A, 
R^0 = R'^0 = Rro = 0; Rr0 = 2A. Substituting into the 

above equation 
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rr(L^,p) = — A cosh 2DLi 

L p 

which can be inverse transformed after expanding the cosh 
in a Taylor series to give 

^Rr(L,>Lr) = l+£(^)2(2D^y2n. 

0.4       L(/L   0.6 

Figure 2: Centroid separation normalized to the initial 
offset for the right moving beams that were initially 
offset. The circles are from the simulation, and the solid 
curve is the analytical result. 

100 

Figure 3: Centroid separation normalized to the initial 
offset for the left moving beams that were not offset 
initially. The circles are from the simulation, and the 
solid curve is the analytical result. 

The separation of the left moving beams for this case is 

' (2n)! (2n-2)! \f-u L   L ^ML|.Lt)-2D   U     Z(2n 2A 
n=l 

2n 

These two equations can be compared with 
simulation results. Figures 2 and 3 show the results for 
the case of for D = 5 and 2A/ar = 0.05. The simulation 
and calculation are in good agreement. We consider this to 
indicate that the simulation is correct and can be used to 
study tolerances for realistic situations including Gaussian 
profiles and unequal charges. 

4 CONCLUSIONS 

Collision of neutral beams permits operation in a 
region of IP parameter space that, for simple e+e- 
collisions would correspond to Y, S » 1. With neutral 
beams much larger emittances, higher bunch charges, and 
shorter wavelength linacs may be contemplated. Control 
of 2.5 TeV neutral beams in collision are likely to require 
an uncompensated disruption parameter D < 10, and a 
correspondingly short bunch length. 

We have developed and tested a simulation that can 
be used to make quantitative estimates of tolerances in 
neutral beam collisions. 
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RF SYSTEM FOR A 30 GHz, 5 TEV LINEAR COLLIDER BASED ON 
CONVENTINONAL TECHNOLOGY1 

P. B. Wilson, T. Raubenheimer and R. D. Ruth 
Stanford Linear Accelerator Center, Stanford, CA 94309 

Abstract 

In order that it may be built within a reasonable length 
and with reasonable ac power consumption, a 5 TeV 
linear collider must employ an accelerating gradient and if 
frequency which are both higher than for present 1 TeV 
collider designs. The required peak rf power per meter, 
which will also be higher than for 1 TeV designs, can be 
provided either by relatively conventional rf technology or 
by a two-beam scheme such as that proposed for CLIC. In 
this paper the first alternative, a 30 GHz rf system 
employing microwave tube power sources together with 
rf pulse compression, is described which produces an 
accelerating gradient on the order of 200 MV per meter. 
Limitations on the peak power that can be obtained from 
conventional klystrons as a function of frequency are 
discussed; it is found that such klystrons are only 
marginally adequate as a power source at 30 GHz. Several 
alternative rf sources, such as multiple-beam klystrons, 
sheet-beam klystrons, gyroklystrons and annular-beam 
ubitrons are described which are capable of providing the 
required power, after pulse compression, of about 600 
MW per meter. 

1. INTRODUCTION 

Initial parameter sets [1],[2] have been developed for a 
linear collider with a center-of-mass energy of 5 TeV, a 
luminosity on the order of 1 x 1035/cm2/sec, and an 
operating frequency in the 30-34 GHz range. To keep the 
length of the collider linac within reasonable bounds (on 
the order of 30 km), the operating gradient must be about 
200 MV/m. Several potential problems immediately 
come to mind. First, can a gradient of this order be 
substained without rf breakdown, and even below the 
breakdown threshold, will field emission lead to 
unacceptable rf processing time or possibly to arcing, gas 
bursts and surface degredation during operation? 
Concerning the breakdown threshold, the results of Loew 
and Wang [3] extrapolated from X-band to 30 GHz 
indicate a breakdown surface field on the order of 1100 
MV/m (corresponding approximately to an accelerating 
gradient of 450 MV/m) for pulses two or three 
microseconds in length. For pulse lengths on the order of 
100 ns, as contemplated for a 30 GHz collider, the 
breakdown threshold should be considerably higher. 
Problems due to field emission tend to escalate above the 

dark current capture threshold gradient, which scales 
linearly with frequency. Experience with accelerating 
structures at S-band and X-band indicates that, using 
appropriate machining, cleaning and vacuum techniques, 
the structures can process and operate with satisfactory 
levels of field emission at gradients of at least 1-1/2 times 
the dark current capture gradient, or 240 MV/m at 30 
GHz. 

Before starting on a detailed design of a 5 TeV, 30 
GHz linac operating at a loaded gradient of 200 MV/m, 
we need to ask whether a machine with these parameters 
can operate at a reasonable repetition rate with a 
reasonable ac wall plug power. The ac power for a 
machine with a gradient G, pulse length Tp, active length 
LA repetition rate fr and rf system efficiency r| varies 
approximately as Pac ~ fr G

2k2TpLA/r|. Assuming that the 
pulse length varies in proportion to the structure filling 
time (-A,3'2), and that the gradient is scaled as G ~ corf, the 
ac power then scales as Pac ~ fr EcmA3/2/r|. In scaling 
from the 11.4 GHz NLC design at 1 TeV to a 5 TeV 
collider at 30 GHz, the unloaded gradient will increase 
from 85 MV/m to 225 MV/m if G ~ (0 scaling is 
followed. The factor A.3'2 decrease the ac power by a factor 
of 4.3, almost balancing the five-fold increase in energy. 
Thus at a repetition rate of 120 Hz and a scaled pulse 
length of 60 ns, the ac power would remain nearly 
constant. In the design to follow, the pulse length will 
actually be about twice this, making it necessary to reduce 
the repetition rate to 60 Hz. 

The peak power per meter required to drive the 
accelerating structure scales approximately as Pm ~ G2X,"2. 
For G - co scaling, this becomes Pm ~ co3/2. The NLC 
structure requires 145 MW/m for an unloaded gradient of 
85 MV/m. This scales to 615 MW/m for a gradient of 
225 MV/m at 30 GHz. A third question is, are rf sources 
available (or possible) which, together with a reasonable 
rf pulse compression system, can supply this peak power 
with a reasonable spacing between sources? The remainder 
of this paper will be devoted to answering this question. 

2. BASIC RF-RELATED PARAMETERS 

Table 1 gives basic rf parameters for a 30 GHz, 5 
TeV collider for two accelerating structure designs. 

Work supported by the U.S. Department of Energy under contract DE-AC03-76SF00515. 
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Table 1 
RF Parameters for two Structure Designs 

Str. A Str. B 
Group Velocity/c .067 .075 
Structure Length (m) 0.70 0.75 
Filling time TF(ns) 35 33 
Q 3500 4590 
T() = 2Q/G) (ns) 37 49 
T = Tp/T0 0.95 0.68 
Shunt Impedance(Mft/m) 87.5 125 
Unloaded Gradient (MV/ra) 228 232 
Loaded Gradient (MV/m) 200 200 
Peak Power/meter 700 580 
(MW/ra) 
Power per Structure (MW) 490 435 
Power per Klystron (MW) 74 66 
Pulse Length at Str. (ns) 140 138 
Pulse length at Kly. (jxs) 1.12 1.10 
AC Power (MW) 340 280 

Structure A, having a shunt impedance of 87.5 M£2/m, is 
a design developed[2] by the CLIC group at CERN. 
Dipole-mode damping is achieved by heavy coupling to 
external loads. Structure B is scaled from the current 
design for the NLC damped detuned structure having a 
shunt impedance of 95 MQ/m at 11.424 GHz (group 
velocity = 0.05c). Scaling this to 30 GHz, opening up the 
iris to make vg/c = 0.075 (to give lower wakefields and 
allow a longer structure length), and derating the shunt 
impedance r by -8% (5% in Q and 3% in r/Q) to allow for 
possible additional damping, results in a shunt impedance 
of about 125 MQ./m. The beam loading current is based 
on a train of 200 bunches spaced 0.5 ns (15 X) apart, each 
with a charge of 3 x 109 electrons. Including a 5% 
overhead allowance for feedback, etc., and assuming two 
10 GeV injectors, the active length of both main linacs is 
26.15 km. The pulse length includes a 5 ns rise time 
allowance. In calculating the ac power, an rf system 
efficiency of 45% is assumed: klystron, 60%; modulation 
efficiency (assuming a gridded tube), 91%; pulse 
compression efficiency, 82.5%. 

At this gradient and pulse length, there is potentially 
serious problem with pulse heating at the copper surface, 
estimated be about 150°C. The yield strength in copper is 
exceeded at a pulse temperature rise on the order of 40°C 
[4]. However, the extent to which this surface damage 
might degrade the rf surface resistance is not clear; an 
experiment is underway at SLAC to measure the effects of 
pulse heating with a temperature rise of several hundred 
degrees on a demountable surface in an X-band cavity [5]. 

Finally, it would highly desireable to reduce the ac 
power by increasing the rf system efficiency above 45%. 
A reasonable goal might be: klystron, 65%; klystron 
modulation, 95%; pulse compression, 85%; system 
efficiency 52.5%. This would reduce the ac power by 
15%. 

3. RF PULSE COMPRESSION 

The use of rf pulse compression to enhance the peak 
power output from the rf source becomes more important 
as the rf frequency increases and the power output 
capability of microwaves tubes tends to decrease. Several 
pulse compression schemes have the capability in 
principle of providing a peak power enhancement of 6.6, 
as assumed here, with reasonable efficiency. Current 
efforts at SLAC are being directed toward a so-called 
Delay Line Distribution System (DLDS) scheme in 
which the power from eight klystrons is combined to feed 
four groups of accelerating sections, each for a time equal 
to one-fourth of the klystron pulse length. In this scheme, 
power is directed to accelerating sections upstream (toward 
the gun), and the beam return time serves to reduce the 
delay line length by a factor of two. Applied to the 
present 30 GHz parameters, the klystron pulse length 
would be 4 x 140 ns = 560 ns, and there would by 30 m 
of delay line per meter of accelerating structure (compared 
to 9m/meter for the NLC design). 

An alternatively possibility is a BPC (Binary Pulse 
Compression) system using loaded delay lines consisting 
of a series of 5-10 high Q energy storage cavities. Such a 
system having a compression ratio of 8 and a power gain 
of 6.6 (82.5% efficiency) is assumed for the parameters in 
Table 1. Although possible in concept, design details for 
such a system remain to be worked out. 

4. RF POWER GENERATION AT 30 GHZ 

There are two basic limitations on the power that can 
be generated by a conventional round-beam klystron. 
First, it is well known that the electronic efficiency of a 
klystron depends on the microperveance, defined as K^ = 
(Ib/Vb

3/2) x 106. An expression that fits recent simulations 
at SLAC is: r) = 0.75-0.17K„. To achieve an efficiency 
of at least 65%, the microperveance must be less than 
about 0.6. The output power at a beam voltage of 500 kV 
would than be less than about 68 MW. From Table 1, 
this marginally meets the klystron power requirement for 
the two cases shown. 

A second limitation on klystron power is related to the 
area of the electron beam, which does depend on 
wavelength. To achieve good coupling to the longitudinal 
rf fields in the output gap, the radius of the beam should 
not be larger than about X/8. If the beam radius exceed 
this, then electrons on the beam axis and electrons at the 
edge of the beam will see a substantially different rf gap 
voltage, and efficiency will suffer. Next, the beam area at 
the cathode can be larger than the beam area in the drift 
region by a factor A,., the area convergence ratio. This 
ratio is limited by aberrations in the gun optics, 
transverse emittance, alignment tolerances, etc. A good 
measure of these effects is the convergence half-angle, 
which is related to the f-ratio of conventional optics. In 
practice, it is found that the convergence half-angle is 
limited to about 40°, corresponding roughly to f 0.6. 
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Because of the dynamics of space-charge-limited electron 
flow in the gun region, the gun focal length and hence the 
area convergence ratio depends on the perveance. By 
plotting Ac vs K^ for a variety of gun designs with a 
convergence half angles of 35°-40°, the points can be 
crudely fit (within a factor of two or so) by [6] Ac = 
150/K2^. A further limitation is the acceptable cathode 
loading current per square centimeter, IA. Putting these 
factors together, the output power is 

pk~rtvbiAAjc{m)2.    a) 

If AC(K„) as specified above is inserted in this and the 

result equated to Pk = r|K Vb , an expression is obtained 

for the maximum allowable perveance: 

Kll = 194lXiX 1/3,2/3/^ 1/2 (2) 

Taking IA = 10 A/cm2, X = 1.0 cm and V„ = 560 kV, 
then K^(max) = 0.59 with a corresponding efficiency of 
65% and output power of 68 MW. By coincidence, this is 
just the efficiency and output power specified above. At 
shorter wavelengths the perveance would have to be lower 
and the output power less (although the efficiency would 
be somewhat higher). 

The bottom line is that it should be marginally 
possible to build a klystron at 30 GHz which has good 
efficiency (65%) and an output power or the order of 65 
MW. To obtain this or higher power from a more 
coservative power source, there are several possibilities. 
For example, three or four lower perveance beams can be 
packaged together in the same vacuum envelope. Such a 
multibeam klystron having common rf cavities but 
separate PPM-focused beams has indeed been proposed 
[7].Klystrons using a sheet beam, which is essentially 
equivalent to many round beams in parallel, are capable 
(in simulations) of producing 150 MW at 34 GHz with 
good efficiency [8]. It is well known that gyroklystrons 
are also capable of producing high power at high 
frequency. At the University of Maryland, a coaxial-circuit 

gyroklystron frequency-doubled from 17 to 34 GHz has 
been designed which produces an output power of 150 
MW at a simulated efficiency of 42% [9]. A single-stage 
depressed collector can increase the efficiency to 56%. 

Another annular-beam device capable of delivering 
high power output at high frequencies is the Ubitron 
(FEL) proposed by McDermott et. al. [10]. Using a TE01- 
mode coaxial cavity and a PPM wiggler, it produces a 
simulated output power of 250 MW at 11.4 GHz with an 
efficiency of 50%. It should still be capable of producing 
a high output power when scaled to 34 GHz. 
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1   INTRODUCTION 

The Stanford Linear Collider (SLC) is the only linear col- 
lider in the world. One of the primary operational limi- 
tations encountered at the SLC is the need to constantly 
tune up all the different subsystems, i.e., injectors, damping 
rings, linac, arcs and the final focus. The tuning involves, 
for example, the optimization of the interaction-point (IP) 
spot size [1], and the minimization of the linac emittances. 
The latter are determined by a delicate balance of beam or- 
bit, rf phases and wakefields, which is very sensitive to per- 
turbations, such as temperature or bunch-length changes. 

The preservation of a tuned-up state is difficult, as illus- 
trated by Fig. 1 and Table 1. Figure 1 shows the average 
normalized (or specific) luminosity as a function of day- 
time for the 1996 SLC run. We observe steady luminosity 
increases during the day and swing shifts as well as clear 
drops at the 8-am and 4-pm shift changes. The latter are 
presumably the result of reduced attention and/or of dif- 
ferent tuning strategies. The highest luminosity is achieved 
during owl shift (from 0 to 8 am), with a peak value reached 
around 5 am. In Table 1, we present the fraction of time 

daytime (hr 

Figure 1: The diurnal luminosity during the 1996 SLC run. 
Shown is the luminosity normalized to 1010 particles per 
bunch. The actual luminosity would be ~12 times higher. 
A rate of 1 Z/hr is equal to about 1028 cm-2 s_1. 

during which the SLC luminosity exceeded a certain min- 
imum value. The table shows that the highest luminosity 
was achieved over less than 20% of the time, with remark- 
ably similar numbers for the last two SLC runs. 

Luminosity 1994/95 1996 
L > 10 Zs/hr 56% 57% 
L > 30 Zs/hr 42% 50% 
L > 40 Zs/hr 27% 34% 
L > 50 Zs/hr 15% 18% 

* Work supported by the U.S. Department of Energy under contract 
DE-ACO3-76SF0O515. 

Table 1: Fraction of time (not including overall down- 
time) during which a certain luminosity was exceeded in 
the 1994/95 and 1996 SLC runs. 

2   PERTURBATIONS, TUNING AND RECOVERY 

The SLC experience suggests that tuning and stabilization 
will be very important also for the NLC. 

Magnet displacements due to ground motion or tempera- 
ture changes could reduce the NLC luminosity, by steering 
the beams out of collision or by increasing the IP spot size. 
The most critical magnets are those in the final-focus sys- 
tem. In Ref. [2], it was shown that ground motion does 
not significantly impact the luminosity, because, first, it is 
highly correlated and, second, an orbit feedback can correct 
the accumulative effect of a small random component. The 
main sources of temperature variation in the NLC final fo- 
cus are synchrotron radiation and energy loss at beam-pipe 
transitions, which both cause a local power deposition of 
about 1-3 W. A proper design will ensure that, for this heat 
load, the magnet temperature changes by less than 0.02 K 
over a few seconds or by less than 1 K over 15 minutes. 
In this case, fast and slow orbit feedback loops can main- 
tain orbit and spot size, provided the offsets of the beam- 
position monitors (BPMs) are sufficiently stable over the 
above time periods. FFTB experience has demonstrated 
that this is possible. Since most of the tuning and stabiliza- 
tion is based on beam information, e.g., BPM readings, the 
largest perturbations to the tuned-up accelerator are sched- 
uled or unscheduled downperiods without beam. 

We, thus, distinguish three types of tuning: 1) continu- 
ous tuning under normal operating conditions (i.e., which 
has to be performed regularly to compensate for slow drifts 
of the rf phases, BPM readings, or power supplies), 2) 
recovery from a one-hour down time (DT) where the ac- 
celerator was in a stand-by mode, and 3) recovery from a 
24-hour repair opportunity day (ROD) with access, repair 
work and major temperature changes. Tables 2 and 3 il- 
lustrate this classification for the NLC final-focus system. 
Table 2 presents a list of recovery steps and recovery times 
after a down period. Only the time spent on tuning is listed, 
and no time for actual repair work is included. Table 3 com- 
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recovery from tDT [min] £ROD [min] 
check BPM polarity & offset 
activate orbit feedbacks 

NA 
5 

5 
5 

close FF collimators 0 0 
feedb. & orbit for 90 bunches 5 5 
match incoming dispersion 
measure FF emittances 

NA 
5 

5 
5 

coupling corr. & beta-match 
turn on & phase crab cavity 
establish collisions 

0 
NA 

2 

0 
5 
2 

turn on detector NA 5 
correct IP aberrations 5 5 

total 22 42 

Table 2: Performance recovery times of the NLC final focus after 
a 1-hr down time (DT) and after a 24-hr repair day (ROD). 

procedure t [min] T[hr] AL/L [%] 
multi-bunch steering 0.5 0.08 0 
dispersion (x&y) 0.12 0.25 0.8 
waist (x&y) 0.12 0.25 0.8 
skewl (x'y') 0.06 0.25 0.4 
IP divergence 0.017 1 0 
skew sexts. (x'2y', y'3) 0.12 1 0.2 
skew2 (xy') 0.06 1 0.1 
skew3 (x'y) 0.06 1 0.1 
multi-bunch y-disp. 0.06 8 0.03 
multi-bunch waist x& y 0.12 8 0.03 
adjust FF main collimators 5 24 0.35 
orbit resteering 60 100 0.25 
BPM align. & offsets 30 170 0.1 
sext. (x'3,x'y'2) 0.12 170 0 
chrom. x& y 0.12 170 0 
chrom. skew (x'y'5) 5 170 0.05 
2nd order y-disp. 0.6 170 0.01 
crab angle (xz') — 170 0 
match inc. dispersion 5 170 0.05 
total 3.27 

Table 3: Continual tunings procedures in the NLC final focus: 
required time t, tuning period T, and estimated luminosity impact 
AL/L. 

piles the continuous tuning procedures and their estimated 
impact on luminosity. 

Similar analyses have been performed for the other NLC 
subsystems. The results are summarized in Table 4, which 
shows that the recovery time of each subsystem is on aver- 
age 15 minutes after a short down period and about 40 min- 
utes after a ROD. Therefore, the tune-up of the entire NLC 
takes about 2 or 6 hours, respectively. In addition, there is 
a luminosity loss due to continual tuning of roughly 20%. 

3   MARKOV MODELS 

The overall availability ANLC of the NLC is the product 
of the availabilities of the electron and the positron system: 
ANLC = Ae+ x Ae-. For an overall availability of 90%, 
the availabilities Ae± must be 95%. Both the electron and 
positron system can again be subdivided into 8 distinct sub- 
systems. To assess the availability Ae- (or Ae+), we have 

subsystem £DT [min] <ROD [min] AL/L [%] 
systemwide — 15 — 
injectors 4 45 2.5 
damping rings 16 64 2.4 
compressors 15 70 3.2 
main linac 17 45 4.6 
collimation 25 ■25 4.3 
IP switch/b. bend 10 15 0.9 
final focus 22 42 3.3 
extraction line 9 21 0 
total 118 342 21.2 

Table 4: Recovery times and luminosity reduction due to contin- 
ual tuning for all NLC subsystems. 

developed a simple Markov model [3], consisting of 9 dif- 
ferent states (see Fig. 2). The 0th state means the beam 
is brought to the IP. The other 8 states refer to a failure in 
one of the 8 subsystems. For example, in the 8th state the 
injector is off. Each subsystem is characterized by three 
parameters: a failure rate Aj describing the frequency at 
which this subsystem fails, its tuning recovery time Tj, and 
an average repair time e^. The recovery from a failure of the 
ith subsystem proceeds at a rate /x, = l/(J2j<i ri + e»)- 

Ignoring multiple subsystem failures, the NLC Markov 
model consists of 9 equations: 

dAi/dt AiAo-Mi^O     (» = !,..., 8)   (1) 

1    =    Ao + J^Ai (2) 
t=i 

where Ai denotes the probability that the system is in state 
i, and A0 is the availability Ae- or Ae+. Equation (1) 
describes transitions between state 0 and state i. The to- 
tal time derivative was set to zero, since we are interested 
in the steady state solution. Equation (2) is a normaliza- 
tion condition, which ensures that at any given time the 
system is in one of the states. Solving Eqs. (1) and (2) 
yields the availability AQ. Introducing the total failure rate 

* = £i=l xiil is 

A0 = 1/(1 + Af) (3) 

where f represents an effective recovery time for the entire 
(e-f or e—) system. 

In general, the availability AQ is a function of three 8- 
component vectors: A = A(X,f, e). In the following we 
assume, for simplicity, that all 8 subsystems have the same 
repair and recovery time (e, = e, r, = r). 

As for the failure rates A,, two special cases are of inter- 
est. First assume that each subsystem has the same failure 
rate A* = A. Then Ä = 8A and 1/fl = ((£?=1 ir)/8 + e), 
i.e., the effective recovery time is the sum of the average 
tuning recovery time and the repair time. The resulting 
availability is A(e, A, T) = 1/(1 + 36Ar + 8Ae). 

In the second case, we choose the individual failure rates 
such that the failures of all subsystems have equal lumi- 
nosity impact. This implies A* (IT + e) = constant, or 
\t = A(8r + e)/(ir + e) for all i, where A now denotes 
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Figure 2: Markov model of the NLC. 'OFF' indicates a 
failure of the respective subsystem. 

the failure rate of the injector (i = 8). The availability is 
given by Eq. (3), using Ä = YA=I ^« an<^ *e effective re- 
covery time f — Tg determined from the recursion relation 

n+i = n + {(i + 1)T + e - Ti)Xi+l/J2 Xi      (4) 
3 = 1 

■ 
no repair :ime 

- ,.--"** 8 hr repair time 

- \ / — constant failure rate 
— equal lum. impact 

lit. 
1250      1500      1750     2000 

Figure 3: Availability Ae± versus 1/A for an individual 
recovery time r = 1 hr, two different repair times e and 
two different assumptions on failure rate scaling. 

Figure 3 shows that, assuming a subsystem recovery 
time of r = 1 hr, an availability Ae± of 95% is achieved 
if each subsysten fails less often than once per month for 
zero repair time, or less often than once every 3 months, if 
the average repair time e is 8 hours. 

To benchmark our mathematical description of a linear 
collider against an existing accelerator, a similar analysis 
was performed for the SLC. Figure 4 illustrates the greater 
complexity of the SLC model, which arises because the 
electron and positron beam share a common linear accel- 
erator, and electrons are used for positron production. 

We consider two different models for the individual SLC 
subsystem recovery rates. In the first model (I), we assume 
as before that all n are equal. In the second model (II), we 
postulate, somewhat arbitrarily, a 7 times longer recovery 
time for the last subsystem ('IP') i.e., To = IT, which has 
the effect of weighting the downstream end of the machine 
more strongly. The recovery times for all other subsystems 
are still taken as equal to r. Thus, neglecting the repair 
time, only two parameters are left: the subsystem failure 

rate A (assumed to be equal for all subsystems) and the sub- 
system recovery time r. 

In the 1996 SLC run, there was a hardware failure or 
interruption about once every 2.5 hours. As a measure of 
the SLC or 'IP' availability, we take the fraction of time 
where both beams were actually in collision: about 57%. 
Using the total failure rate and the measured availability, 
we can deduce the subsystem recovery time r. We attribute 
the total failure rate uniformly to all 10 SLC subsystems, 
i.e., A = 1/25 hr-1, and find the recovery time T for which 
the predicted availability equals 57%. This time is 30 or 10 
minutes for the two different models, respectively. 

Predicted and actual beam availabilities for different 
SLC subsystems are compared in Table 5, where the pre- 
diction is the sum YLi<j Ai, describing the probability that 
the beam is delivered either to the jth or to any downstream 
subsystem, and the actual beam availability was estimated 
by the time fraction for which beam was present. While 
the data appear to favor models with a longer recovery time 
for the last subsystems (model II), they would also be con- 
sistent with upstream systems being tuned over extended 
periods of time. 

In conclusion, our approach to describe the tuning states 
of a linear collider by a Markov model looks very promis- 
ing. In the future, the model presented here should be ex- 
tended so as to include information about other beam pa- 
rameters, e.g., emittances, energy and bunch lengths, and 
it should be further developed to understand the impact of 
multiple subsystem failures. 

subsystem May 96 model I model II 
e- damping ring 0.94 0.90 0.93 
e-l- damping ring 0.82 0.76 0.82 
e— arc 0.89 0.78 0.83 
'IP' 0.57 0.57 0.57 

Table 5: Comparison of actual beam availability for vari- 
ous SLC subsystems with that predicted by two different 
models; the recovery-time r was adjusted to give equal IP 
availability.       ,. source 

e- damping ring e+ damping ring 

llnac 

/ 
-»■0+ source 

e+ final focus 

Figure 4: Markov model of the SLC 
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Abstract 

Large amplitude plasma wakefields produced by a high 
power laser pulse in an underdense plasma were studied 
in a self-modulated laser wakefield accelerator (SM- 
LWFA) experiment. A pump-probe coherent Thomson 
scattering (CTS) technique was used and the lifetime of 
the wakefield was measured to be less than 5 psec. A 
plasma channel was observed to form in the wake of the 
pump laser pulse. The trailing probe laser pulse was 
observed to be guided by this channel for about 20 
Rayleigh lengths. High energy electrons (up to 30 MeV) 
have been measured using a magnetic spectrometer. 
Highly non-linear plasma waves were also detected using 
forward Raman scattering diagnostics and were observed 
to correlate with the electron signals. 

Significant progress has been made in recent years 
[1] using laser-produced plasmas as a medium for 
accelerating electrons to high energies. In the Laser 
Wakefield Accelerator (LWFA) [2], a high intensity laser 
pulse is focused into an underdense plasma with a pulse 
duration, TL, close to the electron plasma period (i.e., xL ~ 
lit/cape where co^ is the electron plasma frequency). 
Large amplitude plasma waves (wakefields) are 
generated with strong longitudinal electric fields and 
relativistic phase velocities which are capable of 
accelerating injected electrons. For laser powers 
approaching or exceeding the relativistic self-focusing 
threshold (i.e., P > Pc =17 (coo/cüpe)2 GW; where co0 is the 
laser frequency), it is not necessary to match the pulse 
duration to the plasma period. At laser powers for which 
P > Pc and TL > l-nJoäpe, the laser envelope undergoes an 
instability and becomes "self-modulated" at the plasma 
frequency [3, 4]. This effect resonantly enhances the 
creation of wakefields and allows use of higher electron 
densities and generates stronger accelerating fields [5]. 
Recent experiments in this Self-Modulated Laser 
Wakefield Accelerator (SM-LWFA) regime have 
measured the production of high energy electrons where 
the source of accelerated particles was either background 
electrons from the target plasma [6-9] or electrons 
injected into the interaction region from an adjacent 

laser-produced plasma [10]. Direct observations of 
wakefields in the conventional LWFA configuration were 
recently reported using interferometric techniques, in 
which the spatial and temporal waveforms of the 
wakefield were measured [11]. 

In order to obtain high final energies of the 
accelerated electrons in a LWFA, it is necessary that the 
laser propagates long distances at high intensity in the 
plasma. This implies that the laser pulse must be 
"guided" for distances significantly greater than the 
vacuum diffraction length (Rayleigh range), which is 
typically less than a hundred microns if the beam is 
tightly focused. Guiding of intense laser pulses in 
plasmas has been demonstrated by a variety of 
mechanisms. Laser light with intensities of up to 5xl015 

W/cm2 has been channeled in a 3 cm waveguide structure 
created by the hydrodynamic expansion of a preformed 
plasma [12] and intensities of 1016 W/cm2 have been 
propagated for up to 3 cm in evacuated glass capillary 
waveguides [13]. In addition, a preformed plasma 
generated by a capillary discharge has been used to guide 
1016 W/cm2 laser pulses [14]. For laser pulses above the 
critical power for relativistic optical guiding, self- 
channeling of laser pulses in plasmas has been 
experimentally observed [15,16] and has been the subject 
of extensive theoretical examination [1,3-5, 17,18]. Self- 
focusing of intense laser pulses in plasmas can also be 
enhanced by the expulsion of plasma electrons 
(cavitation) produced by the extreme ponderomotive 
force of a focused laser pulse [18]. 

Large amplitude relativistic plasma waves generated 
in the SM-LWFA have axial accelerating electric fields 
with extremely high gradients (-100 GeV/m) [5]. The 
phase velocity of the plasma wave is approximately equal 
to the group velocity of the laser pulse (~c), and hence, 
these plasma waves are very suitable for high energy 
particle acceleration. Nakajima et al. [10] have observed 
high energy electrons (-17 MeV) being accelerated in a 
SM-LWFA experiment where -1 MeV electrons were 
injected. Coverdale et al. [6] and Umstadter et al. [8] 
have observed 2 and 5 MeV accelerated electrons 
respectively from self-trapping of background plasma 
electrons. Recent SM-LWFA experiments by Modena et 
al. used a 25 TW laser pulse to drive nonlinear wakefield 
plasma waves in a helium plasma resulting in the capture 
and acceleration of background plasma electrons to 44 
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MeV [7]. Their experiments showed a broadening of the 
anti-Stokes lines in the forward Raman scattering (FRS) 
spectrum concurrent with the onset of high energy 
electron production at approximately 7 TW. This 
broadening and high energy electron production was 
attributed to the onset of wavebreaking. 

The SM-LWFA experiments at the Naval Research 
Laboratory (NRL) were performed using a 
Ti:Sapphire/Nd:Glass CPA laser system (X = 1.054 um) 
which generates 400 fsec pulses with an energy of 800 - 
1200 mJ (P = 2 - 3 TW). The beam was focused with an 
f/3 off-axis parabolic mirror into a 3 mm diameter 
hydrogen or helium gas jet. The gas jet was used to 
reduce the effects of ionization induced defocusing [19] 
which may occur during interactions in static-filled gas 
chambers. The focal spot radius measured in vacuum 
was 4.5 urn which corresponds to a vacuum Rayleigh 
length of 60 urn. 
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Figure 1: Evolution of electron satellites from zero- 
degree coherent Thomson scattering. The background 
level is shown by the dashed line. Data are not shown 
for pump-probe delay times less than zero since 
blueshifting of the probe laser spectrum saturates the 
detector for early times. Insert is a typical spectrum 
(anti-Stokes at 506 nm, Stokes at 550 nm). 

The plasma electron density was measured to be n0 = 
1-I.5xl019 cm'3. For a plasma density of n0 = 1019 cm"3, 
the critical power is Pc = 1.8 TW, and the plasma 
wavelength is \e = 27tc/cflpe =10 (im. Hence, P > Pc and 
cxL ~ 12 Xpe, which are necessary for operation in the 
SM-LWFA regime. 

A pump-probe experimental arrangement was used 
to monitor the temporal characteristics of the high 
intensity laser produced plasma [20]. Approximately 10 
% of the main beam was frequency doubled (to 527 nm) 
by a 1 cm thick KD*P crystal for use as the probe. The 
probe pulse timing was varied relative to the pump using 
an optical delay line. The spatial overlap of the two 
beams was accomplished by alignment to a series of 
apertures prior to the off-axis parabolic mirror, which 
focused the probe beam at f/6 and the pump beam at f/3, 
and by observation of scattered light in the focal region. 
Temporal synchronization was achieved by examining 
the probe frequency.  When the probe arrived before the 

pump, the probe frequency was blue shifted [21]. 
Otherwise the frequency was unshifted. This 
measurement resulted in synchronization to better than 1 
psec. 

Directly forward scattered light was recollimated by 
a parabolic mirror, while radiation scattered at off-axis 
angles was collected by a single lens and imaged onto the 
slit of a 0.25 m Czerny-Turner spectrometer. The 
interaction was also monitored by transversely imaging 
Thomson scattered laser light on a CCD positioned at 90 
degrees to the laser axis. 

Coherent Thomson scattering (CTS) of the probe 
laser pulse was used to measure the temporal behavior of 
the wakefields. Coherently scattered light has a wave 
vector ksc and a frequency (0^ that satisfy the Bragg 
scattering conditions of frequency and wavenumber 
matching. For electron plasma waves with C0pe and kpe, 
the conditions require co^ = coj ± a\,e and k^ = kj ± kpe, 
where Ofy is the frequency and ki is the wave vector of the 
probe laser. The plasma wakefields in an SM-LWFA 
have relativistic phase velocities, v^ ~ c, such that they 
are capable of accelerating electrons to high energies. 
For correct matching of k vectors, both the probe and the 
Thomson scattered light must therefore propagate in the 
same direction as the relativistic plasma wave (i.e., 
pump, probe, and scattered light propagating 
collinearly). The majority of the 527 nm probe light was 
not scattered and was blocked before the slit of the 
spectrometer by a notch filter in the beam path. 
However, the Thomson scattered electron plasma 
satellites of the probe light (shifted by C0pe) are 

positioned beyond the edges of the absorption band of the 
notch filter and detected by the spectrometer. The 
principal result in this configuration was the observation 
of these plasma satellites for about 5 psec after passage of 
the pump laser (see Figure 1). The full width at half 
maximum (FWHM) of the wakefield lifetime is ~2 psec 
which is similar to the wakefield lifetime measured by 
similar techniques reported by LeBlanc et al. [22]. As 
shown in the insert in Figure 1, the anti-Stokes line was 
typically more intense than the Stokes line, perhaps 
indicating that the k-vectors of the electron plasma waves 
in the wakefield are primarily in the forward direction 
[23]. These measurements confirmed the generation of 
wakefields with v^, ~ c [24]. 

The probe pulse was also observed to be affected by 
the formation of a plasma channel. The propagation of 
the probe pulse was monitored by imaging the Thomson 
scattered emission at 90 degrees to the laser propagation 
direction onto a CCD through a 527 nm filter (AX, = 5 
nm). When only the probe pulse was injected into the 
gas jet, very little Thomson scattered emission was 
observed even though a plasma was created. However, if 
both pump and probe pulses were incident 
simultaneously on the gas jet, a bright image of scattered 
probe light was observed in the region where the pump 
beam was channeling, i.e., over the width of the gas jet 
or approximately 20 Rayleigh lengths.  This emission is 
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probably caused by coherent Thomson scattering of the 
probe laser from ion acoustic waves generated in the 
turbulent decay of the large amplitude plasma waves in 
the wakefield [20]. This emission was observed even as 
the temporal separation between the pump and probe 
laser pulses was increased by more than the laser pulse 
width (see Figure 2). In fact, the brightness of the 
Thomson scattered image from the probe reached a 
maximum approximately 15 psec after passage of the 
pump pulse. Thomson scattered emission from the probe 
continued for pump-probe delays of more than 40 psec 
before decreasing significantly. The guided intensity was 
5xl016 W/cm2 with a transmission efficiency of 
approximately 75%. 

0.5 1 1.5 2 
distance (mm) 

Figure 2: Thomson scattering images of interaction 
of picosecond probe beam (527 nm) for various delay 
settings between pump and probe beam in hydrogen 
gas jet. A) 0, B) 6, C) 14, D) 22 E) 30, F) 46 psec 
(propagation from right to left). Typical CCD image 
(At = 19 psec) shown at top. Dashed line indicates 
approximate position of vacuum focus (centered in 
gas jet). 

The "guiding" of the probe pulse is most likely due 
to formation of a plasma channel in the wake of the 
pump pulse due to charge displacement effects. As the 
pump expels electrons by the ponderomotive force, the 
space charge force on the ions starts a slow radial 
expansion of the plasma away from the pump laser axis. 
This expansion causes a density depression on axis and 
forms a plasma channel capable of guiding the following 
probe pulse. The observed time scales for formation and 

decay of the channel are consistent with a simulation and 
analytical calculations of this hydrodynamic expansion. 

Electron measurements and Raman scattering 
measurements of the pump were also performed. Raman 
scattered laser light at 40° to the laser axis was imaged 
on the entrance slit of a spectrometer to measure the 
relative wakefield amplitude and linearity. An inline 
spectrometer configuration measured the energy 
distribution of electrons accelerated from the background 
plasma. The electron spectrometer consisted of an 
electromagnet for electron deflection and a plastic 
scintillator directly coupled to a photo-multiplier tube 
(PMT) for electron detection. The electromagnet used a 
0 to 2500 Gauss magnetic field in a field region 5.5 cm 
long. Graphite and carbon shielding were arranged with 
a small gap centered on the laser axis which allowed only 
high energy electrons with less than an 8° deflection in 
the magnet to strike the scintillator. Electrons with lower 
energies were deflected more than 8° and dumped in a 
graphite block to minimize x-ray production. This inline 
spectrometer configuration therefore detects all electrons 
above a cutoff energy which is determined by the 
magnetic field strength and the maximum acceptance 
angle of the gap in the shielding (8°). 
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Figure 3: The relative number of electrons above the 
cutoff energy of the spectrometer. A signal-to-noise 
level greater than 2 (dashed line) represents a clearly 
discernible signal from electrons striking the 
scintillator. 

An energy scan is shown in Figure 3. This is raw 
data showing the electron signal at a range of cutoff 
energy settings (1-30 MeV). The data points are the total 
relative number of electrons above the energy specified 
on the x-axis. The large fluctuations are believed to be 
shot-to-shot fluctuations caused by the highly non-linear 
growth of the plasma waves from the self-modulation and 
the forward Raman instabilities which are seeded from 
noise. The source of the background accelerated 
electrons may also contribute to the large fluctuations. A 
possible source of the background accelerated electrons 
other than from wavebreaking is the interaction of 
backward Raman scattered light with the laser wakefield 
[25, 26]. 
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Figure 4: Typical Raman scattering spectrum. 

Concurrent with electron measurements we 
examined the spectrum of Raman scattered light. A 
typical spectrum is shown in Figure 4 where the strong 
non-linearity of the plasma wave is obvious from the 
presence of comparable intensity harmonics in the 
spectrum [6-8]. Also important is the absence of line 
broadening in any of the measured spectra. For example, 
the width of the 1st order anti-Stokes line shown in 
Figure 4 is the same as those we observed in the linear 
plasma wave regime (where only the 1st order anti- 
Stokes line is observed). This indicates that although the 
wave has steepened, it has not begun to break as was 
observed by Modena et al. and Umstadter et al. at higher 
powers [7, 8]. 

The correlation of 2nd order anti-Stokes signal to 
electron production has been studied. For these 
experiments, the electron spectrometer measured the 
number of electrons with greater than 1 MeV of energy. 
For each laser shot the electron number and forward 
Raman scattering spectrum were recorded. The 2nd 
order anti-Stokes signal vs. electron signal is shown in 
Figure 5. A strong correlation between 2nd order anti- 
Stokes and electron signal was observed. This perhaps 
indicates that electrons are only accelerated from the 
background plasma as the plasma wave becomes non- 
linear. 

Coherent Thomson scattering of a picosecond probe 
laser was used to measure the time evolution of plasma 
wakefields produced by a high intensity laser pulse in an 
underdense hydrogen or helium plasma in the SM- 
LWFA configuration. Large amplitude plasma 
wakefields are observed to last for approximately 5 psec. 

A plasma channel was observed to be formed behind 
the relativistically self-guided, subpicosecond, high 
power pump laser pulse in the gas jet plasma. The 
channel is probably produced from the radial expulsion 
of plasma ions due to charge separation created in the 
displacement of plasma electrons by the large 
ponderomotive force of the laser. A trailing, frequency 
doubled probe laser pulse is observed to be guided 
throughout the length of this channel for about 20 
Rayleigh lengths. 

0 20 40 60 80        100 
2nd order anti-stokes intensity 

Figure 5: The correlation between the 2nd order 
anti-Stokes signal and the number of high energy 
(>1 MeV) electrons. 

High energy electrons (up to 30 MeV) have been 
measured using a high sensitivity detector — a 
scintillator coupled to a PMT. Highly non-linear plasma 
waves have been detected using forward Raman 
scattering as a plasma diagnostic and a correlation 
between the non-linear plasma waves and electron signal 
has been observed. 
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INVERSE FREE ELECTRON LASER ACCELERATOR DEVELOPMENT 
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Abstract 

The theoretical study of Inverse Free Electron Lasers 
(IFEL) as a potential mode of electron acceleration has 
been pursued at Brookhaven National Laboratory(BNL) for 
a number of years. As part of this program a proof-of- 
principle experiment with a single module accelerator unit 
has been recently successfully carried out. The IFEL accel- 
erator made use of the 40 MeV linac beam and high power 
CO2 laser beam of the Accelerator Test Facility (ATF), at 
BNL, in conjunction with a fast excitation, tapered period, 
wiggler. Basic aspects of the design of this single mod- 
ule IFEL accelerator will be presented, together with the 
experimental results of AE/E as a function of the IFEL 
parameters. Comparison with analytical and 1,3-D numer- 
ical simulations clearly establish the IFEL character of the 
electron - EM wave energy exchange, permitting thereby 
scaling to higher laser power magnitude and acceleration 
gradients. In addition, planned near term IFEL accelerator 
development will be indicated, incorporating the use of the 
IFEL as a beam prebuncher preceding a Inverse Cherenkov 
Accelerator, and the use of two IFEL modules in cascade 
in order to more realistically test the feasibility of a multi- 
module IFEL accelerator. 

1    INTRODUCTION 

The Free Electron Laser (FEL) uses a beam of relativistic 
electrons passing through a transverse, periodic , magnetic 
field (the undulatof) to exchange energy with the coaxial 
propagating EM radiation field.[l] The FEL operates in 
such a manner that there is net energy transfer from the 
electron beam to the radiation field. Alternatively, net en- 
ergy transfer from the radiation wave to the electrons is 
similarly possible. This concept, of using the FEL mech- 
anism to effectively accelerate electrons, now called the 
Inverse-Free-Electron-Laser (IFEL) accelerator, is due to 
R. Palmer. [2] The basic principle of the IFEL accelerator is 
identical to that of the FEL, except that, in order to main- 
tain resonance for optimum energy transfer, tapering of the 
undulator period length or its magnetic field is an added 
requirement. Early studies of IFEL[3, 4], clearly detailed 
the beam energy limitations of the IFEL accelerator, mainly 
related to synchrotron radiation energy loss at higher elec- 
tron beam energies, and also uncovered possible favorable 
applications of the IFEL as a front end structure for alterna- 
tive, non-conventional, accelerators. This has been the ob- 
jective of recent BNL studies [5,6], aimed at the optimiza- 

tion of the IFEL as a high gradient, single-module, acceler- 
ator cell as a first step toward a compact multi-module elec- 
tron accelerator of maximum electron energy of a few GeV. 
IFEL proof-of-principle experiments have been carried out 
elsewhere, using a moderate power CO2 laser source[7] 
and using a low power FEL with radiation wavelength of 
1.65 mm as the driving beam [8]. More recently, experi- 
mental results of a single module IFEL, operating with a 1- 
2 GW CO2 sapphire waveguide constrained laser beam and 
uniquely designed tapered period wiggler were reported. [9] 

The theoretical description of IFEL interaction has been 
given by a number of authors. Here, we follow the ba- 
sic formalism given in CPZ[4], with the further assumption 
that electron energy loss effect due to synchrotron radia- 
tion emission is taken to be zero and that the laser beam 
attenuation due to absorption by the accelerating electrons 
is negligible. The latter assumption is abandoned in further 
detailed treatment and, following KMR[10] a self consis- 
tent system of Lorentz equations for the electrons and the 
wave equations for the input laser field is used, to form 
the basis of both 1-D and 3-D IFEL computer simulations. 
With this the parameters for the, first experimental phase, 
IFEL single module test, were developed. This, together 
with the parameterization of beam wiggler and CO2 guide, 
is given in section 2, below. First phase experimental re- 
sults, together with IFEL simulation program results are 
presented in section 3, and a discussion of near term IFEL 
accelerator objectives is given in section 4. 

2   IFEL EXPERIMENTAL ARRANGEMENT 

Approximate analytical expressions, as derived in CPZ, to- 
gether with the results of the 1-D simulation, were used 
to initially parameterize a single IFEL accelerator module. 
The parameters of the e- beam,[ll] CO2 laser beam[12] 
and IFEL wiggler are summarized in Tb.l; a schematic of 
the experimental configuration is given in Fig. 1. For IFEL 
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Sapphire Circular 
Guide, 2.8 mm ID 

/ hv Diagn. 
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Figure 1: Schematic of the experiment configuration. 
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Table 1: IFEL first phase parameters. 

e-beam Injection Energy 40.0 MeV 
Exit Energy 42.3 MeV 

<Accel.Field> 4.9 MV/m 
Current, nominal 5 mA 

N(bunch) 109 e- 
I(max.) 30 A 

AE/E(la) ±3 x 103 

Emittance (one a) 7x 108 mrad 
Beam radius 0.3 mm 

Wiggler Wiggler Length 0.47 m 
Section Length 0.6 m 

Period Length, \w 2.9-3.1 cm 
Wiggler Gap 4 mm 
Field max. 10 kG 

Beam oscill.,al/2 0.16-0.2 mm 
CO2 Laser Power, WA (Laser) 109 Watts 

Wavelength, A 10.6 /im 

Max.Field, E0 0.78 x 103 MV/m 
Guide Loss, a 0.05 m"1 

Field Attenuation 0.26 dB/sect. 
Pulse,(FWHM) 220 ps 

A0 1.53 x 103 m-1 

r0 (Lw/2) 1.0 mm 

acceleration, it is necessary to maintain synchronism be- 
tween the propagating electron beam and radiation wave, 
hence it is necessary to taper the wiggler. This can be ac- 
complished by varying either the wiggler parameter Kw, 
the period length, Xw or the maximum wiggler field, Bw 

. The choice is restricted by the maximum practical wig- 
gler field and the minimum wiggler period length. It has 
been shown that, at low energy, maximum rate of acceler- 
ation, averaged over the full accelerator length, is obtained 
for a constant wiggler field accelerator. [5] Hence, for the 
IFEL accelerator of relevance here, the use of a period 
length tapered wiggler has been adopted. Although such 
a wiggler structure could be constructed using permanent 
magnets, the requirement of a specific period length taper 
would be costly and also difficult to subsequently change, 
in case higher laser power becomes available. Instead, for 
the present objective, a novel design fast excitation elec- 
tromagnetic wiggler has been adopted[13, 14] which per- 
mits ready variation of the wiggler period length taper. 
This wiggler consists of stackable, geometrically alternat- 
ing substacks of identical ferromagnetic (Vanadium Per- 
mandur [VaP]) laminations, in (^f) thickness substacks, 
separated by nonmagnetic laminations. Maximum achiev- 
able wiggler field, Bw, results from using conductive ma- 
terial for the nonmagnetic laminations, so that the induced 
fields from the eddy currents uncouple the wiggler up field 
from the down field. These field reflectors significantly en- 
hance the maximum achievable field on axis. 

A significant step towards design simplification of the 
single module IFEL accelerator, is the use of an extruded 
single crystal dielectric circular waveguide for the trans- 

mission of the CO2 radiation wave into the IFEL interac- 
tion domain. The design benefited from the pronounced 
progress that has been made in recent years in the devel- 
opment of waveguides for low loss transport of high power 
CO2 laser beams. The type of guide adopted here for the 
objectives of the IFEL accelerator is the hollow-core di- 
electric guide, for which the core has a refraction index 
(vacuum, n=l) greater than the refraction index of the wall 
dielectric material (nciad < nCOIe), resulting in solid fiber- 
like, low loss, behavior. As reported by Harrington and 
Gregory[16], a particularly favorable dielectric, with n < 
1, for hollow guide CO2 transport is AI2Ö3, either in the 
form of single crystal (SC) Sapphire or polycrystalline Alu- 
mina. As shown by Mercatelli and Schmeltzer(MS)[17], 
the attenuation constant, for the low order modes, is ap- 
proximated by: 

an = (uu/27r)2(A2/2a3)i?e[(*/2 + l)/(i/2 - I)1'2) (1) 

where a, the attenuation coefficient, is defined by P(z) = 
P(0)e~2az, v = n — jk is the refractive index for the 
cladding material, [note, at 10.6 (im, n = 0.67 - j0.03], 
a is the circular guide radius, 2TT/A is the free space prop- 
agation constant and izn,m is the modal constant. For the 
fundamental mode, EHn, ui,i = 2.406. For the next low 
order mode EH12, the modal constant equals 5.52, imply- 
ing significantly greater attenuation for the CO2 transport 
per unit guide length , hence reduced mode mixing, which 
is favorable for the present application. Various guide con- 
figurations were tested at low laser beam power with the 
beam focused to a Gaussian waist with adjustable radius 
at the entrance to the guide. For the 2.8 mm ID guide a 
laser power attenuation factor was measured of 0.2 dB/m. 
This is larger than predicted by the MS theory, but satis- 
factory for the IFEL accelerator application. Optimization 
of the coupling of the Gaussian mode laser beam into the 
desired EHn propagating mode in the sapphire dielectric 
guide was done with the adoption of a entry matching cone 
and variation of the laser beam entry diameter. For opti- 
mum laser power transfer, a beam to guide aperture ratio of 
0.74 is indicated theoretically [18] and was found to be valid 
experimentally. The CO2 laser beam is directed through a 
ZnSe window into the coaxial hv — e—system, propagating 
as a free-space mode, to the circular dielectric waveguide. 
With deliberation, the dielectric guide was taken to be 0.6 
m. in length, whereas the accelerator module length ( wig- 
gler length ) was set at 0.47 m. This was done, together 
with the use of the guide entry cone, to approximate a mode 
matching section, enhancing thereby the mode purity in the 
IFEL module proper. 

Beam transport from the exit of the linac to the e- 
diagnostic flag is designed to yield a dispersion free 
IFEL interaction region with a vertical betatron amplitude 
equal to the natural wiggler betatron amplitude of ßx = 
0.17 m. The IFEL e-acceleration is measured by means of 
a momentum spectrometer with adjustable local dispersion 
magnitude (0.0 < r\v < 3.0 m), using a phosphor screen- 
vidicon camera-spiracon frame grabber. 
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3    IFEL EXPERIMENTAL RESULTS 

In order to establish unambiguously correct overlap, both 
time wise and spatially, of the 300 ps CO2 and 5 ps e~ 
beams, an observable interaction effect is an experimen- 
tal necessity. To this end, therefore, the IFEL 1-D simula- 
tion code was used to yield the e- momentum distribution 
for the case of pronounced phase incoherence. The results 
suggested that, also in that case, the photon-e_ interaction 
would be measurable, so that synchronization could be es- 
tablished.   With optimized matching of the e- beam and 

■    ^-*^^?S36ä£V; 

0 :      '20       40;      88 IMF:    '!» 

. 

Figure 2: Momentum spectrum of the unaccelerated and 
IFEL accelerated beam. E(e~=34.2 MeV, B„,=0.82 T, A = 
2.9 - 3.1 cm, W( =0.8 GW, Ap/p = 2.2 %. 

C02 laser beam to the IFEL interaction region, optimiza- 
tion of the time synchronization of both beams, and correct 
interlacing of the lower repetition rate CO2 laser pulse with 
the higher repetition rate e- beam pulses, e- IFEL accelera- 
tion was established. An example of the momentum spec- 
trum of the unaccelerated and accelerated electrons is given 
in Fig.2, where the beam intensity distribution is shown 
versus y/ßxex + r]pAp/p, with the spectrometer optics ad- 
justed so that T]pAp/p » yjßxex- 

Optimization of the IFEL effect and exploration of pa- 
rameter space, with variation of the electron beam injection 
energy, CO2 laser power and wiggler maximum magnetic 

field magnitude was carried out in several consecutive runs, 
the results of which established the unambiguous signature 

Simulation, norm. [Bw=10 kG] 
- -o Experimental Data [Bw=9.5 kG 

35 37 39 41 43 45 

E(e') [MeV] 

Figure 3: Relative energy gain Ap/p. vs. E with Bw, W; 
fixed. 

1.4- 

(Ap/p)iFEL 
E(e>40 MeV 

• 

1.2- [%] 
/     *               \ 

35 MeV 
1.0 - ~~€ 

0.8 - 
30 MeV 

1° 
*/ \ 

0.6- 

/   \ 
/ 

0.4 - /    ^ 
\/ ( / Y 

0.2- 
\ 

0.0 

\ 
— Bw [kG] 

1 

5         6 
1 

7 
1 

8 
1          1           1 

9         10        11 

Figure 4: Relative energy gain vs. B^ with E and W/ fixed. 

4. In Fig.3 the relative energy gain (Ap/p)ipEL vs elec- 
tron beam energy E for B™ and W; constant, is shown, 
both as derived from the 1-D model simulations and as ob- 
tained experimentally, and in Fig.4 the relative energy gain 
vsBm, for three beam energy values and W; constant, is 
plotted. Although not shown in these figures, a maximum 
of Ap/p = 2.5% was measured with the parameters Ee = 
40 MeV, Bw = 10 kG and W; = 1 GW. 
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The approximate IFEL design equation[4] is: 

p-=A-f(K)smj> 
dz 7 

Table 2: IFEL two-module accelerator. 

(2) 

with ip = (k + kw)z - kct and where the normal- 
ized laser electric field is A = (e/mc2)(l/R0)\/nWiZ0, 
K = (eBw\w)/(2irmc) « 2.7 is the wiggler parame- 
ter, f(K) « 0.38 is a correction factor due to the lin- 
ear polarization of the wiggler, Z0 = 377fi, R0 is the 
waveguide radius and k, kw are the radiation and wiggler 
wavevectors, respectively. The resonance condition leads 
to: A = 0.5AU)/72(1 + K2/2). The relative energy gain of 
the electron beam in a wiggler of length Lw is: 

A7/7 = (AP/P)IFEL = A(K/i2)f(K) sin iprLw   (3) 

where Vv is the resonance phase. The experimental re- 
sults, as shown in Fig.3, agree well with the results ob- 
tained from the numerical simulations, with laser power 
Wj = 1 GW and the maximum wiggler field Bw = 10 kG, 
in (Ap/p) magnitude normalized to the maximum exper- 
imental value. The experimental results given in Fig.4 
also are in good agreement with precalculated values us- 
ing the resonance condition, i.e. the observed Bw values 
for (Ap/p)uAX are Bw = 9.2 kG (40 MeV), 7.7 kG (35 
MeV), 6.0 kG (30 MeV), yielding the Xw values 3.06 cm, 
3.05 cm and 3.11 cm, respectively, well within the design 
taper of the actual wiggler of 2.89 > Xw > 3.14 cm. With 
the present spectrometer, the energy gain could be mea- 
sured with good accuracy due to the sharp intensity fall-off 
of the high energy edge of the non-accelerated particles. A 
quantitative intensity ratio of the accelerated to unacceler- 
ated beam could not be obtained due to the extended low 
energy edge of the unaccelerated beam. This limited the 
ability to measure the bucket size and leakage for compar- 
ison with model predictions and therefore, the value of the 
synchronous phase angle ipr could not be unambiguously 
established. Analytically, Vv and A7/7 as a function of 
laser power W; and wiggler parameters are given by: 

3fc K \fX„(L)\2 _ 2 sin Vv 

A7/7 

16fe,„ Af{K)L„ A„(0). 

= 2VJ 
Kf(K)A 

T«V) (4) k(l+K*/2) 

These equations permit to calculate the moving bucket[10] 
parameter r(Vv) and its maximum energy extent A7/7. 
For the experimental value A7/7 = 2.5%, it is found : 
ipr = 34° in reasonable agreement with the optimal 45° 
and a laser power of Wj = 2.7 GW which is larger than the 
1 GW estimated experimentally. In conclusion, the IFEL 
acceleration of a 40 MeV electron beam by AE/E = 2.5% 
with a 1 GW C02 laser and a tapered wiggler with peak 
field on axis of 10 kG has been confirmed. Agreement with 
the model predictions is satisfactory, permitting the scaling 
of anticipated results to higher laser power. 

4   IFEL ACCELERATOR OBJECTIVES 

Present IFEL operation is limited to a maximum laser 
power of < 2 - 3 GW. With the objective of high energy 

M-I M-II 
ebeam ^initial 40 76.7 MeV 

E-exit 76.7 106.3 MeV 
Wiggler Length 0.51 0.47 m 

Ayj 3.12-4.72 4.72-5.79 cm 
Bw 1 1 T 

CO2 laser Power 100 100 GW 
pulse 10 10 ps 

Synchr. <f>r 50 50 O 

EMAX 7.8 7.8 GV/m 

gradient acceleration, high CO2 laser power will be em- 
ployed, initially at the 100 MW level, but with a longer 
term objective of 1 TW laser power. Hence, laser power 
damage to the dielectric guide wall is of concern. Assumed 
parameters are W* = 1 TW, Effective Guide Cross Section 
= 5.210_6m2, orP/area= 2.1013W/era2. Assuming low- 
est order mode transport only with the radial power density 
distribution approximated by a cosine function, and coaxial 
correct guide entry and transport, P/area at the guide wall 
is a factor of 106 smaller, hence the power density at the 
wall equals « 2107 W/cm2. For the present parameters, in 
a pulsed operating mode, this is a tolerable power density 
for the sapphire dielectric. 

Near term further development of the IFEL accelerator 
concept will incorporate two approaches: First, the con- 
struction of a second VaP fast excitation wiggler - sapphire 
guide IFEL interaction region, for incorporation into a two 
accelerator modules IFEL accelerator, to test realistically a 
synchronized multi-module IFEL accelerator sequence and 
aim, with the above cited CO2 laser developments, at a 
100 MeV IFEL linac. The conceptual layout of this ac- 
celerator is shown in Fig.5 and the preliminary parameters 
are given in Tb2. Early results of IFEL particle transport 
simulation is given in Fig.6. Clearly, structure phase syn- 
chronization and minimization of bunch dilution in the in- 
ter cavity drift space demand appropriate, high resulution, 
bunch time measurement. The beam bunching factor pro- 
duced by the IFEL interaction was measured using Coher- 
ent Transition Radiation (CTR).[19] Second, in a joint de- 
velopmental approach with the STI Inverse Cherenkov Ac- 
celerator (ICA) experiment[20], use of the IFEL accelera- 
tor as a synchronized prebuncher for the IC accelerator in 
an IFEL-ICA buncher-accelerator sequence. Particle IFEL 
transport simulation has also been carried out for this ap- 
plication, as given in Fig.7, clearly evidencing the potential 
of the IFEL system to serve as a prebuncher for alternative 
modes of particle acceleration. 
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Figure 5: IFEL two-module accelerator. 

p [MeV/c]                            end 1,1 wiggler 

85- ^arSD 
60- *r 

55- "" t   ,. >       -* . *    ™.    . >     "*         * 

50- " " ".".".. *"   « 
45- 

40- IAA : 
J- 4-3-2-10        1       2       3       4 

P [M«V/c] 

P [M«V/c] 
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Figure 7: Prebuncher simulation for the combined JFEL- 
ICA experiment. E=35 MeV, W/=0.1 GW. 
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EXPERIMENTAL OBSERVATION OF IFEL MICRO-BUNCHING 
USING COHERENT TRANSITION RADIATION 

Y. Liu and D.B. Cline, University of California, Los Angeles, CA 90095 
X.J. Wang, M. Babzien, J.M. Fang, J. Gallardo, K. Kusche, I. Pogorelsky, 

J. Skaritka, A. van Steenbergen, Brookhaven National Laboratory, Upton, NY 11973 

Abstract 

Electron beam bunching in the optical wavelength was ob- 
served experimentally for the first time at the Brookhaven 
Accelerator Test Facility(ATF) using the Inverse Free Elec- 
tron(IFEL) accelerator. The micro-bunched electron beam 
has been studied by measuring the coherent transition radi- 
ation (CTR). We have experimentally observed a quadratic 
dependency of the CTR signal with the charge of the elec- 
tron beam and the observation distance. 

1   INTRODUCTION 

One of the major challenges in laser accelerator research is 
to generate an electron beam with a bunch length shorter 
than the half of the laser wavelength for efficient acceler- 
ation and small energy spread. Several techniquesfl, 2] 
were proposed to produce micro-bunched electron beam 
for laser accelerator applications. A UCLA-BNL collab- 
oration recently has experimentally demonstrated electron 
beam micro-bunching on the order of a few microns using 
the IFEL accelerator^]. Operating the IFEL as a laser ac- 
celerator buncher has several advantages. Since IFEL does 
not involves any medium, such as plasma based laser ac- 
celerators, there is negligible electron beam quality degra- 
dation. Secondly, there is natural synchronization between 
the IFEL buncher and laser accelerator since the same laser 
will be used for both bunching and acceleration. We will 
first briefly discuss the coherent transition radiation prop- 
erties, then the experimental setup will be described. The 
experimental result will be presented in the second half of 
the report. 

2   COHERENT TRANSITION RADIATION 

Coherent transition radiation is a collective effect of tran- 
sition radiation produced by a large ensemble of electrons 
being in phase with each other. The intensity of photon 
radiated is highly enhanced and the total radiation distribu- 
tion becomes [4] 

d?U 
dwdCl 

[N + N(N-l)F{u,e)} 
cPu 

dudCl \single 

where 

F(u, 0) = \[f[ f(r, z) exp(-ifc • x)d3a 

(1) 

(2) 

is a bunching factor, containing information about the elec- 
tron distribution. The coherent effect scales like JV2 com- 
pare to the incoherent part, which scales linearly with the 

electron number, N. For a single foil case the CTR angular 
distribution has been estimated by J. Rosenzweig, et al[5]. 

F((0.0)=kjJg(--Xz)«>p(-*;Ejl + «q.(-iip,-i9,)]''* 

-(!-P««e) 9.=^0-f><*»<>) 

Figure 1: Two-foil configuration. First one generates a for- 
ward CTR and redirected by a second foil; the second foil 
generates backward CTR. 

For a two-foil configuration (Figure 1), the first foil is 
perpendicular to the electron beam direction, contributing 
a forward CTR, and the second foil is at 45° to the electron 
beam direction, contributing a backward CTR. The indi- 
vidual electrons distributed on the second foil will have an 
additional phase difference <p(x, L) relative to the electron 
on the first foil. 

The phase difference is given by 

ip(x, L)   =   <ßi (x) + (p2{x, L) 

=    ^(l-/3cos0) + y(l-/3cos0),(3) 

where L is the separated distance between the two foils. 
Following the same treatment for a single foil, the two-foil 
CTR photon angular distribution is expressed as follow: 

8VT^ \   re   J \  kraz)   \nj 
dNph   ^    aß2   (kr<Jz 

de 
sin30 

(l-/?cos0)2 

,exp 
nkrCTr (ßsinö-ßcosö+l)2 

exp [- (nkr(Tr sin 0)2] + 

2exp 
1 / nkrtr, 

(/?sin0-/3cos0+l)5 

exp  — - (nkrCTrsmO) 

exp 
L   \ 

2ßaz) 

nkrL 

(ßcos9-l)2 

(ß cos 9-1) (4) 

From the above equation we see that the total CTR inten- 
sity is produced by two individual CTR sources plus their 
interference in the far region. 
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3    EXPERIMENT SETUP 

In the current condition the maximum charge delivered to 
the IFEL wiggler at ATF is up to 300pC. The space charge 
effect on the IFEL self-bunching can be ignore[6]. The 
basic experimental setup can be described as follows. A 
target (a component to generate CTR) is mounted inside 
a 6-way cross. The 6-way cross serves as a small vac- 
uum chamber and is able to move along the beam path to 
find the optimum bunching position during the measure- 
ment. Thus, the 6-way cross connected with a pair of bel- 
lows is inserted into the beamline. This allows the target 
to travel back and forth along the e" beam path without 
disturbing the vacuum environment. The radiation is trans- 
ported from the chamber through a ZnSe window and a 
IR lens into a collecting system, collected by a parabolic 
mirror and focused into a detector (Figure 2). The detec- 

(B) is strong, which matches with a high energy e~ beam, 
the e~ beam is strongly focused and steered away from the 
target. The situation is greatly improved after an additional 
steering magnet is placed right after the exit of the wiggler. 
Backgrounds were studied during the CTR measurement. 
There are three types of backgrounds. 1) x-rays generated 
by the e~ beam scattering. 2) broad bandwidth radiation 
produced the CO2 laser when it passes through the sapphire 
waveguide in the wiggler. 3) incoherent transition radia- 
tion combined with the coherent transition radiation. The 
backgrounds were measured under the same conditions as 
the CTR measurement, except that the laser electric field 
has no spatial overlap with the e~ beam (by changing rela- 
tive timing delay), which ensures that there is no accelera- 
tion (no bunching). Thus, all combined three backgrounds 
are measured. However, the total background amplitude is 
much smaller than the CTR intensity amplitude (Figure 3). 

short wavelength 
pass filter 

■ feM| parabolic 
mirror 

r* -*-! «fnnlinr. 

IFEL wiggler 

■■■■■■ 
dipole 

CTR ckunbcr 

itripline 
detector 

Figure 2: Schematic of the micro-bunching diagnostic 
setup for the IFEL experiment. 

tor, liquid Nitrogen cooled, is sensitive to wavelengths from 
l.l//m to 5.5/rni with 1 x 1mm2 sensitive area; it is located 
60cm away from the target chamber and is well shielded 
by lead bricks. A HeNe laser is used for optical alignment 
and parabolic mirror rotation monitoring. For convenience, 
all components including the target chamber are assembled 
on a translated stage (movable table) driven by a digitized 
remote-controlled stepping motor. This allows the whole 
diagnostic system to travel along the e~ beam path for a 
maximum distance of 40cm . 

Such a design keeps the optical alignment from chang- 
ing when the target is moved. A stripline detector is placed 
between the upstream bellows and the exit of the wiggler 
to provide the total e~ beam charge information before it 
strikes the target. The output amplitude of the stripline de- 
tector is proportional to the total charge (eTV), where e is 
the electron charge and N is the number of electrons. Con- 
trol and data collection are performed at the ATF control 
room. 

4   EXPERIMENTAL RESULTS 

The wiggler magnetic field steering effect on the e~ beam 
was investigated by using a high sensitivity CCD camera to 
look at the optical transition radiation emitted from the sur- 
face of the foil (target). When the wiggler magnetic field 

'z 2 o 
•G 

w/o short wavelength Alter 
■ 0.84 + 0.0059X 

w/ short wavelength filter 
- -0.24 + 0.002* 

200      300     400      500      600      700      800 

stripline amplitude, x (mV) 

Figure 3: The circles represent the background taken with- 
out a short wavelength pass filter. The uptriangle is with 
the filter. 

The CTR intensity amplitude as a function of the e~ 
beam charge was measured. The results are plotted in Fig- 
ure 4. Since the cutoff wavelength of the liquid Nitrogen 
cooled Indium Antimonide (InSb) detector is at 5.5/im and 
the detected CTR intensity is relatively strong, this shows 
that the microbunch length should be less than 5.5)Lim. Fur- 
thermore, a short wavelength pass filter having a cutoff 
wavelength at 2.6^/m was placed in front of the detector. 
The background and CTR data are plotted in Figure 5. 
At such a short wavelength region, the detector efficiency 
drops to less than 50%, but the CTR is still detectable. This 
is definite proof that the bunch length is much shorter than 
5/im and close to the fourth harmonic wavelength. 

Last, the micro-bunch length change as a function of its 
drifting distance is examined by positioning the target at 
different locations (Figure 6). The distance is defined from 
the wiggler exit to the target position. As predicted, af- 
ter optimum bunching distance the microbunched electrons 
start to debunch (bunch length increase) and results in the 
CTR intensity amplitude decrease. The experimental data 
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Figure 4: The total CTR intensity amplitude as a function 
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Figure 5: The detected CTR intensity amplitude is well 
above the background amplitude at short wavelength re- 
gion. A short wavelength pass filter is used during the mea- 
surement. 

shown in Figure 6 reasonably agree with the model pre- 
diction. The simulation results[7] show that the optimum 
microbunch length (FWHM) is less than 2/xm. 

Note, only the debunching process was studied. This is 
due to the following facts: (1) space-charge may affect the 
self-bunching process even when the charge density is not 
very high. This may lead to the bunching distance being 
longer than the debunching distance. (2) The target travel- 
ing distance is about 40cm, which may not be long enough 
for the present condition. 

5   SUMMARY 

We have measured for the first time the CTR from < 5/xm 
microbunches. The experimental results show that the ATF 
IFEL wiggler is capable of producing very short bunches at 
the several micron level. An experiment to stage two IFEL 

Figure 6: The CTR intensity changes as a function of de- 
bunching distance. The circle is the experimental data and 
the uptriangle is the normalized simulation results. 

sections or combine an IFEL section with an ICA section 
to demonstrate lOOMeV acceleration are in preparation and 
look very promising. 
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Abstract 

We discuss possible acceleration scenarios and methods for 
a n+ — \i~ collider. The accelerator must take the beams 
from ~100 MeV to 2 TeV energies within the muon life- 
time (2.2 x 10~6Eß/mß ßS), while compressing bunches 
of ~1012 muons from m to cm bunch lengths. Linac, re- 
circulating linac, and very rapid-cycling synchrotron ap- 
proaches are studied. Multiple recirculating linac ap- 
proaches are matched to the muon lifetime and appear read- 
ily feasible. Rapid-cycling approaches require innovations 
in magnet designs and layouts, but could be much more 
affordable. 

1    INTRODUCTION 

For a fi+fi~ collider [1], muons must be rapidly acceler- 
ated to high energies while minimizing the kilometers of 
radio frequency (RF) cavities and magnet bores. Cost must 
be moderate. Some muons may be lost to decay but not 
too many. As the muon energy increases and the bunch 
length decreases, higher frequency, higher gradient RF cav- 
ities may be used to reduce cost. 

2 100 MEV -* 2 GEV USING RF = 2 GV 

This is the initial acceleration of cooled muons. The bunch 
length decreases from 2 m to 20 cm. A single pass 2 GV 
linac is used. The RF frequency increases from 10 to 100 
MHz from entrance to exit. 93% of the muons survive. 

3 2 GEV -* 25 GEV USING RF = 2.5 GV 

This is the first recirculating ring and has 2.5 GV of 100 
MHz RF [2]. A superconducting magnet with 10 bores, 
each with a different fixed field, is used to pass the muons 
through a pair of linacs 10 times. The design is similar to 
the TJNAF in Virginia. 92% of the muons survive. 

4 25 GEV -H. 250 GEV USING RF = 6 GV 

This stage uses a single ring of fast ramping cos 9 dipoles 
[3], Thin stranded copper conductor is used at room tem- 
perature to achieve a 4 Tesla field. The low duty cycle is 
exploited to keep the I2R losses reasonable. 6 GV of 350 
MHz RF is distributed around the ring and accelerates the 
muons from 25 GeV to 250 GeV in 40 orbits. 85% of the 
muons survive. 

5 250 GEV -> 2 TEV USING RF = 25 GV 

For the final stage we consider two 2200 m radius hybrid 
rings [4] of fixed superconducting magnets alternating with 

Table 1: Fast ramping cos 6 dipole parameters. 

Coil inner radius 2 cm 
Magnet length 10m 
Field 4 Tesla 
Current 29.5 kA 
Stored Energy 160 kJ 
Inductance 370 nU 
Coil Resistance 19000 fiCl 
Ramp time, 10% to 90% 360 nS 
Power Supply Voltage 31.2 kV 
Storage Capacitance 340/uF 
I2R magnet heat per cycle 9400 J 
Magnet temperature rise per cycle 0.13 °C 
Power into magnet @ 15 Hz 141 kW 
Number of Dipoles for a ring 144 
Total power @ 15 Hz 20 MW 

iron magnets ramping at 200 Hz and 330 Hz between full 
negative and full positive field. Muons are given 25 GV 
of RF energy (800 MHz) per orbit. The RF is divided into 
multiple sections as at LEP, so that magnetic fields and en- 
ergies will match around the rings. The first ring has 25% 
8T magnets and 75% ±2T magnets and ramps from 0.5T 
to 3.5T during 54 orbits. The second has 55% 8T magnets 
and 45% ±2T magnets and ramps from 3.5T to 5.3T dur- 
ing 32 orbits. The packing fraction is taken as 70% in each 
ring. Acceleration is from 250 GeV/c to 2400 GeV/c and 
requires a total of 86 orbits in both rings; 82% of the muons 
survive. 

SURVIVAL Uexp 
N=l 

-2ixRm 
[250 + (25 N)] CT 

82% 

(1) 
Consider the power consumption of an iron magnet 

which cycles from a full -2T to a full +2T First calculate 
the energy, W, stored in a 2T field in a volume 6 m long, 
.03 m high, and .08 m wide, fio is ATT X 10~7. 

B2 

W = -—[Volume] = 23 000 Joules 
2/x0 

(2) 

Next given 6 turns, an LC circuit capacitor, and a 250 
Hz frequency; estimate current, voltage, inductance, and 
capacitance. The height, h, of the aperture is .03 m. The 
top and bottom coils may be connected as two separate cir- 
cuits to halve the switching voltage. 
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MoiVJ 

W = .5LF 

J      27rV LC 

W = .5CV2 

1 = 

C = 

V 

Bh 

2W 
~   P 

1 
L(2TT/)2 

8000 Amps    (3) 

= 720/iH       (4) 

= 560/iF    (5) 

— = 9000 Volts     (6) 

Now calculate the resistive energy loss, which over time 
is equal to 1/2 the loss at the maximum current of 8000 
Amps. The 1/2 comes from the integral of cosine squared. 
A six-turn copper conductor 3 cm thick, 10 cm high, and 
7800 cm long has an I2R power dissipation of 15 kilowatts. 

R 
7800 (1.8//fi-cm) 

= 470/xf2 (7) 
(3) (10) 

Now calculate the dissipation due to eddy currents in this 
conductor, which will consist of transposed strands to re- 
duce this loss [5-7]. To get an idea, take the maximum 
B-field during a cycle to be that generated by a 0.05m ra- 
dius conductor carrying 24000 amps. This ignores fringe 
fields from the gap which will make the real answer higher. 
The eddy current loss in a rectangular conductor made of 
square wires 1/2 mm wide with a perpendicular magnetic 
field is as follows. The width of the wire is w. 

B 

P 

ßoJ_ 
2irr 

= 0.096 Tesla 

[Volume] 
{2-nfBw)2 

[.03 .10 78] 

24/? 
(2?r 250 .096 .0005)2 

(24) 1.8 x 10-8 

(8) 

(9) 

3000 watts 

A similar calculation shows that the cooling water tube 
losses due to eddy currents can be held to 1200 watts. The 
tubes must be made of a high resistivity material such as 
316L stainless steel. 

Table 2: Soft magnetic material properties [8]. 

Material Composition P 

B 
Max Hc 

jufi-cm T   Oe 

Pure Iron [9] Fe 99.95, C .005 10 2.16 .05 

1008 Steel Fe 99, C .08 12 2.09 0.8 
Grain-Oriented Si 3, Fe 97 47 1.95 .1 
NKK Super E-Core Si 6.5, Fe 93.5 82 1.8 

Supermendur[10] V 2, Fe 49, Co 49 26 2.4   .2 

Hiperco27[ll] Co 27, Fe 71 19 2.36 1.7 

Metglas 2605SC Fe81, B14, Si 3 135 1.6 .03 

Eddy currents must be reduced in the iron not only be- 
cause of the increase in power consumption and cooling, 

but also because they introduce multipole moments which 
destabilize beams. If the laminations are longitudinal, it is 
hard to force the magnetic field to be parallel to the lami- 
nations near the gap. This leads to additional eddy current 
gap losses [12]. So consider a magnet with transverse lam- 
inations as sketched in Fig. 1 and calculate the eddy current 
losses. The yoke is either 0.28 mm thick 3% grain oriented 
silicon steel [13] or 0.025 mm thick Metglas 2605SC [14, 
15]. The pole tips are 0.1 mm thick Supermendur [10] to 
increase the field in the gap [16]. 

P(3% Si-Fe) = [Volume] 
{2-KfBtf 

24p 
= 27kw (10) 

= [6 ((.42 .35)-(.20 .23))] 
(2TT 250 1.6 .00028)2 

(24)47xl0-8 

Similar calculations for the eddy current losses in a Met- 
glas yoke and in Supermendur pole tips yield much lower 
values, 75 and 210 watts, respectively. 

Figure 1: A two dimensional picture of an H frame magnet 
lamination with grain oriented 3% Si-Fe steel. The arrows 
show both the magnetic field direction and the grain direc- 
tion of the steel. Multiple pieces are used to exploit the high 
permeability and low hysteresis in the grain direction [17]. 
If Metglas 2605SC is used for the yoke, multiple pieces 
are not needed, except for the poles. The pole tips are an 
iron-cobalt alloy for flux concentration exceeding 2 Tesla. 

Eddy currents are not the only losses in the iron. Hys- 
teresis losses, /H-dB, scale with the coercive force, Hc, 
and increase linearly with frequency. Anomalous loss [9] 
which is difficult to calculate theoretically must be in- 
cluded. Thus I now use functions fitted to experimen- 
tal measurements of 0.28mm thick 3% grain oriented sili- 
con steel [18], 0.025mm thick Metglas 2605SC [14], and 
0.1 mm thick Supermendur [18]. 

P(3% Si-Fe)   =   4.38 xlO-4/1-67^1'87       (U) 
=   4.38xl0_42501-671.61-87 

=    10.7 w/kg = 49 kw/magnet 
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Table 3: Magnet core materials. 

Material Thickness Density Volume Mass 
(mm) (kg/m3) (m3) (kg) 

3% Si-Fe 0.28 7650 0.6 4600 
Metglas 0.025 7320 0.6 4400 
Supermendur 0.1 8150 0.01 90 

Table 5: 4 acceleration stages; 60% /x* survival overall. 

P(Metglas)    =    1.9 xlO-4/1-51^1-74 

=    1.9xl0_42501-511.61-74 

=    1.8 w/kg = 7.9 kw/magnet 

(12) 

P(Supermendur)    =    5.64 x lO-3/1-27^1-36    (13) 

=   5.64xl0-32501272.21-36 

=    18 w/kg = 1.6 kw/magnet 

Table 4: Power consumption for a 250 Hz dipole magnet. 

Material 

Coil Resistive Loss 

Coil Eddy Current Loss 

Total Core Loss 

3% Si-Fe 

15000 watts 

4200 watts 

50 600 watts 

Metglas 

15 000 watts 

4200 watts 

9500 watts 

Total Loss 69 800 watts    28 700 watts 

In summary, a 250 Hz dipole magnet close to 2 Tesla 
looks possible as long as the field volume is limited and 
one is willing to deal with stranded copper and thin, low 
hysteresis laminations. Total losses can be held to twice 
the I2R loss in the copper alone, using Metglas. 

The 1925 ramping dipoles which are required consume 
56 megawatts when running. Given a 15 Hz refresh rate 
for the final muon storage ring [1], the average duty cycle 
for the 250 -» 2400 GeV/c acceleration rings is 6%. So the 
power falls to 4 megawatts, which is small. 
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I. INTRODUCTION 
When a tightly focused electron beam propagates 

in an underdense plasma (beam density greater than the 
plasma electron density, nb > n0), the plasma electrons 
are expelled radially by the space-charge of the beam, 
forming an ion channel which in turn provides a 
uniform, linear focusing force on the beam. When the 
beam is short (Oz < 2k~l), making it suitable as a driver 

for plasma wake-field acceleration (PWFA)[3], 
requirements on the beam properties (current, eminence 
and energy) to achieve ion channel self-focusing become 
more difficult to satisfy[10]. If the beam is initially ß- 
matched to the focusing gradient, that is, the ß -function 

is initially equal to ßeq =^]y/27tren0, where ar and e, 
are the rms transverse beam radius and emittance, the 
transverse distribution in the body of the beam is nearly 
stationary, while that near the head expands radially. The 
loss in beam density near the head associated with this 
expansion further retards the plasma electron response 
and causes the pinch point (where sufficient focusing 
gradient develops) to move backwards in the beam 
frame. The fast relaxation distance for these beam head 
dynamics is roughly Aßeq, or 5 cm for our experimental 

conditions, which is less than half of the plasma length, 
Lp = 12 cm. 

The present experiments were motivated by the 
proposed use of the underdense regime as the basis for a 
PWFA[8] (the blowout regime) which is very attractive 
in terms of drive and accelerating beam guiding, in that 
when a plasma-electron free ion column is formed, the 
focusing force in this region is linear and the 
acceleration gradient is independent of radius. 

II. EXPERIMENTAL SETUP 
The plasma chamber used in the experiments is shown in 
Fig. 1, with 14.5 MeV electron pulses derived from the 
Argonne Wakefield Accelerator (AWA)[14] entering 
from the left. Beam diagnostics immediately upstream of 
the plasma chamber include an energy spectrometer, an 
emittance measurement system, an integrating current 
transformer (ICT) and Faraday cup to measure Q, a 
phosphor screen and at the focal point of the ß- 
matching solenoid, an optical transition radiation (OTR) 
screen to obtain transverse beam profile images. 

The plasma is created by a DC hollow cathode arc 
discharge, running at 55 V and 40 A, with Ar gas fed 
between concentric tantalum tubes. The (approximately 
25% ionization fraction) plasma density, which is in the 

region of n0 =1.15xl013 cm"3, is mapped with a 
cylindrical Langmuir probe (calibrated with a 140 GHz 
microwave interferometer), and found to be within 10 
percent of the peak value over the nominal plasma 
length, Lp = 12 cm, with a steep initial ramp near the 

cathode tip. The half-maximum point, located 9 mm 
downstream of the cathode, is 12.25 cm away from the 
diagnostic-filled anode. 

beam _    matchjng solenoid 

spectrometer   JXÄ* 

PLASMA CELL: 
plasma 
probe 

anode diagnostics 

FC2 
(beam dump) 

P^erenkov 
cathode   plasma arc      anode       light 

Fig. 1 Diagnostics beamline and plasma cell (shown 
without the plasma radial confinement solenoid). The 
anode diagnostics include (a) tungsten collimator with 
(b) 1 mm wide slit, (c) 500 u.m thick quartz Cerenkov 
radiator, and (d) mirror and outgoing light. 

III. EXPERIMENTAL RESULTS 
The bunch charge Q was measured for every shot using 
the nondestructive integrating current transformer (ICT). 
Prior to this, the small fraction of charge scraped at the 
cathode assembly aperture must be quantified with 
simultaneous measurements with the ICT and FC1, the 
Faraday cup following the cathode. The focal spot size 
near the waist of the /^-matching solenoid was 
measured with the OTR screen.at FC1. Some of these 
profiles deviated significantly from the cylindrical 
symmetry assumed in the simulations; the shots 
characterized by an ellipse with an aspect ratio higher 
than 2:1 (25% of the population) were discarded. The 
remaining images were tested for peak intensity as well 
as for fractional integrated intensity inside a test radius 
of 0.28 mm. A symmetric Gaussian with ax=ay=ar, 

having the same integral defines an effective radius, 
which was found to be nearly independent of Q, with 
mean value of 0"r=284±24 |J,m. The presence of shots 

0-7803-4376-X/98/$10.00©1998 IEEE 627 



with mild eccentricities causes the effective Gaussian 
profile to underestimate the peak beam density, 
predicting n^ I «o=2.0 at 14 nC (this assumes a 25 psec 
FWHM bunch length). The actual value from the peak 
intensity in the image data is n^ I w0=2.0 and 2.5 at Q=7 
and 14 nC, respectively. The plasma is therefore well 
underdense at beam input for all experimental 
conditions. The beam divergence ax> and bunch length 
were measured using the anode diagnostics, including a 
1-mm wide (and 4 mm deep) tungsten slit aperture 
followed by a 0.5 mm thick Cerenkov emitter inclined 
12 degrees to the beam direction. The light is sent to 
either a CCD camera for time-integrated imaging or to 
the 2 psec resolution streak camera. The beam charge 
after collimation by the slit aperture is measured at the 
Faraday cup following the anode, FC2. The beam 
divergence ax>, is sampled by recording the transverse 
profile along the slit after it has drifted = 12 cm, and 
fitting a Gaussian. The beam divergence is 18.5 mrad at 
14 nC and decreases linearly to 15.5 mrad at 7 nC, 
yielding £„=149 and 130 mm-mrad and initial 
ßl=l.52 and 1.74 cm, for high and low charge, 
respectively. The b-function in these cases is only 
slightly mismatched to the ion focusing ße(j = 1.25 cm. 

The input bunch length is measured by refocusing the 
beam on the anode, with the Cerenkov light analyzed 
using a Hammamatsu C1587 streak camera; the bunch 
length is found to be 25 + 3 psec FWHM. 
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Fig. 2 Transverse beam profile after collimation, from 
digitized CCD camera image of Cerenkov light. 

After the beam is collimated, the transmitted 
charge Qtr is recorded on the downstream Faraday cup 
FC2. With plasma focusing, a substantial fraction, 
V = Qtr IQ> °ftne initial charge ought to be transmitted 

through the slit, serving as an independent measure of 
the beam radius. With the plasma arc on, the 
downstream Cerenkov profile, as shown in Fig. 2, 
displays a narrow, intense peak as a result of ion 
focusing. The X -projected FWHM of a typical case (Fig 
5) is 0.9 mm, 40% broader than at the start of the 
plasma, but consistent with the radial spreading at the 
beam head predicted by simulations, and markedly 
different than the no-plasma background. As the beam's 
transverse centroid jitter is significant on the scale of the 
slit aperture, shots with the y-peak too close to one of 

the aperture edges were rejected. The values of r\ 
selected in this way for an initially matched (ZQ =0) 
case are displayed in Fig. 3 along with the results of 
simulations, as explained below. The low-1] data points, 
especially at low g, are thought to result from beam 
conditions differing from cylindrical symmetry, one 
possibility being a beam with a double-peaked y-profile 
starting from irregular initial conditions. Some of the 
spread in the data also undoubtedly comes from 
fluctuations in the initial beam aspect ratio, which give 
rise to quadrupole as well as monopole beam motion. 

The simulation results given in Fig. 3 use the 
plasma fluid code NOVO[7], modified to include a 
super-particle representation of the beam electrons as 
described in [9]. The results of this code have been 
benchmarked against an electromagnetic particle-in-cell 
(PIC) code; the calculation of transmission efficiency is 
nearly the same, being smaller in NOVO by 4%, and so 
NOVO was employed for this analysis because of its 
speed. The calculations use 8000 beam particles, 
initialized to a thermal distribution derived from the 
measured beam size and divergence. 

A more detailed view of the underlying dynamics 
is offered by the time-resolved streak camera analysis. 
These images contain information only about 
longitudinal and horizontal profiles, as measured in a 20 
H.m vertical strip in the center of the slit aperture. The 
beam was determined to be adequately vertically 
centered in this measurement by requiring T? > 0.45. A 
streak image obtained in this way is shown in Fig. 4, 
displaying the predicted flaring of the distribution 
outward at the beam head. 
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Fig. 3 Transmission data and simulations for an initially 
nearly ß -matched case. 

Each image that was analyzed further was sliced 
into short (5.7 psec) r-sections, and for every f-slice the 
integrated (in x) intensity, and a measure of the beam 
width defined by the region -xi/2 <x< xy2 containing 
half the integrated intensity were determined. The 
results of this analysis for 10 images within narrow input 
charge window (10.2<Q< 11.8 nC) were summed to 
produce a composite picture of the beam distribution, 
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shown in Fig. 5, along with the accompanying rms error 
and PIC simulation results, analyzed to give beam width 
as a function of f-slice. The experimental data and PIC 
simulations clearly display a profile flared at the beam 
head due to radial expansion, as well as a beam core 
which is nearly matched and slightly larger, 
ar = 370 Jim, than at input. The simulation's agreement 
with the data is quite good, with a notable deviation in 
that the experimental results show less pronounced beam 
head expansion. This may be due to the assumption of a 
beam with a thermal input transverse phase space, which 
is not strictly correct for a photoinjector-derived beam, 
where the emittance of a single t- slice of the beam is 
smaller than the full beam[16]. 

Fig. 4. Streak camera image of plasma exit beam profile. 

100 

30    40    50 
Time (ps) 

Fig. 5 Time-slice dependence of beam intensity and half- 
width, from experiment (exp.) and PIC simulation 
(sim.). 

IV. CONCLUSIONS AND FUTURE WORK 
In conclusion, short intense relativistic bunches, of 

the kind available from rf photoinjectors, have been 
observed, through integrated and time-dependent 
imaging, as well as collimator transmission, to 
effectively self-guide in an underdense plasma over 
many times the initial ß -function. Picosecond- 
resolution measurement of transverse beam size displays 
the trumpet-shaped beam head predicted by simulations 
and analysis[10,ll]. The simulations are in good 
quantitative agreement with the beam sizes and 
transmissions obtained from experiment, with deviations 

arising from the approximations involved in the 
simulation model of the beam. 

In the next round of experiments, starting June '97, 
we plan to use a very similar set of experimental 
conditions to demonstrate high gradient acceleration in a 
PWFA, by measuring the energy changes of a witness 
beam propagating in the wake-field of the more intense 
drive bunch. The beam diagnostics developed for the 
present work, together with recent improvements to the 
AWA facility (= 18 ps FWHM bunch length for ß=90 
nC [18]), will greatly facilitate the measurement of high- 
gradient wake-fields. The peak acceleration gradient 
predicted for this experiment is in the range of 80 to 150 
MeV/m, much higher than an earlier experiment at the 
AWA[9], which yielded 4 - 10 MeV/m. To measure this, 
we plan, like in the earlier experiment, to generate the 
witness beam in the same photocathode cavity as the 
drive beam[9], but additionally to time-resolve the final 
energy distribution of both beams using the streak 
camera. This strategy is necessary to overcome the 
'shadow' effect occurring when the drive and witness 
beams overlap in energy. 
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FEMTOSECOND ELECTRON BUNCHES FROM COLLIDING LASER 
PULSES IN PLASMAS 
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Beam Physics Branch, Plasma Physics Division, Naval Research Laboratory, Washington DC 20375 

Abstract 

An injector and accelerator is analyzed that uses three 
collinear laser pulses in a plasma: a pump pulse, which 
generates a large wakefield (> 20 GV/m), and two coun- 
terpropagating injection pulses. When the injection pulses 
collide, a slow phase velocity beat wave is generated that 
injects electrons into the fast wakefield for acceleration. 
Particle tracking simulations in 1-D with injection pulse in- 
tensities near 1017 W/cm2 indicate the production of high 
energy electrons with bunch durations as short as 3 fs, en- 
ergy spreads as small as 0.3%, and densities as high as 1018 

cm-3. 

1    INTRODUCTION 

Plasma-based accelerators [1] may provide a compact 
source of high energy electrons due to their ability 
to sustain ultrahigh electric fields Ez on the order of 
EQ   =   cmujp/e 1/2, cm 3] V/cm,  where u>p   — 
(47rnoe2/m)1/2 is the plasma frequency and no is the 
plasma density. Accelerating fields of 10-100 GV/m have 
been generated over distances of a few mm [2-4] in both the 
standard [5] and self-modulated [6,7] regimes of the laser 
wakefield accelerator (LWFA). The characteristic scale- 
length of the accelerating plasma wave is the plasma wave- 
length Xp = 2irc/u>p, which is typically < 100 /xm. Al- 
though several recent experiments [3,4] have demonstrated 
the self-trapping and acceleration of plasma electrons in the 
self-modulated LWFA, the production of electron beams 
with relatively low momentum spread and good pulse-to- 
pulse energy stability will require injection of ultrashort 
electron bunches into the wakefield with femtosecond tim- 
ing accuracy. These requirements are beyond the cur- 
rent state-of-the-art performance of photo-cathode radio- 
frequency electron guns. 

Recently an all-optical method for injecting electrons in 
a standard LWFA has been proposed [8]. This method (re- 
ferred to as LILAC) utilizes two laser pulses which prop- 
agate either perpendicular or parallel to one another. The 
first pulse (the pump pulse) generates the wakefield, and the 
second pulse (the injection pulse) intersects the wakefield 
some distance behind the pump pulse. The ponderomotive 
force Fp ~ Va2 of the injection pulse can accelerate a frac- 
tion of the plasma electrons such that they become trapped 
in the wakefield, where a2 ~ 7 x 10-19A2[/zm]/[W/cm2], 
A = 2-KC/UI is the laser wavelength, and I the intensity. 
Simulations, which were performed for ultrashort pulses at 
high densities (Ap/A = 10 and EZ/EQ = 0.7), indicated 

the production of a 10 fs, 21 MeV electron bunch with a 
6% energy spread. However, high intensities (/ > 1018 

W/cm2) are required in both the pump and injection pulses 
(a ~ 2). An all optical electron injector would be a signifi- 
cant step in reducing the size and cost of a LWFA. 
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Figure 1: Profiles of the pump laser pulse ao, the wakefield 
<j>, and the forward a\ injection pulse, all of which are sta- 
tionary in the ip = kp(z — vp0t) frame, and the backward 
injection pulse a2, which moves to the left at ~ 2c 

In the following, a colliding pulse optical injection 
scheme for a LWFA is proposed and analyzed that uses 
three short laser pulses: an intense pump pulse (denoted 
by subscript 0), a forward going injection pulse (subscript 
1), and a backward going injection pulse (subscript 2), as 
shown in Fig. 1. The frequency, wavenumber, and normal- 
ized intensity are denoted by u?,, fc;, and a^ (i — 0,1,2). 
Furthermore, wi = CJ0, u>2 = wo - Aw (Aw > 0), and 
LJ0 3> Au) » u)p are assumed such that k\ — ko, and 
&2 — —ko. The pump pulse generates a fast (wp0 — c) 
wakefield. When the injection pulses collide (some dis- 
tance behind the pump) they generate a slow ponderomo- 
tive beat wave with a phase velocity vpb ^ Aw/2fco- Dur- 
ing the time in which the two injection pulses overlap, a 
two-stage acceleration process can occur, i.e., the slow beat 
wave injects plasma electrons into the fast wakefield for ac- 
celeration to high energies. It will be shown that injection 
and acceleration can occur at low densities (Ap/A ~ 100), 
thus allowing for high single-stage energy gains, with nor- 
malized injection pulse intensities of a\ ~ a2 ~ 0.2 
(~ 102 less intensity than required by the LILAC scheme). 
Furthermore, the colliding pulse concept offers detailed 
control of the injection process: the injection phase can be 
controlled via the position of the forward injection pulse, 
the beat phase velocity via Au, the injection energy via the 
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pulse amplitudes, and the injection time (number of trapped 

electrons) via the backward pulse duration. 

2   ANALYSIS 

The colliding pulse injection mechanism will be analyzed 
in 1-D with the plasma wave and laser fields represented 
by the normalized scalar <j> = e$/mc2 and vector a = 
eAx/mc2 potentials, respectively. The axial component of 
the normalized electron momentum uz = pz/mc = jßz 

obeys duz/dct = d<f>/dz - (2j)-1da2/dz, where 7 = 
7.7X-7X = (l+a2)1/2,and7z = (l-/?2)"1/2. This can 
be written in terms of the phase of the electron with respect 
to the wakefield ip = kp(z - vpot), i.e., 

d2jj 
dr2 

(l-ß2
z)dcß 

dz     72 

d        a    d 

Tz+ß>lTT 
a 

~2 
(1) 

where kp = wp/c, vp0 = cßp0 is the wakefield phase ve- 
locity, z = kpz, T = upt, and ßz = dip/dr + ßpo- 

The effects of three waves will be considered: a plasma 
wakefield </> = $(i>) cos ip, and a forward and a back- 
ward injection laser pulse, both of the form a, = äi(z — 
vgit) (singes + cos^ey). Here, Oi = faz - w»i and the 

amplitudes a, and 0 are assumed to be slowly varying com- 
pared to the phases Oi and ip. Also, fa and u>i satisfy fa = 
<TiLüi(l - w2/w?)1/2, where ax = 1 and a2 = -1, which 
implies a group velocity us, = cßgi - c2fa/u>i (vp0 = 
Vgo = Vgi). Furthermore, a2 = a\ + a\ + 2äid2cosV>b, 
where ipb = 0\ - 02 = Ak(z - vpbt) is the beat phase 

Vpb = cßpb = Au)/Ak, and Afc = fa - k2 ^ 2k0. 
In the absence of the injection pulses, electron mo- 

tion in the wakefield is described by the Hamiltonian [9] 
Hw = 7 - ßpod2 - 1)1/2 - <t>, where </> = <p0cosip. 
The boundary between trapped and untrapped orbits is 
given by the separatrix Hw(j,ip) = HW{^Pü,II), where 
jp0 = {l-ßlo)'1^2- The minimum momentum of an elec- 
tron on the separatrix is given by umin ~ (1/A0 - A^)/2, 
where A</> = 4>o{l + cos iß), assuming 7PoA0 > 1 and 
ßp0 ~ 1. In particular at ^ = 0, uTOi„ = 0 for (fo = 1/2, 
which means that an electron that is at rest at the phase 
V> = 0 will be trapped. The background plasma electrons, 
however, are untrapped and are undergoing a fluid oscilla- 
tion with a momentum Uf ~ -(f) {4>2 < 1)- Hence, at 
V> = 0, the plasma electrons are moving backward with 
Uf ~ -0o, which is far from the trapping threshold. 

The beat wave leads to formation of phase space buckets 
(separatrices) of width 27r/Afe ~ A0/2, which are much 
shorter than those of the wakefield (Ap), thus allowing for 
a separation of time scales. In particular, it can be shown 
that both the transit time 2TT/ALJ of an untrapped electron 
through a beat wave bucket and the synchrotron (bounce) 
time 7r/(aia2)1/'2wo of a deeply trapped electron in a beat 
wave bucket are much shorter than a plasma wave period 
2-K/wp. Hence, on the time scale in which an electron in- 
teracts with a single beat wave bucket, the wakefield can be 
approximated as static. 

In the combined fields, the electron motion can be an- 
alyzed in the local vicinity of a single period of the beat 
wave by assuming that the wakefield electric field Ez = 
-k'^-Eod^/dz ~ Ez0 is constant. The Hamiltonian asso- 
ciated with Eq. (1) is given by 

1/2 Hb~1-ßpb[1
2-1l{i>b)} '   +ei>b (2) 

where e = Ezokp/EoAk is constant and 72 = 1 + a2 + 
a2 + 2aia2 cos ipb. When e = 0, the phase space orbits are 
symmetric with respect to ipb. In terms of the normalized 
axial momentum, the maximum and minimum points on 
the separatrix are given by ubm ~ ßpbjbp(l + 4G

2
)
1
'
2
 ± 

2äi7pb, where 7p6 = (1 - /3pb)~
1/2 and di = d2 is as- 

sumed. When e ^ 0, the separatrix distorts into fished- 
shape islands. In particular, when e < 0 (e > 0), the "fish 
tail" of the separatrix opens to the right (left). 

A scenario by which the beat wave leads to trapping 
in the plasma wave is the following. In the phase region 
-it12 < V < 0. tne plasma electrons are flowing back- 
ward, Uf — -<t>o cos V» < 0, and the electric field is accel- 
erating, Ez/E0 = 0o sin tp < 0. Here e < 0 and the beat 
wave buckets open to the right. Consider an electron that is 
initially flowing backward and resides below the beat wave 
separatrix. Since the separatrix opens to the right, there ex- 
ists open orbits which can take an electron from below to 
above the beat wave separatrix. Such an electron can ac- 
quire a sufficiently large positive velocity to allow trapping 
and acceleration in the plasma wave. These open phase 
space orbits, which provide the necessary path for electron 
acceleration, can exist when the beat wave resides within 
—7T/2 < ip < 0. 

An estimate for the threshold for injection into the wake- 
field can be obtained by considering the effects of the 
wakefield and the beat wave individually and by requir- 
ing (i) the maximum energy of the beat wave separatrix 
exceed the minimum energy of the wakefield separatrix, 
Uhmax > (A</>-1 - A</>)/2, and (ii) the minimum momen- 
tum of the beat wave separatrix be less than the plasma 
electron fluid momentum, ubmin <-</>. These two condi- 
tions imply that the beat wave separatrix overlaps both the 
wakefield separatrix and the plasma fluid oscillation, thus 
providing a phase-space path for plasma electrons to be- 
come trapped in the wakefield. For a given wakefield am- 
plitude <f)0, conditions (i) and (ii) imply the optimal phase 
location 3</>0 cos ip ~ 31/2 - 2<f>0 - 2ßpb and threshold am- 
plitude 6di > 31/2-20o+/?p6 of the injection pulse, where 
4>l cos2 V < 1, a\ -C 1, and ß2

b <C 1 were assumed. For 
example, <p0 = 0.6 and ßpb = 0.05 imply V> = -1-3 - 2irj 
anddi > 0.11. 

3   SIMULATION 

To further evaluate the colliding laser injection method, the 
motion of test particles in the combined wake and laser 
fields was simulated by numerically solving Eq. (1). At 
T = 0, the forward (backward) pulse profile a\ (a2) is 
a half-period of a sine wave with maximum amplitude 
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aim (ß2m), centered at ip = Vi < 0 (-02 > 0), with 
length L\ {Li). Test particles are loaded uniformly from 

ij) = 0 to V = VWx with dV/^T = -ßpo (initially 
at rest) and pushed from r = 0 to r = rmax. Also, 
4> = 4>0[l- exp(-V'2/7r2)] for V < 0. 

To validate the analytical predictions for the trapping 
thresholds, a "near threshold" case was simulated with 
wi/wp = 100, w2/wP = 90, and <f>0 = 0.6, which for 
Ai = 2-KC/LJI = 1 /an implies no c; 1017 cm-3 and 
Ez = 0.6£0 ~ 19 GV/m. Also, alm = a2m = 0.3 
(1.2 x 1017 W/cm2), Li=L2 = Ap/8 (42 fs), V»i = -13.6 
and ip2 = 21.4 (chosen so the beat wave and test parti- 
cles overlap). After a propagation distance of Tmax — 300 
(0.48 cm), trapped electrons were observed with a bunch 
length Lb = 6.3 fjm (21 fs) with 60% of the electrons 
are contained within 66 MeV ±8%. The fraction ftr of 
those particles which encounter the beat wave that become 
trapped was ftr — 30%. A numerical optimization of the 
parameters was also performed to determined the trapping 
threshold. The optimal phase for injection (which mini- 
mizes the value of a\m required for trapping) was found 
to be tpi — —13.8, in good agreement with theory. Fur- 
thermore, trapping was observed for a\m > 0.17, some- 
what higher than the analytical prediction (0.11). Addi- 
tional simulations indicate that trapping occurs when the 
center of the L\ = Ap/8, a\m = 0.3 pulse is located 
within -14.2 < Vi < -13.5. This implies that the for- 
ward pulse must be synchronized to the wake with an ac- 
curacy < 37 fs, which is not a serious constraint and can 
be relaxed somewhat by using a longer forward pulse. 

More dramatic results can be obtained by moving the po- 
sition of the injection pulse slightly forward and increasing 
both duration and amplitude of the injection pulses (in com- 
parison to the previous "near threshold" example). As an 
example, a simulation was performed with ipi = —12.6, 
aim = a2m = 0.5, <j>o = 0.7, Li = L2/4 = Ap/4, 
wi/wp = 100, and w2/wp = 85 (Ai = 0.85 /im, A2 = 
1 /xm, and Ap = 85 fim). After a distance of rmax = 100 
(0.14 cm), the results are quite dramatic: a bunch dura- 
tion of 2.9 fs was obtained due to natural compression pro- 
vided by the axial electric field, with a mean energy of 27 
MeV and a standard deviation in energy of 0.32%. The 
trapping fraction is ftr — 19% and the bunch density is 
rib = 1-8 x 1018 cm-3. Furthermore, in this run, the 
trapped electron are injected into and remain within a phase 
region of the wakefield that is both accelerating and focus- 
ing. 

The bunch density is nb ^ ftrnoLz/Lb, where Lz ~ 
(Li + L2)/2 is the length of plasma that encounters the 
overlapping pulses. Assuming that the 1-D results hold 
for a pump laser of radius ro implies a total number of 
trapped electrons Nb — jtr^Lz-Kr\, e.g., Nb ^ 7.7 x 109 

for Fig. 4 with r0 = 40 /im. Note that Nb can be in- 
creased by increasing no, ro, aim (via ftr) and, in partic- 
ular, Lz by increasing the duration of the backward pulse 
L2. The ratio of Nb to the theoretical beam loading limit 
A^o [10] is Nb/No = ftrkpLzEo/Ez, which can easily ap- 

proach unity. For Nb near TVo, however, space-charge ef- 
fects become important and a self-consistent simulation is 
required. 

In summary, a method has been proposed and analyzed 
for injecting plasma electrons into a large wakefield using 
two colliding laser pulses. Simulations of test electrons in 
prescribed 1-D fields indicate the production of relativistic 
(> 25 MeV) electrons with bunch durations as short as 3 
fs, energy spreads as small as 0.3%, and densities as high 
as 1018 cm-3. 
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Abstract 

The Argonne Wakefield Accelerator is presently 
operational and nearing completion of its initial dielectric 
structure- and plasma-based experimental program. In 
this paper a number of possible future improvements and 
directions for the AWA are discussed including 
photocathode source upgrades, laser pulse and beam 
shaping options, multiple drive bunch generation, and 
novel wakefield device measurements. Plans for a 1 GeV 
demonstration wakefield accelerator will be presented. 

1 INTRODUCTION 

Generating and accelerating high charge and short 
electron beams have been one of the areas of study for the 
Argonne Wakefield Accelerator. So far, AWA has 
demonstrated the capability of producing 100 nC, 20 — 
30 ps (FWHM) electron beams at 14 MeV. This 
unprecedented performance was obtained using a novel 
half cell photocathode gun cavity and two standing wave 
iris-loaded linac sections [1,2]. The AWA machine has 
reached its design goal and has been used for dielectric 
wakefield [3] and plasma [4] experiments. The initial 
results are encouraging. Achieving higher gradients in 
wakefield experiments would require the drive electron 
pulse to be even shorter and have a lower emittance. 
Another requirement for both high gradient and sustained 
wakefield acceleration is that a pulse train of electron 
bunches with the same high charge and short length must 
be used [5]. In this paper, we describe near term and 
future experimental plans using the existing facility and 
present proposed upgrade plans for the AWA, including: 
a) A new gun design which when used with one of the 
existing AWA linac cavities will produce 100 nC, 1.2 mm 
(4 ps) rms, 400 mm mrad normalized emittance and 17 
MeV electron beams; b) Multiple pulse operation with 
trains of 20—40 40 nC pulses using laser photocathode 
based technology or a novel high current micropulse gun 
(HQMG); c) Upgrade of the AWA drive linac to 100 
MeV with the capability of accelerating 20 — 100 
electron pulses at 40 nC/pulse. We discuss the impact of 
these upgrades and propose a scheme to demonstrate 1 
GeV beam acceleration using dielectric wakefield 
acceleration technology. 

2 NEAR TERM AWA PROJECTS 

Although the primary thrust of this report involves 
possible upgrades to the facility itself, it is important to 
mention planned areas of research in the near term which 
will use the existing AWA facility. 
• Study the beam generation, formation and emittance 

growth in the high current linac. 
• Study methods to longitudinally shape the drive 

beam, in particular to generate a triangular profile. 
This will be used to demonstrate transformer ratio 
enhancement in both plasma and structure wakefield 
experiments [6]. 

• Continuation of the plasma wakefield experiment in 
both linear and non-linear regimes. 

• Dielectric wakefield transformer. 
The dielectric wakefield transformer [7] is of 

particular interest as offering the best candidate 
technology for practical high energy acceleration. Briefly, 
the wakefield generated by a drive bunch in a low 
impedance dielectric structure is coupled to a high 
impedance dielectric structure. The rf pulse experiences 
both transverse and longitudinal compression in the high 
impedance device. High net acceleration can be realized 
if a train of 10—20 drive bunches is used. 

Initial experiments will use a single drive bunch with 
the goal of observing the gradient step-up and studying 
optimal coupling between the two structures. Based on 
the performance of the AWA drive linac, we expect to 
produce a gradient of 80 - 100 MeV/m at a transformer 
ratio of 5. Some relevant work on designing efficient rf 
coupling to dielectric structures is found in [14]. 

3 PHOTOCATHODE GUN UPGRADES 

Rf photocathode technology has experienced tremendous 
growth since its first invention[8]. To date, most rf PC 
sources were developed to produce low charge but high 
brightness beams as injectors for FELs and other 
applications[9]. In order to achieve high gradient 
wakefield acceleration, we have designed, fabricated and 
commissioned a high current (100 nC, 20 — 30 ps) half 
cell L-band gun with two additional linac sections [1]. 
However, the present gun was designed with the 
constraint that only 1.5 MW rf power would be initially 
available at the AWA. Thus the gun was designed with 
high shunt impedance and with output energy of 1.5 
MeV. 
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The present gun was designed to operate with a peak 
photocathode field of 92 MV/m. During initial tests the 
interior of the gun was damaged by a vacuum window 
failure while under full rf power. Although the gun is 
reaching its design goals, depression of the photocathode 
field by dark current emission limits further performance 
improvement. Reaching and exceeding 10 kA will require 
a new gun cavity. 

One option is to build a copy of the high current gun 
cavity with improved surface preparation and 
conditioning procedures. We are presently collaborating 
with SSRC (Taiwan) to duplicate our current gun design. 
We plan to use the dielectric coating technology 
developed by FM Technologies, which would enhance 
the rf surface field on the cathode and minimize the dark 
current (by a factor of 100), thus reducing the electron 
pulse length. 

Another possibility is to implement an improved gun 
design. In this section, we show that a new design 
philosophy making use of 10 MW or more rf power 
available for the drive gun can produce the desired 
performance improvement for the AWA drive beam. 

1—1/2 Cell Design 

The choice for this new gun design is Brookhaven type 
[10] 1—1/2 cell as shown in Figure 1. Although the 
beam will have lower emittance if one chooses a multi- 
cell gun cavity, the rf power requirements will be 
excessive. There have been designs of relatively high 
charge L-band guns at APEX[11] and TTF[12], but they 
produce relatively long beams with moderate charges 
(<10 nC). Magnetic compression is then used after the 
gun to produce short 

Bucking 
Solenoid 

Focusing 
Solenoid 

¥ 

Figure 1. Schematic of proposed 1—1/2 cell drive gun for 
the AWA upgrade. 

bunches. In our case we require much higher charges with 
the pulse length remaining short ( <10 ps). The key to 
designing a high charge short pulse electron gun is the use 
of a high photocathode electric field. The computer codes 
SUPERFISH and PARMELA were used to model cavity 
fields and beam dynamics respectively. In Figure 2, we 
show the effect of the peak surface electric field on the 
rms bunch length and emittance.  At 100 MV/m surface 

field along with other optimized parameters, one can 
achieve CTZ = 1.2 mm (4 ps) and sN= 400 mm mrad. 

i 
■2   0.2 - 

•     rms pulse length 

■     rms normalized emittance 

—I 1 1 1 1 1 1— 
40   SO   60   70   SO   90   100  110  120 

E, (MV/m) 

Figure   2.   Pulse   length   and   emittance   vs   Ez   (with 
optimized solenoid design) 

Rms Bunch Length in the 1 & Half Cells Gun 

Figure 3. a, vs charge in the 1—1/2 cell gun. 
Normalized Emittance in the 1 & half cells gun 

Figure 4. Transverse emittance vs charge 

For the 100 nC beam case, the rms pulse length is 1.2 
mm and normalized emittance is in the range of 
300—400 mm mrad. This is a great improvement over 
the existing AWA gun design ( a2 = 3 mm, and eN=800 
mm mrad). 

The use of a single AWA linac tank operated at 10 
MW in conjunction with the new gun will produce a drive 
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beam energy of 15—20 MeV with electron bunch 
parameters as above. Numerical simulations indicate that 
with these parameters the drive beam could generate 
wakefield gradients in excess of 1 GeV/m in plasma with 
density of 7x10" cm"3. For dielectric structures, the 
reduced emittance and bunch length will permit 100 
MV/m gradients to be attained for collinear drive-witness 
geometries. This second generation AWA high current 
gun builds upon our experience with the original high 
current gun and pushes the technology frontier further 
into this previously unexplored region of photocathode 
source parameter space. 

4 MULTI-PULSE UPGRADE OPERATION 

As discussed in section II, operation of the dielectric 
wakefield transformer at high gradients over extended 
distances requires the use of a long pulse train drive beam 
(20—40 pulses of 40 nC each). One way to achieve this 
mode of operation at the AWA is to use a laser pulse train 
to generate the electron pulse train. We have obtained a 
laser pulse splitter which will provide 16 pulses with 760 
ps spacing (i.e. one rf period at 1.3 GHz). Thus if 
sufficient laser power is available, this will enable us to 
study the technical challenges associated with production 
and acceleration of multi-pulse high current beams using 
rf photocathode methods. 

Another way to generate bunch trains is to replace the 
photoinjector with the high current micropulse gun 
currently under development by FM Technologies[13]. 
This gun will produce up to 40 nC bunches with rms 
pulse length of 10 ps. The advantage of this gun is that 
the beam produced is very stable and repeatable 
compared to laser photocathode techniques. It eliminates 
completely the need for the laser and the complications of 
beam splitting optics. The rf gun designed in the section 
III can be modified to be used as an injector post 
acceleration cavity for the micropulse gun. A preliminary 
study shows that this technology can produce up to 4 
MeV beam with the emittance and pulse length preserved 
as in the case of the new photoinjector design described 
above. 

5 LINAC UPGRADE TO 100 MEV DRIVE BEAM/ 
1 GEV WAKEFD2LD ACCELERATOR 

In order to demonstrate wakefield acceleration concepts 
at high energy, one needs to increase the drive beam 
energy. As indicated by our previous study, higher drive 
beam energy leads to higher wakefield gradients over 
longer acceleration distances [5]. The AWA Linac design 
has demonstrated high current electron beams (100 nC) 

with relative low momentum spread (< 10%) and 
emittance (600 mm mrad rms normalized). Thus we 
anticipate the same linac cavity design will be used to 
accelerate the drive beam to the desired energy, simply by 
the addition of five new linac cavities and three new rf 
stations. 

For a 1 GeV wakefield accelerator demonstration, one 
needs to operate the 100 MeV drive linac in multipulse 
mode (20 pulses/rf macropulse each with 40 nC charge). 
The dielectric wakefield transformer described above 
would then provide the additional 1 GeV of acceleration 

[3]. 

6 SUMMARY 

The AWA facility has attained its challenging design 
goals and is presently in the midst of its experimental 
program. A number of performance improvements 
requiring significant machine upgrades are under 
consideration. We have described several AWA upgrade 
scenarios and plans: rf photocathode gun upgrades, 
multiple pulse operation and linac energy upgrades. We 
have shown a practical scheme using a dielectric step-up 
transformer and upgraded AWA machine to accelerate a 
beam to 1 GeV using wakefield technology. 

7 ACKNOWLEDGEMENT 

This work is supported by DOE, High Energy Physics 
Division, Advanced Technology Branch under the 
contract No. W-31-109-ENG-38. 

REFERENCES 
[I] P.   Schoessow   et.   al.,   Proceedings   of  Particle   Accelerator 

Conference, p976-978., 1995 
[2]    M. Condeef. al., in this Proceedings 
[3]    P. Schoessow et al., in this Proceedings 
[4]    N. Barov et. al., in this Proceedings and submitted to Phys. Rev. 

Lett. (1997) 
[5]    W. Gai et al, Phys. Rev. E, 55,3, p3481, (1997) 
[6]    K. Bane et al., IEEE Trans. Nucl. Sei., NS-32, 3524 (1985) 
[7]    E. Chojnacki et al., Proceedings of 1993 Particle Accelerator 

Conference, pp. 2557-2559. 
[8]    J. Fräser et al., IEEE Trans. Nucl. Sei., NS-32,p.l719 (1985) 
[9]    C. Travier, in AIP Proceedings, No. 335, p57 (1994) 
[10] K. Batchelor et al, Proc. of EPAC 541 (1990) 
[II] B. Carlsten et al., Proceedings of Particle Accelerator Conference, 

p.985., 1995 
[12] E. Colby et al., Proceedings of Particle Accelerator Conference, 

p967.,1995 
[13] F. Mako et. al., these Proceedings 
[14] W.Gai, R.Konecny, J.Simpson, these Proceedings 

635 



EXTERNALLY POWERED DIELECTRIC LOADED WAVEGUIDES AS 
ACCELERATING STRUCTURES 

Wei Gai, R. Konecny and J. Simpson 
Argonne National Laboratory, Argonne, IL 6039, USA 

Abstract 

There have been numerous studies examining the use of 
dielectric materials in accelerating structures in the past. 
Such studies and related experiments generally concluded 
that dielectric losses, with the resulting high power 
requirements, and field breakdown problems made such 
devices not very attractive. However, development of 
high dielectric constant, low loss materials plus new 
demands for emittance preserving acceleration warrant a 
new look at the idea. In this paper, we discuss reference 
parameter designs for S-band and X-band structures and 
show that dielectric loaded guide may now be practical 
and have certain advantages over conventional iris loaded 
structures. Preliminary experimental test results of X- 
band dielectric devices are reported. 

I INTRODUCTION 

The proposed use of rf driven dielectric based structures 
for particle acceleration can be traced to the early 50' s 
[1]. Since then, numerous studies have examined the use 
of dielectric materials in accelerating structures. Such 
studies and related experiments generally concluded that 
high dielectric losses with the consequent high power 
requirements, and field breakdown problems made such 
devices unattractive compared with conventional copper 
cavity. However, recent development of high dielectric 
constant (s ~ 20 -40 ), low loss materials (Q~ 10,000 - 
40,000) [2] plus new demands for emittance preserving 
acceleration warrant a new look at the idea [3,4]. 

Some potential advantages of the dielectric loaded 
structures are: 
• Simplicity of fabrication - the device is little more 

than a tube of dielectric surrounded by a conducting 
wall cylinder. This can be a great advantage for high 
frequency (10 Ghz) structures compared to 
conventional structures. Also the relatively small 
diameter of these devices facilitates placement of 
quadrupoles around the structures. 

• Reduced single bunch beam break-up (BBU) - the 
lowest frequency deflecting mode is almost always 
lower than that of the acceleration mode. 

• Simple reduction of coupled bunch - bunch effects - 
it has been shown that it is relatively straightforward 
to build deflection damping into dielectric structure 
so that very large absorption (I. e. 250 dB/m) of all 
but TM,,,, modes can be obtained [5]. 

Potential problems for dielectric loaded structures are 
charge accumulation from beam halo, surface breakdown 

and thermal heating. Whether these problems are fatal or 
not can only be answered through experiments. 

In this paper, we discuss reference parameter sets for 
both S- and X-band structures and show that dielectric 
loaded devices may now be practical and have certain 
advantages over conventional iris loaded structures. 
Preliminary experimental test results of X-band dielectric 
devices are reported here in section 5. 

II A TRAVELLING WAVE DIELECTRIC LOADED 
ACCELERATING STRUCTURE 

The dielectric travelling wave accelerator has simple 
geometry. Considering a cylindrical structure partially 
filled with dielectric material (e) with inner radius a, outer 
radius b and conducting wall on the outside. There are 
also two ports on the side for RF coupling purposes, as 
shown in Figure 1. The axial electric fields inside the 
structure can be solved for exactly as 

RFIn RFOut 

Coupling Slots 
1 

I a jb 

Figure 1.    Schematic diagram of a dielelectric loaded 
travelling wave accelerator. 

i(kz-cot) 
EU>(a>,r,z,t) = E I  (kr)e    z 

z 0 0 (1) 

EW {a, r, z, t) = [B{ JQ (s{ r) + D{ N^ r)]e    z 

Here EQ, B0 and Dx are the field amplitudes in the 

region 0 (vacuum) and 1 (dielectric) respectively and are 
related by boundary conditions.and 

2 
2     °> „2 

*    =—(1-/?  ) 
c 

(2) 
03      „2        % <—(/r*-i) 
V 

where ßc = v = eo/k is   phase   velocity   of   the   wave 

travelling inside the tube. Therefore ß determines the 
synchronism of the wave and the accelerated particles. 
By properly choosing a, b and s, one can adjust phase 
velocity accordingly. Thus this proposed scheme works 
not only for electron acceleration which typically has 
high phase velocity, but also for low phase velocity 
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particle acceleration, such as required for heavy ions. 
The transverse electric field can be written as 

i cE? 

w     2 dr 
-(/T*-l) 
v 

(3) 

and the magnetic field H , = sEr everywhere inside the 

tube.   By matching the boundary conditions at a and b 
(E  and Dr continous), all the fields components can be 

calculated accordingly. 
The stored energy per unit length U in the tube is the 

sum of contributions from both vacuum and dielectric 
regions, and can be expressed as 

U = [/,•„ + U, in out 

= I4(£f0£
2 +fi0B   )rdr (4) 

IT    2 = £0 u 

where u is a geometric factor which solely depends on the 
structure geometry and dielectric constant. For a given RF 
power, the axial electric field in the center region of the 
tube can be expressed as 

l0 uß 
P    l 

—I2 (5) 
gl 

where v„ is the group velocity. The dielectric loss per 
unit lengtn is then found from: 

t] =  (o) 
Vg(Uout +Uin) 

The electric fields in the vacuum region described by 
equation 1 and 3 have very interesting chraracteristics. 
When k->0, i.e., the phase velocity of the wave is c, Ez is 
constant in r. This implies that there are no focusing and 
de-focusing forces for a relativistics particle travelling 
inside the vacuum chamber. This is critical for emittance 
preserving in the Linear Accelerator, particularly for the 
high brightness electron gun development. 

Ill DESIGN FOR S- AND X- BAND LINAC 
STRUCTURES 

There were proposed schemes using S-Band dielectric 
structures in the last several years [3,4]. In the past, the 
dielectric materials available have the characteristics of 
relatively small 6 (<10) and relative high loss tangent (8 > 
10-4). However, recently dielectric materials with e > 20, 
5 < 10-4 and with DC breakdown voltage > 10 MV/m 
have become commercially available [2]. In this section, 
we show several design parameters with different 
dielectric constants and loss tangents. We compare our 
design results with SLAC S-band and NLC X-band 
conventiona cavity designs. Although both SLAC and 
NLC designs were for constant gradients, we could 
certainly taper the dielectric tubes to achieve a constant 

I II 
MgCaTi BaTi 

20 35 
10-4 3x10s 

0.5 cm 0.5 cm 
1.20 cm 1.09 cm 
2.304 GHz 2.71 GHz 
10 MQ/m 7.4 MQ/m 
0.05 c 0.028 c 
0.6 dB/m 0.36 dB/m 
20 MW 13.6 MW 

gradient acceleration structure. But we believe that a 
constant impedance structure would show the same 
characteristics as constant gradient and a fair comparison 
can be made. 

a. S band structures 

We have developed a self consistant computer code to 
calculated the properties of the dielectric travelling wave 
structures. The following table summarises the results for 
two possible dielectric S-band structures. As shown in 
this table, the group velocity is much higher than SLAC 
cavity although HEM 11 is lower. 

Table I: DLG Reference Design for S - Band 
Scheme 
Material 
E (diele, const.) 
Loss tangent 8 
Inner Radius a 
Outer Radius b 
HEM 11 
Shunt Imped. 
group velocity 
Attenuation 
Power required 
(10MV/m) 

b. 11.4 GHz structures 

We have also considered two possible designs for X-band 
structure (11.4 Ghz). Unlike the case in S-band, the group 
velocity for the NLC design is in the range from 0.03 c ~ 
0.04c [5]. Thus dielectric loaded structure is having a 
comparable shunt impedence and group velocity as 
indicated in the table below. 

Table II: DLG Reference Design for X - Band 
Material 
e (diele, const.) 
Loss tangent 8 
Inner Radius a 
Outer Radius b 
HEM11 
Shunt Imped. 
group velocity 
Attenuation 
Power required 
(10MV/m) 

As shown above, one of the common characteristics of all 
the structures is that the frequency of HEM 11 (first 
deflection mode) is lower than that of the acceleration 
modes. Because the deflection force is a function of 
sin(kz), this implies a very different and improved 
conditions for single bunch BBU problem compared to 
conventional structures where the HEM 11 is always a 
higher in frequecy than the acceleration mode TM01. 

MgCaTi BaTi 
20 35 
lo-4 3xl0"5 

0.3 cm 0.3 cm 
0.456 cm 0.416 cm 
9.96 Hz 10.2 GHz 
37 MQ/m 47 MQ/m 
0.057 c 0.035 c 
1.2 dB/m 1.1 dB/m 
2.73 MW 2.02 MW 
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IV DAMPENING HIGHER ORDER MODES IN 
THE DIELECTRIC STRUCTURES 

Unlike conventional disk loaded accelerator, non axial 
symmetric mode dampening can be achieved easily by 
cutting some longitudinal slots in the conducting wall. 
The deflection modes are non-axisymmetric hybrids 
containing both axial electric and magnetic fields. These 
hybrid modes are comprised of all six cylindrical field 
components and will require both azimuthal and axial 
surface currents on the outer conductor. If the outer 
conductor is segmented to allow only axial surface 
currents, the deflection modes will not be confined and 
will be radiated beyond the outer wall. If this outer 
region is filled with rf absorbing material, the deflection 
modes will be highly attenuated. Test on the bench and 
with electron beam at AATF [6] have shown that 200 
dB/m attentuation can be achieved easily. 

V CONSTRUCTION AND TEST OF AN 11.4 GHZ 
PROTOTYPE DIELECTRIC STRUCTURES 

We have constructed a 11.4 GHz dielectric loaded 
travelling wave accelerating structure using dielectric 
from TransTech, with dimensions of a = 2.9 mm, b = 
4.59 mm and dielectric constant of 20. The length of the 
structure is 10 cm. This is a comparable structure as in the 
TypeIoftheTable2. 

It is also important to emphasize that efficient rf 
coupling to dielectric structures is required for wakefield 
step-up transformers. The results obtained here are 
directly applicable to the optimized design of the coupled 
wake tube device experiments planned for the AWA [6]. 

The RF coupling scheme we used here is similiar to 
conventional disk-washer RF cavities (Side coupled). 
Impedance matching of the coupling slotsis more difficult 
in the high 6 dielectric case because the outer radius of 
the dielectric tube is much smaller than the waveguide. 
By careful adjustment of the coupling slots and 
monitoring the S-parameters using an HP8510C network 
analyzer, we have achieved reflection Sll< - 28 dB and 
S21 > -1.8 dB @ 11.45 Ghz as shown in the Figure 2 and 
3 respectively. 

We have also tested a standing wave dielectric 
structure with an RF side coupled port. We achieved 
following SI 1< - 30 dB @ 11.39 Ghz. The loaded Q from 
this measurement is 5000, which is in agreement with the 
manufacturer's specification. 

We plan to continue engineering studies of this 
accelerating structure with improved RF coupling and 
mechanical fixture to allow operation in vacuum. With 
100 MW power, we can test this structure at 60 MV/m 
gradient. We are planning to perform the high power 
tests using the X-band rf system at SLAC/NLCTA. 

Two Port RF Coupling (Reflection) 

Figure 2. Sll of the optimally coupled waveguide results. 

Two Port RF Coupling (Transmission) 

r(GHz) 

Figure 3. S21 for the optimally coupled wave 

In summary, we have studied the dielectric loaded 
waveguide as a viable alternative for the accelerating 
structures. We have shown that this structure can be 
competitive, particularly with the higher frequency 
demand for the future high energy machine. Some 
pratical issue can only be answered through careful 
experimental studies and new materials development. 
This work is supported by DOE, High Energy Physics 
Division under contract No. W-31-109-ENG-38. 
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HIGH GRADIENT DIELECTRIC WAKEFIELD DEVICE MEASUREMENTS 
AT THE ARGONNE WAKEFIELD ACCELERATOR 
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Argonne National Laboratory, 9700 S. Cass Ave. Argonne EL 60439 

Abstract 

The Argonne Wakefield Accelerator (AWA) is a facility 
designed to investigate high gradient wakefield 
acceleration techniques. Wakefields are excited using a 
drive beam produced by a 14 MeV high current 
photoinjector-based linac. A second photocathode gun 
generates a 4 MeV witness beam which is used as a probe 
of the wakefields in the device under test. The delay of 
the witness bunch with respect to the drive bunch can be 
continuously varied from -100 ps to >1 ns. The drive and 
witness bunches propagate along collinear or parallel 
trajectories through the test section. A dipole 
spectrometer is then used to measure the energy change 
of the witness beam. The complete wakefield 
measurement system has been commissioned and 
wakefield experiments using dielectric structures are 
underway. Initial experiments have focused on collinear 
wakefield device geometries where the drive and witness 
bunches traverse the same structure. For attaining very 
high gradients we will construct and study step-up 
transformer structures in which the rf pulse generated by 
the drive beam is compressed transversely and 
longitudinally. 

1 INTRODUCTION 

Research on dielectric loaded structures as high energy 
wakefield accelerators has been proceeding for some time 
[1]. These devices possess some obvious advantages: 
• Simplicity of fabrication. 
• Parasitic wake control and suppression. The HEM,, 

mode is in general lower in frequency than the TM0, 
accelerating mode [2], providing greater tolerance to 
the beam breakup instability than conventional 
structure based accelerators. Multibunch beam 
breakup effects can also be controlled with a simple 
mode suppression scheme [3]. 

• Adaptability to a two-beam (transformer) 
configuration [4]. In this technique the wake 
generated by multiple drive bunches in a low 
impedance dielectric structure is coupled into a high 
impedance structure. This provides a transformer 
ratio enhancement as well as simplifying the staging 
of the drive and witness beams. 
There are also potential difficulties with dielectric 

devices: 
• Breakdown limits at high fields. 
• Charging from intercepted beam halo. 
• Radiation damage effects on dielectric properties. 

Initial experiments at AATF [5] concentrated on 
understanding the low-field regime. One of the primary 
goals of the AWA program is to study the physics of 
dielectric wakefield structures at high gradients with the 
emphasis on developing techniques useful for high 
energy accelerators. We report here the results of our 
initial experiments on collinear drive-witness beam 
geometry, and describe planned experiments with 
transformer structures. 

2 WAKEFIELD MEASUREMENT SYSTEM 

The AWA has been described in detail elsewhere [6,7]. In 
brief, the facility consists of a unique high current 
photoinjector and linac which generates the drive beam, a 
second high brightness photoinjector which produces the 
witness beam, beamlines to transport drive and witness 
beams through the wakefield device under test, and a 
magnetic spectrometer to measure the change in energy 
of the witness beam from the wakefield of the drive 
beam. 

The drive beam intensity is monitored using an 
integrating current transformer immediately upstream of 
the test section. The length of the drive beam can be 
measured using an aerogel Cherenkov radiator which can 
be inserted into the beamline. Light produced in the 
radiator is then transported to a streak camera. 

The drive and witness guns share a common laser 
system. A portion of the laser pulse is split off and 
directed through an optical trombone before being 
transported to the witness gun to adjust the delay between 
the two beams. At the same time the phase of the rf 
driving the witness gun is varied to maintain a constant 
laser injection phase. 

The witness beam is detected at the 60° port of the 
spectrometer using a phosphor screen and intensified 
CCTV camera. The energy acceptance of the 
spectrometer is ±165 keV; for all but the lowest gradient 
device measurements the spectrometer current was 
adjusted to center the witness beam on the phosphor as 
the delay was varied. The spectrometer current was then 
recorded for each delay setting as a measure of the wake 
potential for that delay. 

3 DIELECTRIC DEVICE MEASUREMENTS 

Initial experiments were performed using simple collinear 
dielectric structures. These devices were fabricated from 
borosilicate glass which has a dielectric constant «4 and 
is known from measurements at the AATF to be resistant 
to charging. 
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3.1 15 GHz device delay scan 

The wake potential for a 15 GHz structure (inner radius 
a=5 mm, outer radius b=7.7 mm, length=ll cm) was 
mapped out in detail. For this measurement only a modest 
drive beam charge (11 nC/pulse) was used. The bunch 
length was not measured but was estimated to be about 10 
ps rms. The witness gun delay was increased in 5 ps steps 
(later in the run changed to 10 ps increments) from 
0—400 ps. The image of the witness beam spot on the 
phosphor screen downstream of the spectrometer was 
digitized at each delay setting and saved to disk for 
offline analysis. 

Figure 1 shows the accelerating gradient as 
measured from the energy change of the centroid of the 
witness beam as a function of the delay. The largest 
energy change corresponds to a gradient »2 MeV/m. 

15 GHz Dielsctric Structure, 0=11 nC 

150 200 
Delay (ps) 

Figure 1. Longitudinal wakefield as measured from 
centroids of the witness beam energy distribution for 15 
GHz dielectric structure. 

Additional optimization of the laser injection phase 
and beamline magnet settings resulted in a gradient of 7 
MeV/m with 20 nC drive beam intensity. This agrees well 
with calculations assuming a =2.5 mm (8.3 ps). 

3.2 20 GHZ device—gradient vs drive charge and 
bunch length 

In order to increase transmission of the drive beam 
through smaller (higher impedance) wakefield devices, a 
quad triplet was located upstream of the wakefield 
device. The improved optics allowed up to 40 nC drive 
charge/pulse to be transmitted through a 3 mm radius 
aperture 10 cm in length. At these intensities background 
from X-rays and secondary electrons from drive beam 
scraping caused problems for witness beam detection. 
After careful radiation shielding and with improved beam 
monitoring the background became manageable. 

A 20 GHz device (a=2.9 mm, b=5.0 mm) was used 
to study wakefield effects as a function of drive beam 
intensity and length. The drive beam current was 
gradually increased by removing neutral density filters in 

the laser transport line for the drive gun. The beam 
transport lines were retuned to give maximum 
transmission for each drive beam intensity. At each point 
the gradient (maximum witness beam energy change) was 
measured, along with the drive bunch length. 

Drive charges for this experiment were in the 5—25 
nC/pulse range. Rms drive bunch lengths were found to 
vary from 6 ps at 5 nC to 20 ps at 25 nC. This increase in 
bunch length resulted in a rolloff in the observed 
wakefield gradient with drive charge as shown in Figure 
2. The Figure also shows the predicted gradient if the 

20 GHz Structure Wakaftold 

Q(nC) 

Figure 2. Wakefield gradient vs charge for 20 GHz 
structure. Diamonds: AWA measurements. Straight line: 
predicted gradient based on 10.5 nC measurement. 
Crosses: predicted gradient based on 10.5 nC point and 
measured bunch length at each charge. 

length of the drive bunch had not increased with charge, 
and also the predicted gradient based on the expected 
exp(-k2cr/2) scaling with bunch length. The scaled 
gradient generally reproduces the trend of the data. 

According to the latest results from beam 
characterization/optimization experiments [7], where rms 
bunch lengths of 3 mm at 50 nC have been attained, a 
gradient of 25 MeV/m should be possible. It is important 
to point out that at the present time the observed 
accelerating gradient is > 7 MeV/m, i.e. larger by a 
factor of > 10 than the maximum gradients obtained 
in the earlier AATF experiments [5]. 

4 WAKEFIELD TRANSFORMER EXPERIMENTS 

The next wakefield experiments planned for the AWA 
include the demonstration of dielectric step-up 
transformers. A 15.6 GHz device was chosen for the 
initial measurement because of its potential for producing 
high gradients while being well matched to the present 
performance of the AWA wakefield measurement 
system. Table I shows two possible configurations for a 
15.6 GHz transformer experiment. Transformer ratios of 
4-5 can be obtained. Techniques for efficient coupling of 
rf into dielectric structures have been developed [9]; these 
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results are directly relevant for the fabrication of 
transformer structures. 

The AWA wakefield measurement system also 
possesses the capability of transporting the witness beam 
parallel but at a transverse offset with respect to the drive 
beam; in fact this mode of operation should greatly 
simplify data taking since the 4 MeV witness and 14 
MeV drive beam no longer need to be transported 
through the same beam optics upstream of the test 
section. Thus direct measurements of the gradient and 
transformer ratio will be possible. The drive bunch 
parameters shown in Table 1 correspond to beams 
presently available at the AWA. Initial measurements will 
use a single drive bunch to verify rf coupling between 
structures and demonstrate a transformer ratio >2. A laser 
beam splitter system has been obtained for multiple drive 
bunch measurements. 

5 DISCUSSION 

Wakefield acceleration in dielectric structures has been 
studied at gradients significantly higher than 
demonstrated previously. At 7 MeV/m no sign of 
dielectric breakdown was observed. Despite a large 
intercepted beam from missteering during tuning and 
halo, charging of the borosilicate glass dielectric was not 
found to be a problem. 

The AWA is well along in attaining its performance 
goals in terms of drive beam current transported through 
a wakefield device. The initial experiments demonstrate 
that the technology of dielectric wakefield structures is a 
very promising one for use in high energy accelerators. 
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Stage 
I 

Stage II 
(option 1) 

Stage II 
(option 2) 

Inner radius a 5 1.5 1.5 
(mm) 
Outer radius b 8.1 2.38 2.7 
(mm) 
Dielectric 3.0 35 20 
constant e 
Charge/ pulse 
(nC) 

40 

rms bunch 2.5 
length (mm) 
Wake 16.2 79 65 
amplitude/ 
acceleration 
gradient 
(MV/m) 
Number of 20 20 
drive pulses 
Transformer 4.9 4 
ratio 
Energy gain 
(MeV) 

79 108 

Table 1. Parameter sets for two possible 15.6 GHz 
wakefield transformers. 

641 



ENHANCED IFEL PERFORMANCE USING A NOVEL WIGGLER 

Z. Parsa 
Brookhaven National Laboratory, Upton NY 11973 

T.CMarshall 
Department of Applied Physics, Columbia University, New York City 10027 

Abstract 

In the conventional inverse free electron laser (IFEL), 
electron acceleration is done via the interaction of an in- 
tense laser beam and a wiggler with a sinusoidal field 
variation. We have studied the effect on IFEL perform- 
ance using a wiggler that creates a nearly square-wave 
periodic field pattern [1,2]. A novel numerical technique 
is described which models this wiggler [1]. We find sta- 
ble orbits and an improvement in IFEL acceleration gra- 
dient, resulting in a gain in energy by as much as a factor 
of two (equivalent to four times the laser power), when 
compared with the conventional IFEL with a sinusoidal 
field wiggler [3]. In an experiment, the magnetic field 
can be synthesized by running a conventional ferromag- 
netic wiggler into saturation. 

1 INTRODUCTION 

The inverse FEL (IFEL) uses the principal of stimulated 
absorption to accelerate a beam of electrons passing 
through a wiggler using a source of high intensity elec- 
tromagnetic waves. The first IFEL experiment was re- 
ported in 1991 using a 750kV electron beam that was 
prebunched by, and powered by, a millimeter-wavelength 
FEL [4]. Recently, acceleration of a 40MeV beam to 
42MeV was reported [5] using a GW C02 laser beam; the 
bunching of this beam is being studied [6] preparatory to 
injecting the electron output from the IFEL into another 
laser accelerator. These experiments used wigglers that 
provided a sinusoidal field variation, either as a circularly 
polarized- or dipole- type field, as did previous theory [3]. 
Results from experiment were interpreted by codes which 
also used sinusoidal field variation in the wiggler. Al- 
though the latter is a logical choice for the IFEL, and is 
readily fabricated, it turns out that it is not the most ef- 
fective way to use the magnetic field capabilities of the 
wiggler for electron acceleration; furthermore it is an ap- 
proximation to the physics. In this paper we discuss an- 
other case, the square-wave wiggler - which, although 
non-physical, suggests a simple modification of present 
IFEL experiments which should yield improved perform- 
ance [1,7]. 

Of course, an actual wiggler cannot be truly sinusoi- 
dal [8], nor can a square-wave field variation be realized. 
However, it is possible to develop a strong nonlinearity of 
the sinusoidal pattern in a ferromagnetic wiggler by oper- 
ating the device into the field regime where the material 
becomes saturated. The square wave pattern is therefore 
a limiting case [1]. On the other hand, the interpretation 
of data from IFEL experiments using codes based on si- 
nusoidal field patterns may result in errors, depending on 
how closely the actual field pattern approximates a sine 

wave. In what follows, we present a theory [1,2,7] and 
results from numerical simulation which models a non- 
physical square wave wiggler, and then generalize the 
treatment to include realizable sinusoidal wigglers af- 
flicted with a high degree of non-sinusoidal nonlinearity 
[1]. In the limit of the square wave, we find an improve- 
ment in accelerating gradient by a factor of two. 

2 THEORY - SQUARE WAVE MODEL 
We consider the motion of an electron under the action of 
a linearly polarized laser electromagnetic field and an 
applied transverse magnetic field of the wiggler (Bw) in 
the form of a square wave. The wave and the particles 
move in the z-direction, and the components of relativistic 
motion are: 

(myvz)=eßxExQsm<l> + eßxBwf(<l>) (1) 

{mrVx)=e(l- ßz)Ex0sin<ß-eßzBwfy,) (2) 

where Ex = By = -E^ sin <f>, <j> = k(ct - z), the applied mag- 
netic field of the wiggler is B0 _/($, and f(<f>) us a unit 
square wave that switches sign at odd numbers of 7i/2 and 
/(0) = -1. Integrating (2), and taking A„ to be the wiggler 
period, 

m^ = ^cos^-^|ftvz/W 

prvz/W= jVw = ^ig^)  and g{(ß) 

e#w cßvAv, v„=^^cos<j>-    w;wg(</>)  and 
kc 2 Amc Y 

mci *L = eVxEx0sin^ = (eEx0> sin 14 - eEx0 
eBwA.w g{<t>)s 

dt 2kc Amc Y 

Neglecting the sin 2<f> term in the energy equation, we find 
dyldt ~ (2/7i) (AK/Y) with K the wiggler parameter; which 
is about twice the result for a planar sinusoidal wiggler. 
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Figure la 

In Figure la and lb we show a computed example for the 
case of the recent Brookhaven experiment which reported 
~2MeV increase on a 40MeV input beam due to the IFEL 
[5]. Taking their design (see Table I, loc. cit.), but with a 
square-wave wiggler, one finds in Figure la that the en- 
ergy increase is about twice that obtained or expected in 
that experiment. The orbit of the electron in the trans- 
verse direction (Figure lb) is stable, but non-sinusoidal: 
this results from the fact that dPxIdt is a square wave, and 
Px is therefore piecewise linear and x(z) is piecewise 
quadratic. In fact, the reason that the square-wave wig- 
gler performs better is that the electrons experience the 
high field values over a much larger fraction of their or- 
bit, and so are accelerated more. Other simulations, tak- 
ing more ambitious parameters for the wiggler and the 
laser, bear out this result. Since the IFEL accelerating 
gradient is almost linear in laser field, an improvement in 
gradient by two is equivalent to four times the laser 
power. 
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Figure 2: The Brookhaven fast excitation wiggler [9] 

3 THEORY - REALIZABLE WIGGLER 
The present Brookhaven wiggler, which is made partly of 
ferromagnetic material, will show pronounced non- 
sinusoidality if pushed to higher field values (see Figure 2 
[9]) than the lOkG used in the past run [5]. Taking this as 
motivation to study a more realistic case than the square 
wave, the IFEL equations were cast in terms of a wiggler 
function that was modeled as a "multiple sine" function. 
One can consider a function 

sin(sin(sin( (sin z) = yN(z) 

where the repeated sine operation introduces a non- 
sinusoidal flattening of the wiggler field, such as ob- 
served [1,7]. 
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Figure 3: yN(z), multiple sine function of order N: above, 
Fig. 3a, N = 10; below, Fig. 3b, N = 20. 

In Figure 3a we show a case of a multiple-sine function of 
order ten, and in Figure 3b, or order 20. In the former 
case, the energy gain of the sinusoidal wiggler (multiple 
sine of order one), and in the latter, by 60%. Thus, we 
look forward to the operation of the IFEL in the regime 
where the ferromagnetic elements of a typical dipole 
wiggler become saturated, and the wiggler profile exhib- 
its flattening. One might expect this to become possible 
with only minor changes in the wiggler design or con- 
struction, and therefore the improvement of energy gain is 
achieved in a painless way. If the departure from wiggler 
sinusoidality is not large, this study points out the need 
for careful characterization of the wiggler field so that 
accurate comparison with theory using codes that model 
the wiggler correctly can be made. In the present experi- 
ment [5], the wiggler effect may not stand out because the 
difficulty of measuring the C02 laser power permits some 
latitude in interpreting the acceleration result. 
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EMERGING TERAWATT PICOSECOND C02 LASER TECHNOLOGY 
AND POSSIBLE APPLICATIONS IN ACCELERATOR PHYSICS 

I.V. Pogorelsky and I. Ben-Zvi, NSLS, BNL, Upton, NY 11973, USA 

Abstract 

The first terawatt picosecond (TWps) C02 laser is under 
construction at the BNL Accelerator Test Facility (ATF). 
TWps-C02 lasers, having the order of magnitude longer 
wavelength than the well-known table-top terawatt solid 
state lasers, offer new opportunities for the strong-field 
physics research. For processes based on electron quiver 
motion, such as laser wakefield acceleration (LWFA), the 
advantage of the new class of lasers is due to a gain of 
two orders of magnitude in the ponderomotive potential 
for the same peak power. The large average power 
capability of C02 lasers is important for the generation of 
hard radiation through Compton back-scattering of the 
laser off energetic electron beams, as well as for other 
applications. Among them are: LWFA modules of a 
tentative electron-positron collider, y-y (or y-lepton) 
collider, a possible "table-top" source of high-intensity x- 
rays and gamma rays and the generation of polarized 
positron beams. 

1 EMERGING TWps-C02 LASER TECHNOLOGY 

An important physical parameter that enables generation 
and amplification of picosecond laser pulses is the gain 
spectral bandwidth. 

Methods to produce picosecond and sub-picosecond 
C02 laser pulses have been developed. One of them is 
semiconductor optical switching [1]. Using this method, 
subpicosecond slices out of a multi-nanosecond C02 laser 
output may be produced using conventional mode-locked 
solid-state laser. 

Pressure broadening of the C02 gain spectrum at 
-10 atm into a 1 THz wide quasi-continuum permits 
amplification of 0.5 ps laser pulses. Note that gas lasers 
are free from optical nonlinearity. This permits direct 
amplification of multi-terawatt X.=10 urn laser beams 
without a sophisticated pulse chirping technique which is 
necessary for terawatt solid state lasers. 

For a zL=l ps pulse propagating in a 10-atm 
amplifier, the estimated small-signal gain is 3-4%/cm and 
the extractable specific energy is -20 mJ/cm3. Taking into 
account that the total discharge volume may exceed 10 /, 
the possibility of extraction of as much as 100 J of energy 
in a picosecond pulse from a reasonably compact C02 

laser amplifier looks realistic. However the damage 
threshold of the output window that is at the level of 0.5 
J/cm2. For an optical window of the -100 cm2 size, the 
extractable energy is 30-50 J which still permits -30 TW 
peak power at a 1-ps laser pulse duration. 

Thus, to attain terawatt peak power, a -10-atm, -10- 
l C02 amplifier is required. To maintain a uniform 
discharge under such conditions, the following 
requirements should be satisfied: a) strong penetrating 
preionization, b) -1 MV voltage applied to the discharge, 
and c) the energy load of several kilojoules deposited in a 
relatively short, <300 ns, time interval. The first laser 
with such parameters is under construction at the 
Brookhaven ATF. 

Fig.l shows the principal optical diagram of the 
ATF TWps C02 laser system. The 1 MW, 100 ns pulse 
produced by a 1-atm C02 laser oscillator is sliced at a 
semiconductor switch controlled by the picosecond 
Nd:YAG laser. The high power will be attained via 
regenerative amplification and four additional passes 
through the preamplifier followed by three passes in the 
10-atm, 10-/ final amplifier with the beam expansion to 
its full 10-cm aperture [2]. 

Exit 
Pockels 
W4Cell 

Multi-isotope 5 atm 
1 liter Preamplifier 

Entrance 
Pockels 
V4Cell 

DEI 

10 atm 10 liter Amplifier TW 

Figure 1: Optical diagram of the ATF TWps-C02 laser 

The ATF laser, besides its role in user's 
experiments, will serve as a test bench for proof-of 
principle evaluation of the TWps-C02 technology for 
such strong field physics applications as high-gradient 
laser accelerators and high-intensity Compton x-ray 
sources. For that purpose, ATF also provides a high- 
brightness 50-MeV electron beam from a photocathode 
RF linac synchronized within subpicoseconds to the C02 

laser pulse. 

2 LASER WAKEFIELD e'-e* COLLIDER 

Progress in the exploration of particle interactions relies 
upon the development of a new-generation of accelerators 
on a TeV energy scale. One of the prospective 
approaches is a linear e"-e+ collider based on a high- 
gradient laser acceleration. The enthusiasm that drives 
research in this area is based on ultra-high electric fields 
attainable upon the tight focusing of terawatt laser beams. 
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This may permit reduction of the accelerator length by 
orders of magnitude. 

Among the known laser acceleration techniques, the 
laser wakefield acceleration (LWFA) [3] is considered as 
the most promising. The LWFA method is based on the 
ponderomotive charge separation and a relativistic wake 
formation when a short laser pulse propagates in 
underdense plasma. The amplitude of the accelerating 
field, Ea, due to the charge separation in a plasma wave is 

Ea[V/cm] = [a2/^l + a2)^[cm'3], (1) 

where nc is electron density in plasma, and a is the 
dimensionless laser vector-potential 

a= eEL I mew =0.3£JTV/m];i[um]. (2) 

From Eqs.(l) and (2) we see that ExA2 for a«l and 
Ex A for a»l. This is due to the stronger ponderomotive 
potential of plasma electrons oscillating in a lower- 
frequency electromagnetic field. There are still tradeoffs 
to attain higher Ea with short-wavelength lasers via tighter 
laser focusing and using higher ne. The analysis of two 
options to build the 2.5 TeV multi-stage plasma- 
channeled LWFA linac using C02 or a solid state lasers is 
presented in Table 1. Both design options are aimed to 
attain a luminosity A=1035 cmV [4] defined as 

A = NJtf/4ncrl , (3) 
where Ne is the number of particles per bunch, g is a 
number of bunches per train,/is the linac repetition rate, 

and cr± is the e-beam cross-section at the interaction. 

The parameters entering Table 1 are chosen 
according to the following prime considerations: 
1. The 50 TW peak laser power foreseeable with state- 

of-the art laser technology, and the laser pulse 
duration - close to the experimentally demonstrated 
minimum. 

2. The plasma channels are filled with a 100% ionized 
hydrogen at the density 05ne. The normalized 

emittance of the electron beam at 2.5 TeV due to gas 
scattering described by Highland formula [5] is: 

sn[m.rad]» 3x 10~15(ne[c/n^l/^fMeV / m]) .(4) 

The channel length for every accelerator stage is 
~30z, where z =nr.2/A is the Rayleigh length. A 20 

0 0 

cm long evacuated dead space is assumed between 
the accelerating channels. Note that optics of the 
same focal length are used for both lasers. 
The maximum number of particles per bunch is 
calculated under the condition that space charge field 
of the electron bunch does not effect the wakefield 

\3 

Table 1. Prospective Multi-Stage 2.5 TeV LWFA 

3. 

4. 

structure: w < n. ?fi?) 
We see that both design approaches illustrated in 

Table 1 demonstrate the LWFA capabilities to attain the 
desired 2.5 TeV electron energy in a compact multi-stage 
accelerator. However, the calculated requirements to the 
laser driver for two cases are essentially different. 

Laser Parameters 
Laser wavelength, A [um] 10 1 
Energy [J] 50 5 
Pulse length, tL [ps] 1 0.1 
Power, P [TW] 50 50 
Focal spot radius, rL [um] 300 30 
Laser field, £r [TV/m] 0.4 4 
Dimensionless laser strength, a 1.3 1.3 
Repetition rate./[kHz] 0.2 20 
Average power [kW] 10 100 

Wakefield Parameters 
Plasma density, ne [cm3] 3xl015 3xl017 

Plasma wavelength, Ap [urn] 600 60 

Acceleration gradient, Ea [GeV/m] 4.5 45 

Pump depletion length [cm] 280 28 
Phase detuning length [cm] 230 23 
Assumed channel length [cm] 100 10 
Energy gain per stage [GeV] 4.5 4.5 

Collider Parameters 
Electrons/bunch. Ne 3xl09 3x10" 

Number of bunches per pulse, £ 3 3 
en due to gas scattering [m.rad] 4xl0"7 4xl0'7 

a± at ß*=5 um focus, [A] 7 7 
Luminosity, A [cm'V] 1035 1035 

Bunch repetition rate, ^/[kHz] 0.6 60 
Number of stages 555 555 
Total length [m] 666 166 

With the 1-um laser, the short tL results in a 
proportionally small Ap and Ne. Then, in order to satisfy 

the high luminosity requirement, the laser repetititon rate 
and, hence, the average output power increase 
quadratically. This becomes orders of magnitude beyond 
any reasonable expectation for picosecond solid state 
laser technology and does not fit into the anticipated wall- 
plug power limits. On the contrary, the parameters 
specified for the 10-um laser look achievable for TWps- 
C02 lasers. 

Another potential advantage of using a longer 
period plasma wave is the ease in producing the injected 
electron bunch which is short enough to fit inside the 
small portion of the wake period thus ensuring the good 
beam quality (small energy spread and emittance). For 
example, at zL=l ps and the resonance plasma wavelength 
A =600 urn the desirable electron bunch duration is 
rt<200 fs. Contemporary photocathode RF guns tend to 
approach these requirements. In particular r6=370 fs 
electron bunches of 2.5x10s electrons,   Ap/p=0.l5%, 

and £„=0.5 mm.mrad. have been demonstrated with the 
ATF photocathode RF gun [6]. 

3 X-RAY AND GAMMA SOURCES BY COMPTON 
SCATTERING OF CO, LASER BEAMS 

By Compton scattering of the laser photons from the TeV 
electron beam, a high brightness TeV photon beam can 
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be created. It opens an opportunity to study a variety of 
interaction processes by colliding e", e+ and y beams in 
any combination and at independently controlled 
polarization. 

The expression for the maximum gamma photon 
energy for Compton backscattering is 

%(oy =(x/x + i)Ee, (5) 

where Ee is the electron energy, and * = 4E eto/m2c4 . At 

x»l, h ea^Ee. For C02 laser, x>l at E,>0.5 TeV. 
A requirement to the laser wavelength for the e^y 

converter is set by rescattering of gamma photons on the 
laser beam into pairs through the reaction y+A=>e"+e+. 
This occurs when when (oa^mcly^. Based on this 
condition the optimum laser wavelength is derived: 

A[um]=4.2Ee[TeV] (6) 
Then, the laser with A=10.5 urn becomes the optimum 
choice for the 2.5 TeV collider. 

For rL=l ps, probability of the e^y conversion, 
X = crcELlhtLc, (7) 

where crc=1.9xlO'M cm2 is the Compton scattering cross- 
section, reaches unity at the laser pulse energy E L«l J 
[7]. 

The laser pulse repetition rate should match that of 
the e-e+ collider. The TWps-C02 laser technology is 
envisioned to provide the laser source delivering 
picosecond pulses of a 1 J energy at a several kW of 
average power to satisfy the requirements of the y-y 
collider. Relatively compact -10 / discharge, high- 
pressure, fast-flow C02 lasers operating at a -100 Hz 
repetition rate may serve this purpose when the energy 
stored in the laser medium is extracted at the wall-plug 
efficiency approaching 10% by a train of a hundred 
pulses of a 1 ps length each following at a -1 ns period. A 
feasibility of building a solid state laser operating in a 
similar regime has been considered in Ref. [8]. 

Lasers may be used also in polarized positron 
sources for e"-e+ collider. Here, the backward Compton 
scattering serves as an intermediate process followed by 
pair production on a target or via rescattering on laser 
photons/Polarization of the produced particles is easily 
controlled by the input laser beam. Picosecond C02 lasers 
are the optimum choice for this application as well due to 
the high average power and having ten times more 
photons per joule than solid state lasers. The projected 
positron source for the Japan Future Collider at KEK [9] 
will employ a hundred 1.5 kW C02 lasers with 150 Hz 
repetition rate and 50 ps pulse duration. This project 
appears to become the biggest utilization of C02 lasers in 
fundamental science. 

Synchrotrons equipped with wiggler magnets are the 
sources of x-ray fluxes at a level of 1018 photon/sec. 
According to another approach to a relatively compact 
high-brightness x-ray generator called laser synchrotron 
source (LSS), the laser beam acts on relativistic electrons 
as an electromagnetic wiggler with a period 104-105 times 

shorter than the magnetic undulator. Thus, LSS produces 
proportionally higher energy photons than a conventional 
synchrotron source operating at the same e-beam energy. 
Therefore, LSS permits significant downsizing of the 
electron accelerator. 

A combination of a high-gradient LWFA with LSS 
opens up the possibility of a compact wakefield LSS 
operating in x-ray and gamma regions. Table-top LSS, 
generating peak x-ray flux orders of magnitude above 
conventional synchrotron light sources, may be realized 
at the ATF using the 5-TW C02 laser and a 5 MeV 
photocathode electron gun (see Table 2) [7]. 

The ATF laser, designed for proof-of-principle 
experiments, is limited to the 0.1 Hz repetition rate. The 
above mentioned possibility of a high repetition rate 
multi-pulse TWps-C02 lasers makes it possible for -10 
kHz compact LSS to approach the time-aweraged photon 
flux of conventional synchrotron light sources. 

Table 2. Design Parameters for Table-Top LSS 

LWFA 
Electron Energy [MeV] 5 
Bunch Charge [nC] 0.1 
Bunch Duration FWHM [fs] 300 
Laser Peak Power [TW] 4 
Laser Pulse Duration [ps] 3 
Plasma Density [cm''] 3.5x10" 

Channel Radius [urn] 60 
Channel Length [cm] 4 
Acceleration gradient [GV/m] 6 
Energy Gain [MeV] 50-250 

LSS 
Laser Peak Power [TW] 1 
Laser Pulse Duration [ps] 3 
Laser Focus Radius [um] 30 
Tunable X-ray Photon Energy [keV] 4.7-1000 

X-ray Pulse Duration [fs] 300 
X-ray Photons per Pulse 3x10' 

X-ray Peak Flux [photons/s] 1022 
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Abstract 

The laser wakefield electron acceleration up to 300 MeV 
has been observed in an underdense plasma driven by a 
2 TW, 90 fs laser pulse synchronized with 17 MeV RF linac 
electron injector at 10 Hz. The electron acceleration was 
enhanced at a density higher than the resonant density due 
to gas ionization and self-channeling effects. The wakefield 
excitation has been confirmed by measuring the electron 
density oscillation of the plasma wave with the frequency 
domain interferometer. 

1   INTRODUCTION 

We report here demonstration of laser wakefield accelera- 
tion (LWA)[1] of an externally injected electron beam by a 
2 TW 90 fs laser pulses in a plasma created in a gas-filled 
chamber. A large energy gain (~300 MeV) was attained, 
partly owing to self-channeling of a laser in a plasma and 
partly owing to larger acceleration gradient than the pre- 
diction of a linear. Large blue shift was observed in the 
laser spectrum in a dense plasma, but no trace of the Ra- 
man scattering was found. These facts suggest a new mech- 
anism of LWA using a laser power well below the criti- 
cal power of the relativistic self-channeling[2], given by 
Pc = n{u}QJu}p) GW with LJO being the laser frequency 
and cjp, the plasma frequency. A frequency domain in- 
terferometer certified the density oscillation in the laser 
wakefield[3]. 

2   LASER WAKEFIELD ACCELERATION 

The LWA has great potential to produce ultra-high-field 
gradients of plasma waves excited by intense ultrashort 
laser pulses[l, 4]. The wakefield results from the pondero- 
motive force exciting the plasma wave with the frequency 
L)p — y/4ne2ne/me in a plasma with an ambient electron 
density ne. The maximum amplitude of an axial wakefield 
is achieved at the plasma wavelength AP = naz, where az 

is a temporal 1/e half-width of the pulse. Assuming Gaus- 
sian beam propagation of the laser pulse at the peak power 
P in an underdense plasma (UJ0 » ivp), a peak amplitude 
of the accelerating wakefield is 

where Ao is the laser wavelength, kp = 2ir/\p and ZR = 
TTRQ/XQ is the vacuum Rayleigh length, RQ is the spot ra- 

eEz = 

dius at the focus. The maximum energy gain is given by 
AW = eEzLac with the acceleration length Lac. 

In a homogeneous plasma, however, diffraction of the 
laser propagation limits the laser-plasma interaction dis- 
tance to Lac ~ TrZe, where Ze is the effective Rayleigh 
length. For the resonant plasma density, ne = l/irreaz 

where re is the classical electron radius, 

AWmax[MeV] ~ 850P[TW]A0[/H/T0[fs] * (Ze/ZR), 

where TQ — 2\f\n2az/c is the FWHM pulse duration. 
Note that the maximum energy gain is independent of a 
focal spot size of laser pulses for Gaussian propagation if 
Ze = ZR. Optical guiding has been proposed[5] in order 
to exceed this limit. Our recent experiments using intense 
femtosecond laser pulses report that a self-channeling has 
been observed under the critical power of the relativistic 
self-focusing[6]. 

3   EXPERIMENTAL SETUP 

We have constructed the LWA test facility consisting of the 
T3 laser system and the electron beam injector[8]. The 
Ti:sapphire T3 laser system based on the chirped-pulse am- 
plification at Ao = 790 nm produces output pulses com- 
pressed by a grating to 90 fs with an energy of > 200 mJ 
or a peak power of > 2 TW at the repetition rate of 10 Hz. 
We used the 2856 MHz RF linac as an electron injector to 
produce a 17 MeV single bunch beam with a 10 ps FWHM 
pulse duration containing ~ 1 nC at the repetition rate of 
10 Hz. 

In our experimental setup, focusing optics and the injec- 
tion electron beamline were installed in the vacuum cham- 
ber filled with He gas. Laser pulses were focused with f/10 
off-axis parabolic mirror with a focal length of 480 mm. 
The measured focal spot radius was 13 /mi. An electron 
beam from the injector is brought to a focus in the chamber 
with the FWHM beam size of 0.8 mm through a beam- 
line consisting of a triple focusing magnet and a perma- 
nent quadrupole triplet. The RF linac and the beamline are 
separated with a 20 /im thick titanium window from the 
interaction chamber to maintain ultrahigh vacuum in the 
electron injector. Since the multiple scattering of electrons 
at this window causes emittance blow-up, a collimator slit 
is installed at the downstream of the window to reduce the 
beam emittance. The beam collimation reduced an electron 
charge to ~ 100 pC per pulse. Only the electrons injected 
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to the diameter less than a half laser spot size would be 
trapped and accelerated by the wakefield. An electron pulse 
was synchronized to laser pulses with the phase locked con- 
trol of the mode-locked oscillator. The phase locked loop 
maintains synchronization of the oscillator repetition pe- 
riod (79.33 MHz) with every 36th RF period of the linac 
(2856 MHz). A streak camera with a time resolution of 
200 fs measured a timing jitter between the laser pulse and 
Cherenkov radiation from the electron beam. Synchroniza- 
tion between the two pulses was achieved within the rms 
jitter of 3.7 ps. 

The energy of accelerated electrons was measured with 
the magnetic spectrometer consisting of a dipole magnet 
and an array of 32 scintillation detectors. Injected elec- 
trons undergoing no acceleration were swept out of the de- 
tectors by the spectrometer magnet following a permanent 
quadrupole doublet. The spectrometer covered the energy 
range of 10~300 MeV. The energy calibration of the spec- 
trometer was made by varying the magnetic field to mea- 
sure a 17 MeV electron beam from the RF linac. 

The timing between laser and electron pulses was ad- 
justed by changing a phase delay of the reference RF to the 
phase locked loop so that streak images of two pulses were 
overlapped. After a He gas was filled in the acceleration 
chamber, fine adjustment of overlapping two spots of laser 
and electron beams was carried out within 50 /an. Two 
sets of pulse height data of the scintillator array were taken 
with pump laser pulses and without them as a background. 
A net pulse height proportional to the number of electrons 
accelerated was obtained from subtracting the data without 
the pump pulses from the data with them. The number of 
electrons was estimated to be ranged from 2 to 4 per ADC 
count for all detectors. 

4   EXPERIMENTAL RESULTS 

In the acceleration experiment the gas pressure of He was 
scanned from 1 Torr to 300 Torr. Figure 1 shows the pres- 
sure dependence of energy gain spectra of electrons accel- 
erated by the laser peak power of 1.8 TW. The maximum 
energy gain up to 300 MeV was obtained. When the elec- 
tron pulse preceded the pump laser pulse, no acceleration 
of electrons was observed. Accelerated electrons visibly 
appeared as the electron pulse was delayed. No accelerated 
electron was observed at a delay of 1 ns. We have tried to 
observe the self-trapping of plasma electrons due to wake- 
field, without the electron beam injection, increasing the 
gas pressure up to 760 Torr. No electrons with energies 
higher than ~1 MeV were however observed. It implies 
that the ultrashort laser pulses of 100 fs do not excite the 
stimulated Raman instability and resultant large amplitude 
wakefields. 

The side scattered laser light from the plasma region 
were imaged onto a CCD camera through a 10 nm FWHM 
interferential filter to measure the laser intensity distribu- 
tion. Fig. 2 shows an intensity profile of the scattered light 
projected onto the propagation axis at various gas pres- 
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Figure 1: Energy gain spectra of accelerated electrons for 
a) 3.4 Torr, P=0.9 TW, b) 20 Torr, P=0.9 TW, c) 2 Torr, 
P=1.8 TW, and d) 20 Torr, P=1.8 TW. 

sures. The lineout width of the scattered light proportional 
to the laser intensity gives a good estimate of the acceler- 
ation length. The acceleration field gradient was obtained 
from the measured maximum energy gain and the FWHM 
length of the scattered light lineout equal to 2Ze. Fig- 
ure 3 shows the peak accelerating gradient for the laser 
peak powers of 0.9 TW and 1.8 TW as a function of the gas 
pressure of He. The data indicate a good agreement with 
theoretical prediction based on the linear fluid model below 
10 Torr, assuming the focal spot radius of 13 /an. How- 
ever, they show that the acceleration occurs even at much 
higher pressures than a plasma wake resonance. Recent 
particle-in-cell simulations elucidate that a large amplitude 
wakefield can be excited by self-modulation at the front of 
a laser pulse in rapidly ionizing plasmas[2]. In Fig. 3 the 
acceleration gradient jumps to ~15 GeV/m above 20 Torr 
for 1.8 TW. Above this pressure of 20 Torr, it was also 
observed that the length of the lineouted laser light turned 
out constant, ~1 cm. These phenomena suggest that self- 
channeling accompanied by the electron density depletion 
may take place above 20 Torr. 

Propagation Axis (mm) 

Figure 2: The lineouts of the side scattered laser light at 
various He gas pressures for P=2.5 TW. 

The onset of self-channeling is also inferred from the 
spectra of the forward scattered laser light shown in Fig. 4. 
At the low pressure of 1 Torr, only a small blue-shift was 
observed as the laser intensity increases. When the pressure 
turned out to be as high as 20 Torr, however, a drastic blue- 
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Figure 3: The peak accelerating field gradient deduced 
from the maximum energy gain and the acceleration length. 
The solid curve shows theoretical expectation for the spot 
radius RQ = 13 /im. 

shifting of the laser light was induced above 0.5 TW. As the 
peak power increased to more than 2 TW, a whole spectrum 
of the incident laser pulse at 790 nm was shifted to 750 nm. 
It has been known that a large amount of the self-phase 
modulation results from a long distant self-channeling[7]. 
In our experiment we have not observed red-shifting nor 
forward Raman scattering. 

760 

Wavelength (nm) 

Figure 4: Forward scattered spectra measured in a He gas 
of a) 1 Torr and b) 22 Torr as the laser pulse energy in- 
creases. 

In order to make confirmation of wakefield excitation, 
we measured the plasma oscillation with the frequency- 
domain interferometer[3]. Figure 5 shows the electron 
plasma wave measured at 2 Torr at the pump peak power 
of 1 TW. The frequency of the density oscillation is de- 
duced to be 1.7 x 1013 rad/s from the measured period 
of the density oscillation, while the plasma frequency is 
2.1 x 1013 rad/s assuming a fully ionized plasma at 2 Torr. 
A frequency decrease of the plasma wave results from non- 
linear wakefield excitation. The density perturbation was 
Sn/ne ~ 10% corresponding to the longitudinal wake- 
field of ~3 GeV/m. This measured amplitude is in good 
agreement with the accelerating wakefield theoretically ex- 
pected. 

Figure 5: Measurement of the plasma density oscillation 
excited by a 1 TW pump power in a He gas of 2 Torr. The 
solid curve shows a fit of the plasma wave with oscillation 
period of 360 fs. 

5 CONCLUSION 

We have carried out electron acceleration by wakefields in 
a static He plasma excited by a 2 TW, 90 fs T3 laser syn- 
chronized with the 17 MeV RF linac electron beam injec- 
tor at the repetition rate of 10 Hz. We have observed high 
energy electrons accelerated up to 300 MeV by the wake- 
field of ~15 GeV/m excited over a few cm long under- 
dense plasma. Acceleration enhancement at higher pres- 
sures than the resonant pressure may be elucidated from the 
pulse self-modulation due to ionization and self-channeling 
of the laser pulse in a plasma. These effects must help to 
achieve an efficient electron acceleration up to the higher 
energy than 1 GeV. A direct measurement of the electron 
density oscillation by the frequency domain interferometry 
verified that the wakefield excitation is consistent with the 
results of acceleration experiments. 
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FOCUSING OF RELATIVISTIC ELECTRON BUNCHES AT THE 
WAKE-FIELD EXCITATION IN PLASMA. 
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V. D. Stepin, I. N. Onishchenko, A. P. Tolstoluzhsky, V. V. Uskov 

Abstract 

Analytical and numerical investigations of the trajectories 
of probing beam electrons in a two dimensional wake-field, 
generated in a plasma by a dense bunch of relativistic elec- 
trons with Gaussian longitudinal and transverse distribu- 
tions of density have been carried out. Based on the cal- 
culations of probing beam deviations, the diagnostic in- 
struments are developed for the parameters of experiments 
conducted at NSC KIPT. The diagnostic instruments in- 
clude an electron gun generating a 10/ceV electron beam 
with a current of 10/J.A and 2mm in diameter, which passes 
through the chamber of interaction and falls on the collec- 
tor of 10mm diameter. The collector (screen) is placed in 
front of the first plate of a microchannel amplifier which 
consists of three microchannel plates ( MCP ) with sizes 
between 20 and 30mm. The 3/cV voltage was applied to 
each plate. The total amplification of MCP amplifier is 104 

to 105 depending on the number of particles incident on the 
first plate. As a result of probing beam deviations due to the 
excited wake-field, the electrons fall on the first plate of the 
amplifier and are registered by its anode located behind the 
third plate. The calculated probing beam deviations and the 
amplification attained with the MCP amplifier permit one 
to detect and investigate the electrical wake-fields excited 
by a sequence of relativistic bunches ( number of particles 
in a bunch is 2 • 109, energy is 14MeV ) in a plasma of 
1011 - 1013cm-3 density . The intensity of the fields reg- 
istered by this technique is no less than 2kV/cm. 

1.    INTRODUCTION 

2.    SPATIAL STRUCTURE OF PLASMA 
WAKE-FIELDS 

Let us determine the spatial distribution of wake-fields in 
a plasma excited by a relativistic electron bunch. We shall 
consider the bunch with Gaussian longitudinal and trans- 
verse profiles: 

= ,-    -(-*?/*?-r2/^)? Jo = Jme z. (1) 

where jo is the current density of the bunch, jm = Io/ncr? 
is the maximum current density, 7o is the peak current, 
t\ = t — z/c, tt, is the bunch duration, ar is the trans- 
verse size of the bunch, z is the unit vector along the bunch 
motion, z, V are the longitudinal and radial coordinates, c 
is the light velocity in vacuum. We neglect the difference 
between bunch and light velocities, this is quite justified in 
the case of ultra-relativistic limit consideration. 

The axial bunch of current density (1) excites in a 
plasma the electromagnetic field whose components are de- 
scribed by the expressions: 

Ez 
4/0 II||fa)Z||(T) 

Er = -45Lnxfo)Zx(T) - i^ru^-2^) 
oi-u. r^P a^cjp 

47, 
Hv = J2Ln±(„)e<-^>. 

<y±u, 

(2) 

(3) 

(4) 
r^P 

Here r = u>p{t — z/c), r\ 
frequency, 

upr/c, u)p is the plasma 

Measurements of HF-electric oscillations in a plasma is 
the currently central problem. So, high-intensity HF-fields 
are excited in a plasma during penetration of intense laser 
pulses and relativistic electron bunches. Such fields can be 
used for acceleration of charged particles [1]. For success- 
ful experimental realization of charged particle accelera- 
tion in a plasma it is nessary to elaborate simple and reli- 
able methods of electric-field measurements in the plasma. 
This paper proposes such a method that is based on us- 
ing a probing electron beam and microchannels plates [2]. 
This diagnostics is alternative to the well-known method- 
ical procedure of plasma wake-field investigation using a 
streak-camera [3]. By way of example we consider the 
proposed method for measurements of wake-fields excited 
by a sequence of relativistic electron bunches. 

v 

unfa)   =  K0(V) J h{m)e{-r,lhl)mdm + 
o 
oo 

)(v) / -M??o J„fa) I Koivo^-ri'^vodvo, 

n±(V)    =    -dU./dr, 

Z||(r)     =    / 
'  —OO 

Z,lr)    -    / 

A-TS/T?) 

,(-T*/TZ) 

cos(r - T0)d,To, 

sin(r-ro)rfr0, 

Tb = Uptb, rjb = Wpoy/c. 
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At large distances behind the bunch (Z—T) » a\,az = 
CTb being the longitudinal bunch size, the wake-field has the 
form of a harmonic wave with electric field components 

Ez 
_VWoe_T2/4n  (T/)COST 

Er = .b&lke-T, 
Gi-Uv 

'/4nx(7?) sin- 

CS) 

(6) 

As it follows from expressions (2)- (6) the longitudinal 
component of electric field Ez is described by the function 
II|| (T?), and the transverse components Er and Hv are de- 
termined by the function EL (77). 

3.   PROBING ELECTRON BEAM DYNAMICS IN 
WAKE-FIELDS 

In the proposed method, a nonrelativistic probing electron 
beam is injected perpendicularly to the direction of rel- 
ativistic bunch motion (longitudinal axis z) at a distance 
from the axis (impact parameter). The electric wake-field 
intensity is determined by the value of beam particles de- 
flection for the given length L (base). For simplicity we 
neglect the transverse size of the probing beam, assuming 
it infinitely thin. As the probing beam injection continu- 
ously occurs in the periodic HF-field with components (5), 
(6), then in the plane being perpendicular to x = L the thin 
probing beam depicts closed curve. 

The probing beam particle dynamics in the axial wake- 
field (5- 6) is described by a set of equations of motion that 
take the following forms in the Cartesian coordinate system 

dU. X, 
u*-di = - -e— 

V 
nx (TJ) sin r, 

x dX = - 
Y 

-e— 
V 

nx (77) sin r, 

x dX 
= - -en, (77) COST, 

dr 
dX ~ 

1 
"(1 
c 

-ßoUz), 

dY Uy 

dX ux: 

(7) 

where U — V/VQ is the dimensionless velocity, VQ is 
the initial velocity of the probing beam, (X,Y,Z) = 
(u>p/c)(x,y,z) are the dimensionless Cartesian coordi- 

nates, ßo = Vo/c , e = T2
r
2

oT6e~T'/4 is the dimension- 
PoVb-LA 

less wake-field amplitude, IA = mc3/e = 17kA is the 
Alfven current. 

The set of equations (7) was solved by numerical meth- 
ods for the following parameters of the plasma, relativistic 
electron bunch and probing beam: plasma density np = 
2 • 10ncm-3, 
plasma frequency UJP = 2.5 • 1010s_1, 
transverse size of a bunch ar = 7 ■ 10~2cm, 

longitudinal size of a bunch az — 7 ■ 10~ lcm, 
bunch current I0 = 12 A, 24A, 36 A, 
corresponding wake-field amplitude e = 19.5,39,58.5. 

Simulation was performed for 100 particles uniformly 
distributed in input phases relative to the wake wave 27r > 
ro > 0, To is the initial phase value. 

If the bunch current increases or the number of bunches 
grows, then the maximum displacement of probing elec- 
trons becomes greater. So, for a single bunch of 36A or for 
3 bunches with a 12 A current in each bunch the displace- 
ment increases up to 2.1cm. 

4.   EXPERIMENTAL FACILITIES 

For intensity measurements of the wake-field excited in a 
plasma by short bunches of relativistic electrons we have 
elaborated diagnostic facilities based on the displacement 
of a lOfceV probing electron beam current between 10 and 
50fiA, and 2mm diameter, which was produced in a three- 
electrode electron gun. This beam passed across the in- 
teraction chamber perpendicularly to the axis of relativistic 
bunch motion. The choice of probing beam energy was dic- 
tated by the fact that the time of flight of the probing elec- 
tron over the wake-field excitation zone (~ lcm) should be 
commensurable with a half of the excited wave period (for 
np = 1011cm-3 T/2 ~ 150ps). The scattering of probing 
electrons in the plasma due to elastic collisions is not es- 
sential. Indeed, the collisional length of probing electrons 
with the chosen energy is greater than the interaction region 

2 5 ■ 104 T3//2 

le = Veue = 100cm, where v~l—   '. ,„   -^— is the 
A/10   Znp 

collision frequency, Ve is the electron velocity, Te ~ 3eV 
is the plasma temperature, np = 1012cm-3 is the plasma 
density, A is the Coulomb logarithm, Ze is the plasma ion 
charge. 

According to the calculations presented above, we have 
constructed the facilities for measuring the excited wake- 
field intensity. At about 3fcV/cm the probing beam of 
lOfcV should be displaced by 0.1cm in the interaction re- 
gion. With the base length L = 11cm to the registration 
place the probing electrons are displaced by lcm. This ge- 
ometric configuration was modelled by using two deflect- 
ing plates fed by pulse voltage. 

As a registration system for deflected probing beam an 
MCP amplifier [2] was used. It consists of three rect- 
angular plates, each of 20 * 30mm size and 1mm thick- 
ness, with holes of 15/xm in diameter and a structure step 
of 17.4/xm. A voltage of 3kV was applied to the current- 
carrying planes of the plates. Behind the third plate a col- 
lector was placed. 

The signal from the collector was sent to the oscillograph 
through the emitter follower. The rate of amplification was 
104 to 106 depending on the number of electrons incoming 
to each hole of the first plate. The amplifier has an indi- 
vidual vacuum pump, because the pressure in the amplifier 
chamber should be lower than 10~6torr. 

Before the first plate of the amplifier there was a cop- 
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per circular collector of 10mm diameter that registered 
the probing beam current. Being deflected by the excited 
wake-field the probing electrons get to the first plate, and 
after amplification the current is registered by the main col- 
lector. With the availability of a sectional collector the 
magnitude of probing beam displacement can be measured, 
and hence, the intensity of the excited wake-field can be 
evaluated. 

5.   CONCLUSIONS 

The plasma wake-field diagnostics consisting of a probing 
electron beam and microchannel plates for current registra- 
tion is proposed. For the same experimental arrangement 
the topography of excited wake-field has been obtained and 
evaluated. The trajectories of probing electrons in this field 
have been studied. Experimental facilities have been elab- 
orated that allow one to measure the wake-field intensity 
of several kV per cm, excited by a relativistic bunch of 
15MeV, 12A, by using the probing beam of lOkeV en- 
ergy and 10 to 50fj,A current. 

This work was supported in part by Project STCU N298. 
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EXPERIMENTAL OBSERVATION OF ELECTRON BEAM FOCUSING 
THROUGH PLASMA LENSES* 

R. Govil, S. J. Wheeler, W. P. Leemans, Ernest Orlando Lawrence Berkeley National Laboratory, 
University of California, Berkeley, CA 94720, USA. 

Abstract 

A comprehensive experimental study of focusing of 
relativistic electron beams with overdense and 
underdense plasma lenses is being conducted at the 
Beam Test Facility at LBNL [1]. Short (15ps rms) 
electron bunches, from the 50 MeV LBNL Advanced 
Light Source injector are transported through laser 
produced plasmas. The electron beam spot size and 
divergence at the plasma lens is adjusted using 
quadrupoles. The plasmas are 1-5 cm long with 
densities of 1013 -1014 cm'3. By changing the laser 
intensity and shape, the plasma density and profile can 
be controlled. This allows for exploration of both the 
charge and current compensation regimes, by changing 
the ratio of the plasma wavenumber, kp, to the electron 
beam size, ar. Experimental results on the production of 
plasma through two-photon UV ionization and electron 
beam diagnostics have been presented earlier [2]. Here 
we present results from experimentally observed plasma 
focusing for overdense lenses in charge and current 
compensation regimes. Detailed interferometric results 
from the production of highly overdense plasmas are 
also discussed. 

1 INTRODUCTION 

The next generation of colliders require tightly 
focused beams with high luminosity. To focus charged 
particle beams for such applications, a plasma focusing 
scheme has been proposed [3]. Plasma lenses can be 
overdense   (plasma   density,   np,   much   greater   than 

electron beam density, nh) or underdense (np < 2nh). In 
overdense lenses the space-charge force of the electron 
beam is canceled by the plasma and the self magnetic 
force causes the electron beam to pinch. The focusing 
gradient is non-linear, resulting in spherical aberrations. 
In underdense lenses, the self-forces of the electron 
beam cancel, allowing the plasma ions to focus the 
beam. Although for a given beam density, a uniform 
underdense lens produces smaller focusing gradients 
than an overdense lens, it produces better beam quality. 
The underdense lens focusing strength can be increased 
by tapering the density of the plasma for optimal 
focusing [4]. The underdense lens performance can be 
enhanced further by producing adiabatic plasma lenses 
to avoid the Oide limit on spot size due to synchrotron 
radiation by the electron beam [5]. 

The plasma lens experiment at the Beam Test 
Facility (BTF) is designed to study the properties of 
plasma lenses in both overdense and underdense 
regimes. In particular, important issues such as electron 
beam matching, time response of the lens, lens 
aberrations and shot-to-shot reproducibility are being 
investigated. 

2 EXPERIMENTAL SETUP 

The Beam Test Facility (BTF) uses the ALS 
injector which provides 50 MeV electron beam with a 
charge of 1-2 nC in 15 ps long bunches. The 
unnormalized emittance is 0.2 - 0.5 mm-mrad. The BTF 
line is equipped with a wide range of diagnostics 
including integrating current transformers for charge 

Nd;YAG Laser: 
266 nm 
100 mj, 6 ns 
lmm x 1-5 cm 

X Cylindrical Lens 

Electron beam: 
50 MeV 
1-2 nC/bunch 
15 ps 
0.32 mm-mrad 

OTRFoil (E-beam 
Diagnostics) -Y 

:k 
CCD Camera 

Streak Camera 

Figure 1. Layout for the plasma lens experiment. The laser is brought to a line focus at the position of the e-beam. 
Backward OTR is collected for electron beam diagnostics and imaged on to CCD and Streak cameras. 

* Work supported by the Director, Office of Energy Research, Office of High Energy Physics and Nuclear Research, 
High Energy Physics Division, U.S. Department of Energy under Contract No. DE-AC03-76SF00098. 
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Figure 2. Plasma density (solid dots) scales 
quadratically with laser intensity and linearly with TPA 
density. The hollow triangles represent the transmitted 
microwave signal strength. 

measurement, high bandwidth BPMs, fluorescent 
screens, and optical transition radiation (OTR) 
diagnostics [6]. 

The electron beam is focused into a plasma 
chamber that is separated from the ultra-high vacuum 
beam line by an 8 |J.m thick Kapton window. Plasma is 
produced in tripropylamine (TPA) vapor through two- 
photon ionization using a 266 nm laser beam. The 
ionizing laser beam enters the plasma chamber at right 
angles to the electron beam. The laser is brought to a 
line focus at the position of the electron beam. The 
plasma length is adjusted by changing the laser focusing 
and the density is controlled through the TPA fill 
pressure and laser intensity. 

3 PLASMA PRODUCTION 

For ionizing the vapor, 1064 |J.m radiation from a 
Nd:YAG laser is frequency quadrupled to provide 6 ns 
long 266 nm pulses. The two-photon ionization process 
can be expressed as, 

nQI
2At M1 np=a-2- , [1] 

' hv 
where np is the plasma density [cm3], «„is the neutral gas 
density [cm3], / is the laser pulse intensity [W/cm2], At is 
the laser pulse length [s], and (hv) the photon energy 
[Jsec]. Here all the other constants have been absorbed 
in a, the two-photon ionization coefficient [cm4l/W]. 

To achieve plasma lengths on the order of a few 
centimeters, the laser beam is defocused horizontally 

using a cylindrical defocusing lens (Figure 1). To 
maintain the laser intensity (and therefore, the plasma 
density), the beam is focused in the vertical direction. 

The plasma density is measured through 
microwave interferometry at 94.3 GHz described 
previously [2]. The microwave signal is launched 
transversely to the plasma sheet. The plasma density is 
calculated by measuring the relative microwave phase 
shift introduced by the plasma. Since the plasma 
densities are close to critical density for microwave 
beam absorption, a two-channel in-quadrature 
measurement technique [7] is used to compensate for 
absorption effects. For plasmas with thickness 
comparable to collisionless skin-depth, this technique 
allows super-critical plasma densities to be measured. 
The plasma density was measured as a function of 
neutral gas fill pressure and laser intensity as shown in 
Figure 2. The two-photon ionization coefficient, a, was 
measured to be 2.5 x 10"2' W/cm4. Plasma densities up to 
2 x 1014 cm"3 were measured using this technique. At this 
density the transmitted microwave amplitude was only 
3% of the initial amplitude, in agreement with 
calculations. 

3 ELECTRON BEAM DIAGNOSTICS 

The electron beam is diagnosed using optical 
transition radiation that is produced by a charged particle 
at it passes through a boundary between two media with 
different dielectric constants. The radiation contains 
information about the size, divergence and energy of the 
source charged particle beam. 

A five micron thin nitrocellulose foil coated with 
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Figure 3. Measurement of beam size through OTR at 
various positions along the direction of propagation. 
The solid and dashed lines represent the best fit through 
the transverse beam size, ams, along the x-axis and y- 
axis, respectively. 
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high reflectivity aluminum is inserted in the electron 
beam path. When the beam passes through the foil, it 
emits transition radiation, which is imaged onto a CCD 
camera. The OTR foil is mounted on a motorized stage. 
As the stage is moved along the trajectory of the electron 
beam, a direct measurement of the beam size as a 
function of propagation distance is obtained (Figure 3). 
To study the temporal dynamics of the plasma lens, OTR 
is imaged to a streak camera with 2ps resolution [2]. 

4 ELECTRON BEAM FOCUSING BY BEAM- 
INDUCED PLASMAS 

A relativistic electron beam passing through a gas 
can collisionally ionize the gas. The density of the 
plasma, np, produced by the e-beam is given by, 

np = 
dE 
dx 

Nbozp„ [2] 
B* 

where dE/dx is the stopping power of electron beam 
[eVcmVg], Nb is the electron beam density [cm3], az is 
the electron bunch length [cm], p,„ is the mass density 
of background gas [cm3], and Emrish is the ionization 
threshold of the gas [eV]. For BTF parameters, this 
corresponds to a plasma density of approximately 10" - 
1012 cm"3. Since the plasma is produced by the electron 
beam, the spatial profile of the plasma follows the 
evolution of the electron beam and is calculated to be: 

np(z)=npmaxß0/JßZ+s2, where s=z-ct and ßQ  is 

the minimum value of the electron beam beta function in 
the plasma. The plasmas produced through electron 
beam ionization are underdense. The focusing strength 
of an underdense plasma lens is given by 
K = 2ia-enpJY , where re is the classical electron radius, 

ythe electron beam energy and np the plasma density. 
Figure 4 shows the measured electron beam size as 

a function of propagation distance inside the plasma 
chamber. In vacuum, the beam size at the waist is 
measured to be 130 |J.m. As the neutral gas pressure is 
increased, the beam ionizes the vapor, and is focused by 
the resulting plasma to 100 (Am. 
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Figure 4.   Measured electron beam focusing by beam- 
ionized plasma for various neutral gas densities. 

5 ELECTRON BEAM FOCUSING BY 
OVERDENSE LASER PRODUCED PLASMAS 

The laser beam is temporally and spatially aligned 
with the electron beam. The electron beam size as a 
function of propagation distance is measured with and 
without the laser beam (Figure 5). When the laser beam 
is turned on to produce plasma, the electron beam is 
focused to a smaller spot size. A corresponding increase 
in electron beam peak intensity is measured using OTR. 
The strength of focusing is found to depend strongly on 
electron beam beta function matching into the plasma. 
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Figure 5. Measured electron beam focusing by laser- 
produced plasma. When the laser is turned on, the 
laser produced plasma focuses the electron bunch to a 
smaller spot size. 

6 CONCLUSION 

The 50 MeV electron beam from the ALS injector 
has been focused through plasma lenses at BTF. Electron 
beam focusing by beam induced plasmas has been 
studied using optical transition radiation diagnostics. 
Laser produced overdense plasmas have been observed 
to focus the electron beam. Both types of lenses show 
strong dependence on e-beam beta function matching. 
Currently, highly overdense plasmas are being studied to 
observe    return    current    cancellation. Detailed 
simulations are being conducted for comparison with 
theoretical predictions and temporal dynamics of plasma 
lenses is being experimentally investigated. 
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Abstract 

A numerical study of the coupling between a high 
intensity laser pulse and a plasma wake is presented, in 
the context of laser wakefield acceleration in a hollow 
channel. One dimensional self-consistent equations are 
derived and numerically solved to provide a more 
detailed description of the laser pulse evolution for the 
case of propagation in a uniform plasma. The model 
obtained provides a simple method for inferring the 
plasma wake characteristics from measurement of 
changes in phase and amplitude of the driving laser pulse. 

1 INTRODUCTION 

Laser driven plasma accelerators, based on the excitation 
of extremely high longitudinal electric fields with phase 
velocity close to the speed of light [1] has received much 
theoretical and experimental attention for nearly two 
decades. A survey and comparison of different methods 
for laser acceleration and summaries of experimental and 
theoretical progress can be found in references [2] - [5]. 
In this paper we focus on the resonant Laser Wakefield 
Accelerator (LWFA), in which an ultra-short laser pulse 
(C0DAt&7T,   where   At   is   the   laser   pulselength   , 

2     Anne 
CO  =  , n is the local plasma density, y is the 

"    m> 
relativistic Lorentz factor, e and m0 are the charge and 

the rest mass of the electron) is used to excite a plasma 
wave via the ponderomotive force from the gradient in 
the laser pulse intensity. 

Diffraction limits acceleration length, and hence the 
final energy of an accelerated charged particle in the 
LWFA to about one Rayleigh range. Laser guiding in 
plasma channels has been proposed as a means to extend 
the acceleration length. The index of refraction of a plas- 
ma    with    density    n    can    be    approximated    by 

2 a. 
T] «1 - —2 > where CO is the laser frequency. Similar 

lea 

to an optical fiber, a plasma channel can provide optical 
guiding if the index of refraction peaks on axis. This re- 
quires a density profile that has a local minimum on axis. 
Guiding of laser pulses with moderate intensities (around 

1015W/cm2 ) over distances in excess of 20 Rayleigh 
ranges has been demonstrated experimentally [6]. 

For acceleration purposes, excitation of large 
amplitude plasma waves requires laser intensities on the 
order of 1018 W/cm2 (for a laser wavelength ~1 micron). 
At such high intensities the index of refraction of the 
plasma is modified by its interaction with the laser pulse 
through relativistic effects as well as through a plasma 
density modulation arising from the excited plasma wave. 
The interaction with plasma affects both longitudinal and 
transverse properties of the laser pulse, which, in turn, 
leads to changes in the coupling between the laser pulse 
and the plasma as well as in properties of the accelerating 
plasma wave. These issues are important for evaluation 
and optimization of the efficiency of LWFA designs. In 
this paper a one dimensional (1-D), nonrelativistic 
analytic model of the driving pulse evolution and 
supporting simulation results will be presented, with 
emphasis on the effects of energy depletion, longitudinal 
laser pulse shape distortion, and changes in the group 
velocity and center wavelength of the pulse. 

As in conventional fiber optics, the transverse 
characteristics of the laser beam are determined by the 
transverse profile of the guide, i.e. the plasma density 
profile. There are two main types of channels that have 
been considered in the literature, the parabolic channel 
and the hollow channel. The parabolic channel has a 
cylindrically symmetric, parabolic density profile with 
minimum density on axis. It is usually assumed that the 
plasma wake in a parabolic channel is purely electrostatic 
or, equivalently, that the channel size is large compared 
to the plasma wavelength [3], [7]. The hollow channel 
refers to a cylindrically symmetric step plasma density 
profile, where the density inside the channel is zero, and 
the wall thickness is much less than a plasma wavelength. 

A hollow channel is particularly favorable for the 
propagation of a high quality electron beam. It supports a 
single electromagnetic plasma wave mode and can be 
designed to support only one guided laser mode [3], [8]. 
This suppresses the laser hose instability [3], [7]. Full 
control over the profile of the channels remains a major 
experimental challenge and density profiles are typically 
neither parabolic nor hollow. The transverse fields of the 
plasma wave excited in an arbitrary profile channel have 
not been found analytically [3], [9], although much pro- 

' Work supported by the US Department of Energy contracts FDDEFG-03-95ER-40936 and DE-AC03-76SF00098. 
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gress has been made in numerically determining the elec- 
tromagnetic plasma wake modes [10]. In what follows the 
analysis for the hollow channel case is presented. A 
similar treatment would be applicable to a channel with 
an arbitrary transverse plasma density profile, provided 
that the plasma wake fields were known. 

In Sec. 2 the 1-D equations to model the evolution of 
the laser pulse in the plasma are derived and numerical 
solutions of these equations is presented. Conclusions and 
discussion comprise Sec. 3. 

2 SELF-CONSISTENT EVOLUTION OF THE 
LASER PULSE 

To study the effect of pump depletion on the driving laser 
pulse we start with the wave equation: 

V x V X a0 + 
1   dza0 Am y 

(1) 
c" dt mc 

In the limit that the longitudinal velocity of the electrons 
remains much smaller than the speed of light and the 
transverse size of the laser pulse is much larger than the 
wavelength, the transverse canonical momentum of an 
electron moving in the laser fields is conserved; so that if 
the electrons are initially at rest yV/c=-a0, where V is 

2     2 l—V lc 
transverse current density then is J=-nea0c and 

The 

Am T       ®P 

 3J = -~a> mc c o ■ (2) 

Assuming the vector potential is purely transverse, a 
transversely homogeneous plasma, and a plane laser wave 
and performing a change of variables Z= Z,% = Z—ct 

transforms Eq. (1) into 

£SL + 2£2a = Jfc2 (3) 
dz1       dzdi;     " ° 

Using aQ = be' , where b is real and a slow 

function of Z and E,, and Q> is also real and a slow 

function of Z, (while <3> has fast variations in £), the 

real part of Eq. (3) becomes 

~ ftkz) #tä) " 2 ' 
and the imaginary part is 

f     *^\ 

(4) 

d 
dikz) 

d<5> d<S>   db 
(5) 

where equations were made dimensionless by dividing 
both parts by the wave number of the laser, k , and 

treating  CO I CO as a small quantity, Eqs. (4) and (5) 

contain only the lowest order in CO  I' CO terms. Also, the 

quantity %=k Jk   was introduced. 

To simulate the effects of the laser pump depletion 
self-consistently we start with an expression for the 
plasma density modulation [14], obtained under 
assumption that the perturbation is small compared to the 
unperturbed density, Snl n. «1, 

n. 4 i ^ 
The right hand side of Eq. (4) can be rewritten as 

2    / i 2 

2co Kl+k,lmk*(?-€))^Pdijo) 
to the lowest order in b , where the relativistic correction 
to the plasma frequency was taken into account. 

The evolution of the amplitude b  and frequency 

  of a laser pulse as it propagates in a plasma has been 

obtained by integrating Eqs. (4) and (5) numerically. Fig. 
1 shows the longitudinal profile of the driving laser pulse 
vector potential and the relative change in the refractive 
index of the plasma, corresponding to the plasma wake. 

Figure 1. The amplitude of the laser pulse vector potential, b, 
gaussian pulse shape with the pulselength calculated to 
maximize the coupling to the plasma wake, and the plasma 
oscillation, 0%, from Eq. (7). Plotted as function of distance 

from the head of the laser pulse, k<%. 
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Figure 2. The amplitude of the laser pulse vector potential, b, 
and the phase, <J>, as a function of kE, after propagating for one 
dephasing length. Calculated by integrating Eqs. (4) and (5) 
numerically with # calculated from Eq. (7), with cofl »„ = 1/50, 
a laser pulse with a gaussian pulse shape with the pulselength 
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calculated to maximize the coupling to the plasma wake, and 
amplitude ttQ =0.5. 

It is because different parts of the laser pulse 
experience different values of the index of refraction, the 
laser pulse develops a temporal phase chirp. In Fig. 2, b 
and <I> are shown as functions of £ after the laser pulse 

propagated a distance z=Ldeph. 
The frequency spectrum of the laser pulse is 

redshifted and widened (Fig. 3a) resulting in a change in 
the laser pulse-shape (Fig. 3b). 

0.9 CO I CO t 
1.1 

Final     /l (b) 

XI Initial \ 

0 1 

0 75 k%    150 

Figure 3. a). Spectrum of the laser pulse (unnormalized, 
arbitrary units) before and after propagating for one dephasing 
length, b). The amplitude of the laser pulse vector potential,^ , 
before and after propagating for one dephasing length. 
Calculated by integrating Eqs. (4) and (5) numerically with % 

calculated from Eq. (7), with 0)p IcO0 = 1/50, a laser pulse 

with a gaussian pulse shape with the pulselength calculated to 
maximize the coupling to the plasma wake, and amplitude 
a0 =0.5. 

The amplitude of the plasma wake remained nearly 
constant during the interaction. 

3 CONCLUSIONS 

A set of ID equations for the evolution of a driving laser 
pulse in a homogeneous plasma was derived. The 
equations   were   solved   numerically.   The   solutions 

demonstrated spectral red-shifting of the laser pulse. For 
realistic parameters, the shift in spectrum is quite 
pronounced. Measurement of the time resolved amplitude 
and phase of the driving laser pulse should supply 
valuable information about the plasma wake. The 
observed increase in the coupling strength supports the 
idea of trying to increase efficiency of a single stage 
accelerator by depleting the laser pulse energy, before 
dephasing terminates the acceleration. 
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LASER ACCELERATION IN VACUUM 
WITH AN OPEN IRIS-LOADED WAVEGUIDE* 

Ming Xie, Lawrence Berkeley National Laboratory, Berkeley, CA 94720, USA 

Abstract 

An open iris-loaded waveguide structure is considered for 
laser acceleration of highly relativistic particle in vacuum. 
Complete characterization of all eigenmodes are given in 
analytical form for the structure. In particular the domi- 
nant radially polarized TM mode is evaluated in detail for 
laser acceleration. The entire parameter space is searched 
and it is found that below the laser damage threshold of the 
structure an acceleration gradient around 1 GV/m can be 
obtained over a phase slippage length of 10s of cm with 
TWs laser in the wavelength range from 1 to 10 /im. 

1   INTRODUCTION 

The Open Iris-Loaded waveguide Structure (OILS) consid- 
ered in this paper is made of a series of equally spaced thin 
screens each having a circular aperture. It differs from the 
usual iris-loaded linac structure in the following aspects: 
first of all it does not have side walls thus called an open 
structure; secondly all its characteristic dimensions i.e., ra- 
dius of the aperture (a) and separation between the adja- 
cent apertures (L), are much larger than laser wavelength 
(A). As a result the eigenmodes of the structure are deter- 
mined dominantly by diffraction. Recently, Pantell [1] pre- 
sented a calculation of the longitudinal field component in 
the structure using the numerical method of Fox-Li [2] and 
discussed the possibility of laser acceleration. But, soon 
after that Pantell [3] claimed that an additional fast axial 
phase oscillation absent from the Fox-Li's original calcula- 
tions [2] was found and thus concluded that the structure is 
not suitable for laser acceleration. 

However the claimed fast phase oscillation does not ex- 
ist. The numerical method of Fox-Li is not an appropri- 
ate approach to this problem. To demonstrate net energy 
gain for a test particle, the field everywhere along the tra- 
jectory needs to be calculated. The kernel of the Fresnel 
integral used in Fox-Li's method becomes increasingly fast 
oscillatory for the field at locations close to the diffract- 
ing aperture, causing the integral extremely cumbersome 
to calculate and prone to various sources of numerical and 
systematic errors. To avoid the numerical difficulties fully 
analytical approach is taken in this paper. 

2   EIGENMODES OF THE OPEN WAVEGUIDE 

Starting from source free Maxwell Equations in vacuum, 
we seek axially symmetric, radially polarized TM mode of 
the form: E(r,z,t) = Er + Ez,H(r,z,t) = Hv. All 
other types of modes can be obtained following the same 
procedures. For fields with exp(—iu>t) dependence, each 

*This work was supported by the U.S. Department of Energy under 
contract No. DE-AC03-76SF00098. 

component satisfies the scalar Helmholtz wave equation, 
V2$ + k2$ = 0, where k = w/c. Under the conditions 
L » A and a » A, the wave equation can be further re- 
duced to a parabolic equation 

V* + 2ik^ 
öz 

0 (1) 

where $(r,z) = \I/(r,z)exp(ikz), *(r, z) is the envelope 
slowly varying in z, and V2 is the transverse Laplacian. 

For open waveguide without side walls it is convenient 
to solve first for the radial component. With $ = Er(r, z), 
Eq.(l) becomes 

Ö2*       19*        1 „3* 
ITT + "5 2* + 2lka-   = ° • oxz        x ox        x* ÖZ 

(2) 

This is the equation with azimuthal mode number m = 1, 
and its solution may be labeled as *&^ (r, z), where n is the 
radial mode index, and the superscript indicates the mode is 
radially polarized. The radially polarized mode is a linear 
superposition of two degenerate, orthogonal linearly polar- 
ized modes *i„ (r, z)sin(<^) and *i„ (r, z)cos(</?). 

Our goal is to solve Eq.(2) for the eigenmodes in an 
OILS. This problem is shown to be equivalent to finding 
the eigenmodes in a Fabry-Perot optical resonator with two 
circular plane mirrors of radius a, separated by a distance 
L [2]. Under appropriate boundary conditions, Vainshtein 
[4] obtained solution of the eigenmodes to all orders in- 
side such a resonator. Once Er is solved, all other field 
components can be determined directly through Maxwell 
equations. With all spatial-temporal dependence explicitly 
included, the solution reads: 

Ez = EaJ0(krr) exp[i(kzz - wt)] , (3) 

Er = -i(kz/kr)EaJx (krr) exp[i(kzz - wt)] ,      (4) 

B.v = Er/ZxM (5) 

«'In 

a [1 + 77(1 + i)/M] 
k2 = k - k2/2k ,     (6) 

where M = -\/87rN, N is Fresnel number defined as N = 
a2/AL, T) = -C(l/2)/v/7T « 0.824, ((z) is Riemann's 
Zeta function, ZTM = (kz/k)Z0, ZTM is the impedance 
of TM wave, Zo is the vacuum impedance, u\n is the nth 
zero of Bessel function satisfying Ji(^in) = 0, and Ea is 
peak acceleration gradient. It should be noted that as a re- 
sult of slowly varying envelope approximation, the modes 
are characterized by, |kz| ~ k and |kr| -C k. The solu- 
tion is more accurate at small diffraction loss per cell, or 
equivalently when N>1, which happens to be the regime 
favorable for laser acceleration, as will be discussed later. 
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3   ACCELERATOR CONSIDERATIONS 

In this section, we exploit properties of the TMj^ mode, 
and derive necessary formulas and scaling laws for the eval- 
uation of OILS as an acceleration structure. 

3.1    General Characteristics and Formulas 

For convenience, let's introduce a complex quantity a = 
aT + icti = ik2/2k, and from Eq.(6) we have 

ar 

a-. 

4t/?ni?(M + 7?) 

(M + 77)2 + 7?2 

2i/1
2
nM(M + 2T?) 

L[(M + t;)a + »72]' 

-\2  ' (7) 

(8) 

The {z, t} dependence for all field components becomes 

and power flow through the waveguide is simply 

P(z) = P0e-2a'z , 

7ra2|kz/kr|
2E: 

/  |Ji(krap)|: 
Jo 

pdp. 

(9) 

(10) 

(11) 
Re(ZxM) 

As seen from Eqs.(9,10), the mode is characterized by a 
phase velocity, vp = w/(k - a;), larger than c, and a power 
attenuation due to diffraction loss at the apertures. How- 
ever, for sufficiently large N both phase slippage per cell, 
<j)c = aiL, and fractional power loss per cell, ac = 2arL, 
can be made as small as desired, as seen from Eqs.(7,8). 
Let's define a slippage length, Ls = n/au over which an 
acceleration phase slippage of n is experienced by a highly 
relativistic particle (v « c) moving along the z-axis. The 
energy gain of the test particle traversing a slippage length 
thus can be calculated as 

AWS = eE, 
Jo 

sin(aiZ)e-arZdz = eEaLsTs,    (12) 

where Ts is a reduction factor due to a full TV phase slippage 
and the attenuation of the acceleration field over a slippage 
length, given by 

I _|_ e-(«r/«i)ir 

TT[1 + (ar/ai)2) 
(13) 

Two other figures of merit, the shunt impedance per unit 
length ZL and the Q factor, are given here for comparison 
with traditional microwave acceleration structures 

ZL 

|E,(r = 0,z) E2 

-dP/dz 2arP 

Q 
wU 

o 

7T 

Aar 

(14) 

(15) 
-dP/dz     Aar(vg/c) 

where U is the field energy per unit length given by U = 
P/vg, and vg is the group velocity very close to c. 

Another important concern for high gradient accelera- 
tion by a waveguide is surface field on the structure which 
is limited by damage threshold. For OILS, we define an 
edge field by Ee = |Er(r = a, z = 0)|, and it can be shown 
that the condition Ee > Ea always holds. 

3.2   Weak Diffraction Limit and Scaling Laws 

Before going to the exploration of OILS performance over 
design parameter space using the general formulas pro- 
vided in Sec.(3.1), it is instructive to look at more trans- 
parent weak diffraction limit and scaling laws for several 
important performance parameters. We will consider the 
dominant radial mode with n = 1 and v\\ = 3.832. Keep- 
ing only the leading term while taking the limit N » 1, we 
have 

Ea 
Ee 

y?<yO      M L^A/a) 
v^Po^ii)! 

(16) 

202 47r2a 
2.7 a21'X = 2.7NL,        (17) 

as_l_e-"V^N*l-e-2^, 

AWs[MeV] —» 2.9v/Na[mm]Ee[GV/m], 

Iav[PW/cm2] —» 1.7 x l(T4NE2[GV/m] , 

Ie (^ll^)2 

4TTN 
0.79/N 

(18) 

(19) 

(20) 

(21) 

where as is the fractional power loss per slippage length, 
I»v is the laser intensity averaged over waveguide cross sec- 
tion at z = 0, thus the required laser power is given by 
P0 = 7ra2Iav» and Ie is the laser intensity at the edge of 
aperture. Also we have Ts -» 2/n, and with r = k - a» 

dw 
df 

x       2 V 2wa / 
2  ' (22) 

(23) 

The most important characteristics of OILS as a poten- 
tially attractive structure for laser acceleration is revealed 
by Eq.(16). It is shown that the ratio of acceleration to edge 
(surface) field is enhanced from the usual scaling for all 
near field accelerations [5], A/a, by a large factor, \/N. AS 

a result, substantial acceleration gradient can be obtained 
on the axis with a favorable intensity scaling, Eq.(21), even 
though the boundary is hundreds of wavelengths away. 

4   PERFORMANCE EVALUATION 

With the parameter definitions and general formulas given 
in Sec.(3.1), we are now ready to evaluate OILS perfor- 
mance. It is noted that there are only four independent 
parameters and they are chosen for convenience to be 
{A, Ee, a/A, N}. We are interested in only a few discrete 
wavelengths where bright sources are available, in partic- 
ular at 1 and 10 /zm. The maximum tolerable edge field 
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Ee is determined by laser damage threshold, which can of- 
ten be set at a constant value given laser wavelength and 
material of the structure. It can be inferred from the ex- 
perimental data [6] that 10 GV/m seems to be a reasonable 
upper limit for Ee at A = 1/im. Thus we are left with only 
two independent parameters {a/A, N} to vary, all depen- 
dent parameters can therefore be conveniently visualized in 
contour plots. 

Shown in Fig. (1-3) are the peak acceleration gradient, 
energy gain per slippage length, and the required laser 
power, respectively, for {A = l/urn, Ee = 10GV/m}. Four 
examples including {A = 10/zm, Ee = 5GV/m} cases 
with more complete listing of performance parameters are 
given in Table 1. All these results can be readily scaled to 
other parameter regime of interest according to the scaling 
laws given in Sec.(3.2). 

Table 1. Example Cases of Acceleration Parameters 

CASES IA IB IIA IIB 

A(/mi) 1 1 10 10 
a(mm) 0.5 0.25 1 0.5 
L(mm) 1 0.125 2 1 

N 250 500 50 25 
Ea(GV/m) 0.54 1.5 0.6 0.84 
AWs(MeV) 227 161 100 35 

Ls(cm) 69 17 28 7.2 
Po(TW) 34 17 7.1 0.92 

IavCPW/cm*) 4.3 8.6 0.23 0.12 
Ie(TW/cm^) 13 13 3.3 3.3 

</>c (degree) 0.26 0.13 1.3 2.5 
ac(%) 0.019 0.0067 0.2 0.56 

<*.(%) 12 8.8 25 33 
Q(iob) 33 12 0.62 0.11 

ZL(Mfi/m) 0.045 0.25 0.049 0.14 
Ts 0.62 0.62 0.59 0.58 

Ee(GV/m) 10 10 5 5 

5   CONCLUSIONS 

I have presented a systematic evaluation of laser accelera- 
tion inside an OILS assuming well established eigenmode. 
Analysis of planar and rectangular structures can be car- 
ried out parallel to what's done here. The scaling laws de- 
rived from the powerful analytical approach of Vainshtein 
have both revealed the simplicity of the acceleration mech- 
anism and uncovered some surprisingly favorable charac- 
teristics of such a diffraction dominated structure. However 
I have not touched upon such critical issues as wakefield, 
beam loading, and ways to couple laser power in and out of 
the structure without significantly degrading acceleration 
performance. But, I do want to point out in passing that 
the axicon scheme used to generate radially polarized laser 
beam for the inverse Cherenkov laser acceleration experi- 
ment [7] appears to be an interesting candidate for OILS 
mode injection. Further investigation on this and other crit- 
ical issues will be presented in a forthcoming paper. 
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Figure 1: Ea vs. {N, a/A}@A = 1/zm, Ee = 10GV/m. 
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Figure 3: P0 vs. {N, a/A}@A = 1/zm, Ee = 10GV/m. 
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Abstract 

The Ion Cyclotron Resonance Accelerator (ICRA) is 
ideally suited for the production of radioisotopes or 
neutrons. The general theory of the ICRA and the 
designs of and simulation results for a proof-of-principle, 
one MeV ICRA and a 10 MeV ICRA for isotope or 
neutron production are presented. 

1.    INTRODUCTION 

The Ion Cyclotron Resonance Accelerator (ICRA), 
based on the operating principles of cyclotrons and 
gyrotrons, should provide beam suitable for the production 
of radioisotopes for positron emission tomography (PET) 
or neutrons for material research at a fraction of the cost 
of the cyclotrons or linacs presently used in these 
applications. In addition, the ICRA technique holds the 
potential for higher intensities and energies, as well as for 
the acceleration of heavier ions. 

In a cyclotron, the accelerated particles are axially 
confined in a solenoidal magnetic field and accelerated 
azimuthally. In a gyrotron, the energy of a dc electron 
beam is converted into microwaves in a resonant cavity 
within a solenoidal magnetic field. The inverse process of 
electron acceleration by an rf-driven gyrotron structure 
has also been demonstrated [1]. 

The ICRA extends cyclotron resonance acceleration to 
ions by using a magnetron rf structure operating at a 
harmonic of the cyclotron frequency and a 
superconducting solenoid. Gyrotron structures use 
waveguide modes on the order of a wavelength, and hence 
would be too large at the low frequencies required for 
ions. However, since a magnetron rf structure is basically 
a lumped circuit, it can be much smaller than a 
wavelength [2]. The combination of a magnetron rf 
structure and the high magnetic fields (>5T) of a 
superconducting magnet, provide an rf structure which 
can be placed in a solenoid of reasonable diameter. 

Unlike many accelerators, the beams produced in an 
ICRA will range in energy from that injected to the peak 
accelerated energy (Ep). However, for the applications 
discussed, all energies above Ep/2 will be productive. 
Beam extraction is inherently simple in the ICRA since all 
beam drifts axially through the solenoid to the target 

position where it can be isolated from the accelerator 
mitigating maintenance and radiation shielding issues. 

Because a compact, superconducting solenoid does not 
require any steel, the ICRA could be light (<2 tons) and 
hence portable making it possible for the radioisotope or 
neutron source to be shared by several institutions or used 
in the field. 

Ion 
Trajectory 

't 
\ 

< 
Accelerating   / Trajectory 
Structure      /   „j&rfon 

y.     / 1 
A      /   L^-"'!/Trajectory 
/l__Jr-0|        /   withrfoff 
Y ^   c   ^     c 

A   \ I    \    \ 
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B-fieldline B-fieldline 

RF Power Source 

Figure 1 Components of an ICRA. 

2.    GENERAL THEORY 

The main elements of an ICRA, shown schematically in 
Figure 1, are an ion source, superconducting solenoid, 
accelerating structure, microwave source, and target 
system. The beam is extracted from the ion source along a 
magnetic field line and then electrostatically deflected 
onto the injection orbit such that most of the beam's 
velocity is perpendicular to the magnetic field (vj. A 
comparatively small velocity component parallel to the 
solenoidal magnetic field (v„) causes the beam to drift 
through the accelerating structure. Within the solenoid, 
the beam gyrates at the cyclotron frequency, (ö^qB/ym, 
where B is the local magnetic field, y is the relativistic 
mass factor, q is the ion charge and m is the ion rest mass. 
The velocity perpendicular to the magnetic field can be 
written, vx=r{Oc, where r is the beam's radius of curvature. 

The beam is accelerated in the magnetron structure by 
the rf electric field transverse to the constant magnetic 
field. A four gap magnetron structure is shown in Figure 
2. A first-order estimate of the accelerating voltage is 
obtained by assuming a magnetron cavity consisting of a 
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hyperbolic fin structure with 2n vanes. In this case, the 
potential, V, for r<r0 can be written as: 

v=v. 
fL\

n 

cos(n6)e" 

where V, is the peak rf voltage at the cavity wall, r0 is the 
cavity wall's inner radius, n is the azimuthal mode number 
of the cavity and a>rf is the rf frequency. 

t=o Half an rf cycle later 

Figure 2ICRA Magnetron Accelerating Structure. 

The resonance condition requires a harmonic 
relationship between the ion's gyration and the rf 
frequency (®ri = no).). With this condition, the kinetic 
energy gain across a single gap is given by: 

*«P=T«V« 

frV 

\ V 
where V0= 2Vt is the total rf voltage swing in the cavity. 
The number of turns, N,, through which the ion is 
accelerated as it drifts through the cavity depends on the 
drift velocity, the active cavity length, 1, and the cyclotron 
frequency by: 

/ CO 

v,| 2n 
Since the largest energy gains result from maintaining the 
beam as close to the cavity wall as possible, K -(r/rj', it 
is desirable that the cavity radius increase with the beam's 
orbit radius. 

3.    DESIGN 

A one MeV ICRA was designed as a proposed 
prototype to provide the basis for concept demonstration, 
experimental verification of the three-dimensional 
simulation code, and determination of critical design 
parameters such as rf voltage, perpendicular and parallel 
injection velocities, and magnetic field requirements. The 
prototype would provide a sound basis for the 
development of a design for a 10 MeV, 50 uA proton 
ICRA suitable for PET isotope production or neutron 
source for material research. 

Detailed simulations, which tracked particles from the 
ion source to the target position, were done using the 
computer codes RELAX3D developed at TRIUMF [3] 
and a modified version of Z3CYCLONE developed at the 
NSCL [4]. These codes are well-tested and have been 
used successfully to design the central regions of the 
superconducting cyclotrons in operation at the NSCL 
[5,6]. 

3.1 One MeV ICRA 

Detailed simulations of injection, acceleration, and 
extraction of a finite emittance beam in a realistic 
magnetic field were done for the one MeV ICRA. Table 1 
provides a synopsis of the parameters chosen. 

A significant design parameter is the choice of the 
solenoidal magnetic field value. In general, the 
accelerating structure dimensions scale as l/corf, and 
hence, the required magnet bore is inversely related to 
both the magnetic field and the rf harmonic number. 
Therefore, a higher magnetic field requires a smaller 
magnetic field volume reducing the solenoid cost. 
Existing NbTi superconducting solenoids have peak field 
values of 8 T and warm bores of 20 cm. Larger magnetic 
fields and warm bores would require substantially more 
expensive technology. (For a solenoidal field of 8 T, 
proton beams of 1 and 10 MeV have radii of 1.8 cm and 
5.7 cm respectively.) Simulations predict acceptable 
performance with a magnetic field variation of 0.5% 
(B^B^^.995) over the length of the accelerating 
structure. 

The injection geometry simulated placed the ion source 
in a region of low magnetic field (B2=0.6 T) where the 
turn spacing and orbit diameter are relatively large. The 
ion source was aligned with the magnetic field and placed 
at a potential of 51 kV. The electrostatic bend was 
modeled as two flat plates 0.8 cm wide, spaced 1.2 cm 
apart, and operating at ±11 kV. A 4th harmonic rf 
frequency (o)rf = ncoc) was chosen since rf sources for 488 
MHz are readily available, and the cavity size is 
compatible with manufacturing techniques and a 20 cm 
warm bore. The active cavity length was 10 cm and 
would be made of OFHC copper by an EDM process. The 
estimated power required to drive the cavity at the 
specified voltage is about 430 watts with an additional 380 
watts of rf power required to accelerate the beam. 

The results of these simulations, given in Figure 3, 
show that 10% of an initial 2 n mm-mrad (unnormalized) 
beam will be accelerated to >0.5 MeV with about 12% of 
the particles lost on the inner surface of the accelerating 
structure. The remaining beam with <0.5 MeV is 
delivered to the target system. A high current density 
proton source such as a duoplasmatron with a current of 
~2 mA would produce 200 uA of accelerated beam (>0.5 
MeV) [7]. Further optimization is possible since it was 
found that the simulated acceptance of the one MeV 
ICRA was substantially larger than 2 n mm-mrad. The 
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capture efficiency could be increased, for example, by 
making the injected beam radial dimensions 2-3 times 
larger than simulated. 
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Figure 3 Output beam intensity vs. energy for a one 
MeV ICRA (solid line) and a ten MeV ICRA (dashed 
line). 

3.2 Ten MeV ICRA 

A preliminary, 10 MeV ICRA design was developed in 
large part by scaling the one MeV ICRA parameters as 
shown in Table 1. The peak accelerating voltage of 70 kV 
resulted in an electric field of 190 kV/cm in the gaps. A 
worst-case field enhancement leads to a peak field of 
<380 kV/cm, which is well below the Kilpatrick criterion 
for this frequency regime [8]. 

Gun-to-target particle tracking was performed as 
explained for the one MeV ICRA. Assuming an initial 
phase space of 2 n mm-mrad and beam current of 2 mA, 
simulations predict that 13 uA of beam would be 
accelerated to 5-10 MeV as shown in Figure 3. Though 
less than the design goal of 50 uA, this intensity is 
encouraging since even at the 13 uA level such a device 
would be appropriate for the production of PET 
radioisotopes or neutrons for material research. Design 
optimization strategies which will be explored include, 
among others, optimizing and/or increasing the injected 
phase space, increasing the injection energy to increase 
the beam brightness, reducing the number of turns, 
increasing the interaction length, and reducing the 
solenoidal magnetic field. 

Design Energy lMeV 10 MeV 

Magnetic Field 8T 8T 

Cavity Length 10 cm 25 cm 

RF Frequency 488 MHz 488 MHz 

RF Power <lkW 8kW 

Cavity Voltage 16 kV 70 kV 

Source Current 2 mA 2 mA 

Source Voltage 51 kV 54 kV 

Beam Perpendicular 
Energy at Cavity Entrance 

44keV 46keV 

Cavity ID at Entrance 1.1 cm 1.2 cm 

Cavity ID at Exit 4 cm 12.2 cm 

Number of Acceleration 
Turns 

11 40 

|       Accelerated Current 200 uA 13 uA 

1      Beam area on Target 2.3 cm2 16 cm2 

Table 1 Design parameters and simulation results for 
one and ten MeV ICRAs. 
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Abstract 

A dielectric-lined waveguide can be built that supports 
multi-mode, nearly non-dispersive propagation; wherein a 
superposition of TMQ„ wakefields is shown to result in 
highly peaked axial electric fields localized on each driving 
bunch in a periodic sequence. This allows stimulated 
emission of wakefield energy to occur at a rate which is 
much larger than the coherent spontaneous emission from 
a single driving bunch of equal charge. This mechanism 
can make possible design of a stimulated wakefield 
accelerator that appears to have the potential of providing 
an acceleration gradient for electrons or positrons in the 
range of 50-100 MeV/m, taking a driving bunch charge of 
a few nC. We present calculations for such wakefields, 
and give an example with acceleration of a 30 MeV test 
bunch to 155 MeV in a 2-D dielectric waveguide 200 cm 
in length, using ten identical 2.0 nC/mm drive bunches. 

1    INTRODUCTION 

In the dielectric wakefield accelerator [1 - 5], adielectric- 
-loaded waveguide supports wakefields induced by the 
passage of an electron bunch of high charge number (the 
driving bunch). If a test bunch of low charge number is 
injected at a suitable interval after the driving bunch, it 
can move in synchronism with the wakefields and 
experience net acceleration [1-3]. Wakefield acceleration 
by multiple driving bunches has also been investigated 
both theoretically and experimentally [4,5]. In this paper, 
we analyze both spontaneous and stimulated wakefield 
emission in a waveguide from a train of driving bunches 
[6]. The multi-mode structure of the wakefields, and 
stimulated emission from the train of driving bunches, are 
shown to allow generation of high wakefield acceleration 
gradients, without need for bunches of exceptionally high 
charge. 

The particular waveguide analyzed here enjoys two 
uncommon virtues: (a) Many waveguide modes can 
participate in wakefield formation; this leads to coherent 
superposition, with a net wakefield amplitude that can be 
larger than the amplitude of the lowest mode, (b) The 
near-periodic character of the wakefield allows constructive 
interference of field amplitudes from successive bunches. 

A train of moderate-charge driving bunches is employed 
for the build-up of an intense wakefield. The bunches are 
assumed to be identical, and each bunch is injected to 
move initially with near-synchronism in the net wakefield 

of prior bunches. The stimulated emission from each 
trailing bunch can greatly exceed coherent spontaneous 
Cerenkov emission from a bunch moving alone. It is the 
spontaneous Cerenkov wakefield emission of one bunch 
plus the stimulated Cerenkov emission from a train of 
succeeding bunches that build up a substantial wakefield 
amplitude. 

2    WAVEGUIDE GEOMETRY AND MODES 

The model analyzed here is simplified to bring out the 
essential physics. Thus a two-dimensional waveguide is 
considered, in which two parallel slabs of dielectric are 
separated by a small vacuum gap, and in which the outer 
surfaces of the slabs are sheathed in a lossless conductor. 
The relative dielectric constant K = e/e0 is assumed to be 
independent of frequency. The geometry is depicted in 
Fig. 1, and all quantities are taken to be independent of y. 

Electron sheet 

Dielectric slabs 
Fig. 1. Geometry for the 2D dielectric-lined waveguide. 

The dispersion relation for modes having an axial electric 
field Ez in this geometry is found to be 

pmtaah(kma)=Kkmcot[pm(b-a)], (1) 

where     km = com/cßy = pj y^Kß1 -1,       ß = v/c, 
I        9\-l/2 

r=(i-ß2)    , km is the (evanescent) transverse 

•fThis research was supported by the US Department of Energy, 
Division of High Energy Physics. 

wavenumber in the vacuum, and Pm is the (real) 
transverse wavenumber in the dielectric. All the modes 
have the same phase velocity vph - v. Only the TMX 

mode, also known as LSM modes [7], has an axial electric 
field; this is the mode considered here. It is noted that one 
can have eigenfrequencies with nearly equal spacing, since 
pm{b-a)->{n + \l2)n as )f-> = . As m-^>°° the 
asymptotic   eigenfrequency    spacing   approaches 

0-7803-4376-X/98 /S10.00 © 1998 IEEE 666 



Act) = ncß (b-a)^Kß2-l\   .   The wakefield is more 

strongly peaked and more nearly periodic in z-vt as the 
eigenfrequency spacings become more nearly equal. 
Preliminary study indicates that similar wakefields can be 
generated in cylindrical dielectric-lined waveguide. 

3    NEARLY-PERIODIC WAKEFIELD 

The wakefield induced by an electron sheet bunch can be 
obtained by expanding in orthonormal modes the solution 
of the inhomogeneous wave equation. For a Gaussian 
sheet bunch of length Az, one finds [6] 

Ez(x,z,t) = -E0 X ^^le-(0mAznV)2
e-io}mzo/y 

m=0   am 
(2) 

1 
where   fm(x) = - 

smpm(b-a) 

cosh jfcm a sin/?„,(£ + *),   -b<x<-a 

X \coshkm
xs^nPm^~a^'    -a<x<a 

cosh fcm a sin/?m (£-*)>      a<x<b 

(3) 

and z0=z-vt; am is the normalizing constant. In Eq. 
2, EB = -N e/2eoa is a measure of the Coulomb field of 
the bunch. Eq. 2 has been evaluated for a waveguide with 
a = 0.30 cm, b = 1.147 cm, K = 10.0, Az = 0.3 cm, -Ne 
= Q = -2 nC/mm, and y = 60.0. A relative dielectric 
constant of K = 10.0 is close to the value of 9.6 for 
alumina. For these parameters, E0 = -37.7 MV/m. In 
this case, modes up to m = 12 in Eq. 2.are significant in 
evaluating the wakefield.     The first frequency interval is 

6 r-r-r 

0 20 40 60        80        100 
z (cm) 

Fig. 2. Spontaneous wakefield from a -2 nC/mm, 30 
MeV sheet bunch after it has traveled 100 cm left-to-right 
in the 2D waveguide depicted in Fig. 1. 

5.70 GHz, while the asymptotic interval Aaßn is 5.88 
GHz; eigenfrequency intervals differ by at most 3.1%. 
The computed spontaneous wakefield pattern of a single 
bunch is shown in Fig. 2 for 0< z0 < 100 cm. The 

wakefield peaks are seen generally to alternate in sign; to 
each be relatively concentrated in z0 ; and to have a period 

of 10.5 cm, corresponding to the vacuum wavelength at 
2.856 GHz, i.e. half the asymptotic frequency interval 
ACO/2K.  The peak values of Ez  for the first wake are 

-5.57 and +5.54 MeV/m, and later wakes develop 
oscillatory precursors. Consideration of only a few modes 
gives an incomplete wakefield. 

4    BEAM DYNAMICS AND SIMULATION 

A single-bunch wakefield as shown in Fig. 2 leads to a 
a drag field on a bare bunch that can be obtained from the 
energy flow into the fields [6]; here one finds E^rag = 

1.18 MV/m. Now, when a second bunch is introduced 
into the waveguide at the first peak of the first bunch 
wakefield, it can be decelerated by up to 1.18 + 5.54 = 
6.72 MV/m, the sum of the second bunch's bare drag field 
associated with spontaneous emission, plus the wakefield 
of the first bunch; this produces additional stimulated 
emission. Second bunch deceleration of 6.72 MV/m is 
5.7 times that of a bare bunch. The second bunch adds its 
wakefield energy to that of the first bunch, for Which we 
find the combined wakefield to be 14.33 MV/m. 
Successive amplitude enhancements from incremental 
addition to the net wakefield energy continues so long as 
synchronism is maintained between bunches and peak 
wakefields. This conceptual notion has been examined 
with greater accuracy in a numerical simulation. Particles 
in each 3.0-mm long bunch are injected each 350 psecs 
(10.5 cm) near the peak of the cumulative wakefield from 
all prior bunches. The initial energy of each bunch is 
chosen as about 30 MeV (y= 60.0 and v0 ~ c). 

In Figs. 3a, 3b and 4 are shown the results of injecting 
a test bunch of low charge into the accelerating phase of 
the wakefield set up by the passage of ten prior driving 
bunches in a structure 100 cm in length. The initial 
energy of the test electrons is also 30 MeV. No beam 
loading by the test bunch is taken into account. Fig. 3a 
shows the buildup of the wakefield from the ten driving 
bunches, while Fig. 3b shows locations of the electrons 
to be accelerated in the test bunch, which enter behind the 
tenth drive bunch at the accelerating phase, after the first 
drive bunch has   gone 100 cm. As the drive bunches 

4 0       6 0       8 0      100 
z(cm) 

Fig. 3a. Cumulative wakefield set up by ten identical 
successive bunches, at the time the first bunch has moved 
100 cm along the waveguide. The positions of the 
bunches are indicated by the heavy dots at the bottom. 
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proceed through the 100 cm long waveguide, the energy 
of the test electrons increases. - In Fig. 4 we plot the 
energy of typical drive bunch electrons, as well as of the 
test electrons in bunch #11. After v0t = 200 cm, the 100 
cm train of drive bunches has moved fully out of the 
wave-guide, and the test electrons are also ready to emerge. 
Their energy has been increased to y = 200, which 
represents an average gradient of about 70 MV/m. The 
later drive bunches show energy depletion and, indeed by 
v0t =120 cm, they decrease to an energy so low that there 
is first a slippage off the wakefield maximum, followed 
by a further slippage into the following accelerating 
phase, after which the drive bunch energy begins to 
increase again. As a result, the maximum wakefield is 
eroded downstream. Reflection of wakefields at the 
waveguide exit is neglected. 

1111 11 111 11 11 ■ i 111 i 

Test bunch 

■   ■   '   ' I   i   i   i   i   ■  i   i  ■   ■   I  i   f  

0.5       ,       >    1 z(cm) 1.5 

Fig. 3b.   Location of the test bunch (bunch 11) in the 
accelerating wakefield near the entrance of the accelerator. 

From the results shown in Fig. 4, it is apparent that 
one should endeavor to remove driving bunches from the 
system after their energy has fallen so much that they slip 
into the following accelerating phase. In Fig. 5, we show 
a result obtained from a 200 cm dielectric structure, where 
the ten drive bunches are assumed to be deflected out after 
traveling 100 cm, i.e. before their energy falls too low. 
(Discussion of means for achieving such a removal of the 
driving bunches is beyond the scope of this paper.) We 
find that the energy of the test bunch particles increases 

200 
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yioo 

50 

: 
Test lunch #1 1  /; 

: : 

• Drive I 

#2#4# 

lunches 

6#8#1 
VA  \ 

: 

50 100     150 
t (cm) 

200 

Fig. 4. History of the energy of selected drive bunches, 
and of the test bunch #11, up to the time the test bunch 
just emerges from the waveguide. 

steadily to 155 MeV after traversing the system. This 
compares favorably with the case when the drive bunches 
stay in for the full 200 cm, where the test particles reach 
an energy of only 135 MeV. In another case, the energy 
of drive bunches does not fall below 3 MeV; no slippage 
was observed; six bunches survive to z = 65 cm; and the 
test electrons reach 126 MeV at v0t = 200 cm. 

100 150 200 

V 
250 300 

Fig. 5. Energy of test electrons versus v0t for two cases. 
Dotted line is the case shown in Fig. 4, but carried out for 
a 200 cm long structure, and the bunches are left in the 
system its entire length. Solid line is the case where drive 
bunches are removed after traveling 100 cm. 

5     CONCLUSIONS 

A planar two-dimensional dielectric-lined waveguide is 
shown to be capable of supporting a large number of 
modes with nearly equal phase velocities. The waveguide 
can be designed so that these velocities are nearly equal to 
the velocity of a train of moderate charge drive bunches in 
a sheet beam. As a result, strongly-peaked cumulative 
wakefields can arise through stimulated emission that 
builds up from bunch to bunch. For ten 30 MeV driving 
bunches of 2 nC/mm each, an axial acceleration gradient 
of up to 70 MV/m is predicted, as compared with 5.6 
MV/m for a single bunch of equal charge. A means for 
separating spent drive bunches from their wakefields is 
found to be necessary to avoid re-absorption of wakefield 
energy by driving bunches that slip into trailing 
accelerating zones. Acceleration of electrons and positrons 
to high energy appears feasible using a multi-stage, non- 
colinear, multi-bunch wakefield accelerator, based on the 
single-stage mechanism discussed in this paper. 
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BEAM SLICING WITH LASERS AND PLASMAS FOR 
HIGH-TRANSFORMER-RATIO PLASMA WAKEFIELD ACCELERATION 

G. Shvets and P. Stoltz 
Princeton Plasma Physics Laboratory 

Abstract 

A novel method of "slicing" electron beams - Laser- 
Plasma Scissors (LPS) is suggested. Generation of 
the sharp-edged beams for high-transformer-ratio plasma 
wakefield acceleration (PWA) is considered numerically 
and analytically. Slicing, high-transformer-ratio acceler- 
ation, and beam loading are studied numerically, using 
a one-dimensional code which treats plasma as a linear 
medium and electron beams as a collection of macropar- 
ticles. A tentative design of a multi-stage PWA with laser 
slicing is presented. Other applications of LPS include gen- 
eration of ultra-short bunches for sychrotron radiation. 

1   INTRODUCTION 

Because of the very high electric field it can sustain, plasma 
has been proposed [1] as a medium for high-gradient parti- 
cle acceleration. Plasma waves can be excited by relativis- 
tic electron bunches [2, 3] in a plasma wakefield accelera- 
tor (PWA) or by intense laser pulses [1] in a laser wakefield 
accelerator (LWA). In this paper we describe the possibility 
of shaping the driving electron bunch (in the PWA scheme) 
by the laser pulse, in presense of the plasma. This shaping 
may lead to high ratio of energy transfer between from the 
driving to the accelerating beam. A straw-man design of a 
high-efficiency, multi-stage TeV electron-positron collider, 
based on this scheme, is presented. 

Electron drivers offer several advantages over laser 
drivers, including (i) long interaction distance due to low 
emittance (ii) high repetition rates (a megahertz or higher) 
of rf photocathode guns (iii) possibility of recovering the 
unused beam energy by sending the beam through an rf 
cavity. 

Unfortunately, the fundamental wake theorem [2,4] lim- 
its the transformer ratio - the peak accelerating field E+ ex- 
perienced by the accelerated electrons over the average de- 
celerating field (E-) acting on the driving electron bunch 
- to less than 2 for symmetric bunches. This makes the 
total length of the conventional acceleration necessary to 
produce the driving beams very large. The transformer ra- 
tio might be increased by utilizing shaped driver bunches 
[3] with a slow rise in density and an abrupt termination 
over a distance smaller than a collisionless skin depth of 
the plasma kp = wp/c = ^4ire2n0/m. Novel approaches 
to beam slicing have to be used to produce such an abrupt 
termination. In this paper we propose to use an ultra-short 
intense laser pulse, co-propagating with the electron beam 
through the plasma, to induce energy variation in a small 
slice of the electron beam. A magnetic chicane (or simply 
a magnetic bend) can then be used to scrape off the affected 

slice, thereby creating a sharp edge in the beam density, and 
splitting it into two bunches. 

A novel configuration of PWA is suggested, in which the 
leading driving bunch excites the wake; it is followed by 
the accelerating (witness) bunch, which is accelerated with 
high transformer ratio; the trailing driving bunch "cleans 
up" the wake, left behind the leading driving bunch and the 
accelerating bunch. Limits on per-stage acceleration, accel- 
eration efficiency, and the transformer ratio of this scheme 
are studied analytically and numerically. Tentative param- 
eters for a multi-stage high transformer-ratio PWA, with 
energy gain of about 400MeV per stage, are presented. 

High transformer ratio in a PWA can be achieved by 
shaping the driving e-beam. For example, if the beam den- 
sity is a Gaussian, with a sharp termination at the peak 
density, i.e. nb(C) = n60exp(-C2/2crz) for C < ° and 

nb(£) = 0 for £ > 0, the ratio between the peak accelerat- 
ing field behind the bunch and the peak decelerating field 
at C = —crz is approximately equal to T « 11.0crz/Ap. To 
slice the beam we consider a laser-plasma scissors (LPS) 
configuration. For simplicity, consider a short flat-top 
laser pulse, of duration exactly equal to the plasma period 
27r/wp,.co-propagating through the plasma with a longitu- 
dinally Gaussian electron beam of duration az » Ap. Such 
a laser pulse has an important property of leaving no plasma 
wake behind it. While in practice flat- top laser pulses may 
not be obtainable, a combination of, two Gaussian pulses 
separated by half of a plasma wavelength, may be utilized 
to reduce the wake behind the pulses. 

Neglecting the electron self-wakes, find that electrons at 
£ < 0 and £ > Ap are unaffected by the wake, while the 
electrons at 0 < £ < Ap are modulated in energy. As- 
suming linear response of the plasma, i.e. a(j/2 <C 1, 
the peak longitudinal field of the wake is estimated as 
eEz = ag/2[GeV/m] y/np/10ucm-3. Assuming that the 
interaction length is limited by laser diffraction to twice 
the Rayleigh length, the energy change of the beam elec- 
tron at the wake phase <j> = u>p(t - z/c) is given by 
AE = 2ireEz sm4>w2/\o. In practical units, 

AE [MeV] 
14.0sin<pUL[J]\o M 
np/(4 x 1017cm-3) ' (1) 

where UL is the laser energy. After the plasma section, 
electron beam can be passed through a magnetic bend with 
a scraper, thereby removing beam electrons which were 
subjected to the wake. The final result of these manipula- 
tions is an electron beam consisting of two half- Gaussian 
parts, with a Ap-long hole between them. 

To verify these ideas numerically, a one-dimensional 
code was developed. The philosophy behind the code is 
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Table  1:    Parameters for a 0.4 GeV per stage high- 
transformer-ratio PWA with laser-plasma slicing 

Drive beam energy 7?nc2 100 MeV 
Laser Energy UL 1.0 J 
Pulse duration TL 160 fs 
E-beam current lb 2.0 kAmp 
E-beam radius n 50// 
E-beam emittance £n 2 7rmm mrad 
E-beam density nb 6.0 x 1015 cm-3 

Bunch length CTz l.Opsec 
Plasma density np 4 • 1017 cm"3 

Accelerating gradient wz 1.0 GeV/m 
Final energy jfmc2 0.5 GeV 
Length of sheer Lsi 50.0 cm 
Length of accelerator L'acc 0.25 cm 
Rayleigh length Zif 0.75 cm 
Beam divergence length ZD 25.0 cm 
Dephasing length ^deph 200 cm 
Peak EER V 0.2 

that in a viable plasma-based accelerator plasma dynamics 
should remain linear. However, the full nonlinear dynam- 
ics of the driving beam needs to be modeled. Laser pulse is 
asumed non- evolving in the code. This is justified by our 
assumption that the interaction distance does not exceed a 
Rayleigh length. Thus, every beam particle excites a sinu- 
soidal plasma wave and moves in a combined wake field of 
(i) laser pulse and (ii) all other beam electrons ahead of it. 

We simulated propagation of electron beam+laser pulse 
through 2.5mm of plasma using parameters from Table 1. 
Electron phase space is shown in Fig. 1. 

Phose space after Slicer Plasma 

Position within bunch 

Figure 1:  Electron phase space at the end of the laser- 
plasma scissors. 

To simulate the effect of the magnetic chicane we re- 
moved all the beam electrons with energies differing from 
the initial energy (lOOMeV) by at least twice the energy 
change of an electron at £ = ±az. As a result, a split-beam 
driver is generated, which can now be injected into the 
plasma for high transformer ratio high efficiency plasma 
wakefield acceleration. 

With the possibility of beam-slicing established, one can 

envision a multi-stage Tev-scale accelerator, based on a 
concept of plasma wakefield acceleration. A single stage 
of such an accelerator consists of 5 sections: (1) RF pho- 
tocathode gun (2) laser-plasma scissors (3) magnetic chi- 
cane (4) plasma-wakefield accelerator (5) energy recovery 
rf cavity. Sections (1) and (5) can be combined so that the 
same RF cavity performs the functions of energy recovery 
from stage N and rf injector into stage N + 1. 

Below we calculate how much energy accelerating elec- 
trons gain inside section (4). Assume that the overall length 
of the plasma is approximately equal to twice the dis- 
tance over which the cross-section of an unfocused beam 
doubles, ZD = ~yr2/en (thereby neglecting plasma focus- 
ing). The peak accelerating gradient in overdense plasma 
np > rib can be estimated as 

Wz[GeV/m] 
(n6/1014cm-3) 

(np/10ucm-3y/2' 
(2) 

Simple scaling can be derived for the total gained energy: 

AEgcc _     12Q[nC]    Xp 

Edrive      en[mm mrad] az ' 
(3) 

where AEacc is the energy gained by the accelerating elec- 
tron, Edrive is the energy of the driving beam electron, Q 
is the total charge of the driving beam. 

As Eq.(3) indicates, the single-stage energy gain of ac- 
celerating electrons decreases as the the bunch length in- 
creases. On the other hand, the transformer ratio increases 
as the bunch length increases, according to 

AEn 3.37T(7Z 

AEdr 
(4) 

Beam length (in units of Ap) determines the peak en- 
ergy extraction ratio r\ = AEdrive/Edrive, thereby fixing 
the transformer ratio T and fractional energy extraction per 
stage rj: 

11.0 Q[nC] 
V1^2 \en[mnimrad] 

1/2 

AEa 11.Or? 1/2 Q[nC] 
1/2 

(5) 

(6) 
AEdrive \e„[mmmrad]/ 

Note that the fraction of energy the driver beam loses on 
average is fj « O.577. Extracting a large fraction of the 
driver beam energy per stage increases the energy gain per 
stage, but has a disadvantage of decreasing the transformer 
ratio. Present day emittance compensated photoinjectors 
are, in principle, capable of delivering electron beams with 
<5[nC]/en[mm mrad] of order unity [5]. If, for example, 
a 100 MeV drive beam is used, and 77 = 1/4 of its en- 
ergy is spent on exciting the plasma wake, transformer ra- 
tio T — 22 can be achieved, with single-stage acceleration 
AEacc « 0.4GeV. This is confirmed by the numerical 
simulation. The phase space of the driver and test electrons 
after the accelerator stage are shown in Fig. 2, where 2.0 
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Figure 2: Electron phase space at the end of the laser- 
plasma scissors. 

nC of driver beam are used to accelerate about 2.0 pC of in- 
jected electrons from 100 MeV to 500 MeV. An important 
feature of the proposed split-beam PWA configuration (two 
half-Gaussian beams, separated by a plasma wavelength) is 
that the second half of the drive beam picks up some of the 
wake energy, left behind by the first half of the drive beam. 
To compare such a configuration with a more conventional 
one, utilizing a single shaped electron bunch, in Fig. 3 we 
plotted the fraction of the energy remaining in the first half 
of the driver beam (diamonds) and in the entire beam (tri- 
angles) as a function of the distance along the accelerator. 
The advantage of using a split beam is evident: more beam 
energy can be recovered in section (5) (less than a percent 
of the initial beam energy is left behind the bunches). 

 Energy Recovery Efficiency 

With troiling bunch 

Wasted 

F„"'a 

Without trailing bunch 

Distance through accelerating plasma (cm) 

Figure 3: Fraction of energy remaining in leading half of 
driver bunch (diamonds) and in both halves (triangles) as a 
function of acceleration distance. 

To investigate the efficiency of particle acceleration and 
the effect of beam loading we simulated the accelerating 
section (4) using witness beams of five different charges. 
The acceleration efficiency defined as 

(7) 

as high as 70%. Incidentally, the energy recovery deteri- 
orates with the increased beam loading, and about 2.8% 
of the total drive beam energy is wasted in the wakes left 
behind (for the optimal beam loading case). At the same 
time, energy spread of the trailing half of the drive beam 
increases, making efficient energy recovery in an RF cavity 
problematic. 
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is shown in Fig. 4, which indicates that an optimal beam 
loading exists for which the acceleration efficiency can be 

Figure 4:   Acceleration efficiency r]acc as a function of 
beam loading. 

In conclusion, we suggested and numerically demon- 
strated the possibility of beam slicing with ultra-short 
laser pulses and plasmas (laser-plasma scissors). One of 
the applications of this beam slicing technique is a high- 
transformer-ratio, high-efficiency multi-stage particle ac- 
celerator. The high transformer ratio is achieved by slic- 
ing a long beam on a scale shorter than plasma wavelength 
while the high efficiency is achieved by splitting the beam 
into two bunches, separated by a plasma wavelength. Fu- 
ture work will extend the present one-dimensional analysis 
to three dimensions. 
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Abstract 
A measuring system at the table-top scale was 

developed for RF measurements of a muffin-tin 
accelerating structure operating at 32 times the SLAC 
frequency (2.856 GHz). Both perturbation and non- 
perturbation methods are employed to characterize the RF 
properties of a muffin-tin structure. Conventional bead 
pull measurements are extended to millimeter 
wavelengths. Design of the measuring system and 
preliminary results of RF measurements are presented. 

I. INTRODUCTION 

A relatively low cost, fully automated measuring 
system which is capable of measuring both the phase and 
amplitude of microwave signals in the 90 GHz frequency 
range was constructed. A precision platform for bead pull 
measurements was also constructed in order to 
characterize the RF properties of a traveling-wave muffin- 
tin accelerating structure at 90 GHz[l]. The measuring 
system was built by combining standard RF measuring 
equipments and some home-built components together. 
All equipment and data acquisition are controlled by a PC 
running with the commercial software package 
Lab VIEW®. A support fork mounted on a 1-dimensional 
optical translation stage was built to hold a tiny fiber used 
in the bead pull measurements. The movement of the 
fiber was controlled by a servo motor driven translation 
stage with a 1 |J.m resolution. Preliminary results and 
ideas for further improvement are presented. 

II. HOME-MADE MM-WAVE VECTOR 
NETWORK ANALYZER 

The block diagram of the W-band vector network 
analyzer is depicted in Fig. 1. The mm-wave power is 
generated by multiplying the frequency of a Hewlett 
Packard (HP) 8673D microwave source with a HP 
85100W x5 mm-wave frequency multiplier. The 
resultant mm-wave power goes through two directional 
couplers (reference: Hughes 45326H-1120 and signal: 
Hughes 4532641-1320) and some WR10 waveguides and 
then is fed into the test structure. 

W-band signals from the directional couplers are 
mixed down to an intermediate frequency, fff = 835.216 
MHz, using HP 11970W waveguide mixers. The local 
oscillator (LO) frequency is multiplied by xl8 in the 

t Work supported by Department of Energy contract DE- 
AC03-76SF00515. 
*Permanent Address: Technical University Berlin, EN2, 
Einsteinufer 17, D-10587 Berlin, Germany. 

waveguide mixers before mixing, so the first stage LO 
frequency is in the 5 GHz range. This LO frequency is 
changed when the W-band frequency is changed to keep 
f]F constant. The signals are amplified by 40 dB with Q- 
Bit QBS 135 narrowband, low noise (Noise Figure < 1 
dB) amplifiers and then mixed down to audio, 16 kHz, 
using an EM Research SLS-849-ER-01 phase locked loop 
as the second stage LO. The outputs of the second stages 
of mixing are low-pass filtered. 

Multimeter 
HP 3457 A 

computer 

Ref,   sj£na|D Q n 
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\s        Multiplier 
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tr -rr 
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W-band,-90 GHz 
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Audio, 16 kHz. 

Optical Translation Stage 

6-004 

Fig. 1: Block diagram of mm-wave vector network 
analyzer configured for reflection measurements. 

The processed output of the first directional coupler, 
the reference coupler, is amplified with a x31 audio 
amplifier and then used in several ways: i) it is measured 
with an HP 3457A multimeter; ii) it is the reference input 
for an Stanford Research Systems SR830 lock-in 
amplifier; and iii) it is converted to dB to level the HP 
8673D microwave source. 

The processed output of the signal coupler is 
connected directly to the signal input of the lock-in 
amplifier which measures i) the amplitude of the signal at 
the frequency of the reference input and ii) the phase 
between the reference and signal inputs. A key to the 
phase measurement is balanced splitting of the first stage 
LO output. 
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For transmission measurements, the signal coupler is 
connected to the output port of the test structure (Fig. 2). 
This is done rather than connecting the waveguide mixer 
directly because it allows use of the same calibration 
intercepts (see below). 

Calibrations of the reference and signal arms were 
performed using an HP 437B power meter and HP 
W8486A power sensor. A typical setup is shown in Fig. 
3. Measurements showed that the reference and signal 
voltages, measured in dBV, were linear in the power in 
dBm with intercepts, K, that are a function of frequency 

Voltage(dBV) = Power(dBm) + K. 

The intercepts vary by ~ 1 dB over the frequency range 
from 85 to 95 GHz, and the frequency dependence was 
reproducible when measurements were taken several 
weeks apart during a time when the analyzer was taken 
apart and reassembled several times (Figs. 4 and 5). 
There was a systematic change of 0.24 dB in the intercept 
of the reference channel during this time. We suspect that 
the x31 amplifier is drifting and plan to replace this 
home-built amplifier with a high quality commercial one. 

mm-wave mixer 

muffin-tin 
structure 1 

input Ä i 
Fig. 2: Configuration for the transmission measurements. 

mm-wave 
source   ~"t o 

T 

I 
to mm-wave mixer 
HP11970W 

20 dB   I 

)^ 
mm-wave 
power meter 

Fig. 3: Configuration of the calibration measurements. 

0 - March 23.1997, + = April 7,1997 

Frequsncy(GHz) 

Fig. 4: Reference channel calibrations performed at two 
different times. 

III. PRELIMINARY RESULTS OF 
RF MEASUREMENTS 

The 7-cell muffin-tin structurefl] was designed with 
the computer code MAFIA[2]. The reflection and 
transmission coefficients are shown in Figs. 6 and 7 
respectively. Note that only 4 cavity cells were used in 
the simulation. 

o = M»rch 23, 1997, + > April 7,1997 

Fig. 5: Signal channel calibrations performed at two 
different times. 
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Fig. 6: Simulated frequency response of the reflection 
coefficient. 
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Fig. 7: Simulated frequency response of the transmission 
coefficient. 

The measured reflection and transmission coefficients 
are depicted in Fig. 8. The measured frequency response 
is in good qualitative agreement with the simulation 
except for the magnitude of the transmission coefficient. 
The sum of the squares of the reflection coefficient and 
the transmission coefficient is shown in Fig. 9. From 
energy conservation, we expect the sum to be one. There 
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is some unexpected power loss in the passband. Roughly 
50% of the input power is accounted for. We repeated the 
measurement with the beam pipe and pumping slot 
closed, and only a few percent change was observed. We 
suspect that the surface roughness of the structure may be 
the cause. Experimental investigations are underway to 
understand this extra power loss. 

Reflection and Transmission for First ARDB W-Band Structure 

90 92 
Frequency (GHz) 

Fig. 8: The measured frequency response of the reflection 
coefficient for a 7-cell structure. 

where a is a constant depending on the input power level 
and the shape of perturbing object. 

For bead pull measurements, a nylon string with a 
diameter around 50 ii.m was threaded through the side 
pumping slot and moved along the longitudinal direction. 
Figures 10 and 11 depict the preliminary results of the 
measured amplitude and phase at 91.392 GHz along the 
7-cell traveling-wave structure. 

Bead Pull Measurement 
at 91392 GHz 

1.5 3 4.5 
pocttion i [mm] 

7.5 

Fig. 10: The measured amplitude(in arbitrary units) of the 
accelerating field along the structure. 
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Fig. 9: The sum of the square of the reflection coefficient 
and the transmission coefficient. 

For a traveling-wave structure, the accelerating field 
along the longitudinal axis of the structure has the 
following expression: 

£z(z) = |E(z)|e -ß(z) 

Fig. 11: The measured phase advance(in degrees) of the 
accelerating field along the structure. 
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Abstract 

An experiment to use an inverse free electron laser 
(IFEL) to prebunch at optical wavelengths the electrons 
entering into an inverse Cerenkov accelerator (ICA) is 
being prepared at the BNL Accelerator Test Facility 
(ATF). The design and simulations for this experiment 
are presented. Microbunches on the order of 2 microns in 
length separated by 10.6 microns are predicted. Under 
the anticipated ATF conditions, space charge effects 
should not be an issue. Minimizing bunch smearing is an 
important design issue also discussed. 

1 BACKGROUND 

1.1 Inverse Cerenkov Acceleration (ICA) 

Inverse Cerenkov acceleration (ICA) [1] uses a gas (e.g., 
H2) to slow the phase velocity of the laser light to enable 
matching the electron velocity. Phase matching is 
satisfied when the laser light intersects the e-beam at the 
Cerenkov angle 0C, where 0C = cos'\l/nß), n is the 
refractive index of gas and ß is the electron velocity 
divided by c. 

The present ICA experiment is located at the BNL 
Accelerator Test Facility (ATF) where acceleration has 
been routinely observed since the experiment's first 
operation in 1995 [2]. It features an axicon-focused, 
radially-polarized laser beam geometry developed by 
Fontana and Pantell [3] as depicted in Fig. 1. 

1.2 Inverse Free Electron Laser (IFEL) 

The inverse free electron laser (IFEL) at BNL [4] uses an 
47-cm long electromagnet wiggler to provide phase- 
matching with the laser light. The laser light travels 
through a circular sapphire waveguide down the center of 
the wiggler as depicted in Fig. 2. Note, the BNL IFEL 
wiggler has been designed for easy modification if 
necessary. 

RADIALLY POLARIZED 
ER BEAM 

AXICON 
INTERACTION 

REGION 

Figure 1: Schematic of basic ICA geometry used in 
experiment at the ATF [from Ref. 1]. 

1.3 Motivation for Combining ICA and IFEL Experiments 

In the current ICA and IFEL experiments, the 10-ps long 
electron bunch is much longer than the -300 ps C02 laser 
pulse. Consequently, electrons intersect the laser light 
over all phases resulting in both acceleration and 
deceleration of particles. For efficient acceleration, the 
electrons must be prebunched into microbunches that are 
a fraction of the laser wavelength in duration (e.g., for 
10.6 Lim light, the microbunch length should be -1-2 
Lim). These microbunches can then be accelerated as a 
group by intersecting them at the proper phase with the 
light wave. 

FAST EXCITATION WIGGLER 
CQ2 LASER BEAM 

=L 
SAPPHIRE CIRCULAR 
WAVEGUIDE 2.8 mm ID 

ELECTRON 
BEAM 

Figure 2: Schematic of basic BNL IFEL geometry. 

The present ICA and IFEL experiments modulate 
the electron energies; thereby, creating these 
microbunches. An IFEL is a better prebuncher than an 
ICA device because it does not suffer from scattering of 
the electrons off the gas molecules. On the other hand, an 
ICA device scales in energy more favorably than an IFEL 
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because it does not suffer from synchrotron radiation 
losses. Gas scattering effects also diminish greatly at 
high e-beam energies. 

Hence, the experiments are being combined where 
the IFEL and ICA devices will be used as a prebuncher 
and acceleration stage, respectively. The ultimate goal of 
this combined experiment is to demonstrate 100 MeV of 
net energy gain. 

A conceptual design of the ICA/IFEL experiment is 
shown in Fig. 3. The drive laser is the ATF C02 laser that 
is capable of delivering 5-10 GW to the gas cell. It is 
being upgraded to eventually deliver up to 1 TW. The 
electrons leave the ICA stage where their energies are 
measured with a spectrometer. 

energy jitter <0.25% p-p, and wiggler current jitter <0.9% 
p-p. 
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/                     - '   /                      * V / 
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BEAM iFa 
DRIFT &e-BEAM ICA LASER 

Eo 
PREBU NCHER 

OPTICS 
ACCEL IRATOR 

5,+ 100 MeV 

Bunches electrons - Needed to refocus • Can be single or 
to optical wavelengths »-beam into laser accelerator multistaged 
Permits maximizing • Important for maximizing • Use existing ceH initially 
number ol electrons number of electrons accelerated - Forms the basic 
accelerated unit lor scaling ICA 

Figure 3: Conceptual design for ICA/IFEL experiment. 

2 INTEGRATED MODEL DEVELOPMENT 

In order to design and predict the performance of this 
combined experiment, existing Monte Carlo computer 
models of the IFEL and ICA were combined into an 
integrated model. The IFEL model calculates the energy 
modulation induced on the initial electron distribution. A 
ray-tracing model of the drift region computes the 
microbunching resulting from the induced energy spread, 
including bunch smearing effects due to finite emittance 
and path length differences through the quadrupole 
system used for refocusing the beam into the ICA cell 
(see Fig. 3). The ICA code is used to simulate the 
acceleration of the prebunched beam in the ICA gas cell, 
including relevant effects such as laser focusing and 
electron scattering from the phase matching gas. 

2.1 IFEL Design Analysis 

Table I lists the IFEL baseline parameters including the 
typical ATF e-beam characteristics entering the IFEL. 

IFEL simulations indicate that a uniform 47-cm 
wiggler with period >3.3 cm is suitable over a 40-65 
MeV range. The distance between the IFEL and ICA 
devices is «2 m and is constrained by space limitations. 
To achieve optimum bunching at this distance for a 50 
MeV beam requires a modest ~5 MW of laser power to 
the IFEL. However, the initial energy spread must be 
much less than the induced energy spread of 1.2%. 

The IFEL sensitivity study established other 
maximum allowable error tolerances: Laser power 
fluctuations  <±50%,  energy  detuning  <±1%,  e-beam 

Table I. IFEL Baseline Parameters 
Parameter Baseline Value 

Wiggler 
Length, Lw 47 cm 
Period, Aw 3.33 cm 
Peak field, B0 1.04 T 
Wiggler parameter, K 3.23 
Energy taper, Ayjyt 0% 

Laser Beam 
Wavelength, k^ 10.6 urn 
Power, PL 5MW 

Electron Beam 
Energy, E 50 MeV 
Energy spread, Kyly 0.25% FWHM 
Normalized rms emittance 2n mm-mrad 
Matched beam Twiss £ = 0.6m 

parameters at wiggler exit ßy = 0.245 m 
o, = -l 
a„ = 0 

2.2 Drift Region Analysis With Bunch Smearing 

Table II lists the drift region baseline parameters. The 
primary focusing element in this drift region is a triplet 
consisting of three 20-cm quadrupoles. 

Table II. Drift Region Baseline Parameters. 
Parameter Baseline Value 

Overall Drift Length, LD 1.97 m 
Separation between quadrupoles 5.2 cm 
Distance from end of triplet to 38 cm 

ICA cell 
Magnetic field gradients 25.5 kG/m 

-45.5 kG/m 
34.0 kG/m 

Twiss parameters at ICA cell Ä = 0.065 m 
ßy = 0.095 m 
a, = 0.1 
ay = 0.1 

e-Beam diameter at ICA cell 154 um x 186 um 
(90% of particles) 

Using these drift region baseline parameters, the 
effects on bunch smearing as a function of e-beam initial 
energy spread and emittance are shown in Fig. 4. 

This indicates that base widths of order 3 urn 
(implying bunch widths <2 um FWHM) are obtainable 
for initial energy spread < 0.25% and emittance < 2TI 

mm-mrad, which are values obtainable on the ATF. 

2.3 ICA Performance Prediction 

The microbunched beam is lastly sent through the ICA 
model whose baseline parameters are listed in Table III. 
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Figure 4.    Microbunch base width vs. initial energy 
spread and emittance. 

Table HI. ICA Baseline Parameters.  

Parameter Baseline Value 
Cerenkov angle, 0C 

Interaction length, L 
Hydrogen gas pressure, P 
E-beam window thickness 

20mrad 
20 cm 
1.9 arm 
2.1 urn (diamond) 

The predictions of the baseline integrated model for a 600 
GW laser beam delivered to the ICA gas cell are given in 
Fig. 5. 

Energy ShK(MeV) 

Figure 5. Model prediction of electron energy and phase- 
space for 600 GW laser beam driving ICA cell. 

Notice that a significant number of the 50-MeV 
electrons have been trapped and accelerated around the 
100 MeV point. From the phase diagram it is clear the 
electron energy spread is caused by particles distributed 
over phase. Sending these electrons through additional 
acceleration stages should help reduce this phase spread, 
thereby narrowing the energy spread. 

3 OTHER DESIGN ISSUES 

3.1 Space-Charge Effects 

Space-charge effects will become a more serious issue at 
these extraordinarily small microbunch dimensions. 
Earlier PARMELA simulations [5] indicate that space- 
charge effects will tend to broaden the microbunch size 
by -10% for the ATF conditions. Further PARMELA 
analysis is being performed to more fully understand 
when space-charge effects become significant. 

3.2 Measurement of Microbunch Characteristics 

Conventional diagnostics cannot measure the bunch 
length of the 2-nm microbunches. We have been 
examining using coherent transition radiation (CTR) as a 
means for detecting the degree of microbunching. Recent 
CTR experiments at the ATF have successfully detected 

the IFEL-generated microbunches [6]. We are also 
examining a novel modification of the basic CTR device 
that may permit a more direct estimation of the bunch 
length. 

4 CURRENT STATUS AND FUTURE PLANS 

As of May 1997, the ICA experiment has been moved 
downstream from its original location to make room for 
the IFEL and triplet. We are awaiting delivery of the 
quadrupoles before finishing the installation of the IFEL 
during the autumn of 1997. 

First experiments will be to test the IFEL and 
prebunching only. Next the combined ICA/TFEL system 
will be run at relatively low laser power (e.g., 5 GW). 
The primary goal of these tests will be to demonstrate 
rephasing of the laser light with the microbunches and 
subsequent acceleration. Later much higher laser peak 
power (e.g., -300-600 GW) will be delivered to the ICA 
cell to achieve the amount of acceleration predicted in 
Fig. 5. Issues such as possible laser damage of the gas 
cell optics must be addressed at these high laser powers. 

5 CONCLUSIONS 

The combined ICA/IFEL experiment will be one of the 
first to demonstrate acceleration of laser-generated 
microbunched electrons. It will examine issues of 
microbunch preservation and rephasing with the laser 
light. It will also address engineering issues related to 
accelerating fsec-long bunches. 
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ABSTRACT 

The NEPTUNE Laboratory, under construction at 
UCLA, will be a user facility for exploring concepts 
useful for advanced accelerators. [1] The programmatic 
goal for the laboratory is to inject extremely high quality 
electron bunches into a laser-driven plasma beat wave 
accelerator (PBWA) [2] and explore ideas for extracting a 
high quality AE/E < 0.1, £„ < 10 7t mm-mrad), high 
energy (100 MeV) beam from a plasma structure 
operating at about 1 THz and about 3 GeV/m. The lab 
will combine an upgraded MARS C02 laser and the state- 
of-the-art SATURNUS RF gun and linac. [3] The new 
MARS laser will be about 1 TW (100 J, 100 ps), up 
from 0.2 TW (70 J, 350 ps). This allows for doubling 
the spot size at the IP and quadrupling the interaction 
length while still driving gradients of 3 GeV/m. The 
SATURNUS gun will be upgraded to the Brookhaven 
1.6 cell design. [4] A novel, multi-cell Plane-Wave 
Transformer (PWT) RF gun is also under development. 
[5] A sync-pumped, sub-ps dye laser is available to 
directly produce ultrashort electron pulses (1/5 of an 
accelerating bucket). Part of the research program will be 
devoted to studying pulse compression [6] and phase- 
locking techniques at these ultrahigh frequencies and 
diagnosing microbunches generated by such structures. 
[7] Finally, shaped electron pulses will be studied for the 
electron driven Plasma Wakefield Accelerator (PWFA) 
concept. 

1      INTRODUCTION 

In the previous 10 years, many experiments have 
demonstrated the "proof-of-principle" of high-gradient 
laser-or electron-beam-driven plasma accelerators. [1] In 
fact, accelerating gradients as high as hundreds of GeV/m 
have been inferred in the high-density laser/plasma 
experiments. [9] But for applications to high energy 
physics (HEP), the main question regarding plasma 
accelerators is no longer will if they work in principle 
but rather, what can plasma accelerators deliver in terms 
of beam quality and numbers of electrons per bunch. We 
refer to experiments of this type as "second generation" 
plasma accelerator experiments which begin to deal with 
the structural aspects of the plasma accelerator and its 
control. These experiments will take place in the new 
NEPTUNE Laboratory currently being outfitted with 
electron and laser beam apparatus.    The new lab is 

essentially the combination of two separate state-of-the- 
art facilities at UCLA: namely the MARS 
Laser Laboratory where the 0.2 TW C02 MARS Laser 
has been used for a series of PBWA experiments and the 
SATURNUS Accelerator Laboratory where an extremely 
high brightness RF gun and PWT linac has been used in 
plasma lens [10] and FEL experiments [11]. The 
contents of these two labs are being upgraded and 
combined. 

In this paper we will briefly describe the changes 
being made to the MARS Laser and to the SATURNUS 
beamline to improve their respective performance levels. 

2      MARS LASER UPGRADE 

The purpose of this upgrade is two-fold. First, a 
means of synchronizing the C02 pulse, and hence the 
accelerating structure, to the electrons from the 
photocathode is required Secondly,, more laser power is 
needed to drive plasma waves over a longer interaction 
length. The former is accomplished through a new 
"front-end" to the laser while the second latter is 
primarily accomplished using a new preamplifier prior to 
the large-aperture final amplifier. 

2.1 The Front End- 

In the prior configuration of the MARS laser, a 
technique called Optical Free Induction Decay (OFTD) 
was used to generate sub-100 psec pulses to inject into 
the amplifier chain. This passive, experimentally simple 
technique was adequate since the electron source was a 
pulsed X-band magnetron driven linac. There was no 
control over the startup phase of the magnetron so no 
attempt was made to phase-lock the micropulses from the 
linac to the peak of the PBWA as it grew in time. The 
107 psec separation of the micropulses was short enough 
to ensure that some electrons would interact with the 
PBWA on most shots, [2] although the probability of 
hitting the peak amplitude of the PBWA in time was < 1 
in 10 shots. 

The fix is to use active optical switching of the C02 

oscillator pulse, using the same 1 um wavelength, 70 
psec pulse from Nd:YAG laser to both switch out a 100 
psec C02 pulse and, after pulse compression down to 3 
psec and frequency converting into the UV, to liberate the 
electrons from the photocathode. The 1 urn pulse can act 
as a switch for the 10 urn C02 pulse by forming a 
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Figure 1:   Schematic of the front end of the upgraded 
MARS laser. 

transient solid-state plasma on two pieces of germanium 
set at Brewster's angle for the C02. This technique, 
know as semiconductor switching, is currently used at 
the ATF at Brookhaven. Now, by simply translating an 
optical delay line, one can ensure that the few psec 
electron bunch from the photocathode will always 
interact with the peak fields of the PBWA, approximately 
60 psec after the C02 beam reaches the interaction point. 

Another dramatic improvement, already tested and 
ready for implementation, is to uses a 3-mirror oscillator 
cavity for generating the required 2-frequency pulse for 
the beat wave. Essentially, each frequency will have its 
own cavity by using a grating to send the two frequencies 
to two separate rear mirrors as shown in Fig. 1. The two 
cavities share the same energy-storage gain section (a 
TEA laser) but have individual low-pressure (seeding) 
lasers (LPL). This eliminates gain competition since 
each cavity is separately seeded with the appropriate laser 
frequency and both can extract energy from the TEA 
laser. This will stabilize the shot-to-shot ratio of the 
two frequencies. 

2.2   CO2 Preamplifier 

The old MARS laser used a one atmosphere, double- 
passed preamp followed by a 2.5 ATM, triple-passed 
power amplifier. Most of the pulse stretching (3 x) of 
the original sup-100 ps OFDI pulse occurred in this 
preamp. The new laser will use a 10 ATM preamp run 
in the "regenerative amplifier" mode.    Now, pressure- 

broadening will support the short pulse. In this mode, 
the pulse is electrooptically switched into an optical 
cavity containing the gain medium and after about 10 
round trips, the pulse is switched out with no degradation 
of the pulse shape and duration. Also, due to the large 
number of passes of the preamp, the power is high 
enough that the final, now 3 ATM, large aperture 
amplifier need only be double-passed to achieve the 1 TW 
goal. Making fewer passes on the 3 ATM section will 
ensure that the pulse will remain short. 

3      SATURNUS BEAMLINE 

The Saturnus photoinjector has recently been 
decommissioned following successful running for SASE 
FEL[11] and high brightness beam dynamics[12,13] 
experimentation. Most of the Saturnus beamline, if and 
control hardware has been transferred from its previous 
location in the Physics Dept. to the Neptune Laboratory. 
In order to bring the injector on line as expeditiously as 
possible, we have made a few important improvements 
in its design, and developed needed new facilities and 
diagnostics. 

3.1 The photoinjector and LIN AC 

The injector itself presently consists of 1.5 cell BNL 
rf gun, with a plane wave transformer^] (PWT) linac, 
run in an emittance compensation mode. Before 
recommissioning, we will incorporate a new rf 
photocathode gun, the next-generation 1.625 cell 
BNL/SLAC/UCLA gun[4], which, with additional 
improvements we have made on our emittance 
compensation solenoids, should yield state-of-the-art 
emittance performance at Neptune when run at over 100 
MV/m peak on-axis field. The PWT linac, which is a 
very high Q device, is being accommodated at Neptune 
by the development of a longer pulse rf system (5 |i.sec, 
vs. the present 3 lisec rf flat-top) in order to completely 
fill the linac and, along with the improved gun extend the 
energy range of the injector from 14.5 to 17 MeV. 

3.2 The beamline 

The beamline itself will be augmented by the 
introduction of a chicane compressor[6], as shown in 
Fig. 2, which can be employed to create ultra-short 
beams for injection into the PBWA experiment, and 
ultra-high current beams for driving high gradient plasma 
wake-field acceleration (PWFA) experiments in the blow- 
out regime[14]. As a PBWA injector, the 
photoinjector/chicane complex has the desirable effect of 
suppressing the timing jitter (caused by the injection 
laser jitter) between the electron emission and the rf 
wave. The properties of the beam predicted by 
PARMELA simulations in the various modes of 
operation discussed are shown in Table 1. 
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Mode Highß Low Q Highß 
(compr.) 

Low ß 
(compr.) 

Q. InC 015 pC 8nC 15 pC 

<*z 1 mm 300 (im 130 |im 42 (Am 

e« 1 mm-mrad .06 mm-mrad 50 mm-mrad 0.2 mm-mrad 

Triplet 
High-energy 
beamline 

Figure 2: Schematic of the new beamline and PBWA 
experimental area. The "Folding box" contains a mirror 
with a small hole to facilitate bringing the electrons 
collinear with the two-frequency laser. 

Table    1.    Predicted   performance   of   the    Saturnus 
photoinjector at Neptune for various modes of operation. 

The beam diagnostics for the photoinjector yield on- 
line information on beam energy (spectrometer, kicker 
scans), emittance (pepper pot/slit system), charge 
(integrating current transformer - ICT - Faraday cups, 
BPM sum signal), beam profile and position (phosphor 
and transition radiation screens, BPM difference signals) 
and bunch length (coherent transition radiation - CTR - 
and streak camera). The longitudinal diagnostics are the 
most challenging, in that we must diagnose beam 
structure well below 1 psec at Neptune. This is to be 
accomplished by CTR, for both macrobunch[c] and 
microbunch[h] structure, by autocorrelation, and spectral 
measurements, respectively. All diagnostics and 
beamline processes are controlled by a Power Macintosh 
running Lab VIEW 4 which directs a GPIB local network 
(CAMAC crates/modules, digital oscilloscopes, etc.). 

3.3    PWT LINAC 

A new injector for Neptune, which is an integrated 
gun/linac of 11.5 cells based on the PWT structure, is 
now under construction by a UCLA/Duly Research 
collaboration^]. This device will produce 20 MeV 
emittance compensated electron beams with the potential 
to create 50 |lm long bunches without pulse 
compression. It is planned to perform SASE free-electron 
laser experiments using short beams created by both this 
injector and using the compressor in a 2 m long 100 
period, 6 kG undulator. These experiments will clarify 
the role of slice emittance and emittance growth in bends 
as they apply to the PEL gain process. 
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Abstract 

A proposed GeV plasma heatwave accelerator (PBWA) 
requires a high power 1 urn laser running on two 
frequencies. The vacuum interaction between such a laser 
and a relativistic electron beam is one mechanism 
whereby the electrons can be bunched such that when 
injected into the PBWA they occupy only small regions 
of phase situated at the peaks of the accelerating field. 
This is exactly what is required to obtain a high quality 
beam from the accelerator. We outline the details of this 
scheme. 

1   INTRODUCTION 

In another publication [1], we describe a mechanism 
whereby a two-frequency laser beam modulates the axial 
momentum of a copropagating relativistic electron beam 
via the vacuum interaction between the two. The 
momentum modulated electrons can subsequenfly be 
bunched by a drift space or a magnetic compression 
device. The resulting beam is ideally suited for injection 
into a plasma heatwave accelerator (PBWA) [2] where the 
plasma wave is driven by the same two-frequency laser 
that was used to bunch the injected particles. Because the 
bunching is driven by the same pump that drives the 
plasma wave, the periodicity of the plasma wave and the 
injected electron bunches would be identical. Hence, the 
injected electrons would occupy small regions of phase 
situated at the peaks of the accelerating field, and a nearly 
monoenergetic beam would emerge from the plasma. 

In Ref. [1], we presented an example of the above 
process wherein a 2.5 TW C02 laser modulates the 
momentum of a 16 MeV electron beam. A chicane 
compressor was proposed as the bunching element since a 
drift space would have been too long in light of space 
charge effects. However, this example was chosen only 
because it reflects the realities of the PBWA experiments 
that are likely to be carried out in the next few years. In 
fact, the technique of optical bunching described in Ref. 
[1] would lend itself better to the proposed GeV PBWA 
[3] which employs a 14 TW 1 pm laser. In this case, the 
perturbation to the axial momentum of the electrons is 
sufficiently large so that a short drift space suffices to 
compress the electrons. This simplifies experimental 
realization of the scheme. 

2     OPTICAL   BUNCHING 

The mechanism of optical bunching described in 
Ref. [1] works as follows. 

Any real laser beam contains an axial electric field. 
This field becomes smaller as the Rayleigh length 
becomes larger. This relationship is exactly balanced in 
the sense that the work done on a particle by the axial 
field does not change when the Rayleigh length is 
changed. In other words, the instantaneous force can only 
be increased by losing interaction length, and can only be 
decreased by gaining interaction length. If the interaction 
between the laser and the particle takes place over many 
Rayleigh lengths, it follows that the axial fields can never 
be dismissed simply by focusing the laser more gradually. 

The effect of the laser's axial electric field on a 
copropagating electron beam is profound. Without this 
field, all the forces on the electrons would vary rapidly at 
the optical frequency and would average to zero when 
integrated over all time. With the axial field, however, a 
slowly varying force arises which allows for the 
possibility of making a net change to the momentum of 
the electron even after an infinite interaction time. The 
slowly varying force arises because of the phasing 
between the transverse and axial electric fields. These two 
conspire such that an electron is always pushed slowly 
away from best focus. In the case of a single frequency 
laser, this repulsion would integrate to zero since it would 
be the same on either side of the optical waist. In the 
case of a dual frequency laser, however, a slowly varying 
interference pattern is introduced which causes the impulse 
delivered on either side of the waist to be different. A net 
energy change can then occur. 

In order for the above mechanism to work, a number 
of requirements must be met. Let the Lorentz factor of 
the electons be y. The average wavenumber of the two 
laser lines is k, and the wavenumber difference is Ak. 
The radius of the laser waist is vv„, while the Rayleigh 
length is z0. The peak normalized vector potential of the 
laser is a„. 

It is required, first of all, that the electron be highly 
relativistic ()»1). This assures that the velocity, and 
hence the rate of slippage through the optical cycles, 
remains approximately constant. In order that forces 
varying at the optical frequency be dismissed from 
consideration, it is required that the electron slip through 
many optical cycles for each cycle of the beat envelope. 
That is, 
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Ak/k«l (1) 

Similarly, the electron must slip through many optical 
cycles while passing through the focal region. The exact 
expression of this requirement turns out to be subtle, 
depending on the geometric mean of k and Ak: 

For these parameters, Aklk is about 0.01, so the 
condition (1) is easily met. The remaining conditions 
depend on the f-number of the laser beam which has yet to 
be specified for the vacuum interaction. Suppose wQ = 50 
Urn (z0 = 8 mm). Then the conditions (2) and (3) become 

zttAk/Sx«Y2 «zaJkÄk/2   <=>   18 «441 «2325 

7   «Zo (2) 

At the same time, the electrons must slip through only a 
small fraction of the beat envelope while passing through 
the focal region. That is, 

y  »Z0M/8TT (3) 

Finally, the intensity of the laser must not be too high. 
This prevents electrons from being lost radially during 
their transverse quiver motion. We have, 

a() «kwQ/y (4) 

If all these requirements are met, it is shown in Ref. [1] 
that the energy of a constant stream of electrons is 
sinusoidally modulated by the laser. In mks units, the 
normalized energy perturbation is expressed as 

Sy = 
8yVmc2 

M 
y\P—sin(Mz) 

k 
(5) 

where t] = 377 D. is the impedance of free space and P is 
the average power in the beat pattern. The modulated 
beam will reach a longitudinal waist after propagating a 
distance given by 

~ rjP 

mc 2\ 

Ak2 (6) 

provided space charge forces are negligible. 

3 APPLICATION TO  THE GEV PBWA 

The design of the GeV PBWA proposed in Ref. [3] 
is summarized as follows. A large amplitdue plasma 
wave is driven by a Nd:glass laser running on the 1.05 
um and 1.06 urn lines. The laser achieves 14 TW in 4 ps 
via chirped pulse amplification, and is focused into a gas 
jet to a 100 urn radius spot where a plasma is formed via 
multiphoton ionization. A photoinjector driven RF linac 
generates a beam of 10 MeV electrons which are injected 
into the plasma wave and accelerated. The emittance of the 
10 MeV electron beam is given as 0.5rc mm-mrad, but 
this is a conservative estimate. We assume here that the 
intrinsic uncorrelated energy spread on the electron beam 
is much less than 1%. This is not unusual for a 
photoinjector driven RF linac. 

which is acceptable. In fact, in Ref. [1] it was found 
numerically that the upper bound on y2 is really higher 
than equation (2) suggests. Condition (4) requires that 
a0«15. For the spot size being considered, a0=0.4 so 
this requirement is easily met. 

Assuming all the available laser power is used for 
the vacuum interaction, equation (5) gives the depth of 
modulation of the electron energy (Sy/y) as 5.4%. This 
is well beyond the intrinsic energy spread on the beam. 
According to equation (6), a beam thus modulated will 
reach a longitudinal waist after propagating a distance L = 
22 cm. Assuming no space charge, the maximum 
compression ratio should approach the limit for a beam 
with a sinusoidally correlated velocity disribution. This 
limit is approximately seven [4]. 

Once a compressing electron bunch is generated, it 
must be properly injected into the plasma wave. Both the 
laser and the electrons must be refocused a distance L 
from the vacuum interaction. Given the size of typical 
electron lenses, it might be desirable to increase L either 
by using a suffer electron beam or less laser power for the 
vacuum interaction. This might also be desirable from 
the standpoint that a small L corresponds to a large energy 
spread which will lead to chromatic aberration in the final 
electron lens. 

One possible injection scheme is shown in Fig. 1. 
Here, a single laser beam is split into two parts. The first 
part is focused by an off-axis parabola (OAP) through a 
small hole in a second OAP. The second OAP focuses 
the second part of the laser beam into the plasma. Not 
shown are two quadropole triplets. The first, located 
between the two OAP's, focuses the electrons into the 
hole of the second OAP where the vacuum interaction 
with the laser modulates the electron momentum. The 
second is beyond the second OAP and focuses the electron 
beam into the plasma where the acceleration process 
occurs. 

plasma 

OAP OAP 

Figure 1: Schematic of the GeV Experiment. The dotted 
line represents the electron beam while the solid lines 
represent the laser. 

We note here that an aperture placed some distance from 
the   vacuum    interaction    will    eliminate    the    non- 
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compressing ("negatively chirped") portions of the 
modulated electron beam [1]. 

The laser power required for the vacuum interaction 
is determined from the distance between the second OAP 
and the plasma. That is, the power is selected to bring 
the electrons to a longitudinal waist after propagating that 
distance. This distance must be rather long since Ref. [3] 
calls for a very gradual focus of the laser into the plasma. 
In particular, a distance of at least one meter would be 
needed in order to make the laser reasonably large on the 
second OAP. A distance of one meter corresponds to 3 
TW of laser power on the first OAP, which would perturb 
the energy of the electrons by 1%. 

The only remaining questions are how much charge 
can the electron bunches carry, and is a 1% energy spread 
sufficiently small so that the electrons can be tightly 
focused into the plasma. These questions are addressed via 
numerical calculation. 

4 NUMERICAL    CALCULATIONS 

The effects of space charge and chromatic aberration 
are examined using the computer code TRACE3D. The 
model commences at the first OAP where it is assumed 
the electrons have already been perturbed by the laser. 
The electrons are initialized at a 50 urn waist with an 
emittance of 0.571 mm-mrad. The longitudinal phase 
space is approximated by a line segment drawn from 
(90°,9.875 MeV) to (-90°, 10.125 MeV), where 360 
degrees of phase corresponds to 111 |im. These electrons 
are propagated through a 50 cm long drift space, followed 
by a quadropole triplet, followed by a 47 cm long drift 
space. The effective length of each quadropole in the 
triplet is 3 cm, and each pair is separated by 2 cm. The 
field gradient in the outer quadropoles is 0.927 kG/cm, 
while the gradient in the inner quadropole is 1.700 
kG/cm. 

When the beam current is zero, the electrons will of 
course compress to zero pulse length. When the initial 
current is 10 A, the longitudinal waist is about 20° wide 
and occurs at the end of the second drift space, where we 
assume the plasma is located. The energy spread there is 
reduced to about 30 keV. Transversely, chromatic 
aberration in the triplet increases the horizontal emittance 

to 1.097C mm-mrad, while the vertical emittance increases 
to 0.65n mm-mrad. Because of this, the beam size at the 
plasma is about 100 |im x 200 |im, somewhat larger than 
desired (the electrons should stay inside the laser). 
However, as mentioned above, the initial emittance of the 
beam might actually be much better than the 0.5JC mm- 
mrad assumed in this calculation, in which case the final 
spot size could be made smaller. In addition, the 
longitudinal bunching guarantees not only that electrons 
will see the peak accelerating field, but also that they will 
see the focusing fields of the plasma wave. Chromatic 
aberration, then, does not appear to be a major problem. 

5   CONCLUSIONS 

We have presented a practical scheme whereby 
electrons can be injected into a GeV plasma heatwave 
accelerator such that they are confined to within 20° of 
phase from the peak accelerating field of the plasma wave. 
The average current of the injected beam is 10 A, while 
the peak current after bunching is 90 A. These numbers 
might be improved by considering more sophisticated 
electron optics. If an achromatic focusing system is 
devised, a larger energy perturbation could be applied to 
the electrons in which case they would more readily 
overcome space charge repulsion as they compress. 
Considering a lower emittance electron beam might also 
be helpful. 
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Abstract 

This paper explores the use of the large electric fields of 
high-brightness lasers (e.g., up to order TV/cm) to 
accelerate particles. Unfortunately, as is well known, it is 
difficult to couple the vacuum field of the laser to 
particles so as to achieve a net energy gain. In principle, 
the energy gain near the focus of the laser can be quite 
high, i.e., on the order of the work done in crossing the 

focus Ay = 4xe£w ~ 30MeVjP I \TW , where P is the 

laser power. In order to retain this energy, the particles 
must be in the highly nonlinear regime (Vosc/c »1) or 
must be separated from the laser within a distance on the 
order of a Rayleigh length from the focus. In this work, 
we explore the acceleration and output energy 
distribution of an electron beam injected at various angles 
and injection energies into a focused laser beam. Insight 
into the physical mechanism of energy gain is obtained 
by separating the contributions from the longitudinal and 
transverse laser field components. 

I. INTRODUCTION 

The rapid development of high-brightness lasers leads us 
to re-examine the interaction of electron beams with 
vacuum focused lasers. For example, PetaWatt lum 
lasers are nearly available. For such lasers, the electric 
fields at focus will approach a TV/cm. There has been 
considerable previous work on this topic, so the 
limitations to energy gain via a linear interaction are by 
now well known1. This paper is concerned with the 
highly non-linear regime (normalized quiver velocity 
eE/mcoc » 1) where a net energy gain is possible. Here, 
we present preliminary numerical results of the net 
energy gain, energy spread and angular spread that may 
be expected by injecting an electron beam at various 
angles into a focused PetaWatt-class laser. The goal of 
the simulation is to determine the net work done on a 
relativistic electron as it propagates through a laser focal 
zone. Insight into the physical mechanism responsible for 
the energy gain is obtained by separating the contribution 
from the longitudinal and transverse field components. 

II. ALGORITHM 

For a linearly polarized, cylindrically focused Gaussian 

beam propagating in the +z direction, the field (for y=0) 
components are2 

£*=£<>— exp w V   w 
cos^ 

E, = IE, 

By = Ex 

w„ 
w kw 

-exp 
w 

sin^ cos^ (1) 

with the phase 

j? 
= kz-wt+— tan 1(z/z0) 

w2z. 
(2) 

where w„ is the spot size, w is the laser field radius at 
position z, za = nwl Ik is the Rayleigh length, and k is 

the free-space wave number of the laser. 
The numerical algorithm is straightforward. Given 

the initial velocity of this particle, then the EM force can 
push this electron into a new position with a new velocity 
after a small time step by using the Time Center Leap 
Frog method3. 

The maximum energy gain from the acceleration4 can 
be evaluated and compared to analytic estimates. The 
approximate value is given by estimating maximum work 
done by the laser field when the electron crosses the laser 
beam: 

Ay™ «TE-clt 
J-W 

«V^r-^-^+JXdz (3) 

« 30M S7 VP /1TW 

where P is the laser power in units of TW. For example, 
if we have a 100 TW laser, then the maximum energy 
gain is no more than 300MeV. In the following section, 
we use the model just described to analyze three specific 
laser acceleration geometries: one is injecting electrons at 
a small incident angle; the second is coaxial injection; and 
the third is injecting down the axis of the two crossed 
laser beams. 

III. SIMULATION RESULTS 

1.  Small Incident Angle Injection: 

In Fig.l, the x-z plot shows a laser beam propagating 
from z = -72000 urn to z = +72000 um in the z direction. 
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An electron is injected from the left bottom corner where 
z = -72000 |im crossing the laser beam with a small 
incident angle 6. For the parameters used in the example: 
the laser wavelength X is 10.6 um, which corresponds to a 
C02 laser, in order to compare to parameters of UCLA 
C02 laser experiment. The laser waist width w is 200 um; 
the normalized laser amplitude, eE0/mox = aa, is 0.4; the 
initial electron energy y is 32; and the electron incident 
angle theta is 0.04 rad. The energy of the electron y is 
plotted versus the propagating direction z from -72000 
um to +72000 urn and shown in the bottom side. We can 
see from the y-z plot that ^increases and decreases as the 
particle slips in phase behind the light wave, finally 
reaching the same value as its initial energy. In this 
example, aa is not large enough to induce nonlinear 
effects, so no net energy gain results, as expected from 
the Lawson-Woodward theorem1. 

2881 

-28881.5 

-72000 

43.751  

72000 

gamma 

25.491 

-72000 72000 

FIGURE  1.     Particle trajectory  and (below) particle 
energy (y) vs. z for aa=0A. 

2881.5 

-28881.5L  
-72000 z 72000 

92.86 

gamma 

11.91 
-72000 z 72000 

FIGURE 2. Particle trajectory and (below) particle 
energy gain vs. z for aa = 4. y increase from 32 to 59.4 
(dotted line shows the incident direction for this electron). 

In the second example (Fig. 2), we increase aa from 
0.4 to 4, which means that the laser power is 100 times 
that of the first one. From the (lower) y-z plot in Fig. 2, 
we see that there is a net increase in the energy y due to 

the interaction. The final energy at the point z = 72000 
urn depends on the initial phase of the electron injection 
into the laser fields. In this example, the maximum Ay in 
a particular initial laser phase is near 27.4; that is 5% of 
the maximum value we estimated using the work done by 
the laser in equation (3). 

2.   Coaxial Injection: 

Before considering the coaxial injection into focused laser 
beams, consider the movement of electrons in infinite 
plane waves. The exact solution for an electron moving 
in an infinite plane wave can be expressed as a drifting 
"figure eight". Using a large beam waist w in our 
simulation program approximates the plane wave limit; 
the trajectory of an electron in Fig.3 exhibits similar 
behavior to the exact solution in an infinite plane wave. 

1051.2 

-1051.2 

-96000 96000 

22.6 
-96000 z 96000 

FIGURE 3.   Particle trajectory and (below) y-z plot for 
coaxial injection with large laser waist. 
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FIGURE 4.    Particle trajectories for 100 initial laser 
phases from 0 to 27t and insets: final y vs. initial laser 
phase, final y vs. outgoing angle 0, $   vs. initial laser 
phase. 
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When the laser beam is focused to small spot size w, the 
trajectories of coaxially injected electrons are quite 
different. The trajectories of coaxially injected electrons 
with initial laser phases distributed from 0 to 271 are 
shown in Fig.4. The initial energy for the electrons is y = 
32, and the y-theta plot (the first inset) shows the final y 
measured at the point z = 72000 urn versus different 
outgoing angle theta. As the second inset (y-phase plot) 
shows, at the injection phases of 0 and n the final energy 
is relatively insensitive to injection phases (over 
approximately 1.7 radians or 27% of the full laser 
wavelength). Therefore, particle injection at these phases 
will result in better output beam quality (i.e., small energy 
spread and emittance growth). By Comparsion the runs 
we have done with injection at a small angle, were very 
sensitive to the injection phase. 

Based on the results of Fig.4, it appears that a 
100TW laser could be used to accelerate a micro-bunch 
(1.4 urn or 14% of the bucket) of cold electrons from 
16MeV to 26MeV with an energy spread of 0.4MeV and 
emittance growth of sx »lmm-mrad.    The maximum 

energy gain in this example is only 3.8% of the maximum 
value from equation (3). By raising yio 64 (not shown), 
we could increase the energy gain to 9.1%, but the 
particles with highest energy were from a very small 
region of initial phases (2% of the bucket). 

In order to separate the effects of transverse and 
longitudinal fields in the acceleration process, we turn off 
the longitudinal field and find the interaction with the 
transverse field only. We observe that the electron 
trajectories are considerably altered by the presence of the 
Ez  field,   even   though   we   found   that   the    j Ezdz 

contribution to net energy gain was much smaller than the 

J ELdy term for our examples. 

3.   Crossed Beam Injection: 

2881.5R7 

72000 

A laser geometry that has received attention is the case of 
two gaussian laser beams crossed at a small angle with 
respect to the axis of electron injection5,6. The advantage 
of this geometry is that the transverse electric and 
magnetic fields will cancel on axis, leaving only the axial 
electric field to accelerate the particles. Fig.5 shows the 
simulation results of electrons injected at various initial 
laser phases on axis into the crossed beams which are 
positioned at an angle of 0.04 rads with respect to the 
electron beam. As the inset shows, there was no net 
energy gain for any initial laser phases. This result can be 
explained by realizing that by arranging the geometry 
such that there is only an electric field along the direction 
of motion, we have eliminated the nonlinear forces which 
are necessary for laser acceleration in vacuum. This is 
consistent with the results of P. Sprangle et al.7 

IV. CONCLUSION 

The simulation results show that net energy gain can be 
extracted from a single laser via nonlinear interactions. 
The nonlinear energy gain comes from the transverse 
fields; while the longitudinal field affects the path of 
electrons but does not increase their energy gain. If initial 
injection energy and angle and laser amplitude are chosen 
properly, large scattering spread angle can be avoided. 
For further research, characteristics of the outgoing 
electron beam with respect to the injected beam emittance 
need to be investigated. Other acceleration schemes, such 
as axicon focused lasers5, or standing wave acceleration 
in two counterpropagating lasers8 are also of interest for 
further simulations with this code. 

V. ACKNOWLEDGMENTS 

Work supported by US Department of Energy DOE - 
AC#DE - FG03 - 92ER40745. The assistance of R. 
Kinter and D.Gordon in coding the numerical model is 
gratefully acknowledged. 

VI. REFERENCES 

0     phase 622 

FIGURE 5. Numerical simulation showing no energy 
gain for any injection phase in two crossed lasers (dotted 
lines show laser beam axes). 

[1] P.M. Woodward, JIEE93, 1947,p.l554. 
[2] R. Guenther, Modern Optics, (Wiley, New York 1990), p.336. 
[3] C.K. Birdsall and A.B. Langdon, Plasma Physics via Computer 

Simulation, (McGraw-Hill, NY 1985). 
[4] W. Mori and T. Katsouleas, in Advanced Accelerator Concepts. 

AIP Conf. Proc. No. 335, (AIP, NY 1994), p.l 12. 
[5] L. Steinhauer et al, in Advanced Accelerator Concepts, AIP Conf. 

Proc. No. 335, (AIP, NY 1994), p. 131. 
[6] C. M. Haaland, Optics Comm. 114,280 (1995). 
[7] P. Sprangle, Optics Comm. 124, 69 (1996). 
[8] C. Barty, private communication. 

686 



A PROPOSAL FOR A 1 GeV PLASMA-WAKEFIELD ACCELERATION 
EXPERIMENT AT SLAC 

T. Katsouleas, S. Lee, USC, Los Angeles, CA 90089-0484 
S. Chattopadhyay, W. Leemans, LBNL 

R. Assmann, P. Chen, F.J. Decker, R. Iverson, T. Kotseroglou, P. Raimondi, 
T. Raubenheimer, S. Rokni, R.H. Siemann, D. Walz, D. Whittum, SLAC 

C. Clayton, C. Joshi, K. Marsh, W. Mori, G. Wang, UCLA 

Abstract 

A plasma-based wakefield acceleration (PWFA) experi- 
ment is proposed that will accelerate parts of an SLC 
bunch by up to 1 GeV/m over a length of 1 m. A single 
SLC bunch is used to both induce wakefields in the one 
meter long plasma and to witness the resulting beam ac- 
celeration. The proposed experiment will explore and 
further develop the techniques that are needed to apply 
high-gradient plasma wakefield acceleration to large scale 
accelerators. The one meter length of the experiment is 
about two orders of magnitude larger than other high gra- 
dient PWFA experiments and the 1 GeV/m accelerating 
gradient is roughly ten times larger than that achieved 
with conventional metallic structures. Using existing 
SLAC facilities, the proposed experiment will allow the 
study of high gradient acceleration at the forefront of ad- 
vanced accelerator research. 

I INTRODUCTION 
The energies of most interest for high energy physics to- 
day have reached the multi-TeV level. Linear colliders 
offer the only possibility to access this energy regime with 
e+e- collisions. Practical limitations on the size and the 
cost of linear colliders can only be overcome if the accel- 
eration per unit length is significantly increased. By re- 
placing the metallic walls of conventional structures with 
"plasma-walls" many limitations are avoided and very 
high gradients can be achieved. A recent laser-driven 
plasma wakefield acceleration (PWFA) experiment has 
measured an accelerating gradient of 100 GeV/m[2]. 

Although plasma-based experiments have shown im- 
pressive advances in their accelerating gradients, they are 
quite short, extending over only a few mm. This proposal 
aims at demonstrating high gradient acceleration in a 1 m 
long plasma cell. Plasma modules of this length would be 
well suited for building a future linear collider. The in- 
tended use of the existing SLAC linac for the proposed 
experiment limits the achievable gradient to about 
1 GeV/m. Though not as high as achieved by other 
plasma-based experiments, this gradient is much larger 
than in any metallic structure. It would be the first time 
that plasma-based structures accelerate particles by 1 GeV. 

The basic idea for the proposed experiment is to use a 
single SLC bunch to both excite the plasma wakefield 
(head of the bunch) and to witness the resulting accelera- 
tion (tail of the bunch). For many reasons, the SLC beam 

is the ideal driver for a plasma acceleration test. It has 
high energy; it is very stiff and is not subject to distortion 
or depletion over the length of the experimental section 
proposed here. In addition, neither the driving particles 
nor the accelerated particles will significantly phase slip 
over the length of the experimental section. All of these 
factors suggest the possibility for a clean test of plasma 
wakefield acceleration and the opportunity to make de- 
tailed comparisons to theoretical models. 

The experiments proposed here will assess the viability 
of wakefield transformers based on beam-driven plasmas. 
By designing flexibility into the plasma source and/or 
drive bunch length, we will be able to explore some of the 
most important phenomena. Specifically, we can measure 
the transformer ratio (i.e. the decelerating and accelerating 
fields within the bunch), transverse focusing fields, and 
the dependence of the gradient on plasma density, bunch 
length, beam and plasma radius. Furthermore, increasing 
the plasma density or bunch length will enable a first test 
for electron hose instability[3]. A secondary benefit of the 
proposed experiment will be the opportunity to explore 
the new physics and technology issues associated with 
particle beam rather than laser drivers. 

PWFA Standard SLC 
Bunch intensity 3.5-4.0 10'° 

pWtrnnc 
3.5-4.0 10'" 
pWtrrmc 

Bunch length 0.6 mm 0.6-1.1 mm 
Rate into the FFTB 10 Hz 1-120 Hz 
YE atLI02 _ 30 mm-mrad 
ys atLI02 _ 3.5 mm-mrad 
Transv. rms jitter at LI30 < 50 urn 50% of snot size 
YE atIP-1 60 mm-mrad 45 mm-mrad 
YE atIP-1 15 mm-mrad 8 mm-mrad 
a atIP-1 < 100 urn 23 urn at 1.0 10"' 
a atIP-1 < 100 um 37 um at 1.0 10'" 

Table 1. Comparison of beam parameters for the PWFA ex- 
periment and SLC standard performance at 46.6 GeV. 

We propose to place a meter-long plasma of appropriate 
density in the path of the SLC beam at IP-1 of the FFTB [4, 
5]. The beam parameters needed for the proposed ex- 
periment are routinely achieved during standard SLC op- 
eration (see Table 1). Most important are a beam intensity 
of between 3.5 to 4xl010 electrons and a suitable bunch 
length (ciz = 0.6 mm) and shape. Normalized emittances and 
transverse beam jitter are not critical and can be signifi- 
cantly larger than the standard SLC values at 46.6 GeV. 
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In order to minimize the impact and cost of the pro- 
posed experiment we plan for parasitic running at 10 Hz 
during PEPII[6] operation. PEPII will already accelerate the 
linac beams to 30 GeV for positron production. We avoid 
additional costs for the maintenance and operation of the 
RF in the last third of the linac by only requiring 2-3 sec- 
tors of acceleration downstream of the positron extraction 
point. The additional acceleration is needed in order to 
maintain efficient BNS damping and a small final energy 
spread. The beam energy in the FFTB will be 30 GeV. Mi- 
nor modifications in the dumpline transport will allow 
safe operation of the FFTB with a high current 30 GeV 
beam. 

The development of the different parts of the experi- 
ment is well under way. The proposed plasma cell has 
been built at UCLA and is presently being tested. The 
beam-induced plasma wakefields have been modeled at 
USC. The transport of the SLC beam into the FFTB, 
through the plasma cell and into the beam dump has been 
modeled carefully at SLAC. Finally, the appropriate beam 
diagnostic has been specified based on the extensive expe- 
rience at SLAC and LBNL. We believe that all critical com- 
ponents needed for a successful experiment are in place. 

The proposed experiments are envisioned to take place 
in stages. The first stage will simply place a meter-long 
plasma of appropriate density in the path of the SLC beam 
near the end of the FFTB. We expect the head of the bunch 
to be decelerated by about 0.2 GeV while tail particles are 
accelerated by up to 1 GeV. The resulting change in energy 
distribution, will be detected by a time-resolved energy 
measurement with a streak camera. The wakefield will be 
diagnosed in detail by subtracting the energy distribution 
signals with and without the plasma. The second set of 
experiments proposed here will vary the plasma density, 
plasma length, and/or beam bunch length to test scaling laws 
for wake amplitudes and electron hose instability. 

We can envision a rich physics program of follow-on 
experiments not proposed here. Some of these include 
tests of beam shaping to demonstrate the possibility of 
high transformer ratios[7], the use of a separate witness 
beam with a variable delay to fully probe the wake- 
fields[8], the guiding of laser beams with the SLC beam in 
a plasma over hundreds of Rayleigh lengths[9] and the 
outcoupling of the plasma wakes as a unique high-power 
100 GHz source[10]. We also note that the peak accelerat- 
ing gradient in the experiment is expected to increase 
from 1 GeV/m to 2.5 GeV/m if the SLC RMS bunch length 
can be reduced from 0.6 mm to 0.4 mm. The successful 
completion of the experiments proposed here will un- 
doubtedly provide a major impetus to advanced accelera- 
tor research as well as contribute to fundamental under- 
standing of plasma and beam physics. 

In the remainder of this paper we present sample 
simulations supporting the design of a 1 GeV experiment, 
and briefly describe the plasma source and beam diagnostic. 

II SIMULATIONS 

Sample results of a 2-1/2D PIC simulation in cylindrical 
geometry using the code MAGIC are shown in Figure 1. 
The parameters correspond to the expected experimental 
beam and plasma parameters. In Figure 1 the plasma den- 
sity is 2.1 x 10" cm"3 and the beam distribution corresponds 
to the 36 MV compressor setting of the NRTL bunch com- 
pressor (ref.). Figure la shows the real space of the plasma 
electrons in which blowout and crossing of streamlines are 
clearly visible. Figure lb is a snapshot of the longitudinal 
wakefield 6 mm into the plasma. The peak accelerating 
field is 1 GeV/m. 

0.70 

Figure 1. MAGIC PIC simulation of plasma wake for SLC 
beam (36 MV compressor setting) and plasma density 2.1 x 10" 
cm"3, (a) Real space r - z of plasma electrons; (b) axial electric 
field E. 
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Figure 2. Simulated change of energy (solid line) and absolute 
energy spread (dashed line) of 1 ps slices along the bunch. This 
calculation was done for the same parameters as Figure 1 
(plasma density of 2.1 x 10" cm"3). The two curves summarize 
the signature of plasma-wakefield acceleration as expected to be 
measured with the proposed diagnostic setup. The charge distri- 
bution is indicated by the dotted line. 

We simulate the experimental observables in Fig. 2. Here 
we show the beam charge and the simulated beam energy 
change and beam energy spread in 1 ps intervals as they 
would be resolved by the streak camera in our transition 
radiation diagnostic. Even though some particles in the 
simulation gain over 1 GeV, the 1 ps window captures 
particles on either side of the acceleration peak. As a re- 
sult, the energy change of the center of the last ps bin 
shown is roughly 800 MeV with a spread of 1200 MeV. 
Note that decelerating and accelerating fields within the 
bunch are well resolved with 1 ps diagnostic intervals. 
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As seen in the simulations in Figure la, the head of the 
drive beam rapidly blows out the plasma electrons leaving 
a positive ion column in the beam path. In this case, the 
transverse wake on the main body of the beam is particu- 
larly simple and takes the value given by a uniform posi- 
tive cylinder of charge density n0: Wr= 2rc n0e

2r. This cor- 
responds to an effective quadrupole focusing strength (in 
both planes) of 

Wr/ r = 9607t Tesla/m x (n„/1014cm"3) 

The variation in the transverse focusing strength along the 
bunch in a PIC simulation is shown in Figure 3 (at r = la 
= 75 um). From this we see the time-dependent focusing 
rising at the head then asymptoting to the theoretical val- 
ueabove (6400 T/m for this case). 

loooo ' 0A 

< 

■10000 

-20000 
4. 2. °- 

z(mm) 

Figure 3. Focusing strength -(Er- B^/r (solid) and axial current 
Jz (dotted) vs. longitudinal position z for the PIC simulation of 
Figure 2. Note that there is an important defocusing peak in the 
far tail of the bunch. Its width is unconstrained within the bin- 
ning used for this simulation. However, it occurs only after the 
peak accelerating field. The axial current shows the longitudinal 
bunch distribution. 

The effect of the plasma focusing on the beam optics is 
shown in Fig. 4. It is seen that the spot sizes with and 
without the plasma cell are almost identical for certain 
plasma densities (corresponding to an integer number of 
betatron oscillations in a one-meter long plasma). 
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Figure 4. Calculated horizontal and vertical spot sizes at IP-2 
for alps slice with 0.3% relative energy spread. The beam size 
is plotted as a function of plasma density. 

in PLASMA SOURCE 
The required plasma densities between 2 x 1014 and 1 x 
1015 cm'3 can be obtained by photo-ionizing lithium atoms 

Ay = Dy —^- = 0.33mm 

(E; = 5.9 eV). The vapor pressure required for this range 
of densities is 10 to 30 mTorr, which can be obtained at 
temperatures between 550 and 600°C, Such meter long 
lithium vapors have been produced at these and far higher 
(Torr-range) pressures in heat pipes for atomic physics 
and spectroscopy experimentsfll]. 

IV BEAM DIAGNOSTICS 
We propose to use time resolved transition radiation to 
diagnose the beam. The energy of the transition radiation 
is calculated to be comparable to the synchrotron light 
intensity that was used for SLC measurements. The intrin- 
sic resolution of the camera for SLC measurements is 0.85 
psec, and taking into account chromatic effects the total 
resolution is a = 1.0 psec. 

The vertical deflection Ay due to an acceleration of 
100 MeV is 

A£ 
E 

which should be easily measurable. The energy change 
between the decelerated head and the accelerated tail of 
the bunch is shown in Figure 2 to be about 400 MeV for 
particles within 2.5 sigma of the longitudinal distribution. 
The maximum acceleration of 800 MeV for a 1 ps slice will 
show itself as a large offset (-2.5 mm) and a large vertical 
beam size (~4mm) due to the large induced energy spread 
(1.2 GeV). 

It will be possible to measure the longitudinal wakefield 
along the bunch in detail. These measurements will enable 
direct comparisons to the plasma theory and simulations. 
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PLASMA LENS 
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Abstract 

The perturbative approach for describing the underdense 
plasma-ultrarelativistic electron bunch system is devel- 
oped,using the ratio ^ as a small parameter (nj-bunch.no- 
plasma electron densities). It is shown that in the zero 
and first approximations for the ultrarelativistic bunch case 
the role of positive ion column is negligible (~ 0(j~2), 
where 70 is the Lorentz factor of the bunch) for the arbi- 
trary bunch length. Focusing of the electron bunch emerged 
in the first approximation of the perturbative procedure as a 
result of the plasma electrons redistribution.Focusing gra- 
dient and strength forultrarelativistic,flat,uniformand short 
bunch are obtained and compared with the previous results, 
which differs drasticaly from the obtained ones. The plasma 
chamber conducting walls effect on focusing force is con- 
sidered by the method of images, adopting the diffuse scat- 
tering of plasma electrons on the walls. Effect is small, 
when the plasma chamber width is much larger than that of 
bunch. 

1    INTRODUCTION 

Plasma focusing devices.being compact,simple and ef- 
fective elements are promissing for obtaining electron 
(positron) beams of very small spot size, requested for 
future high energy linear colliders.Theoretical predictions 
and investigations of the plasma lenses in overdense 
(rib < \TIQ = np) and underdense (n& > ino,nj-bunch 
electron density,n0-cold neitral plasma electron den- 
sity),performed last decade and were supplemented by 
experimental tests,carried out at ANL, Tokio University- 
KEK and UCLA for overdense plasma lens regime. 

The theoretical treatment of the overdense plasma 
lens,performed in linear approximation,using ratio £* 
as a small parameters more or less complete,at least in 
the frame of the cold plasma and rigid electron bunch 
approximations. 

The existing theoretical approaches to underdense 
plasma lens are phenomenological by nature. 

It seems,that more detailed description of the underdense 
plasma lens is needed,in particular, taking into account the 
program for the future experimental investigations, which 
include underdense regime too. 

Using the ratio ^ <C 1 as a small parameter,and de- 
veloping the subsequent perturbative approach for the de- 
scription of the underdense plasma lens.it is possible to 
achieve,at least the same level of the understanding of the 
focusing phenomenon in underdense regime as that of over- 
dense plasma lens case. 

2   PERTURBATIVE APPROACH FOR 
UNDERDENSE PLASMA LENS 

Consider the flat electron bunch with the vertical dimension 
26,which is assumed much smaller than horizontal dimen- 
sion 2a; longitudinal dimensions,which are arbitrary,are 
2d.The bunches of such a geometry are suitable for future 
high energy linear electron-positron colliders. 

Bunch electrons uniform density is m and bunch is con- 
sidered as ultrarelativistic and rigid one.Plasma electrons 
density is no <C nj .plasma is neutral,cold and with the im- 
mobile ions. 

The geometry of the bunch.which moves in lab system 
through the plasma with constant velocity vo,allows to con- 
sider the electric and magnetic fields components as fol- 
lows: 

Ex = 0, Ey, Ez ^ 0; Bx ^ 0, By = Bz = 0 
All physical quantities of the problem are considered 

as a functions of the arguments y and z = z — 
vot only (steady state regime).Introduce the dimension- 
less arguments y',z' = kby,ki,z;t' = u>i,t,uj2 = 

^m"*' ^b   =   ^.and dimensionless variables E'ViZ   = 

Define the generalized plasma electron velocities as 

Vy  = ~    ß-ßc 1 P —    c > Pez,y   — vz = 

t>0-Ue* ß-ßei 

and generalized plasma electron density as 
N = 2*(1 _ SJUL) = 2*(1 _ &i)   !hL = Nh+ Vz), 

rib V "0  ' «b V ß    '    »i v ' 
(BTFCh transformations [1]). 
Adopting the condition ^ <C 1,decompose the quanti- 

ties in question in the following series: 

N = eN1+e2N2 + ... (1) 

Vz = Vz0 + eVzl + €2Vz2 + . 

Vy   =   VyO   + eVyl   +  €2Vy2   +   ■ 
Ey>z = Ey>zo + eEyiZi + e Ey>Z2 + ■ 

B = Bo + eJ5i + e2B2 + . 

where e = ^ (in what follows en is included in subse- 
quent quantities ./Vn, Vnz and so on) 

In the zero order approximation from 

Bo 

Ezo 

1 d2<t>p 

j2 dz2 + 

— ßEyO, 

1 d<t>o 
-y2 dz 

d2<t>o 
dy2 

(2) 

Et y0 

{i 
dy 

l*l<d,|?l<*, 
\z\ > d,\y\ > b; 
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In the first order approximation continuity equations 
have a form: 

dNx     dNiVyp = 0 

dz dy 
(3) 

and Coulomb law: 

dz2 dy2       dz \nj, 

The focusing force is 

d2Ezl , _2d2E^ _d_(*1_ j2Ni _ NiVz0 , . (4) 

(6) 

fy = -e(Ey+ßB)=fyO+fyl   +   ..; (5) 

fy0    =    -e(Eyo+ßBo) = -ey-2Eyo, 

fyl    =    -e(Eyi+ßB1) = -eWyl. 

In the first approximation 

8Wyl    =   6E,1 
dz dy 

which is an analog of the Panoffsky-Wenzel rela- 
tion;remember that in (6) z = z - v0t. Differentating (4) 
over y and then integrating it over z, taking into account 
relation (6) and that 

^ (s? - ^Ni - N*y*o) -> °when y -* ±oo-we 

have 

d2Wyl    d
2Wyl _  1   d 

dz2 -+ 
8y2 72 dy 

NiVzv) (7) 

where z = jz. 
In what follows, consider the ultrarelativistic 

bunches.when j > 1; then /y0 ~ 0(y~2) and in 
right hand side of (7) it is possible to leave only the term 
— ^p-. So for the sought quantity Wy\ we need N\ from 
eq. (3).Entered in (3) Vyo must be found from eqs. of mo- 
tion for the fields in zero approximation.lt is evident.from 
eq. (7),that the role of the noncompensated positive ions 
(the term on the right hand side of eq. (7), proportional to 
211 - Ni(l + 14o))>is negligible in ultrarelativistic limit 

(~ 0(T2)). 

3   ZERO ORDER APPROXIMATION 

In the zero order approximation it is necessary to find from 
(??) E0y, E0z for the flat bunch moving in vacuum. 

The approximate results for 7 > 1 are the following: 

Eyo «-2/(1 
2bd ^-y + Oir1)      (8) 

vy(tP-z2), 
-b <y <b,-d < z < d; 

Eyo « -b [ 1 - 
2dy 

-b + Oir1)      (9) 
iry(d2 — z2) 

jd^-y>b,-d<z<d; 

when \z\ <C d the expression (9) is valid for yd < y < b. 

2-ydb 
E, yO 

■try 

y > jd > 6, -d < z < d; 

E, 
Idby 
■KJZ2 

z>d,yd^>b,-b<y<b; 

2/0 

(10) 

(ID 

The next problem in zero approximation is the definition of 
the generalized velocities Vy0, V^o-When 7 > l.and bunch 
length is short enough d' < l,(rf' = hd) it is possi- 
ble to drop out in eqs. of motion the terms proportional to 
|V;0|

2 < \Vz0\ and to \Vy0\
2 < \Vy0\. Taking into account 

that in the considered case \Ey0\ > l-E^ol the approximate 
solutions for the boundary condition V^o = 0, Vzo = 0, 
when z = d are: 

Vyo    =    smh(\Eyo\(d-z))~\Eyo\(d-z),       (12) 

Vyo(-y)   =   -Vyo(y), 

VzQ    =    cosh(\Ey0\(d-z))-l~±\Eyo\2(d-z)2, 

where Eyo is given by (8-10)and Vyo —♦ 0, Vzo —* 0 
when y —► ±00. For the short (d < 1) bunches from (12) 

followsthat|V;o|<|Vryo|. 

4   FOCUSING FORCE IN THE FIRST ORDER 
APPROXIMATION 

Using eq. (3) in the first approximation and eq. (12) for Vyo 
it is possible to find Ni(y, z) = Ni(-y, z) by the method 
of characteristics. The plasma electrons redistribution func- 
tion N\ (y, z) has a crest at distances ycr « ^r ~> b, condi- 
tioned by bunch electric field E0y, exponentialy rising with 
y at \y\ < ycr and has a power fall at \y\ > y„, \y\ —► 00 

For 7 » 1 in eq. (7) we get an approximate solution 

W, »1 -hl*l dy' 
dy' 

2l1/2 

(13) 

In Uy-y'Y + (z-z') 

The domain of the integration in (13) is defined by the 
condition aJVffi'^ ^ O.i.e. it is -00 < y < +oo, -co < 
z < d,because for z > d, Ni = ^. For z < -d let us as- 
sume Ni(z, y) = Ni(-d, y) up to some -z0 < —d where 
considered steady state regime changes to (nonlinear) wake 
wave (and later on the uniform distribution of the plasma 
electrons with Ni = £a). 

-1        rib 
For the estimates,it is possible to use approximate expres- 

sion, which follows from (13): 

no 
Wyi « -yd2a(z)^,    a(z) ~ 1 (14) 

Focusing force (14) is the result of the long-range redistri- 
bution (y ~ yer « ^ jd) of plasma electrons caused by 
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ultrarelativistic bunch electric field Eoy (8,9,10), which is 
practicaly non-screened in the case of underdense plasma. 
Hence the question is arised on the effect of the walls of the 
plasma chamber. 

The problem can be solved by the method of images 
in the model of a plasma chamber as a flat plasma layer 
inside the two conducting planes with distance 2g in be- 
tween. Adopting diffuse scattering of plasma electrons on 
the planes, the results of such a consideration can be formu- 
lated as following: g > yd » 6 the effect of plasma walls 
on focusing force (14) is negligible; when yd > g > 6 the 
decrease of quantitative factor in (14) takes place. 

5   DISCUSSION 

The expressions for the, focusing gradient and stregth are 
subsequently 

G = 
Wiy _ I28a(z)ere 

K = 

y 

eG 
ymc2 

(nhn0)d
2 (15) 

128a(z)r2
ed

2 

JTt 
(nbno), 

The expressions (15) differs from the previous re- 
sults.which for the flat, electron bunch and underdense 
plasma are (re = e2/mc2 is the electron classical radius): 

G 
Wt 

y 
y _ 4irnoe,K = 

Airren0 

7 
(16) 

These expressions are based on the understanding the fo- 
cusing phenomenon as caused by the positive charge of the 
ion column.which exists inside and behind the moving elec- 
tron bunch, because the considered bunch blows out the 
plasma electrons. 

As it follows from the presented consideration (7), the 
net focusing effect of the ion column.caused by noncom- 
pensated positive charge ^ - JVi(l + Vz0), is propor- 
tional to 7~2 and is negligible in our approximation j > 
1,compared to focusing effect of the plasma electrons redis- 
tribution,described by eqs. (13) and (14).The presence of 
the factor y~2 in the part of the net (electric plus magnetic) 
focusing force,which caused by ions.is a result of magnetic 
compesation of the subsequent focusing electric field in lab 
frame,where electron bunch moves with the velocity vo and 
unperturbed parts of plasma are at rest. Compensating mag- 
netic field is caused by noncompensated positive ions "cur- 
rent", which propogate with the velocity VQ .equal to the ve- 
locity of the electron bunch and at 7 > 1 cancels the focus- 
ing action of the subsequent electric field.The physical rea- 
son for that - the exposed positive ions column effectively 
"moves" in plasma along with the moving electron bunch 
with the velocity of it.When bunch blows out the plasma 
electrons.it uncower new forward parts of the partialy non- 
compensated ion column and this "motion" of the revealed 
positive ions charge.i.e. subsequent current.generated com- 
pensating magnetic field. 

The physical interpretation can be based also directly 
on the displacement current,entered in the Maxwell eq. 

through the term ß^J^-.Ions ahead of the bunch are com- 
pletely compensated by plasma electrons,inside the bunch 
ions charge is only partially compensated,so exists the 
change of electric field component with z = z — vot, which 
generates subsequent compensating magnetic field. 

All above mentioned general physical arguments are 
valid for the relativistic bunches with arbitrary length and 
charge distribution.Assumptions adopted in the present 
work (short enough relativistic bunch with the uniform 
charge distribution) allows us to perform analytical calcu- 
lations (14). 

Unfortunately the condition kid <C 1 (d' <C 1,short 
bunches) does not permit to use expression (15) for focus- 
ing strength for the flat beams of the FFTB. In that case 
nb   =   7,7 • 1018cm~3 and 2,8 • 1018cm-3 and kb   = 
5.2 • 105cm_1 and kb = 3,1 • 105cra-1 consequently, d = 
2.3 • 10-2cm and kbd = 1,2 • 104 > 1 and 0,7 • 104 > 1. 

Using the short bunches.nevertheless it is possible to ob- 
tain sufficiently strong focusing gradients.For example, let 

1 /9 

M = 0,l.Thend=10-5(4^)     ,G 
and if no » 1017cm-3 as in FFTB case.G 

15 • 10_11no 

15 MG In or- 
der to fullfil the condition ^ <C 1, n* must be e.g.,equal 
1018cm_3,then d = 5 • 10~5cm. 

Probably the medium and long bunch cases can be treated 
by computational methods only.Presented analytical ap- 
proximate description of the short bunch case can be used 
then as a physical guide and programmes testing example. 

It will be interesting to test experimentaly the predictions 
for focusing gradient and strenght,particularly,the depen- 
dense of these quantities on nj and d. 
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SELFACCELERATION OF ELECTRONS IN ONE-DIMENSIONAL 
BUNCHES,MOVING IN COLD PLASMA 

A.Ts. Amatuni 
Yerevan Physics Institute, Alikhanian brothers st.2,Yerevan 375036, Republic of Armenia 

Abstract 

Nonlinear dynamics of the one-dimensional ultrarelativis- 
tic bunch of electrons.moving in cold plasma,is considered 
in multiple scales perturbative approach.A square root of 
the inverse Lorentz factor of the bunch electrons is taken 
as a small parameter.Bunch electrons momenta is changed 
in the first approximation^ the underdense plasma and for 
the model example of the combined bunch the selfacceler- 
ation of the bunch electrons can be remarkable. 

1   INTRODUCTION 

Nonlinear wake waves exitation in overdense plasma 
by relativistic electron (positron) one-dimensional 
bunches.when it is possible to obtain an exact analyti- 
cal solution.was considered in [l]-[7].The bunch assumed 
as a given one (rigid bunch approximation) in the most of 
these work. 

The buck influence of the exited plasma wake on elec- 
tron bunch was considered numericaly in [7],[8].Some at- 
tempts of the analytical treatment of the problem have been 
performed in [8]-[12]. 

Langmuir already noticed, that the beam, which has 
passed the plasma column, contains a significant portion of 
electrons with the energies higher than the initial energy of 
the beam. In the recent times various groups (see e.g. [11]- 
[13]) also observed experimentally the effect of the selfac- 

celeration. 
In the present work the problem of the plasma back non- 

linear influence on the driving one-dimensional electron 
bunch is treated by the method of multiple scales [16] .The 
bunch is ultrarelativistic and the square root of the inverse 

— 1/2 
Lorentz factor of the bunch e = j0 ' < 1 is taken as a 
small parameter. 

It is assumed that the bunch-plasma interaction takes 
place by two stages. First one is the formation of the sta- 
tionary plasma wake field.generated by the rigid bunch and 
the second stage is the influence by this field on the mo- 
menta of the bunch electrons and wake field itself.This as- 
sumption is valid,when 70 > l.Indeed.the time rs needed 
for the formation of the stationary wake in a plasma with 
density no,generated by the electron bunch with the den- 
sity nj.nj/no < 1/2 - A, §7o~2 < A < l/2,is T, ~ 
w_1, w2 = 47re2no/m.The time required for the change of 
the bunch electrons momenta p0 is TP ~ po/eE0 where EQ 

is the electric field inside the bunch.In the overdense ({*£ < 

1/2) plasma E0 < !!1p-;in the underdense (|n0 < nb) 

^(^•7o)1/2,[5]. Hence in the overdense 

70-1 < 1,and in the underdense plasma 

plasma b§ < — 

plasma TS/TP < 

Tslrv ^ (j^O^To" ^ l.(For some special values of 
£*• ~ 1/2 these conditions can change the form or even 
violate).As in [5] consider the flat electron bunch with the 
infinite transverse dimensions,longitudinal length d and ini- 
tial homogenious charge density nj,moving in the lab sys- 
tem with the initial velocity vo through neutral cold plasma 
with the immobile ions. 

In the work [17] it was shown that when the beam is 
traversing the semiinfinite plasma after a few plasma wave 
lengths transient effects dissipate and stationary wake field 
regime is established in coinsideness with the abovemen- 
tioned estimate. In what follows this moment is taken as an 
initial one,< = O.and the future development for t > 0 of 
the bunch -plasma system is considered. 

2   FORMULATION OF THE PROBLEM 

The considered electron bunch -cold plasma system is 
described by the hydrodynamic equations of the mo- 
tion.continuity equations for charge densities and currents 
for the bunch and plasma electrons.and Maxwell equation 
(Coulomb law) for the electric field. 

Dimensionless variables and arguments are introduced: 

t'    = 

E 

kpz,up 

Pe 

Wpt,Z 

 V-E' ,n\ = — 
e n 

Pe Pb 

4ire2n 

m 
o/c, (1) 

n'b ^,ße 
n 

,Pb = 
mcyo ,A = ^,7o = (i-/?o2r1/2 

where pe,ve,ne;ph,Vb,nb are the momenta,velocity and 
density of the plasma and bunch electrons subsequently,« is 
a normalizing constant,which is suitable to choose n = n0 

for overdense plasma and n = TU for underdense plasma 
cases,/?o = «o/c is the initial velocity of the bunch elec- 
trons in the laboratory system. 

The equations.which describe the considered problem 
are: 

^    +    ßi 

dpi 
dt 

dpb 
dt 

dne 

~df 
dnb 

dt 
8E_ 
dz 

+ ße
9f- oz 
dpi 
dz 

-E 

To 

(2) 

+ 

+ 
dz 
d_ 

dz 

{ßeTle) = 0 

(ßbTlb) = 0 

=    no-ne rib 

Eqs.     (2) 
and prime 

are written in dimensionless variables (1) 
is  omitted.Considering the ultrarelativistic 
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bunch,introduce a small parameter e2 = l/7o,and all 
variables.entering in (2),let be a functions of the fast 
z = z — ß0t and slow r = et, £ = ez arguments.According 
to the multiple scale method [16],all variables,entered in 
(2),are developed in the following serieses: 

(3) Pe = Peo(z) + tPel(z,(,T) + 

ße = ßeo{z) + eßel(z,C,T) + 

Pb = Pbo + epbi(z,C,T) + --- 

ßb = ßbo + eßbi(z,t,T) + --- 

ne - ne0(z) + €nel(zX,r) + 

rib = nb0 + enbi(zX,r)-\  

E = E0(Z) + €E1(Z,<:,T) + - 

In (3) pi,o,ßo,nbo are the constants connected with 
the initialy rigid electron bunch and differs from zero, 
when 0 < z = z — ß0t < d. The func- 
tions pe0(z),ße0(z),ne0(z),Eo(z) are the solutions of 
the steady state (stationary) problem,and are obtained 
in [l],[3],[5].Derivatives in (2),according to the multiple 
scales method are given by 

(4) 

Decompositions (3) correspond to the above mentioned 
main assumption,which,as it was seen,is valid for the ultra- 
relativistic bunch. 

The following steps are evident- decomposition of the 
eqs. (2),using (3) provides the sequence of the guasilinear 
equations,describing the steady state regime as a zero ap- 
proximation and in the next approximations-theback influ- 
ence of the generated electric field on initialy rigid electron 
bunch and on wake wave itself. 

3    SOME RESULTS 

1.  The change of the bunch electron momenta (in usual 
units) arise in the first approximation and is 

d d     d d       d        d 
dt ~ dz       dr dz     dz      d( 

Pbl -eE0(z)tjl/2 
(5) 

i.e. bunch electrons traversing underdense plasma deceler- 
ate (Eo(z) > 0); in the bunch traversing overdense plasma 
electrons from the head part of the bunch decelerated, elec- 
trons from the rear part-accelerated (E0(z) < 0). Hence the 
bunch traversing overdense plasma contracted around the 
point ZQ = d — | (A - plasma nonlinear wave length), and 
bunch traversing underdense plasma-expands. The front of 
the bunch moves with the velocity vo in lab system. The 
end of the bunch do, which initialy (t = 0) was at z = 0 in 
overdense plasma case (contraction) for t > 0 is 

Mt) = -£sE(0) - £jE2(0) + ^E3(0) + • • • (6) 
z7o z7o z7o 

i.e. the change of the bunch length is by the order of mag- 
nitude ~ 7^"3 

2. Only forth order corrections to plasma electrons mo- 
menta, plasma electron density and electric field are differ 
from zero and are proportional to JQ

2
. It means that rigid 

bunch approximation for plasma wake wave characteristics 
is valid for ultrarelativistic case up to terms proportional to 
JQ

2
 for the time interval / < W~17Q'2. 

3. The large enough accelerating fields can be obtained 
in combined bunch, which consists from the first part with 
charge density nf' > l/2n0 (underdense regime) and sec- 

ond part with charge density rv2' <C l/2no (overdense 
regime). Then first bunch generates large (but decelerating) 
electric field, second bunch invert the sign of this field on 
the back side of the bunch, and self acceleration of electrons 
from rear side of the bunch can take place, with acceleration 

1/2 gradient G ~ y0' . 
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GENERATOR-INVERTOR-DAMPER SYSTEM OF ELECTRON 
(POSITRON) BUNCHES MOVING IN COLD PLASMA. 

A.Ts. Amatuni, S.G. Arutunian, M.R. Mailian 
Yerevan Physics Institute, Alikhanian Brothers' St. 2, Yerevan 375036, Republic of Armenia 

Abstract 

It is shown that high accelerating gradient can be obtained 
in a specially constructed system of electron (positron) 
bunches, moving in cold plasma with definite density. 
These combined bunch systems do not generate the wake 
fields behind and can pass through the plasma column in a 
periodic sequence. The consideration is carried out numer- 
icaly and analyticaly in one dimensional approach, (which 
can be applied to finite system when its transverse dimen- 
sions are larger than plasma wave length). The possibilities 
of the experimental tests by measuring the predicted energy 
gain are discussed on the examples of Argonne Wakefield 
Accelerator and induction linac with typical parameters. 

1    INTRODUCTION 

In the work [1], which is based on the previous results [2] 
used as a zero order approximation, nonlinear dynamics 
of the one-dimensional non rigid ultrarelativistic bunch of 
electrons, moving in the cold plasma, is considered by mul- 
tiple scales perturbative approach. Square root of the in- 
verse Lorentz factor of the bunch electrons is taken as a 
small parameter. 

In the first approximation of multiple scales method, the 
change of the momentum of the bunch electrons is given by 
&pb = -eEt, where t is a acceleration (deceleration) time 
interval which, due to applicability of the multiple scales 
method, is t < u~ 1y1/2. 

The essential restriction on the acceleration rate in the 
considered cases comes from the steady state assumption, 
adopted in [1]. If plasma electrons momenta in the wake 
field behind the first dense relativistic bunch, exciedes 
same critical value, allowed by steady state assumption, the 
plasma electron density behind the bunch turn out to be neg- 
ative, which probably means that wake wave breaking limit 
is achieved. Restriction on the plasma electrons momenta 
inside the bunch automatically restricts the maximum value 
of the generated electric field. 

In the present work the proper combination of the (e*) 
bunches is proposed, which is constructed in such a way, 
that it does not generate the wake fields behind the com- 
bined bunch at all. The plasma electrons momenta, inside 
the combined bunch being negative, remains in the allowed 
domain and their maximum value is restricted only by the 
total momentum conservation low. The maximum of the 
subsequent electric field then also can be large enough. 

The combined bunch in the considered case consists (at 
least) of three parts:first one is a relativistic negative parti- 
cles bunch, with density n^ > §n0, which generates in- 
side the bunch strong electric field, which brakes the bunch 

particles (generator). The second bunch is a low density 
bunch nf^ < |n0 (it can be negative or positive particles 
bunch), which inverts (invertor) the sign of the electric field 
generated by the first bunch. The third bunch (dumper) with 
the parameters, which can coincide with that of the first one, 
provided on its rear part the zero values of electric field and 
plasma electrons momenta, coincided with the same values 
on the front of the first bunch. It means that plasma behind 
the system of bunches remains unperturbed and no wake 
field is generated. 

Acceleration of the particles of the rear part of the sec- 
ond and of the third bunches, where electric field is nega- 
tive, will take place. The goal of the following calculations 
is to estimate the maximum possible values of the acceler- 
ation parameter. 

2   PHASE PLANE IMAGES OF THE COMBINED 
BUNCHES. 

Consider a plane rigid electron bunch with the infinite trans- 
verse dimensions and length [0, d] along the z-axis. Veloc- 
ity of the bunch in the lab system is vz = v0 (ß = ^), 
plasma is cold with the immobile ions. The charge den- 
sity of the plasma electrons is njjthe case, when rn > \rio 
called underdense regime, nj < ^no-overdense regime. 

Equation of plasma electrons motion can be written in 
steady state approximation as: 

E=-^ = -&,*=T/TT7e-ßPe CD 
dz 

and continuity equation for plasma electrons and Coulomb 
law give the equation for $: 

$"-/?72$($2-7"2)"1/2 = a-T2 (2) 

Eq. (2) has an "energy" integral 

S = I$'2 + T2[$ _ £($2 _ T-2)i/2] _ a$      (3) 

where a = nj/no. and dimensionless arguments and func- 
tions are introduced: 

,               .                2      47re2n0   ,        wp 
t =upt,z = kpz,Lj   =  ,kp = —, 

E=H^LE\n 
ne rib Pez 

no n0' 

ß 
vo ,ße = ?!L,7 = (l-ß*)-V\z = z'-ßt' 

(in what follows the prime is ommited) 
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The integral (3) allowed to interpret equations (1-3) as 
equations for the point with unit mass with the "coordi- 
nate" $ and "velocity" $' moving in the potential U  = 

$ - ß ($2 - 7~2) 1/2 
a$. The negative values 

of a = ^ correspond to the bunch of positive charged 
particles, positive a corresponds to the bunch of negative 
charged particles. For a<0,7_1<<3><l and <£ > lfor 
a > 0. Boundary conditions, when z = d, are $ = 1 and 
$' = 0. For a < 0 the motion is always periodic, it is also 
periodic for 0 < a < 1/2, and non periodic for a > 1/2 
[2]. 

Phase plane trajectories can serve to construct the phase 
portraits of the combined bunches, moving in cold plasma. 
In the case, when wake field is absent, it must be represented 
by a closed loop, starts (and accomplished) from the bound- 
ary condition $ = 1, $' = 0 on the phase plane. An ex- 
ample of such a loop is presented on Fig. 1. The loop on 
Fig. 1 starts from the point 0 : $ = 1,$' = 0 (pe = 
0, ve — 0, E = 0, when z = d) and the curve OA repre- 
sents the motion of the bunch of negative charged particles 
(generator) a^1) = 10, when at the rear side of the bunch 
very strong positive electric field #0 = —$' can be gen- 
erated. Taking this point as a new boundary conditions for 
the second bunch of positive charged particles (invertor), 
the trajectory is turned to the point B, where electric field 
is zero and then to the point A' where the field — E0 is ob- 
tained. From point A' to the point 0 the trajectory described 
the motion of the third bunch of the negatively charged par- 
ticles (damper) on the rear side of which the initial boundary 
conditions exist. It means that no wake field excites and the 
plasma behind the third bunch remains unperturbed. As a 
consequence, the above mentioned restriction on the value 
of the field E0, which arouse from the condition of the sta- 
bility of the wake field, is removed.    This is not only the 

A      N. 
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Figure 1: 
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Figure 2: 

description of the zero order approximation in the multi- 
ple scales approach, but also open the possibility to repeat 
more than once the procedure, sending the next combined 
bunches into the unperturbed by previous bunches plasma. 

The Lorentz factor of all three bunches in the presented 
case is, of course, the same 7 = 100, and 

«(') = 
n0 

-10,a(8) = o(1) 
n(3) 

^- = 10. 
n0 

The total length of the positron bunch is 28.57^ and 
lengths of the first and third electron bunches are ~ 
I5.775J each. 

On Fig. 2 the potential $, electric field E = -|f and 
ratio sa as functions of z are presented. It is evident that 
positrons of the first part of the second bunch, where E > 0, 
can be accelerated as well as all electrons of the third bunch 
{E < 0). The similar picture may be obtained by construc- 
tion of the combination of three bunches with negatively 
charged particles (electrons). The role of the bunch-invertor 
may play also the plasma itself (n^ = 0). The charge dis- 
tribution inside the bunches can be nonuniform. 

3   ANALYTICAL APPROACH. PROPOSED 
EXPERIMENTAL TEST 

In this section the results of the exact analytical solutions 
of eq. (2) for the combined bunch with the uniform charge 
distributions inside the constituting bunches are presented. 

The possible largest plasma electron momenta inside the 
first bunch in the considered case differs from that found in 
by wake wave breaking limit [2] and can be estimated from 
momentum conservation (see also [1]), 

41 W1} > /    pe(z)ne(z)dz : 
Jo 

n0\po\di 
(4) 
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For the estimate in (4) the expression for ne, approxi- 
mated by linear one in interval from ne = no at pe = 0 
up to the value ne = ^ for large pe [2]. 

From (4), 1 < \p0\ < 4n(
6
1)7, and corresponding electric 

field from is \E0\ = 2 (n^)1'2 \p0\^ < 4ni1)
7

1/2 

As it was shown in [1] the change of the bunch electron 
momenta Ap, in the first approximation in ordinary units is 

n(1) 

Apt, = eE0t < 4-^—mcy 
-     n0 

. The accelerating gradient is 

cApb 

4n£ 
n0 

Pb]    <<w    T 1-/1/2 

(5) 

G = 
el 

— (6) 

The lengths of the first and third electron bunches are: 

di=d3 < ^TI/2 (iP\ 
TT \ no j 

_ 2TTC 
An — ; 

The length of the second electron bunch is 

(2) n\' <C n0 < n\ 

The length of the second positron bunch is: 

(i) 

dP < lAi7l/2! 

7T 

.(2) (1) 
*2 -^ y = n\' > n0; 

1/2 The lengths of bunches, increases as ~ jL/z, so it seems 
that the bunches must be from high current accelerators 
with the energies up to tens of Mev. Even at these energies 
maximal acceleration gradient is high enough, it can exceed 
the acceleration gradient of the ordinary linacs by a several 
orders of magnitude. 

Consider the experimental possibilities of proof-of- 
principle experiment on existing accelerators. It seems 
that Argonne Wakefield Accelerators (AWA) [3], which 
accelerates very dense bunches, is suitable for above 
mentioned propose. 

For the existing experimental parameters of AWA:di = 

0,5cm, d2 = 25cm, total charge of bunch 70nC, ny' = 
1.4 • 1014cm-3 results of the numerical calculations, are 
shown on Fig. 3. The role of bunch-invertor plays the 
plasma column, with density n0 as a free parameter, which 
was been chosen from the necessity to invert the field, pro- 
duced by the first bunch, in such a way, that the succe- 
sive bunch, with the same parameters as the first one, mov- 
ing at fixed (by RF-frequency) distance from the first one, 
d2 = 23cm, will be able to dump the field to zero. The 
sought density of plasma n0 was found equal to no « 1.17 • 
1013cm-3,Ap = 0.973cm, nb/n0 = 11.95. Then the 
maximum value of the accelerated electric field is equal to 
Emax » lOOMVycm, and E < 0 on the rear part of the 

second (third) bunch. So about the half of the electrons of 
the second (third) bunch, as it can be seen from Fig. 3, can 
be accelerated during the time t ~ w"^1/2 up to energy 
£j  tu 70MeV. Plasma remains practically unperturbed 

,S\ 
/ ' 

njn» X 1 :                       : l •                       i 

/ V 

Figure 3: 

after the passage of the first and the second bunches, so 
it is possible to inject the next couple of the bunches and 
also obtain acceleration, again leaving the plasma behind 
the bunches in practically unperturbed state and so on. In 
the considered case of AWA the diameter of the bunch is 
D = 0.1cm < ^- = ^ = 0.15cm, so for the existing pa- 

rameters of AWA predictions of 1-D nonlinear theory can 
be valid [4] 

Another possibility to check the predicted effect is based 
on the use of induction linacs with the typical parameters. 
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PERFORMANCE OF THE ADVANCED PHOTON SOURCE 
Glenn Decker 

Advanced Photon Source, Argonne National Laboratory 
9700 South Cass Avenue, Argonne, Illinois 60439 USA 

Abstract 

The Advanced Photon Source (APS) positron storage 
ring is a 100-mA, 7-GeV, third-generation x-ray synchro- 
tron radiation source which began operation in March 
1995. Since that time, significant progress on beamline 
construction and commissioning has taken place, with 
many of the x-ray user beamlines in operation. Opera- 
tional design goals which have been met or exceeded 
include < 8.2-nm-rad emittance, > 10-hour lifetime, > 90% 
availability, > 100-mA average current, > 5-mA single- 
bunch current, < 10% uncorrected coupling, 8-mm full 
vertical apertures for insertion devices, and ultra-stable 
orbit (< 4.5 \im rms vertically, 17 urn horizontally). 
Progress beyond these design goals and a report on devel- 
opment plans, including top-up operation (injection with 
x-ray beamline shutters open), are presented. 

1 INTRODUCTION 

The APS storage ring achieved first stored beam with 
extracted light on March 26, 1995 and was formally dedi- 
cated on May 1, 1996. The ring was officially declared 
operational for user beam by the Department of Energy on 
August 8, 1996. Ten insertion device (ID) and six bending 
magnet (BM) beamlines are now operational with six addi- 
tional beamlines undergoing commissioning. Eighteen of 
the planned twenty-one insertion devices are now in place. 
Table 1 lists the relevant APS storage ring characteristics. 
The APS storage ring lattice, shown in Figure 1, is a dou- 
ble bend achromat Chasman-Green design. 

Table 1: APS Storage Ring Characteristics 

Energy (GeV) TO 

Number of superperiods 40 
Circumference (m) 1104 

Harmonic number 1296 
RF frequency (MHz) 351.93 
Critical energy (keV) 19.5 
Energy loss/turn (MeV) 6.9 
Vertical full aperture (mm) 8 
Horizontal tune 35.2 
Vertical tune 14.3 
Synchrotron tune 0.0072 
Horiz. beam size at insertion device 325 

source point (\im rms ) 
Vertical beam size at insertion device 86 

source point ((im rms ) 

Straight sections available for IDs 35 

Straight Section Length for IDs (m) 5.2 

o. .. 

1D*T), 

10 15 20 25 

S(m) 

Figure 1: Lattice drawing for the APS storage ring. 

2 PERFORMANCE SUMMARY 

Table 2 contains APS performance parameters, indi- 
cating both design values and best performance to date. 

Table 2: Summary of APS Storage Ring Performance 

Design Achieved 

Total current (mA) 100 164 
Single bunch current (mA) 5 18.1 
Stored beam lifetime (Hr) >10 >30 
Emittance (nm-rad) 8.2 7.610.8 
Horiz. - vert, coupling <10% <3% 
Natural bunch length (ps rms) 17.6 <29 
Bunch length @5 mA (ps rms) 52 52 
Vertical beam stability <4.5 <4.0 
((im rms 1-50 Hz) 
Horizontal beam stability <17. <17. 
((im rms 1-50 Hz) 
User x-ray beam availability >90% 87% 
Avg. vacuum at 100 mA (nT) < 1.0 0.8 

3 OPERATIONS 

Regular user runs began in late 1995. Since that time, 
operation has normally consisted of 3-week user runs 
interleaved with 3-week-long maintenance periods used 
mostly for completion of beamline front-end hardware. 
With the imminent completion of in-tunnel hardware, the 
relative proportion of user time to maintenance is expected 
to increase. Shown in Table 3 are availability data for the 
last six operational periods. At the APS availability does 
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not include injection and orbit correction time at the begin- 
ning of each fill. 

Table 3: APS Operations Statistics 

Run 
Number 

Scheduled 
User Time 

(Hours) 

X-ray 
Availability 

Amp- 
Hours 

96-5 250.0 65.9% 12.7 

96-6a 255.3 69.1% 14.2 

96-6b 268.6 83.2% 16.9 

96-7 250.0 58.8% 8.6 

97-1 342.9 74.0% 18.8 

97-2 236.7 79.7% 15.1 

The availability over the course of a run has been 
observed in general to increase with time, so that the sec- 
ond half of a 3-week run contains significantly fewer 
unplanned beam dump events. This result is perhaps to be 
expected and provides an argument for longer runs, which 
will be pursued following completion of front-end installa- 
tion work. Also, it should be noted that the "best" avail- 
ability quoted in Table 2 is for the second half of run 97-2, 
in comparison to Table 3 which gives the run averages. 
The largest contributor to unplanned beam dumps in 1997 
have been rf system interlock trips, and efforts are focus- 
ing on this area in particular, with reliability and availabil- 
ity budgets defined in general for all hardware systems. 

4 BEAM CURRENT AND LIFETIME 

Operationally, the storage ring is filled to just over 100 
mA on a routine basis. While the accelerator components 
are generally designed from an engineering standpoint to 
withstand up to 300 mA, the ID front-end photon shutters 
presently limit operation to 100 mA. Because the insertion 
device gaps can be closed to 10.5 mm, the APS undulator 
A, for example, is capable of generating a peak heat flux in 
excess of 150 W/mm2, 30 meters from the source point. 
Further engineering upgrades are under consideration to 
facilitate operation above 100 mA. 

During a studies period in July 1996, a maximum 164 
mA was stored in the storage ring with insertion device 
gaps open. The limitation was essentially due to the fact 
that only three of the four 4-cavity rf stations were opera- 
tional at the time. Poor vacuum was evidenced near pulsed 
magnet ceramic vacuum chambers, which has since been 
traced to a poor conductive interior coating that resulted in 
heating in the presence of large peak current [1]. These 
chambers have since been replaced. During the same time 
frame, a single-bunch current of 18.1 mA was achieved, 
making use of large positive chromaticity. These studies 
were performed using electrons. During the maintenance 
period which followed, the facility was changed over to 
positrons, with no impact on operation; however, these 
efforts have not been repeated since that time due to 
increased focus on reliability and beam stability work. 

The APS injector supplies single bunches to the stor- 
age ring at 7 GeV. Given the large harmonic number, a 
large variety of fill patterns is possible, with an associated 
variation in beam lifetime. As few as 42 bunches provide 
lifetime in excess of the 10 hour/100 mA design goal, but 
this can be increased by more than a factor of three by 
going to a 206-bunch fill pattern. Due to the small emit- 
tance, the machine is Touschek limited for bunch currents 
in excess of about 1 mA, below which the Touschek life- 
time becomes comparable with the gas scattering life- 
time. The Touschek effect becomes even stronger when 
considering a reduction in the vertical/horizontal coupling; 
the ring typically runs uncorrected, with coupling in the 3 
to 4% range. 

The limitation on gas scattering lifetime comes from 
ring vacuum, specified to be less than 1 nTorr at 100 mA. 
As can be seen from the average ring ion gauge data shown 
in Figure 2, the ring has cleaned up nicely in the past year 
from natural photodesorption [2]. 

September 1996 

^*>^k ■ 

"■:#■' -'■■' 

■ 

Figure 2: Vacuum vs. beam current and time. 

5 EMITTANCE 

In early 1996, the first comprehensive study of emit- 
tance using insertion device light was conducted on beam- 
line 1-ID [3]. Measurements of beam size and angular 
divergence resulted in a horizontal emittance value of 7.6 ± 
0.8 nm-rad, consistent with the design value of 8.2 nm-rad 
total emittance and 3% coupling. 

Dedicated x-ray imaging capability for the purpose of 
particle beam diagnostics is available via an x-ray pinhole 
camera on beamline 35-BM, and is used during operations, 
with beam size and position process variables logged rou- 
tinely. This system presently has 1:1 magnification and 60 
micron (H) by 40 micron (V) resolutions, with a beamline 
extension planned to increase magnification by a factor of 
four. This beamline additionally provides information on 
beam energy spread due to dispersion at the source point. 

A high-resolution imaging station received first light 
in March of 1997 on beamline 35-ID and is also dedicated 
to particle beam diagnostics. A special-purpose undulator 
with 198 periods of 1.8-cm length has a radiation cone 
angle of only 2.6 [irad in the fundamental, which is less 
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than the positron beam divergences. Initial divergence 
measurements (ax- = 21 |xrad and ay- = 4.9 ^irad) per- 
formed at 65 mA stored beam current in May 1997 indi- 
cate a vertical coupling of 3.7 ± 0.4% and an emittance of 
6.6 ± 0.6 nm-rad (using the theoretical ßx, ßy in the 
straight; see Table 4 in Ref. 4). 

6 BUNCH LENGTH 

Associated with the beamline 35-BM is a split ultravi- 
olet/visible light pick-off mirror and optical transport line 
which can be used both for low-resolution imaging and 
streak camera bunch-length measurements [5]. In addition 
to bunch lengthening (Fig. 3), this diagnostic has been 
used to observe the head-tail instability under reduced 
chromaticity conditions. Analysis of longitudinal loss fac- 
tor and transverse impedance can be found in Ref. 6. 

5 10 15 20 
Stored   Beam   Current   (mA) 

Figure 3: Bunch length vs. current, single bunch. 

7 ORBIT STABILITY AND CONTROL 

The specification for orbit stability at the APS is that 
the beam's rms centroid motion should not exceed 5% of 
its size at beamline source points. For insertion devices, 
this amounts to 4.5 microns rms vertically and 17 microns 
rms horizontally in position, and 0.45 microradians rms 
vertically and 1.2 microradians rms horizontally in angle. 

It should be noted that the design 10% coupling is 
used in deriving these stability criteria. Even though it is 
possible to reduce the vertical beam size significantly by 
decoupling the machine, full advantage of the resultant 
increase in brightness cannot be realized until submicron 
beam stability can be achieved. Additionally, the reduced 
Touschek lifetime becomes another limitation on small 
coupling operation. 

It should also be noted that the above stability criteria 
have been stated without reference to frequency band- 
width. Typically the band of interest to x-ray users extends 
from very low frequency, i.e., daily variations, up to about 
10 Hz, depending on the type of experiment being per- 
formed. For many experiments, motions faster than this 
mimic an increased emittance with associated reduced x- 
ray flux. 

Beam position is measured at 360 stations around the 
ring circumference using capacitive pickup electrodes. 

Turn-by-turn position information is collected using 
amplitude-to-phase conversion rf receivers at each sta- 
tion. Hardware and software averaging is used to obtain 
submicron resolution readbacks. Orbit correction is 
effected using up to 317 combined-function horizontal/ 
vertical steering corrector magnets. Of these, 38 have thin 
wall chambers in their bore, providing correction band- 
width capability above 100 Hz. 

Orbit correction software uses a severely under-con- 
strained singular value decomposition (SVD) algorithm, 
using 40 of 317 possible correctors [7, 8], but a maximum 
number of beam position monitors (BPMs). A unique "de- 
spiking" algorithm is used, which replaces BPM readbacks 
having unphysical offset shifts by the average of neighbor- 
ing units. The effect of this is that the algorithm focuses 
on long spatial wavelength (i.e., physical) orbit motions, 
ignoring to a large extent the unit-to-unit systematic errors 
in the BPM electronics. Corrections are written to the cor- 
rector magnets every 5 to 10 seconds. Local beamline 
steering is generally performed at user request only. 

A major difficulty in assessing long-term orbit stabil- 
ity is the absence of an absolute reference. At the APS, the 
most accurately believed beam position measurement is 
derived from x-ray beam position monitors located at 
bending magnet beamline front ends, which are sensitive 
to vertical beam motions. At the 5-micron scale, the long- 
term (several hour) beam motion characteristics as seen by 
the x-ray monitors have significant variations compared to 
the rf beam position monitors. Intensity-dependent offsets 
in the rf electronics are typically of order 20 microns over 
a 10-hour fill. Even after compensating for this, examples 
of what appears to be real beam motion on the rf BPMs at 
bending magnet source points are not seen on the x-ray 
monitors. A 7-micron peak-to-peak half-hour period 
motion read back on the rf BPMs in sector 1 that is corre- 
lated with air temperature variations is not present on 
either of the bending magnet x-ray BPMs in that sector. 
One possible explanation is that the vacuum chamber is 
moving locally in response to tunnel temperature changes, 
but the correction algorithm is insensitive to this owing to 
the great statistical advantage of using large numbers of 
BPMs to correct only long spatial wavelength motions. 
The x-ray BPMs are mounted on specially designed ther- 
mally isolated and vibration damped supports, whereas the 
rf pick-up electrodes are mounted on chambers supported 
from the magnet girders but mechanically isolated from 
the magnets themselves. Determining the systematics 
associated with both the rf and x-ray beam position moni- 
tors at the few-micron scale is a major effort in the coming 
year. 

In addition to the "slow" software orbit feedback, a 
real-time closed orbit feedback system is being commis- 
sioned during studies periods and will be released for user 
operation sometime this summer [9]. This system has 
access to 320 of the 360 beam position monitors and 
makes use of the 38 high-bandwidth correction magnets in 
its global implementation, writing to them at a 1-kHz rate. 
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A summary of the status of APS orbit stability, over 
nearly ten decades of frequency, from 3 x 10" Hz to 135 
kHz, is shown in Figs. 4 and 5. Displayed is the power 
spectral density averaged over 40 beam position monitors 
located at insertion device source points. The effect of the 
real-time closed orbit feedback system is clearly shown. 
The slow orbit feedback and BPM offset compensation 
was active for all of the data sets shown and is responsible 
for the spectral lines located near 0.1 Hz. 
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Figure 4: Horizontal spectrum with and without feedback. 

Also visible in Fig. 4 are spectral lines at 5.5 x 10" Hz 
(air temperature variations), 25, 50, and 100 Hz (traced to 
a malfunctioning quadrupole power supply, since 
repaired), and approximately 1.7 kHz, the synchrotron 
tune. Lines at 20, 40, and 60 kHz are associated with the 
pulse-width-modulated power supplies used on nearly all 
storage ring magnets. Similarly, in Fig. 5 can be seen the 2 
Hz injector repetition rate in addition to the 5.5 x 10" Hz 
line. 
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Figure 5: Vertical spectrum with and without feedback. 

As stated in Table 2, the orbit stability specifications 
are met without correction in the band from 1 to 50 Hz. 
Unfortunately, a very significant contribution to beam 
motion lies outside this band. The real-time feedback sys- 
tem, when configured to correct dynamic effects only, 
eliminates the horizontal broadband peak between 0.1 and 
10 Hz, extending the band where specification is met down 
to 10 mHz on the low end. The slow feedback system 
allows stability criteria to be met at frequencies below this. 

In addition to improving orbit stability, the fast feed- 
back system provides an extremely powerful tool for iden- 
tifying noise sources. By analyzing spectra of the 
setpoints being written to correction elements, it is in prin- 
ciple possible to localize noise sources to within the spac- 
ing of the correctors or better. This type of analysis has 
occurred before using off-line techniques, and in fact was 
used to locate a sextupole power supply which was oscil- 
lating at 6.5 Hz using EPICS for real-time data acquisition. 
The possibility of performing this type of analysis in real 
time up to 500 Hz, and perhaps even generating an alarm 
when a noise source arises, is an exciting prospect indeed. 
Early indications are that this will be realizable. 

The unique requirements of a synchrotron light 
source, in particular the extreme emphasis on orbit stabil- 
ity and control, has made possible some unique observa- 
tions. Shown in Figure 6 is a plot of horizontal beam 
position averaged over the 40 high dispersion points 
around the ring. A 25-micron peak-to-peak diurnal varia- 
tion is clearly seen. This effect was first observed at LEP 
[10] using polarimeter-based beam energy measurements, 
and is in fact a geometric effect associated with earth tides. 
Owing to the small momentum compaction and tight mea- 
surement resolution at APS, one can directly observe vari- 
ations in the ring's orbit circumference resulting from 
astronomical phenomena. 

Horizontal  Position Averaged  at High  Dispersion  Locations 
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Figure 6: Data showing diurnal ring circumference 
change. 
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8 STORAGE RING DEVELOPMENT PLANS 

Primary areas where improvements or upgrades are 
planned in the near future at APS are reliability and avail- 
ability, orbit stability, and top-up operation. Reliability is 
a measure of the probability that the ring will be available 
for a specified time after a user walks in the door and is 
typically measured in terms of the mean time to an 
unscheduled beam dump. Availability, on the other hand, 
is simply the ratio of actual up time to scheduled up time. 
Both hardware and software upgrades are underway to 
improve both availability and reliability. Improved elec- 
tronics cooling, re-design of key machine protection sys- 
tem interlock components, and an rf waveguide switching 
upgrade [11, 12, 13] are underway on the hardware front, 
and more sophisticated software alarming and improved 
software procedures [14] are rapidly becoming available. 

Improvements in beam stability are similarly tied to 
both hardware and software upgrades. The insertion 
device vacuum chambers have integral to their design two 
dedicated sets of increased-sensitivity capacitive pick-up 
electrodes at each end. When these chambers were 
installed, electronics from neighboring stations were sim- 
ply relocated to the insertion device pickups. An ongoing 
upgrade is the procurement of narrow-band switched- 
receiver electronics [15] for the insertion devices and the 
relocation of electronics back to their original configura- 
tion. While they have nowhere near the bandwidth of the 
existing electronics as exhibited in Figures 4 and 5, the 
new receivers should facilitate greatly enhanced long-term 
stability characteristics at the ID source points. These new 
electronics will be tied to the real-time orbit feedback sys- 
tem. The software for both real-time and long-term orbit 
correction is continuously being evaluated for improved 
characteristics. When submicron beam stability is 
achieved, a subsequent increase in brightness through lat- 
tice modifications and reduced coupling will follow. 

Given that the APS has its own dedicated on-energy 
injector, one special operating mode being actively investi- 
gated is called "top-up." This can be simply understood as 
injection with user x-ray shutters open, for the purpose of 
regulating stored beam current. This user beam mode has 
the advantage of alleviating beam-intensity-related sys- 
tematic errors affecting user experiments. Using existing 
hardware, it appears feasible to regulate stored beam down 
to the 0.1% level (i.e., 0.1 mA out of 100 mA total). 
Improvements in the injector portion of the facility, injec- 
tion efficiency in general, and beam diagnostics should 
make it possible to push this to the 0.01% level. 

A key safety element necessary for top-up is a modifi- 
cation to the ring access control interlock system used for 
personnel safety. The worst-case scenario occurs if a stor- 
age ring main dipole magnet were to short out during 
injection with shutters open. This could conceivably direct 
the injected charged particle beam down a user beamline. 
If, however, one insists on the presence of stored beam 
prior to enabling injection in top-up mode, it can be shown 

that it is impossible for this failure scenario to occur. A 
reliable top-up beam current monitor for inclusion in this 
logic is under development. 

To gauge the effects of injection beam losses during 
top-up operation, radiation measurements have been per- 
formed on the experiment hall floor while missteering the 
beam to scrape on the 8-mm-aperture insertion device 
chambers with safety shutters both open and closed. Pre- 
liminary results look promising. 

9 CONCLUSIONS 

In its first year of operation, the Advanced Photon 
Source has met all of its design performance goals and is 
well on the way to providing reliable, ultra-stable beam for 
its user community. Planned upgrades in brightness, 
including top-up operation, together with improvements in 
beam stabilization and injection efficiency will provide 
state-of-the-art x-ray beams into the next century. 
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IMPROVING AND EXTENDING PERFORMANCE AT 
SYNCHROTRON RADIATION FACILITIES * 

A. Jackson, Advanced Light Source Center, E. O. Lawrence Berkeley National Laboratory 
University of California, Berkeley, CA 94720 USA 

Abstract 

Synchrotron radiation facilities around the world have 
now matured through three generations. The latest 
facilities have all met or exceeded their design 
specifications and are learning how to cope with the ever 
more demanding requests of the user community, 
especially concerning beam stability. The older facilities 
remain competitive by extending the unique features of 
their design, and by developing novel insertion devices. In 
this paper we survey the beam characteristics achieved at 
third-generation sources and explore the improvements 
made at earlier generation facilities. 

I. INTRODUCTION 

Dedicated synchrotron radiation user facilities have 
been part of the global research landscape for more than 
thirty years. Some of the more venerable ones, like SSRL 
in the USA. the SRS in the UK, HASYLAB in Germany, 
and the Photon Factory in Japan (to name but a few), 
continue to produce forefront scientific results. In order to 
maintain their competitiveness, most of the older facilities 
have graduated through a series of upgrades; for example, 
by increasing beam energy ranges and current capabilities, 
reducing beam emittances, incorporating novel insertion 
devices, and so on. The more recent facilities based on the 
so-called third-generation light sources face different 
challenges. The expectations of these machines were 
initially downgraded from their linear-model design values 
because of uncertainties related to intra-beam scattering, 
momentum acceptance, single- and multi-bunch 
instabilities, and dynamic aperture. However, the new 
machines soon attained beam parameters that are very 
close to the linear-model predictions. Users quickly learned 
to utilize the higher brightness photon beams, and now 
beam stability, on the scale of microns, over time scales 
from milli-seconds to many hours, are being demanded - 
and met. 

The content of this paper is compiled from 
information provided to the author from existing facilities. 
I have attempted to be faithful to that information, and 
apologize for any discrepancies that may have crept in 
through poor interpretation or (more likely) insufficient 
research on my part. 

*This work was supported by the Director, Office of 
Energy Research, Office of Basic Energy Sciences, 
Material Sciences Division, U.S. Department of Energy, 
under Contract No. De-AC03-76SF00098. 

II. THREE GENERATIONS OF 
SYNCHROTRON LIGHT SOURCES 

Synchrotron light sources have been arbitrarily divided 
into three generations. The first is meant to describe 
facilities that were parasitic on machines that were built 
for a different purpose - high energy physics (HEP). 
Examples of such facilities are Tantalus (Wisconsin, 
U.S.A.), and DCI (Paris, France). "Second-generation" 
describes accelerators that were purpose-built as dedicated 
synchrotron radiation facilities, such as the SRS 
(Daresbury, UK), and the Photon Factory (Tsukuba, 
Japan). The third-generation sources are also dedicated 
facilities, but designed to give orders of magnitude more 
photon beam brightness by taking advantage of the 
development of long undulators. Requirements of these 
machines include long straight sections, typically 6 m or 
more between magnets, and low emittance beams, 
typically less than 10 nm-rad. 

Unfortunately, many machines do not fit nicely into 
these categories! For example, SSRL (Stanford, USA), is 
based on the SPEAR storage ring, which was built as a 
colliding beam facility for HEP, placing it squarely into 
the first generation. However, SSRL developed into a 
dedicated facility, SPEAR has some very long straight 
sections, and SSRL has pioneered the utilization of 
wigglers and undulators, which surely raises it's "status" 
to at least second generation. Similarly, Super-ACO 
(Paris, France), and NSLS (Brookhaven, U.S.A.), have 
many undulator beamlines, albeit from somewhat shorter 
straight sections, utilizing beams with emittances 
somewhat larger than those defined above! So where do 
they fit? We will not pursue this question further. 
Arbitrarily, we will call the "new" facilities those that 
include the ESRF (Grenoble, France), and the other "third- 
generation" designed sources that were built thereafter - all 
others are "older". 

m. PERFORMANCE AT THE OLDER 
FACILITIES 

Almost all the older facilities have upgraded their 
capabilities since they were first commissioned. Those 
described below should be regarded as representative, since 
it is impossible, in a paper of this length, to list all the 
improvements that have been made to all the facilities 
throughout the world. 

(a) Stanford Synchrotron Radiation Laboratory 
(SSRL) is a dedicated facility based on the former e+e" 
colliding beam storage ring SPEAR. This facility has 
gone through several upgrades: First the lattice was 
changed to eliminate the collision optics (mini-ßy), used in 
the HEP program, and to reduce the natural emittance from 
0.47 (im-rad (at 3.0 GeV) to 0.13 nm-rad [1]. In the 
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process, the chromaticity correction scheme was modified 
to give a larger dynamic aperture. An associated benefit to 
eliminating the mini-ß sections was a significant reduction 
in quadrupole strengths in the straight sections which, in 
turn, led to a reduction in a diurnal variation in the global 
closed-orbit. The closed-orbit stability has been improved 
further (by a factor of = 5) by a global feedback system 
that operates in both planes, and a local system that 
operates for particular beamlines in the vertical plane. The 
net result is an orbit stability of around 100 |J,m 
(horizontal) by 80 |im (vertically). The facility has built a 
dedicated injection system (linac and booster synchrotron), 
so that SSRL operations are essentially independent of 
SLAC operations. Currently, SSRL operates with 2, 8- 
pole electromagnetic wigglers; 3 permanent magnet hybrid 
wigglers, and an elliptical polarizing undulator. Future 
upgrade plans include full energy (3 GeV) injection, and a 
major lattice rebuild to further reduce the emittance. 

(b) The Synchrotron Radiation Source (SRS) was the 
first of the purpose-built synchrotron radiation facilities 
for the utilization of x-rays. This facility was designed in 
1974, before the impact of undulators, and the requirement 
for low emittance, was recognized. In fact the "emittance" 
(at = 0.5 pm-rad at 2 GeV) is not even mentioned in the 
1975 design report - though it is implicitly included in 
the calculated beam sizes. The SRS was, and still is a 
generator of flux, rather than brightness. Soon after it's 
inauguration in 1981, a 5 T superconducting wiggler was 
added to the lattice that pushed the radiation spectrum to a 
critical energy of ~ 16 keV. This was soon followed by an 
undulator. In 1987 a lattice rebuild was instituted that 
doubled the periodicity of the FODO lattice structure, and 
reduced the emittance to 0.1 |xm-rad, significantly 
improving the performance of the undulator, and the flux 
that could be focused onto small samples, for example in 
protein crystallography experiments. Recently a second 
wiggler with a peak field of 6 T was added. Together, these 
three insertion devices service 15 user stations, for a total 
of 40. However, this is far from the end of the story. 
Despite having filled all the space around the 
circumference, the SRS has embarked on a scheme [2] to 
relocate accelerator components around the ring (including 
all four accelerating cavities) in order to free up space for 
two new multi-pole wigglers - each 1.2 m long, with 10 
poles, producing a maximum field of 2 T. This funded 
project extends the useful life of the SRS well into the 
next millennium! The Daresbury Laboratory also has a 
fully developed proposal, not yet funded, for a third- 
generation x-ray source called DIAMOND [3]. 

(c) Following closely on the heals of the SRS, came 
the Photon Factory (PF) which has parameters very 
similar to the SRS (energy = 2.5 GeV, emittance = 0.13 
|im-rad). Over the past 15 years the main upgrades to the 
facility have been in the development of undulators, with 
many novel concepts being designed, built, and 
implemented for users. Currently there are six insertion 
devices in the ring, one of which - "the revolver" - has 4 
separate undulators capable of serving one beam line, two 
that operate in either wiggler or undulator modes, and one 
that can provide elliptically polarized radiation. Right now 

the PF is in the middle of a long shut down for an 
extensive lattice refit that will push the beam emittance 
down to 27 nm-rad, and increase the photon brightness 
from it's many undulator sources by an order of magnitude 
[4]. Prior to this shutdown, the PF replaced two RF 
cavities with ones designed to damp higher-order cavity 
modes (See Figure 1). With these cavities in operation, no 
serious beam instabilities were observed during normal 
(400 mA) multi-bunch operation. So, on the last shift 
before the shut down, the current was pushed, without 
instability problems being observed, until the RF tripped 
on a reverse power interlock, at a current of 773 mA. The 
PF looks forward to bringing the accelerators back into 
operation for users sometime this autumn. 

Acceleration frequencyiUHz) 500.0 
Shunt imedance(MQ) 6.S 
Unloaded Q-value 39,000 

Onrfljr 

Fig. 1. HOM-Damped Cavity for the PF 

(d) A unique feature of the BESSY facility, in 
Berlin, is it's utilization by the Physikalisch-Technische 
Bundesanstalt (PTB) as a primary radiation source standard 
in the VUV and soft x-ray range of the electromagnetic 
spectrum. This requires a precise knowledge of many 
machine parameters, in particular the electron energy. To 
this end, the accelerator physicists at BESSY have 
developed and implemented two techniques for measuring 
the energy, one based on resonant depolarization, the other 
on Compton back-scattering of laser photons [5] (See 
Figure 2). The latter has been used to measure not only 
the beam energy (to an accuracy of = 1:104), but also the 
energy spread, and the momentum compaction factor. 

854.0 

853.0 

Fig. 2. Electron energy measured by resonant spin 
depolarization ( ) and by Compton back scattering 

704 



(e) The Aladdin facility, in Wisconsin, was 
originally conceived as an 800 MeV facility, but now 
operates for one-third of it's time; i.e., 8 hours/day, at 1 
GeV. The facility has 29 beamlines, including one 
undulator line. Six bend magnet beamlines are dedicated 
for x-ray lithography, a program that has seen tremendous 
growth at the facility, and one beamline to the emerging 
technology of micro-machining. In the immediate future, 
two new undulators and their beamlines will be 
commissioned, to be followed by a high resolution 
beamline being financed by Canadian institutions. An 
electromagnetic undulator has been built and is at the field 
mapping stage, to be installed at the end of the year. 
Active accelerator tuning, including quadrupoles and 
steering magnets, will be implemented with the new 
undulators, to maintain tune and orbit stability as the 
undulators are manipulated by the users. The global orbit 
feedback system currently in use maintains the closed-orbit 
to within ± 5 |im against slow (< 0.2 Hz) perturbations. 

(f) The Super-ACO facility, in Paris, is based on an 
800 MeV, 39 nm-rad emittance positron storage ring that 
has eight 3.5 m long straight sections. The alternate 
straights have zero and 1 m dispersion. The facility 
operates 23 beamlines, with 4 undulator sources, an 
asymmetric hybrid wiggler, and has the only ring-based 
FEL facility in the world that is routinely operated for 
users [6]. The ring is also routinely operated in a "two- 
bunch" mode, where each bunch is filled to 120 mA, and 
the beam lifetime is reduced by only a factor of two (to ~ 
3 hr) from the nominal 400 mA 24-bunch operation. A 
recent upgrade replaced the old 100 MHz cavities with 500 
MHz designs, which will lead to shorter bunches for the 
timing experiments, and increase the FEL gain. 
SuperACO is also one of the few rings that is filled 
directly from a linac, that can produce either electrons or 
positrons at the full operating energy. This made it an 
ideal facility to study the "sudden micro beam-loss" 
phenomenon that plagued many electron accelerator 
facilities in the eighties. The accelerator physicists were 
able to show that the effect was due to the trapping of 
photo-ionized dust particles in the vacuum chamber - 
thereby ending years of debate as to the mechanism of this 
difficult-to-study effect. 

(g) The National Synchrontron Light Source 
(NSLS), on Long Island, operates two storage rings at it's 
facility, the 800 MeV VUV ring, and the 2.5 GeV X-Ray 
ring. Here we will concentrate on the X-Ray ring, which 
has eight zero-dispersion straight sections, each 4.5 m 
long, and an emittance of 0.1 (im-rad. The major 
improvements in accelerator operations include a dramatic 
reduction in the vertical emittance, from 2 nm-rad (i.e., an 
emittance ratio of only 2%) down to 0.1 nm-rad, a value 
comparable to those found at third-generation sources. 
Tests have also been successful in reducing the natural 
emittance to 45 nm-rad; this will become the routine 
operating option once improvements to the analog global- 
orbit feedback system have been implemented. Other 
improvements include increases in energy (to 2.6 GeV), 
current (from 200 to 450 mA), and beam stability. The 
latter has benefited from an increase in the number of 

beam position monitors (BPMs) by a factor of two (to 
16). This enabled the analog vertical closed-orbit feedback 
system to utilize 8, rather than 6, harmonics in the 
correction algorithm, and improved the long-term vertical 
orbit stability by a factor of 3 - down to about 3 (im (See 
Figure 3). Similarly, drift in the horizontal closed orbit 
has been reduced to around 2 um, by using both harmonic 
feedback and a newly developed digital system. 
Unfortunately, this correction is with respect to the 
BPMs, which are not stable themselves to this accuracy. 
With the improved vertical emittance and beam stability, 
comes the opportunity to investigate small gap insertion 
devices. This work started in 1994 with the installation of 
a variable aperture vacuum chamber and small period 
undulator [7], and a report on the more recent 
developments is given in these proceedings [8]. 

-20 

T 1 1  

NO FEEDBACK 
DRIFT= * 30 Microns 

8 HARMONICS FEEDBACK 
"DRIFT= "3 microns' 

2 4 
Hours 

8 

Fig. 3. Stabilization of the vertical orbit in the NSLS X- 
Ray Ring using the harmonic correction algorithm 

IV. PERFORMANCE OF THE THIRD- 
GENERATION LIGHT SOURCES 

The third-generation sources are divided into two broad 
categories: the lower energy storage rings (= 2 GeV) 
optimized to produce high brightness beams in the VUV 
and soft x-ray regions of the spectrum, and the higher 
energy rings (around 7 GeV) optimized for harder x-rays. 
Currently there are 5 low energy operational facilities 
(ALS, SRRC, ELETTRA, PLS, and MAX-E) with many 
more in the construction or design phases; and 3 high 
energy rings operational, or soon to be operational 
(ESRF, APS, and SPRING-8). The first of the new 
sources, ESRF, was commissioned in 1992. These 
facilities have benefited greatly from the lessons learned at 
the older facilities, and as a consequence reached their 
design goals soon after start-up. How then has the 
performance of these machines been improved and 
extended? 

In all cases the first response has been in beam 
motion stabilization - in the frequency range from dc to 
synchrotron and betatron oscillation frequencies. The 
requirements on beam motion are typically quoted as a 
fraction, in the range 5-10%, of the beam size. With 
vertical beam sizes reaching the level of 10 \ua, this 
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implies beam stability at the level of = 1 |0.m - a very 
severe constraint to provide over periods of many hours. 

The faster motion, introduced by instabilities driven 
by vacuum chamber and cavity impedances have been 
cured via several different avenues: tuning of the higher- 
order modes in the cavities; utilizing bunch fill patterns 

emittance coupling. However, in the case of the lower 
energy storage rings, reduced vertical emittance is offset by 
the reduction in beam lifetime, caused by the Touschek 
effect, so the gains are not as apparent. 

The ALS also has a proposal to upgrade three of the 
36   lattice  bend   magnet   with   short   superconducting 
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Fig. 4. Improvements in ESRF Brightness from 1992 to Present 

that induce frequency differences from bunch-to-bunch; and 
by utilizing feedback. Slower motion, caused by ground 
motion, temperature changes, residual fields in undulator 
magnets, etc., has been either eliminated at the source [9], 
or through feedback systems. By these means, beam 
stability has been brought under control at all the 
operational facilities, to the stringent levels demanded by 
the users. 

At the ESRF, other improvements have been 
implemented. The current has been increased from 100 to 
200 mA, the natural emittance has been reduced from 7 to 
4 nm-rad, the emittance coupling reduced from 10% to 
below 1%, and the vertical beta function reduced to better 
match the electron emittance aspect ratio to the photon 
emittance. Together, these improvements have increased 
the brightness of the undulator radiation from the original 
specification of 5xl017 photons/ (sec.mm2.mrad2.0.1% 
bandwidth) to a value of over 1020 - an improvement of 
more than two orders of magnitude in brightness [10] (See 
Figure 4). And there are plans to extend this yet further - 
not bad for a machine that is only in it's fifth year of 
operation. 

The other facilities have also increased their beam 
brightness' over those originally quoted, mainly by 
achieving the natural beam emittances expected from 
simulations, and like the ESRF,   operating with lower 

magnets operating at up to 5 T. This could provide white 
light x-ray beams to as many as 18 user hutches. 

V. SUMMARY 

Over the past few decades, synchrotron radiation 
facilities around the world have accumulated a well 
deserved reputation for producing high quality science from 
accelerators that have been almost continually upgraded. 
The third-generation facilities owe much to their 
predecessors in understanding the dynamics of tightly 
focused electron beams, their interactions with their 
environment, and in developing the technologies necessary 
to generate the extremely bright beams of radiation being 
demanded by the user community. They, in turn, are 
taking this knowledge base yet further, in order to improve 
their own performance and to provide guidance for the next 
generation of facilities. The future of synchrotron radiation 
is indeed bright - and getting brighter. 

VI. REFERENCES 

[1] J. Safranek and H. Wiedemann, "Low-Emittance in 
SPEAR", 1991 IEEE Particle Accelerator Conference, San 
Francisco. 

706 



[2]  J.A.   Clarke   and  M.W.   Poole,   "Upgrading   the 
Daresbury SRS with Additional Insertion Devices and its 
Implications   for   the   Storage   Ring   Layout",    1996 
European Particle Accelerator Conference, Sitges, Spain. 
[3] V.P.    Suller,    et    al,    "Updated    Plans    for 
DIAMOND, a New X-Ray Light Source for the UK", 
PAC'95, Dallas, TX, pp 180-182. 
[4] H. Kobayakawa, private communication. 
[5] R. Klein, et al., "Beam Diagnostics at the BESSY I 
Electron Storage Ring with Compton Backscattered Laser 
Photons: Measurement of the Electron Energy and Related 
Quantities", Nuclear Instruments and Methods in Physics 
Research A 384 (1997) 293-298. 
[6]     M.E.  Couprie,  et  al.,   "First  Use  of the  UV 
SuperACO     FEL     :      Fluorescence     Decays     and 
Conformational Dynamics of the NADH Coenzyme", 
Rev. Sei. Instrum., 65, 1485 (1994). 
[7] P.M. Stefan et al., "Small Gap Undulator Experiment 
on the NSLS X-Ray Ring", PAC'95, pp 2435-2437. 
[8] P.M. Stefan et al., "Insertion Device Development in 
the X13  Straight of the NSLS  X-Ray Ring",  these 
proceedings. 
[9] R. Keller, et al., "Orbit Stability of the ALS Storage 
Ring", these proceedings. 
[10]   J-M. Filhol, et al., "Status Report on the ESRF", 
these proceedings. 

707 



BEAM-BASED MODELING AND CONTROL OF STORAGE RINGS 

J. Safranek 
National Synchrotron Light Source, Brookhaven National Laboratory, Upton, NY 11973 

Abstract 

Analysis of the measured orbit response matrix is a pow- 
erful technique for debugging the linear optics of storage 
rings. The orbit response matrix is the change in orbit at the 
beam position monitors (BPMs) with changes in steering 
magnet excitation. Results will be presented from a com- 
puter code called LOCO (Linear Optics from Closed Or- 
bits) [1] that has been used to analyze the response matrices 
from several synchrotron light sources including the ALS, 
NSLS VUV, NSLS X-Ray, and SRRC storage rings. The 
analysis accurately determines the individual quadrupole 
magnet gradients as well as the gains of BPMs and the cali- 
brations of the steering magnets. The coupling terms of the 
response matrix such as the shift in vertical orbit from hor- 
izontal steering magnets can be included in the analysis to 
give the role of the quadrupoles, BPMs and steering mag- 
nets. The LOCO code can also be used to find the changes 
in quadrupole gradient that best compensate for gradient 
errors from insertion devices and sextupoles. In this way 
the design periodicity of the linear optics can be restored. 

1    INTRODUCTION 

When a storage ring is first commissioned, the result- 
ing optics invariably differ to some extent, often signifi- 
cantly, from the design. Achieving maximum performance, 
whether it be small beam size, small coupling, maximum 
lifetime, or maximum dynamic aperture, requires under- 
standing and removing or compensating the source of the 
optics perturbations. This is particularly important in stor- 
age rings pushing the limits of accelerator performance 
such as third generation light sources, damping rings, and 
high energy physics factories. 

The orbit response matrix is a good place to start when 
trying to debug a storage ring optics. The response ma- 
trix contains a large number of accurate data points reflect- 
ing the magnetic gradients of the ring. For example, in the 
NSLS X-Ray Ring, the response matrix contains 8640 data 
points with a noise level better than 1 /im. 

The computer code LOCO was developed using ideas 
from reference [2] to determine the individual magnet gra- 
dients using the measured response matrix. It has been used 
to calibrate several storage rings [1, 3, 4, 5, 6, 7, 8], and 
work is in progress with several others. The emphasis of 
this paper will be the improvements made to the storage 
rings as a result of applying LOCO, but first a brief sum- 
mary of the method and accuracy of the analysis will be 
given. 

2   METHOD 

For a more detailed discussion of the method and error 
analysis, see [1]. 

2.1    Characterizing linear optics 

, or model, Mmod. orbit response The measured, Mmeas 

matrix is defined as 

= Af, meas,mod 
Oil 

(1) 

where x, y is the shift in orbit at the BPMs for some change 
in steering magnet strengths 0x,6y. 

The parameters, such as quadrupole gradients, in a 
model such as MAD [9] of the storage ring are varied 
to minimize the \2 difference between the model and the 
measured response matrices. 

= £ V-"^mod,ij       ^meas,ijj 
(2) 

1,3 

where <7j is the measured noise level for the ith BPM. 
When fitting an uncoupled model, the parameters var- 

ied include the magnet gradients, the BPM gains, the steer- 
ing magnet calibrations, and the electron energy shifts from 
changing horizontal steering magnets. When a horizontal 
steering magnet strength is changed there is an electron 
energy shift proportional to the dispersion at the steering 
magnet. Because there is no direct way to measure the dis- 
persion at the steering magnets, —^- is a fit parameter. 

When fitting a coupled model, the coupling parts of the 
response matrix (i.e. the shift in vertical orbit from horizon- 
tal steering magnets) are included in the fit data, and addi- 
tional fit parameters such as quadrupole, BPM, and steering 
magnet role are varied. 

To minimize the number of parameters fit to a measured 
response matrix, if possible, some magnet gradients are 
set to zero before measuring the first matrix. For exam- 
ple, the insertion devices are opened, and the sextupoles 
are turned off, for those storage rings where beam can be 
stored without sextupoles. The matrix measured without 
insertion devices and sextupoles is analyzed to calibrate the 
gradients in the quadrupoles. After measuring this matrix, 
the sextupoles are turned on and the response matrix is re- 
measured. For fitting this second matrix, the quadrupole 
gradients are fixed at the values arrived at from analyzing 
the first matrix, and the gradients in the sextupoles are fit. 
Then a third matrix is measured with the insertion devices 
closed. In this way an accurate model of the full storage 
ring is derived. 
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2.2 Error analysis 

Once LOCO has arrived at a set of magnet gradients for a 
storage ring, it is natural to ask how accurately these gra- 
dients represent the real gradients in the storage ring. The 
error bars on the fit gradients due to the propagation of ran- 
dom orbit measurement error are fairly straightforward to 
calculate. Simply measure many consecutive response ma- 
trices, analyze each independently, and see how much the 
fit gradients vary from matrix to matrix. This was done 
for the NSLS X-Ray Ring analysis, and the variation in the 
quadrupole gradients for different response matrices was 
only .04% rms. 

This, however, is only a lower bound on the uncertainty 
in the fit gradients, because it does not include systematic 
error. With effort, it is possible to reduce the systematic 
error to the point that, after fitting, the measured and model 
response matrices agree to very nearly the noise level of the 
BPMs, but with a system as complex as a storage ring it is 
practically impossible to completely eliminate systematic 
error. 

With the inevitable and unpredictable systematic error, it 
is necessary to make additional independent measurements 
of the fit parameters and of other optics parameters such 
as tunes, beta functions and dispersion to confirm that the 
fit model does accurately represent the storage ring. Many 
such measurements have been made [1,4], and the results 
indicate that the LOCO analysis can produce a model that 
does represent the actual storage ring to very nearly the ac- 
curacy determined by random error alone. 

2.3 Restoring design periodicity 

Section 2.1 described a method of applying LOCO to deter- 
mine the gradient errors in each magnet. This section will 
describe applying LOCO to find those quadrupole power 
supply settings that best compensate for these errors and 
restore the design periodicity. 

First, use LOCO as described in section 2.1 to generate 
a model with the correct BPM gains, steering magnet cali- 
brations, and energy shifts. Then set all the model gradient 
errors such as gradients in insertion devices and sextupoles 
to zero. Refit the response matrix varying only those gra- 
dients that can be varied independently in the storage ring. 
For example, if some set of quadrupoles are powered by a 
single power supply, then gang the model gradient for that 
set in the fitting. The resulting gradients will show some 
break in periodicity that best reproduces the break in pe- 
riodicity of the real ring. If opposite changes are applied 
to the storage ring, a periodic lattice is restored as close as 
possible. In essence, the storage ring is adjusted to maxi- 
mize the periodicity of the response matrix. 

3   APPLICATIONS 

3.1   X-Ray Ring horizontal emittance reduction 

LOCO was originally written in order to understand the dis- 
tortion of the measured horizontal dispersion, r]x, in the 

NSLS X-Ray Ring [1, 3]. The dispersion in the dipole 
magnets is critical in determining the horizontal emittance. 
A synchrotron light source requires minimum emittance to 
maximize the source brightness, so it was important to un- 
derstand and correct the r\x distortions. 

VJ[^Vh^Jh^ 
X   measured at BPMs 

x 
model before LOCO 

60 
Distance(m) 

120 

Figure 1: Before applying LOCO in the X-Ray Ring, the 
measured v)x differed significantly from the model. 

^jf^JH^fJb^ 
X   measured at BPMs 
— LOCO model 

60 120 
Distance(m) 

Figure 2: After the model was fit to the measured response 
matrix, the model also accurately predicted the measured 
Vx- 

Fig. 1 compares the measured horizontal emittance com- 
pared to the model prior to applying LOCO. Clearly r)x dif- 
fered significantly from the design 8-fold periodicity. Fig. 
2 shows the measurement compared with the model fit by 
LOCO to the response matrix. The fit model revealed that 
the source of the rjx distortion was primarily gradients in 
the sextupoles due to horizontal offsets of the closed or- 
bit from the sextupole magnetic centers. The sextupoles 
are located on either side of the single quadrupole between 
the dipoles. In order to correct for the gradient errors from 
the sextupoles, trim supplies were installed on the single 
quadrupoles in each of the eight superperiods. (Changing 
the orbit in the sextupoles was not an viable option, because 
it would have required realigning the synchrotron radiation 
beamlines.) 
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With the quadrupole trim supplies powered to restore the 
periodicity of rjx and using LOCO as a guide in setting the 
quadrupole family gradients, we were able to implement a 
new low emittance lattice design in the X-Ray Ring [10]. 
Fig. 3 illustrates the performance improvement achieved. 
The smaller horizontal profile resulted in increased source 
brightness. 
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Figure 3: The reduction in X-Ray Ring horizontal beam 
profile as measured by an x-ray pinhole camera. 

3.2   ALS injection improvement 

LOCO was used to analyze the optics at the ALS to deter- 
mine the source of the large vertical beta-beating that had 
been observed even with all insertion devices open. For de- 
tailed discussion of the work at ALS, see [4] and [6]. The 
fit model showed the expected beta-beats (see Fig. 4), and 
indicated that large variations in the gradients of the verti- 
cally focusing quadrupole family was the cause of the op- 
tics distortion. This quadrupole family has separate power 
supplies for each of the 24 magnets. Subsequent measure- 
ment of the currents from each power supply confirmed that 
the supplies were not regulating to specification and that 
LOCO had accurately predicted the variation from magnet 
to magnet (see Fig. 5). 
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Figure 5: The variation in the fit gradients in the 24 QD 
quadrupoles agreed with the subsequent measurement of 
the current to each QD. 

Figure 4: ALS vertical beta before correction with LOCO. 
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Figure 6: ALS vertical beta after correction with LOCO. 

LOCO was then used as described in section 2.3 to re- 
store the periodicity of the optics. Fig. 6 shows ßy of the 
model fit to the measured response matrix after restoring 
periodicity. Injection efficiency with the new optics im- 
proved by about a factor of two, presumably due to in- 
creased dynamic aperture with the periodic optics. 

3.3    VUV Ring lifetime improvement!5] 

The VUV Ring had also been known for some time to have 
large errors in both ßx and ßy. Two of the four dispersion- 
free straight sections in the VUV Ring have insertion de- 
vices. The vertical focusing of the insertion devices breaks 
the design four-fold periodicity, so the quadrupoles in the 
insertion device straights were put on separate power sup- 
plies to provide the capability of restoring the periodicity 
of the /3-functions. Nonetheless, measurements indicated 
large beating of the /3-functions. LOCO was used to find 
the gradient in each quadrupole, each sextupole, and the 
vertical focusing strength of each insertion device. The re- 
sulting model showed that the optics that had been used for 
operations had distortions of the ß-functions of as much as 
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±35 and ±25 percent horizontally and vertically (see Fig. 
7). 
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Figure 7: The /3-functions in the NSLS VUV Ring did not 
have the design four-fold periodicity. 

25 
JJ^ÜL^TT^ 

insertion 
device 

20 30 
Distance(m) 

Figure 8: LOCO was able to find a set of quadrupole 
strengths that very nearly restored the design periodicity 
of the VUV Ring despite the strong vertical focusing of the 
insertion devices. 

LOCO was then used as described in section 2.3 to re- 
store the periodicity of the optics. Fig. 8 shows the ß- 
functions of the model fit to the measured response matrix 
after restoring periodicity. The strong vertical focusing ef- 
fect of the second insertion device is evident from the nega- 
tive second derivative of ßy in that insertion device straight 
section. Despite this strong perturbation to the optics, a 
solution was found which very nearly restored the design 
four-fold periodicity of the /3-functions. When this solution 
was implemented, the measured beam lifetime increased by 
18% while both the measured horizontal and vertical emit- 
tances decreased by a few percent. 

3.4   SRRC orbit steering improvement 

The LOCO analysis of the SRRC showed that the storage 
ring optics is quite close to design with no large gradient 
errors [7]. The analysis, however, did reveal large varia- 

tions in the gains of the BPMs as well as some mis-wiring 
of steering magnets (two magnets were wired backwards 
and two others had their power supplies swapped). The 
BPM gains varied from BPM to BPM by a factor of 3 hor- 
izontally and 2 vertically. Figs. 9 and 10 show the mea- 
sured horizontal dispersion before and after correcting for 
the BPM gain errors derived by LOCO. Much of the ap- 
parent distortion in the measured dispersion in Fig. 9 was 
caused by gain errors in the BPMs. 

Both the steering magnet mis-wiring and BPM gain er- 
rors were subsequently corrected, resulting in improved or- 
bit control. 

0 40 60 80 
distance(m) 

Figure 9: Measured r]x at SRRC without BPM gain error 
correction. 

40 60 
distance(m) 

Figure 10: Measured r)x at SRRC after correcting for the 
BPM gain errors derived by analyzing the response matrix. 

3.5   X-Ray Ring coupling correction 

The coupling terms (i.e. the shift in vertical orbit with hor- 
izontal steering magnets) were included in the analysis of 
the X-Ray Ring response matrix. The result was fitted val- 
ues for the skew gradients in each quadrupole and sextupole 
as well as the rotational alignment of each steering magnet 
and BPM. The steering magnet and BPM alignment data 
has been used to improve the X-Ray Ring coupling correc- 
tion algorithm. The coupling correction algorithm uses the 
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shift in vertical closed orbit with horizontal steering mag- 
nets as a measure of the horizontal to vertical betatron cou- 
pling [11]. The skew quadrupoles are adjusted to simulta- 
neously minimize these orbit shifts as well as the vertical 
dispersion. This algorithm proved quite successful, but it 
suffered from the limitation that some of the measured ver- 
tical orbit shift was not due to coupling, but was a result of 
steering magnet and BPM roles. Once these roles were de- 
termined by LOCO, that part of the measured vertical orbit 
shift could be removed. In this way the skew quadrupoles 
were set to only remove the part of the orbit shifts associ- 
ated with skew gradient errors. 

Fig.  11 shows the measured vertical profile before and 
after applying this coupling correction technique. 

250 

200 

100 

50 

New coupling 
correction 
€ =0.1nm*rad 

Old coupling 
correction 
e =1.8nm*rad 

Figure 11: The reduction in X-Ray Ring vertical beam pro- 
file as measured by an x-ray pinhole camera. 
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4   CONCLUSION 

Results from NSLS, ALS, and SRRC have shown that the 
accurate optics model that can be derived from analyzing 
the measured orbit response matrix can be a valuable tool 
for maximizing storage ring performance. 
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STATUS OF THE HIGH BRILLIANCE SYNCHROTRON LIGHT SOURCE 
BESSY - II' 

E. Jaeschke for the BESSY JJ Project Team+, BESSY, Rudower Chaussee 5, Geb. 15.1, 
D-12489 Berlin, Germany 

Abstract 

The High Brilliance Synchrotron Light Source BESSY II 
under construction at the WISTA Science and 
Technology Park at Berlin-Adlershof has by now passed 
major milestones with the completion of the injector 
complex. On April 3rd, 1997 a 50 MeV electron beam 
was stored on a stable orbit in the 10 Hz booster 
synchrotron. As all magnets and most of the other 
necessary hardware have successfully passed acceptance 
tests installation of the 240 m DBA storage ring in 16- 
fold symmetry has started. Stored beam is expected for 
the 21"1 quarter of 1998. The paper describes the present 
status of the project. 

1 INTRODUCTION 

The High Brilliance Synchrotron radiation facility 
BESSY II [1] is a 3rd generation light source in the 
vacuum ultraviolet to soft X-ray range. Based on a very 
flexible 16 cell DBA lattice the 240 m circumference 
ring provides long dispersion free straight sections with 
alternating high and low horizontal beta functions for up 
to 14 insertion devices. The projected emittance at 1.7 
GeV will be 5 nm rad. Various types of undulators, 
wigglers and superconducting wave length shifters 
(WLS) under construction or already finished will 
provide synchrotron radiation with brilliance values 
exceeding 3*1018 [ photons/sec/(mm mrad)2 /0.1%BW] 
for undulators. Performance is optimized for the spectral 
range from VUV to soft x-ray while harder radiation 
with excellent quality is available at the superconducting 
devices. So once fully operational BESSY II will be a 
very versatile and valuable tool equally well suited for 
fundamental research and industrial application. 
Commissioning of the light source will start July 1998 
and regular user operation will be available from 1" of 
January 1999. 

2 BUILDINGS 

After two and a half years of civil engineering the 
buildings for BESSY II are basically finished. Figure 1 
gives an aerial view of the facility as of April 1997. 

Figure 1: Aerial view of the BESSY II Facility 

The 120 m diameter hall houses the accelerators, the 
experimental area and "non-noisy" infrastructure 
installations on all together 12000 square meters. To 
control possible vibrations from cultural noise the 
experimental area and the storage ring tunnel share a 
heavily steel reenforced monolytic concrete plate of 60 
cm thickness as foundation. Extreme care was taken in 
compressing the sand and gravel soil under the plate. The 
synchrotron tunnel as well as most of the technical 
equipment are situated on a separate plate to have an 
efficient decoupling. Vibration measurements done in the 
storage ring tunnel and the experimental hall with all 
infrastructure equipment ( pumps, compressors, air 
conditioning, etc. ) and the White circuits of the 
synchrotron running showed vibration amplitudes 
typically less than 100 nm in the frequency range of 1 to 
60 Hz. 
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3 COMMISSIONING OF THE SYNCHROTRON 

The full energy 10 Hz rapid cycling booster 
synchrotron [2] of 96 m circumference has a FODO 
lattice in 16 fold symmetry. Figure 2 is a view onto the 
completed machine. 

Figure 2: The completed BESSY II synchrotron. 

The magnet system [3] manufactured at the Budker 
Institute of Nuclear Physics, Novosibirsk was installed in 
mid 1996 just after the tunnel had been handed over by 
the construction company. After completion of the 
vacuum system in late October and the installation of 
power supplies, rf-system, kickers and septa, a first 
beam from the 50 MeV race track microtron could be 
injected on April 3"1 . Immediately after injection tests 
had started a signal of a stably stored electron beam 
could be detected from a strip line monitor with no orbit 
corrections applied at all. ( See Fig. 3 ) 

Figure 3: Strip line signal of the first stored 50 
MeV electron beam in the synchrotron on April 
3rd 1997. Two injections 100 ms apart are visible 

The oscilloscope picture shows that electrons are 
circulating for 100 ms before stopped when the next 
bunch is injected from the race track microtron. After 
applying orbit correction beam life time is now 
approximately 4 minutes corresponding to a vacuum 
pressure of P = 8 10'8 HPa. Energy ramping as the next 
milestone up to the final value of 1.9 GeV is under 
preparation. 

4 STATUS OF THE STORAGE RING 

Parallel to the commisssioning of the booster 
synchrotron work on the storage ring is progressing well 
aiming for a first stored beam mid of 1998. The first of 
the 16 achromats has been assembled already. ( See 
figure 4) 

Figure 4: The first assembled achromat with 
multipole lenses preadjusted on 3 girders and the 
two dipole magnets inbetween located on 
individual stands. 

4.1 Storage Ring Magnets 

For all magnets of the storage ring (144 quadrupoles, 
112 sextupoles and 32 dipoles ) magnetic measurements 
have been done in house as for example mapping of the 
dipole fields and determination of the multipole 
coefficients for the quadrupoles and sextupoles. The data 
were used for sorting of magnets [4] in order to minimize 
the integrated field errors. While the closed orbit 
amplitudes can be reduced to 0.5 mm rms by proper 
positioning of the dipoles, (see figure 5 ) , the ß-beat is 
decreased from 60% to about 1% by sorting the 
quadrupoles. Sextupole field errors turned out to be 
insignificant to reduction of dynamic aperture thus these 
magnets are positioned without sorting. 

»rijsid!s|>!»SW«nS, C&SSt/wSfSl esse) 

Figure 5: Closed orbit distortion for best/worst 
sorting 

4.2 Vacuum System 

The    vacuum    chambers    for   the    storage    ring 
manufactured  from  DIN 4429   steel   with  explosion 

714 



bonded copper liners as radiation absorbers are already 
available in sufficient numbers for installation. Figure 6 
shows a special outlet chamber following dipole-1 in an 
achromat. 

Figure 6: Dipole-1 outlet chamber 

4.3 RF-System 

The BESSY II rf-system consists of 4 DORIS type 
500 MHz single cell resonators fed by individual 75kW 
clystron transmitters. All transmitters are in house and 
are presently commissioned. 

4.4 Control System 

The control system [5] based on the EPICS standard 
has proven its power by successfully running in all parts 
of the accelerator complex commissioned up to now. 
Figure 7 shows the control panel for the microtron 
injector. 

i'HLjrrij r»»i— 
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Figure 7: EPICS control panel of the race track 
microtron 

4.5 Insertion Devices 

Offering 14 straight sections BESSY II is optimized 
for insertion devices ( IDs ) . So various IDs are under 
construction at Berlin-Adlershof. U180, an 
electromagnetic device covering the spectral range from 
25 to 1900 eV is on the test bench, while the hybrid 
undulator U49 ( see Figure 8 ) has just been completed. 

It will deliver radiation with a brilliance of    3x10 
[photons/sec/(mm mrad)2/0.1%BW] at about 300 eV. 

A 6T WLS presently operating at BESSY I for LIGA 
applications will cover the range 6 to 50 keV. 
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Figure 8: Undulater U49 ready for installation [6] 
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CANADIAN LIGHT SOURCE PROPOSAL 
L.O. Dallin and D.M. Skopik, Saskatchewan Accelerator Laboratory, 

University of Saskatchewan, 107 North Road, Saskatoon SK, Canada S7N 5C6 

Abstract 

The storage ring for a 2.9 GeV Canadian Light Source has 
been designed. The lattice is composed of twelve compact 
DBA cells resulting in a ring that is 148 meters in 
circumference with twelve drifts of 4.5 meters for the 
inclusion of insertion devices. The emittance is less than 
20 nm-rad, resulting in radiation brightness competitive 
with other "third generation" sources. Details of orbit 
correction, beam stability and lifetime and the effect of 
insertion devices have been investigated. The RF 
requirements have been defined and preliminary magnet 
designs have been done. 

The light source will operate with full energy injection and 
the injection scheme has been fully defined. Injection 
includes a 300 MeV linear accelerator, low energy transfer 
line, booster synchrotron and high energy transfer to the 
storage ring. With this configuration it will be possible to 
operate the storage ring with beam currents up to 500 mA, 
resulting in a source of very intense light over a broad range 
of photon energies. For example, with a state of the art 
undulator, it will be possible to produce 20 keV photons 
with a brightness close to 1018 photons/s/mm2/mrad2/0.1% 
bandwidth. 

1 INTRODUCTION 

Since the creation of the Canadian Institute for Synchrotron 
Radiation (CISR), in 1990, Canadian synchrotron radiation 
(SR) users and accelerator physicists have been actively 
involved in designing and promoting a light source that 
would satisfy the needs of most users. After several 
workshops involving the Canadian user community, it was 
decided that Canada required a source comparable to 
present third generation machines, capable of operating at 
a beam energy of 2.5 GeV. To keep the costs as low as 
possible design efforts concentrated on producing a lattice 
which was as compact as possible while keeping a large 
number of straight sections for insertion devices. 

In May, 1996, an international peer review committee 
chose the Saskatchewan Accelerator Laboratory as the site 
for the Canadian Light Source (CLS). This committee 
recommended that the beam energy be increased to 2.9 
GeV in order to accommodate hard X-ray users. A 
proposal incorporating this recommendation [1] was 
submitted to the Natural Sciences and Engineering 
Research Council (NSERC) which unanimously endorsed 
the peer review results and recommended that the CLS be 
built and located at SAL. We are optimistic that funding 
will be forthcoming in the near future. 

The increase to 2.9 GeV was accomplished with a minor 
modification to the lattice and by upgrading the injection 
booster. This "final" design will be discussed below. 

2 LATTICE 

The CLS requires a machine with brightness comparable to 
existing "third generation" machines, with ten straight 
sections available for the inclusion of insertion devices 
(IDs). At the same time it is desirable to keep the machine 
as small as possible to keep the overall cost low. Both the 
triple bend achromat (TBA) and double bend achromat 
(DBA) were initially considered. For a given machine 
circumference the TBA has lower emittance, but the DBA, 
with its smaller cell size, can accommodate more straight 
sections. In the lattices studied [2,3], the DBA had better 
dynamic aperture, which would improve operations at 
higher currents. Consequently, the DBA cell structure was 
chosen to produce a compact design. 

To produce photons of energy up 20 keV with high 
brightness, the CLS will operate with beam energies up to 
2.9 GeV. At this beam energy the dipole field strengths are 
approaching 1.5 T. To have straight sections available for 
injection and for RF cavities, the total number of cells is 
twelve. 

To create a compact cell structure, only three families of 
quadrupoles are used in each cell. For additional focusing, 
a gradient was introduced into the dipole magnets. This 
gave four focusing parameters to optimize the cell 
parameters. These parameters were adjusted to create the 
desired horizontal and vertical tunes, vx and vy; the 
horizontal betatron amplitude, ßx, in the ID sections; and 
the horizontal dispersion, rix- During this process the 
lengths of the quadrupoles were adjusted so that the 
maximum pole tip field did not exceed 5 kG. 

To reduce the emittance of the lattice, the requirement that 
the cell be an achromat was relaxed and some dispersion 
was introduced into the straight sections. During the 
optimization, the vertical betatron function, ßy, in the 
straight sections was allowed to float, but the final value 
resulted in a favourable amplitude. Finally the dipole 
gradient was "frozen", leaving three free parameters to 
adjust the two tunes and either ßx or T|x. 

To control the chromaticity of the lattice, two sextupole 
magnets are included between the two dipole magnets. The 
resulting lattice is shown in Figure la where a half cell is 
shown. The complete cell is obtained by reflective 
symmetry about the centre of the sextupole on the right. 
The machine functions for a complete cell are shown in 
Figure lb, with the dipoles and quadrupoles shown 
schematically below. 

Some important parameters for the CLS are given in Table 
1. The ring circumference of 147.377 m is small for a low 
emittance lattice operating at 2.9 GeV, resulting in savings 
in construction cost while still providing a bright source of 
photons up to x-ray energies from 10 possible ID locations. 
An earlier version of this lattice [4], with 3.5 meter 
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straights, was only 127 m in circumference. The DIMAD 
[5] input for the present lattice is given in Appendix I. 

a) 0»   Q2 

b) 
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Figure 1 a) Physical layout of one half cell, b) Machine 
functions for one full cell. 

Table 1. CLS machine parameters 

Circumference                                     m 147.377 

Periodicity 12 

Optics 
vx (tune) 

Vv 

10.22 
3.26 

Straights 
length                                                  m 
ßx (betatron amplitude at centre)        m 

ßy 
r^ (dispersion)                                  m 

12 
4.5 
8.0 
4.2 

0.15 

RF Cavity 
frequency                                     MHz 
voltage                                          MV 

476 
2.25 

E (energy)                                       GeV 1.5 2.9 

Bdipole                                            Tesla 0.771 1.490 

Total Rad. Power              kW @500 mA 35 482 

Rad. Power/m                 kW/m (dipoles) 0.86 11.81 

£x (emittance)                             nm-rad 4.4 16.3 

5 (energy spread)                              % 0.060 0.115 

Bunch length (full)                              ps 43 74 

The optimization of both the brightness and critical energy 
for the CLS lattice is shown in Figure 2. Brightness and 
critical energy are plotted for several third generation 
sources now in existence. For the sources shown, 
brightness increases proportional to the machine 
circumference. The CLS is especially well optimized for 
critical energy, especially among the smaller machines. 
The values shown assume the same ID on each machine, 
operating at the same beam current and normalized to 
Spring-8 = 1. The CLS parameters are those given in this 
paper. For the other machines, parameters are taken from 
reference [4], with the exception that the ALS is evaluated 

at 1.9 GeV. For the ESRF the high ß straights were 
considered. The ESRF lattice also has low ß straights 
optimized for short IDs. 

+  brightness 

:   o critical energy 
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Figure 2: Relative brightness and critical energy vs 
machine circumference. 

The tunability of the lattice was checked by changing the 
transverse tunes by ±1, while keeping the dispersion fixed. 
This is done by varying the three families of quadrupoles. 
The lattice is stable over all combinations of retuning, but 
the beam size is optimum for the nominal tunes given in 
Table 1. 

The effects of possible dipole gradient errors were also 
checked. This showed that systematic errors up to 5% in 
the dipole gradient and random errors up to 2% are 
tolerable. 

The horizontal betatron amplitude, ßx, in the centre of the 
straights is as small as possible while maintaining enough 
amplitude for horizontal injection. The horizontal beam 
size, ax= (exßx +82T|X

2)1/2, is 18% smaller than for the 
lattice tuned for no dispersion in the straights. The vertical 
size is 26% smaller. 

The RF frequency was chosen to be one-sixth of 2856 
MHz, the frequency of the existing 300 MeV linac injector. 
The voltage of 2.25 MV is adequate for Touschek lifetimes 
of over 80 hrs at 2.9 GeV. 

Magnets, including septa and kickers, have been designed 
with parameters comparable to elements at existing 
facilities. The ALS design report [2] was especially 
helpful. Similar to the ALS design, sextupole magnets will 
have windings so they can be used as both horizontal and 
vertical orbit correctors. At this time, the possibility of 
using back leg windings on one family of quadrupoles (Q1) 
is being investigated. With this set-up there will be five 
horizontal and three vertical correctors per cell. 

3 INJECTION SYSTEM 

Injection into the CLS will be done with a full energy 
booster. The layout of both rings is shown in Figure 3. 
Injection into the booster will be from the existing 300 
MeV electron linac at the Saskatchewan Accelerator 
Laboratory. The linac is located in a vault which will be 
6.5 m below the level of the booster. 
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Figure 3: Layout of main ring, booster and transfer lines. 

To allow time to ramp injection and extraction kickers, a 
126 ns pulse train will be injected into the booster, filling 
60 out of 144 buckets. Successive pulse trains will be 
stacked in the main, ring filling 180 of 234 buckets. 
Accounting for transmission efficiencies throughout the 
injection process, 15 mA of current should be injected into 
60 buckets of the main ring during each injection cycle. To 
reach circulating currents of 500 mA, 97% of the beam in 
the ring must be retained during each cycle. Analyses [6] 
of beam instabilities indicate that 500 mA of current will 
introduce no bunch lengthening or emittance growth. At 
these currents, however, a few coupled bunched modes 
may need to be suppressed. 

4 RADIATION CHARACTERISTICS 

For an initial compliment of beamlines, six IDs and five 
bend magnets will be in service on the CLS. The IDs have 
been selected to cover a broad range of photon energies and 
brightness or flux. They include a single pole 
superconducting wiggler at 5.1 T, a 15 pole wiggler at 1.4 
T, and four undulators with periods ranging from 3.6 to 
19.2 cm. The undulators are all about 3 m long. 

The ideal brightness curves for the IDs and the bend 
magnets (dipoles) are shown in Figure 4. All are for 2.9 
GeV operation except where indicated. The beam size has 
been evaluated at the center of the straight sections for the 
IDs and at the centre of the bend magnets for those curves. 
For the undulators, harmonics up to n = 5 have been 
evaluated. The K values for the undulators range from K = 
1 to K = \j, where Xa is in cm. This results in a minimum 
gap of 9 mm for the 3.6 cm undulator assuming 
neodymium-iron permanent magnets. 

Also shown in Figure 4 is a curve for a 2.0 cm undulator 
which shows promise in producing high brightness 
(->1018) at photon energies up to 20 keV. For this curve an 
undulator length of 4 m was used and odd harmonics up to 
n = 15 included. At K = 2 the gap size is 5 mm. The ideal 
curve will be somewhat diminished by the energy spread of 

the electron beam in the ring as well as imperfections in 
undulator construction. Simulations using the measured 
fields of an existing undulator (N =70, X^ = 3.3 cm) and a 
lattice similar to the CLS show that the n = 13 harmonic 
can be reduced to about 20% of its ideal value. If the same 
efficiency can be achieved with a 4 m ID and considering 
an operating current of 500 mA, a brightness of about one 
tenth of the plotted value can be expected. 
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Figure 4: Brightness curves for CLS. 
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APPENDIX I 
Dimad input file: 

TITLE 
CLS 
DLDRIFT, L=2.24071 
D2:DRIFT, L=0.2 
D3:DRIFT, L=0.3 
D4:DRIFT, L=.3 
D5:DRIFT, L=.2 
D6:DRIFT, L=.2 
SI :SEXTUPOLE, L=0.2,K2=-44.341435,APERTURE=.035 
S2:SEXTUPOLE,L=0.1,K2=64.73617638,APERTURE=.035 
Q1:QUADRUPOLE,L=0.25,K1=2.25622,APERTURE=.035 
Q2:QUADRUPOLE,L=0.17,K1=0.435394,APERTURE=.035 
Q3:QUADRUPOLE,L=0.28,K 1 =2.23194, APERTURE=.035 
HC:SBEND,L=1.7,ANGLE=0.2617994,E1=0.1308997, & 
E2=.1308997, Kl=-.46454, HGAP=.025,FINT=0.5 
HCELL:LINE=(D1,Q1,D2,Q2,D3,HC,D4,S1,D5,Q3,D6,S2) 
CELL:LINE=(HCELL,-HCELL) 
RING:LINE=(12*CELL) 
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THE TESLA FREE ELECTRON LASER 

J. Rossbach, for the TESLA FEL collaboration 
DESY, Notkestrasse 85, D22603 Hamburg, Germany 

Abstract 

The TESLA Free Electron Laser (FEL) makes use of the 
high electron beam quality that can be provided by the su- 
perconducting TESLA linac to drive a single pass FEL at 
wavelengths far below the visible. To reach a wavelength 
of 6 nanometers, the TESLA Test Facility (TTF) currently 
under construction at DESY will be extended to 1 GeV 
beam energy. Because there are no mirrors and seed-lasers 
in this wavelength regime, the principle of Self-Amplified- 
Spontaneous-Emission (SASE) will be employed. A first 
test of both the principle and technical components is fore- 
seen at a photon wavelength larger than 42 nanometers. 

With respect to linac technology, the key prerequisite 
for such single-pass, high-gain FELs is a high intensity, 
diffraction limited, electron beam to be generated and ac- 
celerated without degradation. Key components are RF 
guns with photocathodes, bunch compressors, and undula- 
tors. The status of design and construction as well as both 
electron and photon beam properties are discussed. 

Once proven in the micrometer to nanometer regime, 
the SASE FEL scheme is considered applicable down to 
Angstrom wavelengths. This latter option is particularly of 
interest in context with the construction of a linear collider, 
which requires very similar beam parameters. The status 
of conceptual design work on a coherent X-ray user facility 
integrated into the TESLA Linear Collider design is briefly 
sketched. 

occupied many scientists, a practical solution to this prob- 
lem has not yet been realized. To be an efficient research 
tool, such a source would have to provide stable intensities 
with short pulses and repetition frequencies similar to what 
is found in optical lasers. Exactly this seems to be possible 
by using the so-called self amplified spontaneous emission 
process SASE. 

The basic principle [1] makes use of the fact that an elec- 
tron beam of sufficient quality, passing a long undulator 
magnet, exponentially amplifies an initially existing radi- 
ation field, if the photon wavelength Xph matches a reso- 
nance condition determined by undulator parameters and 
the beam energy: 

K;(l + K2) (1) Xph — 27
2 

Here, 7 is the electron energy in units of its rest mass, Xu 

is the undulator period, K is the undulator parameter, and 
a helical undulator is assumed. Coherent, stimulated emis- 
sion is achieved because a bunch density modulation of the 
electron beam at the optical wavelength builds up during 
the passage of the bunch through the undulator. 

If the desired wavelength is very short, one can, instead 
of providing the "initially existing radiation field" by a con- 
ventional laser, consider the undulator radiation radiated 
spontaneously in the first part of the undulator as an in- 
put signal, see Fig.   1. This principle of Self-Amplified- 

1    INTRODUCTION 

Most of the information humans receive from their envi- 
ronment are provided by photons. Thus it is not surprising 
that also for research in natural sciences photons, ranging 
from radio frequencies to hard 7-rays, provide the most im- 
portant tool to study nature. For the photon range beyond 
the narrow optical spectral window up to the hundred keV 
7-regime synchrotron radiation has provided over the past 
thirty years an increase in flux and brightness by more than 
ten orders of magnitude. The development of storage ring 
designs with special magnetic components, called wigglers 
and undulators, over the past twenty years has led to third 
generation machines specially designed for synchrotron ra- 
diation research. 

Most recent successes in accelerator development con- 
cerning linear accelerators have opened the route to a new 
jump in photon source quality. X-ray lasers coupled to lin- 
ear accelerators can possibly provide coherent X-rays with 
true laser properties through very long undulators. Al- 
though such a source of coherent laser-like X-rays would 
have many applications and the search for such a device has 

electron 
beam 

photon 
beam 

beam 
dump 

distance 

Figure 1: Schematic Diagram of a Single-Pass Free 
Electron Laser (FEL) operating in the Self-Amplified- 
Spontaneous-Emission (SASE) mode. 

Spontaneous-Emission (=SASE) [2], [3] also does not re- 
quire the optical cavity resonator normally used in multi- 
pass, longer wavelength FELs and can hence, in princi- 
ple, deliver light with wavelength in the Angstrom regime. 
Compared to state-of-the-art synchrotron radiation sources, 
one expects a transversely fully coherent beam, larger av- 
erage brilliance, and, in particular, a pulse length of about 
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Figure 2: Spectral peak brilliance of X-ray FELs based 
on SBLC and TESLA linear colliders, together with that 
of third generation synchrotron radiation sources and the 
LCLS Free Electron Laser project discussed at SLAC, 
Stanford, USA [8]. For comparison, also the spontaneous 
spectra of two XFEL undulators are shown. The peak bril- 
liance of state-of-the-art plasma lasers is also noted. 

200 fs FWHM with eight or more orders of magnitude 
larger peak brilliance, see Figs. 2 and 3. The peak power 
is in the range 1-100 GW. The average brilliance is 
significantly larger than for the LCLS device proposed 
earlier[8] mainly because TESLA accelerates a bunch train 
of ~ 10000 bunches at a rate of 5 Hz, i.e. the mean rep- 
etition rate is much higher. As the SASE FEL is com- 
pletely independent of atomic excitation levels, it can be 
tuned over a wide range of wavelengths. 

If, according to technical restrictions, undulator periods 
in the order of few centimeters are assumed, Eq.l indicates 
that multi-GeV electron energies are required to achieve 
photon wavelengths in the Angstrom regime. This goes in 
parallel with the large energy gain needed in order to suffi- 
ciently reduce the beam emittance provided by the injector. 
Therefore, the electron accelerator required for an X-ray 
FEL will be a major investment. Also, construction, com- 
missioning and operation of such a device needs a consider- 
able staff of well-trained experts. Last but not least, a large 
laboratory site will be needed to accommodate the various 

101       102       103       104       105       106 

Energy [eV] 
Figure 3: See Fig. 2, but spectral average brilliance values 
are shown. 

user facilities. It was concluded, that it will be most attrac- 
tive to combine an X-ray FEL facility into a linear collider 
installation [4], and that this will be possible without seri- 
ous mutual interference. 

2   THE TESLA CONCEPT 

The different linac concepts considered by linear collider 
study groups mainly differ with respect to the choice of 
RF frequency [5]. Roughly speaking, higher RF frequen- 
cies offer a higher accelerating gradient, i.e. a shorter tun- 
nel length, at the price of reduced power efficiency and 
larger beam energy spread. In contrast, low frequency 
linacs (down to 1.3 GHz for the superconducting TESLA 
linac) promise very good beam quality, because each elec- 
tron bunch extracts only a small fraction of the large energy 
stored in the big cavity volume (small wakefield effects, see 
section 5). For an X-ray FEL, the highest priority is elec- 
tron beam quality and large average beam current, while 
high accelerating gradient might be of minor importance. 
Finally, it is attractive for many users if a large variability 
in pulse timing can be offered. In this respect, the TESLA 
linac again offers an advantage, because a large variety of 
timing patterns can be realised due to the very large duty 
cycle of 1%. Thus, for FELs there is a clear preference for 
low frequency linacs. A Conceptual Design Report on such 
a combined laboratory has been worked out by the interna- 
tional TESLA collaboration [9]. This paper also discusses 
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a normal-conducting linac version based on conventional 
S-band technology (3 GHz), called SBLC. 

It is understood that the challenging goal of an 1 Ä 
FEL cannot be achieved within a single step. Thus, a 
S ASE proof-of-principle experiment will be installed at the 
TESLA Test Facility (TTF), called TTF FEL Phase 1, see 
Fig. 4. Based on three TESLA accelerating modules, 390 
MeV beam energy will allow to reach a photon wavelength 
of \ph=42 nm. First operation is scheduled for 1999. A 
more detailed description and the status is given in Ref. [6]. 

laser, 

rfgun 
a=2 mm 

Figure 4: Schematic diagram of the TESLA Test Facility 
installation including the Phase 1 SASE FEL components. 

As a second phase, an energy upgrade to 1 GeV has been 
approved which will bring the wavelength down to 6 nm in 
the first harmonic. Besides testing SASE in the soft X-ray 
regime, an attractive physics program has been identified 
for this installation [7], covering applications ranging from 
magnetic materials research and various pump-and-probe 
experiments to photochemistry and X-ray microscopy of 
biological samples. In the following sections, design and 
status of key TTF FEL components are discussed. 

3   ELECTRON SOURCE 

The transverse coherence condition imposes a tight require- 
ment on the transverse emittance et of the electron beam 
[10]: 

e?< 
A-K 

(2) 

e™ is the normalized emittance. For \ph=6 nm, 7=2000, 
Eq.2 requires e" < l7rmm mrad. Actually, this condition 
is not very strict, but the saturation length significantly in- 
creases if e™ is larger. Thus, we aim at e" = l7rmm mrad 
for the rms electron emittance of a 1 nC bunch charge from 
an RF electron gun [11], and we allow for a factor of 2 in 
emittance dilution during longitudinal bunch compression 
and acceleration up to 1 GeV, see Table 1. 

Compared to state-of-the-art, space-charge compen- 
sated, RF photoinjectors [12], the TESLA gun has to pro- 
vide a longer bunch train and smaller emittance. The 
laser developed [13] provides an intensity stability of a 
few % and will be delivered to DESY in summer 1997. 
Neodymium doped Yttrium-Lithium Fluorid (Nd: YLF) has 
been chosen as the active medium since it combines a small 
thermal lensing effect with a high induced emission cross 
section and a relatively long fluorescence lifetime (480 /is). 
A pulse train with the desired spacing is selected from the 
bunches in a pulse train oscillator working at 36 MHz by 

means of Pockels cells. The light pulses are amplified in 
a linear low gain amplifier chain and then quadrupled in 
frequency. Relay imaging techniques in combination with 
spatial filtering is used to produce a radially uniform inten- 
sity profile. 

To gain in emittance, any asymmetries in the RF field 
have been avoided in the design. Since previous calcula- 
tions have revealed an emittance contribution of more than 
1 7T mrad mm for a conventional asymmetric input cou- 
pler, a symmetric input coupler has been developed. Fig. 
5 shows a schematic layout of the gun and the coupler. 
At present, most components have been built or are under 
construction. An Aluminum model has successfully been 
tested to verify the coupler and cavity geometry. 

waveguide 

main solenoid 

Figure 5: Cross sectional view of the RF gun (schematic) 
with the gun cavity, the cathode plug, the main solenoid 
and the bucking coil, and the coaxial input coupler. The RF 
is coupled from the rectangular waveguide via a door knob 
transition into the coaxial line and the cavity. The electrons 
leave the gun through the inner conductor. 

4   BUNCH COMPRESSION 

In order to achieve laser saturation within a single passage, 
XFELs require electron pulse currents of few kiloamperes. 
Because of space charge effects, such high currents can- 
not be generated directly from the RF gun cathode with- 
out blowing up the transverse emittance. Instead, a 7 ps 
long, 120 A beam is produced, accelerated, and longitudi- 
nally compressed by a factor of 20. This compression takes 
place in several steps at different energies. Bunch compres- 
sors are beamline sections which longitudinally compress 
the bunch using path length differences in a magnetic chi- 
cane. This is a well established technique, but has not yet 
been realized with extremely brilliant electron beams. Al- 
though simple in first-order theory, the physics of bunch 
compression becomes very challenging if collective effects 
like space charge forces [14],[15] and wakefields (see next 
section) are taken into account. Especially emittance con- 
servation is then a critical issue [16]. 
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Table 1: Parameters of the PEL at the TESLA Test Facility (TTF) (phases 1 and 2) and at the TESLA Linear Collider. 

Linac Parameters Unit TTF FEL Phase 1 TTF FEL Phase 2 TESLA X-ray FEL 
gradient for XFEL operation MV/m 10-15 10-15 10-25 
linac repetition rate frep for XFEL Hz 10 10 5 
bunch length (rms) fs 800 160 80 
bunch spacing ns 93 93 93 
number of bunches per train 11315 11315 11315 
bunch train length /iS 1050 1050 1050 
bunch charge nC 1 1 1 
normalized emittance at undul. entrance Trmradmm 2 2 1 
longitudinal emittance keVmm 166 50 27 
RF duty cycle % 1 1 0.5 
FEL Parameters 
typical saturation length m <14 <27 50 - 100 
undulator period length mm 27.3 27.3 5-7 
undulator K-parameter (planar) 1.27 1.27 4.1-5.6 
photon wavelength range (1st harmon.) nm >42 >6 0.1-10 
peak photon beam power GW 0.2 3 60 - 280 
number of photons per bunch 1012 100 40 10 - 500 
typical photon beam divergence (rms) fxrad 100 30 1 
typical photon beam diameter (rms) fim 70 55 20 

TESLA acoel. modul 

5   ACCELERATION 

Each of the superconducting acceleration modules of the 
TESLA Test Facility provides a nominal acceleration of 
120 MeV. For a more detailed desciption and the status, 
see Ref. [6]. With respect to FEL performance, a specific 
issue are the wakefields, because even for TESLA with 
its big cavity volume, the energy distribution inside each 
bunch is distorted or even dominated by longitudinal wake- 
fields if the bunches are compressed to 50 /xm rms bunch- 
length (phase 2). Analytical and numerical investigations 
have shown that the longitudinal wake potential accumu- 
lated over one TESLA module is close to the analytic solu- 
tion of a point charge in an infinitely long periodic structure 
[18], see Fig. 6. 

6   UNDULATOR 

The undulator is the most prominent FEL specific compo- 
nent. It has two functions: It has to provide the sinusoidal 
magnetic field so that the FEL process can take place, and, 
in order to keep the beam-size small over the whole undu- 
lator length, the undulator has to be combined with a su- 
perimposed periodic quadrupole lattice. The design for the 
TTF FEL is based on a planar hybrid permanent magnet 
undulator [19], see Table 1. It will be fabricated in mod- 
ules 4.5 m long each, see Fig. 7. Between these modules 
and inside the 12 mm undulator gap a number of high reso- 
lution beam position monitors will be placed to ensure that 
the overlap between electron beam and photon beam stays 
within the specified tolerance of approx. 10 //m [20]. The 
undulator is using four additional magnets per halfperiod 
to provide focusing, see Fig. 8. A 220 mm long prototype 

Figure 6: Wake potentials in the 8th cavity of a TESLA 
cryo-module for an rms bunch length of 0.05 mm and ana- 
lytical approximation (circles). From Ref. [18]. 

has been built and tested, and two 1 m long prototypes are 
presently under construction. 

7   PHOTON BEAM PROPERTIES 

The prediction of photon beam parameters of short wave- 
length FELs is based on both an elaborate theory and var- 
ious computer codes (for references, see [7] - [10]). Ta- 
ble 1 contains only few numbers on the expected FEL per- 
formance. The values quoted should be used as a guide- 
line only, since there is no experimental experience yet 
in this wavelength regime. There is a radiation property 
that is specific to SASE FELs called superradiant spik- 
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psjffiüX. 

Figure 7: 3-D view of one undulator module for the VUV- 

FEL at the TTF. From Ref. [9]. 

V1 

Figure 8: Perspective view of l\ periods of the TTF FEL 
undulator which combines undulator field and strong fo- 
cusing. From Ref. [19]. The small pole pieces with magne- 
tization perpendicular to the gap plane provide the focusing 

field. 

ing [21]. Due to the statistical character of the start-up 
from noise, the FEL radiation intensity is not homoge- 
neously distributed along the pulse length but concentrated 
within ultrashort pulses as long as the cooperation length. 
This length is typically about 1000 times the photon wave- 
length, i.e. much shorter than the bunch length. There 
is no phase correlation between these spikes, so the spike 
length reflects the longitudinal coherence of the radiation. 
The photon statistics has been shown to be that of com- 
pletely chaotic polarized radiation [22]. A two-stage FEL 
scheme has been devised to considerably reduce the band- 
width [23]. In Figs. 2, 3 its performance is referred to by 
the index (M). 
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RECENT RESULTS OF THE COMMISSIONING OF THE DELTA 
FACILITY 

J. Friedl, DELTA GROUP, University of Dortmund, Institute for Accelerator Physics and 
Synchrotron Radiation, Emil Figge Straße 74B, 44221 Dortmund, Germany 

Abstract 

The DELTA storage ring facility, consisting of a 100 
MeV LINAC, the booster storage ring BoDo and the 1.5 
GeV main storage ring, is under commissioning since fall 
'94. All accelerators are in operation. DELTA includes all 
features of a 3'd generation light source, but in contrast to 
a user source this facility is mainly devoted to the test and 
development of components for future accelerators. The 

second main goal of the facility is to drive short 
wavelength Free-Electron-Lasers. Furthermore, special 
beam conditions for single user experiments and local 
syncrotron radiation users will be provided. This paper 
presents the recent results of the commissioning of the 
facility and first measurements of spontaneous 
synchrotron radiation emitted from the FEL-undulator 
FELICITA I. 

FIG. 1 THE DELTA STORAGE RING FACILITY 

1 INTRODUCTION 

The Dortmund Electron Test Accelerator facility 
DELTA is designed as a 3rd generation light source with 
beam energies up to 1.5 GeV [1,2]. It consists of a 100 
MeV LINAC [3], the full energy booster storage ring 
BoDo and the main storage ring (Fig. 1). The facility is 
designed as a test bench for machine components and 
Free-Electron-Laser (FEL) development. Furthermore, it 
will also provide local users with synchrotron radiation. 
Both applications will take 50% of the beam time. 

A short wavelength FEL [4] in the northern straight 
section is under commissioning simultaneously with the 
storage ring. A Superconducting Asymmetric Wiggler 
(SAW- 3 ports) [5] and a hybrid undulator (period length 
55 mm; 1.5 keV photon energy; 1 port) for the 21"1 long 
straight section are under construction. Beside the use of 
the radiation from these insertion devices up to 5 
synchrotron radiation beam lines from bending magnets 
are possible. One of these ports is already equipped with 
a beamline designed for micromechanics [6]. 

0-7803-4376-X/98/S10.00© 1998 IEEE 724 



2 COMMISSIONING STATUS 

2.1 The Linear Accelerator 

The S-band LINAC is a modified reconstruction of 
the old LINAC of the University of Mainz, Germany. Its 
design energy is 100 MeV, but due to limitations of the 
old hardware, especially of RF components, the 
maximum energy is presently about 67 MeV. The 
thermionic 50 keV triode electron gun produces a beam 
current of 2 A within a 15 ns pulse. To provide effective 
bunching with an energy of 4.5 MeV the buncher (LAL 
design) requires about 2 MW of RF power. With the 
present setup, using a 10 dB coupler to split up 10 MW 
RF power from the first klystron (one arm of Thomson 
F2042) to the first accelerating structure and the buncher 
only 750 kW remains for the buncher, yielding a reduced 
transmission of 30%. Parmela calculations have shown 
the ability of 70% transmission within 2% energy spread 
only by increasing the RF power for the buncher. The 
short term solution is to use the old klystron, but with a 
second transmission line providing the design power at 
the buncher. First results from this modification are 
expected in July 97. On a longer timescale the change to 
a new klystron type (Thomson TH2100; 35 MW) is 
planned to reach the design values for the RF power in all 
structures, and thus the design energy and transmission. 

2.1 BoDo, The Booster Dortmund 

The full energy booster BoDo was designed not only 
as an injector for the DELTA storage ring but also to 
serve as a test bench for low energy injection and 
accumulation. Therefore, it is constructed as a ramped 
storage ring. A 3 kicker system of the slotted pipe type 
[7] is used to inject into a FODO-lattice. For 
accumulation studies the kicker PFN can produce a 1 us 
flat top current pulse with a fall time smaller than 1 BoDo 
revolution (168 ns). Currently an on orbit injection 
scheme with 2 kickers and a sinusoidal half wave pulse 
(tp=340ns) is used. 

The shortest possible acceleration cycle to reach the 
maximum energy is 5.6 s. During the acceleration all 
quadrupoles and dipoles run computer controlled current 
functions, to compensate for individual hysterises and 
dynamics. At the present state of commissioning a 960 
MeV energy ramp with 6.4 s cycle duration is mainly 
used. The beam current at the top is about 4 mA and the 
particle loss is about 50% during the energy ramp. During 
the cycle the RF power is ramped from 20 W at injection 
to 2kW for beam energies higher than 400 MeV. Up to 
now a maximum energy of 1.4 GeV has been achived. 

A closed orbit beam bump, produced by additional 
coils on three main dipoles, is used to prepare the beam 
for extraction. The extraction kicker is a double kicker of 
the slotted pipe type with a rise time of less then one 
BoDo revolution (168 ns). 

2.3 Transfer Line Between BoDo and DELTA Main Ring 

As the transfer line from BoDo to the DELTA main 
ring has to be compact, pulsed dipole magnets with a 
field exitation of 1.5 T for 1.5 GeV energy are used. The 
pulse length for the 2% pulse is 100 ms. Without special 
shielding stray fields act on the stored beam of the main 
ring. Therefore, a magnetic shielding is under 
construction. 

2.4 The Main Storage Ring DELTA 

The main storage ring has a racetrack shaped triplett 
lattice. At 1.5 GeV the design emittance is 1.1 10"8 mrad. 
The ring provides two superstraights of nearly 20 m each. 
Concerning space for matching insertion devices up to 14 
m length are possible. This feature is essential for future 
FEL development. At present 2 additional dipoles are 
used to split up each of these sections into 3 straights. 
This allows for the use of up to 3 insertions per 
superstraight. 

The main ring operation started in June '96 with a 
high emittance commissioning optics shown in Fig.2. 
Small values of the chromaticity allowed to start without 
sextupoles. 

Currently beam currents up to 52 mA have been 
stored in a train of 6 bunches at 0.96 GeV. The typical 
lifetime is about 1 hour at 20 mA. The chromaticity is 
corrected to +2 using two families of sextupoles. With the 
integrated NEG and ion getter pumps [8] the beam loaded 
average vacuum pressure is about 10" Pa. 

Table: 1 lists the actual and design performance of the 
comissioning for BoDo and the main storage ring 

Betalunction 

■■■■ 
Fig. 2 ß-functions of the commissioning optics for the 
DELTA storage ring 

3 THE STORAGE RING FEL FELICITAI 

Simultanously with the commissioning of DELTA 
first tests of the FELICITA I FEL hardware have started 
[9]. The electromagnetic undulator with 25 cm period 
and 4.875 m total length was tested with beam in both 
possible operation modes. By changing the excitation of 
2 central periods it is possible to switch online between 
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the undulator mode and the optical klystron mode and 
vice versa without loosing the stored electron beam. The 
distance between the FEL-cavity mirrors is 14.4 m 
providing operation with 1, 2 and 4 bunches in DELTA. 
With energies ranging from 300 MeV to 1 GeV 
wavelengths from 2 urn down to 200 nm should be 
available. First tests of the magnet at 650 MeV and at 
maximum undulator K-value produced a spontanous 
spectrum shown in Fig.3. Maximum excitation of the 
dispersive section yields the spectrum of the fundamental 
of the optical klystron shown in Fig.4 [10]. Besides small 
changes of the vertical tune the influence on the stored 
beam was neglectable. The energy spread of the electron 
beam calculated from these measurements is in a good 
agreement with the theoretical values. 

: optical measurement 

Tab. 1  Some parameters of BoDo and the main storage 
ring with the commissioning optics. 

Pinhole Spectrum K=3.06, 639 MeV 

 Simulation 
 Measurement 

•       A 

400 420 440 460 480 500 

Wavelength [nm] 

Fig. 3 Comparison of the spectrum of the undulator at 
639 MeV and maximum excitation of the undulator 
section. The Simulation is based on a Hall-Probe 
Measurement. 
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BoDo Actual Design 
Optics FoDo FoDo 
RF Power [kW] 0.01 - 4 30 (max) 
Energy [MeV] 67 - 1400 50-1500 
hor. Emittance [mrad] <3xl0~7@lGeV 1.6xl07@lGeV 
Av. Current [mA] 3-5 5 
Cycle Time [s] 6.4 (<1 GeV) 5.4(<1.5GeV) 
Lifetime [h] >3 1.5 
Main Storage Ring 
Optics Triplet Triplet 
RF Power [kW] 10 60 
Energy [MeV] 960 300-1500 
hor. Emittance [mrad] 7.5x10" " 5.3x10s 

Av. Current [mA] 52 100 
Lifetime [h] 1 (@20 mA) 10 
Bunchlength [ps] 
POP=3.5kW 

65 
(0 A extrapolated) 

60 
(@ 960 MeV) 

Fig. 4 Measurement of the OK-spectrum at 639 MeV and 
maximum excitation of the undulator section and the 
dispersive section. 

4 CONCLUSION 

During the ongoing commissioning process, DELTA 
is heading for the design current of 100 mA. As soon as 
this goal has been reached with the commissioning optics, 
the machine will be switched to its design low emittance 
optics with EX = 5xl0'9 mrad (IGeV). After the 
commissioning of the optics at 1 GeV, the machine will 
be run at 1.5 GeV. Simultaneously to the progress of the 
facility, the first experiments are starting. At the end of 
1997 it is expected, that DELTA has reached its main 
design goals. 
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INSERTION DEVICE DEVELOPMENT IN THE X13 STRAIGHT 
OF THE NSLS X-RAY RING 

P. M. Stefan, S. Krinsky, C.C. Kao, G. Rakowsky, O. Singh, L. Solomon 
NSLS, Brookhaven National Laboratory 

Abstract 

On the NSLS X-Ray Storage Ring, the X13 straight 
section and beamline have been used for insertion-device- 
related R&D since 1990.. We will describe three 
important projects: The Prototype Small-Gap Undulator 
(PSGU), the In-Vacuum Undulator (IVUN), and the Time 
Varying Elliptically Polarized Wiggler (EPW). The 
PSGU has successfully operated with a vertical aperture 
of only 3 mm, with minimal reduction in electron beam 
lifetime. The EPW has successfully run during regular 
user operations while switching at either 2 Hz or 100 Hz, 
with no adverse effects on other experiments. The IVUN 
project is a collaboration between NSLS and Spring-8, 
and installation is scheduled for May 1997. 

1 SMALL GAP UNDULATORS 

The PSGU [1,2] combines a short-period (16 mm) 
undulator magnet and a variable-aperture vacuum 
chamber to produce high-brightness undulator light with 
a higher photon energy in the fundamental than would 
otherwise be possible in the 2.5 GeV X-Ray Ring. 
Photons from the PSGU have been used to develop a 
coherent x-ray beam for X-ray Photon Correlation 
Spectroscopy (XPCS). A coherent beam of 3xl09 

photons/sec at 3 keV (4.1Ä) was produced through a 10 
Um pinhole. 

The long low-ß straight sections of the NSLS X-Ray 
Ring (such as the X13 straight) are particularly well- 
suited for small-gap insertion devices. The stored 
electron beam focuses to a minimum dimension both in 
the vertical and in the horizontal at the center of the long 
straight. The PSGU is installed in the center of the 
straight section, and is quite short. The minimum- 
aperture-region of its variable vacuum chamber is 390 
mm long, and the undulator magnet arrays are 320 mm 
long. In the regions closest to the electron beam, the 
PSGU vacuum chamber is thinned to 1 mm. The magnet 
arrays are in air, located just outside the thinned vacuum 
chamber. The magnet gap is always at least 3 mm greater 
than the vertical aperture of the vacuum chamber for the 
electron beam. 

One of the most important studies conducted with 
the PSGU measured the reduction in the electron beam 
lifetime as the variable vacuum chamber aperture was 
reduced. The results are illustrated in Figure 1. The 
lifetime was essentially unaffected to a full aperture of 4 
mm, but then started to decrease. In a practical sense, an 
aperture of about 3 mm is operationally acceptable, since 
the overall lifetime reduction is small. 

2 4 6 8 10 
Chamber Full-Aperture [mm] 

Figure 1: Stored beam lifetime as a function of the 
electron beam aperture presented by the PSGU vacuum 
chamber, at 220 mA. The line drawn is a guide for the 
eye. 
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In order to take full advantage of the ability to run 
with a 3 mm aperture, we are pursuing an in-vacuum 
undulator project (IVUN). This is a logical extension of 
the PSGU, with the variable vacuum chamber eliminated, 
and the undulator magnet arrays placed directly in the 
storage ring vacuum. For IVUN, the magnet gap and the 
corresponding electron beam aperture are very nearly the 
same dimension. A comparison between the parameters 
of the PSGU and IVUN is presented in Table 1. 

Table 1. PSGU/IVUN Comparison 

PSGU IVUN 

Period 16 mm 11 mm 
NominalMagnet Gap 6.0 mm 3.3 mm 
Corresponding Max. 3.0 mm 3.0 mm 
Beam Aperture 

Peak On-Axis Field 0.623 T 0.678 T 
hv.    , (X.   ) 2.77 keV 4.64 keV 

(4.48 Ä) (2.67 Ä) 

The IVUN design goal is for a photon output at 4.6 
keV (2.7 Ä) in the fundamental, with high flux at the 
second and third harmonics, at a magnet gap of 3.3 mm. 
Experiments spanning the whole spectrum of 
synchrotron-light applications, from spectroscopy and 
diffraction to microscopy and scattering, can benefit from 
this high-brightness, high-flux source. In addition, the 
electron beam characteristics of the X-Ray Ring allow 
IVUN to produce good second-harmonic intensity on- 
axis, at just over 8 keV, with a half-intensity bandwidth 
of over 2 keV. IVUN is being built in a collaboration 
between the NSLS and the Japanese SPring-8 Project. 
Our collaborators at SPring-8 worked on the first 
successful in-vacuum undulator and are fabricating the 11 
mm-period magnet arrays for IVUN. When installed in 
the X13 straight section, IVUN will replace the 
PSGU,which is now situated at the center of the straight. 
Studies are planned to begin in the Summer of 1997. 

2 TIME VARYING ELLIPTICALLY 
POLARIZED WIGGLER 

The Time Varying Elliptically Polarized Wiggler (EPW) 
[3] produces elliptically-polarized light on axis, with the 
sense of rotation of the field vectors, i.e. the helicity, 
alternating at up to 100 Hz. The EPW, as originated by 
Yamamoto and Kitamura [4], consisted of permanent 
magnet wigglers with crossed fields capable of generating 
circularly polarized radiation with higher harmonics on 
the wiggler axis. In our device, the horizontal permanent 
magnet structure has been replaced by an AC 
electromagnet wiggler, in order to modulate the helicity. 
The EPW was built in a collaboration between the NSLS, 

the APS at Argonne National Lab, and the Budker 
Institute of Nuclear Physics at Novosibirsk. Usable 
fluxes of photons are available from 100 eV to 10 keV, 
with the measured degree of circular polarization 
exceeding 50%. Such a source is extremely useful for 
circular dichroism studies of both magnetic materials and 
materials with natural optical activity. The stable 
alternation of the helicity, at frequencies up to 100 Hz, is 
an extremely powerful aspect of the source. This allows 
gating or lock-in techniques to separate the responses of 
the sample to opposite helicities. When a lock-in 
amplifier is used, any steady-state or background signals 
are summarily removed from the start, since the lock-in 
only detects the signals which follow the EPW reference 
signal 

The EPW was installed in December 1994, 
commissioned during Spring 1995 at an operating 
frequency of 2 Hz, and became operational subsequently 
[5]. Utilizing trim coils at the wiggler ends and the high- 
precision orbit measurement system of the NSLS X-Ray 
Ring, the residual orbit motion was reduced to a level 
below 0.5 um [6]. No adverse effects on other 
experiments have been observed. The degree of circular 
polarization of the radiation from the wiggler was 
characterized by making Magnetic Circular Dichroism 
(MCD) measurements using the XI3 A soft-x-ray 
beamline [7]. For values of the vertical deflection 
parameter, Kx, of 1.2 and 1.6, the MCD effects at the Fe 
L23 edges indicated a degree of circular polarization of 
60% and 75%, respectively, in good agreement with 
calculated values. Experimental programs based on the 
device, including MCD, Natural Circular Dichroism, and 
Resonant Magnetic Scattering, have also started. As an 
example, very small MCD effects near the Cr L2, edges 
were observed in a series of Co-Cr alloys (a promising 
candidate for a high-density perpendicular magnetic 
recording medium) by a collaboration of the Naval 
Research Laboratory, AT&T, and the NSLS [8]. From 
these results, the Cr in the alloys was found to be 
polarized, and the induced Cr moment aligned anti- 
ferromagnetically with respect to that of the neighboring 
Co. These results also showed that MCD effects much 
smaller than 1% can be easily detected with the EPW, as 
illustrated in Figure 2. To fully utilize the EPW, a new 
soft x-ray spherical grating beamline and a double-crystal 
x-ray monochromator are being constructed, and will be 
operational in fiscal year 1997. Operations are now 
underway utilizing the EPW switching at 100 Hz and 2 
Hz, and commissioning at 23 Hz is underway. 
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Figure 2: Magnetic Circular Dichroism (MCD) effects [7] 
near the Cr L23 edges in a series of Co-Cr alloys [8]. 
From these results, the Cr in the alloys was found to be 
polarized, and the induced Cr moment aligned anti- 
ferromagnetically with respect to that of the neighboring 
Co. The MCD effect illustrated is much smaller than 1%. 
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OPERATION OF FIR-AND UV-FEL FACILITIES AND FEL BEAM 
SHARING TO USERS ROOMS AT THE FELI 

T. Tomimasu, S. Okuma, K. Wakita, T. Takii, E. Oshita, K. Wakisaka and H. Tongu 
Free Electron Laser Research Institute, Inc. (FELI), 2-9-5, Tsuda-Yamate, Hirakata, Osaka 573-01, Japan 

SUMMARY 

Four FEL facilities FEL-1, FEL-2, FEL-3 and FEL-4 
achieved lasing at FELI in Oct. 1994, in Feb. 1995, in 
Dec. 1995 and in Oct. 1996, respectively. Two IR 
facilities FEL-1 and FEL-2 are open for users to supply 
several MW-level FELs covering the wavelength range 
of l-20um every other week. The maximum average 
power of the IR-FEL is 2W. Total operation time in 
1996 was about 2400 hours. The visible- and UV- 
facility FEL-3 has broken the world record for the 
shortest wavelength oscillation of linac-based FELs with 
a thermionic gun up to 0.278um. The FEL beams are 
delivered from the optical cavities to the diagnostics 
room and four user's rooms (eighteen stations) through 
the pipe lines using fan-shaped mirrors with a 90°- 
opening angle. 

INTRODUCTION 

The FEL facility consists of an S-band, 165-MeV 
electron linac with a thermionic gun, beam transport 
(BT) lines and four FEL facilities FEL-1, FEL-2, FEL-3 
and FEL-4 as shown in Fig. 1. Each FEL facility consists 
of an undulator, an optical cavity and an optical pipeline. 
FEL-1, FEL-2 and FEL-3 were designed in 1993 and 
1994 to cover the wavelengths from 0.3um to 22um. 
FEL-4 was designed in 1995 to cover the wavelengths 
from 20um to 80um. 

The 165-MeV linac consists of the 6-MeV injector 
[1] and seven ETL type accelerating waveguides [2]. The 
seven accelerating waveguides with a length of 2.93m is 
of linearly narrowed iris type to prevent beam blow up 
(BBU) effects at high peak current acceleration. 

The injector is composed of a 120-kV thermionic 
triode gun, a 714-MHz prebuncher, a 2856-MHz 
standing wave type buncher and focusing solenoids. The 
axial field keeping the beam radius constant is calculated 
from the K-V equation. 

The gun with a dispenser cathode (EIMAG Y646B) 
usually emits 500-ps pulses of 2.3A at 22.3125MHz or at 

89.25MHz. The grid pulser was manufactured by 
Kentech Instruments, Ltd., U.K. These pulses are 
compressed to 60A10ps by the prebuncher and the 
buncher. 

The electron beam of the FELI linac consists of a 
train of several picosecond micropulse repeating at 
22.3125MHz or at 89.25MHz. The train of the 
micropulse continues for 24us (macropulse). The 
repetition rate of the macropulse is 10Hz or 20Hz. 

Our rf sources are a 714-MHz klystron (1VA88R, 
15kW for 20-Hz, 24-us flat top pulses) for the 
prebuncher and two 2856-MHz klystrons (E3729, 25MW 
for 20-Hz, 24-us flat top pulses per each) for the buncher 
and seven accelerating waveguides. 

The latter klystrons are based on a E3712 klystron, 
used for 80-MW, 4-us pulse operation, modified for 25- 
MW, 24- us pulse operation [3] [4]. The modulator for 
the klystron 1VA88R uses MOS-FET modules [5]. 
However, the modulator for the E3729 klystron consists 
of 4 parallel networks of 24 capacitors and 24 variable 
reactors, and it has a line-switch of an optical thyristor 
stack. The flatness of our klystron modulator for E3729 
is 0.067% at 24-us pulse operation [6]. The 24-um pulse 
operation of these modulators were very successful for 
lasing at visible-and UV-range. 

LASINGS AT FIR-,MIR-,VISIBLE-AND UV- 
RANGE 

The operation of the FELI facility was begun in May 
1994. The electron beam size and position are always 
monitored and controlled to pass through the center of 
accelerating waveguides using screen monitors installed 
at the inlet and outlet of every accelerating waveguide 
and quadrupole magnet. Further, using five screen 
monitors installed in the S-type BT line [7] for each FEL 
facility, the beam size and position are adjusted along the 
axis so as to pass through the center of a narrow vacuum 
chamber inside each undulator. 

FEL Facility 1        FEL Facility 2 
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Injector   ATI      AT2    ^-AT3 AT4—AT5^—fy 

Therminolc Gun 
fc^—nfc' 
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•^—-        Undulator Z 
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Undulator 4. 

FEL Facility 4 

165MaVUnac 
FEL Facility 3 

-jATB  ATT' 
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Fig. 1 Layout of 165-MeV linac, S-type BT linacs and four FEL Facilities 
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The beam emittance was measured using three Al- 
foil OTR beam profile monitors installed in the undulator 
vacuum chamber. The two profile monitor emittance 
measurement method is used for its simplicity and short 
time for data acquisition. The normalized emittance s„ of 
a 144-MeV, 60-A electron beam is estimated to be 267t 
mm mrad [8]. Each Al foil has a l-mm(|> aperture. The 
S-type BT line can focus about 80-90% of the electron 
beam to pass through the aperture. 

Each optical cavity is a 6.72-m long Fabry-Perot 
cavity which consists of two mirror vacuum chambers 
[9]. 

The FEL oscillation experiment was begun at FEL-1 
(5-22um) in August and succeeded in lasing at 5-7um in 
Oct. 1994 [10]. Fig. 2 shows a 7.5-um FEL macropulse 
shape measured with an HgCdTe detector and electron 
current pulse shape measured with a button monitor [11]. 
FEL-2 (l-6um) and FEL-3 (0.23-1.2um) achieved lasing 
at 1.88-3.1um in Feb. [12] and at 0.339-0.353pm and in 
Dec. 1995, respectively [8]. 

It has been said that no lasing at ultraviolet 
wavelengths can be achieved by using an electron linac 
with a thermionic gun from the wavelength limit due to 
optical diffraction, because of beam emittance growth in 
the bunching process from the thermionic gun to the 
linac. Therefore, the FELI linac was carefully designed 
to reduce the emittance growth in the bunching process 
and FEL-3 has broken the world record for the shortest 
wavelength oscillation up to 0.278pm on June 6, 1996. 
Fig. 3 shows a 0.278pm FEL spectrum. 

Experimental verifications of gain estimates given 
by Dattoli, et al. [13] and of the criteria on the electron 
beam quality and wavelength limit due to photon 
diffraction given by Sprangle, et al. [14] are given by our 
data on visible- and ultraviolet-FEL oscillations [15]. 

Peak interacavity power is about 1GW at 0.6pm. 
FEL-asist radiation damage to the downstream 

multilayer mirror was observed after about fifty hours 
oscillation. Irradiated radiation dosage to multilayer 
mirrors in optical cavity 3 is estimated to be 0.3 MGray 
for fifty hours irradiation with thermoluminescence 
dosimeters (TLDs) [16]. 

500- 

400 - 

300 

O     200 

Wavelength 278nm 
Output 0.2MW 

155MeV, 60A 
Net gain 5.8% 

*iJS VJ-X%- 

260 270 280 290 300 

Wavelength (nm) 
Fig. 3 0.278m FEL spectrum 

FEL-4 (20-80pm) including a 2.7-m long Halbach 
type undulator (ku =8cm, N=30) and a 6.72-m long 
optical cavity was installed at the 33-MeV beam line, 
downstream of FEL-1 in Dec. 1996. The FEL beam is 
delivered from the downstream optical cavity to the 
user's rooms through the pipeline of FEL-2. 

First lasing at 18.6pm was achieved on Dec. 26, 
within ten hours operation. FEL-4 achieved lasing at 
18.6~40pm in Jan. 1997 [18]. 

FEL BEAM QUALITIES 

The FEL micropulse structure depends on the electron 
micropulse and macropulse structures, the detuning 
effect of the optical cavity, and the small signal gain of 
the undulator. 

The electron beam of the FEL consists of a train of 
several picosecond pulses (micropulses) repeating at 
22.3125MHz, or to 89.25 MHz although the results 
presented in this paper were all taken at the lower 
frequency. To estimate the electron micropulse duration, 
the optical transition radiation induced by the electron 
micropulse was measured with a streak camera. The 
train of micropulses continues for 24ps (macropulse) and 
repeats at 20Hz. The usual FEL micropulse duration is 
determined by the detuning effect of the optical cavity 
and is shorter than half of the electron micropulse 
duration (bunch length) of several picosecond. The 
detuning effect on visible-and ultraviolet-FEL 
micropulse duration was measured with the streak 
camera. The FEL micropulse duration varies from 2.7ps 
to 0.9ps according to the detuning.[19] 

The FEL peak and average powers of FEL-1 are 
6MW and 0.2W at 7.5pm, respectively, at the outlet of 
Au-coated front mirror with 1-mm aperture. The FEL 
peak power of FEL-2 is 2MW at 1.88pm at the 0.5-mm 
aperture of Au-coated mirror and those of FEL-3 are 
1.8MW at 0.35pm and 4.7MW at 0.6pm at the multilayer 
mirror. Fig. 4 shows the average FEL powers measured 
at each front mirrors as a function of wavelength. 

Experimental data on the wavelength dependence of 
A7JX agree with the estimated valules calculated from 
AAA=(1/7IWä.R/NO-Z, where N is the number of undulator 
periods and CTZ is the standard deviation of the electron 
bunch length. 
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FEL BEAM SHARING FOR USER'S ROOMS 

The FEL beams are delivered from the optical cavities to 
the diagnostics room and four user's rooms (eighteen 
stations) on the third floor through the optical pipes as 
shown in Fig. 5 [20]. Since Oct. 1995, FEL-1 was open 

User's Rooms 
' „ "3' 

Manipulator | 

Beam Sharing 

Monitor 
Room 

for FEL users for two days a week. Since the end of Oct. 
1996, FEL-1 and FEL-2 are open for users every other 
week. Total operation time in 1996 was about 2,400 
hours. 

The FEL beam extracted from the narrow aperture 
becomes thick and round due to diffraction and is 
delivered to the diagnostics room and four user's rooms. 
The FEL power and spectrum are always monitored with 
a fan-shaped mirror [21] at the diagnostic room and the 
linac control room. 

The thick and round FEL beam is suitable for 
simultaneous FEL beam sharing to the diagnostics room 
and the user's stations, using fan-shaped Au-coated 
mirrors. The opening angle of the fan-shaped Au-coated 
mirror can change the sharing ratio of delivering FEL 
average power to the diagnostics room and the user's 
rooms. For the present FEL diagnosis, a quarter of the 
round FEL beam is shared using a fan-shaped mirror 
with a 90°-opening angle. Two manipulators were 
installed in Lab. 2. Each can focus the FEL beam to a 
0.1-mm<|> MIR-FEL spot size inside of 3-m diameter 
working area. 
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Chitrlada Settakorn, Michael Hernandez and Helmut Wiedemann 
Applied Physics Department, Physics Department and Stanford Linear Accelerator Center, 

Stanford University, Stanford, California 94309 * 

Abstract 

Stimulated transition radiation is generated by recycling 
coherent far-infrared light pulses of transition radiation in 
a special cavity. The cavity length is designed to be 
adjustable. At specific intervals the light of a previous 
bunch coincides at the radiator with the arrival of a 
subsequent bunch. In this situation, the external 
electromagnetic field stimulates the emission of higher 
intensity transition radiation. It is expected that the 
extracted energy from the cavity will be about 17 times 
more than would be possible without recycling. 

1 INTRODUCTION 

Electromagnetic radiation can be produced over a 
wide spectrum from radiowaves to hard x-rays through a 
variety of physical effects. Specifically, electron beams 
can be used to produce coherent or incoherent radiation. 
Coherent radiation is emitted when particle density 
fluctuations or modulations exist on the scale of the 
radiation wavelength. Such density modulations are used 
to produce microwaves in, for example klystrons, or 
shorter wavelength radiation from free electron lasers. In 
this paper we present a new way to produce broadband 
coherent far-infrared radiation from relativistic electron 
beams. The principle combines the emission of coherent 
radiation from electron bunches with the stimulation of 
such radiation by an external field with the source of the 
external field being the radiation emitted by an earlier 
electron bunch. 

At the Stanford University Short Intense Electron 
source (SUNSHINE) high intensity electron bunches of 
sub-picosecond duration are produced from an rf-gun and 
a bunch compressor[l]. At wavelength equal and longer 
than the electron bunch length coherent radiation can be 
produced with an intensity scaling like the square of the 
number of electrons per bunch. With typical electron 
populations the intensity of such coherent radiation 
exceeds that of incoherent radiation by a factor of 108 or 
more. Since the shortest electron bunch lengths that can 
be directly produced are of the order of tens to hundreds 
of urn's the coherent radiation emitted falls into the far- 
infrared(FIR) spectral regime. This is the wavelength 
range where no readily available high intensity sources 
exist except for a few free electron lasers. 

Coherent radiation can be produced, for example, in 
form of synchrotron, Cherenkov, Smith-Purcell or like in 
the case of the SUNSHINE experiment in form of 
transition radiation. Transition radiation (TR) is generated 
when a charged particle passes through an interface 

between media with different dielectric constants[2]. The 
most effective transition occurs at the interface from 
vacuum (e, =1) into metal (e^ °°). At the SUNSHINE 
facility a thin aluminum foil is employed to serve as the 
radiator. This foil is tilted by 45° with respect to the 
electron path and the backward TR is emitted at 90° with 
respect to the beam axis for easy separation from the 
electron beam through a polyethylene window. The total 
spectral energy W radiated per unit solid angle is 

d2 W    _ rc mc2 sin2 9 

dcodQ  "  TC
2
C (1-ß cos 2 9) 2' 

where 9 is the emission angle with respect to the electron 
beam axis. The radiation intensity vanishes along the 
beam axis and increases to a maximum at 9 =l/y. The total 
spectral radiation energy per electron becomes 

dW 2 r.mc 
In Y 

d (0 7C ß c 

after integration over a 2 n half space. 
Of this total radiated energy 51.2% can be collected 
within an acceptance angle of 9 = 0.245 rad in the set up 
described here. The single electron TR spectrum is 
uniform up to very high frequencies and folds with the 
spectrum of the electron bunch which is the Fourier 
transform of the particle distribution called the form 
factor. For sub-picosecond electron bunches of the 
SUNSHINE facility the form factor is close to unity for 
wavelength down to about 100 |im and the available 
spectral energy is for example dW/doo = 3.73x10"19J-s for 
N= 6xl08 electrons per micro bunch. The spectral 
radiance exceeds that of black body radiation by several 
orders of magnitude due to its efficient collimation in the 
forward direction. Furthermore, the radiation is broad 
band, coherent, polarized and of sub-picosecond, Fourier 
transform limited duration. 

2 STIMULATED TRANSITION RADIATION 

A possible way to further increase the intensity of this 
coherent FIR TR is to stimulate the emission process with 
an external electromagnetic field. To obtain stimulated 
transition radiation (STR), we recycle the TR from one 
bunch by mirrors such that the radiation pulse arrives 
back at the radiator just in time when another electron 
bunch arrives there as well [3]. The recycled radiation 
pulse serves now as an external field E„. In case of 
perfect temporal coincidence with the arrival of an 
electron bunch this external field adds to the spontaneous 
TR field Esp emitted from the electron bunch for a 
combined radiation field   Esp+E„,. Since the radiation 
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intensity is proportional to the square of the field we get 
from this electron bunch an extra radiation energy of 

Ae = | Esp+E„„ |2 -1 E,p |2-1 EeJ
2 = 2Re(EspE,s *). 

The extra energy is the stimulated radiation which is due 
to the work done by the external field on the electrons [3]. 
STR   has   been   observed   at   SUNSHINE.[3,4]   by 
measuring the radiation intensity as a function of the 
cavity length. STR is observed at cavity lengths matched 
to   the   stimulating   condition.   In   the   absence   of 
stimulation, the total radiated power from all bunches 
would be independent of the cavity length. As visible in 
Fig.l, the radiation intensity increases whenever the 
cavity path length is an integer, half integer, third integer 
etc. multiple of the electron bunch distance. In case of 
fractional integers the radiation pulse has to travel twice, 
three and more times through the cavity before it meets 
another electron bunch at the radiator. 

Cavity Loop Length (units of dlb) 

Figure: 1 The STRdetuning scan[4,5] 

3 OPTICAL CAVITY FOR STR 

First let us consider a lossless cavity with a total round 
trip path length d equal to the distance A between adjacent 
electron bunches. The first electron bunch generates TR at 
the radiator and the forward radiation of intensity | E |2 

travels through the cavity to arrive back at the radiator at 
the same time with another electron bunch. The total 
intensity is now |E+E|

2
 = 4|E|2 producing an extra 

energy 21E |2. Interaction with the third electron bunch, 
the energy of the radiation increase to 12E+E |2 = 91E |2. 
The field in the cavity builds up until the last (N-th) 
electron bunch arrives at the radiator with the radiation 
energy scaling proportional to N2. At SUNSHINE, for 
example, N=3000 and one would expect an increase of 
the instantaneous radiation intensity by a factor of 30002 

and an increase by a factor of 3000 in the total number of 
photons per pulse. 

If the cavity length is mA, the radiation pulse arriving 
at the radiator after one round trip will meet the m1" 
subsequent bunch. For a train of N electron bunches per 
pulse, the radiation energy in the cavity then scales like 
m(N/m)21E |2 with m independent radiation pulses in the 
cavity. Since the optical cavity is composed of several 
reflectors, there exist unavoidable losses and the intensity 
of STR can be greatly diminished. This makes it 
imperative to use mirrors of maximum reflectivity. 

For the purpose of generating STR, a cavity as shown 
in Fig.2 has been studied and constructed. The cavity is 
composed of a metallic foil as the TR generator(R) and 
several reflectors(F,Pl,P2,M). Although it is important to 
minimize the number of mirror to decrease losses, the 
cavity requires a specific mirror arrangement. Due to the 
divergent nature of TR from the radiator, one cannot use a 
flat mirror to recycle the radiation back to the radiator. 
After separating the radiation from the electron beam by a 
45° thin metallic reflector(F), two parabolic mirrors(Pl, 
P2) are required to generate a parallel beam for path 
length adjustment and a correct polarization condition of 
the recycled radiation at the radiator. The focal points of 
PI and P2 are aligned to the center of R and flat 
mirror(M). In the cavity we insert a beam splitter(BS) to 
extract some of the radiation field while the rest remains 
circulating in the cavity. 

Figure:2 The schematic of STR cavity. 

Based on the electron beam parameters at 
SUNSHINE, the efficiency of the optical cavity can be 
calculated. The SUNSHINE facility produces electron 
pulses at 10-20 Hz each containing a train of 3000 
bunches at an energy of 28 MeV. Each bunch has an 
effective length of 180 um and includes up to 6xl08 

electrons. From the form factor we derive a spectrum for 
the STR ranging from 100 - 1000 urn. The cavity path 
length is adjustable within 7A < d< 8A, where A=10.5cm. 

As described earlier, the intensity of STR in a lossless 
cavity is (N2/m)|E|2 = 1.28X10

6
|E|

2
. Considering 

reflection losses, we define a as the remaining fraction of 
field after one round trip being equal to the product of the 
reflectance from all reflectors. The radiation intensity in 
the cavity after a train of N electron bunches pass through 
the radiator becomes 

I Etav |2 = | E+ocE+cc2E.. .+ocME 12 = IE12(l-aM+1)/(l-cc), (1) 
where M is the nearest integer less than (N-l)/m. From (1) 
we conclude that the reflectivity of metal surfaces will 
ultimately determine the losses in the optical cavity. 
Reflectance calculation for gold surfaces based on 
Drude's model[5] shows that the reflectance can be better 
than R=0.995 for FIR, approaching unity for longer 
wavelengths. At X=200jxm the reflectance of a gold 
surface is 0.996407 and for 8 reflections per round trip 
a=0.971615. The radiation intensity in the cavity reaches 
a maximum in a short fraction of the beam pulse limited 
only by radiation production and overall losses. 
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The extracted radiation is determined by the reflection 
coefficient(r) of BS and can be only a small fraction of 
the cavity energy since it adds to the losses in the cavity. 
The fraction of the cavity field after passage through BS 
is at, where t is the transmission coefficient of BS 
satisfying 1112+1 r 12=1. The amount of radiation coupled 
out of the cavity must be chosen carefully. If too much 
radiation is being extracted the cavity field cannot build 
up to significant intensity. Conversely, if too little 
radiation is extracted, the cavity field builds up to higher 
values, however it is not available to the user. The 
optimum extraction efficiency must be determined. 

The STR energy in each micro pulse obtained from 
the cavity in units of spontaneous TR from one electron 
bunch is shown in Fig.3 as a function of r of BS assuming 
constant r and t within the spectrum of interest. 

0 0.2 0.4 0.6 0.8 1 

Beam splitter reflection coefficient 

Figure:3 Radiation extraction efficiency as a function of 
beam splitter reflection coefficient. 

It becomes obvious that maximum extraction 
efficiency is reached for r=0.24 which is equivalent to 
extracting 5.76% of the cavity energy per pass. Including 
all losses, the radiation energy after p bunches pass 
through the radiator can be written as 

",     ,    slp'rakl"12 

l-(at)L     J 

|Eout(p)|2=|E| <
2> I2™ 2 r  <x0 

1-at 

(at)r(p-N"H_(at)Lp'™>' 
l-at 

0<p<N 

p>N 

Here, a„ and a are the remaining fraction of the field from 
the radiator to the BS and for one round trip in the cavity, 
respectively. The symbol [ 1 and L J are round up and 
round down operations. Fig.4 shows the available 
radiation energy in units of spontaneous TR as electron 
bunches pass through the cavity for an optimized BS 
reflection coefficient R=0.24. The total STR energy per 
macropulse is 5.07xl04 | E12 .The gain compared with 
radiation from a single pass of 3000 electron bunches is 
16.91. 

1  i  '  '  '  '  i  '  '  ■ 

1000 2000 3000 

Number of electron bunches 

4000 

Figure:4 The available radiation for R=0.24. 

4 STR INTENSITY 

The STR radiance greatly exceeds that of black body 
radiation as shown in Fig.5. The width of the spectrum 
can be extended toward short wavelength as it becomes 
possible 

BS 

10 100 
Wavenumber (1/cm) 

Figure:5 STR radiance 

to reduce the bunch length further. Between 100 \im and 
1000 um STR exceeds black body and synchrotron 
radiation by 3 to 8 orders of magnitude. Furthermore the 
radiation is polarized and comes in subpicosecond Fourier 
transform limited pulses. 

REFERENCE 

[1] P. Kung, D. Bocek, H. Lihn, H. Wiedemann, Phys. 
Rev. Lett.73(1994)967 
[2]V.L.   Ginzburg   and   V.N.   Tsytovich,   Transition 
Radiation  and  Transition  Scattering,   (Adam  Hilger, 
Bristol, 1990) 
[3]    H.-C.    Lihn,    Stimulated    Coherent    Transition 
Radiation, Ph.D. thesis (Stanford University, Stanford, 
CA,. 1996) 
[4] H.-C. Lihn, D. Bocek, M. Hernandez, P. Kung, C. 
Settakorn,   H.   Wiedemann,   Phys.   Rev.   Lett.   76: 
4163(1996) 
[5] H.E. Bennett and J.M. Bennett , Optical Properties 
and Electronic Structure of Metals and Alloys, edited by 
F. Abeles (North-Holland, Amsterdam, 1996) 

* work supproted by DOE Contract No. DE-AC03- 
76F00515 

735 



MEASUREMENTS OF HIGH GAIN AND NOISE FLUCTUATIONS 
IN A SASE FREE ELECTRON LASER* 

M. Hogan, S. Anderson, K. Bishofberger, P. Frigola, A. Murokh, N. Osmanov*, C. Pellegrini, 
S. Reiche+, J. Rosenzweig, G. Travish, A. Tremaine, A. Varfolomeev* 

UCLA Department of Physics and Astronomy, Los Angeles, California 

Abstract 

We report measurements of large gain for a single pass 
Free Electron Laser operating in Self Amplified 
Spontaneous Emission (SASE) at 16 u.m starting from 
noise. We also report the first observation and analysis of 
intensity fluctuations of the SASE radiation intensity in 
the high gain regime. The results are compared with 
theoretical predictions and simulations. 

1. INTRODUCTION 

The measurements have been done using the Saturnus linac 
[1], consisting of a 1 1/2 cell BNL photocathode RF gun, 
and a PWT accelerating structure [2], followed by a beam 
transport line and a 1.5 cm period, 0.75 Tesla peak field, 
Undulator Parameter of 1, 40 period undulator built at the 
Kurchatov Institute [3], [4]. The undulator provides 
focusing in both planes. The linac operates at 5 Hz, with 
2.5 u.s long macropulses, and one 13 MeV electron bunch 
per macropulse. Steering magnets control the beam 
trajectory and align the beam in the undulator, slits measure 
the emittance [5], an Integrating Current Transformer (ICT) 
and Faraday cups measure the beam charge, and phosphor 
screens measure the beam transverse cross section. The 
beam can be propagated straight through the undulator, or 
bent through a momentum analyzer to measure the energy 
and energy spread. 

The radiation produced by the undulator is focused by 
mirrors to a copper doped germanium detector cooled at 
liquid helium temperature. The detctor can measure the 
radiation produced by a single electron bunch and has a 
response time of about 5 ns, while our electron pulses are 
typically 4 to 6 ps long. The detector has been calibrated 
and the linearity of its response measured using the 10 
picosecond long radiation pulses from the Firefly FEL at 
the Stanford Subpicosend FEL Laboratory. The noise level 
in the detector and its associated electronics is of the 
order of 10 mV. A detector signal of 20mV corresponds 
to 10 photons at. 

The experiment is done with an undulator of fixed length 
by changing the electron bunch charge from a low value 
(0.2nC), where we expect no or small amplification, and 
observe only spontaneous radiation, to a large value (0.6 
nC) where we expect to see amplified spontaneous radiation. 
We produce one electron bunch, send it through the 
undulator, and measure the pulse charge and the intensity 
of the infrared radiation. This is repeated many times to 
accumulate statistics. We then repeat the experiment 

*RRC Kurchatov Institute, Moscow, Russia 
+DES Y, Hamburg, Federal Republic of Germany . 

*Work supported by DOE Grant DE-FG03-92ER40793 

blocking the infrared radiation to measure the noise level 
due to background X-rays. The charge is measured non 
destructively with the ICT. 

When changing the electron bunch charge other beam 
parameters (energy spread, emittance, pulse length, and 
beam transverse radius in the undulator) also change. Since 
all these quantities are important to understand the 
amplification and fluctuation properties, they have been 
measured independently as a function of charge. The energy 
spread changes from about 0.08 to 0.14% rms, when the 
charge changes from 0.2 to 0.58 nC, putting an upper 
limit to the rms bunch length of 0.64 to 0.84 mm, 
corresponding to a peak current (I) of 38 to 83 A. The 
normalized rms emittance changes from about 8 mm mrad 
at the lowest charge of about 0.2 nC to about 10 mm mrad 
at 0.58 nC. Beam losses in the 4mm inner diameter beam 
pipe, which can produce an X-ray background in our 
detector, were less than the resolution of our diagnostics. 
Beam transport and the IR signal were maximized with 
the beam focused to a spot size of about 0.4 mm (FWHM) 
at the undulator exit and about three times larger at the 
entrance. 

In an FEL the undulator radiation emitted by the electron 
beam has a wavelength A^u(l+K2/2+y202)/2'/ where \ is 
the undulator period, K the undulator deflection parameter, 
0 the angle with respect to the beam axis, and 7tnc the 
beam energy. The FEL theory shows that the radiation 
intensity can grow exponentially along the undulator axis, 
z, as Ifd~exp (z/Lg). In the simple ID theory [6], [7] 
neglecting diffraction and slippage, the gain length (L) is 
proportional to the ratio of the beam peak current to the 
beam cross section, E, raised to the power 1/3. 

2. GAIN 

The gain is evaluated by comparing the SASE with the 
spontaneous (non amplified) undulator radiation which is 
linearly proportional to the charge in the bunch. Another 
effect which can increase the radiation intensity above the 
spontaneous undulator radiation level is coherent 
spontaneous emission, which gives an intensity 
proportional to the bunch form factor and to the square of 
the charge. Since our bunch is 1.5-2 mm long and our 
wavelength is 16u.m, we expect this term to be small. 
Further, our intensity measurements at low charge, where 
we expect no FEL amplification, agree within the errors 
with the calculated spontaneous undulator radiation, with 
no discernible contributions from coherent spontaneous 
emission. The undulator infrared radiation (IR) is measured 
in the forward direction, within a solid angle fi 
corresponding to an angle 0=7.7 mrad defined by the exit 
window of the beam line, and over all photon frequencies 
transmitted to the detector. The detector has a peak 
sensitivity between 2 and 32 \im. The KrS5 beamline exit 
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window and detector window attenuate wavelengths shorter 
than 0.6 |J.m and longer than 30 |Xm, but have a transmission 
of 70% for wavelengths in between. Hence, we integrate 
the intensity over the undulator spectrum within Af=2-30 
|^m and over fi defined by the exit window. 

The signal we expect from non amplified spontaneous 
radiation within fi and Af after reduction for the windows 
attenuation, is evaluated using undulator radiation formulas^ 
The energy in a single IR pulse is calculated to be 4.9x10 
eV, or about 8xl0~13 J at 0.2 nC. The detector noise including 
its' amplifier is of the order of 10 mV, so we expect a 
signal to noise ratio of about 1 at 0.2 nC. X-rays hitting 
the detector have been minimized with lead shielding, 
measured while blocking the IR radiation, and have a mean 
value of 18 mV over our charge range. A typical background 
measurement is shown in Fig. l.The almost constant X-ray 
background between 0.2 to about 0.6 nC indicates that the 
X-rays are mainly due to distributed background in the 
detector area, produced by the dark current from the electron 
source, and not to beam losses through the undulator. 

ICT noise corresponds to a mean charge of 7 pC with a 
standard deviation of 2.3 pC. The measured IR intensities 
have been divided in bins, corresponding to a charge interval 
of +/- 2.5% of the central charge value. A distribution of 
IR intensities for the case of an average charge of 0.56 nC 
is shown in Fig.l. For each charge interval we accumulate 
100 events or more, determine the mean IR intensity and 
the standard deviation, then subtract the mean X-ray 
background. The mean IR intensity and standard deviation 
is ploted vs. charge in Fig. 2, where we have also plotted 
the calculated undulator radiation intensity, reduced by 
the windows attenuation. Again, our calculation does not 
include coherent spontaneous radiation, but our 
observations are consistent with this contribution being 
negligible. At 0.6 nC the measured intensity is about 2.5 
times the calculated spontaneous intensity,thus showing 
SASE. 
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Fig. 2 IR radiation intensity vs. charge. The vertical bars 
are the standard deviation for the intensity fluctuations 
due to starting from noise. For comparison, the effect of 
beam charge and transverse beam size uncertainties is 4 
mV at 0.56 nC. The lower line is the calculated spontaneous 
emission intensity. 

The IR intensity in Fig. 2 contains photons in the third 
harmonic and outside the coherent solid angle fi, a region 
where the FEL gain is very small compared with the gain 

in the first harmonic and within fic. To establish the FEL 
gain for the coherent first harmonic we have measured at 
the lowest charge of 0.2 nC, the intensity of the third 
harmonic and the change in intensity when reducing the 
solid angle to SI.. The third harmonic has been measured 
using a CAF2 fifter that does not transmit radiation above 
10 [im; the filtered intensity was -5/12 of the total intensity. 
The ratio of the intensity within the coherent solid angle, 
Slc and in the total solid angle, SI, has been measured to 
be -1/2 using an iris near the beamline exit window to 
reduce the solid angle. We have used this experimental 
information to evaluate the intensity in SI at the third 
harmonic, plus that of the first harmonic outside fie. These 
radiation components can be extrapolated linearly with 
charge (if we assume that they are not amplified), and 
subtracted from the measured value leaving only the first 
harmonic within fic. The result, along with the calculated 
value for the spontaneous first harmonic within fic, is plotted 
in Fig. 3. The ratio of the first harmonic intensity, 42.7 
mV, measured at a charge of 0.58 nC, to the extrapolated 
spontaneous first harmonic at the same charge, 7.5 mV, is 
about 5.6. 
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Fig. 3 First harmonic coherent IR vs. charge. The vertical 
bars are the standard deviaion for the intensity fluctuations 
due to starting from noise. For comparison, the effect of 
beam charge and transverse beam size uncertainties is 4 
mV at 0.56 nC. The lower line is the calculated spontaneous 
emission intensity. The curve fit to the data is IR = 1.85 x 
ICTexp(4.4ICT"?). The three diamonds at 0.2, 0.4, 0.6 nC 
are the results of simulations with the code Ginger, 
normalized to fit the data point at 0.2nC. 

The first harmonic experimental points in Fig. 3 are fitted 
with a curve of the form: 

I=aQexp(r(Q/Zr) (1) 

which gives an intensity proportional to the charge (Q) 
for low beam brightness, when we expect to recover the 
spontaneous radiation limit, and growing exponentially 
with Q1'3 for large electron beam brightness, as one would 
expect from a 1-D FEL theory [6], [7]. The fit gives an 
exponent of 3.7 at 0.58 nC indicating that at the largest 
charge we have about 3.7 power gain lengths in our system. 
The value of the FEL parameter p for the beam and undulator 
used in this experiment is p -0.01, and the gain length 
evaluated from this value in the 1-D theory is about 7 cm. 
When including 3-D effects but no slippage this increases 
to about 11 cm. The larger gain length we observe is due 
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to the slippage, defined for a bunch length a as XNJaz, 
which is of order one. The code Ginger [8], which includes 
both 3D effects and slippage, has been used to simulate 
three cases: 0.2. 0.4, and 0.58 nC (38, 64, and 83A), while 
keeping the same beam transverse cross sections. The results 
have been normalized to fit the experimental point at 0.2 
nC to take into account experimental effects like the 
attenuation from the windows. The normalized results are 
shown in Fig. 3 and fit the data well. 

3. FLUCTUATIONS 

We observe output intensity fluctuations due to starting 
from noise. In the case of no gain the IR power will scale 
linearly with charge, and does not depend on other beam 
parameters. When there is gain, a change in charge, Q, 
will lead to a change in output power which we can evaluate 
using (1). A maximum gain of 5 would give a maximum 
change in the IR intensity of 4% for AQ/Q= +/- 2.5%. The 
beam transverse area, Z, at the undulator exit has been 
observed to change by about +/-10%. Since the gain changes 
as X""3 in the exponent, we can expect a change in IR 
intensity of -5%. The combined error due to uncertainties 
in Q and Zis +/-6.4%. The much larger power fluctuations, 
due to starting from noise, are about 34% at 0.56 nC and 
39% at 0.58 nC. Following the work of [9], [10], [11] the 
intensity fluctuations are expected to follow a distribution 
with a relative standard deviation given by M ' where M 
is qualitatively the number of degrees of freedom, or modes 
in the radiation pulse: M=(T/TC)(]Q/£2). T is the time over 
which the radiation is measured, x=(X/c)(AX/X) the 
correlation time, and Q , Q. the solid angles already 
discussed. Since in our experiment most of the radiation is 
in the first harmonic we evaluate AX/X to be approximately 
1/N, giving T = 2ps. The time T is given in our experiment 
by the electron pulse length, which at the largest charge is 
about 2 mm (FWHM) or about 6.6 ps. The value of M is 
then M=8 giving an expected width of the fluctuations of 
about 35%. A Gamma Probability Distribution Function 
with M=ll fits the IR intensity at high charge (shown in 
Fig. 4) and give a relative standard deviation of 30%. 
Although this value of M is somewhat larger than that 
given by the simple expression above, it is still in qualitative 
agreement with the data. A more complete analysis of the 
data, using a convolution of the X-ray background and IR 
intensity distributions, will be presented in a future 
publication. 

To summarize, we have observed amplification of the 
spontaneous radiation, with an increase of the first harmonic 
intensity by 600% over the spontaneous intensity. We have 
also observed for the first time the intensity fluctuations 
of the output amplified radiation. Analysis of the data 
shows a good agreement with the analytic theory of SASE, 
the 3D time dependent Ginger simulations, and the 
experimental results. 
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USE OF JEFFERSON LAB'S HIGH AVERAGE POWER FEL 
AS A THOMSON BACKSCATTER X-RAY SOURCE 

G. A. Krafft, TJNAF, 12000 Jefferson Ave., Newport News, VA 23606 

Abstract 

Recently, workers from Berkeley have measured Thom- 
son forward scattered X-rays at the ALS injector. The av- 
erage power of their device was limited by, among other 
things, the repetition rate of the high power laser. In order 
to achieve high average power, it is natural to investigate 
the possibility of backscatter from the recirculating optical 
pulses in Jefferson Lab's CWIRFEL, now under construc- 
tion. Photon brightnesses of order 107 photons/(sec mm2 

mrad2) will be produced at this facility, with a spectrum 
extending up to 7 keV in energy, in the present operating 
mode. A near-term upgrade to 75 MeV yields about 30 
keV photons with similar brightness. In the longer term, 
the UV upgrade of our device could potentially produce 4 
MeV photons with substantially higher brightness. Scaling 
laws for such configurations are given and these three cases 
are presented in detail. 

1   X-RAY LUMINOSITY 

In the Berkeley work [1], and in the current work, the pri- 
mary purpose of the experiments is to produce short-time- 
duration pulses. Such pulses may be produced by scattering 
a short IR laser pulse at ninety degrees to a 45 MeV electron 
beam that has been focussed transversely to a small spot 
size, or by 180 degree scattering off a very short bunch. A 
distinguishing feature of the IRFEL at Jefferson Lab is its 
relatively short bunch duration of 1 psec rms; the radiation 
pulse distribution mirrors the "micropulse current" distri- 
bution of the beam in time. 

./V 

AFTER 
COLLISION 

Figure 1: Scattering Geometry 

In Fig. (1) the general geometry is presented. The mi- 
cropulse separation is chosen to be equal to the optical cav- 
ity length; two optical pulses are circulating in the optical 

cavity. Before the collision, overlapping optical and elec- 
tron pulses move downstream, and an optical pulse moves 
upstream. After the collision, overlapping optical, elec- 
tron, and high energy photon pulses move downstream, and 
again, the scattered pulse continues upstream. There are 
clearly / = c/l collisions per unit time, where c is the ve- 
locity of light and I is the optical cavity length. To get the 
total power, the total energy transferred into high energy 
photons in one collision should be estimated. 

To analyze a single collision, recall that the total num- 
ber of scattered X-rays is a Lorentz invariant quantity, as 
is cr, the total scattering cross section in the rest frame 
of the electrons [2]. Now $£ = J^/e is a 4-vector, 
where Jß is the usual current density 4-vector, whose time 
component is the number density of electrons. Likewise 
$M — (np? jipßp) is the 4-vector describing the photon 
flux. Clearly, Ns, the number of scattered photons is pro- 
portional to both np and ne, and dAx is Lorentz invariant. 
Consequently JVS must be expressed as 

JV.s 
/ 

$Pfi$
l

e
ladix 

=     (1-ßp- ße)np(x, y, z, t)ne{x, y, z, t)adAx. 

If the distributions are separable, np(x,y,z,t) = 
np(x,y)Ip(z + ct), ne(x,y,z,t) = ne(x,y)Ie(z - ßct), 
where Ip, Ie are unit normalized and where np(x, y) and 
ne(x, y) are the transverse number distribution of the low- 
energy photons and electrons respectively, the above inte- 
gral simplifies to 

N -I' 0(x,y)ne(x,y)aTdxdy. 

The total Thomson scattering cross section, <JT = 87ir2/3, 
is the cross section for the process of interest, ß — vz/c is 
the usual relativistic velocity, and re is the classical electron 
radius. Specializing to the case of overlapped Gaussians of 
the same rms size a, one obtains 

N, 
NpNe 
4lT(T2 &T 

where Np is the number of low-energy photons and Ne is 
the number of electron scatterers. One defines a "luminos- 
ity" 

L fNpNe 
47TCT2 

which defines the intensity generated by the scattering ge- 
ometry. Such a quantity may be used to evaluate the geom- 
etry, much as the usual definition of luminosity is used in 
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particle physics. Typical values fall in the 1033 cm~2sec_1 

range, for the types of devices that we will consider. Also 
note that as Np tends to be proportional to Ne in an FEL 
oscillator geometry, luminosity can scale as rapidly as TV2 

(i. e., as the beam current squared) if the electron and pho- 
ton beam sizes remain the same as the current is changed. 
To estimate the total X-ray power multiply Lax by the en- 
ergy of a typical photon. 

2   PROPERTIES OF THE RADIATION 

Next, the properties of the backscattered radiation are dis- 
cussed. As in figure 1, laboratory quantities are referred 
to a coordinate system with z-axis in the beam direction. 
The x-axis is taken to be in the (vertical) polarization di- 
rection of the circulating laser pulse. The y-axis, into the 
paper, completes the right-hand set. The origin of the co- 
ordinate system is the point of collision; standard polar 
coordinates 6 and (f> are used to describe the direction of 
the backscattered radiation. A beam-fixed primed frame 
is also used, with unit vectors in the same directions as in 
the laboratory system, and with similar polar coordinates 
6' and <j>''. The beam relativistic factors are ß = vz/c and 
7 = l/\/l — ß2. The energy of the low-energy photons in 
the laboratory frame will be denoted EQ. 

In the beam frame, the upshifted energy of the photons 
E' = 7(1 + ß)Eo is much less than the electron rest en- 
ergy, and the scattering may be described by the Thomson 
scattering cross section [3], 

dfl'       dfl'       dfl' 
da'T 

where 
rf(Tj,,| 

du' r\ cos2 9' cos2 4> 

is the scattering into the polarization parallel to the plane 
of scattering, 

dfl' 
2 ■ 2 rt sin 

is the scattering into the polarization perpendicular to the 
plane of scattering, and re is the classical electron radius. 
The total cross section is GT = 87rr2/3, with 3 times the in- 
tensity in the perpendicular polarization than in the parallel 
polarization. These cross sections are used to calculate the 
total number of photons produced per collision in a given 
solid angle 

A., 

dfl' 

dNsL 
dfl' 

NpNe dv'Tl 

4TT<7
2
 dfl' 

NpNe da'T± 

471-CT2    dfl' 
Now, the distribution must be translated back into the 

laboratory frame. The scattering angles transform as 

cos 6' = 
cos 6-ß 

l-ßco&O 

4>' = 4>- 

The cross sections are converted by noting that the to- 
tal number of scattered photons must be Lorentz invariant. 
Therefore 

da 
du 

da' 
dfl' (M—om,^))^, dfl 

and so 

da' T\\ 

dfl 
(0,<P)=r2

e( 
cos 6 ■ A^ cos2 <j> 
l-/3cos0' 72(l-/3cos0)2 

da^ T± 
d(l 

(0,<f>)=rl sin 0 
72(l-/?cos0)2 

These cross-sections have the characteristic opening an- 
gle of I/7 for the majority of the scattered radiation. 

The total intensity is calculated by multiplying the num- 
ber of scatters per collision by the collision frequency and 
photon energy. In general, the energy of the back-scattered 
photons is 

E = 1
2(l + ß)(l+ßcos6')Eo=(;1+f)El 

1 — ß cos a 

and the scattering intensity, in power per unit solid angle, 
is 

dPW = L i1 + W d<Tn 
dQ, l-/3cosö  dfl 

dP± =    (1 + ß)Ep daT± 
du, 1-ßcosB   du 

(la) 

(16) 

Alternatively, these results are obtained from the standard 
synchrotron radiation integrals; I have not been able to find 
these expressions in such a simple form in the extant liter- 
ature. 

The obvious generalization of Eqs. (1) to include non- 
zero electron and optical beam angles is to convolve over 
the (unit normalized and zero centered) relative angle dis- 
tribution of the two beams. The generalization to include 
finite pulse effects is also straightforward: 

dP\\ 
duidQ. 

dP± 

duidO. 

fc\pMl-ßcose)M2dan 
4ir2'   K      (1+ß)      ,]    dfl 

fc   ~,UJ{1 -ßcos0)   2 

4^|E(      (1+ß)      )l 
dax± 
dfl  ' 

where E(LJ) = f E(t)elutdt is the Fourier transform of 
the incident electric field of the low-energy photons. As 
there are about 40 oscillations in the micropulse, the en- 
ergy spread in the emerging radiation is about 2% at each 
observation angle. The maximum energy of the scattered 
photons, at 6 = 0, is 

En 72(l+/?)2£o«472£o. 
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Phase I Phase II       Phase III       Berkeley NRL APS Units 

t^beam 42 75 200 50 50 6000 MeV 

^photons 6 70 3800 30 (90°) 47 10-100 keV 

&Ophotons 0.21 0.8 6.2 1.5 1.2 NA eV 

f 37.5 M 37.5 M 37.5 M 2 lk 0.1-1 G Hz 

<yx 
500 400 200 50 50 300x90 /im 

<*t 1000 1000 1000 100 1000 20,000 fsec 

q 135 135 135 (0.05)1300 1000 NA pC 

Np 

L 
8.0 x 1015 3.4 x 1015 5.4 x 1014 2.4 x 1017 1.0 x 1019 NA 
8.1 x 1037 5.3 x 1037 2.1xl037 6.2 x 1033 2.0 x 1039 NA m_2sec_1 

Brightness 2.2 x 107 7.2 x 107 5.2xl08 2.4 x 105 7.8 x 1010 5 x 1019 mm-2mrad~2sec~1 

Table 1: X-ray source parameters for various backscatter sources 

3   RESULTS 

The accelerator parameters of Jefferson Lab's IRFEL (IR 
Demo) project are given in another contribution to this con- 
ference [4]. Table 1 presents the expected X-ray brightness 
from the IR Demo project (Phase I), and two potential up- 
grade projects: a near-term upgrade to 75 MeV yielding 
about 1 (jm radiation circulating in the FEL (Phase II), and 
a longer-term upgrade to 200 MeV yielding UV light in 
the FEL (Phase III). For comparison purposes, the reported 
performance in the Berkeley measurements, a design pat- 
terned on early Naval Research Laboratory (NRL) work on 
this topic [5], and from a typical high energy storage ring, 
the Advanced Photon Source (APS), are also given. 

Compared to the Berkeley proposal, the Phase I IRFEL 
at Jefferson Lab will produce photons at a rate 10000 times 
higher, although the average brightness is only a factor of 
100 times higher. The difference is entirely due to the dif- 
ference in luminosity. The advantages of the Berkeley pro- 
posal, namely higher Np and smaller focussed spot size, 
are more than made up for by the much higher repetition 
rate of the IR Demo proposal. Because the IRFEL will 
normally operate in two-bunch mode, no additional hard- 
ware is needed to generate the Thomson scattered X-rays. 
Because the electron beam and optical beam are guaran- 
teed to overlap (the electron beam is producing the optical 
beam after all!), many of the alignment and timing issues 
important in the 90° scattering geometry vanish. 

Compared to storage rings designed to produce light or 
X-rays, the total fluxes are of modest average power. How- 
ever, the pulse length of the emerging radiation is equal to 
the micropulse length, which can be very short for a linac 
beam. The bunch length reported above was from the cur- 
rent design parameters, driven somewhat by IRFEL com- 
missioning needs. An opportunity exists to try to further 
reduce the bunch length. Given the rather modest charge- 
per-bunch of 135 pC in our designs, compression to several 
hundred fsec may be possible, and will be explored. 

4   CONCLUSIONS 

In this paper formulas are given which completely describe 
the backscattered radiation for 180° Thomson scattering. 
These results are applied to analyze a possible X-ray source 
based on the CW FELs being built/planned at Jefferson 
Lab. Even though the total brightness is not competitive 
with that generated by synchrotron light sources, to obtain 
short pulses (<xt < 1 psec) of X-rays, such an arrangement 
is probably superior. In turn, analyzing the short X-ray 
pulses may provide an excellent bunch-length diagnostic, 
particularly because the time of arrival of the X-rays will 
be known to better than 1 psec. The additional hardware 
needed to pursue this type of research at Jefferson Lab con- 
sists of X-ray handling and diagnostic equipment. 

5   ACKNOWLEDGEMENTS 

The author would like to thank K. Kim of the Berkeley 
laboratory for discussing the results at Berkeley with him, 
and for discussing why such a device might be interesting. 
G. Neil of Jefferson Lab was helpful with references to pre- 
vious work in this field, and C. Bohn and H. F. Dylla pro- 
vided encouragement to pursue this work. This work sup- 
ported by U. S. DOE Contract No. DE-AC05-84ER40150. 

6   REFERENCES 

[1] Schoenlein, R. W., et. ai, Science, 174, 236 (1996). 

[2] Landau, L. D., and Lifshitz, E. M., Classical Theory of Fields, 
4th Edition, Section 12. 

[3] Jackson, J. D., Classical Electrodynamics, 2nd Edition, Sec- 
tion 14.7. 

[4] Bohn, C. L., these Proceedings. 

[5] Sprangle,   P.,   Ting,   A.,   Esarey,   E.,   and  Fisher,   A., 
J. Appl. Phys., 72 5032 (1992). 

741 



ADVANCES IN ORBIT DRIFT CORRECTION IN THE 
ADVANCED PHOTON SOURCE STORAGE RING 

L. Emery M. Borland 
Advanced Photon Source, Argonne National Laboratory 
9700 South Cass Avenue, Argonne, Illinois 60439 USA 

Abstract 

The Advanced Photon Source storage ring is required 
to provide X-ray beams of high positional stability, speci- 
fied as 17 (Am rms in the horizontal plane and 4.4 um rms 
in the vertical plane. We report on the difficult task of sta- 
bilizing the slow drift component of the orbit motion down 
to a few microns rms using workstation-based orbit correc- 
tion. There are two aspects to consider separately—the 
correction algorithm and the configuration of the beam 
position monitors (BPMs) and correctors. Three notable 
features of the correction algorithm are: low-pass digital 
filtering of BPM readbacks; "despiking" of the filtered 
orbit to desensitize the orbit correction to spurious BPM 
readbacks without having to change the correction matrix; 
and BPM intensity-dependent offset compensation. The 
BPM/corrector configuration includes all of the working 
BPMs but only a small set of correctors distributed around 
the ring. Thus only those orbit modes that are most likely 
to be representative of real beam drift are handled by the 
correction algorithm. 

1 INTRODUCTION 

The mathematics of orbit correction is covered exten- 
sively in the literature. In this paper, we discuss the appli- 
cation of these well-known ideas in a realistic situation 
with non-ideal and possibly malfunctioning BPMs. We 
also discuss practical issues such as how many BPMs and 
correctors to use, and mention potential pitfalls. 

The main problems we encountered in orbit drift cor- 
rection are the dependence of rf BPM electrical offset on 
bunch train intensity and on bunch uniformity within the 
detected bunch train. The range of offset variation for indi- 
vidual BPMs is actually several times the stability specifi- 
cation (see below), requiring use of compensation schemes 
to estimate the true orbit from the BPM system data. The 
intensity-dependent offset variation is largely reproducible 
and is regarded as a systematic error that can be taken into 
account. The bunch train uniformity dependence of offset 
is more difficult to quantify and is considered an error that 
is randomized at every fill. In addition, we developed a 
way to handle intermittent bad BPM data without inter- 
rupting correction and having to remove the BPM from the 
correction matrix. 

The positron beam in the Advanced Photon Source 
(APS) storage ring must be stable to 5% of its size. The 
specified limit on rms orbit motion at the insertion device 
(ID) source points and the actual uncorrected orbit motions 
are given in Table 1. Slow motion is seen by the user as an 
unwanted beam steering, while the fast motion is seen as 
an unwanted emittance growth. 

Table 1: Orbit Motion Specification and Measurements in 
Various Frequency Ranges 

x 
ßx = 15 m 

y 
ßy = 10 m 

stability 
specification 

17 urn 4.5 um 

slow motion 

(10"4-10"2Hz) 

18 um 5 (im 

slow motion after 
correction 

2 Jim 2 Um 

"fast" motion 

(10"2 - 50 Hz) 

17 um 6 um 

The uncorrected orbit drift rms amplitude has not been 
uniform in all running periods, but it has reached values as 
high as those listed in Table 1. As the data show, the work- 
station-based orbit correction handles the slow motion 
quite effectively, but can do nothing about the fast motion. 
A real-time orbit feedback system has been designed and 
tested to reduce the orbit motion up to 50 Hz [1,2]. The lat- 
ter system should be ready for operations soon. However, 
since it may encounter difficulties at low frequencies due 
to some of the problems discussed below, it is anticipated 
that the workstation-based system will continue to be used 
to correct orbit drift. 

The correction system is implemented on a Unix 
workstation with Tcl/Tk interfaces and simple SDDS-com- 
pliant toolkit programs that communicate with our EPICS 
control system. The flexibility of this system, which has 
been described elsewhere [3], has allowed us rapid turn- 
around in orbit correction implementation changes. 

2 GENERAL CONSIDERATIONS 

There are a number of issues that are common to any 
orbit correction algorithm. Orbit correction consists of 
reading BPM data from the control system and processing 
this data so that it reflects as much as possible the real orbit 
with the appropriate frequency components. This involves 
correcting systematic errors and, if needed, averaging over 
time or filtering. This set of values is a vector that is multi- 
plied by a correction matrix (in our case a corrector-BPM 
response matrix that is inverted using SVD). The result is a 
vector of corrector strength changes that is then applied, 
typically after multiplication by a dimensionless "gain" 
factor that is between 0 and 1. 

Generally, the algorithm waits an interval after mak- 
ing a change before repeating the whole operation. It is 
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desirable to make orbit corrections as frequently as possi- 
ble so that any orbit change can be acted upon as soon as 
possible. However, the frequency of correction is always 
limited by practical considerations. In our case, it is lim- 
ited by the response time of the correctors in reaching their 
full setpoint value, the need to wait sufficient time for the 
BPMs to settle to new readbacks, the need to wait for aver- 
aging of BPM readbacks, and the response time of the con- 
trol system. A conservative wait time of 5 seconds 
guarantees that the new orbit has settled. 

As mentioned above, the gain is the fraction of the 
correction to be applied at every iteration. Given that the 
correction matrix (whether from a model or experiment) is 
never known exactly and that the BPMs are not perfectly 
precise, it is necessary to use a gain lower than 1 for the 
orbit to converge to the target orbit. Of course, the speed of 
the correction is reduced by the factor of the gain. We typ- 
ically use gain factors of 0.4. 

3 ORBIT DATA PREPARATION 

Proper preparation of the orbit data proved critical to 
the success of our system. Some of the algorithms we used 
are new or specific to APS systems. 

3.1 Low-Pass Filtering 

Low-pass filtering provides sampled BPM data in the 
frequency band of interest. If the sampled BPM data con- 
tain frequencies above half the sampling frequency, the 
orbit correction will be effectively injecting noise into the 
lower frequency band. In our system a 2048-turn running 
average of the orbit position is produced by low-level digi- 
tal hardware and is made available to local CPUs at a 10 
Hz rate. This data is processed by the local CPUs through 
a one-pole digital filter of a time constant of 10 s. 
Although the time constant was not optimized in a system- 
atic way, it was made consistent with the correction inter- 
val. Its value was selected initially to provide a readback 
with an rms variation much less that the orbit drift ampli- 
tude that we wanted to eliminate. 

3.2 Despiking 

Under-determined orbit correction (i.e., orbit correc- 
tion employing fewer singular values than BPMs) effec- 
tively "fits" a free betatron oscillation through the many 
BPMs between correctors. This fitting does more harm 
than good when an individual BPM suffers a sudden offset 
shift while no real orbit drift occurred. A conventional 
orbit correction algorithm will generate an unwanted orbit 
bump of the opposite sign to the offset change and will 
minimize the rms of the apparent orbit error in the area. 
Other linear methods (e.g., best corrector or bump meth- 
ods) also intrinsically do betatron oscillation fitting and 
hence exhibit the same behavior. 

Since sudden offset shifts are a problem with the APS 
BPMs, a "despiking" filter is applied to the set of BPM 
data to smooth out obviously bad data. This filter uses 
information from neighboring BPMs to test the validity of 
the data from each BPM. If the reading for any BPM dif- 
fers from the average of its C nearest neighbors by more 
than a chosen threshold T, the reading is replaced by the 

average of its R nearest neighbors. Several passes of the 
filter may be applied. This stage of the processing is a non- 
linear operation, and distinguishes it from the conventional 
linear correction. The average value of the neighbors may 
not be the actual orbit value at the suspect BPM, but the 
reasonable and lower-valued guess allows the orbit correc- 
tion to proceed without creating an unwanted bump. 

During a user store at APS, we use a despiking thresh- 
old T of 20 |J,m, compare to C=36 nearest neighbors, 
replace suspect points with the average of R=4 nearest 
neighbors, and employ two passes of the filter. Figure 1 
shows an example of despiking of an orbit readback that 
has obviously bad data. 

Raw 

Despiked 

U-A^JY 

O- 
<: 

Figure 1: Raw and despiked orbit data for part of the ring. 

Another approach to bad BPM data would be to 
ignore it altogether. This is impractical, as it requires a 
time-consuming recomputation of the inverse response 
matrix. It is very efficient to replace the suspect BPM 
value with another value rather than simply ignoring the 
BPM in the correction. 

3.3 Offset Compensation 

In general all BPM systems suffer to some degree 
from electrical offset variation with bunch train intensity 
and bunch pattern. For a fixed-bunch pattern, the offset 
variation as the current decays is in principle reproducible. 
A measurement of the intensity-dependent offset for all 
BPMs can be performed and the resulting data used to 
adjust the BPM readbacks during a user store. The mea- 
surement consists of scraping down the beam over a period 
of about 10 minutes while the orbit correction is running, 
while simultaneously reading BPM data at short intervals. 
Typically, we do many such experiments and choose the 
one that gives the cleanest result. The variation for each 
BPM is fit with a quadratic as a function on intensity and 
used to create a look-up table for offset adjustments. 

Figure 2 shows offset data for some BPMs from the 
look-up table. The sum signal of a selected BPM is used as 
a measure in intensity. At the beginning of a store, the 
intensity is maximum, and the offset adjustment is neces- 
sarily zero for all BPMs. 
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Figure 2: Fitted offset data for some BPMs. 

4 BPM/CORRECTOR CONFIGURATION 

4.1 Global Orbit Correction 

The correction configuration refers to the set of BPMs 
and correctors used in the correction matrix. In addition, 
the number of singular values used in the SVD inversion 
procedure should be considered part of the configuration. 
We have optimized our orbit drift correction for the case of 
several weak sources. 

In such a case, we expect a smooth-looking orbit com- 
posed of a few harmonics near the tune value. While the 
latter is true in the case of larger individual sources, an 
orbit kink is present at such a source. This makes the orbit 
hard to correct unless one of the correctors of the configu- 
ration happens to be very near the source. 

The correction configuration is comprised of all work- 
ing BPMs and relatively few correctors. We use as many 
BPMs as possible in order to reduce the importance of any 
individual BPM readback. This also increases the effec- 
tiveness of the despiking filter mentioned above. 

Since we are correcting many small, distributed 
sources, we use relatively few correctors distributed 
around the ring: two correctors for each sector that is 
equipped with an ID, and one in sectors with no IDs. We 
kept all the singular values in the matrix in order to have 
the selected correctors acting independently and as locally 
as possible. The two correctors in each ID sector are par- 
ticularly good at compensating the -20 (im global orbit 
perturbation that occurs from opening or closing the ID. 
Here, the orbit very close to the ID is not maintained com- 
pletely. However the local orbit should have been locally 
steered earlier with the gaps closed. Thus repeatedly clos- 
ing the ID gap with global orbit correction running should 
return the X-ray beam to the previously steered position. 

Using many more BPMs than correctors and the 
implied fitting of the despiking orbit has the additional 
effect of controlling the X-ray beam positions better that 
the noise level of the rf BPMs in the frequency range of the 
orbit drift correction [4]. 

The nonreproducibility of the uniformity of the bunch 
train contributes to the fill-to-fill orbit variability. To alle- 
viate the problem one can reinject bunch trains until one of 
sufficient uniformity is obtained. In addition, one can 

restore the corrector setpoints at the end of the previous fill 
and run a global correction on the new fill. The global cor- 
rection is expected to correct any real orbit drift that may 
occur in the time between the fills and de-emphasize the 
offset change of individual BPMs. The effectiveness of 
this procedure is evaluated using bending magnet source 
X-ray BPMs readbacks over several fills. 

A local source of orbit drift will cause the nearby cor- 
rectors active in the global correction to move in a highly 
correlated manner. Searching for correlated correctors is 
expected to aid in locating unknown sources. 

4.2 Local Steering 

Local orbit bumps are occasionally applied to adjust 
the position of the X-ray beam at the end of an X-ray 
beamline. In practice, bump coefficients derived from a 
lattice model or measured response matrix do not produce 
an exactly matched bump, particularly in a machine with 
strong nonlinearities. Our solution is to create an orbit cor- 
rection configuration using two BPMs on either side of the 
source point and 40 others distributed evenly around the 
ring. Two pairs of correctors on each side of the source 
point provide steering. The resulting 4x42 correction 
matrix is very over-constrained. While the first iteration of 
the local correction will be unmatched to whatever degree 
the bump coefficients are inexact, subsequent iterations 
will correct for this. 
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Abstract 

Sources of transverse beam motion in the APS storage 
ring have been investigated for ground-motion- and water- 
system-induced vibrations of the magnet and vacuum sys- 
tems, and for power supply ripple. The displacement of 
magnets in a bandwidth of 4-30 Hz have been reduced sig- 
nificantly by inserting viscoelastic damping pads between 
the girder supports and pedestals, and by welding the mag- 
net cooling headers to the ceiling of the storage ring tun- 
nel. Current ripple on magnet power supplies was 
identified as a source of horizontal beam motion. Beam 
motion was measured without the closed-orbit feedback 
system activated. At ßx=15.4 m and ßy=10.4 m the rms 
beam motion in the 0.02-30 Hz band was 22.7 |Xm and 6.3 
|im in the horizontal and vertical planes, respectively. A 
few narrow-band structures of the horizontal beam motion 
spectrum in the 1-4 Hz band have to be investigated further 
to identify the sources. 

1 INTRODUCTION 

The tolerances of the rms beam motion in the storage 
ring (SR) of the Advanced Photon Source (APS) [1] are to 
be less than 4.4 |J.m and 17 urn in the vertical and horizon- 
tal planes, respectively, in a bandwidth of 4-50Hz. 

In the horizontal or vertical planes, the transverse 
beam motions or time-dependent closed-orbit distortions 
at position s in the SR due to a kick A9(sk,t) at position sk 

may be expressed as [2] 

^^ = M^Lm^^^     (1) 
k 

• cos[|\|/(s)-\|/(sk)|-jn)], 

where ß(s) and ß(sk) are the beta functions at s and sk, 
respectively, \f is the betatron phase, x> is the betatron tune 
of the SR. The kick at sk may be expressed in general as a 

Fourier series: 

j 

A6(sk 
Bp 

(2) 

Here Bp = 23.349 Tm is the beam rigidity corresponding 
to 7.000 GeV, and co^ is the angular frequency of the j-th 

kick at sk. 
When the transverse beam motions are superimposed 

to the beam offset for a single bunch of a beam in the SR, 
the beam signal to an rf beam position monitor (BPM) 
located at s is 

oo 

f(s,t)=   £ 5^t-n^[Ax(s) + Axc(s,t)],     (3) 
n = -°° 

where COj- is the angular revolution frequency, Ax(s) is the 

offset of the transverse beam position, and Axc(s,t) is the 

time-dependent transverse beam motion of Eq. (1). The 
frequency spectrum of Eq. (3) is as follows: 

F(s,(0) = wr ]T  JAx(s)8(ffl-nffir) + i]TjAxc(s,cokj)|(4) 

n=-oo L kj 

[8(co - ncor - COj.) + 8(co ■ncor + cokj)] 

with lAx^s.cOfcj)! as the spectral amplitude of the beam 
motion, which will be shown as a sideband to the offsets of 
the beam position. Major sources of time-dependent kicks 
in the SR are the effective dipole field due to the displace- 
ment of quadrupole magnets (quads), power supply current 
ripple, induced field due to eddy currents in the vacuum 
chamber, and mechanical vibrations. 

Displacement of the quads for the strong-focusing lat- 
tice of the SR causes a relatively high amplification factor 
of the beam motion. Random uncorrelated quad motions 
of rms displacement Axq result in rms beam motion of 

amplitude 17.2ß1/2Axq, and the amplification for random 

girder motion is 7.4ß1/2Axgirder, where ß at the insertion 
device source point is 14.2 m [3]. 

2 MECHANICAL VIBRATIONS 

The vibration modes of the quad girders are domi- 
nated by a horizontal bending mode with lowest resonance 
frequency of approximately 10-11 Hz. The quad motion 
had a peak displacement of 210 nm at 10.2 Hz and an inte- 
grated rms displacement of 320 nm in 4-54 Hz. 

In order to reduce the quad displacement, vibration 
damping pads were inserted between the wedged jack sup- 
ports and the pedestals [3]. The damping pads are made of 
two layers of 0.15-mm-thick Anatrol-217 visco-elastic 
material and three layers of 1.6-mm-thick stainless steel 
plates. The damping pads were easily inserted below the 
jack supports with minimal impact on the girder align- 
ment. The damping pads reduced the peak displacement 
by a factor of three and the resonance frequency was 
shifted downward a few Hz in general. The total rms dis- 
placement was reduced by a factor of two. After three suc- 
cessive simulated alignments to shear the pads up to 0.75 
mm, no appreciable changes in Q-value at the resonance 
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frequency have been observed. Besides the ground- 
motion-induced displacements, the cooling-water headers 
induced magnet displacements. Figure 1 shows measure- 
ments of the rms displacements for sector 10 after welding 
the water header to the ceiling of the SR tunnel and an 
unwelded sector 9. The vertical axis in Fig. 1 denotes hori- 
zontal rms displacement calculated for the 4-50 Hz band. 
Along the horizontal axis the measurement times are 
shown at the bottom, and the on/off status of the cooling 
water for the magnet and vacuum chamber are shown on 
the top. The data indicate that the impact of the vacuum 
chamber cooling water on the girder vibration is minimal. 
The magnet cooling water, on the other hand, increases the 
quad vibration by more than a factor of two, regardless of 
whether the headers were welded or not. The welds 
reduced the quad rms displacement from about 130 nm to 
90 nm. The ratios of the displacements between the quads 
and pedestals, however, are not significantly different for 
the welded and unwelded headers. 

mag on mag on mag on mag off mag off 
vac on vac off vac off vac on  all 

mag off all 
vac off 

mag on     mag on 
vac off     vac on 

Figure 1: Displacements (rms in 4-50 Hz) of two quads 
and two pedestals with and without welding of the 
magnet cooling water headers. The on/off conditions 
of the cooling water for the magnets and vacuum 
chambers are shown on top. 

To further investigate the impact of the welds when 
the cooling water was on, coherences of the vibrations 
between the quads and pedestals were measured; the data 
in the 6-11 Hz band are shown in Fig. 2(a). For the girder 
in the welded sector, the quad rms displacement was 44 
nm compared to 106 nm for the one in the unwelded sec- 
tor. At the same time the coherence for the unwelded case 
was lower, as shown in Fig. 2(b), which indicates that the 
water header contributed more than half of the vibration 
when the headers were not welded. The headers were 
welded as a test in two sectors; it was decided not to weld 
the whole ring due to cost vs. benefit. 

3 MEASUREMENTS OF BEAM MOTION 

Low-frequency beam motions in the SR were mea- 
sured using a Hewlett Packard 89440A Vector Signal Ana- 
lyzer [4] which obtains the frequency spectrum of the 
beam signal from rf BPMs [5]. The periodicity of the out- 
put signal from a BPM module is one-half the revolution 
frequency, cor/2. This is due to the fact that beam positions 
are measured with a 180° phase shift on alternate turns for 
removal of systematic offsets. The amplitude of the signal 

Frequency [Hz] 

Frequency [Hz] 

Figure 2: Coherence of the vibrations between the 
quads and pedestals (a) with and (b) without the welds. 
Without the welds the coherence is low, but the rms 
displacement in 6-11 Hz is 106 nm compared to 44 nm 
for the welded case. 

at u)r 12 is the average position offset of the beam, Ax(s) in 
Eq. (4), relative to the geometric center of the four buttons. 
Low-frequency beam motion corresponding to IAxc(s,C0)cj)l 
produces an amplitude modulation of the position offset 
signal and appears as sideband to the cor/2 "carrier." 

Figure 3 shows a typical horizontal and vertical beam 
motion spectra measured at a position of ßx=15.4 m and 
ßy=10.4 m in sector 12 in a bandwidth of ±30 Hz with a 
frequency resolution of 0.1 Hz. The magnitude of the 
beam offset signal at (Or/2=135.774 kHz (f = 0 in Fig. 3) is 
not shown in the figure. The horizontal rms beam motion 
in a bandwidth of 1-30 Hz was 33.1 |a.m with its major con- 
tribution in 1-4 Hz. For the vertical beam motion the rms 
value in the band 1-30 Hz was less than 5 (xm. Only a few 
of the narrow-band structures in the spectra could be 
reproduced. When averaged from the measurements of 40 
BPMs (one in each sector) at the same ßx and ßy, the rms 
beam motions were 22.7 urn and 6.3 mm in the horizontal 
and vertical directions, respectively. 

In order to correlate the beam motion with that of a 
magnet, me beam motion was measured while a quad 
girder in sector 19 was being displaced with a "shaker." 
The spectra of horizontal displacements for the AQ4 quad 
on the girder and the beam motion in an adjacent sector are 
shown in Fig. 4. The girder has a resonance frequency at 
approximately 10 Hz and the shaker has its own resonance 
frequency around 14 Hz. The amplification of beam/quad 
displacements is approximately two. This data and Fig. 3 
indicate that horizontal beam motion due to a 1-um quad 
displacement from a single girder vibration near 10 Hz 
would be difficult to detect. 
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Figure 3: Horizontal and vertical beam motion spectra 
measured at a position of ßx=15.4 m and ßy=10.4 m with 

a frequency resolution of 0.1 Hz. The magnitude of the 
beam offset at 135.774 kHz (f=0 in the figure) is not 
shown. 

Frequency [K>] 

Figure 4: Correlation of a quad displacement in sector 19 
and beam motion in sector 20 both in the horizontal 
direction. The quad girder was displaced using a shaker. 

aluminum vacuum chamber, which in turn induces a verti- 
cal field inside the chamber. The main contribution of the 
eddy current comes from the higher field at the larger aper- 
ture of the magnet. It should be noted that the direct and 
induced fields are out of phase. At the ripple current the 
induced field-integral was approximately 0.25 x 10" Tm, 
which is an expected field strength for a beam motion of 
10-20 |Xm. 

5 CONCLUSION 

By inserting viscoelastic damping pads between the 
girder supports and pedestals, and by welding the magnet 
cooling headers to the ceiling of the storage ring tunnel, 
the displacements of magnets induced by the vibrations in 
the floor and water system were reduced by more than a 
factor of two. Current ripple of a sextupole magnet was 
identified as a source of beam motion. The average rms 
beam motion at ßx=15.4 m and ßy=10.4 m was 22.7 |im 
and 6.3 iim in the horizontal and vertical planes, respec- 
tively, in the band 0.02-30 Hz. Narrow-band structures of 
the horizontal beam motion spectrum, most of them not 
reproducible, have to be further investigated, the 1-4 Hz 
band in particular. 
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4 CURRENT RIPPLE 

Statistics of current fluctuations for quads, sextupoles, 
and correctors were computed from 100 current samples, 
and some of those power supplies were measured in the 
frequency domain to identify the ripple spectrum responsi- 
ble for the beam motion spectrum in certain bandwidths. A 
sextupole magnet power supply had current ripple of 0.2 A 
near 6.5 Hz. After modification of the power supply, the 
horizontal beam motion near that frequency was reduced 
from 21.9 (im to 8.5 |0.m [6]. The direct vertical field-inte- 
gral for the magnet at the current ripple of 0.2 A should be 
less than 0.8 x 10"8 Tm within 1 mm of the magnetic axis. 
However, the ripple sextupole field due to the current rip- 
ple induces a considerable amount of eddy current in the 
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EXPERIMENTAL CALIBRATION OF VUV RING OPTICS 

J. Safranek and S.L. Kramer* 
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Abstract 

The individual quadrupole gradients, undulator focusing, 
beam position monitor (BPM) gains, and orbit steering 
magnet calibrations in the NSLS VUV Ring were deter- 
mined by analyzing the measured orbit response matrix 
with the computer code LOCOfl] (Linear Optics from 
Closed Orbits). The measured orbit response matrix is the 
change in orbit at the BPMs with changes in steering mag- 
net excitation. The analysis showed beta function distor- 
tions of ±35% and ±25% horizontally and vertically. The 
design periodicity of the optics was restored by adjusting 
the quadrupole gradients to restore the periodicity of the re- 
sponse matrix. This lead to an increase of about 18 percent 
in the beam lifetime at 500 mA with a slight (3 and 7 per- 
cent) decrease in both the horizontal and vertical electron 
emittances as determined from the beam sizes measured 
using a synchrotron light monitor. 

1    INTRODUCTION 

The VUV Ring is an 800 MeV storage ring at Brookhaven 
National Laboratory that has been producing synchrotron 
radiation for experiments since 1983. The storage ring 
magnet lattice has the Chasman-Green lattice [2, 3], a de- 
sign that has been subsequently adopted by many of the 
third generation light sources. 

The lattice consists of four super periods, each with 
a dispersion-free straight section (for injection, RF cavi- 
ties and two insertion devices) and a double-bend achro- 
mat having a quadrupole doublet that provides the achro- 
matic focusing (QAs). The dispersion-free straight sections 
have a symmetric pair of horizontally focusing quadrupoles 
(QFs) and horizontally defocusing guadrupoles (QDs). The 
magnet layout is shown at the top of Figure 1. This de- 
sign should produce linear optics with a four-fold period- 
icity, if within each of the three quadrupole types, the in- 
dividual magnets have the same gradients. This periodic- 
ity is broken primarily by the focusing effects of the two 
insertion devices, but also by field gradient errors from 
quadrupole magnet construction tolerances and orbit off- 
sets in sextupoles, which contribute a linear focusing effect 
on the beam. To better control the periodicity breaking due 
to the insertion devices, the QFs and QDs in each of these 
straight section were seperately powered. The calibration 
of the gradients in these seperately powered quadrupoles 
provides another source of periodicity breaking, even with 
the undulators removed from the ring. The total number 
of independent focusing parameters is determined by the 

seven quadrupole powers supplies that control the gradi- 
ents in the seven families of quadrupoles ( 3-QFs, 3-QDs 
and 1-QAs). 

Despite the additional power supplies, optics measure- 
ments indicated that the /3-functions varied significantly 
from the design 4-fold periodicity. This break in periodic- 
ity of the lattice functions degrades the performance of the 
ring from the design. The work described in this paper was 
undertaken to better understand the sources of the break in 
periodicity and derive the settings for the quadrupole "power 
supplies that best restores the design optics. 

2   OPTICS ANALYSIS 

The VUV Ring optics were characterized by analyzing the 
measured orbit response matrix with the computer code 
LOCO [1]. The orbit response matrix, M, is defined as 

CMS (i) 

where x, y are the shift in closed orbit at the BPMs for a 
change in steering magnet excitation 6x,0y. LOCO adjusts 
the parameters of a computer lattice model (in this work we 
used a MAD [4] model) in order to minimize the x2 dif- 
ference between the model, Mmod, and measured, Mmeas, 
response matrices. 

-S (■Mmod.ij      -^meas,ij) 
(2) 

h3 

" Work performed under the auspices of the U.S. Department of Energy 

where the o* are the measured BPM rms noise levels. For 
the VUV Ring analysis, we used a model with no coupling 
between horizontal and vertical planes. We did not use 
the coupling terms in the response matrix (e.g. the shift 
in vertical orbit when changing horizontal steering mag- 
nets). Only the normal gradients in the quadrupoles were 
fit. The VUV Ring has 24 BPMs that read in both the hor- 
izontal and vertical planes. Sixteen horizontal and 16 ver- 
tical steering magnets were used to measure the response 
matrix, so a total of 768 data points were used in the statis- 
tical fit. 

In order to minimize the number of parameters used in 
the fit and thus maximize the accuracy of the fitted mag- 
netic gradients, the response matrix was first measured with 
all sextupoles turned off and all insertion devices open. The 
parameters varied to fit this response matrix included the 
individual gradients in the 24 quadrupoles, the dipole gra- 
dient, the horizontal and vertical gains of the 24 BPMs, and 
the calibrations of the 32 steering magnets. In addition, the 
energy shifts associated with changing the 16 horizontal 
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steering magnets were varied in the fit. When a horizontal 
steering magnet is changed, there is a shift in the electron 
energy and an associated shift in the closed orbit propor- 
tional to the dispersion. This shift is not included in the 
model. To account for this, an orbit shift proportional to 
the measured dispersion was added to the model response. 
The proportionality constant for the dispersion was fit, and 
the fit result is the energy shift for each horizontal steerer. 
In all, 121 parameters were used to fit the 768 data points 
in the response matrix. After the fit, the measured orbit 
response matrix differed from the model by 2.2 pm rms 
compared to the measured BPM rms noise level of 1.6 /im. 

Then the sextupoles were turned on and the response ma- 
trix was measured again. This second matrix was used to 
calibrate the gradients in the sextupoles. Response matri- 
ces were also measured after closing each of the insertion 
devices. These were used to calibrate the vertical focusing 
associated with each insertion device. 

25 ^^0^*^^ 
insertion 
device 

insertion 
device 

20 30 
•   Distance(m) 

Figure 1: The /3-functions in the NSLS VUV Ring calcu- 
lated by LOCO as described in Section 2, before the peri- 
odicity restoration described in Section 3 was applied. 
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Figure 2: The /^-functions in the NSLS VUV Ring calcu- 
lated by LOCO as described in Section 2, after the period- 
icity restoration described in Section 3 was applied. 

In this way we arrived at a complete model of the VUV 
Ring focusing optics. Figure 1 shows the /3-functions for 

this model. This model was measured with the maximum 
focusing effect ( smallest gap and maxiumum strength pa- 
rameter, K= 7.6) for the second insertion device (at the right 
hand end) of the lattice. The effect of this insertion device 
on the vertical /3-function is clearly seen when compared to 
the weaker insertion device (K«l) at the left hand end of 
the lattice. As had been expected, the distortions from the 
periodic design were large (up to ±35% horizontally and 
±25% vertically). The injection straight section had been 
observed to have an increased radiation loss during injec- 
tion with the insertion device gap closed, consistent with 
the larger ßx predicted by LOCO in this region. 

3   PERIODICITY RESTORATION 

Section 2 described a method for determining a model of 
the individual gradient errors in each of the VUV magnets 
- the quadrupoles, sextupoles, and insertion devices. In this 
section we present a method for finding those quadrupole 
power supply settings that compensate for these errors and 
restore the design periodicity. The method has also been 
used successfully at the ALS [5]. The algorithm is similar 
to orbit correction, where one does not usually try to find 
the specific dipole errors that caused an orbit shift. Instead 
one trys to find the changes in orbit steering magnet excita- 
tion that would best reproduce the orbit shift, then applies 
just the opposite steering magnet changes to cancel the or- 
bit shift. 

In this case we model the break in four-fold periodicity 
by the gradient difference between the quadrupole families 
(one gradient for all quadrupoles with a common power 
supply) that best reproduces the measured response matrix. 
We look at the variation in the gradients between the three 
different QF families and between the three different QD 
families. Then we adjust the power supplies in the ring so 
that the fit gradients for the three QF families are the same 
and the three QD families are the same. In this way, the 
quadrupole power supplies are adjusted to maximize the 
periodicity of the measured response matrix. 

The response matrix was measured with insertion de- 
vices closed and sextupoles on, the normal operating con- 
dition for the ring. Then we first performed the analysis 
described in Section 2 on this matrix, in order to fix the cal- 
ibrations of the BPMs, the steering magnets and the energy 
shifts of the horizontal steering magnets. Then we took as 
a "model" of the storage ring a lattice with zero gradient 
errors in the sextupoles and insertion devices and with no 
individual quadrupole gradient errors (i.e. all quadrupoles 
in each family have the same gradient). The x2 difference 
between the model and measured response matrix was min- 
imized by varying only the 7 quadrupole family gradients. 
If the fitted values for the gradients in the 3-QF and 3- 
QD families differ, this means they could be changed to 
improve the periodicity of the response matrix. Then the 
power supply current, Jj, for each of the three QF and QD 
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families was changed as follows: 
1.20 

\li)new — \^i)old 
<K>QF 

(3) 

where Ki is the fitted gradient for the i-th QF family and 
< K >QF is the average of the Ki over the individ- 
ual quadrupoles in all the QF families. The power sup- 
ply currents were similarly corrected in the 3-QD families. 
The current in the one QA family power supply was not 
changed, since it already had the required periodicity in the 
"model". 

The changes predicted by Equation (3) were applied to 
the 3-QF and 3-QD power supplies in the VUV ring and 
the linearity of the change in the quadrupole field gradi- 
ents (assumed in Eq. (3)) were verified using the avail- 
able high precision Hall probe installed in one magnet 
of each quadrupole family. The resulting lattice had its 
response matrix measured and analyzed using the non- 
periodic model of the ring as described in Section 2. The 
calculated /3-functions resulting from this new lattice of 
VUV ring are plotted in Figure 2. The resulting distor- 
tions from the four-fold design periodicity are greatly re- 
duced: ±3% horizontally and ±4% vertically. The larger 
vertical periodicity breaking resulting from the large peri- 
odicity breaking of the vertical focusing effects of the two 
very different insertion devices. 

4   IMPROVEMENT IN THE VUV RING 
PERFORMANCE 

Several properties of the VUV Ring operation were im- 
proved with the increased four-fold periodicity obtained 
from the changes in Section 3. Measurement of the trans- 
verse profile of the beam with a focused synchrotron light 
monitor, showed a 3% and 7% reduction in the horizon- 
tal and vertical emittances, respectively. This resulted from 
the reduction in the larger variations of the ßx in the dipole 
magnets and the skew quadrupoles in the original lattice 
compared to the restored periodicity lattice. Despite this 
decrease in transverse emittance, the lifetime of the beam 
increased at all currents, as shown in Figure 3. This in- 
crease was about 15% at 850 mA and increased to about 
18% at 550 mA. Calculations of the Touschek scattering 
lifetime with the program ZAP[6], using the calculated ß- 
functions and the measured emittance showed an increase 
of 50 to 65% in the lifetime coming mostly from the reduc- 
tion in the ßx in the long straight sections without insertion 
devices. This prediction was observed by comparing the ra- 
diation loss rate in detectors installed in these straight sec- 
tions, which measured a 62 to 68% reduction in loss rate 
depending on current after the periodicity restored lattice 
was implemented. The difference of the total lifetime im- 
provement from this loss rate could be due to changes in 
gas scattering partial lifetime due the increase in the ßy in 
parts on the ring. 

1.10 
300 400 500     600 

Current [mA] 
700 800 

Figure 3: The measured increase in beam lifetime versus 
current after the periodicity restoration relative to before 
restoration. 

5 CONCLUSION 

Measurement of the the actual lattice properties of the the 
VUV Ring at NSLS yielded a model of the periodicity 
breaking of the focusing optics in the Ring. This model 
made it possible to predict a method of restoring the four- 
fold periodicity of the lattice functions. Changing the fo- 
cusing optics as predicted by this model yielded significant 
improvement in beam lifetime while at the same time mak- 
ing slight reductions of the measured beam emittance. This 
improvement was attributable to the reduction of the peak 
to peak variations of the ring /3-functions. 
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STATUS REPORT OF THE ESRF 
JM Filhol, L. Hardy, ESRF, Avenue des Martyrs, BP 220, 38043 Grenoble Cedex, France 

Abstract 

The ESRF is now in füll routine operation with nearly 30 
beamlines taking X-ray beam and opened to external 
Users. The performances of the Machine have been 
steadily improved during the last year : increase of the 
intensity up to 200 mA, reduction of the vertical 
emittance, lowering of the vertical ß in the straight 
sections, reduction of the undulator minimum gap, all of 
these resulting in a significant gain on the achieved 
photon brilliance. In parallel to this net improvement, the 
routine operating standards have been largely improved 
with a Mean Time Between Failures larger than 40 hours 
and an availability better than 94 % over the 5000 hours 
of beam scheduled in 1996. In addition, the versatility of 
the Machine has been enlarged with an increasing 
number of operating modes so as to better satisfy the 
different Users' requirements (multibunch mode, single 
bunch mode, 16 bunch mode and various hybrid modes). 

1 INTRODUCTION 

The ESRF was the first of the third generation high 
energy synchrotron radiation sources to start User 
operation in 1994. The 10 years construction phase will 
end in 1998 with the completion of the last of the 30 
ESRF beamlines. Today 27 beamlines (including 5 
Collaboration Research Group beamlines) are open to the 
Users, and during the year 1996, a total of 518 
experiments were carried out during 6563 shifts (of 8 
hours) by 1777 external Users. 

2 PERFORMANCES 

Brilliance 

At the same time the ESRF was starting User operation, a 
lot of developments were undertaken to increase the 
brilliance available to these Users [1]. The present 
situation is summarised in table 1. 

FPR Routinely Medium 

Parameters Units Design served in USM term 

Goal (April 1997) oblectives * 

Current mA 100 200 200 
Associated lifetime hours 8 50 60 
Lifetime® 100mA hours 8 80 100 
Horizontal Emittance e. 108m.rad 6.2 4 3 

Vertical Emittance ev 1012 m.rad 620 40 10 
ID minimum gap mm 20 16 11 
Brilliance @ 1 • oh/s/mmVmrad 6 10" 2.1 10" 8.3 10" 
1.6m undulator /0.1%Bwidth (low pz) (low pz) 

Brilliance @ 1 • 3h/s/mm7mrad 2 10" 8.8 10" 3.8 10" 
5m undulator /0.1%Bwidth (low pz) (low pz) 
'End of 1997 

Table 1 : Evolution of the brilliance at the ESRF. 

Position stability 

For the beamlines to fully benefit from this high 
brilliance, an excellent beam position stability has to be 
provided and figures less than 10% of beam sizes and 
divergences are routinely achieved thanks to the 
automatic closed orbit correction running every 5 
minutes. With the very small vertical emittance, the 
required vertical position stability starts to be at the limit 
of the feasibility (a few um) and all sources of errors or 
drifts have to be minimised [2]. To reduce the fast 
fluctuations of the vertical beam position, which exceed 
the 10% specifications, a fast AC position feedback is 
being developed. The goal is to reduce the amplitude of 
the beam oscillations in the vertical plane in the 
frequency range from 0.1 Hz to 100 Hz. The strategy will 
consist in applying a global correction over the full 
machine and not several local corrections on each ID 
straight section. This system will rely on 16 dedicated 
electron BPM's (located in the straight sections) and 16 
fast steerer magnets. It will be controlled by a central 
DSP board communicating with local DSP boards via fast 
data links operating at a 44 kHz frequency. 

Lifetime 

After several years of operation, the ring vacuum vessels 
(stainless steel) have been fully conditioned and the 
average dynamic pressure is about 2.10'9 mbar at 1=200 
mA. Such a low pressure corresponds to a very large gas 
scattering lifetime. In fact, even on a 6 GeV machine, the 
main limitation of the lifetime comes from Touchek 
scattering due to the increased density in the bunch 
volume. This explains the moderate lifetime (8 hours) in 
single bunch and 16 bunch modes, but also shows up in 
multibunch mode, due to the high intensity (200 mA) and 
the low coupling (1%), A significant increase in lifetime 
was obtained at 200 mA by increasing the number of 
circulating bunches thereby reducing the current per 
bunch: From 40 hours in l/3rd filling the lifetime jumped 
to more than 50 hours in 2/3rd filling, at 200 mA. When 
lengthening the bunch train, the machine gets more 
sensitive to HOMs developing in the RF cavities and this 
was overcome by a careful temperature control of these 
cavities [3]. An efficient way to increase the Touchek 
lifetime is to enlarge the energy acceptance. By moving 
the injection septum away from the stored beam (from 13 
mm to 19 mm), a net gain of several hours was achieved 
on the lifetime in 16 bunch (from 7h up to llh). 
However, a larger gain was expected and investigations 
are being pursued to enlarge the present ±3% energy 
acceptance. 
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3 OPERATION AT THE ESRF 

Since 1993, when the beam was delivered for the 
commissioning of the first beamlines, until 1997, the 
number of hours dedicated for the Users (the User 
Service Mode) has been progressively increased: from 
2984 hours in 1993 to 5359 hours in 1997. The ultimate 
goal is to deliver 6000 hours per year in USM, which 
should be reached before the year 2000. Throughout 
these years, our guidelines were always to improve the 
reliability of the Machine, its meantime between failures 
whilst increasing the beam performances. Four years after 
the first USM shift, we can state that these three goals 
have been met. In 1996, only 3% of the operation time 
was lost due to failures, the remaining 97% being 
composed of the time for the refills (2.5%) and the 
delivery (more than 94%). Not only is the availability 
important but the meantime between failures (MTBF) 
which is of major interest for the Users. This figure which 
was only 13 hours in 1994 has now been increased to 
more than 41 hours in 1996, i.e. 3 times better. The mean 
duration of one failure is now about one hour. These 
good results are not a matter of chance. Many actions 
have been undertaken to improve the reliability of the 
Machine, among others: 
- Preventive maintenance on the water circuitry: a lot of 
beam losses occurred due to cooling interlocks following 
the blocking of some magnet cooling pipes by metallic 
dust circulating in the water circuits. Since 1995 when the 
preventive maintenance policy was initiated, very few 
failures have been recorded as far as this piece of 
equipment is concerned. 
- High Quality Power Supply.(HQPS): the Grenoble area 
is subject to violent storms during the summer the 
consequence of which are severe drops on the electrical 
mains resulting in beam losses. Since summer 1995, ten 
units (1 MW each) have been operational to take over any 
electrical mains drop. The HQPS has been operating for 
more than 1 year now and the conclusions to be drawn 
are very positive. Over the full year 96, more than 220 
drops recorded on the input electrical mains have been 
smoothed, avoiding beam trips with all their possible 
direct and indirect consequences. It is clear that the very 
significant improvement in Mean Time Between Failures 
described above can be, for a large part, attributed to the 
unperturbed primary power delivered by the HQPS. At 
the same time this has enabled intrinsic faults in 
equipment to be clearly distinguished from actual outside 
perturbations. Moreover, the absolute low harmonic 
pollution engendered by the HQPS on site means that all 
power converters will have increased lifetimes. 
- Radio-frequency system : Since May 1995, the machine 
has been running with 2 klystrons each of them feeding 2 
cavities. The main advantage lies in the fact that each 
klystron works far below its designed maximum power 
thus reducing the rate of trips. The switching from 1- 
transmitter  to  2-transmitter  mode  together  with   an 

efficient work of reduction of the sensitivity to EMC 
noises of the RF plants have resulted in a doubling of the 
MTBF of this touchy equipment. In order to increase the 
available accelerating voltage and to provide more 
flexibility to the RF operation, a third RF plant feeding 2 
extra cavities will be commissioned and put into 
operation this year. 

Super Spare Power Supply 

Although power supply failures are rare, they can last a 
long time when they occur (replacement of a transformer 
or another major repair). To avoid a loss of time in these 
situations, a Super Spare Power Supply was built. Its role 
is to supply any magnet power supply which would fail. 
Furthermore a switching board was recently installed: it 
allows any magnet family from the Super Spare Power 
Supply to be supplied within less than one hour. 

1994 1995 1996 1997 

USM scheduled hours 3800 4752 5193 5359 
USM delivered hours 3372 4412 4901 5090* 
Availability (%) 88.7 92.8 94.3 95" 
Time lost for refills (%) 2.7 2.9 2.4 2.5* 
Time lost for failures (%) 8.6 4.2 3.2 2.5* 
MTBF (hours) 13.5 21.5 41.2 >40* 

expected 

Insertion devices 

The ESRF was designed to be essentially an Insertion 
Device based source. Out of the 28 available straight 
sections, 25 are already equipped with 1, 2 or 3 ID 
segments (1.6 m long), which can be either planar or 
helical undulators, or wigglers [4]. The very large variety 
of ID types enables experiments to be carried out 
simultaneously at X-ray energies ranging from 500 eV 
(on beamlines equipped with windowless front-ends) up 
to 500 keV (from a superconducting wiggler). 12 straight 
sections are equipped with 5m long 15mm high stainless 
steel vacuum vessels devoid of pumping, which 
authorises a 16mm minimum gap. We are presently 
developing 5m long 10mm high ID vacuum vessels 
which will enable the gap of the insertion devices to be 
closed down to 11mm. These stainless steel vessels will 
be copper plated so as to minimise their contribution to 
the impedance of the machine. Following the reduction of 
the vertical ß function, 2 prototypes of 10mm high 2m 
long vacuum vessels were installed and successfully 
tested on the machine. The first 5m long 10mm high 
vessel will be installed during the summer of 97. 

Beamline Front-Ends 

There are presently 25 front-ends transmitting X-ray 
beam from insertions devices, and 6 from bending 
magnets. 6 ID front-ends are windowless. On some 
wiggler front-ends the total power in the X-ray beam can 
reach 15kW, whilst the power density approaches 750 
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W/mm2 (normal incidence at 10m from the source) with 2 
phased undulators at a 16mm gap. A specific carbon 
filters-Beryllium window assembly was developed which 
enables the transmission of such a high power density. To 
preserve the X-Ray beam coherence, some beamlines 
have been equipped with polished Be windows and 
sometimes with diamond filters. A noticeable point to be 
mentioned is the slightly increasing meantime between 
failures of the front-end equipment despite the increasing 
number of beamlines (and of front-ends) since 1994. 

4 BEAM MODES 

As a consequence of the great variety of experiments 
which are carried out at the ESRF, various filling patterns 
of the electron beam are now served to the Users. The 
Users community is divided into two parts, those who 
need a maximum intensity with the longest lifetime 
whatever the filling pattern is, and those who need a time- 
structured mode (for nuclear scattering or structural 
biology for instance). For the first part of the Users 
community, the machine is operated in multibunch mode 
(either 'one third' or 'two third' filling modes) at 200mA. 

For the second part of the community, time 
structured modes have been developed. The single bunch 
mode is now delivered at an intensity of 15mA (with a 5 
hours lifetime). A transverse feedback is under devel- 
opment and should enable higher intensity to be reached. 

2/3 
filling 

Single 
Bunch 

16 
bunch 

Hybrid 
mode 

Max. intensity (mA) 200 15 90 200 

Associated 
Lifetime (hours) 

50 5 8 30 

% of time in operation 55% 5% 25% 15% 

Modes routinely delivered at the ESRF 

The 16 bunch mode was first developed as a compromise 
for all the Users and is still delivered now (25% of the 
shifts). The maximum intensity of 90mA is mainly 
limited by the overheating and consequent outgassing of 
the RF liners of the vacuum chamber. An R&D program 
on the RF liners is in progress to increase the maximum 
intensity. 

To maintain the same brilliance per mA, the beam is 
delivered with the same low emittances (sx=4nm.rad and 
ez=40 pm.rad) in these modes which explains the 
associated moderate lifetime. 

More recently, various hybrid modes have been 
developed to better satisfy the community of Users. They 
consist in a one third filling bunch train (typically 
180mA) with one or several isolated bunches regularly 
spaced in the opposite gap (typically 5mA per bunch). 
Despite the fact that everyone can find their advantages in 
these hybrid modes, the drawback of these exotic modes 
is the reduced lifetime (30 hours) which is mainly driven 
by the lifetime of the single bunches and also the longer 

dead time for the refill (about 25 minutes instead of a 
couple of minutes for the other modes). 

For the filling of the Storage Ring in single bunch, 
16 bunch or hybrid modes, the Linac produces short 
pulses with a 2ns FWHM. It has been optimised in order 
to achieve an initial purity in the 10"3 range in the SR. 
Then a cleaning process is applied which consists in 
exciting the parasitic bunches in the vertical plane so as to 
kill them on a scraper. 

The bunch purity (relative intensity of the parasitic 
bunches compared to the main bunch) is measured by an 
X-ray avalanche photodiode installed in the tunnel which 
has an excellent dynamic range (better than 10s) and a 
good time resolution (10"6 at 2.8 nsec of the main bunch). 
The quality of all the time-structured modes is very high 
since a bunch purity better than 10"7 is routinely delivered. 

Jitter free streak camera 

A collaboration contract was signed in 1996 with the 
CUOS (Centre for Ultra-Fast Optical Science) in 
Michigan for the development of a state of the art streak 
camera. This streak camera, which will have a resolution 
less than 1 pico-second in accumulation mode, will be 
triggered by an ultra-short laser pulse (300 femto-second) 
in order to eliminate the jitter. The laser pulses will also 
be produced synchronised to the X-ray pulses with a jitter 
of much less than the width of the X-ray pulse. This set- 
up will demonstrate that even with a 100 pico-second X- 
ray pulse, it is possible to probe events on the sub pico- 
second scale. 

5 SHORT TERM GOALS 

The ESRF objective is to further develop its high poten- 
tial while maintaining the excellence of its operation stan- 
dards. The following major goals have been set for 1997: 
• 5400 hours of scheduled USM time. 
• An increased rate of availability with an objective of 95% 

(the last % is the most difficult to achieve). 
• The commissioning of a third RF plant (transmitter) 

together with 2 additional cavities. 
• The installation of a few 10 mm high insertion device 

vacuum vessels. 
• A reduction of the horizontal emittance: A new version of 

the optics giving 3nm.rad (instead of the present 4) is 
being studied. 

• A reduction of the coupling down to values in the 0.3% 
range, which is extremely challenging. 

• A fast global AC position feedback which will operate in 
the vertical plane, using electron beam position monitors. 
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LATTICE RELATED BRILLIANCE INCREASE AT THE ESRF 

A. Ropert, L. Farvacque, ESRF, BP 220, F - 38043 Grenoble Cedex 

Abstract 

The ESRF brilliance is currently being increased by 
more than two orders of magnitude with respect to the 
original design target value of 1018 
photons/sec/mm2/mrad2/0.1% relative bandwidth by 
acting on the stored beam current, the refinement of the 
insertion device technology and beam emittances. This 
paper will review the lattice-related contribution to the 
on-going improvements of the initial performances in 
brilliance of the source: modifications in the tuning of the 
basic Chasman-Green lattice enabling the reduction of the 
horizontal emittance from the design 7 nm down to 4 nm, 
strategy to control the coupling below 1 %, optimization 
of the beta functions in the insertion devices. This already 
brought a factor of 30 in brilliance. The potential for a 
further improvement in the brilliance by a factor of ten 
will be described. 

1. INTRODUCTION 

Brilliance is the figure of merit the most referred to for 
third generation light sources. At the ESRF, the initial 
brilliance performance has been upgraded by a factor of 
100 by acting on the different parameters entering into 
the brilliance formula: 

B=-^f(E,g,B) 
KS 

X 

- the stored beam current I has been increased from 
100 mA to 200 mA by overcoming the HOM limit thanks 
to the partial filling of the circumference and to the 
detuning of the HOMs by temperature control of the 
cavities. 

- on the insertion device side (gap g, field B), 
spectrum shimming techniques have pushed the highest 
useful undulator harmonic and increased the brilliance at 
all harmonics. Undulator gaps have been decreased from 
20 mm down to 15 mm which allows a gain of a factor of 
2 in brilliance in the fundamental via the associated 
reduction of the undulator period. Thanks to the reduced 
vertical beam stay-clear affordable with the new lattice 
optics, new insertion devices will have a gap of 11 mm. 

- lattice-related parameters (the horizontal emittance 
■s 

E    and   the   coupling   factor   K = -*■)   have   been 
* £ 

X 

significantly reduced with respect to the design values. 
This, together with a better matching of the optical 
functions at the source points, has brought an 
improvement in brilliance of a factor of 30, i.e. the major 
part of the quoted figure of 100. 

2. REDUCTION OF THE HORIZONTAL 
EMITTANCE 

In the Double Bend Achromat lattice used at the 
ESRF, the small emittance is achieved by lowering the 
horizontal ß function inside the bending magnets, thus 
generating unacceptably high ß values in the focusing 
structure outside the bending magnets and leading to 
large chromaticities, higher sensitivity to errors and 
reduced dynamic apertures. Our design value of 7 nm 
resulted from a compromise between these different 
effects [1]. 

In order to achieve a lower emittance nevertheless, a 
new version of lattice settings with a distributed 
dispersion has been implemented and has now been 
operated for 2 years. By detuning the quadrupoles in the 
achromat, the dispersion pattern is more balanced inside 
the bending magnets where the emittance is created [2]. 
This strategy enabled almost a factor of 2 to be gained on 
the horizontal emittance from 7 nm down to 4 nm. This 
gain is almost entirely transferred in brilliance increase 
since the non-zero dispersion combined with the internal 
beam energy spread contributes to the beam size in the 
straight sections very slightly. 

3. COUPLING CONTROL 

The X-ray pinhole camera [3] enables the photon 
beam emittances and accordingly the electron beam 
emittances to be permanently measured. Two of these 
devices are installed on different bending magnets. Their 
results are in good agreement, thus confirming the 
extremely low vertical emittance achieved at the ESRF. 
Since the image made with the second camera has a 
significant contribution from energy spread, it also 
provides an accurate diagnostic of the electron energy 
spread. 

In comparison with initial objectives of a 10 % 
coupling, dramatic progress was made and the coupling 
routinely decreased to 1 %. 

Until January 1996, the correction of coupling was 
based on the cancellation of the 2 coupling resonances ux 

- uz = 25 and ux + uz = 48 close to the working point 

(ux= 36.44, uz = 11.39) [4]. This was performed by using 

2 pairs of skew quadrupole correctors for each resonance 
in order to adjust the amplitude and the phase of the 
correction while moving the tunes to the resonances. The 
residual coupling of 1 to 2 % obtained is due to other 
resonances which look difficult to minimize via the single 
resonance method. 

The  installation  of an  additional   set  of 8   skew 
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quadrupoles now allows more advanced corrections [5]: 
- measurement of the coupled response of the machine 

to steerer excitation and minimization of the cross-talk 
terms 

- minimization of the spurious vertical dispersion 
This procedure results in routinely achieved values of 

less than 1 % in all operating modes (as shown in Figure 
1 during a two-week period alternating hybrid, single 
bunch, 16 bunch modes) and record values of 0.5 %. 

100   *  E=    (IDS)     W) BK    (IDS)      (V)      intensity   1*2) 

Figure 1 

At this stage, the reduction of the vertical dispersion 
(given the small initial values as shown in Figure 2) does 
not give a noticeable improvement in coupling. However, 
the induced radiation in the presence of vertical 
dispersion will start to play a role when further refining 
the correction algorithm in order to achieve the future 
goal of an 0.3 % coupling. This upgrade also requires the 
discrepancy between modeling and calibration 
experiments on the effect of a single skew quadrupole to 
be clarified. 

m\mm 
'   ft '    i i!  v   I 

- initial corrected 

Figure 2 

4. WINNING OVER DIFFRACTION WITH ß 

With the original 7 nm lattice and 10 % coupling, the 
brilliance of the photon beams was essentially dictated by 
the emittances of the electron beam. This is no longer the 
case with the presently achieved 40 pm vertical 
emittance, as shown in Figure 3. The effective dimensions 
result from the convolution of the electron beam 
emittances and the photon beam emittance associated 
with the single electron which can be expressed as 

£  = — (X being the wavelength of the radiation). For a 
In 

given value of s and ez (vertical electron beam 
emittance), the minimum photon beam emittance is 

obtained for a perfect matching (ßz = ßR, with ßR= — 

and L being the length of the undulator) as illustrated in 
Figure 4. This corresponds to ßz = 1.59 m or ßz = 0.53 m, 
depending on the number of 1.6 m long insertion device 
segments (3 or 1), emitting at 14 keV. When the matching 
is imperfect, the reduction of the effective brilliance 
which would be only 12 % with 10 % coupling reaches 
55 % with 1 % coupling. Any further reduction of the 
vertical emittance would be impaired by a greater relative 
reduction of the brilliance. 

CT' (prad) : diffraction ellipse 
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Figure 4 

Going to ß2 values of the order of 0.53 m looks very 
difficult to achieve in terms of machine tuning. Also 
given the parabolic increase of the ßz value at the 5 m 
undulator edge, the reduction of the insertion device gap 
from the present 15 mm to 11 mm would be inhibited. 
Since the tendency at the ESRF is to evolve towards the 
installation of 3 insertion device segments per straight 
section, ßz = 1.59 m would provide a perfect matching. 
However, other constraints (such as the evolution of the 
actual beam size of the X-ray beam drifted 30 m 
downstream the source point or beam position stability 
considerations) favour ßz values of the order of 2.5 m, 
which in terms of brilliance reduction is negligible in the 
case of 3 installed segments. In this new version of the 
optics [6] used in User Service Mode since November 
1996, the vertical ß in the undulator straight sections is 
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therefore decreased from 13 m down to 2.5 m, thus 
leading to an increase of the vertical tune by three 
integers, from 11.39 to 14.39 (Figure 5). 

OPTICAL  FUNCTIONS 

ft f. 

i 
A 

 -'! (  
,  r. i \ r     \ 1 

i H 1                  : 
1                 j 

.     1                I 
! 11 M  ' l\     / A f 1  A 

4f 
\ \     j 

iy MM - 

Figure 5 

Reducing the vertical ß was also a prerequisite for 
decreasing the insertion device gaps. Thanks to the 
smaller electron beam vertical sizes in the straight 
sections, beam scraping on the reduced beam stay-clear 
ID vacuum vessels (± 4 mm inner aperture) is less severe 
and consequently the beam gas scattering lifetime 
reduction and Bremsstrahlung emission on the beamlines 
minimized. Comparative studies with the high ß and low 
ß optics (Figure 6) show that a minimum beam stay-clear 
of 5 mm can now be accepted instead of 7 mm for the 
same 20 % reduction in beam lifetime. Two 2 meter long, 
8 mm high vacuum vessels are now installed without 
significant impact on the lifetime. The first 5 meter long, 
8 mm high vacuum vessel will be installed next summer. 

low ßz optics 
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Figure 6 

The low ßz optics also has other potential advantages: 

- the reduced sensitivity to insertion device chamber 
wall impedance enables a relaxed chromaticity to be used 
in all filling modes. This is particularly visible in single 
bunch mode where the intensity threshold is strongly 
chromaticity dependent. The required vertical 
chromaticity (£2 = 0.67 instead of 0.9 for the high ß2 

optics) favours the obtaining of a larger energy 
acceptance and longer lifetimes. 

- the reduced sensitivity to insertion device field 

imperfections minimizes the possible effects induced by 
gap changes such as modification of the coupling or orbit 
distortions. 

- the beam at a cross-over tolerates larger scattering 
angles, therefore the lifetime is less sensitive to the 
vacuum in the insertion device straight sections. 

5. FUTURE PLANS 

The significant evolution of the lattice since the design 
stage with even stronger focusing and larger non- 
linearities via the chromaticity compensating sextupoles 
reinforces confidence in further possibilities of reducing 
the natural horizontal emittance. Tests on a new optics 
providing a 3 nm emittance will be initiated very soon. 
This upgrade, together with the reduction of coupling and 
the operation of 11 mm gap insertion devices will push 
the ESRF in the 1021 range in brilliance which is the 
maximum achievable figure with the present generation 
of storage rings. 

The possibility of provoking dissymmetry of the 
electron beam horizontal envelope in the high ß insertion 
device straight sections while operating the lattice with a 
non-zero alpha function in the straight section such that 
the emitted photon beam would focus about 30 m 
downstream the beamline at the sample location is also 
under consideration [7]. For a number of beamlines, the 
resulting increase in flux at the sample would be superior 
to a gain by a factor of 10 in brilliance. Necessary 
hardware allowing an assymmetrical powering of the 
quadrupoles of the straight section triplets is being 
purchased and the scheme will be tested first in one 
straight section during the second half of 1997. 
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Abstract 

The main facility of the New SUBARU project is the 1.5 
GeV electron storage ring which is under construction at 
the SPring-8 site in Harima Science Garden City. The first 
beam commissioning from the SPring-8 LINAC is sched- 
uled at the end of March, 1998. The aim of new SUBARU 
is to promote industrial activities in the local area (Hyogo 
prefecture) and to develop experimental investigations for 
new light sources. 

1    INTRODUCTION 

An 1.5 GeV electron storage ring for the light source 
in the region of VUV and soft X-ray is under construc- 
tion at the SPring-8 site using the LINAC as an injec- 
tor. The project team for new SUBARU between HIT 
and SPring-8 has been organized to establish the SR re- 
search complex in SPring-8. The storage ring has two 
very long straight sections (LSS.14 m each) comparing 
its small circumference (~119 m). Two LSS's are ini- 
tially used for a 11-m long undulator (L-U) and an op- 
tical klystron(FEL), and two short straight sections (4m 
each) for an 2.3-m undulator (S-U) and an 8-T super con- 
ducting wiggler (SC-W). The natural emittance @ 1.5 
GeV is 67 nm because the total number of main dipole 
magnets is 12. The maximum brilliance is expected as 
\Ql&{photonsIsec/mm2/mrad2/0.1%bw). Considering 
complemenarity to the most brilliant light source in the 
world, SPring-8, new SUBARU aims to produce a short 
pulse of radiation. New ideas using such as laser-electron 
interaction or for beam cooling will be also tested in this 
ring. The main purpose of the project are as follows. (1) 
Research and development towards new light sources such 
as (a) a small and low cost source in the region from VUV 
to soft X-ray, (b) strong ring PEL and coherent soft X-ray, 
(c) very short light pulses and (d) beam cooling to obtain 
very small emittance and enery spread in a small ring. (2) 
Application for industry and biomedical such as (i) micro- 
machining, (ii) investigation for new material and (iii) X- 
ray microscopy. The project has also a 15-MeV LINAC 
for FEL ( named as LEENA)[1]. The expected brilliance 
and enery region is shown in Fig. 1. The energy region of 
~0.1eV to ~50 keV will be totally covered. 

Table 1: Main parameters of new SUBARU storage ring. 

Fundamentals 
Injection energy 1 GeV 
Operation energy 1.5 GeV 
Stored current <500 mA 
Circumference L 118.716 m 
Revolution period 0.396 /isec 
Revolution freq. 2.525 MHz 
Harmonic No. 198 
RF frequency 500 MHz 
Betatron Tunes 6.21/2.17 
Chromaticity (£) -19/-7.5 
Oip 0.001 
Straight sections 4m x4 

14m x2 

Operation parameters 1.5 GeV 
Natural emittance (lcr) 67 
Coupling 10 
Bending field 1.55 
Critical photon 0.53 

2.33 
Radiation loss/ Turn 176 
Damping time 

Longitudinal 3.42 
X/Y 6.56/6.73 

Energy spread 0.072 
RF voltage > 250 
Bucket height > 0.83 
Synchrotron tune 0.0021 
Bunch length (lat) 26 
Touschek life > 10 

nm 
% 
T 
nm 
keV 
keV 

msec 
msec 
% 
kV 

psec 
hrs 

and (2) 14-m-LSS's. The ring has a hexagon shape and 
the unit structure is a double bend achromat cell with two 
34-deg. bending magnet(BM) and one invert BM at the 
middle. The typical envelope functions are shown in Fig.2. 
The excitation strength of quadrupoles for various ap is 
shown in Fig.3. The HOM damped cavity with SiC duct 
developed and used at INS-SOR and PF[2] is installed. 

2   STORAGE RING 

The main parameters of the ring are summarized in Table 1. 
The characteristics are (1) quasi-isochronous and/or vari- 
able momentum compaction facter ap between ±0.001, 

2.1   Bunch Length 

The natural energy spread is calculated as as — 4.8 x 
10~4E where E is energy of electron beam measured 
in GeV and the bunch length is given by crt  — 2.3 x 
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10_8(J4£')1/2(7ä(sec) where \ap\ = AxO.001, because the 
RF voltage can be always higher than 250 kV. On the other 
hand the energy spread would become more large due to 
microwave instability. Supposing the Keil-Schnell criterion 
is applicable, as and at become twice of the natural values 
at ~ 4 mA/bunch for A = E =1 and \Z/n\ = O.l(fi), 
which is almost the same result by ZAP. To reach ~3 psec 
of at is one of the goals of the accelerator R&D. 

2.2   Sextupole Correction 

The control of higher order terms in momentum com- 
paction facter is very important in a very small ap or 
isochronous ring. As the second order islands in syn- 
chrotron oscillation appear at[3], 

5± = {-a2 ± {a\ - 4alQ3)1/2}/(2a3), 
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where revolution period is expanded as, Table 2: Main parameters of new SUBARU ID's. 

k 

the guide line for the free oscillation from these is- 
lands in the region of \6\ < 1% becomes, (1)|5±| > 
0.1, or {2)a\ - 4aia3 < 0, or (3)|a3/a2| < 0.1(ai a 
0), |a2/ai| < 0.1(a3 ^ 0). (In this paper ap and 
^(momentum slipping facter) are treated as the same 
value.) Then the equations for correction are, 

dtx/dgj = (ßxD)j/(^), 

dty/dgj = -(ßyDWito), 

da2/d9j = -D*/(2L), 

dAn,p/d9j = (21^S7rn)-1[ß3J2g ■ exp{i(pö + nQa)}],-, 

dBi,,/dft- = (2l/HTr)-1[ß1J2ßy9 ■ exp{i(qe + Qx)})j, 

dB±,r/d9j = (21^8ir)-1[ß1J2ßyg ■ exp{i(r9 + Q±)}]jt 

where £ = Av/S, i> is a tune of betatron oscillation, ß and 
D are the envelope function and momentum dispersion, L 
is the circumference of a ring, g = l(d2By/dx2)/Bp and 
the suffix j means the j'-th sextupole. p, q and r are integers 
which satisfy nvx = p (n = 1 or 3), vx = q, and vx ± 
2vv = r, r9 is the azimuthal angle of the ring, Qa = i>a ~ 
va9, (a = x or y), tpa is the phase advance of betatron 
oscillation and Q± = Qx ± 2Qy. Instead of the last three 
equations for resonance driving terms, so-called Collins' 
distortin function[4] should be carefully controlled. In new 
SUBARU, these are Ai},Blß and ß_,2 and 5 families of 
50 sextupoles seem enough for the correction. 

3    INSERTION DEVICE AND BEAM LINE 

Table 2 summarizes the ID's where A„, N are the 
length and the number of period, g and Lu are the 
gap height and the total length. W is the covered 
region of photon wave length and B is the brilliance 
(photons/'sec/mm2jmrad2/0.1%bw). S-U, L-U and 
SC-W mean the short undulator, long undulator and super- 
conducting wiggler, repectively. Comments on this table 
are a) critical photon energy and b) 0.5~0.7 GeV opera- 
tion of electron beam. As seen in the table, the K values of 
undulators are almost higher than 1 and the harmonics will 

be positively used (see Fig.l). 

3.1    FEL / Optical Klystron 

The main aims of the hardware development in FEL are 
to obtain lasing in the wave region less than 200 nm and 
high average power in /mi region. The storage ring will 
be operated mainly at 0.5 ~ 0.7 GeV, because the simple 
calculation gives gains more than a few tens percent at the 
peak current of 10 A including energy widening. Normal 
conducting magnets are used for the undulators and dis- 
persive section, and the length of one period is selected by 

Type S-U L-U SC-W FEL 
\u(mm) 76 54 350 160 

/320 

N 30 200 1 32.5/16.5 
x2 

g(mm) 25~ 
58 

25~ 
44.5 

30 40 

K 1.3~ 
5.3 

0.8~ 
2.5 

262 1.7~ 
12 

Lu(m) 2.3 10.8 0.7 5.2x2 
W(nm) 8.1~ 

149 
1.4~ 
29 

0.1~ 

0.23°) 

200~ 
120006) 

B 4xl01B 101H 7 xlO10 

changing current connection. The phase slipping number 
is optimized at each wave length between 7 and 71. The 
distance between the mirrors, of which radius is ~ 13 m, is 
one fourth of the ring circumference. 

3.2   Beam Line 

There are 4 beam lines (BL) from ID'S and 9 BL's from 
BM at the bending point of 10 degrees. Table 3 shows the 
present category in discussion. 

Table 3: Beam lines in discussion. 

Purpose Source Energy (keV) 
EUVL BM 0.08~0.3 
LIGA BM 3 
Holography & coherence L-U 0.08~0.3 
Materials creation BM <1 
Photo-active materials BM <1 
Light source R&D FEL 0.006 
X-ray microscope L-U/S-U 0.3~0.6 
Topography SC-W >2 
Optical elements R&D BM 0.05~1 

In this year two BL's are constructed for EUVL (extreme 
ultra-violet lithography) and LIGA. 
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Abstract 

Short pulsed X-rays were experimentally generated by 90° 
Thomson scatterings of 2 TW, 90 fs laser pulses by 17 MeV 
electron beams. Synchronization between the laser pulses 
and electron beams were achieved within a few ps. A 100 
fs X-ray pulse will be generated via backward Thomson 
scatterings from a 100 fs electron bunch made by a bunch 
compression chicane. A high peak power, high brightness, 
high repetitive laser synchrotron radiation source consist- 
ing of counter-colliding laser and electron storage rings is 
proposed. 

1   INTRODUCTION 

A compact, narrow bandwidth, ultrashort pulses of hard 
X-rays have basic and industrial applications in a number 
of fields, such as solid-state physics, material, chemical, 
biological and medical sciences. An ultrashort pulse X- 
ray source will allow measurements of time resolve atomic 
motion providing important information about the mate- 
rial properties, chemical and biological reactions on ul- 
trafast time scales. The present high-brightness hard X- 
ray sources have been developed as third generation syn- 
chrotron light sources based on large-scale high energy 
electron storage rings and magnetic undulators. Recently 
availability of compact terawatt lasers referred to as table- 
top-terawatt (T3) lasers based on chirped pulse amplifica- 
tion arouses a great interest in the use of lasers as undula- 
tors of which a period is ~ 104 shorter than the conven- 
tional undulator. This feature of laser undulators allows 
the use of ~ 100 times less energetic electrons to gener- 
ate X-rays of a particular wavelength. The laser undula- 
tor concept using T3 lasers makes it possible to construct 
an attractive compact synchrotron radiation source which 
has been proposed as a laser synchrotron radiation source 
(LSRS)[1]. 

In order to generate an ultrashort X-ray pulse, we at- 
tempted 90° Thomson scattering experiments, where a 
femtosecond laser pulse interacts with a relativistic elec- 
tron beam at 90° [2]. In this configuration the X-ray pulse 
length is determined by the transit time of the laser pulse 
across the electron beam waist as long as the laser pulse 
length is much shorter than the electron bunch length. It 
is, however, essential to achieve an exact timing between 

the laser pulse and the electron pulse. Experiments were 
carried out by using a T3 laser delivering laser pulses of 90 
fs duration with the peak power of 2 TW and a 17 MeV 
electron beam of 10 ps bunch length produced from the RF 
linac synchronized with laser pulses at the repetition rate of 
10 Hz. 

If the electron pulse duration is as short as a femtosec- 
ond, head-on collisions of laser pulses with the electron 
beam should generate femtosecond X-ray pulses through 
backscattering. The head-on configuration can produce 
twice higher energy photons than the 90° configuration as 
well as the higher photon intensity. In this scheme a dif- 
ficulty in timing between laser and electron pulses can be 
relaxed as long as a spatial overlapping of two beams can 
be accomplished. In order to test the backward Thomson 
scattering to generate femtosecond X-ray pulses, we pre- 
pare the picosecond photocathode injector and the bunch 
compression chicane in the electron linac. 

As an example of a practical high-brightness quasi- 
monochromatic, high repetitive ultrashort hard X-ray 
source, we propose a compact synchrotron radiation source 
consisting of counter-colliding laser and electron storage 
rings where the compressor and the stretcher for both 
beams are installed. A conceptual design is discussed for 
providing high peak power as well as high average power 
comparable to the present conventional synchrotron light 
source. 

2   X-RAY GENERATION VIA THOMSON 
SCATTERING 

When a laser beam interacts with an electron beam at an 
angle <j>, Thomson scatterings of relativistic electrons in the 
laser undulator field generate frequency up-shifted radia- 
tion with the peak frequency given by 

wx = 
272(1 -COS0) 

1 + a§/2 
-w0, (1) 

where 7 is the Lorentz factor of the electrons, WQ the in- 
cident laser frequency and ao the undulator strength or the 
normalized vector potential of the laser field given by ao ~ 
0.85 x 10-9/1/2[W/cm2]A0[/im] for the peak intensity / 
in units of W/cm2, the laser wavelength Ao = 2nc/üJo in 
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units of fim. For the <j> = 90° configuration, the maximum 
radiation photon energy is 

,       E?[MeV] 
^[keV]=h.x = 9.5 x 10-3 Ao[/^(1 + ^/2), (2) 

where E\, is the electron beam energy. The radiation wave- 
length is Ax [A] = 12.4/£x[keV]. In the head-on config- 
uration with <j> = 180°, the maximum photon energy turns 
out to be twice as high as the <j> = 90° configuration. The 
angular distribution of radiation with the spectrum A > Ax 
is within a cone of half angle, 6 = (1/7) y/(X - Ax)/Ax- 

2.1    90° Thomson scattering 

Assuming the Gaussian temporal and spatial distributions 
of both the electron and laser beam with the transverse and 
longitudinal beam sizes of ax and az and the laser trans- 
verse and longitudinal laser beam sizes of aw and <JL, the 
rms pulse length of the X-ray radiation is obtained from 

o-x (3) 

The number of photons per pulse within the spectral width 
Aw/w is given by[2] 

An^ 
113iVeJAo Au 

j{°l + °l){°l + °l + <+°l) " 
(4) 

where Ne is the total number of electrons per bunch, J the 
laser pulse energy in Joules, and Ao and the beam sizes are 
measured in fim. 

pulse duration at the repetition rate of 10 Hz. An electron 
pulse is synchronized to laser pulses with the phase locked 
control of the mode-locked oscillator. The phase locked 
loop maintains synchronization of the oscillator repetition 
period (79.33 MHz) with every 36th RF period of the linac 
(2856 MHz). We measured a timing jitter between the laser 
pulse and Cherenkov radiation from the electron beam with 
the streak camera with a time resolution of 200 fs. Syn- 
chronization between two pulses was achieved within the 
rms jitter of 3.7 ps. 

The setup for the 90° Thomson scattering experiment is 
shown in Fig. 1. 

17MeV 
Electron Beam 

To Streak Camera 
n 

Laser 
Pulse 

1 Shutter 
Camera 

a Magnet' 

-Dump 

Electron 
Beam 

Figure 1: The experimental setup for 90° Thomson scatter- 
ing. 

2.2   Backward Thomson scattering 

In the head-on configuration x-rays are generated toward 
the direction of the electron beam propagation. It turns out 
that the x-ray pulse length is determined primarily by the 
electron pulse duration, i.e. ax = <rz. The number of pho- 
tons per pulse within the spectral width Aw/w is obtained 
from[l] 

An = 4 x 103 NeJ   AUJ 

ZR[fj,m]  u) 
(5) 

where ZR = 7rro/A0 is the Rayleigh length, rQ the spot 
radius of the Gaussian laser profile and ro ~ n is assumed 
with the electron beam radius r^. 

3   EXPERIMENTS AT 17 MEV LINAC 

Experiments of X-ray generation through Thomson scatter- 
ing are made by the use of the 17 MeV electron linac and 
the T3 laser system[3]. The Ti:sapphire T3 laser system 
based on the chirped-pulse amplification at Ao = 790 nm 
produces output pulses compressed by a grating compres- 
sor to 90 fs with an energy of > 200 mJ corresponding to a 
peak power of > 2 TW at the repetition rate of 10 Hz. The 
electron beam is delivered from the 2856 MHz RF linac to 
produce a 17 MeV single bunch beam with a 10 ps FWHM 

Laser pulses were focused with f/10 off-axis parabolic 
(OAP) mirror with a focal length of 480 mm. The electron 
beam from the linac is focused by a permanent quadrupole 
(PMQ) triplet in the chamber. Since the electron beam spot 
size was 480 /zm, the X-ray pulse duration of 1.6 ps was 
expected. The linac was separated with a 50fj,m thick ti- 
tanium window from the interaction chamber to maintain 
ultrahigh vacuum in the linac. The incident electron beam 
was swept off with the a magnet at a bending angle of 
270°. The X-ray radiation was detected by a scintillator 
with the 1 x 6 cm2 sensitive area to be coupled to the pho- 
tomultiplier tube. Plenty of the bremsstrahlung background 
was generated from the titanium window and the upstream 
beam line. In order to subtract the background signal, two 
sets of X-ray signals were taken with laser pulses and with- 
out them as the background. The signal was averaged over 
500 tolOOO shots to reduce a signal fluctuation. A net sig- 
nal height proportional to the X-ray flux was obtained from 
subtracting the background signal from the signals with in- 
teraction. Fig. 2 shows the net X-ray signals observed as 
the timing between laser and electron pulses was scanned. 

In order to test ultrashort pulse X-ray generation by the 
backward Thomson scattering in the head-on configuration, 
the bunch compression chicane is installed in the beam line 
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Figure 2: X-ray signals observed as a function of the time 
delay between laser and electron pulses. 

following the linac to produce the pulse duration of ~ 100 
fs. The present thermionic electron gun is replaced by the 
photocathode RF gun which can provide a small normal- 
ized emittance of ~ l7rmm-mrad and the electron pulse 
duration of 1 ps. Estimates of experimental parameters are 
summarized in Table 1. 

Table 1: Parameters of X-ray generation experiments. 

Laser beam 
Wavelength    790 nm 
Peak power    2 TW 

Pulse energy    0.2 J 
Pulse duration    90 fs 

Focal spot radius    50/zm 
Electron beam 

Energy     17 MeV (7 = 33) 
Pulse duration     100 fs 
Charge/pulse    1 nC 
Beam radius    50/Ljm 

X-ray pulse 
Photon energy    7 keV (Xx = = 1.8 A) 
Pulse duration     100 fs 

Number of photons    5 x 107(Ao. >/w = 0.1) 
Collection angle (26)    2x9 mrad 

by the head-on interaction between ultrashort electron and 
laser pulses made through the pulse compressors for both 
beams at the interaction region. After passing through the 
interaction, both pulses are stretched in the other section of 
the ring to avoid beam instabilities or damages in the opti- 
cal components. This system will allow both a high peak 
power and a high average power operations of LSRS in a 
compact size. Table 2 summarizes design parameters of 
LSRS performance!!]. 

Table 2: A design of laser synchrotron radiation. 

Laser pulse parameters 
Wavelength 0.8^m 

Pulse energy 1J 
Peak power 10 TW 

Pulse duration 100 fs 
Spot radius 50/mi 

Rayleigh length 1 cm 
Repetition rate 10 MHz 

Electron pulse parameters 
Energy 150 MeV 

Peak current 100 kA 
Average current 100 mA 

Pulse duration 100 fs 
Beam radius 50/mi 

Revolution frequency 10 MHz 
X-ray pulse parameters 

Photon energy 530 keV max. 
Pulse duration 100 fs 

Peak photon flux 2.5 x 1023 photons/s 
Peak brightness* 2 x 1020 

Peak radiation power 3.6 GW 
Average photon flux 2.5 x 1017 photons/s 
Average brightness* 2 x 1014 

t photons/s mm2 mrad2 0.1 % BW 

5    CONCLUSION 

A short pulse X-ray generation was observed by the 90° 
Thomson scattering of 2 TW, 90 fs laser pulses from the 
17 MeV electron beam. A femtosecond X-ray pulse is ef- 
ficiently generated via the backward Thomson scattering 
with the electron pulse compression. A compact, high peak 
power, high brightness laser synchrotron radiation source 
is proposed to provide attractive features comparable to a 
large storage ring based synchrotron light source. 

4    LASER SYNCHROTRON RADIATION 

Consider that LSRS is composed of a compact electron 
storage ring and a storage ring of laser pulses with the low 
gain amplifier to compensate the power loss due to X-ray 
radiation. Ultrashort intense X-ray pulses can be generated 
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Abstract 

ANKA, a 2.5 GeV synchrotron light source will be built 
within the next three years at the Research Centre Karl- 
sruhe, Germany. This source is dedicated to the fabrica- 
tion of microstructures (LIGA-technique) and X-ray anal- 
ysis. With four double-DBA structures, a magnetic field 
of 1.5 T and a circumference of 110.4 m, an emittance 
of 39 nm ■ rad can be reached. ANKA has four long 
(6 m) straight sections for the installation of insertion de- 
vices. Additional four short (2.2 m) straight sections host 
the injection scheme, four ELETTRA-type cavities (two 
cavities per section) and one short insertion device. The 
RF power will be provided by two 250 kW klystron. The 
pre-acceleration will be done with a 22-50 MeV linac or 
microtron. As injector a 500 MeV booster synchrotron 
with a repetion rate of 3 to 10 Hz is foreseen. The ramp- 
ing from 0.5 GeV to 2.5 GeV will be done in around one 
minute.Eleven out of thirty-two available bending magnet 
radiation ports will be equipped with beam lines in the first 
phase. 

1   INTRODUCTION 

Fabrication of microstructures by X-ray deep lithography 
(XRDL), galvanoforming, and plastic molding (German 
acronym LIGA) has made its way from Forschungszentrum 
Karlsruhe to many labs throughout the world. ANKA is 
designed to satisfy the needs of XRDL as well as of X-ray 
analysis, in particular, of microstructures. Industrial de- 
mand of service in both fields will play a major role for 
ANKA [1]. After the approval of ANKA in March 1996 a 
redesign of the storage ring has been done and the design 
of the main components has been finished. At present, a 
call for tender for the main components (injector, magnets, 
power supplies, vacuum-system, and rf-system) is under 
way and it is assumed that the first contracts for the pro- 
duction of some components can be placed in June 1997. 
According to the time schedule the first beam should be 
stored at the end of 1999. 

2   LATTICE OF THE ANKA STORAGE RING 

As mentioned in earlier papers [2],[3], the lattice of ANKA 
is a double DBA-structure with a fourfold symmetry. The 
leading design principles were to build a light source which 
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Figure 1: Behaviour of the machine functions within one 
quadrant of the ANKA storage ring: a) Upper figure: op- 
tics A with achromatic arcs, b) Lower figure: dynamical 
aperture of the ring. 

is relatively small and has a low emittance; two condi- 
tions which are usually in contradiction. The original de- 
sign contained only four straight sections of 5.6 m length 
each, one of which was used up for injection. To get more 
space for insertion devices, a redesign was made, increas- 
ing the circumference to 110.4 m. ANKA now has four 
long straight sections (6 m) and four short straight sections 
(2.2m). The layout of the storage ring is presented in fig. 
2. The long straight sections are foreseen for insertion de- 
vices with the possibility to insert some more quadrupoles 
for getting a mini-beta section [4] in a later stage. The short 
straight sections will be used for the injection, for the in- 
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Table 1: Main parameters of ANKA for both optics. * Up- 
grading at a later time. 

Achromatic structure DDBA 
Number of unit cells        4 
Nominal energy (GeV)    E 2.5 
Circumference (m) C 110.4 
Beam current (mA) I 200 (400*) 
Coupling factor c 0.02 
Betatron tunes (QJQy)    7.10/3.15 
Nat. energy spread dE/E 9.1 • 10~4 

Version »7=0.0 TJ^O.O 

Emit, (nm ■ rad)      exley     73/1.5 39/0.8 
Nat. chromaticity £Jt,y -1131-1.1 -16.7/-7.6 
Mom. com. factor     a 0.81 • 10~3     0.91 • 10~3 

Beta func. (m/rad) 
- straight sections ßxlßy 20.0/7.00 18.0/7.00 
-bending magnets ßjßy 0.56/12.4 0.55/10.6 
-Maximum value ßx/ßy 20.4/19.6 18.5/19.8 
Disp. funct. (m) 
- straight section       r}8S 0.00 0.50 
- bending magnet      r)bm        0.11 0.12 
Source Size (mm) 
- straight section crxlov 1.2/0.10 0.95/0.07 
-bending magnet      ajay     0.23/0.13        0.18/0.09 

stallation of the fourrf-cavities (two cavities in one section) 
and a short insertion device. 

The machine functions within one quadrant are pre- 
sented in fig.l. At the working point Qx = 7.10/Qy = 
3.15 the conventional DBA-lattice (optics A - fig. la) re- 
sults in an emittance of 73.4 nm ■ rad. By decreasing the 
strength of the quadrupole within the dispersive section one 
gets an optics with a distributed dispersion function (optics 
B). The minimum of the dispersion is now in the bending 
magnets, which leads to an emittance of 39 nm • rad. The 
lattice can be shifted from one optics to another by keeping 
the working point constant. Because the dynamic aperture 
is larger for optics A (presented in fig lb) than for optics 
B, it is planned to accumulate the beam and ramp the en- 
ergy from 500 MeV to 2.5 GeV with optics A and switch to 
optics B at nominal energy. The main parameters for both 
structures are given in table 1. 

3   COMPONENTS OF THE STORAGE RING 
ANKA 

3.1   Magnets 

The first design of the ANKA magnets has been presented 
at the EPAC 96 [5]. During the redesign of the bending 
magnets the pole profile has been changed in order to get 
to higher fields. Now it should be possible to run the mag- 
nets with a maximum field of 1.65 T The nominal field 
is 1.5 T. For the quadrupoles and the sextupoles only the 
pole shape has been changed in order to have parallel coils, 
which should be cheaper for the production. 

3.2 Vacuum System 

The vacuum chamber with a height of 32 mm and a width 
of 70 mm will be made of stainless steel. An in situ bake 
out is not foreseen. Most of the synchrotron radiation will 
be absorbed by discrete absorbers (two per bending mag- 
net) in ante chambers. Here 5001/s and 3001/s diode pumps 
will be installed. The pumping will be done with a total 
nominal pumping speed of 188001/s and 130001/s, respec- 
tively, at 10-9 mbar. Pressure profile calculations show that 
the foreseen pumping speed should be sufficient to obtain 
a pressure of 3 • 10-9 mbar, necessary to get a lifetime of 
more than 12 h. More details of the vacuum system are 
presented in a seperated paper of this conference [6]. 

3.3 RF System 

The rf system consists of four cavities and two 250 kW 
klystrons. With an installation of a rf power of 500 kW it 
is possible to accelerate a beam of 400 mA with an over- 
all cavity voltage of 3.2 MV. This leads to an overvoltage 
factor of q = 5 with an energy acceptance of 2 % for the 
klystrons. A power supply with 50 kV and a current of 16 
A is needed. Within this scheme the input has to stand a 
power of 120 kW. The intention is to use the cavities and 
the input couplers designed at ELETTRA[7]. A test per- 
formed recently at DESY showed that the ELETTRA input 
coupler can withstand a power of more than 130 kW. 

3.4 Injector 

The injector at ANKA consists of a 20 - 50 MeV preaccel- 
erator, a 500 MeV booster synchrotron and the two transfer 
lines. As preaccelerator a microtron or linac can be used. 
For the booster synchrotron we investigated both a weak 
focusing and a strong focusing machine. Both types have 
some advantage and disadvantages. They are discussed in 
a separated paper [8] at this conference. For the ANKA 
project it is foreseen to buy the whole injector as a turn key 
machine from industry. 

3.5 Control System 

The design of the ANKA control system [9] is based on 
standard industry components. A minimum number of dif- 
ferent hardware interfaces will be allowed. PCs are used 
as consoles and servers. The operating system is Windows 
NT. Graphical applications will be implemented in Java in 
order to fully benefit from Internet and WWW products 
and technologies. Communications, run-time databases 
and objects will be supported by the control system plat- 
form TACO [10] that has been developed by the ESRF. 
Currently, several field buses, which will connect PCs to 
controlled equipment, are being investigated. As of now, 
preference is given to LonWorks. Both TACO and Lon- 
Works have been evaluated and proven to meet the needs 
of ANKA. 
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Figure 2: Layout of half of the storage ring ANKA. 

Table 2: The beamlines to be built in first phase of ANKA 

Method Industrial application 
1-3 X-ray   deep   litho- 

graphy 
Microfabrication 

4 Absorption, diffrac- 
tion 

Catalysts, chemical analysis, 
electrochemistry 

5 Diffraction Macromolecular crystallogra- 
phy, powder & single crystal 
diffraction 

6 XUV      spectromi- 
croscopy 

Mesoscale microscopy, ab- 
sorption spectroscopy of light 
elements 

7 (F)IR   spectra-   & 
micro-scopy 

Chemical analysis 

8 Fluorescence Trace analysis (wafer) 
9 Topography Crystal quality (wafer) 
10 SAXS,    Tomogra- 

phy 
Polymers, morphology of ir- 
regular structures 

11 Roentgenography Stress & strain, morphology, 
texture 

3.6   Beamlines 

11 beamlines, as presented in table 2, are planned to be 
built in the first phase. They cover X-ray deep lithography 
in the framework of LIGA technology and related methods 
in microfabrication, and include important analytical meth- 

ods. 
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SPATIAL COHERENCY OF THE SYNCHROTRON RADIATION AT 
THE VISIBLE LIGHT   REGION AND ITS APPLICATION FOR THE 

ELECTRON BEAM PROFILE MEASUREMENT 

Toshiyuki MITSUHASHI, Institute of Materials Structure Science, High Energy Accelerator 
Research Organization, Oho, Tsukuba, Ibaraki, 305 Japan 

Abstract 

A spatial coherenceies of SR beam at visible light region 
were measured both G and n-polarized components at 
Photon Factory. A wave-front division type polarized 
interferometer was designed and constructed for this 
experiment. Interferograms were observed clearly in the 
vertical direction, it phase difference of the interference 
fringe was observed between interferograms corresponding 
to a and rc-polarized components. Degree of spatial 
coherence was measured and by means of the van Citterut- 
Zernike's theorem, a vertical beam profile was obtained 
by the Fourier transform of the degree of spatial 
coherence. 

1 INTRODUCTION 

The measurement of profile of the object by means of 
spatial coherency was known as the Van Cittert-Zernike's 
theoremfl]. It is well known that A. A. Michelson was 
measured the angular diameter of stars by this theorem 
[2]. Recent developments in the accelerators, according to 
the reducing the beam emittance, the beam size becomes 
very small ( few ten microns). The problem to observe 
such a small beam profile becomes as a same problem as 
in the measurement of angular diameter of the stars. In 
this time, for the purpose to measure the beam profile, I 
applied profile measurement of the object by means of 
spatial coherency. At first, basic investigation of the 
spatial coherence of synchrotron light in the visible light 
region has been performed. In the second, by means of 
the van Citterut-Zernike's theorem, the electron beam 
profile in the vertical direction was obtained by Fourier 
transform of the degree of spatial coherence. 

2 INTENSITIES OF INTERFEROGRAMS BY 
THE SYNCHROTRON RADIATION IN THE 

VEERTICAL PLANE 

In the vertical plane, elliptical polarity of the 
Synchrotron radiation is opposite against the medium 
plane of the electron beam orbit. Therefore, it is expected 
that 7t phase difference in the phase of interferogram 
corresponding to a and u-polarized components. 
Disturbances U of the synchrotron light are written 
by [3]; 

An 
Tl K2{r\) 

(i+ez) 2\2 

M*=V 
770 

■KAr)) 
d + 0z) ] 

for a and 7C-polarized components. Where 9 denotes 
observation angle and K denotes the second order Bessel 
function. Divided the wave front of the light beam into 
two beams against the medium plane of the electron 
beam orbit, then coupled again to make the 
interferogram, the intensity of the interference fringe is 
given by; 

[        «1   +a2 J 

(af+a2
2)\ 1 + 

2a,a2 
2 2 

öj + a2 

cos(<5 + ;r) 

where 8 denotes optical pass difference in phase, d^ and d^ 
denote amplitude of the light beams corresponding to two 
optical pass of the interferometer. The phase term of the 
interferogram of 7i-polarized components is shifted by n 
from the phase term of a -polarized components. 

3 DESIGN OF THE INTERFEROMETOR 

A wave-front division type tow beam interferometer 
by the use of polarized quasi-monochromatic rays was 
designed and constructed. A schematic drawing of the 
interferometer is shown in Fig.l. A double slits 
assembly was applied for dividing the wave-front. The 
distance between the tow slits can change continuously 
from 5mm to 80mm. A dichroic sheet polarizer was 
used to select a or rc-polarized component. The 
extinction rate of this filter for one component to the 

other is 10~4. This filters can be rotated by 360° around 
the optical axis of the interferometer. A band-pass filter 
of lOnm bandwidth at 700nm was used to obtain a quasi- 
monochromatic ray. A diffraction limited doublet-lens 
having a diameter of 80mm and a focal length of 
1000mm was used as an objective lens of the 
interferometer. The obtained interferogram is measured 
by a CCD (Plinix,TM765) and an image processor 
(Spiricon,LBA-100A). 
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double slit 

dichromic sheet polarizeis 

Interferogram 

object 

lens D=80 mm, felOOO mm 

band-pass filter 700 nm +/-5 nm 

Fig.l design of interferometer 

4 EXPERIMENTAL RESULTS OF SPATIAL 
COHERENCY OF THE SYNCHROTRON 

RADIATION 

Interferograms were measured both a and 7t- 
polarized components of the synchrotron light at the 
optical laboratory 2 of BL-27 in the Photon Factory. 
Examples of observed intereferograms corresponding to 
CT and n-polarized components are shown in Fig.2. 

0.00    0.22 0.44   0.65   0.87 

position (mm) 

1.09   1.31 

a) interferogram by s -polarized components. 

0.00   0.22   0.44   0.65   0.87   1.09   1.31 

position (mm) 

b) interferogram by p-polarized components. 

Fig.2 results of interferograms for G and 7t-polarized 
components.   The distance of double slit is 5 mm. 

Comparing these two interferograms,  the phase of the 
interference fringe is shifted by n. 

The absolute value (visibility) and phase of complex 
degree of spatial coherence was measured by changing 
the distance of the double slit from 5mm to 15mm. 
Results are shown in Figures 3 and 4. As in Fig.3, the 
visibility is almost zero at the distance of double slit of 
15mm. Its means beam profile has no more higher 
spatial frequency parts of Fourier component. 

5 .      10 15 

distance cf double sli (mm) 

Fig.3   Absolute value of the complex degree of spatial 
coherence 

5 10 15 
dstanoe of cbuble slit (mm) 

20 

Fig.4 Phase of the complex degree of spatial coherence 
vertical axis is phase in radian 

5 VERTICAL BEAM PROFILE 

According to the van Citterut-Zernike's theorem, the 
profile of object was obtained by Fourier transform of 
the complex degree of spatial coherence. Let f(0) 
denotes beam profile as a function of angular diameter © 
and 7(D) denotes the complex degree of spatial 
coherence, y is given by the Fourier transform of f as 
follows; 

y(D) = j f(®)exp(-ikDQ)dO 

= C(D) + iS(D) 
where C(D) denotes Fourier cosign transform of f(0) and 
S(D)   is   Fourier   sin   transform   of   F(0).       Then 
interferogram is given by; 
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7(0) = 1 + \r(D)\ cos{kD(Q + <pj\ 

cp = tan 
-i S(D) 

C(D) 
Therefore, from the data of the absolute value and phase 
of the complex degree of spatial coherence , we can 
obtain the beam profile by the Fourier transform. A 
result of the beam profile is shown in Fig.5. 

■   -1.5       -1    -0.5       0      0.5        1       1.5       2     2.5 

beam size (mm) 

Fig.5 The beam profile obtained by a Fourier transform 
of the complex degree of coherence. 

A least square beam size s through a second order 
moment is 214 (Xm. 

According to the phase term of complex degree of 
spatial coherency, the beam profile has a asymmetric 
distribution. This asymmetry in the distribution curve 
is mainly caused by a deformation of the extraction 
mirror for SR light. A large astigmatism term was 
observed by the in situ measurement of the surface 
flatness of the mirror [4],[5]. As same technique as in 
the noise elimination processing in the Fourier 
transform of the electric signal, it is possible to 
eliminate asymmetric part of the Fourier components of 
complex degree of spatial coherency. As most easy way 
to do this process, we try to neglect Fourier sine 
transformation.   The result is shown in Fig.6. 

Compare with Figures 5 and 6, the asymmetric part 
caused by deformation of the mirror was completely 
eliminated. The least square beam size in Fig 6 is 202 
|im. This technique is very useful for the elimination of 
unknown effects (asymmetric terms of the wavefront 
aberration) of the optical components between the object 
and the image plane. As demerits, we cannot use this 
technique for 1. optical system has a symmetric wave 

front error such as  spherical  aberration, 2.beam has 
asymmetric distribution. 

2.5 

1.5 

0.5 

-0.5 

s 

-2.   -1.5     -1      -0.5      0      0.5 

beam size (mm) 

1        1.5     2     2.5 

Fig.6 The beam profile obtained by a Fourier cos 
transform 

6.CONCLUSIONS 

A spatial coherenceies of SR beam at visible light 
region were measured both a and n-polarized 
components. A phase difference of n in the interference 
fringes corresponding to a and 7t-polarized components 
was observed. The Complex degree of spatial coherency 
was measured and by means of the van Citterut-Zernike's 
theorem, a vertical beam profile was obtained by the 
Fourier transform of the complex degree of spatial 
coherence. An asymmetry of the distribution curvature 
caused by a deformation of optical mirror was observed. 
This effect was eliminated by neglecting the Fourier sin 
transform. 
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LONGITUDINAL BEAM TRANSFER FUNCTION DIAGNOSTICS IN THE 
ALS* 

John Byrd 
Lawrence Berkeley Laboratory, One Cyclotron Road, Berkeley, California 94720 

Abstract 

We describe the technique of longitudinal beam transfer 
function (BTF) for measuring several properties of longi- 
tudinal oscillations in a electron storage ring such as the 
synchrotron frequency, radiation damping time, and bunch 
length. The technique takes advantage of the Gaussian 
distribution of longitudinal oscillation amplitudes within 
the bunch at very low current and the dependence of syn- 
chrotron frequency on amplitude. Results of measurements 
made at the Advanced Light Source (ALS) are presented. 

1   INTRODUCTION 

Beam transfer function (BTF) diagnostics are used in al- 
most all storage rings for measuring the betatron and 
synchtrotron frequencies. In the simplest case, a swept 
frequency drive excites either betatron or synchrotron os- 
cillations while a beam signal is observed on a spectrum 
analyzer. In other applications, BTF techniques have been 
used[l, 2, 3] for measuring beam impedance and feedback 
loop stability. We describe in this paper an application of 
the BTF technique for use in an electron storage ring for 
making measurements of the distribution of synchrotron 
frequencies within a single bunch at low beam current. By 
taking advantage of the Gaussian distribution in the en- 
ergy spread within the bunch resulting from the quantum 
nature of the emission of synchrotron radiation and the si- 
nusoidal RF voltage, we can use the measurements to de- 
rive a relatively precise measure of the nominal synchrotron 
frequency, the longitudinal radiation damping rate, and the 
bunch length. Although these parameters can be measured 
using other techniques, the BTF method has the advantage 
of being relatively simple and inexpensive, and typically 
uses equipment that is either already available in the control 
room or easily assembled. The BTF technique can poten- 
tially be used to study the effects of short range wakefields 
and the longitudinal beam dynamics of more complicated 
situations such as double RF systems and low momentum 
compaction. 

In general, the BTF is defined as the ratio of the driven 
beam response to the external excitation at a given fre- 
quency. In practice, either an network or FFT analyzer is 
used to supply a swept frequency or noise excitation to the 
beam via either a stripline kicker or RF cavity and the beam 
response is measured through a pickup. For the cases dis- 
cussed in this paper, we excite longitudinal oscillations by 
phase modulating the voltage in the fundamental mode of 

* This work was supported by the Director, Office of Energy Research, 
Office of Basic Energy Sciences, Materials Sciences Division, of the U.S. 
Dept. of Energy under Contract No. DE-AC03-76SF00098. 

an RF cavity and measure the synchrotron oscillations by 
detecting the phase of a beam pickup signal relative to a 
fixed reference phase or by measuring energy oscillations 
at a point of dispersion in the lattice. It is also assumed 
throughout the paper that the amplitude of synchrotron os- 
cillations is small enough that the motion can be described 
as linear. 

Section 2 discusses the longitudinal beam distribution 
and gives a physical interpretation of the transfer function 
for a Gaussian distribution. Section 3 presents the measure- 
ments performed at the ALS. 

2   BEAM TRANSFER FUNCTION FOR A 
GAUSSIAN DISTRIBUTION 

The energy distribution in an electron bunch in a storage 
ring is Gaussian, resulting from the balance of the quan- 
tum excitation from synchrotron radiation emission and ra- 
diation damping[4]. It can be shown that the phase space 
density distribution to second order is given by 

1 
Mi) = We 

-(f2/2^) (1) 

where f is the oscillation amplitude and aT is the RMS 
bunch length, both in units of time. The nonlinearity of the 
sinusoidal RF voltage results in a synchrotron frequency 
dependent of the amplitude of phase oscillation of the form 

u)s(f) =ws0(l -/if
2) 

where 

H = 
"RFJ1 + |tan2(?i>s) 

16 
u RF 

16 

(2) 

(3) 

where (j>a is the synchronous phase angle. For most cases, 
the effect of <f>s can be ignored. 

The combination of the distribution of oscillation am- 
plitudes and synchrotron frequency as a function of ampli- 
tude yields a unique distribution of synchrotron frequencies 
within the bunch for a given bunch length. As described 
below, the natural spread in frequencies leads to Landau 
damping of coherent oscillations. 

Given the distribution, the BTF can be found by solving 
the Vlasov equation for a small perturbation of the phase 
space distribution at the excitation frequency and integrat- 
ing to find the first moment of the distribution. This ap- 
proach is identical to that used in finding the stability con- 
ditions of coherent instabilities. Equivalently, the BTF can 
be found by calculating moments of the distribution in re- 
sponse to an impulse excitation in the time domain and 
making a Fourier transform on the result. The time domain 
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0.090 0.095 

Figure 1: Calculated BTF for a 1 cm RMS bunch length as 
a function of increasing radiation damping. 

impulse response has been calculated[5] and can be shown 
to give the same result as the Vlasov approach for infinites- 
imal excitation. The BTF can be expressed in terms of a 
dispersion integral given by [6] 

I(Um) OC 
Jo 

i2df      dipo 
Um ~ W,(f)   Or ' 

(4) 

where ujm is the angular modulation frequency. Radiation 
damping is included by making the synchrotron frequency 
complex as given by 

UJS = Us + jXrad (5) 

For a Gaussian distribution in oscillation amplitude, the 
dispersion can be expressed in terms of the exponential 
integral[7], given by 

I(x) oc 1 -xEi(x)e (6) 

where x 8(uso-u>-}\r<id) 
—i 5 ö   . 

The amplitude and phase of the BTF is plotted for several 
values of the bunch length as a function of increasing radi- 
ation damping in Figures la-d. For convenience, we have 
used the convention that the phase goes from 180 to 0 de- 
grees passing from far below the nominal synchrotron fre- 
quency to above. Consider the case of no radiation damp- 
ing (Xrad = 0) shown in Figure la. When the external ex- 
citation frequency is greater than the zero-amplitude syn- 
chrotron frequency, the phase of the beam response does 

feedback loop 

klystron1 phase erroi 
signal 

HP89410 
or 

HP35660A 
FFT signal 

analyzer 

probe 
signal processing 

RF cavity 

Figure 2: General setup for longitudinal BTF measure- 
ments. 

not vary with frequency because all of the electrons within 
the bunch are being driven above their resonant frequency. 
When u>m < uso and the external excitation frequency is 
within the spread of incoherent frequencies, some of the 
particles in the bunch are being driven resonantly, some be- 
low resonance, and some above resonance and thus there 
is a net phase shift between the drive and the response. 
When the external excitation frequency is far below the 
synchrotron frequency, all electrons have again the same 
phase response. Neither the amplitude and phase response 
are symmetric in frequency because the distribution of syn- 
chrotron frequencies with oscillation amplitude is not sym- 
metric. Also note that the peak amplitude response does 
not occur at the nominal synchrotron frequency but slightly 
below. 

For nonzero radiation damping as shown in Figures lb- 
d, the response of individual electrons now have a natural 
width. This tends to smear the response of the distribu- 
tion of synchrotron frequencies. As the width due to ra- 
diation damping approaches the width of the distribution 
of synchrotron frequencies, the response becomes much 
more like the Lorentzian shape expected from a damped 
harmonic oscillator. 

3   BEAM MEASUREMENTS 

The setup for measurement of the BTF is shown in Fig- 
ure 2. We excited longitudinal oscillations by phase modu- 
lating (PM) the RF voltage. This was achieved by injecting 
the modulation signal as an error signal in the RF phase 
control feedback loop. 

Synchrotron oscillations were detected using the phase 
detector for an existing longitudinal coupled-bunch feed- 
back system[8]. This detector passes the sum of the signal 
from four capacitive button BPMs (beam position moni- 
tors) located at one point in the ring through a 4-tap comb 
filter with a center frequency of 3 GHz (6xFr/). The sum 
of the four button signals is not sensitive to the transverse 
position of the beam. The signal is demodulated to base- 
band through a double balanced mixer using a 3 GHz local 
oscillator derived from the 500 MHz master oscillator. De- 
tection at the sixth RF harmonic increases the sensitivity 
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to phase oscillations compared to detection at the RF fre- 
quency and is also near the frequency of maximum pickup 
impedance of the BPMs. Because of the relatively short 
bunch length in the ALS, the 3 GHz component of the beam 
signal is reduced very little compared to the 500 MHz com- 
ponent. 

The sensitivity required for the detection of the syn- 
chrotron oscillations depends somewhat on the storage ring 
parameters. For example, to obtain the most accurate re- 
sults, we found that it was important to excite the syn- 
chrotron oscillations with an amplitude at least two orders 
of magnitude less than the natural bunch length in order that 
the oscillations remained quasilinear. Therefore, measure- 
ments with shorter bunch length require greater sensitivity. 
We indepently verified the amplitude of PM in the cavity 
by measuring the spectrum of PM sidebands present on a 
cavity probe signal with no beam. Also, to avoid conver- 
sion of PM to amplitude modulation, the frequency of the 
RF cavity was tuned to on resonance with the RF drive fre- 
quency for all measurements. For the conditions of these 
measurements, the variation of the cavity response over the 
bandwidth of the measurement was negligible. 

An HP89410 FFT signal analyzer was used as the source 
and receiver for the signal for both measurements. We 
found that for a given level of excitation, a better sig- 
nal/noise ratio could be achieved using a bandwidth lim- 
ited noise source than for a swept frequency excitation. In 
principle both approaches yield the same results. In or- 
der to avoid the influence of collective effects on the bunch 
shape, all of the measurements presented here were made 
at the lowest single bunch current possible which still gave 
a reasonable signal level. We used a bunch current of 100- 
300 /iA, well below the threshold for any instabilities and 
low enough that potential well distortion is negligible. 

Shown in Figure 3 are BTFs measured at various beam 
energies and synchrotron frequencies. Each result is fit to 
the functional form given in Eq.6. The width of the am- 
plitude response is due in roughly equal parts to the radi- 
ation damping and the spread of synchrotron frequencies 
and thus the BTF is much more symmetric. We indepen- 
dently measured the bunch length with a streak camera with 
values shown in parentheses in the figure for comparison. 
Although the agreement for the values of the bunch length 
is good, it is less precise for the case when the decoherence 
rate and the radiation damping rate are comparable. If the 
interest is in measuring bunch length, the BTF technique 
would be limited to relatively long bunches. 

4   CONCLUSIONS 

The BTF is a relatively simple method for measuring 
the incoherent spread in synchrotron frequencies in a sin- 
gle bunch. With a careful analysis, the small amplitude 
synchrotron frequency, the longitudinal radiation damping 
rate, and the bunch length can all be inferred from this 
measurement. The precision of the measurement depends 
primarily of the value of the radiation damping rate com- 

"?*£,*._ JL 
\'    ' ^4. 

X 
% 

. E- 1.52 GeV 
fa-11.6±0.02kHz 
a,- 4.8±0.15 nun (4.75 null) 

- l/Trad=0.0G9/msec —~0- 3 w 
%k*. {' 

^M^p*^ T« "f,ji\ 
' r 

10.55 10.60 10.65 10.70 10.75 

Frequency (kHz) 

Figure 3: Results of BTF measurements at ALS for sev- 
eral energies and nominal bunch lengths. The fit values for 
the synchrotron frequency, bunch length, and damping rate 
are shown for each case. Bunch lengths measured using a 
streak camera are shown in parentheses for comparison. 

pared with the incoherent spread in synchrotron frequen- 
cies. The measurement of the bunch length is more precise 
when Xrad < Aa;s and vice versa for measurement of the 
radiation damping time. 

We are hopeful that this technique can be used for mea- 
suring the effects of distortions of the phase space distribu- 
tion due to instabilities or other effects. We would like to 
thank the the ALS operations group for assistance with the 
measurements. 
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CONTROLLING THE VERTICAL MODE COUPLING INSTABILITY 
WITH FEEDBACK IN THE ADVANCED LIGHT SOURCE 
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Abstract 

We present the results of experiments to control the mode 
coupling instability in the vertical direction using a feed- 
back system. Presently, we can raise the instability thresh- 
old from ~20 mA to 35 mA. The maximum current thresh- 
old is reached when the feedback is operated in a resistive 
mode. 

1   INTRODUCTION 

The transverse mode coupling instability (MCI) has been 
studied for some time[l, 2]. In a simple physical picture of 
the instability, transverse oscillations of the head of a bunch 
resonantly drive oscillations of the tail through the short 
range transverse wakefield. The constant interchange of the 
bunch head and tail via synchrotron oscillations prevents 
buildup of the oscillations and allows them to damp. How- 
ever, when the growth time of the tail oscillations becomes 
comparable to the synchrotron period, the bunch motion 
becomes unstable, resulting in a dramatic increase in the 
emittance. This can cause sudden beam loss or a limit to 
the bunch current. 

A normal mode analysis of the instability expresses the 
bunch motion as a series of modes. The lowest modes are 
the dipole and head-tail, known respectively as the m=0 
and ±1 modes. The oscillation frequency of the m=±l 
modes appear as upper and lower sidebands of the m=0 
mode. The typical instability occurs when the frequency of 
the dipole mode (m=0 mode) shifts downward as a func- 
tion of current and coincides with the m = —1 mode as 
illustrated in a calculation using the MOSES code shown 
in Figure 1. As the m=0 and m=-l modes become mixed 
there is a rapid increase in the growth rate with current. 

For the present vacuum chamber configuration of the 
Advanced Light Source (ALS), the MCI is observed in the 
vertical direction with a single bunch current of ~20 mA. 
For a typical multibunch filling pattern, the single bunch 
current does not exceed 1-2 mA and thus the instability is 
currently of interest only to users who require high single 
bunch current. However, as small vertical gap (10 mm) 
vacuum chambers have been installed in straight sections 
to accommodate insertion devices, we have observed a de- 
crease in the MCI threshold. So far, two small gap sec- 
tions have been installed and the threshold has dropped by 
~25%. The prospect of further vacuum chamber modifica- 
tions has prompted further interest in studying the effect. 

1 1                            1 
1.0  tune shift 

 growth rate 

0.5 
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Figure 1: Example calculation of mode coupling instability 
using the MOSES code. The solid lines show the tune shift 
of the m=0,±l modes. The dashed lines show the growth 
(and damping) rates of the coupled modes above threshold. 

Transverse feedback (TFB) has been used to control the 
MCI in the past[3, 4, 5, 6, 7]. For these experiments, the 
TFB has been operated in both resistive and reactive modes. 
In the resistive mode, the TFB acts only to damp or an- 
tidamp coherent betatron oscillations. In reactive mode, 
the TFB shifts the coherent betatron frequency either up or 
down but does not actively damp coherent oscillations. For 
avoiding MCI, the FB in reactive mode is adjusted such that 
the slope of the downward frequency shift with current of 
the m=0 mode is reduced, thus reducing the coupling to the 
m=-l mode and delaying the onset of the instability. Typ- 
ically, the TFB can be adjusted to have any combination 
of resistive and reactive components. Experimentally, both 
modes have had some success in raising the threshold but 
there is no clear evidence indicating an optimal configura- 
tion or a clear theoretical understanding of the interaction 
of the instability and the TFB. 

We have recently begun experiments to control the MCI 
with TFB in the ALS. Our studies employ a TFB system 
designed for damping coupled bunch oscillations. We mod- 
ified the system slightly for use with high single bunch cur- 
rents as described in the next section. Experimental results 
and conclusions are given in sections III and IV. General 
parameters of the ALS are given in Table 1. A summary of 
measurements of single and multibunch collective effects 
is given elsewhere[8,9]. 

2 TRANSVERSE FEEDBACK SYSTEM 

A schematic diagram of the ALS TFB system is shown 
in Figure 2. Detailed description of the system in given 
elsewhere[10]. The x, y moments of the bunch are detected 
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Parameter    Description Value 
E Beam energy 1.5 GeV 
C Circumference 196.8 m 

frf RF frequency 499.654 MHz 

CTe RMS 5E/E 7.1e-4 
h Harmonic number 328 
a momentum compaction 1.594e-3 

Qs Synchrotron tune 0.0075 

Ol RMS bunch length 4.5 mm 

Qx,y Betatron tunes (x,y) 14.28,8.18 

Table 1: Nominal ALS parameters. 

horizontal kicker vertical Kicker 

pick-up 2 

plck-uj 

Figure 2: Block diagram of transverse FB system. The 
system is identical for horizontal and vertical directions. 

at two points in the ring, with nominal betatron phase dif- 
ferences (modulo 27r) of approximately 65 and 245 degrees 
in the x, y directions. The beta functions at the two pickups 
are equal. The two signals can be combined in any propor- 
tion. This signal passes through a single turn notch filter 
to remove the DC orbit offset and is then delayed the ap- 
propriate amount and amplified with a 150 W solid state 
amplifier. The kicker is a single plate of a pair of stripline 
kickers. The other plate is used independently for driving 
betatron oscillations for tune measurements. 

The detection of the transverse moment (IAx) rather 
than the position (Ax) makes the TFB gain linearly depen- 
dent on current. The summing of the signals from two pick- 
ups allows the FB signal to have an arbitrary phase with 
respect to the betatron oscillation, allowing arbitrary com- 
bination of resistive and reactive components in FB. Ordi- 
narily, the FB is adjusted to be purely resistive, maximizing 
the damping rate. 

The TFB system as shown in Figure 2 is intended for 
damping transverse coupled bunch instabilities for a min- 
imum bunch spacing of 2 nsec and is not optimized for 
damping high current single bunches. For our experiments 
in damping the MCI, we modified the system by attenu- 
ating the input signal to the receiver by 20 dB in order to 
not saturate the front end electronics at high single bunch 
current. A 26 dB gain preamplifier was also inserted im- 
mediately before the high power amplifier for some of the 

Time (msec) 

Figure 3: Vertical transients for several settings of FB gain 
for single bunch current of 0.7 mA. Transients are expected 
to be 10-20 times faster with the preamplifier in the FB 
loop. 

data shown below. Only the vertical FB loop was closed 
during the experiments. 

We characterized the damping rate of the TFB by mea- 
suring directly measuring the transient response of the ver- 
tical betatron oscillations in response to an impulse exci- 
tation. We can generate a small amount of vertical kick 
using the pulsed horizontal kicker magnets used for injec- 
tion. We used a spectrum analyzer tuned to a vertical be- 
tatron line in tuned receiver mode. Shown in Figure 3 are 
several vertical damping transients for high, moderate, and 
zero FB gain for a single bunch current of 0.7 mA. These 
measurements were made in the nominal configuration of 
the FB system with no preamplifier and no front-end at- 
tenuation. The damping rate with no FB is dominated by 
head-tail damping from the small positive chromaticity of 
the lattice. 

Unfortunately, we have not yet succeeded in making 
damping rate measurements for the conditions used in the 
MCI studies because of a drop in the signal/noise as we in- 
crease the resolution bandwidth of the spectrum analyzer 
to accommodate the faster damping rates. However, if we 
scale the measured damping rate by the expected increase 
in gain used in the MCI studies, we expect damping times 
on the order of 15-50 fisec, faster than the synchrotron pe- 
riod of 90 (isec. We are currently working to directly mea- 
sure the damping rate of the FB for very high gain opera- 
tion. 

3   RESULTS 

To date we have used TFB in two conditions to control the 
VMCI. In the first, the FB was configured as described in 
the previous section except without the preamplifier. As the 
bunch current surpassed the instability threshold, the FB 
gain and phase were empirically adjusted to maximize the 
stable threshold. The maximum stable single bunch cur- 
rent was 27 mA. An example of the spectrum of a vertical 
monitor signal is shown in Figure 4. The signal spectrum 
without FB above the MCI threshold for a bunch current of 
22 mA is shown on the left and the spectrum with FB on 
at the same current is shown on the right. In both cases the 
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signal is excited using a tracking generator driving the ver- 
tical kicker plate not used by the FB. At this bunch current, 
the m = 0 mode signal has shifted from the zero current 
betatron frequency at the center of the frequency span to 
nearly 3/4 the synchrotron frequency. The m = -1 signal 
appears at the synchrotron sideband and does not depend 
on external excitation. The signal at the zero-current ver- 
tical betatron tune is not understood but may correspond to 
a radial mode. When the vertical FB loop is closed, the 
m = — 1 mode signal dissappears and the m = 0 signal is 
depressed. The vertical beam size also returns to the nom- 
inal size as observed on the transverse beam size monitor. 
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Figure 4: Spectrum of vertical monitor signal just above 
threshold (1=22 mA.) The left plot is with FB off and right 
with FB on. The m = — 1 mode signal dissappears with 
FB on and the m = 0 signal is depressed. The signal at 
the zero current vertical betatron tune is not understood but 
may correspond to a radial mode. 

Unfortunately we were not able to directly measure the 
FB phase and determine the combination of resistive and 
reactive FB. However, measurements of the tune shift with 
current for the case of FB on and off are identical, indicat- 
ing that the FB was in a resistive mode. 

In the second configuration, a preamplifier was added 
before the power amplifier. In this configuration, the max- 
imum stable bunch current was 37 mA. Unfortunately, it 
was not possible to measure the betatron tune above ~6 
mA because the strong FB damping depressed and broad- 
ened the signal below the noise floor of the spectrum ana- 
lyzer. However, tune shift measurements below 6 mA with 
and without FB are identical, indicating that the FB phase 
appears to be purely resistive. 

We are currently trying to understand the reason for the 
current limitation with FB. We believe the limit results 
from the maximum FB voltage available. 

4   CONCLUSIONS AND ACKNOWLEDGEMENTS 

We have used TFB in the resistive mode to damp the MCI 
in the vertical plane and raised the instability threshold 
from ~20 mA to 37 mA. Future plans include measurement 
of the threshold with TFB as a function of FB phase, devel- 
opment of beam transfer function measurements to directly 
measure FB gain and phase. 
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COMMISSIONING OF THE ADVANCED LIGHT SOURCE DUAL-AXIS 
STREAK CAMERA* 

J. Hinkson, R. Keller, and J. Byrd 
Lawrence Berkeley National Laboratory, University of California, Berkeley, California 

94720, U.S.A 
A. Lumpkin 

Advanced Photon Source, Argonne National Laboratory, Argonne, IL 60439 

Abstract 

A dual-axis streak camera, Hamamatsu model C5680, has 
been installed on the Advanced Light Source photon- 
diagnostics beam-line to investigate electron-beam 
parameters. During its commissioning process, the 
camera has been used to measure single-bunch length vs. 
current, relative bunch charge in adjacent RF buckets, 
and bunch-phase stability. 

In this paper we describe the visible-light branch of 
the diagnostics beam-line, the streak-camera installation, 
and the timing electronics. We will show graphical 
results of beam measurements taken during a variety of 
accelerator conditions. 

1 THE SOURCE OF LIGHT 

The Advanced Light Source (ALS) is a 1-2 GeV, third- 
generation synchrotron light source which has been in 
operation since 1992. One bend magnet beam-line [1] off 
the storage ring is devoted to beam diagnostics. Silicon 
mirrors deflect the visible portion of the photon beam to 
an optical bench. Recently a Hamamatsu streak camera 
system was installed to view the visible light and provide 
temporal information on the electron beam bunches. 
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Figure 1. Schematic of diagnostics beam-line. 

2 THE CAMERA SYSTEM 

The streak camera and optical hardware are installed on a 
small optical bench above the beam line. The camera 
system consists of a Hamamatsu C5680 streak camera 
fitted with an M5679 dual time base extender unit and an 
M5675 synchroscan unit. The streak tube S20 photo 
cathode operates over wavelengths from visible to UV. 

The camera output is RS-170 video. The camera input 
optics (A1974) have an effective f number of 1.2, a 
magnification of 1:1, and spectral transmittance from 400 
to 900 nm. Other accessories include an M5676 fast 
single sweep unit, an M5677 slow single sweep unit, a 
C1097 trigger delay unit, and a C4547 streak trigger unit. 
All measurements for this paper were taken with the 
synchroscan unit. 

2.1 Camera Synchronization 

The synchroscan module deflects the streak tube beam 
with RF sine waves on the deflection plates. At the ALS 
the synchroscan frequency is 124.9 MHz ( lA the cavity 
RF) which falls between the manufacturer's range of 75 
to 165 MHz. The ALS synchroscan RF is derived from 
the storage ring RF master oscillator. In order to 
minimize timing jitter the RF is filtered in a cavity (Q = 
1000) before being divided by four. The ring orbit clock 
(SROC, 1.523 MHz) is re-synchronized with the RF at 
the beam line racks. System jitter measured with an 
Tektronix 1180IB sampling oscilloscope is less than 4 ps 
rms. 

The synchroscan module is driven continuously. The 
maximum triggering rate for the dual axis module is 10 
Hz. Triggers for this unit are derived from the C4547 
streak trigger unit which reduces the SROC trigger to 10 
Hz. A Stanford Research DG535 delay generator is used 
to delay the dual-axis triggers to permit measurement of a 
desired bunch or series of bunches. 

The longest sweep range for the synchroscan module 
is 1.4 ns, approximately 1/6 of the 124.9 MHz sine wave 
duration. The fastest sweep range is 150 ps. The dual 
sweep axis module time range is from 100 ns to 100 ms. 

3 MEASUREMENTS 

3.1 Bunch Length 

Single bunches ranging from 1 to 20 mA average current 
were circulated in the ALS. Fig. 3 shows the measured 
rms bunch length and the shift in synchronous phase as 
the bunch current was increased. To determine phase 
shift two bunches were stored at any time. One bunch 
was weak and taken as the phase reference as current in 
the other bunch was increased. 
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Figure 2. Streak camera block diagram. 

Bunch Length and Synchronous Phase Shift 
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Figure 3. Single bunch length and shift in synchronous 
phase. The bunch length curve is fitted to experimental 
data. The phase shift curve is a polynominal fit to data 
shown. 

3.2 Beam Damping 

The ALS has bunch-by-bunch damping systems to 
suppress longitudinal and transverse coupled-bunch 
instabilities. The dramatic effect of longitudinal damping 
is seen in the following two figures. 

Longitudinal Feedback Off 

300 bunches 

Average current 400 mA 

Bunch spacing 2 ns 

Synchroscan at 124.9 MHz 

Figure 4.  Damping off.  Vert. = 1 ns.  Horiz. = 200 ns. 
Bunch spacing = 2 ns. Every other bunch is shown. 

Longitudinal Feedback On 

300 bunches 

Average current 400 mA 

Bunch spacing 2 ns 

Synchroscan at 124.9 MHz 

Figure 5 Damping on.   Vert. = 1 ns; Horiz. = 200 ns. 
Bunch spacing = 2 ns. Every other bunch is shown. 

3.3 Camera Resolution and Dispersion 

Accurate measurements of electron bunch length require 
good focus of the syncyrotron light spot on the streak 
tube photocathode and understanding of chromatic 
dispersion in optical elements and space charge effects in 
the streak tube. For our bunch length measurements we 
achieved a vertical spot size of 4.3 channels, which, on 
the 600 ps streak range, yields time resolution of 5.4 ps. 
(On the fastest range, 150 ps, this focus yields 1.3 ps 
resolution.) The factory reports chromatic dispersion of 
0.05 ps per nm at 620 nm in the A1974 input optics. At 
488 nm where our measurements were made we take the 
dispersion to be about 0.1 ps per nm. With the shortest 
bunches we measured 13 ps reduction in FWHM by 
placing a 488 nm bandpass filter with 10 nm bandwidth 
in the optical path. Measurements of space charge effects 
were attempted over five decades of light intensity 
without a bandpass filter. We observed a 10% increase in 
FWHM of a 50 ps bunch as neutral density filters were 
removed and the microchannel plate intensifier (MCP) 
gain was decreased from its maximum value. These 
measurements were made during a production run at 1.9 
GeV with 300 bunches and damping systems working. It 
is thought that bunch length remained constant during the 
measurements. It is worth noting that repeated 
measurements at fixed settings resulted in about 10% 
changes in FWHM. Clearly, many more measurements 
must be made to fully characterize our streak camera 
system. 

3.4 Potential Well Distortion 

The effects of potential well distortion in the bunch 
profile are apparent above 2 mA. This is due primarily to 
inductive and resistive broadband impedance in the 
storage ring vacuum chamber. 
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Figure 6. High current bunch showing distortion. 

3.5 Bunch Purity 

The ALS injector electron gun is modulated at 124.9 
MHz providing bunches at 8 ns intervals. The gun may 
be gated to provide a single bunch. If the gun timing is 
not adjusted properly a weak bunch may be accelerated 
and corrupt the purity of the desired single bunch. Also 
improper settings of gun bias allow dark current to be 
accelerated in the linac. Charge from a single bunch in 
the storage ring may migrate to a following RF bucket 2 
ns away. Attempts were made to measure single bunch 
purity in the storage ring with the streak camera. 

Of the three sweep modules the synchroscan module 
offers the highest dynamic range for light intensity 
measurement. Because the camera sweeps at the same 
rate as electron gun modulation it is easy to see another 
bunch 8 ns away. By adjusting MCP gain and light 
intensity for maximum performance, one may examine a 
streak image on a log plot and see another bunch weaker 
by a factor of about 1000. For this measurement the dual 

axis scan is used. Finding a weak bunch 2 ns away is 
more difficult. The camera is adjusted for optimum 
perfomance with the strong bunch using single axis 
scanning. Then the 124.9 MHz RF is adjusted in phase 
exactly 2 ns. This has the effect of gating the streak tube 
although the strong light is still striking the photocathode. 
Again, a dynamic range of about 1000 to 1 is obtained. 
To satisfy ALS single-bunch users we will require a 
better bunch purity measurement technique. Components 
of a single-photon counting system have been obtained 
for more rigorous measurements This system is not yet 
operational. In addition, we will require a method to 
knock out unwanted bunches when they are detected. 

4 CONCLUSION 

The streak camera has proven to be a very powerful tool 
for examination of the ALS electron beam temporal 
characteristics. Recently the camera has been used to 
study non-linear longitudinal dynamics in the presence of 
cavity RF phase modulation [2]. 
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ALS-N - A CANDIDATE FOR A NEXT-GENERATION SYNCHROTRON 
LIGHT-SOURCE 
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1   INTRODUCTION 

Judging from the experiments currently being pursued at 
the ALS, there is already a compelling case to be made 
for considering a future synchrotron radiation source that 
has a higher beam brightness than the third-generation fa- 
cilities. For example, a large, and growing fraction of the 
ALS scientific program is based on soft x-ray microscopy 
experiments in materials science. Currently these exper- 
iments use high-brightness undulator radiation, on beam 
lines that are already oversubscribed. Dedicated beam lines 
from bend magnet sources would be useful for these tech- 
niques if the source brightness could be pushed to « 2 • 1016 

photons/(s • mm2 ■ mrad2 • 0.1%b.w.), i.e., a factor of 
20-100 higher (depending on wavelength), than currently 
available at the ALS. Another growing class of experiments 
uses microfocused beams for microanalysis, microdiffrac- 
tion, microEXAFS, microXPS, and microNEXAFS. These 
are classic brightness experiments, but even at the high 
ALS brightnesses, require long exposure times. Finally 
there is a requirement to get to « 2 keV in the fundamental 
peak of the undulator spectrum, to access most transition- 
metal L-edges, and the rare-earth M-edges. This could be 
achieved with a machine energy of 2.5-3.0 GeV. An alter- 
native strategy is to go to smaller gaps with a shorter pe- 
riod undulator - which is compatible with lower emittance 
beams [1]. 

With this incentive we have begun studies of a storage- 
ring based source of soft x-rays. We are concentrating on 
machines with an energy of 2-2.5 GeV, and a circumfer- 
ence of « 350-400 m, with the ultimate goal of building 
such a machine on the site of the Bevatron at LBNL. We 
will address the following questions in this paper: can a lat- 
tice be generated with these constraints, plus have a natural 
emittance of « 0.5 nm-rad, and have sufficient dynamic 
aperture; can the emittance be maintained under the influ- 
ence of intrabeam scattering (IBS); what is the Touschek 
lifetime? 

Other considerations are beam stability and cost. Part of 
our thinking is to build an inexpensive machine. To this end 
we are borrowing an idea from the FNAL recycler ring [2] 
to use permanent magnets for most of the lattice. With the 
small aperture anticipated for the ring (around 20 mm hor- 
izontal x 10 mm vertical full widths), such magnets could 
be relatively small and inexpensive. Further, the magnets 

* This work was supported by the Director, Office of Energy Research, 
Office of Basic Energy Sciences, Materials Sciences Division, of the U.S. 
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would be of light weight, therefore have a relatively inex- 
pensive mounting system, and have no low-frequency vi- 
brational modes. Another advantage is that the magnets 
have no power requirements (maybe a little for trims), and 
therefore do not require cooling water. Cooling water and 
air temperature variations have been the source of many 
motion problems in the ALS [3]. 

2   LATTICE DESIGN 

The primary goal for the lattice design of ALS-N is to 
reach an horizontal emittance of ex «s 0.5 nm-rad at 2 
GeV while the ring fits on the Bevatron site at the Berke- 
ley. This restricts the circumference to « 350-400 m. For 
optimal use of the more or less rectangular site, a racetrack- 
shaped ring is considered. It consists of two ~ 120° arcs, 
and dispersion-free straight sections which are separated by 
weak bending magnets. 

2.1    Theoretical minimum emittance 

The horizontal equilibrium emittance is given by 

«2 7 
JxP 

< -W  ^dipole (1) 

where Jx is the horizontal damping partition number, p is 
the bending radius of the dipole, and < H > is the function 

H '\2\ 

A ■(vi + (axVx + ßxVx) (2) 

averaged over the dipole. ßx,ax, r)x,r)'x are the usual op- 
tical functions and their derivatives. It has been shown [4] 
that the theoretical minimum emittance is reached if the 
horizontal beta- and dispersion-functions reach their mini- 
mum in the center of the bending magnets, with the follow- 
ing values: 

Px,min — 
2V15 

The horizontal emittance is then: 

"2 1 7 
^x,mtn 

JxP Uy/IE 

?7:r, min 

Pe3 

L2 

24p2 (3) 

(4) 

where 6 is the bending angle of the dipole; ex,min then de- 
pends solely on the bending angle and the damping parti- 
tion number. 
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Since the dispersion-function has a minimum in the mid- 
dle of the bending magnet, lattices built with this strat- 
egy do not provide dispersion-free straight sections as the 
Chasman-Green lattices do. The dispersion-induced emit- 
tance in the middle of a straight section (a = rf = 0) is 
given by 

.     (vJ)2 

ßx 
(5) 

where 5 is the relative energy spread. Thus the gain in hor- 
izontal emittance is partly compensated by an enlargement 
of the beam size due to dispersion. 

Several synchrotron radiation source lattices have been 
worked out [5] [6] following the theoretical minimum emit- 
tance strategy. 

2.2 The arc cell 

The main contribution to < H >diPoie and thus to the emit- 
tance of the storage ring comes from the bending magnets 
in the arcs. A compact low-emittance arc is obtained by 
placing a combined-function bend-magnet at the position 
of the defocusing element in a FODO cell. This leads to a 
minimum of the horizontal beta- and dispersion-functions 
in the middle of the dipole, which is a requirement for small 
emittance. Furthermore a combined-function magnet re- 
duces the emittance even more by increasing the horizontal 
damping partition number Jx. 

The phase advance per cell is 90° horizontally and 60° 
vertically, thus allowing for a sextupole scheme with cance- 
lation of the first-order driving-terms after 3 cells. The cell 
length and dipole strength are chosen to give a compact arc 
and the desired emittance of ex « 0.5 nm-rad. This is far 
away from the theoretically minimum achievable value but 
gives moderate focusing and phase advance per cell. The 
total cell length is 2.3 m. The dynamic acceptance for this 
cell is rather large (Ax ss Ay « 50 mm-rad for 8p/p±3%). 

2.3 The insertion-device straight sections 

The insertion-device sections contain only a small fraction 
of the bending magnets of the storage-ring. Their contribu- 
tion to the natural emittance is small and so one does not 
have to put much emphasis on getting a low-emittance lat- 
tice in this part of the ring. On the other hand, the insertion- 
device straight sections should have zero or very small dis- 
persion to prevent enlargement of the source size due to 
energy spread in the beam. With equation 5 and the as- 
sumptions S « 1 • 10-3, ßx,straight «3 m, the dispersion 
in the straight should be smaller than « 0.02 m in order not 
to contribute more than 20% to the overall beam-size. Ei- 
ther a double-bend (DBA) or a triple-bend achromat (TBA) 
structure, including combined function magnets with weak 
bending (2.5° bending angle per magnet), fulfills these re- 
quirements. Because of the weak bending in these cells, the 
dispersion function stays small and thus the sextupoles for 
the chromatic correction have to be strong. This leads to a 
very small dynamic acceptance for these cells. Sextupole 

arrangements to overcome this problem are being investi- 
gated. 

2.4   The complete ring 

The two parts of the storage ring are connected by matching 
sections. Due to the degeneration of symmetry from sev- 
eral tens down to two, the dynamic acceptance collapses. 
A more complicated sextupole distribution may overcome 
this problem. Another solution would be a machine made 
of identical cells, which however would not fit so well into 
the existing site. Up to now, a storage ring constructed out 
of 52 FODO cells and 18 DBA cells gives the best perfor- 
mance. A footprint of the machine on the Bevatron site is 
shown in figure 1; the main machine parameters are sum- 
marized in table 1. 

The magnet aperture will be decreased to values of ss 10 
mm best-field diameter. These small magnets can be built 
with standard permanent-magnet technology to achieve the 
fields and gradients given in table 1 [7]. 

10    20   30   40 Meters 

Figure 1: Footprint of ALS-N on the Bevatron site. The 
straight-section beam lines are 40m long. 

Table 1: Main parameters of ALS-N 
Energy 2GeV 
Circumference 380 m 
Natural emittance 5.5 • 10"10 m-rad 
Natural energy spread 8-10-4 

Momentum compaction 6.7-10-4 

Tunes x,y 33.18,23.73 
Chromaticities x,y -46, -76 
Number of free straights 16, each 5 m long 
ßx, ßy in straight 3 m, 3.2 m 
ßx, ßy in arc bend 0.8 m, 4 m 
Max. current 400 mA 
Bending magnet I = 1.0m, By = 0.585 T, 

dBy/dx = 12 T/m 
Strongest Quadrupole JdBy/dx = 10T 
Strongest Sextupole fd2Bv/dx2 = 160T/m 
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3   BEAM SIZE AND LIFETIME 

The electron density of a next-generation light-source will 
be one order of magnitude higher. The beam lifetime will 
be short due to Touschek scattering and the beam emit- 
tance will grow due to intrabeam scattering. The delete- 
rious high-intensity effects can be considerably mitigated 
by increasing the bunch-length using well-known tech- 
niques such as adding a third harmonic cavity. These high- 
intensity effects were studied using a modified ZAP code 
[8]; the results are summarized in table 2. 

Coupling between the vertical and longitudinal motion 
is an important factor. For smaller coupling the vertical 
beam size shrinks and the intrabeam scattering rate in- 
creases, which in turn increases the horizontal and longi- 
tudinal beam sizes. Higher RF voltage decreases the bunch 
length and increases the intrabeam scattering rate which in 
turn increases the transverse beam size. The microwave in- 
stability tends to increase the energy spread and the bunch 
length. Since the threshold for the microwave instability 
only depends on the peak current, adding a third-harmonic 
cavity greatly increases the threshold current IMWI- Table 
2 gives lifetime and emittance with and without a third- 
harmonic cavity and with different values for the initial 
emittance-coupling K = ey/ex. The energy acceptance was 
assumed to be 3 %, given by the RF-bucket height. 

Table 2: Lifetime and emittance of ALS-N at low and max- 
imum current with and without a third-harmonic cavity. 

Current £x K r 0-L E IMWI 

[mA] [nm-rad] % [h] [mm] % [mA] 
«0 0.55 3 5.2 0.8 6.4 
400 1.05 3 2.9 7.0 1.1 6.4 
400° 0.8 3 6.4 19.5 0.97 260 
400fc 0.95 1 4.4 19.5 1.0 260 

"third-harmonic cavity 
fcthird-harmonic cavity 

4   BRIGHTNESS 

The brightness expected from insertion devices and bend 
magnets is plotted in figures 2 and 3 in comparison to the 
ALS. The values are calculated up to the 7th harmonic for 
undulators with 5 cm (U5) and 2 cm (U2) period length and 
a peak field of 1 T The storage-ring current is 400 mA, and 
the coupling ey/ex is assumed to be 1%. The dipole radi- 
ation is calculated for a normal lattice-dipole and a special 
high-field dipole (B = 5 T) at a location with small beta- 
functions. 

5   SUMMARY 

We have begun an investigation of a next-generation light- 
source, and shown that a factor of 10-100 increase in pho- 
ton brightness from undulators can be achieved in the soft 
x-ray energy range. Both the electron emittance and bunch 
length suffer significantly from the effects of IBS at a beam 
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Figure 2: Brightness [(sW.^^%b,w,)3 from inser- 
tion devices at the present ALS and the ALS-N. 
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Figure 3: Brightness [(s.mm^aT0
S.i%b.w.)] from lattice 

bend magnets and high-field bend magnets (triangles) at the 
present ALS (solid lines) and the ALS-N (dashed lines). 

current of 400 mA. Though this caps the achievable beam 
brightness, there is a favorable increase in Touschek life- 
time. The brightness from bend magnets is also increased, 
to the level that it starts to become interesting for soft x- 
ray microscopy. With specially tailored optics at the bend 
magnet sources, the photon brightness could be increased 
by another order of magnitude. 
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TRANSFER FUNCTIONS FOR THE ALS LATTICE MAGNETS* 

R. Keller, Advanced Light Source Center, E. O. Lawrence Berkeley National Laboratory 
University of California, Berkeley, CA 94720 USA 

Abstract 

The primary purpose of the magnetic measurements per- 
formed on the ALS storage-ring lattice-magnets was to as- 
certain their compliance with the strict tolerances estab- 
lished for this third-generation synchrotron light source. In 
the course of the data evaluation, a novel approximation 
method has been developed that leads to four-parameter rep- 
resentations of all magnet transfer-functions, and includes 
saturation and residual field effects. These transfer functions 
were used to change the standard working point of the ALS 
storage ring at 1.5-GeV beam energy from the upper to the 
lower hysteresis branches, and later to ramp the ring energy 
from 1.5 GeV to the maximum design value of 1.9 GeV in 
one uninterrupted process that did not require any intermedi- 
ate tune correction. Likewise, predicted magnet set values 
for 1.0-GeV conditions were applied and very closely led to 
the standard betatron tunes. 

1  INTRODUCTION 

This paper is concerned with characterizing the integrated 
fundamental strengths of the ALS [1] lattice magnets in the 
form of analytical expressions. There are six families of 
ALS lattice magnets, i.e. bend magnets with substantial 
gradient producing a defocusing quadrupole component; 
three families of quadrupoles proper; and two families of 
sextupoles. During the storage-ring construction-phase, the 
relative spread of fundamental strengths within each of the 
six families was the parameter by which the placement of 
individual magnets along the ring was to be judged; con- 
veniently the spreads turned out to be low enough for all 
three quadrupole families and the bend magnets to allow 
arbitrary positioning, but the two sextupole families re- 
quired insertion of customized current shunts to narrow 
their spread. 

To ascertain the fundamental strengths, and also to 
obtain reasonable interpolation values between the meas- 
ured excitation points for energy ramping purposes, the ori- 
ginal magnetic measurement data which showed relative 
errors in the order of 2xl0"3 had to be smoothed. Further- 
more, the ever present drive to push an accelerator's perfor- 
mance beyond the original design limits led to the question 
how the strengths of the lattice magnets could be extrapol- 
ated beyond the highest excitation conditions so far ex- 
plored, representing an electron beam energy of 1.9 GeV. 
Analytical approximations are very convenient for both 
purposes, but the important problem is which type of func- 
tions to use for the approximations in order to best repres- 
ent the magnet properties. 

Magnet strengths are commonly expressed using trans- 
fer functions, 

F = TxI (1) 

where F is the integrated fundamental strength, F = J By dz 
for a dipole, F = J (Br/r) dz for a quadrupole, etc.; T the 
transfer function value (assumed to be constant); and I the 
excitation current. This representation, however, is too 
simple to take into account seemingly minor effects which 
are quite relevant for third-generation light-sources with rel- 
ative strength tolerances of 10"3 and below. Therefore a 
more complicated class of functions was developed in the 
course of this work to represent magnet strengths under 
varying excitation conditions. The essential features of 
these new magnet transfer functions are that they allow to 
distinguish between the two hysteresis branches; are con- 
stant at low excitation values; are free of turning points ov- 
er their entire range; accurately represent the measured sat- 
uration effects; and do not fall off too steeply beyond the 
highest measured excitation-current value. It is worthwhile 
noting that simple polynomial approximations do not ful- 
fil most of these conditions. On the other hand, even the 
best transfer function expressions still require the magnets 
to be be given a well-defined history of excitation that un- 
ambiguously defines a working point on either the upper or 
the lower hysteresis branch. 

2 ELEMENTS OF TRANSFER FUNCTIONS 

In deriving magnet transfer functions from measured data, 
one can distinguish three zones of the excitation curve, 
F(I), dependent on whether 1), residual field effects are dom- 
inant, 2), the excitation curve is linear, and 3), saturation 
effects begin to show, see Fig. 1. In this paper the expres- 
sion hysteresis is being used rather loosely because none of 
the magnets has ever been brought to full saturation and the 
magnetization direction was never reversed for any of them. 
The maximum excitation currents applied during the 
magnet measurement activities, however, were nearly equal 
to the ones that are now being applied in day-to-day condi- 
tioning after their installation in the storage ring. Therefore 
the measured excitation curves can be regarded as truly rep- 
resentative of the actual magnet operation conditions, and 
we use the term hysteresis loop for the two branches of the 
excitation curve that are followed when running the current 
between zero, the power-supply imposed limit, and back 
again to zero. 

*This work was supported by the Director, Office of Energy Research, Office of Basic Energy Sciences, Material Sciences 
Division, U.S. Department of Energy, under Contract No. DE-AC03-76SF00098. 
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2.1 Residual field effects 

The basic assumption about residual field effects made here 
is that the two branches of the hysteresis curve are linear 
and parallel to each other at low currents. A look at the cor- 
responding diagram, Fig. 1, suggests that in this case we 
can unify the two branches into one curve that starts at the 
origin if we substitute the actual excitation current I with 
an effective current Ieff = I ± Ic where Ic, the coercive 
current, is subtracted to represent the lower hysteresis 
branch and added for the upper branch. Equ. (1) then reads: 

FU;I = Tx(I±Ic). (2) 

where the indices u and 1 stand for upper and lower branch. 
In the following formulae, these two indices are left out for 
the sake of simplicity, and the distinction between the two 
branches is implied by the ± sign only. 

Figure 1. Schematic of a hysteresis loop with magnet mea- 
surement data, Fj)ineas (open circles). Residual field and 
saturation effects are exaggerated in this illustration. 

In the case of the ALS, the original ten excitation mea- 
surements had been taken after completing three unipolar 
conditioning loops with current settings rising from zero, 
see Fig. 1; and this fact makes it more complicated to der- 
ive a value for the coercive current without direct measure- 
ment, even more so because the residual fundamental 
strength, Fres, was not recorded either. The way followed 
here consists in extrapolating the linear part of the meas- 
ured excitation curve back to zero strength, thereby deter- 
mining -Ic and Fres, and then reducing all data points 
Fi,meas m a graded manner: 

Fi,red = Fi,meas - 2 Fres / exp {Ij / (C Ic)}     [l<i<10]    (3) 

The constant C in the exponential damping term on 
the right hand side of Equ. (3) is found by empirical optim- 
ization, iterating the evaluations of Ic and Fres to minimize 

the standard deviation for all available, reduced measurement 
points. The actual values for Fres and C are only needed for 
determination of the constant part of the transfer function, 
Ti;n; once this term is known the sign of Ic is the one para- 
meter that allows to distinguish between upper and lower 
branch of the hysteresis curve. For the ALS lattice mag- 
nets, the optimization was performed empirically on spread- 
sheets, at first determining individual best values of Fres 

and C for all magnets of one family following a strict stan- 
dard-deviation optimization and then again, trying to keep 
the individual values close to the averages for the entire fa- 
mily while allowing the standard deviations to slightly ex- 
ceed the absolute minimum values. 

2.2 Saturation effects 

ALS lattice magnets typically show a few percent satura- 
tion at excitations corresponding to 1.9-GeV beam energy, 
and this drop is significant in view of the tolerance band of 
10"3 relative strength for each magnet type. To represent sa- 
turation, Equ. (2) is modified by introducing a denominator, 

F = Tlin0±U 

1 + m A (4) 

and now contains four parameters in addition to the excita- 
tion current I as independent variable. The former transfer 
function T is now called Tijn to emphasize that in terms of 
Equ. (1) it represents the linear part of the excitation curve 
only. 

The evaluation of all five transfer function parameters 
(including the damping factor C) for every individual mag- 
net is performed in iterations, optimizing residual field and 
saturation effects in separate loops. After preliminary para- 
meters for each member of one magnet family are estab- 
lished the exponent A and the damping parameter C are av- 
eraged for the entire family, and new iterations are per- 
formed for each magnet to find the definitive values of the 
other parameters. 

3 ACTUAL TRANSFER FUNCTIONS 

An example of a calculated transfer function is given in 
Fig. 2. In addition to the transfer function calculated accor- 
ding to the formalism developed in the preceding section, 
the^ figure displays a "raw transfer function" obtained by 
simply dividing measured integrated fundamental strengths 
by the excitation currents, without regard for residual field 
effects. The low-current part of this curve (broken line) rep- 
resents the transition from the upper to the lower hysteresis 
branches. 

A list of the averaged calculated transfer function para- 
meters in terms of Equ. (4), as derived from the original 
measurements [2] for the ALS lattice magnets, is given in 
Table 1. Note that all entries in the third column are given 
as integrated flux density values, in units of [ T m ] divided 
by the excitation current in [ A ] and by a nominal radius of 
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Figure 2. Transfer function for sextupole #10, bold line, 
evaluated in terms of Equ. (4); the full symbols represent 
five series of measurements after data reduction. The open 
symbols represent one of these series before reduction, cal- 
culated by dividing the measured fundamental strengths by 
the corresponding excitation currents according to Equ. (1). 

Table 1. 
Transfer-Function Parameters for the ALS Lattice Magnets 

Type n TW 
rrr   * -1      2-rin [T A   m    j [A] 

A Is 
[A] 

B 1 0.001312 3 5.73 1739 
OFA 2 0.01722 2.56 3.1 2250 
QF 2 0.05292 0.661 2.8 604 
OD 2 0.02875 0.711 4.3 353 
SF 3 0.2742 2.767 2.4 1548 
SD 3 0.2744 2.844 2.4 1542 

4 APPLICATION  OF  TRANSFER  FUNCTIONS 

The list of transfer function coefficients of all lattice-mag- 
net families underwent a first critical test when the working 
points had to be moved from the upper hysteresis branch to 
the lower one, in view of future energy ramping. Ramping 
of the storage ring magnets is necessary for all energy lev- 
els significantly above 1.5 GeV because this is the design 
energy-limit of the booster synchrotron that injects beam 
into the storage ring. The working-point conversion on the 
base of the predicted set values went smoothly and required 
only very minor corrections to recover the standard betatron 
tune values. 

To actually ramp the storage ring energy from 1.5 to 
1.9 GeV a finely-spaced table of set values (128 steps 
corresponding to 3 MeV energy increase each) was comput- 
ed. For every step, Equ. (4) was inverted with a "regula fal- 
si" method to find the proper excitation-current set-values, 
separately for each magnet family. The variations of the be- 
tatron tunes that occurred during the ramping [3] without 
applying any corrections are displayed in Fig. 3; they cor- 
respond to maximum transfer function errors of 8xl0"4 and 

7xl0"4 for the QF or QD families, respectively, if the total 
error were ascribed to one of these families only. With the 
generated ramping tables, the ALS storage-ring energy can 
now be changed from 1.5 to 1.9 GeV in 64 seconds, with- 
out any appreciable loss in beam current. 

For operation at 1.0 GeV ramping is unnecessary, and 
one series of set values has been computed using the entries 
in Table 1. To fully recover the customary working point 
at this energy after the calculated magnet current values had 
been applied, only the QF magnet-family set-currents had 
to be raised by 0.24%; for all other magnets the calculated 
values could be used unchanged. 

The success in predicting correct set values for all lat- 
tice-magnet families under a variety of conditions confirms 
the validity of the approach developed here. The reader 
should be warned, however, that the expression for the sat- 
uration term in Equ. (4) is valid only as long as the satura- 
tion current, Is, is much larger than the highest applied ac- 
tual excitation current, Imax. This is the case for all magnets 
discussed in this paper. 
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Figure 3. Fractional betatron tunes measured while ramping 
the storage ring energy with precalculated magnet set val- 
ues. The full standard tune values at 1.5 GeV are 14.282 
(horizontal) and 8.192 (vertical), respectively, as indicated 
by the straight, broken lines. 
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ORBIT STABILITY OF THE ALS STORAGE RING.* 

R. Keller, H. Nishimura, and the Stability Task Forced Advanced Light Source Center 
E. O. Lawrence Berkeley National Laboratory, University of California, Berkeley, CA 94720 USA 

Abstract 

The Advanced Light Source (ALS) storage ring [1], a syn- 
chrotron light source of the third generation, is specified to 
maintain its electron orbit stable within one tenth of the 
rms beam size. In the absence of a dedicated orbit feed-back 
system, several orbit-distorting effects were investigated, 
aided by a new interactive simulation tool, the code TRA- 
CY V. The effort has led to a better understanding of the 
behavior of a variety of accelerator subsystems and in con- 
sequnence produced a substantial improvement in day-to-day 
orbit stability. 

1  INTRODUCTION 

The ALS electron storage ring [1] is a third-generation 
light-source with very tight electron orbit tolerances. Dur- 
ing user runs, the orbit should not vary by more than 1/10 
the rms beam size in any of the straights, amounting to 20 
H horizontally and 2 n vertically. Stability requirements 
this tight would normally require an orbit-feedback system, 
but over the nearly four years of storage-ring operation 
such a system has not yet been implemented at ALS, 
mostly because of Beam-Position Monitor (BPM) motion 
associated with the complex mechanical design of the ALS 
vacuum chambers and girders that each span an entire arc 

section, see Fig. 1. It is easy to imagine that the BPMs 
that are installed in the vacuum chamber and whose signals 
would be used for orbit feedback would follow the thermal 
distortions and mechanical vibrations of the vacuum cham- 
ber and therefore compromise the quality of the orbit cor- 
rection. 

On the other hand, the need for better control of the 
photon source-point locations increased with the degree of 
sophistication the users applied to their end stations, most 
notably with the increased spatial resolution required by 
microscopy experiments. For this reason a task force was 
established that had the mandate to improve the ALS orbit 
stability by about a factor of ten and thus meet the original 
specifications. 

The diagnostics applied to the stabilization problem 
can be grouped into four classes: direct and indirect orbit 
monitors such as the electron BPMs and readout from a 
photon-beam feedback-system; precision dial indicators, 
linear potentiometers and inclinometers; temperature moni- 
tors for air, water, and storage-ring girders; and, last but not 
least, the simulation code TRACY V [2]. This code was 
upgraded and amended several times in the course of these 
investigations to better represent the influence of lattice 
magnet strengths and location variations of the electron 
orbit. 

From the beginning, the task force concentrated on 
investigations of thermal effects for two reasons: thermally 

Vacuum Chamber 

D 
(0 

co 
CO 

U
L

I 
£.

 

V
C

M
3 

II 
s&v-l    X a 

3 
Ü > 

Figure 1. One out of twelve storage-ring arc sections showing outlines of girder, vacuum chamber, lattice and corrector 
magnets, and locations of the beam-position monitors (BPM). 
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induced deformations of the girders had caused poor conver- 
gence of the survey/alignment cycles [3] when the lattice 
magnets were put in place during the construction phase of 
the storage ring; and secondly, a vertical orbit oscillation 
with a 15-min. period had been completely eliminated by 
keeping the cooling water temperature of the ALS magnets 
constant within ±0.1 °C [4]. On several occasions, however, 
other causes of orbit distortions were discovered and suc- 
cessfully eliminated. 

2 TRACY V 

The simulation code TRACY V is a "virtual machine" rep- 
resenting the ALS storage ring, written in Borland Delphi2 
for Windows NT. The code calculates and displays many 
machine functions, such as linear optics functions and the 
closed orbit for a given set of magnet parameters; it also in- 
cludes analysis tools for measured data. A Graphical User 
Interface provides flexibility in the modes of usage and 

display of results. With the exception of dynamic aperture 
calculations the response to user input is automatic and 
almost instantaneous. 

In the context of orbit stability investigations, TRA- 
CY V furnished closed-orbit calculations for given sets of 
lattice-magnet strengths and misalignment values, and for 
combinations of corrector strengths. The computations are 
based on measured and adjusted sensitivity matrices that de- 
scribe the response of the BPMs to changes in each indi- 
vidual corrector. For analysis of actual orbits, TRACY V 
can be linked to either archived data or to programs that 
capture BPM data on-line. Orbit correction can be per- 
formed using the local-bump, most-effective corrector, and 
singular-value decomposition methods. Misalignment val- 
ues for lattice magnets can be set either individually or in a 
special ganged mode where the horizontal misalignment of 
all magnets on one girder progressively increases from the 
locations of the QFA magnets, see Fig. 1, to the QF mag- 
nets at the ends. An example of a closed-orbit distortion 
caused by this kind of girder deformation is given in Fig. 2. 

Figure 2. Horizontal closed-orbit distortion around the entire storage ring (±2(% full scale) as measured on 9/12/96 (open 
symbols) and simulated by TRACY V (continuous line), assuming a progressive girder deformation of up to 31 p.. 

3 TYPICAL ORBIT DISTORTIONS 

The storage-ring orbit is continuously being monitored by 
a set of new BPMs that are installed at both ends of most 
of the straights and termed ID-BPMs to distinguish them 
from the arc BPMs shown in Fig. 1. The ID-BPMs are in- 
herently more sensitive and less beam-current dependent 
than the arc BPMs because they use one common amplifier 
chain only, in a multiplexing mode [5]. Archived ED-BPM 
data taken over a 12-hour period are displayed in the ALS 
control room [6] and give a very good indication of the 
orbit stability. An example of these signals, recorded at the 
end of summer 1996 before the work described here began, 
is given in Fig. 3. 

Of the phenomena displayed in Fig. 3, the step change 
indicated by the asterisk is certainly the most intriguing. Its 
investigation stimulated the development of TRACY V to 
accommodate the effect of girder deformations, and in a de- 
dicated experiment where a girder was locally heated by a 
hot-air gun, dial indicators mounted on the girder showed in 
fact several instantaneous position shifts of up to 16 u. La- 
ter on, however, a step change was unambiguously correla- 
ted with the movement of one of the two building cranes. 
In another experiment it was shown that the perturbation of 
the magnetic field across a storage-ring straight, induced by 
the presence or absence of the crane, was associated with 

the orbit distortion and could be simulated by exciting two 
corrector magnets, one at the location from where the crane 
was leaving and one where it went. The second building 
crane showed similar effects, and once known they were 
eliminated administratively by regulating the use of the 
cranes. 

Fig. 3. Horizontal (X) and vertical (Y) ID-BPM signals 
from sectors 4 and 7, taken on 8/31/96. Grating units cor- 
respond to 150p., vertically, and 1 hour, horizontally. The 
illustration shows 1-hour oscillations, long-term drift, and 
a 10-min. step change (marked by an asterisk at the bot- 
tom). Signals have no validity during refill times. 
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4 AIR TEMPERATURE  STABILIZATION 

After ascertaining in experiments that the hourly orbit 
oscillations were associated with air temperature changes of 
about 1°C and corresponding girder temperature changes of 
0.2°C these distortions could substantially be reduced by a 
series of improvements to the system of 9 independent air- 
handling units that supply chilled air to the storage-ring 
tunnel. The changes included using temperature sensors 
with 0.1 °C sensitivity, relocated to the outer perimeter of 
the storage ring; averaging their readout to regulate all air- 
handling units with identical set values; and forcing the 
tunnel air to move in a spiralling pattern upstream by 
directing the outlet heads of the air-handling units and de- 
ploying four additional fans on the tunnel floor. These im- 
provements also cured most of the long-term drift problems 
seen before. 

Another type of orbit distortions manifested itself as 
four-hour, 100-|Ll humps on the ID-BPM display. Two cau- 
ses were identified to contribute to these phenomena, one 
associated with the switchover between two water chillers 
of different size that supply the air-handling units during 
nighttime and daytime, respectively, and the other one ori- 
ginating in the enhanced water flow of a building air-con- 
ditioning system that utilizes the same chillers. These ef- 
fects were eliminated by using the larger of the chillers as a 
default and reducing the water flow through a bypass in the 
air-conditioning unit. 

The striking improvement in orbit stability obtained 
after resolving all these issues is shown in Figs. 4 and 5. 

strong enough to perturb the stored electron beam. This 
problem can again be solved administratively. 

Figure 4. Horizontal ID-BPM signals observed on 2/6/97 
after substantially improving the temperature-stabilization. 
Grating units 15(V, vertically, and 1 hour, horizontally. 

5 ADDITIONAL EFFECTS AND OUTLOOK 

One other flavor of orbit distortion, a step change without 
apparent return, used to occur about 30 minutes before a 
refill of the storage ring was planned. It turned out that this 
effect was caused by the excitation of the last two of the 
four dipole magnets in the booster-to-storage-ring (BTS) 
injection line. Even though these magnets are located about 
1.5 m away from the storage ring, their fringe fields are 
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Figure 5. Vertical ID-BPM signals observed on 2/6/97 after 
substantially improving the temperature-stabilization. Gra- 
ting units 150n, vertically, and 1 hour, horizontally. 

Last, but certainly not least, it should be mentioned 
that the ALS orbit is heavily affected by the changing mag- 
net fields when insertion-device gaps are opened or closed. 
This effect is suppressed by applying corretive set values to 
the steerer magnets in a feed-forward mode [7]. 

With all these measures, ALS has reached an impres- 
sive level of orbit stability, even exceeding the tight speci- 
fications mentioned at the beginning. The reduction of tem- 
perature variations in the tunnel to ±0.1 °C also largely 
reduces the arc vacuum-chamber deformations and in this 
way leads to much more stable arc-BPM positions. This 
eliminates one of the major obstacles for the implementa- 
tion of an orbit feedback system, and such a system could 
now be developed to reach even better orbit stability, below 
il(i vertically. 
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TUNE-SPLIT EFFECTS AT THE ALS STORAGE RING* 

R. Keller, Advanced Light Source Center, E. O. Lawrence Berkeley National Laboratory 
University of California, Berkeley, CA 94720 USA 

This paper is concerned with operational characteristics of 
the Advanced Light Source (ALS) storage ring, a synchro- 
tron light source of the third generation that is capable of 
operating between 1.0 and 1.9 GeV beam energy. Even 
though the magnetic properties of its lattice magnets ap- 
peared to be very well understood an anomaly was observed 
with the measured betatron tunes when the working point 
of any of the three quadrupole families or the bend magnets 
was switched from the upper to the lower hysteresis branch. 
In no case was it then possible to recover the standard hor- 
izontal and vertical tune values simultaneously at any given 
excitation current; either one was considerably off normal 
when the other one was set to the proper value. The nature 
of this so-called "tune-split effect" was investigated, and the 
solution to the problem is presented here, together wi#i an 
outlook on consequences for operational scenarios resulting 
from this effect. 

was used at first for all lattice-magnet families. This loop 
represents the fastest way to achieve well-defined working 
points after bringing the magnets as far into saturation as 
the power supplies would allow, and it establishes the wor- 
king points on the upper hysteresis branches. 

This simple conditioning procedure worked very well 
during the initial operation phase, but it soon became clear 
that it was not optimal in several regards. With the 
available 1.5-GeV synchrotron injector, the storage ring 
has to be ramped up to reach 1.9 GeV energy, and this 
process by definition shifts the magnet working points to 
the lower hysteresis branches. Furthermore, the requirement 
to retune at least some of the quadrupoles to compensate 
for tune changes when insertion-device gaps are being 
varied [2] imply that the concept of well-defined working 
points on either one of the hysteresis branches might have 
to be given up entirely. 

1  INTRODUCTION 

The ALS electron storage ring [1] is designed to operate 
between 1.0 and 1.9 GeV beam energy. Its betatron tunes 
have to be kept constant during operation within 5 kHz to 
maintain the radiation source-points in stable positions. 
This implies that the integrated fields of the bend and quad- 
rupole magnet families, see Fig. 1, have to be held within 
about 0.03%; and therefore these magnets are subjected to a 
standardized conditioning procedure which guarantees the 
proper fields at nominal current set-points. In the case of 
ALS, a single conditioning loop from zero to maximum 
excitation current and then down to the nominal set point 

2  CONDITIONING  AND  HYSTERESIS 
EFFECTS 

Operation of the ALS storage ring requires very precise sta- 
bility and working-point reproducibility for all lattice mag- 
nets to always maintain the one beam orbit that provides 
the customary source point locations to the light-source us- 
ers. Therefore the ALS magnets undergo a specific conditio- 
ning process that defines their history of excitation and al- 
ways leads to the same working points, on the same branch 
of the hysteresis loops when setting the magnet currents to 
nominal values. It is very impractical, however, to check 
the effectiveness of the conditioning routine with actual 

Figure 1. ALS storage-ring lattice showing one out of twelve arc sections. HVCM, horizontal and vertical corrector; QF, 
focusing quadrupole; QD, defocusing quadrupole; QFA, second focusing quadrupole; B, bend magnet; SF, focusing 
sextupole; SD, defocusing sextupole. BPM, beam-position monitor. The bend magnets have gradients generating a 
defocusing quadrupole. All magnets are open towards the outside of the ring (C-type yokes) to avoid intercepting synchro- 
tron radiation. 

*This work was supported by the Director, Office of Energy Research, Office of Basic Energy Sciences, Material Sciences 
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field measurements. Instead, the horizontal and vertical bet- 
atron tune values of the machine are taken as indicators of 
global magnet-field reproducibility. The relative resolution 
of tune measurements amounts to 5 kHz or 0.003 tune 
units and corresponds to about 3xl0"4 relative change in 
the total focusing strength of a quadrupole family. 

The concept of hysteresis generally would imply that 
for a given magnet there should be two working points 
where the integrated fundamental fields are exactly equal, 
one point on the lower branch of the hysteresis loop and 
one on the upper branch, at properly reduced excitation cur- 
rent, see Fig. 2. This assumption did not hold true, how- 
ever, when the working points of the ALS lattice-magnets 
had to be moved from the upper hysteresis branches, where 
they had been during the commissioning and early opera- 
tion phases of the storage ring, to the lower branches in 
order to allow ramping of the beam energy from 1.5 to 1.9 
GeV. For a variety of reasons such as power supply limita- 
tions, time consumption, and unnecessary increase of radia- 
tion losses at higher energies it is totally unfeasible to 
bring the magnets back to the upper hysteresis branches for 
a beam energy of 1.9 GeV. 

'lo     Excitation Current 
> Initial excitation curve 

after degaussing 

Figure 2. Schematic of the effective hysteresis loop des- 
cribed when using a unipolar power supply. Two excitation 
current values, I,0 and Iup, respectively, generate the same 
(nominal) integrated field value B Lnom when operating the 
magnet on either the lower or the upper hysteresis branch. 
The magnitudes of hysteresis-loop width, saturation effects 
at higher current, and coercive field value, BLC, are exag- 
gerated in this schematic for illustration purposes. 

With any of the quadrupole or gradient magnet fami- 
lies, the change between hysteresis branches gave rise to an 
abnormal behavior of the ring, here termed 'tune-split ef- 
fect:' with rising excitation of one of these families one 
betatron tune value could be set to its nominal value at a 
certain current, but the other one was still far off, and when 
the magnet current was raised somewhat more the second 
tune reached its nominal value, but now the first one was 
significantly off. The tune-split effect as found with the 
QFA family is demonstrated in Fig. 3. 

399       400       401       402       403       404        405       406       407 
QFA Current  [A] 

Figure 3. Tune-split effect. Measured fractional betatron 
tune values are shown as a function of the QFA excitation 
current, after changing the working point from the upper to 
the lower hysteresis branch. The machine reaches the nomi- 
nal vertical tune at significantly higher excitation current 
than the nominal horizontal tune. 

3 QUANTIFICATION OF TUNE-SPLIT 
EFFECTS 

Tune split effects occurred with all three quadrupole fami- 
lies and with the gradient magnets; to a lesser degree even 
with the two sextupole families. To quantify these effects, 
the difference in the excitation currents, where either the 
horizontal or the vertical nominal tune is obtained, is taken 
and expressed as a percentage of the mean of both currents. 
Linear approximations to the measured data are used to id- 
entify these currents as accurately as possible. Results are 
given in Table 1. 

Table 1. Tune-split effects found with ALS lattice-magnets. 

Magnet 
Type 

Rel. Tune Split 
r%i 

Core Length 
rmi 

Split/Length 
r % / m 1 

B 2.35 0.807 2.9 
QFA 1.38 0.470 2.9 
OF 0.60 0.318 1.9 
OD 0.35 0.168 2.1 

The data in Table 1 demonstrate that the tune-split ef- 
fect found with quadrupole-type magnets varies monotonic- 
ally, if not quite linearly, with the core length of the mag- 
net type in question, even when including the bend magnets 
that in essence represent the inner halves of true quadrupole 
magnets. This trend points to a residual-field effect which 
would be stronger the more iron-dominated a magnet is. 

4 EXPLANATION OF TUNE-SPLIT EFFECTS 

Tune-split measurements performed at one tenth of the cus- 
tomary ramping speed gave identical results, leading to the 
exclusion of dynamics hypotheses such as eddy-current ef- 
fects or enhanced residual magnetization because of fast cur- 
rent reversal. The pertinent clue was then obtained from lo- 
cal Hall-probe measurements on two of the four pole pieces 
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of one QFA magnet with high-resolution, differential read- 
out [3]. 

The magnet was conditioned and left in its standard ex- 
citation state on the upper hysteresis branch at nominal cur- 
rent. After changing the current to zero and then back to 
nominal, a 15-G change in the difference value of the two 
probe readings was recorded. This field difference can readily 
be explained by closer examining the remnant excitation of 
the magnet back leg [4]. Those flux lines that pass through 
the back leg have quite different total lengths inside the 
iron, depending on whether they connect the outer or the 
inner pole pair, as illustrated in Fig. 4. Flux densities asso- 
ciated with these two kinds of flux lines are about inversely 
proportional to the line lengths, and therefore a net mag- 
netization effect results which creates a dipole magnet field 
in the free space between the two upper and the two lower 
poles. When the magnet is brought from the upper to the 
lower hysteresis branch the back leg magnetization is sub- 
ject to a hysteresis effect as well, amounting to the 15-G 
difference measured. 
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Figure 4. Cross section of an ALS quadrupole. Of the flux 
lines, only the ones passing through the back leg are 
drawn. 

The dipole field resulting from the C-shape of the mag- 
net yoke, superimposed on the main quadrupole field, is 
equivalent to a pure quadrupole field whose center of sym- 
metry is shifted horizontally. This is a well-known feature 
of C-shaped magnets and had been quantified for each of the 
installed ALS quadrupoles during the original magnetic 
measurements [5], leading to individual positioning cor- 
rections for all these magnets. What had not been recog- 
nized at that time was that the magnitude of these shifts 
changes as the magnets are brought from one hysteresis 
branch to the other. 

Once the idea of hysteresis-induced dipole fields is ac- 
cepted, deriving a convincing explanation for the observed 
tune-split effects is straightforward. The dipole fields inside 
the quadrupole gaps give small kicks to the beam, and in 
consequence the beam is offset from its ideal path when it 
passes through the sextupoles in the ring, leading to a 
change in the total focusing strength. A tracking study was 
undertaken to investigate this effect for the case of the QFA 
quadrupole family [6]. In this study, 0.1-mrad kicks were 
applied to the standard beam at all QFA locations, and as a 

result the betatron tunes changed by +0.057 and +0.042 in 
the horizontal and vertical directions, respectively. From 
Fig. 3 one can read that at 403.5 A excitation current, the 
tunes are shifted from their nominal values by +0.064 and 
+ 0.048, respectively. A comparison of orbit distortions 
measured when the QFA family was brought to the lower 
hysteresis branch with simulated distortions from the same 
theoretical study likewise shows a remarkable agreement. 

In the case of the bend magnets, a similar reasoning as 
followed for the quadrupoles, again involving different 
lengths of the flux lines in the return yoke depending on 
where on the pole faces they start and end, leads to the con- 
clusion that even parallel-faced C-shaped dipoles have a 
considerable quadrupole component [7]. If this quadrupole 
component then has a different hysteresis width than the 
main dipole component the observed tune shifts upon 
switching between hysteresis branches could be readily ex- 
plained. 

5 OUTLOOK 

After deriving a convincing explanation for the observed 
tune-split effects the first consequence for operating the 
ALS storage-ring was to painstakingly follow established 
conditioning procedures for all lattice magnets. Secondly, 
because of the ramping option, the working points of all 
lattice-magnets were changed to the lower hysteresis 
branches. As a third consequence, even minute downward 
set-point corrections were prohibited. 

But one effect cannot be tackled in this way, and that is 
the change of vertical betatron tunes caused by variations of 
the insertion-device gap widths. Installation of back-leg 
windings on all quadrupole magnets would be the best solu- 
tion to this problem. Luckily it is not necessary to com- 
pensate the bend magnets for tune-split effects because they 
would not take part in a local tune-compensation scheme 
anyway. 
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A CODE FOR CALCULATING THE TIME EVOLUTION OF BEAM 
PARAMETERS IN HIGH INTENSITY CIRCULAR ACCELERATORS* 

C. H. Kim 
Accelerator and Fusion Research Division, E. O. Lawrence Berkeley National Laboratory 

University of California, Berkeley, California 94720 

Abstract 

Beam emittances in a circular accelerator with a high 
beam intensity are strongly affected by the small angle 
intrabeam Coulomb scattering. In the computer simula- 
tion model we present here we used three coupled non- 
linear differential equations to describe the evolution of 
the emittances in the transverse and the longitudinal 
planes. These equations include terms which take into 
account the intra-beam scattering, adiabatic damping, 
microwave instabilities, synchrotron damping, and 
quantum excitations. A code is generated to solve the 
equations numerically and incorporated into a 
FORTRAN code library. Circular high intensity physics 
routines are included in the library such as intrabeam 
scattering, Touschek scattering, and the bunch lengthen- 
ing effect of higher harmonic cavities. The code runs 
presently in the PC environment. Description of the code 
and some examples are presented. 

I. INTRODUCTION 

For many years ZAP code [1] has been widely used for 
calculating equilibrium beam properties in high intensity 
circular accelerators. The code is conveniently menu- 
driven by an extensive inventory of menus such that the 
user need not have any programming skills. 

In dynamic situations such as in synchrotrons, cal- 
culation of the evolution of beam parameters in a self- 
consistent manner in time is important. The vertical 
beam size is calculated self-consistently by the balancing 
of the damping rate with coupling and intrabeam scat- 
tering (IBS), such that the emittance ratio may be higher 
than the coupling ratio when intrabeam scattering is 
strong. The equilibrium beam parameters can be calcu- 
lated naturally by letting the time run for a few damping 
times. 

Modularization is recommended in modern pro- 
gramming. It is a way of unleashing the power of the 
routines and procedures by making them available (reus- 
able) to other programs written by other users (client). 
The routines should be made as simple as possible (no 
fat). 

Some parts of the ZAP subroutines such as the rou- 
tines for calculating IBS time constants and for Touschek 
lifetime are used in the present FORTRAN library. New 

routines such as for calculating the bunch lengthening ef- 
fect of third harmonic cavities are also added to the li- 
brary. 

Many modern accelerators demand higher beam in- 
tensities and low emittances. We found the code useful for 
evaluating high intensity low emittance circular accelera- 
tors such as the one contemplated for a next generation 
light source [2]. Our calculation showed that addition of a 
third harmonic cavity significantly reduces beam emit- 
tance blow up due to intrabeam scattering and at the same 
time increases beam lifetime. 

A basic description of the code is given in section II. 
Some calculations are compared with measurements in 
section III. The modified version is particularly fast and 
convenient for varying certain parameters and studying 
how other parameters change. One such example is given 
in section IV. 

II. THE TIME DEPENDENCE 

In the present model we used the following three equations 
to calculate the evolution of beam parameters in time: 

dEx _ 
dt SR [£x 
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ßy    dt     y 
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dt rfh -0- 
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ßy    dt      L 
1 

f   IBS SL 
TL 

(1) 

(2) 

(3) 

where ex, ey and zh are the horizontal, vertical, and longitu- 
dinal emittances, T 

SR
 are the radiation damping times, e™1 

are the natural emittances, K is the coupling coefficient, 
and T

IBS
 are the intra-beam scattering (IBS) time constants 

[3]. 
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For low intensity storage rings the beam emittances 
are determined by the synchrotron damping and the 
quantum excitations [4]. which are included in the first 
two terms in the parenthesis on the RHS of equations (1), 
(2), and (3). In this case the emittances reach the equilib- 
rium (natural) state in a few damping times, where the 
final emittance ratio between vertical and horizontal 
emittances is K. The third term represents adiabatic 
damping or growth when the beam energy changes. In 
dynamic situations the vertical emittance is "driven" by 
the actual (not the natural) value of the horizontal emit- 
tance as shown in the second term in the parenthesis of 
equation (2). For low intensity, eL* in equation (3) is in- 
terpreted as eL* = (ap

nal aL 
m) = sL

ml , where a™ is the 
natural energy spread and a™' is the natural bunch 
length. 

For high intensity circular accelerators, the intra- 
beam scattering (IBS) represented by the fourth (the last) 
terms is important. In the final equilibrium state, damp- 
ing is balanced by quantum excitations and growths due 
to IBS. 

If the intensity is above the threshold for the micro- 
wave instability (MWI) the energy spread and the bunch 
length increase above the natural values. In the present 
model this increase is treated in the same way as the 
quantum excitations and the value of eL* in equation (3) 

. *        /      mwi        rawis mwi 
is interpreted as eL = (ap    aL   ) = eL   . 

Equations (1), (2), and (3) are coupled nonlinear 
equations, with tIBS depending on the beam emittances. A 
program is written to solve them numerically and is in- 
cluded in the Circular-High Intensity Physics Code li- 
brary. 

Most of the ZAP subroutines are rewritten into 
smaller modules and incorporated into the code library. 

III. TESTS 

The code was tested by comparing the calculated beam 
parameters with the measured beam parameters in the 
following two experiments. 

In the first experiment, electrons are cooled in the 
ALS booster synchrotron [5] in which the 50 MeV elec- 
trons were injected into the booster, accelerated to 650 
MeV and cooled for about 330 msec, decelerated to 
about 200 MeV, and extracted. The calculated emittances 
agreed well with the measurements within the experi- 
mental errors. 

In the second experiment, the ALS storage ring 
beam sizes were measured at the diagnostics beam line 
[6]. Beam size should grow with current as a result of 
IBS and more rapidly at lower energies where IBS is 
stronger. The beam size at the source point was measured 
indirectly by measuring the spot size of synchrotron ra- 
diation on a scintillator screen. Measurements were done 
at two beam energies, 1100 MeV and 1522 MeV. The 
results are summarized in Figures 1 an 2. 

Figures 1 and 2 shows that beam sizes are larger at 
higher currents compared to the zero current beam sizes. 
Beam size grows more rapidly for 1100 MeV beam. 

Measurement and calculation errors may come from 
several systematic and random sources. Systematic errors 
may be caused by the optical distortion in the diagnostics 
beam line, saturation in the target, calculation of the mag- 
nification, calculated lattice functions, etc., and estimated 
to be about ±10%. Random errors errors from unknown 
sources appear to be about ±10%. Calculated beam sizes 
agree with the measured values within the experimental 
error. 
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Figure 1. Measured and calculated beam sizes in the ALS 
for beam energy of 1100 MeV. Coupling was assumed to 
be 3 %. 
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Figure 2. Measured and calculated beam sizes in the ALS 
for beam energy of 1522 MeV. Coupling was assumed to 
be 1.5 %. 

The source point and the coupling were used as fitting 
parameters for calculating the beam sizes. The source 
point is the point where the beam line meets tangent to the 
electron orbit in the bending magnet. We achieved the best 
fitting if we assume that the source point is at 5.2 meters 
from the center of the straight section where ßx=0.39 m, 
ß =20.6 m, and t|s=0.030 m. The source point could move 
as much as 5 cm if the orbit moved by 10 milliradians, 
which could give us better fittings for the two energies. 
However, it is not likely that we will have such a large 
orbit distortions in ALS [7]. The coupling were as- 
sumed to be 3 % for 1100 MeV and 1.5% for 1522 MeV 
in the calculation. Coupling in ALS is thought to be 
caused by magnet misalignments and orbit distortions. The 
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orbit at 1100 MeV had a larger closed-orbit distortion 
which can explain why the coupling is larger at this en- 
ergy. 

IV. AN EXAMPLE 

In order to illustrate the capability of the code we present 
the following example where the variation of beam pa- 
rameters were studied as functions of the coupling coef- 
ficient. Parametric dependency studies can be done con- 
veniently in "DO-LOOPs". Subroutines, such as the IBS 
routine, can be called in a do-loop repeatedly while other 
parameters can be varied systematically. 

In the present example, the coupling coefficient was 
varied in a do-loop while in each do-loop the time is let 
run for a few damping times to calculate the equilibrium 
emittances, bunch length, and the lifetime for each value 
of the coupling. This calculation also serves a practical 
purpose for improving the ALS beam brightness by re- 
ducing the coupling. The calculation results are summa- 
rized in Figures 3 and 4. 

The calculation was done for the normal ALS oper- 
ating condition with beam energy 1522 MeV, current 
400 mA, and the number of bunches 288. The beam cur- 
rent is just below the measured microwave instability 
threshold of 2 mA per bunch [8]. The half bucket height 
was assumed to be 2.67 % and v„ = 0.0076. 
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Figure 3. Horizontal and vertical emittances are plotted 
as functions of the coupling coefficient. The differences 
between the zero current and the 400 mA plot are due to 
the intrabeam scattering. 

Some physics can also be learned. As the coupling 
coefficient becomes very small (K < 0.1 %), the vertical 
emittance decreases until the IBS rate becomes large 
enough to balance the radiation damping rate. The in- 
creased intrabeam scattering rate will, in turn, cause the 
horizontal emittance and the bunch length to grow dra- 

matically and reduce the beam lifetime as shown in Fig- 
ures 3 and 4. 

If there was no coupling (only a theoretical possibil- 
ity), beam parameters equilibrated at the following values: 
E = 1.1 x 10  m -Rad, ey = 4.2 x 10" m - Rad, 
mm, and rjp = 0.0009, vertical tune shift = 0.011, 
beam lifetime of 40 minutes 
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Figure 4. Bunch length and beam lifetime as functions of 
the coupling coefficient. 

V. SUMMARY 

A FORTRAN code library for circular high intensity 
physics is created which is used for calculating evolution 
of beam parameters in time in a self-consistent manner in 
the presence of strong intrabeam scattering. We have 
compared the calculated values using the library with ex- 
perimentally measured values with good results. 

The   code   runs   in   the   PC   environment   using 
FORTAN90 in the Microsoft Development Studio®. 
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MEASUREMENT OF STORAGE RING MOTION AT THE 
ADVANCED LIGHT SOURCE* 

Gary F. Krebs, E.O. Lawrence Berkeley National Laboratory, Berkeley, California 94720, U.S.A. 

Abstract 

The mechanical stability of the Advanced Light Source 
storage ring is examined over a period of 1.5 years from 
the point of view of floor motion. The storage ring beam 
position monitor stability is examined under various 
operating conditions. 

1 INTRODUCTION 
The Advanced Light Source (ALS) at the E.O. 

Lawrence Berkeley National Laboratory is a third 
generation synchrotron x-ray source0'. The ALS, shown 
schematically in Figure 1, has a 50 MeV LINAC and a 
1.5 GeV booster and 2.1 GeV storage ring. 

monuments are measured with theodolites and 
mekometers, respectively, to determine their coordinates 
relative to an arbitrary chosen origin. Magnet positions 
around the 12 sectors of the storage ring are then 
referenced and aligned to the monuments. Some 200 
storage ring magnets are mounted on a system of 12 
moveable sector girders such that after initial alignment 
on the girder, future storage ring alignment can be 
achieved by aligning the girders alone. 

Since September 1995 storage ring monument 
elevation surveys have been carried out nearly every 
month in an effort to characterize floor, and hence nearby, 
magnet/girder motion. Monument elevations were 
measured with 30 -um accuracy. The changes in elevation 
of the 36 storage ring monuments are shown in Figures 
2a-2d from the period September 1995 to March 1997. We 
find the storage ring monuments have dropped in elevation 
as much as 1.2 mm in sectors 6 and 7, see Figure 2d. 
Over the period represented in Figure 2a-d, a great deal of 
floor loading has occurred. Insertion devices weighing 30 
tons each, were added to the storage ring in sectors 9 and 5 
in 5/94 and 4/96, respectively. In Figure 2a,2d we observe 
a characteristic drop followed by a rise in monument 
elevations during the rainy winter months. In Figures 3a- 
3d the average of each sectors three monuments elevations 
is shown over the same time period. Sectors 10 and 11 are 
the most stable sectors as shown in Figure 3d. 
Operationally, the storage ring requires smoothness 
magnet-to-magnet to function optimally. Since the 
magnets were aligned on their girders relative to their ideal 
position to within 150 |i.m and remain stable, what 
remains is to maintain girder-to-girder smoothness as floor 
motion occurs. Figure 2a-d 

=f=?0 

Figure 1: The ALS accelerators system 

To produce a stable and bright electron beam, long term 
mechanical alignment and stability of the magnets over 
the 200 m circumference storage ring must be maintained. 
In order to track the electron beam, a system of over 100 
Beam Position Monitors (BPM) are mounted in the 
storage ring vacuum chambers. Characteristics of the 
storage ring motion and vacuum chamber BPM motion 
have been measured and are presented in this paper. 

2 STORAGE RING MOTION 
To accomplish accurate alignment of the storage 

ring magnets, a reference network of 36 monuments was 
created. The monuments are imbedded in an 18 inch thick 
concrete   floor.    The   angles   and   distances   between 

400- 

w I 0- 
/ 

s~* J§Q 
»K 

e o ^ 
/7 

E   -600- /'"' 

_J B—    1/11/96 

5-    2/20/96 

ri—   3/18/96    _ 1 
sector number 

Figure 2a: Elevation changes around the storage ring 
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shows the smoothness monument-to-monument and, by 
extension, girder-to-girder to be typically better than 100 
|im. A system of beam position corrector magnets around 
the storage ring can correct for girder-to-girder 
misalignments up to a few hundred microns. As the beam 
corrector magnet field limits are approached, the storage 
ring must be realigned. 
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3  BEAM POSITION MONITOR MOTION 
The BPM allow accelerator operators to track the 

electron   beam   through   the   magnet   lattice,    make 
corrections and compare the electron beam location to 
various influences and models. Beam stability is affected 
by many different parameters. Here at the ALS we have 
found such things as overhead crane usage, earthquakes and 
air temperature stability inside the storage ring tunnel to 
be some of the influences effecting the trajectory of the 
electron beam(2). In addition to real motion of the electron 
beam, there is also 'false beam motion' that occurs when 
the BPM themselves move. Since the BPM are assumed 
fixed in location, this effect appears as beam motion. The 
BPM are located inside the storage ring vacuum tanks 
which are mounted in an overconstrained mode directly to 
the sector girders. Measuring the motion of the BPM 
relative to the girder was carried out using 1 um precision 
dial indicators0'. The motion occurs due to heating of the 
vacuum  chamber   from   synchrotron   light   and   stray 
electrons. Figure 3 shows the motion the BPM undergoes 
during routine operation of the storage ring. A typical 
storage ring cycle lasts about 4 hours and begins with 
filling the ring to about 400 ma of electrons. During this 
process heating of the vacuum tank is at its maximum. 
Over the cycle period, the electrons decay down to about 
200 ma. At this point the heating is at a minimum. The 
temperature change produces maximum 15 urn horizontal 
and 8 urn vertical position changes in the BPM location. 
Aside from the initial filling process, the change in BPM 
position is about 4 um/hr horizontally  and  1   |im/hr 
vertically. The effect is clearly seen in Figure 4 where a 
24 hour time period is covered and 3 fills or cycles of the 
storage ring occur. 
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The baseline for this heating and cooling cycle is affected 
by the air temperature inside the storage ring tunnel. 
Temperatures inside the tunnel are usually maintained to 
within ± 0.5 °C. (Changes in temperature inside the 
storage ring tunnel affect the length and orientation of the 
storage ring and produce real beam motion which is far 
larger (100-500 um) than this effect. At the end of a 
weekly operation cycle as the storage ring is routinely 
shut down for preventive maintenance, we see the 
horizontal and vertical positions relative to the girder 
change as much as 30 um. When the machine is brought 
back on, a similar motion occurs in the opposite 
direction. This stabilization period typically lasts about 8 
hours. Electrically the BPM are considered to be repeatable 
to £5 um(4). However, such inherent electrical accuracy 
may be unnecessary when the mechanical stability of the 
BPM is far larger. 

4 CONCLUSIONS 
Monitoring the alignment of third generation synchrotron 
storage rings is important in order to maintain a high 
quality electron beam. Periodic realignments are typically 
required approximately every 24 months at the ALS. In 
determining the electrons position in the storage ring 
many factors affect the repeatability of the BPM. 
Mechanical stability due to electron beam effects are 
important when considering the overall accuracy of the 
ALS storage ring BPM system. 
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MEASUREMENT OF THE RADIATION INCIDENT ON ALS NdFeB 
PERMANENT MAGNET INSERTION DEVICE STRUCTURES AND 

A DETERMINATION OF THEIR LIFETIME* 

Gary F. Krebs and Michael Holmes 
E.O. Lawrence Berkeley National Laboratory, Berkeley, California 94720, U.S.A. 

Abstract 
Measurements of the radiation incident on ALS 

insertion device NdFeB permanent magnet structures were 
carried out using thermoluminescence dosimeters. A 
plastic scintillator gamma telescope was utilized to 
unravel the various contributions to the integrated dose. 
Magnet lifetimes were calculated for various operational 
conditions. 

Y-tetetcope 

Magnet poles 

1 INTRODUCTION 

The Advanced Light Source (ALS) (1) at the 
Lawrence   Berkeley   National   Laboratory   is   a   third 
generation electron accelerator that produces photons in 
the   10   eV-10   keV   range.   The   descriptive   "third 
generation" is given to light sources with low beam 
emittance  incorporating   insertion   devices  to   produce 
extremely bright x-ray beams. The ALS is composed of a 
50 MeV LINAC, a 1.5 GeV booster and a 1.9 GeV 
storage ring. The 200 m circumference storage ring has 
12-fold symmetry and 10 available straight sections for 
insertion devices. Presently, the ALS storage ring has 
five insertion devices in operation (two more to be added 
in 1997-8) whose magnetic structures are fabricated from 
NdFeB permanent magnets. These devices have anywhere 
from 38 to 178 alternating North -South poles on either 
side of a vacuum chamber. Near the storage rings electron 
beam   the   radiation   level   is    mainly    due    to    y 
brehmsstrahlung(2). Since the x-ray brightness produced 
by  the insertion  devices  will   degrade  with   loss   of 
magnetization, the stability of the permanent magnets to 
radiation exposure is of paramount importance. A number 
of studies have been carried out to measure the change in 
magnetic properties of NdFeB(2"10)  and SmCo(2'46) due to 
radiation    exposure.    We    have    exposed    over   400 
thermoluminescence  dosimeters   (TLD)   under   various 
beam conditions  to   determine  the   magnitude   of y- 
radiation incident on  the   insertion   device  permanent 
magnets and have utilized a gamma telescope to help 
unravel the source of the integrated dose measured by the 
TLD. 

Figure 1: ALS insertion device showing coordinate 
system, vacuum tank, TLD and y-telescope 

2 MEASURING THE RADIATION DOSE 

In this study we used TLD composed of Li2B407. The 
TLD were calibrated using a 137Cs irradiator over the range 
0.04 Gy to 120. Gy(11). The dose measured by a TLD 
reader(12) was consistent with the dose given the TLD by 
the 137Cs source to within 7 %. TLD were placed on top 
of the storage ring insertion device vacuum chamber and 
on the bottom poles of the insertion device, see Figure 1. 
Two types of insertion device vacuum chambers with 
different vertical gaps are utilized in the ALS storage ring. 
The vertical distances from ideal beam center to the inside 
surface of the vacuum chambers are 5 mm and 9.5 mm 
for the small gap and large gap chambers, respectively. 
(Horizontal clearances are much larger.) For the small gap 
vacuum chambers, the TLD were located 7 mm above and 
95 mm below beam center. The position above the 
vacuum chamber corresponds to the location of the 
insertion device permanent magnets during a typical 
running mode while at the highest magnetic field. The 
position of the TLD below the vacuum chamber 
corresponds to the location of the permanent magnets at 
maximum gap during the refilling phase of the storage 
ring. 

3 RESULTS 

Table I lists the integrated dose received by a 
series of TLD placed along the length of the insertion 
device vacuum chamber (small gap) above and below the 
electron trajectory. The coordinate system u,v,w is shown 
in Figure 1 where the origin is taken to be the entrance to 
the vacuum chamber. The irradiation occurred over 26.679 
amp-hours   with   an   electron   energy   of   1.5   GeV. 
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Table I: TLD doses at 1.5 GeV 
TLD# u [mm] v [mm] w [mm] Dose [Gy] 

1 0 7 70 35 

2 0 7 236 133 

3 0 7 390 134 
4 0 7 550 112 

5 0 7 710 109 

6 0 7 870 98 

7 0 7 1030 104 

8 0 7 1350 102 

9 0 7 1590 111 

10 0 7 1990 134 

11 0 7 3110 123 

12 0 7 3430 123 

13 0 -95 236 31 
14 0 -95 390 38 
15 0 -95 550 38 
16 0 -95 710 48 

17 0 -95 1350 42 

18 0 -95 1990 49 
19 0 -95 3111 55 
20 0 -95 3430 52 

21 100 7 550 39 
22 -20 120 390 2 

At 1.5 GeV, the highest doses measured on the 
TLD for the insertion device gap closed position were 
typically 134 Gy for a period of one week (26.667 amp- 
hours). In the insertion device gap open position, the 
highest doses measured were about 55 Gy. 
Shown in Table 2a,b are the doses received at an electron 
energy of 1.9 GeV for 24.7 amp-hours and for 4.7 amp- 
hr, respectively. 

Table 2a: TLD doses at 1.9 GeV (24. 7 amp-hr) 
TLD#    u [mm]    v [mm]      w [mm]   Dose [Gy] 
23         0 7 70 17 
24         0 7 390 124 
25          0 7 870 109 
26         0 7 1590 119 
27          0 7 1990 102 
28          0 7 3430 102 
29          0 -95 390 38 
30         0 -95 710 45 
31          0 -95 1990 34 
32         0 -95 3430 43 
33         -20 120 390 0.2 

Table 2b: TLD doses at 1.9 GeV (4.7amp-hr) 
TLD#    u [mm] v [mm] w [mm] Dose [Gy] 

34         0 7 70 6.0 

35         0 7 390 72 

36         0 7 870 39 
37         0 7 1590 24 

38         0 7 1990 25 

39         0 7 3430 68 

40 0 -95 390 9.0 
41 0 -95 710 10 
42 0 -95 1990 10 
43 0 -95 3430 17 
44 -20 120 390 5 

At 1.9 GeV, the highest doses measured on the 
TLD for the insertion device gap closed position were 
typically 124 Gy for a period of one week (24.7 amp- 
hours). In the insertion device gap open position, the 
highest doses measured were about 45 Gy. 
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Figure 2: Dose at various positions 
inside the insertion device 

From inspection of Table 2a and Table 2b it can be seen 
that the dose received by the TLD does not scale directly 
with amp-hours. This is because the dose received also 
depends on the number of storage ring fills occurring for 
each integrated irradiation as well as the electron beam 
emittance. During the electron ring 10-15 minute 
refilling process a much higher dose/min. is collected by 
the TLD than during the normal 240 min. running 
period. Figure 2 shows a typical relationship between the 
normalized dose recorded on a TLD versus angle to the 
TLD (measured relative to the insertion device vacuum 
chamber entrance). The dose has been normalized to amp- 
hours-steradians. 

A series of experiments were also carried out 
with one insertion device that uses a large gap vacuum 
chamber. We found the radiation incident on the 
permanent magnets of the large gap chamber insertion 
device was approximately 100-120 times less than for the 
small gap chambers due to the larger minimum gap 
available to the magnets. 

To determine the contribution to the integrated 
dose from the running period and the refilling period 
separately, we utilized a gamma telescope. This telescope 
was composed of two scintillator photomultiplier 
'paddles' whose output signals, when in coincidence with 
each other during a 10 ns gate, produce a single signal 
count. The scintillator was 0.25 in. thick x 2 in. x 2 in. 
NE 102 plastic and the photomultiplier tube RCA 8575. 
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Figure 3 
l.Insertion device gaps open 5. Ramp from 1.9 tol.5 GeV 
2.Ramp 1.5 to 1.9 GeV 6.Running mode begins 
3.Injection process begins 7.   Insertion   device   gaps   closed 
4.Beam stacking 8. Beam lines opened 

We were able to place the telescope about 10 cm from the 
electron beam in horizontal plane as shown in Figure 1. 

We recorded the number of coincidence counts during the 
electron ring filling process and running period as shown 
in Figure 3. We found the average ratio (counts during 
refilling/counts during running) for the full running and 
refilling periods was 1.0 when running 1.5 GeV electrons 
but rose to 2.5 when running 1.9 GeV electrons. As 
shown in Figure 3, part of the contribution from the 
refilling process occurs when the energy of the stacked 
electrons were ramped from 1.5 GeV to 1.9 GeV. 

Since the insertion device gaps at the ALS are always 
opened during the refilling process, and if we assume the 
insertion device gaps are fully closed during normal 
running, the actual dose seen by the permanent magnets 
when running in the 1.5 GeV mode is about 
134 Gy/wk(l/2)+55 Gy/wk (1/2) = 95 Gy/wk. 
For 1.9 GeV electrons the average ratio resulted in a dose 
of 
124 Gy/wk (l/3.5)+45 Gy/wk (2.5/3.5) » 68 Gy/wk. 
Previously, an estimate of the useful lifetime of the ALS 
insertion devices magnets was based on a loss of 
magnetic remanence of 0.5% (7). This loss was found to 
occur when the magnets were subjected to a dose 
equivalent of 8.5X104 Gy. The number 8.5X104 Gy is a 
worst case value with an error estimated at 25%. Making 
various operational assumptions a useful magnet lifetime 
was calculated to be about 85 years. Several assumptions 
made in determining that lifetime, though reasonable at 
the time, are now know to be incorrect. If we estimate the 
storage ring is in operation 37 weeks/year, the lifetime, 
T, of the insertion device magnets under current operating 
conditions is about: 

at 1.5 GeV, 
T,.5 = 8.5X104Gy / [(37wk/yr)*(95 Gy/wk)] = 24.2 yr. 
at 1.9 GeV, 
T19 = 8.5X104Gy / [(37wk/yr)*(68 Gy/wk)] = 33.8 yr. 
If the gaps are closed during storage ring injection, the 
lifetime would be only about 17 years and 18.5 years for 
1.5 GeV and 1.9 GeV operation, respectively. This result 
points clearly to the need for fully opening the ALS 
insertion device gaps during the short refilling period in 
order to minimize the radiation incident on the permanent 
magnets. In addition, when beam dumping is required, the 
insertion device gaps should also be opened to minimize 
the radiation damage to their magnets. Improving 
operation conditions, such as increasing the injection 
efficiency may further mitigate the radiation damage and 
increase the lifetime of the insertion devices. 
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GLOBAL BETA-BEATING COMPENSATION OF THE ALS W16 
WIGGLER 

D. Robin *K J. Safranek**, W. Decking**, and H. Nishimura** 
^Lawrence Berkeley National Laboratory, Berkeley, CA 94720 

*Brookhaven National Laboratory, Upton, NY 11973 
Abstract 

The W16 wiggler is the first wiggler and highest field inser- 
tion device to be installed in the ALS storage ring. When 
the gaps of the W16 wiggler are closed, the vertical tune in- 
creases by 0.065 and the vertical beta function is distorted 
by up to ±37%. There are 48 quadrupoles in the ring whose 
fields can be adjusted individually to restore the tunes and 
partially compensate the beta-beating. In order to adjust the 
quadrupole field strengths to accurately compensate the fo- 
cusing, it is necessary to have a method to precisely deter- 
mine the beta-beating. In this paper we compare measure- 
ments of the induced beta-beating using two methods: mea- 
suring the tune dependence on quadrupole field strength 
and fitting a lattice model with measured response matri- 
ces. The fitted model also allows us to predict quadrupole 
field strengths that will best compensate the beta beating. 
These quadrupole field strengths are then applied and the 
resultant beta-beating is measured. 

1    INTRODUCTION 

The W16 wiggler is a high field insertion device that 
produces intense X-ray radiation for the study of protein 
crystology[l]. The wiggler has 19 periods each 16 cm 
in length—thus the name W16. The peak magnetic field 
strength, Bo, of the wiggler is dependent upon the vertical 
gap between the poles which can be mechanically adjusted 
from a maximum gap of 210 mm (B0 « 0 T) to a minimum 
gap of 14 mm (Bo = 2 T). For the most part, when in use, 
the wiggler will be set to 14 mm and when not in use and 
also during injection it will be set to 210 mm. 

The W16 causes vertical focusing. When closed to its 
minimum gap of 14 mm, it is the strongest focusing in- 
sertion device in the ring. This has several deleterious 
effects. The first effect is that the vertical focusing in- 
creases the vertical betaton tune by 0.065, shifting the tunes 
relative position to the coupling resonance which causes 
the vertical emittance and thus the vertical beam size to 
change. The second effect is that the focusing produces an 
oscillatory distortion of the vertical beta-function that is as 
much as ±37% of the "unperturbed" beta-function. Due 
to this "beta-beating", the vertical beam size changes by as 
much as ±17% from its nominal size. The third effect is 
that the vertical focusing perturbs the ring's natural 12-fold 
symmetry causing many previously suppressed structural 
resonances to become excited [2], These resonances can 

* This work was supported by the Director, Office of Energy Research, 
Office of Basic Energy Sciences, Materials Sciences Division of the U.S. 
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shorten the beam lifetime, limit the "stable" region of the 
the tune plane and alter the beam size and shape[2,9]. 

Previous theoretical studies [3, 4, 5] have examined the 
effect of the wiggler and undulator focusing on the dynam- 
ics of the electron beam. The conclusion of these studies 
can be sumarized as follows: The focusing of the wiggler 
can not be locally compensated in the ALS. However, there 
exist 48 quadrupoles (24 QF and 24 QD) whose fields can 
be independently adjusted in order to partially compensate 
the wiggler focusing. Unfortunately, even with all these 
quadrupoles, it is still not possible to completely compen- 
sate all the focusing effects simultaneously. In particu- 
lar one study [5] showed if the quadrupoles are adjusted 
to minimize the beta-beating, than the dynamic aperture 
shrinks. Nevertheless from an operational standpoint, com- 
pensating the beta-beating is a desirable condition if the re- 
sulting dynamic properties of the ring are acceptable. 

To effectively compensate beta-beating in practice it is 
necessary to have a way to experimentally measure the ef- 
fect of the wiggler, predict how the quadrupoles should be 
adjusted, and then experimentally confirm that the com- 
pensation has been achieved. In this paper we present a 
method for compensating the wiggler and its realization for 
the W16. This is also being used for Brookhaven National 
Laboratory's VUV ring [6, 7]. We show that the beating is 
reduced from ±37% to less than ±10% everywhere with 
the exception of 10 meters on either side of the wiggler. 
We also show that beta-beating as determined by fitting or- 
bit response matrices is in very good agreement with mea- 
surements of the beta-beating made by varying individual 
quadrupole fields and measuring the change in the tune. 

2   METHOD AND RESULTS 

To compensate beta-beating in the ring we rely upon fitting 
a magnetic lattice model (COMFORT[8]) to measured orbit 
response matrix data using the code LOCO [6]. The orbit 
response matrix (sometimes called the sensitivity matrix), 
R, relates changes in steerer magnet currents to changes in 
the orbit at the beam position monitors (BPM). Parameters 
in the model, quadrupole gradients, BPM gains, corrector 
gains, and so on, are adjusted to minimize the difference, in 
a least squares sense, between measured orbit response ma- 
trix and one generated by the model. The general method 
for fitting measured response matrices is described in more 
detail in other papers[6, 9, 10]. 

2.1   wiggler gap open 

Figure 1 outlines the steps we take to globally compen- 
sate the beta-beat. First the machine model is calibrated 
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Adjust quadrupole gradients at all 
quadmpoles, k 0 in model to fit Ri s 
Adjust quadtupole gradients in all 

sextupoles, ks in model to fit R2 
-> 

3.(a) 

3.(b) 

Adjust wiggler's quadrupole-like 

gradient, kw in model to fit R^ 

Keeping sextupole gradients fixed to k$ 

and starting from k0 

Adjust the 48 quadrupole gradients, 

3 k 04J. in model to fit R, 

Adjust the 48 quadrupole gradients, kt 

in model to fit /?4, keeping sextupole 

gradients fixed to jfc^, wiggler gradient 

fixed to k w and starting from k Q 
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ks 

Mi[kQ,ksj 

kw 
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Figure 1: Steps necessary to measure and fit the beta- 
beating with measured orbit response matrices. 

in the case where the gap is at 210 mm. This is done in two 
steps. The first step is to measure and fit an orbit response 
matrix, Ri, with the sextupole magnetic fields set to zero 
(step 1 in Figure 1). The matrix is fit and the individual 
quadrupole gradients, ISQ, are determined. The second step 
is to turn the sextupole magnets on and remeasure the re- 
sponse matrix, i?2. Sextupoles have a quadrupole gradient 
that is proportional to the orbit offset in the sextupole. So 
this second response matrix is fit by adjusting quadrupole 
gradients, ks, placed at the location of the sextupoles (step 
2 in Figure 1). Now a calibrated model, M\{k,Q,ks), for 
the machine exists. 

With this calibrated model, the beta-function can be 
computed at any position around the ring. The solid line 
in Figure 2 is a plot of relative deviation (in percent) of the 
vertical beta-function in the real machine from the beta- 
function in an ideal machine, Aßy/ßy. As the figure indi- 
cates, the beta-beating is very small—less than ±2%. (This 
small beta-beating is a result of earlier work with LOCO [9] 
where normal lattice errors were compensated.) 

An independent measurement of the beta-beating is 
made by changing the field of the 24 QD magnets one- 
by-one while simultaneously measuring the change in the 
betatron tune. The change in tune is proportional to the 
change in field multiplied by the beta-function! 11], 

Au, yi -   47r AfC(i, (1) 

where Avyi is the change in the vertical betatron tune due 
to the ith QD quadrupole, ßyi is the vertical beta-function 
at the ith QD quadrupole, and Ahn is the change in the 
ith QD quadrupole's integrated field strength. The result 
of this measurement is plotted as crosses (+) in Figure 2. 
The two beta-beating measurements agree to within a few 
percent. 

Figure 2: Relative vertical beta-beating verses longitudinal 
position in the case where the wiggler gap is opened. 

2.2   wiggler gap closed 

Next the gap of the wiggler is closed and a new orbit re- 
sponse matrix, R3, is measured. This new matrix is fitted 
in two different ways. The first fit is to determine the in- 
duced beta-beating of the wiggler (step 3(a) in Figure 1). 
This is done by including a thin-lens model of the wiggler 
in the lattice model and adjusting its field strength, kw, to 
fit R3. The resulting beta-beating is calculated and plotted 
in Figure 3. As seen in Figure 3, the beating is as large as 
±37%. The beating has a cusp at the location of the wiggler 
and oscillates at twice the tune (z/y=8.18). The tuneshift 
measurements are also plotted (+) and again there is good 
agreement. 

100   120   140   160   180 
S[m] 

Figure 3: Relative vertical beta-beating verses longitudinal 
position in the case where the wiggler gap is closed. 

2.3   compensation of the wiggler 

Now it is necessary to determine how the quadrupoles need 
to be adjusted in order to best compensate the beta-beating. 
In particular the objective is the following: When the wig- 
gler gap is at 14 mm and the quadrupoles are adjusted, the 
resulting measured orbit response matrix, R4, should be as 
similar as possible to the orbit response matrix measured 
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before the quadrupoles were adjusted and the wiggler gap 
is at 210 mm, R2. This is done in the following way (step 
3(b) in Figure 1). Starting from Mi(kq, ks), LOCO fits R3 

by adjusting the gradients of the 48 quadrupoles instead of 
the wiggler. Now one has a new calibrated model of the 
ring without the wiggler where AfcQ48 has been added to 
the initial gradients,^, in order to simulate the focusing 
effects of the wiggler. Therefore to compensate the focus- 
ing of the wiggler, one needs to subtract AkQ48 from /CQ in 
order to best restore the matrix, R2. 

The fit resulted in quadrupole changes shown in Figure 
4. There are two quadrupoles, QD7 and QD10, that have 
the much larger gradient changes than the others. These 
quadrupoles are not immediately next to the wiggler which 
is located between QD8 and QD9 but are the next nearest 
QDs. 

V o : 
£  1 

J WIGGLER LOCATION 
1 Change In QF gradient 

' Change In OD gradient 

i^fcJfr ui^j^V»il- *- *Q^ 

1    2   3    4    5   fi    7    8 <i   10 11   12 13   14 IS 16 17 18 19 20 21 22 23 24 
Quadrupole Number 

Figure 4: Experimentally determined quadrupole changes 
that will minimize the beta-beating generated by the wig- 
gler -Aku/hi. 

The quadrupole magnets are adjusted by -Aku and a 
new response matrix, R4, is measured with the gap at 14 
mm. Then #4 is fit by adjusting the 48 quadrupoles and a 
new calibrated model is created (step 4 in Figure 1). The 
resultant beta-beating is displayed in Figure 5. 
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Figure 5: Relative vertical beta-beating verses longitudinal 
position in the case where the wiggler focusing is compen- 
sated. 

From the plot one sees that the beta-beating is less that 
±10%, with the exception of ±10 m on either side of the 
wiggler where the distortion is ±50%. In other words the 
beta-beating is large between QD7 and QD10 and small 

outside. 
The reason that we are unable to eliminate the beta- 

beating between QD7 and QD10 has to do with the differ- 
ence in phase advance between the wiggler and QD8 and 
QD9 which is A<f>(s) = ±43°. In general, if there is a 
change in gradient, Aki, then the resultant beta-beating is 
[11] 

Aßy{S)    _       Aklßyjs) 
ßy(s)       2sm(2-Kuy) 

cos(2A0(s) - 2-KVy)).      (2) 

where s is the longitudinal coordinate. Because the 
beta-beating oscillates at 2<f>(s) these quadrupoles are at 
2A<f>(s) = ±86° away in beta-beat phase. Since the 
phase is so close to 2A^>(s) = ±90° from the wiggler 
they are orthogonal and thus virtually useless for correct- 
ing the wiggler generated beta-beat. The next quadrupoles 
QD7 and QD10 which have a betatron phase advance of 
A(j)(s) = ±200° to the wiggler are not orthogonal and can 
effectively correct the beta-beat. 

3 CONCLUSION 

We presented the results for measuring the beta-beat from 
the W16 wiggler. Without correction the induced beta- 
beating by the wiggler is as large as ±37%. With correction 
the beta-beat is reduced to less than ±10% everywhere ex- 
cept in the immediate vicinity of the wiggler. In all cases 
the beta-beating as determined by the calibrated model is 
in good agreement with the measured tuneshifts. 
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CROSSED ELLIPTICAL POLARIZATION UNDULATOR 

Shigemi Sasaki, Ross Schlueter, and Steve Marks 
Lawrence Berkeley National Laboratory 
1 Cyclotron Road, Berkeley, CA 94720 

Abstract 

The first switching of polarization direction is possible by 
installing two identical helical undulators in series in a 
same straight section in a storage ring. By setting each 
undulator in a circular polarization mode in opposite 
handedness, one can obtain linearly polarized radiation 
with any required polarization direction depending on the 
modulator setting between two undulators. This scheme 
can be used without any major degradation of 
polarization degree in any low energy low emittance 
storage ring. 

1 INTRODUCTION 

There are increasing demands among the 
synchrotron radiation users for utilizing not only the 
circularly polarized radiation, but also the linearly 
polarized radiation with fast switching of polarization 
directions. 

An elliptical polarization undulator (EPU) is 
planned to be installed in the storage ring of Advance 
Light Source (ALS) [1]. Similar devices are also planned 
for other third-generation synchrotron radiation facilities. 
Those devices have a capability of generating both 
circularly polarized radiation and linearly polarized 
radiation by mechaninally changing the magnet phases. 
However, it is very difficult to change the polarity 
quickly due to the magnet motion mechanism. One 
possible solution to achieve the fast switching of 
polarization direction is to install two identical EPUs in 
series with an electromagnetic modulator in a same 
straight section of storage ring. The concept of crossed 
undulator was originated by Kim in order to produce 
various polarization states including elliptical polari- 
zation with two planar undulators [2]. A similar 
approach is used for analyzing a crossed EPU. 

Assume the first EPU is set in a circular polarization 
mode with right-handedness, and the second is set in the 
mode with left-handedness. If an electron passes through 
the system of two EPUs with the setting mentioned 
above, the polarization vector of radiation is written as : 

->- 4i 
-r.'X). (1) 

Here e (ej is the complex orthogonal unit vector of left 
(right) handed circular polarization [3]. The combination 

of right hand circular polarization and left hand 
polarization with the phase difference <j> results in a linear 
polarization. The direction of polarization depends on 0. 
For example, the polarization direction is horizontal 
(vertical) when <j> equals to zero (n). 

As described in ref. 2, the phase <j> can be changed 
by changing the path length of the electron between the 
two undulators. An electromagnetic modulator can be 
used for the rapid change of phase [4]. 

2 ANALYSIS 

Figure 1 is a schematic drawing of the 
proposed system. The system consists of two identical 
EPUs, one of which is set in a opposite magnet raw phase 
from the other. For simplicity, the magnetic field of each 
undulator is assumed to be perfectly helical and the field 
of a single period (A^,) modulator is assumed to be 
sinusoidal. 

Let's assume that the first undulator EPU1 is set in a 
right hand circular polarization mode, and the second 
undulator EPU2 is set in the oposite. The wavelength of 
fundamental radiation peak in the forward direction is 

4 = ^(1 + **). O) 

where Au is the magnetic period length, y=Elmc2, and 
K=eB0?iJ2nmc=93AB0[TW[m]. (3) 
Here, B0 is the magnetic field, e and m are electron charge 
and mass, respectively. 

EPU1 Modulator EPU2 

» i i .'.'.'.' n r ■' '  ' ' ' x ■  ' 

NXn 

& 
XM6" 

'I    'I    'I 

NK 

Figure: 1 Schematic drawing of the crossed EPU. 

In this system the phase <j> in Eq. 1 is: 

,    In ( 
NAL + ALM + 

D \ 

If (4) 
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Here, AL is the path difference between an electron and a 
photon in the undulator, ALM is that in the modulator, and 
D is the distance between two undulators, respectively. 
Since the fields are helical in undulator and sinusoidal in 
modulator, one can obtain the phase <j> using the relation 

in Eq. 2 as follows: 

?iM(\ + K2
M/2) + D 

If 

= 2K N + - 
A„(i+r) 

(5) 

Here, 

KM=93ABM[T)U™l (6) 
where Bu is the peak magnetic field of modulator. In 
order to change the phase, one has to change the distance 
D mechanically or change KM

2 by changing the magnetic 
field of modulator. 

4 EXAMPLES 

The Advanced Light Source (ALS) is a low 
emittance, low energy storage ring. It is operated at an 
electron energy 1.5 GeV, and the natural emittance is 4 
nm-rad. The beam divergence in a straight section for 
insertion device is 1.9xl0"5 rad. The energy spread of 
electron beam is smaller than lxlO'3. 

An EPU which will be installed in ALS has the 
period length of 5 cm, and the number of period N is 37. 
The achievable maximum K value is 2.5. If we construct 
the proposed system with two identical EPUs in a same 
straight section of ALS, r\ in Eq. (8) is 40 by assuming \ 
= Au and D = 2AU. In our case, the second term in Eq. (9) 
is negligibley small. Therefore, the polarization is witten 

as: 
f 

P = l- 807T 
7 °e 
l + K2 

\ 
(10) 

In table 1, parameters of example system and the 
resulting polarization are listed. 

3 DEGREE OF POLARIZATION 

In an actual storage ring, electron beam has a finite 
emittance so that some electrons in the beam travel with 
angular divergence and energy deviation. If the angular 
distribution of electrons is Gaussion, the mean square 
phase deviation is written as: 

(7) 

where ö\ =((AA)
2
^, ö\ =((ö2))> & is *e ideal 

phase given by Eq. 5, and 

rj=N + —^- . (8) 

By using Eq. 7, the degree of resulting polarization is [2]: 

27tri 
2     2   \2 

\ + K2 (9) 

As one can see from Eq. (9), the degree of polarization 
decreases when a% is large due to the large energy spread 
of electron or large band width of monochromator. 
However, the degradation is much serious due to the third 
term in Eq. (9). Therefore, this scheme cannot be used for 
high energy or high emittance storage ring. 

Table 1 
ALS and EPU parameters 
E[GeV] 1.5 
CT9[rad] 1.9xl0"5 

OJA[%] 0.08 
N 37 
AJcm] 5.0 
AJcm] 5.0 
K 1.0 2.5 
A,[nm] 5.8 10.15 

e[eV] 214 122 
Pf%l 84.7 98.8 

The degree of polarization is 98.8% at assumed 
maximum K value of this system. 

5 DISCUSSIONS AND CONCLUSIONS 

A proposed crossed EPU system can be used in 
photon energy ranges below 200 eV with reasonably high 
polarization degree. Although this system can be used 
above 200 eV by selecting a K value smaller than 1, the 
degree of polarization decreased rapidly when K 
approaches to zero. For the purpose of higher 
polarization degree in lower photon energy range, a 
longer magnetic period length and smaller number of 
period are recommended. It can be achieved with the 
cost of reduction of peak brightness. 

An advantage of the proposed device is that one 
can obtain a purely monochromatic radiation with no 
higher harmonics on axis. The reason is that the radiation 
from each undulator is a circularly polarized radiation 
with no higher harmonics. 

A fast switching of polarization direction can be 
achieved by using an electromagnetic modulator. 
Alternating switching between horizontal and vertical 
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ACCELERATOR CONTROL SOFTWARE CONSTRUCTION 
BASED ON SOFTWARE OBJECT COMPONENTS' 

C. Timossi, H. Nishimura, Lawrence Berkeley National Laboratory, Berkeley, CA 94720, USA 

Abstract 

We will be presenting the results of a recent effort on the 
use of software object components for software 
construction for the Advanced Light Source control 
system [1]. Components are written for Win32 for low- 
level access both to the current control system and to 
EPICS [2] Channel Access, and for higher level physics 
tools. We will discuss the merit of the component-based 
approach based on our experience with several examples. 

1 BUILDING ACCELERATOR APPLICATIONS 

Much work has been done at the ALS to provide object 
oriented class libraries for both control of the machine 
and for modeling and simulation of machine behavior [3]. 
As new devices are added to the accelerator and the 
current control system begins it's migration to EPICS, 
some weaknesses of continuing to build applications, 
especially new graphical applications, using these 
libraries has become apparent. 

There is a trend in the industry, both in operating 
system and application design, towards component based 
architectures such as Microsoft's Component Object 
Model [4] and Sun's JavaBeans [5]. We feel that there 
are clear benefits in following this trend for the 
construction of accelerator applications. As a test, we 
built new components and migrated parts of existing class 
libraries to components using them to build several 
applications. 

2 COMPONENT SOFTWARE 

The goal of using component based software construction 
is to enable rapid development of applications, especially 
graphical applications, from pre-assembled components 
while allowing the developer the broadest choice in 
development tools. A component is distinguished from a 
subroutine or class library, in the way it makes itself 
available to its client (container). A component can make 
much more information about itself available at run time 
in a language independent way. The exact way that this 
information is published is dependent on the component 
architecture, but usually involves some process of 
registration with the operating system. The type of 
information that becomes available to the client is the 
component's methods and method signature (parameters), 
its attributes, and which types of events it can handle 
(sink) and can generate (source). The creation of such a 

component is more complicated than the creation of a 
subroutine or class library due to the need to conform to 
the architecture. What is gained from the effort is the 
ability to build applications using a wide variety of 
existing development tools that conform to the 
architecture. The containing application will have full 
access to the component and may also let itself be driven 
from the component. 

2.1 Win32 components 

Though component standards such as Sun's JavaBeans 
promise platform independent components, we restrict 
ourselves to the Microsoft Win32 platforms (Windows 
NT and Windows 95) for two reasons. First, it is the 
dominant platform at the ALS and second, there are wide 
variety of development tools for building components 
and containers. 

Components on Win32 platforms conform to the 
Component Object Model (COM). The process of 
component registration follows these steps: a 
component's interface is specified using an Object 
Definition Language (ODL) in which each interface is 
tagged with a globally unique identifier (GUID), then the 
ODL is compiled to produce a type library, which, along 
with the executable for the component, is registered with 
the operating system. Once registered, a variety of tools 
can view the component's interface. 

2.2 ActiveX Controls 

An ActiveX control is a type of a COM component that 
implements a defined set of interfaces. The applications 
or development tools that use them are called containers. 
We find that these controls are the most useful in 
application construction because of the many third-party 
software packages that serve as Active X containers. In 
particular, we are using Borland's Delphi 2 and Microsoft 
Visual BASIC 5 development tools for building 
applications that contain our controls. 

Controls can have rich graphic content, such as the 
one developed to display a tune-plot, or they have just be 
invisible helper controls such as the ones implemented to 
access accelerator data. 

A control has the ability to serve as a 'source' or 
'sink' of events, either system events, such as mouse 
movement, or user defined events. 

* This work was supported by the Director, Office of Energy Research, Office of Basic Energy Sciences, Material Sciences Division, 
U. S. Department of Energy, under Contract No. DE-AC03-76SF00098 
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3 EPICS CHANNEL ACCESS CONTROL 

Since a major source of accelerator data is generated by 
control system processors running the EPICS software, a 
low level component that handled channel access (CA), 
the network protocol for EPICS, was an obvious first 
choice. 

3.1 Channel Access monitors 

A channel access client application can ask a server to 
send updated data for a particular process variable (PV) 
whenever that variable changes by a significant, user 
defined, amount. This mechanism is called placing a 
monitor on a variable. We wanted a control that would 
allow the user to enter a PV name, would monitor the PV, 
and would fire events to the container when a new value 
was detected. 

3.2 Control architecture 

The control was built with Visual C++ and the Active X 
Template Library (ATL), a Library of C++ templates for 
implementing COM objects with minimal overhead. The 
control is linked to a Dynamic Link Library, ca.dll, that 
we ported for Win32 to handle the channel access 
protocol. 

When the control is placed on the container, a 
property sheet is used to enter the name of the PV to be 
monitored. When the first PV monitor object is created, a 
pend thread is created to listen for monitors and to call 
the object's handler when a change occurs in the PV. The 
handler then fires ä - CaFloatMonitorEvent to the 
container which will usually handle it by updating some 
graphic element. Since ca.dll is not thread-safe, a mutex 
semaphore is used to avoid conflicts between the pend 
thread and other CA routines. 

3.3 Beam Position Monitor application 

An  application  was  built using Visual  Basic 5 that 
displays the digital values of 16 of the BPMs in one 
section of the ALS Storage Ring. In addition, a third 
party control, Pinnacle Publishing's Graphics Server, was 
used to display a line plot of the data. This application 
illustrates the usefullness of combining controls from 
various sources into a final application. 

Fig 1. BPM display construction with Visual Basic 

4 ACCELERATOR PHYSICS CONTROLS 

4.1 Existing Class Libraries 

There are two class libraries in wide use at the ALS: 
Goemon and TracyLiB for modeling and DMM96 [3] for 
online control. These libraries were implemented in both 
C++ and Object Pascal/Delphi. Moving their 
functionality to an ActiveX Control, written in Microsoft 
Visual C++, allows them to be maintained in one 
language and still be used by applications written in 
either language. 

4.2 Modeling and Simulation 

For the development of TracyV [6], a visual and 
interactive machine simulator for the ALS, a version of 
Goemon, called TracyLib, was developed in Delphi2 to 
ease graphic application development. ActiveX Controls 
have been developed to implement the more flexible 
Goemon and yield the graphics capability of TracyLib 
that can be used in both Delphi2 and Visual C 
applications. 

4.2.1 Tune Diagram and BPM Display Controls 

There is a set of graphs, such as tune diagrams, beta and 
dispersion function diagrams and dynamic aperature 
display, commonly used in modeling and simulation. 
ActiveX controls have been implemented for use at the 
ALS that show a tune diagram and a BPM display, that 
can be used directly in an active X container. Fig. 2 
shows an example of a local bump emulation assembled 
on a Visual Basic form. 

4.2.2 Smatrix and Local Bump Controls 

An Smatrix-based method for orbit control is in use at the 
ALS as described in a previous paper [7]. The Smatrix 
component encapsulates a sensitivity matrix and its 
manipulation routines, that can be used for both orbit 
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control and machine diagnostics  and characterization 
studies. 

nrniimrniirj 

Fig.2. BPM display control showing a local bump 
emulation. 

The local bump component implements local orbit 
bump using three steering magnets. This component is 
evolving into a general orbit control component by 
implementing other algorithms such as the most-effective 
corrector method and the singular-value decomposition 
method. 

4.3 Machine Control 

A subset of the DMM96 library is being supported as a 
collection of ActiveX controls built using MFC. Instead 
of mirroring the class structure of the existing C++ class 
library, components have been implemented that 'wrap' a 
group of classes that are used by application programs. 

5 CONCLUSIONS 

Components, such as ActiveX controls for Win32 
systems, are still difficult to construct even with the new 
tools available. Once they are constructed, however, they 
allow efficient and rapid graphical application 
development using very different environments, such as 
Delph2 and Visual Basic 5. 
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MODIFICATION OF THE ALS BOOSTER SYNCHROTRON FOR AN 
EXPERIMENT ON OPTICAL STOCHASTIC COOLING * 

A. Zholents, M. Fahmie, J. Johnston, C. Kim, K. Luchini, D. Massoletti, and J. de Vries 
Accelerator and Fusion Research Division, 

E.O. Lawrence Berkeley National Laboratory, Berkeley, CA 94720 

Abstract 

Modifications to the Booster synchrotron of the Advance 
Light Source of the Lawrence Berkeley National Labora- 
tory have been made in preparation for a test of the Opti- 
cal Stochastic Cooling in a single pass beam line, planned 
for installation in the extraction area of the synchrotron. 
Electron beam acceleration to 650 MeV, synchrotron radi- 
ation cooling at 650 MeV, and deceleration to 200 MeV 
have been demonstrated. Measurements have been made 
of the beam horizontal and vertical emittances and beam 
energy spread in the beam extracted from the synchrotron 
at 200 MeV and 250 MeV and compared with computer 
simulation results. 

1   INTRODUCTION 

The work that we are going to describe in this paper was 
done in preparation for a test of the optical stochastic cool- 
ing scheme[l],[2] in a single pass beam line[3]. We pro- 
pose to build a new beam line in the extraction area of the 
ALS Booster synchrotron, where we will include a bypass 
lattice similar to the lattice that could be used in the cool- 
ing insertion in a storage ring. The design of this beam 
line is being presented in an accompanying paper at this 
conference[4]. The ALS Booster synchrotron will provide 
electrons for the test beam line. It is idle all the time be- 
tween injection cycles into the ALS and, thus, is available 
as a source of electrons for a new beam line. The lay- 
out of the experimental area, showing several Booster syn- 
chrotron magnets, the existing beam transport line from the 
synchrotron to the ALS, and a schematic of a proposed new 
beamline, is shown in Fig. (1). 

For an experimental test of the optical stochastic cool- 
ing we need a beam energy of only 200-250 MeV.1 But 
there are specific requirements for the quality of the beam. 
Simulations performed in[4] show that the relative beam 
energy spread ae < 10~3, the horizontal emittance ex < 
1.5 x 10~7 m-rad, and the vertical emittance ey < 6 x 10~8 

m-rad are required for a successeful test. In order to reach 
the desired beam quality, we did a number of modifica- 
tions to the Booster that we describe in this paper. We also 
did computer modeling of the beam characteristics in the 
Booster in the modified mode of operation and measured 
their actual performance. All of these results are described 
in the paper. 

* Work supported by DOE under Contract DE-AC03-76SF00098. 
'The lower energies are preferable for this experiment since the elec- 

tron radiation in the visible part of spectra is used. 

Figure 1: The layout of the extraction area of the ALS 
Booster synchrotron showing several Booster synchrotron 
magnets, the existing beam transport line and a schematic 
of a proposed new beamline. 

2   MODIFICATIONS TO THE BOOSTER 

In order to get a good quality beam extracted from the 
Booster at the energy 200-250 MeV, we modify the energy 
ramp profile. Namely, we ramp the Booster beam energy 
up from 50 MeV to ~650 MeV, allowing the beam time to 
stay at this energy, and then ramp the beam energy down to 
~200 MeV. The goal of this proceedure is to cool the beam 
emittance and energy spread by using synchrotron radiation 
damping at the energy of 650 MeV. 

The modification to the energy ramp was accomplished 
by selecting a particular output current ramp shape of the 
bend magnet power supply. An arbitrary wave form gen- 
erator was used to provide an input voltage to the bend 
magnet power supply that resulted in the desired shape of 
the output current. The quadrupole, sextupole and steering 
magnet power supplies just follow the bend magnet ramp. 
To ensure no losses of the beam current in the modified 
ramp, special attention was paid to a smooth transition from 
the up ramp to the flat top and from the flat top to the down 
ramp. However, some extra variations to the output current 
at the flat top were intentionally induced. The control sys- 
tem interprets any period of level ramp that exceeds 25 ms 
as the end of the ramp and resets tables used to control the 
RF ramp profile and to correct tracking of focusing mag- 
nets with the bend magnet. In order to avoid this, we sim- 
ulated some activity at the flat top by inserting just enough 
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slope in the field. Figure (2) shows the oscillograms of the 
waveform shape of the bend magnet power supply output 
current, amplitude of the RF voltage and the beam current. 

> 
CD 

e> 
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Figure 2: The oscillograms of the wave form shape of the bend 
magnet power supply output current, amplitude of the RF voltage 
and the beam current. 

Booster extraction energy is controlled by a 'gauss 
clock'. It processes the output of a pickup coil in one of 
the bend magnets and triggers many of the functions in the 
Booster. Extraction is triggered when the field reaches a 
value corresponding to the desired energy. Initial efforts to 
use this system to track the down ramp result in unaccept- 
able energy jitter. We decided that we would continue to 
use it for the up ramp functions, but would base extraction 
timing on the measurement of the output of the precision 
transductor that measured bend magnet current. The timing 
system was modified to begin the extraction cycle when the 
current fell through the setpoint of a precision comparator. 

All modification were made in a such way that typically 
it takes approximately 10 minutes to switch from the de- 
fault mode of operation to the modified ramp. 

3   COMPUTER MODELING 

The electron cooling process in the ALS Booster syn- 
chrotron being considered in the present paper includes ef- 
fects due to the adiabatic damping, intrabeam scattering, 
and microwave instability, in addition to the synchrotron 
radiation damping, and the quantum fluctuation excitations. 
The electron energy varies as shown in Fig. (3a) from 
50 MeV at injection, to about 650 MeV at the flat top where 
electrons are cooled for about 180 msec (or 330 msec), and 
decelerated to below 200 MeV. Damping time of betatron 
oscillations, rd, at 650 MeV is ~120 ms; damping time 
of synchrotron oscillations is twise as short. Figure (3b) 
shows how the calculated vertical emittances correspond- 
ing to the two configurations, as in Fig. (3a), vary with en- 
ergy during the accelerating and the decelerating phases. 
(The horizontal emittance and the energy spread behave 
similarly). The flat top of 330 msec is long enough for 
horizontal emittance to cool to the minimum possible emit- 
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Figure 3: (a) shows the two ramping configurations where the 
dotted line represents a 180 msec flat top ramp and the solid line 
a 330 msec flat top configuration, (b) shows how the calculated 
vertical emittances corresponding to the two configurations as in 
(a) vary with energy during the accelerating phase (upper part of 
the curves) and the decelerating phase (lower part of the curves). 

tance at 650 MeV, but not for the vertical emittance. A flat 
top of about 500 msec is required for the vertical emittance 
to reach the minimum emittance (this configuration is not 
shown in Fig. 3a). 

The plots in Fig. (3b) and other numerical results pre- 
sented below were obtained by using the computer pro- 
gram described in[5]. This program was purposely written 
to consider the evolution of the beam energy spread and 
the beam emittances in electron synchrotrons and storage 
rings under the influence of the various effects listed in the 
beginning of this section. The calculations were made for 
initial beam parameters taken to be equal to those measured 
after electron beam acceleration in the 50 MeV injector 
linac: (i) injected beam intensity of ~ 2 mA (this is above 
the microwave instability threshold for beam energies up to 
1 GeV); (ii) the normalized rms beam transverse emittance 
of 1.5 x 10-4 m-rad for both horizontal and vertical planes; 
(iii) the energy spread of 1% and bunch length of 4.5 mm. 
Initial longitudinal and transverse beam parameters usually 
are not perfectly matched to the booster acceptance, result- 
ing in transient oscillations which eventually damp in a few 
damping times at the flat top. In present simulations these 
oscillations are ignored because, practically, they do not af- 
fect final results. Additionally, the coupling coefficient was 
used as a parameter for fitting the measured horizontal and 
vertical emittances with the model, and a good fit was ob- 
tained at ~10% coupling. 

Numerically, we studied the relative importance of the 
intra-beam scattering (IBS) and the microwave instability 
(MWI) in the booster by comparing the following computer 
simulations for 330 msec flat top ramp configuration: (i) 
zero intensity; (ii) 2 mA beam with IBS included, but not 
MWI; (iii) 2 mA beam with IBS and MWI included. The 
results are summarized in Table 1. 

Table 1 shows that when IBS was added to the model 
the normalized horizontal emittance was increased by 25% 
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Table 1: Summary of the three computer simulations. En- 
ergy spread and normalized horizontal and vertical emit- 
tances are listed as the electrons are cooled at 650 MeV 
and decelerated to 350, 300, 250, and 200 MeV. 

0 mA aAB/E en m-rad ev m-rad 
350 2.9E-4 2.95E-5 6.86E-6 
300 3.1E-4 2.88E-5 6.78E-6 
250 3.4E-4 2.84E-5 6.70E-6 
200 4.0E-4 2.81E-5 6.64E-6 
2 mA+IBS 
350 3.4E-4 3.44E-5 7.07E-6 
300 3.7E-4 3.44E-5 6.96E-6 
250 4.3E-4 3.47E-5 6.89E-6 
200 5.1E-4 3.52E-5 6.83E-6 

2 mA+IBS+MWI 
350 7.7E-4 3.10E-5 6.93E-6 
300 8.4E-4 3.05E-5 6.84E-6 
250 9.4E-4 3.03E-5 6.75E-6 
200 11.0E-4 3.02E-5 6.72E-6 

and beam energy spread by 30% at 250 MeV point. When 
MWI was also included, then IBS became weak as a result 
of more than 100% increase of the beam energy spread due 
to the MWI. The vertical emittance is not fully damped and 
so mostly affected by the flat top length. 

4    EXPERIMENTAL RESULTS 

With the first energy ramping configuration (180 msec flat 
top) beam parameters were measured at two energy points 
250 MeV and 213 MeV. With the second energy ramping 
configuration (330 msec flat top) beam parameters were 
measured only at 250 MeV. Measurements of the beam 
parameters were performed with a quadrupole scan, i.e., 
by extracting the beam from the booster and observing the 
variation of the beam profile at the beam profile monitor 
as a function of the strength of the quadrupole located up- 
stream of the monitor. 

As a bench mark test of the measurement technique we 
measured the beam parameters for the normal mode of op- 
eration with beam extracted at 1.5 GeV The measurement 
results and comparison with the calculated values for four 
experimental configurations are summarized in Table 2. 

Our measured values are systematically larger than those 
calculated. Possible sources of discrepancy are the thermal 
diffusion of images on the scintillator used as the beam 
profile monitor and deviations of the beta and dispersion 
functions from their theoretical values. It is likely that 
our measurements overestimate real emittances, but, taken 
even as they are measured, the beam emittances and the 
beam energy spread satisfy a requirement of the beam qual- 
ity needed for a test of Optical Stochastic Cooling. 

Table 2: Measured and calculated beam parameters for the 
four experimental configurations described in the text. 

Measured Calculated 
Energy 213 MeV, flat top time 180 ms 

eH, [m-rad] 
ey, [m-rad] 
°~AE/E 

1.6 x 10-7±26%a) 
9 x 10~8 ± 20% 

1.5 x 10~3±26% 

0.9 x lO-7 

4.8 x 10~8 

1.1 x 10~3 

Energy 250 MeV, flat top time 180 ms 
en, [m-rad] 
ey, [m-rad] 

&AE/E 

1.25 x 10-y±22% 
6 x 10~8 ± 10% 
< 7 x 10~4 fe) 

0.8 x 10-7 

4.1 x 10~8 

9.3 x IP"4 

Energy 250 MeV, flat top time 330 ms 
eH, [m-rad] 
ey, [m-rad] 
°~AE/E 

1.1 x lO^i 18% 
6 x 10-8 ± 12% 

< 7 x 10~4 

6.2 x 10"' 
1.4 x 10-8 

1.1 x 1Q-3 

Energy 1.5 GeV 
tu, [m-rad] 
ey, [m-rad] 
°~AE/E 

2.5 x 10~Y ± 20% 
2 x 10-8 ± 12% 

7 x 10~4 

1.6 x 10~y 

1.5 x 10-8 

6.4 x 10-4 

°) Statistical error. 
' Measurements were not sensitive to the beam energy 

spread below this value. 

5 CONCLUSION 

Modifications to the ALS Booster synchrotron were done 
in order to reduce emittance and energy spread in the beam 
extracted from this accelerator at low energy. Then, actual 
measurements were performed and the horizontal beam 
emittance of 1.1 x 10~7 m-rad , vertical beam emittance 
of 6 x 10-8 m-rad, and relative beam energy spread of 
7 x 10-4 were found. A computer model produced similar 
results. Our conclusion is that this accelerator can provide 
a beam of the required quality for an experiment on Optical 
Stochastic Cooling in the new beam line. 

We are grateful to S. Chattopadhyay, J. Hinkson and 
A. Jackson for interest in this work and useful discussions. 
The friendly assistance of the ALS Operations Staff for the 
emittance measurements is greatly appreciated. 
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Abstract 

The Brazilian National Synchrotron Light Laboratory, 
LNLS, operates a 1.37 GeV electron storage ring with a 
120 MeV injector Linac. Commissioning of the storage 
ring at low energy started on May 1996 and now, an year 
later, we can store 120 mA at 120 MeV and ramp more 
than 75 mA to 1.37 GeV. A summary of the latest 
commissioning results and a description of the present 
operational performance of the LNLS Synchrotron Light 
Source facility is presented. 

1 INTRODUCTION 

The Brazilian National Synchrotron Light Laboratory, 
LNLS, sponsored by the National Council for the 
Development of Science and Technology (CNPq), 
operates a 1.37 GeV electron storage ring with a 120 
MeV injector Linac. Commissioning of the Linac started 
in December 1995 and after almost simultaneous 
completion of all sub-systems on April 1996, 
commissioning of the storage ring at low energy started 
on May 1st. The first stored beam was observed a month 
later, on May 30. Some weeks later we could capture a 
current of 3 mA (after one damping time, or 10 s) with the 
one-shot on-axis injection. The off-axis accumulation 
process (with 3 kickers producing a closed bump) was 
still very difficult and the accumulated current saturated 
at about 0.3 mA. Our efforts at this time split roughly into 
two main tasks: accumulation at 120 MeV and energy 
ramping. While energy ramping evolved quickly with a 
rather systematic approach, accumulation turned out to be 
much more challenging. The first stored beam at 
1.15 GeV was observed in July 96 but only in October 
have we succeeded in accumulating 20 mA at 120 MeV. 
The quality of the magnets allowed us to extend the 
planned 1.15 GeV operating energy to 1.37 GeV. This is 
the usual operating energy since October 96. Since then 
the accumulated current both at injection and operating 
energies increased steadily with small adjustments in 
many parameters and hardware improvements, such as an 
increase in the gun pulse length to allow operation in the 
beam-loading steady state regime (where energy 
dispersion is small). At present (May 97) we can store 
120 mA at 120 MeV with about 90 seconds lifetime for 
an average pressure of about 7 x 10"10 Torr. The lifetime is 
limited by elastic scattering on the residual gas. At 1.37 
GeV we can store more than 75 mA with  1.5 hour 

(instantaneous) lifetime. As the current decreases to 
20 mA, the lifetime reaches 3.5 hours. A more relevant 
figure of merit for the lifetime (as far as users are 
concerned) is the time it takes for the current to fall to 1/e 
of its initial value. This is about 2.2 hours. 

Table I shows the specified and achieved values of 
the main performance parameters. Fig. 1 compares the 
flux expected from the nominal machine parameters with 
the flux obtained from the achieved machine parameters. 

Table I: Specified and achieved performance parameters. 
Parameter Specified Achieved 
Energy 1.15 1.37 GeV 
Current 100 75 mA 
Lifetime 7 2.2 hours 
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Figure 1: Comparison between the flux expected from the 
specified and achieved machines. 

2 THE LNLS SYNCHROTRON LIGHT SOURCE 
The LNLS Synchrotron Light Source [1,2,3,4,5,6,7,8] is 
composed of a low energy injector Linac, a transport line 
and the UVX storage ring. The Linac is a standard SLAC- 
type, with four 3 m long accelerating sections which are 
powered by two 25 MW klystrons reaching a maximum 
energy of 125 MeV. The RF frequency is 2856 MHz. The 
Linac is being operated at a repetition rate of 0.5 Hz, gun 
pulses of 4 us in length and gun currents varying from 0.5 
to 1.7 A. Beam loading effects are very noticeable and 
have a large impact on the current pulse length and shape 
at the end of the transport line. By adjusting gun current, 
synchronism and RF phases, the pulse at the end of the 
transport line has been optimized both for higher charge 

f Also at Institute de Fisica de Säo Carlos, Universidade de Säo Paulo. 
* Also at Institute de Fisica Gleb Wataghin, Universidade Estadual de Campinas, 
s Also at Instituto de Fisica, Universidade de Säo Paulo. 
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per pulse and lower energy dispersion. At present, we get 
typically pulses of 150 to 200 ns and 100 to 140 mA 
(current in the macro pulse), of which about 40 % is 
accepted by the storage ring. 

The storage ring consists of 6 double-bend 
achromatic arcs, with a circumference of 93.2 m (311 ns). 
The 12 dipoles operate at 0.15 T at 120 MeV injection 
energy and 1.67 T at 1.37 GeV operation energy. There 
are 36 quadrupoles, 18 sextupoles and 29 orbit correctors. 
The theoretical emittance for the standard operation mode 
is 99.8 nm.rad at 1.37 GeV and the nominal tunes are 
v =5.27 and v =2.17. 

The beam diagnostic system of the storage ring 
includes 24 stripline type beam position monitors, a 
betatron and synchrotron tune measurement system, a 
visible light beam line for transverse and longitudinal 
beam profile measurement, a beam current monitor 
(DCCT) and beam scrapers for aperture measurements. 

The 476 MHz RF frequency is a sub-multiple of the 
Linac frequency. 

2 COMMISSIONING RESULTS 

2. / Low Energy Injection and Accumulation 

In order to optimize (and in fact make possible) 
accumulation at 120 MeV, we have performed a thorough 
scanning of the tune space looking for points of higher 
beam lifetimes. The best machine working point has 
found to be very close to the integer resonance, vx=5.05 
and v =2.09. With the present beam lifetime at low energy 
(90 s) the Linac pulses are injected every 2 seconds, about 
a fifth of the radiation damping time. 

The three kicker parameters have also been scanned 
to find the optimum compromise between higher injected 
charge and smaller current loss per Linac pulse. In order 
to guarantee that the kicker bump is local, beam lifetime 
(with the kicker bump on) was maximized as a function 
of relative kicker strengths and timing. 

Since the first successful accumulation of 20 mA in 
October 96, the accumulated current has increased 
continuously mainly due to adjustments in the injector, 
which increased the current and decreased the beam 
energy spread at the end of the transport line. Also, 
improvements in the injector stability (with reduction of 
energy drifts and fluctuations) were essential to allow 
optimizations in the storage ring parameters to take place. 
Other adjustments and ' hardware developments were 
important as well, such as reduction in the quadrupoles 
power supply ripple and reduction of leakage field from 
the septum magnets by addition of magnetic shielding, 
The average pressure is also improving slowly with 
washing with high energy photons. At the moment of this 
writing we can accumulate 120 MeV at 120 mA. The 
injected current varies from 20 to 30 mA per pulse 
depending on the injector state and it takes about 15 to 20 
pulses to reach the saturation current. 

Further improvements of the accumulated current 
are expected with the upgrade of the injector energy to 
170 MeV, and the replacement of the present DC septum 
by a thinner pulsed septum. 

2.2 Ramping Process 

Energy ramping from 120 MeV to 1.37 GeV can be 
optimized for minimum loss during ramp by setting up 
intermediate configurations with corrected orbits and 
tunes and varying ramping speed, energy steps and RF 
gap voltages at different energies. The beam losses occur 
mainly at the very beginning of the ramp (up until 
300 MeV) and are probably mainly due to the excitation 
of large amplitude longitudinal oscillations as well as the 
poor lifetime. 

The machine working point is kept close to integer 
resonance (vx=5.05, vy=2.09) up to 500 MeV, after which 
it is brought to the nominal value of vx=5.27 and vy=2.17 
at 1.37 GeV. Ramping takes about 4 minutes. 

Eddy current effects on the magnetic fields have 
visible effects on the orbit and tunes during the ramp. An 
off-line correction of these effects (using saved 
parameters during ramping) have been implemented in 
the intermediate configurations. 

The ramping efficiency varies according to the 
initial accumulated current, being less efficient for higher 
currents. For 120 mA the present ramping efficiency from 
120 MeV to 1.37 GeV is 64%. 90% of the losses occur 
from 120 to 300 MeV. 

2.3 Beam Characterization 

The machine has been characterized at injection and 
operation energies. Betatron and dispersion functions 
show good agreement with theoretical values. The 
chromaticity can be corrected by setting the sextupoles to 
calculated values. The results are shown in figures 2 to 4. 
At 120 MeV, the beam horizontal size, as seen and 
measured on a synchrotron light monitor, is compatible 
with the expected from intrabeam scattering effects 
whereas the vertical size is larger than predicted from 
coupling effects. At 1.37 GeV, the measured beam 
emittance - 98 nm.rad - (from beam size measurement 
and knowledge of betatron functions) is very close to the 
nominal value. This is another indication that we have a 
reliable model for the machine first order optics. The 
small coupling measured at 1.37 GeV (smaller than 0.3%) 
attests a careful alignment procedure for the magnets. 

2.4 Orbit Correction 

Orbit correction algorithms can be applied successfully 
both at low and high energies. At high energy (1.37 GeV) 
the machine optics model can be derived either from the 
implemented quadrupole strengths or by fitting the 
strengths to reproduce the measured tunes. At low energy, 
however, the fitted model is required. This is expected 
since remnant field contributions cause the excitation 
curves to be less precise at low energy. Localized beam 
bumps using 3 correctors have also been produced either 
to move the photon beam in an experimental station or to 
scan the vacuum chamber aperture during commissioning. 

Orbit reproducibility from fill to fill is better than 60 
urn and long term orbit drifts can be kept below ± 30 um 
by means of an automatic periodic correction. 

812 



2.5 Observation of ion trapping 

Ion trapping effects have been observed as a vertical 
expansion of the beam seen in the synchrotron light 
monitor when excitation by kickers are produced. The 
enlarged beam persists even when the excitation is turned 
off. The beam can be made flat again by applying 
appropriate voltages to the clearing electrodes. This effect 
has been observed for energies up to 900 MeV, where the 
present maximum kicker excitation is needed. 

BEAMLINES STATUS 

Seven beamlines have been built in parallel with the 
synchrotron light source: X-ray absorption fine structure 
XAFS, Soft X-ray Spectroscopy (SXS), Small Angle 
Scattering (SAXS), X-ray Optics (XRD), Protein 
Crystallography and two VUV beamlines with thoroidal 
grating (TGM) and spherical grating (SGM) 
monochromators, respectively. The SAXS and XAFS 
beamlines are operational and the others are been 
commissioned. Access by external users should start in 
July 1997. 

CONCLUSIONS 

The LNLS synchrotron light source has been 
commissioned and achieved most of its specified 
performance figures. Further improvements in the stored 
beam current are expected to be achieved when the 
injector energy is upgraded to 170 MeV, whereas beam 
lifetime should improve as the vacuum pressure decreases 
with washing by synchrotron radiation photons. Even 
with present parameters the photon flux delivered by the 
source is above the specification over most of the harder 
photon spectrum. 

The machine operation reliability is increasing. 
From January to April 1997, 500 hours were scheduled 
for user's shifts. The machine was not operational during 
about 10% of this time. This percentage falls to 2% if we 
take only the last month. In the same period of 4 months, 
675 hours were dedicated to commissioning sessions and 
150 hours to maintenance or improvement of the 
equipment. 
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Figure 3: Horizontal and vertical dispersion functions for 
E=1.37 GeV. Theoretical value at even BPMs is 0.90 m. 
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Figure 4: Beam current decay during energy ramping. 
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CURRENT STATUS OF THE LSB PROJECT 

M. Mufioz\ LSB-EFAE, UAB, 08193 Bellaterra, Barcelona, Spain 

Abstract 
A summary of the current status of the LSB project is 
given.. 

1 INTRODUCTION 

The LSB project (Laboratori del Sincrotrö de 
Barcelona) [1] has the responsibility for the design and 
eventual construction of a Spanish synchrotron radiation 
light source. 

Following a survey of user requirements in 1995 [1], 
the following priorities emerged: 

• The spectrum of the synchrotron light must 
extend to X-Rays of intermediate energy [up to 
20keV]. 

• The source dimensions must be as small as 
possible in both the vertical and horizontal 
planes. 

• The accelerator should run with a long lifetime 
(at least 24 hours) and be free of beam 
instabilities. 

• The design should be conservative enough to 
guarantee that the specifications are achieved, 
but susceptible to future upgrades. 

• The straight sections should be as long as 
possible. 

With these considerations, as well as cost, in mind, 
the design [2,3] has converged to the following 
parameters: 

• Energy 2.5 GeV. 
• Bending field 1 T. 
• 12 Cells. 
• TBA structure with gradient in the bending 

magnets. 
• Injection at nominal energy. 
This design will offer a critical energy of 4.2 keV 

and an emittance under 10 nm-rad. 

2 THE LATTICE 

Figure 1 shows the layout of one of the 12 cells of 
the machine. Some notable features are: 

• Achromatic cell. 
• 2 families of sextupoles used for chromaticity 

correction. A third family, normally set to zero 
strength, is provided to compensate for possible 
non-linear effects. 

• 2 families of quadrupoles are used to select the 
working point. 

The working point (14.3, 8.2) has been chosen to 
provide a good dynamic aperture, a relatively low 
emittance (£„-8.5 nm-rad) and the potential for good 
coupling control. 

Figures 2 and 3 show the optical functions and the 
dynamic aperture respectively. 

8 BPMs and correctors are used per cell. Some of the 
correctors are integrated in the sextupoles. Simulations 
carried out with various codes (e.g. MAD, Tracy2, 
Racetrack) including a realistic set of errors show a good 
that a good stability of the beam (maximum closed orbit 
distortions of the order of 0.15 mm) and a coupling of 
the order of 2-3% can be achieved. 

Table 1 lists the most important parameters of the 
machine. 

Table 1: Parameters of the machine. 
Lattice type TBA 
Energy 2.5 [GeV] 
Number of Cells 12 
Cell Length 20.987 [m] 
Circumference 251.844 [m] 
Current 250 [mA] 
Length of ID sections 7.31666 [m] 
Emittance 8.48 [nm] 
Coupling 5% 
Horizontal Emittance 8.08 [nm] 
Vertical Emittance 0.40 [nm] 
Energy Spread 8.61*10* 
Energy Lost per Turn 0.42 [MeV] 

t. 6.67 [ms] 

*> 10.03 [ms] 

tz 6.71 [ms] 

«p 
1.9*10"3 

0, 14.30 

Qy 
8.20 

i -24.6 

Sr -24.6 

ec 4.20 [keV] 

* On behalf of the LSB design team. 
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Figure 1: Layout of the cell. 

M^WW 
12/03/97    14.15.24 

-1 ' 1- 

00 2.5 5.0 7.5 10.0        12.5       15.0        17.5       20.0       22.5       25.0 

&/p* - 0. 
ToWe name « TWSS 

Figure 2: Optical Functions. 
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Figure 3: Dynamic aperture. 

3 VACUUM SYSTEM AND LIFETIME [4] 

Assuming an average vacuum pressure with beam of 
10'9 mbar, the contributions to the lifetime in the 
multibunch mode of operation have been calculated to 
be:   

Process Lifetime [h] 
Touschek 55 
Bremsstrahlung 96 
Coulomb 300 
Elastic 6145 
Inelastic 213 
TOTAL 27 

The conceptual design of the vacuum chamber is 
finished. It consists of two vacuum vessels for the 
achromat region. The first of these vessels covers from 
the first bending to the entry of the second, and the 
second vessel extends from the second to the third 
bending. A detailed engineering design of the chamber is 
currently underway. 

4 RF SYSTEM [5] 

The RF system will be distributed, with 4 cavities 
placed along the ring, at the ends of some of the straight 
sections. Bell shaped cavities, operating at a frequency 
of 500 MHz, with a total voltage of 2.6 MV, and 
allowing a maximum beam current of 500 mA, will be 
used. This system offers the potential to increase the 
energy of the machine to 3 GeV. 

5 MAGNETS [6] 

The design of quadrupoles, sextupoles and bending 
magnets is finished. The construction of a prototype 
bending magnet has started. Delivery is expected in 
October 97. Simultaneously, a laboratory for the testing 
of magnetic structures is being commissioned. In 
addition to the testing of the prototype bending magnet, 
we anticipate the development of prototype insertion 
devices. 

6 INSERTION DEVICES 

Following from the users specifications, we have 
selected a number of generic insertion devices. 
Currently, we are considering 2 undulators and 3 
multipole wigglers. The parameters defining this 
insertion devices are given in table 2, whilst figures 4 
and 5 show the predicted performance. These insertion 
devices will cover the know needs of the current user 
community. 

 Table 2: Parameters of the Ids- 
Name  X,„rcm1  Poles  Gap [cm]     k     Field [T] 
U44 4.4 136 2    2.3 0.57 
U73 7.3 82 2    5.7 0.83 
W80 8 75 2    8.3 1.11 
W120 12 50 2   15.7 1.4 
W150 15 40 2  22.4 1.6 

These values fulfil the design goals. 

The detailed study of the effect of these insertion 
devices in the machine is being carried out at present. 
First results shows that the diminution of the dynamic 
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aperture generated by the multipole wigglers can be 
compensated by restoring the correct phase advance in 
the corresponding straight section. 
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Figure 4: Undulator spectra. 

10000 

1 
0. 

  --".- r--~— :-~--t 

\A n*i i 

BM 

1000 10000 

energy  (eV) 

Figure 5: Wiggler and bending spectra. 

7 POSSIBLE UPGRADES 

The   design   provides   for   some   possible   future 
upgrades, for example: 

• The energy of the machine can be increased up 
to 3 GeV, increasing the critical energy to 7.3 
keV, as both the magnet and the RF systems can 
support this upgrade with ease. 

• Insertion of a third family of quadrupoles in pairs 
of straight sections will allow further reduction 
of the vertical size of the beam, thus enabling the 
use of undulators with smaller gaps. These could 
provide first harmonic with a higher energy than 
those currently designed. 

• The possibility exist to replace some of the 
central bending magnets with superconducting 
magnets, thus providing the potential for 
experiments in the region of very high energy X- 
Rays (e.g. 40 keV). 

8 CURRENT STATUS 

A detailed design report, and a request for full 
construction funding, will be submitted to the relevant 
authorities by the end of this year (1997). A decision on 
how to proceed is expected by early 1998. 
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Abstract 
With the goal to be prepared for a start of construction 

in January 99, the SOLEIL project was recently reviewed. 
The main characteristics have been confirmed while some 
options have been revised. The preinjector is now a 100 
MeV electron linac installed together with the Booster 
inside the storage ring. The storage ring energy is 
increased to 2.5 GeV in order to meet the new user's 
requirements on the brilliance (B>1018) around 10 keV. 
Optics were reoptimised with an emphasis on the energy 
acceptance so as to obtain large Touschek lifetime. New 
designs of vacuum chamber and magnetic elements are in 
progress and a new type of superconducting cavity with 
heavily damped HOM's at 353 MHz is being prototyped. 

1. INTRODUCTION 
From many discussions with potential users on the 

performances of SOLEIL [1] in all its specific energy 
photon domain (5 eV-100 KeV) as well as in the different 
operating modes (multi-bunch mode for high brilliance, 
few-bunch mode for temporal structure and FEL) it has 
been decided to increase the energy of the Source from 
2.15 to 2.5 GeV. 

All the accelerators (Linac, Booster, Storage 
Ring) have been reoptimised and detailed designs of the 
major components are underway. 

2. STORAGE RING 

2.1. Main characteristics and Performances 
In order to achieve a better complementarity with the 

ESRF and in particular to satisfy the demand of high 
brilliance around 10 keV (B>1018) two solutions were 
considered: 
- Short period minigap undulators. 
- Increase of the energy of the electron beam. 

The first proposition implies an undulator of 1.6 cm 
period with a 4 mm gap which leads to a poor beam gas 
lifetime penalizing all the beamlines. Top off injection is 
then compulsory to restore the beam and ensure satisfying 
operation. 

The alternative is less risky, since the performance 
specifications are obtained (see below) with a 3.4 cm 
period undulator with a 15 mm gap (instead of 20 mm for 

the standard undulator at 2.15 GeV). As a result, the beam 
gas lifetime (behaving like Y2g2) is preserved and the 
Touschek lifetime is increased (y5'2). 

New lattices were optimised, keeping the same ring 
circumference [2]. Comfortable dynamic apertures even 
at large energy deviation (up to 6 %) are obtained for all 
proposed operating points. Table 1 gives the main 
characteristics of the storage ring and the new typical 
operating point. 

Table l.a. Main characteristics of the ring. 

Energy (GeV) 1.5/2.5 
Circumference (m) 336 
Lattice cell type DB 
Nb of cells ; nb of superperiods 16; 4 
Straight section length 14mx4+7mxl2 
Dipole : nb, field (T) (2.5 GeV) 32 ; 1.56 
Quad.: nb, max grad. (T/m), [nb fam.] 160; 21; [8] 
Sext.: nb, max str. (T/m2), [nb fam.] 112; 320; [8] 
Rad. loss/turn (keV) (2.5 GeV) 645+155[ID] 
RF freq. (MHz); Max peak volt. (MV) 353; 4 
Harmonic nb 396 

Table l.b. Typical operation point. 

Emittance (nm.rad) e„ 3.1 
Energy (GeV) 2.5 
Betatron tunes vx, vz 18.28, 8.38 
Synchrotron tune vs 5.1 10"3 

Momentum compaction a 4.76 10"4 

Energy spread Cg 9.24 10"4 

Damping times (ms) ts, tx. ^z 4.33, 8.66, 8.66 
Natural bunch length (mm), a± 4.1 

VRF(MV)foreRF = 6% 3.8 
Natural chromaticities (^x, £z) - 3.03, - 2.68 

When Touschek collisions with large energy deviation 
occur in dispersive sections they induce large betatron 
oscillations. The study was made taking into account the 
non linear chromatic orbit as well as energy variation of 
the optical functions [3]. The results show that, for 
SOLEIL, Touschek lifetime is still limited by physical 
aperture  and  RF  acceptance.  A  vacuum  chamber 

1 Work supported by CNRS, CEA, MENESR. 
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horizontal dimension of 70 mm is chosen as a 
compromise between improved lifetime and reasonable 
RF and magnetic system design. In the vertical plane, the 
dimension of 25 mm retained for the arcs and triplets has 
been determined by beam gas scattering in the insertion 
devices (the 15 mm minimum gap implies a 13 mm 
vacuum chamber height which corresponds to 25 mm in 
the dipole). The Touschek effect should also be 
considered in this plane when transverse coupling is not 
negligeable. The lifetime increases roughly linearly with 
the coupling up to around 10 %, then saturates and 
decreases beyond 80 %. The total lifetime for the 2 main 
expected modes of operation (2.5 GeV, e„ = 3.1 nm.rad) 
are: 

1) High brilliance with 500 mA(K2 = 0.01), t = 17 h. 
2) Temporal structure with 9 x 10 mA (K

2
= 0.1), 

T=18h. 

Remarks : 

• Beam gas scattering is calculated for 10"" Ton- 
dynamic pressure at 500 mA. 

• Touschek lifetime is calculated for the natural bunch 
length (si = 13 ps). If bunch lengthening occurs as we 
expect (si (10 mA) = 24 ps), lifetime becomes 25 h. 

Fig. 1 shows the brilliance calculated in the first 
operating mode from the bending magnets and several 
types of insertion devices, covering the full energy range 
from 5 eV to 100 keV. Notice that brilliance is around 
1019 ä 10 keV (meanwhile, we have to correct this value 
by taking into account the energy spread of the beam 
which reduces the brilliance by a factor 3.6 for the 13th 
harmonic). For the lowest energy (5 eV), one can get the 
same brilliance as at 2.15 GeV, but at the price of a factor 
2 increase in dissipated power, which nonetheless remains 
reasonable (140 W and 200 W respectively for U70 and 
U50). 

0,001 0,01 0,1 1 

Photon Energy (keV) 

Fig. 1. Typical brilliances for SOLEIL. 
Comparison with some ESRF sources. 

2.2. Technical studies 
Magnetic and vacuum systems were reviewed as a 

whole taking into account the presence of vacuum pumps 
in the quadrupoles and a minimum clearance between 

vacuum chamber and the poles allowing micro transverse 
displacement of the vessel neccessary for BPM 
mechanical stability. Fig. 2 shows the quadrupole and 
vacuum chamber cross section and Table 2 gives dipole 
and quadrupole main characteristics. Although the 
standard optics need only 8 families, the 160 quadrupoles 
will be powered by individual power supplies. The 
question of whether in situ bake-out should be 
incorporated in the design is still under discussion and test 
are in progress on a beam line of DCI dedicated to PSD 
measurements at LURE [4]. Nevertheless, a very thin 
bake-out system (printed circuit, glass fiber or air and 
aluminium foil) less than 2 mm thick is being studied in 
order to allow a 170° bake-out. 

Fig. 2. Quadrupole and vacuum chamber cross section. 

Table 2. Main dipole and quadrupole characteristics. 

Dip. Quad. 
Gap or bore 0 (mm) 
Strength max 
Nb of families 

37 
1.7 T 

1 

66 
21T/m 

8 
Nb of power supplies 
Total power (kW) 
U(V),I(A) 
Good field region (mm) 

1 
245 

490/500 
±20 

160 
720 

18/250 
+ 30 

Homogeneity:     required 10-3 3 10-3 
computed 4 10"4 1.5 10-3 

Reproducibility 1 IQ"3 IQ"3 

From the beginning of the SOLEIL project, a 
superconducting cavity based on the general principles of 
the Cornell monomode cavity (large beam-tubes, ferrite 
dampers) has been considered. R&D program which 
involves collaboration with other European laboratories, 
in particular CERN and ESRF is now set up and a new 
design at 353 MHz is being investigated [5]. It consists of 
a pair of single-cell cavities linked by a large beam pipe, 
such that the coupling is very weak for the fundamental 
mode, but very strong for the HOMs. After the 
optimization of the cavity shape, beam pipe opening and 
length, the simulations show that harmful HOMs can be 
sufficiently damped to ensure absolute beam stability for 
SOLEIL by classical dampers without ferrite in the 
vacuum chamber. The construction of a prototype is 
underway. 
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3. INJECTOR 

3.1.LinacELIOS 
A new 100 MeV electron Linac was studied. The 

main parameters are shown below : 

S band Linac, f = 2 998.55 MHz 
Energy : 100 MeV ± 5 MeV, AE/E < ± 1.5 % 
Repetition rate : Fr = 10 Hz (see below) 
Beam power : = 2 watts 
Emittance : 10"6 m.rad at 100 MeV  

Two operating modes are forseen : 
• Few pulses (1 to 3) of 2 ns durations separated by 

125 ns for temporal structure modes. 
• A 300 ns macropulse duration modulated at 353 

MHz for multibunch operation. 
The total accelerated charges are respectively of 1 nC 

(1 W) and 3 nC (2 W) while the gun intensity peak varies 
from 180 mA to 30 mA. In both modes the storage ring 
filling time is < 1 min. The linac is composed of the 
following elements : triode gun (90 kV, 250 mA), 
prebuncher (10 kV, 200 W), buncher (SW, 15 MeV, 
5 MW) focalised by a solenoid, 2 accelerating sections 
(TW, 2 7t/3) 3 m long of 45 MeV each. The sections are 
powered by two klystrons (35 MW operating at 24 and 
18 MW) and two modulators (80 MW, 25 MW HF). This 
choice ensures an excellent reliability since it will be 
possible to still deliver beam in case of a major 
component failure. 

The injection repetition rate has been reviewed and 
the advantages and drawbacks of 1 Hz and 10 Hz cycle 
were compared. It turns out that beam dynamics is much 
easier at 10 Hz : no energy spread problem in the linac, no 
high peak current in the linac and the booster, easier 
crossing of the resonances during the faster energy 
ramping in the booster, safety margin for a fast injection 
in the two operating modes. The investment cost is higher 
(resonant H.V. power supplies in addition to DC instead 
of ramped power supplies) but will be compensated by 
lower operation cost (only circuit losses have to be 
delivered by the mains). The 10 Hz repetition rate was 
then adopted. 

The transfer beamlines as well as the 
injection/ejection have also been studied. Fig. 3 shows the 
general layout of the accelerators and the experimental 
hall. 

3.2. Booster 
The booster accelerates the 100 MeV electron beam to 

full energy of 2.5 GeV. The optics chosen is a FODO 
structure, with fourfold symmetry and missing magnets in 
order to have zero dispersion in the straights. The main 
characteristics are given in Table 3. 

Table 3. Booster main characteristics. 

Energy (GeV), injection/ejection 0.1/2.5 
Emittance (injected, ejected) 10"6/2.5 10"7 

Orbit length (m) 142.78 
Dipoles : nb ; 1 (m); gap (m) 24; 2.17; 0.032 

Field (T): min, max 0.04; 1 
Quad.: nb ; 1 (m); bore radius (m) 40 ; 0.4 ; 0.030 

Maximum gradient (Tm"1) 11 
Betatron tunes 6.30; 5.30 
Max optical functions ßx = ßz (m) 13.2 

Natural chromaticities £x = \z 
-1.4 

Momentum compaction a 3.32 10-2 

RF : frequency (MHz), Vmax (MV) 352.75 ; 1.1 

Fig. 3. General layout of SOLEIL. 

4. CONCLUSION 
The new nominal energy 2.5 GeV offers better 

performances at high photon beam energy and better 
electron beam dynamic behaviour with acceptable 
consequencies in the low energy domain. 

New improvements have been obtained in optics and 
Touschek lifetime as well in the design of HOM 
suppressors in superconducting cavities. In all technical 
designs special attention is paid to reliability and low 
operation cost. 
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Abstract 

We are designing a synchrotron light source dedicated to 
medical applications including an intravenous coronary 
angiography for practical uses at a hospital. The 
synchrotron light source system is required to be compact 
for installation in a limited space of the hospital. The 
system is also required to be operated easily as medical 
diagnostic devices. For the energy subtraction coronary 
angiography, required design parameters of a storage ring 
are circumference of about 45 m, 1.8 GeV electron energy 
and a stored beam currents of 400 mA. A multipole 
wiggler with superconducting coils is considered to be one 
of key devices to realize a required high photon intensity. 
A microtron with higher energy than that of commercially 
obtainable ones could be a good candidate of an injector 
for downsizing the whole system. Two optional beam 
lines are planned to be used for clinical diagnoses, and 
other beam lines of bending magnets are prepared for 
biology, physics, and other experiments to support the 
clinical diagnoses. We report the design of the compact 
system for the medical uses. 

1   INTRODUCTION 

Medical applications of synchrotron radiation have 
been researched at various synchrotron light source 
facilities in the world. Intense monochromatic X rays 
provided by the synchrotron light sources take many 
advantages on X ray imaging and medical diagnoses. A 
coronary angiography is one of well studied techniques, 
and has been clinically applied to examinees at 
HASYLABfl] and KEK[2]. 

The applications are researched mainly in the facilities 
which have storage rings of electron energy more than 2 
GeV. Because most medical applications require not only 
high energy X rays, but also intense photon flux 
compared with basic researches, such as a structural 
biology. High energy and large current storage rings are 
necessary for satisfaction of the both conditions. Compact 
rings dedicated to the coronary angiography were proposed 
in a few papers[3,4]. But the compact ring for the medical 
applications is not well studied in comparison with those 
for idustrial applications. 

Our plan is motivated by a heavy ion radiotherapy 
which has been being carried out with carbon beams at 
NIRS since 1994[5]. More precise heavy ion irradiation 
can be achieved with help of a monochromatic X ray CT 
scans. Because the CT scans with the monochromatic X 
ray make a treatment planning of the heavy ion 
radiotherapy more accurate by giving more precise CT- 

values. Conventional X ray tubes cannot produce enough 
photon flux to provide with intense monochromatic X 
rays. Another new techniques studied at NSLS[6] on a 
mammography and a bronchography are expected to give 
better quality images which help to find out cancers at 
early stages. Strongly focused X ray sources are able to 
make magnification of X ray radiography larger than the 
conventional one, so microscopic investigations is 
possible on examinees. There are many options of the 
medical applications, but, of course, they must be 
developed in complement with many other medical fields. 

We mention here estimation of the photon flux for 
the medical applications and the basic design, and show 
its layout. 

2 ESTIMATION  OF  PHOTON  FLUX 

Intravenous coronary angiography using synchrotron 
radiation is a powerful and non-invasive diagnostic 
method for finding out the coronary heart disease. This 
technique is one of the best studied method in the medical 
applications. It has also many common techniques with 
other diagnoses, and requires intense photon flux 
compared with the other applications. At these 
backgrounds we took the energy subtraction coronary 
angiography as the start point of the design. 

Photon flux for the coronary angiography was 
estimated with conditions as follows. 
1) Two dimensional animation of 30 frames per second. 
2) Exposure area is at least 150 mm x 150 mm. 
3) Each frame is produced by subtraction of two images 

taken at a higher energy X ray exposure and a lower 
one with respect to a K-edge energy of a contrast 
agent, respectively. 

4) Exposure time of each image is less than 2 ms, and an 
interval time between two exposures is less than 5 
ms. 

5) At least 50 % stricture of a coronary artery can be 
clinically recognized. 

6) Concentration of the contrast agent is more than 20 % 
at the coronary arteries. 

The first condition is as same as the conventional 
angiography. The third one is necessary to avoid artifacts 
from the image due to cardiac impulses. The last 
condition is a case of catheter injection of the contrast 
agent from a central venous. Iodine is clinically used as a 
contrast agent, which has K-edge at an energy of 33.17 
keV. The calculated photon flux is 1.8xl015 

photons/sec/15 mrad with 0.3 % band width of 33 keV at 
20 cm water equivalent body thickness. Higher energy 
photons have an advantage of less exposure dose on an 
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examinee because of low absorption rate. Gadolinium 
could be a good candidate of the contrast agent of the 
angiography, which has the K-edge at 50 keV. We 
calculated the flux at 8xl014 in case of the Gd with the 
same conditions. The Gd is used as the contrast agent for 
MRI, but so far the concentration is too low to use for 
the angiography. Nevertheless it is worth taking the new 
contrast agent into consideration for the design. Rough 
estimations of photon flux for the other applications, the 
large magnification X ray radiography and monochromatic 
X ray CT scan, preliminarily showed that flux was order 
of 1 or 2 less than those of the angiography. It means that 
about 2xl015 photon flux is supposed to cover the 
amount of photon required by other medical applications 
we will try in future. 

3 DESIGN AND LAYOUT OF THE 
LIGHT SOURCE 

3.1 Design parameters and Layout 

We studied a few cases to search suitable design 
parameters as listed in Table 1. We took a space 
limitation into the consideration of the design. So the 
dimension of the ring is limited less than 15 x 15 m2. 

(Same as the bottom 
beam line of this figure) Bending Magnet 

4.5 T 

Pt mirror(8m from 
the source) 

X ray shutter 

Crystal monochromator 
(12m from the source) 

Items Designed values 

Beam energy 1.8 GeV 
Beam intensity 400 mA 
Circumference 44.8 m 
Bending magnet 8 
bending angle 45° 
radius 1.33 m 
maximum magnetic field 4.5 T 

Beam emittance 4.9X10'7 m-rad 
Energy loss per turn (total) 1200 keV 
RF frequency 508 MHz 
RF voltage 2.0 MV 
Microtron 
beam energy 300 MeV 
peak current 10 mA 

Multipole wiggler 2 
number of pole 9 
maximum magnetic filed 8 T 
period length 400 mm 

The system layout is shown in Figure 1. The main ring 
has no booster ring for preacceleration, but has a 
microtron as an injector. The ring has four free straight 
sections for insertion devices as well as for injection 
device and acceleration RF cavities. There are two beam 
lines from the insertion devices and a few lines from 
bending magnets. 

Figure: 1 System layout of the compact synchrotron 
light source for the medical applications. 

3.2 Injector and Ring 

A race-track microtron is preferred over a linear accelerator 
because of the space limitation. In this design 300 MeV 
microtron through 21 recirculations with 10 mA current 
was studied. The microtron is operated in L-band 
microwave instead of S-band for stable operation and 
higher stored energy. According to a numeric simulation, 
beam transportation efficiencies are almost 100% when 
the emittance of injected beams from an electron gun is 
less than 50n mmmrad. The final beam conditions are 
chosen to be O.lrc mmmrad emittance and ±1% 
momentum resolution to meet ring injection conditions 

The ring consists of eight superconducting bending 
magnets to reduce the circumference. The bending 
magnets and quadrupole magnets form a double bend 
achromatic lattice and make a dispersion free at the 
straight sections. Superconducting multipole wigglers 
give strong magnetic field at the straight sections. Their 
edge effect changes the beam tunes during raising up their 
excitation currents. The strength of quadrupole magnets 
have to be continuously varied to keep the tunes constant 
following the wiggler excitations. QF and QD at both 
sides of the wiggler are operated independently with 
another QF and QD in order to keep ßy function symmetry 
with respect to  the  wiggler.  The operating point  is 
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vx=vy=3.25. There are three sextupole magnets between a 
pair of bending magnets to correct a chromaticities. 

When the wigglers are operated, the beam emittance 
will become 0.5TI mmmrad due to radiation dumping. 
The maximum beam size is estimated 2.4 mm x 0.8 mm 
in the wiggler magnets. A quantum life time is more than 
100 hours when the RF peak voltage is more than 1.9 
MV. Touchek life time is more than 100 hours at 1 A of 
1.8 GeV operation. A life time due to collisions with the 
residual gases in the ring is about 50 hours under an 
average pressure of 1.3xl0"7 Pa. 

Thermal loading can be a serious problem in case of 
the compact ring. The energy loss is 700 keV/turn at the 
bending magnets and 500 keV/turn at the wigglers. Power 
density can be estimated about 8.4 kW/cm2 at the bending 
sections. In the wiggler magnets the radiation horizontally 
fans out 84 mrad, so parts of the power dissipate on the 
side wall of the beam ducts. Some special structured beam 
duct which has thermal dumper and effective cooling 
system is necessary at the bending magnets. The thermal 
loading of the wigglers can be reduced by widening lateral 
size of the beam ducts. 

3.2 Insertion device and photon flux 

The multipole wiggler is an essential component to 
obtain high photon flux. Design of the wiggler depends 
on design of the ring, and vice versa. We studied some 
cases to determine the designs of the wiggler and the ring 
under conditions of enough photon flux and less 
contamination of higher harmonic components of 33 and 
50 keV which deteriorate image qualities. 

10" 

5    10" 

Sin    10" 

a> 
5   10' 

Photon Energy (keV) 

Figure: 2 Photon flux spectra produced by the 8T, 9-pole 
multipole wiggler and the bending magnet. 

We put a limitation of the contamination of third 
harmonics at 5 %. The wiggler has 9-pole with period 
length is 400 mm and maximum field 8 T, that gives a 
critical energy ec=17.2 keV at 1.8 GeV ring operation. 
The flux of 33 keV X ray is 2.2x1015 photons/sec within 
0.3% band width and 15 mrad, and lxlO15 photons at 50 
keV. The third harmonics is about 3.5 % and 0.5 % of the 
amounts of 33 keV and 50 keV photon, respectively. 
Energy spectra of the photon flux produced by the wiggler 

1.8GeV, 4 DOmA 33keV 
1 50 ke V 
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and the bending magnet at the full electron energy are 
shown in Figure 2. 

3.3 Beam lines for medical use 

There are two beam lines from the multipole wigglers for 
clinical uses, and a few lines from the bending magnets 
for basic researches and developments of new technique. 

Large silicone crystal of (311) as a monochromator 
generates X rays with a few tenth % energy resolution 
with asymmetry reflection. It broaden the beam vertically 
to 150x150 mm2 wide at the examinee position. Another 
mirror is installed upstream of the monochromator to 
remove the higher harmonic components to less than 0.1 
%. In this design, the transmission efficiency is less than 
60 % for 33 keV X ray. Introduction of a parabolic mirror 
should be taken into the consideration to cover wider solid 
angle than 15 mrad. 

4      SUMMARY 

The light source designed here is applicable to the 
higher energy angiography using the gadolinium contrast 
agent. It meets to a tide of using higher energy photon in 
the medical application to give the low exposure dose. 
But there are some technical problems to be solved, such 
as thermal loading. This design should be elaborated more 
to overcome the problems and to realize the stable 
operation with the long lifetime for the clinical use. 
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Abstract 

The PLS, a 2-GeV dedicated electron synchrotron light 
source, has been in normal operation mode for users since 
September 1995. It consists of 2-GeV electron linear 
accelerator, which works as a full energy injector, and a 
storage ring. The linac is 150-m long and has 42 
accelerating sections. The storage ring has a 12-cell TBA 
type lattice with 4 rf cavities. The construction of PLS 
was started in 1988, and the installation was completed in 
August 1994. From then until December 24, 1994, which 
we call the first commissioning phase, we succeeded in 
stacking the 2-GeV electrons up to 300-mA in the storage 
ring. After baking out the vacuum chamber, the second 
commissioning was performed from April to July 1995. 
In 1996, the user beam time reaches about 2,800 hours 
among 4,800 hours of the accelerator operation time. We 
present the current operational status of PLS in this paper. 

1 INTRODUCTION 

The PLS, a third generation light source, consists of a 2- 
GeV linac and a storage ring [1]. The project started in 
1988 and the construction was completed in 1994. 

1.1 Linac 

The PLS linac is working as a full energy injector to the 
storage ring. It consists of 11 klystrons and modulators, 
10 pulse compressors, 42 accelerating structures 
including those for the preinjector. 

The 1-ns long output electron beam from the 80-kV 
e-gun passes through the bunching system. The 
prebuncher is a reentrant type, standing-wave cavity, and 
the buncher is a travelling structure with four cavities 
including the input and output coupler cavities. The 
beam is compressed into three micro-bunches. This 
bunched beam passes through 42 accelerating structures 
and get the 2-GeV energy from microwaves of 2,856 
MHz in the structures. The required accelerating gradient 
of the main linac is at least 15.8 MV/m. Considering one 
or two klystrons as stand-by, it requires an accelerating 
gradient of 17.8 and 19.8 MV/m, respectively. In order 
to achieve this accelerating gradient, we adopt high 
power klystrons of 80-MW maximum output and SLAC- 
type pulse compressors with TE015 operation mode. In 
addition, we require the RF pulse length at least 4 ms for 
a higher energy multiplication factor from pulse 
compressor cavities. 

The beam transport line (BTL) for connecting the 
storage ring and the linac consists of 5 bending magnets, 

24 quadrupoles, 5 vertical correctors and 8 horizontal 
correctors. The 2-GeV electron beam leaving the linac is 
bent to 20 degrees horizontally by two bending magnets 
toward the injection area of the storage ring. After the 
beam travels about 65-m behind the end of the linac, it is 
bent upward to the beam plane of storage ring which is 6- 
m higher than that of the linac. 

1.2 Storage ring 

The PLS storage ring lattice is a triple bend achromat 
structure with 12 superperiods and 280.56-m circum- 
ference. Each superperiod has a mirror symmetric 
configuration. Each half superperiod contains six 
quadrupoles; three in the dispersive section and three in 
the non-dispersive section. 

Since the completion of its construction in 1994, the 
PLS storage ring underwent the commissioning in two 
phases; the first one from September 1 to December 23, 
1994 and the second one from April 4 to July 21 1995. 
The maximum current reached to more than 300-mA at 
2- GeV during the phase I commissioning. However, the 
beam lifetime was less than 50 minutes at 100-mA 
because of poor vacuum. During the machine shut-down 
from January to March 1995, which was between the two 
commissioning periods, all the chambers were baked out. 
When the phase II commissioning started, the beam 
lifetime was 2 hours at 100-mA, and at the end of the 
commissioning, it reached to 10 hours at 100-mA. The 
total dose attained during this commissioning was about 
114 ampere hours. 

On September 1, 1995, the PLS finally opened for 
user service mode. However, on October 19, there was 
water leakage from the flange in No.l sector, and we 
could not supply the beam to users for 40 days. Total 
beam storage time during 1995 was 3,329 hours. From 
September to December in 1995, the beam was stored for 
1,944 hours. In this period, the beam was available to 
users for 1,142.4 hours, and the average beam availability 
to users was 64%. If the vacuum failaure from the water 
leakage be excluded, the availability would be about 95% 
[2]. 

2 STATUS, STUDY AND ACTIVITIES 

As the main subject of the beam physics study, both the 
conventional ion trapping and the new Fast Beam-Ion 
Instability have been studied. For analytic study, the 
theory of two beam instability is applied. Even though 
this linear theory cannot describe the instability growth 
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correctly, it can properly describe the beginning stage of 
the instability. 

As of December 1996, the accumulated operation 
time of the linear accelerator after the start of the 
commissioning in 1994 is about 7,960 hours. Until then, 
the total accumulated high voltage run-time of the linac 
klystron-modulator system has reached average 23,460 
hours per module, and the average accumulated klystron 
heater time reached 23,746 hours. We expect more than 
30,000 hours of the tube lifetime because the operation 
power level is approximately 65-80% of the rated power 
level. The operating time of 1996 is 6,432 hours and the 
availability is increased to 94% from 85% in 1995 [3]. 
The improvement of the availability is due to the 
modification of heater circuits not to be interrupted by the 
instant unnecessary heater power interruption in case of 
the momentary klystron vacuum change which is 
recoverable almost immediately. 

The vacuum system of the PLS linac performed with 
average loaded microwave energy of 45.3 GJ per module 
in 1996. The average pressure was maintained about at 
1.1 xlO"8 Torr in the klystron gallery under the high 
power microwave loadings of average 54 MW peak 
power per module with 4.1 ms pulse width and 10 Hz 
repetition rate. With 45°C cooling water supply, the 
outgassing rate of the system has been about 9.0xl0"13 

Torrl/seccm2. The residual gas consists of mostly 
hydrogen (62%) with minor molecules of Hß, Ch2OH, 
CO, C, N, and Or A total of 26 faults with 20 hours of 
the down time in the vacuum system appears to have 
MTBF (Mean Time Between Failure) of 181.8 hours and 
the system availability of 99.5%. 

Most activities of the storage ring control system 
engineers have been devoted to the development of the 
machine diagnostics programs and the beamline control 
programs. They include the development of the data 
acquisition system for the X-ray fluorescence microprobe 
beamline and the upgrade of the existing data aqcuisition 
system as well as the development of the required console 
computer software. 

The R&D and upgrade activities of the beam 
diagnostics system are focused on the longtime analysis 
of the closed orbit data, beam-based alignment (BBA) of 
the quadrupole magnet-BPM pairs [4,5], development of 
the transverse feedback system [6], and the construction 
of a diagnostic beamline. 

In January 1996, the vacuum pressure of storage ring 
was (l~3)xl0"*Torr at 100 mA of beam current. And the 
specific pressure rise due to the photon induced 
desorption was about 2x10'" Torr/mA. The pressure rise 
is still decreasing and it reaches to (4~6)xl012 Torr/mA in 
December 1996 [7]. 

3 OPERATION STATUS 

At the normal operation period, such as user beam time, 
beam line alignments and the storage ring tuning, electron 
beams are injected into the storage ring three times a day. 

From January 8 to June 23, 1996, seven shifts were 
planned and performed for user beam times. Each shift 
consists of a ten-day run in user service mode and a two- 
day turn-off for the maintenance followed by a two-day 
run for machine study. For this period, the total planned 
machine operation time is 2,640 hours, in which 1,819 
hours are assigned to users. Among the scheduled beam 
time for users, 1,715.23 hours have been practically 
devoted to users which corresponds to 94.3% of the 
availability. 

The machine was shut-down from February 16 to 
March 10 to install a new front-end for the X-ray 
lithography beamline owned by LG Semicon. Also, we 
had the regular summer shut-down in July and August for 
system improvements and regular preventive main- 
tenances. 

After the shut-down, the user experiments resumed in 
September with five public beamlines. Two of them 
received their first users. Seven user shifts were 
scheduled until the end of 1996. Of the 1,416 hours of 
this beam time, 1,338 hours were actually provided. It 
corresponds to 94.5% of availability. Tables 1 and 2 
summarize the results of beam operations during the user 
service modes of operation in 1996 and 1997. 

Table 1. Summary of user service mode I 

Run Period Planned Supplied % 
96-1 1/8-1/26 423h 58m 401h45m 94.8 
96-2 2/5-2/12 264h 257h 36m 96.9 
96-3 3/27-4/4 195h 26m 185h52m 95.1 
96-4 4/10-4/21 264h 252h 48m 95.7 
96-5 5/1-5/9 192h 174h 08m 91.0 
96-6 5/15-5/23 192h 167h 07m 92.1 
96-7 6/12-6/23 288h 275h 58m 93.7 
96-8 9/11-9/22 288h 265h 25m 94.2 
96-9 9/30-10/15 360h 335h 23m 95.0 
Sum 2467h 24m 2316h02m 93.8 

Table 2. Summary of user service mode II 

Run Period Planned Supplied % 
96-10 10/18-11/7 192h 184h44m 96.7 
96-11 11/13-11/20 192h 185h53m 97.9 
96-12 11/27-12/4 192h 183h 24m 97.4 
96-13 12/3-12/16 192h 173h 09m 92.6 
97-1 1/11-1/19 216h 199h 05m 92.2 
97-2 1/25-2/3 240h 226h 36m 94.4 
97-3 4/5-4/14 240h 222h 15m 93.7 
Sum 1464h 1376h 06m 95.0 
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4 MACHINE UPGRADE 

During the 1996 summer shut-down, a couple of major 
reinforcements have been added to the system for greater 
stability and reliability. 

In the linac, optical cables were installed for timing 
system upgrade and the klystron heater interlock circuit 
has been modified, so that klystron and thyratron could 
be stable even in the case of instantaneous power failure. 
Also, the thermal shield blanket was installed for the 
microwave main drive line, which is made of copper tube 
(coaxial line) and was found responsible for the unstable 
beam energy drift caused by the automatic intermittent 
circulation of air. 

In the storage ring, several suspect points of the 
vacuum chamber have been scrutinized and rebaked 
while some new devices were installed for performance 
enhancement; a kicker for the transverse feedback 
system, and new coils for the four quadrupole magnets 
damaged last January by interlock failure. 

One more RF station was added to the storage ring. 
Total four cavities powered by independent power 
source, TV klystron, provide 240 kW of RF power, which 
is enough to store 400-mA of beam current at 2.0-GeV 

[8]. 

5 BEAMLINES 

In 1996, three more beamlines have been installed and 
the total number of beamlines becomes 6. There is one 
more beamline for the beam diagnostics which was 
installed in 1996. All of them are bending magnet 
beamlines as listed in Table 3. 

Table 3. Working beamlines 
Beamline Areas of Research Year of 

Installation 

Whitebeam X-ray Microprobe 1996 
Photoemission Surface Science 1994 

NIM Atomic & 
Molecular Science 

1995 

EXAFS Chemical 1996 
X-ray Engineering 1994 

Scattering X-ray Diffraction 1996 
Lithography Semiconductor (LG) 

During the first half of 1996, total 34 experiments 
have been conducted using the three operational 
beamlines (photo-emission, NIM, and X-ray scattering 
beamlines). In the last four months from September to 
December, a total of 35 experiments have been conducted 
at five beamlines. 

6 FUTURE PLAN 

In the year 1996, there was no big change in the PLS 
beam state.    Most parameter values were maintained 

without any significant change. But, it does not mean 
that the PLS is in a stable and fully tuned state. Rather 
we would like to say that it reached a phase I; the PLS is 
capable of storing a stable beam of 100 ~ 130 mA with 
lifetime more than 10 hours, and major lattice parameters 
are reasonably close to the design values [2]. We should 
make a transition to phase II, in which it is possible to 
store a stable beam of a few hundred mA with a lower 
emittance, and the machine itself is fully understood. 

To achieve this phase and to serve the reliable photon 
beams to the users, we have some machine upgrade plans. 
Among them, the installation of beam position monitors 
in the linac and BTL for energy feedback system, beam 
based alignment, and the installation of longitudinal 
feedback system are included. 

Adding to these, the installation of the 12u' klystron- 
modulator module is being under progress and the U7 
undulator is ready for its installation. As for the 
beamlines, SAX and X-ray diffraction beamlines are 
expected to be installed in 1997. 
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Abstract 

The present status of the ELETTRA synchrotron radia- 
tion light source is given. Of importance to the User 
community is the brightness and the stability of the 
source. Recent improvements to the machine, completed 
or in progress, allow a further increase of the perform- 
ance values. These upgrades include modifications to 
increase the current and/or beam energy, improved com- 
pensation of insertion device effects, orbit feedback and 
the control of multibunch instabilities. 

1 PRESENT STATUS 

The present organisation of machine operation periods 
follows that of last year [1], namely, three to four week 
round the clock operation followed by a one to two week 
shutdown period. The facility during 1997 will operate 
for a total of 6168 hours of which 5064 will be dedicated 
to User experiments. The uptime of the machine for the 
past calendar year was 93.6%, an improvement compared 
to the previous year which was 91.5%. The major source 
of downtime still remains external disturbances on the 
electrical line from thunderstorms or otherwise and ac- 
counted for 24% of all downtime. 

At present the facility is providing photons from 
five insertion devices and one bending magnet. The total 
number of beamlines active at the time of this conference 
is ten with additionally four under construction. This 
autumn will see the installation of an electromagnetic 
elliptical wiggler, a collaboration between BESSY and 
MAX-lab [2]. The device is an open sided structure and 
utilises electromagnets for the generation of both hori- 
zontal and vertical fields allowing both wiggler and un- 
dulator modes of operation. It can switch its fields in a 
trapezoidal manner between 0.1 to 1.0 Hz and sinusoi- 
dally from 10 to 100 Hz. Four new insertion devices, up 
to 2.2m in length, have been approved for construction, 
see [3] for further details. These devices, for which in- 
stallation is foreseen in 1998, are elliptical undulators 
(APPLE-II types) providing photons which cover the 
range 10 to 2000 eV. 

A new low gap insertion device vacuum chamber is 
under construction and will be installed in August this 
year. The chamber made of stainless steel has an internal 
aperture of 15 mm and externally 17 mm. The novel fea- 
ture of this chamber is the absence of pumping along it's 
length, thereby simplifying it's fabrication. A cross- 
section is shown in figure 1. In addition a new bending 
magnet chamber is being studied, made of aluminium, for 
the new helical insertion devices. These will have larger 

vertical radiation slots to accommodate the increased 
vertical divergence of the radiation from the new devices. 

This year saw the full implementation of the operations 
task manager program "One Button Machine" [4]. It is a 
UNIX based tool that spawns, communicates and controls 
the logical flow of the pre-defined operations required for 
a machine refill. The program reduces to the theoretical 
minimum the preparation time for a refill. Modules are 
presently being included to perform the ramping and final 
insertion device settings before consignment of control to 
the Users. 

Figure 1:   Cross-section of vacuum pump free insertion 
device chamber. 

2 INCREASING THE CURRENT/ENERGY 
The routine 250 mA current already exceeds the design 
current of 200 mA at 2.0 GeV. The main limitation at the 
facility to fully exploit the flexibility of ELETTRA and 
operate at even higher currents is the thermal load on the 
vacuum chamber due to synchrotron radiation. The main 
obstacle for an increase of current and/or energy is the 
thermally induced mechanical stress on the vacuum gas- 
kets of the beam position monitors (BPM's) downstream 
of the bending magnets. Already in 1994-95 additional 
cooling was installed which gave noticeable improvement 
in vacuum and thermal stability. The BPM monitor, how- 
ever, still suffers from thermal stress because of the diffi- 
culty in providing additional cooling to the body of the 
monitor. In view of this, composite gaskets of 
steel/copper have been designed and are being installed. 
The installation takes one week per achromat and all gas- 
kets will be upgraded by summer 1997. This will permit 
an increase of current to 300 and it is expected to 350 
mA. Alternatively the machine energy may then be in- 
creased to 2.35 GeV with a current of 200 mA which 
would generate the same heat load as 350 mA at 2.0 GeV. 
The higher energy is beneficial in improving the 
Touschek lifetime and helps in combating multi-bunch 
instabilities. The radio frequency system would limit the 
current at this higher energy at about 250 mA. 
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3 COMPENSATION OF INSERTION DEVICE 
EFFECTS 

Insertion devices are the principle sources of bright pho- 
ton beams in ELETTRA. To minimise the effect of gap 
changes the devices are fabricated to the highest stan- 
dards. Notwithstanding the fact, however, that the mag- 
netic field integrals are measured and minimised to the 
lowest possible levels given by present day methods and 
even utilising the most sophisticated techniques in pole 
shimming, residual field errors persist which disturb the 
closed orbit. To compensate this effect correction coils or 
rotating blocks (for the wiggler) are used. A lookup table 
is utilised for the compensation. Recently the correction 
method has been improved and also takes into account 
the simultaneous compensation of horizontal and vertical 
effects which arise through the non orthogonal magnetic 
fields used in the compensation of some devices. The 
technique has been automated to provide the fastest char- 
acterisation allowing rapid confirmation, and if needed 
adjustment, for new machine files. The method gives a 
factor of five improvement over the previous correction 
scheme. The maximum closed orbit displacement relative 
to the beam size at the source point is 1.1% horizontally 
and 6.7% vertically for an effective emittance coupling of 
1%. This is sufficient to allow User control of the inser- 
tion devices. Work is terminating for the complete im- 
plementation on all insertion devices which will permit 
experimental Users to control their devices in May 1997. 
The present level of correction is at the limit of the BPM 
resolution and method will be upgraded to incorporate 
information from the photon BPM's. This in combination 
with the local orbit feedback system will provide sub- 
stantial beam stability for the Users. 

4 LOCAL ORBIT FEEDBACK 

Transverse orbit stability is essential to guarantee the 
maximum exploitation of the brightness of a light source. 
The amount of beam degradation observed by an experi- 
mental User depends on the frequency of the disturbance 
compared to the speed of the measurement. With in- 
creasing data acquisition rates from beamline experiments 
it is essential that a fast orbit stabilisation system be em- 
ployed. At ELETTRA the sources of disturbance are pri- 
marily due to thermally induced mechanical movement of 
the chamber, to insertion device manipulation (both slow 
effects) and fast spurious signals at 50 Hz and multiples 
thereof due to the mains. Extensive tests have so far 
failed to pinpoint the source of the latter disturbance. In 
view of this the fast local orbit feedback utilising digital 
controllers and signal processors has been implemented 
to locally combat all the above mentioned effects at the 
insertion device source points [5]. The high frequency 
component has been successfully eliminated using a 
dedicated harmonic suppressor. Figure 2 shows the re- 
duction in noise level for the lower frequencies. The sys- 
tem will be implemented on all insertion device beam 
lines by the end of summer 1997. The foreseeable use of 
the system will be to isolate beamlines from external dis- 
turbances. The known effects, however, of insertion de- 

vice gap changes producing fictitious orbit displacements 
(due to the presence of bending magnet radiation) may 
limit the use to fixed gaps and rely on insertion device 
compensation as described in section 3 for 
gap/monochromator scans. Studies are presently being 
completed to evaluate this effect as a function of gap. A 
foreseeable development would be the use of electron 
BPM's as the monitors for the system [6]. 
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Figure 2. Results of local orbit feedback at ID_6 in com- 
pensating low frequency disturbances. 

5 COMBATING MULTIBUNCH INSTABILITIES 

Longitudinal and in particular transverse multibunch in- 
stabilities degrade machine brightness. The effects vary 
from a blow-up of the longitudinal bunch dimensions to 
transverse jitter and partial to total beam loss. As has been 
described elsewhere ELETTRA utilises temperature tun- 
ing of the cavities for mode shifting [7]. This method, 
however, becomes more laborious and possibly impossi- 
ble to use as the stored beam current increases. In view of 
the planned increase in current adjustable higher order 
mode frequency shifters (HOMFS's) are being installed in 
all four cavities [8]. The work started in late summer 
1996 will terminate by the end of 1997. The first results 
performed last year are very promising and showed an 
improvement in shifting both the longitudinal and trans- 
verse modes. Figure 3 illustrates the behaviour of trans- 
verse coupled bunch modes in cavity S9 as a function of 
cavity temperature at a beam energy of 2.0 GeV and 250 
mA stored current. The first diagram shows the distribu- 
tion of the most prominent modes before installation of 
the adjustable HOMFS. The broad transverse mode com- 
plicated matters during ramping of the beam from the 
injection energy to the final operating value of 2.0 GeV. 
The instability led to partial or total beam loss during the 
ramp. The second figure shows the distribution after in- 
stallation of the adjustable HOMFS in this cavity which 
allowed a careful tuning and shifted the dangerous mode 
out of the temperature working window. A complete 
characterisation of the machine with all cavities having 
the HOMFS's will take place in the later part of this year. 
The characterisation will be performed with the higher 
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stored current and based on these results a decision will 
be made as to whether or not a longitudinal multibunch 
feedback system will be implemented. 

To allow rapid evaluation of the best position for the 
HOMFS's a system of mode measurement with beam has 
been implemented. The system operated from a UNIX 
environment can perform a complete scan of the 432 
modes in 10 minutes. 

45    50    55    60    65 

Cavity Temperature, C 

To compensate the increased effect of Touschek 
scattering associated with the higher currents and/or 
denser bunches a study programme has been launched 
with the task of evaluating the impact of installing a super 
conducting radio frequency cavity for compensating the 
energy loss of the Touschek scattered particles. The study 
will also examine the feasibility of installing additional 
sextupole magnets into the ring which would be required 
to improve the transverse off-momentum energy accep- 
tance. In addition a re-optimisation of the existing har- 
monic sextupoles will be performed to see the impact of 
lessening the compensation of the geometric aberrations 
in favour of an increased off-momentum aperture. Asso- 
ciated with this study will be the examination of an alter- 
native method to improve the beam lifetime through the 
use of a super conducting higher harmonic cavity. This 
would provide a longer Touschek lifetime by lengthening 
the bunch. In this case the time structure of the beam 
would be altered and special machine periods would then 
be dedicated to Users requiring short bunches for experi- 
ments. 

45    50    55    60    65 

Cavity Temperature, C 

Figure 3: The shifting of horizontal transverse coupled 
bunch modes with a adjustable HOMFS on cavity S9. 2.0 
GeV, 250 mA. Before installing the adjustable frequency 
shifter (upper graph) and after (lower graph). 

6 FUTURE OUTLOOK 

With the operation of the facility at higher currents the 
control of dangerous transverse coupled bunch modes 
becomes more difficult. Therefore to guarantee the best 
possible conditions for experiments a transverse 
multibunch (bunch by bunch) feedback system is being 
actively studied and developed. The installation date is 
foreseen for 1998. For what regards orbit stability and in 
view of the increasing number of future bending magnet 
beam lines a global feedback system will be studied to 
enhance the already existing slow feedback which cur- 
rently operates at a high control level to compensate the 
slow thermal drifts of the orbit. 

Apart from the newly approved devices the possi- 
bility of building a short period (22 mm) in vacuum de- 
vice is being evaluated [3]. This device will have a tenta- 
tive operational gap of 7mm. 
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Abstract 

Low energy third generation light sources, such as 
ELETTRA, are lifetime limited by Touschek scattering. 
In principle an improvement of the lifetime can be 
obtained by increasing the emittance coupling or by 
increasing the longitudinal bunch dimensions, however, 
both methods have an adverse effect on the light quality. 
The trade off between lifetime and light quality in 
ELETTRA is discussed and spectral measurements for 
various scenarios are presented. 

1 INTRODUCTION 

One of the main difficulties facing third generation 
light sources is the low lifetime associated with the low 
emittance of these machines. The lifetime restriction 
arises from an enhancement of the Touschek effect, an 
effect which involves large angle intra-beam Coulomb 
collisions, and is evidenced in low emittance machines 
because of the higher density of the bunches. Increasing 
the lifetime without compromising the quality of the light 
is one of the desired goals in machine operation. There 
are several techniques for the improvement and involve 
either an increase in the storage ring particle acceptance 
or a reduction in the particle density. The former can be 
performed by increasing the dynamic aperture for off- 
momentum particles which must be done both 
longitudinally and transversely. The longitudinal 
acceptance increase may be performed by increasing the 
radio-frequency voltage applied to the beam. The method 
is costly and may involve upgrading the rf plant and/or 
the power feed-through to the cavity, or the installation of 
additional cavities and plant units. New methods have 
recently been proposed to increase the rf voltage by 
including in the ring a super conducting cavity operating 
at zero phase providing voltage only for those particles 
which have suffered an energy loss, either through a 
Touschek event or gas Bremsstrahlung. Increasing the 
transverse off-momentum acceptance is more complicated 
for an existing machine since the placement of additional 
sextupoles will require space which is generally hard to 
find. For machines in the development stage new lattices 
are being designed providing more than four percent 
energy acceptance [1]. 

The second technique for an improvement of the 
Touschek lifetime is to reduce the bunch density. Apart 
from increasing the number of bunches for a given 
current, the density reduction may be performed in either 
the transverse or longitudinal plane. However, this is in 
conflict with the goal of modern light sources and 
compromises the quality of the light, since increasing the 
transverse bunch dimension will reduce the brightness 

and lengthening the bunch will spoil the time structure 
and may enhance energy spread contributions. 
Transversely, the natural coupling of the machine may be 
increased either with skew quadrupoles or by operating 
on the coupling resonance. Longitudinally the bunch may 
be lengthened by a higher harmonic cavity [2] with 
precautions being taken not to increase the energy spread 
of the beam. 

2 CONDITIONS IN ELETTRA 

ELETTRA, which is Touschek limited in the 
longitudinal plane, at present operates with an effective 
accelerating voltage of 1.76 MV. This provides an overall 
lifetime (including gas scattering) of -10 hrs at 250 mA 
under the conditions of reduced longitudinal multibunch 
instabilities (LMBI), see below. Going to the maximum 
voltage of 1.96 MV gives little improvement and 
increases the overall lifetime to 11.4 hrs. As to increasing 
the number of bunches in the ring a small improvement 
may be performed by going to 100% filling rather than 
the 80-90% currently used. This, however, would increase 
the likely-hood of ion trapping effects and generally gives 
a noisier beam. The method chosen to increase the 
lifetime is to operate with a controlled amount of 
longitudinal multi-bunch instability. The instability leads 
to a bunch dilution in the longitudinal plane as described 
in ref [3], The control is performed by temperature tuning 
of the cavities with additional control being given by the 
adoption of Higher Order Modes frequency shifters [4] 
for operation at higher currents. The excitation can be 
varied from no modes being excited to full excitation. An 
intermediate regime corresponding to reduced 
longitudinal multibunch instabilities (LMBI) is 
characterised by coherent coupled bunch oscillations of a 
few degrees. The effective beam energy spread in this 
case is determined by the oscillation amplitude. The 
lifetime, however, is fully Touschek dominated since the 
bunch suffers little dilution. To obtain a bunch dilution 
the bunch has to perform larger oscillations which then 
Landau damp. The resulting average energy spread has to 
be evaluated taking into account the damping time in the 
longitudinal plane. Estimates indicate that the increase in 
the rms energy spread is two to three times the natural 
value of 8 x 10"4. In addition to increasing the lifetime 
this mode of operation also helps in combating the strong 
transverse modes. 

3 MEASUREMENTS 

Experiments were performed on two beamlines and 
spectra were recorded under various operating conditions 
to estimate the effect of choosing to increase the lifetime 
via longitudinal bunch dilution. There are essentially 
three distinct ways to manipulate the lifetime at 
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Figure 1: Line spectra taken on the ID_3, VUV beamline as a function of the different methods to increase the beam 
lifetime. Spectra shown refer to reduced longitudinal multibunch excitation, normal operating conditions (x2 increase in 
energy spread) and 100 % coupling. 

ELETTRA. These are (a) controlled use of longitudinal 
multibunch excitation, (b) compensation or not of the 
spurious vertical dispersion and (c) excitation of the 
coupling resonance to increase the vertical beam size. The 
spurious dispersion, horizontal and vertical, affects the 
emittance by altering the equilibrium between quantum 
excitation and radiation damping. Additionally the 
dispersion alters the beam size via the energy spread of 
the beam. This effect is relevant to both planes and is 
particularly important when coupled bunch instabilities 
are driven by the cavity higher order modes. The spurious 
dispersion is most damaging in the vertical plane, and 
given the low geometric coupling accounts for most of 
the vertical beam dimension if not corrected. The natural 
coupling has been measured to be 0.1% (Afmjn of 6kHz) 
and the uncorrected vertical dispersion can have a peak 
rms values of up to 3.5 cm. The amount of effective 
emittance coupling as a function of vertical dispersion can 
be found in ref [5] and shows that an rms dispersion of 
1.5 to 0.3 cm will change the dispersion caused coupling 
from 1.0 to 0.05%. The correction has been described 
elsewhere [5] and final rms values of 3 mm have been 
attained. Table 1 shows the lifetime for these three 
conditions. In the table a reduced LMBI condition 
corresponds to the description given in the preceding 
paragraph, whereas normal vertical dispersion has been 
taken to be 1.0 cm and the reduced dispersion as 3 mm 
rms. We note that the lifetime can be varied by a factor of 
five. 

The lifetime is composed of gas scattering effects 
(elastic and inelastic) and the Touschek effect. To 
compute the Touschek contribution under stable beam 
conditions the bunch length has been taken to have the 

nominal value of -18 ps at 250 mA for 80% filling 
(harmonic number of 432). The bunch length at this 
current is below the microwave instability threshold (the 
measured longitudinal broadband impedance IZ/nl is 
below 0.7 Q). From fitting the lifetime contributions to 
the measured data results in an estimate for the bunch 
length or energy spread increase of a factor of two when 
operating under normal conditions. 

LMBI 
Vertical 

Dispersion Coupling trhrsl 
1 reduced reduced normal 6.7 
2 reduced normal normal 10.3 
3 normal normal normal 20.0 
4 reduced normal maximum 30.0 
5 normal normal maximum 36.5 

Table 1: Lifetime as a function of controlled longitudinal 
multibunch instability (LMBI), spurious vertical 
dispersion and coupling. (250 mA, 2.0 GeV) 

Figure 1 shows the effect on the undulator line 
shapes for the three cases examined on the VUV 
beamline (ID_3: period of 12.5 cm, N=36). The findings 
can be summarised as follows: exactly on the coupling 
resonance (reduced LMBI) for ID_2 a 10-15% reduction 
in intensity is observed whereas for ID_3 a reduction of 
70% is noted and the noise level is greatly increased (the 
latter beamline uses an 20 urn entrance slit while the 
former does not). Going from a situation with reduced 
LMBI to normal LMBI operating conditions gives a 
reduction in intensity of 16-28% for ID_2 and a reduction 
of 10-13% for ID 3. 
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4 PHOTON COHERENCE 

An important parameter is the fraction of coherent 
radiation emitted from an undulator. Diffraction limited 
effects are most noticeable at long wavelengths. Figure 2 
shows the coherent fraction of emitted radiation for 
different horizontal to vertical emittance couplings in 
ELETTRA as a function of photon energy. The greatest 
effect, as expected, is found in the vertical plane. A 
summary is given in table 2. From these results we see 
that increasing the vertical emittance is not an attractive 
option. Table 3 shows the reduction in intensity as a 
function of energy spread for the two beamlines in 
consideration. We note a small overall effect on the 
results for the first few harmonics under consideration. 

Photon Energy 
TeVl 

Diffraction Limited to a 
Coupling of 

10 100% 
100 10% 

1000 1% 
Table 2: Extent of diffraction limit (within 20-30%) as a 
function of coupling. 

Harmonic ID 2(N=81) ID 3 (N=36) 
1 -4% -1% 
3 -23% -7% 
5 -35% -16% 

Table 3: Theoretical reduction in intensity due to 
doubling the beam energy spread (worst case, zero 
emittance on axis). 
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Figure 2: Coherent fraction of undulator radiation for (a) 
the horizontal plane, (b) the vertical plane and (c) the 
combined effect. 

5 CONCLUSIONS 

These preliminary results indicate that increasing the 
bunch length and the associated energy spread by means 
of controlled residual coupled bunch excitation gives 
acceptable reduction of undulator flux whilst doubling the 
lifetime. Increasing the lifetime by increasing the vertical 
dimension by operating on the coupling resonance gives 
too great a reduction in flux and intensity and additionally 
results in the production of noisy spectra. In view of 
future developments to increase the stored current and to 
combat the consequently enhanced coupled bunch 
instabilities options to provide adequate Touschek 
lifetime using other methods are being actively pursued 
[6]. These involve the use of bunch lengthening 
techniques using a higher harmonic cavity (super 
conducting) or the installation of a super-conducting 
cavity for additional rf acceptance (without bunch 
lengthening) as described above. The choice will be based 
on the feasibility of increasing the transverse off- 
momentum acceptance. 
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Abstract 

With the advent of a simple matrix inversion technique, 
measurement-based storage ring modeling has made rapid 
progress in recent years. Using fast computers with large 
memory, the matrix inversion procedure typically adjusts 
up to 10^ model variables to fit the order of 10^ 
measurements. The results have been surprisingly 
accurate. Physics aside, one of the next frontiers is to 
simplify the process and to reduce computation time. In 
this paper, we discuss two approaches to speed up the 
model calibration process: recursive least-squares fitting 
and a piecewise fitting approach. 

1 CONVENTIONAL APPROACH 

Some of the first accelerator model fitting routines were 
based on numerical adjustment of model parameters to 
make simulated orbit perturbation data match the 
measured data [1]. Originally known as the 'GOLD' 

method [2], model calibration concentrated on one 
section of the lattice at a time. With the GOLD method, 
the operator first identified parts of the lattice where the 
model agreed with the measured data. The next step was 
to vary model parameters near any discontinuities until 
the model-simulated trajectories matched the 
measurements. The power of the GOLD method is 
twofold: (1) hardware errors are quickly identified, and 
(2) once the model fields are found optical parameters 
can be predicted throughout. The same technique can 
applied to both perturbation orbit and absolute orbit 
measurements. 

'Multi-track fitting' increases the accuracy of the 
result. With multi-track fitting, a set of orbit 
perturbations made by different dipole kicks provides 
many self-consistent constraints for the analysis. In effect, 
with each new trajectory the particle beam makes an 
independent probe of the spatial field structure of the 
lattice. Multi-track fitting was initially carried out with 
RESOLVE [3], a graphical interface program where the 
operator can interactively adjust parameters to find model 
and/or hardware errors. 

*work supported in part by Department of Energy 
Contract DE-AC03-76SF00515 and Office of Basic 
Energy Sciences, Division of Chemical Sciences. 

In the limit, multi-track fitting can include the 
complete corrector-to-bpm response matrix with many 
parameters in the model declared as variables. 

Unfortunately, the number of operations required to set- 
up the calculation, the computation time, and 
interpretation of the results become unwieldy in a 
graphical interface environment. 

To speed up the process, the problem was linearized 
and statistically correlated solutions were found by matrix 
inversion in a dedicated code [4]. As with many system 
identification problems, the non-linear aspect was 
accommodated by iterative re-expansion around the 
operating point. 

The matrix inversion procedure evolved into a 
powerful tool that can accurately predict quadrupole 
strengths, BPM gains, corrector gains, and a variety of 
other model parameters [5-8]. Although the linearization 
technique is robust and accurate, the turn-around time 
required to make the measurements, calculate hundreds of 
closed orbits, and then invert the matrix can be many 
hours. 

In the following sections, we describe ideas for 
reducing the model calibration turn-around time. The goal 
is to predict the model soon after the measurements 
become available. 

2 RECURSIVE LEAST-SQUARES 

In order of increasing complication, some of the more 
useful accelerator model calibration procedures are: 

I. Fit single orbits to verify corrector and bpm operation. 

II. Fit single quadrupoles or families in-plane. 

III. Fit quadrupoles, correctors, bpms in-plane. 

IV. Fit quadrupoles, correctors, bpms, coupled-plane. 

Depending on the objectives of the analysis, one or 
more of these procedures might be adequate. For large 
calculations, it is worthwhile to minimize the number of 
correctors and bpms needed to realize an accurate fit. 
Eliminating redundant measurements reduces the time to 
calculate the closed orbits and to invert the sensitivity 
matrix. 

One way to speed up the process would be to 
employ   a   recursive   least-squares   algorithm.    With 
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recursive least-squares, a 'batch' of data is initially 
processed to arrive at preliminary least-squares answer 
[9]. Subsequent data is used to update the previous model 
estimate iteratively. For storage ring model calibration, 
this translates into choosing a subset of orbit 
perturbations from the response matrix (with appropriate 
corrector phases) to yield an initial estimate for the 
model. Each new set of orbit data is then used to update 
the previous solution on an iterative basis. 

In a fast on-line system, the model calculations of the 
perturbed orbits could be carried out in parallel with the 
initial measurements. Once a sufficient block of data is 
acquired, the model is fit with a set of variables chosen by 
the operator. The new model is used to calculate the next 
set of closed orbits while more measurements made. 
Depending on the goal of the analysis, subsequent 
iterations could include more subtle model variables. 

3 PIECEWISE FITTING 

In this section, we return to the original 'GOLD' notion of 
piecewise model calibration, but apply the linearized 
response-matrix fitting technique. Instead of adjusting 
many model parameters to agree with the measured 
response matrix around the entire storage ring, suppose 
we want to analyze only a part of the ring, the IP or an 
insertion device for instance. Data is acquired in the same 
way as before, namely, kick the beam with corrector 
magnets and measure the beam deflection. 

For this application, however, fewer measurements 
are needed since only a subset of the model parameters 
are variable. Furthermore, the time required to calculate 
trajectories from the perturbed model, and the time 
required to invert the sensitivity matrix is reduced. The 
main difference is that (similar to the GOLD method) 
each section of the storage ring is treated like a 
transmission line. 

Mathematically, the procedure becomes clear if we 
compare to the closed-orbit response matrix method. In 
that case, the Taylor expansion of the response matrix 'C ' 
is 

= Cmodel + (3C/3k)modei • Ak+ . (1) 

The column vector of expansion variables, Ak, is 
nominally a set of quadrupole strengths, but corrector 
gains, BPM gains, energy shifts or other model 
parameters can be added [5,8]. Any increase in the 
number of variables will expand the dimensions of the 
problem.  Collecting known quantities  in Eq.   1,  the 

- {A,B} , BPMS              '    traJec 

model variables^ 

measurement constraints 
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Figure 1: Schematic Piecewise Fitting 

parameter vector Ak is found by least-squares inversion 
of the sensitivity matrix (<5C/dk)mocjei. 

Piecewise model calibration proceeds similarly. 
Expressed in terms of linear transport equations, the 
displacement Ax of a single trajectory propagates as 

Ax 
A9 

= ARn +BR12 + , (2) 

where {A , B} are the cosine- and sine-like components 

of each trajectory. The column vectors {R11, R12} are 
elements of the linear transport matrix evaluated along 
the beamline. 

If we Taylor expand the R-matrix elements about the 
nominal quadrupole strengths, we get an equation for 
each trajectory: 

Ax 
(^e )measure =A[R1 l model + (OR1 ^SkJmodel * Akl + 

B[R12
m0del + (9R12/5k)modei • Ak] + ... (3) 

In this form, R11 and R*2 contain model values for 
elements of R-matrix, and the calculated matrices 

SR^/Sk and 8R^/dk contain the sensitivity terms. 
Although it is desireable to solve for Ak directly, the 
initial conditions {A, B}t and the column vectors {AAk, 
BAk} appear as the variable parameters for each 
trajectory. 

To reduce the dimensions of the problem, and to 
constrain the solution vector Ak, an iterative approach is 
possible: 

I. Solve for {A , B} from Eq. 2 for each trajectory, then 

II. Solve for Ak from Eq. 3 with initial conditions 
{A , B} as determined in Step I, i.e., solve for Ak from 

^ - AR1 * - BR12 = (SR1 !/5k + R12/dk) • Ak    (4) 

tWith transmission line fitting, the 'beam' can be 
propagated in either direction, e.g., the initial conditions 
{A ,B} can be located on the right in Fig. 1. 
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for all trajectories simultaneously. As with the closed 
orbit case, BPM, corrector, coupling, and energy 
variations can be added to the parameter vector Ak. 

The approach of iteratively solving for the initial 
'launch' conditions {A ,B} and then the model parameters 
Ak is used routinely in RESOLVE [10] analysis (and 
independently suggested by S. Prabhakar). Other 
numerical solutions are possible. The difference here is 
the linearization step that facilitates the analysis. 

4 SUMMARY 

Two ideas are presented with the intention of speeding up 
measurement based model calibration for on- line 
applications. The first method, recursive least-squares 
analysis, is similar to the method used in practice today, 
but explores the possibility of 'updating' the solution as 
new data becomes available without re-analyzing the 
entire data set. 

The second method draws on concepts used before 
closed-orbit analysis became available, namely piecewise 
model calibration. Relative to closed-orbit model 
calibration for an entire storage ring, piecewise analysis 
involves 

• less calculation time for perturbed trajectories, 

• fewer BPMs and correctors, and 

• fewer variable model parameters. 

In practice, once a corrector is kicked the full 
(closed) orbit can be recorded, but only a section of the 
accelerator is analyzed at any one time. The model fitting 
can be 'propagated' along a transmission line, around a 
storage ring, or focus on a specific region of the 
accelerator. The time savings for piecewise fitting is 
derived from elimination of closed orbit calculations 
(only the coefficients RJ1(s) and R12(s) are needed), and 

inversion of a smaller sensitivity matrix. After adjusting 
IP optics in a large collider, for instance, a quick check of 
quadrupole strengths is possible without analysis of the 
entire storage ring. 
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THE SPEAR RF CAVITY CHARACTERIZATION 
AT STANFORD SYNCHROTRON RADIATION LABORATORY' 

Sanghyun Park and James J. Sebek 
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SLAC MS 69, P.O.Box 4349, Stanford, California 94309 

Abstract 

At the SPEAR storage ring, the 3 GeV stored beam is 
driven by a five-cell 7i-mode standing wave cavity 
operating at 358.54 MHz. The frequency tuning and the 
field balance between the cells are feedback controlled by 
movable tuners at the end cells. Another cavity of the 
same type in the ring can be powered for higher beam 
currentin the future, but it is presently in a standby mode 
as a backup system. This idle cavity is also used to 
suppress the beam instability by manually positioning the 
tuners. For the purpose of cold tests, one PEP-I cavity is 
being prepared for the RF measurements. 

1 INTRODUCTION 

At Stanford Synchrotron Radiation Laboratory (SSRL), 
a 3.0 GeV electron beam is stored in the SPEAR, which 
stands for Stanford Positron Electron Accumulator Ring 
and built originally for high energy research in electron- 
positron collision, to provide bright X-rays for the users 
at 10 beamlines. At the top of the fill the stored beam 
current reaches 100 mA, diminishing to about 50 mA 
when it is dumped for a refill 24 hours later. As an 
indication of the quality of the photon beam delivered, 
the intensity at every beamline is monitored. 

A pair of photoelectric probes, made of tungsten tip and 
placed symmetrically at either side of the beam center, 
develops photoelectric voltage roughly proportional to 
the photon intensity at the center. The difference is used 
to steer the beam, and the sum is proportional to the 
stored electron beam current. Occasionally, however, the 
sum voltage shows spikes or bistable oscillations. From 
the users' point of view, this noise must be minimized by 
all means for them to do accurate measurements. 

At the accelerator side, there are several factors that 
force the system to deviate from the designed way of 
performance such as higher order modes in the cavity 
initiated by the circulating beam, and fluctuations in 
cavity temperature mainly due to limits in cooling 
regulation. The stored beam current,   photon intensity, 

cavity temperature as measured at one out of five cooling 
channels, and the positions of the two tuners #1 and #5 
are shown below over a 2-hour period that includes 35- 
minute beam noise activities as seen at the 
beamline 10. 

Fig. 1 Typical system performance over a two-hour 
period (horizontal axis) that includes a 35-minute beam 
noise, a beam current (96.2 to 90.6 mA), b Beamline 10 
sum (0.13V span, 1.47V min.), c cavity temperature 
(between 48.4 to 48.9 deg C), e tuner #1 position (0.34 
mm span), f tuner #5 position (0.11 mm span). All scales 
are linear. 

From the figure above, it is clear that the stored beam 
current follows ~(l+t/-c)_1 dependence even when the 
beamline 10 sum is jumped to its higher level, returning to 
the normal value about 30 minutes later. Without any loss 

* Work supported by Department of Energy Contract DE-AC03- 
76SF00515. 
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of the beam, there is no discernable precursor detected in 
any data channel. It is noticeable that the period of noise 
coincides with a dip in the cavity temperature, and the 
noise subsides as the tuner number 5 makes a large 
excursion. In recent years, there are more data acquisition 
channels being added to the system for engineering and 
environmental diagnostics. Further details will be given in 
the later sections. 

2 CONVENTIONAL CONTROL 

There are a number of five-cell cavities currently in use 
worldwide mostly operating at 352 MHz. One such 
system is the PEP-I, now being replaced by single-cell 
based PEP-II for the B-factory at SLAC. Other examples 
are ESRF and LEP where the two tuners are placed in 
cells 2 and 3, instead of 1 and 5 at PEP-I and SPEAR. 
The SPEAR cavities are scaled version of the PEP-I, and 
most low level RF and control/monitoring electronics are 
derived from the PEP-I design.[l] Despite the minor 
difference in operating frequencies, there are still many 
features that are common to the two systems. 

At the SPEAR RF cavity, each cell is equipped with an 
RF probe, which indicates the accelerating field strength 
at the power level of 50 dB down from the driving RF 
power fed to the third cell. There are five voltages overall 
from the cavity; V, to V5. The difference A = V5-V, is 
used for differential movements of the tuners 1 and 5 so 
that A=0. The sum S = V, + ... + V5 is the readback 
voltage for the gap voltage set. As the gap voltage is 
raized from 0 to a set voltage of 1.6 MV or so in the 
absence of any beam, about 100 kW of RF power is 
dissipated at the wall. As a result, the temperature 
difference between the inlet and return ports of the 
cooling water channels are also raised to a value 
determined by the power dissipation along the cooling 
channel, and by the inlet temperature. As the electron 
bunches are injected up tolOO mA, an additional 0.75 
kW/mA is needed to make up for the beam loading. 

The probe signal from the cell 3, across the high power 
RF input coupler, is also used as a reference for feedback 
control of the RF phase. Throughout the system, the 
control and monitoring circuitry is blind to any higher 
order mode. In fact, every detector is preceded by a low 
pass filter with the cutoff frequency at 
400 MHz. 

3 INSTABILITIES 

During the startup period following a shut down for 
maintenance lasting two to three months, the system 
reveals higher ring vacuum pressure and shorter beam life 
time. Since the beam current needs to be 50 mA or higher 
to deliver useful photon beams to the users, the ring is 

filled twice or even three times a day until the ring 
vacuum is stabilized and the beam lifetime reaches 
25 hour or so. As the lifetime is inversely proportional to 
the beam current, the vacuum quality defined as the 
product of the two is roughly a constant over many days, 
improving on a time scale of weeks. 

The noise and fluctuations of the photoelectric detector 
voltage mentioned earlier are more frequent in this early 
phase of the startup. Even many months into the user run, 
sporadic occurences of this phenomena is noticeable 
to the users. A fine adjustment of tunes, slight changes in 
manually set gap voltage, and repositioning of tuners at 
the idle cavity are the routine counter measures for 
stabilization. 

As the ring is filled and some 40 bunches of electrons 
pass through the idle cavity, the wakefields are picked up 
by probes. After the filtering and amplitude detection, 
the sum of all five signals is registered as a gap voltage. 
Again, only fundamental frequency component of the 
fileds is registered. Without altering this gap voltage, a 
small change in tuner position (fraction of a millimeter 
out of a 10 cm full range) results in a big variation of the 
tune space and the beam quality. 

Recently it has been noticed that the brief beam noise that 
last only a few minutes occurs once a day, typically right 
after the sun rise. Considering the fact that relatively long 
(over 30 feet) waveguide is directly exposed to the sun, 
and the RF cables are not shaded either, the cause may 
well be thermal effect from the environment. 

So far most of the efforts to maintain the noise-free beam 
have been based on empherical know how. And part of 
the justification for this study of the old cavities is to 
explore the parameter space in RF mode structure 
as a function of externally controlable variables. The 
other part the goal is to address the physics and 
engineering issues centered on the use of the five-cell 
cavities at higher beam current with increased gap voltage 
to serve more synchrotron radiation users at additional 
beamlines with insertion devices in the future. 

4 REVISITING THE OLD CAVITIES 

At the time when the five-cell standing wave cavities 
were designed and built, the accelerator physics infra- 
structure was such that test equipment or computer codes 
were not powerful enough to provide details of the field 
structure or beam dynamics. 

As a national user facility that delivers beams 24 hours 
each day interrupted only by injection that lasts about 20 
minutes, the access to the SPEAR cavities is extremely 
limited, whether it's active or idle. One alternative is to 
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monitor the cavities with the beam on. Especially during 
the machine physics sessions, any desired number of 
bunches can be stored and one can afford to lose any or 
all of the beam over the course of machine exploration. 

The raw signal from the cavity probe is coupled out 
before it reaches the low pass filter of the system. The 
insertion loss of the wide band directional coupler is 
compensated for by raising the detector gain, leaving the 
high frequency probing transparent to the rest of the 
system. A computerized data taking is presently under 
way to evaluate the effect of tuner positions on the beam 
behavior and high frequency components of the 
wakefields. 

Still another option is to work on the cavity itself offline. 
The PEP-I cavity, decommissioned and surplused, was 
lifted to the SSRL booster building, with all of ancillary 
items attached to it still intact. Although the working 
frequency of the PEP-I cavity is 352 MHz, about 6 MHz 
below the SPEAR frequency, the basic structure is almost 
identical to the other. While it is not possible to run the 
electron beam through, one finds freedom in other areas. 
For example, there are eight RF ports available; one at the 
high power input coupler following the waveguide-to - 
coax adaptor, two on axis, and five RF probes. Any one 
port can be used for the reflection 
measurements, and any two can be selecterd for the 
transmission. 

A modestly priced vector network analyzer is readily 
available. It has a frequency range of 0.3MHz to 3.0GHz 
and its dynamic range is about 70dB, which can be 
complemented by adding a wide band amplifier at each 
port. While a preamplifier that drives klystron can output 
up to 25 watts, its bandwidth is rather limited to about 
400 MHz. For the study of higher order modes going up 
to 1.5GHz,    a one-watt output amplifier covering the 
whole bandwidth of the network analyzer, commercially 
available off the shelf, can be modulated by a fast rising 
(less than 10ns) pulses for a time domain measurement. 

Preparation  is  under  way  to  make  the  tuner drive 
mechanism programmable. The electric probes have also 
been made to launch and detect test waves alng the cavity 
axis. Since there is no high power involved, wall 
dissipation and raised temperature distribution can be 
simulated    by    passing    independently    temperature 
contolled water through five separate water channels at 
very low flow rate. By placing adequate thermal shielding 
around   the   cavity,   the   accosiated   electrical   power 
requirement is minimal. 

5 IMPLICATION TO THE UPGRADED SYSTEM 

Unlike a case where a light source is designed with little 
constraint on machine parameters, the SPEAR has its 

circumference very much fixed. Although it is true that a 
small change may possibly be accommodated, the 
existing beamline locations dictate the geometry, and thus 
the RF frequency. Presently, the Booster[2] and the 
SPEAR have the circumference ratio of 4 to 7, and the 
SPEAR harmonic number is 280. If the frequency needs 
to be changed, both rings will have to be modified as 
well. Unless there is a compelling reason yet to be found, 
keeping the present frequency is the least expensive 
proposition. [3] 

While many single-cell cavities are currently in use, or 
being planned at various installations, the standard design 
at either 500MHz or 476MHz is not entirely compatible 
with the SSRL system in straightforward way. One other 
drawback of the single-cavity system is that it has low 
shunt impedance.  In the case of PEP-II low energy ring 
with 3.1MeV beam energy, which is quite comparable to 
the case of SPEAR, and more than 
2000mA of beam current, the energy loss per turn is still 
lower as compared to the SPEAR when all the spaces for 
insertion devices are fully utilized. Yet, the low energy 
ring of PEP-II takes 3 MW of RF for its 6 cavities, 
whereas the fully loaded SPEAR with two five-cell 
cavities needs less than 600kW. 

Once the measurements described above are made, the 
quantitative data will be utilized for the better simulation 
in system design and beam dynamics. With the data on 
optimal settings of tuner positions, for example, the latest 
version of MAFIA code may be beneficially used to 
elucidate the details of the field structure. Along with 
non-invasive measurements taken from the SPEAR 
cavities, both active and idle, the conclusion will me 
drawn as to the suitability of the present five-cell cavities 
for the upgraded beam parameters. 
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Abstract 

By replacing the magnets and vacuum chamber for the 3 
GeV SPEAR II storage ring, the natural emittance of the 
machine can be reduced from 130 to 18 nm-rad and the 
stored current can be raised from 100 to 200 mA with a 
50 h lifetime. This configuration increases focused 
photon flux for insertion device beamlines by an order of 
magnitude   and   the   photon   brightness   for   future 

18 
undulators would exceed 10 at 5 keV. Due to a higher 
critical energy, the photon flux in the 20 keV range for 
bending magnet beamlines increases by more than two 
orders of magnitude. We present preliminary SPEAR HI 
design study results and plans to implement the facility 
upgrade with minimal downtime for SSRL users. 

1 INTRODUCTION 

For the last 25 years the SPEAR storage ring has served 
both the high energy physics (HEP) and synchrotron 
radiation (SR) scientific communities, first as SPEAR I 
operating at a maximum energy of 2.4 GeV, and then as 
SPEAR II (1974), operating at up to 3.5 GeV. In 1990 
SPEAR II became a dedicated 3 GeV, 100 mA light 
source with beam injected from a newly commissioned 
booster synchrotron. To this day, the SPEAR septum 
magnet limits the injection energy to 2.37 GeV and 
energy ramping to the 3 GeV user configuration is 
required. While other studies were made to reduce 
SPEAR emittance in the 1970s and 80s [1,2], the 
addition of a third injection kicker enabled a practical 
alteration the FODO lattice magnet settings in 1991 that 
reduced the emittance from -500 nm-rad used for HEP 
to 130 nm-rad [3]. Alternative lower emittance lattices, 
which require new magnets and vacuum chamber, have 
since been considered and proposed [3,4]. These studies 
are now being extended for the 3 GeV, 200 mA low 
emittance SPEAR III proposal. 

SPEAR II has eighteen magnet girders and eighteen 
straight sections. Seven straight sections are presently 
used for -2 m insertion devices (IDs) and four more are 
available for future IDs, including one of the two long 
interaction region (IR) straight sections that could 
accommodate up to 17 m of ID. Four beamlines have 
bending magnet sources. 

SPEAR III upgrade goals include: 

Reduce natural emittance to 18 nm-rad 
Increase stored beam current to 200 mA 
Achieve high lifetime at 200 mA (-50 h) 
Achieve high beam stability 
Maintain existing beamline alignment 
Create more long straight sections (~4 m) 
Inject at'3 GeV 
Maintain high operational reliability 
Reduce operating power costs 
Limit conversion downtime to <6 months 
Permit future upgrade possibilities 

Bend 

SPEAR II Girder 
130 nm-rad FODO 

ID 

Bend 

* work supported in part by DOE Contract DE-AC03-76SF00515 and 
Office of Basic Energy Sciences, Division of Chemical Sciences 
1 presently at the NSLS, BNL. 

Proposed SPEAR III Girder 
18 nm-rad DBA 

Figure 1: Magnet girders for SPEAR II and III 

The basic upgrade plan is to replace the SPEAR II 
magnets with new magnets on the existing girders in a 
double bend achromat (DBA) configuration, leaving SR 
source points and beamline alignment virtually 
unchanged (Fig. 1). The four magnet girders flanking 
the two long IRs will be moved closer to the interaction 
points to increase the lengths of four straight sections 
from 2.7 m to 4.2 m while reducing the IR straight 
length to 12 m. The two existing RF cavities can be 
moved to the West IR (or an adjacent straight section) to 
create two new ID sites. The vacuum chamber will be 
replaced with a smaller aperture chamber rated for 500 
mA to permit future higher current operation. A key 
aspect of the upgrade strategy is to limit the conversion 
period to one long downtime of six months (or less) 
together with normal two month shutdowns in order to 
minimize the impact on user programs. In the following 
sections we discuss photon and electron beam properties 
for SPEAR III and present preliminary design plans for 
beamline and accelerator systems. 
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2 SPEAR m PHOTON BEAMS 

2.1 Photon Beam Properties 

For a broad range of experiments, focused flux density 
(photons/sec/mm2/0.1%BW), or the number of photons 
one can fit through a small aperture at the sample, is a 
more important beam parameter than brightness 
(photons/sec/mm2/mrad2/0.1%BW). The reduced beam 
size and increased current and critical energy of SPEAR 
HI (Table 1) result in an order-of-magnitude increase in 
focused flux density for ID beamlines, and a two order- 
of-magnitude increase for bend magnet lines, making 
them comparable to SPEAR II ID lines (Fig.2). A 4 m 
undulator in SPEAR III could produce a brightness of 
>1018 in the 5 keV range, and >10n in the 10 keV range. 

Focused Flux Assumes 1:1 Focusing 
10 

I»" 

10' 

SPEAR 2 BL 10 

SPEAR 3 Bend Magnet 

SPEAR 2 Bend Magnet 

10 
Photon energy [keV] 

15 20 

Figure 2:   Flux densities for bend and wiggler (BL10) 
lines for SPEAR II and III. 

2.2 Beamline Upgrades 

SPEAR III provides two challenges for photon 
beamlines: (1) increased power loading on masks, slits 
and windows, and (2) the need for enhanced beamline 
optical performance in order to fully exploit beam 
source improvements. All beamline masks and windows 
will be upgraded for 200 mA operation; few changes are 
anticipated for ID beamlines built in recent years. 
Replacement components will utilize concepts 
developed for SSRL's newest and most powerful 
beamline 11 which develops a 4.5 kW/mrad2 peak power 
density. Monochromators and mirrors on most ID lines 
will be replaced with versions using cooling 
technologies developed for third generation SR sources, 
which include pinpost and LN-cooled Si monochromator 
crystals, and internally and side clamp-cooled Si mirrors. 
Where possible, optics upgrades will extend beamline 
capabilities, for example, by changing mirror cutoff 
energies or optics acceptances. 

SPEAR II SPEAR III 
Current 100 mA 200 mA 
Natural emittance 130 nm-rad 18 nm-rad 
H-V coupling 1% 1% 
Energy spread .00074 .00087 
Momentum compact. .015 .0012 
Nat. chromaticity (x,y) -12, -14 -20, -20 
Betatron tunes (x, y) 7.18,5.28 14.75, 5.85 
Critical energy 4.8 keV 7.1 keV 
Lifetime at max. curr. -30 h -50 h 
Average ring pressure 1 nTorr 1 nTorr 
Beam sigma (x,y) - ID 1.85,.05mm .51,.04 mm 
Beam sigma (x,y)-bend .72,. 18 mm .16,.04mm 

Table 1: Machine parameters for 3 GeV SPEAR II and 
SPEAR III (approximate). 

3 LATTICE 

The 12.8 m bending radius SPEAR II FODO lattice will 
be replaced with an 8.38 m bending radius DBA lattice 
in SPEAR III. Since the new lattice is constrained by 
girder, ID and beamline locations, as well as by the RF- 
determined path length of 234.12 m, options for the 
numbers and placement of magnets are limited. The 
most conservative option uses separated function 
magnets with doublet quadrupoles and four sextupoles 
per cell (Figs. 1,3). Additional quadrupoles are placed 
in the long IRs for tune and optics control. Detailed 
study and optimization of this lattice is in progress. A 
combined function lattice that would increase arc 
straight section lengths by up to 0.5 m and reduce the 
horizontal beta functions in them by a factor of two is 
also being considered. A reduced horizontal beta is 
desired by users because of the smaller focused beam 
size, but it makes injection more difficult and may 
reduce the Touschek lifetime. 
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Figure 3: Lattice functions for SPEAR II and III cells. 
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4 COLLECTIVE EFFECTS AND LIFETIME [5] 

The two SPEAR II 5-cell RF cavities will be used 
initially for SPEAR III. These cavities have numerous 
high order mode resonances, necessitating longitudinal 
and transverse feedback systems to damp multibunch 
beam instabilities. Computed instability thresholds are 
below 10 mA, assuming zero chromaticity and the 
overlapping of synchrotron sidebands with HOM 
resonances. A future upgrade possibility, especially if 
the stored current is increased beyond 200 mA, is to 
install single-cell, mode-damped cavities to reduce or 
eliminate the need for feedback. 

The broadband impedance of the ESRF was scaled 
to the SPEAR circumference to yield IZ/nl = -2.5 ohms 
and a Q=l resonance centered at 30 GHz. This 
impedance will initiate a turbulent regime at 0.6 mA. 
Bunch lengthening and widening coefficients will be 
1.9 and 1.5 respectively for a 2.8 mA single bunch 
current (200 mA in 70 out of 280 RF buckets). 

A 70 h Touschek lifetime has been computed 
assuming a 3% momentum acceptance, 2.7 MV RF 
voltage, and 200 mA in 70 bunches. This value can be 
increased by filling the same current in more buckets 
(i.e. a factor of 4 increase for the maximum 280 
bunches) or by using a bunch lengthening cavity. 

A 100 h Coulomb scattering lifetime has been 
calculated for an N2-equivalent pressure of 0.25 nTorr 
and a minimum vertical full aperture of 12 mm in one 
ID chamber. The bremsstrahlung lifetime is 300 h 
assuming a 3% momentum acceptance. 

The total 200 mA lifetime is 36 h for 70 bunches 
and 60 h for 280 bunches. 

5 ACCELERATOR COMPONENTS 

5.1  Vacuum System 

The girder vacuum chambers will be designed to 
accommodate smaller magnet gaps and higher SR power 
loads. The chamber cross section has -36x90 mm inner 
dimensions. Many of the existing straight section 
chambers will be kept, including those for the IDs, 
kicker magnets, and some diagnostic components. 
Tapered transitions from new to old chambers will be 
required in some cases to reduce impedance. RF- 
shielded bellows elements will be designed to minimize 
parasitic mode losses. Beamline front end masks and 
absorbers will also be upgraded for higher SR power. 

To maximize beam lifetime, we seek an average 
ring pressure of order 1 nTorr. An antechamber design 
with discrete photon absorbers would achieve this goal 
and maximize chamber stability under varying SR power 
load. Since an antechamber design may be more costly 
and may necessitate more expensive C-core or Collins- 
type magnets, we are also considering a narrow chamber 
design.     Since absorbed SR power may cause this 

chamber to move, beam position monitor modules would 
need decoupling bellows and stable supports to reduce 
transverse motion to the 10 (xm level as requred by the 
orbit stabilizing system. 

5.2 Magnets and Supports 

The preliminary separated function SPEAR III lattice 
requires 36 dipoles (50 mm gap), 94 quadrupoles (70 
mm bore diameter), and 72 sextupoles (80 mm bore 
diameter), and 54 pairs of horizontal and vertical 
correctors. The operating field for the 1.5 m, 10.6" 
dipoles will be 1.19 T at 3 GeV. Quadrupole gradients 
are -20 T/m at 3 GeV. Sextupole strengths are on the 
order of 300 T/m . These field designs will permit 3.5 
GeV operation with acceptable core saturation. A C- 
core dipole accommodates the SR beamline exit 
chamber. It has not been determined if open-core 
quadrupoles and sextupoles will be needed. 

The new magnets will be mounted on existing 10 m 
concrete girders, each of which is now supported by 
three piers sunk 1.5 m into the ground. These girders 
have a rotational oscillation mode at -5 Hz about the 
long axis that could be stabilized with a fourth support. 
The magnets will be mounted on the girders using 
kinematic struts. New girders will be installed for the 
four repositioned magnet cells flanking the IRs. 

5.3 Injection 

The booster synchrotron and booster-to-SPEAR transport 
lines will be upgraded for 3 GeV injection. A new 
septum magnet will be needed for the higher injection 
energy and the reduced displacement between incoming 
and stored beams (-15 mm). The three existing 
vacuum-core kicker magnets will be reused. 

A possible future upgrade is to move the injection 
point to a long straight section unsuitable for beamline 
use and to install shorter ferrite-core kickers. This 
would liberate two arc straight sections and the second 
12 m IR straight section for IDs. 
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Abstract 

The linear optics of the TLS (Taiwan Light Source) 
storage ring at SRRC (Synchrotron Radiation Research 
Center) have been experimentally determined using the 
measured orbit response matrix. The storage ring with 
insertion devices open was found to have small beta 
beating with the linear optics very close to the design. The 
analysis revealed some incorrect wiring of the orbit 
steering magnets and significant variation in the gains of 
BPMs. Both of these problems were subsequently 
corrected. Analysis of the orbit response matrix data also 
can be used to correct beta beating caused by the insertion 
devices 

1   INTRODUCTION 

Since the commissioning of the TLS at SRRC in April 
1993, it has operated for 4 years[l-3]. The 1.3 GeV 
electron beam is injected from the booster synchrotron to 
the storage ring, and the energy is normally ramped up to 
1.5 GeV in the storage ring started from September 1996. 
The lattice structure of the storage ring has six periods, 
each 20 m long. One period consists of a 6-m long straight 
and a combined function triple bend achromat. In all there 
are 48 quadrupoles and 24 sextupoles. The emittance of 
the lattice at 1.3 GeV is 1.9 10" m-rad. Each integrated 
sextupole strength is about 10 m"1. The beam closed orbit 
can be corrected down to a level of 100 to 200 |im rms 
with respect to the ideal orbit, based upon the beam 
position monitor readings. However, the real center could 
be different from these values partially due to the 
electronics offsets of the BPMs and partially the 
alignment errors. At the sextupole position, this offset 
creates quadrupole fields, and the linear optics is thus 
distorted. The symmetry of the linear optics is then 
broken. To determine the lattice optics precisely, the 
computer code called LOCO (Linear Optics from Closed 
Orbits) developed by one of the authors, J. Safranek, was 
used to analyze the orbit response matrix associated with 
the steering magnets[4]. The analysis provided best fit 
values for the gradients in the individual quadrupoles and 
sextupoles as well as the BPM gain errors and steering 
magnet calibration errors. The measured BPMs gain 
errors were consistent with subsequent measurements 
made using a test signal. 

2   METHOD 

For a storage ring of known magnet strengths, one can 
calculate the orbit response matrix. The LOCO program 
reverses this process and calculates the magnetic field 
gradients from the measured orbit response matrix. 
Adjusting the gradients in the model until the model 
calculated response matrix is best fit to the measured one, 
we can obtain the real machine gradient distribution. 

The COMFORT or MAD [5] accelerator optics 
program can be used to calculate the model response 
matrix. The measured and model response matrices are 
defined by 

\y, 
= M, meas.mod (i) 

where 6X, 6y is a change in the orbit steering magnets 

andjc,yis the resulting change in electron orbit. The 
model parameters in the program are varied to minimize 
X2 defined as 

*>-! 
\'"meas,ij " '"mod.ij-' -X*a.. (2) 

'.; >,j 

where the sum is over the 62 orbit steering magnets (30 
horizontal and 32 vertical) and the 96 BPMs (48 
horizontal and 48 vertical). The  <T, are the measured 

noise levels for the BPMs. In this study, we ignored the 
coupling terms for the transverse planes such that only the 
normal terms of the gradients were fitted. The vector 
Vk(i ])  has 2976 elements for the uncoupled response 

matrix in this study. Because the response matrix is not a 
linear function of the quadrupole gradient, LOCO must be 
iterated until it converges to the best set of parameters, 
i.e., the best gradient distribution. 

In the fitting of the response matrix, the energy shifts 
due to the horizontal corrector in the dispersion region is 

also included, i.e., a term  —is considered in the 

A/model. The kick size was usually of a size to create an 

orbit distortion of 1 mm rms so as to have good noise-to- 
signal level and eliminate the nonlinear effects in the 
BPMs. 
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3   QUADRUPOLE MAGNET ERROR 

We stored the beam current in the SRRC storage ring first 
with sextupole magnet turned on to correct chromaticities 
of the lattice and then turned off the sextupole magnet 
power supplies. In both cases, we performed the 
measurements of the orbit response by changing the 
individual correctors. We averaged the BPM data from 
database 100 times per measurement. Except a few 
malfunctioning BPMs, we achieved a BPM noise level of 
1 um. However, the BPM gains varied quite significantly 
and the fitted gain errors were checked with testing 
electronic signals. The results were in good agreement. 

The closed orbit could be corrected down to several 
hundred microns rms for the normal users operation. Due 
to construction errors the alignment of the sextupole 
magnets were not as accurate as quadrupoles of which 
alignment errors were 0.15 mm rms. The systematic 
position errors at the BPMs also gave extra orbit offsets at 
sextupole locations. To remove the gradients generated 
from the sextupole offsets, we first analyzed the case 
without powering sextupoles. 

The fit of the quadrupole gradients showed that 
quality of the SRRC magnets is very good. The following 
tables shows that the rms variation in the fit gradient for 
the four quadrupole families. Also shown is the rms 
variation in gradients according to the magnetic 
measurements. 

Table 1: Variation in fit and measured gradients within 
each family. 

beta distortion was about +4.5 percent and ±8 percent in 
the horizontal and vertical plane, respectively. 

Quadrupole 
family 

1 
2 
3 
4 

rms variation from average 
fit magnetic measurements 

.26 percent 

.07 percent 

.30 percent 

.14 percent 

.06 percent 

.03 percent 

.07 percent 

.04 percent 

The larger variation in the fit gradients is probably 
due to systematic errors in the fitting associated with 
variation in the dipole gradients. In the fitting it was 
assumed that the dipole gradients are all exactly same. 
The variation in real dipole gradients results in variation 
in the fit quadrupole gradients. Including the individual 
dipole gradients as fit parameters showed that the orbit 
response matrix was insufficient to accurately calibrate 
both the individual dipole gradients and the gradients of 
the quadrupole adjacent to the dipoles. It results in an 
increase of both gradients errors in the fit. This means that 
the variations of the quadrupole gradients is smaller than 
can be resolved with the orbit response matrix analysis. 

As shown in Fig. 1, the analysis showed that the 
distortion of the beta function was very small in the case 
that the sextupoles were turned off. When the sextupoles 
were on, the orbit offsets created gradients and the 
betatron functions were distorted as given in Fig. 2. The 

beta function with sextupole off at 1.3 GeV 

beta function with sextupole on at 1.3 GeV 

Figure 1, 2: The fit betatron functions in the cases with 
and without sextupoles at 1.3 GeV. 

The beam energy is usually ramped up to 1.5 GeV 
after 1.3 GeV injection and the sextupole strengths are 
increased. It showed the beta beat was larger at 1.5 GeV 
(shown in Fig. 3). 

In the presence of perturbations from the insertion 
devices, the vertical beta beat becomes larger if the 
perturbations are not compensated. Fig. 4 shows the effect 
of the wiggler magnet (1.8T, 25 poles). Correction of the 
beta beats of the SRRC storage ring will be possible once 
we have independent quadrupole trims which are 
presently being installed. 

4      BPM CALIBRATION 

We found significant variations in the calibrations of the 
BPMs. They varied in the horizontal plane by a factor of 3 
from 1.946 to 0.665, and by a factor of 2 vertically from 
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1.830 to 0.791. This caused the errors in the closed orbit 
correction to some extent. Figs. 5 and 6 show the 
measured horizontal dispersion without and with 
correction for the fit gain errors. Much of the apparent 
distortion in the measured dispersion in Fig. 5 was caused 
by gain errors in the BPMs. 

beta function win sextupole on at 1.5 GeV 

we also observed the miswiring of correctors which was 
consequently corrected. 

100 120 

Figure 3. The beta functions at 1.5 GeV with sextupole 
on. 

beat function with wiggler closed and sextupole on at 1.5 GeV 

path length (m) 

Figure 4: The betatron functions at 1.5 GeV with the 
wiggler magnetic gap closed. 

5    CONCLUSION 

Analysis with the LOCO code demonstrated that the 
SRRC lattice optics distortion is very small in the case 
when insertion devices are open and sextupoles are turned 
off. The accuracy of the SRRC quadrupole magnet 
gradients is very good. The parameters fit by LOCO 
were in good agreement with the measured results. The 
presence of the sextupole magnets and/or insertion 
devices generated beta beating. Further work to correct 
the betatron distortion can be undertaken when individual 
quadrupole power supplies are available. Using LOCO, 

Figure   5:   The   dispersion   without   BPM   gain   error 
corrections. 

Figure  6:  The  dispersion  function  with  BPM  gains 
correction. 
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PRELIMINARY STUDY OF THE WAVELENGTH SHIFTER EFFECT IN 
SRRC STORAGE RING 

J. C. Lee 
Synchrotron Radiation Research Center 

Abstract 

The possibility of installing a superconducting wavelength 
shifter was discussed in SRRC. After surveying and com- 
paring, magnet of one full strength pole and two half 
strength poles, with peak field of 7.5 tesla, was chosen for 
the feasibility study. Due to the space constraint, the wave- 
length shifter will not installed in the straight section mid- 
dle. This paper reports the perturbation on lattice of the 
chosen wavelength shifter and the restoring from its per- 
turbation. Effect on the ring is also investigated form the 
dynamic aperture point of view. 

1   INTRODUCTION 

The SRRC storage ring is dedicated for the VUV and soft 
X-ray research. It was operated at 1.3Gev while it is up- 
graded to 1.5 GeV for the routine operation. For higher 
photon energy applications, a wavelength shifter (WLS) 
was proposed to install in the ring. Under the constraint of 
available space, parameters for WLS were discussed. This 
paper reports the feasibility of the discussed situation in 
1996. In this study, one full strength pole and two half 
strength poles with the maximum field of 7.5 tesla are as- 
sumed for the WLS. That means the WLS is a supercon- 
ducting wiggler. Table 1 summarized the WLS parameters 
used in the study. 

Therefore the critical energy will be increased from 1.394 
KeV, emitted from 1.24T bending magnet(1.3GeV), to 
8.429 KeV at 1.3 GeV and to 11.222 KeV at 1.5 GeV as 
WLS is installed in the ring. 

straight middle 

Q3R     Q1R 

n ,, n . , 
WLS       Q2L 

Q1L    Q2L 

Figure 1: Schematic layout of quadrupoles and WLS in the 
straight section. 

100  1000 

Figure 2:  Comparison of photon flux between different 
magnetic field. 

Table 1: The assumed WLS parameters 
Maximum field strength 7.5 T 
Number of poles 1 full strength 

2 half strength 
Pole length 0.244 m 
Location: 
(from Ql edge to WLS center) 0.87 m 

Figure 1 illustrates the relative location and spacing of 
quadrupoles and WLS in the section in which the WLS 
installed. The quadrupoles are used to match the beta- 
function to the desired values at the matching points. From 
figure 1 the WLS is not installed at the middle of straight 
section, i.e doesn't locate at the symmetry point. Hence the 
beta-function will be strongly disturbed and would not be 
symmetry w.r.t. WLS center. The photon flux from WLS 
and from 1.24 tesla bending magnet at 1.3 GeV are com- 
pared and shown in figure 2. The increasing of photon en- 
ergy by WLS is clearly illustrated in the figure. The critical 
energy is governed by 

sc(KeV) = 0.665 * E2(GeV) * B(T) (1) 

Figure 3: Magnetic field profile of WLS along the ideal 
trajectory. 

2   FIELD INTERPRETATION 

The WLS field in the ideal beam trajectory is represented 
by half sinusoidal function for each pole. Figure 3 shows 
the field profile along the WLS axis for the study. The field 
profile is symmetrical and has a zero field integral such that 
the exit angle equals the entrance angle. The second inte- 
gral is also zero for this profile arrangement. Form of the 
WLS field is that of K. Halbach expression. Following the 
same trick of reference 1, the WLS field is approximately 
written by 
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B(m)sin(Kp(z - (m - l).4p/2))(l + 

{(Kpy)*/2\ + (Kpy)4/4\}) (2) 

where B(m) is the peak field for each pole with 
B(l)=B(3)=-ß0/2, B(2)=#o and J50=7.5 tesla. 

The term outside the braces contributes to the linear pertur- 
bation due to the WLS and the terms within the braces are 
the intrinsic non-linear field of WLS which contribute to 
the non-linear perturbation. In order to perform the beam 
dynamics calculation the linear part of WLS field, as de- 
fined in equation (2), is cut into a series hard edged rect- 
angular dipole magnets to model the additional vertical fo- 
cusing. Before the study, method of the series dipole ap- 
proach was verified first. The code MAD8'21 was used to 
do this checking by comparing the theoretical vertical tune 
shift!3'4! due to one assumed wiggler field with the simu- 
lated results of which the wiggler field is approximated by 
a series dipoles. Results of these two approaches are con- 
sistent within the acceptable level. 

3   BETA FUNCTION MATCHING AND TUNE 
COMPENSATION 

Before the matching, the perturbation of WLS on linear 
optics was first investigated. Compared with the original 
ones, as shown in figure 4, the perturbated optical function 
is illustrated in figure 5. It is obvious that the vertical beta 
function was strongly distorted and enhanced to big val- 
ues at some locations and the symmetry of the vertical beta 
function is also broken. Vertical tune is shifted from the 
design one of 4.13 to 4.277. As expected, the horizontal 
beta function and eta function are not affected by the WLS 
field. 

- 
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Figure 4: Unperturbated optics functions. 

Distance (m) 

Figure 5: Perturbated optics functions by WLS. 

By using the dipole model approximation and chosing the 
proper cutting!1], the beta matching and retunning from the 

WLS perturbation was performed by using MAD8. The 
quadrupoles within the WLS section are used to match the 
beta functions to the design ones at the matching points. 
Since the WLS doesn't insert at the middle of straight sec- 
tion, the symmetry point, the matched optics would not be 
symmetrical w.r.t. the symmetry point. This indicates the 
matched quadrupoles within the WLS section need to be 
tunned independently. Figure 6 shows the matched optics. 
It is clear that the optics is almost restored to the original 
ones outside the WLS section except those within the WLS 
section. The vertical beta function is also reduced to the 
acceptable value. With this matching the optics conditions 
will almost keep at design sets outside the WLS section 
and the perturbation on optics is mainly localized within 
the WLS section. The setting of quadrupoles within the 
WLS section for the cases with and without matching are 
listed in table 2. 

Distance (m) 

Figure 6: Matched optics functions from the WLS pertur- 
bation. 

Table 2: Quadrupole settings in the WLS section with and 
without matching 

Quadrupole Design (m '*) Matched (m z) 
Q1R -1.50815 -2.34859 
Q2R 2.87048 2.93744 
Q3R -1.15592 -0.05415 
Q1L -1.50815 -0.000189 
Q2L 2.87048 1.88955 
Q3L -1.15592 -1.61765 

As beta functions are matched, the tune shifts a little bit 
from the design one. Two quadrupole families, Q2 and Q3, 
outside the WLS section are chosen to restore the tune. Af- 
ter retunning, setting of Q2 family changes from 2.87048 
irr2 to 2.850635 m~2 and Q3 family shifts from 1.15592 
m~2 to -1.061488 m-2. The Twiss functions slightly shifts 
from the matched optics and would not give big effect. 

4   DYNAMIC APERTURE TRACKING 

The dynamic aperture tracking study was performed 1000 
turns at the WLS center by running RACETRACK!5]. 
Matched lattice with the linear WLS field, which is treated 
by a series rectangular dipole as described in section II, 
was tracked first. Figure 7 shows the tracking results com- 
pared with the aperture of the bare lattice. From figure 7, 
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the vertical aperture is reduced about 42% and no reduc- 
tion in the horizontal as the linear WLS field included only. 
For the non-linear WLS field, as shown within the brace of 
equation (2), it is integrated for each cutting and is taken as 
ordinary multipole field. The tracking study was then per- 
formed with the matched and retunned lattice by including 
the non-linear WLS field and the measured (or the speci- 
fied) multipole errors of dipole, quadrupole and sextupole 
magnets, as listed in table 3. Since the sextupole multi- 
pole errors will effect as quadrupole components and give 
tune shift as there is a closed orbit distortion, setting of Q2 
and Q3 families are tunned a little bit to restore tune again. 
No significant strength changing of Q2 and Q3 family was 
found. The chromaticity is also corrected to zero in the 
study. Figure 8 shows the tracking results with the consid- 
ered conditions. From figure 8, the horizontal aperture is 
reduced about 43% to 20.5mm (averaged). Compared with 
the original physical aperture of 20mm in horizontal, it is 
also big enough. The vertical aperture is reduced further 
only by 5%. 

Table 3: Integrated multipoles in magnets used in the study 

Figure 7: Comparison of dynamic aperture at the WLS cen- 
ter with the linear lattice considered only. 

Horizontal Aperture (mm) 

Figure 8: Dynamic aperture tracking of three random runs 
at the WLS center with the matched and retunned lattice 
and with multipoles in magnets considered. 

From above study, it indicates the vertical aperture reduc- 
tion is mainly coming from the linear WLS field but not 
from its non-linear parts. Above tracking study also indi- 
cates the WLS do have impact on the dynamic aperture. 

Magnet Type order systematic random 
Dipole 

4(m_1) 0.0 0.00122 
6(m-2) 0.0657 0.033 
8(m"3) 3.06 1.1 
10(m~4) -72.4 36.2 

Quadrupole: 
4(m~1) 0.0 0.0013 
6(m-2) 0.005 0.01 
8(m-3) 0.277 0.05 
10(m-4) 
12(m-5) 

0.0 
1307 

17.71 
265 

Sextupole: 
00      00 

1    1 

00   00 

3005617(SF) 
-13836572(SD) 

Hence the impact of WLS on the beam will be more se- 
rious than other rings. Nevertheless, the WLS effect is 
reduced by matching beta-function and restoring the tune. 
From above dynamic aperture tracking results , it is found 
the vertical aperture is mainly reduced by the linear WLS 
field. As the non-linear field of the WLS and of the ring 
magnets included, the dynamic aperture at the WLS center 
is reduced further to 10.5mm(V)x20.5mm(H) (averaged). 
For the original chamber in the straight section, it is ellipti- 
cal shape with inner cross section of 38mm(V)x40mm(H). 
This indicates the tracked vertical aperture is smaller than 
the original physical aperture. Hence a reduction of beam 
lifetime would be expected from the aperture limitation 
point of view. 
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5   DISCUSSION 

Due to the space consideration the WLS won't be installed 
at the middle of straight section. For this arrangement the 
perturbation from WLS will become bigger than that the 
WLS inserted at the straight section middle. Compared 
with other rings, the maximum WLS field to the beam en- 
ergy ratio for the proposed WLS in SRRC is quite large. 
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Abstract 

The Taiwan Light Source (TLS) is a synchrotron 
radiation facility that has operated for the past four years 
at SRRC. At this time, the operating energy has been 
increased from 1.3 GeV to 1.5 GeV, and the beam 
lifetime is 9 hours at a current of 200 mA. The monthly 
uptime is normally more than 90%, and the orbit stability 
better than 5 micrometers. Both transverse and 
longitudinal instabilities have been observed, and the 
corresponding feedback systems have been constructed. 
The transverse feedback system is in routine operation. A 
fast orbit feedback system is capable of restricting orbit 
errors to within 10 micrometers, even in the presence of 
strong orbit perturbations such as insertion-device gap 
changes. 

1 ACCELERATOR OPERATIONS 

During 1996, the TLS operating energy was increased 
from 1.3 GeV to 1.5 GeV, thereby greatly increasing the 
flux of x-rays, especially for photon energies greater than 
1 keV. The beam lifetime is now 9 hours or more at a 
current of 200 mA. During typical user operations, the 
vertical emittance coupling is increased to a few percent 
to increase the vertical beam size and the beam lifetime. 

The light source is normally scheduled to operate 24 
hours per day, five days per week, for synchrotron 
radiation users and for machine studies. The operation of 
the light source has been very reliable, and monthly beam 
availability has normally exceeded 90%. Long 
shutdowns are occasionally scheduled - for upgrades, 
maintenance, repairs, and holidays. For example, user 
operations were interrupted for 9 weeks in March and 
April of 1997, in order to install and to commission the 
U5 undulator and 18 new quadrupole power supplies 
(which provide independent control of pairs of quads in 
the storage ring). At the same time, the power-supply 
control system was upgraded, so that the storage-ring 
energy can now be ramped from 1.3 GeV (the injection 
energy) to 1.5GeV, in only a few seconds. 

There are three insertion devices installed in the 
storage ring: W20, U10, and U5. The U9 undulator will 
be completed in 1998. Additional insertion devices are 
under development or are being considered, including an 
elliptically-polarizing undulator (EPU) and a 
superconducting magnet (wiggler or bend magnet) to 
address the needs of the x-ray user community. 

Four photon beamlines are in routine operation for 
users, and a major beamline construction program is in 

progress. A total of 15 photon beamlines are expected to 
be operational by early 1998. 

2 BEAM INSTABILITIES AND CURES 

Coherent beam oscillations due to transverse coupled- 
bunch instabilities have been observed since the 
commissioning of the storage ring. Up until 1995, these 
instabilities were suppressed by increasing the sextupole- 
magnet strengths to provide large positive chromaticities. 
Unfortunately, this method of beam stabilization had two 
serious drawbacks. First, variations in the filling pattern 
required changes in the sextupole strengths and thereby 
led to orbit changes of up to 100 um. Second, the high 
sextupole-magnet strengths reduced the dynamic aperture 
and the beam lifetime. 

In October of 1995, a transverse feedback system 
was put into operation [1]. This broadband, bunch-by- 
bunch transverse feedback system consists of transverse- 
oscillation detectors, notch filters, baseband quadrature 
processing circuitry, power amplifiers, and kickers. It 
successfully controls a large number of transverse 
coupled-bunch modes, and the orbit stability and beam 
lifetime have been improved by operating at (constant) 
lower sextupole-magnet strengths. 

The transverse beam instabilities can be observed 
using a synchrotron-radiation profile monitor. When the 
transverse feedback system is turned on, the beam is seen 
to be stabilized, and its effective vertical size is reduced 
to less than 100 urn. Reducing the beam size in this way 
results in a shorter beam lifetime, showing the importance 
of Touschek scattering in the TLS. 

Longitudinal instabilities have also been observed. 
For now, the dangerous higher-order modes are reduced 
or shifted away from the beam modes by tuning each 
cavity using an additional tuner and by using precision 
control of the cavity temperature. Also, a longitudinal 
feedback system is under construction and will be 
completed in 1998. 

3 ORBIT STABILITY AND FEEDBACK SYSTEMS 

An extremely stable electron beam must be provided at 
any third-generation synchrotron-light source, because 
electron-beam motion degrades the effective brightness of 
the photon beams. Sources of beam perturbations have 
been identified and suppressed at the Taiwan Light 
Source, so that at this time the electron beam is 
intrinsically very stable. The short-term beam motions 
are less than 5 um, and the long-term beam drift is less 
than 20 urn. However, a significant remaining source of 
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beam perturbations are the insertion devices, which create 
orbit changes when their magnetic gaps are adjusted. 

A digital global feedback system (DGFB) has been 
developed to suppress orbit changes caused by insertion- 
device adjustments and by other low-frequency beam 
motions.[2] The beam-response matrix is experimentally 
measured, and this matrix is then used in making orbit 
corrections by the singular-value decomposition method. 
Eddy currents in the vacuum chamber limit the field 
penetration, so that the correction bandwidth is now 20 
Hz horizontally and 80 Hz vertically. Operational 
experience with the DGFB system shows that orbit 
motions can be kept within ±10 urn, even during 
insertion-device gap changes. 

The intrinsic beam stability is so good that a global 
feedback system may not always be needed. Under some 
operating conditions, a local feedback system may be able 
to suppress beam perturbations at their very sources. 
Such a local system is currently under development, and 
its hardware will be integrated with that of the global 
feedback system. 

4 STORAGE-RING PARAMETER 
OPTIMIZATION 

A careful program to study the actual tuning of the 
storage ring, followed by the correction of any residual 
errors found, can improve the performance of high- 
precision synchrotron light sources. With the 
collaboration of James Safranek of NSLS, the machine- 
error-finding program LOCO [3] was used 
experimentally to measure the linear optics of the TLS - 
and the BPM gain errors, as well. The rms variations in 
the quadrupole-magnet strengths, within each family of 
quads, was found to be only a few tenths of a percent. 
This result is in general agreement with the results of 
earlier magnetic measurements. 

Figure 1 shows the measured betatron functions 
during 1.3-GeV operation with the sextupole magnets on. 
Horizontal offsets of the beam in the sextupoles cause 
focusing errors and a small "beta beat," about 4.5 percent 
horizontally and 8 percent vertically, measured beta 
distortion. We anticipate that the recently-installed 
independent power supplies for quadrupole-magnet pairs 
can be used to correct these minor lattice errors. 

5 UPGRADE PLANS 

The operation of the Taiwan Light Source has matured 
over the past few years. Accordingly, an increasing focus 
is being placed on machine upgrades and improvements, 
in contrast to routine operations. That is, more effort is 
being expended to improve the performance of the 
machine and to increase its reliability for user operations. 

Planning for light-source upgrades is an ongoing 
process,   involving   physics   studies,   workshops,   and 

engineering designs. By its very nature, it will evolve 
and be clarified over a period of time. Nevertheless, 
considerable effort has been expended in planning for 
machine and building upgrades, primarily for the next 
wo or three years. A summary of this plan is as follows: 

997 plans: 

Digital global feedback loops. 
Noise suppression and upgrade of the "core" area. 
Design studies of a superconducting wiggler and a 
superconducting bend magnet. 
Upgrade of the RF laboratory. 

998 plans: 

Passive Landau cavity to increase bunch length and 
beam lifetime. 
Longitudinal feedback system. 
Local orbit feedback loops. 
Integration  of injector  controls  with  storage-ring 
controls. 
Start replacement of storage-ring gate valves with all- 
metal-seäl gate valves. 
Utilities upgrades. 

999 plans: 

Increased laboratory and office space. 
A third RF system for the storage ring, to permit 
operation at up to 450 mA. 
Dedicated diagnostic photon beamline. 
Control system upgrades. 

Other efforts to improve machine reliability include 
a program of failure analysis and a related spare-parts 
program. Furthermore, planned reorganizations will 
streamline the operation and maintenance of the TLS, in 
order to increase the overall efficiency of the accelerator 
effort. 

6 CONCLUSIONS 

During the past four years, the operation of the Taiwan 
Light Source has been significantly improved, in terms of 
beam energy, beam lifetime, and beam stability. Also, 
plans have been developed to further enhance the 
performance and reliability of this light source. These 
plans are designed to carry SRRC forward to significantly 
improved accelerator performance in support of an 
aggressive research program at the beginning of the next 
millennium. 
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Figure 1: Measured betatron functions with sextupoles on at 1.3 GeV. 
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Abstract 

For a low-energy third-generation synchrotron 
storage ring like Taiwan Light Source (TLS), the beam 
life time is a critical issue to determine the future 
expansion and design criterion of the insertion devices. 
The beam life time also affects the routine operation of 
the beam energy, from 1.3 GeV to 1.5 GeV has been 
successfully operated, which could increase the beam 
life time. There were various ways and experiments that 
have been carried out at TLS to investigate dominating 
factors of the beam lifetime. The dominating factor of 
beam life time was intra-beam scattering at 1.3 GeV. 
From various operation experiences of 1.5 GeV, the 
dominating factor of overall beam life time is changing. 
A simple algorithm is setup to interpret the relation 
between residual gas pressure and beam lifetime using 
archived data during 1.5 GeV normal operation. 

1 INTRODUCTION 
There are several well known factors [1] that will 

cause the store beam with finite lifetime. The major 
issues that affect the beam lifetime include: 1) elastic or 
inelastic scattering on the residual gas, ions, and 
electrons reside in the vacuum chamber, 2) scattering 
with the particles that confined within the same rf bucket, 
3) energy loss due to synchrotron radiation emission, 4) 
beam instability due to the energy coupling between 
interrupted surface of vacuum chamber and stored beam. 
Some of these effects will interact with stored beam 
coherently and causing sever beam lost. Some will only 
affect individual particle motion, each particle ignoring 
the history of other particle. During a light source users' 
shift, a dedicated synchrotron light source will provide a 
stable and high brightness beam. The major issues on 
lifetime will be confined to gas scattering and Touschek 
lifetime. The ZAP [2] offers a good analysis tool to 
estimate the gas and Touschek lifetime under certain 
assumptions and known structure of a storage ring. 
There are also several papers [3,4,5] that have discussed 
and measured the lifetime at TLS, which is using various 
methods and different conditions to estimate the 
Touschek and gas lifetime. The conditions of the 
storage ring is changing from time to time. The 
insertion devices, the physical aperture of vacuum 
chamber, the operation energy, and beam current will 
have influence on the estimation of beam lifetime.  We 

will utilize a very simple algorithm and an interesting 
phenomena to deduct the gas lifetime at 1.5 GeV beam 
energy. 

2 THE PHENOMENA OF HOLIDAY 
EFFECT 

An interesting phenomena has been found which was 
related to the beam lifetime vs. beam current during the 
machine startup right after holiday. Figure 1 shows two 
typical start shifts for users beam time. The first shift of 
the two typical cases indicates a shorter beam lifetime 
compared to the second users' shift. The injection, 
operation, filling pattern, working point, beam energy, 
and the chromaticities are all identical for the first two 
shifts of same day except the vacuum condition. The 
only uncontrolled parameter that causes a shorter beam 
lifetime is the residual gas adhere on the surface of 
chamber and bases pressure. We will try using the 
residual gas pressure as the only free parameter that 
affects the beam lifetime, then estimates the Touschek 
and gas lifetime. 
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Figure 1. The beam current and lifetime vs. time. These 
data were taken during the first and second users' shift 
after a holiday machine shutdown. 

The machine is scheduled to shutdown 36 hours for 
normal maintenance without venting any chamber once 
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a week. From our judgment, the residual gas will 
deposit several layers on the clean surface of vacuum 
chamber during the normal maintenance. The first 
injection after maintenance will give out a lot of gas by 
photo-desorption. It is offering a good opportunity to 
analysis relation between beam lifetime and gas pressure 
without interrupt the normal operations. 

The normal operation conditions are set as: 1.5 
GeV beam energy, 200 mA beam current, 800 kV RF 
gap voltage, multi-bunch operation. The photon beam 
stability is maintained within .5% peak-to-peak variation 
which is determined by a 50 am pin-hole detector. The 
filling pattern is set to be nearly identical for two 
different users' shifts. This gives us the same Touschek 
effect during the two shifts. The only effect on the beam 
lifetime will come from the vacuum pressure. 

3 ANALYSIS OF THE ARCHIVED DATA 

The beam lifetime, beam current, and average 
pressure were recorded on archived data. Figure 2 
shows the beam lifetime vs. the beam current. The 
lower lifetime curve represents the first injection shift. 
The upper lifetime curve represents the second injection 
shift. A hyperbolic regressions method is used to have a 
best fit for the measured results. The correlation 
between the measured data and fitting curve is strong for 
the 4th order fitting. Hence, we can write 

where a is a constant depend on the beam current, Pj 

and ?2 are ^e pressure at the same current for the first 

and second shift, respectively. The proportional 
constant can be solved, so as the lifetime of Touschek 
related lifetime, and the gas lifetime for two different 
users' shifts. Figure 4 shows the calculated intra-beam 
scattering related lifetime and gas lifetime of first users' 
shift. The dominate factor of beam lifetime at the winter 
of 1996 is gas scattering. 
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Figure 2. The measured data for the beam lifetime vs. 
beam current, a hyperbolic fitting curve and the 
interpolation line is drawn. 
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Figure 3 shows the average pressure vs. the stored beam 
current. The upper curve of average pressure represents 
the first injection shift with higher vacuum pressure. 
The lower curve of figure 3 represents the second 
injection shift. The average gas pressure as function of 
the beam current will be fit by polynomial regressions to 
have a best fit of the measure data points. We have 
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where PQ is the bases pressure.    As a well known 

calculation for the overall beam lifetime, 
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Figure 3. The measured data for the average pressure vs. 
beam current, the polynomial fitting curve and the 
interpolation line is drawn. 

If two users' shift with the same filling pattern, we can 
assume the Touschek related lifetime are identical. The 
subtraction results of the inverse lifetime between the 
first and second shift will proportion to the difference of 
induced gas pressure. This leads to 

"n -    T\ 72 a{R  - P2) 

4 DISCUSSION 
For most dedicated synchrotron radaition source, 

the structure of lattice and hardware are changing from 
time to time. It is necessary to have frequent check of 
beam parameters to maintain in a ultimate performance 
of a storage ring.   Here, we offer a simple method to 
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check the lifetime dominate factors. From the calculated 
results, the Touschek lifetime strongly depends beam 
current. For high current and multi-bunch operation 
mode, the bunch lengthening effect will enter the 
calculated Touschek lifetime which makes the lifetime 
longer than expected. Using the simple algorithm to 
analysis archived data, it seems to us that the calculated 
gas related lifetime is a dominate factor for the TLS 
during the winter 1996 period. The improvement of the 
vacuum pressure will improve the beam lifetime a little 
bit. 
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Figure 4. Using the method discussing at section 3 with 
the interpolation function of beam lifetime and vacuum 
pressure, the calculated Touschek like lifetime is over 40 
hours, the gas lifetime is over 10 hours. 
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Abstract 

The storage ring at SRRC is highly promising as an 
ultra-violet to soft x-ray radiation source for use in basic 
research and industrial applications. Energy ramping of 
the storage ring can push the critical photon energy to 
the edge of hard x-ray. The tune drifting, during the 
ramping procedure, is expected and should be 
minimized such that the beam can survive through the 
ramping process. The betatron frequencies and the 
ramping function of magnets were carefully monitored 
in order to avoid the betatron tunes cross fatal resonance 
line. A successful ramping results and lattice parameters 
were measured and discussed in this paper. The 
measured photon flux increased by six to seven folds at 
the x-ray beam line. Life time reaches 9 hours of 200 
mA beam current. 

1 INTRODUCTION 

The storage ring at SRRC is a source of ultra-violet 
to soft x-ray radiation for scientific research and 
industrial applications. The energy ramping from 1.3 
GeV to 1.5 GeV increases the photon flux and brightness 
in the UV and soft x-ray region, and will also push the 
critical photon energy closer to hard x-ray. 

In order to accommodate users with 1.3 GeV and 
1.5 GeV operations, SRRC selected the energy ramping 
project as the highest priority. Since the booster at 
Taiwan Light Source (TLS) can not inject electrons into 
the storage ring with energy higher than 1.3 GeV 
without significant modification of booster and transport 
line system. The most cost effective way to increase the 
stored beam energy is to ramp the energy of the storage 
ring. Energy ramping of stored electrons requires nearly 
synchronous control of the main storage ring magnets. 
The seven families of magnets have different properties, 
making the tracking of the energy ramping difficult. 

SRRC hoped to utilize the energy ramping from 
1.3 GeV to 1.5 GeV for increasing the photon flux and 
brightness at x-ray regime. The estimated brightness [1] 
variation vs. the photon energy for the bending magnet 
and wiggler device is shown in Fig. 1 with 1.3 and 1.5 
GeV beam energy. As a well known phenomena, a 
shorter wavelength allows for a smaller feature to be 
observed and written. The potential research area for 
higher photon energy include general x-ray users, micro- 
machining,    microscopy,    lithography    and    LIGA 

applications. A successful ramping program also 
provides a highly effective tool for the machine physicist 
to examine the machine performance under different 
electron beam energies, for examples using different 
energy to estimate the beam lifetime, radiation hazard 
analysis and energy calibration for the various detectors 
etc. 
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Figure 1. Calculated photon flux vs. photon energy for 
bending magnet and wiggler at 1.3 GeV and 1.5 GeV 
beam energy. 

The short term approach of increasing the stored 
beam energy at TLS is using the nominal energy 
injection from booster, 1.3 GeV, with synchronized or 
asynchronized ramping of magnets field at the storage 
ring. However, for a long term planning or in preparing 
a mini-undulator operation with the necessity of frequent 
injection, a full energy injection from booster is the long 
term option to make top-up injection a feasible option. 

2 RAMPING AND EXPERIMENT 

2.1 Preparing the Storage Ring 

Preparation tasks for the energy ramping project 
include the program coding, temperature measurement 
of magnets, the stability and capability test of magnet 
power supplies at high current, and preparation of an 
interlocking system. The currents of dipole and 
quadrupole magnets were driven to the maximum 
capacity of power supplies. Critical temperature of the 
magnet interlocking system was set at 60 °C.  If any of 
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the thermal sensors at magnets sense that the 
temperature exceeds the 60 °C limit, the interlocking 
system interrupts the power supplies to protect the 
magnet from overheating. This system also protects the 
vacuum chamber from overheating as well. Several 
radiation survey meters are also placed around the 
storage ring to continuously monitor the radiation 
dosage. Each of the two RF transmitters can deliver 60 
kW power to the cavities. According to the power loss 
estimation, the two transmitters can drive the 1.5 GeV 
electron beam at beam current as high as 300 mA if 
beam instability and beam loading problem are not of 
concern. The radiated power, due to the increase of 
beam energy, increases by a factor of 68%. Notably, the 
thermal loading of mirrors along the beam line estimated 
by the designer is well within the safety margin. 

2.2 Beam Behavior during Energy Ramping 

Two sets of stripline type beam-position-monitor 
(BPM), which can pick up a broad-band signal induced 
by the electron beam, have been installed at the storage 
ring. Successively analyzing the beam position at fixed 
BPM can yield information reading of the electron 
beam's betatron frequency and the bunch distribution of 
the electron beam. A carefully monitored betatron 
frequency and ramping function of magnetic setting can 
prevent the betatron tunes from crossing the resonance 
line, thereby inducing beam loss during the acceleration. 
We attempt to maintain the working tune at a constant 
level. The tune drifting during the ramping procedure 
should be minimized to allow the beam to survive 
through the ramping process [2]. During the ramping 
process, there is no significant beam loss except the 
scattering loss. A ramping down procedure has also 
been performed. 

The control system of the storage ring power 
supplies was modified by using AI/AO interface, 
recently. This will eliminate the handshaking and 
waiting response time for each GPIB device. Instead of 
GPIB interface, the AI/AO interface enhances the 
reading and setting speed which makes the ramping 
process be completed within 30 seconds. A further 
shortening of the ramping time is possible, but it is not a 
critical issue for a storage ring operation. 

2.3 Measurement of Beam Parameters 

The simulations of beta function, dispersion 
function, and chromaticities were performed using MAD 
[5] as major tool. The measurement of the beta function 
has been carried out which is shown in Fig. 2. The 
measurement results shows very good agreement with 
theoretical prediction. A measurement of dispersion 
function also has been carried out by varying RF 
frequency and taking the orbit difference to determine. 

During the normal operation, chromaticities are set to 
slightly positive in order to suppress instability. 

The basic parameters of 1.5 GeV lattice for the 
electron beam at TLS was listed at Table 1 [3,4,5]. 

Table 1. The beam parameters for 1.5 GeV operation 

Nominal energy 
Natural beam emittance 

Radiation loss per turn (dipole) 
Critical photon energy 
photon flux (at critical energy) 

betatron tune 
bunch length (RF@800KeV) 

1.5 GeV 

2.56 x 10"8 rad m 
128.1 keV 
2.14 keV 

2.40 x 1012 

(photons/s/mrad, 

10% BW, mA) 
7.18/4.13 
9.2 mm 
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Figure 2 The measured beta function in x-direction and 
y-direction around the storage ring and compared with 
theoretical data. 

During the users' shift, some long term effects was 
analyzed by the archived data. From the measurement, 
the beam lifetime will increase by a factor of 40-50%. 
The photon stability, which was measured at one of 
white light beam line using a 50 "Cm pinhole to detect 
the beam vibration in vertical direction, can be 
maintained within 0.65%. The close-orbit-distortion in x 
and y-direction indicated a very good reproducibility. 

The variation of photon flux ratio was measured at 
wiggler and x-ray beam line as shown in Figure 3. 
Figure 3 shows that the variation of photon flux ratio 
depends on the photon energy. The higher the photon 
energy, the larger the photon flux ratio. The betatron 
tune frequencies converged after three times of 1.3 to 
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1.5 GeV magnets setting cycling as shown in Figure 4. 
A normal operation includes the three cycles of magnets 
setting process to prepare the magnets and eliminate the 
tune shift. A formal testing of the ramping project to 
monitor the long term effect which can not be observed 
during the machine study shifts. 

3 SUMMERY 

The largest benefit of the energy ramping program 
for VUV users is the prolong lifetime. 1.5 GeV 
operation increased the beam lifetime by 40%. The 
beam lifetime at 1.5 GeV with insertion devices gaps 
closed is 9 hours compared to 6 hours at 1.3 GeV. The 
photon stability, which was measured at a focusing 
white light beam line using a 50 "Cm pinhole to detect 
the beam vibration in vertical direction, can be 
maintained within .65%. The closed-orbit-distortion in 
the transverse directions indicated a very good 
reproducibility. A ramping loop was also established 
where the beam can be decelerated from 1.5 GeV to 1.3 
GeV and current can be "topped-up" before ramping 
back to 1.5 GeV. 

The improvement in photon flux was measured at 
wiggler and x-ray beam lines which indicated the flux 
increased by a factor of two to ten, depending on the 
photon energy. 
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Abstract 

Presented in this paper is a lattice for a third- 
generation VUV and soft X-ray light source, which is a 
future project of the University of Tokyo and is being 
designed in close collaboration with the Photon Factory of 
KEK. The storage ring has an energy of 2 GeV, a 
circumference of about 400 m, an emittance of about 5 
nm«rad, four 14.3 m "long" straight sections and twelve 
7.0 m "semi-long" straight sections for insertion devices. 
Three different optics were studied in the same lattice 
configuration. It was proved that this lattice configuration 
has large flexibility and the basic optics has a sufficiently 
large dynamic aperture. 

1 INTRODUCTION 

The University of Tokyo has a future project to 
construct a third-generation VUV and soft X-ray light 
source in Kashiwat". The "third-generation" light source 
is characterized by the low emittance and the long straight 
sections for insertion devices. To realize these 
characteristics, a Double Bend Achromat (DBA) lattice 
was adopted for our storage ring. 

Since it is preferable to have small beam size 
divergence for undulators, the basic optics has high 
betatron functions at the long straight sections ("high-beta 
mode"). 

Two optional optics were also designed in the same 
lattice configuration. One is "hybrid mode" where the 
betatron functions are less than 2 m ("low-beta") at the 
RF-cavity in order to increase the threshold current of the 
coupled-bunch instabilities. This mode also enables to 
place wigglers instead of undulators, because the RF- 
cavity occupies only one of four "low-beta" long straight 
sections and it is important to have small beam size for 
wigglers. Another one is "very low emittance mode" 
which dose not hold the achromatic condition of DBA. 

In following sections, we report the lattice 
configuration and these optics. 

Table 1: The element lengths of the Normal Cell and the 
Long Cell. 

* 1:   the center of the 7 m "semi-long" straight section. 
*2:   the center of the 14.3 m "long" straight section. 

N Drmal Cell Long Cell 
Element Mm] Element L[m] 

*1 *2 
3.50 7.156667 

Ql 0.40 Q1L 0.40 
0.20 0.20 

SFl 0.15 SF1L 0.15 
0.20 0.20 

Q2 0.60 Q2L 0.60 
0.20 0.20 

SD1 0.15 SD1L 0.15 
0.20 0.20 

Q3 0.40 Q3L 0.40 
0.50 1.00 

B 1.30 B 1.30 
0.90 0.90 

Q4 0.60 Q4 0.60 
0.20 0.20 

SPO 0.20 SFO 0.20 
0.80 0.80 

SDO 0.20 SDO 0.20 
0.20 0.20 

Q5 0.40 Q5 0.40 
0.20 0.20 

SDO 0.20 SDO 0.20 
0.80 0.80 

SPD 0.20 SFO 0.20 
0.20 0.20 

Q4 0.60 Q4 0.60 
0.90 0.90 

B 1.30 B 1.30 
0.50 0.50 

Q3 0.40 Q3 0.40 
0.20 0.20 

SD1 0.15 SD1 0.15 
0.20 0.20 

Q2 0.60 Q2 0.60 
0.20 0.20 

SFl 0.15 SFl 0.15 
0.20 0.20 

Ql 0.40 Ql 0.40 
3.50 3.50 

*l - *i - 
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2 LATTICE CONFIGURATION 

The storage ring consists of 16 DBA cells with a 
circumference of 388.45 m. Each cell has two long 
straight sections for insertion devices at both ends. The 
number of these long straight sections are 16. Four of 
them are 14.3 m long and twelve of them are 7 m long. 
The 14.3 m "long" straight sections are arranged to be 
four-fold symmetry. A cell with 7 m "semi-long" straight 
sections at both ends is called Normal Cell and a cell with 
the "long" straight section at one end is called Long Cell 
(see Table 1). The lattice configuration of the Long Cell 
is the same as that of the Normal Cell except for the three 
quadrupole magnets (Q1L, Q2L, Q3L), two sextupole 
magnets(SFlL SD1L) and the drift space between B and 
Q3L. 

3 HIGH-BETA MODE 

The basic optics is a "high-beta mode", where 
horizontal and vertical betatron functions are around 10 m 
at the long straight sections. The betatron and dispersion 
functions in a quadrant of the storage ring is shown in 
Fig. 1. In this figure, both ends represent the center of 
the "long" straight sections. The fundamental parameters 

Table 2: Fundamental parameters of the storage ring in the 
"high-beta mode"  

Energy 
Lattice type 
Superperiod 
Circumference 
Semi-long straight section 
Long straight section 
Natural emittance 

Energy spread 

Momentum compaction 
Horizontal tune 

Vertical tune 

Horizontal natural chromaticity 

Vertical natural chromaticity 

Horizontal damping time 

Vertical damping time 

Longitudinal damping time 

Revolution frequency 
RF voltage 
RF frequency 
Harmonic number 
Synchrotron tune 

Bunch length 

RF-bucket height 

E [GeV] 

Ns 
C[m] 

ex0 
[nm*rad] 

C7E/E 

a 
vx 
vy 
Sx 

^y 
xx [msec] 

Tv [msec] 

xz [msec] 
frev[MHz] 

'RF [MV] 
fRF [MHz] 

h 
vs 

oz [mm] 

(AE/E)^ 

2.0 
DBA 

4 
388.45 
7.0m x 12 
14.3m x 4 
5.10 

6.66xl0"4 

6.87xl0"4 

18.84 

9.55 

-47.78 

-18.45 

24.17 

24.25 

12.14 

0.771759 
1.4 
500.1 
648 
0.007 

4.04 

0.028 

Table 3: The condition of random errors (r.m.s.) 
Quadrupole alignment error 0.1 mm 
Sextupole alignment error 0.1 mm 
Dipole tilt error 5 x 10"4 rad 
Quadrupole tilt error 5 x 10"4 rad 

Sextupole tilt error 5 x 10"4 rad 
Dipole filed error 5 x 10"4 

Quadrupole filed error 5 x 10"4 

Sextupole filed error 5 x 10"4 

Fig. 1: The "high-beta mode" optics in the quadrant of the 
storage ring. 

200 

150 

x 
Z 

Without Error 

With Error (seed 1) 

With Error (seed 2) 

With Error (seed 3) 

With Error (seed 4) 

With Error (seed 5) 

Fig. 2-a: The horizontal dynamic aperture versus 
momentum deviation in the "high-beta mode". 
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Fig. 2-b: The vertical dynamic aperture versus momentum 
deviation in the "high-beta mode". 
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of the storage ring are shown in Table 2. The natural 

emittance is 5.10 nnvrad. We have used SADL
2

J code for 
the calculation. 

The horizontal chromaticity of the ring is -47.78 and 
the vertical one is -18.45. The chromaticity is corrected 
by using chromatic sextupoles (SFO, SDO) located in the 
dispersive region of the cell.    The strengths of these 

sextupoles are 498 [T/m2] for SFO and -392 [T/m2] for 
SDO, while the design limit of the sextupole strength is 

600 [T/m^]. These chromatic sextupoles may reduce the 
dynamic aperture. In order to obtain a dynamic aperture as 
large as possible, the harmonic sextupoles (SF1, SD1, 
SF1L, SD1L) has been incorporated in the dispersionless 
region of the lattice. The dynamic aperture should be 
larger than the half width of the vacuum chamber (40 mm) 
horizontally and lager than the half height of the vacuum 
chamber (8 mm) vertically. A wide momentum aperture 
is also required to obtain a long Touschek lifetime. 

By optimizing the harmonic sextupoles, we 
obtained Nx = 150 and Ny = 130 for the dp/p (momentum 
deviation) = 0 as shown in Fig. 2 (solid line),   where Nx 

ex0 and 

i 
and Ny are the amplitude normalized by 

ß  exr\ 
} respectively.   The horizontal dynamic aperture 

is 68 mm and the vertical dynamic aperture is 28 mm at 
the center of the "semi-long" straight section.   Here, the 
dynamic aperture is defined as the stable region   in which 
a particle can revolve the ring over 1000 turns. 

The effect of the field and alignment error of magnets 
were also studied. The condition of random errors (r.m.s.) 
are listed in Table 3.   After C.O.D. correction using 128 
BPM and 256 steering magnets (128 for horizontal and 
128 for vertical),   the dynamic apertures were calculated 
for five different cases in Fig. 2 (dashed line). On average, 
we obtained Nx = 100 and Ny = 90 for dp/p = 0.   In the 
large dp/p region,   some cases have rather small dynamic 
apertures. It is caused by the large relative displacements 
(five   or   six   times   the   standard   deviation)   of   the 
neighboring magnets.     We expect to  reduce  a  such 
displacement  by   using   a   scheme   of   the   grouping 
alignment of magnets. 

4 HYBRID MODE 

In order to increase the threshold current of the 
coupled-bunch instabilities caused by the RF-cavity, 
some modifications for the betatron functions was made. 
In this optics, both horizontal and vertical betatron 
functions are less than 2 m at one of "semi-long" straight 
sections in the quadrant of the ring (see Fig. 3), where 
the RF-cavity is placed. 

The dynamic aperture for this mode is rather small in 
comparison with the "high-beta mode" and sensitive to the 
magnet alignment error. To obtain the same performance 
as "high-beta mode", the quadrupole and sextupole 
alignment errors should be kept down to 0.05 [mm]. For 
this mode, we need the further study. 

i 

to 

Fig. 3: The "hybrid mode" optics in the quadrant of the 
storage ring. 

Table 4: Fundamental parameters of the storage ring in 
the "hybrid mode"  

ex0 

Horizontal tune 
[nm'rad] 

vx 18.84 

Vertical tune vy 
Sx 

11.55 

Horizontal natural chromaticity -61.43 

Vertical natural chromaticity 

is those Iistec 

-27.61 

Other parameters are as same i inTable 3. 

5  VERY LOW EMITTANCE MODE 

In this optics, the lattice configuration (shown in 
Table 1) is also not changed. The emittance reduction is 
made by breaking the achromatic condition of the DBA. 
The minimum achievable natural emittance is 1.0 nmrad 
for our lattice configuration theoretically. This "very low 
emittance mode" is now under study. So far, the natural 
emittance is obtained around 2.5 nm«rad. 
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Abstract 

The wavefront measurement technique using the Shack - 
Hartmann wavefront sensor has been developed for 
measurement of wavefront distortion of a SR extraction 
mirror for the beam profile monitor at Photon Factory. 
The instrument consists of a multi-lens array ( 8x8 array, 
250 |am pitch and focal length of 4.5 mm), a beam 
expander (20:1), an image relay lens system (1:1), a He- 
Ne laser (633 nm) and a digital CCD camera. To analyze 
positions of focal spot on the CCD in 1/10 of the pixel 
size, the wave front sensor can measured to be X/30. A 
dynamic range of the wavefront sensor was designed 12.6 
p.m max. Performance of the wavefront sensor was tested 
with an optical flat. With this wavefront sensor, a 
wavefront error caused by surface deformation of the SR 
extraction mirror was measured at Beamline 27 of Photon 
Factory. The correction of the measured wavefront 
distortion is also described. 

1 INTRODUCTION 

The beam profile monitor based on an imaging of the 
synchrotron radiation (SR) will give a visible beam 
profile, which greatly improves the efficiency of the 
operation of the accelerators. In this monitor , the visible 
SR beam is extracted from the accelerator ring by a 
mirror, then the SR beam guided into a focusing system 
to making an image of stored electron beam in the 
accelerator ring. We use a water-cooling mirror made of 
beryllium as a extraction mirror [1]. The mirror will be 
deformed by not only a mechanical stress but also a 
thermal expansion caused by absorption of X-rays in the 
spectrum. The deformation of the Be-mirror introduce a 
wavefront error (often more than few X(k=633 nm) and it 
makes a blurred beam image. To correct the blurred 
image, it is necessary to measure the wave front error 
caused by the deformation of the Be-mirror. The 
measured wavefront error is used to calculate the point 
spread function (PSF). The PSF is the intensity 
distribution that would result from imaging a point 
source. The beam profile is then estimated from the 
correlation of images and PSF by a deconvolution 
process. We have several methods to measure the 
wavefront error such as interferometer technique. The 
interferometer is generally very sensitive to grand 
vibrations. The Be-mirror is fixed in the accelerator and 

is not insulated from the grand vibration. In this time, we 
apply the Shack-Hartmann wavefront sensor [2] because 
of this sensor can measure a mean wavefront error under 
having a grand vibration. 

In this time, a Shack-Hartmann wavefront sensor was 
designed and constructed for a measurement of wave 
front error caused by a deformation of the Be-mirror. We 
corrected the blurred beam image by the use of 
deconvolution technique. This investigation was 
performed at beamline-27 in Photon Factory, High 
Energy Accelerator Research Organization. 

2 WAVEFRONT SENSOR 

To measure the wavefront distortion of Be-mirror, we 
designed and constructed the Shack-Hartmann wavefront 
sensor. The sensor consists a multi-lens array (a number 
of lenses distributed in matrix) and a detector (like a CCD 
camera) and is based on geometrical optics. The principle 
of the Shack-Hartmann wavefront sensor is shown in 
Fig. 1. 

multi-lens array 
 ►♦" 

plane wavefront distorted wavefront 

Fig. 1 principle of Shack-Hartmann wavefront sensor 

The wavefront comes into a multi-lens array and it is 
divided by each lenslet. In the multi-lens array's focal 
plane, the image spot of each lenslet is shifted by a 
quantity proportional to the local slope of the wavefront. 
When a wavefront ^ comes into a lenslet, if we measure a 
spot displacement in the focal plane as Ax, the 
corresponding slope measurement is 

d$ _ Into 
(3) 
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where/is the focal length of the each lenslet and X is the 
wavelength of detected light. The spot image is recorded 
by the detector in the multi-lens array's focal plane. The 
position of the each spot image is calculated by a 
centroiding algorithm. This measurement determines the 
mean slope of the wavefront on subaperture of lenslet, in 
perpendicular directions. To integrate the gradient in 
perpendicular direction we reconstruct the phase <f> from 
its gradients using the least-square fitting algorithm. 

The layout of the Shack-Hartmann wavefront sensor 
is shown in Fig. 2. The instrument consist of a multi-lens 
array (8x8 array, 250 urn pitch and focal length of 4.5 
mm), a image relay lens system (20:1), an image relay 
lens system (1:1), a He-Ne laser (A,=633 nm) having a 
collimator system and a digital CCD camera (Electrim, 
EDC-1000M, 324x242 pixels, 10x10 urn each pixel). The 
image of Be-mirror is transfer on the multi-lens array by 
the use of the image relay lens system (20:1). Because of 
the focusing length of the lenslet is only 4.5 mm, the 
focal plane image of the multi-lens array is again 
transferred on the CCD by the use of the image relay lens 
system. This image on CCD is captured by a computer 
and analyzed. In this system, we can measure the root 
mean square spot displacement by 1/10 of the pixel, then 
the corresponding sensitivity is A./30 (A,=633 nm). 

Ee-Ns 
laser cdlimatcr 

beam 
splitter 

image relay lens 
system(2Ql) mrror 

[==D==^=t==^P<\ 

rrulti-lens 
array 

image relay lens 
system(l:l) 

digital CCD 
earner 

Fig. 2 the system of the Shack-Hartmann wavefront 
sensor 

3 PERFORMANCE OF SHACK-HARTMANN 
WAVEFRONT SENSOR 

We tested the performance of the Shack-Hartmann 
wavefront sensor using an optical flat (surface quality 
A/20) and a gimbal mirror holder having a micrometer. 
We tilt the optical flat and measure the tilt of wavefront. 
A result of measured wavefront is shown in Fig.3. The 
flatness of wavefront from Fig.3 is 7J20. Result of 
angular response of the sensor is shown in Fig.4. The 
scattering from the linear line is 0.03 mrad in maximum. 
The precision of the ginbal holder is about 0.04 mrad, so 
small scattering from linear line is mainly due to this 
precision. A dynamic range of the Shack-Hartmann 
wavefront sensor is 12.6 urn max. 

Fig. 3 A result of wavefront by the Shack-Hartmann 
wavefront sensor. Flatness of the wavefront is less than 
A720. The side length of the 3-dimensional plot is 35 mm. 

©     ö     o     o 
amount of the tilt 

en 
Ö 

Fig.   4      Angular   response   of  the 
wavefront sensor 

Shack-Hartmann 

4 MEASUREMENT OF THE WAVEFRONT 
ERROR 

We measured a wavefront error caused by surface 
deformation of the Be-mirror using Shack-Hartmann 
wavefront sensor. A result of the measurement is shown 
in Fig. 5. 

Fig. 5 The surface deformation of the Be-mirror. The side 
length of the 3-dimensional plot is 35 mm. 

The Be-mirror was deformed to cylindrical way in the 
horizontal about 2 urn peak to valley (this deformation 
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was caused by baking process). The side length of the 3- 
dimensional plot is 35 mm. 

5 OBSERVATION OF THE BEAM IMAGE 

The optical image of the beam is produced by a 
diffraction limited focusing system [1]. To obtain the PSF 
caused by the deformation of the Be-mirror and finite 
aperture of the entrance pupil of the focusing system at 
the balanced astigmatism point, the propagation of the 
wavefront error is calculated by a computer code 
ZEMAX. A result of the PSF is shown in Fig. 6. 

Fig. 6 The PSF at the balanced astigmatism point. The 
side length of the 3-dimensional plot is 96 um. 

The rms width of the central peak of the PSF are 13 urn in 
vertical and 15 urn in horizontal. The image of the beam 
is given by a convolution of the PSF and geometrical 
image. The observed image of the beam as shown in Fig. 
7 (a) is given by a convolution of the PSF (Fig. 6) and the 
geometrical image. The rms beam size from the beam 
image are 96.5 urn in the vertical and 280 urn in 
horizontal. Considering the conjugation ratio of 0.148, the 
rms width of PSF is almost same size as in the beam size. 
Therefore, to observe the original beam size, it is 
necessary to deconvolute the raw image by the PSF. In 
the present time, Wiener inverse filter [3] was applied. In 
the spatial frequency domain, the convolution integral is 
represented by 

G(K,V) = H(W,V)F(U,V) + N(U,V) (2) 
where G denotes a two dimensional Fourier transform of 
blurred image, H is thought of as inverse filter (two 
dimensional Fourier transform of PSF), F is a two 
dimensional Fourier transform of original image, and N is 
as a two dimensional Fourier transform of noise term in 
the image. The Wiener inverse filter Hw in equation (2) is 
given by 

u  ,     \ H*(u,v) 
Hw(u,v) = — r 0>) 

\H(u,v)[ ^B(".v) 
tf(u,v) 

where the asterisk indicates the complex conjugate of H. 
<j>n is the power spectra of the noise and </>f is the power 

spectra of the signal. In the present time, the observed 
image was taken at the balances astigmatism point, we 
neglect asymmetric components of the obtained PSF as 
shown in Fig. 6, and use a Gaussian approximation as the 
PSF. To perform the deconvolution process, we use the 
computer code Hidden Image which has the maximum 
entropy deconvolution method. A result of the 
deconvolution is shown in Fig. 7 (b). The rms beam size 
from this beam profile are 59.4 urn in the vertical and 231 
|am in the horizontal. 

(a) (b) 

Fig. 7 A beam image of the Photon Factory. The ring 
energy is 1 GeV and the beam current is 1 mA. (a), The 
observed image of the beam; (b), the beam image after 
deconvolution process. 

6 CONCLUSION 

The Shack-Hartmann wavefront sensor for the 
measurement of wavefront error was designed and 
constructed. The deformation of the Be-mirror was 
measured within JJ30. We have analyzed aberration of 
the focusing system including the deformation of the Be- 
mirror in the Fourier optical manner, and obtained PSF at 
the balanced astigmatism point of the focusing system. 
By the use of obtained PSF and beam profile image, we 
applied the image restoration method. After the image 
restoration process, we obtained a beam size 59.4 urn in 
vertical and 231 um in horizontal. The performance of the 
Shack-Hartmann wavefront sensor is enough to measure 
the wavefront error of SR beam. 
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Abstract 

A radiofrequency system with an active higher-harmonic 
("Landau") cavity may prevent coupled-bunch instabilities 
and increase the bunch lifetime of an electron storage ring. 
However, the equilibrium phase and Robinson instabilities 
must be avoided. An algorithm is presented for evaluating 
an active Landau cavity, and applied to the electron storage 
ring, Aladdin. 

1    INTRODUCTION 

An active radiofrequency (RF) cavity with resonant fre- 
quency near a harmonic of the fundamental RF cavity 
may increase Landau damping of synchrotron oscillations 
and increase the bunchlength [1, 2], thereby suppressing 
coupled-bunch instabilities and increasing the Touschek 
lifetime. However, the equilibrium phase and Robinson in- 
stabilities must be avoided. To evaluate an active Landau 
cavity, we present an algorithm similar to that for a passive 
(unpowered) Landau cavity [3]. The algorithm is applied to 
the electron storage ring, Aladdin [4]. We use the notation 
of Sands [5]. 

2    ANALYSIS ALGORITHM 

Consider an electron storage ring where the fundamental 
RF cavity and active Landau cavity are each operated in the 
"compensated condition" [5] with the generator current in 
phase with the voltage. We consider a Landau cavity which 
is operated to maximize the bunchlength by eliminating the 
quadratic and cubic terms of the synchrotron potential. The 
control systems which maintain the compensated condition 
and maximum bunchlength are assumed to be slow com- 
pared to the phase oscillation period [5]. 

We assume that the coupling between each cavity and 
its RF amplifier, as well as any fast RF feedback to com- 
pensate beam loading, may be represented by a resistor in 
parallel with the cavity impedance. The effect of this resis- 
tance is characterized by an equivalent RF-coupling coeffi- 
cient [6, 7]. 

The following values must be input to the algorithm: 
Vri'. peak RF voltage in Cavity 1; Q°: unloaded quality 
factor of Cavity 1; R°: unloaded impedance of Cavity 1 at 
resonance (one-half of the "accelerator definition" of shunt 
impedance); /3i: RF-coupling coefficient for Cavity 1; a: 
momentum compaction; T0: revolution period; ujg: gen- 
erator angular frequency; E: electron energy; ag: elec- 
tron energy spread; I: average beam current magnitude; 
Vs: synchronous voltage; v. harmonic number of Cavity 
2; Q2: unloaded quality factor of Cavity 2; R2: unloaded 

resonant impedance of Cavity 2; ß2: RF-coupling coeffi- 
cient for Cavity 2; 77,: longitudinal radiation damping time; 
Z(u>c.B.)'- parasitic impedance driving coupled-bunch os- 
cillations; and u>c.B.'- parasitic mode angular frequency. 

Let wi be the resonant frequency of Cavity 1, Qi = 
Qi/(1 + ßi) the loaded quality factor, Rx = ÄJ/(1 + ßi) 
the impedance at resonance, and <f>i the tuning angle, de- 
fined by tan^i = 2Qi{wg — u>i)/wi. This tuning angle is 
the same as that used by Sands [5], and the negative of that 
used by Wilson [6]. Robinson oscillations depend upon the 
angles 4>i± which obey tan <j>i± = 2Qi(ws ± fi - LJI)/WI, 

where fl is the Robinson angular frequency. 
Cavity 2 has resonant frequency UJ2 near uug, where v is 

its harmonic number. Q2 - Q2/(l + ßi) is the loaded 
quality factor, R2 — i?2/(l + ßi) is the impedance at 
resonance, and <f>2 is its tuning angle, given by tan <fo = 
2Q2(uu)g — UJ2)/W2. Robinson oscillations involve the an- 
gles <k± which obey tan^2± = 2Q2(vwg ± Q - u>2)/w2. 
For both cavities, the tuning angles are defined with the 
loaded value of Q. 

Let fi denote the real Robinson angular frequency, a« 
the Robinson damping rate (negative for growth), and e > 0 
the electron charge magnitude. Our algorithm proceeds as 
follows: 

1. Calculate ipi and ^2, the equilibrium phase angles of 
the bunch center in Cavities 1 and 2, and Vr2, the peak volt- 
age in Cavity 2. By our convention, a phase angle equals 
zero for a bunch at the voltage peak. Neglecting the small 
difference between the synchronous phase and that of the 
bunch center, the assumption that the quadratic and cubic 
synchrotron potential terms vanish gives [3]: 

VTI sin ipi + I/VT2 sin ip2 = 0 

Yri cos ipi + V2
VT2 COS ip2 = 0. 

(1) 

(2) 

The energy of an electron at the synchronous phase is 
unchanged by a revolution around the ring: 

Vs = VTI cos tpi + VT2 cos ip2 

Simultaneous solution of eqs. (1) - (3) yields: 

/ -if        V' 

V>2 = tan-1(i/tanV>i) - 180° 

VT2 -VTI 
sinV>i 

v sin ip2 

(3) 

(4) 

(5) 

(6) 
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If eq. (4) cannnot be solved with 0i between 0 and 90 
degrees, then there is no equilibrium phase. 

2. Calculate the quartic coefficient of the effective syn- 
chrotron potential, U(t) = at2 + bt3 + ct4 + ..., where t 
is the time displacement from the synchronous time. Ne- 
glecting the difference between the synchronous phase and 
that of the bunch center gives [3]: 

c= _^T5^r(^i sin i/>i + v3VT2 sin 02)        (7) 
z4Üi0 

3. Calculate the bunchlength. In a quartic confin- 
ing potential, the charge distribution is [8, 9]: q(t) = 
fcexp(-t4/*o)- Therms bunchlength, at = to/1.72, obeys 
[8,9]: 

<7t = 0.69( ^jO\l/4 (8) 

where U0 = %-(^)2 is the "filling height." 
4. Determine the form factors.  In a quartic confining 

potential, the Cavity 1 form factor obeys: 

JZo «"M exp(-t4/tg)df 

The Cavity 2 form factor, F2, obeys the same formula 
WithWg   —»   UOJg. 

5. Calculate the tuning angles of Cavities 1 and 2 for 
operation in the "compensated condition" [5]: 

_! 2Fi/A 
0i = tan    ( 

^2 = tan 
_U2F2IR2 

VT2 

1  ■    i \ -smipi) 

sin 02) 

(10) 

(11) 

6. Determine if the dipole longitudinal coupled-bunch 
instability may be expected. Neglecting Landau and ra- 
diation damping, the coherent frequency of the dipole 
coupled-bunch mode in a quartic synchrotron potential 
obeys [9]: 

fi&.B. = i(5Sl0)2 (12) 

where, for resonant interaction with a cavity mode: 

{sn0) 
ela 

F2    nÜJC.B.Z{iüc.B. T?rp  - UJC.B 
(13) 

Here, Fwc B is the form factor at CJC.B.< given by eq. (9) 
with u)g —> u>c.B.- Landau damping is overcome provided 
that [9]: 

&.C.B. |> 0.6Aws (14) 

where, Au>s = ojs(t0) is a measure of synchrotron fre- 
quency spread, and tjs(t0) is the synchrotron frequency for 
oscillations of amplitude t0 = 1.72at. Because the fre- 
quency is proportional to amplitude in a quartic potential: 

Aws = u.(t0) = w,(1.72fft) = 1.72us(at)        (15) 

where [8, 9]: 

ws(at) = 1.17(C/0c)1/4 (16) 

Therefore, Landau damping is overcome when: 

I Slc.B. |> (0.6)(1.72)(1.17)([/oc)1/4        (17) 

To include the effect of radiation damping, we subtract 
the damping rate T^

1
 from Im(f2c.B.): 

fiCB. = WSl0)2}l'2-iTZl SCl0 

y/2       V2 
(18) 

We use the following criteria for the coupled-bunch in- 
stability: First, 5Q0/y/2 > rj} is required to overcome 
radiation damping. Second, Landau damping is overcome 
provided that eq. (17) is obeyed, where radiation damping 
is included in QC.B. by using eq. (18). 

7. Determine if the equilibrium phase instability will oc- 
cur. Stability is assured if [3]: 

FIVTI sin01 + VF2VT2 sin 02 > 

RiFfl sin 201 + vR2F%I sin 202 (19) 

8. If the previous inequality is satisfied, calculate the 
Robinson frequency, f2, which obeys [3]: 

Q2 = ^{FiVTisin0i-^^(sin20i_+sin20i+) 

-\-VF2VT2€VO.^2 — 
v R F^ T 2

2
2   (sin202_+sin202+)} (20) 

This calculation requires iteration; we start by evaluating 
the RHS with zero beam current. 

9. Neglecting radiation damping, the Robinson damping 
rate obeys [3]: 

Aael, 

?2nn   j. J.   „„„2 j.       „__2 

OLR = -==- [FfRiQi tan 0i cos2 0i+ cos2 0i_ 
tlin 

+F^R2Q2 tan 02 cos2 02+ cos2 02-]. (21) 

To include radiation damping, we add the quantity T^
1 

to the above value of a#. If the result is positive, the Robin- 
son mode is stable. If not, the Robinson mode will be unsta- 
ble provided that Landau damping is overcome, for which 
we use a criterion appropriate for a quartic synchrotron po- 
tential: 

(ft2 + a2
R)

1'2 > 0.6Aws. (22) 

We evaluate a Landau cavity by performing the above 
algorithm for a sequence of values of ring current (I) and 
Cavity 2 RF-coupling (ß2). Steps 1-4 are independent of I 
and ß2, so only Steps 5-9 need be repeated. 
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3   APPLICATION 

The above algorithm was applied to the fourth harmonic 
cavity at the electron storage ring, Aladdin. For analysis 
of the coupled-bunch instability, we considered a parasitic 
mode impedance of Z(CJC.B.) = 0-01 MQ at U>C.B. = 6.28 
GHz. Input parameters are: VTi: 80 kV, Q\: 10000, R\: 
0.65 Mf2, a: 0.0335, T0: 2.96xl0-7 s, ug: 318 MHz, E: 
800 MeV, crE/E: 4.8xl0-4, Vs: 17.4 kV, v. 4, Qg: 22700, 
#£: 1.4Mfi, andrL: 13.8 ms. 

For all values of I, ßi, and ß2, the Landau cavity peak 
voltage, VT2, is 19.5 kV, Vi = 76.6°, and V»2 = -93.4°. 
The bunchlength, ert, is 603 ps, versus 271 ps in the ab- 
sence of a Landau cavity. Because the Touschek lifetime is 
approximately proportional to the bunchlength, we expect 
the Touschek lifetime to increase by a factor of ~ 2.2 with 
the active Landau cavity. 

(a) 

(b) 

(c) 
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Figure 1: Instabilities are predicted for a range of ring cur- 
rents (I) and active Landau cavity RF-coupling values (,02), 
for the electron storage ring, Aladdin. | : Robinson in- 
stability. / : equilibrium phase instability, (a) ß\ = 0. 
(b)/?i = 2.(c)/3i=8. 

1(c). The coupled-bunch instability is suppressed for the 
range of ring current (I) and Landau cavity RF-coupling 
(ß2) shown: 0 < I < 0.25 A, 0 < ß2 < 40. For small 
values of I and ß2, the Robinson instability occurs, while 
the equilibrium phase instability occurs at large values of I 
and ß2. For ß\ = 0, there is no value of ß2 giving stable 
operation for the range of ring current shown. For ß\ — 2, 
values of ß2 between 8 and 23 ensure stable operation for 
0 < I < 0.25 A, while for ßi = 8, values of ß2 exceeding 
20 give stable operation. 

4   SUMMARY 

An algorithm has been developed to evaluate instabilities 
in an electron storage ring with an active higher-harmonic 
cavity. For the electron storage ring, Aladdin, an active 
fourth-harmonic cavity with appropriate RF feedback is ex- 
pected to suppress coupled-bunch instabilities and to in- 
crease the bunchlength and Touschek lifetime by a factor 
of-2.2. 
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ALADDIN, PRESENT AND FUTURE* 

W. S. Trzeciak and SRC Staff, 3731 Schneider Dr., Stoughton, WI, 53589-3097, USA 

Abstract 

The Synchrotron Radiation Center (SRC) at the University 
of Wisconsin-Madison operates a 1 GeV electron storage as 
the synchrotron radiation source, Aladdin. Operation at 
800 MeV (200 mA) or 1 GeV (180 mA) is the standard for 
the user experimental periods. The present status of the ring 
will be discussed. Improvement of the stored beam lifetime 
by implementation of a fourth harmonic rf cavity, ring 
corrections for a high field permanent magnet undulator, 
and the global orbit control system will be presented. 
Future plans for Aladdin include the installation of two 
electromagnetic undulators (one already undergoing 
magnetic field measurement), full implementation of an 
infrared beamline, and a 120 kV electron gun for the 
Aladdin microtron injector. 

1 ALADDIN STATUS 

Aladdin is a 1 Gev electron storage ring [1] dedicated to 
synchrotron radiation. It is operated under contract to the 
National Science Foundation by the University of 
Wisconsin, Madison. It has been in operation since 1985, 
and, in many respects, it performs at the level of third 
generation synchrotron radiation sources. 

1.1 Ring Operations 

A typical week begins with a 5-day period, each day 
of which is divided into four user shifts with 12 hours for 
operation at 800 MeV and 8 hours for 1 GeV. The 
remaining four hours per day, from 8 am to noon, are used 
mostly for user beam time at 800 MeV, but are available 
for special uses by prior arrangement at a scheduling 
meeting held each Monday at noon. Each user shift begins 
with ring injection that lasts about 20 minutes. Weekends 
are available for special beams such as low current 
(nanoamp) beams used for calibration experiments, ring 
maintenance, or for making up unscheduled down time. 
Three such user weeks in succession comprise a 
"quantum", and represent the smallest block of time that an 
experiment can be given. Approximately nine times each 
year, a single week is set aside for: major ring hardware 
upgrades; maintenance that may require more than several 
hours and could be delayed until one of these machine 
weeks; and accelerator studies. 

1.2 Aladdin at 800 MeV 

While Aladdin is a 1 GeV storage ring, most of the 
operating time for user beams is at 800 MeV with dedicated 
shifts from noon to 6 pm, and 6 pm to midnight during the 
normal user weeks. Most beams start out at about 200 mA 
and have a current-lifetime product of about 950 mAh. The 
stored beam lifetime, would be lower were it not for regular 
use of the harmonic cavity (see § 1.5). Typical measured 
source sizes from the bending magnets are o\ = 480 urn, 
and a = 91 urn, whereas calculated source sizes at the 
middle of undulators in the middle of long straight sections 
are as = 849 urn, and ay = 63 urn. 

1.3 Aladdin at 1 GeV 

Usual 1 GeV beams during users weeks are from 
midnight to 8 am, 5 days per week. The main users of the 
higher energy flux are the X-ray lithography and MEMS 
(MicroElectroMechanical Systems) programs. Currents are 
kept below 180 mA to limit the synchrotron radiation 
power delivered to the vacuum chamber. The current 
lifetime product is about 1150 mAh. Typical measured 
source sizes from the bending magnets are o\ = 560 urn, 
and a = 160 urn, whereas calculated source sizes at the 
middle of undulators in the middle of long straight sections 
are a, = 1061 um, and ay = 79 urn. 

1.4 Beamlines 

Figure 1 shows a schematic layout of Aladdin. There 
are 29 active beamlines One of the active beamlines makes 
use of the original, pure permanent magnet, LBL/SSRL 
undulator that was installed on Aladdin in 1986 [2]. 
Another undulator beamline that utilizes a commercially 
built permanent magnet device is the source for a plane 
grating monochrometor (PGM) beamline [3,4]. This 
undulator and beamline will cover the photon energy range 
of 8 eV on the fundamental to 240 eV on the 51" harmonic. 
The commissioning of this line is nearly complete, and 
users are expected in several months. An electromagnetic 
undulator [4] is also installed on the ring, and its beamline 
is nearing completion. A new high resolution beamline 
built for the Canadian Synchrotron Radiation Facility 
(CSRF) is being installed. 

* Work supported by the NSF grant DMR-95-31009. 
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The Center for X-ray Lithography (CXrL) has 
6 beamlines for its own use. There is one beamline 
dedicated to MEMS work, and a new beamline is used for 
biofluorescence experiments by the Aladdin 
Biofluorescence Center (ABC). 

The newest beamline is an infrared (IR) line that 
utilizes the edge radiation [5,6] of a dipole magnet. During 
the commissioning of this line it became clear that 60 Hz 
(and its harmonics) noise and 720 Hz noise from the main 
dipole power supply were seriously compromising the full 
utility of the line. Most of the 60 Hz noise was found to be 
coming from user power transformers. After relocating the 
transformers the 60 Hz spectral component of the radiation 
was reduced by almost an order of magnitude. A source of 
the 720 Hz beam noise has been identified as the large filter 
choke, located 60 cm from the electron beam orbit, in the 
dipole power circuit. This choke will soon be moved and 
should further reduce beam noise. 

7.5 Recent Operational Enhancements 

A global feedback system has been operational since 
mid 1996. Prior to the implememntation of the system, the 
slow drift of the stored beam would be as much as 100 um 
over a user beam fill. With the global feedback system 
active, typical orbit drifts, as measured at the source points 
in the dipoles, are kept within ±5 urn against slow 
perturbations (<0.2 Hz). This system is now always used 
during user beams. 

One aspect of using such a system is that the beam 
stability is tied directly to the long and short term positional 
stability of the beam position monitors (BPM's) themselves. 
In Aladdin the BPM's are placed in a continuous section of 
vacuum chamber that includes a quadrupole doublet and a 
dipole. The BPM's are located in the quadrupole part of the 
section. Because of construction tolerances, many of the 
chamber sections are in contact with the quadrupole poles, 
and they shift in position as the quadrupoles are powered. 
Section 2.2 discusses the steps being taken to stabilize the 
BPM's. 

An rf cavity [7] running on the 41" harmonic of the 
main rf system is used to lengthen the bunch and, hence, 
the stored beam lifetime. The bunch length is almost 
doubled, going from as = 425 ps to 800 ps, increasing the 
lifetime by 80%. An added bonus of harmonic cavity 
usage is the almost complete absence of coupled bunch 
instability [8]. The cavity is powered and can keep the 
bunch length constant from full ring currents down to about 
40 mA. 

The radiation source for the PGM beamline is a 
permanent magnet undulator [4]. The undulator itself has 
9 steering coils to correct the vertical and horizontal orbits 
through the device. These corrections are programmed, via 
a lookup table keyed to the undulator gap (field),  to 

straighten the orbit through the device. A measure of the 
resulting improvement was that the fifth harmonic flux 
increased from 70% to more than 90% of its theoretical 
value. An additional skew quadrupole winding is used to 
correct coupling caused by the undulator as a function of 
gap. By shunting some current around four of the ring 
quadrupoles (two upstream and two downstream of the 
undulator) the lattice functions can be corrected so that the 
maximum tune shifts are Avx < 0.0001 and Avy < 0.0007 for 
any gap of the undulator. The shunted currents are also 
keyed to the undulator gap. In conjunction with the global 
feedback, over the entire operational range of the 
undulator, the maximum vertical closed orbit variation at 
other source points around the ring is ±5 urn, and the 
maximum throughput variation observed by other beamline 
users is about 1.5%. This throughput variation is the result 
of source size variation, an expected result of ß (s) for 
vertical and also some ex variations due to the incomplete 
lattice function correction. Since some users require 
throughput variations <0.1%, the lattice correction scheme 
will need to be improved. 

2 FUTURE PLANS 

2.1 Insertion Devices 

An electromagnetic undulator will be installed on 
Aladdin in the fall. This undulator, combined with a 
normal incidence monochromator, will cover the photon 
energy range of 8 eV to 40 eV. A second electromagnetic 
undulator is planned, probably to be installed in late 1998. 

2.2 Ring Upgrade 

A major effort is underway to understand the sources 
of noise in the stored beam and to implement measures 
necessary to increase beam stability. During the fall of 
1997 large sections of the main ring vacuum chamber will 
be replaced. The design of the new sections will address 
some long standing difficulties of operation. The principal 
benefit will be the decoupling of the chamber that passes 
through the quadrupole doublets from the chamber that fits 
in the dipole gap by means of a newly installed bellows. 
The quadrupole chamber, which contains the BPM's, can 
then be firmly attached to bedrock via the quadrupole 
stands, and not subject to motion and stress resulting from 
dipole section movement, thus optimizing beam stability. 
A second modification of the new chamber is the addition 
of separate ion clearing electrodes. The present BPM's are 
also used as clearing electrodes. The electronics necessary 
to isolate the ion clearing high voltage (up to 1200 V) from 
the stripline beam signal is not conducive to high resolution 
beam position measurements. The new BPM's are more 
robust, able to withstand baking and synchrotron radiation 
heating with negligible distortion. 
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As mentioned in Section 1.4, a program to rid the 
beam of noise from power line frequencies and its 
harmonics is well underway. The next most likely place to 
clean up power line noise is in the main ring rf system. 
After that each subsystem will be carefully evaluated to 
determine its contribution to any beam noise. 

A new 120 kV electron gun line is designed and will 
be built as the replacement injector for the Aladdin 
microtron. The new gun will have a gridded structure so 
that it can be modulated at the 50 MHz frequency of the 
main ring rf system. This will allow efficient filling of the 
rf buckets, and include the possibility of filling various 
bunch patterns. The high voltage is necessary to ameliorate 
beam size growth due to space charge forces, a problem 
with the present 35 KeV gun. 
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Abstract 
A 26 meter circumference 1.5 GeV electron storage 

ring, designed to deliver x-rays with a critical energy of 
10.4 keV, and has been proposed for the UCLA campus. 
This ring has twelve 6.9 T superconducting dipoles 
grouped in pairs. Each pair bends the beam sixty degrees. 
The quadrupoles and sextupoles are conventional. The 
alternative ring design presented in this report would have 
twelve separate 6.9 T superconducting dipoles that bend 
the beam thirty degrees each. Although this ring would 
have a larger circumference (about 36 meters) and more 
focusing elements, it would have a smaller emittance and 
consequently it would be a brighter source of x rays. As 
with the smaller ring, the focusing elements would be 
conventional. The x-ray power from the alternative ring 
delivered to the users is expected to be much higher than 
that from the smaller ring. 

1    BACKGROUND 

UCLA has proposed to build an ultra compact light 
source (UCS) on the campus. The electron storage ring 
produces synchrotron light within 6.9 T bending 
magnets. It would have an energy of 1.5 GeV and a 
circumference of 26 meters[l,2]. The compactness of the 
ring is achieved by pairing the 30 degree bending magnets 
to form six bending stations. Synchrotron light is 
extracted from the downstream dipole. The synchrotron 
light from the upstream magnet is absorbed by the 
downstream dipole vacuum chamber. The beam current in 
the machine is limited by the amount of synchrotron 
radiation that can be absorbed by the downstream magnet 
and its vacuum chamber. The compact storage ring has a 
race track structure about 10.8 meters long by about 5.5 
meters wide. 

Each arc in the baseline machine consists of six 30 
degree superconducting dipoles, four conventional room 
temperature quadrupoles and six conventional sextupoles. 
The dipoles are grouped in three pairs; each pair share a 
common cryostat. Conceptually, the arcs of the ring are 
built up of three cells, where the outer two cells are 
truncated beyond the two dipoles. The beam emittance of 
the ring is entirely determined by the arc lattice. The 
baseline ring has two different straight section between 
the two arcs. One side of the race track has seven 
quadrupoles with short straight sections between them. 
This region will contain RF Cavities. The other side of 
the race track has eight quadrupoles, one 1.6 meter long 
space and two 0.8 meter long spaces. This side of the 
race track will be used for injection. A schematic 
representation of the baseline UCS ring is shown in 
Figure 1 

- Long Straight = 1.60 m 

QD2- 
X Ray Fan 

Figure 1    A Schematic Representation of   Half of the 
Baseline UCLA Ultra Compact Light Source 

2    THE ALTERNATIVE RING DESIGN 
The design of the alternative ring is driven by the 

desire to extract the synchrotron radiation from all of the 
dipoles so that beam current can be increased and more x- 
rays can be sent to more users. There is also a desire to 
reduce machine emittance so that the vacuum chamber 
throughout the ring can have the same cross-section. As 
a result, the quadrupoles and sextupoles would all have the 
same aperture. The number of types of quadrupoles would 
be reduced to two and there would be only one type of 
sextupole. The reduced emittance lead to a smaller beam 
size in the dipoles and brighter x-ray beams. 

The alternative ring has six identical 6 meter long 
cells. Thus the periodicity of the machine is six as 
compared to one for the baseline ring. Each of the six 
cells contains two 30 degree superconducting dipoles. 
Each cell has a 1.34 meter long drift space (between two 
quadrupole doublets) and a section that contains all of the 
chromaticity sextupoles. The sextupoles surround QF3 
focusing quadrupole, which forces the dispersion to be 
zero in the long straight section. The dipoles have 
parallel faces that provide vertical edge-focusing. 

The ring has six 1.34 meter long drift spaces. Three 
adjacent long straight sections can be used for injection 
(one for the septum and two for kickers that are three 
quarters of a betatron wave length from the septum in the 
horizontal direction.    One or two  of the  other long 
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straight sections can be used for RF cavities. This leaves 
one or two straight sections that can be used for insertion 
devices. The x-rays from the insertion devices would 
travel through the downstream dipole. The insertion 
device x-rays would be at the edge of the x-ray fan from 
the downstream dipole. Figure 2 shows a schematic 
representation of half of the alternative compact light 
source storage ring. 

The x-ray fan shown in figure 2 represents about half 
of the x-rays produced in each of the bending magnets. 
The quadrupoles are assumed to be of the figure of eight 
type. This type of quadrupole is open along the mid- 
plane to allow for the passage of x-rays to the user. By 
using quadrupoles and sextupoles that are open on the 
mid-plane, 70 to 80 percent of the x-ray fans can be 
transmitted to the users. 

Figure 2   A Schematic Representation of   Half of the 
Alternate Compact Light Source Ring 

Table 1 A Comparison of the Lattice Parameters for 
Two 1.5 GeV Compact Light Source Rings 

PARAMETER 

Maximum Energy (GeV) 
Injection Energy (GeV) 
Max. Beam Current (mA) 
Ring Circumference (m) 
Bend Radius (m) 
Dipole Length (mm) 
Dipole Induction* (T) 
x-ray Critical Energy* (keV) 
Number of x-ray Stations 
Extracted x-ray Power* (kW) 
x-ray Brightness** (MWnr2) 
Number, of Long Straights 
Long Straight Length (m) 
Machine Periodicity 
Number of Cells 
Number of Bend Stations 
Number of S/C Dipoles 
Dipole Pole Width (mm) 
Dipole Cold Gap (mm) 
Number of Quadrupoles 
Quadrupole Dia. (mm) 
Number of Sextupoles 
Sextupole Dia. (mm) 
Horz. Op. Emittance* (nm) 
Vert. Op. Emittance* (nm) 
Horizontal Tune 
Vertical Tune 
Horizontal Chromaticity 
Vertical Chromaticity 
Max. Horizontal Beta (m) 
Max. Vertical Beta (m) 
Max. Dispersion (m) 
Energy Loss per Turn* (MeV) 
RF Voltage (MV) 
RF Frequency (MHz) 
Energy Spread (parts in 1000) 
Bunch Length* (mm) 
Horz. Damping Time* (ms) 
Vert. Damping Time* (ms) 
Energy Damping Time* (ms) 
Quantum Lifetime (s) 

*   at the full design energy of the machine 
** at full design energy and 5 meters from the dipole 

3    DISCUSSION 

Table 1 compares the lattice parameters for the 
baseline ring and the alternative design. Both machine 
have a maximum energy of 1.5 GeV and an injection 
energy of 0.1 GeV. A microtron is assumed for the 
injector for both cases. The beam current in the baseline 
case is limited by heating due to x-rays from upstream 
dipole of the dipole pair in the vacuum chamber of the 
second dipole. The Alternative ring design has no such 
limitation.    With correction, the beam current in the 

Baseline Alternative 
Ring Ring 

1.5 1.5 
0.1 0.1 
50 100 

26.0 36.0 
0.7257 0.7257 

380 380 
6.984 6.894 
10.4 10.4 

6 12 
15.4 61.6 
0.51 1.71 

1 6 
1.60 1.34 

1 6 
6 6 
6 12 
12 12 

180 176 
40 40 
23 30 

Variable 33.2 
12 24 

Variable 33.2 
2110 309 
234 34 
3.17 4.42 
2.57 2.38 
-2.22 -5.24 
-5.24 -7.40 
3.09 5.62 
6.66 5.54 
1.29 0.62 

)   0.62 0.62 
2.5 1.2 
500 500 
1.52 1.52 
30 8.1 

0.41 0.57 
0.42 0.58 
0.21 0.30 

2.2xl08 >lxl010 

869 



alternative machine might be increased a factor of two or 
three. The increased periodicity results in an emittance 
that is a factor of seven lower than the base line case. As 
a result, the beam aperture of all of the dipoles and 
quadrupoles is reduced by almost a factor of two. The 
quadrupoles and the sextupoles can all have the same 
design aperture. As a result, there are two types of 
quadrupoles and one type of sextupole. All of the 
quadrupoles in the ring can have the same cross-section. 
Twenty-four quadrupoles are 200 mm long while the other 
six are 300 mm long. All of the twenty-four sextupoles 
are 100 mm long. All of the quadrupoles and sextupoles 
have a pole induction that is less than 0.6 T. As a result, 
the magnets should track very well during the acceleration 
phase of the storage ring operation. 

The dipoles in the alternative ring are not much 
different from the baseline ring case. The proposed 
dipoles for the ring are similar in design to magnets 
proposed by P. Vobly INFN Novosibirsk[3,4,5]. The 
horizontal aperture of the dipole is dominated by sagita 
and the x-ray fan out of the upstream part of the dipole. 
A conservative dipole design calls for a cold pole width of 
176 mm. If the good field region of the dipole covers 90 
percent of the pole width, the beam position can be 
shifted and the pole width reduced to 155 mm. The cold 
gap of the dipole did not change from the baseline case 
(despite reduced beam emittance) because the vacuum 
chamber inside the dipole has been designed to be identical 
to the vacuum chamber in the other elements, in order 
reduce the impedance. If a different vacuum chamber 
dimension was used in the dipole, the magnet cold gap 
could be reduced from 40 to 32 mm. The cost of the 
dipoles is driven by the pole width. 

The energy loss per turn is 0.62 MeV per turn for 
both rings. The RF voltage for the alternative ring is 
lower than for the baseline case. The bunch length for the 
baseline case is 30 mm, compared to 8.1 mm for the 
alternative lattice. It is assumed that one would use two 
500 Mhz RF cavities to provide the needed RF voltage 
and power for the light source. The increased x-ray power 
extracted from the alternative machine is due to an 
increase in the beam current and the fact that the x-rays are 
completely extracted from all twelve dipole magnets. 
Since the x-ray power is not limited by cooling, the 
extracted x-ray power will continue to increase with 
increased beam current. The increased brightness of the 
alternative ring is due to a combination of increased beam 
current and reduced beam size in the dipole magnet, due 
to a lower emittance. 

For both rings, 10 percent coupling between the 
vertical and horizontal emittances is assumed. The 
alternate ring, with constant aperture dipoles, quadrupoles 
and sextupoles, permits the beam to be fully coupled and 
still maintain a 15 sigma margin around the beam within 
the dipoles. The margin for the beam in the QF1 
quadrupole would be 11 sigma. The margin in all other 
elements would be 15 sigma. In most respects, the 
alternative ring design is more conservative than the 
baseline case. In both cases, the dipoles are expected to 
operate at about 88 percent of their design critical current 
when the machine operates at its design energy. 

The dynamic aperture, measured in uncoupled sigmax 
units and fully coupled sigmay units, is about 20 sigma, 
which corresponds to about 30 mm. The tune variation is 
within 0.01 for relative momentum deviation of ±2 
percent. 

4     CONCLUSIONS 
The alternative machine appears to be a better 

machine at its design energy than the baseline machine. 
The x-ray brightness and the amount of x-ray power 
available to the experimenter could be as much as an order 
of magnitude higher for the alternative ring operating at 
high beam currents. The alternative ring has the potential 
to serve more users with brighter x-ray beams. 

The major problem with the alternative ring design is 
its size. The circular alternative ring is approximately 12 
meters in diameter, compared to the 6 by 11 meter race 
track baseline ring. The increase in size may or may not 
reflect negatively on the cost of the machine. However, 
since the alternative design uses a large number of 
identical elements, its cost may not be greater than that of 
the baseline ring. More engineering is needed in order for 
the cost either ring to be accurately cost estimated. The 
alternative ring design has not been optimized. It is quite 
possible that the alternative ring can be made smaller 
without affecting performance. Further work should be 
done to design a ring using the alternative ring lattice that 
has a circumference from 32 to 33 meters. 
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Abstract 

At the Advanced Photon Source (APS), an alternate 
configuration of the injector linacs (low-energy undulator 
test line) using an rf gun as the source is projected to pro- 
vide low, normalized emittance electron beams (en ~ 5n 
mm mrad). In order to characterize such beams, the 
present intercepting Chromox screens with limited spatial 
resolution and temporal response are being complemented 
by optical transition radiation (OTR) screens at selected 
positions in the beamline to provide sub-100 UJII spatial 
resolution and sub-ps response times. Both gated cameras 
and streak cameras will be used to measure the beam prop- 
erties. Additionally, coherent transition radiation (CTR) 
and diffraction radiation (DR) based techniques will be 
evaluated. These beam characterizations will support self- 
amplified spontaneous emission (SASE) scaling experi- 
ments. 

1 INTRODUCTION 

An increased interest in diffraction-limited light 
sources for the next generation sources and the implemen- 
tation of prototype or scaling experiments has been evident 
since the Fourth Generation Light Source Workshop held 
in Grenoble in January 1996 [1]. At the Advanced Photon 
Source (APS), a research and development effort had been 
underway for several years [2, 3, 4] to use the injector 
linacs with a low-emittance electron beam source. More 
specifically, an rf thermionic gun would be used for injec- 
tion into the 100-to 650-MeV linac subsystem based on the 
existing 200-MeV electron linac and 450-MeV positron 
linac. The low, normalized emittance beams (£„ = 5 n mm 
mrad) require an upgrade to the existing Chromox viewing 
screens for characterization of beam transverse size and 
bunch length. We are in the process of installing optical 
transition radiation (OTR) screens at selected positions in 
the beamline to provide sub-100 u,m spatial resolution and 
sub-ps response times [5, 6]. In order to compensate for 
the reduced brightness of this conversion mechanism, both 
gated, intensified cameras and streak cameras will be used 
to measure the beam properties. Initial tests with beam at 
650 MeV have been done with a charge-injection device 
(CID) camera. Additionally, the feasibility of using coher- 
ent transition radiation (CTR) and diffraction radiation 
(DR) based techniques will be evaluated. The diagnostics 
will be used to characterize, optimize, and monitor the 
bright beams needed to support self-amplified spontaneous 
emission (SASE) scaling experiments at X ~ 120 nm and a 
beam energy of 400 MeV as described separately [7]. 

2 EXPERIMENTAL BACKGROUND 

The APS facility's injector system uses a 250-MeV 
S-band electron linac and in-line S-band 450-MeV 
positron linac. The electron gun is a conventional thermi- 
onic gun in standard operations. For the alternate configu- 
ration, an rf thermionic gun, designed to generate low- 
emittance beams (<5 n mm mrad) and configured with an 
oc-magnet, injects beam just after the first linac accelerat- 
ing section [4]. Then both in-line linacs can be phased to 
produce 100-650 MeV electron beams when the positron 
converter target is retracted. 

The rf-gun projected, normalized emittance is orders 
of magnitude lower than the conventional gun and corre- 
spondingly much smaller beam spot sizes (ax y =100 urn) 
result than from the conventional gun. The standard inter- 
cepting screens are based on Chromox of mm-thickness 
and with a 300-ms decay time [8]. Previous experiences 
on the Los Alamos linac-driven free-electron laser (FEL) 
with a low-emittance photoelectric injector (PEI) support 
the applicability of optical transition radiation screens in 
this case [9]. A summary of beam properties is given in 
Table 1. Initial tests of a Ti foil used as an OTR screen at a 
beam energy of 650 MeV are described in the next section. 

Table 1: APS Linac Beam Properties in the Low-emittance 
Mode (rf Gun) 

rf frequency (MHz) 2856 

Beam energy (MeV) 100-650 

Micropulse charge (pc) 350 

Micropulse duration (ps) 3-5 (FWHM) 

Macropulse length (ns) 30 

Macropulse repetition rate (Hz) 1-20 

Normalized emittance (7t mm mrad) ~5 (1 a) 

3 BEAM CHARACTERIZATIONS 

A general description of the proposed techniques for 
beam characterization is given in Ref. 2. A subset of those 
based on optical techniques and now in the installation and 
testing stage are presented here. 
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3.1 Transverse Characterizations 

Although beam position monitors are also planned 
using the stripline pickup technology, the transverse beam 
sizes and profiles are key to evaluating the beam emittance 
and its preservation throughout the accelerator and trans- 
port lines. 

At the 50-MeV station, two additional OTR screens 
are being installed. Although their axial spacing is less 
than 1 meter, beam quality will be initially checked at this 
point using the two-screen beam size measurement tech- 
nique as well as the beam size versus quadrupole-field 
strength scan technique. 

Another key station is at the end of the linac in the 
transport line, nominally the 650-MeV station. At this 
point an optical transport line is being installed to bring the 
OTR light to an optical table outside of the linac tunnel. 
This table will provide an experimental base for measure- 
ments with a gated, intensified charge-coupled device 
(ICCD) camera (Stanford Computer Optics, Quik-05A). 
With the microchannel plate (MCP)-based shutter, 5-ns- 
wide samples from the beam macropulse are possible. The 
gain factor of the MCP also allows for imaging of defo- 
cused spots during a quadrupole field scan for an emittance 
measurement. The tests of these cameras have already 
been done on the APS positron accumulator ring (PAR) 
and the booster synchrotron using synchrotron radiation 
from ~1 nC charge passing through a dipole. 

An initial test of OTR source strength has been done 
using 1-3 nC of beam in a macropulse from the conven- 
tional gun and at energies of 580 and 650 MeV. Since the 
Ti foil was placed over only the lower half of the Chromox 
screen at this station, the e-beam could be steered and 
focused on the Chromox first, and then steered downward 
to the OTR foil. Figure 1 shows a sample beam image, and 
Fig. 2 shows the horizontal and vertical profiles with Gaus- 
sian fits. Focused spots (~2 mm, FWHM) were readily 
imaged with the CIDTEC CID camera operating in the X2 
gain position with 3 nC in a macropulse. However, normal 
transport conditions usually have a large spot size at this 
location and are seen much more readily with the Chro- 
mox screen. This baseline measurement supports the OTR 
screen choice. 

The PAR bypass transport line provides a unique 
opportunity with its 10-m drift space to perform a three- 
screen emittance measurement. As shown in Fig. 3, the 
center screen is 5 m from the two end ones. Relay optics 
will bring the images to a lead-shielded ICCD camera. A 
fourth screen will be used for OTR interferometer experi- 
ments in conjunction with the center screen. 

3.2 Longitudinal Characterizations 

Since longitudinal beam brightness is related to evalu- 
ations of SASE gain, the measurement of bunch duration 
and profile are also critical in this program. 

At the 50-MeV station, one of the OTR screens and 
one part of the beamline cross will be configured to send 

Figure 1: One of the first OTR images of APS linac 
beam at 650 MeV and ~3 nC in a macropulse from the 
conventional thermionic gun. A two-frame average was 
used to improve the statistics. 
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Figure 2: Horizontal profile for the OTR image in Fig. 1. 
The solid line is a Gaussian profile fit to the data. The 
beam sizes are about 1 mm (la). 

the far-infrared (FIR) coherent transition radiation that will 
be generated by the few-ps or mm-long bunches to a FIR 
Michelson interferometer. An optical autocorrelation 
technique will be evaluated as a bunch duration diagnostic 
[10]. 

A baseline technique will be based on a Hamamatsu 
C5680 dual-sweep streak camera viewing the incoherent 
OTR signal from the 650-MeV station. The transport of 
OTR to the optics table outside the tunnel will facilitate 
these experiments. The most likely vertical sweep plug-in 
will be a synchroscan unit phase-locked to 119.0 MHz, the 
24th subharmonic of the 2856 MHz frequency. Low-jitter 
of the synchronous sum of beam bunches will be advanta- 
geous in dealing with the very low charge in a single 
micropulse. Because the S-band micropulse spacing is 
much smaller than the 119.0-MHz period, the sequence of 
micropulses will best be displayed using the dual-sweep 
technique. This particular 119.0-MHz unit has been suc- 
cessfully phase-locked to an rf source at the Duke Storage 
Ring FEL facility which is injected by an S-band linac 
[11]. At APS, a low jitter countdown circuit has been built 
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Figure 3: Schematic drawing of the three-screen emittance measuring station at the bypass area to the positron 
accumulator ring. The 10-m drift space with Bx y ~5 m will allow reasonable rotation of the phase space. A beam 
waist will be produced on the center screen location. 

using Motorola ECLIN PS logic to generate the 24th sub- 
harmonics. It has been tested with a 0.7 ps (rms) jitter 
pulse generator, and the total jitter was observed to be 1.1 
ps. Bandpass filters on the output result in a clean 119.0- 
MHz sine wave to be used with the synchroscan unit [12]. 

In the two cases above, an intercepting OTR foil is 
used. For nonintercepting bunch-length measurements, 
coherent DR is a possible way to extend the Michelson 
interferometer technique to a nonintercepting category [13, 
14]. In the streak camera case, a bend in the transport line, 
a special few-period diagnostics wiggler, or the final proto- 
type wiggler for the SASE experiments are possible nonin- 
tercepting sources of optical radiation for a bunch-length 
measurement. 

4 SUMMARY 

In summary, the adjustments of optical diagnostic 
techniques to low-emittance beams are well underway in 
the APS linac. Tests of some techniques have already been 
done with alternative particle beam sources, e.g., OTR, 
gated cameras, and the synchroscan (119.0 MHz) streak 
camera. Further tests will be done with the conventional 
injector, and the initial tests with rf-gun injected beam are 
expected in the coming months of 1997. 
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Abstract 

The visible and UV spontaneous emission radiation 
(SER) from the Duke OK-4 wiggler has been used with a 
Hamamatsu C5680 dual-sweep streak camera to character- 
ize the stored electron beams. Particle beam energies of 
270 and 500 MeV in the Duke storage ring were used in 
this initial application with the OK-4 adjusted to generate 
wavelengths from 500 nm to near 200 nm. The OK-4 
magnetic system with its 68 periods provided a much 
stronger radiation source than a nearby bending magnet 
source point. Sensitivity to single-bunch, single-turn SER 
was shown down to 4 |JA beam current at X - 450 nm. 
The capability of seeing second passes in the FEL resona- 
tor at a wavelength near 200 nm was used to assess the 
cavity length versus orbit length. These tests (besides sup- 
porting preparation for UV-visible SR FEL startups) are 
also relevant to possible diagnostics techniques for single- 
pass FEL prototype facilities. 

1 INTRODUCTION 

It is well-established that two critical factors in suc- 
cessfully starting a free-electron laser (FEL) in an oscilla- 
tor configuration are the gain (strongly dependent on peak 
current or particle beam charge density) and the synchro- 
nism of the orbit length and the resonator cavity length. 
Recently, in a collaborative effort between Duke Univer- 
sity and the Advanced Photon Source (APS), the first dual- 
sweep streak camera images were taken of the output radi- 
ation of the Duke optical klystron version 4 (OK-4) 
installed in the 1-GeV storage ring [1]. These data were 
used to address directly the issues of the observed bunch 
length as a function of single-bunch current and rf cavity 
gap voltage. For the available rf fields a reasonable operat- 
ing condition for adequate FEL gain was identified. Addi- 
tionally, the key aspect of ring orbit length versus the 
resonator round trip time was actually done with X = 195 
nm radiation outcoupled from the resonator, a wavelength 
shorter than the existing 240-nm FEL lasing record. The 
usefulness of these key measurements was confirmed as 
first lasing experiments were successful a few weeks later, 
although at 350-400 nm [2]. These experiments in a sense 
are extensions of techniques demonstrated on a linac- 
driven visible FEL in the late 1980's [3]. 

2 EXPERIMENTAL BACKGROUND 

The Duke storage ring and OK-4 have been described 
elsewhere [1,2] and key parameters are listed in Table 1. 
Operating energies from 0.25 to 1.0 GeV are possible. In 
this case the linac injection energy was about 270 MeV 
and beam could be stored there or ramped slowly upward 
in energy to 500 MeV. A key practical detail involved the 
rf frequency of 178.547 MHz which is a subharmonic of 
the linac's s-band at 2856 MHz. To use the synchroscan 
streak plug-in at 119.0 MHz, the 24th subharmonic of 
2856, a special circuit was built at Duke that was phase- 
locked to the 178.5 MHz [4]. The OK-4 total length of 68 
periods was also critical to performing the very low (sub- 
0.1 mA) current measurements. 

Table 1: Summary of Parameters of the Duke Storage Ring 
and OK-4 (see Ref. 1) 

Parameter Design Value 

Storage Rina 

Operating energy (GeV) 0.25-1.0 

Ring circumference (m) 107.46 

Revolution freq. (MHz) 2.789 

rf frequency (MHz) 178.547 

Beam current, A 0.1 

Peak current, A 80-130 

Horizontal emittance (m-rad) 18xl0"9 

Vertical emittance, m-rad 1 x 10"9 

Bunch length (a, ps) 33 

OK-4 Parameter 

Undulator length (m) 3.40 

Period (m) 0.10 

Peak magnetic field (kG) 0.0-5.8 

Buncher length (m) 0.34 

Magnetic field (kG) 0-12 

As shown schematically in Fig. 1, the SER was ini- 
tially picked off by a retractable mirror positioned 
upstream of the cavity mirror. Mirrors and/or beam split- 
ters were also used to bring the cavity's outcoupled radia- 
tion to the APS streak camera. A monochromator that is 
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Figure 1: Schematic of the resonator set-up on the Duke 
OK-4 storage ring FEL. A pick-off mirror inserted just 
upstream of the cavity mirror allows the sampling of the 
SER for each pass of the electron beam. 

not pictured was used to verify the operational wave- 
lengths generated by the OK-4. The Hamamatsu C5680 
dual-sweep streak camera was generally run with the verti- 
cal sweep in synchroscan mode and the horizontal sweep 
time selected for 10 |is, 50 |J.s, 1 ms, or 50 ms. With the 
revolution frequency in the ring of 2.78 MHz, single- 
bunch, turn-by-turn data could readily be attained. 

It also should be noted that the nominal operating 
range of the S-20 photocathode streak tube with the UV- 
transmitting input optics is from 200 nm to 800 nm [5]. 
However, there is a rapid decrease in transmission of UV 
light through this input optics as one approaches and goes 
below X = 250 nm. This practical effect in detector sensi- 
tivity was a key part of our tests, and why we originally 
looked at SER in the 400-500 nm regime in dual-sweep 
and then used synchronous averaging at X = 200 nm. 

3 EXPERIMENTAL RESULTS 

3.1 Bunch Length 

Initial tests on beam imaging were done with the 
bending magnet source, but we quickly moved on to the 
much stronger OK-4 source. A 450 x 40 nm bandpass fil- 
ter rejected most of the bending magnet's white radiation. 
A representative example of a dual-sweep streak image at 
X = 450 nm, beam energy EB = 500 MeV, if gap voltage 
Vrf = 150 kV, and beam current IB = 1.62 mA is shown in 
Fig. 2. The vertical axis is the fast time axis with about 
800 ps of the 1000-ps range displayed, and the horizontal 
sweep covers 10 |is. Each vertical image comes from a 
single pass through the OK-4. The selected fifth image's 
temporal profile has a calculated duration of 162 ps 
(FWHM). For comparison purposes, Fig. 3 then shows a 
similar image but with a higher gap voltage Vrf = 500 kV 
and lower current IB = 0.19 mA. The measured bunch is 
much shorter at 60 ps (FWHM) or 25 ps (a). 

Figure 4 summarizes a series of measurements of 
bunch length with a variation of rf gap voltage and nomi- 
nally for the low current regime (0.10-0.14 mA) and a ten 
times higher current regime (1.0-1.8 mA). It is noted that 
the plotted values are based on the preliminary analysis 
using the Hamamatsu MAC-TA algorithm which finds the 
peak intensity and then searches for the two half-maxi- 
mum intensity points. Generally, there are ten beam 
images per file and two files were saved per parameter set. 
We are using the data from a single image, and plan to do 
further analysis on the actual profile shape as compared to 
a Gaussian shape. Based on available rf power, the 500 kV 
gap voltage with a few mA average current resulted in 5- 
10 A peak current. This latter value was calculated to have 
adequate gain for lasing experiments [2]. 
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Figure 2: Dual-sweep streak camera image of the SER 
from the OK-4 at X - 450 nm and for a beam energy of 
500 MeV. The vertical sweep covers 800 ps while the 
horizontal axis is 10 |is. These are single-bunch data 
taken turn by turn. The measured bunch length at 150 
kV rf gap voltage and IB = 1.6 ma is 160 ps (FWHM). 
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Figure 3: Dual-sweep streak camera image of SER from 
the OK-4 at X = 450 nm, a beam energy of 500 MeV, Vrf 

= 500 kV, and IB = 0.19 mA. The time axes are again 800 
ps vertical and 10 |Xs horizontal. In this case, the bunch 
length of the selected image is 60 ps (FWHM). 
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Figure 4: Plot of the variation of beam bunch length with 
rf gap voltage. The two sets of data are from low current 
(0.10-0.14 mA) and medium current (1.0-1.85 mA) runs. 

3.2 Cavity Length/Orbit Length Synchronism 

All measurements in the preceeding section used the 
retractable pick-off mirror upstream of the resonator cavity 
mirror. In order to evaluate the feasibility of detecting 
radiation near 200 nm, we initially used the pick-off mirror 
for wavelengths down to 220 nm in dual-sweep mode. We 
then changed to synchroscan sweep only and also changed 
a relay lens to a 50-mm focal length to provide a smaller 
focus at the entrance slit of the streak camera. The OK-4 
was tuned to about X = 195 nm, and the 193 nm x 10 nm 
band pass filter was put in the path to the streak camera. 
The radiation outcoupled from the cavity was then trans- 
ported to the streak camera. At that point manual tweak- 
ing of the resonator cavity mirrors was done until the 
observed signal in the monochromator was reduced by 
50% between the resonator mirrors' being tuned and 
detuned. The rf frequency for the storage ring was then 
varied to change the beam orbit length relative to the fixed 
resonator cavity length. As the stored beam current 
decreased, the bunch length shortened to about 40 ps 
(FWHM). We could then clearly display the relative 
arrival time of the second pass in the resonator compared 
to the first pass of the next e-beam bunch. Figure 5 shows 
an example where the second pass or lower image is 99.5 
ps displaced from synchronism. By tracking the second 
pass's positions, the cavity and e-beam orbit length were 
synchronized. This preferred length was then used in sub- 
sequent lasing experiments within the next few weeks [2]. 

Figure 5: Synchroscan streak image of the SER 
outcoupled from the resonator cavity at A, ~ 195 nm. The 
very low current of 0.04 mA resulted in a bunch length of 
44 ps (FWHM). The cavity length is different from the 
orbit length by 99.5 ps as shown by the vertical 
displacement of the two images. 

4 SUMMARY 

In summary, both the dual-sweep and synchroscan 
options of the streak camera were used to provide key 
information for the operation of this SR FEL. The source 
strength of the OK-4 SER was exploited to measure the 
electron beam bunch lengths at very low currents (<10 uA) 
and to detect radiation in the deep UV at X = 195 nm. 
These results extend the range over which the techniques 
have been demonstrated on a FEL facility. 
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THE ADVANCED PHOTON SOURCE LOW-ENERGY UNDULATOR 
TEST LINE 

S.V. Milton, J. N. Galayda, and E. Gluskin 
Advanced Photon Source, Argonne National Laboratory, Argonne, IL 60439, U.S.A. 

Abstract 2.1 RFGun 

There are a number of fully commissioned 3rd- 
generation synchrotron light sources in the world today. 
So far they have met the demanding requirements of 
the user community; however, there is always a desire 
to go beyond what is presently available or even 
desirable. The Advanced Photon Source (APS) Low- 
Energy Undulator Test Line (LEUTL) was conceived 
to address the advancement of synchrotron light 
sources. The LEUTL uses the existing APS linac and a 
low-emittance electron gun, and by means of 
measurements of the beam and generated light, will 
test new and innovative undulators and push the 
technology and physics of single-pass, coherent light 
sources. The design and status of the LEUTL will be 
described along with its immediate capabilities and 
those planned for the future. 

1 INTRODUCTION 
The APS linac is capable of accelerating electrons to 
more than 700 MeV. Coupled with a high-brightness, 
low-emittance electron source, it can also be used to 
explore areas beyond those for which it was originally 
intended, areas important to the future of synchrotron 
radiation sources and facilities. 

The LEUTL was conceived and designed to 
examine just such topics. It consists of a high- 
brightness, thermionic rf gun, the APS linac, and 
additional beamlines directing the accelerated electron 
beam into a special-purpose enclosure with attached 
optical end station building. The LEUTL's purpose is 
twofold: the first is to fully characterize innovative, 
future generation undulators, some which may prove 
difficult or impossible to measure by traditional 
techniques such as very long small-gap undulators, 
superconducting undulators, and helical undulators; 
and the second is to act as a test line to investigate 
generation of coherent radiation at wavelengths down 
to a few tens of nanometers. 

2 DESCRIPTION 
Four modifications to the APS facility are required to 
make the LEUTL fully operational: 

• Installation of a high-brightness thermionic rf gun. 
• Addition of beamlines required to bypass both the 

positron accumulator ring (PAR) and the booster 
synchrotron (booster). 

• Extension of the booster vault into the new LEUTL 
beamline enclosure and end station building. 

• Construction of the undulator test line. 

At the head of the APS linac a high-brightness 
thermionic rf gun with alpha magnet bunch 
compression [1] has been installed and is presently 
being commissioned (Figure 1). Table 1 lists the 
expected gun and transport system performance. This 
gun produces an electron beam of sufficient quality for 
most of the initial planned testing and experiments; 
however, additional high-brightness beam concepts are 
being pursued both in collaboration [2] and through an 
in-house effort using a laboratory-directed research and 
development award. 

Figure 1: RF gun and transport system. 

Table 1: Expected Gun Performance 
Energy 3 MeV 
Peak current 150 A 
Normalized emittance 5TI • mm-mrad 
Energy spread 1 % 

2.2 Linac Diagnostics and Transfer Lines 

The APS linac is reasonably well instrumented; 
however, additional beam diagnostics have been added 
to provide enhanced characterization of the high- 
brightness electron beam. In particular, optical 
transition radiation (OTR) screens have been installed 
at strategic locations. The light generated from these 
screens will be transported either to radiation-resistant 
hutches or outside the linac enclosure. Sensitive high- 
resolution cameras have been procured for detection of 
the beam profile signals and a 0.6-ps-resolution fast 
streak camera will be used for bunch length 
measurement. 
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Figure 2: The LEUTL enclosure and end station building. 

Following acceleration, two additional sections of 
beamline are required to guide the beam past both the 
PAR and booster and into the LEUTL main enclosure. 
The PAR bypass line is equipped with OTR screens in 
a 10-m region clear of magnetic elements. This will 
permit a very accurate characterization of the beam 
quality after passage through the linac. This OTR 
screen system will be capable of determining a 
normalized emittance of en = lOrc • mm-mrad to ~ 6% 
and en = 1% • mm-mrad to = 20%. 

The booster bypass line is approximately 55 m in 
length. Over 40 m of this length a gentle elevation 
change of 1 m will be made primarily to avoid 
interferences with the booster. Theory [3] [4] shows that 
the resultant growth in emittance caused by this 
bending is negligible. 

2.3 Building 

Figure 2 shows a layout of the LEUTL building. It 
consists of two parts: an earth berm covered concrete 
enclosure for the electron beamline, undulator, and 
beam dump; and an end station building which houses 
technical components and the diagnostics for 
characterizing the light produced by the undulators 
under test. The beamline enclosure has nearly 50 m of 
available length and is 12 ft wide. Provisions have 
been made to house two separate beamlines, one 
straight ahead relative to the APS linac and the second 
offset by 5 ft horizontally. The end station building has 
approximately 1200 square feet of available floor 
space and can be occupied while beam is being 
delivered to the LEUTL enclosure. 

3 UNDULATOR TESTING 

3.1 Beam-Based 

The LEUTL will offer a unique method for performing 
magnetic measurement of undulators. Measurements 
will be made by passing the electron beam through the 
undulator while very precisely measuring the beam 

position and angle. Using this information, a very 
accurate measure of the first and second field integrals 
will be made. The measurement will be further 
enhanced by employing a magnetic telescope 
arrangement proposed by M. Borland. This system can 
provide a point-to-point magnification of -13.5 and a 
similar magnification of 8.8 m/rad in parallel-to-point 
mode. Further enhancement will be achieved by 
averaging the position signal over many shots. As an 
example, consider measurement of the first and second 
field integrals 

/.- 
öx(Bp) 
MaA k- 

Sx(Bp) 

MXA   ' 
(1) 

where Sx is the single-pass measurement accuracy, Me 

and Mx are the parallel-to-point (in units of m/rad) and 
point-to-point magnifications, respectively, and A is 
the improvement due to averaging. Assume 

Bp = 2Tm;   ox = l0fim; 

MeA[m/rad] = MXA = 100 , 
(2) 

then 
J   =0.2G-cm     $    =20G cm (3) 

For comparison, 2.5-m-long APS type-A undulators are 
measured using a traditional magnetic measurement 
system [5] with repeatability to < 1 G-cm and absolute 
accuracy of 10 G-cm in the first field integral, and with 
repeatability to < 100 G-cm2 and absolute accuracy of 
1000 G-cm2 in the second field integral. 

3.2 Light Output 
An alternative to beam-based measurements in 
determining the overall magnetic quality is to use the 
light generated by the beam/undulator system. This is 
made possible by the high quality (small emittance 
and energy spread) of the electron beam. A simulation 
using various different scenarios was performed by R. 
Dejus to check the capability of this method [6]. Figure 
3 shows the output at the 9th harmonic of the emitted 
radiation for a typical APS type-A undulator and a 
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beam of 650 MeV. Most relevant is the comparison 
between curves 2a and 4a which show the degradation 
in the amplitude of the 9th harmonic in the presence of 
typical undulator errors. 

Ideal Undulator ic Beam vs. Real; 9th Harmonic 
.-. 1.5x10 

1.0x10 

a 

5.0X10 

269 270 273 271 272 
Energy (eV) 

Figure 3: 1) Ideal beam, ideal undulator; 2a) Ideal 
undulator, beam with emittance (no energy spread); 
2b) Ideal undulator, real beam (AE/E = 0.1%); 3) Real 
undulator, ideal beam; 4a) Real undulator, beam with 
emittance (no energy spread); 4b) Real undulator, real 
beam (AE/E = 0.1%). 

4  COHERENT LIGHT POSSIBILITIES 
The possibility of achieving coherent light generation 
in a single pass of an undulator at wavelengths less 
than 100 nm exists with the LEUTL system. Studies 
have been carried out to determine the requirements of 
an undulator system used to study the self-amplified 
spontaneous emission (SASE) process [7]. These 
studies were based on a conservative estimate of the 
beam quality from the thermionic rf gun source. The 
undulator design was optimized with an initial 
wavelength goal of 120 nm using a 400-MeV electron 
beam. A simple planar undulator with separated- 
function external focusing and a fixed gap was chosen. 
An undulator length sufficient to reach saturation in a 
single pass would be built up of 2.5-m-long cells with 2 
m of undulator and 0.5 m available for external 
focusing plus diagnostics. The results of calculations 
and simulations indicate a gain length of 1.5 m with 
saturation predicted to occur after passage through 15 
undulator cells. The principle parameters for this mode 
of operation are shown in Table 2. 

Table 2: Optimized FEL Undulator Design 
Wavelength 120 nm 
Electron energy 400 MeV 
Normalized emittance 5 n mm-mrad 
Energy spread 0.1% 
Peak current 150 A 
Undulator period 27 mm 
Magnetic field 1.2 T 
Undulator gap 5 mm (fixed) 
Focusing separated quadrupoles 
Gain length 1.5 m 
Undulator length 15 x 2.5 m 

The LEUTL beam energy can be raised to 700 
MeV with a commensurate reduction in the output 
wavelength of the undulator. This and the use of a 
photocathode rf gun electron source were both 
considered during the optimization process of the 
undulator. At the higher energy the system should be 
capable of achieving saturation down to a wavelength 
of 40 nm. 

5 PRESENT STATUS AND SCHEDULE 
The present status of the LEUTL project is as follows. 
The thermionic rf gun and alpha magnet system is 
installed with beam produced and delivered straight 
ahead into a Faraday cup. Further commissioning of 
the gun awaits completion of a "beam gate" kicker 
magnet and rework of the rf waveguide, both of which 
should be ready by July 1997. All primary in-vacuum 
additional diagnostics hardware has been installed in 
the linac with some optical transport still remaining to 
be complete. The PAR bypass will be installed and 
ready for use by August 1997, and the booster bypass 
and beamline into the LEUTL enclosure will be 
completed by early winter of 1997. The LEUTL 
building will be ready for beneficial occupancy by 
early summer of 1997. Already designed is a 
prototypical undulator section for testing single pass 
SASE-mode operation. This should be available for 
installation in the fall of 1997. First measurements of 
undulator properties should begin early in 1998. 
Upgrade to a high-brightness gun is planned for 
sometime late in 1998. 
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GAMMA-RAY PRODUCTION USING MULTI-PHOTON COMPTON 
SCATTERING 

H.Takahashi, Y.An*, M.Nomura 
Brookhaven National Laboratory, Upton, New York 11973 

Abstract 

The nonlinear Compton scattering cross-section for laser 
light is formulated by treating the electron in the laser field 
as a dressed electron, in which the laser field is expressed as 
classical field. In comparison, multi-photon Compton scat- 
tering can be represented by the Feynman diagram where 
the electron is treated as an undressed one; hence, this for- 
mula can be applied only to a low intensity laser. To study 
the effect of the coherency of the photon on Compton scat- 
tering, these two formulas were compared for the case of 
two-photon scattering. The difference might be due to the 
fact that the Feynman formula cannot take into account the 
coherency of the photon. To account for the coherency of 
a laser field in quantum mechanics, therefore, the formula 
based on coherent-state formalism is required. 

1   INTRODUCTION 

There have been many investigations of multiphoton pro- 
cesses in strong electromagnetic fields since the invention 
of the laser in the early 1960s. Nikishov and Ritus derived 
formulae for the multiphoton absorption of an electron in 
a plane electromagnetic field [1]; this effect was observed 
recently [2]. Other theoretical studies made by the classi- 
cal approach [3] - [7] and also by the semiclassical scatter- 
ing theory, as reviewed by Ehlotzky [8], all of which de- 
scribe multiphoton absorption processes, have contributed 
to great advances in our understanding. Both the classical 
approach and the semiclassical theory use the classical way 
to describe the field of laser beam; therefore, they yield the 
same results for multiphoton processes [3]. 

In using quantum theory to describe multiphoton pro- 
cesses in the intense electromagnetic fields of laser beam, 
one encounters difficulties. The laser beam is a kind of 
electromagnetic wave which has high density of photons 
that may be in coherent states; therefore, the usual per- 
turbation theory of Quantum electrodynamics(QED) may 
be not appropriate for such a case. In the present paper, 
we calculate the cross-section of Compton scattering of the 
absorption of two photons by an electron from Feynman 
diagrams, and compare our results with the semiclassical 
QED theory [1]. 

2   FORMULAE OF CROSS-SECTION 

We can illustrate the Feynman diagrams for the absorption 
of two photons by an electron as: 

* Permanant address: Tsinghua University, Beijing 100084, china 

^   k      K. k 

\   *' 

p      \fc \ k 

where p and p' are four-vector momentums of the initial 
and final states of electron, and k and k' are photons. We 
follow the formulae in ref. [9] to derive the differential 
cross-section of an unpolarized electron scattering with two 
unpolarized photons, as shown in the Feynman diagrams, 
above. The formulae will much simplified if we use the 

invariant u = h—X and u\ = -~^r, then: 

da a = 7ITo 
■Ke" 2TT 

;Xadu 
2u\m2uj (1 + u)2' 

where ro is the classical radius of electron, and, 

(1) 

Xa 

32 
ru* + 

112 16ui o 
 -u3 + 

-116 + 36«! 2 
 ö u 

-16 + 36ui   16 + 36ui  16 + 36ui 
-I ö u + (2) 

u\* i*i2 (1 +u)ui2 

To compare our findings with the results in ref. [1], we 
substitute u> in equation (1) to £jjnz, as was done in section 
101 of ref. [10], where£is a parameter of the laser beam's 
intensity. Then equation (1) becomes: 

der a = -—£ 
2vr 

jXadu (3) 
8ui "*  (1 + u) 

and the total cross-section can be obtained by integral it 
over u, 

ra = *i^e / 8ui     J0 

2TT 

(1 + u): ;Xadu (4) 
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The formulae in ref. [1] are probabilities dw rather than 
cross-sections da, and the initial photon is linearly polar- 
ized. Therefore, by integrating the initial polarization angle 
(/>, and dividing the incident flux density, then we obtain: 

dab = 
167rr0

2 du 

ui£2 (l + u) 

/•27T 

/     d(j)Xb 
Jo 

where, 

Xb = -V + ?(2 + :^-)(V - A0A2) l+u 

(5) 

(6) 

where the functions A0, A\, and A2 are those found in 
APPENDIX of ref. [1]; here, we consider only the case of 
the absorption of two photon, in this case, we have, 

A0(a,ß)=  ]T J2+2i(a)Mß) (7) 
Z=—oo 

where J;() is Bessel function, A\ and A2 can be calculated 
by formulae in ref. [1]. The total cross-section of the ab- 
sorption of two photon can be obtained by integral over u 
and azimuthal angle <j>, 

Cb = 
167rro 2   fibr        /.2«i      du 

uxe ■ /   ty 

Jo Jo (l+u) 
;Xb (8) 

The Xb in equation (5) can be expanded by powers of 
£, and the term of £4 order corresponds to two-photon ab- 
sorption [11]. Because the formula is for linearly polarized 
plane waves, therefore we should integrate over azimuthal 
angle <f>, then we get the term of the £4 order of equation 
(6): 

u w 
Xc = -3—r + 10 

3      21u2 

U\H 

+ 

U\° 2ui2 + 5- 
«l 

u2(u + A) 
2ui(l+u)     ui2(l+u) 

and the differential cross-section is: 

dac = 
27iTo2 si   2ndu 

ui       (l + u)2   c 

the total cross-section can obtained by integral (10): 

27ir0
2.o  f2ui    2irdu 

Ui I Jo (l+u)2 

(9) 

(10) 

(11) 

The cross-sections given in above formulae are easy to cal- 
culate by computer. 

3   NUMERICAL RESULTS 

With the formulae discussed in previous section, we can 
make numerical calculations. For the sake of simplicity, 
in the following discussion and figures we use "exact" to 
denote the results with the semiclassical QED (equation 5). 
Similarly, we use "expansion" to denote the results from 
the expansion of "exact" formulae and the term "Feynman 
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Figure 1: The differnetial cross-sections of an electron scat- 
tered by two photons via u. 

diagram" to express the results of solving equation (3). The 
calculated cross sections are all relative to -KTQ2. 

The three graphs in Figure 1 correspond to differential 
cross-section of £ = 0.1, £ = 0.5, and £ = 1.0 (top to 
bottom). When £ = 0.1, the "exact" curve and "expan- 
sion" curve are very close, but as £ increases to £ = 1.0 
for instant, the discrepancy between them becomes large. 
The results from "Feynman diagram" also differ from the 
"exact"; as £ increases, at first when £ < 0.4 they become 
close, after then gradually the difference between them also 
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Figure 2: The total cross-sections of an electron scattered 
by two photons via u±. 

becomes greater. There are no such changes between "ex- 
pansion" and "Feynman diagram" as £ increases. These 
discrepancies supposedly arise from the approximation of 
the electron state's state to a free state, rather than to a 
"dressed" state, which means that we have neglected the 
coherent effects of laser beam. The large £ signifies the 
strong intensity of the laser beam which may be related 
to its strong coherence. However, although there are so 
many difference between these results calculated by the 
three methods, they are of the same order of magnitude. 
Fig. 2 shows the results via another parameter u\, which 
is the relative value of the incident particle's energy and 
the electron's mass. From the figures, we see that the dif- 
ferences between these different theory are not changed by 
that parameter. 

Fig. 3 demonstrates the total cross-section calculated by 
different theories; their different increases as the intensity 
of laser beam £ increases. In the strongest laser beam £ « 
0.6, either the "expansion" line or the "Feynman diagram" 
line differ from "exact" line by about 100%. Therefor, if 
one uses the perturbation theory to consider the intensity 
field, coherency should be taken into account. 
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Figure 3: The total cross-sections of an electron scattered 
by two photons via £. 

4   CONCLUSION 

Our numerical calculations show that the £4 term of the ex- 
pansion in powers of £ differs from the results of the pertur- 
bation theory of Feynman diagram, but they are in the same 
order of magnitude. Both the "expansion" and "Feynman 
diagram" are different from the "exact" results, and the dif- 
ference becomes larger as £ increases, which means that 
the intense laser beam has strong coherent effects. 
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Abstract 

The OK-4 is the first storage ring FEL operating in the 
United States. It was commissioned in November, 1996 
and demonstrated lasing in the near UV and visible ranges 
(345-413 nm) with extracted power of 0.15 W [1]. In 
addition to lasing, the OK-4/Duke FEL generated a nearly 
monochromatic (1% FWHM) y-ray beam [2]. In this 
paper we describe the initial performance of the OK-4 
/Duke storage ring FEL and y-ray source. 

1. INTRODUCTION 

The OK-4 /Duke storage ring FEL project is a 
collaboration of the Duke University Free Electron Laser 
Laboratory and the Budker Institute of Nuclear Physics 
begun in 1992 [3]. The OK-4 FEL was built and operated 
in the 240-690 nm range using the VEPP-3 storage ring 
at Novosibirsk [4]. After commissioning the 1.1 GeV 
Duke storage ring in November, 1994 [5], the OK-4 FEL 
made a trip around the globe to Duke in May, 1995. The 
OK-4/Duke FEL was ready for the first demonstration 
experiment in November, 1996. The first run on 
November 13, 1996 with the OK-4/Duke FEL was 
successful. The OK-4/Duke storage ring FEL 
demonstrated operation in the near UV/visible range and 
generated nearly monochromatic 3-15 MeV y-rays via 
intracavity Compton backscattering. 

2. THE OK-4/DUKE XUV STORAGE FEL 

The Duke 1.1 GeV storage ring_[5,9] has a 34 meter long 
straight section dedicated for FEL operation. The present 
lattice has transverse ß-functions of 4 meters in both 
directions at the center of the OK-4 to optimize the gain. 
The storage ring RF system [7] operates at 178.5 MHz 
(64th harmonic of the revolution frequency). Typical OK- 
4 FEL operation mode applies an RF voltage of 500 kV. 
The existing 270 MeV injection system limits the 
maximum stored current to 8 mA/bunch. We plan to 
improve the efficiency of injection and increase single 
bunch current to 20-40 mA. Some parameters of the Duke 
storage ring are summarized in Table I. The main 
parameters and expected performance of the OK-4 FEL are 
described in previous publications [4,10]. Table II gives 
an up-to-date summary of the parameters. The magnetic 
system of the OK-4 FEL was slightly modified to 
accommodate a new vacuum chamber and to provide a 
field-free collision point for the Compton y-ray source. 

Two Trans-Rex power supplies (5 kA, 500 V, donated by 
Fermi Lab) have been repaired, equipped with large 
external LC filters and are presently used to drive the OK- 
4 wigglers and buncher. Overall performance of the OK-4 
power supplies is close to specifications (50 ppm DC and 
ripples) and will be improved in the near future using a 
second stage of regulation and feedback. The controls of 
the OK-4 FEL are part of the Duke storage ring computer 
control system [11]. This system provides flexible 
operation of the OK-4 and the possibility to ramp the 
energy of the storage ring without changing the OK-4 
wavelength. 

Tablel DukeStocageRing FJecbon Beam Pamelas 
Operational Energy [GeV] 0.25-1.1 
Circumference [m] 107.46 
Impedance of ring, Z/n, [Q] 2.75±0.25 
Stored current [mAfmultibunch 155 

single bunch 20b/8c 

Bunch length, as[ps]d natural 15 
with 5 mA in single bunch   60 

Relative Energy spread, crE/E" natural 2.9.10" 
at 5 mA in single bunch 1.1.10"3 

Peak Current [A]d with 5 mA/bunch    12 
with 20 mA/bunch ' 31 

Horizontal Emittance [nm*rad] 
5 mA/ bunch @ 700 MeV < 10' 
 3 mA/bunch @ 500 MeV <8f 

" Maximum current at I GeV is limited to 2-3 mA before crotch- 
chambers with absorbers are installed; 
h Per bunch using standard mode of multibunch injection; 
c In single injection mode with 1 nsec photocathode gun [8]; 
d At 500 MeV, VRF=500kV; 
' Expected from broad band impedance model with Z/n = 2.75Ü; f 

Extracted from the OK-4 spontaneous radiation spectra. 

Table II. OK-4 FEL Parameters Optical Cavity 
Optical cavity length [m] 53.73 
Radius of the mirrors [m] 27.27a 

Rayleigh Range in OK-4 center [m] 3.3 
Angular control accuracy [rad] better than 10'7 

OK-4 wigglerr4.101 
Period [cm] 10 
Number of periods 2x33.5 
Gap [cm] 2.25" 
Kw/I[l/kA] 1.804 
Kw 0-5.4 
° Measured;   b Increased to accommodate new vacuum chamber. 

We have installed temporary crotch chambers (without 
absorbers and smooth transitions) providing passage of 
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the OK-4 optical beam to facilitate its commissioning. 
This makes the impedance of the vacuum chambers rather 
large. According to the bunch length and the OK-4 FEL 
gain measurements, the impedance of the vacuum 
chamber is -2.75 Ohm. 

3. COMMISSIONING OF OK-4 FEL AND 
Y-RAY SOURCE 

Three main storage ring operational modes were 
established (injection energy of 0.265 GeV, at 0.5 GeV 
and 0.7 GeV the OK-4) along with a number of 
supplementary modes (between 0.35 and 0.75 GeV) for 
proper FEL operation. We have created computer tools to 
vary the OK-4 wiggler current while keeping the betatron 
tunes stable. It took less than two hours to obtain first 
lasing. Knowledge of the optical cavity length proved to 
be very useful [6]. Lasing was demonstrated at a variety of 
electron energies from 0.265 to 0.55 GeV. A standard 
operation energy was 500 MeV. 

The OK-4 FEL in Near UV Range 

The OK-4/Duke storage ring FELgain 
500 MeV, 550 kV, Z/n=2.75 Ohm 

; 

! Measured 

; / Gain, % © 380 nm 1 
Gain, % e 193 nm | 

ir 

.£     15 
$ 

10 

0 IS 20 30 40 50 
1, mA/bunch 

Fig. 2 The measured (dots, 345 nm) and predicted gain 
(solid lines) for 380 nm and 193 nm of the OK-4. 
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Fig. 1 The tuning range of the OK-4 FEL (with 3.5 
mA/bunch at 500 MeV with 500 kV RF voltage) using 
380 nm mirrors. The line in the center is a measured time 
lasing line. This line was tuned ±18% from 345 to 413 
nm by changing the current in the OK-4 wigglers. The 
dots are measured round trip cavity losses and the smooth 
curve is a fit. Round-trip losses at the edges of the tuning 
range give the value of the FEL gain at a given current: 
gain >9% at 345 nm with 3.5 mA/bunch, 500 MeV 
electron beam and 500 kV RF voltage . 

A typical tuning range (obtained by variation of 
the wigglers' current) and one measured lasing spectrum 
are shown in Fig. 1. Lasing was reasonably easy because 
the OK-4 gain was at least 10 times higher than its losses 
at 380 nm. The start-up current for lasing was 0.3 mA, 
and with 3 mA/bunch we were able to läse in both optical 
klystron and conventional FEL mode (buncher off). In all 
cases the optical klystron mode had higher gain and 
power. Figs. 2 and 3 show a comparison of the measured 
and predicted gain and extracted power from the OK-4 FEL 
in the near UV. We have used our self-consistent storage 
ring FEL code [13] and broadband impedance model to 
predict the OK-4 performance. The agreement of the 
measured and predicted values is very reasonable and we 
can rely on our predictions of the OK-4 FEL gain at 193 
nm. 

Fig. 3 Measured and predicted extracted lasing power from 
the OK-4 FEL. More than 80% of the power was 
extracted. 

Table III. Measured Parameters of the OK-4 FEL 
Tuning Range (3.5 mA/bunch)] 345-413 nm 
Gain per pass (3.5mA/bunch, 345 nm) >9% 
Extracted Power (8 mA, 3 80 nm) 0.15 W 
Induced e-bunch length, as[ps] 
low current -35 
with 3.5 mA in single bunch ~200 
Induced energy spread (3.5mA/bunch), aE/E 0.45% 
FEL pulse length [ps] 
low current -2.5 
with 3.5 mA in single bunch -20 
Linewidth cs-J'k 410"4 b 

Lasing life-time 2-4 hours 
" Measured; 75 mW per mirror. Accuracy ~ 25%; 
b Time averaged value presumably caused by ripples in power 
supply, instantaneous value should be ~110"4. 

With expected cavity losses less than 3% [1], the OK-4 
should läse at 193 nm with a beam current of a few 
mA/bunch. With 10 mA per bunch and existing set of 
mirrors, we expect to läse within the 188-197 nm range. 
We have observed an increase of the energy spread and 
bunch length by a factor of 2-3 during lasing. Typical 
RMS values of the FEL pulse were 5-10 times shorter 
than the electron bunch length. Operating at very low 
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current and using very precise tuning of the revolution 
frequency, we have registered FEL micropulses as short as 
2.5 psec RMS with the APS streak-camera. The duration 
of these pulses is consistent with Super-modes predicted 
in [14]. Table III gives a summary of the measured OK- 
4/Duke storage ring parameters. 

Monochromatic y-rays (with 1% FWHM 
resolution) were produced by operating the OK-4/Duke 
storage ring FEL with two equally separated electron 
bunches. This mode provides for head-on collisions of the 
optical and electron beams at the center of the optical 
cavity, and the generation of y-rays via Compton 
backscattering [12]. Small emittance of the electron beam 
ensures a high level of correlation between the 
observation angle 6 and the energy of the generated y- 
rays: 

^-I+W+IJV»*2   M mc2 E = 

A simple collimator can be used to select the most 
energetic y-rays near G=0. Using a lead collimator with 3 
mm diameter (located 30 m downstream from the 
collision point) and a Ge detector we measured the 1% 
FWHM energy resolution of the y-rays. We demonstrated 
the tunability of y-ray energy within the 3-15 MeV range 
tuning both the laser wavelength (±18%) and the energy 
of the electron beam (265-550 MeV). Most of our shifts 
were dedicated to these studies and the results will be 
published elsewhere [2]. 

After one month of operation, which was mostly 
dedicated to y-ray generation and spectrum measurements, 
the injector for the storage ring was shut down in 
December, 1997 to condition one of the klystrons. We 
expect to resume operation of the OK-4 FEL when 
conditioning is finished. 

4. CONCLUSIONS AND PLANS 

Commissioning the OK-4/Duke storage ring 
FEL demonstrated high performance and reasonably high 
gain. Initial evaluation of the OK-4 FEL parameters is in 
good agreement with our predictions. We do not expect 
serious problems when we attempt to läse below 200 nm 
in the near future. The gain modulator, the permanent 
crotch-chambers with absorbers, and nitrogen purged 
beamlines are in progress. The gain modulator will 
provide for high intracavity power and generation of 
coherent VUV harmonics. Later this year we plan to 
begin use of the OK-4 coherent and spontaneous radiation 
as well as monochromatic y-rays for user experiments. 
The user program includes nuclear y-ray spectroscopy, 
UV cornea surgery, studies of PMM, photo-absorption 
and spectroscopy. 

Absence of absorbers and permanent crotch 
chambers prevent us from operating at 1 GeV with full 
current and limits us to 10 mA at 750 MeV. With these 
beams we could not go far above a few watts of average 
laser power. The permanent crotch chambers and absorbers 
[15] are needed for full power (-100 W) operation of the 
OK-4/Duke storage ring FEL and full flux operation of 
the y-ray source (109-10u ys/sec). We plan to install 
them in 1998. Long term plans for the OK-4 include 
extension to the VUV range. 
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A LASER PULSE TRAPPER FOR COMPTON BACKSCATTERING 
APPLICATIONS* 

D. YU and B.STUART 
DULY Research Inc., Rancho Palos Verdes, CA 90275 

Abstract 

The repetition rate for high peak power, short pulse lasers 
used in Compton backscattering for production of x-rays, 
positrons and other reaction products is typically much 
lower than that for the electron bunches. The production 
rate can be increased by trapping a laser pulse [1] in a 
delayed line for repeated collision with a plurality of 
electron pulses. The temporal and spatial characteristics 
of a trapped laser pulse are calculated including effects of 
dispersion, self phase modulation and self focusing 
through the delay line optics. For ultra short laser pulse, 
the DULY Box includes a pulse stretcher and a pulse 
compressor in order to minimize non-linear effects. 
Experiments are planned to verify and optimize the box 
design. 

INTRODUCTION 

The DULY Box [1] is a device which traps a laser pulse 
in an optical delay line and allows multiple collisions of 
the laser pulse with electron multibunches. It can be used 
to enhance the yield of Compton backscattering products 
such as x-rays, positrons and gamma rays. Enhanced 
production of positrons or gamma rays can increase the 
luminosities of future linear colliders. The DULY Box is 
also potentially applicable to other reactions whose yields 
depend on the collision frequency with a high intensity 
laser pulse, e.g. laser isotope separation. The optical 
delay line can be implemented either in a linear 
configuration or a ring configuration [2]. 

The goal of the DULY Box is to preserve the 
properties of a single laser pulse (temporal and frequency 
profiles, energy, spot size, focal point, etc.) for as many 
times of interaction with the target as possible. To 
achieve this, the design of the DULY Box must avoid 
linear (group velocity dispersion) and non-linear optical 
effects (self phase modulation, self focusing) which could 
otherwise destroy the beam. This is accomplished either 
by operating in a limited laser parameter space (low 
energy, long pulse) or by stretching and subsequently 
recompressing a high-energy, short laser pulse within the 
delay line. A properly designed amplifier to replenish the 
energy loss in each round trip is an integral part of the 
device. 

ANALYSIS OF A LONG PULSE VERSION 

An analysis of the DULY linear and ring cavities was 
performed to determine the parameters under which a 
high peak power laser pulse may be trapped without 
destroying itself during the propagation in the cavity. 

Gaussian vs. Flat-Top Spatial Distribution 

Figure 1 compares the near- and far-field profiles of 
equal-energy Gaussian and flat-top (lO* order super- 
Gaussian) near-field modes. The size of each near-field 
beam is set to minimize diffraction effects when passing 
through a 5-cm diameter aperture. As can be seen, the 
flat-top intensity is 4.5 times less than the Gaussian, 
leading to greatly reduced nonlinear effects upon 
propagation through material. The far-field (focal) 
distributions show the diffraction-limited beam size after 
focusing with a 10-cm focal length lens. Although a 
significant fraction (16%) of the energy ends up in the 
secondary lobes, the flat-top still produces a focal 
intensity 1.4 times that of the Gaussian. This, coupled 
with the lower near-field intensity and uniform profile for 
amplification, make the flat-top the spatial mode of 
choice for this application even though it must be relay- 
imaged. 

1     1.S    2    2.5    3 
R»*»<cffl) 

2        3        4 
Distano* flun) 

Figure 1 Near- and far-field spatial profile of equal- 
energy beams which pass through a 5-cm diameter 
aperture with minimal diffraction and the focused profile 
of each beam. 

Group Velocity Dispersion (GVD) and Self-Phase 
Modulation (SPM) 

A pulse envelope with central frequency ©() will 
propagate through material with group velocity v = 
9oy0ß((ö), where ß(co) = n((ä)(s/c is the propagation 
constant. If the pulse is composed of many frequency 
components (as is a short pulse), the different frequencies 
will propagate with different velocities. An initially 
transform-limited pulse will be stretched in time by GVD. 

The index of refraction of a material depends on the 
laser intensity, 

«(/) = n0 + nJiFf = n0 + yl, 

where n0 is the ordinary index of refraction, n2 the 
nonlinear index of refraction, E the pulse electric field, y 
the nonlinear index coefficient, and / the laser intensity. 

' Work supported by DOE SBIR grant DE-FG-03-94-ER81740. 
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This intensity-dependent index change produces a 
variation of phase in time across a pulse as it propagates 
through material. SPM leads to spectral broadening of 
optical pulses through the generation of additional 
frequency components. Since only the phase of the pulse 
varies in time, the pulse intensity as a function of time 
remains the same. However, these additional frequency 
components may cause temporal broadening through 
group-velocity dispersion. A measure of the nonlinear 
phase accumulation of a pulse as it propagates through a 
length L of material is given by the ß-integral, 

*(/)=f j>* 
where k is the wavelength of light and z is the 
propagation direction. Noticeable spectral distortion 
begins at B « 1.5 -2.0. 

Pulse Propagation 
The nonlinear Schrodinger equation for the complex 
pulse amplitude A describes propagation through material 
[3], 

.8A       i    .    1 a   d2A      |.,2 . 
i — = —aA + -ß2—--HA   A. 

dz       2        2      8T2      '  ' 

Loss and gain are included in the term with a. The 
second term on the right hand side gives the group- 
velocity dispersion (higher order terms in ß can also be 
added) and the last term includes nonlinear effects with 
nonlinear coefficient y. We solve the above equation with 
the split-step Fourier method [4], where the dispersion 
and absorption terms are separated from the nonlinear 
terms. The equation is valid for pulse durations > 50 fs. 
For shorter pulses, higher order terms must be included. 

Analysis of Ring Cavity 
We will first calculate the effect of GVD in a relay- 
imaged ring cavity assuming a transform-limited 1.06-um 
input pulse of a given duration, no SPM, and material 
pathlength of 16 cm (KD*P Pockels cell: 3 cm, fused 
silica lenses/windows: 3 cm, amplifier: 10 cm). Figure 2 
shows the increase in pulse duration, including also the 
higher-order dispersion terms, as the pulse circulates in 
the ring cavity. 

If the initial pulse is not transform-limited it will 
lengthen at an increased rate corresponding to its excess 
bandwidth. To maintain a constant intensity at the 
interaction point the pulse duration must be greater than 
approximately 5 ps. In this regime the number of 
interactions will be limited by the nonlinear phase 
accumulation or ß-integral. 

0      10     20     30     40     50     80     70     80     90    100 
Interaction number 

Figure 2 Plot of pulse duration vs. number of interactions 
for various starting values of pulse lengths. 

An approximate expression for the number of 
interactions (AO possible in the above ring cavity as a 
function of pulse duration (ip, in picoseconds), energy (U, 
in Joules), diameter (D, in cm), wavelength (X, in um), 
and desired maximum ß-integral (in radians) is given by 

N = 0.036 
BXDlr„ 

£/(l3 + 0.5D) 

Using the above equation with a target B=2 to limit 
SPM and self-focusing, we can plot the beam diameter 
required to achieve a given number of interactions as a 
function of desired peak power. To trap 1-J, 20-ps pulses 
(50 GW) for 100 interactions, the beam diameter is 30 
cm. The above equation is only a rough guide; as the 
beam becomes larger the optics need to be thicker. 

1E3i 

1E-2I    *   "imK    m   t niwK 

1E-3  1E-2  1E-1   1E0   1E1    1E2   1E3 
Peak power (GW) 

EXPERIMENTAL DESIGN 

A small-scale experiment has been designed to trap 10-20 
ps pulses for many (40+) passes without destroying the 
pulses either temporally or spatially. A flat-top spatial 
profile with a beam diameter of 6.5 mm was chosen in 
order to use standard size 9-10 mm diameter optical 
components (amplifier rod, Pockels cells). This allows 
trapping of pulses with energy on the order of 1.0 mJ, 
depending on the number of passes desired. 
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A relay-imaged ring cavity with a round-trip time of 
approximately 10 ns is shown below. To trap the pulse, 
the Pockels cell is turned on to its half-wave voltage with 
rise time < 5 ns. The voltage can be varied while the 
pulse is trapped to maintain constant intensity at the 
interaction point. The pulse is switched out for 
measurement after the desired number of round trips by 
turning off the Pockels cell. Since a small fraction of 
light will leak out on each round trip, a slicer Pockels cell 
is necessary to separate the desired pulse from the sum of 
the leakage pulses before the diagnostics. The focused 
spot in the cavity is approximately 300 urn giving an 
intensity of 10" W/cm2. 

"*» v* JUS. 

mirror HR34'S minor HR34"S 

In order not to extract the stored energy from the 
amplifier too quickly, an amplifier medium with a high 
saturation fluence (r=hv/a) or low stimulated emission 
or gain cross section (as) is desired. The circulating 
fluence should then be maintained at a level well below 
the saturation fluence. In this analysis we assume the 
amplifier is pumped once before the circulating pulse 
arrives. It is also possible to laser-pump the amplifier 
each round trip. The parameters for some common 
amplifier materials are listed below. 

Gain medium Wavelength Gain cross Saturation 
(nm) section (cm2) fluence (J/cm2) 

Nd:YAG 1064 2.8x10" 0.7 
Nd:YLF 1053 1.2x10" 1.6 
Nd:glass 1053/1064 1.4x10-" 4.7-19 
Tirsapphire 1053 2.8X10-20 6.7 
Tiisapphire 800 3x10" 0.8 
Yb:glass 1000-1070 0.8-4.0xl0-2' 50-230 

The initial gain is determined by the cavity losses, 
typically 10% per round trip, giving a gain G=l.l. Gains 
per pass higher than G=2 may be necessary if a pulse 
stretcher and compressor is included in the ring (see 
below). In the figures below, we show the calculated 
pulse energy (normalized) as a function of number of 
interactions for amplification in Nd:YLF and a low-gain 
Nd:glass using initial gains of 1.1 and 2.0 and input 
fluences of 3 mJ/cm2 (1 mJ, 6.5 mm diameter) and 30 
mJ/cm2. As can be seen, even at very low circulating 
fluence the energy extraction in Nd:YLF is too rapid to 
maintain constant energy. The smaller gain cross section 
of Nd:glass allows better energy balance in trapping the 

pulse, 
allow 

r1 
•a« 
!u 
■0.4 

§U 
0 

and a still smaller cross section (Yb:glass) would 
higher gains and higher circulating fluence. 
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DULY BOX FOR ULTRA SHORT PULSE 
To trap a recirculating, ultra short (< 1 ps), high power 
laser pulse in a delay line for repeated interaction with a 
high rep-rate electron beam, the DULY Box may be 
installed in place of a pulse compressor in a chirped pulse 
amplification (CPA) high power laser system [2]. A 
stretched, long pulse, high power, linearly polarized laser 
beam enters the box via a polarizer. The pulse is then 
focused and compressed spatially and temporally to 
interact with an electron pulse. After interacting with the 
electron pulse, the laser pulse is again stretched and its 
energy replenished by an amplifier before starting the 
next round trip. The stretched laser pulse avoids the 
nonlinear problems as it goes through a dispersive 
medium and maintains its energy by the loss- 
compensation amplifier during each round trip. The 
system implementation of this box uses similar pulse 
compression and pulse stretching methods as in the 
standard CPA, except the diffraction gratings should have 
a very high efficiency and very low loss. Work is in 
progress on the design and analysis of such a system for 
an enhanced positron and gamma source for possible 
linear collider applications. 

CONCLUSION 

We have analyzed the effects of group velocity dispersion 
and nonlinear index of refraction upon a laser pulse 
trapped in a recirculating delay line, and have provided a 
simple relation between the laser beam size required to 
stay below a given ß-integral limit as a function of input 
pulse parameters and amount of material it passes 
through. 
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HIGH CURRENT FEL OSCILLATOR ON BASE OF 
MSU ELECTRON ACCELERATORS 

V.K.Grishin, B.S.Ishkhanov, T.A.Novicova, Institute of Nuclear Physics of Moscow State 
University, Moscow 119899 

Abstract 

Peculiarity of high current FEL with a collective regime 
of electromagnetic wave excitation is considered. The 
start value of electron current in a FEL-Oscillator is 
estimated. Possibilities of such device creation on base 
MSU electron linear accelerator are discussed. 

1 INTRODUCTION 

In previous paper [1] it has been shown that a high 
current FEL (HCFEL) has a high coefficient of signal 
amplification, and this permits to extend the possibilities 
to create the coherent short-wave radiation sources. High 
signal amplification is a result of a collective interaction 
of an electron beam with an electromagnetic wave which 
is arisen due to the bunching of particles. The latter can 
be realised if the density of electron is sufficiency high. 
An intense beam acquires the properties of optical 
waveguide, and the electromagnetic radiation is 
concentrated in the beam volume. Therefore a high 
current regime can be realised in FEL having a moderate 
current but low emmitances of particles that is peculiar 
for an electron accelerators of new generation. 

Present paper has two goals. It is of interest how are 
the properties of HCFEL revealed in a scheme of FEL 
oscillator? And can we have here any application of this 
scheme of the MSU electron accelerators? 

2 START CONDITION IN HIGH CURRENT FEL 
OSCILLATOR 

Consider a traditional scheme of a charged beam 
generator. A system constructed along the axis z consists 

of undulator with a period X.0 and length Lmd which is 

located between two mirrors. The mirrors separated by 
distance Lm ( Lm > L^ ) are forming an open resonator. 
Along the axis z in a point z' placed before the undulator 
a continuous beam of monoenergetic electrons is being 
injected into the system (by means of supplementary 

magnet system). The electron energy is E = mc yL 

where yh is Lorenz's factor , the initial electron velocity is 
V0 = ß0C .   Passing trough the undulator the electrons 

acquire a transversal velocity V± = ßLC that permits 

them to interact with an optical (i.e. transversal) wave. 
After passage the undulator the electron beam is being 
deflected from the system (by means of second 
supplementary magnets). 

Analyse start condition of HCFEL oscillator. Let an 
initial signal of frequency co be brought in the system. 
The signal passing through the undulator can be 
amplified by an electron beam and then being partly 
irradiated and reflected from the mirrors returns to the 
initial point. Usually a start condition of FEL oscillator is 
estimated from one if the amplification of circling signal 
begins surpass its total absorption. But the HCFEL has 
its important peculiarities. 

An electron beam in the undulator is an 
electromagnetic medium in which some transversal 
waves of different modes can propagate in both 
directions. An initial signal is distributed among the co- 
travelling with beam waves some of which can interact 
with the electrons. Its interaction becomes resonant if the 
double conditions are carried out: 

O) = kc;k = k0ßoz/(l-ßoz) (1) 

where it is a wave vector, k0 = In IA0, 

ßoz-ißl-ßlf'1- 
Practically one can consider only the mostly 

amplified wave among the co-travelling ones after 
passing the undulator and only one back travelling wave 
because an electron beam do not disturb the 
electromagnetic oscillations in last case. 

Hence the final balance of amplification and 
absorption in system gives the nest condition of reliable 
generation start (see [2] too): 

fl,i?2exp i j(k+ -k~)dz = 1 (2) 

where R12 are the coefficients of wave amplitudes 
reflection from the first and second mirrors respectively 
(value of Rj includes the loss of signal due to its 

irradiation), k+ and k~ are the wave vectors of forward 
and back directions for given frequency and mode. Here 
we take into account that the waves coming in and out 
from an electron beam are almost not reflected. Outside 
electron beam 

**=*=£».*-—^ 

and inside one 

k+=k + Sk+-,   \Sk\«k 

(3) 

(4) 

Hence the equation (2) is reduced to 

2kLm + Sk+Lmd =2TM + i\n\RxR2\     (5) 

where M =S - arg(RlR2 )/2ff, S is an integer. 
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Separating the real and imaginary parts of (4) one 
can write 

2£L+Re(8jt+)L nd=27tM (6) 

Im(5r)Lun = -lnT/?,/?2l 
This equation is written for a given value of frequency. 
And the first equation in (6) determines conditions when 
the wave excitation of given mode is possible in beam 
system. But already after the first wave circulation, the 
excitation of electromagnetic oscillations in mirror 
resonator go to play the important role. Therefore it is 
necessary to add the condition of wave excitation in FEL 
resonator with the same value of frequency. Such 
condition produces a relation [3] 

2/tLm=27t(N+(n+q+l)/2+A) (7) 
where N, n, q are the integers, A is a mode shift 
determined by resonator parameters. 

The second equation in (6) determines the start 
condition for the electron beam current Ib. Really 
according with a solution of beam linear system the 

increment   of  wave   excitation   Im(8k*)=-A I"    (see 

below). Due to this the second condition in (6) drives to 
the direct dependence of start value of 7b on /?, 2, A, a 
ones: 

h„ = 
Infl^J \ Ma 

AL 
V und 

(8) 

J 
The magnitude of a «  1/3 - 2/5 for a wide and 

compressed beam respectively [1]. For the latter case 

A = k 
kabIAj 

(9) 

where IA= 17 kA, and k = kj 0. 
The value of R2 = (1 - e) where factor e « 1 

including the fraction of electromagnetic flow irradiated 
through the second mirror. 

To determine the value of /?, it is necessary to take 
into analysis the fact of strong channelling of 
electromagnetic radiation in the beam volume. As a 
result the cross-section of electromagnetic flow becomes 
comparable with of beam one. The electromagnetic flow 
reflected from the second mirror returns to the first one 
and then to the undulator expanding due to a diffraction. 
As a result the fraction of electromagnetic flow returned 
in the beam volume is reduced to [4] 

F = 
abaEk 

21. 
(10) 

■d   J 

where ab E are the radius of beam and electromagnetic 

flow canalized in it, Ld = 2Lm-Lund. Finally 

R=¥V1IK (11) 

where N* is the number of forward travelling waves 
(usually NT = 2-3 [1,2]). 

On the whole the collective regime indicates in FEL 
a relatively weak dependence of start current value on the 
resonator parameters. 

3 FEL OSCILLATOR ON BASE OF MSU 
ELECTRON ACCELERATORS 

In present time in Institute of Nuclear Physics of MSU 
there are two continuous wave electron accelerators with 
the particle energy of 1.2-2.3 and 6.6 MeV respectively. 
The first device is designed for different nuclear and 
applied studies and has the average current magnitude up 
to 10-30 mA. The electron beam has small emittances. 

The values of y0 = 3.4 - 5.6 permit to use this 
accelerator for producing the electromagnetic radiation in 
a millimetre and submillimetre range what opens a very 
important applications in biology and so on. Estimate the 
start current value. 

Let the system and beam parameters be the next: y0= 
2 cm, Lm= 2Lun(] ab = 0.1 cm, aE = 2-3 ah In this case the 
value of /b st « 30 mA is been reached only with L^IQQ 
cm and > 250 cm for the electron energies 1.2 and 2.3 
MeV respectively. Thus this accelerator can be used as 
FEL oscillator though for its reliable operation it is 
necessary to rise the current amplitude at several times. 

The current in the second accelerator do not surpass 
100 mkA. And in spite of excellent quality of electron 
beam this accelerator can be used only as FEL amplifier 
(in a special regime considered in [1]). 
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POSSIBILITY OF X-RAY FREE ELECTRON LASER WITH SINGLE 
CRYSTAL OPTICAL RESONATOR FOR BRAGG REFLECTION 

Y. Miyahara 
SPring-8, Kamigori, Ako-gun, Hyogo 678-12, Japan 

Abstract 

Noting the X-ray reflection coefficient of a single crystal 
as high as 90 % at a Bragg angle, a possibility of X-ray 
free electron laser in a storage ring was investigated. An 
optical resonator composed of four Si single crystal 
mirrors with diffraction angle 45 degrees provides a light 
beam size in the optical resonator about 30 um rms at a 
wavelength of 0.217 nm. Assuming an electron beam 
emittance of 46 pm-rad at a beam energy of 3 GeV, and a 
peak current of 1200 A, we obtain an FEL gain of 39 % 
for an undulator with a number of periods of 300, which 
is slightly higher than the radiation loss in the mirrors. At 
the same time a conceptual design of a storage ring with 
such a small emittance beam is presented. 

1 INTRODUCTION 

Free electron laser using an electron beam has attracted a 
strong concern to produce an intense coherent radiation in 
a wide range of wavelength. Many efforts have realized 
FEL's in the wavelength longer than about 200 nm with 
the aid of a high reflective optical resonator, but not in a 
shorter wavelength. This is because the reflectivity of 
light with mirrors is very low in the shorter wavelength. 
Thus, efforts have been made to develop high reflective 
mirrors made of multilayers. One of the ways to avoid 
this difficulty is a high gain single pass FEL or SASE [1]. 
A rapid progress of RF photo-cathode gun made it 
possible to produce a high quality electron beam, and a 
SASE even in X-rays has become a realistic subject, for 
which, however, a high quality linac with an energy about 
10 GeV equipped with a bunch compression system is 
needed to produce an electron beam emittance com- 

promising a diffraction limit in the order of 10"11 rad-m. 
Meanwhile, recent progress in storage rings for 

synchrotron radiation has realized a beam emittance 
around several nm-rad at an energy of 6-8 GeV. 
Discussions have started as for the next generation light 
source with an emittance of sub nm-rad [2, 3]. Such a 
light source equipped with a number of insertion devices 
is expected to become a practical tool in a near future. It 
is noted that the gap height of insertion devices has 
already been reduced to 10 mm in X-ray storage rings, so 
that X-rays can be generated with insertion devices at a 
beam energy about 3 GeV. In addition, it is noted that X- 
rays can be reflected by 90 % at a Bragg angle with a 
single crystal [4], which is much stronger agaist heat load 
than multilayers. Thus, a possibility of an X-ray FEL 
using a single crystal resonator was first investigated. 
Apart from the FEL issues discussed here, a storage ring 
with an emittance smaller than the diffraction limit is in 
itself very interesting, because the brilliance of undulator 

radiation increases quadratically as for the number of 
undulator periods. 

In this paper, a crude discussion is presented as for a 
possibility of an X-ray FEL equipped with a single crystal 
resonator for Bragg reflection, including a design of a 
small emittance ring. 

2 OPTICAL RESONATOR 

By the improvement of crystal perfectness, a single 
crystal can have a reflection coefficient of 90% at a Bragg 
angle for X-rays shorter than a few nano-meters. 
Suppose an optical resonator composed of four Si single 
crystals (unit cell length is 0.5431 nm) facing each other 
at 45 deg and separated by 1 and 29 m as shown in Fig.l. 
The mirror center on the beam axis is away from the 
electron beam orbit by about 50 cm in the case of a 
storage ring discussed later. The wavelength ^=0.217 nm 
is well reflected by the crystal plane (222). Assuming a 
confocal type of mirrors, we obtain a radiation size 
coo=32 nm at the center between the mirrors and 46 urn at 
the mirror surfaces. Horizontally polarized radiation 
generated by the undulator or by the FEL interaction in 
the optical resonator is reflected in the vertical direction, 
so that the electric field vector of the radiation is parallel 
to the mirror surfaces to give the high reflectibity. The 
reduction of the light pulse intensity per one circulation in 
the resonator is 34%, so that the FEL gain should be 
higher than this value. Practically, a high stability of the 
mirrors is required since the sizes of the radiation and 
electron beams are very small. To make a confocal 
mirrors with single crystals might not be easy. 
Combination of two pairs of mirrors, toroidal and plane, 
in two directions relaxes this difficulty. Possibly, two- 
mirror system is better than the four-mirror system. 

29m 

1.0m 

Undulator Mirror 

Fig.l Optical resonator made of single crystals for FEL 
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3 UNDULATOR 

The peak field of the Halbach type undulator is expressed 
as 

sin(7i/4)             7ig                 2rch 
Bp=2Br  exp[ ][l-exp( )] 

7t/4 XQ KQ 

We get Bp=0.284 T for the remanent field B^l.2 T with 

the gap height g=8 mm> the undulator period Xo=l-4 cm 

and the block height h=Xo/4, so that K=0.934BpA,o 
=0.371. This undulator generates the radiation 
wavelength Ä=0.217 nm at a beam energy of 3.0 GeV. 
Higher harmonic components of the undulator radiation 
are weak because of the smaller value of K than 1. 

4 FEL GAIN 

The FEL gain in the small signal regime is given by 

Ip Nu3 

G=32(2)'%2(X3 ?.o)I/2 «K) F(£) 
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Fig.2 Half unit cell (bottom) and lattice function in a 
unit cell of the storage ring 

:                                 Y(ram)' 

 
■ 
—

 
•■
■
 

■ 

:                                          4- ■ 

(J^       3- ^^w,                          : 

\j 
N              2 

/                '' 
—■—■—■—!—■—■- '     '    '     1  

0    12    3    4    5 
X(mm) 

Fig.3 Dynamic aperture of the storage ring 

where i^(K)=K2/2/(l+K2/2)3/2. Ip is the peak current, 
lA(= 17000 A) is the Alfen current, E is the cross section 

of the electron beam, h is the filling factor, and F(£) is the 
gain function. In the storage ring discussed later, we 
have the natural emittance of electron beam ex=46 pm- 

rad at 3 GeV and the beta function ßx «ßy «5 m in the 
center of the straight section for the undulator. Assuming 
a full coupling of horizontal and vertical betatron 
oscillations, we have the beam size ax»o"y»l 1 urn, so that 

E=7to-xo-y*3.6xl0-10 m2, and r|=((oo/CTx>y)2=8.5. 
To get a sufficiently high gain in the gain function, 

the number of the undulator periods should 
approximately    satisfy    the    following    relation,    Nu 

<l/(27tcTE/E), where cr£/E is the relative energy spread 

and given by <TE/E=6.23X10"
4

. Therefore we assume 
Nu=300, with the undulator length Lu=4200 mm, for 

which we have F(£)<*0.06. Substituting these values and 
Ip=1200 A into the gain equation, we obtain G=39%, 
which is slightly higher than the radiation loss. 

5 SMALL EMITTANCE STORAGE RING 

To fit to the tunnel of the SPring-8 storage ring with the 
circumference 1436 m and the periodicity 48, we 
considered a ring with almost the same circumference and 
a periodicity of 24. The unit cell of the ring consists of 8 
normal cells sandwitched with dispersion suppressors and 
tune correctors as shown in Fig.2. Two bending magnets 
of rectangular type with defocusing field and a focusing 
quadrupole magnet constitute the normal cell, where 
focusing and defocusing sextupole magnets are installed 
to suppress the chromaticity. The field gradient in the 
bending magnets is rather weak as -11.16 T/m, which 
reduces the bending field as low as 0.327 T. The lattice 
function is shown in Fig.2. The dispersion function is less 
than 0.045, which produces the small emittance given 
above. The dispersion is suppressed to zero with two 
quadrupole magnets in the suppressor.    The straight 
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Table 1 Storage ring parameters 

Beam energy E 3 GeV 
Circumference C 1440 m 
Periodicity P 24 
Natural emittance ex 46 pm-rad 

Compaction factor ap 5.68x10" 5 

Radiation energy uo 235 keV 

Energy spread eß/E 6.23x10" 4 

Tune vx 
84.40 

vy 68.45 

vs 
1.39x10" 3 

Natural chromaticity Sx -124.9 

Sy -106.0 

Damping time TX 
65 ms 

Ty 123 ms 

*£ 111 ms 

Revolution frequency fo 208.2 kHz 

Harmonic number h 2442 
RF frequency fRF 508.42 MHz 

RF voltage VRF 351 kV 

Bucket height AEmax/E 1.0 % 

Bunch length CTT 20 ps 

Average current io 10 mA/bunch 

Number of bunches Nb 24 

Peak current JP 1200 A 

Bending magnets 
Bending field B 0.3272 T 
n-value n 1041.96 
Bending radius P 30.558 m 
Magnet length IB 0.8, 0.4 m 

Quadrupole magnets 
Field gradient By' <16 T/m 

Magnet length lQ 0.8,0.6, 0.3 m 

section for insertion devices is as long as 12 m for a 
higher brilliance, which needs rather large peak values of 
the beta functions. The chromaticity is reduced to zero 
with focusing and defocusing sextupole magnets installed 
in the normal cells. The dynamic aperture is as narrow as 
several mm, as shown in Fig.3. 

6 CONCLUSION 

In the present paper, we have crudely discussed a 
possibility of an X-ray FEL in a small emittance ring 
equipped with a single crystal optical resonator for Bragg 
reflection. The estimated gain is slightly higher than the 
radiation loss. There are, however, several subjects such 
as bunch lengthening, intra-beam scattering and others 
not considered here yet, which might decrease the gain. 
Nevertheless, the results obtained here are encouraging to 
make a further optimization of the FEL system and 
storage ring, and it is also necessary to consider the beam 
dynamical issues. 

Another important result of the present investigation 
is the design of the storage ring with an emittance as 
small as 46 pm-rad at a beam energy of 3 GeV, which is 
close to the diffraction limit of X-rays. Although the 
dynamic aperture is very small, it is not beyond practical 
operation. There are many things to be discussed further, 
which will be presented elsewhere. 

The author is grateful for the use of the computer 
code BETA. 
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ON THE ANALYTIC REPRESENTATION OF PERIODIC 
MAGNETOSTATIC FIELDS 

A.V. Smirnov 
Russian Research Centre vKurchatov Institute", Moscow 123182, Russia 

Abstract 

A generalized form is considered in a source-free 
region for the magnetic scalar potential in focusing planar 
undulators and insertion devices. A number of particular 
cases is outlined: periodic quadrupole and sextupole 
focusing, combined-function nonlinear wigglers, twisted 
undulator, alternating longitudinal field focusing system, 
an adjustable phase insertion device. A special attention is 
paid to quadrupole type intrinsic fields including strong 
periodic focusing. The generalised formalism can be used 
in particle tracing codes or 3D codes for free electron 
lasers simulation. 

i(n\kwdz+cpn) 

t^ = ReIe    ° 

H-nx + M 
(my 
ny 

I« Ay cosh it™x (l) 
sinh/r ' np 

t* ny 

A(2)«nhJ>* (2) 
A* nx 

1(3), ,(3) 

Mny'y + 

(3)-, An
3> cosh /i^x cosh föjy + 

(4), 
(4) sinh/4/x 

■n2kl, 

hnx 

m = 1,2,3,4, 

sinh n{$y 

Mny 

(1) 

1 INTRODUCTION 

Free electron lasers (FELs), synchrotron radiation 
sources, microwave sources use a great variety of 
periodic magnetic systems. The development of the 
shortest wavelength high power FELs [1] requires a long 
undulator with strong focusing to achieve high gain. 
Therefore the fields providing intrinsic focusing should 
be considered in more details. Besides, some novel 
structure of insertion devices (ID) such as twisted 
undulator [2] need in specific description of undulator 
fields in paraxial region. 

2 FIELDS IN CARTESIAN FRAME FOR PERIODIC 
SYSTEMS 

There is a well known formula for the magnetic scalar 
potential in the planar wiggler [3] with a periodic 
intrinsic focusing of sextupole type. However this 
formula does not include the real case of intrinsic 
focusing with a periodic transverse field gradient in 
planar wigglers (undulators). 

Let us consider a magnetostatic system with space 
period Äw = 2?r/kw and adiabatic tapering along the 

longitudinal axis OZ. The magnetic field B (B = -Vy/) 

can be expanded as a Fourier series in a free-space 
(interaction) region: 

inkwz ^ = 2>„(x,y)e 

For rectangular gap configuration the analytic solutions 
.2,,2. of Helmholtz equation   A±y/n-n k^y/n 

derived in the following form: 

= 0   can be 

where n is the field harmonic number; <pn is the initial 

space shift for the n-th harmonic, A^ , ju^ , f/ff , kw 

are slowly varying functions of the longitudinal 

coordinate    z:     j-\n[An
m\^]y>kw^ «kw;     A<m> 

coefficients (m^4) define on-axis field Fourier- 
amplitudes or field gradient Fourier-amplitudes (m=4), 
and jXnY , /j}™' eigenvalues describe the field shape in 

transverse plane for each Fourier-harmonic. 

2.1 Particular cases 

Herewith five particular cases i)+ v) are considered. 

i)   A^*0, A(n
m)=0,m*l 

We deal with Scharlemann's expression (see ref. [3]) 
for the magnetic scalar potential in the planar undulator 
with a horizontal wiggle plane. The first term in (1) being 
expanded in powers of x,y gives the series of periodic 
fields with an even symmetry with respect to YOZ plane: 
dipole, sextupole, decapole, etc. 
We can consider two subclasses. 

a) A    conventional    wiggler    (undulator)    with 
sextupole  type  (vnatural*)   focusing   (see  ref.   [3])   at 

M%)2>0,Mnf>0- 

b) If ILT™' (z) periodically changes its sign along 

the undulator (/rff < 0, f/-™' > 0 and vice versa) we 

can derive an alternating sextupole strong focusing that 
was investigated in matrix formalism in [4]. K-V 
equations [5] describe beam envelope behaviour as 
Mathieu-Hill equations and allow to treat such focusing in 
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a source-free region for undulators also. Particle tracing 
codes can solve the beam transport problem in such 
undulators taking into account nonlinear effects and the 
measured magnetic field data (see [6,7] for example). 

ii) A<2)*0, A<m)=0,m*2. 

The second term in (1) describes the undulator fields 
with the sextupole type periodic focusing and the vertical 
(YOZ) wiggle plane. So this case can be obtained from 
the previous (i) case by means of replacement: x <-» y. 

iii) A<3) = 0 = 44) , /$ => 0, ßt® => 0 

at A^ = -iA'iP = const ± 0. 

This case approximates the fields of a well known 
helical undulator in Cartesian frame. This form is more 
suitable for a permanent magnet undulator having only 
two dipoles over XWI2  length and angular shift nil 

between them in the transverse plane, 

iv) A<;3) * 0 . 

a) A<m) = 0, m * 3. 

We see that the longitudinal magnetic field is not zero 
on the OZ axis. The transverse magnetic field 
components are equal to zero on the OZ axis. The 
transverse   field   components   vanish   at    «= 0    and 

B1 ~ F_L  near the axis. This case describes alternating 

longitudinal field (solenoidal) focusing system. Such 
systems are very compact and effective for electron beam 
focusing in travelling wave tubes (TWT) and backward 
wave oscillator (BWO) tubes. 

b) A£> = 2BrGn cosp^-), A<2> = 0, /$> = 0, 

l (3) •1 D   /-        -I   "^H>Z0 -i2BrG„ sin! 

This case appropriates to the adjustable phase insertion 
device (APID, see ref. [8]). Here z„ denotes the space 

shift along the OZ axis between two parallel magnet rows 
with a constant gap and other notations Br, Gn are the 

same as in the ref. [8]. It can be shown that the focusing 
properties of APID are independent on the undulator 
strength (i.e. z0 value for APID) in contrary to the 

adjustable gap insertion devices (AGID) for ultra 
relativistic electron beams. 

2.1.1 Field component having odd symmetry in 
transverse plane 

v) A<4>*O,A£3)=O. 

Here A^ = Qn(z) is Fourier-amplitude of the field 

gradient for the n-th field harmonic. 

The last term in (l) describes the intrinsic periodic 
focusing fields with odd symmetry with respect to the 
longitudinal OZ axis. Unlike the previous cases (i, ii) 
corresponding fields can be regarded as quadrupole, 
octupole, dodecapole, etc. series of fields. Besides, an 

interchange of signs of n)J   and /rnJ   corresponds no 

longer to a conventional strong focusing. The alternating 

gradient focusing is caused by  A^   -Qn(z)  variation 

along the undulator. It can be provided by means of both 
external quadrupoles and special undulator schemes with 
intrinsic quadrupole focusing. 

The combination of the first and the last term in (l) 
can describe the so-called quadrupole-sextupole wiggler 
(see ref. [6]) in which, as the name suggests, there are 
superposed quadrupole and sextupole fields. Such 
multipole combination produces nonlinear damping effect 
with negligible energy loss for fluctuating synchrotron 
radiation in storage rings. Another combined-function 
nonlinear wigglers (for example, dipole-octupole 
magnets) produce a large additional energy loss [6]. 

Let us consider the contribution of \j/q to a total scalar 

potential y/ from the last term in (l): 

„ ;<"^^)    4)Sinh^>,  sinh^4>v 

Mny u(A) 
H-nx 

• (2) 

We can outline three following subclasses. 

a) A^4) * 0 , A<4) =0 for n*0, <p0 = 0: y/q = Q0xy. 

This is a conventional quadrupole focusing with constant 
gradient. For intrinsic quadrupole focusing Q0 is the 
gradient averaged over undulator period. 

b) A£4)*0, A£4)=0forn*l. 

This is the case of an alternating gradient with quadrupole 
lenses placed between the poles (q> j =0, see also ref. [4]) 

or with canted poles having the same tilt (<p j = nl 2). 

c) A£4) * 0 , A<j4) * 0 , A^4) =0 for n*0 and n*2. 

This case takes place when the local gradient 
Q(z) = -dByldx  is a periodic function with period 

XWI2. As it follows from direct measurements [9-12] 

the undulators with canted poles [11,12], side magnets [9] 
and C-shape poles [10] have a such property. It can be 
assumed that for some other planar undulator schemes 
(for example, with trapezoidal blocks or offset pole 
pieces) we have Q2 *0 as well. 

Expression (2) describes intrinsic quadrupole focusing and 

contains 0^.02- Mzx' ^2 parameters in addition to the 

conventional undulator parameters (period, amplitude, 
etc.). These additional parameters can be defined by 
means of direct measurements or 3D magnetostatic fields 
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calculation. To take into account Q2 -effect on beam size, 

phase synchronism detuning (see [9,10]) we can not 
apply K-V equations and should use non-averaging and 
non-linearized particle tracing calculations (e.g. [7]). We 
expect this effect can appear as a coupling between the 
vertical and horizontal motions due to the nonlinear cross 
terms in the undulator focusing strengths expanded as a 
Taylor series. It would be similar to the effect noticed for 
the equal focusing undulators with the sextupole type 
focusing [9,13]. 

3 TWISTER UNDULATOR FIELDS 

The geometry [2,14] looks like helical transformation 
with period A, applied to an original linear undulator 
structure having period Xw and provides a combination of 
fast and slow oscillations of the electron beam. In a 
source-free region the fields can be represented in terms 
of y4r,<p, z)=ReT.R(r)0((p)Z(z). Since the longitudinal 
structure combines two periods A, and Xw , we use 
nht+mhw as a separation constant. It gives the followng 
solution: 

y/(r,<p,z) = 'R£   I 
l,m,n 

(Al Cn,m k (r(nkt + mK )) * 

exp(j'(^ - (nkt + mhw )z)) 

To define the constants Ap C,M the following transverse 
fields we imply at r=0: 
B=(Bwcoskjz+B)sin(q>+k^,) 
B^B^osk^+BJcosfp+kz), 
where Bw and B, are the amplitudes of the untwisted and 
helical undulator fields respectively. This form follows 
from the expression for on-axis undulator field derived 
from    that    for    planar    undulator    under    twisting 
transformation [14]: 

B=(Bwcoskj,+B)Ün{k^) 

B=(ßjzoskj.+B)cos{k&. 

Under these assumptions one can derive: 

^    T,  
m=+l(CmIi(r(mhw+kt))x 

m=-l\exp(i(<P + (mhw +kt)z))J 

where C0 = 
2iBt 

kt 

C±l = i- 
2BU 

kt±hw 
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Abstract 

The Regenerative Amplifier FEL (RAFEL) is a new FEL 
approach aimed at achieving the highest optical power 
from a compact rf-linac FEL. The key idea is to feed back 
a small fraction (<10%) of the optical power into a high- 
gain (~105 in single pass) wiggler to enable the FEL to 
reach saturation in a few passes. This paper summarizes 
the design of a high-power compact regenerative amplifier 
FEL and describes the first experimental demonstration of 
the RAFEL concept. 

1 INTRODUCTION 

Self-amplified spontaneous emission (SASE) has been 
demonstrated experimentally in the mm-wave, far-ir and 
mid-ir regions.1 Recent interest in SASE has shifted 
toward shorter wavelengths as this provides the basis of 
the fourth generation light sources emitting coherent 
tunable radiation in the deep uv and x-rays. Existing 
designs of x-ray SASE FELs, however, call for very long 
wigglers (tens of meters).2 

One way of reducing the wiggler length is to use optical 
feedback to synchronously inject the optical power from 
one pass back to the front of the wiggler to seed the 
optical buildup of subsequent passes. We called this idea 
the regenerative amplifier FEL (RAFEL). With a large 
single-pass gain, the amount of optical feedback can be 

quite small, e.g. <10%. Since mirrors can easily provide 
that kind of reflectivity, even in the deep uv and x-ray 
regions, a small amount of optical feedback translates into 
substantial saving in the number of gain lengths needed 
for saturation. Furthermore, this approach allows us to 
control the output frequency and amplitude and to use a 
strongly tapered wiggler for improved extraction 
efficiency. Compared to traditional FEL oscillators, the 
RAFEL outcouples >90% of the intracavity power, 
thereby reducing the risk of optical damage while 
maximizing system efficiency. The RAFEL output 
efficiency is essentially equal to the FEL extraction 
efficiency. 

2 EXPERIMENTAL SETUP 

The RAFEL concept was implemented on the compact 
Advanced FEL test stand at Los Alamos with the 
philosophy of a simple system design and minimum 
number of components. The key components of the 
RAFEL experiment include a high-current, high- 
brightness electron linac, a high-gain, high-efficiency 
wiggler and an optical feedback loop. Figure 1 
schematically depicts the RAFEL experimental setup. As 
details of the RAFEL experimental implementation have 
been reported elsewhere,3 only the pertinent parameters of 
the RAFEL experiment are summarized in this paper (see 
Table I). 

Figure 1. Experimental setup of the regenerative amplifier FEL. 

0-7803-4376-X/98/$10.00© 1998 IEEE 897 



Table I: Summary of experimental parameters 

Beam Energy E 16.5 MeV 
Peak current 3-300 A 
Charge/bunch 0 0.01-5 nC 
Bunch length T 3.5-16 ps 
Bunch separation T 9.23 ns 
Normalized 
emittance* 

e„ <7 mm-mrad 

Energy spread Ay/y <0.5% 
rms radius 
inside wiggler 

rb 
0.2 mm 

Wiggler period K, 2 cm (fixed) 
On-axis field B„ 0.7 Tesla 
Wiggler length Lw 1 m uniform 

1 m tapered 
Taper rate 30% in B 
Wiggler gap 5.9-9.5 mm 
Betatron period X0 lm 
Wavelength X 16.2 Jim 
EEL parameter* P 0.02 
Gain length (3-D)* hfi 7.8 cm 
Slippage length h 1.7 mm 
* At 300 A peak current 

The requisite electron beam has been characterized and 
reported in Ref. [3]. The permanent magnet wiggler has 
nearly equal two-plane focusing via the sextupole 
components of the magnetic field.4 Beam size 
measurements using OTR screens confirmed the near 
circular profile and the constant beam radii in the wiggler. 
The feedback loop consists of two annular mirrors and two 
90° paraboloids, forming a simple ring resonator.5 The 
present output mirror has a 12 mm diameter hole instead 
of the designed 14 mm hole. 

The forward-directed spontaneous, SASE and RAFEL 
lights were detected with a sensitive HgCdTe detector. 
The 16 \im micropulses were detected with a fast Cu:Ge 
detector. Optical energy measurements were made with 
calibrated Molectron J50 pyroelectric detectors. 

3  RESULTS AND DISCUSSION 

The RAFEL without the feedback optics is a SASE 
experiment with aim uniform wiggler. The observed 
intensities of the SASE micropulses are completely 
random with amplitudes varying by more than a factor of 
ten (Fig. 2). Since the electron beam parameters cannot 
change significantly on the nanosecond time scale, the 
SASE amplitude variation are most likely caused by 
differences in the start-up conditions. 

■ ■ 
mmmmmwmm 
mm F? ■'$""<' in  
Sv.'', ■'..  I'.'SK 
It:«..'t ... »^«iWiiiliL'if 

Figure 2. Oscilloscope trace of SASE at 16 (im as 
detected with a helium cooled Cu:Ge detector. 

To determine the SASE single-pass gain, we varied the 
micropulse charge from 0.01 to 5 nC and measured the 
infrared light generated in a single pass. The results are 
plotted on a log-log scale in Fig. 3. The sudden break 
from linear dependence (slope=l) to quadratic dependence 
(slope=2) at 0.2 nC is attributed to transition from 
spontaneous to SASE. From the ratio of the measured 
SASE power at 5 nC to the spontaneous power at the end 
of the first gain length, an average SASE gain of X500 is 
inferred. As the SASE power fluctuates by a factor of -10 
from micropulse to micropulse, we expect the peak gain 
to be 3 times higher. 
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3. Plot of attenuation-corrected HgCdTe signal vs. 
micropulse charge on log-log scale. 

Shortly after installing the feedback loop, we observed an 
optical power more than six orders of magnitude above 
SASE. The measured energy integrated over an 8 |is 
macropulse (-900 micropulses) was 0.35 J. If the Fresnel 
loss of the ZnSe vacuum window is accounted for, we 
have generated 0.5 J of 16 fim light over 8 |J.s, 
corresponding to a 60 kW average power over the 
macropulse. Since these results were obtained with 3 nC 
electron bunches, we deduced 1% of the beam power was 
converted to FEL light. 

Unlike an FEL oscillator, the RAFEL has a large feedback 
cavity detuning curve with a fwhm > 1 mm (Fig. 4). The 
optical buildup near saturation exhibits a large gain (~X6 
assuming 66% cavity loss), although this is much less 
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than the small-signal gain which we could only infer from 
the SASE measurements. As there are two pulses in the 
feedback cavity, two sets of micropulses build up from 
different initial conditions and achieve saturation at 
different times (Fig. 5). Because of the large outcoupling, 
the cavity ringdown is fast: the FEL power drops by a 
factor of 3 in successive passes (Fig. 6). From the 
ringdown measurements, we estimated that the present 
outcoupling is less than 66%. This outcoupling differs 
from the expected 90% partly because of the smaller hole 
in the output mirror. 
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Figure 4. RAFEL feedback cavity detuning curve 

Figure 5. Fast buildup of RAFEL to saturation. 

4 CONCLUSION 

We have demonstrated for the first time the regenerative 
amplifier FEL concept. A single-pass gain greater than 
500 was inferred from the plot of SASE intensity versus 
charge. The RAFEL produced 0.5 J per macropulse at 16 
(im, corresponding to 60 kW average power, over an 8 (As 
macropulse, and a 1% output efficiency. Experiments are 
in progress to characterize this new regime of FEL 
operation. 
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Abstract 

We analyze two designs for W-Band free electron lasers for 
application as laboratory instruments in the study of 
millimeter wave accelerators at high gradient. The first 
design is based on the linear induction accelerator LELIA 
(CEA/CESTA, France), employs a 1-kA, 80-ns electron 
pulse, and corresponds to a helical TEi i 200MW W-Band 
amplifier design. We analyze also a W-Band planar 
ubitron design making use of a SLAC-modulator, 
operating with a 480 kV, 300 A, sheet beam gun and 
producing a 5 MW, lfxs pulse. 

1 INTRODUCTION 

To reach high gradients in conducting structures a 
short rf wavelength is required, due to the constraints of 
trapping, breakdown, and pulsed heating [1]. For copper 
accelerators, optimized for [R/Q], the scaling for wall 
quality factor, 

Q = 2.7xl04f(GHz)_1/2, 
implies a field decrement time, 

T = 8.6|J.sf(GHz)"3/2, 
and a natural fill time in the range of 10ns at W-Band (75- 
110 GHz). Extrapolation of breakdown scalings at S and 
X Band indicate that this time-scale is sufficiently short 
that breakdown may well be inhibited up to gradients 
beyond 1 GeV/m. Trapping of an initially stationary 
population of field-emitted electrons is diminished at mm- 
wavelengths, where even at 1 GeV/m, the gradient 
wavelength product can be held to values routinely 
employed on certain high-gradient sections at the SLC 
[2]. The most critical concern at high-gradient is heating 
due to Ohmic loss in a single pulse, for it is conventional 
wisdom that the pulsed temperature rise AT, should be 
held to 40° K or lower, due to the cyclic stress limit for 
copper. To appreciate the significance of this constraint, 
we note the relation between gradient and pulsed 
temperature rise for a conventional travelling wave 
structure with attenuation parameter X ~ 1, and optimized 
shunt impedance, 

1/2/ «m^A-m { 91.4GHzj 
1/4 

This constraint is, for some AT, unassailable, and 
motivates the design of structures, and powering schemes 
that escape the bandwidth constraint for conventionally 
powered, passive structures [1]. Detailed experimental 
studies are in progress at SLAC to assess in practice the 
limit on AT [3]. Other concerns have been raised, over the 
years, concerning the use of short-wavelength structures, 

particularly: fabrication, and wakefields. Fabrication of 
such structures is now an accomplished fact [4]. 
Wakefields, it has been demonstrated [5], can be dealt with 
in a constructive fashion, making use of the structure 
itself as a beam-position monitor, and permitting, in 
principle, precision structure alignment. 

The immediate implication of this line of research is 
however, that one needs a W-Band high-power amplifier, 
as a laboratory instrument at first, and eventually as an 
accelerator power source. Commercial amplifiers at W- 
Band provide at most 3-5 kW [6]. Gyroklystron tube 
research has resulted in 55 kW power levels [7]. A planar 
ubitron has been operated at 250 kW [8]. Induction linac 
driven FELs have output 100 MW at 35 GHz[9], and 
2 GW at 140 GHz [11]. To produce a 1 GeV/m gradient 
in a W-Band structure, and regardless of whether it is an 
active or passive structure, one needs power levels in the 
range of 200 MW, for pulse lengths of order 10 ns. 
There are two conceivable ways to accomplish this with 
externally generated RF. The first is to generate a low 
power level, in the range of 5 MW, over a longer, 1 |J,sec 
pulse, and perform active pulse compression. The second 
is to generate the 200 MW directly, in a short pulse. We 
consider each of these in turn. We will analyze two 
examples, set down the design parameters required, and 
confirm them with the help of ID and 3D simulations. 
We will consider an rf frequency of 91.39 GHz, the 32nd 
harmonic of SLAC S-Band, 2.856 GHz. 

2 PLANAR UBITRON 

The mm-wave planar ubitron would be powered by a 
SLAC modulator, with space-requirements typical of a 
klystron test-stand in the SLAC Klystron Test Lab. The 
wiggler parameters we have in mind are close to those of 
the sheet beam free-electron laser operated at 250 kW, at 
the University of Maryland [8]. The focusing scheme is 
different in that a quadrupole will be considered to provide 
focusing in the horizontal, at the expense of vertical 
focusing provided by the wiggler. The geometry is similar 
to that employed for the 30 MW X-Band FEL at KEK 
[10]. 

With beam voltage set at 480 kV, consistent with 
the available modulator, and beam current set at 300 A 
consistent with the 5 MW requirement (absent tapering), 
the wiggler wavelength should be in the range of 1.16 cm 
for optimal gain at 91.39 GHz. With these parameters, 
the peak wiggler field on-axis, at optimal gain is 5.1 kG, 
well within the Halbach limit for NdFeB with Vanadium 
Permendur, provided the pole gap is held to 4 mm 
(7 kG). Focusing in the vertical is provided by the 
wiggler itself. One long quadrupole can be employed to 
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focus in  the  horizontal,   at  the  expense  of vertical 
focusing. 

Table 1 Parameters for the planar ubitron. 

Wiggler Parameters 
wiggler period A„, 1.16cm 
peak wiggler field Bw 5.5kG 
# of wiggler periods Nw 60 
desirable tuning range 3kG-7kG 
Beam Parameters 
voltage Vh 480kV 

current Ib 300A 

beam full width 2X, 2Y 2cm, 0.2cm 

Waveguide & RF 
inner dimension height, width 0.4cm, 4cm 
input power, Pin lkW 
gain 37dB 
required match to output VSWR< 1.002 

Parameters are indicated in Table 1, arrived at taking 
into account the envelope equation, and, for gain 
calculation, solution of an analytic dispersion relation that 
incorporates space-charge, emittance, energy-spread, low 
energy corrections to the relativistic approximation, and 
waveguide corrections. 

Figure 1 Envelope evolution in the Planar Ubitron. 

The ID scalings provide a gain curve to guide the 
design. These scalings are being studied numerically with 
a non-wiggler averaged, particle-in-cell code, incorporating 
the physical optics as modified by the beam, space-charge, 
and a realistic wiggler model computed as a sum over 
coils. This code also provides a feature for tuning of the 
quad field to maximize transmission, and adjusting of the 
first two half-period coil currents to minimize betatron 
launch down the wiggler. illustrative results for beam 
transport are indicated in Figure 1. 

Beam collection in the first implementation of this 
design would simply amount to dispersal on the vertical 
walls of the guide, as the beam exits the wiggler, as seen 
in Figure 1. Due to the wide sheet character of the beam, 
and the 5 cm beam spreading length, the heat load is 
below 50 W/cm2 at a pulse repetition frequency under 
5 Hz. 

The gun design for this tube is the most challenging 
technology feature of the device. The required current 
density at the entrance plane is 750 A/cm2. If we ask for 
a very ambitious cathode loading of 100 A/cm, the 
required convergence is x 7.5 for waist formation near the 
anode. Taking, as an example, a gun consisting of a 
section of a cylindrical diode, we find that the unique 
solution for convergence of 8.1 into a full height of 
2 mm corresponds to a cathode radius of 1.247 cm, an 
anode radius of 0.154 cm, and a half-angle of 40.5°. This 
solution however corresponds to a field in the gun in 
excess of 250kV/cm, too high to be held for 1 (As 
without arcing. This suggests, at the least, that a simple 
2D gun is not likely to be adequate, and opens the 
problem up to that of 3D gun design, with convergence in 
both planes, a challenging problem. 

3 LIAFEL 

Linear induction accelerators have been used 
successfully in the past to drive free electron lasers 
operating in the W-band frequency range [9, 10, 11]. 
Electron beams produced with these accelerators typically 
have energies ranging from several MeV to tens of MeV, 
and pulse lengths from tens of nanoseconds to several 
microseconds. The LELIA accelerator, operated at the 
Centre dEtudes Scientifiques et Techniques d'Aquitaine 
(CESTA) facility, generates a 1 kA, 2.2 MeV beam with 
an 80nsec (FWHM) pulse length. Current FEL 
experiments operate in the amplifier mode, and have 
shown strong bunching and power production at 35 GHz 
[12]. This configuration is being studied as a possible 
bunching device for the drive beam in a two-beam 
accelerator. Involvement of both the CERN CLIC and 
the LLNL/LBNL RK-TBA groups is ongoing. 

Table 2 Parameters for the LIA FEL 

Wiggler Parameters 
wiggler period X„ 5cm 
peak wiggler field Bw 2.7kG 
# of wiggler periods Nw 68 

Beam Parameters 
voltage Vb 2.2MV 
current Ib 900A 
beam radius 0.4cm 
Waveguide & RF 
inner radius 3.05cm 
input power, Pin 0.5kW 

ga»1 56dB 

We have designed a new helical wiggler for use on 
the LELIA beamline to drive the FEL resonance at 91 
GHz. The parameters are shown in Table 2. 

The FEL interaction is simulated with the code 
WTDI[13]. This code tracks 3D particle motion, and the 
amplitude and phase of a single frequency vacuum 
waveguide mode. Space charge effects are included from 
an approximate analytic model.   This allows us to use a 
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relatively   small   number  of particles   (4096)   in   the 
simulation. 

We have modelled the power and phase fluctuations 
induced by energy jitter in the drive beam. We assume a 
maximum fluctuation of ±0.1% of the beam energy over 
the entire pulse. This fluctuation is primarily due to 
nonlinearities in the pulse forming network that drives the 
induction cells, and results in variations of both the peak 
power and the phase of the output radiation from the FEL. 
The difference in phase development is shown in Figure 
2. 

Design Energy 
Energy + 0.1% 
Energy - 0.1% 

0.5 1.5 2   2.5 
[m] 

3.5 

Figure 2 Phase development in the FEL 

Clearly, this amount of phase difference over the full 
pulse length is unacceptable for most applications. 
Indeed, this has proven to be a fundamental limitation in 
using FEL's as drivers in two-beam accelerators. 
However, simple control and feedback systems have been 
proposed [14] that can reduce this level of jitter to ±0.5% 
or less, by employing an active compensation circuit to 
the drive PFN and the input RF signal. In this way, 
fluctuations in phase may be controlled to with ±2° over 
a bandwidth of several hundred MHz. 

4 CONCLUSIONS 

We have seen that, from the point of view of the 
FEL interaction, the power levels required for high- 
gradient studies of W-Band structure are achievable with 
existing facilities in at least two ways. For the Planar 
Ubitron, the challenge is the gun, and this is a 
considerable, but not insurmountable challenge. For the 
induction driven device, the required performance has 
already been achieved at the ELF facility some 10 years 
ago. 
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LINAC DESIGN FOR THE LCLS PROJECT AT SLAC* 
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Stanford Linear Accelerator Center, Stanford, California 94309 

Abstract 
The Linac Coherent Light Source (LCLS) at SLAC is 
being designed to produce intense, coherent 0.15-nm x- 
rays. These x-rays will be produced by a single pass of a 
15 GeV bunched electron beam through a long undulator. 
Nominally, the bunches have a charge of 1 nC, normalized 
transverse emittances of less than 1.5;rmm-mr and an rms 
bunch length of 20 fim. The electron beam will be 
produced using the last third of the SLAC 3-km linac in a 
manner compatible with simultaneous operation of the 
remainder of the linac for PEP-II. The linac design 
necessary to produce an electron beam with the required 
brightness for LCLS is discussed, and the specific linac 
modifications are described. 

1.  INTRODUCTION 

The proposed LCLS [1,2] project has undergone a 
significant design revision in the last year. The LCLS, a 
0.15-nm x-ray source, requires an extremely high quality 
electron beam. This beam must simultaneously have peak 
beam current in excess of 3.5 kA, transverse beam 
emittances of order l^mm-mr, energies up to 15 GeV and 
bunch lengths of 20 fim. Fortunately 15 GeV of linac 
accelerator will become available at SLAC when the PEP- 
II Asymmetric B-Factory [3], which uses only the first 
two-thirds of the existing linac, becomes fully operational 
in the next few years. This 15 GeV linac, with its existing 
infrastructure, combined with some modest modifications 
makes LCLS a feasible and cost effective project. 

Figure 1 shows a schematic of the LCLS linac. A new 
RF Gun and associated Linac-0 (L0) generates a 1-nC, In 
mm-mr beam [4]. This beam is injected onto the existing 
SLAC linac axis using a dogleg inflector, DLL The beam 

e-7MeV £=150 MeV      £ = 280 MeV 
<i,-1.0 mm (ij-lLVJmm 
(>.• 0.2« «, = 2.3« 

£ = fi.0GeV 
^=0.02 mm 

*r 
Linae-2 
trf - W 
£-420m 

Linac-3 
V" 

-9m £-420m r\ L-520m 

-5b,c,d|/V-|    20-710 24-8    \l    \-/'\|      25-4 to 30-8 

= 27 mm 
- 12m 

BC2 
R5(l = 3(5 mm 

£.-36m 

SLAC tinac tunnel 

F = 15GeV 
(^ - IUÖ mm 

Figure 1.   LCLS Linac Schematic 

is further accelerated using Linac-1, Linac-2 and Linac-3 
(LI, L2, L3) and compressed in two magnetic chicanes, 
BC1 and BC2. The beam is then transported (beamline 
DL2) to the LCLS   undulator.  The L2  and L3  linac 

Work supported by Department of Energy contract DE- 
AC03-76SF00515 

hardware is essentially unchanged in the LCLS design. 
The RF Gun, L0, DL1, BC1, BC2 and DL2 are new 
installations, although existing components are used 
where possible. Table I lists the major accelerator 
parameters for the various sections of the LCLS linac. 

Table I.  LCLS Linac Parameters 

Parameter L0 LI L2 L3 

Initial energy (GeV) 0.007 0.150 0.280 6.0 
Final energy (GeV) 0.150 0.280 6.0 5-17 
Linac length (m) 12 9 420 523 
Initial sector # 20-3 20-5b 20-7 25-4 
RF phase (deg) variable 40 29 0 
ßxy min/max (m) — 2/10 10/45 35/65 
Phase advance/cell (deg' — 75 70 30 
Initial AE/E (%,rms) 0.1 0.2 2.3 1.1 
Final AE/E (%,rms) 0.2 2.3 1.1 <0.1 
Bunch length (/lm,rms) -1000 1000 390 20 

2. LATTICE DESIGN 

The four main considerations in the optics design of 
the LCLS linac are to 1) minimize the transverse 
emittance dilution due to misalignments, 2) effect the final 
bunch compression, 3) allow for the precise measurement 
of beam parameters, and 4) transport the beam to the 
LCLS undulator. TRANSPORT and LIAR [5] are the two 
main simulation tools used in the optics design. 

L0 is a new 150 MeV accelerator which consists of 
four 3-meter s-band accelerating sections displaced 1 meter 
horizontally from the existing SLAC linac. Its beam 
dynamics, and hence its design, are dominated by space 
charge. It is followed by a matching section, diagnostic 
region and dogleg, DL1, which injects the beam into LI. 

LI is a 130 MeV linac consisting of three existing 3- 
meter sections. By accelerating the beam off-crest, an 
input energy-z correlation for BC1 is generated. Given the 
long bunch length and large energy spread in LI, both 
dispersion and transverse wakefields are sources of 
potential emittance growth. The LIAR code is used to 
study the effects of misaligned components (BPMs, 
quadrupoles and accelerating structures). By adding a 
quadrupole/BPM/steering package between each 
accelerating section, a lattice design with a phase advance 
of 757cell was found to keep the transverse emittance 
growth to less than 10%, even for very pessimistic 
misalignment tolerances of 300 fim. Figure 2 shows the 
lattice functions of LI, BC1 and their associated emittance 
and energy diagnostic section. 
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Figure 2. LI and BC1 Lattice. The small circles on the 
magnet schematic at the bottom of the plot are wire 
scanners, four for emittance diagnostics and one for energy 
measurement. 

L2 accelerates the beam to 6 GeV and generates an 
input energy-z correlation for BC2. In L2 the bunches 
have 1-2% energy spread, and the 400 jlva RMS bunch 
length is still relatively long. This makes L2 very 
sensitive to component misalignments. In fact even with 
an optimized lattice, LIAR simulations still give an 
unacceptable factor of two transverse emittance growth due 
to realistic component misalignments. However, SLC 
experience has shown that this emittance growth can be 
empirically controlled using "emittance-bumps"[6]. Figure 
3 shows LIAR simulation results of such bumps for a 
70°/cell phase advance lattice. For 300-/im structure 
misalignments and 150-/im BPM and quadrupole 
misalignments, the transverse emittance growth is reduced 
from 80% to less that 10% (average of 100 seeds). 
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Figure 3.  Emittance Bumps in L2. The upper plot the 
shows emittance dilution without (solid) and with (dashed) 
emittance   bumps.   The  lower  plot   shows   a   typical 
horizontal orbit distortion due to the bump. 

L3 accelerates the beam to a maximum energy of 15 
GeV. The bunch is too short to use rf phasing to 
minimize the energy spread, but fortunately the very 
strong longitudinal wakefield generated by the 20-jUm 
bunch reduces the 1.1% energy spread exiting BC2 to 
<0.1% (<0.02% incoherent energy spread) at the 
undulator. The short bunch effectively eliminates 
transverse   wake   effects   and   the   dominant   emittance 

dilution mechanism is due to momentum dispersion 
generated by quadrupole and BPM misalignments. 
Simulations show that a weak lattice, with a phase 
advance of 307cell and the nominal SLC quadrupole 
spacing, reduces the expected emittance growth to less 
than 10% for component misalignments as large as 300 
ßm. The LCLS specifications require 5-15 GeV range of 
electron energies. This is generated in L3 by varying the 
number of s-band accelerating sections used and by 
backphasing sections to reduce the final energy. 

DL2 transports beam to the undulator, located in the 
existing FFTB tunnel. Figure 4 shows lattice functions 
for this beamline. An emittance diagnostic section is also 
built into the beamline. A four dipole dogleg inflector 
displaces the beamline 0.9 m horizontally which allows 
for energy analysis and a stabilizing feedback system. 
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Figure 4. DL2 Beam Transport Line. Note the wire 
scanners for beam emittance and energy measurement in 
the magnet schematic. 

3.     BUNCH  COMPRESSION 

The LCLS requires peak beam currents in excess of 3.5 
kA. Present electron gun technology cannot produce this 
current, so a series of magnetic chicane bunch compressors 
is used to reduce the bunch length thereby increasing the 
beam current. For 1 nC of accelerated charge a bunch 
length of 20 ßm RMS is required. This corresponds to a 
large compression ratio of 50 for the 1-mm bunch 
generated by the RF photoinjector. 

In designing the LCLS bunch compression scheme, 
care is taken to minimize non-linear effects arising from 
longitudinal wakefields, rf curvature and second order 
momentum compaction, and the sensitivity to phase and 
charge variations at the gun. Synchrotron radiation effects, 
both incoherent (ISR) and coherent (CSR), define the 
minimum chicane length. 

Because of the large compression ratio, the LCLS 
accelerator has two bunch compressors, BC1 and BC2. In 
addition to making the magnetic chicane design easier, the 
two-compressor scheme allows for partial cancellation of 
jitter arising from gun phase and intensity variations. This 
cancellation seems to work best for gaussian bunch 
distributions out of the gun.    In addition the beam is 
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partially compressed at a low energy in BC1, and this 
mitigates emittance dilution due to component 
misalignment at low energies. 

BC1 is a simple four magnet chicane which 
compresses the bunch from 1 mm to 390 ßm at 280 
MeV. This compression ratio optimizes the cancellation 
of the L2 wakefield and the RF curvature and T566 non- 
linearities of L1/BC1. BC2 has a more complicated design 
driven mainly by the need to minimize CSR effects due 
the extremely small bunch length and strong bends. 
Because the energy spread generated by CSR is coherent, 
two consecutive chicanes of unequal strengths with a -I 
horizontal transfer matrix between chicane centers can be 
tuned to cancel [7] the longitudinal to transverse coupling 
as shown in Figure 5. 
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Figure 5. BC2 Double Chicane. The upper plot shows 
the horizontal dispersion (solid) and the bunch length 
(dashed) along BC2. The lower plot shows the CSR 
emittance growth (solid) and energy spread (dashed). 

The output bunch length of BC2 is adjustable and can 
be tuned, along with the rf phase of L2 to compensate for 
the uncertainty in the magnitude of the L3 wake that sets 
the final energy spread. Simulations show that a 50% 
uncertainly can be compensated. Table II lists important 
BC1 and BC2 parameters. Figure 6 shows the longitudinal 
phase space at the input to the LCLS undulator. 

lattice with wires spaced by 45° of phase advance with 
equal beam sizes at each wire is optimum for emittance 
diagnostics. One such emittance measurement station is 
placed after each LCLS section. Additional wire scanners 
are placed in high dispersion points in DL1, BC1, BC2 
and DL2 for energy and energy spread diagnostics. 

The short LCLS bunches present a measurement 
challenge. Detectors using transition radiation and CSR 
are being designed and zero-phasing L3 can also be used to 
measure the absolute bunch length. 
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Figure 6. Longitudinal Bunch Distributions to 
Undulator at 15 GeV. The plot shows z-distribution (top 
left), energy distribution (top right), longitudinal wakefield 
(bottom left) and energy-z correlation (bottom right). 

Table II. Bunch Compressor Parameters 

Parameter BC1 BC2 

Beam energy (GeV) 0.28 6.0 
Initial bunch Length (ßm) 1000 390 
Final bunch Length (ßm) 390 20 
Energy spread (%) 2.3 1.1 
Momentum compaction (mm) 27.0 35.5 
2nd. order mom. comp. (mm) -40.5 -53.5 
Total length (m) 2.8 34.5 
Bend angle/magnet (deg) 7.1 3.4/1.3 
Bend field (kG) 5.8 7.9/3.0 
Max dispersion (m) 0.117 0.29/0.11 
ISR emittance dilution (%) 0 1.4 
CSR emittance dilution (%) 1.9 0.3 

4.  DIAGNOSTICS AND  TUNING 

The design LCLS beam specifications are especially 
demanding. The LCLS accelerator naturally breaks down 
into four logical sections (RF-Gun-L0-DL1, L1-BC1, L2- 
BC2, L3-DL2). The diagnostic design criterion ensures 
that there are sufficient measurement devices so that the 
beam properties out of each accelerator section can be 
measured well and each section can be tuned to design. 

The LCLS accelerator has the standard complement of 
BPMs, beam toroids, screens and beam scrapers, etc. Beam 
dumps are installed such that each accelerator section can 
be individually tuned before beam is sent to the next 
section and finally onto the LCLS undulator. Emittance 
measurement is done using a four wire scanner station.   A 
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Abstract 

First lasing at 3mm wavelength was achieved on 
December 4, 1996 in our PEL employing a modified 
EN-Tandem electrostatic accelerator as the source of 
energetic free electrons. A Pierce-type electron gun 
capable of providing a 2A beam was installed at the 
entrance to the accelerator and operated at 1.4A level, 
while the wiggler (Ä.w=4.4cm, Nw=26) was located in the 
center of the accelerator, inside the positive HV terminal. 
The electron gun voltage was Vgun=-43kV and the 
terminal operating voltage VKnn=1.4MV. The resonator, 
consisting of two parallel curved plates waveguide 
terminated by wave splitters at its both ends, was 
mounted inside the wiggler. Radiation pulses at 100.5 
GHz of 2usec duration and 1200W of power were 
obtained at intervals of 15 sec. 

1 INTRODUCTION 

Free electron lasers, with electrostatic accelerators 
operating as their high voltage sources, have the potential 
advantage of producing single mode radiation in quasi-cw 
operation. It is our long term objective to develop such an 
FEL; a number of modifications to the FEL reported on 
here will be required in order to achieve this goal. The 
version completed recently provides short pulses 100GHz 
radiation. We have also the option to convert it into an 
FEL of a different wavelength by changing the wiggler 
period A.w (a new wiggler) and by changing the beam 
energy of the accelerator. 

2 ELECTRON INJECTION SYSTEM 

The parallel flow Pierce-type electron gun[l] designed 
using the Herrmannsfeldt code[2] was installed at the 
entrance to the accelerator. The gun employs a 2A 
Spectra - Mat tungsten dispenser cathode and it is 
followed by 4 focusing coils and a beam steerer. 
Helmholz coils surrounding the gun area cancel the 
earth's magnetic field, which in this low energy area (- 
43kV) is deflecting the beam quite significantly. The gun 
platform is isolated at -43kV potential while the gun 
anode is at ground level. A pulse forming network 
provides the gate (grid) of the gun with pulses of 6psec 
duration and +12 kV in amplitude with respect to the 

cathode. The steady state voltage of the gate before the 
pulse arrival is -6kV with respect to the cathode. The 
vacuum system pressure in the gun area is of the order of 
10'8 Torr, achieved by a differential pumping system. A 
retractable beam viewer is located between the second 
and the third focusing coils and its screen is observed 
with the aid of a CCTV camera. Occasional 
measurements of the beam current at this position are 
possible with minor adaptations. 

3 BEAM ACCELERATION AND FOCUSING 

In order to enable focusing of the electron beam after 
acceleration (at the entrance to the wiggler) and before 
deceleration (at the exit from the wiggler) we have 
removed one of the accelerating tubes on both sides of 
the wiggler and replaced them by 3inch diameter stainless 
steel tubes on which 4 quadrupoles and a steerer were 
installed[3]. Thus, at the expense of reducing the high 
voltage terminal potential from 6MV to 3MV maximum 
we have gained the possibility of beam focusing at the 
high voltage level. The reduction of the maximum 
voltage of the machine does not pose any problems to us, 
since we are presently operating it at 1.4 MV only. 

4 BEAM DIAGNOSTICS 

The main diagnostic devices used in our setup are 
retractable fluoresecent viewers and Rogowski coils. A 
rather flexible retractable viewer is located immediately 
after the gun, it can be used as a poor-man's Faraday cup, 
or a pepper-pot for emittance measurements. 

The three beam viewers installed inside the 
accelerator tank are located as follows: the first one at the 
exit from the accelerator tube, the second at the entrance 
to the wiggler and the third one at the exit from the 
wiggler. The beam viewer cameras are installed inside 
the vacuum area and the signals from the cameras are sent 
to the control room via fiber optics. We have installed 
Rogowski coils in only three positions, we measure the 
current of the gun cathode, the beam current at the exit 
from the wiggler and the collector current. We have 
decided to include soon additional Rogowski coils in two 
other positions; at the entrance to the focusing tube and at 
the entrance to the wiggler. 
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5 CONTROL 7 BEAM TRANSPORT AND RECOVERY 

The basic accelerator control is the same old fashioned 
one as was used to run the ion accelerator. A new control 
system was added for pulsing of the electron beam 
current and for operating the beam focusing, diagnostics 
and steering, inside the accelerator at the high voltage 
terminal potential. This control system consists of a 
personal computer, a digital oscilloscope in the control 
room, an RS-232-to-fiber optics converter at the input to 
the accelerator tank, fiber optics along the beam tube 
inside the tank, a digital control box and analog control 
current drivers inside the high voltage terminal. Ac 
power to these units is supplied by a 400Hz, 108V, 1.5 
kW generator driven by the belt shaft inside the high 
voltage terminal. Separate communication systems 
(using their own fiber optics) transmit the information 
from the beam viewer screens to the CCTV monitor and 
the amplitude of the beam current pulses to the 
oscilloscope. 

We have a total of 8 quadrupoles and 4 steerer coils. 
Since we would like to use additional steerers, we are 
presently increasing the number of current drivers from 
12 to 18 and modifying the digital control system. 

6 THE WIGGLER AND THE RESONATOR 
The wiggler (Halbach type[4] planar configuration) has 
26 periods of 4.4cm each. Inside the wiggler and 
symmetrical about its axis is located a 100GHz resonator, 
built of two curved parallel plates forming the 
waveguiding structure, terminated at each end by a 
quasioptical Talbot effect wave splitter (see Fig.l). The 
beam splitters acting as resonator reflectors for the laser 
radiation allow electron beam to pass through an opening, 
without disturbing the reflectivity properties. This kind 
of resonator has low ohmic and low radiation losses, its 
Q-factor is of the order of 3xl04[5,6]. Focusing of the 
electron beam in the wiggling plane is achieved by the 
use of two long permanent magnets along the axis of the 
whole wiggler[7]. The basic parameters of the wiggler 
and resonator are shown in Table 1. 

y y 

Electric field of TEoi mode 

Ej=Eocos(;iy/d)e"x*,'wo" 

Effective electromagnetic wave area 

The beam, received from the Pierce gun is focused and 
steered by three focusing coils and a pair of steering coils, 
enters the accelerating tube. After acceleration the beam 
continues through the 3inch diameter, 2m long tube on 
which four quadrupoles lenses and a couple of steering 
coils are installed. The beam is further focused by these 
lenses and the viewing screens located before and after 
the wiggler are used as diagnostics for optimizing the 
shape, position and diameter of the beam. 

We have so far concentrated our efforts mainly on 
getting an appreciable part of the beam current into the 
wiggler, so that the basic boundary condition for lasing 
radiation production would be satisfied. We were able to 
get about 200mA through the wiggler to the collector, but 
we know - based on our previous experiments and 
simulations - that we should be able to transmit nearly all 
the beam to the collector. Once this is achieved, we shall 
collect the electron current at a voltage close to ground 
level (due to the energy loss for the lasing). A floating, 
50kV power supply, compensating for this energy loss, 
will be connected in series between the collector and the 
gun high voltage platform, and thus we shall be able to 
recirculate the current. The depressed collector operation 
will allow the operation of the FEL at much longer pulses 
and at higher repetition rates thus giving a substantial 
average power as required in many applications. 

Table 1. Basic parameters of the tandem FEL 

Accelerator: 
Electron beam energy Et= 13-15 MeV 
Cathode e-beam current I„=1.4A 

Wig sler: 
Magnetic induction B„=2kGs 
Period length ^.„ = 4.44 cm 
Number of periods N = 26 

Waveeuid« ; resonator: 
Type Curved parallel plate 

waveguide 
Mode TEni 

Interaction length Lw = 88.9 cm 
Resonator length L,.= 131cm 
Designed-Q factor > 20,000 
Power round trip losses 1-R < 10% 

Fig. 1. The resonator. 

8 LASING RADIATION AND MEASUREMENT 

On the 4th of December 1996 the first lasing pulse was 
detected (Fig. 2). This radiation pulse width was 
approximately 0.5usec while the electron beam pulse was 
5 msec wide. During following experimentation we have 
reached radiation pulses of 3 usec duration (Fig. 3). This 
width was limited due to the voltage droop of the high 
voltage terminal. The stability of the high voltage 
terminal potential is one of the critical parameters for 
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laser radiation to occur and be maintained, thus if this 
condition is not preserved, lasing is discontinued. One 
can note in Fig. 3 the slow buildup of the radiation pulse 
(its risetime) and its sudden interruption (the falltime). 
The radiation decay, after the voltage falls below the 
lasing value, corresponds to QL = 2nxtf - 30,000. 

T6K Running: Waiting for Trigger 

A: 21-tmV 
«:0V 

a. Gradual increase of the pulse width from the present 
3usec to 1 millisec. 
b. Increase of the repetition rate from 1 in 15 seconds to 
10/sec. 
c. Increase of the lasing power at the exit from the 
resonator from 1200W to approximately lOkW. 
d. Design an installation of an efficient optical transport 
of the lasing radiation to couple it out of the tank. 
e. Adapt the FEL to operation as users'  facility for 
industrial, medical and scientific applications. 

CnT~7o"OmV     \TJ.W0V 'CRT 1        T'"fi'V" 
SO OmV 

Fig. 2 The first lasing radiation pulse. 

"It* Runnincj Waiting tor Trigger 

(A: 76 OmV 
«: -12.0mV 

\j V ^**lJr<#<Mj*A 

nV.   ■■fIi'2""SöffmP~"W"5o'Sns"Äux7"   "I.eoV 
liv        (lU   20.omV 

Fig. 3. The widest radiation pulse so far 

The measured attenuation of the radiation path 
through decelerating section of the beam tube to the 
collector was 42dB. The power translated to the exit 
from the resonator was 1200W. The frequency of the 
radiation was checked using a heterodyne system i.e. by 
mixing the detected wave with a known local oscillator 
frequency and measuring the beat frequency between 
them. The measurement resolution was of the order of a 
few MHz and the FEL frequency was 100.55GHz - rather 
close to the predicted 100GHz. 

9 FUTURE PLANS 

Having shown that the FEL operation is close to the 
theoretical predictions, we will pursue further goals: 

10 CONCLUSIONS 

The theoretical calculations, assumptions and simulations 
used in order to design the FEL were proven to be correct 
- the machine operates at 100.55GHz (predicted 
100GHz). The low loss resonator is promising for the 
objective of achieving high lasing power, once we 
transport the beam without major losses through the 
wiggler. The planned improvements to the FEL and its 
operation in quasi-cw mode (1msec wide pulse at a rate 
of 10/sec) will allow it to become a users' facility for 
industrial, medical and scientific applications. 
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RECIRCULATING ACCELERATOR DRIVER FOR A HIGH-POWER 
FREE-ELECTRON LASER: A DESIGN OVERVIEW 

Courtlandt L. Bohn, on behalf of the Jefferson Lab FEL Team, Thomas Jefferson National 
Accelerator Facility, Accelerator Division, 12000 Jefferson Avenue, Newport News, VA 23606 

Abstract 

Jefferson Lab is building a free-electron laser (FEL) to 
produce continuous-wave (cw), kW-level light at 3-6 urn 
wavelength. A superconducting linac will drive the laser, 
generating a 5 mA average current, 42 MeV energy electron 
beam. A transport lattice will recirculate the beam back to the 
linac for deceleration and conversion of about 75% of its 
power into rf power. Bunch charge will range up to 135 pC, 
and bunch lengths will range down to 1 ps in parts of the 
transport lattice. Accordingly, space charge in the injector and 
coherent synchrotron radiation in magnetic bends come into 
play. The machine will thus enable studying these phenomena 
as a precursor to designing compact accelerators of high- 
brightness beams. The FEL is scheduled to be installed in its 
own facility by 1 October 1997. Given the short schedule, the 
machine design is conservative, based on modifications of the 
CEBAF cryomodule and MIT-Bates transport lattice. This 
paper surveys the machine design. 

1 INTRODUCTION 
Thomas Jefferson National Accelerator Facility (Jefferson 
Lab) is building a cw, kW-level, 3-6 um free-electron laser 
(IRFEL, hereafter called the IR Demo). Its purpose is two- 
fold: to assess the applicability of the technology for scaling to 
higher-power devices for potential industrial and defense 
applications, and to provide a source of intense picosecond 
infrared light pulses for studies of laser-solid interactions. 

An FEL extracts power from a preaccelerated electron 
beam. Since electron-beam power scales in proportion to its 
energy and current, compact high-power FELs profit from 
high-gradient acceleration of high average current. Because 
superconducting rf (srf) cavities accelerate beam at cw 
gradients significantly larger than normal-conducting cavities 
afford, and because their low surface resistances and large 
beam apertures are ideal for acceleration of high average 
current, the IR Demo's design is based on srf technology. 
Moreover, wherever possible, the IR Demo incorporates 
technologies known to be scalable to high average power. 

This paper summarizes the accelerator design and trades 
which lead to the chosen operating point, and it assesses key 
technical risks. It also provides a guide to other Conference 
papers that give details concerning the design. 

2 IR DEMO DESIGN 
The IR Demo, pictured in Figure 1, comprises a 10 MeV 
injector and a 32 MeV linac to produce a 42 MeV, 5 mA 

electron beam for use in lasing. Beam requirements are listed 
in Table 1. After lasing, a high-acceptance lattice transports 
the electron beam back to the linac for deceleration down to 
10 MeV, then to a dump. Thus, 75% of its energy is put back 
into rf power for use in accelerating other electrons, thereby 
reducing rf power requirements, waste heat, and radiation. 

Bunch 
decompressor 

Photocathodegun- 

Buncber cavity - 

10 MV cryomodule- 

Figure 1. Schematic of IR Demo. 

Table 1: Beam Requirements at Wiggler for 1 kW Lasing 

Energy 
Average current 
Bunch charge 
Bunch length (rms) 
Peak current 
Transverse emittance (normalized rms) 
Energy spread (rms) 
Longitudinal emittance (rms) 
Pulse repetition frequency 
Energy stability (rms) 
Timing jitter (rms) 
Current jitter (peak-to-peak) 
Beam-position jitter (rms) 
Beam-angle jitter (rms) 
Dispersion 
Horizontal betatron function (at entrance) 
Vertical betatron function (at center) 

42 MeV 
5mA 
135 pC 
lpsatl35pC 
50 A 
13 mm-mrad* 
210 keV 
50 keV-deg 
37.425 MHz 
4xl0'4 

io-8/fra** 
<2% 
100 um 
250 urad 
<2cm 
47 cm 
50 cm 

♦allows 3rd-harmonic lasing; 20 mm-mrad suitable for 3 urn. 
**fm is the modulation frequency of the jitter. 

To reduce cost and schedule, the IR Demo incorporates 
where possible components that are commercially available 
and/or are standard in Jefferson Lab's nuclear-physics 
accelerator (CEBAF) [1]. The injector [2] comprises a 350 
kV cw photocathode gun driven by a commercial Nd:YLF 
laser [3], followed by a copper buncher cavity and a CEBAF- 
type 1497 MHz srf cryounit [4] to generate an average 
accelerating gradient of 10 MV/m, boosting the beam to 10 
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MeV. The accelerator uses a full CEBAF-type 1497 MHz srf 
cryomodule [5] to generate an average accelerating gradient 
of 8 MV/m, boosting the beam to 42 MeV energy. Two 
commercial 50 kW klystrons power the injector's cryounit. A 
commercial wiggler [6] and modifications of CEBAF's if 
system, control system, and safety system are also included. 

By using CEBAF-derived components, modified for 
high-current operation, we take advantage of Jefferson Lab's 
experience with building, installing, and operating the 42 
cryomodules comprising its 4 GeV accelerator [1]. Beam 
impingement must also be kept low (<5 uA at >25 MeV) to 
mitigate radiation damage, shielding requirements, and 
electronic noise. Low beam loss, aided by intrinsically large 
apertures of srf cavities and by designing large apertures into 
the electron-transport system, also supports safe hands-on 
maintenance. The recirculation lattice is likewise based on a 
mature design, that used in the MIT-Bates accelerator [7]. 

Some simplified scaling arguments will illuminate 
the choice of accelerator parameters in Table 1. FEL power 
is just the average power in the electron beam multiplied by 
the average extraction efficiency and the optical cavity out- 
put coupling efficiency. Obviously each should be as high 
as possible to maximize the laser power. 

Electron-beam power is the product of energy and 
current. Considerations like rf-window power handling, 
beam loading, cathode lifetime, and commercial availability 
of high-voltage power supplies led us to choose 5 mA for 
the injector's design current. A cryounit and cryomodule 
operating at plausible average gradients of 10 MeV/m and 8 
MeV/m, respectively, yield 42 MeV energy. The average 
electron-beam power is therefore 210 kW. Increasing the 
beam energy would deliver shorter laser wavelength but at 
additional cost for the accelerating structures. 

The extraction efficiency is ~(4A0"', where N is the 
number of wiggler periods [8]. Decreasing N increases the 
extraction efficiency but also increases the energy spread of 
the exhaust beam and decreases the gain. The lattice can 
accept nominal 5% energy spread with low-loss transport 
[9]. The exhaust energy spread in most existing FELs is ~8 
times the extraction efficiency, implying N>40 is desirable. 
We chose N=4Q because this also provides reasonable gain. 

High optical cavity output coupling efficiency is easy 
to achieve in the mid-IR since low-loss optical substrates 
and coatings are available. Low gain requires low output 
coupling for efficient lasing, leading to high mirror loading 
and low output coupling efficiency. Our goals are >30% 
small-signal gain and >90% output coupling efficiency. 

Some electrons will be in tails of the phase-space 
distribution and not contribute to lasing. Experience has 
shown that the fraction of beam which contributes to the 
laser is from 80% to 90%. Assuming 80% is useful, an 
extraction efficiency of 0.625% and an output-coupling 
efficiency of 90% will provide ~ 1 kW laser power. 

The electron-beam quality required for 3 urn 
operation follows from standard design formulas [8]. A 40- 
period wiggler has energy acceptance (5AO"'=0.5%. The 
normalized emittance must satisfy e„ < yXJ4n to ensure the 
electrons are inside the optical mode. For 42 MeV beam 
(y=83) and Xt = 3 urn, the maximum emittance is 20 mm- 
mrad. For third-harmonic lasing at 1.6 urn the emittance 
should be below 10 mm-mrad, and also the energy spread 
should be below (15AO"'=0.17%.. These may be difficult to 
achieve, but third-harmonic lasing at the 100 W level is 
feasible with an emittance of 13 mm-mrad and an energy 
spread of 0.25%. PARMELA simulations affirm this 
emittance is achievable; machine impedance and beam- 
breakup thresholds are also well within budget [9]. With 13 
mm-mrad emittance, a 50 A peak current provides sufficient 
gain for stable laser operation. 

We are adapting a commercial 74.85 MHz drive 
laser to 37.425 MHz using an electro-optic modulator as a 
compromise between required cathode quantum efficiency, 
peak current, and beam quality. A lower repetition rate 
would produce more gain but with poorer beam quality and 
less margin for quantum efficiency. A higher repetition rate 
would provide insufficient peak current. 

Beam-stability requirements were chosen to satisfy 
FEL stability requirements. Current and timing jitter cause 
laser-power fluctuations, while beam-pointing jitter can lead 
to laser-pointing jitter and mode-quality degradation. 
Energy jitter causes spectral broadening and wavelength 
jitter. The electron beam is matched to the intrinsic wiggler 
beta function in the horizontal direction and is matched to 
the optical-mode profile in the vertical direction. 

A spreadsheet incorporating semianalytic formulas for 
gain and extraction efficiency and benchmarked against 
simulations was used to estimate performance sensitivities 
to critical parameters [10]. Sample results are shown in 
Table 2. As expected, reduced electron-beam power leads 
to reduced laser power. The power is much less sensitive to 
the emittance and non-output-coupling losses in the optical 
cavity. The gain is relatively insensitive to most design 
parameters with the exception of peak current. 

Table 2: Sensitivities to Critical Parameters (at Xt = 3 urn) 

Parameter Degradation* Power Gain 
e-beam energy** -10% -10% small rise 
average current    -25% -25% 0% 
emittance +25% -2% -14% 
output cavity loss +50% -4% 0% 

* Represents plausible deviations. 
** 10% energy degradation yields 20% longer wavelength. 

Given the design for energy recovery with low beam 
loss, instabilities arising from fluctuations of the cavity 
fields are a concern. Energy changes can cause beam loss 

910 



on apertures or phase oscillations during beam transport 
with concomitant changes in the beam-induced voltage in 
the cavities that can lead to unstable variations in the 
accelerating field. An analytic model of the instabilities, 
including amplitude and phase feedback, and numerical 
simulations both suggest that, given microphonic noise of 
amplitude typically found in CEBAF, the rf control system 
appears to be adequate for stable and robust operation [11]. 

are: early 1998 for initial data on CSR, spring 1998 for first 
light, and summer 1998 for high-power operation. While 
turning on the machine, we will no doubt learn much about 
producing and transporting high-brightness electron beams. 

This work was supported by the U. S. Department of 
Energy under contract DE-AC05-84-ER40150, the Office 
of Naval Research, the Commonwealth of Virginia, and the 
Laser Processing Consortium. 

3 TECHNICAL RISKS AND PLANS 
Principal technical risks are operation of the high-brightness 
injector and achievement of energy recovery from the high- 
power electron beam while lasing. Space charge is 
important along the injector beamline, and the cryounit will 
be heavily beam-loaded. If necessary, the injector can be 
operated at twice the planned pulse-repetition rate and half 
the charge per bunch to mitigate space-charge effects [12]. 
If cathode lifetime becomes a concern, an alternative 
cathode or cathode-preparation procedure can be used. 
Though energy recovery has been demonstrated 
experimentally [13], the approach has never been 
implemented with high-power beam. A scraper is located 
in the first leg of the first recirculation bend as a precaution 
against beam loss. Specifications were established that 
permit the scraper to serve as an excellent 
energy-distribution and halo diagnostic, in addition to being 
a safeguard for machine protection. 

Coherent synchrotron radiation (CSR) will be present 
in the magnetic bends and potentially cause growth in the 
transverse emittance [14]. Estimates indicate growths of 
about 10% in each optical chicane surrounding the wiggler, 
and about 50% in each recirculation bend [15]. Concerns 
about CSR-induced beam degradation motivated placement 
of the wiggler at the exit of the linac rather than following 
the first recirculation bend, resulting in a correspondingly 
larger machine footprint. However, the calculations carry 
considerable uncertainty, and the machine is an ideal 
platform for CSR experiments. Parametric studies of 
emittance growth in the bunch decompressor following the 
wiggler and in the first recirculation arc are planned. 
Stringent beam requirements and plans to study CSR and 
space charge necessitate extensive diagnostics for 
commissioning and operating the IR Demo [16]. 

The wiggler location also permits early first light, i.e., 
5 urn light at -100 W cw power without energy recovery 
using a 1.1 mA beam . The IR Demo will incorporate an 
upgraded power supply for the klystrons driving the 
cryomodule, thus enabling them to run at 8 kW rather than 
their 5 kW CEBAF specification. Moreover, the wiggler 
placement establishes symmetry in the recirculation arcs 
and back leg, simplifying energy recovery [7]. 

Construction is scheduled to be complete by 30 Sep 
97, with commissioning to start on 1 Oct 97. Target dates 
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ELECTRON-BEAM DIAGNOSTICS FOR JEFFERSON LAB'S HIGH 
POWER FREE ELECTRON LASER 

G. A. Krafft, K. Jordan, D. Kehne, S. Benson, J. Denard, E. Feldl, 
P. Piot, J. Song, and R. Ursic, TJNAF, 12000 Jefferson Ave., Newport News, VA 23606 

Abstract 

In this paper the current plans for the diagnostic comple- 
ment for Jefferson Lab's IRFEL are presented. Diagnostic 
devices include optical transition radiation beam viewers, 
both stripline and button beam position monitors, multislit 
beam emittance measuring devices, coherent synchrotron 
and transition radiation bunch length monitoring devices, 
and synchrotron light cameras for measuring the beam 
profile at high average power. Most devices have up- 
date rates of order 1 sec or shorter, and all are controlled 
through an EPICS control system. 

1    DIAGNOSTIC REQUIREMENTS 

Accurate beam instrumentation is essential for smooth 
commissioning of any accelerator. The diagnostics for 
Jefferson Lab's FEL accelerator [1] have two main pur- 
poses: to allow set up of the accelerator and to monitor 
changes in beam conditions during production runs. Setup 
of the accelerator will proceed in a low-beam-power mode 
with significantly reduced average micropulse repetition 
rates to limit the beam loss and activation of accelerator 
components. The production runs will occur in a high- 
average-power CW mode. The diagnostic requirements 
for the FEL are similar in many respects to that of other 
electron accelerators. There are, however, a few param- 
eters that require additional emphasis. One would like 
to obtain short bunch lengths (0.5 psec rms), low aver- 
age beam loss, and precise steering and beam envelope 
matching in the wiggler. 

Bunch 
decompressor 

-42MeV 
dump 

Photocathode gun - 

Buncber cavity- 

cryomodule 

cryomodule 

Figure 1: IR Demo Layout 

A diagram of the overall facility appears in Fig. 1. 
Beam, originating in a 350 kV high-average-current in- 
jector, is accelerated to 10 MeV, merged onto the main 
linac beam line, and accelerated to 42 MeV. After pass- 
ing through the wiggler, the used beam is recirculated 
to the beginning of the accelerator and its energy recov- 
ered, thereby reducing the overall demand on the linac 

RF systems. In Ref. [1], the main beam parameters are 
summarized. In Table 1, the performance of the various 
diagnostic techniques and measurements is summarized. 

All of the beam diagnostics devices are to be controlled 
by EPICS, employing UNIX workstations for executing 
high-level applications. 

2   DIAGNOSTIC SYSTEMS 

2.1    Beam Position Monitors 

There are thirty Beam Position Monitors (BPMs): one 
in the injector, nine in the linac straight section includ- 
ing the wiggler, thirteen in the recirculation straight, two 
each in the recirculation bends, and three in the dump 
lines. The most stringent requirements are given by the 
BPM systems in the wiggler region. The required rela- 
tive resolution through the wiggler is 45 fim rms with a 
bandwidth of about 10 Hz. During startup the general ac- 
curacy should be 500 //m based on aperture restrictions; 
we are demanding 100 fim resolution on startup. A typi- 
cal BPM system consists of a beam electrode mounted to 
the beamline and time domain electronics to resolve the 
signal. 

Two types of beam electrodes are used in the IRFEL: 
stripline detectors and button detectors. The stripline de- 
tector design is modeled after work done at the SSC. It 
is about 15 cm long, and its principal advantage is the 
smooth RF transition from the vacuum feed-through to 
the stripline. The button detectors are identical to those 
purchased for the B-factory at SLAC. Such detectors are 
used in regions where, for beam-dynamics reasons, the 
vacuum chamber is wider than normal. Examples are the 
recirculation bend regions and the chicanes. 

There are two types of BPM electronics, based on those 
of Jefferson Lab's nuclear physics accelerator. The older 
first type, called four-channel electronics, detect the out- 
put from each stripline in a separate channel [2]. They 
are principally located on the straight sections of the ma- 
chine, and are always attached to stripline BPMs. The 
second type, based on VXI standards, are the so-called 
switched-electrode electronics (SEE) [3]. In these elec- 
tronics alternate electrode outputs are switched onto the 
same detector channel, eliminating one potential source 
of error compared to a four-channel device. These elec- 
tronics have relatively high dynamic range in current com- 
pared to the four channel systems. They are attached to all 
the button-type monitors and to the two stripline monitors 
near the wiggler, to help insure greater reproducibility of 
the orbit through the wiggler. It is already known that 
these systems will meet the requirements, given that the 
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beam current is so much higher in the FEL than in the 
nuclear physics accelerator. 

2.2 Bunch Length Monitor 

The bunch length will be determined at several locations 
in the accelerator. The main measurements will be done 
at 42 MeV near the wiggler, although, for beam verifi- 
cation purposes, several devices at 10 MeV are planned. 
Two types of devices are planned: ones based on a de- 
structive coherent transition radiation interferometer used 
for calibrating and optimizing the bunch length, and de- 
vices based on "narrowband" coherent synchrotron radia- 
tion detectors which noninvasively monitor bunch length 
changes. 

In the first device, a Michelson interferometer and Go- 
lay cell detector are used to measure the power spectrum 
of transition radiation by autocorrelation. An estimate of 
the bunch profile can be derived from this spectrum. The 
University of Georgia is building the interferometers and 
Golay cells, which are similar to one installed and tested 
at Vanderbilt. The range of the device is approximately 
0.2-5 psec, and it is desired to have a result good to 0.1 
psec. Two interferometers will be installed. The first is at 
the injection point into the main linac and the second is 
just downstream of the wiggler, i. e., at the location where 
one would like the bunch length to be minimized. 

The second device uses coherent synchrotron emission 
to monitor the bunch for any changes in the longitudinal 
distribution while running at full beam power [4]. The de- 
vice is a replica of previous work at Jefferson Lab, modi- 
fied for the longer bunch length of the IRFEL bunches as 
compared to the nuclear physics machine. Three devices 
are planned for installation. One is in the injector region, 
one is in the wiggler region, and one is in the recirculation 
beamline, to check that the bunch length does not grow 
on recirculation. 

2.3 Beam Viewers 

Optical transition radiation (OTR) viewers will be used 
to measure beam profile and position throughout the ma- 
chine. Resolution of the viewers is 50 //m. Charge In- 
jection Device (CID) cameras will be used to image the 
screen. The only area where there might be a problem is 
at 10 MeV where the emitted light level is low. If neces- 
sary, these can be replaced with fluorescent viewers and 
harps. 

2.4 Synchrotron Light Monitors 

The critical wavelength for synchrotron emission from a 
typical 42 MeV bend is about 7.5 fim. We have chosen 
to use image-intensified CCD cameras to monitor the syn- 
chrotron emission. The camera sensitivity is high enough 
that low-power, pulsed, tune-up beam is observable. At- 
tenuators will be used to prevent camera saturation during 
high-power running. The cameras are located near each 
bend of the recirculation dipoles, at the 90° point of the 

180° bends, and in the chicane regions. These latter cam- 
eras will allow us to monitor the energy spread generated 
by the laser as the laser turns on. 

2.5 Emittance 

The size of the beam emittance will be determined at three 
different locations using three distinct methods. In a set 
of gun characterization experiments [5], a variant of the 
"two slit" method is used. After the beam is accelerated 
to 10 MeV, the large space charge in the beam makes 
envelope measurements questionable. Therefore, we have 
developed a multislit device for such measurements [6]. 
Finally, we measure the emittance by envelope fitting for 
energies of 42 MeV, i. e., after acceleration to full energy. 

The nominal value for normalized rms emittance at the 
10 MeV injection point is 4 mmmrad. The requirement 
for first light lasing is about 8 mm mrad. It is desired to 
measure emittance to within ±1 mmmrad, covering the 
range 4-20 mmmrad. Because space charge dominates 
the beam optics at 10 MeV, it is necessary to reduce the 
beam intensity to perform a significant measurement. A 
multislit device was chosen based on the results obtained 
at UCLA on a similar design. The multislit provides in- 
formation on a and ß for tuning purposes. The device 
was recently tested with beam. It performs measurements 
of the required accuracy in real time. 

Downstream of the main accelerator, the emittance will 
be measured by fitting to beam envelopes. Two prominent 
examples of such measurements are the wiggler emittance 
measurement, which can involve either three or five OTR 
viewers in the straight section containing the wiggler, and 
the back-leg emittance measurement, which involves vary- 
ing a quadrupole magnet and observing the beam profile 
on a downstream OTR foil. Profiles may be obtained at six 
locations in the recirculation straight. The measurements 
will be analysed using high-level software previously de- 
veloped for the nuclear physics machine at Jefferson Lab. 
Eventually, we will use the OTR radiation to obtain the 
emittance directly as this process is more rapidly com- 
pleted operationally. 

2.6 Beam Current 

The requirements impose a limit of 2% peak-to-peak fluc- 
tuation for current stability. The beam current will be 
measured by collecting the beam in the dumps. Such 
measurements give the average current over time scales 
greater than 1 /zsec. The average current is sampled and 
reported to the control room on a time scale of order 1 
sec. Fast measurements are possible by directly monitor- 
ing collected current signals. There are six possible dump 
locations; only three of the dumps are able to handle full 
beam power. 

Also, the stripline BPMs may serve as fast current mon- 
itors. Should the need arise, amplitude detecting the 1497 
MHz signal on the BPM wires provides a precise mea- 
sure of the average current at a high speed («100 kHz 
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Parameter Nominal 
Value 

Span Technique Resolution Bandwidth/ 
Time scale 

Number 

Position Centerline ±5 mm BPM 100 /an 60 Hz 30 
Profile 5 mm 0.1-20 mm OTR Foil 50 /zm >10Hz 24+13 
Divergence 30 ßtad 10-1000 /zrad OTR 1 /zrad 1 Hz 
Emittance 9mmmrad 3-25mmmrad Quad Profile/OTR 3mm mrad 0.1 Hz 2 
Charge 135 pC/bunch 10-270 pC Faraday Cup 5pC 2 kHz 6 
Energy 42MeV 20-45 MeV High rj OTR 0.01% 1 Hz 3 
Energy Spread 280 keV High t] BPM 0.05% 0.01 Hz 3 
Bunch Length 0.4 psec 0.2-5 psec CSR or CTR 0.1 psec 0.01 Hz 3+2 
M56 0 cm ±100 cm RF Phase 1 cm 0.1 Hz 3 

Table 1: Requirements for the Accelerator Diagnostics 

bandwidth). 

2.7   Path Length/M55/M56 

Measurements of path length are required to set the proper 
RF phase of the second pass through the linac and to 
measure M56 in the arcs. Path length measurements will 
be done using the method that is currently employed at 
CEBAF [7]. In this method, a precision phase detector 
is used to measure the phase difference between a RF 
reference signal and a tuned pickup cavity located at the 
end of the linac. Adjusting the path length will be done by 
antisymmetrically exciting two correctors before and after 
the 180° bends in the recirculation arcs. The M56 value 
will be determined by measuring path length differences 
through the arc at two slightly different beam energies. 
Path length at CEBAF has been measured to within 50 
fira, while M56 has been measured to within 1.8 cm. 

3   STATUS AND RESULTS 

Presently, the beam diagnostic complement is on sched- 
ule to be installed by 30 September, 1997. All hardware 
choices and most hardware procurements are out. To the 
extent we are able, early checks of the diagnostics have 
been undertaken. As summarized in Ref. [6], the multi- 
slit emittance device has successfully passed its first tests, 
measuring emittances down to 0.5xl0-6 mrad with 250 
kV beam. More standard emittance measurements using 
envelope fitting have been used at Jefferson Lab over a 
number of years, and they present no problems for appli- 
cation to the 42 MeV EEL beam. Our first interferometer 
is complete, and plans to test the device at Vanderbilt or at 
Jefferson Lab are proceeding. The path-length system is 
complete, except for the longitudinal pickup cavity which 
will be complete in two months. This work supported by 
U. S. DOE Contract No. DE-AC05-84ER40150, the Of- 
fice of Naval Research, the Commonwealth of Virginia, 
and the Laser Processing Consortium. 

2.8   Beam Loss 

The electron beam in the driver accelerator for the FEL 
has enough power rapidly to burn through the vacuum 
chamber if it is not adequately protected. The protection 
system in use for the nuclear physics machine at Jefferson 
Lab will be adapted for use in the FEL. It is based on fast 
photomultiplier tubes which rapidly shut the beam down 
when beam loss is detected. Experience on the nuclear 
physics machine indicates that losses as low as 100 nA 
(20 ppm) are detectable by these methods. It is not clear 
at present whether the continuous beam loss of the full- 
power beam will exceed this level. If so, an installed 
beam scraper will be used to localize the loss, allowing 
loss monitors not in this region to be active without being 
blinded. The response time of the electronics systems 
attached to the tubes is of order 1 /«sec. Shutdowns within 
10 //sec of beam loss detection are anticipated. 
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Abstract 

New high-power proton linacs must be designed to 
control beam loss, which can lead to radioactivation 
of the accelerator. The threat of beam loss is increased 
significantly by the formation of beam halo. 
Numerical simulation studies have identified the 
space-charge interactions, especially those that occur 
in rms mismatched beams, as a major concern for 
halo growth. The maximum-amplitude predictions of 
the simulation codes must be subjected to independent 
tests to confirm the validity of the results. 
Consequently, we compare predictions from the 
particle-core halo models with computer simulations 
to test our understanding of the halo mechanisms that 
are incorporated in the computer codes. We present 
and discuss scaling laws that provide guidance for 
high-power linac design. 

1   OVERVIEW 

High-intensity, high-energy proton linacs are being 
designed for new projects around the world [1]. Typical 
requirements for these linacs include high peak current 
(beam current averaged over an rf period) near 100 mA, 
corresponding to about 109 particles per bunch at 
bunch frequencies of several hundred MHz, and final 
energies near 1 GeV. An important design objective is 
to restrict beam losses to levels that will allow hands- 
on maintenance throughout the linac. If one adopts a 
hands-on-maintenance criterion that limits the 
activation level to 20 mRem/hr at a distance of 1 m 
from a copper accelerating structure an hour after 
shutdown of the accelerator, the maximum tolerable 
beam-loss rate can be estimated from calculations 
reported in Ref. [2]. If the beam-loss rate is expressed 
in terms of the lost beam power, the loss rate above 
100 MeV must be limited to several tenths of a beam- 
Watt per meter. The LANSCE proton linac, which 
operates with hands-on maintenance at the 17-mA 
peak and 1-mA average current levels, achieves typical 
beam-loss rates above 100 MeV of less than a few 
tenths of a Watt per meter. The challenge for the new 
generation of linacs is to provide larger average 
currents without increasing the beam loss. 

Numerical simulation codes with a space-charge 
calculation based on solving Poisson's equation, 

*  Work supported by  US  Department of Energy 

provide a practical method of self-consistent 
calculations for so-called collisionless beams that 
satisfy Liouville's theorem. Liouville's theorem 
would be violated in beams that are affected 
significantly by particle collisions. However, the 
beam spends only a short time in the linac, typically 
several microseconds, and one finds that intrabeam 
scattering [3], resulting from multiple Coulomb 
collisions, and the Touschek effect [4], resulting from 
single Coulomb collisions, are small effects compared 
with the space-charge forces. 

Numerical-simulation studies predict that a major 
threat of beam loss in the new generation of high 
power linacs is associated with halo induced by beam 
mismatch [5]. Because there is not a consensus about 
its definition, halo remains an imprecise term. In any 
given computer simulation one can unambiguously 
define an rms beam size, and a maximum particle 
displacement. Provided that the statistical precision is 
sufficiently adequate that the results are not sensitive 
to the motion of a few lone outer particles, the ratio of 
the maximum displacement to the rms size of the 
matched beam, which we call the maximum to rms 
ratio, is a useful figure of merit. Qualitatively, one 
can describe the evolution of the outer regions of the 
particle distribution for the case of an initial compact 
particle distribution (excluding the singular K-V 
distribution). A compact particle distribution might be 
arbitrarily defined as having initial position and 
velocity coordinates that are contained within about 
3a. If this beam evolves in an rms-matched state, an 
equilibrium distribution develops in which the density 
at the beam edge falls off within about a Debye 
length. The Debye tail, whose size is a function of 
both the rms emittance and beam current, is a 
consequence of the propensity of the charges in a beam 
to provide shielding within the beam core. Rms 
emittance growth and associated growth of the Debye 
tail can occur, especially through longitudinal- 
transverse coupling of the space-charge force [6]. For a 
beam with a given current and emittance, the size of 
this tail relative to the rms size can be changed by 
changing the focusing strength. Although there is no 
consensus about whether to call the Debye tail a halo, 
values of the maximum to rms ratio larger than about 
5 are generally not observed in simulations, and the 
beam retains a very compact distribution [7]. 
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The outer region for a beam, with the same initial 
compact particle distribution in an rms mismatched 
state, evolves differently. Many theoretical and 
numerical studies of halo formation in mismatched 
beams have been reported, showing larger amplitudes 
extending well beyond the Debye-tail of a matched 
beam. For practical estimates of expected mismatch in 
linacs, values for the maximum to rms ratio as large 
as 10 to 12 have been observed in simulations, and it 
is generally agreed that this is called halo. Particle- 
core models for both a cylindrical beam [8] and a 
spherical bunch [9] provide quantitative predictions for 
the amplitudes. In these models the space-charge field 
from a beam core, oscillating radially in the 
symmetric breathing mode in a uniform linear- 
focusing channel, is represented by a hard-edged, 
spatially-uniform density distribution. The breathing 
mode appears to produce the largest amplitudes seen in 
simulations. The amplitude of the breathing-mode 
oscillation is directly related to the magnitude of the 
initial rms mismatch of the beam. The behavior of 
halo particles is studied in the model by representing 
them with single particles that oscillate through the 
core and interact with it. The particles slowly gain or 
lose energy as a result of multiple traversals through 
the core. A parametric resonance exists [10] when the 
particle frequency is half the core frequency. The 
amplitude growth for the resonant particles is self 
limiting, because outside the core, the net restoring 
force increases with radius, which produces a 
dependence of frequency on the particle amplitude; thus 
the resonant condition is restricted to a range of 
particle amplitudes. Chaos, which may increase the 
halo population, is observed at low tune-depression 
ratios [11]. 

By numerically integrating the trajectories from the 
models, the maximum amplitudes have been calculated 
as a function of an initial mismatch parameter u,, the 
ratio of the initial rms core size to the matched rms 
core size. The normalized maximum particle amplitude 
is described over a useful range of tune-depression 
ratios by an approximate empirical formula 

xmax/a = A + B|ln0O|, 0) 

where x     is the maximum resonant-particle 
max 

amplitude, a is the matched rms core size, and A and B 
are weak functions of the tune-depression ratio, given 
in Ref. [9]. Approximate values for the cylindrical 
beam are AsB = 4, and for the spherical bunch, 
A = B = 5. Equation 1 is not a good approximation for 
values of |J. very near 1, where xmax/a rapidly 

approaches 2 for the continuous beam, and V5 for the 
spherical bunch. 

For the spherical bunch geometry, we expect that both 
the transverse and the longitudinal halo are driven 
primarily by the breathing mode. In the limit of a 
prolate spheroid or cigar-shaped bunch with a large 
aspect ratio, the transverse motion is still dominated 
by the breathing mode. Then, the longitudinal motion 
is dominated by the lower-frequency antisymmetric 
mode [12] in which the radial and longitudinal 
displacements are out of phase. 

2   SCALING OF EMITTANCE GROWTH 
AND HALO 

Assuming that the bunch can be modeled as a long 
cylinder with a uniform longitudinal profile, we obtain 
simple scaling formulas for transverse rms emittance 
growth and maximum particle amplitude for the 
mismatched beam. It is known that the space-charge- 
induced rms-emittance growth is a function of the tune 
depression ratio k/k0, where k and k0 are the 
transverse phase advances per unit length, with and 
without space charge. For a long cylindrical bunch 
where end effects can be ignored, and assuming 
uniform transverse focusing, the rms emittance-growth 
ratio is a function of the tune depression ratio. In the 
smooth approximation, where the focusing is 
represented by an equivalent uniform focusing channel, 

we may write  k/k0 =-yl + uf -ut,  where  u, 

space-charge parameter given by 

is   a 

ql 
16rayfy2 mc2ß 

1 

Ven*coy 
(2) 

The parameters appearing in the Eq.(2) are the charge 
q, rest energy mc2, average beam current I, effective 
bunch length £, bunch frequency f, relativistic mass 

factor y, velocity (relative to that of light) ß, and 
normalized rms emittance e„. The average current is 
related to the number of particles per bunch N and the 
bunch frequency, by I=qNf. 

The particle-core model for an rms-mismatched beam 
predicts that the halo particles created by the resonance 
have a maximum amplitude for a given core- 
oscillation amplitude. From Eq.(l), the numerical 
solution predicts that the maximum amplitude is 
proportional to the matched rms size a of the core, 
given by 

k„ßY 
VTTuT + u, (3) 

In the space-charge dominated limit,    when ut »1, 

the rms beam size is 
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a2 = 
2enu, qi 

87te0tfy mc27ß2 TT. W 

which is independent of the emittance. The emittance- 
dominated limit corresponds to ut «1, and we find 

k„ßY 
1 + qi 

167te0«Y2 Amc2ß ) 

1 V 

V8»^/ 
• (5) 

In Eq.(5), the second term is much less than unity, and 
smaller emittance results in smaller a and smaller 
maximum amplitude. 

In spite of these scaling results, which show that the 
maximum amplitude for an rms mismatched beam 
decreases with increased focusing strength (larger k,,), a 
consensus does not exist that the strongest transverse 
focusing yields the optimum solution. First, there is a 
concern that if the transverse focusing is too strong, 
the longitudinal space-charge forces will increase and 
longitudinal halo may become a problem. Then, 
related to this concern, some argue [13,14] that even at 
high energies the focusing strengths should be chosen 
to maintain equipartitioning between all three planes, 
to prevent the possibility of any energy exchange. If 
the linac frequency and accelerating gradient are fixed, 
one finds that because of the reduction in the 
longitudinal focusing strength with increasing energy, 
equipartitioning requires that the transverse focusing 
must also be weakened. This shifts the beam towards a 
more transverse-space-charge dominated regime, so 
that, although there is a shorter Debye tail for a 
matched or nearly matched beam [15], one finds both a 
larger transverse rms size and larger maximum 
amplitude [16]. Until some of these questions are 
resolved, it is prudent to require sufficient adjustability 
in the electromagnetic-quadrupole focusing to allow 
an experimental optimization. 

3 HALO   SIMULATION   TESTS 

As a test of the capabilities of the space-charge codes 
to calculate the maximum particle amplitudes, numer- 
ical simulation runs were carried out for four different 
cases using 104 particles per run, as summarized in 
Table 1. Two space-charge codes were used, one based 
on Gauss' law, and the other is SCHEFF, which is 
based on a 2-D (r-z) particle-in-cell method [17]. 
Several initial distributions were used, including 
Gaussian in both position and velocity space 
(truncated at 3a), semi-Gaussian (uniform in space and 
Gaussian in velocity space, and Waterbag (uniformly- 
filled ellipsoid in 4-D or 6-D phase space). For each 
case there is a set of runs for different values of the 

initial mismatch parameter u., which is the same in all 
planes. After the beam sizes were set for a given 
mismatch parameter, the velocities were scaled to 
make the emittance the same as for the matched case. 

Table  1.  Simulation  runs  for  Comparison 
with the Particle-Core Models. 

Fig. Space- 
Charge 
Code 

Particle- 
Core 
Model 

Focusing 
Channel 

1 Gauss Cylinder Uniform 

2 Gauss and 
SCHEFF 

Cylinder Uniform 

3 Gauss Sphere Uniform 

4 SCHEFF Sphere FODO 

Figs. 1 through 4 show the ratio of the maximum 
particle amplitude from simulation to the rms size of 
the matched beam, versus the mismatch parameter \i. 
For Figs. 1, 3, and 4, two curves are shown from the 
appropriate particle-core model, showing the ratio of 
the maximum resonant-particle amplitude to the rms 
size of the matched core. The lower and upper curves 
are for tune-depression ratios of 0.5 and 0.9. In Fig. 4, 
the points correspond to a maximum displacement and 
rms size that are averaged over the lattice period. The 
simulations for the uniform channels were run for at 
least 100 plasma periods, sufficient for the amplitudes 
to reach an apparent asymptotic value. A typical high- 
power linac may contain a few hundred plasma 
periods. 

M 
E 

i 
3 
E 

Fig. 1. Cylindrical-beam simulations comparing the 
particle core-model with the Gauss'-law space-charge 
code for a uniform-focusing channel. The solid and 
open symbols are for the initial Gaussian and Semi- 
Gaussian distributions, and the circles and squares are 
for tune-depression ratios of 0.5 and 0.9. 
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Fig. 2. Cylindrical-beam simulations comparing the 
cylinder particle core-model with the Gauss (circles) 
and SCHEFF (squares) space-charge codes for a 
uniform focusing channel, both for a tune-depression 
ratio of 0.5. The initial distribution is a 4-D 
Waterbag. 

Fig. 3. Spherical-bunch simulations comparing the 
Gauss' law space-charge code with the sphere particle 
core-model for a uniform focusing channel. The solid 
and open symbols are for the initial Waterbag and 
Semi-Gaussian distributions, and the circles and 
squares are for tune-depression ratios of 0.5 and 0.9. 

Fig. 4. Simulations comparing the SCHEFF space- 
charge code with the spherical particle core-model for a 
7- to 217-MeV proton linac with 100-mA beam 
current, and FODO quadrupole-focusing with a 
variable tune-depression ratio. The initial distribution 
is a 6-D Waterbag, and the bunches have a variable 
prolate-spheroid geometry. 

The agreement of the maximum amplitudes from the 
models and the Gauss'-law simulations for the 
uniform channel in Fig. 1 is remarkably good for both 
the initial Gaussian and semi-Gaussian distributions. 
In Fig. 2 the test is extended to the 4-D Waterbag 
distribution, comparing both the Gauss'-law and the 
SCHEFF simulation results. Although the details of 
the maximum amplitude trajectories for the Gauss'- 
law and the SCHEFF simulations were not exactly the 
same , the maximum amplitudes agree very well with 
each other and with the cylinder particle-core model. 
We consider this result an important initial test of the 
capability of the SCHEFF code. In Fig. 3, the Gauss'- 
law simulation for the spherical bunch shows a 
tendency for some points, especially with |j. values 
near 1, to remain below the curves of the particle-core 
models. These results suggest that halos may have 
more difficulty developing from some initial spherical- 
bunch states. Fig. 4, representing a simulation of a 
real linac, shows that the SCHEFF results for the 
larger mismatches (greater deviations from |i=l) are 
systematically higher than the sphere model by as 
much as 30%. Deviation of the points from the curves 
may be caused by inadequacies of either the model, or 
the SCHEFF space-charge calculations. For the linac 
simulation, we conclude that the results are consistent 
with the hypothesis that the breathing mode is the 
most important, although perhaps not the only driver 
of the beam halo produced by the simulation codes. 
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4   CONCLUSIONS 

The particle-core models make quantitative predictions 
about the halo that is formed from the resonant 
interaction between individual particles and a 
mismatched-induced core oscillation in the breathing 
mode. The models predict that the halo will be limited 
to a maximum amplitude, which depends mostly on 
the magnitude of the initial mismatch. The simulation 
results, using two different space-charge codes, 
confirm the model predictions for the continuous beam 
in a uniform focusing channel. In other cases, 
discrepancies are observed, but the largest of these are 
only about 30%. We interpret the results to be 
consistent with the hypothesis that the breathing mode 
is the main source of the halo seen in the simulation 
codes. We believe that a reasonable estimate for the 
maximum mismatch-oscillation amplitude corresponds 
to values |J. that may deviate from unity by about 0.3 
to 0.4. 

We believe that a practical approach to beam-loss 
control is to inject a high-quality, well-collimated 
beam into the high-energy linac, and achieve minimal 
proton-beam loss at high energies by providing strong 
transverse focusing, carefully controlling the beam 
centroid, and providing large beam apertures. The 
optimal choice of transverse focusing strength will 
depend on the results of subsequent studies of 
longitudinal halo. Although we are acquiring a better 
understanding of the causes of beam halo in the 
simulation codes, and providing a better rationale for 
the aperture choice, it is prudent to provide a safety 
margin. Such a margin is necessary to allow for errors 
and for the possibility of physics effects, which are 
not treated or are inadequately treated in the present 
codes. Consequently, to further reduce the risk of 
high-energy beam loss, we believe that the design of a 
high-power proton linac can benefit from the use of 
large-aperture superconducting linacs at high energies, 
as is now proposed for APT. 
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THE JAPANESE HADRON FACILITY 
Y. Mori, KEK-Tanashi 3-2-1 Midori-cho, Tanashi-shi, Tokyo 188, Japan 

Abstract 
The present status of the design and R&D works for 

the accelerators of Japanese Hadron Facility(JHF) are ex- 
pressed. 

1 INTRODUCTION 
The Japanese Hadron Facility (JHF) consists of the 

following three accelerators;!^] 
(1) main ring:50 GeV proton synchrotron (50 GeV PS) 
(2) booster:3 GeV proton synchrotron (3 GeV BS) 
(3) injector:200 MeV proton linear accelerator (200 MeV 
linac) 

The accelerators will be constructed at the north site 
of KEK. The first stage of beam acceleration is provided 
by the linac, which accelerates H" ions up to 200 MeV. The 
expected peak beam current in the injector linac is at least 
30 mA and the pulse duration and the repetition rate of the 
beam are more than 400 msec and 25 Hz (50 Hz in future), 
respectively. The H" beam is injected into the booster by 
charge-exchange multi-turn injection and accelerated to 3 
GeV. The 3 GeV booster will be constructed in the existing 
tunnel for the present KEK proton synchrotron (PS) main 
ring. All of the components of the KEK PS main ring, such 
as dipole magnets, quadrupole magnets, vacuum chambers 
and others will be removed. The booster is a fast cycling 
proton synchrotron with a repetition rate of 25Hz. The ex- 
pected beam intensity in the booster is 5xl013 ppp (protons 
per pulse), therefore, the average beam current becomes 200 
mA. The total power of the extracted beam from the booster 
reaches 0.6MW. The 3 GeV protons are supplied to three 
experimental facilities; a pulsed spallation neutron source 
facility (N-arena), a meson facility (M-arena) and an un- 
stable nuclei facility (E-arena), and to the 50 GeV main ring 
(K-arena). 

Protons from the booster are injected into the main 
ring and accelerated to 50 GeV. The expected beam inten- 
sity in the main ring is 2xl014 ppp and the repetition rate is 
about 0.3 Hz. The 50 GeV protons are extracted by slow 
and fast extraction schemes into two experimental areas; 
one is for experiments using secondary beams (K, pbar, etc.) 
and primary beams by slow extraction, and the other is for 
the neutrino oscillation experiment by fast extraction. When 
it is operated in a slow extraction mode, the average current 
and duty factor, which is defined as a fraction of a cycle 
when beam are available, are 9.4 mA and 0.20, respectively. 
In addition to acceleration of high intensity protons, heavy 
ion and polarized proton beams are also requested. Using 
the 500 MeV booster of the KEK PS as an injector of the 3 
GeV booster, it becomes feasible to accelerate these par- 
ticles. 
Typical machine cycle structure is illustrated in Fig.l. Four 

batches from the booster is injected into the main ring when 
the main ring stays low field. The 16 buckets out of 17 are 
filled with beams. Then, the main ring starts acceleration 
while three other facilities start using 3 GeV beams directly 
from the booster. Table 1 shows the main parameters of the 
whole accelerator complex. 

2 50GEV MAIN RING 
2.1 Lattice Design 

The symmetry of the lattice is 4 because of the fol- 
lowing requirements. There will be two major physics ex- 
perimental area downstream. One uses slow extracted beams 
and the other does fast extracted beams. Slow extraction 
channel needs a long straight section of more than 50 m to 
realize a low loss extraction. In addition, abort channel of 
beams at and slightly above the injection energy needs an- 
other long straight section. A long straight section is also 
needed for RF cavities. The total required RF voltage is es- 
timated as at least 270 kV. With an accelerating field of 10 
kV/m, a total length for RF cavities is 27 m. The maximum 
field strength of bending magnets is 1.8 T and its length is 
6.2 m. The field gradient of quadrupole magnets is 20 T/m 
at maximum and its length is 1.5 m and 2 m depending on a 
family. The coaxial type RF cavities with high permeabil- 
ity material will be used in the frequency range of a few 
MHz. The beam transfer line from the booster merges the 
main ring at one of the missing bend cells in an arc. The 
beams are injected vertically using some kicker magnets. 

Table 1: Main parameters of accelerator complex. 
200 MeV linac 

beam emittance 320 7tmm-mrad 
accelerated particle      Hion 
peak beam current        >30(50)mA 

(25Hz,400|^s) 
3 GeV booster 

beam emittance 54 7tmm-mrad 
intensity 5xl013ppp 
repetition rate 25Hz 
beam power 0.6MW 
RF frequency 1.99-3.43MHz 
RF voltage 420kV 
circumference 340m(KEK-PS tunnel) 

50 GeV main ring 
beam emittance 4.17tmm-mrad 
intensity 2xl014ppp 
repetition rate 0.3Hz 
RF frequency 3.43-3.51MHz 
RF voltage 270kV 
momentum compaction~-103 

circumference 1445m 
(north site of KEK) 
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The booster delivers a batch of 4 bunches every 40 ms when 
it is operated in 25 Hz. Because the circumference of the 
main ring is 17/4 times that of the booster, 4 booster batches 
fill 16 buckets of the main ring. One empty bucket is left 
and it is reserved for necessary time period for excitation of 
extraction kicker magnets. 

In order to achieve high beam intensity and low beam 
loss in the 50 GeV PS, the following considerations are taken 
in its design. 
(l)Imaginary transition y lattice 

The imaginary transition ylattice means that the mo- 
mentum compaction factor is negative and beams never cross 
transition energy which might cause a large fractions of the 
beam loss. The betatron oscillation amplitude and disper- 
sion functions are depicted in Fig. 2. We adopted the miss- 
ing bend scheme which make transition y imaginary. The 
basic unit of the lattice is 3 FODO cells. There is no bend- 
ing magnet in the middle FODO cell, therefore it can be 
represented as (D/2)BFBDOFODBFB(D/2). We adjust the 
middle FODO cell length and the strength of 4 quadrupole 
families, 2 for focusing and 2 for defocusing, to achieve 
imaginary transition y. The magnitude of the momentum 
compaction factor can be varied from the nominal one, which 

extraction 
> 

0) 
c a 

P1 

I       I       I 
P3     P4     P5 

time 

P2 
slow extraction of 50GeV 

PI - P2(injection) 0.12 s 
P2 - P3(acceleration) 1.9 s 
P3 - P4(extraction) 0.7 s 

duty factor 0.20 
P4-P5 0.7 s 
total 3.42 s 
average current 9.4pA 

Fig.l: Typical machine cycle of the main ring, 

is determined by horizontal tune, on positive side to slightly 
less than -0.01 on negative side. When it is too close to zero, 
higher order effects, such as the momentum compaction 
factor depending on (Ap/p)2 and on space charge tune shift, 
become relatively large and the lattice is unstable. On the 
other hand, when its magnitude becomes too large, the be- 
tatron oscillation amplitude and dispersion functions tend 
to diverge, resulting in smaller transverse acceptance. We 
choose the momentum compaction factor of -0.001 as a 
nominal value, which gives moderate lattice functions. 
(2)Selection of phase advance 

I? 

H 
P 

Fig. 2: Betatron oscillation amplitude and dispersion func- 
tions in the main ring. The solid line in the top is the hori- 
zontal betatron oscillation amplitude and the dashed line is 
the vertical one. In the bottom picture, the vertical disper- 
sion is zero and the other curve is the horizontal one. One 
quarter of the ring is depicted. 

Self space charge force excites strong resonance 
coupled with beam envelope modulation if the phase ad- 
vance is just above 90 degrees[2]. The space charge induced 
resonances can be cured only by careful tuning of the trans- 
verse phase advance. The horizontal phase advance is be- 
low 90 degrees and the vertical one is far below 90 degrees 
making the tune of (21.8, 15.3) in total. 
(3)Room for slow extraction hardware 

In order to reduce beam loss less than 1 % at the ex- 
traction, careful design and simulation are in progress as 
explained later. At least 50 m long straight section is neces- 
sary to put electric and magnetic septa. If that is still not 
enough, we have an option of putting a pre-septum magnet 
in the missing bend cell in the preceding arc. 
(4)Tunability of the transverse tune 

The lattice should have tunability in transverse tunes 
and stability in lattice functions together. More specifically, 
the betatron oscillation amplitude and dispersion functions 
should not change much at least within the tune of +-1 around 
the nominal tune. In addition, the momentum compaction 
factor is supposed to be almost constant within the similar 
tuning range. With the same lattice, by tuning the quadru- 
pole strength such that the phase advance in the arc is equal 
to integer, the dispersion free long straight can be created. 
2.2 Emittance and Acceptance 

In order to see whether the main ring has an enough 
acceptance to accommodate the emittance above, the ac- 
ceptance is calculated for off momentum particle of 0.5 % 
with closed orbit distortions (COD) introduced by quadru- 
pole mis-alignments. The distribution of misalignment er- 
rors is Gaussian whose rms value is +-0.3 mm. The magni- 
tude of errors more than 2 a is eliminated. With steering 
magnets next to each quadrupole magnet, one for each plane, 
and beam position monitors, one for both planes, the COD 
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correction is performed. The corrected COD is about +0.5 
mm and the acceptance becomes more than 60 7i.mm.mrad. 
Here we assume a beam pipe of 100 mm diameter. It is less 
than 40 7t.mm.mrad without correction. 

From the beam instability point of view, the longitu- 
dinal emittance should be more than 3 eVs. On the other 
hand, that of the booster is 0.6 to 1 eVs, which is obviously 
not big enough. The larger longitudinal emittance also helps 
reduce transverse space charge effects because of the higher 
bunching factor. Therefore, we will blow up the longitudi- 
nal emittance either during the acceleration of the booster, 
or right after the injection of the main ring. With the longi- 
tudinal emittance of 3 eVs and the RF voltage of 270 kV, 
the bunching factor becomes 0.28 and the incoherent and 
coherent space charge tune shifts are -0.08 and -0.04, re- 
spectively. That is not negligible, but small enough. 
2.3 Chromaticity Correction and Dynamic Aperture 

Since the transition energy is imaginary, operation 
from the injection to the extraction is always below the tran- 
sition energy, namely the slippage factor is always nega- 
tive. The zeroth mode of the head tail instability and nega- 
tive mass instability are stable with negative chromaticity. 
The natural chromaticity makes the tune spread due to mo- 
mentum dispersion too high, the order of+-0.1, so that chro- 
maticity correction is planned, even though it is not neces- 
sary to correct it to zero. The chromaticity correction intro- 
duces strong nonlinearity by the sextupoles. We have looked 
at tune shift due to amplitude and the dynamic aperture. 
The dynamic aperture is defined as the maximum ampli- 
tude of particle which survives for 10,000 turns at the flat 
bottom energy. The sextupoles are excited to make the both 
chromaticity zero in that test. The tune shift is small and the 
dynamic aperture is more than 200 7t.mm.mrad, that is large 
enough compared with the physical aperture of 54 
7C.mm.mrad. The momentum dependence of the dynamic 
aperture within the range of +-0.5 % is negligible. 
2.4 Space Charge Effects 

Incoherent space charge tune shift at injection is -0.1 
at most even though the total number of particles are 2xl014. 
At 3 GeV, coherent space charge tune shift becomes not 
negligible but still less than -0.05. Those value seems not 
too difficult to deal with, but still careful beam handling is 
necessary to reduce beam loss. An upgrade plan is already 
discussed with 2nd harmonic cavities or barrier bucket sys- 
tem. By those additional installations, the space charge tune 
shift can be even lower than -0.1 and the increase of the 
beam intensity becomes feasible. More detailed study us- 
ing multi-particle tracking is in progress. 
2.5 Slow Extraction 

In an ordinary slow extraction, particles with a large 
betatron amplitude caused by a resonance are deflected out- 
ward by an electric septum. Then, they are extracted from 
the ring by a chain of magnetic septa. For a high current 
proton accelerator such as the 50 GeV PS, even a small beam 
loss in those process will lead to unacceptable levels of ra- 
diation. We set a criterion such that tolerable beam loss in 
the slow extraction process should be less than 1 % for a 10 

|lA average current. For the present design of the main ring, 
beam loss process was examined by beam simulations. The 
third integer resonance was chosen to increase the betatron 
amplitude of the particles. In this calculation, the septum 
thickness is chosen to be 50 \im. It is feasible if we consider 
the deformation of the wires as well as the nominal thick- 
ness of the wires. The beam loss less than 1 % is achieved 
by selecting the septum length less than 1 m and the reso- 
nance strength of greater than S=1.5. 

There are several new methods to reduce the beam 
loss. A TRIUMF group has proposed 'an electric pre-sep- 
tum' [3]. A LANL group has proposed a new magnet with 
two pairs of magnetic poles with opposite magnetization 
directions [4]. Recently a new extraction scheme has been 
proposed in Japan and successfully tested in several facili- 
ties [5]. In this method, the separatrix is kept in constant by 
fixing the betatron tune near the resonance and the horizon- 
tal emittance of the circulating beam is increased by a trans- 
verse RF field. The angular spread of the beam extracted 
from the constant separatrix is expected to be very small. 
We would be able to reduce beam loss at the first septum by 
using this method. The combination of this method and the 
electric pre-septum scheme mentioned above is also very 
effective to reduce the beam loss drastically. 
2.6 Magnets and Power Supplies 

The main ring consists of 96 bending magnets, 176 
quadrupole magnets, and 48 sextupole magnets. Main pa- 
rameters for magnet design are summarized in Table 1. Based 
on these requirements, a bending magnet, a quadrupole 
magnet and a sextupole magnet have been designed. [6] 
2.7 RF system 

The RF voltage cycle is calculated by RAMA. It re- 
quires 270 kV, for whole injection and acceleration periods. 
In order to avoid negative mass and microwave instabili- 
ties, the longitudinal emittance is increased during injec- 
tion. The emittance becomes 3 eVs after increasing the lon- 
gitudinal emittance. [7] The room placed for the RF cavity 
in the ring is limited. The requirement for RF voltage per 
unit length has to be at least more than 10 kV/m. As the 
practical length of the RF cavity is 3 to 4 m, the required 
voltage per cavity is about 40 kV. The requirements of RF 
system performance are summarized in Table 2 Since the 
beam intensity is very high and harmonics number is 17, 
beam loading effects and coupled bunch instability are sig- 
nificant problems. 

A number of wide band cavities using fine-crystal- 
lized soft-magnetic core, "FINEMET", are going to be em- 
ployed in the main ring. This material is made of a thin 
layer of soft magnetic tape and has a very high permeabil- 
ity. Although the Q value is relatively small (Q~l), the shunt 
impedance (=|J.Qf) is fairly large. The characteristics are 
independent of the RF magnetic field as shown in Fig.3.Since 
the Curie Temperature of the material is about 600C, a 
stableoperation at high temperatures is possible. 

Development of this new type of the RF cavity has 
been started and recently, wwe have succeeded in obtaining 
the RF voltage pwr unit length of about 10kV/m.[8] The 
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Table 1: Main parameters for design of the main ring mag- 
nets 
Bending Magnet 

Magnetic Rigidity 12.76 - 170 Tm 
Field 0.135T(for3GeV) 

1.8T(for50GeV) 
Length 6.2 m 
Number 96 
Active Peak Power 54.0 MW 
Dissipation Power 12.0 MW 
Cooling Water 8.5 ton/min. 

Quadrupole Magnet 
Max. Field Gradient 20 T/m 
Length 1.5-2m 
Total Number (8 families)        176 
Active Peak Power 24.0 MW 
Dissipation Power 7.0 MW 
Cooling Water 5.0 ton/min. 

Magnet Aperture 
B-Magnet 106 mm*1 x (106 mmw for useful) 
Q-Magnet 132 mmf 

wide band cavity is also suitable to cure the coupled bunch 
instability as described in the section of beam instabilities. 

3 3GEV BOOSTER 
3.1 Lattice Design 

Since the 3 GeV ring will be constructed in the present 
KEK PS tunnel, it imposes some geometrical constraints 
on the lattice. In addition, the high intensity operation re- 
quires a few essential cares on the optics. The circumfer- 
ence and superperiodicity should be very similar or the same 
as the present KEK PS. That is 340 m and 4, respectively. 
More specifically, the number of the total cells and the local 
curvature of the arc must be similar to that of the KEK PS, 
since the width of the tunnel cross section is only 4 m. There 
should be empty cells to install many rf cavities. The 3 GeV 
ring repetition is initially 25 Hz and supposed to be 
upgradable to 50 Hz. The minimum required rf voltage for 
25 Hz operation is 420 kV. The straight section of 40 m or 
more in total is necessary for rf cavities provided that the 
accelerating field of more than 10 kV/m will be available. 
For 50 Hz operation, the necessary length of the straight 
section will be doubled. In order to install injection compo- 

Table 2: RF System requirements. 
RF amplitude 40 kV (per cavity) 
Harmonic Number 17 
Number of Bunches       16 
RF Frequency at injection 3.4 MHz 
RF Frequency at extraction       3.5 MHz 
Intensity per bunch        1.25 X 10 
Total Gap Impedance     8 kW 
Beam Intensity 6.4-6.6 A 
lb 12.8-13.2 A 
Acceleration Time 1.9 s 
Max. Beam Power 132 kW 
Max. fs    30 

nents including steering magnets for H- painting, one half 
cell is required. For extraction, 3 half cell is also required 
for one extraction channel. 6 half cells are then required for 
N arena and for E, K, and M arenas. In addition, the beam 
scraper and collector system, those are separated for about 
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Fig.3: Characteristics of large and small 
FINEMET(FT3) and typical ferrite cores 

180 degree phase advance, needs 4 half cells. The flexibil- 
ity of adjusting transverse tune with minimum modulation 
of betatron oscillation amplitude and dispersion functions 
is desired. The tuning range of a few integer units in both 
horizontal and vertical planes is expected. Transition en- 
ergy crossing must be avoided because the beam loss asso- 
ciated with it is inevitable. The higher transition energy, 
therefore the smaller momentum compaction factor, is also 
helpful from view point of the longitudinal matching be- 
tween the 3 GeV and the 50 GeV ring. 

In order to satisfy the above-mentioned conditions, a 
flexible momentum compaction (FMC) lattice has been stud- 
ied in detail (Fig. 4). The FMC lattice consists of 28 FODO 
cells as total. The basic unit is 2 FODO cells with 2 bending 
magnets in the outer half cell. It can be represented as (F/ 
2)BDOFODB(F/2). Three of them together with 1 FODO 
cell without bending magnets make a superperiod. Consecu- 
tive half cell without a bending magnet provides the place 
for the extraction. The whole ring consists of 4 identical 
superperiods such that the ring fits in the present KEK PS 
tunnel. The horizontal phase advance per 2 FODO cells is 
chosen above 180 degrees, but not too close to 180 degrees, 
in order to realize FMC. Those adjustments requires 2 fo- 
cusing quadrupole families and 1 defocusing quadrupole 
family. The momentum compaction factor can be varied 
from almost zero to 0.009, which corresponds to 10 or higher 
in terms of transition gamma. The second order effects on 
the momentum compaction factor which come from the (Ap/ 
p)2 term is also examined and it turns out negligible unless 
it is too close to zero. We choose 0.006 as the nominal value 
of the momentum compaction factor. The betatron oscilla- 
tion amplitude and dispersion functions in the tune range of 
+-1 around the nominal tune is examined. The tune depen- 
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Fig. 4 Flexible momentum compaction (FMC) 
lattice for the 3GeV booster. 

dence of those functions are marginal. 
One of the distinguished features of this lattice is that 

it can provide the additional knob to control the momentum 
compaction factor. Then it becomes easier to match opti- 
cally in the longitudinal plane between the 3 GeV and the 
50 GeV rings, and to increase synchrotron oscillation fre- 
quency to introduce Landau damping. We have also looked 
into the alternative lattices, namely two options of normal 
28 FODO cell lattice, and normal 24 FODO cell lattice. The 
both normal 28 FODO cell lattices (second and third op- 
tions) fit most in the KEK PS tunnel simply because the 
tunnel has originally made for the present 28 cell KEK PS 
lattice. 
3.2 Synchrobetatron Coupling Resonances 

Because of the fast cycling nature, the required rf volt- 
age is relatively high, resulting in high synchrotron tune, 
0.015 at the injection energy. The synchrobetatron coupling 
resonance due to dispersion at the rf cavity location becomes 
one of major concerns to design the 3 GeV ring. Because 
there is large tune spread due to space charge effects, the 
transverse tune of some particles in a beam is close on a 
integer and resonance condition with small number of m 
may be satisfied. We have looked at the rms emittance 
growth and beam loss due to synchrobetatron coupling reso- 
nances by a full 6-D particle tracking. The FMC lattice was 
taken and multi-particles tracking has been done. When the 
harmonic number is 4 and synchrotron tune is around 0.015, 
no rms emittance growth or beam loss has been observed 
below the horizontal tune of 7.85 even though all the cavi- 
ties are located at one position so that any cancellation due 
to symmetry occurs. 

4 200MEV LINAC 
A 200-MeV proton linear accelerator for the JHF con- 

sists of a 3-MeV radio-frequency quadrupole linac (RFQ), 
a 50-MeV drift tube linac (DTL) and a 200-MeV separated- 
type drift tube linac (SDTL).[8] An rf frequency of 324 MHz 
has been chosen for all of the rf structures. An expected 
peak current of 30 mA for H" ion beam of 400 jisec pulse 

duration will be accelerated at a repetition rate of 25 Hz. 
One of the design features is its high performance for a beam- 
loss problem during acceleration. It can be achieved by sepa- 
rating the transition point in the transverse motion from that 
of the longitudinal motion.. 

The features of the design are as follows: 
1. A frequency of 324 MHz has been chosen for all of 
the rf structures up to 200 MeV. 
2. An SDTL has been chosen in an energy range from 
50 to 200 MeV. 
3. A 3-MeV RFQ has been chosen. 
4. A transition energy of 150 or 200 MeV from the SDTL 
to the ACS has been selected. 
5. The klystrons are used for all of the accelerating struc- 
tures. 
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REVIEW OF RADIOACTIVE ION BEAM ACCELERATORS 
Pierre G. Bricault, TRIUMF, 4004 Wesbrook Mall, Vancouver, B.C., Canada, V6T 2A3 

Abstract 
During the last decade there has been a growing world- 
wide interest in the possibility of using radioactive ion 
beams for a variety of fundamental studies in pure and 
applied science. The possibility of producing intense 
beams of radioactive nuclei with extreme neutron to pro- 
ton ratio (N/Z), compared with natural isotopes, has 
opened a new era in nuclear science. This interest has 
been generated by the considerable improvements which 
have occurred over the past 30 year in the field of heavy- 
ion accelerators, ion source, more particularly, in on-line 
production and isotope mass separation. The three major 
techniques used to produce intense radioactive ion beams 
are the in-flight separation method (IFS), neutron fission 
product using reactor (NF) and the on-line isotope separa- 
tion (ISOL). Coupling very intense production sources of 
unstable nuclei to efficient accelerator structures will lead 
to the availability of a wide range of nuclei far from sta- 
bility. This paper reviews the properties of radioactive ion 
beam accelerators in operation, under construction and 
proposed around the world. 

1 INTRODUCTION 
We are at a turning point in the history of nuclear physics. 
For the first time we can use and expect to use intense 
radioactive ion beams (RIB) along a very large neutron or 
proton line for systematic nuclear studies. With the new 
intense RIB facilities under construction and upgrade of 
existing facilities it will be possible to have access to new 
neutron and proton shell closures, and then to test the nu- 
clear shell model. In the past, nuclear reaction studies 
were restricted to the use of stable nuclear projectile. 
New dimensions of nuclear physic were introduced be- 
cause of the development of RIB facilities. Nuclear reac- 
tions with RIB of light neutron-rich like "Li and "Be led 
to the discovery of the halo structure of their neutron dis- 
tribution [l, 2]. A similar structure of the very loosely 
bounded valence proton was also discovered [3]. 

This paper covers mainly the new ISOL based RIB fa- 
cilities and major upgrades of RIB facilities based on in 
flight separation using the Projectile Fragmentation. 

2 PRODUCTION METHOD 

2.1 In-flight separation using the Projectile Fragmentation 

The projectile fragmentation method is a very powerful 
method to produce a large variety of intense Radioactive 
Beams at heavy ion beam energies of » 50 A*MeV to sev- 
eral A*GeV. The production mechanism is characterized 
by peripheral interaction of the projectile with the target 
nucleus that leaves the fragment with much of the initial 
momentum and with a small angular dispersion. This re- 
action mechanism produces a wide variety of nuclei with 
a large spread in A, Z and N/Z ratios. Before being useful 
for any experiments, the RIB has to be purified using sev- 
eral steps: magnetic separator, differential energy loss and 
velocity filter. 

A variation of this method is used at the Michigan 

state university [4]. Due to the production mechanism this 
method is limited to RIB close to the stability line. 
2.2 The ISOL method 

The ISOL method uses a complementary approach to the 
projectile fragmentation. A high energy beam of light 
particles (p, d, "He or n) impinges on a heavy target and 
produces radioactive nuclides via spallation, induced fis- 
sion, target fragmentation. The recoils are stopped in the 
target that is brought to a very high temperature in order 
to favor the release of radioactive atoms. They diffuse to 
the surface from which they desorb and then enter an ion 
source to be ionized. 

ISOLDE at CERN [5] is the major example of a facility 
based on this technique. There are also other facilities 
using low energy proton beams such as Louvain-la-neuve 
[6] or heavy ions as the primary beam for RIB production. 

2.3 Comparison of the production method 

The two major production techniques can be viewed as 
complementary methods. Each one has advantages and 
disadvantages. Table 1 gives a summary of advantages 
and disadvantages for both production methods. 

3 ISOL BASED FACILITY 

3.1 Louvain-la-neuve 

Since the first successful acceleration of 13N in 1989, Lou- 
vain-la-neuve has led the way in the field of RIB accel- 
eration, and considerable progress has been made since 
then [7]. Now the range of post-accelerated ion species 
spans from 6He to 35Ar. The intensities range from 105 pps 
for 35Ar5+ and up to 2xl09 pps for "Ne2+. The energy range 
now available is between 0.6 to 4.9 A*MeV. 

The Louvain-la-neuve facility uses two cyclotrons, and 
an on-line ECR ion source to produce, ionize and acceler- 
ate the radioactive ion beams. The 30 MeV proton beam 
of the first accelerator, CYCLONE30, is used to produce a 
large quantity of unstable elements using suitable targets. 
These elements are injected into an ECR ion source, they 
are ionized, and after a first magnetic separation, are in- 
jected into a second cyclotron, CYCLONE110, which 
accelerates the beam to the required energy. 

The exotic species accelerated so far are mainly noble 
gases such as 6He, 18Ne, "Ne, 35Ar, or elements like ,3N or 
"C which are extracted on-line from the production target, 
in gaseous form like 13N-N or nC02 molecules. Due to the 
quite low energy of the production beam those elements 
have to be produced using specific targets. The production 
beam intensity varies between 120 uA and 180 uA, de- 
pending on the target material of the charge state required 
since the target is directly connected to the ECR ion 
source. 

18F is a peculiar case in this list because it is produced 
by a quite different approach. Due to the high chemical 
reactivity of this element, the on-line extraction of fluo- 
rine from the production target with a high efficiency is 
difficult. They were successful by using a technique de- 
veloped by the PET center. After chemical separation the 
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CH3
18F is transferred in a gaseous form to the ECR ion 

source. 

Table 1. Advantages and disadvantages of the In-flight separation method 
Method Advantages Disadvantages 
in-flight •Short separation (micro • Low primary beam 
Separation sec.) intensity for heavy ions 

•Simple target fabrica- • Target thickness limited 
tion by momentum acceptance 
• High collection effi- of the recoil spectrometer 
ciency (app. 50%) • Moderate beam purity, 

required several stages 
• Large emittance; trans- 
verse and longitudinal 
•RIB at high energy, 
difficult to decelerate 

ISOL •     Thick Target •     Yield strongly cou- 
•     Intense Primary pled to target/product 

Beam are available, chemistry, (element 
highest luminosity dependent) 

•     High RIB purity •     Delay due to diffu- 
•     Low emittance; sion, desorption and 

transverse and lon- effusion time (ele- 

gitudinally ment dependent) 

•    Long expertise in the •     Requires a post- 

field or target/ion accelerator 
source 

The acceleration is done using an existing cyclotron, 
CYCLONE. Unfortunately, the unstable ions are injected 
together with intense (several orders of magnitude larger) 
beams of stable elements having almost the same mass 
over charge ratio (m/q). To achieve a high purity in the 
final beam, the cyclotron is tuned as a radio-frequency 
mass spectrometer, so that the intensity of isobaric con- 
taminants is considerably reduced after the acceleration 
process. In an isochronous field the mass resolving power 
R= (q/m)/A(q/m) is given by: R=2rc h N / sin (j>0, where h is 
the harmonic number, N is the number of turns required to 
the full energy, and (|>0 the initial phase. In order to reach 
the high mass resolving power the number the number of 
turns has to be large, which implies a low dee voltage. 
This has the effect to reduce considerably the acceleration 
efficiency. 
3.1.1 Future upgrade 
A new cyclotron is presently under construction, 
CYCLONE44. It will cover the energy range between 0.2 
and 0.8 A*MeV, and it is designed to combine the high 
acceleration efficiency (one order of magnitude larger 
than it is in CYCLONE), with a high mass resolving 
power, in order to provide pure radioactive beams of low 
intensity in the presence of intense isobaric contaminants. 
The main challenge in the design of CYCLONE44 lies in 
the combination of these two requirements. The resolving 
power is proportional to the number of turns times the 
harmonic number, thus requiring low dee voltage and 
high harmonic modes. On the other hand, a large accel- 
eration efficiency can only be obtained if the axially in- 
jected low energy beam is perfectly matched to the cyclo- 
tron central region acceptance in the six dimensional 
phase space. This requirement calls for a low harmonic 
number, high injection voltage and high dee voltage. 
3.2 The Holifield Radioactive Ion Beam Facility 

The Holifield Radioactive Ion Beam Facility HRIBF has 

the mission to provide an economic first generation RIB 
facility [8]. The HRIBF utilizes two existing accelerators, 
the Oak Ridge Isochronous Cyclotron (ORIC) and the 25 
MV tandem. In the past ORIC served as an energy booster 
for stable heavy ion beams from the tandem. For RIB 
production this process has been reversed: ORIC will pro- 
duce the RIB that will be accelerated using the tandem. 

The ORIC accelerator is used to bombard a thick tar- 
get. High intensity light-ion beams such as 50 uA of 100 
MeV alphas, 50 MeV deuterons, or 60 MeV protons are 
transported to the RIB injector to bombard a thick target 
material. The injector is located in a heavily shielded 
room which was originally designed to house the experi- 
ments utilizing the 1 mA 75 MeV proton beams. The ion 
source platform houses the target/ion source assembly, the 
first mass separator stage and a cesium charge exchange 
cell for conversion of positive ions to negative beam. 

The use of the existing 25 MV tandem accelerator was 
clearly dictated by its availability. Tandem accelerators 
possess some attributes which make them attractive for 
this type of application. They have a large phase accep- 
tance, and have the ability to accelerate singly charged 
particles with low initial velocity. The main disadvantage 
is the fact that tandem require a negative ion beam. In 
some cases it is not possible to create negative ions with 
high efficiency. 
3.2.1 Future upgrade of the HRIBF 

This first generation RIB accelerator has several limita- 
tions; the limited energy provided by the tandem and the 
limitation in energy of the production accelerator. The 
low energy of the primary beam limits the intensity of 
RIB far from the stability. HRIBF has several possibilities 
for upgrade; 1) they can add a superconducting booster in 
order to reach the coulomb barrier for heavier masses, 2) 
replacing ORIC by a modern cyclotron to provide higher 
primary beam energy and higher intensity. 
3.3 The RNB facility at KEK Tanashi (INS Tokyo) 

At INS, University of Tokyo, an ISOL based RIB facility 
in now in operation after 4 years of construction [9]. The 
INS RIB facility is a prototype for the Exotic Nuclear 
Beam Arena (E-Arena) of the Japanese Hadron Project 
(JHP). It was built in order to develop critical techniques 
such as a highly efficient ion source, a high resolution 
isotope separator, a versatile RIB accelerator. 

The radioactive nuclides are produced in a thick target 
using a 2 uA proton beam coming from a K=67 SF cyclo- 
tron. Three different types of ion sources have been de- 
veloped to ionize the various elements: surface ionization, 
Forced Electron Beam Induced Arc Discharge (FEBIAD) 
and an ECR ion source. 

The separated beam with a charge to mass ratio greater 
than 1/30 is injected at 2 A*keV into a Split Coaxial RFQ 
(SCRFQ) linac operating at 25.5 MHz. After stripping at 
170 A*keV the beam is injected into an Interdigital H 
type RF structure composed of 4 cavities operating at 
twice the RFQ frequency (51 MHz) accelerating ions with 
a mass to charge ratio 1/10. The output energy is variable 
from 0.170 to 1.05 A*MeV. 
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3.3.1 Future RIB, JHP (E-Arena) 

INS and KEK, the National Laboratory for High Energy 
Physics, have merged as a new organization as of April 
1997. The new National Laboratory aims at promoting the 
JHP. In the E-Arena, it is planned to use a 10 uA proton 
beam from the 3 GeV rapid synchrotron booster for the 
production of exotic nuclei. 
3.4 SPIRAL project at GANIL 

GANIL is a well-known heavy ion facility based at Caen 
(France) operating since 1983. It is composed of a cas- 
cade of three cyclotrons; C01.2, SSC1 and SSC2. The two 
SSC produce beams up to 95 A*MeV for fully stripped 
ions. This facility has been producing RIB with the pro- 
jectile fragmentation method using the recoil spectrometer 
LISE [10] and SISSI [11]. Some years ago, the beam inten- 
sity was upgraded up to 2x10" pps for light ions up to Ar. 
As an extension to the existing RIB facility, GANIL has 
been funded in December 1993 to develop an ISOL based 
facility, SPIRAL, using a new K=262 MeV SSC [12]. 

The primary beam accelerated by the GANIL cyclo- 
trons will bombard a production target located inside a 
well-shielded cave beneath ground level in the existing 
machine building. It was shown [13] that using heavy ions 
as the primary beam can be competitive in some area to 
the so called classic ISOL where high energy protons are 
used to bombard a heavy element target. In the case of 
heavy ions the projectile fragmentation is the process of 
most importance. In all cases, the reaction products are 
stopped in the target. The originality of the SPIRAL proj- 
ect lies in the use of an extended range of heavy-ions, up 
to the maximum available energies of 95 A*MeV for 36 
Ar. The chosen target is made from carbon and it is de- 
signed in such a way that it can stand very high power 
density of the Bragg peak. 

The new cyclotron under construction (CIME) is a 
room temperature compact cyclotron of K=265 MeV with 
an average magnetic field between 0.75 and 1.56 T and an 
ejection radius of 1.5 m. The energy range is 1.7 to 25 
A*MeV. The resonators should be ready in May this year. 
Then injection is done using a 34 mm radius Mueller type 
inflector for harmonic 2,3 and 4. For harmonic 5 a new 
inflector with a radius of 45 mm is under investigation. 
The extraction is done using two electrostatic and two 
magnetic channels. One other aspect of the SPIRAL proj- 
ect is the use of a cyclotron like Louvain-la-neuve as a 
mass spectrometer. 

The first proposed beams for SPIRAL will be limited 
to noble gases elements MHe, 1719Ne, 2U7Ne, 32'35Ar, 4M6Ar 
and 72,77Kr. The projected intensities range from 5xl03 for 
"Neto6xl08for6He. 

The first stable beams will be accelerated at the end of 
1997, while commissioning of the target and ion source 
assembly will begin in early 1998. 
3.5 REX-ISOLDE RIB facility 

A pilot experiment is proposed to study very neutron rich 
isotopes in the region around the neutron shell closure of 
N=20 and N=28 after Coulomb excitation and neutron 
transfer [14]. To do this the plan is to accelerate the 
ISOLDE beams up to 2 A*MeV by the means of a new 

linear accelerator. The linear accelerator concept will re- 
quire the development of a charge state booster capable of 
producing ions with a charge to mass ratio greater the 
1/4.5. 

ISOLDE uses the 1 GeV proton beam from the CERN 
PS booster delivering a 2 uA time averaged proton beam 
with a pulse at 0.4 to 0.8 Hz rate. This facility is operating 
since more than 25 years producing a very wide range of 
isotopes for applied and fundamental sciences research. 

REX-ISOLDE is considered like other experimental 
equipment. The ISOLDE 1+ beam will be injected into a 
Penning ion trap which will be used as an accumulator 
and buncher device to convert the DC beam into 50 Hz 
pulses. These pulses will then be injected into a charge 
state booster consisting of an Electron Beam Ion Source 
(EBIS). The pulsed beam will be injected into a 4-rod 
RFQ that will bring the ions energy from 10 to 500 
A*keV, an 11-gap Interdigital H type RF structure then 
increases the energy to 1.0 A*MeV, and finally three 7- 
gap resonators accelerate the beam to 2.0 A*MeV. All the 
linac accelerating structures operate at 108 MHz and the 
system is pulsed at 50 Hz with a 5% duty cycle. 

3.6 EXCYTproject, LNS Catania 

The Laboratorio Nazionale del Sud is equipped with a 15 
MV tandem and now with a K=800 MeV superconducting 
cyclotron [15]. These accelerators will be reconfigured in 
order to provide an ISOL type RIB facility. 

In order to increase the energy and the intensity from 
the SC cyclotron, a new 14.5 GHz, 1.4 T, superconducting 
ECR ion source was constructed for axial injection. The 
aim is to extract from the SC cyclotron beam currents of 
the order of 1 uAp. This is a challenge for this type of 
cyclotron, and the electrostatic deflector will have to stand 
very high power of the order of 3 kW coming from the 
extracted beam. 

The negative ions will be produced with a new 150 kV 
injector, similar to the HRIBF concept and injected into 
the 15 MV tandem accelerator. RIB up to mass 40 will be 
accelerated above the Coulomb barrier. The EXCYT proj- 
ect has been funded in 1995 and the commissioning of the 
facility will start in the middle of 1998 and operation in 
1999. 
3.7 ISAC RIB facility at TRIUMF 

In June 1995 the ISAC project was funded to build a RIB 
facility based on the 500 MeV and 100 uA H- cyclotron 
[16]. A new beam line is under construction which will 
guide the beam from the cyclotron vault through the wall 
into a new tunnel extension. Then beam can be sent to two 
target stations located into a heavily shielded area. A new 
building of approximately 5000 m2 is under construction. 
This building is divided into two parts, the target handling 
hall and the accelerator/experimental area hall. The re- 
mote handling target concept is based on twenty years of 
experience in meson production targets. Each target sta- 
tion comprises five modules, primary beam entrance, tar- 
get/ion source, beam dump and two exit modules con- 
taining the front end of the mass separator. All the com- 
ponents are attached at the bottom of a 2 m long steel 
plug. The target stations are housed in a canyon heavily 
shielded for a primary proton beam intensity up to 100 uA. 
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The ion beam from the mass separator can be sent ei- 
ther to the Low Energy Experimental area or to the linear 
accelerator. The ions with a charge to mass ratio greater 
than 1/30 are accelerated from 2 A*keV to 150 A*keV by 
a 4-rod split-ring RFQ operating at 35 MHz in CW mode. 
After stripping and charge analysis the beam is injected 
into a Drift-tube linac. The output energy is fully variable 
from 0.15 to 1.5 A*MeV, using a separated function 
Drift-Tube-Linac. 

A prototype of the split-ring 4-rod RFQ composed of 
three modules has been tested at full CW power (85 kV 
inter-electrode voltage) [17]. 

For the DTL, a new approach was taken in order to 
deliver a fully variable output energy. Five independently 
phased IH tanks operating at Os = 0° provide the main 
acceleration. Longitudinal focusing is provided by three 
independently phased 3-gap resonators positioned before 
the second, third and fourth IH tank. They permit the 
beam to be kept well bunched over the entire energy range 
[18]. 

The first phase (Low Energy Experiments) will be op- 
erational by the end of 1998, and the accelerated RIB will 
become operational a year later. 

4 UPGRADE OF PROJECTILE FRAGMENTATION 
FACILITIES 

4.1 Upgrade of the NSCL at Michigan state university 

The NSCL has developed a plan to upgrade and couple its 
existing Superconducting Cyclotron K500 and K1200. 
Also they propose to replace the present A1200 beam 
analysis system by an improved A1900 beam analysis 
system [19]. The upgrade will greatly enhance the per- 
formance of the NSCL facility, particularly for studies 
using radioactive ion beams. The K500 will be disassem- 
bled and rotated by 120 degrees from its present orienta- 
tion. Its central region will be redesigned to allow a more 
efficient acceleration in the second harmonic mode and to 
increase the turn separation. A new beam line will be con- 
structed for the coupling between the K500 and K1200 
cyclotrons. The beam is then injected radially. After strip- 
ping to a higher charge state, the beam will be accelerated 
to full energy. The improvement in intensity is a result of 
the lower charge states required from the ECR ion source 
for the K500®K1200 mode. The improvement in energy 
for mid and high mass nuclei comes from the higher 
charge state obtained after stripping into the K1200. For 
example, the maximum energy for 238U will be 110 
A*MeV instead of 25 A*MeV in the present configura- 
tion. The overall result for RIB production is an increase 
by a factor 103 to 4xl04 for "Li to 1,2Sn. 

4.2 RIKEN upgrade 
RIKEN, Accelerator Research Facility (RARF) proposes 
an upgrade consisting in an intensity upgrade by replacing 
the high voltage platform by a combination ECR ion 
source and a 4-rod folded coaxial variable frequency RFQ. 
In Addition to the existing K540-MeV ring cyclotron 
(RRC) two new cyclotrons will be built [20]. A K930-MeV 
room-temperature ring cyclotron (RC4) and a K2500-MeV 
superconducting ring cyclotron consisting of six sectors 
(SRC6). The maximum beam energy of the RC4 is 135 

A*MeV and 400 A*MeV for SRC6. 
The project was formally approved in December 1996 

and the design is nearly completed. The commissioning is 
due for the year 2002. With the combination of new high 
intensity injector and post-accelerator delivering heavy 
ion of several hundreds of A*MeV RIKEN will become 
the most intense source of RIB using the in flight separa- 
tion technique. 
4.3 SIS/GSI (Darmstadt, Germany) upgrade 

GSI possesses one of the most powerful projectile frag- 
mentation facilities. SIS can accelerate heavy ions up to 2 
A*GeV. Combined with the Fragment Recoil Separator 
(FRS) a very wide range of radioactive ion beams can be 
produced. The limiting factor at the moment is the pri- 
mary beam intensity. 

At present SIS uses the original UNILAC as injector, 
not designed originally to be a dedicated synchrotron in- 
jector. 

In order to fill the SIS up to its inherent intensity limit 
the linac has to be modified [21]. The limit is set by the 
space charge effects at the injection. Improvement on ion 
source are required. 

The choice of A/q < 65 for the new linac design is in 
accordance with the "state of the art" for the ion source. 
For the new pre-stripper linac, a frequency of 36 MHz is 
chosen, which is one third of the Alvarez frequency. 

A novel approach for the RFQ structure is used. The 
RF mode is the H110- mode which is similar to the one 
used in Interdigital H type RF structure. The RFQ tank is 
1 m in diameter and 9.4 m long. The IH-DTL is composed 
of two cavities, 9.15 and 10.2 m long. The first tank con- 
tains 3 quadrupole triplets and the second only one. Trip- 
lets are used for the transverse focusing. Quadrupole 
magnets are laminated, and the field at the surface of the 
pole is 1.35 T. With this intensity upgrade SIS will be able 
to run at the space charge limit in 1998. 

5 PROPOSED RIB BASED ON ISOL METHOD 

5.1 Argonne National Laboratory 

The Argonne concept for a RIB facility is based on the 
use of the existing superconducting linac as the major part 
of the post-accelerator. The new components for the RIB 
facility will be constructed in a new building north of the 
existing ATLAS facility. The driver accelerator can be a 
conventional 215 MV linear accelerator or a super- 
conducting linac using a two-gap superconducting nio- 
bium resonator. 

Acceleration of low q/m RIB will requires a sequence 
of three new subsystems; a short low frequency RFQ and 
two sections of superconducting linac optimized for these 
low charge state ions. After acceleration at energies be- 
tween 0.5 and 1. A*MeV the secondary beams can be de- 
livered to the new experimental area. For further accel- 
eration the beam will be injected into the actual ATLAS 
facility. 

Prototyping of the 12 MHz split-coaxial RFQ have 
started, and they plan having a 40 kW RF amplifier run- 
ning by the end of the summer, and test in the fall, [22]. 
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5.2 PIAFE 
The project PIAFE in Grenoble plans to take advantage of 
the proximity of the high neutron flux (1014 n/s/cm2) from 
the Institut Laue-Langevin nuclear reactor (ILL). The 
radioactive ions will be produced via induced fission of 
235U by thermal neutrons [23]. After two successive mass- 
analysis, inside the ILL reactor building, the beam will be 
sent to a high mass resolution separator, first phase 
(PIAFE1). In the second phase (PIAFE2), the singly 
charged ions will be guided to the SARA accelerator 
complex of the Institut des sciences nucleaires (ISN- 
Grenoble). Before being injected into the cyclotron the 
singly charged ions will be converted into higher state 
using an ECR as charge state breeder. The final energy 
will be comprised between 2 and 10 A*MeV. 

5.3 Beijing Radioactive Nuclear Beam Facility (BRNBF) 

The Beijing Radioactive Nuclear Beam Facility proposed 
and ISOL type RIB facility based on a high intensity pro- 
ton beam produced by a 70 MeV H" cyclotron. After mass 
analysis the RIB will be accelerated using an existing HI- 
13 tandem accelerator [24]. 

6 DISCUSSION 
The use of intense RIB opens new possibilities and it is a 
very active field. The demand for high energy RIB beam 
around the Coulomb barrier is very challenging for accel- 
erator physicists. 

The choice of the post accelerator depends on the 
physics program, which defines the energy and mass 
range requirements. First generation RIB facilities take 
advantage of existing accelerators; 
• Louvain-la-neuve, cyclotron 
• HRIBF, tandem 
• EXCYT, tandem 

Table 2 shows a list of the advantages and disadvan- 
tages of different types of accelerator used or proposed for 
post-acceleration of RIB. 

Together, these RIB facilities will cover a very large 
energy range, from the low energy required for nuclear 
astrophysics to the Coulomb barrier, intermediate energies 
and above the Fermi energy. A new field of experiments 
will be possible and will give us insight into the nucleo- 
synthesis in stars, novae and Supernovae, nuclear struc- 
ture, and investigation of exotic nuclear matter. 
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Table 2. Comparison between different post accelerator 

Accelerator Advantages •Disadvantages 
Tandem •       Can accelerate singly •Require negative ion 

charge ion •Require high voltage injec- 
•       Reliable operation, tor, not compatible with high 
•       Energy continuously radiation field around the 

variable target 
•       Good beam quality. •Require high voltage; V> 

25 MV to reach the Coulomb 
barrier 

Cyclotron •       Can obtain high en- •Required high charge state; 
ergy at low cost: E £ A»20 expertise on on-line ion 
MeV source for singly charged 

•       Can be use as a mass ions only. 
spectrometer •Very large contamination of 

the central region. 
•Large energv spread 

LINAC •       Good transverse and •Require low frequency RFQ 
longitudinal emittance •CW mode required efficient 

•       Energy fully variable rf structures 
•       Good transmission 
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Abstract 

The RIKEN Accelerator Research Facility (RARF) has 
proposed the "RI-Beam Factory" project. In 1997 fiscal 
year, the construction budget for the first phase of this 
project has been formally approved. The factory is aimed 
at providing the world's most intense RI (radioisotope) 
beams at energies of several hundreds MeV/nucleon over 
the whole range of atomic masses. RI beams will be 
generated by the projectile frag-mentation. For the 
efficient generation a cascade of a K930-MeV ring 
cyclotron and a K2500-MeV super-conducting ring 
cyclotron will boost the energy of heavy-ion beams from 
the existing ring cyclotron up to 400 MeV/nucleon for 
light ions and more than 100 MeV/nucleon for very heavy 
ions. Moreover, this factory includes a next generation of 
the multi-use experimental storage rings (MUSES) 
consisting of an accumulator-cooler ring, a booster 
synchrotron ring and double storage rings. The MUSES 
will enable us to conduct various types of unique 
colliding experiments. 

1 INTRODUCTION 

The RARF (RIKEN Accelerator Research Facil-ity) 
has a heavy-ion accelerator complex consisting of a K540- 
MeV ring cyclotron (RRC) as a main ac-celerator and two 
different types of injectors: a fre-quency-variable Wideröe 
linac (RILAC) and a K70-MeV AVF cyclotron (AVF). 
The facility provides heavy-ion (HI) beams over the whole 
atomic mass range and in a wide energy range from 0.6 
MeV/   nucleon   to    135   MeV/nucleon.   One   of   the 

Existing Facility 

remarkable features of this facility is capability of 
supplying light-atomic-mass RI (radioisotope) beams 
with the world-highest level of intensity which are 
produced by means of the projectile-fragment separator, 
RIPS [1]. 

In order to further promote experimental programs 
utilizing RI beams, the RARF undertakes the con- 
struction of "RI Beam Factory". The bird's eye view of its 
layout is illustrated in Fig. 1. The factory is aimed at 
providing RI beams covering over the whole atomic-mass 
range with very high intensity in a wide energy range up 
to several hundreds MeV/nucleon. 

2 A CASCADE OF CYCLOTRONS FOR HIGH- 
INTENSITY RI BEAM PRODUCTION 

The factory utilizes the "projectile fragmentation" to 
generate RI beams of intermediate energies. To enable the 
efficient generation of such RI beams covering the whole 
atomic masses, are needed high-intensity primary heavy- 
ions, up to uranium ions, with the energies exceeding 100 
MeV/nucleon. In order to realize those beams, we will 
construct a cascade of an intermediate-stage ring cyclotron 
(IRC) with K=930 MeV and a superconducting ring 
cyclotron (SRC) with K=2500 MeV as an energy booster 
of the existing RRC. In addition, we will upgrade the 
RILAC which serves as the initial-stage accelerator by 
introducing a new pre-injector and a charge-state 
mulitiplier (CSM). This accelerator complex, which is 
schematically illustrated in Fig. 2, will possess such 
perfomance that a 100 MeV/nucleon uranium beam with 
the intensity over 1 p|uA is obtainable. 

■BSR: Booster Synchrotron Ring withsi1 

0.3 GeV electron linac to accelerate an 
vRI (HI) or an electron beam  

'15SR: Double Storage Rings for~ 
colliding experiments of HI, RI, 

^photon, and electron beams 

IRC, SRC: A cascade of Ring Cyclotrons 
(RC's) to boost the energy of HI beams 
from the RRC 

'ACR: Accumulator Cooler Ring to cool   N 

an RI (HI) beam using stochastic cooling 
and/or electron cooling method , 

Fig. 1 Bird's eye view of "RI-Beam Factory" layout. 
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Fig. 2 Conceptual diagram of heavy-ion accelerator complex for RI-beam production. 

2.1 Pre-injector for RILAC 

The RILAC is stably operational in the acceleration radio- 
frequency range between 18 MHz and 38 MHz. In order to 
upgrade the RILAC performance in the beam intensity by 
one or two orders of magnitude, its new pre-injector 
system consisting of a frequency-tunable folded-coaxial 
RFQ linac (FC-RFQ) equipped with an 18-GHz ECR ion 
source (ECRIS-18) has been developed. In the recent 
acceleration tests, the FC-RFQ has successfully covered 
HI beams in the energy-mass region required, and the 
beam transmission efficiency of about 90 % at the 
maximum was obtained [2]. In addition, high-intensity 
highly-charged ion beams have been produced by the 
ECRIS-18 [3]. 

2.2 CSM 

The CSM consists of an accelerator, a charge stripper and 
a decelerator. Its functions are to produce higher charge 
state of ion beams by further increasing the stripping 
energy and to reduce their magnetic rigidity by 
decelerating them to the initial energy. With this device 
the magnetic rigidity of the RILAC beam with a most- 
probable charge state can be reduced to the acceptable 
value of the RRC even when the injection velocity into 
the RRC is increased as shown in Fig. 3. The accelerator 
and decelerator are of a type of frequency-tunable IH linac 
whose operational radio-frequencies are twice as that of the 
RILAC to double an acceleration gradient. Transmission 
efficiency through the CSM depends only on charge state 
distribution behind the charge stripper foil. 

2.3IRC-SRC 

The maximum beam energy of the SRC is set to be 400 
MeV/nucleon for light ions which is achieved at 38 
MHz, the maximum radio-frequency in the RILAC. 
Based on the characteristics of the existing machines, this 
means that the velocity of the RRC's output beam has to 
be amplified by a factor of 2.26 by combination of the 
IRC and the SRC. Harmonic numbers of the IRC and the 
SRC are chosen to be 7 and 6, respec-tively, while that 
of the RRC is 9, considering the maximum magnetic 
field strength and the central space to place the injection 
elements. The mean injection radius of the IRC is taken 
to be 7/9 times the mean extraction radius of the RRC, 

and the velocity gain factor of the IRC to be 1.50 
(accordingly that of SRC is to be 1.506). On the above 
conditions, the mean injection and extraction radii of the 
IRC are 2.77 m and 4.15 m, respectively, and those of 
the SRC are 3.56 m and 5.36 m, respectively. The sector 
angles are taken to be 51° for the IRC and 25° for the 
SRC, based on the beam dynamics study [4]. The radio- 
frequency of the IRC and the SRC ranges from 18 MHz 
to 38 MHz which are the same as that of the RILAC and 
the RRC. The maximum magnetic field strength in the 
sector magnets is to be 1.9 T for the IRC and 4.3 T for 
the SRC. This IRC-SRC system boosts the energy of 
uranium ions from the RRC up to more than 100 
MeV/nucleon. 

Geometries and characteristics of the IRC and the 
SRC thus designed are shown in Fig. 4 along with those 
of the RRC. The structure and size of the IRC are similar 
to those of the RRC, and the rf resonators of the IRC and 

Charge State 
32   35       40     4?    54 

0.6    0.8 2.5      3.3    4.3 

E (MeV/nucleon) 

Fig. 3 Principle of the CSM: Size of a dot corresponds 
to the yields of U ions with re-spective charge states at 
the stripping (a carbon foil) energy, E. The Ordinate 
represents the necessary bending power in the RRC. 
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K540-MeV RRC K930-MeV IRC K2500-MeV SRC 

13m 

Rinj (m) 0.89 
Rext (m) 3.56 
Velocity gain 4.0 

h 9 

B(T) 1.7 
Weight (ton) 2,100 

2.77 
4.15 
1.50 

7 
1.9 

2,400 

3.56 
5.36 

1.51 

6 

4.3 

4,000 

Fig. 4 Comparison of three ring cyclotrons. 

the SRC can also be made to be similar to those of the 
RRC. Therefore, our effort has been concentrated mainly 
on the design of the SRC, in particular, on that of its 
superconducting sector magnets [5] and superconducting 
injection and extraction systems [6]. 

As shown in Fig. 5 the IRC's maximum energies 
are 127 MeV/nucleon for light ions up to around Ar, 102 
MeV/nucleon for Kr30+, and 58 MeV/nucleon for U58+. 
The minimum energy is 25 MeV/nucleon. In the SRC 
the maximum energies are increased to 400 MeV/nucleon 
for light ions up to around Ar, to 300 MeV/nucleon for 
Kr30+, to 150 MeV/nucleon for U58+ and to 100 
MeV/nucleon for U4^+. The minimum energy is 60 
MeV/nucleon. 

We have undertaken the fabrication of a full-scale 
model sector magnet of the SRC without a yoke to verify 

400 

%     300 

c 
o 

ü> 
Ü 

C 
:> 

0 
C 

uu 

200 

100 

Fig. 5 Maximum HI-beam energy obtainable by the IRC and the SRC for ion 
species with different charge-to-mass ratos, q/A. 

the mechanical and cryogenic design [7]. The 
superconductors for the main and trim coils have already 
been complete. This task is scheduled to be finished by 
the spring of 1998. 

In this two-stage cyclotron scheme the simul- 
taneous utilization of the HI beams is possible in both of 
the existing experimental facility and the new facility, 
when part of the IRC beam is charge-stripped and is 
transferred back to the existing facility. As an example, 
part of a 127 MeV/nucleon 1607+ beam from the IRC, 
the main part of which is injected to the SRC, is charge- 
stripped to 08+ and delivered to the existing facility 

where the magnetic rigidity of this 08+ beam can be 
accepted. 

3 MULTI-USE EXPERIMENTAL STORAGE 
RINGS (MUSES) 

The MUSES (Multi-USe 
Experimental Storage rings) 
consists of an Accumulator- 
Cooler Ring (ACR), a Booster 
Synchrotron Ring (BSR) with an 
injector electron linac and Double 
Storage Rings (DSR). It will be 
installed downstream from the 
SRC and an RI beam separator, 
Big-RIPS. 

The ACR functions for 
accumulation and cooling of RI 
(HI) beams, and is also used for 
atomic and molecular physics 
experiments with a cooler electron 
beam. The BSR works solely for 
the acceleration of RI (HI) and 
electron beams. The DSR permits 
various types of unique colliding 
experiments:    RI    (HI)    -    HI 
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merging or head-on collisions; collisions between 
electron and RI (HI) beams; and collisions of RI (HI) 
beams with a high brilliant X-ray emitted from an 
undulator which is inserted in one ring of the DSR. 

3.1 Production of RI Beams 

The SRC's HI beams irradiate a production target and 
are converted to RI beams through the projectile 
fragmentation. RI beams generated are the mixture of 
various RI's; and therefore, they will be purified by 
means of momentum and charge-state selection at 
Big-RIPS. 

Production rates of RI beams were theo-retically 
estimated with the computer code INTENSITY [8]. 
In the code, physical nature of projectile 
fragmentation process is empir-ically treated. Kind of 
primary beam and thickness of the Be production 
target were optimized so as to obtain the maximum 
production rate. Figure 6 shows the result of 
estimation with the assumption that intensity of the 
primary HI beam is 1 p\iA, and that the acceptance of 
the Big-RIPS is 10 mrad in angle and 1 % in momentum. 

Typical RI-beam quality was also estimated: the 
momentum spread is ± 0.5 %; the phase width relative to 
RF frequency is ± 5 degrees; and the transverse emittance 
is 4.5 71 mmmrad in both horizontal and vertical 
directions. This beam is transported from the production 
target point to the injection point of the ACR along the 
length of 70 m. At the end point of transport line, a 

Multi-turn Injection 

A/HI 

one bunch 
from BigRIPS 

A/MTI 

rf Stacking + Cooling 

A/RI 

30 msec    Tcoo/ 

Fig. 7 Time chart of multi-turn injection (top) and rf- 
stacking plus cooling (bottom) in the ACR. In the figure 
nbunch denotes the number of RI ions in one bunch 

coming from the Big-RIPS per t^(=l/38MHz- 

l/18MHz), Njn: the number of injected turns (=~40), and 
nACR harmonics of the ACR (=30). 

Fig. 6 Production rate of RI-beams per 1 p|iA primary beam. 

debuncher system with a voltage of 8 MV and harmonics 
number of 6 will be installed to reduce the momentum 
spread to ±0.1 %. 

3.2 Accumulation and Cooling ofRI beams in ACR 

Figures 7 and 8 show the time chart for the accumu-lation 
process of RI beams in the ACR. RI-beam bunches 
coming from the Big-RIPS are injected into the ACR by 
means of the multi-turn injection. Then the rf-stacking 
associated with the beam cooling is per-formed. 
Momentum cooling continuously works during the rf- 
stacking. This process is repeated at intervals of the rf- 
stacking time of 30 ms plus the cooling time lcooi 

depending on the RI-beam property. 
Simulation study for both of the electron cooling 

and the stochastic cooling of RI beams was done [9]. As a 
result, it turned out that the Jtochastic cooling is much 
faster than the electron cooling. An electron cooler with 
length of 3 m and current density of 0.5 A/cm2 gives, for 

example, the cooling time of 380 s for 6He and 0.42 s for 
232U, whereas a stochastic cooling system composed of a 
10 kW feed-back amplifier with a band width of 2 GHz 
gives 0.20 s and 5.0 ms, respectively. This is due to the 
property of the RI beam: the intensity is rather weak; and 
both of the momentum and emittance spreads are large. 

The RI beam accumulated in the ACR decays with 
its own intrinsic life time Tj,ye. The number Niotai of the 

RI ions stored in the ACR after the period of X;,ye is 

determined by the balance of the supply rate and the decay 
rate as shown in Fig. 8. The space charge limit was also 
considered in the estimation of the maximum number of 
RI ions stored in the ACR. This limit, however, becomes 
effective only for RI ions neighboring on the stability 
line with high production rate. 
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The accumulated RI beams in the ACR will be fast 
extracted and one-turn injected into the BSR (see Fig. 8.) 

3.3 BSR 

In the BSR, RI (HI) beams will be accelerated to the 
energy required for the experiment within 0.3 s, and then 
will be one-turn injected into the one ring of the DSR 
(see Fig. 8.) The maximum energies are: e.g., 1 
GeV/nucleon for 238JJ92+> 1.5 GeV/nucleon for ions of 
charge-to-mass ratio (q/A) of 1/2 and 3.5 GeV for protons 
[10]. The slow-extraction channel will also be prepared. 

Electrons are accelerated up to 300 MeV by an 
electron linac and then injected to the BSR. The BSR 
boosts the electron energy up to 2.5 GeV at the 
maximum and supply them to the one ring of the DSR. 
The expected beam current in the DSR is about 500 mA. 
In order to make a synchronous collision of electrons and 
RI (HI) ions, the bunch number of electrons are varied 
from 30 to 45 according to the ion beam energy from 300 
MeV/nucleon to 3.5 GeV/ nucleon. The numbers of 

electrons in a bunch are then 9xl010 and 6xl010, 
respectively. 

3.4 DSR 

The DSR consists of vertically-stacked two rings of the 
similar specification. Each lattice structure takes the form 
of a racetrack to accommodate two long straight sections. 
These straight sections of one ring vertically intersect 
those of the other ring at two colliding points: one point 
is used for the collision between an RI beam and an 
electron beam at a collision angle of 20 mrad and the 
other for the merging of RI (HI) beams at a merging angle 
of 170 mrad. RF cavities and beam injection devices are 
placed at these long straight sections. Two short straight 
sections will be used for electron coolers to suppress the 
beam instabilities and to make a short-bunch ion beams 
[11]. 

The ring circumference is 269.6 m, which is 48/6 
times the extraction circumference of the SRC, 33.7 m. 
It means that the harmonic number of the DSR is 48 
while that of the SRC is 6. The maximum ßp-value 
becomes 14.6 Tm when a dipole field strength is 1.5 T at 
the maximum. Accordingly the maximum energy is 1.0 
GeV/nucleon for U92+ ions, 1.5 GeV/nucleon for light 
ions of q/A=l/2, and 3.5 GeV for protons [12]. 

One of typical experiments conducted at the DSR is 
the collision of an RI beam with an electron beam to 
precisely measure charge-density distribution of unstable 
nuclei [13]. In the experiment, one ring of the DSR will 
be filled with a high-current electron beam of nearly 500 
mA with the energy of up to 2.5 GeV. The lattice of this 
electron ring is designed so that the emittance of electron 
beam is 10"6 n m-rad from the point of view of the 
luminosity and beam-beam effect. The parameters of the 
ion ring are different from those of the electron ring 
because of the difference between lattices of the colliding 

section in two rings. Another usage of an electron beam 
is to generate high brilliant X-ray by an undulator inserted 
in the electron ring [14]. This X-ray will shine Li-like RI 
ions circulating in the other ring. By detecting 
fluorescence emission from the ions, new spectroscopy of 
unstable nuclei will be possible. For this purpose the 
electron-beam emittance is required to be as small as 10"° 
n mrad. This is achieved by forming the Double Bend 
Achromat (DBA) system in the arc. 

4 CONSTRUCTION SCHEDULE 

In the present schedule, the IRC, the SRC, the Big- 
RIPS and the experimental installation will be completed 
in 2002. The construction of the MUSES is planned to 
start in 2003 and to be fully finished in 2009. 
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STATUS OF THE IUCF COOLER INJECTOR SYNCHROTRON 

D.L. Friesel and S.Y. Lee, Indiana University Cyclotron Facility 
2401 Milo B. Sampson Lane, Bloomington, IN 47408 

Abstract 

Construction of a 2.24 T-m, rapid-cycling booster syn- 
chrotron is nearing completion at IUCF. Designed to ac- 
celerate protons to 220 MeV, it will replace the k200 
isochronous cyclotron as an injector of polarized light ion 
beams (p, d) into the Indiana Cooler. CIS (Cooler Injector 
Synchrotron) will fill the Cooler to about 10u protons in a 
few seconds for research. At 30 months into the construc- 
tion program, all major ring elements are fabricated, as- 
sembled, installed and in some cases, commissioned. Ring 
strip injection and accumulation studies began in March, 
1997, ramping studies will start in June, 1997 and Cooler 
injection studies are planned for late 1997. The status of the 
construction project and initial beam injection and commis- 
sioning results are presented. 

1   INTRODUCTION 

At the 1995 U.S. PAC, IUCF announced the funding 
($2.0M NSF, $1.5M Indiana Univ, 8/94) of and presented 
major system design and performance goals for a 2.24 T- 
m booster synchrotron [1, 2, 3, 4, 5] to replace the k200 
cyclotron as an injector of polarized ions (p,d) into the In- 
diana 3.6 T-m electron cooled storage ring [6]. The new 
injector complex, shown in Fig. 1, 

Figure 1: The CIS synchrotron and injection system, 

consists of a pulsed, polarized negative ion source (1 mA 

peak) and 25 keV LEBT, a 7 MeV H~ linac pre-injector, 
a 9 m long injection beam line, and a rapid cycling (1-5 
Hz) 220 MeV proton synchrotron. The lattice chosen for 
this ring operates below transition, relies on dipole edge 
angle focusing, and has small dispersion (1.7m) and mo- 
mentum compaction values (0.62). The small ring circum- 
ference (17.37m) presented several accelerator component 
design challenges. The laminated main dipole magnets 
(1.27 m radius, 90° bend and 1.7 T maximum field) and 
the fast extraction kicker and pulse forming network (17 
mrad bend, lm insertion length and 50 nsec risetime) were 
two such challenges. Several contributions to this confer- 
ence [7, 8, 9, 10, 11, 12, 13] report on these and other CIS 
accelerator systems completed during the last 24 months. 
IUCF accelerator operations for research were suspended 
on November 27, 1996 to install the Linac and assemble 
the CIS ring. Injection and accumulation of 1010 protons 
in the ring was first demonstrated on March 26, 1997. The 
status of the project, including the initial beam strip injec- 
tion and accumulation results, is summarized below. 

2   RING ASSEMBLY 

As the shutdown began, the main dipole and smaller ring 
magnetic elements were fabricated, field mapping was 
nearing completion, the Linac pre-injector was undergo- 
ing final testing at the factory, and the accelerator vaults 
and utilities were ready for ring assembly. An unpolarized 
H~ ion source and 25 keV LEBT was built and the ring 
injection beam line was assembled and awaiting both the 
delivery of the Linac and assembly of the ring. The unpo- 
larized source was built from in-house spare parts so that 
Linac and CIS ring beam development could proceed in 
parallel with construction of a polarized H~, d~ source to 
replace it. For the studies reported here, it routinely de- 
livered 0.4 mA (peak), 25 keV H~ beams, pulsed (50-300 
us) at 1-5 Hz with an emittance (<0.57r mm-mrad norm.) 
and convergence (125 mrad Hz & Vt) well matched to the 
specified RFQ input requirements. 

The Linac was delivered in Dec. '96 and evening beam 
commissioning studies began in Jan. '97 and continued in 
parallel with daily ring assembly work throughout the 4 
month long shutdown. The ring was assembled in its fi- 
nal design configuration except that the extraction kicker 
and 12° vertical Lambertson magnets were not installed. 
Their allocated space was used for temporary diagnostic 
elements (multi-wire HARP, beam stops & emittance scan- 
ners) to facilitate the strip injection and accumulation stud- 
ies. The 4000A ramping main dipole magnet power sup- 
ply, obtained surplus from FNAL, was completed and ini- 
tial ramping tests were conducted using the main dipoles. 
The ferrite tuned rf accelerator cavity was also installed in 
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the ring. The ring vacuum system, including welded SS 
dipole vacuum chambers (1mm wall, 5 cm by 10 cm el- 
liptical cross section) incorporating eddy current sextupole 
correction coils, was completed and evacuated to an av- 
erage pressure of <0.3 /zTorr on March 20, 1997. All ring 
magnets except the 4 trim quads and the 2 injection bumper 
magnets were powered and operable via the CIS VISTA 
control system. 

3    RING BEAM DEVELOPMENT RESULTS 

Commissioning of the Linac, a commercial 425 MHZ, 3 
MeV H~ RFQ coupled directly to a 4 MeV H~ DTL, is 
reported elsewhere in these proceedings [8]. Briefly, Linac 
beam transmission (80%), and the 7 MeV H~ beam hor- 
izontal emittance (en < 1.07r) and focussing properties 
meet the manufacturers guaranteed performance. The in- 
jection beam line matches this beam to the optics require- 
ments (MAD) at the first ring dipole entrance. Fabricated 
largely from surplus equipment, it begins with a strong 
(17 T/m) quad triplet that produces a 6 mm dia. waist at the 
gap of a 425 MHZ debuncher located 2.5m down stream of 
the Linac. For these tests, the unfinished debuncher was 
replaced with a multi-wire HARP [12] to measure Linac 
transmission and beam profiles. A 6 mm FWHM diam- 
eter double waist was achieved here using the calculated 
(TR3D) quad triplet run values, verifying the factory Linac 
optics predictions. Transmission through the remainder of 
the 9m beam line to the injection stripper foil is also > 80% 
using the predicted setup. Of the 400 uA (peak), 25 keV 
H~ source beam, 320 uA and 250 uA at 7 MeV are trans- 
mitted to the HARP following the triplet, and to the stripper 
foil at injection, respectively. The setup and performance 
reproducibility of the source, Linac, and beam line is ex- 
cellent. 

Protons are injected into the ring via stripping the 7 MeV 
H~beam on a 6.5 mm wide by 25 mm tall 4.5^gm/cm2 

Carbon foil strip fabricated at IUCF. Two bumper magnets 
located in adjacent straight sections displace the ring equi- 
librium orbit 20 mm onto the foil during injection. The 
multi-position foil ladder can be moved transversely to the 
ring equilibrium orbit to optimize injection. The foil strip 
improves beam life time and fill rate by increasing the prob- 
ability that accumulated beam will pass on either side via 
betatron motion. The calculated foil hit/miss ratio for this 
configuration is 0.5. 

3.1    Ring Strip Injection Performance 

Proton beam injection and accumulation were demon- 
strated at both 3 MeV (RFQ only) and 7 MeV (RFQ + 
DTL). The action of the missing bumpers was simulated 
using the ring dipole trims to produce the local orbit bump 
that displaces the equilibrium orbit onto the carbon foil 
strip. Injected and accumulated beam is observed on ring 
dipole entrance and exit BPM's, a Wall Gap Monitor and 
a multi-wire HARP. The HARP, located between dipoles 1 
and 2, is used to view 1st turn injected beam and to close 

the circulating beam orbit through the first 10 turns or so. A 
beam stop just behind the HARP measures the strip injec- 
tion efficiency. Orbit centering and accumulation are op- 
timized using the BPM's and WGM with the HARP and 
stop removed. 7 MeV proton injection and accumulation 
profiles, measured with the dipole 2 exit BPM (BPM4), are 
shown in Fig. 2. 
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Figure 2: BPM and WGM FET Accumulation Profiles 

For these measurements, ring vertical steerer 3 was ad- 
justed from its optimum stored beam value to full output 
current to prevent multi-turn accumulation to view only 
the injected beam pulse. The injection pulse length of 
220 /isec and the r/c time constant of the BPM amplifier 
input filter are clearly visible in the single- turn profile. 
The injected proton beam intensity measured on the stop 
was 250 fiA. The accumulated equilibrium intensity gain 
of 75 was reached in 100 /xsec. A maximum of 18 mA 
(8 x 1010protons) were accumulated. Stored beam intensity 
scales with source intensity, hence the accumulation limit 
is emittance growth rather than space charge dominated. 

A similar injection profile for 3 MeV H~~ beam injection 
is also shown in Fig. 2. The 3 MeV H~ beam is obtained 
by simply turning off the DTL cavity power. For this beam, 
an intensity gain of 20 was reached in 75/xsec, producing 
5 mA of stored protons. The irregular shape of the fill rate 
after the first 50 usec is likely due to poor centering or in- 
jection trajectory. 

7 MeV beam accumulation was independently observed 
by measuring the peak voltage induced across the 3.3 O 
impedance of a wall gap monitor with 200 volts of rf on the 
accelerator cavity. The WGM voltage is shown in Fig. 3 
along with a simultaneous BPM4 accumulation profile. 
The WGM 57 mV (peak-to-peak) corresponds to 8.5 mA of 
protons captured in the rf bucket. The rf capture is not adi- 
abatic, only about half the injected beam is captured in the 
rf bucket, so this measurement is consistent with the simul- 
taneous 17 mA BPM measurement shown. Note that beam 
capture in the rf bucket at 7 MeV begins only 150 usec af- 
ter injection start and is completed in about 250 usec. First 
attempts to capture the 3 MeV beam in an rf bucket were 
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Figure 3: 7 MeV BPM & WGM Accumulation Profiles 

not successful, probably because of the short lifetime at this 
energy. The measured intensity gain and fill rates agree rea- 
sonably well with predictions [5]. The 3 to 7 MeV intensity 
gain ratio (3.5) agrees with calculations, but the measured 
gains are about a factor of 2.5 smaller than calculated for 
H~ beams with 1.5% AT/T and 1.07ren on a 4/xg/cm2 Car- 
bon foil. The missing injection bumpers prevent storing the 
beam long enough to obtain accurate centering information 
from the ring BPM's and the missing 425 MHz beam line 
debuncher increases energy spread and reduces life time of 
the accumulated beam. Measurements at 7 MeV show both 
short (100 usec) and long (295 msec) 1/e lifetime compo- 
nents, indicating that some beam is displaced off the foil 
via betatron motion or foil and gas scattering induced en- 
ergy loss. The shorter life time is that expected for beam 
on the 4.5 ug/cm2 foil. 

Foil longevity has not been a problem. All development 
runs were made using the same foil, and without the injec- 
tion bumpers, the injected and accumulated beam remained 
on the foil continuously. In routine operation, the injected 
beam will be on the foil for < 200/isec/sec, a duty factor 
5000 times smaller than used for these tests. There is no 
visible sign of foil deterioration. 

3.2   Ring Lattice Parameters 

CIS ring Hz and Vt fractional tunes with no trim quad cur- 
rent were measured via the traditional knockout procedure 
to be 0.49 and 0.77 respectively, which are to be compared 
with calculated values of 0.491 and 0.783. The stored beam 
long lifetime component (295 msec) was maximized by 
adjusting the rf cavity frequency to 2.09683 MHz. For 
the CIS ring design circumference (17.364 m), this cor- 
responds to a proton beam energy of 6.987 MeV. The rf 
cavity frequency was varied about this optimum until beam 
was removed from the ring. The measured frequency width 
of the stored beam was ±15 kHz, corresponding to ±1.5% 
energy acceptance. 

4   RING COMPLETION SCHEDULE 

Work is continuing to install the injection bumpers and 
complete the ring ramping controls hardware and soft- 
ware. Main dipole power supply commissioning is pro- 
ceeding and fabrication of the 20 A, 200 V main dipole 
trim supplies is underway. Beam ramping development 
should begin in June with the unpolarized H~ beam, and 
will continue until the annual December IUCF accelerator 
shutdown. Fabrication and testing of the extraction kicker 
should be completed in time for ring installation then. The 
high energy beam line between CIS and the Cooler ring 
will also be assembled throughout this period. Unpolarized 
protons from CIS will initially be injected into the Cooler 
in January, 1998 following this shutdown. Cooler injection 
will use the existing the stripping path and ferrite kicker in 
corner 1. Because of the slow rise and fall times of this 
kicker, only 2 of the 5 Cooler buckets can be filled in this 
way. At the CIS design goal of 2.5 x 1010 protons/pulse, 
this should still give 5 x 1010 stored protons in the Cooler. 
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Abstract 

First acceleration test of a radioactive nuclear beam was 
performed in a radioactive beam facility at INS. The 19Ne 
beam was produced by bombarding a LiF target with 30 
MeV protons from an SF cyclotron, and ionized by a ECR 
ion source. We succeeded to accelerate the 19Ne2+ ions to 
0.72 MeV/u by heavy-ion linacs. The intensity delivered to 
a secondary target is not yet enough. Further improvements 
will be done to perform experiments using accelerated ra- 
dioactive nuclei. 

1   INTRODUCTION 

The construction of an ISOL-based radioactive nuclear 
beam facility at INS started in 1992 and completed in 1996. 
Radioactive nuclei, produced by bombarding a thick target 
with protons or light ions from an SF cyclotron, are ionized 
in an ion source, mass-analyzed by an isotope separator on 
line (ISOL), and transported to a heavy ion linac complex 
through a 60 m long beam line. The linac complex com- 
prises a 25.5 MHz split coaxial RFQ (SCRFQ) and a 51 
MHz interdigital-H (IH) linac, and accelerates heavy ions 
up to 1 MeV/u. Three beam lines including a recoil mass 
separator (RMS) were prepared for experiments. This fa- 
cility is a prototype for the exotic nuclei arena (E-arena) 
of the Japanese Hadron Facility (JHF), in which 3 GeV,10 
/xA protons is used as a primary beam, and a radioactive 
nuclei beam is accelerated up 6.5 MeV/u by an extension 
of the IH linac[l]. The main purpose of the prototype fa- 
cility is to study various technical problems for the E-arena 
in the JHF and to perform pioneering works with respect to 
nuclear astrophysics. In this paper, a result of first acceler- 
ation test of a radioactive nuclear beam is reported together 
with a summary of the outline and the present status of this 
facility. 

2    OUTLINE AND PRESENT STATUS OF 
RADIOACTIVE BEAM FACILITY 

2.1    Target and Ion Source 

Production target and ion source technology are crucial part 
of the ISOL based radioactive technology. High production 
efficiency of ions, short releasing time and stable operation 
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3-2-1 Midori-cho, Tanashi, Tokyo 188, Japan 

t Present Name of Institute : High Energy Accelerator Research Orga- 
nization, Tanashi Branch 

are required. Three different types of ion sources have been 
prepared to ionize various elements. 

The main part of a surface ionization type is a Ta tube. 
The inside of this tube is covered with a metal foil with 
high work function like Re or Ir. This type is effective 
for atoms with low ionization potentials like alkaline ele- 
ments. In a plasma type, neutral atoms are ionized by ther- 
mal electrons accelerated between a cathode and an anode. 
Since the forced electron bombardment is the main ioniza- 
tion process, atoms with high ionization potential can be 
also ionized by this ion source. A 6.4-GHz ECR type with 
mirror coils is used for the ionization of gaseous elements. 

A beam bunching technique is used in the ion sources, 
when the heavy ion linacs are operated at a pulse mode. 
The bunching is made by installing an auxiliary electrode 
just at the exit of the ion source, and applying alternative 
positive and negative voltages[2, 3]. This bunching method 
also enables a direct measurement of the ionization effi- 
ciency of the ion source[4]. 

2.2 Mass Separator 

The beam ionized by the ion source is selected by a mass 
separator (ISOL) [5]. The ion optical configuration of 
this separator is divided into two stage, QQDQQ(Fl) and 
QMDMQ(F2), where Q, D and M stand for the quadrupole, 
dipole and multipole magnets and F the focal point. The 
multipole magnets and surface coils in the dipole magnets 
can be used to eliminate higher order aberrations. The first 
magnetic quadrupole doublet is movable in the axial di- 
rection so as to fit for different types of the ion sources. 
Designed mass resolving powers (m/Am) are 9000 and 
800 for the beam emittances of 4 and 40 7rmm-mrad, re- 
spectively. The whole system is insulated from a ground 
potential so that a negative potential up to 100 kV can be 
applied. A full extraction voltage can be used in order to 
obtain a higher mass resolution. A mass resolving power 
of 5100 was achieved in the test using a stable beam. 

2.3 Low Energy Transport Line 

The ISOL and the heavy ion linacs are connected with a 
60 m long transport line[5]. The transport line consists of 
seven electrostatic deflectors and about 134 electrostatic 
quadrupole singlets. The electrodes of the quadrupoles 
have a bore diameter of 36 mm. The acceptance of 170 
7rmm-mrad is obtained when the phase advance per a focus- 
ing period is selected to be 77 degree. The beam line level 
changes from 1.2 m to 2.3 m to across the TARN II ring, 

0-7803-4376-X798/S10.00© 1998 IEEE 938 



and again to 1.2 m of the linacs level. The achieved vac- 
uum pressure is in the order of 10~7 torr, which is needed to 
suppress the beam loss due to the collision with the residual 
gases. 

2.4   RFQ 

A split coaxial RFQ (SCRFQ) has been developed to ac- 
celerate heavy ions with a small q/A at INS [6]. Design 
parameters of the SCRFQ are summarized in Table 1. The 
SCRFQ accelerates ions with a charge-mass ratio greater 
than 1/30 from 2 to 172 keV/u. The resonant frequency is 
chosen to be 25.5 MHz to accelerate the ions with q/A > 
1/60 considering future extension. The duty factor can 
be operated at 30% to accelerate ions with q/A=l/30 and 
100% with q/A > 1/16. The cavity with 0.9 m in diameter 
and 8.6 m in length comprises four unit cavities, and each 
of which is composed by three modules. The intervane 
voltage was obtained by measuring the endpoint energy of 
X-rays generated from the cavity. As a result, the reso- 
nance resistance (=V2/2P) was 24.55 ± 0.44 kfi. Beam 
tests were conducted using beams from a 2.45-GHz ECR 
ion source placed at the entrance of the RFQ. The beam 
transmission efficiency for nitrogen molecules (q/A=l/28) 
was 90% at a duty factor of 20%, which agrees with the 
design value. 

Table 1: Design parameters of the SCRFQ 
Frequency 25.5 MHz 
Charge-to-mass ratio > 1/30 
Energy 2 -> 172 KeV/u 
Input emittance 2917r mm-mrad 
Normalized emittance 0.6 7T mm-mrad 
Vane length 8.585 m 
Number of cells (radial matcher) 172(20) 
Max. Intervane voltage 108.6 kV 
Max. surface field 178.2 kV/cm 

(2.49 Kilpatrick) 
Mean aperture radius (ro) 0.9846 cm 
Minimum aperture radius (<xmin) 0.5388 cm 
Max. modulation index (mmox) 2.53 
Margin of bore radius {amin/abeam) 1.2 
Final synchronous phase -30° 
Focusing strength (B) 5.5 
Max. defocusing strength ( Ab) -0.17 
Transmission (0 mA input) 91.4% 
Transmission (5 mA input) 86.0 % 

2.5   Transport Line between RFQ and Drift Tube Linac 

A transport system between the RFQ and the drift tube 
linac comprises a charge stripper (C-foil), a rebuncher and 
two pairs of quadrupole doublets[7]. The charge stripper 
is used to increase the charge state of the ions with a small 
q/A. Beam test with the stripper will be soon performed. 
The rebuncher is a 25.5 MHz double coaxial quarter wave 

resonator with six gaps. The power consumption in the 
cavity is less than 1.5 kW also in a maximum operation. 

2.6   Drift Tube Linac 

The ions with q/A > 1/10 are accelerated from 172 keV/u 
to 1 MeV/u by a 51 MHz interdigital-H (IH) linac[8]. To 
obtain a high acceleration efficiency, TT-TT drift tubes with- 
out transverse focusing element were adopted. The linac 
has four separated tanks. The output energy can be contin- 
uously varied in the whole energy range from 172 keV/u 
to 1 MeV/u by adjusting rf power levels and rf phases. 
Three sets of quadrupole triplets are placed between tanks. 
The design parameters of the IH linac are listed in Table 
2 together with the results of low power measurements. 
The power consumptions were obtained from the effective 
shunt impedance measured by a bead-pull method. 

In the tests with beams (14N2+ and 20Ne2+) from the 
2.45-GHz ECR ion source, the transmission efficiencies 
achieved to 90~100%. The measured spreads of the output 
energies roughly agree with designed ones. A variability of 
the output energy was confirmed in a beam test. 

Table 2: Main parameters of the IH linac 
tankl tank2 tank3 tank4 

f(MHz) 51 51 51 51 
max. q/A 1/10 1/10 1/10 1/10 
T0Ut(MeV/u) 0.294 0.475 0.725 1.053 
Ltanfc(m) 0.68 0.90 1.16 1.53 
Dtanfc(m) 1.49 1.49 1.49 1.34 
Df,ore(cm) 2.0 2.4 2.8 3.2 
Dtube(cm) 3.8 4.4 4.6 5.2 
LSOp(cm) 2.9 3.7 4.5 5.3 
Cell No. 9 10 11 12 
»gap\K-V) 200 250 313 370 
unloaded-Q 10681 15387 16230 18490 
Ze//(Mft/m) 264 289 268 218 
P(kW) 10.5 15 25 39 

2.7   High Energy Transport and Recoil Mass Separator 

The optical arrangement of the high energy transport down- 
stream of the IH linac comprises QQDQDQQ to make an 
achromatic condition at a secondary target position. The 
magnetic rigidity of the system is the same as that of ions 
with q/A-l/l0 and 0.77 MeV/u. Three beam lines were 
prepared for experiments. One line has a recoil mass sep- 
arator (RMS) together with a low-background gamma ray 
detector system[9]. The RMS is designed for low-energy 
capture reaction study for nuclear astrophysics. It has a 
mass resolving power of about 60, and the energy spread 
acceptance of ±5%. The RMS comprises QQEDQQ opti- 
cal elements, where E is an electrostatic deflector. In recent 
test, a stable Ne beam (0.72 MeV/u) stripped by a Au thin 
foil placed at the secondary target position was delivered to 
a focal plane of the RMS. 
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3   FIRST ACCELERATION TEST OF 
RADIOACTIVE NUCLEI 

First acceleration test of 19Ne2+ (Ti/2=17.3 s) was con- 
ducted in the spring of 1997. The 19Ne beam was produced 
using 19F(p, n) reaction with 30 MeV-protons from the SF 
cyclotron. The used target materials were LiF+C in a pow- 
der form with a size of about 1 //m and heated up to 400°C 
The production rate in the target is estimated to be 2 x 109 

with 1 fiA, 30 MeV protons. The ECR ion source was in 
a pulse operation, 2.0 ms in width and 100 Hz in repetition 
rate, which were determined by the operation of the linac 
complex. The IH tank-1 through tank-3 were operated to 
accelerate 19Ne up to 0.72 MeV/u. The if amplitudes and 
phases of linacs were set to parameters determined by ac- 
celeration tests with stable beams. The 19Ne-transmission 
efficiency of the linac complex is estimated to over 80% 
from the contaminated beam current measured by Faraday 
cups. 

In order to measure the beam intensity, the 19Ne beam 
was stopped at plates or Faraday-cups placed on transport 
lines. The 511 keV 7-rays by ß+-decay were measured by 
Ge or Csl detectors. The full-energy detection efficiency 
of these detectors were calibrated by a standard source of 
22Na in advance. The efficiencies of the Ge and Csl de- 
tectors are 0.5~3x 10~3 and 0.3~1.4x 10-4, respectively. 
Figure 1 shows an example of the time spectrum of 19Ne2+ 

intensity measured by a Ge detector at the secondary target 
position. The intensity of 19Ne delivered here was not yet 
enough. The following improvements will be done after 
this test; 

• The production efficiency of 19Ne ions in the ECR ion 
source decreases at the primary beam intensity over 
several hundreds of nA. This seem to be due to unde- 
sirable out-gas generated from the target. The target 
temperature during irradiation of the high power beam 
must be also controlled at optimum one. 

• To produce the 19Ne beam, a LiF was used as a target 
material. A large amount of 19F ions (a mass differ- 
ence from 19Ne is about 1/5500) was also produced. 
It is difficult to separate this contaminant completely 
by the ISOL. Different target materials may be chosen 
to avoid it. 

• The transmission efficiency of the 60 m long transport 
line exceeded 70% in the test using a stable beam. But 
it was worse in this test. We need to search for the 
optical parameters to optimize the intensity of the ions 
of interest. Moreover, the beam from this line can not 
be well matched for the RFQ. More optical elements 
may be needed to match it. 

• The IH tanks have not been operated with a duty fac- 
tor higher than 20% under maximum powers. In final 
stage of the commissioning, a challenge of the higher 
duty operation will be conducted. 
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Figure 1: Time spectrum of 19Ne2+ intensity measured by 
a Ge detector at the secondary target position. The intensity 
of primary protons was 100 nA. 
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Abstract 

A new injector system for the RIKEN heavy-ion linac 
(RILAC) has been constructed, which consists of a 
variable-frequency RFQ and an 18-GHz ECR ion source. 
The RFQ, based on a folded-coaxial resonator with a 
movable shorting plate, accelerates ions with mass-to- 
charge ratios of 6 to 26 at up to 450 keV per charge in the 
cw mode by varying the resonant frequency from 17.7 to 
39.2 MHz. Beam tests of the RILAC and the ring 
cyclotron (RRC) were successfully performed with the 
new injector system. The beam intensity from the RRC 
as well as the transmission efficiency through the RILAC 
has been greatly improved. This paper describes the 
performance of the RFQ and the results of the acceleration 
tests. 

1  INTRODUCTION 

The RIKEN heavy-ion linac (RILAC) is rf frequency- 
tunable between 17 and 40 MHz, which accelerates 
various kinds of ions with mass-to-charge (m/q) ratios up 
to 28 in a wide energy range[l]. A 450 kV Cockcroft- 
Walton accelerator with an 8-GHz electron-cyclotron 
resonance ion source (ECRIS) has been used as the 
injector of the RILAC. 

(Beam line from the Cockcroft - Walton injector) 

DQ: quadrupole doublet 
TQ: quadropole triplet 
FC: Faraday cup 
SL: slit 
PM: profile monitor 
EM: emitlance monitor 
ATT: attenuator 
PP: Phase Probe 

New Injector 

Figure: 1 Schematic drawing of the new injector for the 
RILAC 

In order to increase beam intensities in the RILAC, a 
new injector has been constructed recently[2], which 
consists of an 18-GHz ECRIS [3] and a variable-frequency 
RFQ linac. This injector was installed in the RILAC 
beam line in August, 1996, as shown in Fig. 1, while 
keeping the beam line from the Cockcroft-Walton injector 

alive. In this paper we describe the results obtained from 
the acceleration tests which started at the end of October, 
1996 as well as the outline of the RFQ linac. 

2 FCRFQ LINAC 

The RFQ resonator is based on a folded-coaxial 
structured]. The distinct features of this folded-coaxial 
RFQ (FCRFQ) are that it can be operated in a low 
frequency region and the frequency range is quite large. 
The design parameters are listed in Table 1. 

Table: 1 Design Parameters of the FCRFQ  

Frequency 
Mass-to-charge ratio (m/q) 
Input energy 
Output energy 
Input emittance 
Vane length 
Intervane voltage 
Mean aperture radius (r0) 
Minimum aperture radius (amm) 
Maximum modulation (m) 
Focusing strength (B) 
Max. defocusing strength 
Final synchronous phase 

17.7 - 39.2 MHz 
6-26 

10keV/q 
450keV/q 

145 7i nmvmrad 
1420 mm 

33.6 kV 
7.70 mm 
4.17 mm 

2.70 
6.8 

-0.30 
-25° 

Figure 2 shows a schematic layout of the FCRFQ 
resonator whose details are given in the reference^]. The 
resonator is separable into upper and lower parts, as 
shown in the figure. All the vanes are rigidly fixed in the 
lower part. The upper part containing the stem and the 
movable shorting plate can be removed as a unit. This 
separable structure permits accurate alignment of the 
vanes and easy maintenance. The lower part of the tank 
wall is made of steel (SS400) whose inside is plated with 
copper to a thickness of 100 mm, while the other parts 
such as the vanes and the stem are made of oxygen-free 
copper (C1020). The vanes are three-dimensionally 
machined within the accuracy of ±50 um. They ate 
aligned within the same accuracy by taking the estimation 
of the misalignment effect on the beam transmission 
efficiency into account[6]. 

The channels for water cooling are arranged based on a 
heat analysis. Water for the horizontal vanes is supplied 
through the front and rear supports of the vanes. That for 
the vertical vanes and the rectangular tube is provided 
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through the inside of the upper stem. The total water flow 
is 155 //min at the pressure of 7 atm. The resonator is 
evacuated by two turbo-molecular pumps (1500 //s) on its 
both sides. The vacuum stays in a range of 5 - 8 x 10"8 

Torr at a pump head during the operation. 

Movable 

Shorting 

Plate 

Upper Stem Gap Distance 
60 - 850 mm 

UPPER PART 
/\ 
•&' 

LOWER PART 

Base Plate 

Lower Stem Ceramics 

Pillar 
Pick-up 

Monitor 
Vertical 

Vane 

Feeder 

Horizontal 

Vane 

Figure: 2 Schematic drawing of the RFQ resonator. The 
inner volume of the resonator is about 1700 mm (length) 
x 700 mm (width) x 1150 mm (height). 

The rf power is supplied through a capacitive feeder 
with an rf power source based on an Eimac 4CW50000E, 
which has a cw power of 40 kW at maximum between 
16.9 and 40 MHz. A capacitive tuner for the fine tuning 
is placed on the other side of the feeder. 

The resonant frequency varies from 17.7 to 36.2 MHz 
by changing the position of the shorting plate by a stroke 
of 790 mm, when the lower stem is out of the resonator. 
When the lower stem is used, the frequency varies from 
30.2 to 39.2 MHz. This result is in good agreement with 
the MAFIA calculation. On the other hand, the measured 
Q-values and the shunt impedances are about half of the 
MAFIA calculations. The power losses estimated from 
the measured shunt impedances are 6 kW at 17.7 MHz and 
26 kW at 39.2 MHz for the maximum intervane voltage 
of 33.6 kV in the cw operation. 

Conductor Tube     Vertical Vane      Copper-Tungsten Alloy 

.Welded 

A1203 
(KYOCERA 

A479) 

t—1 1 
0    5   l()cm (Cross Section) 

The key to the stable operations of this RFQ is the 
ceramics pillar, which stands the high rf voltage. Figure 3 
shows the structure of the pillar installed in the resonator. 
It consists of AI2O3, whose nominal loss tangent is 2 x 
10"4, welded with copper-tungsten alloy on its both sides. 
This welding is possible because both materials have 
similar values of the coefficient of the linear thermal 
expansion. Since there is no electric field concentration in 
the ceramic material, it is quite stable even in the 
operation of the maximum voltage. The power loss in 
one pillar is estimated to be 20 W at maximum. 

3  ACCELERATION  TEST 

3.1 Preliminary Test 

Prior to the installation in the RILAC beam line, we 
tested the new injector system alone by using Oxygen, 
Neon, Argon, Krypton, and Tantalum beams[6]. They are 
indicated by the closed circles in Fig. 4. The maximum 
transmission efficiency was 88 % with an Ar8+ beam of 
120 euA. 

m/q=28 24    20 

Figure: 3 Schematic drawing of the ceramics pillar. 

-1 1 1 r 
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Frequency (MHz) 
• RFQ 

Ions accelerated through   <£ RFQ + RILAC 
O RFQ + RILAC + RRC 

Figure: 4 Performance of the RFQ linac. The abscissa and 
the ordinate represent the resonant frequency and the 
intervane voltage, respectively. The output energy, which 
is proportional to the intervane voltage, is also indicated. 
The hatched area shows the region where the RFQ has 
ever been operated in the cw mode. The ions accelerated so 
far are indicated by the closed circles, the diamonds, and 
the open circles. The solid curves represent the 
acceleration condition of ions, each of which is indicated 
by the m/q-value. The dashed curve shows the maximum 
attainable voltage with the present power source (40 kW). 

The input beam emittance from the ion source was 
measured to be 150 - 300 n mm*mrad, which decreased as 
the extraction voltage and/or the charge states of the ions 
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increased. The output beam emittance was almost 
independent of the acceleration condition and was in 
agreement with the PARMTEQ simulation. 

The energy distribution of the output beam was 
measured with the electrostatic deflector placed 
downstream of the RFQ along with the scanning wire 
probe. The beam energy was deduced from the beam 
position measured with the probe, and the voltage applied 
to the deflector. The measured distributions were found to 
be well reproduced by the PARMTEQ simulation. The 
energy spread of the output beam was also measured with 
the same device. The result was 2-3% at FWHM and was 
consistent with the simulation. 

3.2 Test of the RILAC 

The beam matching section between the RFQ and the 
RILAC consists of two quadrupole doublets and one 
rebuncher operated in the fundamental harmonics, as 
shown in Fig. 1[7]. The rebuncher resonator is a quarter- 
wavelength type with four rf gaps, which is driven by a 1- 
kW wide-band amplifier. A capacitive phase probe, placed 
in the chamber before the RILAC, was shown to be 
important in adjusting the rf phase of the rebuncher. 

The ions accelerated so far through the RILAC with 
the new injector are N2'3+, 36Ar5+, Ar2>4'5+, Fe7+, 
Krll,18+i ^d xe7+ at the frequencies of 18.0, 18.8, 
22.3, 28.0, 28.1, 35.0, 36.0 MHz. They are indicated by 
the diamonds in Fig. 4. 

The transmission efficiency of the RILAC has 
increased to 70 %, while the original value for the beams 
from the Cockcroft-Walton injector was 30 %. In the 
beam tests, however, the transmission efficiency of the 
injector section did not reach the value obtained in the 
preliminary tests. This deterioration might come from the 
small aperture radius of the rebuncher. Therefore, about 
one half of the ions extracted from the 18-GHz ECRIS are 
accelerated by the RILAC at present. Nevertheless, this 
overall efficiency is three times larger than the original 
value of 15 %. The maximum beam intensity ever 
achieved by the RILAC with the new injector is 13 puA 
for a N3+ beam of 2.5 MeV/nucleon. 

3.3 Test of the ring cyclotron (RRC) 

In December, 1996, we started the acceleration tests of the 
ring cyclotron (RRC) with the upgraded RILAC. The ions 
accelerated so far are 36Ar5+, Fe7+, and Kr18+ at the 
frequencies of 18.8 and 28.1 MHz. They are indicated by 
the open circles in Fig. 4. 

In the first test using an 36^r5+ beam, we achieved 
the beam current of 1 pfiA out of the RRC for the first 
time, where 20 % of the beam extracted from the ion 
source was accelerated to the final energy of 7.5 
MeV/nucleon. 

Since highly charged ions are available with the 18- 
GHz ECRIS, charge strippers are unnecessary for the low- 
energy beams of medium-heavy ions. This is an advantage 
from the viewpoint of the beam intensity and the 
stability. However, the extraction voltage of the ECRIS 
becomes quite low for the highly charged ions, because 
the maximum voltage is 10 kV at present. For example, 
the extraction voltage was only 3 kV in the first test 
described above. This low voltage causes bad effects both 
on the intensity and the emittance of the extracted beams. 

We are planning, therefore, to raise the maximum 
extraction voltage of the 18-GHz ECRIS from 10 kV to 
20 kV in this summer. New vanes are under fabrication so 
that the RFQ can accept the upgraded beams. 

4 SUMMARY AND OUTLOOK 

We have installed the new injector for the RILAC, 
which consists of the 18-GHz ECRIS and the FCRFQ. 
The transmission efficiency of the RILAC has increased 
to 70 %. Moreover, we achieved the beam current of 1 
p|iA out of the RRC for the first time. 

Since the extraction voltage is too low for the highly 
charged ions, we are planning to raise the maximum 
extraction voltage of the ECRIS from 10 kV to 20 kV in 
this summer for further upgrade of the beam intensity. It 
is expected that this new injector will play an important 
role in the RI-beam factory project[8]. 
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1. INTRODUCTION 

With the completion of the antiproton physics program, 
the Low Energy Antiproton Ring is now available to be 
used as an accumulator ring for heavy ions in the LHC 
injector chain. The proposed scheme for the injection of 
lead ions [1] is shown in Fig. 1, where an intensity gain of 
125 is obtained by accumulating lead ions with electron 
cooling in the LEAR ring. With a linac cycling at 10 Hz 
and cooling times faster than 100 ms, 20 pulses can be 
accumulated in 2 s before transfer to the PS, the next 
machine in the chain. A number of machine experiments 
[2] have been performed, and will continue this year, in 
order to establish the techniques required. 

\4.2l*V/u\       25pAe=12xWions/|iS 

100(1*! 

"II HQ II 
■■j rep. rate 10H 

Stripper 

L=2xWcm-,.s1 
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about 500 lunches /ring 
10" ions/ bunch 
8nwi/ringfiingtime 
6 h hiiiiu&Ay ifetime 
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after slacking  

4 bunches 
3x10'kms/bwch^ 
every 16 s 

4x125 bunches. 
Ä32X4 
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\425GeV/u\ 
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KSbwches 
every-2 rrin PbB* 

4 bunches 
•*"*   every 16 s 

Figure 1. The lead-ion injection scheme for LHC. 

2. INJECTION LINE TESTS 

The lead ions follow a transfer line which includes a Il- 
ium linking the linac to the transfer tunnel to LEAR. 
Despite problems matching the beam, we always 
succeeded in injecting around 108 charges per single turn 
injection. 

For the multi-turn scheme, which combines injection 
into horizontal and longitudinal phase space [3], a 
number of tests have been made to determine whether 
the acceptance of the transfer channel is large enough to 
transmit a momentum width of 8xlO"3 and to make 
preliminary measurements on the energy ramping of the 
linac. In effect, with this type of injection the mean 
energy of the beam coming from the linac varies during 
the injection of the pulse. An energy change of 70 keV 
(corresponding to a momentum shift 5p/p = 8xlO"3) in a 
time At = 60 us will increase the number of 'useful' turns 

that can be injected and make full use of the faster 
longitudinal cooling. 

To test the momentum acceptance of the line, Pb53+ 

and Pb54* ions were simultaneously transmitted by 
adjusting the magnetic filter line after the stripper to a 
large momentum width. The two beams passed the whole 
line, and the beam spots on a scintillator screen in front of 
the septum were superimposed proving that the 
momentum acceptance of the line was greater than 
18xlO"3 and also that the residual dispersion of the line at 
the septum was small, as required by this type of 
injection. 

tine [us] 

Figure 2. Linac momentum and momentum spread (4rj) versus 
time for an energy ramped injected beam. 

Energy ramping was first tried out by ramping the ITF 
(Ion Transport Filter) debuncher phase. The maximum 
momentum change achieved was ±0.2% in 55 us. This 
was the fastest ramp which gave stable debuncher 
operation. By ramping the linac tank 3 RF amplitude 
synchronously with the debuncher, a momentum swing of 
±0.4% in 100 us was obtained, but a small blow-up of the 
momentum dispersion along with a low energy tail were 
observed (Fig. 2). These results were obtained by using 
the LEAR machine as a spectrometer through 
measurement of the longitudinal distribution by means of 
Schottky noise. 

machine:                1               4               7 
ß„ ssl/3 [m] 1.9 9.5 4.8 
ß, ssl/3 [m] 6.4 10.5 5 
D ssl/3 [m] 3.5 0 5 
P„ ss2/4 [m] 1.9 3.6 1.1 
ß, ss2/4 [m] 6.4 7.2 6.2 
D ss2/4 [m] 1.9 9.9 2 

Q„ 2.31 1.62 2.55 

O. 2.62 2.42 2.7 

Table 1.  Lattice functions for the LEAR machines 1,4, and 7 
that were used in the experiments. 
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3. MACHINE EXPERIMENTS 

Experiments to test the influence of various parameters 
such as the machine lattice functions (Table 1) or the 
electron beam intensity, on the beam lifetime and cooling 
down times have been performed with lead ions of charge 
states 52+ to 55+. These different charge states can be 
selected with sufficient intensity after stripping the beam 
from the linac at an energy of 4.2 MeV/u. 

Ion beam lifetime and vacuum measurements 

The beam lifetime T was measured by recording the ion 
intensity versus time. The intensity is deduced from the 
longitudinal Schottky signal where the total power in a 
frequency band around a harmonic of the revolution 
frequency was measured. The decay rate, 1/T = l/tvac 

+1/^ has contributions from the charge exchange from 
the residual gas, 1/Tvai. ,and from the presence of the 
electron cooling beam, 1/T^.. The former is constant while 
the latter varies with the electron intensity IB. By plotting 
1/T versus Ie, (Fig. 3) we can deduce the two contributions 
to the beam lifetime. 

The gas composition can be measured in each straight 
section of the machine by residual gas analysis and the 
expected vacuum lifetime can be computed. The vacuum 
lifetime varied between 10 and 20 s. The proportion of 
He and CH4 varied quite strongly between runs even 
though the average machine pressures did not. Local 
pressure bumps also play an important role in the lifetime 
of Pb ions, decreasing it by a factor 2 for example when 
beam is lost at injection, causing outgassing from the 
vacuum chamber. Our estimations of the vacuum lifetime 
agreed well with the theoretical value based on the 
formula found in [4], and no difference could be detected 
between the different charge states. 

In contrast a very strong dependence on the charge 
state was found for the lifetime due to the recombination 
processes with the cooling electrons. The rate coefficients 
a=l/xtJne!! [in 10'8 cm3 s"1], normalised to the effective 
electron density seen per turn ncff, were computed for each 
charge state from the slope of the curves in Fig. 3. Values 
of 60 were measured in all runs independent of machine 
settings for Pb53+ ions. For the other charge states values 
between 5 and 12 were observed with an apparent 
dependence on the machine lattice for Pb54*. These values 
have to be compared to coefficients of about 2.5 that are 
obtained from existing theory for radiative electron 
capture for all the charge states of interest. Attempts to 
explain these high rates have been made through resonant 
dielectronic capture [5] and could apply to Pb52+, Pb54+ and 
Pb55+. However the rate for Pb53+ indicates that an 
unusually strong capture resonance or other mechanisms 
are involved. 

To observe capture phenomena, a moveable 
scintillator screen has been installed in the first bending 
magnetic downstream from the cooling section. Here we 
can intercept the Pb<ql>+ ions that are created due to 

electron capture by the circulating Pbq+ ions. When placed 
in its expected position (25mm horizontally outward from 
the circulating beam) a strong counting rate was 
measured which was enhanced when Pb53+ ions were in 
the machine. More refined experiments also using an X- 
ray detector are under preparation. 
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Figure 3. Plot of the inverse lifetime as a function of electron 
current for all the charge states investigated. 

Cooling time measurements 

For the accumulation of lead ions using multi-turn 
injection, the phase space occupied by the in-coming 
beam has to be quickly reduced to leave space for a new 
pulse. To accumulate 20 linac pulses in 2 s, cooling down 
times in all three planes of less than 100 ms are required. 
The cooling time depends on various parameters, 
amongst them : the electron beam intensity, the cooling 
length and the relative angle between the circulating ions 
and the electron beam. Up to now our tests have focused 
on obtaining of stable high intensity electron beams and 
on the influence of the machine parameters on the cooling 
process. The lengthening of the cooling section is one of 
our modifications for this year's experiments. 

To measure such fast cooling times we have 
developed a system that measures simultaneously in all 
three planes the signal from the Schottky pick-ups and 
then reconstructs the Schottky power distribution profiles 
as a function of time. The down-mixed Schottky signals 
are acquired by a PC [6] which performs a FFT on time 
slices of the data buffer and then displays a mountain 
range graph of the evolution of the profile. In this manner 
we are able to monitor the beam size evolution tightly in 
the three planes, with a time resolution of about 4 ms. A 
second method to observe the transverse emittance is 
based on the ionisation profile monitor (BIPM). This uses 
position sensitive channel plates to detect the ionisation of 
the residual gas and hence the beam dimensions in the 
transverse planes. 

Two different techniques were used to measure the 
cooling  down  times.   The  first  method   consists   in 
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recording the beam size evolution for an injected beam, 
whilst the second analyses the decay of the betatron 
oscillation of a well-cooled beam deflected by a fast 
ejection kicker. Typical 2 rms emittance values for an 
injected beam are : Ap/p=lxl03, EV=7 n mm mrad and 
eh=50 7i mm mrad , and the equilibrium values with an 
electron beam current of 350 mA were Ap/p=0.15xl0"3, 
ev= gh=4 7t mm mrad. For the injected beam, cooling 
proceeds simultaneously in all three planes whereas with 
the kick method only the horizontal betatron oscillations 
can be tested for a beam that is already cooled in the 
longitudinal and vertical degrees of freedom. 

Cooling down times were measured as a function of 
various parameters including the electron beam current, 
the lattice parameters at the cooler and the degree of 
neutralisation of the electron beam [7]. Fig. 4 shows some 
measurements made on electron beam neutralisation, and 
in Fig. 5 are displayed the cooling down times as a 
function of the machine settings. 
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Figure 4. Horizontal cooling down time (40 TC mm mrad to 4 7t 
mm mrad) vs. kick amplitude for neutralised and non 
neutralised electron cooling beams (machine 4 optics). 

From the results we have found that there is no 
advantage in using a neutralised electron beam but that it 
is important to monitor the degree of neutralisation as, if 
unstable, it can be detrimental to the cooling process. 
Cooling times under 100 ms in all planes were measured 
for 4xl06 ions of Pb54*, but an unusual dependence on the 
lattice parameters has been observed which might 
indicate large transverse velocities at the edge of the 
electron beam. 

4. CONCLUSIONS AND FUTURE EXPERIMENTS 

The required fast cooling times have been obtained, but 
only at low ion intensity. A factor of more than 100 in 
intensity has to be gained by multi-turn injection and 
stacking, and at this high intensity, collective effects can 
become important. 

Charge exchange with the residual gas and 
recombination with cooling electrons severely limit the 
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Figure 5. Cooling rate (inverse of the time to go from 40 n to 4 
7t mm mrad horizontally) as a function of the electron current 
for 10 Pb    ions for different optical settings. 

This year LEAR will run from May to September in a 
dedicated machine experiment session. Fast bumpers 
have been installed to test fully the combined multi-turn 
injection scheme, and the instrumentation in the transfer 
line and in the machine has also been upgraded. To 
improve the vacuum quality, pumps have been added at 
various points around the machine where beam loss is 
most likely and additional non evaporable getter (NEG) 
pumps have been installed in the electron cooling section. 
To further enhance the cooling process, the cooling 
length has been doubled and the vacuum chamber has 
been made uniform to avoid problems with electron beam 
neutralisation. 
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Abstract 

REX-ISOLDE is an experiment at ISOLDE/CERN with a 
twofold aim: i) to demonstrate a novel efficient scheme for 
the acceleration of radioactive ions from the online mass 
separator ISOLDE, ii) to perform first nuclear physics ex- 
periments by studying the structure of neutron rich Na,Mg 
and K,Ca nuclei in the vicinity of the closed neutron shells 
N=20 and N=28 by Coulomb excitation and neutron trans- 
fer reactions. The radioactive ions are first accumulated in 
a Penning trap, then charge breeded to a charge to mass ra- 
tio of > 1/4.5 in an Electron Beam Ion Source (EBIS) and 
finally accelerated up to 2.2 MeV/u. The Linac consists 
of a Radio Frequency Quadrupole (RFQ) accelerator, an 
interdigital H-type-Structure (IH) and three seven-gap res- 
onators, which allow to vary the energy between 0.8 and 
2.2 MeV/u. This paper gives an overview of the different 
components of the accelerator. 

1   INTRODUCTION 

REX-ISOLDE (Radioactive Beam Experiment at 
ISOLDE) is a pilot experiment with energetic radioactive 
ions at the new ISOLDE (CERN) [1]. It makes full use 
of the low energetic 1+-beams delivered from the on-line 
mass separator ISOLDE. These ions will be accelerated 
on the basis of a radically new concept (see fig. 1) . By 
continuous injection into a Penning trap (REX-TRAP), the 
l+ions are accumulated for 20 ms and cooled by collisions 
with a buffer gas. Bunches of 10 /xs length with improved 
emittance are then transferred to the EBIS. The dense 
electron beam of the EBIS, focussed by a strong magnetic 
field of a solenoid strips the ions up to the stripping limit 
determined by the electron energy. After a breeding time 
of 20 ms a 100 /is long bunch is finally extracted. 

As the intensity of the radioactive ions is about orders 
of magnitudes smaller than the intensity of ions from the 

residual gas, a mass separator between the EBIS and the 
front end of the LINAC is required. The mass separator 
consists of an electrostatic 90° cylinder deflector and a 90° 
magnetic bender build up in a vertical S-shape. This sys- 
tem has been calculated to third order, providing a q/A- 
resolution of 1400. The seperator is described more pre- 
cisely in ref. [2, 3]. The following Linac allows to vary 
the ion- energy between 0.8 and 2.2 MeV/u. The ions are 
finally bend onto the target, which might be surrounded by 
an efficient Ge-detector array (MINIBALL). 

2   THE LINEAR ACCELERATOR 

2.1    The4-rod-RFQ 

The first acceleration stage of the REX-ISOLDE LINAC 
is a 4-rod-RFQ which is designed to accelerate radioactive 
ions with a charge-to-mass ratio larger than 1/4.5 from 5 
keV/u to 300 keV/u. The rf quadrupole field provides trans- 
verse focusing for the low energy ions while a modulation 
of the four rods performs a smooth bunching and accelera- 
tion of the injected 100 fis bunch. The 4-rod-RFQ is a well 
tested structure [4], which is already used in the GSI HLI- 
LINAC [5] and the Heidelberg high-current injector [6]. As 
the lay-out of the REX-ISOLDE-RFQ is very conservative 
the maximum voltage which can be obtained should even 
provide acceleration of ions with charge-to-mass ratios as 
small as 1/6.5. With a shunt impedance of 100 kfim the 
expected power consumption will be about 60 kW. 

Design calculations with PARMTEQ have been per- 
formed to minimize the divergence of the beam at the exit 
of the RFQ. It turned out that one can avoid a rapid increase 
of the radial beam size in the drift tube between the end of 
the rods and the first triplet of the matching section. Con- 
necting the RFQ to the IH-structure the matching section 
consists in total of two triplets and a rebuncher. 
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Lay-out  of  the   REX-ISOLDE  experiment 
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Figure 1: Schematic view of REX-ISOLDE. 

2.2   The IH-structure 

The IH-struture for REX-ISOLDE is a drift-tube structure 
which has been scaled from similar structures like the GSI 
HLI-IH-structure or 'tank 1' of the IH-structure of the lead 
LINAC at CERN [8,9]. The beam dynamics concept of the 
'Combined Zero Degree Structure' [9] was developed and 
applied for both IH-DTL's mentioned above and resulted in 
a very reliable beam operation. 

The IH-structure accelerates the ions from 0.3 MeV/u to 
an extraction energy between 1.1 and 1.2 MeV/u. Switch- 
ing between the two values of the exit energy of the IH- 
structure can be achieved by adjusting the gap voltage dis- 
tribution via capacitive plungers. 

The electric field distributions of the drift tube struc- 
ture have been studied by MAFIA calculations. The re- 
quired undercut length of the magnetic flux inductors for a 
flat gap voltage distribution, has been investigated as well. 
The design distribution and the calculated one fits very 
well for the different final energies. The lower final en- 
ergy of the IH-structure is important for deceleration of the 
ions down to 0.8 MeV/u: a deceleration from 1.2 MeV/u 
down to 0.8 MeV/u by the 7-gap resonators would lead 
to a non-acceptable phase spread of the ions at the target. 
The accepted phase/energy spread of the IH-structure are 
±10°/±2.8% respectively. Assuming a shunt impedance 
of 300 Mf2/m, the total peak power consumption will be 
36 kW. 

2.3   The seven-gap resonators 

The last section of the accelerator consists of three 7-gap 
resonators similar to those built for the new high current 
injector at Heidelberg [10], but operating at a slightly dif- 
ferent eigenfrequency. Each resonator has a single reso- 
nance structure (see fig. 2), which consists of a copper half 
shell and three arms attached to both sides. Each arm con- 
sists of two hollow profiles, surrounding the drift tubes and 
carrying the cooling water. Driven in push pull mode, con- 
secutive drift tubes have opposite potential. 

Figure 2: Transparent drawing of a 7-gap resonator. 

The development and construction of the three 7-gap- 
resonators which will allow to vary the energies of the 
REX-ISOLDE beams between 0.8 and 2.2 MeV/u has been 
started.   Assuming a realistic resonator voltage for each 
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resonator of approximately 1.75 MV at 90 kW incoupled 
power [11], the design velocities were fixed to 5.4%, 6.0% 
and 6.6% of the velocity of light. Three downscaled models 
(1:2.5) were built in order to optimize the shuntimpedance 
and the field-distribution at the operation frequency of the 
amplifiers of 101.28 MHz required by CERN standards. 
The optimization of the 6.0% low power resonator is al- 
ready finished. 

For the down scaled mmodel we have measured a 
shuntimpedance of 95 Mfi/m and a Q-value of 3350. 
Therefore a resonator voltage of about 1.8 MV for the 
power type resonator can be expected. Table 1 compiles 
the parameters of the 6.0% power type resonator as 
expected from the down scaled model. 

Parameter 
f [MHz] 
Q-value 
Z [Mfi/m] 
N[KW] 
Uo [MV] 

6.0% power type resonator 
101.28 

5300 
58 
90 

1.78 

Table 1: Parameters for the 6.0%-power-resonator, extrap- 
olated from the down scaled model. f=frequency, Z=shunt 
impedance, N=power consumption, f7o=resonator voltage. 

The development of the resonators was accompanied by 
extensive MAFIA calculations. The six arms with drift 
tubes correspond to six coupled oscillators and produce 
closely spaced modes. To investigate these modes refer- 
ring to eigenfrequency and voltage distribution in the gaps 
MAFIA is a very powerful simulation code. It could be 
demonstrated that spiral-resonators like 7-gap resonators 
can be simulated to better than 1% in comparison with ex- 
perimental results (compare fig. 3). 

90 180 
z    [mm] 

270 

Figure 3: Comparison between the optimized distribution 
of the electric field in the down scaled 7-gap resonator for 
ß = 6% calculated with MAFIA (solid line) and measured 
(asterisk). 

Extensive beam dynamic calculations were made to 
optimize the transmission of the beam up to the target. 
It turns out that for final energies between 0.85 and 2.2 

MeV/u nearly 100% transmission can be realized. The 
acceptance in the x-plane is 1.2 7rmm mrad (norm.) and 
in the y-plane 3.0 7rmm mrad (norm.). The bunchlength 
of the fully accelerated beam (2.2 MeV/u) is 2.4 ns at 
the target, it can be further improved if necessary by a 
rebuncher before the target. 

3   STATUS 

The extension of the ISOLDE experimental hall, starting in 
January 1996 is finished. The superconducting solenoid for 
the REX-Trap is delivered and installed at the high voltage 
platform. The first retardation system is under construc- 
tion, all mechanical parts including the magnet chamber 
are in fabrication. The solenoid for the EBIS, a 2 Tesla sys- 
tem, has been ordered and new injection simulations of the 
injection scheme were performed. 

RFQ- and IH-tanks are ordered, for the IH-structure a 
scaled down model for the parameter optimization is under 
construction in the mechanical workshop. All three scaled 
down models of the 7 gap resonators are built and presently 
optimized by bead perturbation measurements. The full 
scale tanks are under construction. 

The development and construction of all components are 
expected to keep the time schedule, which foresees the first 
accelerated beams available in 1999. 

This work is funded in part by the German Federal 
Ministery for Education, Science, Research and Technol- 
ogy (BMBF) under contract No. 06HD802I and No. 
06LM868I(2). 
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DEVELOPMENT OF HILBILAC FOR INITIAL PART 
OF ADTT ACCELERATOR 

G.Batskikh, V.Pirozhenko, Moscow Radiotechnical Institute 
A.Favale, T.Myers, Northrop Grumman Corporation 

Abstract 

High-Intensity Low-Beta Ion Linear Accelerator 
(HILBILAC) is developed for application in initial part of 
CW proton accelerator for the transmutation. The 
accelerator uses high-efficiency compact accelerating 
resonator located inside a superconducting focusing 
solenoid. The results of calculations of the accelerator 
section with 3 MeV energy and 250 mA beam current are 
presented along with some results of experimental study. 
The accelerator offers good capture of injected beam to 
the acceleration, very low radio-frequency power loss (10 
times lesser than known RFQ accelerator), and low peak 
electrical field in the resonator (2-3 times lesser than 
RFQ). HILBILAC Pulse Prototype with 1.9 MeV energy 
and 250 mA pulse current has been designed, the systems 
of the accelerator are mounted and adjusted. 

1. INTRODUCTION 

The accelerator under development is intended for 
application in an initial part of CW proton accelerator for 
the transmutation [1,2]. It can be used also for material 
study and materials treatment [5] as well as for Boron 
Neutron Capture Therapy [4]. 

According to the concepts for ADTT accelerator 
architecture, basic parameters of the initial part are the 
following: beam current - from 100 to 250 mA, operating 
frequency - 350 MHz or higher, particles energy - 20 
MeV, it may be obtained by a few sections. Major 
problems are focused on the first 3-MeV section, rest 
sections may be similar[6]. 

HILBILAC meets theese requirements well. Its scheme 
contains compact accelerating resonator located inside a 
bore of superconducting focusing solenoid [3]. 

2. PARAMETERS OF HILBILAC SECTIONS 

At present, experience in HILBILAC designing is based 
on the mathematic simulation of beam dynamics and 
resonator electrodynamics [6], the experimental 
investigation of proof-of-principle accelerator providing 
400 mA proton beam current [7], and physical modeling 
with electron beam providing 5.6 A beam current (scaling 
to proton beam at 200 MHz) [7]. 

HILBILAC is capable to accelerate a 250 mA ion 
beam at frequences of 350 and 700 MHz starting from 
100-150 keV injection energy. Separation of accelerating 
and focusing functions offers a possibility to optimize 

*Work supported by Northrop Grumman Corporation 

beam dynamics for obtaining of near to 100% capture 
efficiency, small diameter and emittance of the beam. 
Besides, radio-frequency (RF) accelerating structures with 
high efficiency can be used in the HILBILAC. 

In Table 1, calculated parameters of two versions of 
CW accelerator having 350 and 700 MHz are presented. 
The 700-MHz version provides filling all RF buckets in 
the high-energy linac, thus minimizing the charge per 
bunch and beam losses. 

Table 1. HILBILAC sections parameters 

Section CW CW HPP 
vers. 1 vers. 2 

Frequency (MHz) 350 700 350 
Beam current (mA) 250 250 250 
Output energy (MeV) 3 3 1.9 
Injection energy (MeV) 0.1 0.15 0.1 
Accelerator length (m) 3 2.8 1.7 
Magnetic field (T) 7 7 7 
Beam diameter (mm) 3 3 3 
RF power supply (kW) 770 750 475 

Since designing of high-intensity CW accelerator 
poses a few problems, the HILBILAC Pulse Prototype 
(HPP) has been designed and now is mounted at MRTI. 
Its parameters also are presented in Table 1. 

3. BEAM DYNAMICS 

Beam matching between ion injector and accelerating 
resonator is a problem because injector-resonator distance 
is large in order to reduse edge magnetic field of 
superconducting solenoid in the ion source. In the HPP, 
beam transport channel with two lenses is used. 
Distribution of the magnetic field is shown on fig. 1 along 
with variation of beam radius. In the resonator, the beam 
has 0.15 cm radius and 0.014 cm rms deviation of radius. 

B(T) R(cm) 

"jff     20    25    et)    ifc    lbo   ika   i!w   ibo   IU  dho   220 
2  (CM) 

Fig. 1. Magnetic field B and beam radius R in HPP 

0-7803-4376-X/98 /$10.00 © 1998 IEEE 950 



To achieve good beam matching and high capture 
efficiency, adiabatic RF bunching of the beam in rising 
field is used. Within initial part, the equilibrium phase 
decreases gradually while accelerating field increases (fig. 
2). Major acceleration is made within last part of the 
accelerator, with acceleration rate of 2.6 MeV/m. 

Em,MV/m 

0 30 60 90 120     Z,m 

Fig. 2. Accelerating field and equilibrium phase in HPP 

On fig. 3 is shown energy spectrum of accelerated 
beam. Almost all particles lie within 1.8-2 MeV energy 
range except about 2% that are unaccelerated. 

~C'2    07+    tf."6    fl'.8    l'.O    1.2    1.1 
ENERGY (HEY) 

i'.a   lie  2.o  2 2 

4. HILBILAC PULSE PROTOTYPE DESIGN 

The ion injector (fig.4, ref.l) uses ion source 
duoplasmatron type. The transport channel (ref.2) includes 
two magnetic lenses. Owing to use of magnetic screens 
and compensating coil, edge magnetic field of the 
focusing solenoid in the source is under 0.001 T. 

The cryostat (ref. 3) includes vacuum envelope, helium 
vessel for superconducting solenoid and two thermal 
shields. The superconducting solenoid (ref. 5) has 4.2 K 
temperature and uses NbTi cables. Magnetic field of 7.9 T 
was obtained on the tests of the solenoid. 

The accelerating resonator (ref. 4) is placed in "warm" 
cryostat bore. Two coaxial feeders (ref. 6) are used to 
supply RF power from two output RF amplifiers based on 
GI-51A vacuum tubes each providing 300 kW pulse RF 
power. 

The beam diagnostic system includes beam profile 
meter, foil transducer for energy spectrum measurement 
(ref. 7) and beam emittance meter (ref. 8). 

At present, all systems of the HPP have been designed, 
the systems are manufactured and mounted. 

5. ACCELERATING RESONATOR 

The resonator has longitudinal RF magnetic field (H- 
resonator). It consists of cavity, two vanes, a number of 
drift tubes alternatively connected to the vanes thus 
forming accelerating gaps (fig. 5). The cavity has 
hexagonal cross-section with width gradually rising along 
the resonator. The ends of the vanes are braced to obtain 
required field distribution. Every drift tube is a thin ring. 
The stems are of conic shape providing good removal of 
heat from the drift tubes to the vanes. 

Fig. 3. Energy spectrum of accelerated beam in HPP 

Fig. 4. HILBILAC Pulse Prototype design 

951 



Fig. 5. HILBILAC Pulse Prototype resonator design 

The resonator parameters were calculated using 2D 
REAL and GNOM codes based on the mesh technique. 
The parameters were checked with RF modeling. In 
particular, full-scale RF model of HPP resonator was 
manufactured and tested, field distribution shown on fig. 2 
was obtained. 

Effective shunt impedance of the resonator vs relative 
velocity of particles is given on fig. 6. The dots indicate 
values measured with RF models at 200-300 MHz and 
scaled to 350 MHz. Measured values are 65-75% of 
calculated values. The shunt impedance of the structure is 
very high. 

1000 

300 

Zef, MOm/m 

100 

0 0.02        0.04        0.06        0.08       ß 
Fig. 6. Measured shunt impedance of the resonator 

Table 2. Parameters of the accelerating resonators 

Section CW HPP 
Frequency (MHz) 350 350 
Length (m) 2.83 1.43 
Number of gaps 215 141 
Cavity width (mm) 100-210 92-200 
Accelerating field (MV/m) 0.26-2.4 0.26-3 
Pick surface field (MV/m) 11 14.7 
RF power loss (kW) 42 23 
Efficiency 95% 95% 

Design of the resonator is well suitable for the 
technique developed in GRUMMAN and used for BEAR 
and CWDD [8]. For CW accelerator, the cavity and vanes 
may be manufactured from TeCu alloy combining high 
conductivity with good mechanical properties, and 
electroformed with pure Cu. The design offers good 
thermal characteristics: local power dissipation does not 
exceed 10 W/cm2 and overheating of elements does not 
exceed 10 °. 

6. CONCLUSION 

A comparison of HILBILAC and well-known RFQ 
accelerator in indicated range of parameters shows the 
following. HILBILAC offers much more limit current of 
ion beam providing acceleration of 250-mA beam at any 
frequency without beam funneling. RF power loss in 
HILBILAC is about 10 times lesser, that gives an 
economy in RF power and makes more simple the solution 
of heat removal problem. Peak surface field in HILBILAC 
is 2-3 times lesser, that ensures more reliable operation. 
Pay for theese merits is necessity to use the 
superconducting solenoid. 
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Abstract 
Two accelerator configurations, the linac/compressor 

ring scheme and the linac/RCS scheme, are commonly 
used to provide the proton beam power for a short-pulse 
spallation neutron source. In one configuration, a full- 
power linac provides the beam power and a compressor 
ring shortens the pulse length from 1-ms down to 1 us. In 
the other, rapid cycling synchrotrons (RCSs) provide the 
beam power and also shorten the pulse length. A 
feasibility study of a staged approach to a 5-MW proton 
source utilizing RCS technology, allowing intermediate 
operation at 1 MW, was performed at ANL and is 
presented in this paper. This study is complementary to a 
study in progress at ORNL based on a linac and an 
accumulator ring. Our 1-MW facility consists of a 
400-MeV injector linac that delivers 0.5-mA time- 
averaged current, a synchrotron that accelerates the beam 
to 2 GeV at a 30-Hz rate, and two neutron-generating 
target stations. In the second phase, the 2-GeV beam is 
accelerated to 10 GeV by a larger RCS, increasing the 
facility beam power to 5 MW. 

1 INTRODUCTION 

Three of the four pulsed sources now in existence use 
the RCS scheme; the other uses the linac/compressor 
scheme. Our concept uses RCS technology to attain, in 
two stages, a beam power of 5 MW. It complements the 
linac/compressor ring work mentioned below [1,2]. 

Two ongoing studies, the European Spallation Source 
(ESS) [3] being designed in Europe, and the National 
Spallation Neutron Source (NSNS) being designed at 
ORNL [4] by a collaboration including BNL, LBNL, and 
LANL, are using the linac/compressor ring scheme. 

Distinct differences exist between the two methods. The 
linac/compressor ring tends to have a beam energy 
around 1 GeV, while the RCS energy is generally higher 
than 1 GeV. A high-energy linac is costly to build and to 
operate, making a linac with energy much higher than 
1 GeV economically unattractive, and the beam current of 
an RCS is usually space-charge limited, thus the final 
beam power is obtained by increasing the energy. We 
chose a 2-GeV RCS for the 1-MW source and a 10-GeV 
RCS for the 5-MW source, leading to a beam current 
requirement of 0.5-mA for both machines. 

1.1 Repetition Rate 

The 30-Hz repetition rate was chosen after extensive 
consultation with IPNS users at ANL. The peak flux of a 

30-Hz machine is twice that of a 60-Hz machine 
operating at the same average beam power, with a longer 
time separation between pulses. About half of the 
proposed NSNS instruments cannot operate at 60 Hz due 
to overlaps between consecutive pulses. The repetition 
rate has implications on the accelerator configuration 
since it is very difficult to operate a multi-MW 
linac/accumulator ring system at low repetition rates. 

1.2 Upgrade Path or Phased Approach to 5 MW 

The 2-GeV and 10-GeV cascading RCS system allows 
the 2-GeV RCS (RCS-I) to be used as a booster for the 
10-GeV RCS (RCS-II). The booster/main ring 
arrangement enables us to reach 5-MW operation in two- 
stages. A 1-MW, 2-GeV facility is built in the first stage, 
and RCS-II with its associated building and support 
structures is added later to increase the facility power to 5 
MW. First, the 2-GeV beam is extracted to the target 
stations via transfer lines; the 10-GeV target-station 
extraction line is completed along with RCS-II. 

1.3 Beam Loss Considerations 

A 5-MW facility based on a 1-GeV linac requires a 
5-mA average current, while a 10-GeV RCS system 
requires 0.5 mA. A factor of 10 fewer protons must be 
handled by the RCS, giving it a strong advantage with 
respect to potential beam losses. Beam losses usually 
occur during injection and capture, not during 
acceleration or extraction. It is therefore preferable to 
have the minimum possible injection energy so that if 
there are losses, they occur at low energy and result in 
less activation. Beam transfer from RCS-I to RCS-II uses 
highly efficient bunch-to-bucket transfer. 

2 FACILITIES DESCRIPTION 

2.1 Facility Layout 

Figure 1 shows the overall layout of a site-independent, 
self-contained 5-MW facility, consisting of: a 400-MeV 
IT linac, 2- and 10-GeV RCSs, 10- and 30-Hz target 
stations, and beam transfer lines from both synchrotrons 
to both target stations. Also shown in Figure 1 are a 
central laboratory and office building to house the facility 
staff and two laboratory and office modules for users. The 
total building area is about 82,000 m2. The installed 
electric power is - 80 MVA, with an expected average 
power usage of 45 MVA at 5 MW. Table 1 summarizes 
parameters of RCS-I and RCS-II. 
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Figure 1: Site-independent 5-MW facility layout. 

Table 1: Parameters of RCS-I and RCS-II 
Parameters RCS-I RCS-II 
Circumference 
Super-periodicity 
Total number of cells 
Nominal straight-section length 
Bending radius 
Horizontal tune, vx 

Vertical tune, v 
Transition Energy, yt 

Nat. chromaticity, i;x=(Av)x/(Ap/p) 
Nat. chromaticity, ^ =(Av) /(Ap/p) 
Maximum ß 
Maximum r\ function  

190.4 761.6 m 
4 3 - 
28 75 - 
2.90 4.28 m 
6.62 26.39 m 
6.82 19.19 - 
5.73 19.13 - 
5.40 14.47 - 
-7.23 -24.78 - 
-6.88 -26.24 - 
12.0 20.3 m 
2.2 1.1 m 

2.2 Target Stations for 1-MW and 5-MW Operation 

Our plan is to reuse the 1-MW target stations, with 
some modifications, for the 5-MW source. The biological 
shield is the most costly item in a target station. The 
shield, which can cost some tens of million dollars, is 
usually made of iron and steel. The shielding of a 5-MW 
target is = -Jl thicker than that of a 1-MW target. The 
actual neutron-generating target and moderator assembly 
cost around a million dollars but have a volume of only 
about one cubic meter. The target station's mechanical 
structure should therefore be designed to accommodate 
the shielding thickness of a 5-MW target-moderator 
assembly, including potential geometry changes. 

3 THE 2-GEV ACCELERATOR SYSTEM 

A detailed description of the 1-MW accelerator system 
appears elsewhere [1,2], thus only a brief summary is 
presented here. The previous work mainly addressed a 
site-specific design utilizing existing buildings and infra- 
structure of the former Zero Gradient Synchrotron (ZGS) 
facility. The ZGS enclosure accommodates a 200-m- 
circumference ring, and a 2-GeV energy permits use of 
that enclosure. The ring energy could easily be increased 
if a site-independent optimization were made. The choice 

of a 2-GeV beam energy fixed the average beam current 
at 0.5 mA, which in turn set the required number of 
protons/pulse at 1.04 xlO14 for a 30-Hz repetition rate. 

3.1 Lattice, Aperture, and Stacked Beam Emittance 

The lattice is described in detail in [1]. Desired features 
include: 1) a transition energy » 2 GeV so there is a large 
slip factor, r\ = | j2 - y{2 \, to facilitate radio-frequency 
(rf) beam manipulation, 2) dispersion-free straight 
sections equipped with rf systems and the H~ injection 
stripper foil, and 3) at least 20 m total length of straight- 
section space for rf cavities. The large rf space 
requirement is because, in the 1- to 2-MHz frequency 
range, typical cavity energy gains are 10 kV/m, and the 
required peak rf voltage is estimated at 200 kV. To 
achieve the desired features, a 90" phase advance FODO 
cell was chosen as the normal cell. A dispersion- 
suppressor cell is constructed by removing one dipole 
from a normal cell. Empty cells are obtained by removing 
both dipoles from a normal cell. The straight-section 
length is obtained by adding as many empty cells as 
required. A periodicity of four was chosen to best use the 
existing ZGS enclosure. 

An assessment of the ring magnet apertures was made, 
taking into consideration the lattice functions and the 
machine apertures. A ring acceptance of 750 n mm mr 
makes the physical dimension of the aperture close to that 
of ISIS. Injected beam will be stacked within an 
emittance of 375 n mm mr to provide some space for 
beam scraping and catching of the scraped beam. This 
leaves a space equivalent to 40% of the beam size 
between the chamber wall and the beam. 

3.2 Injection, Rf Capture, and Acceleration 

Using the required 1014 protons/pulse, a planned 
allowable incoherent space charge tune shift of 0.15, and 
a stacked beam emittance of 375 n mm mr, we can 
calculate the ß^y3 term of the Laslett equation. The 
relativistic parameters, ß and y. come from the injection 
energy, so an injection energy of 400 MeV satisfies the 
1014 protons/pulse requirement. As noted above, a lower 
injection energy is a desirable feature. The linac operates 
at a 30-Hz repetition rate with a pulse length of 0.5 ms, 
giving a duty factor of 1.5%. The peak current of the 
macropulse is 44 mA, with 75% of the beam chopped to 
facilitate no-loss injection. The chopper is located 
between the ion source and the radio-frequency 
quadrupole. Either Penning- or volume-type negative 
hydrogen sources could be used as they are capable of 
delivering ~50mA peak current with a 1.5% duty factor. 
The injection of H~ ions enables us to paint both 
transverse phase-space planes in a preset manner. The 
linac energy spread is adjusted for longitudinal phase- 
space painting to fill the total bucket area of 9 eV s. 

The number of injected turns will be about 500. The 
desired proton distribution is achieved by injecting ET~ 
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ions through a 250-ng/cm2-thick carbon stripper foil 
using programmable injection positions and angles in the 
transverse phase planes. The horizontal closed orbit is 
moved away from the foil as injection progresses, using 
four bumper magnets. The vertical injection angle is 
programmed. Programming of the horizontal injection 
position and the vertical injection angle results in the 
expected K-V particle distribution. 

The rf acceleration voltage is related to the dB/dt of the 
ring dipole, thus it is desirable that dB/dt be fairly low. 
This is achieved at a 30-Hz repetition rate by energizing 
the ring at a 20-Hz rate and de-energizing it at a 60-Hz 
rate. The required peak rf voltage is lowered by 1/3. 

Since beam loss prevention is one of the most important 
concerns in multi-MW proton sources, an extensive 
simulation study to eliminate beam losses was performed 
[1]. Variable parameters in the Monte Carlo tracking 
calculation included the rf voltage programming during 
injection and capture, the ring magnet dB/dt, incoming 
beam energy spread, gap length after chopping the linac 
macro-pulse, and desired Ap/p of the beam throughout the 
acceleration cycle in order to satisfy the Keil-Schnell 
longitudinal stability criteria. We tracked 5xl04 macro- 
particles representing 1014 particles with 75% chopped 
(25% discarded) beam and an incoming-beam energy 
spread of + 0.4%. We can inject and accelerate to 2 GeV 
with no losses. In addition, the study resulted in a 
determination of the optimum rf voltage programming for 
no-loss acceleration, and the algorithm to control Ap/p of 
the beam to satisfy the Keil-Schnell criteria. Details are 
presented in [1]. 

The coupling impedance between the circulating beam 
and its surroundings in the RCS is dominated by space- 
charge effects that vary with the beam energy. Both 
longitudinal and transverse stability have been studied 
extensively and are described in references [5,6]. 

4 THE 10-GEV ACCELERATOR SYSTEM 

Figure 1 shows the 5-MW facility layout, obtained by 
adding an RCS of energy > 10 GeV adjacent to the 1-MW 
facility. RCS-I is a booster for the 10-GeV machine. The 
1-MW target stations are upgraded as described earlier. A 
preliminary description of RCS-II is given in [7]. 

4.1 Lattice, Beam Transfer, and Injection 

The RCS-II lattice has the same requirements as the 
RCS-I lattice. We use the 90' phase advance FODO 
structure as the normal cell, a missing dipole FODO cell 
for the dispersion suppresser cell, and FODO cells 
without dipoles as the straight section cells. A total 
straight section length of 200 m is required to 
accommodate the rf cavities that produce = 2000 kV of rf 
voltage. RCS-II's circumference must be an integer 
multiple of that of RCS-I so the rf systems are 
harmonically related. The harmonic relationship between 
the two rings is essential in making the bunch-to-bucket 

transfer from the smaller ring to the larger ring. This 
feature of transferring bunches from RCS-I to waiting 
buckets of RCS-II permits no-loss injection into the large 
ring. The lattice and its performance on single particle 
dynamics are described in [7]. 

The RCS-I rf system has a harmonic number 2 and a 
frequency range from 2.2 to 2.9 MHz. To improve the 
efficiency of RCS-II's rf system, a harmonic jump occurs 
in the 10-GeV ring. This is achieved by giving RCS-II a 
frequency range of 4.4 to 5.8 MHz. Bunch-to-bucket 
matching between the two rings is achieved by adjusting 
the rf voltage of RCS-I at extraction and the rf voltage of 
RCS-II at injection. Figure 2 shows the phase-space 
distribution at injection into RCS-II. 
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Figure 2: Rf bucket and bunch phase-space distribution 
from RCS-I at injection into RCS-II. The dotted line 
indicates the contour enclosing an area of 3.7 eV s. 

4.3 Impedance and Collective Instability 

RCS-II operates below transition energy. The coupling 
impedance is dominated by space charge effects, and an 
analysis similar to that for RCS-I was also performed. 
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STATUS OF THE TRIUMF-ISAC FACILITY FOR ACCELERATING 
RADIOACTIVE BEAMS 

P.W. Schmor, R. Baartman, P. Bricault, M. Dombsky, G. Dutto, S. Koscielniak, 
R.E. Laxdal, F. Mammarella, G.H. Mackenzie, R. Pokier, L. Root, 

G. Stanford, G. Stinson, I. Thorson, J. Welz 
TRIUMF 4004 Wesbrook Mall, Vancouver, B.C., Canada V6T 2A3 

Abstract 

ISAC, a new facility for accelerating intense beams of 
unstable ions, is under construction at TRIUMF. The 
radioactive nuclei will be produced by up to 100 A of 
500 MeV protons impinging on one of two target/ion 
source stations located in an underground vault. The 
ionized beam will be transported by electrostatic ion 
optics to a high acceptance, high resolution mass 
analyser. Following mass selection the beam is 
transported vertically to grade level and then horizontally 
to either a low energy experimental area or to a system of 
accelerators. First, a 35 MHz cw RFQ accelerates 
isotopes with q/A >l/30 from 2 keV/u to 150 keV/u. 
Following the RFQ the beam is passed through a stripper 
and magnetic bend to select a charge state with q/A 1/6 
prior to rebunching and injection into a cw drift tube linac 
(DTL) operating at 105 MHz. The output beam, with 
energy continuously variable from 0.15 to 1.5 MeV/u, is 
transported to one of a number of experimental stations. 
This paper briefly outlines the plans, schedule and status 
of the project. 

1 INTRODUCTION 

A five-year plan, designed to provide TRIUMF with an 

intense radioactive ion beam facility by the year 2000, 
was approved in June 1995. The plan includes (i) The 
extraction of a high intensity (100 A) proton beam from 
the 500 MeV H- cyclotron into a dedicated beam line 
(2A) transporting the beam to a new 5000 m2 facility; (ii) 
A remotely handleable 50 kW target/ion-source beam - 
dump system for the production of low energy 
radioactive beams up to 60 keV for singly charged ions; 
(iii) A high resolution (1/10000) mass selection system; 
(iv) A low energy transport system (LEBT) and 
experimental area; (v) a linear accelerator system, 
consisting of an RFQ and an interdigital H- DTL, 
accelerating ions with A 30 to energies between 150 
keV/u and 1.5 MeV/u; and (vi) a transport system for the 
accelerated beams (HEBT) and corresponding 
experimental area (see fig. 1). 

The facility will allow strengthening of the radioactive 
beam research initiated ten years ago (using a 1 A 500 
MeV proton beam) on the TISOL facility [1]. It will also 
allow new astrophysics, material science, life science and 
other fundamental research to take place at energies up to 
1.5 MeV/u for light (A 30) ions. The limit in mass and 
energy was dictated by budget limitations and 
experimental priorities.  However, the new building was 
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designed to be compatible with acceleration to 6.5 
MeV/u. A new plan to expand the mass range and energy 
range beyond present limits is being developed for the 
period after the year 2000. For energies less than 60 keV, 
all isotopes produced by the target/ion source system can 
be delivered to the low energy experimental area. 

2 FACILITY 

When fully commissioned, beam line 2A will direct a 100 
A proton beam to the ISAC targets and will be one of 
four primary beam lines into which beam may be 
extracted simultaneously from the H- cyclotron. Low 
intensity beam has already been extracted into the front 
end portion of 2A over an energy range from 472 to 510 
MeV. Simultaneous low-intensity extraction into lines 
1A and 2A has also been demonstrated to be feasible, 
despite intrinsic vertical oscillations of the internal 
cyclotron beam in the extraction region. 

The new ISAC building, is divided into a shielded 
building and an experimental building. The sealed, 
heavily shielded section, houses the highly radioactive 
and potentially contaminated target/ion source 
assemblies, extraction systems, the pre-separator magnet, 
and ancillary systems (cooling, vacuum, decontamination 
and storage facilities). A remotely controlled 20-ton 
crane and two hot cells are integral parts of this building. 
Construction is well advanced with concrete pouring 
nearly complete. The structural steel erection is well 
under way. The installation of services is in progress. 
The buildings will be available starting this summer. 

3 TARGET/ION SOURCE SYSTEM 

All highly activated and potentially contaminated 
components such as production targets, beam dump, ion 
sources and initial focusing devices will be located at the 
target station within the target hall along with the primary 
radiation shield and services required to operate the target 
station components. Hot cells, assembly area and a 
decontamination and storage facility will be included 
within the target hall. The target facility is located in a 
canyon surrounded by steel and concrete shielding, and 
consists of a large vacuum tank with five separate 
modules: entrance, target, beam dump and two exit 
modules housing beam-optics components. The target 
module is made up of a 2m long shielding plug on the 
bottom of which are the ion source and the extraction 
system. The target/ion source assembly will be biased to 
give extraction voltages up to 60kV. The target station 
modules are all designed to be handled remotely. The 
shielding is designed to allow access by personnel into 
the target hall with beam on target. 

4 MASSSEPARATOR 

The mass separator front end includes an electrostatic 
triplet followed by an electrostatic doublet.   Preliminary 

mass selection will be done using a 60 magnet having a 
resolving power around 300. The focal plane of this 
magnet accepts a large portion of the beam within a 
±10% mass range. The slit-selected beam is then 
transported to the main mass separator which is designed 
to provide mass separation with energy spread focusing at 
the focal plane. This is based on two magnetic sectors, 
placed at different electrostatic potentials. The design will 
allow good mass separation even with an ion source 
having several tens of eV energy dispersion. 

Table 1-Separator Specifications 

 Separator Specifications  
Mass range 
Ion beam energy 
Mass dispersion 
Resolving power 

< 238 amu 
< 60 keV 
5m or 5 cm/% 
<10000 

5 LEBT 

The ion beam from the mass separator is transported 
vertically to grade level and is to be switchable between 
the low energy experimental area (LE) and the 
accelerator. A switchyard allows an off line source to 
supply beam to either the RFQ or the LE experimental 
area while simultaneously, the mass separator can supply 
beam to the LE or the RFQ, respectively. All the optics 
in the LEBT are electrostatic: quadrupoles are typically 
50 mm long by 25mm bore radius, bends are each 45, 
with spherical electrodes, 250mm in radius. The RFQ, 
having no bunching section, accepts bunches ±30 in 
length. A sawtooth rebuncher (four harmonics) located 
5m upstream of the RFQ operates at 11.67 MHz, yielding 
bunch separation of 86ns and 80% of the beam within the 
RFQ longitudinal acceptance for acceleration. More 
details can be found elsewhere in these proceedings [3]. 

6 ISAC ACCELERATOR 

A description of the various components of the ISAC 
accelerator system has already been reported elsewhere 
[3]. Recent progress, design definitions or improvements 
will be summarized below. Basic specifications are given 
in Table 2 and the layout in Figure 1. 

6.1 RFQ 

The reference design for the RFQ [4] is a four-rod split 
ring structure operating cw at 35 MHz. Full power tests 
on a single ring were completed last summer [5] and on a 
three ring module assembly last fall [6]. The 8 metre 
long vacuum tank and the RFQ components have been 
released for manufacturing, allowing the low energy 
seven-ring portion of the final RFQ to be assembled and 
tested with beam in its final location by spring 1998. The 
final RFQ is 760 cm long with 19 rings in 40 cm long 
modules. The cross section of the vacuum tank is 
rectangular to facilitate alignment of the modules and 

957 



copper plating of the vacuum tank. The alignment 
philosophy is to construct a solid base, maintain tight 
manufacturing tolerances, construct the modules using 
precise jigs and fixtures and edm-machine the critical 
mounting surfaces for the electrodes after assembly [6]. 

Table 2-Accelerated Beam Specifications for ISAC 

 Input Beam  
Injected energy 
Ion mass 
Ion charge 
Beam emittance (100%) 
Output energy range 
Resolution E/E 
Duty factor  

2 keV/nucleon 
A 30 
1 (initially) 
50 mm mrad at injection 
0.15 E 1.5 MeV/u 
0.1% 
100% 

6.2 MEET 

The MEBT is made up of three sections. In the first 
section, the beam from the RFQ is focused in three 
dimensions on to the stripping foil to minimize emittance 
growth due to multiple scattering and energy straggling. 
Five quadrupoles provide the transverse focus and a two- 
gap, 105MHz spiral resonator between the second and 
third quadrupoles will focus the beam in time. There is 
also provision to incorporate a chopper to eliminate beam 
from the adjacent two sparsely populated 35 MHz 
buckets. The quadrupoles act optically like a typical 4Q 
system but the third quadrupole is replaced by two 
quadrupoles separated by a drift space to allow the 
chopper to be placed where the beam is parallel in x. The 
chopper slits would be placed just upstream of the foil. 
The second section consists of a 90 achromatic bend 
(QQDQQDQQ) with charge selection slits at the 
symmetry plane. The section is very compact to reduce 
beam debunching. The last section includes a 35 MHz 
folded /4 rebuncher, at the image point of the charge 
selection section, and four quadrupoles to provide a three 
dimensional match at the DTL entrance. This buncher is 
now being developed in collaboration with LBNL. 

6.3 Drift-tube Linac 

The separated function ISAC DTL [7] will accelerate ions 
of 1/3 q/A 1/6 to a final energy fully variable from 0.15 
to 1.5 MeV/u. Five independent 105 MHz interdigital H- 
mode cavities provide the acceleration, while quadrupole 
triplets and three gap split-ring resonator bunchers 
between IH tanks provide transverse and longitudinal 
focusing. To reduce final energy the high energy IH 
tanks are turned off sequentially and the voltage and 
phase in the last operating tank is varied. Beam 
simulations show that the DTL can accelerate beams with 
little or no emittance growth over the complete energy 
range. Design of the first IH tank is well under way with 
fabrication to be completed by the end of the year. We 
are collaborating with INR Moscow on the design and 
fabrication of a working prototype for the split-ring 

resonator bunchers [8]. The complete DTL is scheduled 
to be fully commissioned by the end of 1999. 

7 HEBT 

The HEBT comprises three sections. In the first section 
the beam is captured from the DTL and matched to the 
HEBT with five quadrupoles. The 5Q system allows the 
insertion of a chopper if required. A 90 analysing magnet 
can be positioned in the periodic section to check the 
beam energy and energy spread off line during 
commissioning and accelerator tuning. The beam is 
directed to the various experimental areas with an 
asymmetric QQDQQDQQ achromatic system where the 
last bend is a large switching magnet. At present four 
areas are envisaged but there will be capability for more 
areas as the science program evolves. To maintain the 
bunched structure of the lowest velocity beams ( =1.8%) 
35 MHz rebunchers are positioned every 8-10m. 
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ANOMALOUS, INTENSITY DEPENDENT LOSSES IN Au(32+) BEAMS 

M. Blaskiewicz*, L. Ahrens, H. Calvani, 
AGS Dept. BNL, Upton NY 11973-5000 USA 

Abstract 

Anomalous, intensity dependent losses in Au(32+) beams 
have been observed in the AGS Booster. No collective sig- 
nal is expected, or observed, but increasing the number of 
injected ions decreases the beam lifetime. The loss rates 
for Au(32+) are compared with those for Au(15+). 

1   INTRODUCTION 

The AGS Booster is a rapid cycling proton and heavy ion 
synchrotron. The beam pipe has an average radius of 7 cm 
and the Booster's circumference is C = 202 m with be- 
tatron tunes « 4.8. When accelerating gold the pressure 
of the backround gas is P w 2 x 10-11 Torr. The in- 
jection momentum of the ions is 9 GeV/c and the ex- 
traction momentum of 70 GeV/c was reached in 0.55 s 
for Au(15+) and 0.10 s for Au(32+) . A strongly inten- 
sity dependent loss in the Au(15+) beam has been reported 
previously[l]. In this note we report a qualitatively similar 
behavior for the Au(32+). 

Machine studies with Au(15+) were conducted in 
September 1994 and with Au(32+) in January 1997. In 
both cases the Booster magnet cycle was modified to in- 
clude porches of constant field, so that data could be col- 
lected at a fixed beam energy. The data consisted of digi- 
tized current transformer traces taken under various condi- 
tions. During the magnetic porch the number of ions in the 
ring as a function of time N(t) was fitted by an exponen- 
tial N(t) » NQ exp(—at) where a is the inverse life time 
or loss rate. For some of the data there was clear evidence 
that the losses were not a simple exponential, but without a 
theory we had no reasonable parameterization. 

2   REVIEW OF Au(15+) DATA AND Au(32+) DATA 

Figure 1 shows the equilibrium loss rate as a function of 
the number of injected Au(15+) ions. 

The low intensity loss rates « 0.1s-1 are roughly con- 
sistent with scattering off residual gas at a pressure of 
2 x 10~n Torr. The lack of a coherent signal, and the 
insensitivity of the loss rate to the presence of rf suggests 
that the intensity dependent loss rates are due to the beam 
creating targets with which it subsequently scatters. This 
hypotheses is also consistent with the observation that the 
instantaneous loss rate depends on the intensity earlier in 
the cycle and on previous cycles. 

The dependence of the loss rate on machine history was 
observed in two ways.   In equilibrium, where the same 
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Figure 1: Au(15+) loss rate versus number of injected ions 
for momenta of: 9 GeV/c (diamonds), 15 Gev/c (crosses), 
30GeV/c (squares), and 60 GeV/c (Xs) 

number of Au(15+) ions were injected every cycle, the av- 
erage loss rates are as shown in Figure 1. What is not 
obvious from the figure is that the number of ions at the 
end of the Booster cycle was not monotonic with the num- 
ber of injected ions. For example, with a momentum of 
p = 30 GeV/c with 2 x 109 ions injected there were 1 x 107 

ions remaining after 1.5s, while for 1 x 109 ions injected 
there were 2 x 108 ions remaining after 1.5s. 

The history dependence of the loss rates was observed 
when the beam was turned off for several cycles and the 
machine was allowed to "cool". The loss rate for the first 
cycle after cooling was « 50% smaller than the equilibrium 
value, and loss rates on subsequent cycles monotonically 
approached the equilibrium value. 

Taken together these observations provide compelling 
evidence that the Au(15+) beam influences the background 
gas. We also note that the background gas is affected before 
a significant fraction of the beam is lost, since enhanced 
loss rates are apparent very early in the cycle. 

Figure 2 shows the equilibrium loss rate as a function 
of the number of injected Au(32+) ions. A clear trend 
in the Au(32+) loss rate with intensity is apparent. The 
Au(32+) data were not as good as the Au(15+) data because 
of intensity limitations and generally smaller loss rates. At- 
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tempts to measure memory affects and variations in the loss 
rate during a given Booster cycle were inconclusive. On the 
other hand, we see no reason to believe a qualitatively dif- 
ferent loss mechanism for the two cases. 
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Figure 2: Au(32+) loss rate versus number of injected ions 
for momenta of: 20 GeV/c (diamonds), 27 Gev/c (crosses), 
40 GeV/c (squares) 

3   DISCUSSION 

Straight lines were fit to the loss rates in Figures 1 and 2, 
yielding the change in loss rate with the number of injected 
ions as a function of momentum. These derivatives are 
shown in Figure 3. For scattering off residual gas the loss 
rate is given by 

a = ^2vnj(Tj(v) 
3 

where v is the beam velocity and rij and <Jj{v) are the den- 
sity and total charge changing cross section for scatterers of 
the jth type. Only rij would vary with beam intensity. As- 
sume that any scatterers are uniformly distributed within 
the vacuum chamber and that only one species is respon- 
sible for the change in loss rate with intensity. Then the 
change in the number of scatterers Ns with the number of 
injected ions Nt, is given by 

dNs _ Vr da 

dNb      crv dNb 

where VT 

Set a = 
= 3.1m3 is the total vacuum volume in the ring. 
CTI6 10" 16cm2, p = pgGeV/c, and da/dNb = 

a'10_8s *. The beams are non-relativistic so dNs/dNb — 
1.9 x 106a7(p9ai6), and for Au(15+) dXp = 30 GeV/c, 
dNs/dNb = 1 x 104/W For Au(32+) atp = 20 GeV/c, 

dNa/dNb = 7 x 103/<7i6. For cr^ = 10 there are several 
hundred scatterers generated by each Au(15+) ion. 
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Figure 3: change in loss rate with the number of in- 
jected ions, da/dNb (s-110~8) versus ion momentum, p 
(GeV/c). The error bars are one standard deviation. 

For a beam velocity v = 0.15c, a gas pressure of P = 
2 x 10_11Torr, and a low intensity loss rate of a = 0.25s-1 

the data predict a loss cross section of at = 0.87Ä . This 
is a rather large cross section and to model the intensity de- 
pendent losses even larger cross sections appear necessary. 

To model the losses, assume that hydrogen (Ü2) is the 
main vacuum component at low beam intensity. After the 
beam is injected it interacts with the hydrogen via a total 
cross section af1 which can result in charge exchange of 
or just momentum transfer. When the hydrogen molecule 
hits the wall, with an energy large compared to kT, it des- 
orbs M molecules of type A. Molecules of type A remain 
in the beam pipe for a time TA before sticking on the wall. 
Since no significant rise in pressure is noted, assume that 
the amount of hydrogen is essentially constant. Then, 

dNb 

dt 

dNA 

dt 

vNb 

' Vr 

MNbv 

(o?NA + a»NH), (1) 

NA +-^(NH<T? + NAO?)-—. (2) 

In equation (1) Nb is the number of gold ions in the 
beam, NA is the number of molecules of type A, NH is 
the number of molecules of H2 and af and af are the 
charge exchange cross sections for H2 and molecules of 
type A, respectively. It is assumed that molecules of both 
types are distributed uniformly throughout the entire vol- 
ume of the vacuum chamber Vr. In equation (2) there are 
M molecules of type A liberated by each molecule that is 
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scattered by the beam, and of is the cross section for mo- 
mentum transfer between the beam ions and molecules of 
type A. These equations were numerically integrated using 
a 4s repetition period with beam present for 2s each cycle, 
as was done during the Au(15+) study. The calculation was 
continued until a nearly periodic solution was obtained and 
average loss rates were calculated. 

If we assume that the molecule in question is CO and that 
the stripping cross sections vary as the square of the target 

atomic numbers[3] then of « 50Ä . Assume that two CO 
molecules are liberated per energetic molecular impact and 
that the CO lifetime is TA = 20 s. Additionally, assume 
that the total cross sections for momentum transfer are ten 
times the cross sections for charge transfer; of = 10Ä 

and of - 500Ä . With these assumptions the modeled 
Au(15+) loss rates as a function of the injected number of 
ions are shown in Figure 4. The loss rate is monotonic in 
the cross sections and significantly smaller cross sections 
did not accurately model the Au(15+) data. 

sections for Au(15+) are much greater than simple scaling 
laws would indicate. 
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Figure 4: Modeled Au(15+) loss rate s_1 versus number of 
injected ions. 

The change in gas composition with beam intensity 
should be measurable using mass spectroscopy. Such a 
measurement will provide additional constraints on any 
model. Since the Au(32+) Coulomb field is significantly 
greater than the field of Au(15+) we expect any change in 
backround gas composition to be present when accelerating 
significant amounts of Au(32+). Hence, this model can be 
tested without returning to Au(15+) running. 

For the Au(32+) data significantly smaller values of of 
are indicated. On the other hand, if the far field Coulomb 
force is responsible for the momentum transfer cross sec- 
tion of, then of should be larger for Au(32+) than for 
Au(15+) .   If this is the case the charge exchange cross 
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ACCUMULATOR RING LATTICE FOR THE 
NATIONAL SPALLATION NEUTRON SOURCE 

C.J. Gardner*, Y.Y. Lee and A.U. Luccio 
Brookhaven National Laboratory, Upton, NY 11973. 

Abstract 

The Accumulator Ring for the proposed National Spalla- 
tion Neutron Source (NSNS) [1] is to accept a 1.03 mil- 
lisecond beam pulse from a 1 GeV Proton Linac at a rep- 
etition rate of 60 Hz. For each beam pulse, 1014 protons 
are to be accumulated via charge-exchange injection. A 
295 nanosecond gap in the beam, maintained by an rf sys- 
tem, will allow for extraction to an external target for the 
production of neutrons by spallation. This paper describes 
the four-fold symmetric lattice that has been chosen for the 
ring. The lattice contains four long dispersion-free straight 
sections to accomodate injection, extraction, rf cavities, 
and beam scraping respectively. The four-fold symmetry 
allows for easy adjustment of the tunes and flexibility in the 
placement of correction elements, and ensures that poten- 
tially dangerous betatron structure resonances are avoided. 

1   THE LATTICE 

The lattice for the accumulator ring will consist of four su- 
perperiods, each containing a 90° arc and a long straight 
section [2]. The layout of the accumulator is shown in 
Figure   1. Each arc will consist of four identical FODO 

Table 1: NSNS Accumulator ring parameters 
Kinetic Energy 1.0 GeV 

Magnetic Rigidity 5.6575 T-m 
Circumference 220.688 m 

Periodicity 4 
Structure 24 FODO 

Beam Emittance 120 7rmm-mrad 
Ring Admittance 312 7rmm-mrad 

ßmaxWy) 19.2/19.2 
Xp(max/min) 4.1/0.0 m 

"x/y 5.82/5.80 
Natural £x/y -6.6/-7.3 

It 4.93 

of a half-quadrupole, a 1.55 m space, a 1.5 m long dipole, a 
0.45 m space, and a half-quadrupole. Two identical FODO 
cells without a dipole will form each long straight section. 
Here the half-cells will be 5.793 meters long and the phase 
advances will be adjusted so that the horizontal and vertical 
tunes of the ring are 5.82 and 5.8 respectively. The lattice 
functions for one superperiod are shown in Figure 2 where 
the plot runs from the center of one long straight section to 
the next. The relevant ring parameters are given in Table 1. 

Figure 1: Accumulator ring layout. 

cells and will have a total betatron phase advance of 2-K 

which will ensure zero dispersion in the long straight sec- 
tions. The arc half-cells will be 4 meters long and consist 

* Work sponsored by the Division of Material Sciences, U.S. Depart- 
ment of Energy, under contract DE-AC05-96OR22464 with Lockheed 
Martin Energy Research Corp, for Oak Ridge National Laboratory. 

Figure 2: Accumulator lattice functions. 

The four superperiods of the ring are labeled A, B, C, 
and D, and run sequentially along the beam direction from 
the beginning of one arc to the next. The order of magnets 
in each superperiod X is DHX1, QVX1, DHX2, QHX2, 
..., DHX8, QHX8, QVX9, QHX10, QVX11, and QHX12, 
where D and Q denote dipoles and quadrupoles and H and 
V refer to the horizontal and vertical planes.   The long 
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Table 2: Tunability and Chromaticity Behavior. 
Ap/p 

% 

Avx Auy Px,max 

Hy,max 
[m] 

-X-p,max 

•s*p,min 
[m] 

AFQ 
ADQ 

% 
0.0 0.0 0.0 19.2 

19.2 
4.1 
0.0 

0.0 
0.0 

0.0 -0.5 0.0 21.9 
17.8 

4.1 
0.0 

-18.1 
-4.3 

0.0 0.0 -0.5 17.8 
21.9 

4.1 
0.0 

-4.3 
-18.1 

0.0 -0.5 -0.5 20.1 
20.1 

4.1 
0.0 

-24.8 
-24.8 

0.5 -0.03 -0.04 19.9 
19.3 

4.16 
-0.1 

1.0 -0.06 -0.07 20.5 
19.5 

4.23 
-0.2 

straight section in A runs from QVA9 through QHA12 and 
will be used for injection. Similarly, the long straight sec- 
tions in B, C, D will be used for beam scraping collimators, 
rf cavities, and extraction respectively. In the arcs, the 1.55 
m space between a quadrupole and the downstream dipole 
will contain a beam position monitor (pickup electrode) 
followed by a correction package and a vacuum pumping 
port. The correction package will consist of a dipole cor- 
rector and either a skew quadrupole or higher-order multi- 
pole corrector. Position monitors and correction packages 
will also be located downstream of each quadrupole in the 
long straight sections. Other available space in the lattice 
will be used to accommodate tune meter kickers, a trans- 
verse damping system, and clearing electrodes, to name a 
few. 

The beam will have a full emittance, both horizontal and 
vertical, of 1207T mm-mrad and the ring will have a full ac- 
ceptance of 312-7T mm-mrad, which is twice the full beam 
emittance plus an allowance of 1 cm for the maximum 
possible orbit errors. The ring must also accept a maxi- 
mum beam momentum spread of ±1% and the quadrupoles 
QHX4 at the centers of the arcs will be 50% larger than the 
others to meet this requirement. The quadrupoles QHX10 
in the centers of the long straights will also have larger 
apertures to allow for the injection orbit bumps and for the 
extraction kicker and septum displacements. 

2   TUNABILITY AND CHROMATIC BEHAVIOR 

It will be desirable for the accumulator ring to run with 
different sets of betatron tunes. Small tune changes are ex- 
pected in normal ring operations, however tune changes of 
up to half a unit may be implemented in special operations 
for accelerator studies. Table 2 shows the behavior of the 
beta function for a tune change of 0.5 units. As can be 
seen in the Table, a change in tune of half a unit results 
in a change of less than 15% in the beta function, with no 
change in the dispersion function. Because the chromatic 
behavior is nonlinear, the betatron functions for an off- 

momentum particle might show significant changes, but for 
this lattice, even at 1% off-momentum, the maximum ever 
expected, the betatron functions and the dispersion behave 
very well. 

In practice the desired tunability will be achieved by 
dividing the main windings of the quadrupoles into three 
families, with the magnets of each family connected in se- 
ries to a separate power supply. The first family will consist 
of all 28 arc quadrupoles (QVX1, QHX2, ..., QVX7); the 
second will consist of all 12 focusing quadrupoles (QHX8, 
QHX10 and QHX12) in the long straight sections; and the 
third will consist of all 8 defocusing quadrupoles (QVX9 
and QVX11) in the long straights. The current in the first 
family will be adjusted so that the phase advance of each 
arc is 2-K, thereby ensuring zero dispersion in the long 
straight sections. The currents in the second and third fam- 
ilies will then be used to adjust the tunes. The quadrupoles 
will also have trim windings which will be divided into 
four families. These will be used for fine tuning the lattice. 
In particular they will allow for independent adjustment of 
the currents in the quadrupoles at the center (QHX10) and 
the ends (QHX8 and QHX12) of the long straight sections. 
This is important in the A superperiod, for example, where 
the injection setup depends on the setting of the QHA10 
quadrupole. 

3 CORRECTION ELEMENTS 

To compensate for unavoidable field imperfections and 
magnet alignment errors, the accumulator ring will have 
a set of correction elements consisting of horizontal and 
vertical dipoles, skew quadrupoles, sextupoles, skew sex- 
tupoles, and octupoles. Trim windings on the lattice 
quadrupoles will allow for any necessary quadrupole cor- 
rections. The correction elements will be contained in 
packages located downstream of the position monitor at 
each lattice quadrupole. Each package, except those down- 
stream of the quadrupoles QHX10 (at the centers of the 
long straight sections), will contain a horizontal or verti- 
cal dipole and either a skew quadrupole or higher-order 
multipole. The packages downstream of quadrupoles 
QHX10 will contain only horizontal dipoles. Thus, there 
will be a total of 24 horizontal and 24 vertical dipoles. 
Each superperiod will have four skew quadrupoles (QSX1, 
QSX3, QSX5, QSX7) located in the correction packages 
downstream of quadrupoles QVX1, QVX3, QVX5, and 
QVX7; two sextupoles (SHX8, SVX9) located downstream 
of QHX8 and QVX9; two skew sextupoles (SSVX11, 
SSHX12) located downstream of QVX11 and QHX12; 
and three octupoles (OHX2, OHX4, OHX6) located down- 
stream of QHX2, QHX4, and QHX6. 

Closed orbit correction is discussed in Ref. [3]. 

4 RESONANCE CORRECTION 

Because the ring will operate at very high intensities for 
which stringent limits on losses will be imposed, the pos- 
sibility of beam loss due to resonance excitation must be 
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considered. The second, third and fourth-order resonances 
between tunes of 5 and 6 are shown in Figure 3. Although 
the space-charge tune spread of the beam is expected to be 
small (~ 0.1), there are a number of resonance lines suffi- 
ciently close to the working point to be of concern. More- 
over, even though lines such as those excited by normal and 
skew quadrupoles are far from the working point, they can 
cause unfavorable distortions of the betatron functions. The 
four-fold symmetric lattice allows placement of correction 
elements so that either even or odd harmonics (in azimuth 
6) can be produced for the correction of the following res- 
onances. Detailed calculations are underway to determine 
the required magnet strengths. 

eight sextupole correctors allow for independent correction 
of the two lines. Similarly, the 3vy = 17 and vy+2vx = 17 
resonances can be corrected with the eight skew sextupole 
correctors. 

4.3   Fourth-Order Resonances 

The fourth-order resonance lines are driven by octupoles 
(both normal and skew) and those closest to the working 
point pass through the point ux = vy = 5.75 in Figure 3. 
The effects of these lines can be reduced by exciting the oc- 
tupole correctors with harmonic 0. Schemes for correcting 
specific lines are under investigation. The octupole correc- 
tors also allow for Landau damping of transverse instabili- 
ties. 
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Figure 3: Accumulator Tune Chart. The circle shows 
the working point. Solid and short-dashed lines indicate 
second and fourth-order resonances; long-dashed and dot- 
dashed lines indicate third-order. 

5   STRUCTURE RESONANCES 

One consideration in our choice of a lattice was the avoid- 
ance of structure resonances. The 4-fold symmetric lat- 
tice has fourth-order structure resonances at betatron tunes 
of 5 and 6; third-order at tunes of 5.333 and 6.666; and 
second-order at a tune of 6. However, none of these are 
near the proposed working point. A 3-fold symmetric lat- 
tice that has been considered in previous design studies, on 
the other hand, has fourth-order structure resonances at a 
betatron tune of 3.75 which is right on top of the proposed 
working point for this lattice. Although these resonances 
may not hurt the ring performance, they are best avoided. 
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4.1 Second-Order Resonances 

The 2vx = 11 and 2vy = 11 resonances can be cor- 
rected by exciting the trim windings on the quadrupoles 
with harmonic 11 in azimuth 6. (To produce an odd har- 
monic, magnets separated by 8 = 180° are excited with 
equal but opposite currents.) Similarly, the sum resonance 
vx + vy = 11 can be corrected by exciting the skew 
quadrupole correctors with harmonic 11; the difference res- 
onance vx — vy = 0 can be corrected (or enhanced if cou- 
pling between the two planes is desired) by exciting these 
correctors with harmonic 0. 

4.2 Third-Order Resonances 

The 3vx = 17 and vx + 2vy = 17 resonances can be 
corrected by exciting sextupoles with harmonic 17.  The 
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MINI-BUNCHING THE AGS SLOW EXTERNAL BEAM' 

JW Glenn, L Ahrens, T Hayes BNL, R Lee UC-Irvine 

Abstract 

Test and modeling toward providing a continuos string of 
proton bursts of a few nano-seconds every 3 to 10 micro- 
seconds for the two second BNL AGS spill are presented. 

1 INTRODUCTION 

Two new proposed experiments at the AGS require well 
bunched beam. The specification for a muon to electron 
conversion experiment is a burst of a few nano-seconds 
every few micro-seconds with only a part in 10A8 leakage 
between bursts. Another experiment to measure the 
muon lifetime needs 10 micro-seconds between bursts. 
The AGS started extracting mini-bunches in 1974 for 
Fainberg and Kalogerapoulos to measure anti-neutrons. 
Bunches were <~4 ns spaced every 220 ns. This 
technique kept the beam bunched in the main RF buckets 
and moved only the edge of the bunch into the extraction 
transverse resonance by slowly shifting the RF 
frequency[1,2]. There has been no further interest in this 
technique until a new crop of proposals developed from 
the AGS 2000 Workshop [3]. 

La Mini Bunches every 3 Micro-seconds. 

The plan for this rate of delivery is to only fill one of the 
eight RF buckets in the AGS. This bunch is then 
accelerated to full energy and, as the RF is left on, kept 
bunched. After the extraction resonance is established, 
the radius is slowly moved out, using a signal from the 
servo that controls the spill rate to modify the rate of 
radial change, until all the beam has kissed the resonance 
and been extracted. The actual beam bursts in the slow 
beam are much shorter than the bunches in the AGS as 
only the edge of the rotating bunch touches the resonance. 

Mini Bunches Every 10 Micro-seconds. 

The approach to achieve 10 micro-seconds between 
bursts is to use an RF dipole as is used to spin flip on 
intrinsic resonances during polarized proton 
acceleration^]. This dipole will kick horizontally and be 
"tuned" to one third the rotation frequency of those 
particles being extracted or -124 kilo Hertz. The phase 
of the kick will be such as to enhance only one of the 
three separatrixes of those particles being extracted within 
the one populated bucket in the accelerator. This will 
prevent particles from passing the fixed unstable points 
on two corners of the stable area and enhance escape on 
to the separatrix at the remaining one. 

2 LONGITUDINAL MODELING 

The equation modeled is: 
^ = iy0

2*(sin^-sin^.) 

W 2
    eVnfjF2x, 

ß2Eh 

where ^and equivalent W0 were calculated using 

equations in Ref 5. Normal conditions used were: RF 

voltage = 20 KV & Bl B= 0.001 /Sec, producing 

buckets with the following: stable phase = 0.17° , half 
height = 68 MeV. 

An ensemble of particles were started for all phases 
within a bunch that fills 10% of the bucket and the 
"resonance", ^ where the particle makes a "first 
crossing", is moved down. Each time a particle exceeds a 
new ^, a point is plotted on to the screen at the current 
phase and ^. The resultant plot shows the phase extent 
of beam as it is extracted. As the bunch only fills the 
bucket to 10% on flattop, particle population is contained 
within less than ~40% of peak amplitude. The full width 
of bunches here is less than 20 nano-seconds. 
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Figure 1 Phase of Extraction for Various Amplitudes of 
Synchrotron Oscillations. 

3 TRANSVERSE MODELING 

Behavior was tracked using equations from Ref 6. They 
are for tracking position in an "XY' space every three 
revolutions and were modified to be Symplectic by M 
Blaskowitz. They are: 
Xntl = (Xn + £*Y„)/(l-6*E*Y„) 
Yn.l = Y„-£*Xn.I + 3*E*[(XllJ-(Ynf] 
[Where eta space variables X is related to displacement by 

*Jß  and Y to angle, both rotated to match the phase of 
the sextuples; S is the tune difference from the resonance 

'This work is supported by US department of Energy. 
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and E to drive sextuple strength, which is normalized to 
make X0, the size of the stable region, unity.] 

An ensemble of 2000 particles with an initial 
gaussian distribution in this space were tracked. Particles 
motion was starting with a large £. Tune difference was 
slowly shifted to zero, £ shrank to zero, and the location 
of the particle plotted every 36 turns (12 passes through 
the above equations). [Without tune shift, the particle 
path did not change during 1.9 seconds of simulated 
coasting (sixty thousand passes); on a 586, this took less 
than two minutes (only 5 times the time of travel of 
particles in the AGS)]. Figure 2 shows trajectories for 
normal 1/3 integer extraction, Figure 3 shows the 
trajectories for particles with the RF dipole on with 1.5 
gauss-meters of field. The dipole is simulated by a .003 
increment in Y every three turns. 
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4 BEAM TESTS 

Bunched Slow Extraction from the AGS was tested 
quickly with one of the two buckets filled in the Booster. 
The kickers for transferring beam between the Booster 
and the AGS were miss-timed to only both be on when 
the one bunch was transferred. With only one RF bucket 
filled beam was accelerated, left bunched on flat top, 
extracted and targeted. The arrival time of secondaries 
from the target was compared to the time of a rotation 
clock signal from the RF system that divides the RF by 
eight (buckets) starting with the first injected bunch. 
Secondaries show an RMS bunch widths of ~6 nano- 
seconds occurring every 3 micro-seconds. There was a 
few parts in 105 "leakage" between buckets as seen in Fig 
4. 
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Figure 3 Extraction Separatrixes, RF Dipole On 

Figure 4 Single Mini-Bunch - Data 
This small amount of beam trickled into the adjacent 

bucket during the zero B time on the AGS magnet 
reserved for injection. This leakage may be stemmed by 
better RF control and shortening the time beam is stored 
here, also if there remains beam in the adjacent bucket 
after this effort, this bucket will be emptied by extracting 
it with the Fast Beam kicker during acceleration. 

Beam tests for 10 micro-second structure may be 
done this summer using the tune meter kicker 
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MICRO-BUNCHING THE AGS SLOW EXTERNAL BEAM* 

JW Glenn, M Brennan, L Littenberg, J Rose, C Woody, A Zoltsman BNL 
P Bergbusch, TRIUMF and Dick Mjka, YALE 

Abstract 

Measurements and modeling are presented on BNL's 
AGS operation of the slow External Beam with sub- 
nanosecond beam bunching for the full two second spill. 

1 INTRODUCTION 

The Brookhaven AGS can now operate with a few 
hundred pico-second beam bursts in its Slow External 
Beam. "Micro-bunching" was developed to meet the 
requirements of a new generation of users:[l] 1) About 
100 pico-sec RMS bursts every 50 nano-second for time 
of flight momentum determination of incoming GeV/c 

level Ko's to measure the KL —> n". V. V 

branching ratio. 2) A bunched beam with 30 pico-sec 
bursts to "prebunch" Kons for a 12 GeV/c RF separated 
beam to eliminate the first bunching cavity section, 
increasing the K flux per proton and shortening the 
secondary beam. And 3), Sub-nanosecond bursts would 
be appropriate in test beams for collider detectors. 

In 1980 Ch Steinbach and R Cappi used the 200 
MHz SPS prebunching cavity in the PS to reduce the low 
frequency (<1 KHz) ripple on the PS spill. RF structure 
as an undesirable side effect was expected, not found to 
cause the users problems, and thus not investigated [2]. 
Bunching is achieved by forcing a debunched beam 
between empty barrier buckets at the extraction radius. 
We presently use the 93 MHz longitudinal dilution 
cavity. With 20 KV per turn on this cavity, modeling 
predicts 130 pico-second bunches with -11 nsec spacing; 
at present, bunches of 330 ps have been seen with high 
intensity protons and 250 ps with ions. 

2 LONGITUDINAL MODELING 

The first test with Heavy Ions showed <2.5 nsec bunches 
and spill ripple reduction over a surprising four kilo- 
Hertz variation in VHF frequency. Another early run 
with protons showed less than 0.6 nsec bunches, over 
about a hundred Hertz range. To better understand these 
observations we required a computer simulation of 
longitudinal motion of beam in the AGS with this setup. 

The equations modeled are given in Ref 3. Normal 
conditions used were: VHF (93 MHz) voltage = 20 KV & 

B/B = 0.002 /Sec, producing buckets with the 

following: stable phase = 0.35° , half height = 10 KV, & 

length = 344" (a 16° or 0.48 nsec gap between buckets). 

Particles were started well out of the bucket with a large 

<$>. Location of a particle was plotted every 20 micro-sec 

equivalent (.01 radians of synchrotron oscillation) as a 
small dot.   To better demonstrate this motion, Fig 1 is 

plotted with 15 times normal BI B (or one fifteenth RF 
voltage) to separate trajectories. The approximate 
location of part of the separatrix around the empty bucket 
and beyond is sketched in as solid lines]. As the AGS 
field falls, the particle spirals out since it is not in a 

bucket.    Being above transition energy, .(j) decreases 

with increasing radius. At a particular radius the 
transverse  tune  reaches   8   2/3,   and  the  particle  is 

extracted.     The   <f)   where  extraction   occurs   is   the 

difference   between   the   frequency   associated   with 

extraction and the RF frequency. This (j) can be adjusted, 

thus as the beam could be set up to extract at any (j). The 

particle phase is recorded for many different   (J) 's for the 

first pass through that particular value (the emphasized 
points on Fig  1  show these "first crossings"  of the 

extraction radii). Note: ^ in these figures is 

"normalized" to the synchrotron frequency of 235 Hz and 
the phase is offset by pi/2 to better see the gap between 
buckets. 
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Figure 1 Particle Trajectory Between the Buckets, 

Fig 2 shows the "first crossing" (large dots Fig 1) results 
for 300 particles evenly spaced phases at an initial The 
first crossing of each of a series of momenta, shown as a 
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series of short lines of many dots of slightly different 
phases at different phi dots. 

V 

5.5 

4.4 

3.3 

2.2 

U 

M 

•1,1 

-U 

-3,3 

!,4 

/
JA# ^^f«««' 

j i J 
-2,5   -5,1 -1,4   -B.7    *.{   »,)    1,4   2.1     M     1,5 

Figure 2 First crossings for 300 Particles 

The assumption is that when the beam crossed the 
transverse resonance, the beam will be extracted almost 
immediately. Thus the distribution in phase at many 
possible extraction resonance radii were plotted. Fig 3 
shows a histogram of particle population versus time. 

uBUNCH DISTRIBUTION IN TIME 

TIME - nSec 

Figure 3 Histogram of Particles at Extraction vs Time 

One result was that the beam will be bunched at the 120 
psec level over a broad range of frequencies implies spill 
structure reduction over this range as it is inversely 
related to bunch length [Ref 1]. Another was that bunch 
widths of 30 pico-seconds RMS can be seen if the bucket 
is centered above the extraction radius. These results do 
require that all particles are quickly extracted together. 
This assumption is not completely valid. There are two 
corrections required. 

2.1 Momentum width 

The actual transverse tune of a particle is dependent its 
transverse oscillation amplitude. This amplitude 
distribution implies a momenta range of 2 parts in 10M 

(this extent in ^is shown on Fig 2).   The phase of the 

extracted beam is a mixture of ^'s and their various 

phases thus making the bunches wider. This correction is 
large is just below synchronous frequency, unfortunately 
where the bunches appear narrowest. 

2.b Transverse Modeling Delay in extraction - 

There is some difference in the time to extract particles of 
the same momentum, broadening the bunches as a 
function of phi dot. The details of the transverse 
modeling and initial conditions are discussed in another 
paper [3]. 

For each particle, the time to extraction (blow-up), 
was recorded if it wasn't retrapped. The average and 
RMS spread in delay time was calculated. These 
trackings were done for various rates tune change. A plot 

of variation in delay versus Q (Fig 4) shows that the 

product 
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Figure 4 Spread in Time to Extraction 

is invariant over the range of interest. The spread in 

delay to extraction multiplied by (j) for the resonance 

causes an added spread in phase, and thus bunch width. 
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Figure 5 Phase and Width 
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This effects bunch width if the bucket is not 
synchronized, thus widths of 130 psec are still expected 
over about +/- 50 Hz. At larger phi dot's the effect will 
be large and bunching should disappear. This result is 
added to width expected from longitudinal modeling is 
plotted in Fig 5 with the "raw" widths from longitudinal 
modeling. During the tune-up of VHF cavity frequency, 
narrow bunches were not seen at frequency differences 
that still resulted in reduced spill structure. 

The above modeling was also done for an 80 KV 
VHF RF system, four times the present voltage. The 
minimum predicted width here is 80 psec RMS or 62% of 
the width at 20 KV, consistent with the 50% expected 
from simple calculations. 

3 EXPERIMENTAL RESULTS 

Bunch widths were measured using fast (<100 ps) 
counters in an electron beam looking at the Slow Beam. 
The timing trigger was a discriminator fed by a RF signal 
from the cavity. The delay relative to the trigger for each 
electron was recorded. Scatter plots of electron delay vs 
time into the spill showed a variation in width during the 
spill. The middle 15% of the spill was separately 
analyzed. Runs was taken for a selection of frequencies 
in the VHF cavity. Average time delay, "phase" and 
variation in delay "width" are plotted verses the 
frequency over the results of modeling; the zero 
frequency was chosen to match minima in width and the 
delays were matched at mid frequency. The is good 
agreement in the variation in phase and the shape of the 
width curve. The widths are almost twice expected. 
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Also installed for this test was an old 200 MHz 
acceleration cavity, modified to resonate at 186 MHz, to 
be used as a bunching detector. It generated over a volt 
of signal with the 5 microAmps in the SEB. The hope is 
to use the phase of this signal to servo the extraction 
frequency 

The last run was made with Gold ions into a few 
micron thick quartz cherenkov counters, good to 50 pico- 
sec. Also installed: a phase locked loop on the RF to 
reduce noise and a step recovery diode before the 
discriminator to sharpen timing. Widths for this run were 
as low as 250 pico-seconds. Note that the time 
distribution is more symmetric than the model prediction. 
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Figure 7 Time Histogram of Events 

Again there was a drifting of the width over the spill and 
at rates up to few tens of hertz. 

To achieve -100 ps widths with 50 ns spacing 
between bunches, a low frequency RF system cavity will 
be provided for bunch spacing and the 93 MHz cavity, 
with possibly a 200 MHz one, to sharpen up the bunches. 
Foe 30 ps bunches the 200 MHz cavity will be run at 
-100 KV. 
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Abstract 

The goal of the proposed National Spallation Neutron 
Source (NSNS) is to provide a short pulse proton beam of 
about 0.5(is with average beam power of 1MW. To achieve 
such purpose, a proton storage ring operated at 60Hz with 
1 x 1014 protons per pulse at IGeV is required. The Accu- 
mulator Ring (AR) receives 1msec long H~ beam bunches 
of 28mA from a IGeV linac. Scope and design perfor- 
mance goals of the AR are presented, other possible tech- 
nological choices and design options considered, but not 
adopted, are also briefly reviewed. 

1   INTRODUCTION 

The Oak Ridge National Laboratory is leading a con- 
ceptual design for a next generation pulsed spallation 
neutron source, the National Spallation Neutron Source 
(NSNS) [1]. There are three major accelerator systems 
included in Brookhaven's area of responsibility. First is 
the High Energy Beam Transport (HEBT) system [2]. Sec- 
ondly, the Accumulator Ring (AR) system and thirdly, the 
Ring to Target Beam Transport (RTBT) system [3]. This 
paper describes the design of the AR itself whose magnet 
and tunnel layout is shown in Fig. 1. 

The proton Accumulator Ring is one of the major sys- 
tems in the design of the NSNS. The primary function of 
the AR is to take the IGeV H~ beam of about 1msec length 
from the linac and convert it into a 0.5/is beam through a 
stripping foil in about one thousand turns. The final beam 
should have 1.0 x 1014 protons per pulse, resulting in 1MW 
design average beam power at 60Hz repetition rate. Pro- 
visions have been reserved for a future upgrade to 2MW 
beam power by doubling the stored current to 2.0 xlO14 

proton per pulse without changes in both the magnet and 
vacuum system. 

One of the major performance requirements is to keep 
the average uncontrolled particle loss during the accumula- 
tion time to less than 2.0xl0~4 per pulse. The reason of 
this stringent requirement is to keep the residual radiation 
to such a level that the hands-on maintenance is possible 
except for a few localized areas, such as: injection, extrac- 
tion and collimation. To achieve this goal, special care have 
been exercised in the H~ stripping, the RF stacking, and 
the collimator design. 

This paper describes the final product of the inten- 
sive R&D efforts in the past two years.  During that pe- 

* Research on the NSNS is sponsored by the Division of Material Sci- 
ences, U.S. Department of Energy, under contract number DE-AC05- 
960R22464 with Lockheed Martin Energy Research Corporation for Oak 
Ridge National Laboratory. 

Figure 1: Layout of the accumulator ring. 

riod, we have studied many possible technologies and de- 
sign choices. Some of the considerations and rationals of 
choices are given here for comparison. 

a. Accumulator Ring vs Rapid Cycling Synchrotron. The 
AR option is chosen for better injection efficiency, no 
eddy current effects and shorter beam-in-ring time to 
avoid coherent instabilities. 

b. One vs Two Ring Tunnels. Separate tunnels for future 
upgrade is chosen for its simplicity in mechanical de- 
sign, reliability in future operation, accessibility for 
maintenance, and low initial capital investment. Both 
the performance goal and specific design of the second 
ring can be decided at the time of upgrade. 

c. FODO vs Triplet Lattice. A FODO lattice is cho- 
sen for its smoothness in betatron function varia- 
tion around the ring. Such a property will minimize 
the possible envelope oscillation for beam with large 
space charge tune shift. 

d. Normal vs Isochronous Lattice. Our choice is for a 
normal lattice, even if, at a first look, isochronous lat- 
tice may offer the advantage of constant longitudinal 
extend of the injected beam. However, it hurts in many 
other ways. For example, the higher order chromatic 
effects in lattice, reduction in dynamic aperture, and 
the reduction in Landau damping for transverse insta- 
bilities. 

e. Single, Dual, Barrier Cavity RF Systems. The dual 
harmonic RF system is chosen for its advantage in 
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higher bunching factor and established performances. 
The barrier cavity system holds promises of keeping 
the beam within the confine of the RF bucket and leav- 
ing the gap clean. However, it requires more RF sta- 
tions and the beam dynamics related to beam loading 
and coherent instabilities is not well-understood. 

2   LATTICE, H- INJECTION AND RF STACKING 

The accumulator ring of the National Spallation Neutron 
Source (NSNS) will have a four-fold symmetric lattice. 
The lattice will accommodate the long straight sections re- 
quired for the injection system, the extraction system, the 
RF cavities, and the beam scraping system. The straight 
sections will be dispersion free, which is desirable, espe- 
cially for the RF cavities and the injection system. The 
lattice will provide ease of betatron tuning and flexibility 
of operation. Unlike lattices of lower symmetry, a lattice 
of four-fold symmetry will assure that there are no danger- 
ous betatron structure resonances other than for the integer 
tune. Details of lattice design is given in ref. [4]. Lattice 
functions and other salient performance and design param- 
eters of the accumulator ring are summarized in Table 1. 

Table 1: NSNS Accumulator ring parameters 
Beam Average Power 1.0 MW 
Kinetic Energy 1.0 GeV 
Average Current 1.0 mA 
Repetition Rate 60 Hz 
Ion Source Peak Current 35 mA 
Linac Peak Current 27.7 mA 
Beam Duty Cycle 6.18 % 
Linac Pulse Length 1.03 msec 
Beam Loss (Controlled/Uncontrolled) < 2/0.02% 
Number of Turns Injected 1225 
Revolution Period 0.8413 /isec 
Revolution Frequency 1.1886 MHz 
Circumference 220.688 m 
Space-Charge Tune-Shift <0.1 
Bunching Factor (Dual RF Systems) 0.405 
Number of Protons/Ring 1.04xl014 

Beam Emittance (Transverse, norm.) 217 7rmm-mr 
Tunes vxlvy 5.82/5.80 
ßmaxWy) 19.2/19.2 m 
Dispersion Xp(max/min) 4.1/0.0 m 
Transition Energy jt 4.93 
RF Voltage (Is* Harmonic) 40 kV 
RF Voltage (2nd Harmonic) 20 kV 
RF bucket 17 eV-sec 
Beam Emittance (Longitudinal) 10eV-sec 
Beam Gap (injection) 295 nsec 
Injected Pulse Length 546 nsec 
Vacuum 10~9 Torr 

The most demanding system in the design of the 1MW 
short pulse spallation neutron source is the H~ multi-turn 
injection into the storage ring. For the NSNS accumulator 

ring, a carbon foil of 400/ug/cm2 is assumed. The stripping 
efficiency for IGeV incident H~ beam is about 99.8%. 
The temperature rise for the 1MW design is estimated to 
be about 3200°C. In addition, it has been found that [5] 

a. Stripping losses in passage of the H~ beam through 
the B=3kG field in a DC bump dipole magnet up- 
stream of the stripper foil are negligible. 

b. A fraction f(H°) =8.19xl0-3 of the incident H~ 
beam will emerge as H° from a 400/ig/cm2 carbon 
stripper foil and must be disposed of in an external 
dump. 

c. Field ionization of the H"component in the B=2.41kG 
field of a quadrupole downstream of the foil will lead 
to negligible uncontrolled losses. 

d. Fractional losses from nuclear non-elastic interactions 
in the foil as low as 1.26x 10~5 can be realized with 
rapidly (exponentially) collapsing injection bumps 
and "smoke-ring" injection scheme which result in 
very small multiple foil traversals of < Nt >=2.43 
traversals/injected proton. 

e. Multipole Coulomb and nuclear elastic scatter- 
ing fractional losses out of a ring acceptance of 
Axiy=3307rmm-mrad for the above injection condi- 
tions are 1.35x 10-5, well below our loss criterion of 
<10-4. With the small area stripper foil (8mm H x 
4mm V) used for the above estimates, 2.2% of the in- 
cident H~ beam misses the foil and will be deflected 
by a magnet to an external dump. 

To accumulate all the particles needed and keep them 
in proper azimuthal distribution, a dual harmonic RF sys- 
tem is employed. The fundamental RF system will pro- 
vide 40kV and the second harmonic RF system will pro- 
vide 20kV to form a flattened RF bucket for particle trap- 
ping with resulting bunching factor of about 0.4. Such a 
RF system will reduce the incoherent tune shift by 25%. 
The 4-dimensional multi-particle tracking program Accsim 
is needed to follow the 1200 turns of particles in the ring. 
The resultant beam distributions in real space and in RF 
phase space are shown in Fig. 2 and Fig. 3 respectively [6]. 
Much more work has to be done in this exercise to deter- 
mine the optimal combination of RF waveform and injec- 
tion strategy. 

3   BEAM LOSSES AND THEIR CONTROLS 

There are many possible beam loss mechanisms in addition 
to the foil stripping mentioned above. The important ones 
include: 

a. Resonance crossing due to space charge tune shifts 
and magnetic imperfections. This will be minimized 
by controlling the tune shift to be less than 0.1 unit 
and provide all necessary multipole corrections up to 
order 3. 
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Figure 2: The resultant beam distributions in real space. 
Accsim snapshot at 1200 turns. Pseudo barrier RF. 
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Figure 3:  The resultant beam distributions in RF phase 
space. Accsim snapshot at 1200 turns. Pseudo barrier RF. 

b. Coherent instabilities induced by impedance of the 
vacuum components. Careful studies have shown that 
all known instabilities will not occur with our design 
choices, except possible transverse instability. Further 
reduction of impedance will be attempted and a trans- 
verse damper will be provided to damp possible trans- 
verse instability [7]. 

c. e - p instability can limit the achievable intensity 
if excessive e~ generation is allowed to occur. For 
the NSNS design, a vacuum pressure of less than 
10-9Torr and clear beam gap of 295 nsec should keep 
the neutralization coefficient below 10~3 which will 
keep the beam stable. TiN coating of the vacuum 
chamber has been considered to further reduce the 
secondary emission of the electrons [8]. 

d. Halo formation has been proposed as one of the pos- 
sible beam loss mechanisms due to the particle-core 
resonance effect. Detailed studies will be carried out 
to better understand this phenomenon and its impact 
on the ring design and ultimate performance. 

To contain those particles inadvertently migrating to- 
ward the wall, after all careful considerations and provi- 
sions, a collimator system is designed to catch the bulk of 

them before hitting the wall. Four collimators, 3.2m each, 
enclosing a 4-K solid angle around the source point and 
stuffed with segmented material to capture all secondary 
particles generated by the incident protons will be provided 
to reduce the radiation effects by a factor of 100. This way, 
most of uncontrolled losses will occur at the collimator, 
leaving ring components relatively intact for reliable op- 
eration [9]. 

4   UPGRADE TO HIGHER POWER 

The design presented in this paper is for initial perfor- 
mance of 1MW average proton beam power. All accel- 
erator issues, such as: space charge, tune shift, coherent 
instabilities, e - p instabilities, ...etc. have been considered 
and designed for 2MW capability. For phase I upgrade to 
2MW performance, the peak current for the linac will be in- 
creased for 28mA to 56mA. No major changes in the ring 
will occur except modification in the kicker pulser and in- 
crease of shielding around high loss areas. 

The most straightforward way to achieve 4MW is to 
build second identical ring and combine the beam power 
into single target station. In that case, the injection time 
into one ring will be reduced from 1msec to 0.5msec. If the 
community of the users require more peak power, a bigger 
accumulator ring or synchrotron to higher beam energies 
can also be contemplated. 
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Abstract 

CERN's Large Hadron Collider (LHC) [1][2] will be 
supplied with protons from the injector chain Linac2-PS 
Booster (PSB)-PS-SPS (Fig. 1). The required transverse 
beam brilliance (intensity/emittance) is almost twice that 
of current PS beams and the LHC bunch spacing of 25 ns 
must be impressed on the beam before its transfer to the 
SPS. The scheme involves new RF harmonics in the PSB 
and the PS, an increase of the PSB energy, and two-batch 
filling of the PS. After a successful test of the main 
ingredients, a project for converting the PS complex was 
launched in 1994. Major additions are (i) h=\ RF systems 
in the PSB, (ii) upgrading of the PSB main magnet supply 
from 1 to 1.4 GeV operation, (iii) new magnets, septa, 
power supplies, kicker pulsers for the PSB-PS beam 
transfer, (iv) 40 and 80 MHz systems in the PS, (v) beam 
profile measurement devices with improved resolution. A 
significant part of the effort is being provided by 
TRIUMF under the Canada-CERN co-operation 

agreement on the LHC. 

UNACS ^ H> 

Fig. 1: The LHC injector complex. 

1 LHC REQUIREMENTS 

Supplying the LHC with protons from the existing chain 
of injectors may appear straightforward at first sight. 
However, the beam has to fit into the tiny LHC dynamic 
aperture, and must also have the brilliance required for 

LHC's desired luminosity. While the intensity is well 
within the capabilities of the PS complex (Linac2, PSB, 
PS), the beam brilliance requested (here defined as 
intensity per bunch/normalised rms emittance) needs to 
be up to twice that of current beams. LHC proton beam 
parameters at collision (7 TeV per beam) at various 
stages of operation are summarised in Table 1. 

Commis- 
sioning 

Nomi- 
nal 

beam-beam 
limit 

Luminos. [cm'V1] 1035 1034 2.5 1034 

bunch spacing [ns] 25 
bunches/beam 2835 
protons/bunch 1.7 1010 10" 1.7 10" 
e* HW/ß™) Turn] 1.0 3.75 3.75 
Table 1: LHC proton beam parameters at collision. Note 

that e* = 8X* = ey*. 

The injector chain has to produce beams 
corresponding to the nominal performance; wherever 
possible, a higher performance level is aimed at, to 
potentially fill the LHC up to the beam-beam limit and to 
provide an operational margin. 

2 A SCHEME TO REDUCE SPACE CHARGE 

With a beam brilliance corresponding to the LHC beam- 
beam limit, the space-charge tune shifts (Aß) are almost 
twice the present figures at the PSB (50 MeV) and PS 
(1 GeV) injection energies, leading to unacceptable beam 
blow-up and loss. 

2.1 Double-batch filling of the PS to reduce space 
charge in the PSB 

Usually the four PSB rings (each 1/4 of PS 
circumference) are transferred sequentially (3-4-2-1), to 
fill the PS in one pulse. The LHC beam would generate, 
at PSB injection, a Aß = 0.9, far beyond the "hard" limit 
of 0.55. With two PSB pulses to fill the PS, the intensity 
per PSB pulse is halved and AQ reduced to 0.45. 

2.2 RF harmonic 1 in PSB for two-batch filling of the PS 

With the RF equal to the PSB revolution frequency, there 
is just one bunch per ring (5 at present) and two-batch 
filling of the PS becomes feasible. Appropriate phasing of 
the bunch in each ring before extraction enables the four 
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bunches to be lodged in V4 of the PS (Fig. 2), which can 
then accommodate a second batch. 

PSB h=5 ax 
ax 

Present scheme 

 4 3_ _ PS h=20 

OX ^_2__ 

CD 
O 

__i  

cn. 
CXL 

Two-batch filling for LHC 

2        4        3 PS h= 

2nd batch       f' batch 

Fig. 2: PSB-PS four-ring transfer schemes. 

2.3 PSB energy to 1.4 GeV to reduce tune spread in PS 

The first batch from the PSB dwells for 1.2 sec on the PS 
injection plateau until the second batch arrives and is 
particularly vulnerable to a large Aß. The increase of the 
PSB energy will reduce the tune shift from 0.3 to a more 
comfortable 0.2. 

For convenience, the main machine parameters of the 
LHC injector chain (including the SPS [3]). are compiled 
in Table 2. Note that the RF harmonic number 84 in the 
PS corresponds to the LHC bunch spacing of 25 ns which 
is impressed on the beam in the PS on the 25 GeV 
extraction flat top. 

PSB PS SPS 
kinetic energy [GeV] 1.4 25 450 
repetition time [s] 1.2 3.6 16.8 
number of pulses to fill 
downstream machine 

2 3 2x12 

number of bunches 1/ring 8(16)/84 243 
p/pulse nominal [1011] 

beam-beam 
43 
72 

84 
140 

240 
405 

p/bunch nominal [1011] 
beam-beam 

11 
18 

10.5/1.0 
17.5/1.7 

1.0 
1.7 

emittance e* fum] 2.5 3.0 3.5 
Table 2: The LHC proton injector chain. 

3 MAJOR HARDWARE UPGRADES 

The 50 MeV proton linac is now equipped with a 
750 keV RFQ and produces a beam of unprecedented 
brightness: 150 mA in e* = 1.2 urn during 120 us. Ways 
to increase this intensity to 180 mA (albeit during only 
20 us) are under study. 

3.1 New RF systems in PSB 

New h=\ ferrite-filled RF cavities with a frequency swing 
of 0.6 to 1.7 MHz, 8 kV, will accelerate one bunch in 
each ring. Moreover, the present h=5 cavities will be 

modified for a tuning range of 1.2 to 3.9 MHz (h=2) to 
flatten the bunches and thus reduce the space charge Q- 
shift in the low-energy part of the cycle. 

3.2 Upgrading the PSB to 1.4 GeV 

Raising the PSB output energy from 1 to 1.4 GeV implies 
an increase of the main dipole field by 26% to 0.87 T and 
of the quadrupole gradient to -5 T/m. Beam 
measurements at these field levels have shown no sign of 
saturation. However, the main power supply needs 
upgrading: putting into service a fourth rectifier-inverter 
group, renewal of 18kV transformers, including the 
reactive power compensation system, and implementing 
new controls circuitry. 

3.3. PSB-PS beam transport to 1.4 GeV 

The bending power of most of the magnetic elements of 
this line cannot be increased by 26%. Eight dc septum 
magnets are to be replaced by pulsed ones, three vertical 
bending magnets, six quadrupoles, and a series of 
correction dipoles are to be rebuilt with laminated yokes 
[4] and equipped with new power converters. This will 
permit the change of beam energy from pulse to pulse. 
The eight kicker magnets are being refurbished with more 
powerful pulsers [5]. 

3.4. Acceleration on new RF harmonics in the PS 

The PS RF cavities are tuned to h=S so as to 
accommodate the 8 PSB bunches (Fig. 2). These are then 
accelerated to 3.5 GeV/c where they are split to 16 
bunches, followed by acceleration on h=l6. New low- 
level electronics to cope with these harmonics is being 
built. 

3.5. 40 and 80 MHz RF systems in the PS [6] 

The LHC bunch spacing of 25 ns as well as bunch length 
matching (<4 ns) to the SPS are obtained with fixed- 
frequency RF systems. A 40 MHz cavity (300 kV) 
bunches the beam on h=S4, whereas two 80 MHz systems 
(600 kV) are added to shorten the bunches, to fit into the 
SPS 200 MHz buckets. The design features a 
sophisticated mechanical short-circuit, as well as a 
powerful feedback to prevent high-intensity beams from 
suffering beam loading effects. 

3.6. Beam diagnostics 

Several systems are to be improved owing to the small 
size of the LHC beam, the new RF harmonics, and the 
intricacies of two-batch filling. Of particular relevance is 
the resolution of beam profile measurement devices 
(SEM grids, fast wire scanners) which must be increased 
by more than a factor 2. 

4 BEAM TESTS - PAST AND FUTURE 

4.1. Major results obtained so far 
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A partial test to check the proposed LHC proton filling 
scheme in the PS complex was carried out in late 
1993 [7]. Only PSB ring 3 was used; its hardware was 
adapted by means of prototypes and pushing some 
elements beyond their safe limits. It has demonstrated 
that a proton beam can be produced at 25 GeV that meets 
the LHC specifications in terms of intensity and e* and 
confirmed the main ingredients of the scheme. More 
recently, the newly installed 40 MHz cavity was 
successfully used to bunch the beam with 25 ns spacing; 
the fast feedback system lowers the cavity impedance 
sufficiently to prevent high-intensity beams from 
becoming unstable. 

4.2 Main beam dynamics issues [8][9] 

The last line in Table 2 highlights the tight emittance 
budget available in the injector chain; every effort has to 
be made to avoid transverse blow-up. While space-charge 
detuning sweeps the beam over stop-bands and leads to 
an unavoidable emittance increase in the synchrotrons, 
emittance can be conserved in beam transport systems: 
mis-steering is to be minimized by automatic procedures, 
and corrected with fast dampers; mismatch is to be 
tackled by on-line quadrupole correction [10]. 

The new RF systems and harmonics will need 
intensive study [11]: (i) keeping the PSB h=2 RF in step 
with the h=\ RF even at highest intensity; (ii) bunch 
splitting from 8 to 16 in the PS; (iii) techniques to de- 
populate the bunch centre (for lowering space charge); 
(iv) RF gymnastics in the debunching/recapture process 
(from h=\6 to /i=84) at 25 GeV. 

Another issue is to make sure that the proposed 
modifications do not jeopardize the beams for other users. 

ITEM STATUS TRIUMFPART 
PSB h=\ RF 
systems (4) 

prototype in one 
ring 

ferrites 
power supplies 

PSB h=2 RF 
systems (4) 

one cavity «im- 
mutable h=5/h=2 

PSB main supply control circuitry 
being tested 

transformers (10) 
var compensator 

PSB-PS kicker 
pulsers (7) 

prototype tests study on pulse- 
flattening [5] 

PSB-PS septa (8) 
and supplies 

two are operational 

PSB-PS line 
magnets (14) and 
power supplies 

magnets: Vi are 
ready; supplies: 
prototype tested 

all magnets [4], 
all power supplies 

PS 40 MHz 
cavities (2) 

one cavity 
operational 

model studies, 
tuners, 
HOM dampers, 
HV supplies 

PS 80 MHz 
cavities (3) 

in fabrication 

wire scanners (8) 
4 rings, H+V 

prototype tests in 
PSB 

design + 
fabrication 

fast blade profile 
monitor in PSB 

prototype being 
designed 

design and 
fabrication 

5 STATUS OF THE "PS FOR LHC" PROJECT 

The project of converting the PS complex for the LHC 
was launched in 1994 and will be finished by 2000. Right 
from the start, a fruitful collaboration with TRIUMF has 
been established, formalised in 1996 by a CERN- 
TRIUMF cooperation agreement on the LHC. About one 
quarter of the funds and manpower required are being 
furnished by TRIUMF (Table 3). 

In summary, the aim of the project is to deliver 
routinely to the SPS a beam of nominal characteristics 
(81 bunches, each 10" p, e* < 3.0 urn, eL~ 0.35 eVs), and 
possibly more intensity, by 1999. Presently everything 
indicates that this goal will be met. This will enable the 
SPS to assess, in time, its upgrading scheme. 
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COMBINED LONGITUDINAL AND TRANSVERSE MULTITURN 
INJECTION IN A HEAVY ION ACCUMULATOR 

Ch. Carli, S. Maury, D. Möhl, CERN/PS, CH 1211 Geneva 23, Switzerland 

Abstract 

After the completion of the antiproton programme, the 
Low-Energy Antiproton Bung (LEAR) will be able to serve 
as an accumulator ring for heavy ions in the injector chain 
of the Large Hadron Collider (LHC). For injection and 
accumulation, a scheme is proposed, which exploits both 
the longitudinal and the transverse acceptances of LEAR. 
Compared to a classical multiturn injection, a factor 3 to 
5 in intensity is gained for the set of parameters pertaining 
to this case; furthermore emittances, which are more favor- 
able for electron cooling, result. The principle is outlined 
and computer simulations are presented. 

1    INTRODUCTION 

To prepare intense bunches of ions for injection into the 
LHC, it has been proposed [1] to cool and accumulate 
heavy ions in LEAR or a similar ring constructed for this 
purpose. Particles coming from the linac are injected by 
multiturn injection and cooled and stacked by electron 
cooling; the process is repeated until the required intensity 
is reached. In order to increase the number of injected parti- 
cles and to obtain a particle distribution more favorable for 
electron cooling, an injection scheme has been proposed 
[2], which exploits both the longitudinal and the transverse 
acceptances. 

Computer simulations to investigate this new technique 
of combined longitudinal and transverse injection for 
LEAR have been performed. Some results will be pre- 
sented here. A more detailed description of the simulations 
can be found in [3]. A summary of recent experiments in 
view of ion accumulation is given in [4]. 

2    PRINCIPLE 

The principle of combined longitudinal and transverse mul- 
titurn injection is best explained with the help of Fig. 1. As 
for convential multiturn injection, a local deformation of 
the closed-orbit (the"bump") is created and decreases dur- 
ing the injection of the linac pulse. The linac energy is 
ramped in such a manner, that at the injection septum the 
closed-orbit corresponding to the instantaneous linac en- 
ergy remains fixed, or changes only by a small amount. 

For conventional transverse multiturn injection, the linac 
energy is constant and the closed-orbit moves away from 
the septum as the bump decreases. Thus a large emit- 
tance of the circulating beam results whereas the momen- 
tum spread is ideally the same as that of the incoming 
beam. With the combined injection (which has some sim- 
ilarities with the "painting" used in H- injection [5]) both 

longitudinal and transverse phase space are exploited and 
transverse emittance can be traded for momentum spread. 

horiz. 
position 

Figure 1: Horizontal positions for an example of combined 
longitudinal and transverse multiturn injection. The closed- 
orbit bump decreases during the injection of the pulse as 
for conventional multiturn injection. The momentum of the 
incoming beam is ramped p = po(l + Si(t)), which leads 
to an additional time dependent orbit shift D5i{t) (where 
D is the dispersion) for the incoming beam. The bump 
decrease and the energy ramp are adjusted, such that the 
instantaneous closed-orbit of the injected particles remains 
fixed. 

3   LEAR LATTICES 

With the fixed geometry of LEAR different "machines" can 
be obtained varying the currents in the quadrupole families. 
For the injection a small horizontal ß function and a large 
dispersion are necessary; whereas for the electron cooling 
we expect vanishingly small dispersion and intermediate ß 
in both transverse phase spaces to be advantageous. In Fig. 
2, the Twiss functions are shown for two of the machines 
used for the simulations; (a) shows standard LEAR and (b) 
the machine best for combined injection, but with ß func- 
tions a little too large for electron cooling. 

A third lattice used for the simulations has smaller ß- 
functions at the cooler, but leads to a situation less suitable 
for the injection. 

4   SIMULATIONS 

The injection process is simulated with a Monte-Carlo 
method. Each particle is described by its coordinates in the 
two transverse phase spaces, the relative momentum devia- 
tion and the time. First a Gaussian beam with particle coor- 
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Figure 2: Lattice functions (the solid and dashed lines rep- 
resent the horizontal and vertical /^-function respectively, 
the dot-dashed line is for the dispersion) for one fourth of 
the machine extending from the center of the injection to 
the center of the electron cooling straight section for (a) 
standard LEAR and (b) a lattice improved for combined 
multiturn injection. The lattice functions in the rest of the 
accelerator are obtained by mirroring and repetition. 

dinates corresponding to given Twiss parameters is gener- 
ated at the injection septum with a random number genera- 
tor. The injected particles are tracked through the accelera- 
tor consisting of the lattice magnets (dipoles, quadrupoles), 
closed-orbit bumpers, aperture limitations and the injection 
septum. Particles hitting an aperture limitation or the sep- 
tum or falling outside an acceptance of 50 \im at the end of 
the injection are counted as lost. In simulations of a purely 
transverse process, the transverse acceptance had to be in- 
creased to I50fj,m to permit injection of a sufficient number 
of turns. 

For the beam coming from the linac the following 
characteristics (corresponding to one standard deviation) 
were taken from [6]: 

emittance :    2.1 \±m 
relative momentum spread    :    0.2 10-3 

In addition to the (instantaneous) spread, the mean 
momentum of the linac beam changes with time; this 
ramp has been limited to S < 6 10~3. Further it is 
required that the distance from the center of the stack to the 
vacuum chamber must be at least 2.5 times the standard 
deviation of the stack. This leads to the following phase 
space volumes (2.5 rms) reserved for the stack (volumes 
expected for 1 rms taken from [1]): 

horizontal emittance       :    (2.5)2 • 10 \im = 62.5 /urn 
vertical emittance :    (2.5)2 • 5 fim = 31.2 fim 
rel. momentum spread    :    2.5 • 0.5 10~3 = 1.25 10-3 

where the contributions due to momentum spread and 
due to horizontal betatron oscillations have to be added 
quadratically. 

For the model of the accelerator, the real apertures avail- 
able were followed as close as possible, after removing 
10 mm in order to account for closed-orbit distortions up 
to ±5 mm. 

To optimize the injection efficiency all parameters of the 
incoming beam (position, angle, Twiss parameters, mo- 
mentum) and the position of the injection septum are var- 
ied. The mean momentum of the stack is such that it is near 
the inner wall of the vacuum chamber, whereas the injec- 
tion is from outside. 

large 

ße-cool intermediate 

standard LEAR 

Figure 3: Number of 'efficient' turns ne// accepted per in- 
jection as a function of the number of injected turns n* for 
optimizations of combined multiturn injection. The crosses 
are for standard LEAR; triangles and squares are for injec- 
tion into improved lattices with large and intermediate beta- 
tron functions at the electron cooler. For comparision, effi- 
ciencies for a purely transverse process and standard LEAR 
machine are given as a dashed line. In the latter case the full 
acceptance (150 /xm) of LEAR is used whereas in all other 
cases the emittance was limited to 50 /j,m to permit faster 
cooling. 

In Fig. 3 the number of turns accepted as a function of 
injected turns is plotted for various conditions. Phase-space 
plots for injection of 20 turns into the standard LEAR ma- 
chine and into the machine best suited for combined injec- 
tion (but expected to be less appropriate for electron cool- 
ing) are given in Figs. 4 and 5. For the incoming beam 
three phase space ellipses with small momentum deviations 
were overlapped; they separate after injection due to the 
dispersion. One notes that this separation is more important 
for the improved lattice because the normalized Dispersion 
d/\/ß at the injection septum is increased; this is a conse- 
quence of improving the lattice for combined injection with 
a limited linac energy ramp. 

For comparision, a plot of the horizontal phase space 
for the purely transverse process and the standard LEAR 
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Figure 4: Plots of the horizontal phase space for the com- 
bined longitudinal transverse multiturn injection into the 
standard LEAR machine. 20 turns are injected; the three 
plots show the particles after 2, 5 and 20 turns. 

machine is given in Fig. 6. One notes, that particles are 
injected only in a ring-shaped region of the phase space 
around the stack. 

5    CONCLUSIONS 

Comparing the number of turns that can be injected with a 
given efficiency, one notes that a factor of 3 to 5 is gained 
with combined injection as compared to the purely trans- 
verse process (in the standard LEAR machine); another 
factor of 2 can be gained if the lattice is modified. In ad- 
dition a smaller emittance of the injected beam, more fa- 
vorable for electron cooling, is possible with the combined 
injection. 
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Figure 5: Plots of the horizontal phase space for the com- 
bined longitudinal transverse multiturn injection into the 
improved lattice with large ß at the cooler. 20 turns are in- 
jected; the three plots show the particles after 2, 5 and 20 
turns. 
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Figure 6: Plots of the horizontal phase space for purely 
transverse multiturn injection into the standard LEAR ma- 
chine. 10 turns are injected; the two plots show the particles 
after 2 and 10 turns. 

6   REFERENCES 

[1] P. Lefevre and D. Möhl, A low Energy Accumulation Ring 
of Ions for LHC, CERN/PS 93-62 and LHC Note 259. 

[2] S. Maury and D. Möhl, Combined Longitudinal and Trans- 
verse Multiturn Injection into a Heavy Ion Accumulator 
Ring, internal note (CERN) PS/AR/Note 94-12. 

[3] Ch. Carli, Simulation of Multiturn Injection into LEAR 
in View of Ion Accumulation, internal note (CERN) 
PS/DI/Note 96-24. 

[4] J. Bosser, J. Broere, C. Carli, M. Chanel, C. Hill, 
R. Ley, A. Lombardi, R. Maccaferri, S. Maury, D. Möhl, 
G. Molinari, H. Mulder, E. Tanke, G. Tranquille, 
M. Vretenar, Recent Lead Ion Storage Tests on LEAR, 
this conference. 

[5] D. Raparia, C.W. Planner, G.H. Mackenzie and 
J.R. Richardson, Efficient Capture in an Accumulator, 
of 20000 Turns of Beam Injected from TRUMF, Proc. of 

PAC 1985 (Vancouver), IEEE Trans. Nucl. Sei. NS-32, p 
2456. 

[6] N.   Angert,    M.P. Bourgarel,   E.   Brouzet,    R.   Cappi, 
D. Dekkers, J. Evans, G. Gelato, H. Haseroth, C.E. Hill, 
G. Hutter, J. Knott, H. Kugler, A. Lombardi, H. Lustig, 
E. Malwitz, F. Nitsch, G. Parisi, A. Pisent, U. Raich, 
U. Ratzinger, L. Riccati, A. Schempp, K. Schindl, 
H. Schönauer, P. Tetu, H.H Umstätter, M. van Rooij, 
D. Warner and M. Weiss, CERN Heavy-Ion Facility Design 
Report, CERN 93-01. 
and 
N. Angerth, W Bleuel, Y. Bylinsky, H. Gaiser, H. Haseroth, 
G. Hutter, H. Kugler, E. Malwitz, R. Popescu, M. Rau, U. 
Ratzinger, R. Scrivens, E. Tanke, D. Warner, The IH Linac 
of the CERN Lead Injector, proceedings of the 1994 inter- 
national linac conference, Tsukuba, Japan 

978 



THE ANTIPROTON DECELERATOR: AD 
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Abstract 

A simplified scheme for the provision of antiprotons at 
100MeV/c based on fast extraction is described. The 
scheme uses the existing p production target area and the 

modified Antiproton Collector Ring in their current 
location. The physics programme is largely based on 
capturing and storing antiprotons in Penning traps for the 
production and spectroscopy of antihydrogen. The 
machine modifications necessary to deliver batches of 1 x 
107 p /min at 100 MeV/c are described. Details of the 
machine layout and the experimental area in the existing 
AAC Hall are given. 

1 INTRODUCTION 

The scenario used up to the end of 1996 involved 4 ma- 
chines downstream the antiproton production target: the 
Antiproton Collector (AC), the Antiproton Accumulator 
(AA), the Proton Synchrotron (PS) and the Low Energy 
Antiproton Ring (LEAR). They were used to collect, cool 
and decelerate antiprotons in the following sequence: 
1) Antiprotons, produced by 26 GeV/c protons on the 

production target, are collected and precooled at 
3.57 GeV/c in the AC. 

2) They were transferred to the AA where they are 
accumulated and further cooled. 

3) A bunch of a few 10 p was taken from the AA and 
sent to the PS every 30 minutes to several hours. 

4) This bunch was decelerated in the PS from 3.57 to 
0.6 GeV/c. 

5) It was then transferred to LEAR, where cooling (at 3 
or 4 intermediate momenta) and deceleration brought 
the full intensity to low energy. 

This scheme was designed as an 'annex' to the 
antiproton source for the SppS (the SPS used as a p-p 
collider at 300 GeV per beam). A simplified solution [1], 
using the modified AC and renamed AD (Antiproton 
Decelerator), is now being implemented. The antiproton 
physics programme will continue at the AD start in 1999, 
and LEAR will be converted into an ion accumulator for 
LHC [2]. 

2 AD OVERVIEW 

The existing target area and the AC ring [3] in its present 
location (Fig.l) are used whereas the AA is dismantled. 
The basic AD cycle with the different intermediate levels 
is sketched in Fig. 2. After injection into the AD, bunch 
rotation is applied as in the AC to reduce the momentum 
dispersion of the antiproton batch. Then the beam is 
stochastically cooled at 3.5 GeV/c and 2 GeV/c and 
further decelerated in several steps. The next cooling 
level is at 300MeV/c where the transverse emittances 
have grown to 33;rmm-mrad and a Aplp of 0.2%. 
Electron cooling is applied and, finally, after deceleration 
down to 100 MeV/c, the beam is again electron-cooled. 
Beam characteristics and the cooling times are shown in 
Table 1. 

The experimental area will be inside the AC ring. 
The shielding will be reinforced so that the users are 
allowed to access the area during p production and 
deceleration. 

Table 1 - Transverse emittances and momentum spread before (i) and after (f) cooling, and 
cooling times. Only adiabatic increase due to deceleration is considered 

p £i £f Ap/Pi Ap/pf t Cooling process 

TGeV/cl [;rmm.mrad] [%] M 
3.57 200 5 1.5 0.1 20 Stochastic 

2.0 9 5 0.18 0.03 15 

0.3 33 2 0.2 0.1 6 Electron 

0.1 6 1 0.3 0.01 1 
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Fig. 1: AD layout. 
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proposed to add an additional quadrupole at the upstream 
and downstream end of the cooling insertion. 

Phase advances between the pick-ups and kickers of 
the stochastic cooling have been adjusted by modifying 
the strength of other AD quadrupoles outside the cooling 
insertion. Further study to compensate the tune shift 
given by the solenoid of the electron cooler, calculations 
of the dynamical aperture are under way. The AD lattice 
functions is shown in Fig. 3. During study sessions made 
in the AC during 1996, it was found that orbit correction 
is necessary [4] to reach low momenta. 

0 20 40 60     Time[s]     80 

Fig. 2: Basic AD deceleration cycle. 

Estimated characteristics of the ejected bunch are: 
107 p's in one pulse of 0.2-0.5 us length, with a repeti- 
tion cycle of about 1 minute. 

3 AD LATTICE 

Detailed study [4] has led to the conclusion that suitable 
location for the electron cooling device is in a long 
straight section opposite to the injection section. The 
central quadrupole has to be removed. To reduce the 
strength  of quadrupoles required for matching,  it is 

10 20 40   j [m]     50 60 70 SO 

Fig. 3: The lattice functions of the AD where $/2,#'2 andD 
are shown on half a ring starting in the middle of the 
injection section. 
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4 SYSTEMS INVOLVED 

4.1 Antiproton Production 

The primary beam of 1013 protons at 26 GeV/c hitting the 
antiproton production target will be similar to the present 
one. It will, however, benefit from developments carried 
out in view of the use of the PS as part of the LHC 
injector chain [5]. 

Antiprotons emerging at 3.5 GeV/c from the target 
will be focused and matched to the transport line 
acceptance of 200/r mm-mrad by a magnetic horn pulsed 
at400kA. 

4.2 Radiofrequency Systems 

The 5 x 107 p 's injected in the AD will be trapped by the 
existing 9.5 MHz (h=6) rf system, as in the present 
scheme, and a bunch rotation will be applied in order to 
reduce the energy spread. The beam will then be deceler- 
ated with the present 1.6 MHz (A=l) rf system whose 
frequency range will be extended down to 0.5 MHz and 
changes of harmonic numbers at intermediate energy 
levels will be performed. 

This rf system will also be used to shorten the bunch 
at 100 MeV/c prior to extraction 

4.3 Beam Cooling Systems 

Stochastic cooling is needed at 3.57 GeV/c and 2 GeV/c 
(Fig. 1), for which band I (0.9 to 1.6 GHz) and band II 
(1.6 to 2.4 GHz) of the present systems will be employed. 
The pick-ups and kickers of band I remain in their present 
location. The band II system will be located in the present 
band III location. At 2 GeV/c band I is used to compen- 
sate the adiabatic beam blow-up due to the deceleration. 
The pick-up sensitivity is reduced by a factor of 2 com- 
pared to 3.57 GeV/c. Band III (2.4 to 3.2 GHz) is not 
used as the gain in the cycle time would not be significant 
and space is needed for the electron cooling system. 

Electron cooling will be applied at low momenta, es- 
pecially at 300 and 100 MeV/c (Fig. 2). With only minor 
modifications, the existing LEAR cooler can be used in 
the AD. 

4.4 Vacuum 

Amongst the different effects of the residual gas which 
have an influence on the quality of the antiproton beam, 
both the single scattering loss and the multiple scattering 
blow-up become very important at low momenta. 

In the presence of cooling, with a time constant of 
1 s for the large beam, an equilibrium emittance of 
-20 ;r mm-mrad would be reached with the vacuum 
conditions of AC. For efficient capture of antiprotons in a 

Penning trap, equilibrium emittances <\TT mm-mrad at 
100 MeV/c are important. Therefore, an improvement of 
the present vacuum conditions by about a factor 20 is 
required. 

4.5 Power Converters 

In order to guarantee a current stability at low energy, 
active filters must be added on the main power convert- 
ers. The trimming power supplies used in the AC will 
have to run below the present minimum controllable cur- 
rent. It is proposed to build new power converters which 
will be stable down to a very small current. 

5 OPERATION 

During setting-up with protons, the radiation level in- 
duced by a beam of 3 x 10 protons will be too high to 
allow access to the hall. Therefore, the hall and the AD 
ring will be considered as primary zone. During normal 
p operation, the new shielding configuration will reduce 
the dose rate in the hall; in this case it will be considered 
as a secondary zone. 

6 CONCLUSION 

The modified AC as an antiproton decelerator will deliver 
a dense beam of 10 p every minute at 100 MeV/c with 
bunch lengths between 200 and 500 ns. This simplified 
scheme opens the possibility for an antiproton physics 
programme based on fast extracted beams. CERN will 
provide the framework for the AD but cost and 
manpower for the project will be provided by the user 
laboratories, who also will help with the operation. 
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Abstract 

This paper reviews the recent performance of the AAC 
and LEAR. Activities on the AAC include the successful 
exploitation of a magnetic horn as an antiproton collector 
lens and an energy-saving mode of operation, which has 
been possible since 1992, when LEAR became the only 
client of the AAC. LEAR worked in its full momentum 
range between 100 MeV/c and 2 GeV/c, with perform- 
ance (intensities, ejection modes and spill length) 
exceeding the design specifications. Improvements are 
described, which contributed to the quality of the beam 
delivered to experiments. The reliability and availability 
of the antiproton machines are also discussed. 

1 INTRODUCTION 

The operation for the period following the SPS Collider 
run in 1991 to the close-down of AAC and LEAR in 
December 1996 are reviewed. During this five-year 
period, the AAC was operated only for the low-energy 
antiproton physics [1]. Typically, the AAC ran for around 
5 800 h/year and, as LEAR took a small fraction of the 
possible daily production, the antiproton complex has 
operated a third of the time in the "energy-saving mode". 

2 AAC OPERATION 

2.1 Antiproton Production 

In December 1991 the 20 mm lithium lens was reinstalled 
after a breakdown of the 400 kA magnetic horn. The 
cause of the failure was investigated and the mechanical 
reinforcement (stronger fixing flanges) was improved. 
One of the new horns was successfully tested over 1.3 x 
106 pulses in the laboratory and, to complete the 
consolidation progamme [2], two cradles, specially 
studied to improve air cooling and the positioning of the 
collector after the target, were equipped with the 
improved horns. 

The 20 mm lithium lens, which had been so reliable 
over three years, broke down in April 1995. A short- 
circuit developed in its primary transformer winding, and 
it had to be replaced by a magnetic horn. Such a horn 
collects about 15% less antiprotons, and the loss of 
p collection was compensated by running the production 
for a longer time. 

The  yield   (Table   1)   defined   as   the   number  of 
antiprotons   measured   on   the   injection   orbit  of the 

collector ring per incident 26 GeV/c proton,  slowly 
decreases as the production beam intensity increases. 

Table 1: Operational yields, measured for 1.5 x 10" primary 
protons. 

20 mm lithium lens (1992-1994) 53xl0"7   p/p 

400 kA magnetic horn (1995-1996) 45.2 x 10"7 p/p 

2.2 AC andAA Rings 

The different systems of the AC and AA rings have had 
fairly stable operation during the last five years. No major 
modifications or improvements have been carried out; 
however, a re-alignment of both rings had to be made 
because the gradual compacting of the ground had 
strongly restricted the vertical acceptances. 

Machine development sessions on the AAC were 
mainly carried out simultaneously with normal running 
and aimed at maintaining the performance level of the 
machines. Deceleration of proton beams in the AC was 
studied in view of a simplified low-energy antiproton 
source [3]. 

2.3 Energy Saving Mode 

With LEAR being the only consumer of the antiprotons 
produced in the AAC, there was a need to reduce the 
energy consumption. It was very efficient to accumulate 
p at maximum stacking rate and maximum number of 
PS-cycles during short periods. Once the AA was full, the 
AC ring, injection line elements as well as other elements 
used only for p production could be switched off or op- 
erated with reduced power, saving about 4 MW of elec- 
trical power. The PS production cycles were converted to 
other use or put in standby mode, further increasing the 
power savings. Antiproton transfers to LEAR from the 
coasting AA beam could continue as before. The AA to 
LEAR transfer efficiency actually increased due to a 
reduction in the transverse emittances of the AA stack. 

3 LEAR OPERATION 

A single bunch of antiprotons was transferred from the 
AA to the PS at 3.5 GeV, decelerated in the PS to 
609 MeV/c and subsequently transferred to LEAR where 
through acceleration or deceleration and beam cooling, 
the beam was made available to physics experiments in 
the range of 105 MeV/c to 2 GeV/c. 
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At the extraction flat top(s), the beam was either fast 
extracted in single bunches or ultra slowly using third- 
order stochastic extraction [4]. LEAR could supply sev- 
eral physics experiments at a time either switching single 
bunch extraction, or through beam splitting in the transfer 
line during ultra-slow extraction. In this way, typically 5 
physics experiments could take data in parallel. 

3.1 Stochastic and Electron Cooling 

Stochastic cooling is available in the entire energy range 
of LEAR. It is normally applied at the 609 MeV/c and 
above and optionally during ultra-slow extraction at the 
extraction momentum. Electron cooling is applied at 
momenta below 350 MeV/c. 

There are two stochastic cooling systems comprising 
high-gain pick-ups connected to correction kickers 
through variable delays. The first system is reserved for 
operation above 200 MeV/c and the second only at 
105 MeV/c and below. All 50 Q matching resistors and 
the pick-up electronics of this last system are cryogeni- 
cally cooled in order to increase the signal to noise ratio. 
In the last years, the low-energy stochastic cooling sys- 
tems have been used as wide-band dampers, providing 
the extra power and bandwidth needed to stabilise the 
dense beams that are obtained by electron cooling. Sto- 
chastic cooling is also used during ultra-slow extraction 
to counteract the blow-up of the circulating beam due to 
scattering on the residual gas. 

The electron cooling, inherited from the ICE 
experiment, has undergone a number of major overhauls 
before its fully operational configuration. LEAR is the 
only machine to use electron cooling [5]. The 
modifications include the development of a variable 
intensity electron gun which has made it possible to 
increase the electron current on the cooling flat tops, a 
major upgrade of the vacuum systems in the cooling 
section, a feedback system on the high-voltage power 
supply to compensate for any change in the electron beam 
space-charge potential and the improvement of the 
controls for more reliable operation. These changes 
provided the physics community with high-quality 
antiproton beams at low energy and with a much 
improved duty cycle (electron cooling is applied typically 

for 15 s on the flat top as opposed to 5 min with 
stochastic cooling). 

3.2 Stochastic Extraction 

Consolidation of the noise generation hardware of the 
stochastic extraction system [6] improved the ultra-slow 
extraction of large stacks, of «1010 particles, at low 
momenta (<300 MeV/c). An extracted flux feedback 
system was put in operation to replace the parameter 
driven feed-forward system. This reduced the setting up 
time of the process and introduced the possibility to 
change the particle flux instantaneously at user request. It 
also allowed for very long low-intensity particle spills 
from large stacks. A typical spill is shown in Fig. 1. The 
longest constant flux spill lasted 14 hours. 

1000 4000 5000 2000 3000 

time [s] 

Figure 1: Antiproton spill with flux feedback. 

Because of the improved spill control, the antiproton 
flux to the physics experiments could be kept close to the 
required value and as a result a net increase in the 
integrated flux was observed. This is one of the major 
factors in the improved performance of LEAR over the 
last 2 years. 

4 OVERALL OPERATION PERFORMANCE 

The total number of antiprotons injected into LEAR per 
year is shown in Fig. 2. The steady increase in the 
number of spills/year continued throughout the life of the 
machine. The small decrease seen in 1991 and 1992 was 
due to the push for increased spill length rather than any 
reduction in running time. The sharp dip in 1987 is due to 
the shutdown for the installation of the AC. 

E12pbars 

Figure 2: 1983-1996 LEAR running statistics. 
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After this installation, LEAR clearly profited from 
the increased antiproton flux available and the average 
intensity/spill continued to increase from 1988 right up to 
the end of the antiproton programme in 1996. A major 
effort was made to improve the overall efficiency of the 
AAC/PS/LEAR operation, leading to a very significant 
reduction in the time taken to refill LEAR. The use of the 
electron cooling helped to reduce the deceleration time by 
around 5 min/spill. These and other measures signifi- 
cantly reduced the waiting time between LEAR spills. As 
a result the number of spills was more than doubled for 
an increase of only 20% in time. In addition, the quality 
of each spill (peak intensity/average intensity) was also 
improved by careful adjustments of the extraction pa- 
rameters, spill form and duty factors. All these factors 
provided a large increase in the total integrated antiproton 
flux to the LEAR users. The number of antiprotons 
injected into LEAR was almost tripled between 1992 and 
1996, (Fig. 3). As antiprotons are expensive to produce, 

particular attention was paid to the overall efficiency of 
the transfer and deceleration process. One of the most 
critical areas was the injection of the antiproton bunch 
into the PS at 3.5 GeV/c. Any transverse emittance blow- 
up here, translates directly into beam losses during decel- 
eration to 609 MeV/c. Therefore, the transverse injection 
oscillations were automatically measured and stored and 
any necessary corrections were automatically calculated 
and applied. A feedback system took care of small pulse- 
to-pulse variations in the PS injection process. It was also 
very important to monitor the beam trajectories from the 
AAC to the PS and from PS to LEAR, as any drift 
resulted in unwanted beam losses. At the end of the 
LEAR operation, the global transfer efficiency from the 
AAC to LEAR, i.e. the total number of antiprotons 
injected into LEAR divided by the total number ejected 
from the AAC in a year, was around 75%. 

The actual time scheduled for the LEAR antiproton 
physics operation each year is shown in Fig. 3. 

Figure 3: LEAR hours scheduled for antiproton physics (1983-1996). 

5 CONCLUSION 

This unique low-energy antiproton facility worked with 
good efficiency and reliability. The antiproton pro- 
gramme was completed in December 1996. 

The machines involved will be reborn with a new 
lease of life. LEAR will be used as a lead ion accumulator 
ring (LEIR) for LHC and the AC ring converted into an 
'Antiproton Decelerator' (AD). A new simplified anti- 
proton source opens the possibility for a new antiproton 
programme at CERN. 
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Abstract 

Desy III is one link in the chain of injectors for HERA, 
the electron/positron - proton colliding beam storage ring. 
Because of the relatively low injection (kinetic) energy of 
50 MeV space charge plays a significant role in deter- 
mining the achievable accelerated current. The luminos- 
ity in HERA is critically dependent on the transverse beam 
brightness hence the need to examine, and where possible 
minimise, emittance blow-up. Measurements of the beam 
emittance as a function of intensity in Desy III and the de- 
rived incoherent space charge tune shift are presented and 
discussed. Finally some preliminary investigations with re- 
gard to upgrading the injection energy via a pre-booster are 
described. 

1    INTRODUCTION 

The Desy III synchrotron accelerates protons from a mo- 
mentum of 0.31 MeV/c to 7.5 GeV/c in approximately 2s. 
Injection is from a 50 MeV H" Alvarez linac using charge 
exchange in a thin (34/ig.cm-2) carbon foil. The linac out- 
put current is around 14 mA with a variable pulse length 
set in normal operation to 33/is corresponding to ten turns. 
The RF system consists of a single, ferrite tuned, cavity 
operating between 3.2 and 10.3 MHz providing harmonic 
number 11. Transition is not crossed during the acceler- 
ation ramp. The original design requirement was for an 
output intensity of 1 ■ 1011 particles per bunch equivalent to 
some 165 mA circulating in 11 bunches. In routine oper- 
ation some 10% more current is achieved while the max- 
imum observed current corresponds to 25-30% above the 
design value. Although the longitudinal bunch area speci- 
fied in the original proposal[l] is achieved, the assumptions 
regarding transverse emittance have yet to be met. This is 
the main topic reported on here. 

It should be noted that injection and subsequent accel- 
eration is accompanied by particle loss. The injection effi- 
ciency, measured as the ratio of the charge circulating im- 
mediately after the n-turn injection compared to that con- 
tained within the linac pulse, is 85% to 90%. Thereafter 
about 55% of this beam survives until full energy with the 
losses confined to the first 250 ms of the acceleration cycle 
ie ceasing after a momentum of circa 1 GeV/c. This trans- 
mission behaviour does not depend upon the number of in- 
jected turns below that required for the maximum achiev- 
able intensity. 

The occurrence of longitudinal bunch oscillations has 
been reported elsewhere[2]. A feedback system[3] is in- 
stalled which damps the dipole modes but is only activated 

during the magnet flat-top when the revolution frequency 
is constant. The threshold for the onset of the oscillations 
is around an intensity equivalent to 60 ma in flat-top Thus 
during acceleration the observed beam horizontal profile 
at higher intensities is somewhat influenced by radial syn- 
chrotron oscillations and to a much lesser extent by bunch 
shape oscillations. Although the shape oscillations are not 
damped by the feedback there is a negligible contribution 
to longitudinal mismatch at extraction and injection into 
Petra, the next accelerator in the injector chain. 

2   EMITTANCE MEASUREMENTS 

Desy III is equipped with residual gas monitors to measure 
the beam profile in each plane and a single wire scanner to 
measure the horizontal profile. [4] Both systems produce a 
beam profile resulting from a time integration. The resid- 
ual gas monitor is based on the readout of a video camera 
whilst the wire scanner traverses at ~1 ms-1. Comparison 
of the profiles yielded by each system at peak energy show 
excellent agreement. [5] 

The residual gas monitors, which measure the average 
profile on 4 consecutive cycles, have been used to acquire 
profile data over a wide range of beam intensity and mo- 
mentum. The first conclusion is that there is a blow-up of 
the emittances in both planes between injection (flat bot- 
tom) and full energy (flat top). This is shown in Figures 
1 and 2. where the horizontal and vertical emittances are 
plotted as a function of accelerated current. Due to the 
transmission losses already mentioned even if no blow-up 
occurred there would be a factor of ~2 reduction in the 
phase plane density. 

T 25 T 
E 

20 

u 
e 

15 

5 10 — 
S u 
sa 

"Flat Top 

Flat Bottom 

50 100 150 

beamcurrent [ma] 

200 

Figure 1: Horizontal emittance vs accelerated current. 

Measurements of the emittances at the exit of the 
linac, using charge deposition on wire harps, yield £h = 
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3.2-10~6m and ev = 2.5-10_6m for the horizontal and ver- 
tical normalised, 2a emittances respectively. To within the 
measurement errors, which may be of the order of 25%, the 
same values are recorded in flat bottom for at most 2-turn 
injection. No increase in emittance could be detected for 
2-turns with up to an additional 20 passages of the proton 
beam through the stripping foil. At this low intensity there 
is no evidence of emittance blow-up between injection and 
top energy. 

*> 
a 

p* 

12 

10 
Flat Top 

Flat Bottom 

50 100 150 

beamcurrent [ma] 

200 

Figure 2: Vertical emittance vs accelerated current. 

The injection of further linac turns leads to a recorded 
emittance at injection which increases approximately lin- 
early with current. There is an additional blow-up during 
acceleration which also shows an approximately linear in- 
crease with intensity, rising to a factor of ~2 under standard 
operational intensities. 

3   TRANSVERSE SPACE CHARGE 

Space charge is considered to be the most significant ef- 
fect limiting the maximum achievable beam brightness. We 
may write the expression for the vertical detuning as: 

AQV = 
NrpFG 

■v (l + y^) Bfßj2 
(1) 

ire. 

Where N is the total number of circulating protons, rp = 
classical proton radius, F (~ 1) takes account of the image 
forces, G (> 1) is a transverse distribution factor, B/ is 
the bunching factor ( average/peak current) and s is the 
transverse normalised, 2a emittance. The subscripts h and 
v refer to the two transverse planes. 

Measurements of the (vertical) emittance as a function 
of time/momentum during the cycle together with the the 
bunch length allow the derivation of the tune shift. The 
bunch length is measured using a resistive wall monitor 
with bandwidth of order 1GHz. To evaluate AQV we have 
used F=G=1 in equation 1 and for the bunching factor have 
assumed a parabolic line density which is in good agree- 
ment with measurements. 

Figure 3 shows typical results for the vertical emittance 
versus time during acceleration for two different end inten- 

sities while figure 4 is a plot of the derived variation of the 
vertical tune shift for an end intensity of 180 ma. Although 
AQV has a maximum value of ~0.6 at the start of accel- 
eration it is not clear that incoherent space charge effects 
are responsible for the blow-up observed during the whole 
cycle for high intensity beams. The initial phase space den- 
sity of low current beams yields similar large tune shifts. 

We have not observed coherent betatron oscillations dur- 
ing the acceleration cycle. We may speculate that the radial 
synchrotron oscillations, whose amplitude increases with 
increasing intensity and which are not damped until flat- 
top, impose additional good field requirements to maintain 
transverse emittance. Desy III is equipped with the min- 
imum number of multipole magnets required to indepen- 
dently influence/compensate all 3rd and 4th order betatron 
sum resonances spanned by a space charge tune spread of 
0.4. Skew quadrupoles are incorporated to correct the cou- 
pling. To date studies with these systems have been con- 
fined to achieving increased accelerated intensity. They are 
not activated in standard operation. Further studies of their 
influence on emittance are planned. 

Figure 3: Vertical emittance vs time during acceleration. 
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Figure 4: Derived (vertical) tune shift vs time. 
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4    UPGRADE OPTIONS [8] V.Balbekov et al. "Desy III Booster Design Study", To be 
published 

Short term improvements concentrate on reducing the ob- 
served losses. At present orbit correction is via dc-powered 
elements. It may be advantageous to incorporate time de- 
pendent correctors. We observe a systematic increase of the 
orbit radius shortly after the start of acceleration indicative 
of a dipole field tracking error. Improved read-out electron- 
ics for the position monitors are essential and system tests 
are underway. [6] 

A study has been made of increasing the injection energy 
using additional linear accelerator structures in the space 
between the present Alvarez linac and the synchrotron 
tunnel.[7] An increase of injection energy to 170 MeV is 
considered feasible. This would theoretically reduce the 
space charge tune shift, at constant phase space density, by 
a factor of 2. 

Somewhat more promising is a study in progress based 
on the use of an intermediate booster. [8]. Sited in the exist- 
ing building alongside the present linac this would accel- 
erate 2 bunches to 800 MeV kinetic energy using a 1 Hz 
magnet cycle which is the maximum repetition rate of the 
linac. The space charge tune shift in the booster would be 
moderate and that in Desy III reduced by a factor of 3 to 5 
depending on the chosen bunch intensity. 

Use of such a booster requires bunch to bucket transfer 
to Desy III using fast (ca. 70 ns risetime) kickers. The 
ten bunches would be boxcar accumulated using 5 booster 
transfers. Measurements have been made on an 800 MeV 
flat-top in Desy III which gave a beam lifetime of 270 s 
and no observable emittance increase over 2.7 s. The addi- 
tional accumulation time produces a negligible increase in 
the overall Hera filling time. 
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Abstract 

The status of a study for a European Spallation Source 
(ESS) is reported along with a description of the 
reference design. The design of the 5MW, 1.334 GeV 
machine is dominated by the need to keep beam loss at a 
low enough level to allow hands on maintenance for 
most areas. All accelerator sections are designed to be 
far away from space charge limits. The design allows 
scraping of the H" Linac beam in all three phase planes 
(horizontal, vertical and momentum) prior to injection 
into the two accumulators. Key elements of the R & D 
programme that will validate the design are identified. 

1 ESS DESIGN STUDY STATUS 

The first phase of the ESS Project was completed at 
the end of 1996, with the conclusion of the Feasibility 
Study and publication of the Reference Design [1]. This 
work identified areas of research required to validate the 
design, and is the basis for planning the next 'R&D' 
Phase of the study which is outlined in Section 6. 

Two spallation targets are included,  one for 50 Hz 
operation and the other for 10 Hz, see Figure 1. 

The Linac provides a peak current of 107 niA (at 6% 
duty cycle) over two successive 0.6 ms injection pulses 
into each ring. To minimise injection losses, the 1.2 ms 
injection pulse is chopped at the ring revolution 
frequency of 1.67 MHz, and linac halo is removed in a 
long collimation section in the injection line. Charge 
exchange injection is over 1000 turns, accumulating 
2.34xl014 protons per ring. Fast extraction from each 
ring, on successive turns, yields the 1 us pulse required. 

3 THE ESS LINAC 

Two 70 mA H" ion sources feed RFQs whose beams 
are funnelled together at 5MeV into a 350 MHz, 
70MeV DTL. Next, a 700 MHz coupled cavity linac 
accelerates the beam up to the final energy of 
1.334 GeV. See Figure 2. The momentum of the beam is 
ramped and the spread is reduced by a bunch rotator. 
Hands on maintenance is a more important criterion than 
either capital or operating cost minimisation. 

Figure 1, Outline of the ESS 
1.334 GeV LINAC 

50 Hz TARGET 

10 Hz TARGET 

2 ESS REFERENCE DESIGN 

The Reference Design consists of a 1.334 GeV H 
Linac, which develops the full 5 MW beam power at 
50 Hz, followed by two Accumulator Rings which 
operate in parallel to compress the proton pulse to 1 us. 

Figure 2, Proposed Linac Scheme 
IS   LEBT   RFQ1  chopper     RFQ2        Funnel     DTL       High energy Hnac 

70 mA 
50keV 

175MHz 175MHz       2xtf0mA  350MHz 700MHz 107mA 
2 MeV 5 MeV       TOMeV 1334MeV 

3.1 Low Energy Section 

The H" ion source requirements of 70 mA at 6% 
duty cycle have not yet been achieved. The most 
promising candidates are developments of the ISIS 
Penning source, which has already delivered 55 mA, or 
an RF driven volume source [1]. As neutralisation 
effects in the transport system between the ion source 
and RFQ have not been demonstrated for H' at high 
intensities, an integrated ion source-RFQ ESS test stand 
is to be built at RAL. Various parts will be delivered by 
the ESS collaborators. Details of the 2 MeV chopping 
line and the 5 MeV funnelling line are given in [1]. 

3.2 DTL and CCL Linacs 

After acceleration to 70 MeV in a conventional 
350 MHz DTL, the particles are injected into a 700 MHz 
CCL. The injection energy is below the neutron 
production threshold of -120 MeV. The CCL at high 
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energy is the most sensitive for beam loss. It is also the 
most expensive, for both capital and operating cost. 

Optimisation of capital and 10 years operating costs 
leads to a field gradient of 2.8 MV/m and length 663 m. 
By decreasing the full current transverse tune with 
energy, even for the 214 mA bunch current at 700 MHz, 
the transverse and longitudinal tune ratios are -0.8 all 
along the ESS linac. This non space charge dominated 
design leads to rms emittance growth of < 10%. Most 
important for beam loss is the reduced halo outside the 
dense core. Monte Carlo simulations with < 106 particles 
have been run for the DTL and the CCL in sequence [2]. 
There is strong transverse-longitudinal coupling 
associated with the non-uniform space charge density of 
a bunched beam. The linac is expected to achieve the 
low loss design goal after an initial start-up period. 

3.3   RF Power for CCL 

Each klystron feeds only two cavities and is 
designed to deliver 2 MW peak RF power, which is 30% 
more than the sum of beam and cavity dissipation power. 
No modulating anode is foreseen for this single beam 
klystron. A bouncer has been designed for a modulator 
delivering 6 MW DC power for 1.2 msec pulses at 
50 Hz. The AC to DC efficiency is about 85% and the 
pulse flatness is better than ±0.5% [1]. This modulator 
may be used to power a pair of 2 MW peak RF power 
klystrons. The replacement of Gate Turn Off (GTO) 
thyristor switches by Insulated Gate Bipolar Transistors 
(IGBT) is promising for reducing costs and control 
problems. A test stand is planned for studying the series 
connection of IGTBs up to a blocking voltage of 5 kV 
for each. Costs are reduced as all modulators are 
designed for the same DC power; a central housing of 
modulators for many klystrons using common energy 
storage and control systems is possible. More detailed 
studies are planned to evaluate this arrangement. 

Attention has to be given to the RF control system. 
Uncorrelated amplitude and phase errors, of ±1% and 
±1° respectivley, will cause an oscillation of the beam 
centre of about 0.6 MeV at the linac end. This is near the 
limit for low loss ring injection. 

3.4   Superconducting Option 

Superconducting cells are an interesting option for 
the high ß linac. Detailed studies are to be performed for 
accelerating the ESS beam from 70 MeV to 1.334 GeV 
by using 5-cell 700 MHz superconducting Nb cavities at 
2K. A constant gradient of 10 MV/m is chosen. Two 
cavities are connected to one klystron. The total linac 
length is 300 m. About 30% saving of capital and 
operating cost is expected for this sc linac compared to 
the nc reference design, if amplitude and phase can be 
stabilised to better than ±1%, ±1° respectively. RF errors 
due to the Lorentz force detuning may be compensated 
by stiffening the cavities and applying digital feedback 

from feedforward tables. The cavity to cavity and pulse 
to pulse frequency shift of ±30 Hz, as measured for a 
stiffened 1.3 GHz sc TESLA cavity due to microphonics, 
causes an intolerable phase shift of ±3" at low ß and 
±1.2° at high ß. Unlike electron linacs, phase errors in 
different cavities connected to one klystron do not add 
up to give a common energy fluctuation. To achieve the 
very stringent limits required, methods such as 
connecting only one cavity to a klystron, or increasing 
the cavity bandwidth by lowering the loaded Q-value, 
are being considered in cooperation with the TESLA RF 
control group at DESY, Hamburg. 

4 THE INJECTION TRANSFER LINE 

The injection line is involved with collimation, 
momentum ramping and bunch rotation. For low loss in 
the rings, linac halo is removed. In the transverse planes 
unnormalised emittances are collimated at 
2.54 7tmmmr. To allow phase space painting in the 
ring, the momentum is ramped linearly through 
injection. The instantaneous 8p/p is adjusted with bunch 
rotator cavities, which compensate for space charge 
induced phase width growth. The total momentum range, 
spread plus ramp, is collimated at 0.0% > 8p/p > 0.4%. 

There are three sections; the initial drift and 
matching section, an achromatic bending region, and a 
final vertical separation and optical matching section. 
All collimation systems in the line utilise stripping foils 
and magnet fields to separate and remove unwanted 
beam efficiently. Magnets have C shaped cores, open on 
the outer radius for easy removal of stripped beam. 

The first section includes the momentum ramping 
cavity and debuncher at the upstream end, four 
horizontal betatron collimators at successive phases of 
45° and, at the down stream end the bunch rotator. The 
180° achromatic bending region has a mean radius of 
42.5 m to keep fields low and prevent H' stripping. This 
provides a peak normalised dispersion of 5.5 m1 for 
momentum collimation; two momentum pre-collimators 
allow reduction of magnet apertures required. The 
achromat has four superperiods, each containing low 
field combined function magnets in a triplet 
configuration. Beam dynamics are similar to a circular 
machine above transition, with minimal debunching. 
Four vertical betatron collimators are also included in 
the achromat, placed at relative phases of 45°. After the 
achromat the line splits into two ring matching sections, 
2 m vertically apart. A vertical splitting magnet, with a 
rise time of 100 us, deflects the beam appropriately. 

5 ESS ACCUMULATOR RINGS 

5.1   Accumulator Lattice and Injection 

The 1.334 GeV accumulators have a mean radius of 
26 m, and a three superperiod lattice utilising quadrupole 
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triplets to provide alternate achromatic bending regions 
and long dispersionless straights. This fullfills 
requirements for extracted pulse length, low loss 
injection, RF, extraction and collimation. Beam 
emittances are large (collimated at 260 n mm mr) to 
keep betatron tune depressions below 0.1 at the design 
intensity of 2.34x10" per ring. For full design see [1]. 

Figure 3, Accumulator Rings 

H"  £1.334 GaV] 

During injection the beam is painted in all three 
planes to minimise space charge effects. The beam 
momentum is ramped linearly through injection and the 
large dispersion at the foil (5.66 m) correlates this 
longitudinal painting to that in the horizontal plane. 
Vertically a programmed symmetrical bump at the foil 
anti-correlates vertical amplitudes. One topic for 
research is the effect of space charge on the painted 
transverse emittance and related loss. 

The injection system requires careful design, main 
requirements are: specified dispersion for injection 
painting; efficient removal and collection of H", H"; low 
field to prevent pre-stripping and efficient collection of 
stripped electrons to prevent foil heating. Manufacture 
and verification of graphite foil performance is part of 
the R&D program. Interactions of recirculating protons 
with the foil cause losses, and measures to minimise the 
number of foil traversals are: collapsing vertical orbit 
bump, optical mismatch at injection, RF steering after 
injection, two unsupported edges on the foil and the 
large machine acceptance. 

5.2   RF System and Extraction 

The chopped linac beam is injected unmatched into 
the bucket of the dual harmonic RF system (h=l,2). RF 
voltage and frequency laws have been determined by 
stability and injection criteria, and optimised with space 
charge codes [3]. There are four RF cavities per ring, 
providing a peak total voltage of 27 kV/turn. A small 
frequency sweep is used for final RF steering, and a 
200 ns beam gap allows for the rise time of the single 
turn extraction system. Extraction uses four push-pull 

lumped kickers, which deflect the beam by 15.8 mr to a 
septum magnet half a straight downstream. 

Precautions against instabilities include profiled 
aluminium vacuum chambers, shielded bellows, low 
impedance extraction kickers and further R&D work. 

5.3   Loss Collection in Accumulator Rings 

Total loss in each ring is estimated at <0.02% and 
is mainly due to foil interactions. Most loss will be 
localised in a well shielded, dispersionless collection 
region. Collimation and aperture limits are 260 and 
480 7C mm mr respectively. Most operational loss will be 
stopped on a betatron collimation system and a special 
momentum tail system. The latter intercepts particles 
losing energy at the high dispersion point of the foil, by 
intercepting their enhanced betatron motion at 180° 
phase shift downstream. The system of collimators is 
being optimised for most efficient collection of particles, 
including effects of growth rate, outscattering, 
misalignment and fault conditions. 

6 RESEARCH & DEVELOPMENT PROGRAM 

An application for CEC support under the TMR 
scheme has been submitted. Research topics and 
participants are summarised in Table 1 for the 3 year 
TMR R&D program. An ESS test stand with ion source, 
chopper and RFQ is to be built at RAL, and beam loss 
studies will continue. 

Table 1, Summary of Topics and Participants 
Subject Participants 
Ion Sources RAL, JWGU 
2 MeV RFQ RAL, JWGU, TUE, FZJ, HMI 
Chopper Design TSL, JWGU, TUE, FZJ, HMI 
Space Charge Codes FZJ, RAL JWGU, INFN 
Foil & Injection Studies RAL, HMI 
Diagnostics U Aarhus, TSL, FZJ, HMI, JWGU 
Linac Cavity, and RF TUE, FZJ 
Impedance Modelling INFN, RAL 

Participants are: RAL, JWGU, FZJ, Univ. 
of Aarhus (U. Aarhus), The Svedberg Laboratory (TSL), 
Istituto Nazionale di Fisica Nuclear (INFN), Eindhoven 
Univ. of Technology (TUE), Hahn Meitner Institut 
(HMI). Other institutes may join as studies progress. 

The anticipated ESS programme is: completion of 
R&D by 2000, two years engineering design, six years 
construction, two years commissioning ending by 2010. 

REFERENCES 
[1]    ESS   A   Next   Generation   Neutron   Source   for 
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INTENSITY LIMITATIONS IN FERMILAB MAIN INJECTOR 

W. Chou, Fermilab,* P.O. Box 500, Batavia, IL 60510, USA 

Abstract 

The design beam intensity of the FNAL Main Injector (MI) 
is 3 x 1013 ppp. This paper investigates possible limitations 
in the intensity upgrade. These include the space charge, 
transition crossing, microwave instability, coupled bunch 
instability, resistive wall, beam loading (static and tran- 
sient), rf power, aperture (physical and dynamic), coalesc- 
ing, particle losses and radiation shielding, etc. It seems 
that to increase the intensity by a factor of two from the de- 
sign value is straightforward. Even a factor of five is pos- 
sible provided that the following measures are to be taken: 
an rf power upgrade, a 7t-jump system, longitudinal and 
transverse feedback systems, rf feedback and feedforward, 
stopband corrections and local shieldings. 

1   INTRODUCTION 

High intensity beams are often in demand when proton syn- 
chrotrons are operated in fixed target mode or in antipro- 
ton or neutrino production mode. In the past half century, 
scores of proton synchrotrons have been built and tremen- 
dous amount of knowledge has been accumulated in their 
design and operations for understanding where the bottle- 
necks are and how to conquer them. One of the best exam- 
ples is Ref. [1], which shows how various measures were 
taken on the PS Booster at CERN for increasing the beam 
intensity by an order of magnitude in 15 years. At this mo- 
ment, the AGS at BNL holds the world record of the highest 
beam intensity (6.3 x 1013 ppp) in a proton synchrotron. 

The design goal of the beam intensity in the Main Injec- 
tor at Fermilab is modest: 3 x 1013 protons per pulse. But it 
is by no means the intensity limit. This paper investigates a 
number of sources that could possibly become bottlenecks. 
The "Top 10" list is: 

• Space charge. 

• Microwave instability. 

• Coupled bunch instability and resistive wall. 

• Beam loading. 

• Robinson instability. 

• RF power. 

• Transition crossing. 

• Dynamic and physical aperture. 

• Coalescing. 

• Particle losses and radiation shielding. 

* Operated by Universities Research Association Inc. under Contract 
No. DE-AC02-76CH03000 with the U.S. Department of Energy. 

These are in random orders and will be discussed in se- 
quence. They will be re-ordered in the end of the paper to 
establish a priority list. 

Other sources, such as intrabeam scattering and residual 
gas scattering are considered not to be important. Lattice 
mismatch, beta-beat and beam steering could be important 
but it may be more appropriate to study them when machine 
operation begins. 

2   SOURCES OF INTENSITY LIMITATIONS 

2.1 Space charge 

The space charge may cause emittance growth (especially 
in the transverse phase space) and particle losses (from 
resonances). When the space charge limit is reached, the 
transverse emittance would grow as bunch intensity in- 
creases, while keeping their ratio a constant. The character- 
istic parameter is the Laslett tune shift, which comes from 
both the space charge and image charge. In the Main In- 
jector, it is -0.08 at 6 x 1010 protons per bunch at injection. 
It would become -0.4 if the beam intensity is increased by 
a factor of five, assuming the same transverse emittance. 
Such a big tune shift would cross a number of resonance 
lines. A standard way to cure it is to employ stopband cor- 
rections, which have been successful in many machines, 
including the AGS. 

2.2 Microwave instability 

Table 1 is the impedance budget of the Main Injector. The 
total longitudinal Z\\/n is 1.6 Q, the total transverse Z± 
is 2.2 MCl/m. The threshold of microwave instability and 
transverse mode coupling instability is also listed in the ta- 
ble. It is seen there is a safety margin of 4-5. When the 
intensity is increased by a factor of 5, one might see trans- 
verse mode coupling, which, however, has never been ob- 
served in any proton machine. A possible solution to push 
the intensity even higher is by intentional blow up of the 
longitudinal emittance, which has been used at CERN for 
years. 

2.3 Coupled bunch instability and resistive wall 

The 18 rf cavities in the Main Ring (MR) will be re-used 
in the Main Injector. The longitudinal coupled bunch in- 
stability driven by the higher order modes (HOM) in these 
cavities have been observed in the MR. At present there are 
two narrow-band passive dampers for the modes 128 and 
225 MHz. It is not clear which modes would be dangerous 
when these cavities move to the MI. The calculation shows 
the growth time at nominal intensity is about 10 ms in the 
MI, which can be damped by active feedback. As beam in- 
tensity increases by a factor of 5, the growth time would de- 
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Table 1. Main Injector Impedance Budget 

Component Number Impedance 
Z||/n (ft) Zj. (Mft/m) 

RF cavities (HOM) 0.09 0.023 
Main cavities (53 MHz) 18 
Coalescing (2.5 MHz) 5 
Coalescing (5 MHz) 1 
2nd harmonic (106 MHz) 1 

Transitions (tapered) 0.012 0.01 
RF section 10 
Inj section 2 

Bellows (shielded) 552 0.37 0.67 
Flange gaps (shielded) 552 - - 
Weldments 2208 0.001 0.005 
Gate valves (shielded) 34 0.04 0.05 
Pump ports (screened) 577 0.1 0.07 
Beam position monitors 208 0.18 0.3 
Kickers 0.3 0.6 

p inj (1.1m) 3 
p inj/p extr (2.24 m) 2 
p extr (2.2 m) 2 
Abort (2.2 m) 2 

Lambertson laminations 0.1 0.3 
Lambertson joints 0.3 0.1 

Lambertson-quad 12 
Lambertson-Lambertson 6 
Lambertson-dipole tube 10 

Resistive wall 0.11 0.092 
Total 1.6 2.2 
Instability threshold: 

At 8.9 GeV/c 39 7.9 
Atl20GeV/c 8.0 16 

crease by a similar portion, which makes the feedback more 
demanding. Hence, it is desirable to install a wide-band 
passive damper in the cavity to damp all the HOM above 
certain frequency, say, 200 MHz. A new version of the 
simulation code MAFIA, v.4, allows its frequency domain 
solver to deal with lossy materials such as ferrite. This can 
be a useful tool in the investigation of such a damper. 

The resistive wall instability has a much faster growth 
time, about 1.2 ms at 3 x 1013, which is about 100 turns. 
The specification of the transverse feedback has a damping 
time of 20 turns. Therefore, it should be able to handle 
higher beam intensity. 

2.4   Beam loading 

The transient beam loading gives a phase modulation due 
to the gap in the bunch train. The worst case is when there 
is only one batch in the machine. In this case the phase 
modulation is about 20°. Another beam loading effect is 
the instability driven by the fundamental mode of the cavity 
due to detuning. Although calculation shows it would not 
happen in the MI because of its high revolution frequency 

(90 kHz), the observation of such kind of instability in the 
MR even in the Booster causes concern. Presently mode 
dampers are used. There is also a plan to build fast rf feed- 
back to suppress it. But the power amplifier needs to work 
in the linear region (class A or AB) for this purpose. The 
current Fermilab amplifier is class C. Modification is thus 
needed. 

2.5 Robinson instability 

The first type Robinson instability is rarely seen in proton 
machines thanks to their low synchrotron frequency. The 
second type, however, could occur at high intensities when 
the relative beam loading factor exceeds 2. The value of 
this parameter in the MI is 1.4 at nominal intensity. It 
would cross the threshold even with a moderate intensity 
upgrade. Therefore, fast rf feedback (or feedforward) is 
also necessary in this respect. 

2.6 RF power 

The ramp rate in the MI is 260 GeV/s. The total rf power 
is 3.6 MW. Therefore, the maximum number of protons 
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that can be accelerated at this ramp rate is about 8 x 1013. 
This is a hard bottleneck. If one wants to accelerate more 
protons, then either one needs to purchase more rf power 
or the ramp rate needs to be reduced. 

2.7 Transition crossing 

During transition crossing, there could be longitudinal 
emittance dilution as well as particle losses. Both are ob- 
served in the MR. This process is complicated and involves 
several mechanisms: nonlinear effect, bunch length mis- 
match due to space charge, scraping due to limited momen- 
tum acceptance, microwave and negative mass instabilities, 
etc. This problem will not be as severe in the MI as in 
the MR, because the MI has higher ramp rate, lower Zy/n, 
smaller emittance and larger momentum acceptance. How- 
ever, during intensity upgrade, transition crossing could be- 
come a critical point. Therefore, a conceptual design of a 
7t-jump system is being worked out.[2] The plan is to im- 
plement it at high intensity operations. 

2.8 Dynamic and physical aperture 

The sagitta and good field quality of the MI magnets result 
in large dynamic aperture. The required dynamic aperture 
is 407T mm-mrad. The tracking shows it is as big as 120 TT. 

Therefore, there should be no problem in dynamic aperture. 
However, there are certain areas in the ring where the 

physical aperture is noticeably small, in particular, in the 
MI52 region. It is the injection point of 8 GeV antiprotons 
and extraction point of 120 and 150 GeV protons. It is con- 
ceivable that this area would be a radiation hot spot due to 
large amount of particle losses. Possible solutions include 
the use of large aperture quadrupoles, local shielding and 
careful beam steering. 

2.9 Coalescing 

The main concern is the microwave instability that could 
develop during adiabatic debunching, when the bunch 
length <rb becomes longer while the energy spread ap be- 
comes smaller. According to the Keil-Schnell criterion, the 
instability threshold goes linearly with CTö but quadratically 
with ap. Therefore, the threshold would be lower. As a 
matter of fact, if the minimum full bunch height is 12 MeV 
during debunching, the impedance threshold would be as 
low as 1 Q. even at nominal intensity (6 x 1010 per bunch). 
More study needs to be done on this subject. More rf volt- 
age will certainly help, because it allows larger longitudinal 
emittance. 

loss rate is still 10%, then the allowed machine operation 
time will be reduced to 400 hours. Therefore, one must 
keep the loss under control during the intensity upgrade. 

3   CONCLUSIONS 

When the beam intensity goes beyond the design value 
of the beam intensity in the MI, the potential bottlenecks 
would likely appear in the following order. The possible 
solutions are given in the parenthesis. 

1. RF power. (Needs money to purchase more power.) 

2. Transition crossing. (7t-jump) 

3. Instabilities and coalescing. (Low machine 
impedance, passive and active dampers) 

4. Beam loading and Robinson instability. (Fast rf feed- 
back and feedforward) 

5. Space charge. (Stopband correction) 

6. Physical aperture limit at MI52 and the associated 
particle loss and radiation shielding problem. (Large 
aperture quads, local shielding, careful beam steering) 

As a conclusion, it seems to increase the MI beam intensity 
from 3 x 1013 by a factor of 2 is straightforward, provided 
that the Booster is capable to deliver twice as many protons 
to the MI (which may require multi-turn injection from the 
Booster by use of slip stacking or other techniques). A up- 
grade by a factor of 5 is also possible, provided all the mea- 
sures discussed above would be taken. This would bring 
the intensity to 1.5 x 1014. Further increase, say, by an- 
other factor of 2, would be difficult. 
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P- 

2.10   Particle losses and radiation shielding 

The DOE regulation gives a upper limit of annual opera- 
tional losses, which is 1.0 x 1019 at 8 GeV and 0.41 x 1019 

at 120 GeV. At the nominal intensity of 3 x 1013 ppp, 10% 
loss rate would mean 5 x 1015 particle losses per hour. 
Thus, the annual operation time would be limited to 2000 
hours. If the beam intensity goes up by a factor of 5 but the 
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DESIGN OF A 7r JUMP SYSTEM FOR FERMILAB MAIN INJECTOR 

W. Chou, B.C. Brown, S. Fang, J. Leibfritz, K.-Y. Ng, H. Pfeffer and I. Terechkine 
Fermilab,* P.O. Box 500, Batavia, IL 60510, USA 

Abstract 

In order to control the beam emittance and reduce the par- 
ticle losses during the transition crossing at high intensity, 
a conceptual design of a 7t-jump system for the FNAL 
Main Injector is presented. It is a first-order system em- 
ploying local dispersion inserts at existing dispersion free 
straight sections. The goal is to provide a jump of Aft 
from +1 to -1 within 0.5 ms. The system consists of 8 sets 
of pulsed quadrupole triplets. These quads have pole tips 
of the hyperbolic shape and thin laminations. The power 
supply uses a GTO as the fast switch and a resonant circuit 
with a 1 kHz resonant frequency. The elliptical beamtube 
is made of Inconel 718, which has high electrical resistivity 
and high strength. Details of the lattice layout and subsys- 
tems design are presented. 

1    INTRODUCTION 

The Main Injector (MI), which is under construction at Fer- 
milab, is a proton synchrotron with an injection energy of 8 
GeV and maximum energy of 150 GeV. The transition en- 
ergy is about 20 GeV. There is a transition crossing during 
acceleration, similar to the present Main Ring (MR), which 
is to be replaced by the MI. During transition crossing, both 
longitudinal emittance dilution and particle losses are ob- 
served in the MR. However, the MI has a number of impor- 
tant improvement in its design, including higher ramp rate, 
lower machine impedance, smaller beam emittance, larger 
momentum acceptance and bigger aperture. Furthermore, 
the design beam intensity of the MI is moderate (3 x 1013 

ppp). Therefore, it is believed that there should be no prob- 
lem when particles cross the transition at nominal beam in- 
tensity in the MI. However, from the experience of other 
machines, e.g., the AGS at BNL, transition crossing could 
become a severe bottleneck in intensity upgrade. It is thus 
decided to carry out a conceptual design of a 7t-jump sys- 
tem for the MI and to make sure there is enough room in 
the lattice should such a system doom to be implemented. 

Two other schemes for dealing with the transition cross- 
ing problem have also been considered. One is the imagi- 
nary 7t lattice. It was excluded because of the constraint of 
the tunnel footprint. Another is the focus free scheme using 
higher harmonic rf cavities. It is good for tackling nonlin- 
ear effects. But its effectiveness is unknown for high inten- 
sity beams when the collective effects (bunch length mis- 
match due to space charge, microwave and negative mass 
instabilities) are dominant. The 7t-jump, on the other hand, 
is a matured technique and has been successfully employed 
in a number of proton machines such as the PS at CERN 

* Operated by Universities Research Association Inc. under Contract 
No. DE-AC02-76CHO3OOO with the U.S. Department of Energy. 

and PS at KEK, the AGS at BNL and the Booster at Fer- 
milab. Therefore, it is decided to focus on the 7t-jump de- 
sign. Meanwhile, the existence of dispersion free straight 
sections in the MI lattice provides an opportunity to em- 
ploy a first order jump system, which has not been possible 
for the other machines mentioned above due to the lack of 
such type of regions in their lattice. 

2   DESIGN GOAL 

The nominal ramp rate of the MI is about 260 GeV/s. In or- 
der to have an effective 7t-jump, the jump rate should be at 
least one order of magnitude higher. The two characteristic 
time scales during the transition, namely, the non-adiabatic 
time and non-linear time, are about 2 ms in the MI. This 
implies the jump amplitude, Aft, should be 1.5 or more. 
Based on these parameters, the following choice is made 
— The ft of the lattice should have a jump from +1 to -1 
within 0.5 ms. This gives a jump rate of Ajt/At = 4000 
s_1, about 15 times faster than the ramp rate. 

3    LATTICE LAYOUT 

The design uses a first-order system, making use of the dis- 
persion free straight sections in the MI lattice[l]. The jump 
is provided by 8 sets of pulsed quadrupole triplets. Each 
triplet has two quads in the arc and one of twice integrated 
strength in the straight section, with a phase advance of it 
between each quad. The main advantage of such a design is 
the perturbation to the original lattice is localized. In partic- 
ular, the dispersion increase during the jump is small. Fig- 
ures 1-3 show the changes of /3-function, dispersion func- 
tion and tune when Aft varies between -1 and +1. 

4   SUBSYSTEMS DESIGN 

4.1    The pulsed quadrupoles 

Each quad in the arc has an integrated field of 0.85 T-m/m 
and a length of 20 inches. Each one in the straight sec- 
tion has double strength (1.7 T-m/m) and double length (40 
inches). Thus, a triplet actually consists of four identical 
quads. In two straight sections (MI30 and MI60), the ß- 
function and phase are mismatched. Therefore, the strength 
and length of the quads in these two sections need some ad- 
justment. 

The pulsed quad has pole tips of the hyperbolic shape. 
There are two reasons to choose this pole tip: (a) It has 
higher inductance than that with circular coils. This means 
it uses lower driving current, which is advantageous to the 
power supply design, (b) The MI beam pipe is of elliptic 
shape, which fits better in hyperbolic pole tips than in cir- 
cular coils. 
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20 mfi. The power supply design is shown in Figure 4. 

4.2.2   Circuit operation 

The pulse begins when the GTO (gate turn-off thyristor) is 
turned ON. This applies 125 volts on the load, and charges 
the load current to 195 A within 3 ms. At this time the 
GTO is turned OFF, and the magnet load rings with the 
capacitor (27.5 fjF) as a resonant circuit with a 1 kHz reso- 
nant frequency. The circuit rings through one half cycle, at 
which point the magnet current has reversed and the capac- 
itor voltage has come back to zero. The ringing is termi- 
nated by the SCR switch in the end-of-pulse clipper, which 
is turned ON to prevent the capacitor from charging pos- 
itively. The magnet current subsequently decays with a 3 
ms time constant. 

-1.0 ■0.5 0.0 Q  5 1  5     4.2.3   Eddy current losses 

Figure 2: Maximum dispersion function vs. Ar/t- 

The laminations use thin (0.025") silicon steel in order 
to minimize the eddy current losses. 

4.2   The power supply 

4.2.1    The system 

The system consists of 8 power supplies. Each power sup- 
ply drives a four-magnet quadrupole {i.e., a triplet) string. 
The turn numbers per pole in the magnet design is chosen 
such that the magnet current is minimized yet the magnet 
voltage is limited to below 1.5 kV. This limit is compatible 
with both magnet insulation values and power supply com- 
ponent ratings. Each magnet has an inductance of 288 /uH 
and a peak current of about 200 A. Its resistance is less than 

The ringing described above indicates what would happen 
in a high Q system with small losses. However, the ac 
losses at 1 kHz are substantial in both the magnet and the 
beam pipe. From measurements on various magnets at the 
laboratory, [2] and from calculations of expected eddy cur- 
rent and core losses, one expects the losses to be equivalent 
to those in a 4 Q resistor placed in parallel with each mag- 
net. The 16 Q resistor in Fig. 4 represents the total magnet 
loss elements. With this resistance, the Q of the circuit is 
less than 0.5, and the magnet will not ring close to its peak 
current. 

4.2.4   The current pump 

In order to ring to the full negative current of 195 A, a sec- 
tion called the current pump is added. It consists of a 1.6 
mH choke and a diode. During the time the GTO is turned 
ON, the choke charges up to 200 A parallel with the magnet 
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load. When the GTO is turned OFF, the current stored in 
the choke draws charge out of the capacitor and allows it to 
generate as large enough pulse to reverse the magnet cur- 
rent fully. The advantage of introducing a current pump is 
to enable us to fully reverse the load current without switch- 
ing in a negatively charged capacitor. The disadvantage is 
the GTO must conduct twice the current as it would in the 
lossless case. Moreover, the choke is a substantial compo- 
nent; it stores more energy than the entire magnet load. 

4.2.5    De-Qing 

The magnitude of Ajt on the negative side can be con- 
trolled by the de-Qing circuit, which is triggered if it is 
desired to terminate the pulse early and create an asymmet- 
ric current waveform. This feature is useful for the bunch 
length match before and after the jump. 

4.3   The beam pipe 

The beam pipe in the 7t-jump section is elliptical, match- 
ing the regular MI beam pipe size, and is made of Inconel 
718. Inconel has higher yield strength than the stainless 
steel. The wall thickness t is 0.025", thinner than the MI 
stainless steel pipe which is 0.060". It also has low elec- 
trical conductivity a. The product at of Inconel 718 pipe 
is four times smaller than that of the stainless steel pipe. 
This means the eddy current losses and magnetic field dis- 
tortion will be smaller by the same ratio. This is the main 
reason for choosing this material. Compared with ceramic 
pipes, the manufacturing of Inconel pipes is easier, and the 
transition from Inconel to stainless steel is simpler. Several 
prototype pipes have been made. Vacuum tests show they 
are mechanically stable and vacuum tight. The stress and 
deflection analysis using theoretical model and 3-D AN- 
SYS simulations is in agreement with the measurement. 
For more details the reader is referred to Ref. [3]. 

5   SPACE INVENTORY IN THE LATTICE 

The present MI lattice is already crowded. In order to find 
space to install the eight triplets, the following measures 
would have to be taken: 

1. To remove four (out of a total of 54) horizontal sex- 
tupoles. 

2. To remove four (out of a total of 62) octupoles and the 
adjacent ion pumps. 

3. To move the antiproton extraction kickers and proton 
abort kickers downstream by one meter, respectively. 

4. To adjust the position of some diagnostics (Schotfky, 
multiwire and low level rf pickup). 

5. To shorten the BPM ends by 1" and bellows by 2" 
at four locations. (At these locations, the maximum 
available space is only about 16", which means the 
magnet current would have to be increased by 20% in 
order to reach the same integrated field strength as a 
20" magnet.) 

6   CONCLUSIONS 

This paper presents a feasible design of a 7t-jump system 
for the Main Injector. It is by no means optimized. The 
purpose is to demonstrate there is a solution if such a sys- 
tem needs to be installed, even though it may not be the 
best one. At this moment, the magnet design is being re- 
vised, in particular, the end part, which could have appre- 
ciable contribution to the ac losses due to the longitudinal 
field component[4]. A complete conceptual design report, 
including the cost estimate, is being prepared. 
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DESIGN AND SIMULATION OF THE ANTIPROTON RECYCLER 
LATTICE 

D.E. Johnson, C.S. Mishra, S.D. Holmes, N. Gelfand, J.A. Holt, L. Michelotti 
Fermi National Accelerator Laboratory * 

Abstract 

The Recycler is a new antiproton storage ring designed to 
improve antiproton production and allow recovery of an- 
tiprotons at the end of stores in the Fermilab Tevatron. The 
ring will be situated in the Main Injector enclosure, with a 
circumference of 3319 meters, and will operate at 8 GeV. 
The design of the Recycler utilizes permanent magnets. 
Lattice design considerations and performance modeling 
will be described. 

1   LATTICE DESCRIPTION 

The Recycler ring [1] is composed of fifty four arc FODO 
cells (17.288 meter cell length) with eight zero disper- 
sion straight sections distributed around the ring follow- 
ing the symmetry of the new Fermilab Main Injector(MI). 
[2] There are three lengths of straight sections; four 3 
half-cell, two 4 half-cell, one 8 half-cell, and one high 
beta, for future addition of electron cooling. Each straight 
section is bounded on either side by a dispersion sup- 
pressor insert made up of four 12.966 meter half-cells. 
The phase advance of the arc and straight section cells is 
/xa;=85.4 and ny=-19.2 degrees giving rise to a base tune of 
Qx=24.425 and Qy=24Al5. Each focusing/defocusing lo- 
cation contains either two gradient magnets (F or D) or two 
quadrupoles. The lattice functions for the complete ring are 
shown in Figure 1. 

The Recycler ring will be installed at an elevation of 56 
inches above the centerline of the MI. The geometry of the 
Recycler closely resembles that of the new MI with the ex- 
ception that the cell lengths of the dispersion suppressor 
cells on either side of the RR60 straight section were in- 
creased by two meters in order to move the closed orbit 
about .5 meter to the outside thus bypassing the Main In- 
jector RF cavity power amplifiers. In order to keep the path 
length between the machines matched the cell lengths of 
this straight section were shortened. This straight section 
(RR60) additionally contains a phase trombone [3] that will 
be used for tune adjustments of up to ±0.5 units. 

The Recycler ring is composed of two types of perma- 
nent magnet combined function magnets, 216 long "arc" 
magnets which have dipole, quadrupole, and sextupole 
components, and 128 short "dispersion suppressor" mag- 
nets which only have dipole and quadrupole components, 
and 74 permanent magnet quadrupoles. The Recycler ring 
is designed to match the momentum of the new permanent 
magnet 8 Gev injection line. 

0 1000 2000 
Pilh Length (m) 

3000 
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Figure 1: Lattice Functions of the full ring. 

2   PERFORMANCE PROJECTIONS 

The Recycler ring is unique in that it is the first storage ring 
to be built using permanent magnet technology for all bend- 
ing and focussing elements. The exclusive use of perma- 
nent magnets dramatically reduces the cost of the magnets 
by avoiding the expense of coil winding and removes the 
necessity of power supplies and magnet cooling systems. 
It does however, require careful attention to the lattice and 
magnet design. Lattice issues related to the base operat- 
ing tune, tune adjustment, closed orbit distortions[4, 5], 
optical function distortions [6], momentum aperture, and 
resonance widths[7], as well as magnet issues related to 
strength variations, transverse field uniformity, longitudinal 
field uniformity, and temperature stability[8] have been ad- 
dressed through semi-analytical analysis and tracking stud- 
ies to validate the base design [l]and to specify the exact 
properties of the magnets. We present here the results of 
the tracking studies used in determining the required mag- 
net field specifications. 

2.1    Tracking Calculations 

Tracking studies were performed using the thin element 
tracking code TEAPOT [9] Although beam is expected to 
be stored for hours, with cooling times of tens of minutes, 
tracking studies were done for 105 and 106 turns represent- 
ing 1 to 10 seconds beam time. We require the survivability 
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of particles with oscillation amplitudes corresponding to at 
least 707T mm-mr (normalized) over the full ±0.3% mo- 
mentum aperture of the Recycler. This oscillation ampli- 
tude corresponds to the vertical physical aperture and pro- 
vides a 75% margin relative to the specified 407r mm-mr 
dynamic aperture. 

Performance in the presence of a mixture of alignment 
and magnetic field errors is tested by launching an array 
of particles at different amplitudes. Particles are tracked 
with betatron oscillation amplitudes relative to a corrected 
orbit. Following the introduction of the errors the tune is 
adjusted to the nominal tune for zero momentum offset us- 
ing the phase trombone. The particles are launched with 
equal horizontal and vertical emittance, which corresponds 
to a horizontal displacement 'A' and a vertical displace- 
ment y/ßy/ßxA.. Particles are tracked with a constant mo- 
mentum offset. Net chromaticities in both planes are set to 
-2. Simulations are performed for five different seeds with 
a maximum of 100,000 turns tracked. 

A survival plot of the five seeds displaying how many 
turns a particle survived as a function of the initial launch 
amplitude is shown in Figure 2. The dynamic aperture of 
the machine is defined as the smallest amplitude particle 
that did not survive the full 100,000 turns. From figure 2 we 
see that the dynamic aperture of the Recycler is predicted to 
be 21.7±1.5 mm corresponding to a normalized emittance 
of 68.4±9.7 7T mm-mr. 
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Figure 3: Dynamic Aperture as a function of momentum 
offset over the full range of the antiproton stack. 
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Figure 4: Fractional Tune as a function of particle ampli- 
tude for a lattice with and without higher multipoles. 

of all multipole errors listed in Table 2. 

Figure 2: Dynamic Aperture of the Recycler. The number 
of turns survived is shown as a function of launch ampli- 
tude for five different collections of systematic and random 
alignment and magnetic field errors and a momentum offset 
of 0.3%. 

The dynamic aperture as a function of momentum offset 
for the the largest amplitude particles that survived 100,000 
turns is shown in Figure 3. This plot indicates an aperture 
in excess of 50 7r mm-mr is maintained over the full mo- 
mentum spread expected in the antiproton stack. 

The detuning effect of the higher order multipoles is seen 
by looking at the change in fractional tune as a function of 
particle oscillation amplitude. Figure 4 shows amplitude 
dependent tune shift in the presence of only the sextupole 
in the long combined function magnets and in the presence 

2.2    Correction Schemes 

Since the Recycler will not have active orbit correctors 
other than those required around the injection and extrac- 
tion areas, the correction strategy will be based upon mea- 
suring the orbit and adjusting the transverse positions of 
the 15 most effective gradient magnets. Random alignment 
errors with a sigma of 0.25 mm in each plane and a roll 
with a sigma of 0.50 mr were assigned to all gradient mag- 
nets, quadrupoles, and beam position monitors. In addi- 
tion, a field error,aBL/BL, of 5E-4 for all gradient mag- 
nets was included. With these errors the uncorrected orbit 
is expected to show peaks of up to 15 mm. A model in 
which 15 gradient magnets were chosen to be moved was 
analyzed and shown to produce a corrected orbit with a rms 
of less than 1 mm and peak distortion under 3 mm. Th max- 
imum transverse motion of any gradient magnet was on the 
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order of 2 mm, well within the tolerable mechanical motion 
allowed. 

Global tune adjustment is accomplished by adjusting the 
local phase advance through the phase trombone located at 
RR60. The phase trombone utilizes five families, each with 
two adjustable quadrupoles, to adjust the local phase over a 
range of ±0.5 with no perturbation to the optical functions 
outside the trombone region. 

The natural chromaticity of the ring is compensated to -2 
in both planes by the addition of a sextupole component in 
the long "arc" gradient magnets. Additional control of the 
chromaticity, with ±5 units of adjustment, will be provided 
by two families of sextupoles. 

Compensation of coupling due to systematic and random 
skew quadrupole errors and alignment errors (roll) will be 
controlled via two skew quadrupole circuits. Although, the 
location of the circuits provides acceptable global decou- 
pling, all tracking simulations performed to date have have 
utilized a coupled lattice. 

2.3   Magnetic Field Quality Specifications 

The specification on the tolerances for the strength of the 
dipole, quadrupole, and sextupole components of the com- 
bined function magnets are derived from studies related 
to: the sensitivity of the lattice to systematic and random 
strength variations of both the long and short gradient mag- 
nets and their effect on the closed orbit, [4] the sensitivity 
of the lattice on the systematic and random strength varia- 
tions of the gradient in the gradient magnets and their effect 
on the optical function distortion, [6]and the required sex- 
tupole strength for the compensation of the natural chro- 
maticity. These strength tolerances are summarized in Ta- 
ble 1. 

Table 1: Magnet strength tolerances for Recycler 
combined function (CF) magnets. 

Table 2: Modeled Multipole Components in the Combined 
Function Magnets, in Fermilab units. 

Performance 
Measure 

Tolerance 
(Sys.) 

Tolerance 
(Random) 

Abs. bending strength of 
long CF magnet 

5E-4 5E-4 

Ratio of short/long bend 
strength in CF magnets 

5E-4 5E-4 

Ratio of quad, to nominal 
dipole in CF magnets 

2E-4/in. lE-4/in. 

Ratio of sext. to nominal 
dipole in CF magnets 

lE-4/in.a lE-4/in.^ 

Field flatness 
over ±25 mm 

±1.5E-4 ±1.5E-4 

Based upon the tracking studies and dynamic aperture 
analysis, the magnet field quality specifications are given 
for both the systematic and random strength variations in 
the dipole, quadrupole, and sextupole components and well 
as the harmonic content and field uniformity of the com- 
bined function magnets and quadrupoles. These are sum- 
marized in Table 2. 

Multipole 
Component 

Normal 
(Sys.) 

Normal 
(Ran.) 

Skew 
(Sys.) 

Skew 
(Ran.) 

Quadrupole 1 1 .5 1 
Sextupole 0.5 1 - 0.5 
Octupole 0.5 0.5 - 0.5 
10-pole 0.2 0.5 - 0.5 
12 to 18-pole 0.1 0.5 - 0.5 

3   SUMMARY 

The design of the Recycler ring has been established. Semi- 
analytical and tracking studies were used to specify the re- 
quired field uniformity necessary for beam storage. Four 
prototype gradient magnets with dipole, quadrupole, and 
sextupole have been built and measured which meet the 
specifications for field strength and field uniformity. [10] 
The detailed design and specification of harmonic correc- 
tion systems, and specialty magnets to be used for injec- 
tion/extraction systems continues. 
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An IMAGINARY-^ LATTICE WITH DISPERSION-FREE STRAIGHTS 
FOR THE 50 GeV HIGH-INTENSITY PROTON SYNCHROTRON 

K.Y. Ng 
Fermi National Accelerator Laboratory,* P.O. Box 500, Batavia, IL 60510 

Abstract 

The 50 GeV proton synchrotron, proposed by the Institute 
of Nuclear Study of Japan (INS), requires zero-dispersion 
straight sections for polarized-beam operation. A new pre- 
liminary lattice that contains two straight sections with 
nonzero dispersion and two with zero dispersion is pre- 
sented. The 7t of the whole ring remains imaginary. Some 
analysis of the lattice is discussed. 

1   INTRODUCTION 

In order to reduce beam loss, the 50-GeV proton syn- 
chrotron of the Japan Hadron Project (JHP), designed by 
the INS, will operate with an imaginary-7t [1]. The lat- 
tice is 4-fold symmetric. Each quadrant consists of 6 flexi- 
ble momentum-compaction (FMC) modules [2] and a long 
straight section of about 60 m in length. Each FMC mod- 
ule is 3 FODO-cell long. The dispersion in the long straight 
sections vary between —0.71 and 0.58 m. Although the dis- 
persion is small, it is always more appealing to have zero- 
dispersion straights. This is especially true when the syn- 
chrotron is accelerating a polarized beam. To obtain zero 
dispersion in one straight section and in another straight 
section on the other side of the ring, a special excitation 
of the quadrupoles needs to be turned on so as to allow a 
dispersion wave and a betatron wave to flow through half 
of the ring. Aside from the inconvenience of having a 
special power supply, this excitation also brings about un- 
wanted high betatron functions and high dispersion func- 
tions, which will eventually limit the performance of the 
accelerator at high intensities. In this paper, we suggest the 
introduction of dispersion suppressors. A preliminary lat- 
tice that contains two straight sections with nonzero disper- 
sion and two with zero dispersion is presented. The details 
are given in Ref. 3. 

2   DISPERSION SUPPRESSOR 

The standard FMC module of the JHP ring is shown in 
Fig. 1 with its lattice elements, betatron functions and dis- 
persion. To study its dispersion property, the module is 
plotted in the normalized dispersion space in Fig. 2(a), with 
y/ß^D' + axD/y/ß^ versus D/y/ß^ [2]. Here, D and 
D' are, respectively, the dispersion function and its deriva- 
tive with respect to the longitudinal coordinate s, ßx and 
ß'x = -2ax are, respectively, the horizontal betatron am- 
plitude function and its derivative. 

A thin dipole of bending angle 8 will be represented by a 
horizontal advance of y/~ßx~6. Outside the dipoles, the plot 
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Figure 1: The standard FMC module of the JHP ring. 

becomes an arc of a circle centered at the origin with phase 
advance equal to the horizontal Floque phase advance. We 
see that the module starts off from the quadrupole QDX 
with zero ß'x and D', but with dispersion —0.5213 m. The 
first two dipoles BB are represented by two long straight 
lines pointing mostly to the right. Note that these line are 
not exactly horizontal, because the dipole is far from a thin 
element and there is a phase advance across it. If we chop 
up the dipoles into smaller elements, this straight line will 
be curved. However, it will still be quite different from the 
arc of a circle with center at the origin of the plot. The 
deviation just represents the angle-bending nature of the 
dipole. After the dipoles, follows an arc of a circle centered 
at the origin leading to the center quadrupoles QFX, which 
have the largest D/y/ß^. The other half of the module is 
just the mirror image of the first half, coming back to the 
starting point. 

In order to be a dispersion suppressor, we must alter 
the lattice so that the end of the module stops precisely 
at the origin of the dispersion space. To accomplish this, 
we must first make the radius of the arc smaller in the up- 
per half of the dispersion plane, and second we must use 
an exact amount of dipole to bring the module to D = 0 
and D' = 0 at the point when this arc reaches roughly 
180°. The suppressor constructed in this way is shown in 
Fig. 3 and its dispersion plot in Fig. 2(b). The construc- 
tion starts from pulling out the second dipole, so that the 
module continues with a smaller arc until the quadrupole 
QFFX. To facilitate lattice matching, although unnecessary, 
we treat this temporarily as a point of symmetry, that is 
with ß'x = ß'y = D' = 0. After that we continue as in 
the case of the standard FMC module with the exception 
that the last dipole, called B4, is shortened so that the mod- 
ule lands exactly at D = 0, D' = 0. In order not to deal 
with a fractional dipole, the amount B4 has been shortened, 
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Figure 2: The standard FMC module and dispersion 
suppressor in the normalized dispersion plane. 

called B4E, is placed in the space where the second dipole 
has been pulled out. In other words, one normal dipole 
has been pulled out, and another normal dipole has been 
chopped up into two parts B4 and B4E, 83% and 17% of 
the normal dipole. The chopping up of a normal dipole 
for the dispersion suppressor seems to be inevitable. This 
is very similar to the situation of the dispersion suppressor 
in a FODO-cell lattice, where one can avoid chopping up 
dipole only when the phase advance of each cell is exactly 
TT/3. 

As shown in Fig. 3, the dispersion suppressor is not very 
much different from the standard FMC module. It has a 
length of 48.7269 m, maximum/minimum dispersion of 
1.8632/ — 0.5148 m, maximum/minimum horizontal beta- 
tron function 31.84/4.22 m and maximum/minimum verti- 
cal betatron function 32.32/7.17 m. The vertical and hori- 
zontal tune advances are 0.721/0.545, which are very close 
to the 0.740/0.531 for the standard FMC module. Best of 
all, this suppressor has also an imaginary transition gamma 
of 7t = 69.05i, so that the whole ring can still retain its 
imaginary^ property. 

3   LONG STRAIGHT SECTIONS 

There will be two long straight sections that are dispersion- 
free and two that are not. The straight with dispersion, 
which joins two standard FMC modules together, consists 
of 4 FODO cells with a total length of 61.2524 m. The 
zero-dispersion straight is inserted between two dispersion- 
suppressors. It also contains 4 FODO cells with a total 
length of 62.2938 m. 

Now the whole ring can be assembled. We start from 
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Figure 3: The lattice structure of the dispersion suppressor. 

the center of the non-dispersion-free straight section, then 5 
standard FMC modules, the dispersion suppressor, and then 
the dispersion-free long straight section. We make a mirror 
reflection about the center of the dispersion-free straight to 
arrive back at the center of the other non-dispersion-free 
straight. This complete one half of the ring. The whole 
ring has now only 92 dipoles each of length 6.2 m. Since 
the beam particles are to be accelerated to the maximum 
total energy of 50 GeV, the maximum bending field of the 
dipole becomes 1.837 T, which is high but is still possible. 
There is enough space to increase the length of the dipoles 
from 6.2 m to 6.3 m, thus reducing the bending field to 
1.808 T. 

4   SEXTUPOLE CORRECTION 

In general, quadrupoles of the FMC modules are stronger 
than those in the usual FODO lattice. As a result, larger 
natural chromaticities will be generated and sextupoles of 
larger strengths will be required for their corrections. The 
corrections are mainly made by the two families of sex- 
tupoles SF and SD as shown in Figs. 1 and 3. There each 
SF or SD is represented by 5 thin sextupoles in the lattice 
code. Just after the entrance defocusing quadrupole of each 
FMC module, there is a third family SX, which is used for 
fine adjustment. For example, the chromaticity corrections 
have been made by setting the strength of each SX to be 
0.105 m-2 and each of the thin SF and SD 0.0572 m-2 

and —0.0933 m-2, respectively. The amplitude-dependent 
betatron tunes are vx = 21.0954 + 130ex — llöe^ and 
uy = 15.4433 — 1166a; + 1346^, where the emittances tx 

and ey are measured in 7rm. We see that with ex = ey = 
50 x 10-6 7rm, the largest tune spread is only 0.0067, which 
is quite acceptable for a non-storage ring. 

Another measure of nonlinearity introduced by the cor- 
rection sextupoles is the single-particle smears, which are 
defined as the fractional rms distortion of the Poincare torus 
at any phase advances in the horizontal and vertical phase 
spaces. The smears can be expressed analytically in terms 
of the distortion functions [4]. We see from Fig. 4 that the 
rms vertical smear reaches only about 0.1%, which is very 
small, and the horizontal smear is still smaller. The full 
smears will be roughly y/2 times the rms values, which are 
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Figure 4: The horizontal and vertical single-particle smears 
for one quarter of the accelerator ring. 

much less than the 7% nonlinear criterion of the former Su- 
perconducting Super Collider. We also see that the smears 
are step-like, constant over a region and exhibit a jump only 
when a sextupole is encountered. 

5   BETATRON BEATINGS 

In this FMC-type lattice, it is impossible to place a sex- 
tupole beside every quadrupole to correct for local chro- 
maticities. As a result, particles with a momentum offset 
will see a different set of betatron functions. The fractional 
change in the betatron function per unit momentum devi- 
ation Aß/ß\^, horizontal or vertical, at phase advance ip, 
is called "beat factor" [5]. Each beat factor can be made 
complex by introducing the imaginary part -^f^f |t/>. As 
a vector, the complex number just rotates at a tune of 2v, 
except when crossing a field gradient k of infinitesimal 
length I where the real part jumps by \ßkl. Note that the 
field gradient can come from quadrupoles, sextupoles, the 
centripetal force of the dipoles as well as the edges of the 
dipoles. The magnitudes of the beat vectors are plotted in 
Fig. 5, the largest being around 30. Considering that the 
momentum spread of the beam is only 0.5% at injection, 
the relative change in betatron function is at the most 15% 
which is not excessive at all. 

The harmonic analysis of the beat factors is also im- 
portant, because it gives us some clues to reduce the beat 
factors. Choosing the mid-point of a non-dispersion-free 
straight as the point having zero phase advances, the lattice 
is almost left-right symmetric (aside from the sextupoles 
SX). The Courant-Synder Jp's then become almost real: 

/lr" mil' 
k(^)ß2(iP')cos^-dtP'. 

■itv " 

Each beat factor can be expanded as 

Aß 
ß 

Jo      2v E Jp cos P4>' 

V> p>o ^ 
We find that the sextupoles do produce beat waves in 

the harmonic space. This is because they have not been 
placed at the proper phase advances for confinement or can- 
cellation.  The tunes of the lattice are vx = 21.0954 and 
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Figure 5: The magnitudes of the horizontal and vertical 
beating vectors for one quarter of the accelerator ring. 

vy = 15.4433, so that the important Fourier components 
are p — 42 for the horizontal and p — 31 for the vertical. 
Because of the two-fold symmetry of the lattice, p = 31 
does not occur. As for p = 42, the horizontal beat factor is 
not large because 2ux is still far from 42. However, we do 
see the beat waves exhibit large magnitudes at p=28. This 
comes about because each of the two straight sections has 
a vertical tune advance of ~ 0.60 which is not too far from 
the vertical phase advance of 0.53 for each FMC module. 
On the other hand, their horizontal tune advances are 1.00 
and 0.70, respectively, for the straights with dispersion and 
the one without. They average out to roughly the horizon- 
tal tune advance of a FMC module. Thus, the contributions 
of the sextupoles add up. As a result, there appears to be 
roughly a 7-fold symmetry in a superperiod. Hopefully, 
p = 28 is quite far away from a multiple of the tunes and 
the contribution of this harmonic has not been too large. To 
reduce this contribution, the vertical phase advance of the 
straight section must be increased. 

6   SUM RESONANCES 

Sum and difference resonances should also be studied. We 
note that 2vy + vx = 51.982 is too close to the third inte- 
ger sum resonance. This happens because this preliminary 
lattice is just a simple modification of the original INS lat- 
tice [1], which also sits at this third integer sum resonance. 
However, we believe that this resonance can be avoided by 
a more careful design of the lattice. 
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MULTIPLE INJECTIONS WITH BARRIER BUCKETS 

K.Y. Ng 
Fermi National Accelerator Laboratory,* P.O. Box 500, Batavia, IL 60510 

Abstract 
Multiple injections into the 50 GeV proton synchrotron, 
proposed by the Institute of Nuclear Study of Japan, from 
a 3 GeV booster using barrier buckets are simulated. For 
four successive injections of 4 bunches each time, having a 
half momentum spread of 0.5%, the final coasting beam in 
the synchrotron has a momentum spread of roughly ±1.0% 
in the core, with a tail extending up to ±2.5%. The choice 
of debunching time, barrier velocity, barrier voltage, and 
barrier width is analyzed. Some beam kinematics relating 
to the barrier buckets are discussed. 

1   INTRODUCTION 
The Main Ring of the Japan Hadron Project (JHP) is a high- 
intensity fast-cycling synchrotron. The 16 bunches with a 
total of 2 x 1014 protons are injected from the booster in 4 
batches cycling at the rate of 25 Hz. In order to minimize 
the high space charge, it has been suggested the use of rf 
barrier waves during the injection [1]. Such a simulation 
is described below. The detail and some beam kinematics 
relating to the barrier buckets are given in Ref. 2. 

2   CHOICE OF DEBUNCHING TIME 
The ring has an imaginary transition gamma of -yt — 27i 
giving a slip factor at injection r) = -0.05813. For a 
bunch to debunch until the part with maximum momen- 
tum spread 6 = +0.005 meets the part with 5 = —0.005 
longitudinally, debunch = To/(2\r)8\) = 8.28 ms is re- 
quired, where To = 4.9526 xxs is the revolution time with 
the ring circumference taken as Co — 1442 m. We will use 
idebunch = 10 ms in the simulation. 

3   CHOICE OF SQUEEZING TIME 
In this simulation, we inject into the ring, as shown in 
Fig. 1, 4 bunches, each containing 1000 macro-particles 
distributed randomly in its elliptical envelope with maxi- 
mum momentum spread 5 = ±0.005 and width Ar = 
j^gTb; i.e, the full width is a quarter of the rf wave- 
length at revolution harmonic h — 17. After debunching 
for 10 ms, two square rf barrier waves are introduced at 
T = 0 on the phase axis. One barrier is fixed while the 
other moves slowly at the rate of f2 = -3.884 x 10~5 

to the right until a space corresponding to four h = 17 rf 
wavelengths or 1.165 /is is opened. The time taken will 
be 30 ms, so that 40 ms has just elapsed and the next in- 
jection of 4 more bunches from the booster is just in time, 
as is illustrated in Fig. 2. The procedure then repeats. Af- 
ter debunching for another 10 ms and introducing rf barrier 
waves with squeezing for 30 ms, the third injection is ready 
as shown in Fig. 3. Another 10 ms of debunching and 30 ms 
of squeezing by barrier waves lead to the fourth injection in 

Fig. 4. Finally, we allow for another 10 ms of debunching 
before recapturing by the h = 17 rf system for accelera- 
tion. In the above, T2 is the width of the rectangular part 
of the bucket. Since the moving barrier pulse squeezes the 
bucket, T2 < 0. In order that the longitudinal emittance of 
the bunch inside the barrier bucket is conserved, we must 
have [3] \f2\ < \\q8\ = 1.45 x 10~4. Therefore, the rate 
of barrier movement chosen in the simulation should be 
slow enough. 

4   CHOICE OF BARRIER VOLTAGE AND WIDTH 

The amount of momentum spread 5b the pair of square bar- 
rier pulses can trap is given by [3] 

5b = 
P\q\) \E0T0 

(1) 

* Operated by the Universities Research Association under contracts 
with the U.S. Department of Energy. 

where EQ is the total energy of the particle and ß is ve- 
locity relative to the velocity of light. Note that the bar- 
rier voltage Vb and barrier width T\ in Eq. (1) become 
VQTI —> /barrier V(T)CIT , when the barrier wave is of ar- 
bitrary shape than square. To confine 5b = 0.018 say, we 
need VQT\ = 173.26 kV-/xs . It is not good to use too 
small a barrier voltage, because this will make the width 
of the barrier too wide. Remember that the stable bucket 
consists of a rectangular part where particles do not see 
the barrier pulses and two curved parts where the particles 
are exposed to the barrier voltage. A large barrier width 
increases the curved parts of the bucket and more parti- 
cles will be left outside the bucket when the barrier waves 
are switched on. Too narrow a barrier width is also not 
desired. This will boost the barrier voltage to too high a 
value, making it more difficult to generate. Also, when- 
ever a particle drifts towards the barrier, it will gain or lose 
energy by an amount equal to Vo per turn, independent 
of whether the barriers are moving or not. If this change 
in energy is too large, some particles may be thrown out- 
side the maximum momentum offset <Jmax of the bunch 
even when the barriers are not moving. In order to pre- 
serve the conservation of the bunch area, the barrier volt- 
age must be limited to eVo/(ß2Eo) -€. <Wx • This con- 
straint gives V0 < 18600 kV using 5max = 0.005. We 
actually choose Vo = 625 kV and T\ = 0.30 /xs in our 
simulation. Then, a particle with 5 — 0.005 will lose its 
extra energy in approximately Eo5/(eVo) = 31.4 turns and 
penetrate the barrier by an amount approximately equal to 
Tpenetrate = \r]\ß2E0T05

2/(2eV0) = 0.0314 /». These 

barrier waves can produce a bucket height of 6b = 0.0187 
when Tpenetrate = Ti, the barrier width. 

5   MOMENTUM-OFFSET DISTRIBUTION 
To get an estimate of the momentum spread of most of the 
particles after each squeezing by the barrier pulse, we ne- 
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gleet the curved part of the barrier bucket. The rectangular 
part of the bucket has a width of T2init = To - 2Ti at 
the time when the barrier waves are introduced, and be- 
comes T2 final = pfTb - 2Ti at the end of the squeeze. 
The momentum spread will be increased by the factor 
F = (T0- 2Ti)/(if T0 - 2Ti) = 1.356 . Ideally, in the 
fourth injection after the third squeezing by the rf barrier, 
the momentum spread should increase only by the factor 
F3 = 2.547 to S = ±0.0127. We see in Fig. 4a that for 
most part of the beam, the momentum spread actually in- 
creases by such a ratio after 3 barrier squeezes. However, 
there is a small part of the beam having momentum spread 
as large as 5 = ±0.025 or even ±0.030. This is because 
the above consideration is correct only for a bunch that is 
initially at equilibrium inside the barrier bucket. Here, the 
beam particles are captured into the barrier bucket when 
the barrier pulses are turned on. Since we have a debunch- 
ing before capturing into the barrier bucket, particles can be 
anywhere along the phase axis at the time of capture. For 
those particles that are captured into the curved parts of the 
bucket and are very close to the boundaries of the bucket, 
they can acquire large amount of energy through the barrier 
pulses and leave the barrier pulse with much larger momen- 
tum offset than the estimate given above. It can be seen in 
Fig. 1 that there are particles with momentum offsets much 
larger than 1.356 x 0.005 = 0.0068 after the first squeeze 
by the moving barrier pulse. There are also particles that 
have not been captured into the barrier bucket at all. For a 
particle with initial momentum offset Si0 > 0 outside the 
stable barrier bucket, it will first drift across the moving 
barrier pulse as in Fig. 5, and result in a momentum offset 
of 5/i given by 

2 / .   \ 2 

//I+R =r+R + 5? b > (2) 

where Tz is negative. The particle then drifts across the 
stationary barrier pulse to the space opened up by the mov- 
ing barrier, after making synchrotron drifting once around 
the ring. The momentum offset will be reduced to 6a 
with <5?! = 5?! + 6% . Since the initial momentum offset 
is at most 5JO = 0.005, during the first synchrotron rota- 
tion (not oscillation or libration) outside the barrier bucket, 
we have therefore 8fl = 0.0194 and 6n = 0.0067. On 
the average, this particle will encounter the moving bar- 
rier pulse 4 times during the 30 ms squeeze time. At the 
end of the first squeeze, we have 5/4 = 0.0206. After that 
there is another 10 ms of debunching and some of these 
large-momentum-offset particles can land outside the bar- 
rier bucket again when the next barrier pulses are turned 
on. Thus, for the second squeezing, there may be parti- 
cles having <5,o = 0.0206 to start with. At the end of the 
second squeeze after another 4 encounters with the mov- 
ing barrier pulse, we obtain 5/4 = 0.0282 by solving again 
Eq. (2). Continuing on in this way until the end of the third 
squeeze, we will have some particles with the largest mo- 
mentum offset of 5/4 = 0.0340. When we analyze the mo- 
mentum distribution in Fig. 4 more carefully, we do find 
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0 T„ 2T0 

Figure 5: The Poincare trajectory of a particle outside the barrier 
bucket with the left barrier pulse moving to the right. 

18 macro-particles out of 16,000 in the momentum-offset 
range of 0.025 to 0.030, and 1 particle in the range of 0.030 
to 0.035. 

The above analysis depends on the time-integrated bar- 
rier voltage only. However, if we use a higher barrier 
voltage while keeping VQTi constant, more particles will 
be captured into the larger stable barrier bucket, although 
the bucket height remains the same. Thus, the probabil- 
ity for particles to attain large momentum offsets outside 
the bucket becomes smaller. Moreover, because the larger 
barrier voltage increases only the rectangular area of the 
bucket but not the bucket height, the bunch area that has 
momentum offset within 5 = ±0.005 (for the first injec- 
tion) will be relatively larger. Thus not so many beam par- 
ticles will attain higher momentum offsets via synchrotron 
oscillations. When one of the barrier pulse moves, more 
particles will follow the momentum-offset increase. A sim- 
ulation by doubling the barrier voltage to Vo — 1250 kV 
while halving the barrier width to T\ = 0.15 /is actually 
shows less particles landing at larger momentum-offsets. 
However, as was pointed out in the previous section, too 
high a barrier voltage is not desired. 

6   DISCUSSIONS 
6.1 Bunch width at injection 
The simulation results depend very strongly on the momen- 
tum spread of the bunches at injection, but are very insen- 
sitive to the initial bunch length, since there is always a 
debunching period before every squeeze. In practice, how- 
ever, the initial bunch length cannot be too long, because 
some gaps must be provided for the kicker rise and fall 
times. In the above simulations, the total bunch length is 
i of a h = 17 rf wavelength. Thus the space between the 
end of the squeezed barrier bunch and the first bunch in the 
next injection is | of a h = 17 rf wavelength, or 109 ns. 
There will be a gap of similar length between the fourth 
bunch and the front of the squeezed barrier bunch. These 
gaps will be long enough for the injection. 
6.2 Double barrier pulses 
Instead of using one negative pulse and one positive pulse 
to set up the barrier bucket and perform the bunch squeez- 
ing, we may utilize instead a pair of identical double pulses. 
Each double pulse consists of a positive voltage Vo of dura- 
tion T\ followed by a negative voltage — Vö of duration T\ 
similar to one sinusoidal period of an rf wave. At switch- 
on, the two pulses overlap each other. As one pulse moves 
to the right while the other one remains stationary, the space 
opened up by the moving pulse also forms a stable barrier 
bucket between the negative half of the moving pulse and 

the positive half of the stationary pulse. Thus some parti- 
cles will be trapped there and they will have their momen- 
tum offsets decreased gradually, because this bucket is be- 
coming wider. However, there are disadvantages also. The 
particles that are trapped in the space opened by the moving 
barrier can be lost when the kicker is fired for the next in- 
jection. Also, stable barrier bucket only starts to form after 
the moving barrier moves a distance of T\. Before that, the 
two barrier pulses overlap at least partially. At switch-on, 
the two barrier pulses overlap completely; i.e., an equiva- 
lent pulse height of 2Vo width T\ followed by pulse height 
of — 2Vö width T\. The barrier bucket forms at this mo- 
ment will have a bucket height \/25b = 0.0257 instead, 
where St, is the bucket height when single barrier pulses are 
used. Thus particles will bound off from the barriers hav- 
ing much larger momentum offsets. A simulation with the 
double barrier pulses using V*o = 625 kV and T\ = 0.30 /xs 
shows that the momentum distribution spreads out wider. 
6.3 Pros and cons of the method 
There are pros and cons for using the barrier pulses in 
multiple injections. The advantage is obviously the much 
shorter exposure of bunches of very high linear intensity 
to the vacuum chamber, and we hope that no collective in- 
stabilities would develop during this shorter duration. For 
example, the linear linear density in Figs. 1 to 4 has been 
reduced by a factor of ~ 6, and the reduction will be 
more significant if the bunch width at injection becomes 
narrower. The disadvantage is that microwave instability 
can develop during debunching when the local momentum 
spreads of the debunched bunches become small enough. 
Also, because of the introduction of the barrier pulses and 
the movement of one of them sends quite a number of beam 
particles to large momentum offsets, the momentum spread 
of the final beam will become much larger. Finally, there 
must be another recapturing of the beam particles into the 
h = 17 rf buckets for acceleration. Beam loss will become 
inevitable during the recapturing. Thus, there will be beam 
loss as well as emittance blowup during the whole proce- 
dure, which may or may not be tolerable. 

Another method is to lengthen the bunches in the booster 
by bunch rotation and perform simple bucket-to-bucket in- 
jection into the main ring. For example, the local linear 
density will be reduced by a factor of 3.2 already, if each 
bunch is lengthened to occupy 80% of the h = 17 bucket. 
The gap between two consecutive bunches becomes 58 ns 
and is still long enough to accommodate the kicker rise or 
fall time. Since no recapturing will be necessary, the beam 
loss during injection can be kept to a minimum. 
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THE FERMILAB ACCUMULATOR RING LATTICE UPGRADE 

S. O'Day and M. Church, Fermilab*, P.O. Box 500 Batavia, IL 60510 

Abstract 

The Fermilab Antiproton Source Accumulator ring 
lattice will be changed to accommodate the planned 
upgrade of the Accumulator stacktail momentum cooling 
system. The bandwidth of the stacktail system will 
increase from 1-2 GHz to 2-4 GHz. This bandwidth 
change will provide the system with the additional cooling 
force necessary to stack a factor of two more flux than the 
present system. The lattice must be modified to halve the 
slip factor r\ of the machine as a result. Reducing T| from 
-.023 to -.012 will avoid the Schottky band overlap which 
causes excessive beam heating and will permit the use of 
conventional notch filters for gain shaping. The new r\ 
will be achieved by replacing six high dispersion region 
quadrupoles and installing thirty-six quadrupole current 
shunts. Machine aperture, pickup to kicker phase advance 
and injection/extraction efficiency have not been 
compromised in the new lattice. 

1   INTRODUCTION 

During Collider Run II which is scheduled to begin 
in 1999, the antiproton flux is expected to increase from 
2xl07 to 8.1xl07 particles per second. Doubling the 
bandwidth and halving T| is expected to double the flux 
that one can stack in the Accumulator storage ring. A flux 
of 12 mA/hr was attained during an experiment where 
proton secondaries from the target were stacked with the 
machine polarity reversed. This is a lower limit for the 
maximum attainable stacking flux in the present machine. 
A macroparticle simulation of the proposed system shows 
that it can stack at least 24xl010 particles/hr[l]. 

2  LATTICE   MODIFICATIONS 

2.1 Theoretical Background 

The slip factor r\ is expressed in terms of y=E/m and 
y, (which is 7 at the transition energy) by the expression: 

T|=l/Y2-l/7t2 

The momentum compaction factor a is equal to l/yt
2 is 

related to the dispersion Dx and radius of curvature p by: 

a=<Dx/p) 

From these expressions, it is clear that in order for the 
Accumulator's slip factor (r|=-.023) to become less 
negative(smaller in absolute value), y, must increase and 
the average Dx must decrease. The most straightforward 
way to accomplish this is with a dispersion bump[2] in 
each sector. 

2.2 Principal Design Considerations 

The Fermilab accumulator ring has a circumference 
of 474m. It is divided into six sectors and has three-fold 
symmetry. Each of the six sectors is a reflection of its 
neighbor and contains 5 dipole and fourteen quadrupole 
magnets[3]. The gross features of the Accumulator are 
shown in figure 1. 

Fermilab Accumulator Ring 

Figure 1. The Fermilab Accumulator. Quadrupoles Q6 and 
Q14 are the most important elements for the lattice 
upgrade. New Q14's are being built for Collider Run II. 

The second figure shows the horizontal dispersion in 
one sector(l/6) of the ring. A dispersion bump using 
quadrupoles at the locations shown will reduce the average 
Dx enough to make the slip factor change required for the 
stacktail momentum system upgrade. The Methodical 
Accelerator Design(MAD) program[4] was used to design 
the new Accumulator lattice. 

2.3 Lattice Optimization 

Design constraints have been imposed on the new 
lattice beyond the principle goal of reducing t| by a factor 
of two[5,6]. The machine parameters which are required 
for stochastic cooling operation follow: 

* Operated by the Universities Research Association under 
contract with the U.S. Department of Energy 

0-7803-4376-X/98/S10.00© 1998 IEEE 1006 



•the betatron phase advance from  stochastic  cooling 
pickups to kickers is an odd multiple of TC/2. 

•the ß functions at the pickups and kickers are maintained 
so that the sensitivity of existing hardware is unaffected. 
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Figure 2. Model predictions for the horizontal dispersion 
function. The present lattice is compared with the 
proposed lattice. 

The machine parameters  which  are  required for 
storage ring operation follow: 
•the fractional part of the horizontal and vertical tunes 
must be kept roughly the same in the new design to 
insure a comfortable margin away from resonances across 
the momentum aperture. 
•the betatron phase between injection/extraction pulsed 
septa and kickers must be an odd-multiple of 7t/2. 
•the transverse apertures are close to an un-normalized 
15rc mm-mrad(see figures 3,4,5,6 and Table 1). 
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Table 1. Lattice parameters which change with upgrade. 2.4 Hardware Implementation 

Machine Parameter Present Upgrade 

■n -.023 -.012 
Dx(min) O.m -1.1m 
Dx(max) 8.95m 8.75m 
ßx(max) 34m 71m 

To satisfy all the conditions mentioned in previous 
sections, it will be necessary to replace one Q14(see figure 
1) high dispersion section quadrupole and to add six 
quadrupole shunts in each sector at locations Q3,6,8,10,11 
and 14. The new quadrupole will be a TeVl style LQC 
magnet[3] 30.4" long with a 6.625" pole tip diameter. 
The magnet will have 76 turns. Table 2 shows the 
fractional quadrupole gradient changes relative  to   the 
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present design. Previous magnetic field measurements and 
saturation effects have been taken into account[7]. 

Table   2.   Changes   to    the   Accumulator   quadrupole 
gradients. 

Magnet Gradient(T/m) Proposed/Present 

01 10.3809 .9885 
02 -10.3809 .9885 

03 10.3809 .8995 

04 9.6633 .9853 
05 9.7413 .9918 
06 9.6633 1.1030 
07 9.7413 .9918 
08 9.6633 .9804 

09 9.7413 .9818 
010 4.0877 .9913 

on 8.9399 .9913 

012 -8.9399 1.0140 

013 -8.9399 1.0140 

014 8.9399 1.0850 

3     MEASUREMENTS 

Physics measurements were made to improve upon 
the model of the existing Accumulator. This is useful 
since the new design is based on the old. 

Tune versus revolution frequency measurements are 
shown in figures 7 and 8. Deviations from the model 
reflect non-linearities in the machine which are not in the 
model. The horizontal dispersion measurements made in 
1995 and 1996 are shown in figure 9. These 
measurements show reasonable agreement with the model 
everywhere except in the A20 high dispersion section. It 
is believed that uncertainty in beam position monitor gain 
accounts for the observed differences. Horizontal and 
vertical ß function measurements have been made by 
varying quadrupole shunts where they exist in the 
machine. Although the data are not shown, variations 
from the model are approximately ten percent. 
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4    SUMMARY 

A new lattice design is being implemented as an 
Accelerator Improvement Project to support the upgrade of 
the Accumulator stacktail momentum stacking system. 
This design is based on a model of the existing machine 
whose predictions compare well with measurements. 
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INTENSITY UPGRADE STUDIES AT THE KEK-PS 

Hikaru Sato and Crew of the Intensity Upgrade Study 
Accelerator Laboratory, High Energy Accelerator Research Organization (KEK) 

Tsukuba-shi, fbaraki-ken, 305 Japan 

Abstract 
Intensity upgrade studies have been performed at the KEK- 
PS for recent years in order to meet the need of new 
physics researches, especially the long base line neutrino 
oscillation experiment. Studies are concentrated on the 
reduction of the beam losses during injection, at the 
acceleration start and at the passing the transition energy. 
Obtained results up to date are 6.8 x 1012 particles at the 
acceleration start and 6.1 x 1012 particles after 
acceleration, however an average beam intensity of 3-5 x 
1012 ppp are currently supplied for the experiments due to 
the beam loss during the slow extraction. We report the 
present results of these studies. 

1 CURRENT STATUS OF THE KEK-PS 
OPERATION 

The KEK-PS consists of four accelerator 
complex, two 750KeV Cockcroft Walton pre-injectors, 
40MeV injector linac, 500MeV booster synchrotron and 
12GeV main ring. One pre-injector is utilized for ordinary 

H" operation and another one was used for D" and/or alpha 
ion operation. Figure 1 shows a layout of the KEK-PS 
complex. After the counter experiment started on 1976 
using the secondary beam from an internal target and the 
fast extraction for bubble chamber experiment, the KEK- 
PS has been operated successfully to serve an intense 
proton beam for the past two decades.[l] Proton, deuteron 
and alpha beam have been serving by the half integer slow 
extraction to East and North counter halls. In those days, 
beam intensity at the booster extraction and in the main 
ring were öxlO^ppp and 2x10 ppp, respectively. Beam 
bunches accelerated in the booster except to the main ring 
are utilized as NML (Neutron and Meson Laboratory). 

As the results of much effort, the beam intensity 
was increased to 5.4x10   ppp in the main ring on 1989 

and 2.4xl012ppp for NML on 1990. Although the 
highest beam intensity in the main ring was upgraded to 

5.95xl012 ppp on 1994, an average intensity for utilities 

is still 3-5 x 1012 ppp due to protection of radio 
activation. In order to increase the beam intensity for the 
need of new physics researches, especially the long base 
line neutrino oscillation experiment, studies are 
concentrated on the reduction of the beam losses during 
injection, at the acceleration start and at the passing the 
transition energy. 

2 MACHINE STUDY FOR THE INTENSITY 
UPGRADE 

Every effort to realize the upgrade of KEK-PS 
have been devoted. Booster synchrotron accelerates more 
than 2 x 1012 ppp for NML. If the main ring can accept 
and accelerates the beam of this intensity with no beam 
loss, 1013 ppp beams could be expected for main ring 
utility. However, the circulating beam intensity is limited 
to about 6 x 10 ppp for some reasons. The machine 
study has continued to make clear the cause and curing of 
the difficulty in order to realize the beam intensity 
upgrade. First of all, several tools for the machine study 
were developed, such as an upgraded injection error 
monitor, a fast beam loss monitor which can observe it 
turn by turn using computer workstations and so forth. 

Table 1. Aperture of the Main Ring, (mm mrad.) 

Mechanical Measured 
Horizontal 135.0 81.0 
Vertical 31.0 15.0 

Neutrino Beam Line 
(Under Construction) 

North 
Counter 
Hall 

NML 

t counter 

Linac 

Booster 

Pre-injector 

Figure 1. Layout of the KEK-PS Complex. 

Transverse Aperture Survey 

The aim of the first study was to concentrate the 
main ring beam injection problem on 1995. The local 
aperture measurements of the main ring were performed to 
make clear the real orbit center in the vacuum chamber. 
The twenty eight steering dipoles were excited 
independently to make a local bump orbit at each section 
in the main ring. The vertical aperture seems to be 
determined by the diameter of the vacuum chamber in the 
bending magnet. The orbit was set to the center of the 
vacuum chamber as decided above, then the beam survival 
were measured to make clear and maximize the acceptance 
with dependence on the injection error. As the result of 
this study, the closed orbit, especially vertical, seems 
essential for the beam loss at the injection. Table 1 
shows the main ring aperture of the calculated value from 
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real mechanical dimension and the measured value, 
respectively. It is still unknown that the reason of 
difference between the mechanical and measured aperture. 

Higher Order Resonance Correction 

The usual operating point of PS main ring was at 
v =7.12 and v =7.25. In order to avoid beam loss due to x y 
the space charge detuning for a high intensity beam, it 
should be select rather higher operating point. However, a 
third order resonance, v„ + 2v = 22, and fourth order A        y 
resonances, particularly 4v=29 and 2vx + 2v = 29 seem 

to be obstacles. The correction of these resonances were 
established by the sextupole magnets and the octupole 
magnets using rather low intensity beam, about 4 x 

Jl_ 10   ppp. After fixed the correction parameter,  the high 
12 intensity  beam,  1.3  x   10   ppp,   were  injected  from 

booster and measured the tune mapping of beam survival 
as shown in Figures 2a and 2b. A fast beam loss is 
brought near integer operating point, on the other hand a 
slowly beam loss is brought at around larger than .25. 

Io.5ms/lBSTR 

100% 
90% 
80% 
70% 
60% 
50% 

&   0.3- 

Figure 2a. Beam survival tune mapping of high intensity 
beam after resonance correction. Ratio between the 
intensity of booster extraction and 0.5ms after injection. 

These show that there are no region where more 
than 70% of the beam survives. It seems that these forth 
order resonances are caused by the space charge induced 
quadrupole imperfection.[2] In order to reduce the 
quadrupole imperfection, several correction quadrupoles are 
necessary, however there are no installation space in the 
ring. Then, the panofsky type hybrid quadrupole magnet, 
which will be use for both of quadrupols for the 
imperfection correction and dipoles for the COD 
correction, are considering. At this present, the vertical 
tune was changed to 5.25 to curing the effect of the forth 
order resonance. However, the intensity is still same as 
the old operating point. 

From the view point described above, the re- 
alignment of the main ring magnet in the vertical plane 
was done on the summer shut down, 1996. The injection 
efficiency has increased up to 95-97%, although it was 
less than 93% before re-alignment. 

Another studies on the longitudinal acceptance 
measurement and the broad band reactive impedance 
measurement so forth were performed on 1995. [3] 

1350ms /lim s 

70% 
60% 
50% 
40% 
30% 
20% 

o>   0.3 

Figure 2b. Beam survival tune mapping of high intensity 
beam after resonance correction. Ratio between the 
intensity of 5ms and 350ms after injection, respectively. 

Beam Loss During Acceleration 

Major beam loss during acceleration is at the 
acceleration start and at the transition crossing. As the 
recent studies, following facts come to our knowledge. 
Some head-tail instability occurs several tens milliseconds 
after acceleration start [4] and the microwave instability 
occurs after crossing the transition energy.[5] 

First one of these phenomena depends on of 
course the chromaticity, and this occurred after changing 
the vertical operating point. The total chromaticity, 
caused by the eddy current in the vacuum duct inside the 
bending magnet and the remnant of the sextupole magnet 
etc., becomes positive 80ms after acceleration. Mode one 
phenomena disappears by the correction of chromaticity. 
Various mode of the head tail instabilities occur depend on 
the chromaticity so the study is under going to clear more 
detail. 

Depend on the knowledge of a proton-klystron 
model [6] for the microwave instability, a part of the 
vacuum ducts between the bending magnet and the 
quadrupole magnet and the beam position monitor (BPM) 
except high radioactive position were replaced on the 
summer shut down, 1996. The emmitance brow-up after 
this replacement clearly decreased. [5] 

Figure 3 shows an acceleration efficiencies, 
intensity ratio between acceleration start and end,   and it's 
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improvement effect. Closed circles are the data during 
rather high intensity operation several years ago. Open 
circles are the data after last summer shut down. 

5.5-6.1 x 10 ppp at the acceleration end for 
about 20 minutes have been achieved at the high intensity 
trial operation on October, 1996. The acceleration 
efficiency of this trial are also shown in Figure 3. 

Reduced the harmonic number seems advantage 
method in order to beam trapping at the acceleration start. 
Harmonic six operation has been considering instead of 
usual nine harmonics, but this is not better since one 
bunch should be taken out due to the rise time of kicker 
described later. 
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Figure 3. Acceleration efficiency, intensity ratio between 
acceleration start and end, at the former high intensity 
operation in 1989 and after improvement of duct 
impedance. Closed circles are the 1989 data. Open circles 
are the data after BPM and B-Q duct replacement. Closed 
diamond are the typical results at the high intensity trial 
after that. 

3 DESIGN OF THE FAST EXTRACTION 
SYSTEM 

Fast extraction of full circulating beam should be 
requested for the neutrino oscillation experiment. [7] At 
this present, KEK-PS equipped two slow extraction lines 
and one internal target beam line. A switching the fast 
extraction and the slow extraction is considering for multi 
user requests. 

According to the careful orbit analysis for the 
feasibility using existing slow extraction devices, such as 
bump and septum magnets system, the changeable system 
of the extraction kicker and electro-static septum in the 
same vacuum chamber has decided in stead of former 
design, which is the small kicker distribution system.[8] 
A large orbit excursion is the problem since the extracted 
beam passes through non linear magnetic field region of 
both bending and quadrupole magnets. Table 1 shows a 
typical calculation results. 

In order to extract the beam during one turn, the 
kicker magnetic field should have a rise time less than 
30ns and more than 1.1 (is flat top since the harmonic 
number is nine and bunch length is about 125ns. The 

time space between the beam bunches of 30ns is so short 
for the rise time of fast kicker magnet that one bunch is 
taken out to obtain the time space for rise time. This 
means 155ns available for the kicker rise time. The field 
strength is requested higher than 0.1 IT and this should be 
realized within the space of 3m in one long straight 
section. In order to double of the kicker magnetic field and 
save the transmission time, the distributed small kickers 
with the Blumelein system was decided to construct. 
Prototype one has just constructed and is under exciting 
test. [9] However, eight bunches acceleration means the 
beam intensity is reduced to eight ninth. If we adopt the 
harmonic number six operation, the space between 
bunches increase to 60ns, but one bunch should be still 
taken out, then this is not advantage method. First rise 
kicker magnets are strongly desired. 

4  SUMMARY 
1 o 

Acceleration of about 6x10 ppp intense beam 
has achieved, however, an average intensity during normal 
operation has been still 3-5 xlO ppp. Since much 
studies have been concentrated to make clear the beam loss 
problem the reason of the beam loss is getting to 
understand little by little. 

Twenty years has passed since the KEK-PS 
constructed, then several equipments and parts become 
decrepit. The failure time has increased for recent a few 
years. It was about 3% before 1992, but more than 5% 
recently. Taking into consideration for this problem is 
also important subject for the reliability of machine 
operation. 
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UPGRADE PROJECT* 
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M. A. Plum, C. R. Rose, H. A. Thiessen, C. A. Wilkinson, and M. V. Zumbro 
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Abstract 

An upgrade is in progress to the Los Alamos Proton Stor- 
age Ring (PSR) to allow direct injection of the H" beam 
into the ring and provide a beam bump system to move 
the circulating beam off the stripper foil. The primary 
benefits of this upgrade are matching the transverse phase 
space of the injected beam to the PSR acceptance and 
reduction of foil hits by the circulating beam by a factor 
of ten. Foil thickness is optimized to minimize the 
combination of circulating-beam losses plus losses due to 
excited H° states produced at injection. An overall factor 
of five reduction in losses is expected. The project 
comprises extensive modifications of the injection line, 
the injection section of the ring, and the waste-beam 
transport line. We will discuss the goals of the project, 
present an overview of the technical design, and describe 
the status of the implementation plan. 

1 INTRODUCTION 

In the injection upgrade project, the overall performance 
objectives for PSR and the beam delivery system for the 
LANSCE neutron spallation source are: 

• 100 uA @ 20 Hz routine operation 
• Beam availability > 85% 
• Less than 5% downtime from intervals > 8 hours 

Beam losses at PSR and the resulting radioactivation of 

ring components are the dominant factors limiting aver- 
age beam current, a significant cause of equipment fail- 
ure, and a major element in repair times. Reducing the 
beam loss rate is key to achieving the performance 
improvements. 

Losses of the circulating beam in PSR are primarily 
caused by nuclear and large-angle Coulomb scattering in 
the injection stripping foil. [1,2] These losses can be re- 
duced by keeping the stored beam off the foil. The pres- 
ent, two-step injection process converts H" to H° in a 
stripper magnet, then H° to H* in the stripper foil. This 
produces significant emittance growth in the bend plane 
of the stripper magnet and a substantial mismatch of the 
injected beam. Both factors severely limit the use of 
injection painting to keep the circulating beam off the 
foil. To eliminate these problems and implement 
effective injection painting we are replacing the two-step 
process by one-step (H~ to IT) injection of the beam. 
Direct H~ injection provides the capability to tailor the 
injected beam parameters for optimal painting. 

2 DESIGN 

As shown in Fig. 1, we will implement direct H~ injection 
by using a dipole (which is part of the PSR lattice) to 
merge the incoming H~ beam with the circulating proton 
beam. A thin carbon foil after this dipole strips the 
H~primarily to protons that are captured in the ring. 

Magnets 

ip Magnets 

Figure 1. Layout for PSR Injection Upgrade 
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The project comprises extensive modifications of the 
injection line, PSR injection section, and H7H° dump 
line. 

2.1 Beam Injection 

The beam from the linear accelerator has a non-Gaussian 
transverse distribution, but it is bounded by an ellipse 
with rms emittance 0.8 n mm mrad. This emittance was 
used in the design calculations, together with a total 
momentum spread of ±0.5% (a generous postulate). 

The beam injection design is described in detail in 
Ref. 3. Three sections compose the injection line shown 
in Fig. 1. A skew section transports the beam from the H" 
transfer line to PSR level. The skew section is rolled by 
approximately 27° to accomplish an elevation change of 
3.35 m. A four-quadrupole matching section is used to 
tailor the beam at the stripper foil to optimize phase space 
painting. A final bend diverts the beam around a PSR 
dipole and injects the beam into the merging dipole. 

The skew section is achromatic to prevent disper- 
sion-related emittance growth and beam centroid motion 
caused by beam energy shifts. A general drawback of 
skew lines is that skewed beam-line elements couple the 
transverse planes, leading to projected emittance growth. 
In this design, skew quadrupoles upstream and down- 
stream of the skew section are set, together with a quad- 
rupole at the dispersion crossover point, to uncouple the 
beam transfer matrix and so avoid emittance growth for 
all input beams. 

The matching section is in a dispersionless region in 
order to decouple tuning of transverse and longitudinal 
beam parameters. The nominal injected beam has upright 
transverse phase space ellipses with rms parameters: x = 
1.0 mm, x' = 0.80 mrad and y = 1.6 mm, y' = 0.50 mrad. 
The injected beam is offset by: x0 = 7.21 mm, x0' = -1.96 
mrad, y0 = 22.5 mm, y0' = 3.10 mrad. Zero-dispersion 
injection is used to reduce the injected beam size and, 
thus, the number of foil hits by the circulating beam. The 
matching section has sufficient tuning flexibility to 
accommodate the normal range of input beams and to 
produce an adequate range of beam parameters at 
injection in PSR. 

Hands-on maintenance of the injection line compo- 
nents requires minimal beam losses. In general, losses 
occur because the beam is too large for the aperture, or is 
mis-steered, or because H~ is stripped in the magnetic 
fields. The nominal aperture in the injection line is at 
least 6.6 times the rms beam size including momentum 
spread. Thus, scraping losses should be negligible, even 
with reasonable steering errors. Dipole fields have been 
kept below 3.8 kGauss and quadrupole fields have been 
kept correspondingly low to avoid excessive losses. [3] 

Alignment or field errors can cause emittance 
growth or steering errors, leading to incorrect injection 
match and increased beam losses in PSR. The effects of 
injection-line errors were studied using particle-tracking 

codes in the injection line and PSR. Alignment and field 
errors twice the design tolerances (see below) were used 
in the simulations. Circulating beam losses from foil hits 
and scraping did not increase, while the fraction of 
injected beam missing the foil increased insignificantly 
(<1%). 

2.2 PSR Reconfiguration and Beam-Loss Reduction 

Changes to PSR include the 6.8° injection dipole, bump 
magnets to produce the closed orbit bump and the re- 
placement of the first dipole downstream of injection by 
two C magnets. To accommodate the merging dipole, the 
bend angles of the dipoles on either end of the straight 
section must be reduced. The net result is an increase in 
the PSR circumference of 2.8 cm, requiring an increase of 
2 MeV in the beam central energy, i.e., to 799 MeV. 

The design for offset injection and closed-orbit 
bump was optimized by simultaneously minimizing foil 
hits by the circulating beam while keeping the injected 
beam ellipse completely inside the ring acceptance el- 
lipse. Injection is offset in both planes, and the vertical 
closed-orbit bump in the injection section is collapsed 
linearly to zero by the end of injection, as shown in Fig. 
2. 
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Figure 2. Closed orbit bump is collapsed linearly to zero 
during the injection period. 

ACCSIM simulations show that offset injection and 
painting reduce the average number of foil hits by the 
circulating beam to 35 for 2300 turns injected, a ten-fold 
reduction over H° injection. A second source of PSR 
losses is excited H° states produced at injection and 
stripped in the first ring dipole. These losses are mini- 
mized by increasing the thickness of the foil. Fig. 3 
shows the results of an optimization study of losses vs. 
foil thickness. With an optimized foil thickness of 400 
ug/cm2, losses are reduced by a factor of 5 from that for 
present PSR operation with a 200 ug/cm2 foil. 

1013 



Injection Upgrade 

Foil thickness (ng/cm2) 
Figure 3. Total losses vs. foil thickness. 

2.3 H/H" Beam Dump Line 

The offset injected beam at the stripper foil requires in- 
creasing the aperture in the downstream bending magnet 
to accept H° produced in the foil and the unstripped ET. 
Therefore, we are replacing the present dipole by two 
existing C magnets, the first having a 50% larger vertical 
aperture than the present dipole. In the dump line, the 
diverging H~ and H° beams must be combined and trans- 
ported with minimum losses. To design this line, a par- 
ticle tracking code was developed that takes into account 
the initial beam distributions and stripping distributions 
for ET to H° in the first C magnet. The final design in- 
corporates a dual-plane bending magnet to aim the beams 
at the beam dump and a quadrupole doublet to combine 
and focus the beams at the beam stop. 

3 IMPLEMENTATION 

To implement the upgrade requires: 11 dipoles (including 
two C magnets), one dual-axis bending magnet, 15 quad- 
ruples, and 11 steering magnets. To reduce costs we 
used existing magnets where possible, so only eight new 
magnets (five designs) are needed. The C magnets have 
the most stringent central-field quality requirements: KT4. 
All magnet power supply needs can be met from the 
existing pool, although 14 must be upgraded to improve 
regulation or better match the load. To satisfy design 
specifications, the C magnets will require power supply 
regulation of 10"5, while the dipoles in the final bend 
require 2 x 10~5. The required regulation for the 
quadrupoles is 10~3 except for the last quadrupole in the 
matching section, which requires lO-4. The closed-orbit 
bump will be produced using four programmable, pulsed 
magnets [4] located as shown in Fig. 1. 

In the particle-tracking studies the following critical 
alignment tolerances were found to be acceptable: 

• Dipoles: 1 mm longitudinal, 1.7 mrad roll 
• Quadrupoles: 0.25 mm transverse, 1.7 mrad roll 

These required tolerances can be obtained by standard 
alignment techniques at LANSCE, which are capable of 
attaining 0.1 mm in position and <1 mrad in angle. 

Procurement and fabrication are about half completed, 
and the project is on track for installation beginning in 
August 1997; commissioning is scheduled for May 1998. 

4 TECHNICAL SPECIFICATIONS 

Table I contains the PSR injection upgrade specifications 

Table I. PSR Parameters After Injection Upgrade 

Parameter 

Current, repetition rate 
Protons per pulse 
Beam energy 
PSR accumulation time 
Injected beam time spread 
Input beam phase space 

Transverse 
Longitudinal  

Injection line acceptance 
Transverse 
Longitudinal  

Injected beam offset 
(xn,x0) = 

fr«.y«') = 

Value 

100uA@20Hz 
3.1 x 10' £EE_ 
799 MeV 
825 ns 
250 ns 

0.8 7i mm-mrad rms 
0.063% dp/p rms 

35 7c mm-mrad 
+0.5% Sp/p 

Closed orbit bump (linear) 
from(y0,y0') = 

_to (y„, y«') = 
Foil thickness 
RF volts per turn, lin. ramp 
Harmonic no., freq. (time) 
Tune 
Max. tune depression 
Stored beam 95% emittance 

dP/P=  
Frac. of beam missing foil 
H stripped to H° 
Foil hits per proton 
Stored beam loss 
(incl. 0.022% nucl. scatt.) 
Extraction losses 
Excited H° losses 

7.21mm,-1.96 mrad 
22.5 mm, 3.10 mrad 

16.0 mm, 2.2 mrad 
0.0 mm, 0.0 mrad 
400 ug/cm 
6-10.5 kV 
1,2.795 MHz, (358 ns) 
v. = 3.172, v„ = 2.142 
Av. =-0.071, Av. =-0.106 

35 7t mm-mrad 
49 7i mm-mrad 
±0.34% 
2.6% 
0.6% 
30.5 
(0.046 ± 0.005%) total 

0.008% 
0.048% 
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COMPARISON OF BEAM TRANSPORT SIMULATIONS TO 
MEASUREMENTS AT THE LOS ALAMOS PROTON STORAGE RING 
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Los Alamos National Laboratory, Los Alamos, NM 87544 

Abstract 

The ability to model and simulate beam behavior in the 
Proton Storage Ring (PSR) of the Los Alamos Neutron 
Science Center (LANSCE) is an important diagnostic and 
predictive tool. This paper gives the results of an effort to 
model the ring apertures and lattice and use beam simula- 
tion programs to track the beam. The results are then 
compared to measured activation levels from beam loss in 
the ring. The success of the method determines its use- 
fulness in evaluating the effects of planned upgrades to 
the Proton Storage Ring. 

1 SIMULATION 

For the model, the dimensions and positions of the PSR 
beam line elements were obtained from drawings and 
documentation and were verified by measurements wher- 
ever possible. Aperture dimensions included as-built 
variations, if known. The resulting DIMAD lattice ge- 
ometry was checked against a 2-d computer layout of the 
ring. One unverified point remained after this effort: a 
limiting aperture in the vacuum pipe of the insertion 
magnet and ring bender, SRBM01. Loss patterns do not 
indicate that such a restriction exists. 

The PSR clear apertures on either side of the beam pipe 
center are plotted in Figure 1 and the minimum of the 
apertures on either side is plotted in Figure 2. The small- 
est apertures in the horizontal direction are found in the 
extraction kickers (2.58 and 2.90 cm), the extraction 
septum magnet (4.52 cm), and the unverified vacuum 
chamber aperture in bender SRBM01 (2.52 cm). For the 
rest of the ring, the minimum horizontal apertures (4.78 
cm) are in the Beam Position Monitors (BPM's) in the 
quadrupoles and are close to the value for the ring dipole 
magnets. The horizontal apertures are widest in the beam 
elements that must handle both circulating and incoming 
or exiting beams. In the vertical direction, the smallest 
apertures are in the special vacuum chambers in the ring 
dipole magnets which must also accommodate the in- 
jected (SRBM01, 4.63 cm), unstripped (SRBM11, 4.26 
cm), and extraction beams (kickers, 4.34 cm). The re- 
maining ring dipoles and the QU BPM's have the next 
smallest apertures (4.73 cm). 

The beam envelopes were generated by tracking particles 
in ACCSIM and then using the emittances containing a 
chosen beam fraction in a DIMAD simulation. The 
ACCSIM simulation included injection halo, wide-angle 

Coulomb scattering, momentum spread, and apertures. 
Beam parameters and characteristics are included in Ta- 
ble 1. For the present PSR, emittances containing 99.95% 
of the beam tracked by ACCSIM were used in the 
DIMAD simulation. The momentum spread, Ap/p, was 
found to be 0.32%. This includes RF effects of the 
buncher and is consistent with what is actually seen in 
operation. 

The simulated PSR beam envelopes are plotted inside the 
clear apertures in Figure 1. The ratio of the minimum 
clear aperture to beam size is plotted in Figure 2. With the 
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Figure 1(a) and (b). The horizontal and vertical beam 
envelopes plotted inside the physical clear aperture for 
the present Proton Storage Ring. 
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Figure 2. Minimum physical clear apertures and mini- 
mum aperture to beam ratios for the present Proton Stor- 
age Ring. 
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Figure 3. Average measured activation on contact for the 
present PSR. 

exception of the questionable aperture in SRBM01, the 
limiting aperture for the PSR is in the extraction septum 
magnet, as given by the aperture ratio of 1.039 in the 
horizontal direction. The focusing quadrupoles horizon- 
tal aperture ratios are only slightly larger, at 1.043, fol- 
lowed by the extraction kickers, at 1.11 and 1.31 respec- 
tively. The limiting apertures are distributed around the 
ring, with no aperture significantly more limiting than any 
other. Particles reaching a large radius will be lost at the 
first limiting aperture they encounter and are therefore 
likely to be lost close to their point of generation. 

2 COMPARISON TO MEASUREMENT 

A comparison of loss patterns in the PSR corroborates the 
model of distributed limiting apertures. The averages of 
several contact measurements of component activation 
taken over the last five years are plotted in Figure 3. The 

losses in the injection region are known to come from 
nuclear scattering, wide-angle coulomb scattering, injec- 
tion beam halo, and excited H° states that strip in the first 
bender field. Particles from these effects are generated at 
or near the stripper foil. The activation pattern shows that 
the major injection losses occur in the first four sections 
of the ring, with peaks at the limiting aperture quadrupole 
magnets. The large peak in the first bender, SRBM11, is 
caused primarily by excited H°'s that strip in SRBM11. 
The upstream apertures shadow the later limiting aper- 
tures, so fewer losses are seen in sections five and six. 

Activation in the extraction region follows a similar pat- 
tern. Although some of the losses are not completely 
understood, the majority come from beam halo, extracted 
beam tails, beam in the gap, and unextracted beam. The 
activation peaks occur at the limiting apertures: the front 
end of the first kicker, the exit of the second kicker and 
the entrance of the following ring bender, and the septum 
magnet. Activation after the unverified constriction in the 
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Figure 4 (a) and (b). The horizontal and vertical beam 
envelopes plotted inside the physical clear aperture for 
the planned LRIP improvements. 
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bender, SRBMOl, is not consistent with the assumed nar- 
rowness of the beam pipe, which in any case will be 
changed for the LRIP improvement. 

3 APPLICATION TO IMPROVEMENTS 

The same type of modeling and analysis was applied to 
the planned upgrade of the ring injection, which is part of 
the LANSCE Reliability Upgrade Improvement Project 
(LRIP) scheduled for installation in late 1997. The im- 
provements include direct H" injection, better matching of 
the injected beam to the ring acceptance, fewer foil tra- 
versals achieved by vertical bumping of the circulating 
beam and increased vertical beam size, thicker foil, and a 
change to C-magnets just downstream of the foil. The 
majority of these changes are intended to reduce ring 
losses by reducing the number of foil traversals per pro- 
ton. The present and post-LRIP beam parameters are 
listed in Table 1. The emittance used for the post-LRIP 
beam included a slightly larger beam fraction, 99.99%, 
than that used for the present PSR beam. The results of 
the analysis are plotted in Figures 4 and 5. 

The same pattern of distributed limiting apertures is seen 
for the LRIP analysis as for the present PSR. The septum 
aperture ratio is the same and the ratios at the limiting 
focusing quadrupoles are slightly improved to an average 
of 1.08. A vertical bump magnet in section 1 becomes the 
first limiting aperture after the stripper foil, but its aper- 
ture equals that of the other limiting apertures. Thus, the 
LRIP improvements do not introduce new limiting aper- 
tures or decrease the aperture ratios, even when more 
beam is included in the LRIP beam envelope than for the 
PSR. 
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Figure 5. Minimum physical clear apertures and aperture 
to beam ratios for the LRIP Proton Storage Ring. 

4 SUMMARY 

The modeling of the present Los Alamos Proton Storage 
Ring gives aperture to beam size ratios that are consistent 
with the losses as indicated by contact activation meas- 
urements. The success in matching present limiting ap- 
ertures to losses implies that the method is useful in ana- 
lyzing planned improvements to the PSR. An analysis of 
the LANSCE Reliability Improvement Project predicts 
that there are no major changes in the distribution and 
size of the limiting apertures, indicating that the im- 
provements have not made the loss situation worse due to 
the introduction of new limiting apertures. 

Table 1. Parameters for the present PSR and the planned LRIP improvements. 

Injection Point Lattice 

Injected Beam Emittance 

Injected Beam dp/p 
Bumping 

Horiz. Accept. Def. Apert. 
Vert. Accept. Def. Apert 
RF Buncher Voltage 
Frac. of Beam missing Foil 
Tunes 
Max. Tune Depressions 

Stored Beam 95% Emitt., 

Stored Beam 95% Ap/p 
Foil Hits/Proton 
Stored beam losses (scatt.) 

PSR 
75 uA @ 20 Hz, 250 ns 

ax = 1.891, ßx = 9.151m 
av = -0.705, ßy = 4.560 m 
sx = 7.2, sy = 4.20 (4 g) mm-mrad 
36% 0.037 Ap/p & 64% 0.063% Ap/p 
none 

47.8 mm at Quads; 44.9 mm at sept. 
47.8 mm at center of Quads 
8 kV at 2.8 MHz, ramped from 4 kV 
1.25% plus 7.4% through foil 
vx-^ 3.172, vv =2.142 

.13 
Avx= -0.158; Avv= -0.125; 2.20x10   p 
EX= 27.0, sv= 39.0 mm-mrad 

tO.32% 
307.4 (650 usec Injection) 

Excited H°; Extract. Losses 
0.152% multiple; 0.105% nuclear 

LRIP 
100 uA @ 20 Hz; 250 ns 

ax = 0.629, ßx = 2.776 m 
av =-1.423, ßv= 10.931m 

sx= 3.2, £y= 3.2 (4 a) mm-mrad 
36% 0.037 Ap/p & 64% 0.063% Ap/p 

y1 = 16.0 mm, y1' = 2.2 mrad to 0,0 in 825 us 
47.8 mm at Quads; 44.9 mm at septum 
47.8 mm at center of Quads 
10.5 kV at 2.8 MHz, ramped from 6 kV 
2.56% plus 0.58% through foil 
vx = 3.172, vv = 2.142 

13 Avx = -0.071; Avv = -0.106; 3.12x10    p 
sx=35.0, 6y=49.0 mm-mrad 

fcO.34% 

35.0 (825 usec Injection) 
0.0244 +0.005% mult.; 0.0217 % nucl. 

0.259%; 0.05% respectively I 0.048%; 0.0078% respectively 
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ACCUMULATOR RING H INJECTION OPTIMIZATION STUDIES 

J. D. Galambos, J. A. Holmes, and D. K. Olsen 
Oak Ridge National Laboratory, Oak Ridge TN, 37831-8218 

Abstract 

H ion injection into an accumulator ring is a limiting 
process for future high-intensity pulsed spallation 
neutron sources. To facilitate the injection design 
process, a method has been developed to access a 
tracking code, ACCSIM [1], from within an optimization 
package [2]. The optimization tool is a C++ interactive 
driver with steepest decent and genetic algorithm 
optimization methods and parallel computing 
capabilities. Some injection parameters varied in the 
optimization process are the H beam size and position, 
the foil configuration and thickness, and the horizontal 
and vertical bump time profiles. Constraints and 
figures-of-merit include maximum allowed foil 
temperature, maximum allowed space charge tune shifts, 
maximum allowed foil traversals, and maximum allowed 
beam losses. Application of this method to accumulator 
ring injection in the proposed National Spallation 
Neutron Source (NSNS) is presented. 

1 BACKGROUND 

In NSNS an intense H+ beam is built up in an 
accumulator ring by stripping an incident 1 GeV H 
beam at injection. The H" ions and stripping foil are 
necessary to overcome Liouville's Theorem in merging 
the injected beam into the circulating H+ beam. Building 
up the circulating beam is an intricate process requiring 
a time-dependent bump of the reference orbit over 
-1200 turns to obtain the required emittances and 
distributions. In addition, other considerations impact 
the process. Because of the high beam intensity, 
uncontrolled beam line losses must be kept to a 
minimum (<104). The temperature of the carbon 
stripping foil must not exceed 2750" C. The tune shift 
induced by the space charge in the circulating beam 
must be small (<0.15) to avoid resonances. To minimize 
beam losses and satisfy these constraints, a number of 
parameters can be varied: the H' beam size and position, 
the foil configuration, the horizontal and vertical bump 
time profiles, the foil thickness, and the longitudinal 
parameters. The problem of injection into the NSNS 
accumulator ring is thus one of optimization. With this 
in mind, a method has been developed to call a tracking 
code, ACCSIM1, from within an optimization package2. 
We apply this method to minimize beam losses during 
accumulator ring injection into the proposed NSNS. 

2 MODEL DESCRIPTION 

2.1 Overall Configuration 

The optimization of NSNS ring injection is 
accomplished by calling the particle-tracking code, 
ACCSIM, from the SUPERCODE driver Shell. 
SUPERCODE is an interactive C++ shell that incudes 
optimization tools. In this case we utilize a Genetic 
Alogrithm (GA) option to perform the optimization. 
The information flow between codes is shown 
schematiccaly in Fig. 1. The optimizer creates a 
population, each member consisting of a set of selected 
values for the indpendent variables, and passes each 
member to a distinct copy of ACCSIM (which is used by 
SUPERCODE as a "function evaluator"). These copies 
can reside on separate workstations, or on separate nodes 
of a parallel computer. Each copy of ACCSIM then 
performs a calculation using its input and returns the 
constraint and Figure-of-Merit (FOM) values. These are 
then used by the GA routine to create a new generation, 
and the procedure is iterated to convergence. The 
message passing is done using PVM [3] with which we 
have used up to 20 workstations in parallel. 

Optimizer 

ACCSIM 
 w 

ACCSIM 

T 
_L 

Standard Input File(s) 

-►  Independent Variables 

-►  FOM and Constraints 

Fig. 1 Overview of information flow in the optimization 
setup. 
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2.2 ACCSIM Modifications 

To facilitate the present studies, a number of 
additions were made to ACCSIM: (1) exponential decay 
(x,y) bump profiles, (2) foil temperature calculation, (3) 
in-foil nuclear elastic scattering (NES) loss fraction 
calculation, (4) foil-induced fractional 4&5 excited state 
H° production calculation, (5) injected beam coordinates 
and final bump location to obtain specified final painted 
emittances, and (6) message passing to/from the 
optimizer as discussed. 

2.3 Problem Formulation 

The constraints are listed in Table 1 and the 
variable parameters in Table 2. The Figure-of-Merit is 
minimum beam loss (NES + H° 4&5 state losses). The 
tune shift depends on the longitudinal parameters 
through the bunching factor. This dependence will be 
explored in future work. Present calculations were 
performed with the following longitudinal parameters: 
first harmonic RF at 30 keV and the ring transit 
frequency and 65% longitudinal bunch length. 

Table 1. Constraints on Calculated Quantities. 

Constraint 

Peak Foil Temperature <_2750 "C 

Peak x tune shift < 0.15 
Peaky tune shift<0.15  

To find optimal solutions, the parameters listed in 
Table 2 are allowed to vary within the indicated bounds. 

Table 2. Variable Input Parameters. 

Bound: Lower Upper 
Linac Beam x/y Beta (m) 1 50 
Initial Bump x/y offset (mm) 0 15 
Normalized bump x/y e-fold time 1 10 

scale 
foil thickness (mg/cm2) 50 1000 

3 RESULTS 

Table 3 shows the results of injection optimization 
studies performed to date. Due to the "fuzziness" of the 
GA optimizer there are occasional borderline violations 
of constraints. The total loss rate is the sum of the 
nuclear elastic scattering (NES) and the H° 4&5 state 
excitation rates in the stripping foil. Small angle 
Coulomb scattering is ignored here, but will be 
considered in future studies. The bump rates are 
exponential decay rates in the bumped beam position. 
The initial bumped beam is centered at the x and y 
offsets relative to the injected beam center. The 
circulating beam center after injection is positioned to 

yield the desired transverse emittances. Large bump 
rates lead to hollow profiles in the corresponding phase 
space. Small bump rates lead to peaked beam profiles. 
Except when beam center fixed in y, all the parameters 
in Table 3 are varied by the optimizer to minimize total 
losses and to satisfy the constraints. 

3.1 Presentation of Results 

Most of the following studies have constant offsets 
in y. The resulting y-y' phase space beam profile is a 
hollow ring. The x bump rates are slow, leading to 
peaked beam profiles in x-x' phase space. 

The first three cases in Table 3 examine the effect 
of the foil edge configuration on the loss rate. The most 
striking feature is the large loss rate for a single-edged 
foil. This results from a higher particle-foil impact rate 
than for the other cases. The results for the two- and 
three-edged cases are very similar, showing no 
advantage with a three-edged foil. However, a three- 
edged foil can be used to collimate the beam. 

The second study shown in Table 3 consists of four 
cases differing in the fraction of the injected beam 
allowed to miss the foil. This portion of the beam 
remains H" and goes to the beam dump. When 2% or 
more of the beam is allowed to miss the foil, the foil- 
induced beam losses decrease measurably. This is 
caused by fewer foil impacts per particle, which results 
from the placement of the injected beam closer to the 
foil edge when more beam is allowed to miss the foil. 

In some estimates as much as two-thirds of the 
beam energy loss promptly leaves the foil, which implies 
reduced foil heating. In the third study, the energy 
deposition formulation for the beam in the foil was 
arbitrarily halved. With this reduced heating the 
optimizer selected a thicker foil to eliminate the excited 
state H° losses while still satisfying the foil temperature 
constraint. 

In the next study, the nuclear elastic scattering 
cross section was arbitrarily tripled. The main effect on 
the solution was an enhancement of the NES losses. The 
other quantities show little effect. For foil thicknesses 
around 600 mg/cm2, the H° loss rate is strongly decreasing, 
while NES losses increase linearly. Hence, the tendancy 
toward thinner foils from tripling the NES cross section 
is countered by the tendancy toward thicker foils driven 
by the H° loss rate. 

The remaining studies include orbit bumps (hence 
phase space painting) in both x and y. Reductions occur 
in all losses, in foil impacts per particle, and in x space 
charge induced tune shifts, together with an increase in 
foil thickness made possible by the reduced particle hit 
rate. The optimal bump rates are slow in y and fast in x, 
so the resulting phase space distributions are peaked in 
y-y' and hollow in x-x'.   Hence, the additional degrees 
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of freedom provided by  a variable  y  bump  allow 
improved solutions compared to x bump alone. 

The final study involves the selection of a different 
figure-of-merit, namely minimum number of foil 
traversals. The optimizer achieves this by selecting a 
very narrow injected beam that can subsequently clear 
the foil in the circulating beam. To satisfy the foil 
temperature constraint, given the intense injected beam 
spot, the optimizer is forced to make the foil very thin. 
The resulting excited H° losses are huge, so that the 
solution is technically unacceptable, but the value of 1.8 
foil hits per particle is indeed small. 

3.2 Summary 

The coupling of optimization with accelerator 
physics techniques provides a systematic automated 
approach to the solution of complicated design 
problems. Applications of such an approach to injection 
into the NSNS ring yield sensible solutions that could 
otherwise be obtained only via trial and error. 

4 FURTHER STUDIES 

A number of enhancements to the present study 
will be pursued. These involve (1) the inclusion of 
Coulomb scattering effects of beam particles impacting 
the foil, (2) an enhancement of the current simple 
treatment of space charge effects to include orbit effects 
and resonances, and (3) enhanced modeling of the 
longitudinal beam dynamics to facilitate longitudinal 
phase space painting into rings with generalized RF 
systems including several harmonics. 
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Table 3. Summary of Optimization Runs 

Case Studies FOM Fractional Loss Foil Constraint Values Variable Parameter Values 
(xlO-4) Hits/ 

Part. 

Total NES H* Max Max Foil Bump x,y Offset b, b. Foil 
Loss Loss Loss Dn„ Dny Tmp 

CO 
Rates 

r„.ry 

(mm) Inj. 
(m) 

Inj. 
(m) 

Thick 
mg/cm2 

Foil Edge 

1 Edge, 1% Miss 3.90 3.21 0.68 29.8 0.16 0.15 2724 1.3, ~ 5.7,15.1 29.2 21.9 581 

2 Edge, l%Miss 1.81 1.41 0.40 12.4 0.16 0.15 2667 1.3,~ 6.6, 15.1 38.5 21.9 612 

3 Edge, 1% Miss 1.95 1.46 0.49 13.1 0.17 0.15 2742 1.3, ~ 5.0,15.8 42.7 15.3 600 

% Miss Foil (2 Edee) 

0.5% Miss 1.64 1.45 0.20 11.9 0.17 0.15 2755 1.3, ~ 4.5,15.1 34.6 21.6 653 

1.0% Miss 1.81 1.41 0.40 12.4 0.16 0.15 2667 1.3, ~ 6.6, 15.1 38.5 21.9 612 

2.0% Miss 1.38 1.26 0.12 10.0 0.16 0.15 2769 1.3, ~ 5.0,15.1 34.6 21.6 679 

4.0% Miss 1.39 0.90 0.49 8.1 0.16 0.15 2712 1.5, ~ 5.4, 15.0 30.0 22.1 600 

Foil E-Der> (2-Edee) 

100% Dep., 1% Miss 1.81 1.41 0.40 12.4 0.16 0.15 2667 1.3, ~ 6.6,15.1 38.5 21.9 612 

50%Dep., l%Miss 1.70 1.62 0.08 12.4 0.15 0.13 2662 1.6, ~ 3.4, 17.1 46.4 6.9 703 

-tjES * 

2 Edge, l%Miss 5.18 4.77 0.41 14.0 0.16 0.15 2747 1.2, ~ 4.5,16.0 46.9 14.1 610 

3 Edge, l%Miss 3.98 3.30 0.68 10.2 0.16 0.16 2707 1.5,0= 8.9, 15.0 30. 22.6 582 

Y-Bump 

2 Edge, l%Miss 1.41 1.21 0.21 10.0 0.12 0.15 2733 6.9,1.2 5.7,6.0 35.7 22.1 650 
2 Edge, 4% Miss 1.07 0.96 0.11 7.6 0.10 0.15 2742 6.2,1.3 6.3,4.8 37.6 21.1 686 
3 Edge, 1% Miss 1.43 1.27 0.16 10.3 0.11 0.15 2741 5.7,1.2 3.7, 5.9 37.8 21.1 663 
3 Edge, 4% Miss 1.18 0.97 0.21 8.1 0.12 0.15 2745 4.1,1.3 6.3,5.5 33.5 21.4 649 
Min. Traversals 

3 Edge, 4% Miss 469 0.02 469 1.8 0.12 0.13 2748 3.8,1. 6.0,0.2 6.2 1.3 71 
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A POSSIBLE UPGRADE FOR ISIS 

M R Harold, R G Bendall, T A Broome, IS K Gardner, M G Glover, C R Prior, 
C W Planner and G H Rees. CLRC RAL 

Abstract 

The Rutherford Appleton Laboratory's neutron spallation 
source ISIS is running at its design intensity of 200 uA 
and demand for experimental time is 2.4 times that 
available. Studies have shown that it is possible to 
increase the accelerated current to nearly 300 uA by 
installing four 2nd harmonic RF cavities in the 
synchrotron. This scheme, together with the other 
necessary changes to the ISIS Facility, are described. 
Compared with the capital value of the Facility, the 
expense of providing the extra 100 uA is shown to be very 
modest. 

1 INTRODUCTION 

ISIS consists of an 800 MeV proton synchrotron feeding a 
heavy metal target at 50 Hz. Neutrons are generated and 
moderated to feed 16 instruments which are used for the 
study of condensed matter. In addition to the large number 
of neutron users, there are installations for the study of 
neutrinos and muons. All of these experiments would 
benefit from an increase in the proton intensity. An 
additional target station to operate at 10 Hz would suit 
many of the neutron experiments and there is also great 
interest in radioactive beams. A study is in progress to see 
how such facilities can best be fitted into the ISIS 
complex. This paper describes how it is possible to 
increase by 50 % the synchrotron beam intensity, which is 
presently limited by space charge to about 2.5 10 
protons per pulse (ppp). The increase in current must be 
achieved without losing any more beam than is lost at 
present. 

2 THE DUAL HARMONIC SYSTEM 

The power necessary to accelerate 200 uA is provided by 
6 RF stations disposed round the synchrotron (see Fig 1). 
These produce a peak of 140 kV per turn during the 10 ms 
acceleration period. Typical beam losses are 1% during 
injection, when the RF volts are extremely low, and 10% 
during trapping, which lasts for about 1.5 ms. Most of the 
lost protons are collected on beam scrapers, and with the 
loss concentrated in less than l/5th of the circumference 
hands-on maintenance is the norm. Any increase in 
intensity should not result in further losses. 

When a second harmonic component (h=4) of the 
correct phase and amplitude is added to the accelerating 
RF (h=2), the longitudinal phase acceptance is increased 

so that more particles can be accelerated without 
necessarily leading to increased loss. Such a scheme was 
successfully applied to NIMROD, the 7GeV predecessor 
of ISIS, and has been used on other accelerators, but never 
(we believe) on a fast-cycling machine. 

A detailed analysis of a system for ISIS [1] showed 
that simply adding an h=4 component, variable in phase 
and amplitude, does not allow stable acceleration 
throughout the cycle; it is also necessary to increase the 
fundamental amplitude. As it would be difficult to find 
space in the ring for a 7th fundamental station, it is 

Figure 1 The ISIS 800 MeV synchrotron 

fortunate that the present cavities have a little voltage in 
hand and should be adequate for the task. A simulation 
using less than 20,000 particles showed that, with the 
various restrictions pertaining with ISIS, the phase and 
amplitude of the h=4 component have to be programmed 
within tight limits if extraneous loss is to be avoided. This 
is particularly so for the last 2.5 ms of acceleration. Figure 
2 clearly shows the distortion and enlargement of the RF 
bucket due to the higher harmonic. 

There will be a small increase in momentum spread, 
which should not be significant, but there is a possibility 
of a small amount of loss later in the cycle - up to 6 ms. 
This could be troublesome due to the higher 
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200 

Longitudinal Phase (deg) 

Figure 2 Longitudinal phase space 2.5 ms after injection 

momentum of the lost particles, but small changes to the 
phase and amplitude functions should bring the loss 
earlier. Table 1 gives the expected inventory of injected, 
accelerated and lost particles per pulse for the 200 U.A and 
300 uA cases. 

TABLE 1 

Accel 'd 
current 

Injected 
protons 

Accel 'd 
protons 

Lost 
protons 

200 U.A 2.9 10 " 2.5 10 " 4 1012 

300 uA 4.1 10" 3.7 10 " 4 1012 

3 HARDWARE 

The 2nd harmonic cavities will be shortened versions of 
the fundamental cavities (Fig 3). About half the original 

Figure 3   A fundamental RF cavity 

length, they will be installed in four short straight sections 
which can be made available in the ten superperiod ring 
(see Fig 1). Two steering magnets will have to be re- 
located elsewhere, and two position monitors will be lost, 
but these changes will have little effect on the running of 
the machine. The cavities will be assembled at RAL, as 
were the fundamental units. The original drawings, jigs 
and fixtures are all available. 

The frequency range to be covered by the new 
cavities is 2.6 - 6.2 MHz, so the low level RF technology 
will be essentially unchanged. Regarding the high power 
RF, however, it is hoped to collaborate with Argonne 
National Laboratory and KEK National Laboratory in 
Japan in testing a cathode follower driver. Two of the four 
cavities would be powered in this way to simplify the 
phasing. Workers at KEK (and at PSR, LANL) have used 
a triode cathode follower to drive an RF cavity, and 
shown it to behave in a stable manner at a fixed frequency 
[2]. The low impedance of the cathode follower circuit 
should result in low induced volts and obviate the need for 
feed-forward compensation. 

The objective would be to demonstrate that cathode 
followers behave in a stable way under frequency 
modulation conditions, and that the beam-induced 
voltages are as calculated. The design will be such that it 
will be relatively easy to revert to the present fundamental 
circuit should it be necessary. The total cost of the 
cavities, power supplies and distribution (including 
manpower) is estimated to be £4.6M. 

4 INJECTOR REQUIREMENTS 

In order to provide the 4.1 10" ppp necessary for 300 uA 
operation, the output of the 70 MeV injector must increase 
from 22 to 30 mA of H" ions. The ion source has been 
developed so as to give 50 mA with a 250 u.sec pulse 
length, but the 665 kV Cockroft-Walton pre-injector is 
now very elderly and is to be replaced by an RFQ in 1998. 

The linac tank RF modulator systems may not be 
robust enough to withstand the increased beam loading. 
Steps necessary to overcome this include uprating the 
modulators' capacitor banks and charging systems, and 
replacing the modulating switch tubes and the RF drivers 
to the penultimate 4616 tetrode amplifiers. A test rig is 
also required to study and eliminate parasitic oscillations 
in the TH116 output tube which will become more critical 
at the higher output level. 

5 EFFECTS ON THE NEUTRON TARGET 

Because a second target station would cost far more than 
the 300 uA upgrade, we have to assume that initially, at 
least, the present target will have to be able to cope with 
the extra beam power. The performance of the two 
tantalum targets used so far suggests that at least a one 
year life time can be expected at the higher intensity. It is 
probable that the plates will have to be reduced slightly in 
thickness, but this is straightforward and of low cost. 
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Development work on the tantalum target is proceeding at 
present and the requirements for 300 uA can be 
anticipated to ensure that any changes for higher power 
can be made easily. The use of uranium as a target 
material at this intensity can probably be ruled out. 

The moderator cooling is adequate for the higher 
intensity but the reflector cooling on the top section is 
already marginal at 200 uA, and the design does not allow 
the water flow to be increased. A new top section will be 
required for running at 300 uA. The existing top section 
will be retained as a spare, so there will be no immediate 
disposal cost. 

Regarding the shielding, all the dose rates will 
increase by 50%. This should not be a problem in the 
generally accessible areas but the rates in the neutron 
beam line enclosures with the shutters closed must be 
reviewed and it would be prudent to allow for shielding 
upgrades. 

6 COSTS 

The RF proposal has been costed in detail [3] and a 
summary is given in Table 2. Manpower costs are 
included. 

TABLE 2 

Item Cost (£k) 
4 LPRF systems 410 
4 RF cavities 1270 
4 HPRF amplifiers 420 
4 HPRF power supplies 1830 
Distribution 190 
Civil engineering 480 
Linac changes 700 
Target reflector 700 
Extra shielding 50 
TOTAL (ex VAT) 6050 

6.1 Additional running costs 

The annual electricity costs of running ISIS are about 
£2M. The cost of running the four extra systems, 
assuming 5500 hours operation per year, will be £0.36M. 
The full marginal annual running cost is shown in Table 3, 
which allows for the fact that the linac will be fitted with 
tubes that are more expensive to replace. 

TABLE 3 

Item £k 
Linac Power tubes 25 
2nd Harmonic Systems: 

Power tubes 70 
Spares 20 
Maintenance 20 
Electricity 360 

TOTAL (ex VAT) 470 

7 SUMMARY 

The ISIS Facility has a replacement cost of about £150M 
and cannot meet the demand for its neutrons, muons and 
neutrinos. The primary proton current can be increased by 
50% at a capital cost of £6M and extra running costs of 
£0.5M per annum. 

REFERENCES 

[1]  Studies of Dual Harmonic Acceleration in ISIS. C R 
Prior, A-ll, ICANS-XII, RAL Report 94-025 

[2] Very Low Output Impedance RF System for High 
Intensity Accelerators. Y Irie, A-131, ibid. 

[3] ISIS Synchrotron 2nd Harmonic Costing. M G 
Glover and R G Bendall. ISIS/SYN/3/96 

1023 



DESIGN OF BOOSTER SYNCHROTRON FOR MUSES 

T.Ohkawa, RIKEN, Wako, Saitama 351-01, Japan 
T.Katayama, Center for Nuclear Study, School of Science, University of Tokyo 

Tanashi, Tokyo 188, Japan 

Abstract 

The Booster Synchrotron Ring (BSR) is a part of Multi- 
USe Experimental Storage rings (MUSES). BSR 
functions exclusively for the acceleration of ion and 
electron beams. The maximum accelerating energy is, for 
example, to be 3 GeV for proton; 1.45 GeV /nucleon for 
light ions of q/A=l/2; 800 MeV/nucleon for heavy ions 
of q/A=l/3. Electron beam is accelerated to 2.5 GeV from 
the injection energy 300 MeV. The accelerated ion and 
electron beams will be fast extracted and injected into the 
Double Storage Rings (DSR) by one turn injection. As 
another operation mode, ion beams will be slowly 
extracted for the experiments. In this paper, results of 
lattice study and injection and extraction procedures of the 
BSR are presented. 

1 LATTICE REQUIREMENTS AND 
CONSTRAINS 

The lattice structure is to be as compact as possible. 
Basically FODO structure is used, and we adopt a 
racetrack type to accommodate two long straight sections. 
They are used for the devices for fast and slow extraction 
of ion and electron beams and RF cavities. 

The circumference of BSR is 179.716m which is 
32/6 times the SRC extraction radius, and the maximum 
magnetic rigidity is 14.6Tm. Those values are determined 
by a requirement that heavy ions with q/A=l/3 are 
accelerated up to the energy of 800 MeV/nucleon. 
Transition y was set to be as high as 4.22, being 
satisfactory value for beam stability. 

2 BSR LATTICE DESCRIPTION 

As shown in Fig.l, the BSR consists of two arc 
sections and two long straight sections. Each arc section 
is mirror symmetrical system, and there are two bending 
cells. Each bending cell is a dispersion suppresser arc, and 
consists of four FODO cells because this number of cells 
is specified to raise Yt sufficiently large. The dispersion in 
the straight sections outside the arc section is zero. The 
length of a dipole magnet of 1.911 m is determined by the 
circumference specification. The maximum magnetic field 
of a dipole (1.5 T) is determined by required maximum 
rigidity of 14.6 Tm. The lattice is specified for eight 
families of quadrupoles; QF1 and QD1, QF4 and QD4 in 
the arcs, QF2 and QD2, QF3 and QD3 in  the long 

straight sections. The structure of one FODO cell and 
short straight section in the arc are given as follows. 

ce^QFl-äi-B-d^-QDl-^-B-^- 

str2=QF4-d^-QD4^-QD4^-QF4 

Then, the lattice of each arc section (60.365 m) is 
arc=(cel,cel.cel,cel,str2,-cel,-cel,-cel,-cel) 

In this structure, dl (d2) is 0.925 m (0.475 m) drift space 
which are used for sextupole magnets for chromaticity 
correction and kicker magnets for COD correction. 

The two long straight sections are mirror symmetry 
structure. The lattice of each section (23.876 m) is 

strl=J^F2-^D2^D3-d2-QF3-^-QD3-diQD2-dKJF2^- 

where, ds is a free space with a length of 4.276 m which 
is used for RF cavities, injection kickers or other device. 

Then, the whole lattice of BSR is described as 
follows. 

BSR=(arc,strl,arc,strl) 
Tune values are chosen from the tune diagram 

shown in Fig.2. The parameters of the lattice are 
summarized in Table 1. The ß and dispersion functions are 
shown in Fig.3. Transition y is 4.643 and the peak 
dispersion is 3.730 m. The peak ß function are 14.028 m 
in horizontal direction and 15.089 m in vertical direction. 
The calculation is performed using the MAD program. 

straight    section M 

straight   section 0B 

Fig.l A Layout of BSR 
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3 DYNAMIC APERTURE 

TUNE DIAGRAM(UPTO 7TH ORDER) 
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The dynamic aperture might be seriously reduced 
when chromaticity is corrected. The reason for this is due 
to the low average value of dispersion in a ring, 
corresponding to high yt. In this lattice, natural 
chromaticity values are -8.896 (horizontal) and -8.321 
(vertical), and are corrected by two families of sextupoles 
SF and SD, (focusing and defocusing), associated with 
their respective qurdrupoles as indicated in Fig.l. Same 
family's sextupoles in one bending cell, are located n 
apart in phase in order not to excite the resonance with 
particular amplitude and phase. The normalized field 
strengths of sextupoles required to correct chromaticity are 

relatively large: 9.036 m-3 for the SF and -15.000 m-3 
for the SD. The tracking results of the beam with 
ex=1257t mm.mrad, 8y=5n mm.mrad and fully corrected 

chromaticity, are shown in Fig.4. The largest initial 
betatron amplitude for which particles are still on a stable 
orbit is defined as a dynamic aperture. The above tracking 
results show that the dynamic aperture of BSR is larger 
than ex=125n mm.mrad and ey=57i mm.mrad. Next, we 
calculate the tracking for the beam with ex=750;t 

mm.mrad, ey=307t mm.mrad, dp/p=10"3 and fully 
corrected chromaticity when all magnet elements have 
been misaligned (misalignments are ±100u,m and 
rotations are ±0.1mrad) and field errors (sextupole 

components of dipole magnets are ±0.1 m-3) introduced 
randomly. These tracking results shows that the dynamic 
aperture of BSR is as large as ex=750rc mm.mrad and 

£y=307t mm.mrad. 

Fig.3 ß and dispersion functions along the lattice 

Tahle 1 Lattice Parameter of BSR 

Circumference C=179.7159 m 

Average Radius R=28.603 m 

Max. Magnetic Rigidity Bp=14.6 Tm 

Momentum Compaction <x=0.0437 

Transition gamma Yt=4-643 

Betatron Tune Values       Qx/Qy=6.700/6.220 

Natural Chromaticity       Q'x/Q'y=-8.896/-8.321 

Max.ß Amplitude ßx/ßy=14.028m/15.089m 

Max.Dispersion Dx/Dy=3.730m/0.0 
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Fig.4 Result of single-particle tracking 
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Further tracking has to be performed to obtain 
information about the main sources of dynamic aperture 
reduction and to estimate the level of multipolar content 
tolerable in the dipoles. 

4 INJECTION AND EXTRACTION 

5 SUMMARY 

We have designed the lattice of BSR which satisfies 
fundamental requirements. This lattice is required to be 
further investigated in detail for the installation of all the 
necessary hardwares. Optimization of the lattice of the 
BSR is under progress. 

An arrangements of the injection and extraction 
magnets are shown in Figs 5 and 6. The BSR lattice is 
designed to be able to operate with two different extraction 
mode for ion beams; fast extraction and slow extraction. 

As seen in Fig.5, an electrostatic septum(ES), four 
septum magnets(SMl, SM2, SM3, SM4) and three bump 
magnets(BMl) are used for the electron beam multi-turn 
injection. These magnets except bump magnets, are used 
for ion beam slow extraction which is carried out by 
using third order resonance (vres=20/3). 

As seen in Fig.6, three septum magnets(SM2, 
SM3, SM5), four bump magnets(BM2) and ten kicker 
magnets(Kl) are used for the ion beam one turn injection. 
These magnets are also used for electron beam fast 
extraction. The ion beam from the ACR is injected into 
the septum magnet SM5 at an angle of with respect to 
the straight section of the BSR.The ion beam is finally 
kicked and placed in the reference orbit by the kicker 
magnets.This kicker magnets are used for ion beam fast 
extraction. So, kicker magnets must be risen and fallen 
less than 50 ns. 
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ELISA - AN ELECTROSTATIC STORAGE RING FOR ATOMIC PHYSICS 

S0ren Pape M0ller, Institute for Storage Ring Facilities, University of Aarhus 
DK-8000 Aarhus C, Denmark 

Abstract 

The design of a new type of storage ring (synchrotron) for 
heavy ions using electrostatic deflection and focusing 
devices is described. Such a storage ring will be attractive 
for many atomic-physics experiments, and also for basic 
research in neighboring fields such as chemistry and 
biology. 

1 INTRODUCTION 

Storage rings were initially developed for storage of high- 
energy particles in particle-physics laboratories. In the last 
decade, storage rings have also been introduced in atomic- 
physics and intermediate-energy physics laboratories with 
great success, see [1]. These low- and medium-energy 
storage rings were modelled after the storage rings in the 
high-energy laboratories, in particular LEAR [2], using 
magnetic bending and focusing devices (e.g. magnets and 
quadrupoles) and only using electrostatic devices in 
special cases, e.g. electrostatic septa. These low-energy 
storage rings have stored particles of very low momentum 
and velocity. As extreme examples, ASTRID [3] has 
stored "He" ions at an energy of 5 keV, corresponding to a 
momentum of 4 MeV/c and a beam of 12C70' at 25 keV 
with a velocity of 0.00025 c. 

The new development [4] summarized in the present 
paper is a design of a storage ring for low, but yet finite, 
energy particles using electrostatic devices, in particular 
electrostatic deflectors and quadrupoles. The device is 
called ELISA for ELectrostatic Ion Storage ring, Aarhus. 
Although the energy is limited to rather low values, this is 
not an issue for several experiments. 

The advantages of such a ring as compared to a 
magnetic storage ring are both technical and fundamental. 
Examples of more technical advantages are no remanent 
fields, no hysteresis and no cooling water. A more 
fundamental advantage is the absence of magnetic fields, 
which may e.g. induce transitions between the hyperfine 
levels of the circulating ions. Such an electrostatic ring 
can also be made much smaller than a magnetic one, 
which in itself can be advantageous, but it also means that 
heating and cooling of the vacuum chambers surrounding 
the beam is easy. In this way lower pressures can be 
envisaged by cooling. 

ELISA-type rings are thought to be storage devices, 
but electrostatic rings could just as well be operated in 
synchrotron mode. Actually, much faster acceleration than 
in magnetic rings is possible due to the absence of eddy 
currents. 

The other storage device used to confine charged 
particles for extended periods in a small volume is the 
electromagnetic trap. Comparing with an electromagnetic 
trap, the electrostatic storage ring allows easy access to 
the ion beam. Furthermore, electrons and 
atomic/molecular fragments created either spontaneously 
or by the interaction with an electron- or laser-beam can 
easily be detected. In particular neutral fragments will be 
easily detected at the end of straight sections. This issue, 
although seemingly trivial, is actually a very important 
feature of storage rings used for atomic-physics 
experiments [4]. 

Cup + 
viewer    Scraper Injected 

Beam 

-   ■> 

Neutral Beam 

Scraper 

Figure 1 Layout of the ELISA storage ring. 
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There is one fundamental difference between a ring 
based on electrostatic and magnetic elements: The 
longitudinal energy is conserved in the magnetic case, but 
this is not the case for an electrostatic device. Clearly, an 
ion traversing an electrostatic deflector off-axis will meet 
a longitudinal component of the deflecting field and will 
be accelerated or decelerated at the entrance and exit of 
the device. This means that there will be an inherent 
coupling between the longitudinal and transverse 
directions. It also means that the focusing in a deflector 
will be different for the electrostatic and the magnetic 
case. 

Initially, we believed that ELISA would be the first 
electrostatic storage ring. An electrostatic storage 
ring/synchrotron was, however, built and tested 
successfully in the mid 50'es, before starting the 
construction of the AGS at Brookhaven [5]. This ring was 
built to test the principles of alternating-gradient focusing 
and transition crossing, and was as such very succesful. 
The ring was designed for 1-10 MeV electrons and had a 
circumference of 43 m. This so-called "electron analog" is 
to the authors knowledge the only electrostatic 
synchrotron/storage ring ever built, and one might 
speculate why this is so. One reason is undoubtedly that 
the low-energy rings are descendants of the high-energy 
rings where magnetic devices are beneficial. 

2 TECHNICAL DESCRIPTION 

The electrostatic storage ring presently being built has a 
race-track shape as shown in fig. 1. This is the most 
simple lattice with straight sections, but clearly different 
lattice configurations are possible as for magnetic storage 
rings. In the following, we shall briefly outline some 
details. Comparisons with a magnetic storage ring will be 
made, and here ASTRID [3], familiar to the author, has 
been chosen. 

2.1 Optics - the lattice 

The lattice is defined by two 160° spherical electrostatic 
deflectors (SDEH), four 10° parallel plate deflectors 
(DEH) and four pairs of electrostatic quadrupoles (QEV, 
QEH) in the two straight sections. 

The resulting lattice functions are shown in fig. 2 
corresponding to tunes of QH = 1.21 and Qv = 1.44. The 
strong focusing from the 160° deflectors is seen to result 
in a very narrow waist in the middle of the deflectors. 
Furthermore, an almost round beam is obtained in the 
straight sections. The lattice is quite flexible, and straight 
section lengths between 0.6 m (as indicated in fig. 1) and 
1.2 m can easily be accomodated. The horizontal and 
vertical tunes can be adjusted between 1 and 2. For 
closed-orbit correction, four vertical ± 1° steerers (DEV) 
are arranged as shown in the fig. 1. Horizontally, the two 
160 ° and the four 10° deflectors will be used for closed- 
orbit corrections. 

The injection system consists of a chopper in the 
injection beamline and one of the 10° deflectors used as a 
pulsed inflector giving a single-turn injection. Injection 
will initially be made from an isotope separator. 

All electrodes close to the beam will be gold-plated in 
order to avoid oxide layers and the potentials across such 
insulating layers. The required voltages, apertures and 
other relevant numbers are given in the table. 

2.2 3D tracking simulation 

The optics has first been designed using linear transfer 
matrices for hard-edged elements in ordinary lattice 
programs. In this way, fig. 2 was produced. 

10 
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Figure 2 Lattice functions for half the circumference. 

Secondly, the program SIMION [6] has been used for 
inclusion of fringe fields etc. SIMION is an ion optics 
simulation program that models ion optics with 3D 
electrostatic potential arrays determined by solving the 
Laplace equation outside electrodes. Ions has been traced 
(flown) through the machine for many turns, and stability 
has been verified for hundreds of turns for not too large 
starting amplitudes. 

2.3 Radio Frequency System and Diagnostics 

Although no acceleration is envisaged in ELISA, 
bunching of the beam will be useful for bunched-beam 
observations. Hence a driven drift tube rf-system of 20 cm 
length will be installed. 30 V on the drift tube will give 1 
V peak rf corresponding to Ap/p = 0.7 % for harmonic 
number 1. This can be achieved with a rf-signal generator 
and a small amplifier. The required frequency range is 
10 kHz-500 kHz. 

The diagnostics for ELISA will consist of a viewer, a 
Faraday cup, four sets of horizontal and vertical pick-ups 
for bunched beam observation, Schottky noise detection, 
two sets of horizontal and vertical scrapers, and a current 
transformer. 

Finally, observations of the neutral beam emerging 
from the two straight sections will be very useful. 
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GENERAL PARAMETERS 
Injection energy 25keV 
Circumference 7.62 m 
Revolution time 3.5ns (p), 93ns (CJ 
Betatron tunes (Q„, 0„) 1.21,1.44 
Chromaticities (^„,4v) -1.7,-1.3 
Momentum compaction (a„) 0.42 
160° spherical deflectors 
Electrode radii 235 and 265 mm 
Nominal voltages ± 4.0 kV 
10° deflectors 
Plate distance 50 mm 
Plate length 100 mm 
Nominal voltages ± 2.2 kV 
Electrostatic quadrupoles 
Inscribed radius 26.2 mm 
Electrode length 50 mm 
Nominal voltages ± 0.43 kV 
Chopper and inflector 
rise/fall time < 200 nsec. 

2.4 Intensities and lifetimes 

The maximum current that can be stored is usually limited 
at low energy by the space-charge tune shift. Hence, we 
should be able to store currents comparable to that in 
ASTRID, up to around 10 uA corresponding to some 108 

particles. 
The lifetime of a beam of singly-charged ions at low 

energy is determined by interactions with the residual gas, 
either electron-capture or electron-loss. Cross sections for 
these processes are approximately velocity-independent at 
small velocities, and hence a longer life-time is expected 
at low velocities, since the traversed target thickness 
becomes smaller. Furthermore, it is easier to obtain a low 
pressure in a small ring than in a large one. We design for 
a pressure around 10"" mbar, which should give lifetimes 
in the 10-1000 sec. region. The short lifetimes apply to 
loosely bound negative ions. 

Intra-beam scattering is the scattering between beam 
particles, which can lead to emittance growth. As an 
example, we have calculated the intra-beam scattering 
times (1/e folding times) for a 25 keV beam of singly- 
charged ions with mass M = 24, a current of 10 uA, 
momentum spread Ap/p = 3 10'5, horizontal emittance of 
£„ = 30 n mm mrad, vertical emittance e„ = 15 rc mm 
mrad using the program ZAP [7]. We get a longitudinal 
scattering time of \ = 36 sec, a horizontal scattering time 
of TH = 162 sec. and a vertical scattering time xv = 65 sec. 
The emittances and momentum spread have been chosen 
to get roughly equal scattering times in all three planes. 
These scattering times are comparable to the lifetimes of 
positive particles. We note here, that intra-beam scattering 
times scale as x <* T M A2/(N q\ where T is the kinetic 

energy, A and q the ion mass (in amu) and charge, and N 
the number of circulating ions. Hence heavier ions will 
have significantly larger scattering times. 

3 POTENTIAL PHYSICS EXPERIMENTS 

The applications of ELISA-type storage rings exploits the 
specific properties such as simplicity, use of electric fields 
and absence of magnetic fields, low residual gas pressure 
and easy access to beam particles and decay products. In 
particular, storage of ions with any mass is possible at the 
design energy of 25 keV [8], including fullerenes, proteins 
and macro-molecules. We refer to [4] for further 
speculations about possible experiments. 

The limitation for the actual ELISA ring is the rather 
low storage energy, which however is not a principal 
constraint for this type of storage ring, and one can 
envisage electrostatic storage rings with energies up to 
tens of MeV's with circumferences below 100 m. 

4 CONCLUSIONS AND OUTLOOK 

A new general type of storage device for charged particles 
has been described. 

At the time of the present conference the ELISA 
storage ring is being assembled at our institute, and the 
commissioning will start this summer. 
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A PROTON DRIVER FOR THE MUON COLLIDER SOURCE 
WITH A TUNABLE MOMENTUM COMPACTION LATTICE* 

D. Trbojevic, J.M. Brennan, E.D. Courant, T. Roser, and S. Peggs 
Brookhaven National Laboratory, Upton, NY, 11973, USA, 

K.Y. Ng, C. Johnstone, and M. Popovic at FNAL, and J. Norem at ANL 

Abstract 

The future Muon Collider will have a luminosity of the or- 
der of 1035 cm"2"1 during 1000 turns when the muons 
decay. This requires 1012 muons per bunch. The muon 
source is a 30 GeV proton driver with 2.5 1013 protons per 
pulse. The proton bunch length should be of the order of 
1 ns. Short bunches could be created by a tunable momen- 
tum compaction lattice which would bring the momentum 
compaction to zero in a short time. This isochronous con- 
dition would allow bunches to shear and become very short 
in time. We present a lattice where the momentum com- 
paction is a tunable parameter at fixed horizontal and ver- 
tical betatron tunes. The values of the maxima of the dis- 
persion function are kept small. We examine two kinds of 
lattices, with combined function as well as normal dipole 
and quadrupole magnets. 

1   INTRODUCTION 

The muon collider progress report and its com- 
ponents are described in other reports at these 
proceedings[2],[3],[4],[5] etc. Muons will be created 
through pion decay. The proton driver, a high intensity 
~30 GeV synchrotron, delivers compressed and focused 
bunches to a heavy metal target, generating pions which 
are captured and transfered to a linac. The proton bunches 
need to be very short (of the order of 1 ns) to minimize the 
final muon longitudinal phase space and reduce the cost 
of the muon phase rotation section. It is very desirable to 
have a proton synchrotron without transition crossing and 
with tunable momentum compaction a. RF manipulations 
could be performed very easily if the momentum com- 
paction is adjustable, but this requires unchanged betatron 
tunes. A finite synchrotron frequency is preferable for sta- 
bility. There have been many previous reports on harmonic 
modulation of the lattice[6][7], a missing dipole approach 
by U. Wienands[8] and the a recent report by B. Autin[9]. 
We reported earlier a flexible momentum compaction 
(FMC) approach [10] which represents a possible solution 
for the design of such a lattice. Because the Proton Driver 
would require fast acceleration and a lot of cavities, the 
missing dipole solution for momentum compaction control 
looks very preferable. The drawback is dispersion in the 
cavities. We report a lattice design method which uses the 
FMC modules with missing dipoles'm a standard FODO 
cell lattice, to make the momentum compaction tunable. 
With small adjustments of the quadrupoles on both sides 

of the missing dipoles in the FMC module the transition 
energy jt may be changed to any desired value without 
changing the betatron tunes. 

2   THE MISSING DIPOLE CELL 

Three standard FODO cells are used to produce an imag- 
inary 7t lattice by having two dipoles missing within the 
central cell, as previously reported[8]. 

0.90 
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Figure 1: Imaginary jt lattice with missing dipole FODO 
cells lattice. 

The length of the cell is selected by setting the limit on 
a dipole magnetic field strength to B~l T[ll]. The beta- 
tron functions have maxima of ßx=21.\ m and ßy=21.% m, 
with an imaginary transition energy of 7<=i 2032. The 
"FMC-method" of lattice design, described earlier[12], 
uses the normalized dispersion function. The Missing 
Dipole FODO lattice, tuned to be an imaginary 7t lattice, 
is presented in normalized dispersion space in Fig. 1. The 
middle FODO cell without dipoles is shown in the up- 
per part of the £ and x diagram where the dispersion is 
positive. The oscillations of the dispersion function are 
within a range from Dmax=l.42 m to Dmin=-1.00 m. The 
dispersion values in the regular 90° FODO cell, made of 
the same elements, oscillates between from Dmax=\39 m 
to £>mjn=0.68 m. The betatron functions of the missing 
dipole FODO cells are presented in Fig. 2. 

There are many synchrotrons still in operation to- 
day (AGS at Brookhaven National Laboratory, Fermilab 
Booster, PS at CERN, etc.)  which were built with com- 
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slnm 
Diapeniionmax/mm: 1.41752M.OO150m, 
ß,max/mln:    27.13/2.43871m,vx: 19.77680.5,: -27.67. 

[^maj/min:    27.83/3.64509m. v(: 19.83161,5,: -26.91. 

Y,:(  0.00,2032.03) 

Module length: 1080.0000m 
Tola! bend angle: 628318548 rail 

Figure 2: Imaginary jt lattice with missing dipole FODO 
cells. 

bined function magnets. The same method of lattice design 
is applied with combined function dipole FODO cells in 
Fig. 3. The betatron functions have little different maxima 
/3X=22.2 m and /3y=41.9 m and the dispersion function os- 
cillates from Dmax=lA9 m to _Dmi„=-0.85 m. 

Module FM 

«1  HI        I        li   2.0 

Dl>pmlonma«/mln: 1.49327/-O.850OOm, 7,: ( 6023,  0,00) 
P,max/min:    22.22/3.12487m,v.: 19.90411,5,: -24.32, Modulelength: 1163.8806m 
ß max/mln:    41.8674.88857m, vy: 19.07570, ^: -28.04, Total bend angle: 62831R548rad 

Figure 3: The missing dipole FODO cell lattice with com- 
bined function dipoles. 

3   TUNABLE MOMENTUM COMPACTION WITH 
MISSING DIPOLE FODO CELLS LATTICE 

The horizontal and vertical betatron tunes have to remain 
unchanged if the momentum compaction of the acceler- 
ator is required to change during the operation. This 
was an additional constraint to the design. We have 
demonstrated[ 10] that the momentum compaction of a 
Flexible Momentum Compaction module can be adjusted 
to almost any value by choosing the value of the mini- 
mum dispersion function at the beginning of the module 
and adjusting the gradients of the quadrupoles. The length 
of the FMC module was kept constant. The momentum 
compaction dependence on the value of the minimum dis- 
persion function in a different FMC module is presented in 

Fig. 4. A very similar quad and the minimum of the disper- 
sion function adjustments in these missing dipole FODO 
cells are performed (see Table 1). First, positions of the fo- 
cusing quadrupoles QF1 in the central FODO cell were al- 
lowed to be a variable parameter, keeping a constant length 
of the FODO cell as well as the horizontal and vertical be- 
tatron tunes. The quadrupoles length was selectedfll] to 
be L=0.85 m. A distance of the focusing quad with respect 
to the end of the dipole is labeled Dl, while the other side 
towards the RF cavity is D2. 

1 ' ' '   1   ' 1  1 1 1 ' 1 1 ' ' 
1 ' ' 
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Figure 4: The momentum compaction a dependence on the 
initial negative value of the dispersion function in a differ- 
ent FMC module. 

Table 1 
Dl(m) D2(m) a ■LJmin Umax 
0.567 1.041 0.0004110 -0.88 1.442 
0.654 0.955 0.0001770 -0.81 1.428 
0.679 0.929 0.0001100 -0.97 1.425 
0.692 0.916 0.0007659 -0.98 1.423 
0.706 0.902 0.0000408 -0.99 1.420 
0.721 0.888 0.0000048 -1.00 1.418 
0.723 0.886 0.0000000 -1.00 1.417 
0.734 0.874 -0.0000297 -1.01 1.416 
0.761 0.848 -0.0000978 -1.03 1.411 
0.808 0.800 -0.0002106 -1.06 1.402 
0.839 0.769 -0.0002884 -1.08 1.397 

A positions of the focusing quadrupole QF1 is selected at 
the isochronous condition (or when a=0). A solution, for 
the tunable momentum compaction for the missing dipoles 
FODO cells, was found by splitting the focusing QF1 
quadrupoles into two new QFS and QF2 quadrupoles, at the 
beginning and the end of the central FODO cell with miss- 
ing dipoles. The betatron functions within the momentum 
compaction tunable lattice are presented in Fig. 5. 

The momentum compaction was tunable by adjusting 
gradient values in the two new quadrupoles as presented 
in Table 2. The dispersion values presented in Table 1 are 
in meters. It is important to note, The betatron tunes values 
at all quadrupole settings for the corresponding 74 values 
were kept within an error of < 10~4. 
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Dispersion max/min:  1.38809/-1.00618m, 
p, max/min:     27.11/ 2.43921m. v,: 19.77752,^: -26.81, 

Py max/min:     29.64/ 3.52090m, v^: 19.83529, ^: -27.85, 

Y,: (*"««,   0.00) 
Module length: 1080.0000m 

Total bend angle: 6.28318548rad 

Figure 5: The missing dipole FODO cell lattice with tun- 
able momentum compaction. 

Table 2 
GFS(T/m) GF2(T/m) a ■L'min Umax 

12.89 38.60 0.000424 -0.88 1.43 
17.23 35.36 0.000191 -0.81 1.41 
19.52 33.56 0.000021 -0.86 1.41 
20.49 32.77 0.000001 -0.88 1.40 
27.23 27.08 0.000000 -1.01 1.39 
27.28 27.04 0.000003 -1.01 1.39 
27.50 26.85 0.000015 -1.01 1.39 
32.93 21.93 0.000335 -1.10 1.37 

Table 2 shows the dependence of the transition energy 
7t on the gradients in the two quads. More details of this is 
shown in Fig. 6. 

7, Dependence on QUAD STRENGTH 

25.0 30.0 
Quad Gradients (T/m) 

Figure 6: Transition energy, 74, dependence on the quad 
gradients. 

4   CONCLUSIONS 

The proton driver for the muon collider requires very short 
bunches of the order of 1 ns. The proton driver is a fast 

cycling machine which requires a lot of RF cavities dis- 
tributed around the ring. This is why the missing dipole 
FODO lattice design was combined with the Flexible Mo- 
mentum Compaction method. The drawback of this design 
is not having zero dispersion at the cavities. An abrupt 
change of the momentum compaction at the end of the ac- 
celerating cycle, would shear the bunches and make them 
very narrow in time but wide in momentum. A lattice 
with a tunable momentum compaction, fulfilling this con- 
dition, keeps the dispersion function within small values in 
the range of D« ±lm to allow a large momentum aper- 
ture. This lattice might be also suitable for RF manipula- 
tions, where instead of the RF frequency change one can 
use the tunable momentum compaction. An experiment at 
the AGS to examine the creation of short bunches by a sud- 
den change in momentum compaction has been proposed 
and accepted. This experiment will be performed at the 
transition energy by using the 74 quadrupoles to produce a 
required difference in the momentum compaction. 
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CORRECTION OF DEPOLARIZING RESONANCES IN ELSA 

C. Steier, D. Husmann 
Universität Bonn, Physikalisches Institut, Nußallee 12, 53115 Bonn, Germany 

Abstract 

At the 3.5 GeV electron accelerator ELSA (Bonn Univer- 
sity) an upgrade for polarized electrons is under way. A 
source of polarized electrons (GaAs crystal, electrons pro- 
duced by photoeffect using circular polarized laserlight) is 
operational. Recently, studies have been started to mini- 
mize the losses in polarization level due to crossing of de- 
polarizing resonances, which necessarily exist in circular 
accelerators (storage rings). Calculations concerning dif- 
ferent correction schemes for the depolarizing resonances 
in ELSA are presented, and first results of measurements, 
done by means of a M0ller polarimeter in one of the exter- 
nal beamlines, are mentioned. 

1    INTRODUCTION 

The electron stretcher ring ELSA1 is operational since 
1987, both as a continuous beam facility for external fixed 
target experiments and part of the time as a dedicated syn- 
chrotron light source. The accelerator complex consists of 
two LINACs, each equipped with sources of polarized and 
unpolarized electrons, a fast cycling booster (50 Hz) and 
the storage ring ELSA (Fig. 1). External beams can be pro- 
vided beween 0.5 and 3.5 GeV with currents between some 
pA and 100 nA[l]. A slow resonance extraction on a third 
integer resonance excited by sextupoles is used. The ex- 
traction time can be varied between 20 ms and some min- 
utes. 

medium energy 
physic« 
experiments 

10m     Um     Nu 

Figure 1: Site plan of the ELSA facility at Bonn University. 

Starting 1997/1998 experiments with longitudinal polar- 
ized electrons or circular polarized photons (produced by 
bremsstrahlung) will be carried out. Because of the inten- 
sity requirements of an external target, the polarized elec- 
tron beam cannot be produced by self polarization due to 
the Sokolov-Ternov effect. Instead, a low energy polar- 
ized electron source has to be used. With strained GaAs or 

superlattice crystals it is possible to achieve a polarization 
level of more than 70% at the source. 

In order to preserve the polarization level to the experi- 
mental target, several depolarizing resonances (both in the 
booster and in the storage ring) have to be crossed and cor- 
rected. This has been successfully done in several proton 
accelerators but not yet in an electron storage ring. Some 
calculations will be presented to show the differences. The 
applied correction techniques also differ from the scheme 
which is applied in high energy electron storage rings to 
obtain a high equilibrium polarization. 

In a flat ring only the vertical component of the polar- 
ization is preserved. Every spin vector precesses around 
this direction and the precession frequency depends only 
on the energy of the corresponding particle: Qsp = 7a, 
where Qsp is the spin tune (i.e., the number of precessions 
in the restframe of the particle in one turn), 7 the relativistic 
Lorentz factor and a the gyromagnetic anomaly (1.16-10-3 

for electrons). Depolarizing resonances arise from resonant 
coupling of the spin precession to periodic horizontal mag- 
netic fields. They can be divided into two main categories: 

1. intrinsic resonances due to the vertical betatron os- 
cillations in quadrupoles and the resulting horizon- 
tal magnetic fields: Resonance condition is 7a = 
kP ± Qz, where k is an integer, P the supersymme- 
try of the ring (P = 2 for ELSA) and Qz the vertical 
betatron tune; 

2. imperfection resonances due to magnet errors and the 
resulting vertical closed orbit distortions: Resonance 
condition is 7a = k. 

The change in polarization level after the linear crossing 
of an isolated resonance (with equal strength for all parti- 
cles) is given by the Froissart-Stora equation[2] 

Pf     „ 
TT = 2 • exp (-^) 1, (1) 

where er is the resonance strength and a the crossing speed 

<* = =L 
resonances). 

for imperfection and -?*- ± -2*- for intrinsic 

'Electron Stretcher Accelerator 

2   INTRINSIC RESONANCES 

The strength of an intrinsic resonance is different for each 
individual particle and depends on its vertical betatron am- 
plitude. To calculate the depolarization one has to integrate 
Eq. (l)overthe vertical phase space. But since the resulting 
formula has the same qualitative behaviour, the following 
qualitative discussion can be carried out using Eq. (1). 
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There are two possibilities to avoid depolarization: For 
small resonance strength or high crossing speed the polar- 
ization vector stays unchanged. For high strength or low 
crossing speed a spinflip (with conservation of the absolute 
value) is possible. For an electron accelerator like ELSA, 
the second possibility is not applicable for intrinsic reso- 
nances. At imperfection resonances the situation is some- 
what different which will be discussed later. 

To reduce the strength of intrinsic resonances, tests to 
decrease the emittance coupling have been done. A cou- 
pling ratio of less than 5% could be achieved during the 
whole ramping phase (below 1% during flat top). But even 
then, three of the intrinsic resonances are sufficiently strong 
to cause a significant depolarization. So additionally the 
crossing speed has to be increased. For this purpose a 
pulsed system of Panofsky type quadrupoles with ferrite 
yokes has been designed that shifts the vertical tune rapidly 
during resonance crossing[3]. 

The design was optimized with respect to the induc- 
tance of the magnet and the multipole composition of the 
field. For earlier designs of similar magnets (IUCF, KEK or 
ELSA) only two-dimensional simulations have been used. 
They underestimated the inductance of the magnet by more 
than a factor of two. We suspected the field of the conduc- 
tor loops at the end of the magnet and the stray fields to be 
the source of the discrepancy. In a three-dimensional sim- 
ulation both effects are included naturally. The result of a 
3D simulation using MAFIA[4] for the inductance of our 
magnet was 14.4 /zH in comparison to 6.4 /xH from a 2D 
simulation. As a check for the validity of this result, we 
also did 3D simulations of several already existing ironless 
or ferrite quadrupoles and we could reproduce their mea- 
sured inductances to about 10%. 

The main problem causing higher multipole components 
is the skin effect (the rise time of the magnet is 10 /xsec and 
the peak gradient 1.2 T/m). This has been simulated and 
a coil arrangement was chosen to minimize the unwanted 
multipoles. 

2.1   Ion Problems 

Ions produced by scattering on the residual gas molecules 
can be captured in the electric potential of the beam. They 
introduce an additional space charge that results in a shift 
of the betatron tune. This problem does not exist for pro- 
ton accelerators, where depolarizing resonances have been 
successfully crossed in the past. 

Furthermore there can be a coherent instability between 
the captured ions and the electron beam if a certain thresh- 
old number of captured ions is reached. The instability 
strongly increases the emittance of the electron beam and 
causes a sudden change in the vertical tune (Fig. 2). This 
increases the strength of intrinsic resonances and requires 
the tune jump to be enlarged. For a homogeneous filling 
of ELSA, the instability threshold is reached for relatively 
low currents at injection energy. Therefore cures against 
the instability have to be applied[5]. 

SptxTnim Analyzer Trace »1 

Figure 2: Spectrum of the coherent vertical oscillation of 
the beam (averaged over 10 sec) around the 5 - Qz betatron 
tune sideband (Q"om = 4.575). No external excitation of 
the beam is applied. 

At ELSA, first a gap in the filling structure (filling only 
1/3 of the ring) was applied during synchrotron radiation 
runs. Later this has also been used for external experi- 
ments, but the gap has to be smaller in order to keep a 
high duty factor. A second possible cure is the application 
of beam-shaking (resonant vertical excitation of the beam 
close to a sideband of the vertical tune). This is now inte- 
grated into the routine operation with high currents below 
1.6 GeV. Also clearing electrodes can be used. Their in- 
stallation is under way and first tests have been carried out. 
Overall the coherent instability is suppressed for beam pa- 
rameters relevant for polarized electron operation. Also the 
tuneshift could be kept at an acceptable level. 

3   IMPERFECTION RESONANCES 

The strength of imperfection resonances is roughly pro- 
portional to the average vertical closed orbit distortions. 
Unfortunately, the achievable overall orbit quality during 
ramping is not sufficient to avoid a significant depolariza- 
tion. Therefore one concentrates on the closed orbit har- 
monic^) that is (are) driving a specific resonance. Be- 
cause the crossing speed of imperfection resonances is de- 
termined by the ramping speed only (which is more or less 
fixed), the only parameter to vary is the resonance strength. 

3.1    Adiabatic Spinflip 

The spin motion in an electron storage ring is strongly af- 
fected by the synchrotron motion and the stochastic emis- 
sion of synchrotron radiation [6]. Therefore the dependence 
of the final polarization on the resonance strength is more 
complicated than in Eq. (1). To calculate this, one starts 
with the formula describing the spin precession close to a 
resonance in a spinor representation. Then one has to in- 
clude the synchrotron oscillation, the emission of photons 
and the ramping into the terms containing 7. Afterwards it 
can be solved by pertubation methods and numerical inte- 
gration. 

These calculations show that it is possible to achieve a 
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nearly perfect spinflip up to the 4th imperfection resonance 
at ELSA (Fig. 3). The required resonance strength is about 
2 ■ 10~3. This can easily be achieved by the help of two 
existing correctors and the required closed orbit distortion 
will be safely inside the machine aperture. The advantage 
of a spinflip over a harmonic correction is the smaller sen- 
sitivity to corrector and measurement errors. Thus it is fast 
to optimize and should be very reproducible once estab- 
lished. At higher energies a spinflip is still possible, but is 
combined with significant depolarization. Therefore a har- 
monic correction scheme is planned for these resonances. 

1 
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Figure 3: Simulation of depolarization due to crossing of 
the 3rd (lowest curve), 4th, 5th, 6th or 7th (top curve) im- 
perfection resonance plotted against the resonance strength. 
The graphs have been calculated with ELSA standard beam 
parameters and a ramping speed of 6 GeV/s. 

3.2   Harmonic Correction 

The aim of the harmonic correction is the reduction of the 
degrees of freedom of the optimization problem by cor- 
recting only the closed orbit harmonics relevant for the 
actual resonance. Therefore it is possible to optimize the 
initial corrector settings calculated from closed orbit data 
by measurements of the actual depolarization. For simu- 
lations concerning different correction methods a program 
to calculate resonance strengths based on the Courant-Ruth 
formalism[7] (used in combination with MAD[8]) has been 
written. As a result, specifications for an upgrade of the 
corrector system have been formulated. 

4   EXPERIMENTAL STATUS 

A source of polarized electrons is operational and first tests 
with a superlattice crystal were carried out. A low en- 
ergy Mott polarimeter downstream from the source and a 
high energy M0ller polarimeter in an external beamline can 
be used for measurements. During several machine devel- 
opment runs longitudinal2 polarization behind the storage 
ring has been measured3 at 1.27 GeV with the M0ller po- 
larimeter. Currently several investigations are going on to 
optimize the polarization level at that energy. 

2In the external beamline the spin orientation is rotated from vertical 
to longitudinal. 

3using a bulk GaAs crystal at the source 

Within this year an internal Compton polarimeter will 
come into operation at the storage ring. It will be cal- 
ibrated by observation of the polarization build-up due 
to the Sokolov-Ternov effect. To choose suitable optics, 
tracking studies with SITROS[9] have been carried out. Af- 
terwards each of the resonances will be studied in detail. 
The two tune jump quadrupoles will be installed in the end 
of 1997. An upgrade to improve the speed of the corrector 
dipoles will be carried out this year and also the beam posi- 
tion monitors are currently equipped with new electronics. 

Beam based alignment measurements have been started 
(the k-values of all quadrupoles can be varied separately) 
in order to improve the precision of the closed orbit correc- 
tion and to calibrate the optics model of ELSA[10]. First 
results indicate that the lattice errors are sufficiently weak, 
such that gradient error and other higher order depolarizing 
resonances cause no problems. 

5   SUMMARY 

The program to correct depolarizing resonances at ELSA 
has been started. To produce polarized electrons a GaAs- 
type source is used. A low and a high energy polarimeter 
are operational and first measurements of the polarization 
level behind the main ring have been done. Such studies 
of resonance crossing during ramping have not been per- 
formed at other electron storage rings yet. The design of a 
system of pulsed quadrupoles for the crossing of intrinsic 
resonances is finished. Cures for ion problems, which are 
specific of electron accelerators, are implemented. Simu- 
lations show that a spinflip can be achieved up to the 4th 
imperfection resonance to minimize depolarization. For 
higher energies synchrotron oscillations and synchrotron 
radiation become too strong. Therefore harmonic correc- 
tion schemes have been simulated and upgrades of the cor- 
rector system with respect to the results are under way. 
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CONTINUOUS ELECTRON-ENERGY VARIATION OF THE EINDHOVEN 
RACETRACK MICROTRON 

W.H.C. Theuws, J.I.M. Botman, H.L. Hagedoorn 
Eindhoven University of Technology, Cyclotron Laboratory, 

P.O. Box 513, 5600MB Eindhoven, The Netherlands. 

Abstract 

For the Eindhoven racetrack microtron, which has been de- 
signed as a fixed-energy accelerator at 75 MeV, continuous 
electron-energy variation between 45 and 90 MeV can be 
obtained by taking the microtron's orbit pattern as constant 
and varying certain parameters. The microtron injector is a 
linac producing electrons between 6 and 12 MeV. The mi- 
crotron cavity potential and the magnetic guide fields must 
be adapted to the injection energy in order to fulfil the syn- 
chronism condition. The racetrack microtron's transver- 
sal and longitudinal acceptance are effected by electron- 
velocity deviations from the speed of light, which are dif- 
ferent for each extraction energy. An account of these ef- 
fects is presented together with the energy-setting mea- 
surements by using one of the microtron magnets as a spec- 
trometer. 

1   ISOCHRONISM 

The Eindhoven racetrack microtron, see Fig. 1, has a 
10 MeV, 2998 MHz travelling-wave linac (type M.E.L. 
SL75/10) as injector. In the microtron a 5 MeV standing- 
wave cavity accelerates the electrons 13 times, such that the 
extraction energy is 75 MeV[l]. Although the microtron 
has been designed as a fixed-energy machine[2], the ex-. 
traction energy can be varied continuously without changes 
in hardware. 

MEDIAN PLANE VIEW 

yoke 

Figure 1: The 10-75 MeV Eindhoven racetrack microtron. 

For isochronous acceleration the revolution time of each 
orbit in the accelerator must be an integer multiple of the 

RF-period, l//o- The isochronism condition for the first 
orbit is given by: 

27T     . 
i{Eo + Einj + EcaV) - — 

ß\c     Brec2^ 70 
(1) 

with L is the microtron drift length, Br the resonant mag- 
netic field of the 180 degrees bending magnets, EQ the elec- 
tron's rest energy, Einj the kinetic energy at injection, Ecav 

the cavity potential, ßi the relative velocity in the first orbit 
with respect to the speed of light, and \i the initial harmonic 
number. For isochronism the time-difference between two 
successive orbits, n and n - 1, must be an integer multiple 
of the RF-period as well: 

2£(ftt_i - ßn) M _2TT_        _V_ 
LI   —      r    1 h 

&t = + (2) 
ßn-lßnC '   Brec2 

where v is the incremental harmonic number. This condi- 
tion can only be fulfilled for all orbits if the electrons are 
highly relativistic, i.e., /3„_i = ßn = 1. With this assump- 
tion two basic relations for a racetrack microtron can be 
derived, viz. 

Ecav —  I   or f   /     ) (Eo + Einj), (3) fi-v- 2Lf0/c 

and 
2nfo Ec, 

Br =  Ö • (4) ec*     v 
The frequency, /o, and the injection energy, Einj, are 

dictated by the linac-parameters, and have to be 2998 MHz 
and 10 MeV, respectively. The incremental harmonic num- 
ber, v, is chosen 2 in order to get well-separated orbits 
in the microtron (about 60 mm[2]). The cavity potential, 
Ecav, is chosen 5 MeV. The drift length, L, and conse- 
quently the initial harmonic number, /x, have to be suffi- 
ciently large to create enough space for the cavity. For 
/x = 26 the drift length, L, is given by Eq. (3), which 
yields 0.99 m. The resonant magnetic field, Br, is given 
by Eq. (4), and yields 0.524 T. 

The isochronism condition is slightly violated as the par- 
ticle velocity is not exactly equal to the speed of light. 
This implies that it takes a particle a little longer to com- 
plete an orbit. For the first orbit the extra time needed 
is 4.7 ps, which corresponds to 5.1 degrees of the RF- 
period. For the next orbits this phase-difference becomes 
less as the particle velocity increases, viz. 3.1, 2.2, 1.6 de- 
grees, etcetera. Isochronism is not effected seriously by 
these phase-differences, as the stable phase-interval, given 
by[3]: 

A(j> = arctan I — ) , (5) 
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equals 18 degrees for the Eindhoven microtron. 
The use of two-sector bending magnets, see Fig. 2, in- 

stead of homogeneous bending magnets does not violate 
the isochronism conditions at all. For homogeneous bend- 

Figure 2: Two-sector bending magnets. The high magnetic 
field, BH, is equal to a times the low magnetic field, BL, 
which is linear with Br[2]. 

ing magnets the orbit length of the nth orbit is: sn = 
2L -I- 2TT j^; (p„ is the momentum of the nth orbit). For 
the two-sector magnet the orbit length is: 

sn = 2L + 2 
29a + 7T - 29 + (a - 1) sin 29 pn 

l + i(a-l)(29 + sin29)    Bre 
(6) 

which is linear with momentum just as for homogeneous 
bending magnets. This implies that the two-sector mag- 
nets do not influence isochronism; there is only a different 
relation between the resonant magnetic field and momen- 
tum. 

2   ENERGY VARIATION 

Different combinations of Einj, Ecav and Br can fulfil the 
basic microtron Eq. (3) and (4) as well. These three param- 
eters can be changed without changes in hardware. The in- 
jection energy is provided by the linac, which can be varied 
continuously between 6 and 12 MeV. The cavity potential 
and resonant magnetic field can be adapted to the injec- 
tion energy. The other parameters apparent in equations (3) 
and (4) can be kept constant. 

The microtron's extraction energy is given by 

Eextract — &inj T löÜCaui (7) 

in which Ecav « \Einj according to Eq. (3). Thus the ex- 
traction energy can be varied continuously between about 
45 and 90 MeV. But, for lower extraction energies isochro- 
nism is violated more severely. An account of this effect is 
presented in the next sections. 

3 TRANSVERSAL ACCEPTANCE 

Energy variation as described in the previous section uses 
a constant orbit pattern. This means that all 'obstacles' that 
limit the transversal acceptance are at the same positions 
relative to the beam. Consequently the transversal accep- 
tance is not influenced by energy variation. 

However, this is not exactly true as the orbit pattern does 
not remain exactly constant. The bending radius, p, is lin- 
ear with 7/?. So for high energies p is linear with 7, which 
is linear with energy. But, for lower energies ß plays a role 
as ß is not linear with energy. 

Consider the worst-case situation: Einj = 6 MeV, and 
consequently Ecav « 3 MeV. This means that the energy 
in the first orbit is 9 MeV, which means ß = 0.999. The 
relative influence for the bending radius p is 1 — /?, which 
is 0.1%. As p « 0.1 m for the first orbit, this means that 
Sp » 0.1 mm. This is negligible with respect to the 10 mm 
space, which is available for the beam. 

Thus the transversal acceptance is not influenced by en- 
ergy variation. 

4 LONGITUDINAL ACCEPTANCE 

The longitudinal acceptance is calculated using Dome's 
equations describing the dynamics of the synchrotron 
motion[4]. 

The phase <j>n and the energy En are defined just af- 
ter the nth cavity passage. The deviation of the phase 
and the energy from the synchronous value are given by 
A<j>n = <j>n-<j)s and AEn = En - Es<n (n = 1,2,3,...), 
respectively. The dynamics of the synchrotron motion is 
described by the finite difference equations: 

A<pn+i = A(f>n + 
27ri/Ae„ 

~ßV~' (8) 

and 

+ 

-)   - w«/n+l 

J_\    (cos(<f>s + A<ftn+i) 

wJ„ V cos^s 
COS 4>s 

(9) 

with Aen = AEn/ECav 
However, perfect isochronism is assumed in these equa- 

tions. The violation of isochronism as a result of the fact 
that the electrons do not exactly have the speed of light (see 
Section 1) can be incorporated by adding a term A<j)ßtn, 
which accounts for this effect, to the right-hand side of 
Eq. (8). 

The longitudinal acceptance is calculated from Dome's 
equations. For a regular grid of combinations of initial de- 
viations A0i and Aei Dome's equations are applied 13 
times. If Aen remains small during these calculations the 
position in longitudinal phase-space is considered as ac- 
cepted. The longitudinal acceptance is linear with the ex- 
traction energy from 1.0 deg MeV for Eextract = 45 MeV 
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to 2.1 deg MeV for Eextract = 90 MeV. However, the ac- 
ceptance plot is not perfectly centred around the origin. It 
is more off-centre for lower energies. This implies that 
an initial phase off-set and injection-energy off-set have 
to be applied. For extremely high energies the longitudi- 
nal acceptance stabilizes at about 11 deg MeV, but this is 
for extraction energies of about 1 GeV or higher, which is 
practically impossible to achieve with the Eindhoven race- 
track microtron. 

5    SPECTROMETER 

When the extraction energy is chosen the injection energy 
and cavity potential can be calculated from Eqs. (3) and (7). 
The initial phase off-set and injection-energy off-set of 
the electron bunches can be determined from longitudinal- 
acceptance calculations (see Section 4). Then the injection 
energy, the cavity potential and the initial phase off-set are 
to be adjusted. The injection energy is determined by the 
injection line; the cavity potential by an RF-attenuator; and 
the phase by an RF phase-shifter. 

The left-hand microtron magnet will be used to measure 
these three energy parameters [5]. This magnet is excited 
such that the beam is extracted immediately after the first 
cavity passage without recirculating in the microtron, see 
Fig. 3. The excitation current of the magnet in combination 

+ E« 

EI„I 
Standing wave cavity 

Figure 3: Left-hand RTM-magnet used as spectrometer. 

with the beam-position monitors just before and behind the 
magnet give the mean energy of the beam. This energy is 
measured for different settings of the phase shifter, which 
results in a sine-like form of the energy as a function of 
phase, 

E = Einj + E, , COS( (10) 

The injection energy, Einj, is the mean of the function. 
The cavity potential, Ecav, is the amplitude of the harmonic 
part. Moreover, the phase-difference, cf>, is calibrated. 

The absolute measurement accuracy of the 'spectrome- 
ter' is estimated to be 2%. The relative measurement ac- 
curacy is only about 0.2%, as the alignment errors of the 
beam-position monitors just before and behind the magnet 

and the absolute value of the magnetic field do not influ- 
ence the relative accuracy. 

6   CONCLUSIONS 

Continuous electron-energy variation is very well possible 
with the Eindhoven linac-racetrack microtron combination 
without changes in hardware. The extraction energy can be 
varied between about 45 and 90 MeV. For lower extraction 
energies the longitudinal acceptance of the racetrack mi- 
crotron decreases as the isochronism conditions are slightly 
violated by particle-velocity deviations from the speed of 
light. Moreover, the extraction energy cannot be varied dy- 
namically as the microtron parameters that have to be var- 
ied are not controlled by dynamic control loops. 

The injection energy and cavity potential can be mea- 
sured within about 2% by using one of the microtron mag- 
nets as spectrometer. These measurements are not accurate 
enough for proper acceleration in the microtron[2], how- 
ever the exact values are not important as long as ^saa 

is in agreement with Eq. (3). The relative measurement 
accuracy of the spectrometer is estimated to about 0.2%, 
which is accurate enough. The resonant magnetic field can 
be adapted to the exact values according to Eq. (4). 

[1] 

[2] 

[3] 

[4] 
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Abstract 

ANKA [1] is a 2.5 GeV synchrotron radiation storage 
ring under construction at the Forschungszentrum 
Karlsruhe in Germany. The beam is accelerated up to 
0.5 GeV in a booster synchrotron and afterwards injected 
into ANKA. In ANKA the beam is accumulated to 200 
mA (second stage: 400 mA) and afterwards accelerated to 
2.5 GeV. The injector system will consist of a pre- 
injector with an end energy of 20 or 50 MeV, a booster 
synchrotron and transport channels. The booster 
synchrotron should be as simple and inexpensive as 
possible. In the following three different concepts for 
designing the booster synchrotron are compared. 

1 THE SELECTION OF THE OPTICAL CODE 

For a compact and low energy accelerator the length of a 
bending magnet is comparable with the bending radius. 
In this region the basic beam optical parameters such as 
emittance and damping times are significantly influenced 
by edge effects. The beam parameters are calculated via 
the 5 synchrotron integrals I, to I5 [2]. I4, which describes 
the emittance and the damping times, consists of two 
parts: the contribution from the bending magnets and the 
contribution from the edge effects [2] 

Ipoleface. tan® 
AI4 = -   X 

polefaces 

wherein r\ is the dispersion, O is the pole face angle in the 
usual definition and p is the bending radius. The sum has 
to be taken over all pole faces of the machine. For high 
energy synchrotrons and storage rings the contribution 
from the edges is negligible; hence, many programs like 
MAD [3] and BETA [4] do not take these effects into 
account. The codes DIMAD [5] and RACETRACK [6] 
take the edge effects fully into account. Both the 
horizontal emittance e 

8     =CV2 

and the horizontal damping partition numbers 

h h 
J,= l-T".     Js=2+7- 

depend on I4.  In the following parameters depending on 
I4 were calculated with the program DIMAD.    Beta- 

functions and the momentum compaction factors were 
calculated either with the program MAD or DIMAD. 

In the following three layouts of boosters are 
compared. Only booster synchrotrons which are 
radiation damped in all 3 directions are considered: they 
can be operated with power supplies of any repetition 
rate, for instance 1 Hz, 3 Hz or 10 Hz. 

2 OPTICAL COMPARISON OF THREE 
DIFFERENT DESIGNS 

a. The booster synchrotron introduced in the ANKA 
proposal 

The optics of the booster synchrotron introduced in the 
ANKA proposal [7] is shown in fig. 1. The lattice 
consists of 8 45" bending magnets and 2 quadrupole 
families. 

Fig. 1 ßs, ßy, r\ and horizontal phase advance of the 
booster synchrotron from the ANKA proposal (MAD 
calculations). The optical parameters are listed in Table 1. 

b. Weak focusing booster synchrotron 

An example of a simple weak focusing booster 
synchrotron is shown in fig. 2. It consists only of four 90 
degree sector bending magnets with a gradient. The 
parameters for a zero pole face angle are listed in table 1. 
Using a pole face angle *0 can improve emiitance and a 
significantly. 
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Fig.2 A simple weak focusing synchrotron consisting of 
only 4 bending magnets with a gradient (MAD 
calculations) 

c. Strong focusing booster synchrotron with a gradient in 
the bending magnets 

An example of a strong focusing booster synchrotron 
with 90° bends with gradients and 1 quadrupole family is 
shown in fig. 3. 
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Fig. 3 A strong focusing booster synchrotron with a 
gradient (MAD calculation) 

d. Table of the optical parameters 

The optical parameters of the three machines are 
compared in Table 1. The most significant differences 
between the three machines are in the emittances and the 
momentum compaction factors. 

e. The evolution of the emittance 

With the parameters listed in table 1 the evolution of the 
emittances during acceleration is shown in fig. 4. In the 
given example the acceleration time is 0.1 sec. The 
emittance of 7. 10'7 at the beginning is given by the 
injection process. 

Parameter proposal weak 
focusing 

strong 
focusing 

bending radius 
rmi 

1.66 1.66 1.66 

number of 
bending 
magnets 

8 4 4 

field index 0 0.36 0.25 
circumference 
[m] 

24.6 22.2 22.2 

pole face angle 
[degree] 

22.5 0 45 

momentum 
compaction 

0.26 0.73 0.2 

070., 1.81/0.8 1.23/0.89 1.79/1.2 
emittance 
[mm.mrad] 

0.14 0.87 0.058 

TY [sec] 0.023 0.04 0.015 
TC [sec] 0.025 0.009 0.015 
aE 3.3 10-4 3. IQ"4 4.10-4 

Table 1 Comparison of the optical parameters of the three 
boosters 

0,00 0,02 0,04 0,06 0,08 0 

t[s] 

Figure 4: Evolution of the transverse emittance during 
acceleration. It is assumed that the acceleration time is 
0.1 sec. WF: weak focusing. SF strong focusing booster 
with gradient from fig. 3. 

3 LONGITUDINAL ACCEPTANCE 

The longitudinal acceptance of the booster at injection 
and during ramping is mainly determined by the energy 
of the beam, the RF voltage and a. 

a. RF system 

The synchrotron radiation loss at maximum energy will 
be around 4 keV/turn, 40 W for a 10 mA beam. Assum- 
ing a pillbox type cavity with a shunt impedance of 3 MQ 
and an overvoltage factor of around 7 the power dissipat- 
ed on the wall of the cavity will not exceed 120 W. 

The simplest solution for the ANKA-booster RF 
system is a 200 W solid state amplifier (as in SRS booster 
[8]). With this amplifier the peak RF voltage is 25 kV. 
The voltage is constant during acceleration. Only a low 
level control loop for the phase for synchronizing the 
booster with the pre-injector and the storage ring exists. 
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b. Longitudinal acceptance 

Figure 5 shows the separatrix for the three boosters at 
20MeV. The maximum gives the longitudinal energy 
acceptance: 0.85% for the proposal, 0.5 % for the weak 
focusing (WF) and 1.0 % for the strong focusing (SF). 
The differences come mainly from the different 
momentum compactions of the boosters. 

in 

■a 

T [ns] 

Figure 5: Separatrix for the three boosters at 20 MeV 
with an RF peak voltage of 25 kV. 

The capture efficiency also depends on the time structure 
of the beam. With a bunch distance of 0.33 ns only about 
4 out of 6 bunches will be accepted by the RF bucket in 
the booster. With a 500 Mhz pre-buncher at the exit of 
the gun each bunch finds a corresponding bucket. 

Figure 6 shows the typical evolution of the beam 
envelope during ramping. Once the electrons are 
captured there will be no losses during the acceleration 
due to longitudinal oscillations since the emittance is 
faster reduced than the acceptance. 

dE/E |%] 

4 PRE-ACCELERATOR 

The pre-injector can be either a linac or a microtron. 
Both can be equipped with a 500 MHz prebuncher. Table 
2 compares the different possibilities under the 
assumption that the current is 10 mA at 500 MeV. In 
these calculations a loss of 75% is assumed due to 
transversal oscillations during injection and acceleration. 

500 MHz 
Prebuncher 

Proposal 
[mA] 

WF 
[mA] 

SF 
[mA] 

Linac Yes 
No 

70 
116 

198 
327 

54 
88 

Microtron Yes 
No 

14 
17 

21 
29 

14 
16 

Table 2. Beam intensity at pre-injector exit 

5 INJECTION AND EJECTION 

The two types of boosters require different injection and 
ejection schemes. Fig. 7 shows the closed orbit distortion 
in the case that only one kicker for the WF and the SF 
booster is used for injection. The weak focusing booster 
needs a large aperture. 

s[m] 

t [Rad] 

Fig. 7 Kicker bump with one kicker in a WF (dotted line) 
and a SF (solid line) booster. In the case of the WF 
booster two kickers are needed. 

Figure 6: Evolution of the longitudinal beam envelope 
during ramping for the proposal booster. 

The quantum lifetime depends on the momentum 
compaction factor: the larger a, the shorter the quantum 
lifetime. Assuming again a 200 W amplifier the quantum 
lifetime for the proposal booster and the SF is around 5 
min, for the WF it is only 300 ms. With an acceleration 
time of 0.1 sec the WF booster will have an additional 
beam loss of 35% due to the quantum excitations. 
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Abstract 

The Institute of Accelerating Systems and Applications 
(IASA) is pursuing research and facilitates postgraduate 
studies in traditional and cross-disciplinary areas where ac- 
celerators play an important role. The first major facility 
of IASA, now under construction, is a 242 MeV two-stage 
CW cascade microtron. During the ongoing period of civil 
construction a staging area has been set up for the instal- 
lation of the injector and the testing of several key subsys- 
tems. A progress report on this project is presented here. 

1    INTRODUCTION 

The first large scale facility of IASA is a 242 MeV 
microtron[l]. It is being constructed largely out of the 
components of the NBS/LANL CW RaceTrack Microtron 
(RTM) [2] supplemented by those of the University of Illi- 
nois R&D RTM project[3]. The available equipment from 
the above two projects combined with the additional equip- 
ment produced by IASA in the last two years, allows a 
design based on a cascade (two stage) RTM. The accel- 
erator comprises of a 6.5 MeV injector and two cascaded 
RTMs (RTM1 and RTM2) with output energies 41 MeV 
and 242 MeV respectively (Fig. 1). 

Two interfacing sections match the output of the injector 
to the acceptance of RTM1 and the output of the latter to 
the acceptance of RTM2. They also serve to transport the 
beam to experimental areas. Both RTMs are designed for 
variable energy extraction [4] [5]. The main characteristics 
of the machine are summarized in Table 1. 

INJ RTM1 RTM2 
Injection Energy [MeV] 6.5 41 
Gain per Turn [MeV] 1.32 8.04 
Number of Recirculations 26 25 
Max Output Energy [MeV] 6.5 41 242 
Max Current [fiA] 600 100 100 
Frequency [MHz] 2380 2380 2380 
Incremental Number v 1- 1 
Magnets Field [T] 0.2196 1.338 
RF Power Consum. [KW] 118.7 29.0 169.3 
Spacing [m] 8.8 3.25 8.7 

Table 1: The main characteristics of the IASA Cascade 
RaceTrack Microtron 

" Supported by the EU, TMR-Programme ERBFMBICT961234 

I n i i I i ii ■ I 

Figure 1: Layout of the planned IASA CW cascade (two- 
stage) microtron. The accelerator vaults and experimental 
areas are shown. 

2   DESIGN AND OPTICS CALCULATIONS 

The design philosophy is such as to result in stable oper- 
ation, simple tuning and optimal use of the available linac 
sections, RF equipment and End-Magnets. 

The injector consists of a 100 keV electron gun, a chop- 
ping and bunching system, a capture section, a preacceler- 
ator and a booster. This design increases the initial NIST 
injector energy of 5 MeV to 6.5 MeV. Its optics has ex- 
tensively been studied with the code PARMELA[6]. Most 
favorably, it turned out that the injector can be tuned such 
as to match RTM1 longitudinally without any further mea- 
sures. This is demonstrated in Fig. 2[7]. 

Both microtron stages use quadrupole doublets on ei- 
ther side of the linac for transverse focusing, and both use 
the MAMI schemes[8] for injection and extraction, respec- 
tively. For RTM1, it was possible to apply a variant of 
this extraction scheme which provides achromatic extrac- 
tion directly[9]. 

The first microtron (RTM1) is designed to operate with 
an asymptotic synchronous phase of 18 deg. The choice 
of that particular phase is made on the basis of keeping the 
longitudinal acceptance of RTM1 sufficiently high while 
relaxing the need of an extremely demanding control of the 
RF stability and injector output energy. The accelerating 
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Figure 2: PARMELA simulation of the 6.5 MeV injector: 
Longitudinal emittance (dots) with the input eigenellipse of 
RTM1 with 6.57T keV deg. Chopper range is ±30°. 

section consists of a 15 cell (0.95 m) RF structure, to be 
constructed by reconfiguring the two 4 m main linac sec- 
tions of the original NIST RTM. The second (RTM2) is to 
be operated at a synchronous phase of 16 deg as a best com- 
promise between RF stability demands and energy width. 
The accelerating section consists of a 93 cell (5.9 m) RF 
structure, assembled by reconfiguring the NIST structure. 

Microtrons and interfacing systems have been designed 
using the interactive codes OMEN for first order beam 
dynamics and LONGIDYN for nonlinear longitudinal 
dynamics[10]. Main design goals were ease of manufac- 
ture and operation, while finding a best match between lay- 
out of machine and civil construction (see Fig. 1)[9]. The 
design thus obtained was finally checked independently by 
the higher order code PTRACE[11] which also allowed to 
study the effects on cross coupling and quadrupole imper- 
fections. For the latter, a sextupole moment of 2% at the 
pole tips (aperture radius =10 mm) of all quadrupoles has 
been assumed. These calculations reproduced the design 
within close limits. 

The results for RTM1 as the most critical subsystem are 
briefly communicated: 

The acceptance ("bucket") of a microtron, as well 
known, has a rather irregular shape as roughly indicated by 
the dotted line in Fig. 3. For practical purposes, it is wise 
to consider some inner polygon of the bucket as useful area 
which might be called "practical emittance". It is drawn in 
Fig. 3 in bold line covering an area of 2197T keV deg. The 
design emittance of 6.57T keV deg is shown for comparison 
(ellipse). 

Using the practical emittance for the longitudinal phase 
space and a value as high as thirty times the design trans- 
verse emittance at injection (which is very conservatively 
assumed as 0.177T mm mrad at 6.5 MeV) it was verified 
by PTRACE that the RTM1 operation is stable even under 
those quite unfavorable conditions. 

AO (deg) 

Figure 3: Calculated acceptance for RTM1 shown together 
with the design emittance (ellipse) and the practical emit- 
tance. 

3   INJECTOR STATUS 

The electron gun and the 100 keV chopping and bunching 
system have been installed. Several changes from the origi- 
nal NIST installation have been made at the electron gun to 
incorporate a new High Voltage Power Supply, an Isolation 
Transformer, and new control electronics (VME based) for 
the High Voltage terminal of the gun. So far, the system 
has been successfully operated in D.C. mode. The RF sup- 
ply of chopper and buncher is being prepared. A beam line 
for measuring the transverse emittance of the beam is un- 
der construction[12], while a second line for measuring the 
longitudinal emittance of the beam is being designed[13]. 

4   RF SYSTEM AND MAGNET LAB 

The currently adopted RF architecture for the cascade RTM 
calls for two power sources, both based on the Varian VKS 
8270 klystrons. The first source will drive the 100 keV 
beam line, the capture, preaccelerator and boost/matching 
section, while the second the RTM1 and RTM2. The RF 
power needed for the implementation of both stages is 
shown in Table 2. 

INJ RTM1 RTM2 
Ace. Length [m] 4.7 1 6 
Ace. Grad [MV/m] 1.3-1.5 1.5 1.5 
Gain Amplitude [MeV] 6.65 1.388 8.36 
Diss. RF Power [KW] 114.9 25.5 149.2 
Beam RF Power [KW] 3.8 3.5 20.1 
Total RF Power [KW] 118.7 29.0 169.3 

Table 2: RF-related parameters for the IASA Microtron 
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The Magnet Lab deals with the powering, controlling 
and testing of all magnetic elements. Its major task is the 
field mapping of the small components, as well as of the 
End-Magnets. 

5    CONTROL SYSTEM 

The Control System for the IASA Microtron is totally re- 
vised, since the architecture of the NIST and UIUC ma- 
chines is considered to be outdated[14]. The new system 
is being developed on the EPICS environment using Sun 
Sparc Stations and VME electronics. 

The system architecture for the 100 keV injector has 
been finalized and in the major part realized. This includes 
the full control of the basic magnetic elements (solenoids, 
steerers), the high voltage power supply for the e-gun and 
monitoring of various readout parameters (currents at aper- 
tures, vacuum, etc.). An EPICS control screen created with 
the display manager (medm) for the IASA RTM injector is 
shown in Fig. 4. 

Figure 4: EPICS display screen (medm) for the control of 
the solenoids and steerers of the 100 keV injector 

Further development of the system includes the integra- 
tion of the programmable filament and bias supplies for the 
electron gun via fiber-optics for dc and pulsed beam opera- 
tion, interlocks and other safety controls. 
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(1983) pp. 3267-3273. 

[4] A.V. Filippas et al., Optics for the IASA CW RTM, 5th Euro- 
pean Particle Accelerator Conference, EPAC96, Sitges, Spain 
(1996) TUP046G, pp. 557-559. 

[5] H. Herminghaus, Conceptual Design of a Two Stage Mi- 
crotron Cascade in "Beam Highway" Configuration, IASA 
Internal Report (Dec. 1996). 

[6] Lloyd M. Young, PARMELA, A Particle Dynamics Code for 
Electron Linacs, Accelerator Operations and Technology Di- 
vision, Group AOT-1, Los Alamos (1995). 

[7] N.H. Papadakis et al., Optimization of the 6.5 MeV Injector 
at the IASA Microtron, IASA Internal Report (1997). 

[8] H. Herminghaus et al., The Design of a Casceded 800 MeV 
Normal Conducting C.W. RaceTrack Microtron, NIM 138 
(1976) pp. 1-12. 

[9] H. Herminghaus, Revised First Order Design of the IASA Mi- 
crotron Cascade, IASA Internal Report (1997). 

[10] H. Herminghaus, OMEN- Optik Menu, An Interactive Pro- 
gram for Beam Optics, Private Communication (1995). 

[11] K.H. Kaiser, Private Communication. 

[12] H. Herminghaus, Transverse Beam Diagnostics for Maque- 
tte, IASA Internal Report (Feb. 1997). 

[13] M. Malagari, A Device for the Measurement of the Longi- 
tudinal Phase-Space for the IASA, Diploma Thesis, National 
Technical University of Athens (1997) unpublished. 

[14] E. Stiliaris et ah, Control System Implementation for the 
IASA Microtron, 5th European Particle Accelerator Confer- 
ence, EPAC96, Sitges, Spain (1996) TUP043L, pp. 1784- 
1786. 

6 CONCLUSION 

The two-stage cascade scheme for the Athens CW Mi- 
crotron described here has been chosen because of its sim- 
plicity, stable operation and optimal use of the available 
equipment. The design of the accelerator is for all prac- 
tical purposes completed. The 100 keV injector line has 
been installed and the first electron dc beams have been ex- 
tracted. Basic elements of the electron gun and the injector 
line are controlled by a new system based on the EPICS 
environment. 
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Abstract 

IBA's proton therapy cyclotron (C235) has produced ex- 
tracted 235 MeV proton beams and has fulfilled its factory 
tests. Model calculations have played an important role 
all along the course of this project: 2D and 3D magnetic 
fields, closed orbit analyses, particle trackings, beam trans- 
port layouts ... These calculations and the corresponding 
tools are evaluated by a comparison to experiment. 

1   INTRODUCTION 

The purpose of this contribution is to describe the present 
status of IBA's C235 cyclotron as seen from an a posteriori 
viewpoint by the calculation team. Hence we will com- 
pare calculations and measurements of several subsystems 
of the cyclotron, and evaluate them. 

2   MAGNETISM 

Modelling of the magnetic circuit using Vector Fields 
Opera2d and Opera3d codes has been described in Ref. [1]. 
It must be stressed that, though a 3D approach is compul- 
sory, the high mesh density offered by 2D models makes 
them much better suited for the description of mechanical 
details or of small variations. The pseudo-2D behaviour 
of C235 allowed us to fully exploit the complementarity of 
the 2 approaches: due to the full saturation of the magnet 
different radial slices are almost independent, and hence 
each slice may be adequately described by an appropriate 
2D-like axisymmetrical model. 

Using his technique allowed us to reach the final profile 
of the radial pole edge in just one iterationfl]. 

The gradient corrector (GC) was also designed that way. 
A series of models corresponding to several radial cuts and 
covering the azimuthal span of the GC have been built. 
They provided us with calculated shapes of the GC plates 
and quantified the strong influence the GC had on the inner 
adjacent pole field (closest approach ~4 mm). 

The calculated field map obtained in this way has been 
extensively used for the design of the extraction channel 
before the field was measured. The comparison with the 
experimental field map showed a very good agreement[2]. 

The permanent magnet quadrupoles (PMQ) were also 
designed from purely 2D models. The distance between 
these elements and the poles is large enough to avoid mag- 
netic interaction, and the geometry of the quadrupoles ful- 
fills the requirement for linear symmetry. Hence they have 
been described by a single 2D model with a simulated ex- 
ternal field, and using a JBiJ-curve provided by the manu- 
facturer of the Sm2Co17 material. 

The real quadrupoles were mapped. The fitted field gra- 
dient is 19.1 T/m against a model value of 19.2 T/m and 
an almost identical deviation from linearity. The effective 
limit is found to be 3 mm outside the magnet. 

3D models were also used to help shimming the pole 
edges in the process of isochronisation, in order to know 
the field redistribution caused by geometrical modifications 
(which is a fundamentally 3D process). This response func- 
tion has thus been obtained via a series of 3D models, each 
one featuring a "unit cut" at a given radius. Here again the 
success of the method is undeniable. 

3   BEAM OPTICS 

The (QH,QV) diagram (Fig. 1) obtained from the closed 
orbit analysis of the circulating beam shows that a couple of 
potential resonance zones are crossed during acceleration. 
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Figure 1: Working diagram throughout the acceleration in 
C235, as obtained from closed orbits in the final field map. 

Coarse experimental betatron tunes are obtained from ra- 
dial probe diagrams and are in good agreement with the 
computed values. 

The QH-QV = 1 resonance did actually show up during 
the initial beam tests. The calculations predicted this res- 
onance not to occur since the skew quadrupole field com- 
ponents that drive it are neither present in the model nor 
in the measured median plane field map. The origin of the 
upper/lower asymmetry causing these skew components is 
still unknown. The experimental solution of slightly dif- 
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fering currents in the upper and the lower coil to cope with 
this problem has not yet received a calculated confirmation. 

We also added a Q-corrector on the pole edge so as to 
cross the resonance as fast as possible by changing the 
shape of the working line. A realistic corrector is too small 
for a 3D simulation, but an upscaled version was calculated 
and has shown the correct properties (size and radial distri- 
bution of the Q-correction). 

4   EXTRACTION CHANNEL 

Besides magnetic models, extensive particle tracking in the 
horizontal plane and beam optics computations have been 
carried out through the extraction channel, i.e., electrostatic 
deflector, GC and PMQ doublet (Fig. 2). 

Figure 2:   Comparison of the experimental (dash-dotted 
line) and the simulated (broken line) extraction paths. 

Though the design of the channel was revised several 
times as new computational or experimental data were 
available, it must be stressed that the final design was good 
enough and the mechanical solution flexible enough for all 
the elements to be used as-built, giving a good practical 
measure of the quality and reliability of the calculations. 

Particle tracking in the horizontal plane not only pro- 
vides the extracted central path and the phase space dia- 
gram of the beam along its trajectory but also information 
about the non-linearities in the channel as well as hints to 
minimize them. It further allows to simulate radial cur- 
rent density plots and to compare them with experimental 
values obtained with the radial probe. Finally it permits a 
check of the accelerated beam optics through the effects of 

• couplings between radial motion and acceleration 

• hidden effects of the large first harmonic content 

• energy spread 

As initial conditions we always chose the central posi- 
tion and the Twiss parameters obtained from a closed or- 
bit analysis, adding a known amount of off-centering if re- 
quired. The assumed emittance comes from an early esti- 

mate. However, since the extraction from C235 is a multi- 
turn process, the emittance of the extracted beam is in no 
direct relationship with that of the circulating beam. 

The initial extracted beam tests have provided us with 
the geometrical path of the beam center and with beam pro- 
files. It is found that the extracted beam is systematically 
at lower radial positions than in the simulations (Fig. 2), 
which in turn influences the optical properties. The circu- 
lating beam is intercepted at a slightly smaller radius be- 
cause this position gives a better overall efficiency. The 
effect is partly corrected by shortening the GC. It is prob- 
able that the real beam suffers from optical imperfections 
which occur very close to the radial pole edge and which 
do not show up in the simulations. A Q-corrector has been 
added on a purely experimental basis, but a retrofit into the 
model has not been possible. 

Fit of the initial horizontal beam size and divergence to experimental data 
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Figure 3:   Beam envelopes with a focussing permanent 
magnet quadrupole, starting at the Al exit window. 

During the design phase the extraction line optics were 
obtained according to the following recipe: 

1. track particles (typ. 500) through the electrostatic de- 
flector and the GC up to the entry of the first PMQ. 

2. make the phase space plot at this position and fit the 
Twiss parameters and the emittance. 

3. run MAD with the initial conditions of point 2 on 
the beam line made up by the quadrupole doublet, 
with end condition aH = ay = 0, and with the 2 
quadrupole lengths as parameters. 

Experimentally the following scenario was used: 

1. visualize the beam spot on a quartz at several positions 
along the path with a focussing PMQ installed. 

2. visualize the beam spots with a defocussing quad. 
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Fit of the initial vertical beom size and divergence to experimental dota 
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Figure 4: Beam envelopes with a defocussing permanent 
magnet quadrupole, starting at the Al exit window. 

3. build realistic optical models of the 2 preceding se- 
tups, including measured PMQ (see Section 2), resid- 
ual horizontally defocussing field gradient present be- 
tween the main coils and multiple scattering caused 
by the Al exit window (1 mm) and the subsequent air 
layer (experimental conditions during the test). 

4. using TRANSPORT, match the initial beam parame- 
ters to the observed beam spots. 

The results of both fits are given in Figs. 3 and 4. 
Starting from the initial values a new model of the line 

up to the Energy Selection System (incl. the 2 active quads 
at the exit of the cyclotron) has been made. Since 100% 
transmission cannot be obtained within the 0 56 mm vac- 
uum pipes, the figure of merit for these calculations is the 
transport efficiency of the line, using as a constraint a dou- 
ble waist and a horizontal/vertical equivalence at the ESS. 
The resulting beam envelopes are shown in Fig. 5. 

5   CONCLUSION 

From its official start to the first extracted beams, the C235 
project has taken three years. This performance is largely 
due to the successful calculations which have been per- 
formed beforehand and all along the course of the construc- 
tion. 

Knowing the reality now, we may state that magnetic 
field calculations generally give an excellent agreement, 
and the combination of 3D and 2D modelling may be a 
powerful tool for the description of even very small details. 
However, a full description of an isochronous field and of 
the tiny Q-correctors requires a finer meshing in the 3D 
models. Furthermore it is necessary to reduce the symme- 
try of the model from 8 down to 2 or even 1 if a realistic 

Figure 5: Beam envelopes in the extraction line for various 
multiple scattering conditions. 

description of the machine is wanted. This makes us expect 
a 3D code capable of handling ~ 106 nodes. There are 
discrepancies between the beam simulations and the real 
beam, and some experimental observations can not be re- 
produced. Some of these discrepancies can be explained, 
but some are inherent to our model. Particle tracking must 
include the vertical motion and the coupling between the 
2 planes — however, we do not have a magnetic model 
giving rise to skew quadrupole components ... This be- 
ing said, it remains that the tracking results have been ex- 
tremely useful for the design of the extraction components. 
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THE COOLER SYNCHROTRON COSY FACILITY 
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Abstract 

The cooler synchrotron COSY Jiilich is now running 
continuously with its experimental programs. The 
machine covers the whole momentum range from 600 
MeV/c up to 3.3 GeV/c and delivers up to 3 • 1010 

protons. Electron cooling is applied up to 645 MeV/c. 
Stochastic cooling will enhance the beam quality in the 
range from 1.5 to 3.3 GeV/c. Substantial progress in 
developing the machine was made to increase the intensity 
and quality of the beam for internal as well as external 
experiments. In addition, a polarized proton beam could be 
successfully accelerated up to 2 GeV/c. 

1 THE   COSY   FACILITY 

The COSY accelerator complex [1] comprises several ion 
sources, the refurbished isochronous cyclotron, a 100 m 
long injection beam line, the COSY-ring and extraction 
beam lines to the external experiments. The ion sources 
are a H2

+, H", D" and a H" polarized ion source. The 
injector cyclotron (JULIC) is now running continuously 
with H" beams with a momentum of 296 MeV/c. 
Currents of approximately 10 \x,A are fed into the 
accelerator ring via stripping injection. This injection 
technique has proven to be very reliable when the H2

+ ion 
source was used. The well-tried injection scheme is also 
applied for polarized H" beams. 

The ring has a circumference of 183.47 m and stands 
out for its great flexibility in tuning the lattice optics to 
the needs of the internal as well as external experiments. 
Sixteen quadrupoles in each 40 m long straight section of 
COSY grouped as four triplets allow the ion optics to be 
tuned such that the sections act as telescopes with a 1:1 
imaging giving either a 71 or a 2n phase advance. At the 
same time optimized beam conditions for the two internal 
experimental stations located in the target telescope can be 
adjusted. The other one (cooler telescope) contains the 
accelerating rf-cavity, the electron cooler, scrapers, 
Schottky pick-ups, and current monitors. 

The arc sections have a length of 52 meters each. 
They are composed of three identical elements that have in 
themselves a mirror symmetry. A half-cell has a QF-bend- 
QD-bend structure with the option to interchange 
focusing-defocusing for added flexibility in adjusting the 
tune. This structure leads to a six fold symmetry for the 
total magnetic lattice of the ring. Stripping target and 
bumper magnets for injection and electrostatic and 
magnetic septum for extraction are located in one arc- 
section. Besides the diagnostic kickers and the elements 
for the ultra slow extraction the other arc-section contains 
the internal target station where the COSY-11 experiment 
has been installed. At the connecting points where the arc 
sections meet the target telescope the stochastic cooling 

pick-ups are built in. The corresponding kickers are 
located in the cooler telescope section. 

In total 18 sextupoles are installed. They can be 
grouped into 11 families. Three of them are placed in the 
arcs and eight are in the telescopes. 

At present three internal experiments are in 
operation, the COSY-11, COSY-13 and the EDDA- 
experiment. The latter two are located in the target 
telescope. 

Extraction beam lines guide the beam to three 
external experiments. One site being the large magnetic 
spectrometer BIG KARL, the other the Time of Flight 
facility (TOF), and the third (NEM) is foreseen for 
experiments with low proton momenta (800 MeV/c). A 
fourth beam line is under discussion for experiments 
requiring longitudinal polarization. 

A typical machine cycle lasts between 5 seconds and 
one hour. At injection the ring is filled up with 2 • 10*J 

protons corresponding to the space charge limit. At 
maximum momentum, 3.5 GeV/c, up to 3 • 1010 protons 
have been measured. 

2  INTERNAL    EXPERIMENTS 

There is a very intimate relation between internal 
experiments and the accelerator as they affect each other in 
a direct way. EDDA [2] is an internal experiment at TP2 
that has been set up to measure excitation functions with 
high precision. The basic design is a thin horizontally 
oriented fiber target that intercepts the beam combined 
with a cylindrical detector system surrounding the thin 
walled beam pipe. Due to its construction the EDDA 
experiment is not only a tool for medium energy physics 
but also an excellent probe for investigating and verifying 
beam properties of COSY with high precision [3]. This 
experiment has special requirements on the beam to 
achieve optimal measurement conditions. This concerns 
the lateral stability and the orientation of the phase space 
ellipses. It is the latter point where the flexibility of the 
target telescopes proved invaluable [3]. Moreover, it was 
proven that the lattice allows to shift transition energy 
upwards during acceleration so that no transition jump is 
needed [3]. This property allows to take excitation data 
even when ramping up the machine to flat top energy. 

Different conditions have to be satisfied for the 
COSY-11 and COSY-13 experiments. Both take data in 
flat top of the machine [2]. 

To enhance the machine flexibility the control 
system has been updated to allow to run COSY with 
supercycles. At present each supercycle consists of three 
different machine settings which can be combined 
independently as shown in figure 1. The set up has been 
made for the COSY-13 experiment and allows a quick 
comparison of measurements close to the threshold of the 
reaction. 
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Figure 1: Beam current transformer signals (BCT) for a 
supercycle in COSY. Each cycle, labelled by one, two and 
three corresponds to momenta 1.7, 2.25 and 2.68 GeV/c, 
respectively. The event rate (EV) has its maximum value 
within cycle two. The upper two traces are the currents of 
the horizontal (HS) and vertical (VS) steerer magnets 
which optimize the event rate. 

The machine starts with cycle one delivering protons with 
momentum 1.7 GeV/c at flat top. In the next two cycles, 
labelled with two, a momentum of 2.25 GeV/c is 
available. They are followed by two cycles, labelled by 
three, at 2.68 GeV/c flat top momentum finishing the 
supercycle. Besides the beam current transformer signal 
(BCT) the figure shows the event rate (EV) as well as the 
currents of the horizontal (HS) and vertical steerer 
magnets (VS) to optimize the event rate. 

Since the installation of electron cooling in 1993 [4] 
it has been shown the an electron cooled beam could be 
successfully accelerated to flat top energy. Recently 
several experiments with the electron cooler have been 
carried out to increase the injection efficiency by stacking. 
Figure 2 shows the beam current as a function of time 
during stacking. 

Time 

the transverse as well as the longitudinal emittance. By 
properly adjustment of the dipole field the beam is 
slightly slowed down to move on an inner orbit. This 
prevents that the already circulating beam hits the 
stripping target when the next injection process begins. 
As proposed by [5] it can be seen that the number of 
stacked protons increases until an equilibrium limit of the 
cooled beam is reached after nearly 50 s. Each injection is 
accompanied by a sudden beam loss which results from 
the fast cooling of the injected beam to the space charge 
limit. This limit increases during stacking so that the 
number of stored particles increases. Since the space 
charge limit is proportional to the emittance [4] the 
number of stored particles can be enlarged if the cooling 
force is properly counterbalanced by transverse heating. 
Further experiments will be carried out to study the 
stacking mechanism in detail. 

During 1996 polarized protons were injected and 
successfully accelerated to 2 GeV/c [1]. The polarization 
was measured continuously during acceleration with the 
internal experiment EDDA. Further progress is expected if 
the already installed tune jump system to overcome 
depolarizing resonances [1] will be used. 

3  EXTERNAL    EXPERIMENTS 

Resonant extraction and stochastic extraction [6] are 
applied to serve external experiments. Beams with 
momenta up to 2.75 GeV/c have been delivered to three 
experimental collaborations. 

Figure 2: Increasing beam current during stacking 

Each spike corresponds to a new injection into COSY. 
During injection the beam is electron cooled decreasing 
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Figure 3: Two cycles show the extracted beam (beam on 
target) together with dipole current and the circulating 
beam. The spill length is approximately 14 s. 

Conventional extraction at COSY is made by creating a 
third order resonant condition by sextupole excitation and 
sweeping the horizontal tune through the resonance by 
quadrupole ramping. At present typical spill lengths of 
the order of 10 s are requested with 2 • 1010 protons per 
spill. The extraction efficiency of nearly 85% was reached. 
Further progress was made in stochastic extraction (figure 
3). First experiments were carried out at 2.75 GeV/c. 
Instead of moving the horizontal tune by quadrupoles the 
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optic was kept fixed and a rectangular shaped noise was 
swept over the beam distribution. Because of the finite 
horizontal chromaticity the protons will then diffuse 
towards the resonance where they are extracted. A 
precalculated sweep frequency program was applied to 
prepare a rather flat spill without prior beam shaping [6]. 

4  STOCHASTIC   COOLING 

The COSY stochastic cooling system [1] operates in the 
frequency range from 1 GHz to 3 GHz divided into two 
bands (1 - 1.8) GHz and (1.8 - 3) GHz. At present the 
horizontal pickup (4 m length) is installed in the ring 
consisting of two tanks each 2 m long. Also, one of the 
two vertical pickup tanks is now placed in the ring. The 
other one completing the system will be installed in May, 
1997. The pickups are cryogenically cooled down to 
nearly 60 K. Uncooled preamplifiers with a noise 
temperature below 50 K are mounted outside the vacuum 
tanks. The rest gas pressure can be kept on 10"10 hPa. The 
position of the electrode bars are independently adjustable 
and thus allow for closed orbit suppression. 
Programmable delays permit an energy adjustment from 
1.5 GeV/c up to the maximum momentum 3.3 GeV/c. 
Two kicker tanks of length 2 m are installed for the 
horizontal and vertical plane, respectively. Similar to the 
pickups the electrode bars are independently movable. 
Measurements of transverse and longitudinal Schottky 
spectra of an unbunched beam with 3 • 1010 protons have 
been carried out with good signal-to-noise ratio [1]. 

2.191 2.1912 2.1914 

f [GHz] 
2.1916        2.1918 

Figure 4: First stochastic cooling of the vertical beam 
emittance. The emittance is cooled by a factor of two. 

Hardware transfer function measurements (HTF), i.e. 
sending an excitation around 0 dBm to the kicker and 
measuring the response from the pickup without beam, 
have proved that the mounted ferrite material is sufficient 
to damp propagating modes in the vacuum chamber [7]. 
In recent experiments vertical beam transfer function 
measurements (BTF) have been carried out to gain 
experience in adjusting gain and phase of the vertical 
cooling system in band I. In addition open/closed loop 
measurements were done to optimize the system gain. A 
first result is shown in figure 4 indicating vertical 
stochastic cooling of a debunched beam with 1.5 ■ 1010 

protons at pc = 3.39 GeV. The figure shows a lower and 
upper sideband in the frequency range of band II near the 

1392th revolution harmonic of the beam. The vertical 
emittance before cooling (thick curve) is reduced by 
approximately a factor of two within 5 minutes (dotted 
curve). The long cooling time reflects the large number of 
stored protons but is also partly due to a yet not 
optimized lattice resulting in a large mixing factor in this 
case. Future measurements will include the EDDA 
experiment which is an excellent tool to probe beam 
profiles. 

5  SUMMARY   AND   OUTLOOK 

In 1996 in total 6520 hours were scheduled. From this the 
machine was in operation for 6174 hours. In total 4248 
hours were available for the user of COSY. Proton 
numbers up to 3 ■ 1010 are accelerated to the design 
momentum of 3.3 GeV/c. A polarized proton beam could 
be successfully accelerated. To ensure polarization during 
acceleration a tune jump system has been installed at the 
beginning of 1997. Measurements of the fast quadrupoles 
and the corresponding power supply have shown that their 
design specifications are very well fulfilled. Machine runs 
with polarized protons using the jump system will be 
carried out. In addition, improvements of the stochastic 
extraction as well as increasing the beam intensity are 
given high priority to further exploit the machine's 
potential for medium energy physics. In first 
investigations of the stochastic cooling system a 
reduction of the vertical emittance was observed. The 
work on transverse and longitudinal (filter method) 
stochastic cooling is still continuing. 

Considerable work is done for a new device for 
experiments at internal targets, the 0° facility ANKE [2], 
to study nuclear medium effects. The realization of the 
facility, for which three additional large dipole magnets 
will be installed in the COSY ring, made progress in the 
completion of the concept studies and in construction. 
The 0° facility will be located between two triplets of the 
cooler telescope. 
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BEAMS FOR GAMMASPHERE AT THE LBNL 88-INCH CYCLOTRON 

DJ. Clark, D. Collins, R. Dwinell, A. Guy, S. Lundgren, CM. Lyneis, M.A.McMahan, D. 

Syversrud and Z. Q. Xie, Lawrence Berkeley National Laboratory 

Abstract 

The new transport system from the 88-Inch 
Cyclotron to the Gammasphere facility is described. 
Included are discussions of the ECR sources, operation, 
beam diagnostics, mechanical construction, vacuum 
system and beam optics. 

1 INTRODUCTION 

The 88-Inch Cyclotron at Lawrence Berkeley 
National Laboratory is the present home of Gammasphere, 
a powerful gamma ray array for studying the structure of 
nuclei. Gammasphere has been operating as a national 
facility since April of 1993, running 104 major 
experiments and over 12,000 hours since then. The 
majority of Gammasphere experiments run to date have 
used compound nucleus reactions at energies just above 
the Coulomb barrier (=5 MeV/u) to make specific nuclei 
of interest for nuclear structure studies, especially nuclei 
that have been found or predicted to exhibit very large 
deformations at high spins, called superdeformed (with an 
axis ratio of 2:1) or hyperdeformed (with an axis ratio of 
3:1). In order to make these nuclei, beams of medium 
mass are generally used, and often rare isotopes are 
required. Modest intensities are needed, on the order of < 
5 pnA at the target. Other Gammasphere experiments 
have used transfer reactions to make nuclei far from 
stability and study their structure. Here much heavier 
beams are needed at higher energies. To date, the heaviest 
beam  run   for  these   experiments   has   been   162Dy. 

Gammasphere running has occupied 52% of the scheduled 
Cyclotron time. 

In order to meet the needs of these experiments, a 
new beamline was constructed with improved vacuum, 
beam diagnostics, and optics systems, shown in Fig. 1. 

2 OPERATION 

The ECR [1] and AECR-U [2] sources supply 
heavy ion beams to the Cyclotron. The ECR source 
started regular operation in 1985. It is a 2-stage source 
with the main stage operating at 6.4 GHz. It can use 
either of two types of ovens, with temperatures up to 700 
deg. C and 2000 deg. C to provide solid material feed 
radially into the plasma. The AECR-U source has a 
single stage operated originally at 14 GHz. It has been 
upgraded by increasing the magnetic field, using multiple 
frequencies of 14 and 10 GHz and using an aluminum 
vacuum chamber. With the AECR-U the Cyclotron can 
now supply beams to Gammasphere up to mass 200 at 5 
MeV/u. Both high and low temperature ovens are 
available for the source, with 2 radial insertion positions. 
The source-cyclotron system is efficient enough to run 
rare isotopes such as 54Q- and ^Ge from natural feed 

material. 36S is enriched to 2.5% and 48Ca to 39%. The 
overall beam delivery system to Gammasphere has had a 
98% uptime. 

During beam development using  a sample 200 
MeV Ar9+ beam, the optics were refined, and a Microsoft 
Excel GENTUNE predictive spreadsheet for 
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Figure: 1 Mechanical layout of beamline. 
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Figure: 2 Beam spot on phosphor at focus in Cave 4. 

quadrupoles and bending magnets was created for all 
reasonable combinations of ion species and energy. This 
supplanted the older QuickBasic MASTER program. 

Five ZnS phosphors provide first level optic 
diagnostics, with beam levels typically around 100 epA. 
Six magnet-suppressed Faraday cups are available for 
checking transmission, and 11 combinations of adjustable 
slits or plungeable collimators can be used to define beam 
spot size and to reduce halo on target. 

Once the Cyclotron tune is completed and the 
GENTUNE values are loaded, the remaining optics tuning 
is very quick, typically around five minutes from 
Cyclotron exit until the beam is in Gammasphere. 
Focusing is not usually done on the phosphors; beam 
spot shape and position are compared on a go/nogo basis 
against benchmarks. Optimizing the tune on target is 
done typically by reducing the beam on a collimator at the 
target, relative to the beam on a Faraday cup at the end of 
the line. Fulfilling even the most complex requirements 
typically take less than 20 minutes. The transport from 
the cyclotron along the 50 m beamline to the target 
reaches 50% transmission with careful tuning. The 
predicted beam size on the target is 3 mm diameter. This 
has been verified experimentally. The beam size can be 
increased by defocusing the beam with the triplet just 
before Gammasphere. The beam spot on a phosphor at 
the last focus before Gammasphere in Cave 4 is shown in 
Fig. 2. The rectangular box is 4 cm x 4 cm. The 
phosphor is mounted at 45 deg. to the beam direction. 
Normally, a .75 cm collimator is plunged here to define 
the spot size, transmitting most of the beam while 
removing most of the halo. 

The beam pulse width can be reduced to 1-2 ns 
FWHM by using cyclotron internal beam collimators and 
a Fast Faraday Cup described in the next section. 

3 BEAM DIAGNOSTICS 

Phosphors, Faraday cups, fixed diameter beam 
collimators and guillotines (beam stops) can be mounted 
to standardized plunging drives. They are in-house 
designed units which are controlled from the control 
room. Color coding of the external support bracket helps 
to identify which type of internal device is in use. 
Adjustable slits are electric motor driven with linear 
potentiometer position sensing and are controlled from the 
control room. 

A fast response Faraday cup is normally placed in 
the downstream end of Cave 4. It was designed and 
constructed by cyclotron staff. It uses a 50 ohm line at 
the beam stop, tapering down to a 50 ohm cable at the 
back of the cup, which carries the signal through a 
vacuum seal. The signal then goes through a fast 
amplifier (HP 8447F), to a low loss Heliax cable to bring 
the signal to a sampling oscilloscope (Tektronix TDS 
820) in the Control Room. In the control room the 
various cyclotron parameters can be tuned for narrow 
phase width when desired, while watching the beam pulse 
on the scope. Two retractable slits inside the cyclotron at 
a beam radius of 5-15 inches are useful to define the beam 
phase width. Each slit has two blades with separate drives 
for gap width and radius position. Using these slits the 
phase could be reduced to 1-2 nanoseconds FWHM for 
Gammasphere type beams of 5-6 MeV/u, where cyclotron 
frequencies are 15-16 MHz. 

In order to provide a test of the beam pulse width 
independent of the fast Faraday cup, and to be able to 
measure lower-intensity beams , a small, plungeable 
scintillator/photo-tube assembly was installed just prior 
to the fast Faraday cup in the Cave 4C beam line. This 
scintillator measured the timing of the beam relative to 
the RF. Since it detects individual beam particles it 
normally needs a beam attenuator upstream. The width of 
the beam pulse was comparable to that measured by the 
fast Faraday cup. 

A BaF gamma ray detector has also been used 
outside the beam pipe at the same location to measure 
beam pulse shape by detecting gammas from a beam stop. 
It gave similar results to the above methods. 

4 MECHANICAL SYSTEMS 

1.1 Earthquake Safety 

Quadrupole magnets which were added to the beam 
line were first aligned, then bolted to the floor for an 
earthquake safe installation. Existing quadrupole 
installations remain counter weighted to prevent tipping 
during an earthquake. Extensive reinforcement of the 
Gammasphere cave shielding was done for earthquake 
protection. 

1.2 Vacuum System 

The vacuum system uses stainless steel beam pipe, 
aluminum beam boxes and turbo and cryopumps. The 
stainless steel beam pipe sections making up the 50 m 
long beamline were electropolished and UHV cleaned for 
improved vacuum. The aluminum vacuum pumping 
stations and diagnostic boxes were UHV cleaned for high 
vacuum service. Fluorocarbon rubber is used for both 
static and dynamic seals to reduce outgassing. Beam line 
isolation valves are interlocked on upstream and down 
stream pressures. They have position indication and 
control both locally and in the Control Room. 

Roughing the beam line is accomplished by a 
system of locally controlled vacuum pumping stations 
utilizing turbomolecular pumps, with pumping speeds of 
300-5001/s for nitrogen, backed with rotary vane pumps. 
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For the final vacuum the turbopumps continue to pump 
the beamline and a system of cryopumps is added, each 
with a pumping speed of 1500 1/s for nitrogen. Each 
pump is locally controlled and is connected to the 
beamline through an interlocked gate valve for isolation 
during servicing. The cryopumps are regenerated by a dry 
pump or LN2 trapped rotary vane pump. Pumpdown time 
from atmosphere to operating pressure is 15 minutes. 
Bayard-Alpert ionization gauges positioned midway 
between pumping stations give indication of the beamline 

pressures of 1 x 10"6 to 1 x 10"7 torr after a day of 
pumping. 

Beamlines are vented to atmospheric pressure using 
dry nitrogen which is piped from the main LN2 tank 
vaporizer/economizer system, providing 7.9 1/s (1000 cu. 

ft./hr.) of dry nitrogen at 3.1x 105 pascals (45 psi) 
throughout the experimental areas. Venting to dry 
nitrogen has improved the pumpdown speed and the final 
pressure. 

5 BEAM OPTICS 

The new optics was designed to meet the following 
requirements of beam on target: 

1. Beam emittance on  target is  minimum:   no 
energy spread contribution. 

2. Beam spot size on target is as small as 3 mm 
diameter for some experiments. 
Maximum beam divergence is adjustable. 
Transmission from ion source to target should 
be maximum, to make possible runs with low 
source intensity (rare isotopes or high mass). 
Beam     collimators     producing     background 
radiation should be kept away from the target, 
preferably in an upstream cave. 

3. 
4. 

5. 

The resulting solution is shown in Fig. 3. The 
half beam envelopes are shown for the "x" or horizontal 
direction in the top half of the plot, and for the "y" or 
vertical direction in the bottom half of the plot. The top 
and bottom boundaries of the plot space at 5 cm represent 
the beam pipe radius for the standard 4 inch diameter pipe 
and the quadrupoles. Eta(x) is the dispersion, or Ap/p ray. 

To meet the condition of minimum emittance at 
the target, the Ap ray should cross the axis at the target 
and be travelling along the axis. The solution uses an 
additional quad singlet, and a doublet, between M41 and 
M42. These quads keep the Ap ray to small amplitude and 
give the desired trajectory along the axis after the last 
dispersive element, M43. A central ray with a 
momentum displacement Ap/p of .075% is shown 
diverging from the axis, slightly in MS and more in M41 
and M42. This Ap ray represents the beam energy spread, 
which adds to the horizontal size of the beam. A quad 
triplet is used in Cave 4C to give good control over the 
beam spot shape on target. The triplet is placed close to 
the target to get the demagnification for a small spot size. 
For Gammasphere optics, this brought the total number 
of elements to 12 quadrupoles, four large bending 
magnets, and ten small steering magnets. 

The requirement of keeping the last collimators 
away from the target is met by having them behind the 
Cave 4C wall in the upstream cave, Cave 4. They are 
plungeable from the Control Room. They consist of 3 
plates with different hole sizes for forming an object for 
the quad triplet in Cave 4C. Selection of the hole size 
gives control over the beam spot size on target. Another 
set of collimators is further upstream, near the previous 
quad . These are 4 independent jaws, controllable from the 
Control Room, which control divergence of the beam on 
target by controlling beam size at the position in the 
previous cave where the beam is large. 

The design of the beam line has satisfied all the 
requirements, and this solution is now the one routinely 
used for Gammasphere. This beam optics was designed 
using the LATTICE code, a user friendly version of 
TRANSPORT written by J. Staples of LBNL. 

Figure: 3 Beam optics layout. 
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A COMPACT SUPERCONDUCTING CYCLOTRON FOR THE 
PRODUCTION OF HIGH INTENSITY PROTONS* 

H. Blosser, D. Johnson, D. Lawton, F. Marti, R. Ronningen, J. Vincent, National Superconducting 
Cyclotron Laboratory, Michigan State University, East Lansing, MI 48824-1321 USA 

Abstract 

This paper reviews a study of a compact superconducting 
cyclotron to accelerate 200 microamps of protons to 250 
MeV. The basic cyclotron structure is the same as that 
developed in a previous study of a 250 MeV cancer 
therapy cyclotron, the chief difference in the study 
reported here being much higher beam current (x 10,000) 
than in the therapy cyclotron to meet desired 
specifications for the 'Driver' accelerator of an ISOL type 
radioactive beam facility. The increase in current is far 
below (xl/50) the axial space charge limit of the proposed 
cyclotron, but longitudinal space charge requires changing 
the extraction system from a single turn to a multi-turn 
system thereby increasing beam losses. Leading design 
uncertainties, namely the overall efficiency of the multi- 
turn extraction system and the distribution of radioactivity 
generated by lost beam are addressed herein; results 
indicate reasonable residual activity in the cyclotron from 
the perspective of customary 'hands-on' maintenance 
operations. 

1 INTRODUCTION 

Oak Ridge National Laboratory is reviewing 
accelerator systems appropriate for use as an upgraded 
primary production (or 'Driver') accelerator in their 
Holifield Radioactive Ion Beam Facility. Tentative beam 
specifications for this new Driver accelerator are 100 to 
200 microamps of protons at 250 MeV. 

Many accelerator systems are intrinsically capable of 
providing the desired beams i.e. linac, separated sector 
cyclotron, compact cyclotron, negative ion cyclotron, etc. 
and with either superconducting or room temperature as a 
design option for most of the above. The study discussed 
in this paper selects one of the above options, namely the 
compact superconducting cyclotron for more detailed 
review, this option offering advantages in size and cost 
relative to other systems, but with added innovation in that 
beam power considerably exceeds levels which have thus 
far been achieved in cyclotrons of this type. (A second 
paper describes features of a room temperature separated 
sector cyclotron to achieve the same goals.) 

2 K250 CYCLOTRON STRUCTURE 

Basic features of the K250 cyclotron are shown 
schematically in Figure 1 and have been described in a 
previous NSCL report [1].   The basic structure is a four 

sector dee-in-valley design with spiral hills to provide 
adequate axial focusing. The superconducting coil is 
mounted in an annular cryostat as is typical in compact 
superconducting cyclotrons. 

Figure 1: Median plane section of the K250 proton 
cyclotron: Note azimuthal coordinate labels at 0, 90, 
180, 270 deg: Extraction system entry /exit at 60/340. 

The 4 dee radio-frequency system operates on the 2nd 
harmonic of the orbital frequency so that the total in-out 
energy gain from each of the 45 degree dees is 
approximately 1.4 times the peak voltage to ground of the 
dee. Two opposite dees in the four dee system are 
galvanically coupled by the central region electrode 
system; the intervening dees at +/- 90 degrees are driven 
capacitively from the primary pair by the central region 
coupling and tuned individually to the push-pull mode 
relative to the primary pair by servo adjustment of 'fine' 
tuning elements. 

Beam extraction uses two 45 degree electrostatic 
deflectors followed by a line of five inert magnetic 
quadrupole elements which guide the beam through the 
edge field of the magnet and compensate the strong radial 
defocusing of the edge field so as to maintain a nearly 
uniform beam profile through the complete extraction 
trajectory. 

The ion source will follow the design used in the 
Harper Hospital neutron therapy cyclotron; this simple 
cold cathode system routinely produces 200 microamp 
beams from a 1.4 mm dia. exit hole in a 6.4 mm dia. 
molybdenum chimney. The vacuum system design 
separates beam chamber and coil cryostat vacuums into 
two separate systems so that the beam chamber can be 
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opened as desired without disturbing the superconducting 
coil. Other cyclotron subsystems are routine in character 
and well described in the previous report [1] and are 
therefore not reviewed here. 

3 SPACE CHARGE EFFECTS 

The beam in the proposed cyclotron is accurately 
described by the 'uniform charge' approximation and, 
using 500 keV for the expected energy gain-per-turn from 
the 8 gap accelerating system, 5 mm for the full beam 
height, +/- 10 rf degrees for the beam phase width, 36 
Mhz for the orbital frequency, and 0.2 for the minimum 
NuZ, the usual formula [2] gives 11 milliamps for the 
limiting current. The x50 factor between the axial limit 
and the desired beam current then implies no significant 
space charge effects in the axial behaviour of the beam. 

The other primary space charge consideration in an 
isochronous cyclotron is the longitudinal effect [3] which 
acts to enhance the energy gain of the leading particles in 
the beam phase wedge and decrease the energy on the 
trailing edge of the wedge. If 'single-turn' (i.e. no-loss) 
extraction is the goal, this effect sets a lower limit on the 
energy-gain-per-turn and on the beam phase width and 
these limits are incompatible with a compact cyclotron 
structure such as envisaged here. This cyclotron must 
therefore operate in a broad phase, multi-turn extraction 
mode with the extraction trajectories separated from the 
internal circulating beam by the thin septum of the first 
electrostatic deflector. The main goal of the studies 
summarized herein is then to realistically assess the 
efficiency which can be achieved in such an extraction 
system, and secondarily to estimate the distribution and 
intensity of the radioactivity induced in the cyclotron due 
to particles lost in the extraction process. 

4 ORBIT COMPUTATIONS 

Our study of deflector efficiency uses an extensively 
tested set of cyclotron computer programs which track 
orbits from ion source to extraction in a highly realistic 
fashion. In the central region the codes include detailed 
maps of the electric field derived from 3D relaxation 
calculations of the central region electrode structure. 
Away from the central region, orbits are transferred to a 
faster 'Z4' code which includes non-linear terms in the 
axial motion through fourth order; for added speed the Z4 
code represents acceleration gaps by delta functions (in 
the correct spiral location and with the radial impulse of 
the spiral gaps included). Finally a special 'Septum 
Penetration' code is used to track orbits which hit the 
(Copper) septum, with energy loss introduced via a table 
derived from detailed Monte Carlo calculations (the effect 
of multiple scattering in the septum is not yet included in 
the calculation). 

A massive initial condition ensemble is used to 
represent the extensive phase space volume of the multi- 
turn beam.   Specifically this volume 1) uses 41 rf times 

(220, 220.5, , 240 degrees) to span the 'phase width' of 
the 10 eV beam leaving the source, 2) at each of these rf 
times 16 radially displaced rays are added at the entry 
point of the Z4 code (distribution: 1+8+8 on eigenellipses 
with average radial amplitudes of 0, 0.44, & 0.88 mm 
respectively), and 3) finally, for each radial ray at each rf 
time an eight point axial eigenellipse of 1.6 mm average 
amplitude is added. The total ensemble of tracked orbits 
is then 41x17x5 = 3485 (the last factor being 5 rather than 
9 due to the median plane symmetry of the fields). 
Figure 2 gives a histogram plot (at the azimuth of the 
deflector entrance) of number of orbits vs. radius with the 
'toward-the-cyclotron-center' corner of the deflector 
septum indicated by the light vertical line. 

At the deflector entry the 3485 rays from the 
acceleration family transfer to the Septum Penetration 
program which tracks the rays until they they arrive at a 
beam stop at the exit of the deflector or, in the case of 
rays penetrating the septum, until they hit the vacuum 
tank wall at some azimuth (no rays actually stop in the 
septum due to the range of the 250 MeV beam). With the 
deflector entrance radius positioned as shown in Figure 2 
and with a 0.25 mm septum thickness, 3309 of the 3485 
rays (95.0%) pass cleanly through the deflector ~ if the 
septum thickness is reduced to 0.13 mm the transmitted 
group increases to 3401 (97.6%). 

Figure 2: Radius histogram of 3485 ray family at 
azimuth 60 deg (radius in inches): Tracking ends 
where the azimuth 60 radius first exceeds 31.96 inches. 

Fig. 3 shows a sample of trajectories of rays which hit 
the septum; the outer circle in this Figure is the 33 inch 
radius inner wall of the beam chamber vacuum tank with 
the inset double line in the 45 degree upper arc showing 
the aperature of the first electrostic deflector. Almost all 
of the rays which penetrate the septum hit the vacuum 
tank wall in the azimuthal region at the right (around 60 
degrees upstream from the deflector entrance) with a few 
rays being as much as 120 degrees upstream. The most 
upstream cluster of rays (those which experience the 
largest energy loss in the septum) show substantial axial 
defocusing coming from alignment of the trajectories with 
a defocusing edge of one of the magnet sectors; higher 
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energy rays hit the wall further upstream and  show 
reasonable axial focusing. 

Figure 3: Top - Polar plot of selected orbits (rf times 
200,  205,   ,  220  deg)  which  penetrate  deflector 
septum: Bottom - Z vs path length for these orbits. 

5 INDUCED RADIOACTIVITY ESTIMATES 

Estimates of radioactivity induced in the cyclotron by 
the lost beam depend on many factors and are accordingly 
difficult to make in an accurate way. A previous lower 
energy cyclotron, the 72 MeV 'Phillips Injector' at the 
Paul Scherrer Institute operated for a number of years 
with a 200 microamp external beam and with with 93% 
extraction efficiency in the multi-turn mode [4]; this 
group moreover maintained careful records of integrated 
beam current and of radiation dose received by 
maintenance personnel (the latter being of course the final 
most important factor in judging the viability of a high- 
current accelerator based on multi-turn extraction). 

The orbit computations from the previous section 
indicate that careful attention to fabrication details and 
tolerances, in conjuction with a septum of 0.13 mm (or 
smaller) thickness, can reduce extraction losses to the 
2.5% range, i.e. lower than the PSI Phillips Injector by a 
factor of 3. The thick-target neutron yield at 250 MeV on 
Copper (the stopping material for most protons in the 
Phillips Injector) is higher by a factor of 12.5 than at 72 
MeV [5], but, if Carbon is used for the septum and for the 
lost beam collectors on the vacuum tank wall, the 250 
MeV yield is reduced by a factor of 3.3 relative to Cu, so 

that total  neutron production in the K250 will be nearly 
the same (i.e. 12.5/3/3.3=1.3) as in the Phillips Injector. 

Neutron yield is moreover far from being the only 
important factor in estimating residual radiation hazards. 
The increased range at 250 MeV (63 vs 7.4 mm in Cu) 
relative to 72 MeV tends to bury, disperse, and self shield 
induced activity. Cossairt [6] plots the 'Danger 
Parameter' representing radiation level in 4pi cavities in 
various materials uniformly irradiated by protons of 
various energies. For Cu the danger parameter (24 hours 
after a 365 day irradiation) increases by x3.7 in going 
from 50 to 500 MeV (the nearest energies at which results 
are quoted) whereas in C the parameter decreases by 
1/2.1 for the same energy change. Interpolating, 250 
MeV stopping in C is inferred to be only about 1/8 as 
dangerous as 72 MeV stopping in Cu [7]. 

Finally we note that actual radiation records [4] for the 
Phillips Injector group at PSI for the three years 1982-84 
(years where the integrated extracted beam exceeded 500 
milliamp-hours/year) averaged 103 mSv/year total for the 
group. If this work is shared by four people the annual 
dose is at 1/2 of allowable tolerance, and as noted in the 
previous paragraph there is good reason to expect 
radiation levels in a graphite stopping environment to be 
lower by xl/24 compared to the PSI Phillips injector. 
Relatively simple remote handling systems could easily 
lower this dose level by additional significant factors. 

6 CONCLUSIONS 

With a graphite septum, and graphite outer wall liners 
at beam loss points, maintenance radiation levels should 
be reduced by more than an order of magnitude relative to 
the level of the PSI facility, and since maintenance 
exposures at that facility were well below present 
tolerance levels, it is reasonable to project a comfortable 
margin for 'hands-on' maintenance of a 250 MeV, 200 
microamp cyclotron of the type suggested herein. 
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A SEPARATED SECTOR CYCLOTRON FOR THE PRODUCTION OF 
HIGH INTENSITY PROTONS* 

F. Marti, H. Blosser, D. Johnson, D. Lawton and J. Vincent 
National Superconducting Cyclotron Laboratory, 

Michigan State University, East Lansing, MI 48824, USA 

Abstract 

We describe in this paper the design of a separated sector 
cyclotron (SSC) for the production of an intense beam of 
230 MeV protons. The goal was an accelerator that could 
be used as the driver of an ISOL type Radioactive Ion 
Beam Facility. 

1  INTRODUCTION 

The purpose of this study is the conceptual design of an 
accelerator for the Holifield Radioactive Ion Beam 
Facility (HRIBF) at Oak Ridge National Laboratory 
(ORNL) to produce 200 U.A of protons at energies of 
approximately 200-250 MeV, that would fit in room C110 
at ORNL. The choice in this option of a separated sector 
cyclotron (SSC) is driven by the desire of minimizing the 
losses in the accelerator. Most of the losses in an 
isochronous cyclotron usually occur at the deflector 
septum during extraction. The radius gain between turns 
should be increased as much as possible to decrease these 
losses. The radius gain per turn due to the energy gain, in 
abscence of any other off-centering mechanism is given 
approximately by: 

AR = R ^# 1 
E   7 + 1 

Where R is the extraction radius, E is the final energy, AE 
is the energy gain per turn, y is the relativistic factor and 

Vr is the radial focusing frequency. Increasing the voltage 

of the RF system is the obvious way of increasing the 
energy gain, but it is limited by sparking and power 
limitations. Increasing the radius of the cyclotron is the 
other parameter that we have used in this design to 
increase the turn separation. One of the boundary 
conditions in this study was the desire to obtain a 
cyclotron design that would fit in room C110 at ORNL. 
Under this condition we estimated that 3.7 m is the 
maximum extraction radius compatible with fitting the 
cyclotron in that room. These decisions of increasing the 
cyclotron size and RF voltage come at a price, the 

accelerator cost increases. This SSC option then 
emphasizes reliability and lower technical risk over cost. 
Our design has benefitted from past experience developed 
mainly at two laboratories: the National Accelerator 
Center (NAC) at Faure, South Africa [1], and the Paul 
Scherrer Institut (PSI) at Villigen in Switzerland [2]. Both 
laboratories operate large separated sector cyclotrons that 
accelerate protons in similar ranges of energies and 
intensities. The NAC cyclotron is a multi-ion, variable 
energy machine that accelerates protons up to 220 MeV, 
with currents of up to 200 uA at 66 MeV. The PSI 
accelerators are single ion, fixed energy. They accelerate 
protons to 72 MeV in their Injector II and to 590 MeV in 
their ring cyclotron with intensities above 1.5 mA. The 
PSI cyclotrons can be described as state of the art in high 
intensity operation. The extraction efficiency is 100 % 
even at 1.5 mA. 

A companion paper describes a different option: a 
compact superconducting cyclotron [3]. 

2  SECTOR MAGNETS 

One of the first decisions to be made in the design process 
is the number of sectors in the magnet and the angular 
width of each sector necessary to achieve the final energy 
of approximately 250 MeV. To avoid the effects of 
resonances like the V z = 1 and the Vr = N / 2 we have 

selected four sectors and a magnet sector angle of 34 
degrees (f= 34/90=0.378). 

The magnetic field of the sector magnets was studied 
with the finite element code TOSCA. We have adopted a 
minimum magnet gap of 3.8 cm with the assumption that 
the magnet surface close to the median plane will be part 
of the vacuum chamber. We expect to obtain an 
isochronous field by shaping the pole tip surface and thus 
eliminate the need for trim coils. We would like to have 
the magnetic field approximately constant inside the 
sector magnet along each orbit for a given energy, and 
change according to the isochronism requirements for 
different energies. With this purpose the TOSCA grid was 
designed with construction circles that followed the 
theoretical (hard edge approximation) closed orbits. The 
points along these circles have assigned to them a constant 
gap value. After obtaining a polar grid from the TOSCA 

' Work supported by ORNL contract 22X-SW033V and NSF Grant PHY-95 28844 
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model we isochronized the field and found the difference 
between the calculated field and the field required to 
maintain isochronism during acceleration. This difference 
was used to change the gap as a function of energy and a 
new model was calculated. After several iterations a 
reasonable approximation to the isochronous field was 
obtained with errors of less than 100 gauss and less than 
50 over most of the radius. A top view of the whole SSC 
in Room C110 at ORNL is shown in Figure 1, A view of 
the sector magnets is shown in Figure 2. 

3  BEAM DYNAMICS 

The equilibrium orbit (closed orbit) properties were 
calculated in the polar grid obtained from TOSCA. These 
results confirmed the choice of sector angle maintaining 
the operating point away from deleterious resonances. 

A conceptual design of the injection system is 
similar to the injection system used at NAC [4]. The beam 
is injected at an energy of 8 along one of the two valleys 
not used for the main RF cavities. Two deflecting 
elements with fields of 12.0 kG and 1.15 kG are used to 
bend the beam into the accelerated orbit. As the turn 
separation between central rays at injection is large, 4.0 
cm for an energy gain of 1 MeV, there is no problem in 
accommodating a septum between turns. The actual dee 
voltage profile may reduce this energy gain significantly. 

A plan view of the extraction system is shown in 
Figure 3. The maximum radius of the 231 MeV internal 
beam ellipse is plotted as well as the central ray of the 
extracted beam. 

XoX^^^X X 

Figure 1 Plan view of the SSC installed in Room Cl 10 at 
ORNL. 

This system closely resembles the extraction system of the 
NAC SSC [4]. The beam extraction is started by 
increasing the separation between the final orbit and the 
internal beam with an electrostatic deflector (ED) with a 
relatively low field of 25 kV/cm extending from 8=-44 to 
9=-32 degrees (1 =0.64 m). 

Figure 2 Partial view of the SSC showing two of the 
sector magnets and two of the valley vacuum chambers. 

Approximately 90 degrees later, from 8=44 to 0=50 
degrees (1 = 0.30 m) the turn separation is sufficient (1.5 
cm) to insert a septum magnet (SMI) of low field (0.1 T), 
(see Figure 4). This septum magnet is located inside the 
dee. The next deflection is produced by a second septum 
magnet (SM2) located from 9=116 to 0=128 degrees (1 = 
0.65 m). The separation here is 12 cm allowing a higher 
field (0.4 T) magnet. Finally a bending magnet (BM) with 
a field of 1.0 T is used to clear the next sector magnet. 

The phase spread of the beam will produce an 
energy spread and a radial spread that will reduce the turn 
separation from the theoretical monoenergetic beam 
separation. To reduce this deleterious effect it is desirable 
to accelerate a narrow phase width, but space charge 
forces increase the energy gain of the ions in the leading 
edge of the bunch and decrease the energy gained by the 
ions in the tail of the bunch. This effect tilts the bunch 
effectively increasing the turn width and decreasing the 
separation between consecutive turns. 

Analytic treatments of space charge effects in 
cyclotrons are not very detailed due to the complexity of 
the problem, and mostly give a qualitative idea of how the 
different parameters enter in the analysis. Numerical 
calculation of space charge effects in cyclotrons are still 
very primitive and no hard limits can be obtained from 
them. Instead we use approximate formulas to compare 
our design with cyclotrons running in the high intensity 
regime (PSI Injector II and Ring cyclotron). According to 
W. Joho [5] the voltage spread induced by the longitudinal 
space charge forces can be estimated from the formula: 

AUSC = 2800Q 
<I>n2 

A<D 
In ßf 

A figure of merit is the ratio of the space charge induced 
voltage spread to the voltage gain per turn. This ratio for 
our design falls in between the corresponding values for 
the PSI cyclotrons. Both of these accelerators achieve 100 
% extraction. 
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Figure 3 Top view of the extraction system. 
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Figure 4 Difference in radius between the central ray of 
the extracted orbit and the maximum radius of the internal 

beam. 

A solution to the turn broadening produced by a 
large beam phase width is obtained by using a flat-topping 
RF system. Additional electrodes are utilized that are 
excited with the third and ninth harmonic of the 
fundamental RF frequency. The result of particle tracking 
in the actual magnetic field with fundamental and higher 
harmonics showed that the addition of a third harmonic 
energy gain of 23.5 % of the fundamental is optimum. 
This additional voltage increased the phase interval 
corresponding to an energy spread less than 10 % of the 
energy gain per turn from just a few degrees to 25 
degrees. If a ninth harmonic component is included the 
acceptable phase width is 43 degrees. The ninth harmonic 

cavity would certainly be a challenging project, running at 
300 MHz. Serious design work should be done to 
determine its feasibility. 

4  RF AND VACUUM 

The main accelerating system consists of two dees placed 
in opposite valleys. The ion orbital frequency is 8.3 MHz 
giving RF in fourth harmonic of 33.2 MHz.. The cavity 
has been calculated using the program WAC [6]. For a 
peak voltage of 250 kV on the dees the estimated total 
power is 150 kW. 
The beam chamber consists of the valley sections and 
sector magnet sections. The steel surfaces in the sector 
magnets constitute the beam chamber itself. Plating of the 
steel is necessary to avoid corrosion problems. The valley 
sections are of two kinds depending if the RF resonators 
fill the valley or if it is a valley used for injection, 
extraction or diagnostics. The design adopted for the 
vacuum seals has been copied from the PSI Injector II 
seals. It consists of metallic inflatable seals of toroidal 
shape that are deflated to disassemble the beam chamber 
and inflated when assembled. This mechanism allows 
radial motion of the four valley sections with respect to' 
the sector magnets for fast assembly-disassembly. 

CONCLUSIONS 

The present study showed that it is posible to design a 
SSC that would fit in Room C110 at ORNL to produce 
200 |iA of 230 MeV protons. Preliminary injection and 
extraction systems have been designed. Flattopping 
cavities are needed to decrease the energy spread and 
reduce the losses on the extraction septum. 
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CONCEPTUAL DESIGN OF A HIGH FIELD ULTRA-COMPACT 
CYCLOTRON FOR NUCLEAR PHYSICS RESEARCH 

J. Schubert and H. Blosser, National Superconducting Cyclotron Laboratory, Michigan State 
University, East Lansing, MI 48824 

Abstract 

We have studied the feasibility of using an existing 
wide-bore 8 T magnet as a component of an ultra-high- 
field cyclotron. Such a machine would use the highest 
magnetic field of any cyclotron to date, viz. 7.6 T 
averaged azimuthally with 8.5 T in the hills. The K95 
v Eight Tesla Cyclotron' would have roughly the same 
magnetic rigidity (Bp) as the Oak Ridge Isochronous 
Cyclotron in a package of only one fourth the radius, 
with a corresponding reduction in cost. Such a cyclotron 
could accelerate particles with a charge state Q/A = 1/4 
to a final energy of 5 to 6 MeV/nucleon, the energy 
range currently being used to study superdeformed, high 
angular momentum nuclei that result from glancing 
collisions. Studies have stressed achieving sufficient 
vertical focusing (vz) despite the high magnetic field 
level, and finding a central region geometry that fits 
comfortably in the limited space available while 
providing centering and early-turn focusing properties 
that are similar to those of less compact machines. 

1 INTRODUCTION 

The Eight Tesla Cyclotron is conceived as a two stage 
project. The first stage of the project will be to build an 
internal beam cyclotron to accelerate He* from a PIG ion 
source to an internal beam stop. The design parameters 
for this stage are listed in Table 1. In this configuration 
the miniature cyclotron would demonstrate the ability of 
a high field magnet to provide adequate focusing to 
deliver a beam from the center of the machine to the 
extraction radius, and the current available for extraction 
could be measured. At a later time the accelerator could 
be converted from a test stand to a nuclear physics tool 
by replacing the internal ion source with an axial 
injection system and installing an extraction system. 
The cyclotron would then accelerate heavy ion beams of 
any species capable of producing a charge state near 
Q/A = 1/4. 

2 THE MAGNETIC FIELD 

The Eight Tesla Magnet has been in operation with flat 
poletips since 1994[1]. The magnet excitation reported 
in Table 1 was chosen because this is the highest current 
at which the magnet has operated reliably to date. 
Further development work on the magnet should make it 
possible to raise the average field with sectored pole tips 
to   7.8   T.      This   would  place   the   RF  frequency 

comfortably inside the FM band, allowing us to use a 
commercially available transmitter intended for FM 
radio stations, rather than a more expensive custom built 
transmitter. 

Table 1. Internal beam cyclotron parameters 

ORBIT PARAMETERS 
Charge state 0.250 
Final energy 5.93 MeV 
Final radius 18.9 cm 
Turn number 178 

MAGNET 
Magnet bending limit 95 MeV 
Rigidity 1.42 Tm 
Ampere-turns 3.1x10* 
Central magnetic field 7.58 T 
Maximum hill field 8.47 T 
Minimum valley field 6.75 T 
Iron weight 8 tons 
Pole radius 19.9 cm 
Hill gap 2.54 cm 
Valley gap 29.8 cm 
Sector number 3 
Sector spiral 7.46°/cm 
Sector width at max radius 62.1° 

RF SYSTEM 
Harmonic number 3 
RF frequency 87.1 MHz 
Peak dee voltage 28.5 kV 

The poletips are small enough that we plan to 
machine sectors out of a single piece of iron for each 
pole. The equilibrium orbit properties for the calculated 
magnetic field are shown in Fig. 1. The iron in the pole 
tips is saturated, so raising the overall field level <B> 
has little effect on the third harmonic component, B3. 
Our B3 peaks at 8 kG which is almost identical to the 
case for the 4.6 T Harper medical cyclotron. Flutter 
focusing depends on the ratio of B3/<B>, so the higher 
the field, the smaller the contribution of flutter focusing 
to the total vz. Although vz is sufficient at middle 
energies, it rises slowly near the center so that the 
central focusing cone and electrostatic focusing are more 
important to the early turns in the high field machine 
than in its low field predecessors. 

In this design it was necessary to incorporate iron 
into the ion source in order to shape the central field 
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cone. Otherwise the poletip design is very similar to the 
three previous superconducting cyclotrons built at the 
NSCL. Because this is a fixed energy single charge 
state machine we may accomplish all needed field 
shaping with hill and valley shims so no trim coils are 
needed. 

i r 
E (ktov/A) 

Fig. 1: Equilibrium orbit properties as a function of 
energy. Top: orbital frequency relative to isochronous 
frequency. Middle and Bottom: axial and radial 
focusing frequencies calculated by the E.O. code. Also 
plotted are the total axial focusing frequencies for 
accelerated orbits leaving the ion source at RF times x„ = 
207°(dashed line) and 201c(dotted line.) Peak dee 
voltage occurs at 1= 270°. 

3 THE CENTRAL REGION 

The central region was initially scaled from that of the 
Harper medical cyclotron[2] using the Reiser formula[3], 
which describes the geometrical enlargement or 
reduction of ion orbits for changes of the magnetic field, 
charge-to-mass ratio, and dee voltage. The Harper 
geometry is reduced by a factor of 0.80. 

Electric fields in the central region are computed by 
RELAX3D[4] and then orbits are tracked by the NSCL 
code, CYCLONE[5]. Initial conditions for orbit 
simulations were chosen by running a variety of orbits in 
the scaled central region. Particles that left the chimney 
at an RF time xo = 204° were found to be the best 
centered (relative to other starting times) and were 
presumed to best characterize the beam in the actual 
Harper cyclotron. 

The scaled geometry was then modified to further 
optimize beam centering in preparation for extraction 
studies. The design was also improved in several ways 
to compensate for the magnetic focusing that is lost due 

to the higher field. The optimized central region layout 
can be seen in Fig. 2. The first accelerating gap (from 
the chimney to the field free region at the center of the 
puller) has been shifted 4° clockwise by the orbit code to 
simulate lengthening the puller gap in order to shift all 
phases in the positive direction. Fig. 3 shows the 
average phase per turn calculated from the time that a 
particle arrives at the electrical center of each gap. 

1 cm 

Fig. 2: Central region equipotential field map, and the 
first few orbits for beam leaving the ion source at RF 
times T„= 201°, (dotted line) 204°, (solid line) and 207° 
(dashed line). 

Fig. 3: Turn average phase for the three orbits of Fig. 2. 

The first gap position and cone field size have been 
chosen to keep the average phase near +30° for the first 
1 MeV of acceleration (about 30 turns) in order to 
maximize electrostatic axial focusing in the region 
where the magnetic contribution to vz is below 0.1. The 
total focusing plotted in Fig. 1 is measured from half 
cycles of vertical oscillations of a ray that is displaced 2 
mm vertically at the puller and then accelerated to full 
energy. 
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Axial confinement was investigated for starting times 
from xo = 201°-207°. The maximum displacements in 
axial position and momentum (at the puller) which 
remain within the beam aperture approximate an ellipse 
corresponding to a total (normalized) acceptance of 1 .On 
mm-mrad for the range of starting times studied. 

Similar studies of orbits that are displaced radially at 
the puller indicate a normalized radial acceptance of at 
least 0.1 5TC mm-mrad for the same range of starting 
times. 

4 FEASIBILITY OF AXIAL INJECTION 

In order to produce heavy ion beams the cyclotron would 
need an external ion source and an axial injection 
system. A spiral inflector geometry can be scaled from 
the design used in the K500 and K1200 cyclotrons [6] by 
holding the tilt parameter k' constant[7]. The height and 
width of the inflector are inversely proportional to the 
magnetic field, so the scaled inflector is 0.81 cm tall and 
1.25 cm in diameter. If a new central region were 
scaled from the K1200[8] the resulting first turn 
diameter would be 2.5 cm. The scaled inflector is too 
large to perfectly match the scaled central region, but the 
discrepancy is only 15% so the needed adjustments 
should be minor. 

The electric field in the inflector gap increases in 
proportion to the magnetic field. The scaled inflector 
would have a 2 mm gap with a 24 kV/cm electric field, 
which is comfortably within the operating range of such 
devices. 

The primary difficulty appears to be machining and 
properly positioning the miniature inflector electrodes. 
More detailed studies may be necessary to investigate 
increasing the gap height and the corresponding 
electrode voltage. 

5 FEASIBILITY OF EXTRACTION 

We plan a resonant extraction system where the first 
harmonic field perturbation is produced by a set of iron 
rods (1" in diameter) similar to the Chalk River trim 
rods [9]. The rods eliminate all space and cooling issues 
associated with trim coils and they can be centered at the 
radius where vr= 1, so that only a small displacement is 
needed to produce a sufficient first harmonic. 

The turn separation produced by a 5 gauss field 
perturbation can be seen in Fig. 4. Here the x„ = 204° 
central ray from the internal ion source central region 
has been tracked from the ion source to the likely 
position of an electrostatic extraction channel. The 
septum would be located near a radius of 18.5 cm. A 
phase space is defined by eight rays displaced from the 
central ray at the puller to form a 1 mm diameter circle. 
Each of the eight rays' starting phase has been adjusted 
so that its energy gain is similar to that of the central ray. 
The first harmonic perturbation causes little distortion of 

the phase space while providing a turn-center to turn- 
center separation of 2 mm. 

The low first harmonic used for the initial off 
centering helps to minimize the axial expansion of the 
beam which occurs at the vr = 2vz resonance roughly ten 
turns after the vr = 1 resonance. A beam which fills the 
7.5 mm puller aperture has a height of roughly 5 mm at 
the entrance to the electrostatic deflector. 

From this point a pair of 56° long electrostatic 
deflectors in successive hills, followed by a 64° 
electrostatic deflector located behind a dee, can extract 
the beam with an electric field of 130 kV/cm in a gap 
2.5-3.5 mm wide, which is within the range of electric 
fields used successfully at the NSCL[10]. 
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Fig. 4: Radial phase space behavior of a family of 
accelerated rays plotted at the azimuth of the 
electrostatic deflector entrance. The shape of the initial 
phase space (at the puller) relative to the central ray is 
indicated at the upper left. Radial momentum pr is 
divided by o>0m to yield units in cm. 

6 CONCLUSION 

The miniaturization of cyclotron components for an 8 T 
magnetic field poses no critical problems for the energy 
and charge-to-mass ratio studied. Such a machine would 
be a natural extension of the development work already 
performed for super-conducting cyclotrons. 
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Abstract 

AmPS is a 300-900 MeV electron ring. The machine 
was designed as a pulse stretcher to provide continuous 
external beams. After years of successful operation in this 
mode the nuclear physics program now concentrates on 
experiments with stored beams interacting with internal 
gas targets. These experiments require currents between 
50 and 200 mA through 60 cm long 15 mm wide 
cylindrical target cells. Gas pressures in the open-ended 

cells correspond to target thickness of 10    to 10 
2 

atoms/cm . Strong stray fields from a spectrometer and 
from target holding fields disturb the closed orbit. Under 
operational conditions the linac provides a maximum 
energy of 700 MeV, so ramping is required to achieve 
900 MeV. To further increase the luminosity at the target 
a reduced emittance lattice based on the existing magnet 
configuration has been designed. Late 1996 a polarized 
electron injector as well as a "Siberian Snake" to control 
the spin on the internal target became operational. The 
polarized injector delivers a few mA to the linac so 
stacked injection in the ring is required. With strained 
InGaAsP cathodes a polarization of 80 % was obtained. 
Test results, performance and prospects are presented. 

1 INTRODUCTION 

NIKHEF is a nuclear physics and high-energy physics 
research institute. The storage ring AmPS provides high 
duty factor (d.f.) beams for the in-house electron 
scattering experiments. The experiments use several 
detectors measuring in coincidence. The real to 
accidental coincidence ratio is directly dependent of the 
d.f. of the beam on target. In pulse stretcher mode the ring 
provides routinely external beams up to 10 (iA @ 300 to 
700 MeV. For experiments with internal targets up to 
150 mA @ 300 to 700 MeV is available. An energy of 
950 MeV was achieved in Spring 1997 during accelerator 
physics experiments. Details on the design and the 
performance of the ring were reported earlier, an 
extensive list of references is available [1]. A 
collaboration between NIKHEF, the Budker Institute of 
Nuclear Physics (BINP) and the Institute of Semi- 
conductor Physics (ISP) allowed to add a polarized 
electron source and a Siberian snake to the AmPS 
accelerator facility. A first internal target (IT) experiment 
with polarized electrons was performed in Fall 1996 with 
on average a stored current of ~ 5 mA @ 650 MeV^ 
Meanwhile systematic commissioning of key systems 
improved the cathodes lifetimes, the stored current and 
the polarisation degree. 

2 AmPS with POLARIZED ELECTRONS 

2.1 Self polarization 

Due to the emission of synchrotron radiation the electron 
spins will be aligned with the direction of the magnetic 
field (i.e. transverse polarization). The time constant of 
this 'Sokolov-Ternov effect' in practical units [2] is 

r0[^] = 2.75xl0-24^1 

E5[GeV] 
The maximum polarization degree is about 92 %. Since 
the desired spin-orientation at the target location is 
longitudinal, an additional insertion device is needed to 
re-orient the spin. For AmPS at E = 800 MeV the self- 
polarization time x = 30 hr, not very useful with gas IT's. 

2.2 Injection of polarized electrons 

Because of the long self-polarization time it was decided 
to inject polarized electrons directly into AmPS. In order 
to obtain the desired longitudinal polarization at the IT 
location, some spin manipulation is necessary. 
The spin tune v   is given by v  = y.a, y is the Lorentz 

factor and a = (g - 2)/2. In practical units this relation is 
expressed as V = E[MeV]/440.65. Only at energies being 
integer multiples of this 'magic energy' of 440.65 MeV 
will the spin tune be integer. At these energies a 
longitudinal polarization at the IT location will be 
maintained without additional insertions (assuming 
injection with the proper polarization direction!). At all 
other energies the spin tune is not integer and a special 
device, e.g. a Siberian Snake, is needed to make the spin 
tune integer. A Snake rotates the spin by p along the 
longitudinal beam axis, which introduces in the x-plane 
an additional spin rotation of 2(p - v /2); in one 
revolution the spin rotates by V , so the net rotation per 

revolution is just 2p, independent of energy, see Fig. 1. To 
produce longitudinal polarization at the IT location, an 
energy-dependent polarization of the injected electrons is 
required, since v does depend on energy. To rotate the 
spin over n, a solenoid with a field integral of 

Bsdl 

Bp 
■ = n (1) 

is required. The total length of the AmPS solenoids is 
1.624 m, so from (1) the field requirement follows: 

Bs [T] = 6.45 E[GeV]. 

Superconducting solenoids are needed to reach this field 
magnitude. 

* now at TJNAF, Newport News, VA, USA 
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2.3 Beam optical effects 

A solenoid will introduce strong coupling between the 
two transverse planes. In order to remove this coupling 
the solenoid has been split into two parts, and the total 
Snake includes two 45 "-rotated end quadrupole doublets 
and a strong central quad. This structure possesses the 
following transfer matrix: 

M 

In the horizontal plane the Snake behaves as a 4.7-m drift 
space, with a tune advance of Avx = 0.5 (as cos(ix = -1). 
Vertically the Snake is just a 4.7-m drift length. To first- 
order, the x-y coupling has been removed. When the 
Snake is operated, AmPS is run with a slightly modified 
lattice configuration, in order to compensate the 
additional horizontal tune shift. 

r-i 4.7 0 
0    -1 

0 1 
0 

4.7 

1> 

£ AmPS ring 

target 
area 
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injection k 

A 

s 

SNAKE 

beam direction 

Fig. 1 Spin orientation in AmPS with Snake on. 

3 THE POLARIZED ELECTRON SOURCE (PES) 

PES mainly consists of a loading chamber, a preparation 
chamber, a 100 keV photo-cathode gun, a Ti:Sapphire 
laser with an optical circuit, a Z-shape spin manipulator, 
a Mott polarimeter and a 300 keV r.f. post-accelerator. 
Cathodes are inserted into and extracted from the source 
UHV system through the loading chamber. With a 
magnetic manipulator cathodes can be exchanged 
between the loading and the preparation (prep) chamber. 
The prep chamber can store up to 4 cathodes. One 
cathode can be prepared to a Negative Electron Affinity 
(NEA) surface state at a timei Also the quantum 
efficiency and the lifetime (at He-Ne laser wavelength) 
can be measured in the prep, chamber. Cathodes are 
exchanged between the prep, chamber and the 
photocathode gun by means of 2nd magnetic manipulator, 
within a typical time of 15 min. 
The photocathode gun is designed with double vacuum 
chambers and a double high voltage insulator [3]. The 
latter allows for the permanent connection of the 
preparation and loading chamber. The cathode operates at 
-100 kV. Pulsing this power supply with the injection 
frequency (typ. 1 Hz, max. 10 Hz) and with a pulse length 
of 600 |J.s increased the cathode lifetime from 4 to 180 h 

with respect to the former d.c. mode of operation. The 
photocathode is illuminated by Ti:Sapphire laser. Its 
wavelength range is from 700 to 850 nm at intensities up 
to lkW per pulse. By means of an electro-optic pulse 
slicer, with a variable delay and width, the laser pulse 
length can be set in the range 0.4 - 4 (is. The laser 
produces linearly polarized light. A 7J4 plate converts the 
polarization to circular. The intensity of the pulses is 
adjustable by a rotatable Glanprism. The laser spot on the 
cathode can be adjusted by a variable diaphragm which is 
projected onto the cathode surface. The laser pulses are 
synchronized with the h.v. power supply pulses. 
From the gun the 100 keV electrons are guided through 
two 45° bending magnets towards the Z-shape spin 
manipulator. Here the electron spin orientation can be 
adjusted by an arbitrary angle. The principle of the spin 
rotator is based on the Illinois-CEBAF design [4] . It 
precesses the spin such that the maximum longitudinal 
polarization can be achieved at the internal target location 
of the storage ring AmPS. To match the injection 
requirements of MEA the polarized electrons are 
accelerated to 400 keV by a post-accelerator. This 
accelerator consists of two 2856 MHz cavities, one for 
prebunching and one for acceleration. The beam is 
inflected in MEA by an a magnet. Fig. 2 shows a lay-out. 

Mr olarized 

Jfctrflectron 

öource 

Loading chamber 

Preparation 
chamber 

Ti:Sapphire laser 

Alpha magnet 

Thermionic electron 
source (MEA) 

Fig. 2. Overview of the polarized electron source 

Diagnostics: the polarization degree of the electrons is 
measured with a Mott polarimeter based on an existing 
design [5]. The polarimeter is positioned downstream of 
the Z-shape spin manipulator because the measurement is 
sensitive to the transverse polarization of the beam. 
To determine the polarization degree the electrons are 
scattered on a 100 nm thick gold foil. Other foils with 
different thickness are used to calibrate the polarimeter. 
Four silicon surface barrier detectors detect the scattered 
electrons. Two detectors are mounted at +120° and -120° 
to measure the scattering asymmetry. The other two 
detectors are mounted at +50°, and -50° and monitor the 
instrumental asymmetries. The current transmission along 
the beampath of the source can be measured with 2 
current transformers and also with a Faraday cup when 
the alpha magnet is not powered. 
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Six screens provide information on the beam shape and 
position along the beam path of the polarized electrons. 
Selection of the cathodes is a tedious job, especially since 
a high quantum efficiency is not necessarily related to a 
high current output. The best cathodes so far provided 30 
mA at 50 % polarization and 10 mA at 70 % polarization. 
The transmission in to MEA is ~ 25 to 30 %. 

4 SIBERIAN SNAKE 

The snake consists of 2 mirror symmetric sections. Each 
section is composed of 2 "skew" (90°) quadrupoles, one 
superconducting (SC) solenoid and one "normal" 
quadrupole. The SC solenoids are warm bore types. Each 
solenoid consists of 5 coils that are connected in series. 
The inductance of a coil is ~ 450 mH and a 0.2 Q resistor 
is externally connected across each coil giving an L/R of 
~ 2 s. The maximum current is ~ 300 A yielding a field 
of 6.5 T, good for 1 GeV. NbTi (NT-50) wire with a 0 of 
0.85 mm is used for the coils as well as for the leads from 
the coils to the outside world. There is one cryostat that 
feeds both solenoids with liquid He. The "heat" shields 
are now cooled by the return He gasflow reducing the 
consumption of He from the original 150 to 70 liter/24 h. 

5 POLARIMETER 

To measure the polarization of the stored electrons in the 
AmPS ring, a polarimeter based on spin-dependent 
Compton scattering has been designed and constructed. 
The cross section for elastic photon-electron scattering 
depends on the product of longitudinal electron 
polarization (Pz) and circular photon polarization (S3) by: 

da/dE =c0(l+PzS3<X3Z) 

where o0 is the unpolarized cross section and 0^ the 
analyzing power (which is of the order of 2% at 1 GeV). 
The polarimeter consists of a Argon-ion laser, an optical 
path for the laser beam, and a gamma-detector to measure 
the energy of the backscattered photons. The Argon-ion 
laser produces a CW beam of 10 W in TEM()I) mode at 
515 nm. The optical path contains remotely controllable 
mirrors to transport the laser light to the interaction region 
and lenses to maximize the density of the laser light. A 
Pockels cell and a quarter-wave plate are used to create 
left and right circularly polarized light. Photons which are 
Compton scattered, have energies up to 30 MeV and are 
detected with a pure Csl crystal of 10x10x24 cm3. A lead 
shield surrounds the crystal, while a plastic scintillator is 
placed in front of the detector to veto charged particles. 
Initial tests with the polarimeter have shown that we can 
optimize the overlap of the electron and laser beam by 
means of the remote controlled mirrors. 88% of all 
detected photons originated from Compton scattering with 
a rate normalized to the beam current of 3.5 kHz/mA. 

6 RESULTS 

A current of 150 mA is routinely stored in AmPS by 3 
turn injection and stacking of 2 mA polarized e* pulses 
from the linac MEA. This was achieved by precise 
matching of the pulses of the 2 injection kickers. 

The polarization life time of the electrons stored in AmPS 
was measured see fig. 3. These measurements indicate 
that the polarization life time is long enough to enable IT 
experiments using the polarized electron beam, because 
then the ring is refilled typically every 10 minutes. The 
measurements also show that there is no significant loss 
of polarization during injection, even with multi-turn 
injection and stacking. 
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Fig. 3. Polarization (vertical axis) versus time [s]. 
Stored current at t = 0: 120 mA. 

Due to a destructive quench of several of the SC leads to 
the solenoid coils the commissioning had to stop end of 
January 1997. One of the solenoids is still operational and 
it will be tried to maintain polarization in the ring with 
this solenoid. This only works well close to the magic 
energy of 440 MeV. 

7 PROSPECTS 

Internal target experiments with polarized electrons will 
be resumed early 1998, after the repair of the snake. 

High-luminosity: a first lattice design [6] for a threefold 
reduction of the stored beam emittance proved extremely 
sensitive to some quadrupole settings. The design could 
be adapted allowing for "offsets" up to 3 % without 
deteriorating the reduced emittance nor the betafunction 
amplitude at the internal target. The emittance will be 
measured indirectly by measuring the size of the beam 
profile with a system based on compton scattering [7]. 

Ramping: starting from 650 MeV the energy could be 
successfully ramped to 950 MeV in 15 min. (without IT 
cell and with electrons from the thermionic gun). The 
current loss (includig lifetime effects) during ramping was 
typically 50 % with starting currents of 75 mA. 
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Abstract 

Current status of numerical analyses of the injection and 
extraction trajectories for the RIKEN superconducting ring 
cyclotron is described. With numerical analyses, the dif- 
ference of trajectories in the elements and required fields 
of the elements are minimized. As a result, layouts and 
specifications of the elements are optimized. 

1   INTRODUCTION 

For the RIKEN RI Beam Factory projectfl], a six-sector 
superconducting ring cyclotron (SRC) is designed[2][3]. 
The SRC has strong stray fields from the sector magnets, 
and these fields strongly depend on the condition of ac- 
celeration. Thus, the trajectories of various beams dif- 
fer very much from each other. And besides, the injec- 
tion and extraction elements must be placed in small space 
limited with the sector magnets, the RF-cavities, and the 
beam chambers. These difficulties make the design of 
the injection and extracion systems challenging. The in- 
jection system consists of four bending magnets (BM1, 
BM2, BM3, and BM4), three magnetic inflection chan- 
nels (MIC1, MIC2, and MIC3), and an electrostatic in- 
flection channel (EIC). The extracion system consists of 
a bending magnet (EBM), three magnetic deflection chan- 
nels (MDC1, MDC2, and MDC3), and an electrostatic de- 
flection channel (EDC)[4]. 

To analyze the injection and extraction trajectories of 
the SRC, we modified a computer program originally de- 
veloped to analyze injection beam trajectories of the exist- 
ing four-sector normal-conducting RIKEN Ring Cyclotron 
(RRC). In this computer program, a Lorentz equation con- 
cerning the time is solved with Runge-Kutta-Gill method. 
Magnetic fields of sector magnets used in these analyses 
were calculated with a 3D-code 'TOSCA'. Magnetic field 
of each element was approximated to be constant in the ele- 
ment, and was added on the field of sector magnets. Voltage 
of double-gap cavity was assumed to be 230 kV at injection 
and 276 kV at extraction. 

Table 1 shows energies and magnetic rigidities of typical 
beams. 

In the case of 200 MeV/u(ext.) 1607+ and 
150 MeV/u(ext.) 238U58+, the difference of Bp between 
the two beams becomes maximum, so that the difference 
of trajectories between the beams also becomes maximum. 
To minimize the bore of the elements, the difference of tra- 
jectories must be suppressed as small as possible. 

Table 1: Energies and magnetic rigidities of typical beams. 

Energy Energy Bp Bp 
Inj. Ext. Inj. Ext. 

[MeV/u] [MeV/u] [Tm] [Tm] 
16 0 7+ 74.2 200 2.89 4.90 
16 o 7+ 126.7 400 3.83 7.25 

238 TJ 58+ 58.0 150 4.57 7.52 

2   INJECTION 

Figure 1 shows schematic layout of the injection elements 
and the injection trajectories of typical beams. 

Figure 1: Schematic layout of the injection elements and 
the injection trajectories of typical beams. 

Table 2 shows characteristics of the injection elements. 
For the acceleration of 400 MeV/u(ext.) 1607+, the EIC 
and MIC1 should generate the maximum fields. For the 
injection of 150 MeV/u(ext.) 238U58+, the MIC2, MIC3, 
BM1, BM2, and BM3 should generate the maximum fields. 
The length of each element was determined in considera- 
tion of balance between the difference of trajectories in the 
element and required field of the element. Table 3 shows 
the differences of trajectories in the injection elements. 
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Table 2: Characteristics of the injection elements. 2.2   MIC1 

Radius Angle Length BorE 
[cm] [deg] [cm] maximum 

EIC variable variable 100 95 kV/cm 
MIC1 111 46.5 90 0.18 T 
MIC2 110 52.5 101 0.27 T 
MIC3 87 73.9 112 1.5 T 
BM1 132 52.0 120 4.02 T 
BM2 130 52.0 118 3.92 T 
BM3 128 52.0 116 3.96 T 
BM4 492.5 7.0 60 -0.8.+0.7T 

Table 3: Differences of trajectories in the injection ele- 
ments. 

Difference [cm] 
EIC (movable) 10 

MIC1 1.0 
MIC2 1.2 
MIC3 1.2 
BM1 0.9 
BM2 0.7 
BM3 0.5 
BM4 2.3 

2.1   EIC 

Figure 2 shows the difference of trajectories in the EIC. 
The maximum change in the radius of the orbit is about 
10 cm. Accordingly, the EIC must be movable in the radial 
direction by 10 cm, and the radius of curvature of the EIC 
should be adjustable in the range from about 10 m to almost 
infinity. 

Performance of the EIC determines the turn separation 
between the first equilibrium orbits and the injection tra- 
jectories at the MIC1. The turn separation at the MIC1 is 
required about 5 cm to place the MIC1. To give this turn 
separation, the EIC is required to generate the maximum 
electric field of 95 kV/cm and to have the length of 1 m. 

-335 330 -325 

Radial position  [cm] 

The MIC1 is required to generate the magnetic field of 
0.18 T at the maximum with normal-conducting coils. Fig- 
ure 3 shows the turn separation at the MIC1. 
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Figure 2: Difference of trajectories in the EIC. 
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Figure 3: Turn separation at the MIC1. 

2.3 MIC2 

The MIC2 is required to give appropriate turn separation 
about 25 cm for the MIC3. To give this turn separation, the 
MIC2 generates the magnetic field of 0.27 T at the max- 
imum with normal-conducting coils. The turn separation 
at the MIC2 is about 10 cm, so that the MIC2 has more 
space for coils than the case of the MIC1. Thus, the MIC2 
can accomplish the maximum magnetic field of 0.27 T with 
almost the same current density as that of the MIC1. 

2.4 MIC3 

The MIC3 is required to generate the magnetic field of 
1.5 T at the maximum with superconducting coils. The 
position of the MIC3 was determined in consideration of 
effective use of background magnetic field by the sector 
magnet. 

2.5 BM1 

The BM1 is required to generate the magnetic field of 4 T 
at the maximum with superconducting coils. The edge size 
and width of the BM1 are required as small as possible. 
Because the space to place the BM1 is extremely restricted 
by a yoke-link and a cryostat of the sector magnet. Because 
of high field and small space, design of the BM1 is most 
challenging[5]. 

2.6 BM2andBM3 

The BM2 and BM3 are required to generate magnetic field 
of 4 T at the maximum with superconducting coils. 

2.7 BM4 

The BM4 must accept various beams coming from a pre- 
accelerator. The beams come through a long valley with 
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stray fields from sector magnets, so that the increment of 
the difference of trajectories in the BM4 is inevitable. To 
minimize the difference of trajectories, the BM4 generates 
magnetic field not only positive but also negative. The 
range of the field is from -0.8 T to +0.7 T, and the field is 
generated with superconducting coils. Therefore, the dif- 
ference of trajectories in the BM4 can be less than 2.3 cm. 

Figure 4 shows the difference of trajectories in the BM4. 
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Figure 4: Difference of trajectories in the BM4. 

3   EXTRACTION 

The extracion system is similar to the injection system, so 
that the extraction trajectories were analyzed in almost the 
same way as for the injection trajectories. Analysis of the 
extraction trajectories has just been started. 

Figure 5 shows schematic layout of the extraction ele- 
ments and the extraction trajectories of typical beams. 

Table 4 shows characteristics of the extraction elements. 
For the extraction of 400 MeV/u(ext.) 16 O 7+, the EDC, 
MDC1, and MDC2 should generate the maximum fields. 
For the extraction of 150 MeV/u(ext.) 238 U 58+, the 
MDC3 and EBM should generate the maximum fields. 

Table 4: Characteristics of the extraction elements. 

Radius Angle Length BorE 
[cm] [deg] [cm] maximum 

EDC variable variable 200 100kV/cm 
MDC1 185 32.0 103 0.2 T 
MDC2 190 32.0 106 0.3 T 
MDC3 230 30.0 120 1.12T 
EBM 170 54.0 160 3.9 T 

4 CONCLUSION 

Layout and characteristics of the injection elements of the 
SRC have almost been determined. Preliminary layout and 
characteristics of the extraction elements have also been de- 
termined. Further optimization will be continued. 
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Figure 5: Schematic layout of the extraction elements and 
the extraction trajectories of typical beams. 
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Abstract 

An "RI beam factory" has started to be constracted as the 
next project of the RIKEN Accelerator Research Facility 
(RARF)[1]. The "RI beam factory" aims at production 
and acceleration of radioactive isotope beams covering the 
whole mass region. It requires the energy of ion beam to be 
higher than 100 MeV/nucleon. To accomplish this require- 
ment, the following two ring cyclotrons have been adopted 
as post-accelerators of the existing RIKEN Ring Cyclotron 
(RRC): a 4-sector ring cyclotron for the first stage (IRC) 
and a 6-sector superconducting ring cyclotron for the sec- 
ond stage (SRC). The sector magnet of the SRC has to be 
flexible enough to generate isochronous fields in a wide 
range of energies and for various q/A values. In this re- 
port we describe the isochronous field generation and orbit 
analysis of the SRC. 

1   INTRODUCTION 

The maximum acceleration energy of the SRC was deter- 
mined by experimental requirements. The SRC is expected 
to boost the energy of ion beam up to 400 MeV/nucleon for 
light heavy ions like carbon and 150 MeV/nucleon for very 
heavy ions like uranium. Beam current is expected to be 
more than 100 p/iA for light heavy ions and about 0.2 p/iA 
for 150 MeV/nucleon uranium ions. Figure 1 shows the re- 
gion of expected ions from the SRC (grey area) and typical 
ions (white circle). 

«   300 

Table 1: Main parameters of the SRC. 

Figure 1: Performance expected for the SRC. 

Main parameters of the SRC are listed in Table 1. Fig- 
ure 2 shows a layout of the SRC. Six sector magnets, three 
RF cavities and injection and extraction devices together 
with injection and extraction orbits are displayed. 

Number of sectors 6 
Harmonics 6 
Mean radius injection 3.56 m 

extraction 5.36 m 
RF frequency 18-38 MHz 

Figure 2: Layout of the SRC. 

2   ISOCHRONOUS FIELD GENERATION 

The maximum magnetic field is required for the accelera- 
tion of 150 MeV/nucleon 238U58+. The magnetic field of 
the sector magnet is 4.0 T at the injection and 4.3 T at the 
extraction. In the case of 400 MeV/nucleon 1607+[1], the 
magnetic field is 3.3 T at the injection, and 4.1 T at extrac- 
tion side. Field distribution for typical ions are shown in 
Fig. 3. 

The sector magnet of the SRC has a set of superconduct- 
ing main coils for base field generation, five sets of super- 
conducting trim coils for coarse fitting to the isochronous 
field and about 20 sets of normal conducting trim coils for 
fine adjustment. 

Magnetic field distribution is calculated by three dimen- 
tional code TOSCA[2]. Working path of the radial and ax- 
ial betatron frequencies for typical ions are shown in Fig. 4. 
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Figure 3: Magnetic field strengths along the center line of 
the sector magnet for typical ions. 

2.1 Pole and superconducting main coil 

Size of the superconducting main coil is 284 mm (width) x 
310 mm (height). The maximum excitation current is 6 MA 
for one sector magnet (two coils). The superconducting 
main coil is installed inside a He vessel made of stainless 
steel which is tightly fixed to the cold pole. Pole gap is 
380 mm. For details, see Refs. [3] and [4]. 

Smaller sector angle causes larger vertical focusing 
force. From the viewpoint of minimizing the maximum 
field and magnetic forces, however, a large sector angle is 
preferable. Therefore, edge of the pole has a straight line 
from the injection side to the middle of the sector with the 
wide angle of 25 deg. Then the pole shape has a curvature 
in order to increase the axial betatron frequency vz at the 
extraction side. 

Figure 5 shows the radial and axial betatron frequencies 
of three different pole shapes for 400 MeV/nucleon 12C6+. 
The radius of curvature of 8.0 m increases vz value by 0.12 
at the extraction radius compared with the straight pole. 
Required excitation current of the main coil dose not in- 
crease but the currents of superconducting trim coils at the 
extraction side increase. 

2.2 Superconducting trim coil 

Five sets of superconducting trim coils are placed on the 
inner surface of the cold pole. Two sets at the extraction 
side have current returns at the extraction side, which are 
not wound along beam orbits but just straight in the beam 
region in order to avoid concave curveture of conductors. 
The other three sets have current returns at the injection 
side. The first coil on the injection orbit is wound along 
beam orbit, then it gradually becomes straight towards the 
extraction side. 

Figure 6 shows the configuration of the superconducting 
trim coils. 

Using the five sets of superconducting trim coils, it 

Figure 4: Working paths of the radial and axial betatron 
frequency of typical ions for the SRC are shown: (1) 100 
MeV/nucleon 2

38TJ
49

+, (2) 150 MeV/nucleon 238TJ58+> 

(3) 300 MeV/nucleon 84Kr30+, (4) 400 MeV/nucleon 
1607+, (5) 400 MeV/nucleon 12C6+, (6) 300 MeV/nucleon 
12C6+ and (7) 200 MeV/nucleon 1607+. 

is possible to adjust various distributions of isochronous 
fields within ±0.1%. Further fine adjustment will be done 
with the trim coils of room temperature. 

3    ORBIT ANALYSIS: RESONANCE 

Working paths of radial and axial betatron frequencis for 
the SRC are spread in a wide region of the vr-vz diagram 
because various conditions of ions have to be accelerated. 
Some of the working paths lie near the resonance lines. 
We studied influences of the resonance, under the condi- 
tion that the manufacture error or mis-alignment from the 
design values was 1 mm. 

The reason for this assumption is the following: 

• The pole and the superconducting coils in cryogenic 
vessels are supported by the thin rod from room tem- 
perature. They are affected by large force from room 
temperature yoke. 

• Direct measurement of the pole position at low tem- 
perature is difficult, and moreover measurement of the 
main coil in He vessels is impossible. 

• The pole gap (380 mm) is four or five times larger than 
normal conducting cyclotron. So larger error than a 
normal separate sector cyclotron should be tolerable. 

3.1    Integer resonance: vz = 1.0 

In the case of high energy acceleration, the axial betatron 
frequency uz goes down toward 1.0 as the energy increases. 
Influence of resonance line vz=\ was studied by the a com- 
puter simulation. Figure 7 shows an example of the cal- 
culation for 400 MeV/nucleon 12C6+ in the case that the 
working path of the betatron frequency crosses vz=\ reso- 
nance. 
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Figure 5: Effect of the curveture of the pole at the ex- 
traction side. The betatron frequencies in the case of (1) 
straight, (2) curveture of 16-meter radius and (3) curvature 
of 8-meter radius are shown. 

Figure 6: Configuration of the superconducting trim coils. 
Two of five sets have current returns at the extraction side 
and the others have current returns at the injection side. 

Figure 7: Effect of vz=\ resonance. 

4   SUMMARY 

Design study of the sector magnet for the SRC for the 
RIKEN RI beam factory has been carried out. Combi- 
nation of the superconducting main coil, superconducting 
trim coils and normal conducting trim coils can generate 
isochronous field for various ions. The minimum axial be- 
tatron frequency is set to be 1.04 in order to avoid the vz=\ 
resonance. 
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In this calculation, magnetic field was perturbed to have 
the first-order harmonics simulated that one sector magnet 
and another sector magnet of opposite side were vertically 
displaced 1 mm and -1 mm, respectively. Amplitude of 
vertical oscillation increases fatally when the beam crosses 
the resonance. It is impossible to accelerate ions across the 
resonance line of vz=\. Minimum vz was found to be set 
1.04 in order to avoid the influence of the resonance. 

3.2   Half integer resonance uz=1.5 and ur=1.5 

In the case that the extraction energy is higher than 300 
MeV/nucleon, the working path crosses the i/r=1.5 line. 
For ions of energy less than 150 MeV/nucleon with small 
q/A, the working path crosses the resonance line i/z=l.5. 

By a preliminary estimation, influence of half integer 
resonance vz=\.5 and z/r=1.5 was found to be small. 

1071 



DESIGN STUDY OF ACCUMULATOR COOLER RING FOR MUSES 

K. Ohtomo, Institute of Physical and Chemical Research (RIKEN), Wako, Saitama 351-01, Japan, 
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Abstract 

An RI beam factory project is proposed by the Institute of 
Physical and Chemical Research (RIKEN) as a next new 
facility for nuclear physics. The accelerator system for 
this project, consists of main 2 parts, one is Super- 
conducting Ring Cyclotron (SRC) and the other is a 
storage ring system named MUSES. An Accumulator 
Cooler Ring (ACR) is a part of Multi-USe Experimatal 
Storage rings (MUSES). It is used for the accumulation 
and cooling of the radioactive isotope (RI) beams which 
are produced by the beam from SRC and pass through a 
fragment separator. The large momentum spreads of these 
RI beams will be significantly reduced by the electron 
cooling and stochastic cooling devices in the ACR. 
Devices for multi-turn injection and RF stacking are also 
prepared in order to increase the beam current. The 
simulations and designs of these devices are presented in 
this report. 

1 LATTICE 

1.1 Requirements for Lattice 

Lattice of the ACR shall be designed by taking the 
following requirements into account: 
1) Electron cooler requires a long straight free space 

(nearly 8 m) free from dispersion. 
2) Stochastic cooling devices require a pair of dispersion- 

free space for a pickup and a kicker, and the phase 
advance of the betatron oscillation should be nearly 
k7t/4 between them. 

3) Multi-turn injection requires the sections where the 
phase advance of the betatron oscillation is nearly n, to 
arrange kickers and septum magnets. 

4) RF stacking requires a dispersion in the multi-turn 
injection section and a space for tunable RF cavity. 

5) Accumulation of high current beams requires a large 
acceptance in the horizontal plane (=1257t.mm.mrad) 
and a large momentum spread (Ap/p = ±2%). 

1.2 Design of Lattice 

Optimized design is shown in Table 1 and Figs. 1 and 2. 
The ACR lattice consists of two arc sections and two long 
straight sections, as shown in Fig.l and is given as 
follows. 

ACR = CELL-STRC-2CELL--STRC-CELL, 
where STRC denotes the long straight section and CELL 
the half of the arc section.   A CELL is symmetric and 
decomposed into two half elements, HCELL. 

Table 1   Lattice Parameters of ACR 
Circumference 

Average Radius 

Max. Magnetic Rigidity 

Max. Beam Energy 

Momentum Compaction 

Transition Gamma 

Betatron Tune Values 

Natural Chromaticity 

Max. ß-Amplitude 

Max. Dispersion  

C=168.4836 m 

R= 26.815 m 

Bp = 8.0 T.m 

E = 400MeV/u (27A=l/2) 

a = 0.0402042 

y = 4.987 

Qx/Qy = 4.555/3.540 

Q'x/Q'y = -5.058/-6.571 

ßx/ßy= 18.33m/24.53m 

Dx/Dy=4.518m/0.0m 

flfr^^fe: 

Figure: 1 The Layout of ACR. 

CELL = (HCELL, -HCELL) 
A HCELL is: 

HCELL = -(Lr)-QD-QF-B-(Lk)-B-QD-QF-(Li)-, 
where QF and QD are the focusing and defocusing 
quadrupoles, B bending magnets, and L long drift space. 
Each CELL functions as a dispersion suppresser and 
makes the free dispersion space at Lr, where RF cavities 
or electron coolers are located. Horizontal and vertical 
beta functions are designed at nearly equal value because 
RI beam shape should match with cylindrical electron 
flow at an electron cooler. An injection kicker and 
septums occupy at Lk in one CELL, where the lattice has 
the maximum value of the horizontal dispersion. A couple 
of stochatic cooling devices are positioned at two Lr, set 
on opposite side in ring. The residual Lr sections are used 
for beam extraction devices. 
The two long straight sections are given as follows: 

STRC = —QC—QD-QF-(Le)-QF-QD—QC— , 
where Qc is a quadrupole for chromaticity correction. Le 
is a long drift space of 8 m for an internal target or for 
another experiment equipments. 
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2 INJECTION 

The multi-turn injection combined with RF stacking 
method is used in ACR. The local closed orbit is 
deformed by two bump magnets. The beam is injected 
onto an injection orbit, which has the momentum 
difference of +1% from the central orbit. After the multi- 
turn injection, the RF frequency changed gradually and 
the beam is stacked at the bottom orbit, which has the 
momentum difference -2% from the center. In a normal 
operation, the stacking period is 30msec and after 30 
times of stackings the beam is extracted from ACR. The 
total repetition cycle is 1Hz, which is as same as an 
acceleration cycle of Booster Synchrotron Ring. 

2.1 Pre-Debunching Devices 

The momentum spreads of RI beam from the 
fragment separator is relatively large. The required RF 
voltage to capture them in RF buckets is proportional to 
the square of Ap/p. The value reaches 600kV on the 
assumption that Ap/p equals ±0.5% and the stacking 
efficiency is assured to be 80%.[1] This high voltage 
seems difficult to realize with ferrite loaded RF cavity. 
Then we are planning to install the debuncher cavities in 
the injection line just previous to the injection kicker. 

Simulations in 6-dimentional phase spaces were 
performed and the typical result are shown in Fig. 3. Here 
the debuncher cavity are positioned at 100m downstream 
from the fragmet separator. The RF frequency of 
debunchers is 144-228MHz, 6-times higher than that of 
stacking cavity in ACR, and the total RF voltage of 
debunchers is set to be 3MV in the case of the beam 
energy of 400MeV/u. This voltage fulfills that the initial 
momentum spreads of ±0.5% is compressed to ±0.15%, 
which corresponds to the required RF voltage at stacking 
cavity of 70kV. It is achivable value with ferrite loaded 
cavity. 

A type of debuncher cavities is a re-entrant A/2 push 
pull and semi-tunable by changing the gap distance for 
various energy of RI beam. The structure is designed by 
superfish and the shape is cylindrical and the inner 
dimensions of cavity are 900mm in diameter and 600mm 
length with sliding nose for frequency tunability. The RF 
voltage is 800kV per a cavity and the number of cavity is 
4. 
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Figure: 3 De-bunching effects on phase space. The total 
RF voltage is set to be 3MV. Upper three figures are 
particles at the fragment separator and lower three are that 
after the debuncher. 

2.2 Deflection Devices 

The devices for beam injection are located at half of 
arc section shown in detail in Fig. 4. 

A couple of bump magnets are positioned apart from 
each other it in betatron phase. The magnetic field of 
these magnets are excited like a half-sine wave, of which 
a top magnetic field is 0.16 T corresponds to the beam of 
the maximum magnetic rigidity 8 Tm. The half period of 
half-sine is 300 usec and a repetition cycle is 30 Hz. 

The maximum displacement between the bump and 
central orbit is 104 mm at the first injection septum 
magnet. The deflection magnetic field of septum magnet 
is 1 T and the length is 500mm. Upstream of this, the 
second and third injection septum are set. The deflection 
magnetic fields are 1 T and 1.2 T and the lengths are 
500mm and 625mm, respectively. 

Some modification at the return yoke of the nearest Q 
magnet are required to make a clearance of the injected 
beam path from the debunchers. 
Figure: 4 The layout of the injection devices. 

.BUMP2 

BEAM 

2.3 Devices for RF stacking 

The parameters of RF stacking cavity are listed in Table 
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Table 2  Parameters of RF stacking cavity  

lOOkV 

18-38MHz 

2.6% 

30msec 

8m 

585 

8kW 

13kW 

Peak RF voltage 

Initial Frequency Range 

Max. Frequency modulation width forRF Stacking 

Modulation Period 

Max. Cavity free space 

Min. Q value 

Max. Dissipation Power at Tuner Cavity 

Max. Dissipation Power at Main Cavity 

Max. Total Dissipation Power 21kW  

A proposed cavity consists of two parts. The main cavity 
is a coaxial MA and semi-tunable by changing the gap 
distance according to the energy of RI beam. The 
additional cavity is loaded with ferrites to change 
frequency rapidly for stacking . The frequency 
modulation method is based on the cavity of a proton 
booster synchrotron at Fermi Lab.[2] and the model 
cavity considered at TRIUMF.[3] A schematic drawing of 
the cavity are shown in Fig. 5. 

The length of the main cavity is 1600mm and the 
tuner cavity is connected directly with the inner duct of 
the main cavity at the position 1200mm apart from the 
gap. The length of the tuner cavity is 1400mm. The 
maximum frequency modulation width are attained with 
changing RF permeability ratio from 3 to 4. The 
dissipation power at the tuner cavity including ferrite is 
evaluated by superfish with complex module. The 
maximum power is 8kW and Q value is 585. The 
dissipation power at main cavity due to surface loss is 
also calculated as 13kW. The total dissipation power 
amounts to about 21kW. 

Presently R&D works on the measurement of 
characteristics of real size ferrites are in progress. 

3 CONCLUSION 

The lattice design of ACR has been completed and the 
technical designing for basic devices such as magnets are 
now in progress. The model test for ferrite tuned stacking 
cavity is scheduled in this year. 
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Figure: 5 The ferrite loaded cavity for RF stacking. 
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Abstract 

In the RI beam factory project,[l] an intermediate-stage 
ring cyclotron and a six-sector superconducting ring cy- 
clotron (IRC and SRC) [2, 3] are designed to boost the en- 
ergy of the ion beams available from the existing RIKEN 
Ring Cyclotron (RRC). The output energies designed to the 
SRC are 400 MeV/u for light ions such as carbon and are 
150 MeV/u for heavy ions such as uranium. In the present 
report, we describe the recent status of design study of the 
injection and extraction systems for the SRC. 

1   INJECTION SYSTEM 

The injection energies (E,nj), required to obtain the de- 
signed output energies (Eext), for three kinds of ion beams, 
are shown in Table 1. Figure 1 shows an example of the tra- 
jectories of injected beams in the SRC. The beams are in- 
jected through one of the magnetic valleys into the central 
region of the SRC, which are then radially guided to their 
first equilibrium orbits. The transport system consists of 
four bending magnets (BM1, BM2, BM3 and BM4), three 
magnetic inflection channels (MIC1, MIC2 and MIC3), 
and an electrostatic inflection channel (EIC). The MICs are 
inserted in the gap between the pair of poles of the sec- 
tor magnets to increase the bending power of the sector 
field locally. The EIC is placed in the position where the 
trajectories of injected beams match finally with the first 
equilibrium orbits. The radial-injection method as shown 
in Fig. 1 is the most straightforward one adopted in many 
ring cyclotrons. However, to apply the same method on the 
SRC is more difficult than on the normal conducting ring 
cyclotron, because a strong negative fringe field exists in 
the valley region for the SRC and so the beam trajectory 
strongly depends on the acceleration condition. 

Charge       Ej mj ■^ext 

(MeV/u)    (MeV/u) 
""^0 8+~~ 

84Kr       30+ 
238TJ       59+ 

127 
103 
58 

400 
300 
150 

Table 1: Energies of the injected and extracted beams at the 
full- power operation of the SRC. 

In order to accept the changes in the beam trajectory, 
the elements should be movable or have a large bore. We 
adopted the latter method for the elements, except for the 
EIC, which is required to move as large as 10 cm at the 
maximum in the radial direction. It is important to make 

Figure 1: A schematic layout of injection elements for the 
SRC, and possible trajectories for the injected beam. 

the change of the beam trajectories inside the elements as 
small as possible. In the numerical analysis of the injection 
orbits[4], we concentrated our effort on minimizing them 
(Ax). Obtained results from such an analysis are shown in 
Table 2, together with their parameters. 

1.1   BMs 

The BM1, BM2, BM3 and BM4 are required to be super- 
conducting magnets in order to produce the required mag- 
netic fields. The strong stray fields from the sector magnets 
make these bending magnets difficult to be constructed, be- 
cause we can not use an iron yoke for magnetic shield- 
ing. The total flux of the stray field in the center region 
of the SRC is large enough to saturate the iron. Thus, we 
adopted active-shield-type magnets for the BMs although 
more magnetic motive force is needed than the case of an 
iron-shield-type magnet. 

The specifications of BM1 are listed in Table 3. The 
space available for the BM1 is verly limited: the BM1 has 
a space of as small as about 20 cm in the radial direction. 
In the coil-end region coil supports and cryostat walls need 
to be accommodated within the space of about 10 cm. In 
the design of the BM1 magnet, mainly the following two 
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Radius Angle B or E (max.) Ax 
(cm) (deg.) (T) or (kV/cm) (cm) 

EIC - - 95 10 
MICl Ill 46.5 0.18 1.0 
MIC2 110 52.5 0.27 1.2 
MIC3 87 73.9 1.5 1.2 
BMI 132 52.0 4.02 0.9 
BM2 130 52.0 3.92 0.7 
BM3 128 52.0 3.96 0.5 
BM4 492.5 7.0 -0.8,+0.7 2.3 

Table 2: Parameters of the injection elements and changes 
(Ax) in the trajectories obtained from the numerical analy- 
sis of injection orbits. 

points were taken care: One is that coil structures should 
be simple because non-straight coils are difficult to wind 
and the other is that effective length of the field should be 
as long as possible compared with the real coil length. The 
proposed coil structures are shown in Fig. 2. This structure 
has no bend-up in the coil end and the effective length of the 
field is only 6 cm shorter than the real coil length. Magnetic 
field analysis [5] show that the superconducting coils can 
produce the required field with the current less than 50% 
of the critical current, and that the BM1 can be installed 
in the limited radial space. Figure 3 shows a schematic 
drawing of the BM1 on the due position of the SRC. In the 
near future, the model of the BM1 will be made to test this 
design. 

Item Value 
Type Iron free 

Active shield 
Maximum field 4.02T 
Homogenity 1 x 10 -3 /cm2 

Beam Bore 40 (Horizontal) x 
20 (Vertical) mm2 

Radius 1320mm 
Angle 40deg. 
Fringe Field ±20 cm 
Space limit in the 
radial direction 

about ± 20cm 

Space for the coil 
end region 

about 10cm 

X160.0 
L 

Table 3: Main specifications of the BM1. 

Figure 2: Coil structure of the BM1 

MIC must be adjusted in a wide range from low to a con- 
siderably high value in accordance with the wide variety of 
the accelerated particles and energies. Iron shim is not used 
since uniformity of the field can not be obtained with it in 
the region of more than 2 T. Figure 4 shows a schematic 
drawing of the MICl. Magnetic analysis for these two ele- 
ments showed that about 20 turns of coils can produce the 
requied fields of the MICl and MIC2. 

The MIC3 is the superconducting magnetic channel. The 
coil structure is under study. This superconducting channel 
is the most difficult among the superconducting injection 
elements of the SRC since the curvature is small and the 
maximum field in the coil is high. A model of the channel 
will be made to test feasibility of the channel. 

1.3   EIC 

The EIC needs to move by about 10 cm in the radial di- 
rection and vary its curvature. The channel having three 
divided structres shown in Fig. 5 has been proposed. Its 
gap is 10 mm and its field is 95 kV/cm. The maximum EV 
value is confined to be 9500 kV2 /cm well below the criti- 
cal value of 15000 kV2/cm for the sparkover. Conventional 
stepping moters can not be used to move the EIC because 
the magnetic field at the EIC is more than 0.1 T. Tests of 
the oil cylinder for this purpose are under study. 

1.2   MICs 

The MICl and MIC2 are normal conducting magnetic 
channels. Several types of devices can be used as the MIC, 
for instance, an iron shim, septum coils or a combination of 
the shim and septum coils. The use of the septum coils is 
essential for our machine since the magnetic field inside the 

2   EXTRACTION SYSTEM 

Examples of the extraction orbits is shown in the Fig. 5 
of[4]. The optimization of the extraction trajectories is in 
progress. The elements similar to the injection system will 
be used for the extraction system. 
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Figure 3: Location of the BM1 in the SRC together with 
its cross section. Injection and the first equilibrium orbits 
for 1608+ (200 MeV/u) and 238TJ58+ (150 MeV/u) are also 
shown. 
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Main coils 
(8 turn) 

Figure 4: Location of the MIC1 together with its cross sec- 
tion. Injection and the first equilibrium orbits for 1608+ 

(200 MeV/u) and 238U58+ (150 MeV/u) are also shown. 

Figure 5: Location of the EIC together with its cross sec- 
tion. The first and the second equilibrium orbits for 1608+ 

(200 MeV/u) and 238TJ58+ (150 MeV/u) are also shown. 
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Abstract 

The new injector of the ISL (Ionen-Strahl-Labor, Berlin) 
consists of an RFQ-section and an ECR-source. The 
RFQ-section consists of two closely coupled VE- 
(Variable Energy) RFQs. They are designed for direct 
injection into the cyclotron, with a small energy spread 
and a duty factor of 100 %. The status of the project will 
be discussed. 

1 INTRODUCTION 

The scientific program at the ISL, the former 
VICKSI- (Van de Graff Isochron Cyclotron Kombination 
für Schwere Ionen) facility has changed from nuclear 
physics to solid state physics [1]. The VICKSI-facility 
consists of two external injection beamlines, a Van-de- 
Graff and a Tandem injector with a separated sector 
cyclotron as postaccelerator. To meet the demands of the 
solid state physics users the Tandem injector will be 
replaced by a combination of an ECR-source mounted on 
a 200 kV platform and a two stage VE-RFQ. The ECR- 
RFQ-combination will accelerate the ions to energies 
between 0.09 and 0.36 MeV/n to cover the range of final 
energies out of the cyclotron between 1.5 and 6 MeV/n. 

2 RFQ-PARAMETERS 

To stretch the energy range of the injector the RFQ is 
split into two RFQ stages, mounted in one vacuum-tank. 
Each stage with a length of 1.5 m consists of a ten stem 4- 
Rod-RFQ-structure. With a power consumption of 20 kW 
per stage an electrode voltage of 45 kV at 85 MHz for 
q/a=0.125 and 35 kV at 120 MHz for a q/a=0.15 will be 
possible. 

The RFQs will be driven in two different modes of 
operation. In the high energy mode both RFQs accelerate, 
the output energy of the cyclotron is between 
Eout=3 MeV/n and Eout=6 MeV/n with a harmonic 
number of 5 for the cyclotron. In the low energy mode 
the second RFQ has a detuned phase and works as a 
quadrupole transport channel. The energy range of the 
cyclotron in this mode is between Eout=1.5 MeV/n and 
Eout=3 MeV/n. The cyclotron works on the harmonic 
number 7. In both modes the frequency of the RFQ is 
tuned to the eighth harmonic of the cyclotron frequency. 

A schematic view of the structure with the movable 
tuning plate to vary the frequency is given in figure 1, the 
main parameters of the RFQ and the cyclotron are given 
in table 1. 

movable tuning plate 

Figure 1:  Scheme of the VE-RFQ. 

RFQ: 
low energy 

mode 
high energy 

mode 
Ein [keV/n] 15/30 

EoutRFQl [keV/nl 90/180 
Eout RFQ2 TkeV/nl 90/180        180/360 

energy gain factor RFQ1 6 
energy gain factor RFQ2 1                    2 

charge-to-mass-ratio 1/5 - 1/8 
frequency [MHz] 85 - 120 

electrode voltage [kV] 45 
length / diameter [m] 3/0.5 

Cyclotron: 
injection radius [m] 0.43 

extraction radius [m] 1.8 
frequency [MHz] 10-20 

max. dee-voltage [kV] 140 (peak) 
energy gain factor 16.8-18.6 

Table 1: Main parameters of the RFQ and the cyclotron 
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The RFQ output emittance depends largely on the 
input conditions. For matched input beams with an 
energy spread AE/E<1.5%, a normalized emittance 
8n < 0.5 7i mm mrad and a bunch length At < 1 ns a 
transmission of 100 % is expected. To reach this beam 
quality it is necessary to have a buncher-chopper system 
between the ECR and the RFQs. 

The ECR-source is mounted on the 200 kV platform 
formerly used for the Tandem. The vertical beam is bent 
90°, passes through the buncher-chopper system and will 
be injected into the RFQs. The final matching into RFQ1 
will be done by a triplet lens. The beam from RFQ2 is 
transported through the injection beamline of the 
cyclotron, to which a rebuncher has been added to obtain 
a proper time focus for the entrance of the cyclotron. 

3 RF-PROPERTIES 

The important rf-properties like Q-value, 
shuntimpedance, flatness and the relation between the 
movable tuning plate and the frequency as seen in 
figure 1 were calculated with the code MAFIA Ver. 3.2 
[2] at the beginning of the project [3]. They are compared 
with the first low level measurements made in February 
1997. 

The main point of interest is the relation between the 
tuning plate position and the frequency as well as the 
dependence of the shuntimpedance and the Q-value on 
the frequency, as shown in figures 2, 3 and 4. The dots 
represent the measured values. 

130 

40 80 120 
tuningplate position [mm] 

160 

Figure 2: Relation between the position of the tuning 
plate and the frequency. 

There is a good agreement of measurement and 
calculation in the way how the frequency varies by 
moving the tuning plate. As seen in several calculations 
before made with MAFIA the measured frequency is 
generally above the calculated one. The modulation of the 
RFQ-electrodes for the electrodynamical calculation is 
approximated by 4 unmodulated rods, which have the 
same capacity as a two-dimensional cut of four 
modulated rods with the average aperture. This 
approximation might be a reason for the offset. 

Figure 3 shows the relation between the frequency 
and the Q-value, figure 4 shows the relation between the 
frequency and the shuntimpedance. 
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Figure 3: Relation between the frequency and the Q- 
value. 

300 
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Figure 4: Relation   between   the   frequency   and   the 
shuntimpedance. 

There is a factor of 2 between the calculations and the 
measurements for the Q-value. This is a known effect of 
MAFIA and has been observed with other RFQ- 
resonators as well [4]. There are different reasons for the 
more optimistic results for complex structures. On the 
one hand a simplification for the electrodes is made, as 
explained above. On the other hand the transition 
resistance between the RFQ parts are totally neglected. 

These effects are not intrinsic for MAFIA; due to the 
immanent computer limits, a limited matrix size of the 
resonator geometry has to be used. With a finer grid the 
results should fit better. Anyway, the code MAFIA is 
very helpful for structure optimization [5]. 
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Another point of interest is the electrode voltage along 
the RFQ (flatness). Calculations have shown that the 
flatness is a function of the frequency. The value of 3 % 
at the highest frequency is noncritical and improves at 
lower frequencies, as shown in figure 5. 

85 WHz 

400   600    800 
z [mm] 

Figure 5: Calculated flatness . 

First high power rf-tests started in March 1997, with 
24 hours of operation with an preamplifier (rf-power 
200 W). With full cooling operation and an adjusted 
transmitter controlling device the applied rf-power could 
instantaneously be increased to 20 kW in cw-mode in 
thermal equilibrium. No further frequency tuning of the 
resonator structure with the slow tuner was necessary. No 
ponderomotive effects were detected. 

These tests confirmed the ability of the RFQ to work 
under the design conditions. The only cooling problems 
were caused by the slow tuner and the coupling loop. An 
improved tuner and a slightly modified cooling have been 
set-up in the meantime. 

Testing of the second rf-transmitter with the 50 Ohm 
dummy load, the final tuning of the transmitter 
controlling device as well as the completion of the main 
computer control are the next steps to be undertaken at 
NTG in Gelnhausen. 

4 STATUS AND SCHEDULE 

The alignment of the electrodes of the two RFQ- [1] 
stages is finished. The maximum misalignment in relation [2] 
to the theoretical beamline is 70^m. The alignment was 
measured with an optomechanical system, having the [3] 
electrodes readily assembled for operation, and not on a [4] 
bench before mounting. Figure 6 shows a picture of the [5] 
electrodes mounted in the chamber. 
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Figure 6: Electrodes mounted in the chamber. 
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A TWO-BEAM RFQ FOR ION BEAM FUNNELING* 

A. Firjahn-Andersch, J. Madlung, A. Schempp, H. Zimmermann, 
Institut für Angewandte Physik, Johann Wolfgang Goethe-Universität, 60054 Frankfurt am Main, 

Germany 

Abstract 

The front end of a spallation source linac, e.g. for the 
european spallation source (ESS) and also a heavy ion 
inertial fusion (HUF) driver injector has to provide a high 
current and small emittance ion beam which cannot be 
provided by one single ion source. The space charge 
forces at the low energy part of the linac are the strongest 
current limitations. For these reasons the required beam 
will be reached by several funneling stages, where two 
identically bunched ion beams are combined into a single 
beam with twice the frequency, current and brightness. 
For the most critical first funneling stage a two-beam 
RFQ, where two beams are bunched and accelerated in a 
single r.f. cavity and a novel scheme for an r.f. funneling 
deflector operating at low voltages has been developed. 
With the use of convergent incoming beams, the 
funneling structure will be placed around the beam 
crossing position. The experimental setup of a 
combination of a two-beam RFQ with such a deflector for 
funneling of two He+-beams at low energies will be 
presented. 

1 INTRODUCTION 

The proposed ESS RFQ injector system consists of 
two parallel 54 mA RFQ-linacs, operating at 175 MHz. 
The beams will be combined in a new funnel system to a 
107 mA beam at 350 MHz [1]. 

Each RFQ-line is split into two sections, one from 
50 keV to 2 MeV and the second from 2 MeV to 5 MeV 
with the chopping line between the two RFQs to enable 
chopping with an unneutralised beam at a moderate 
energy to reduce the required chopping voltages but at an 
energy high enough so that the beam can be transported 
through the line with a minimum emittance growth. For 
the funnel section a new design is used, where now a two- 
beam RFQ will bring the beams close together. Thereby 
the beams can be combined in a single resonator driven 
rf-deflector. Figure 1 shows a schematic drawing of the 
ESS RFQ injector system. 

RFQ I Chopping Line RFQ 2 
Funneling 

Section 
Matching 

Line 

66mA| J«»'^1               «>*[ J 56,5 mA 
95%5 50keV    90 % 2 MeV     95 % 100% 5 MeV 

J 56,5 inA 

>ni07inA 

66mA| ]<«'-«                 l56.SmA[ 

A heavy ion inertial fusion (HUF) driver could start 
with a set of low frequency RFQs which employs 
electrical r.f. focusing and provides bunched ion beams 
with high transmission [2,3]. The layout of a HIIF 
injector is shown in Figure 2. 

27 MHz        54 MHz 108 MHz 216 MHz 

12.5MeV 125MeV 2.1GeV 
60keV/u 600keV/u lOMeV/u 
7.4Tm 23.3Tm 95Tm 

Figure 1:  Schematic drawing of the ESS RFQ injector 
system. 

Figure 2: Layout of a 27...216 MHz HIIF injector system 
for 200 mA of Bf. 

Initial funneling experiments have been done with 
systems of discrete elements such as quadrupole doublets 
and triplets, debunchers, deflectors and bending magnets 
[4,5,6]. 

2 THE TWO-BEAM RFQ 

A new system with a two-beam RFQ and a resonator 
driven deflector has been investigated. A first two-beam 
funneling experiment includes a two-beam RFQ where 
the beams are bunched and accelerated with a phase shift 
of 180° between each bunch. In the two-beam RFQ the 
beam separation at the RFQ exit can be kept small. 
Therefore the r.f. funneling deflector system can operate 
at low voltages. To study the properties of the new two- 
beam RFQ resonator, different types of prototype 
resonators were built and tested. Also calculations with 
the electrodynamics CAD program MAFIA [7] have been 
done for comparison with the low-level measurements. 

For the ESS case, a combination of a two-beam RFQ, 
which joins the two separated RFQ 2-resonators, and a 
single- or multi-gap deflector has been proposed. Figure 3 
shows a scheme of the ESS funneling section. In table 1, 
the main parameters of the two-beam RFQ and the rf- 
deflector are shown. 

' Work supported by the BMBF 
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RFQ 2,175 MHz, Two-beam RFQ, 175 MHz, rf-deflector, 175 MHz. 
beam separation at output: 35 cm   Eour = 5 MeV, angle between axes: 16", operating voltage: 50(1 kV, 

beam separation at input; 32 cm, at output 40 mm  gap: 2 cm, length: 8,8 cm 

I  '  I  '  I  '  I  '  I  '  I 
0   0,1  0,2 0,3 0,4 0,5 n 

Figure 3: Scheme of the ESS funneling section. 

Two-beam RFQ 
f0 [MHz] 175 

Ein [MeV] 5 

Eout [MeV] 5 
Length [m] 1 

Ncav [kw] 250 
Angle between beam axes [mrad] 284 

R.f. deflector 

fo [MHz] 175 
Voltage [kV] 500 
Length [cm] 8.8 

Ncav [kw] 65 
Beam separation at input [mm] 12.6 

Table 1: Main parameters of the two-beam RFQ and the 
r.f. deflector for the ESS funneling section. 

3 THE MULTIGAP DEFLECTOR STRUCTURE 

The electrode geometry of the multigap deflector 
consists of some deflector plates divided by spaces or 
sections with larger aperture with equal length. In this 
geometry, the particles will see the deflecting field in one 
direction several times but the deflection in the opposite 
direction is always less. The length of the capacitors have 
to be proportional to the particle velocity and to the 
inverse of the frequency of the deflector system. 

For beam funneling, the frequency of the deflector has 
to be the same as the accelerator frequency, so that the 
bunches from different beam axes will see opposite field 
directions because of the phase shift of 180° between 
each bunch. If the two incoming beams are parallel, the 
cell length of the deflector has to be ßÄ. (ß = v/c with 
c = speed of light and A, = wavelength of the deflector 
frequency) to get a displacement only. If the two beams 
are not parallel, the cell length has to be ß^/2 to reach a 
maximum change of the beam angle [8]. The r.f. 
resonator for the multigap deflector will be a structure as 
it is used for 4-Rod-RFQs with two stems. Each stem is 
electrically contacted with one of the deflector electrodes 
and will sustain the other electrode by a ceramic support. 
For longer electrodes it is possible to use an r.f. structure 
with more stems to preserve mechanical stability. 

4 THE TWO-BEAM FUNNELING EXPERIMENT 

The funneling experiments in Frankfurt will be 
carried out with He* ions to facilitate ion source operation 
and beam diagnostics. Two small multicusp ion sources 
and electrostatic lenses, built by LBNL [9,10], will be 
used. 
The ion sources and injection lenses will be attached 
directly on the front of the RFQ with an angle of 76 mrad, 
the angle of the beam axes of the two-beam RFQ. 
Figure 4 shows a photograph of the ion source attached to 
the very compact electrostatic injection system. 

Figure 4: Photograph of the multicusp ion source attached 
to the injection system. 

Figure 5 shows an emittance plot of the ion beam behind 
the extraction system. The divergent part is originated by 
the neutral beam and is therefore negligible. 
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Figure 5: Emittance plot of the ion source. 

With this angle of 76 mrad the distance between the two 
beams at the RFQ input will be more than 160 mm and 
about 40 mm at the output. The electrodes are supported 
by eight flat stems. To achieve a proper voltage 
distribution along the electrodes, the distance between the 
supports has to be reduced along the resonator. 

Behind the RFQ the funneling deflector will be placed 
before the beam crossing. Figure 6 shows the 
experimental set-up of the funneling experiment. Beam 
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diagnostics in front of and behind the RFQ and behind 
the funneling deflector are in preparation. The funneling 
resonator is under construction and a prototype for r.f. 
measurements has been finished. 

injections two-beam RFQ r.f. deflector 

Figure 6: Experimental set-up of the two-beam funneling 
experiment. 

Two-beam RFQ He+ Bi+ 

fo [MHz] 54 27 
Voltage [kV] 10.5 180 

Rp-value [kOhm-m] 150 250 
Quality factor 2000 3000 

Ti„ [keV] 4 230 
Tout [MeV] 0.16 12.54 
Length [m] 2 16 

Angle between beam axes [mrad] 76 76 

Multigap funneling deflector 
fo [MHz] 54 27 

Voltage [kV] 6 273 
Length [cm] 54 233 

Beam separation at input [mm] 40 44 

Table 2: Main parameters of the experiment with He+ and 
the design parameters of a first HIIF funneling stage for 
Bi\ 

5 CONCLUSION 

Figure 7 shows a photograph of the low energy end of 
the two-beam RFQ. For first r.f. measurements 
unmodulated electrodes have been mounted. With these 
electrodes, a resonance frequency of about 57 MHz and a 
quality factor of 2500 was measured. Due to the lower 
capacity of the unmodulated electrodes compared to the 
modulated ones, the design frequency of 54 MHz should 
finally be reached. The RFQ electrode design is finished. 
The RFQ electrodes are divided in two parts with 
different functions. The first part (Figure 8) bunches and 
accelerates the ion beam the output energy, the second 
part consists of a drift length and the matching to the 
funneling deflector. 

Figure 7: Photograph of the low energy end of the two- 
beam RFQ with prototype electrodes mounted. 

Figure 8: Photograph of the low- and the high-energy end 
of the two-beam RFQ ectrodes. 
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DESIGN OF A HIGH CURRENT H -RFQ INJECTOR' 

A. Schempp, H. Vormann, 
Institut für Angewandte Physik, Johann Wolfgang Goethe-Universität, 

Frankfurt am Main, Germany 

Abstract 

High current H -RFQs are injectors for the planned new 
spallation sources like ESS and NSNS. Critical points are 
the high current, the low emittance and the high duty 
factor of the injector. The strongest existing spallation 
source ISIS at RAL presently is still operating with a 
Cockroft-Walton injector. RAL now will upgrade that 
column by a new RFQ injector, where some of the 
features of the new proposed ESS injectors can be tested. 
A Four-Rod RFQ at 202 MHz with a duty factor up to 
10% and H currents of 50 mA are input values for the rf- 
structure design and beam dynamics. Results of this 
design work will be presented. 

1 GENERAL 

The most critical point of the RFQ operation is a high 
duty cycle. Table 1 shows RFQ structures in operation or 
designs. One can see that the duty cycle of these types is 
bigger than the average duty factor values of other 
structures. 

RFQ Beam Current Duty cycle 
HLI U28+5uA 25% 
HSI U4+25mA 1 % 
DESY H 20 mA <0.1% 

CERN H 150 mA <0.1 % 
Design: 

APT H* 100 mA 100% 
ESS H 107 mA 6.5% 
RAL H   50 mA 10% 

Table 1: Different RFQ Structures. 

/./ High Duty Cycle RFQs 

The first c.w. RFQ applications were the normal 
conducting IFMIF [1] and the cryogenic CWDD [2], the 
APT (Accelerator Production of Tritium) [3, 4] and 
Ground Test Accelerator RFQs. 

* This work is supported by the BMBF. 

In both cases cooling was a critical part of the design and 
required most engineering efforts. For the Four-Rod 
structure c.w. operation was done at early work for 
convenience at rather low average power [5]. 
We have started again investigation of high duty factor 
RFQs: The GSI-HLI has a duty factor of 25 % and a 
thermal power of 15 kW/m, the cyclotron injector for the 
HMI   Berlin   will   operate   at   continuous   wave   and 
15 kW/m, too. 
A special resonator for c.w. operation has been built and 

tested [6]. This prototype is a four-stem model with 
unmodulated electrodes for testing RF properties. It had 
16 small viton seals (water - vacuum). Although this 
concept worked reliably at 20 kW thermal power (20 kW 
c.w.), it will not be used in a real working RFQ, as the use 
of water-vacuum seals is not the choice for operational 
reliable Four-Rod RFQs at high power operation. For an 
operating RFQ the 10 % duty factor envisaged for RAL is 
one step in the direction of continuous wave. 

1.2 Intense Spallation Jon Source 

The ISIS at Rutherford has a long term operation 
experience with Penning sources [7, 8]. Recently, more 
than 55 mA of H ions have been extracted stably with 2.5 
% duty cycle. The 6.5 % d. c, as required for ESS, can be 
possible with more cooling operation. 

1.3 ESS Specifications and Requirements 

The design concept for the european spallation source 
project ESS [9] requires beam currents of 107 mA at the 
beginning of the DTL. Two RFQ injector linacs with 
54 mA each are funnelled into that first DTL stage at an 
energy of 5 MeV. The beam has to be bunched, so that it 
can be accelerated in a High Energy Linac to an energy 
of 1.334 GeV, and then be injected into two compressor 
rings. Therefore two beams with 54 mA each have to be 
funneled in a two beam RFQ and a Funnel Section, with a 
bunch repetition rate of 350 MHz. For a proper operation 
of the compressor rings the Linac beam has to be chopped 
with a 60 % duty factor at the ring revolution frequency of 
1.67 MHz (360 ns pulse and 240 ns gaps, within a macro 
pulse of 1.2 ms). 
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2 SPALLATION SOURCE APPLICATION 

The RAL Injector 

The ISIS-Facility at the Rutherford Appleton Laboratories 
is still the most powerful pulsed neutron source in 
operation. The Linac consists of a 665 keV Cockroft- 
Walton injector and an Alvarez DTL (202 MHz), 
accelerating up to 70 MeV for charge exchange injection 
into the 800 MeV ISIS-Synchrotron. The average beam 
current is 0.2 mA, the beam power at the target as high as 
160 kW. 
The existing H Penning ion source works at an extraction 
voltage of 35 kV. The Cockroft-Walton generator will be 
replaced by a Four-Rod RFQ, which must be able to 
accelerate H ions with a beam current of 50 mA. It is 
designed in a way that for future upgrade the current can 
be increased up to 100 mA with 85 % transmission. 

The Four-Rod RFQ Resonator 

The principle of a Four-Rod RFQ structure is shown in 
figure 1. The electrodes are carried by stems, which are 
about 10 mm thick, in case of typical small values for the 
power loss. If higher power losses have to be considered, 
special cooling pipes (see figure 4) have to be inserted and 
therefore the stems have to be thicker. MAFIA 
Calculations have been made concerning the resonance 
frequency as function of the thickness of the stems. 
Figure 5 shows the resonance frequencies for different 
stem thicknesses. Other MAFIA calculations gave the 
distribution of the power loss on the RFQ structure, as 
shown in the following table. 

Power Loss Distribution 
Electrodes 
Stems 
Ground Plate 

34% 
44% 
22% 

For the new RFQ injector rf power supplies up to 300 kW 
are available at RAL, but only about 200 kW will be 
necessary, plus 35 kW beam loading. With the duty cycle 
of max. 10 % (four times more than the duty factor at 
present) the thermal power is about 20 kW, for that reason 
a special cooling concept for the RFQ resonator will be 
used, which follows the design successfully tested at GSI. 
A backing cooling tube at the electrodes will be used for 
that resonator (figures 1, 3 and 4). 

Fig. 1 : Principle of a Four-Rod RFQ Structure. 

Fig. 2: Typical cross section of a Four-Rod RFQ 
resonator. 

3=E& # 

Fig. 3: Cross-section of the stems. 
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Fig. 4: Resonance frequency for different stems. 

3 PARTICLE DYNAMICS 

Particle dynamics calculations have been done with 
the code PARMTEQ [10]. The results are shown in 
figure 5, the output emittances for 50 mA in the following 
table. 

Beam dynamics parameters 
in 

rms norm 
LOOrcmrnmrad 
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1.05 Jtmmmrad 
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Fig. 5: Particle Output Distribution of the RAL-RFQ. 

4 STATUS OF THE WORK 

The electrode design calculations for the RAL-Injector are 
finished. Decisions concerning the resonator design have 
been made, taking into account the high duty cycle 
requirements. The construction of the resonance structure 
is now in progress. RAL has already prepared a complete 
test stand, where the properties of the new structure will 

be tested before it can finally replace the Cockroft-Walton 
generator at the ISIS Linac. 
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Abstract 

Two superconducting radiofrequency quadruples, 
SRFQ1 and SRFQ2, resonating at 80 MHz, will provide 
acceleration from ß=v/c=0.009 to 0.035 in PIAVE, the 
new injector for the superconducting linac ALPI at INFN 
- Laboratori Nazionali di Legnaro [1]. The construction 
of the full niobium structures was preceded by the 
development of a full size stainless steel prototype of 
SRFQ2 (fig.l), through which most of the construction 
techniques also applying to the niobium cavities, 
electromagnetic characterization of the resonator and its 
mechanical vibration spectrum can be investigated. This 
paper presents the most relevant design issues of the 
superconducting RFQ resonators and the construction 
techniques adopted. 

1     INTRODUCTION 

Preliminary analysis of a heavy ion accelerator for very 
low energies consisting of six short superconducting 
RFQs was proposed in 1988 [2] and in 1991 [3]. To study 
the feasibility of a superconducting RFQ the third of these 
six resonators was prototyped at Stony Brook using the 
technology of electroplating lead onto a copper base [4]. 
The construction of a full niobium prototype of a high 
current superconducting RFQ is being carried out at 
Argonne [5], where a proof of principle of a small 
unmododulated RFQ, obtained on a modified split ring 
resonator, yielded a CW peak electric field of 128 MV/m 
[6]. At INFN-LNL the following scheme is proposed [7]: 
two SRFQs accelerate a highly charged heavy ion beam 
from an ECR ion source, located on a 350 kV platform, 
and prebunched through a three harmonic buncher [1]. 
Eight quarter wave resonators (QWRs) follow, to match 
the optimum velocity (ß=0.055) at the beginning of ALPI. 
Table 1 summarizes the characteristics of SRFQ1 and 
SRFQ2, whereas the geometry of SRFQ2, which was 
prototyped in a full scale stainless steel model, is shown 
in fig.l. 

When designing a superconducting RFQ, besides 
obeying the constraints dictated by the beam dynamics for 
the vanes [7], other specifications typical of 
superconducting resonators must be considered. First of 
all the SRFQ diameter is limited to 800 mm to keep the 

size of the cryostat reasonable: a four-rod-RFQ is chosen, 
since the four-vane-RFQ would be 50% larger in size. 
The choice of the superconductor was essentially between 
lead and niobium. Lead, electrochemically plated onto 
copper, gives peak surface fields which are not larger than 
«16 MV/m, too low for our application. 

SRFQ1 SRFQ2 
in out in out 

Length (mm) 1304. 752. 
m 1.2 3.0 3.0 3.0 
a (mm) 7. 5. 8. 8. 
Ep (MV/m) 25.5 25.5 

U(J) 1.5 4 
0tank (mm) 460. 620. 
HD (Gauss) 280. 295. 
Q - expected 7xl08 9xl08 

Pdis,4K  (W) 7 7 
f(MHz) 80. 80. 

Table 1:   SRFQs parameters 

Fig.l   Geometry of SRFQ2 

R&D of niobium sputtering onto copper would have taken 
too long for the short-term scale of an approved project. 
We opted for full 3 mm thick niobium (RRR «300) for 
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the whole resonator except the thicker vanes. Though 
quite expensive and not trivial to assemble by electron 
beam welding (EBW), it yields high fields with a fairly 
established technology. The quite low thermal conductiv- 
ity forces to bring the liquid helium bath close to the 
whole surface exposed to the fields: stems are then hol- 
low, vanes are carved and equipped with a hollow cylin- 
der on the back, filled with liquid helium so as to bring 
the cooling liquid close to the dissipating surfaces. The 
peak surface electric field Ep = 26 MV/m is quite conser- 
vative e.g. with respect to the values reached at INFN- 
LNL for full niobium QWRs [8]. The peak magnetic 
field, Hp < 300 Gauss, is well below the critical field of 
Nb at 4 K. 

A scheme of alternate stems for oppositely charged 
electrode couples has the merit of halving the magnetic 
field on the surface of the modulated vanes and it allows 
to exploit the end-gaps of the SRFQ as accelerating gaps 
[7]. 

2.   ELECTROMECHANICAL STABILITY 

Superconducting cavities are characterized by an 
intrinsicly high Q and by a consequently narrow 
bandwidth around the resonant frequency. The necessary 
phase locking of an on-line superconducting cavity to a 
master clock is therefore extremely sensitive to resonant 
frequency variations caused both by the liquid helium 
pressure changes and by environmetal mechanical noise 
and microphonics. The solution is usually a combination 
of electronic control and development of a stable 
mechanical design. A comprehensive description of 
phase and amplitude control of a superconducting 
resonator is given in ref. 10. It is shown [11] that the 
ideal amount of resonator overcoupling that minimizes 
the total RF-amplifier power is found when AfL = 8fmax, 
AfL being the loaded bandwidth and 5fraax the maximum 
frequency deviation to be controlled, provided that 8f0« 
5fmax, where 8f0 is the intrinsic bandwidth. The RF 
power amplifier must be capable of a maximum output 
power Pmax = 1 kW to reach AfL = ± 10 Hz. Resonant 
frequency variations due to pressure fluctuation on the 
liquid helium are usually slow enough to be controlled 
inserting the mechanical fine tuner into a separate phase 
feedback circuit. Resonant frequency jitters due to 
environmental noise and microphonics can be 
counteracted, in a design phase, through a robust 
mechanical design of the resonator. The mechanical 
design of SRFQ2 [12] aimed at pushing the lowest 
mechanical vibration mode of the resonator up to the 
highest possible frequency. By developping particularly 
rigid stems and with the fundamental support of a 
stiffening jacket welded outside the resonator tank (fig. 
1), this frequency was pushed to 143±15 Hz. Fig. 2 
shows the vibration pattern of the lowest frequency mode, 
as evaluated with the 3D-FEM code I-DEAS [13]. In our 
case the stored energy is far higher in SRFQ2 (4 J) than 
in SRFQ1 (1.5 J) and this was the main reason to choose 

the former for a full size stainless steel prototype. The 
prototype is being assembled at present: beside enabling 
to test EBW and assembly techniques, it will allow to 
experimentally evaluate the vibration spectrum of the 
resonator, both on the shelf and inside the warm and 
cooled cryostat. 

Fig. 2   Pattern of the lowest mechanical vibration 
mode of a single SRFQ2 electrode. 

3.   ASSEMBLY, ELECTRON BEAM WELDING 
AND FREQUENCY TUNING 

As mentioned above the resonator parts are made of 3 mm 
thick niobium sheet. The assembly procedure is not trivial 
and a large effort has been put on its optimization. For the 
Nb SRFQ2 it is foreseen to follow the same assembly and 
welding steps which are being adopted for the stainless 
steel model. SRFQ2 is built up in quarters: for the 
sequence of assembly, EBW and rough frequency tuning 

Fig. 3  Procedure ofSRFQ2 assembly and EBW 

we refer to fig. 3. 
After the stems are assembled, the still unmodulated 
vanes are welded to the rear cylinders ((A) in fig.3): 
these are extruded at the longitudinal position of the stems 
with extrusions which are only « 2% smaller in diameter 
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than the cylinder themselves: the joints are properly 
machined and EBW between extruded parts and stems is 
done (B). At this stage both transverse reference planes 
(Rl and R2 in fig.3) and modulation are obtained by 
means of a computer controlled milling machine. The 10 
mm wide 60 mm high stiffening ribs are, in parallel, EB- 
welded outside the resonator tank (C). It should be noted 
that, in the full niobium SRFQ2, the stiffening ribs will be 
mostly made out of Ti instead of Nb, so as to increase the 
rigidity of the stiffening structure. However, in order to 
avoid the risk of titanium diffusion into the 3 mm thick 
niobium wall during the high temperature electron beam 
welding of the ribs to the tank, a 6 mm high standard 
quality niobium insertion is foreseen between the two: 
the welding time should be short enough to avoid this 
phenomenon [13] but no experimental tests were 
performed yet. 

The length of the lower straight part of the stems (D), 
and consistently the length of the straight edges of the 
quarters of the resonator tank (E), are kept conservatively 
large and are then stepwise reduced (rough frequency 
tuning) so as to bring the resonator frequency to the 
desired value (estimated to be around 79.9 MHz, thus 
taking thermal shrinking of niobium between 300 and 4 K 
into account): the frequency range of such a procedure is 
Af » 1.6 MHz and the sensitivity Af/ls « 100 KHz/mm, ls 
being the stem length [12]. After rough tuning the stems 
are welded to the resonator tank (F). This is done from 
the inside of the RFQ, so as to keep the highest weld 
quality possible, and in two passes for the sake of 
symmetry of the deformation introduced by EBW. 
Finally the four SRFQ quarters are EB-welded together 
from the outside (G). The latter two welding steps follow 
the last rough frequency estimation and require particular 
care since the SRFQ frequency must fall within the range 
of the fine tuning, which is Af = ± 100 kHz [10]. Fine 
tuning is obtained by pushing and pulling both end plates 
of the resonator by ±2.5 mm with respect to 20-mm-thick 
750-mm-long ERGAL bars, bolted to the end flanges of 
the resonator. 

The continuity of the stiffening ribs on the resonator 
tank is eventually obtained by filling in the gaps with 
properly shaped insertions (H). 

The stainless steel model is being rough tuned at 
present and fig.4 shows a photo of it during the first 
assembly [15]. 

Fig. 4   Photo of the stainless steel model ofSRFQ2 
during the procedure of assembly and rough tuning in an 

external jig. 
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Abstract 

A 27 MHz RFQ is presently under development and 
construction at ITEP, Moscow. It is based on a 90"-apart- 
stem geometry ("ring-connected RFQ") and its parame- 
ters have been chosen to accelerate ions with charge to 
mass ratio of 1/60 to energies of 110 keV/u. It can also 
be considered as a prototype for a new 10 MHz RFQ, to 
be used as the initial part of a heavy ion accelerator for 
inertial fusion. 

In this paper the 27 MHz RFQ status is presented 
and some simulations of RF efficiency and field distri- 
bution, carried out with MAFIA codes, are given for the 
10 MHz resonant structure. 

1 INTRODUCTION 

Much work has been carried out at ITEP during sev- 
eral years for the development of a structure to acceler- 
ate intense heavy ion beams. Presently, RFQ structures 
are considered as the only choice for the initial part of 
high-power heavy ion accelerators. Because of the low 
charge to mass ratio (1/60), a low operation frequency is 
needed, around 10*30 MHz. 

Several different resonant structures have been pro- 
posed and investigated for this low-frequency RFQ: 4- 
rod, Split-ring, Split-coaxial, 4-rod Spiral, etc. However, 
all of them have some intrinsic drawbacks for low fre- 
quencies high duty cycle RFQs. 

The 4-rod structure, used in a number of heavy ion 
linacs, is mechanically simple and has relative small 
size, but it has an intrinsic presence of dipole compo- 
nents in, the operating field and a ripple of the inter- 
electrode voltage along the structure (due to an ex- 
tremely high capacitance between a stem supporting a 
pair of electrodes and the not connected pair). The di- 
pole component is present also in the other considered 
RFQs which, furthermore, have low mechanical rigidity. 
It can be reduced to some extent by proper choice of 
RFQ parameters, but a high intensity RFQ must allow to 
preserve the injected beam brightness, therefore the field 
distribution should be dipole free. Moreover, the struc- 
ture must be easily tuneable, and a reliable stabilisation 
of the operational mode should be provided. 

That is why the development of a new resonant 
structure for low frequencies, which has perfect quad- 
rupolar symmetry of focusing field, uniform field distri- 
bution along axis, which is mechanically stable and suit- 
able for high duty cycle operation, is still actual. 

As result of this work, a new structure (henceforth 
called "ring-connected RFQ") was proposed, investi- 
gated and tested by numerical simulations and cold 
model measurements. It is the advanced version of the 
so-called "4-ladder RFQ", based on a 90°-apart-stem 
geometry [1][2], with rings connecting the stems and 
rods connecting the rings. This allows to lower both the 
resonant frequency and the size, while achieving a suf- 
ficiently high shunt impedance and consequently RF 
efficiency. A combination of quadrupole and coaxial 
modes is excited in the structure, which provides a reli- 
able separation between operating mode and dipole ones. 
Tests showed that it is the most suitable solution for the 
initial part of a high intensity heavy ion linac. 

This 27 MHz RFQ was designed to accelerate 15 
mA of U4+ ions from 1.5 to 110 keV/u, for upgrading the 
ITEP injector [3]. It will also allow to continue the re- 
search program on heavy ion beam interactions with 
dense plasma started at GSI-Darmstadt on the "Maxilac" 
accelerator, which has now been shut-down. 

Moreover, it can be considered as the prototype of a 
10 MHz RFQ to be used as a heavy ion driver for inertial 
fusion. The development of high current heavy ion linacs 
is required for inertial fusion installation: therefore de- 
signing and testing prototypes of accelerating structures 
for the low energy part of the linac are essential. 

2 STATUS OF THE 27 MHZ RFQ 

The construction of the new RFQ started two years 
ago in ITEP; for the mechanical design and manufactur- 
ing of some RFQ parts, IHEP-Protvino is involved, but it 
will be assembled, tuned and commissioned in ITEP, 
which is also in charge of the experimental study of its 
parameters and of beam dynamics. Numerical simula- 
tions with MAFIA codes were done in IAP-Frankfurt. 

Parameters of the RFQ, resulting both from simula- 
tions and RF measurements on a scaled (1:2) cold 
model, were chosen to fit the existing equipment in 

* Work in Moscow and Protvino is supported by GSI. Work in Frankfurt is supported by BMBF. 
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ITEP, such as vacuum tank, ion source, high voltage 
platform and technological systems, beam outlet systems 
and diagnostics. They are the following: 

Length of the vacuum tank 12.0 m 
Inner tank diameter 1.2 m 
Outer diameter of the rings 0.81m 
Aperture radius 0.64 cm 
Peak E-field on the electrode surface 2.2 Kilpatric 
Transmission at 15 mA 96% 
Specific shunt-impedance (Rsll) 1.49 Mß-m 
Emittance 0.3 mm-mrad 

Most parts of the RFQ structure have already been 
built in the IHEP workshop and delivered to ITEP: the 
oxygen-free-copper electrodes are ready; the inductor 
rings and the connecting rods, manufactured from an 
aluminium alloy, have been copper-plated. Other parts, 
as tuning elements, are near to be completed. 

While the existing vacuum tank is being prepared 
for structure accommodation, a portion of the RFQ (see 
Fig. 1) has been assembled in room for testing the 
alignment and tuning procedures. 

Figure 1: The 4-cell portion of RFQ assembled in ITEP. 

The schedule of main expected results in 1997-98 is 
the following: 
• alignment, tuning, measurement of field distribution 

of the assembled RFQ portion (under operation); 
• upgrade of the RF power system and feeding ele- 

ments; preparation of the U4+ ion source to work as 
pre-injector of the RFQ; development of the diag- 
nostic equipment; manufacture of new tuning and 
control systems; upgrade of vacuum system; simu- 
lation of beam dynamics with parameters measured 
at the ion source test bench; 

• commissioning and achievement of the required 
beam parameters; 

• experiments on intense heavy ion beam dynamics, 
especially about processes which lead to beam 
emittance growth and particle losses. 

3 STUDY OF THE 10 MHZ RFQ 

After assembly, alignment and tuning, the 27 MHz 
RFQ parameters will be measured (field distribution, 
shunt impedance, Q-value, power dissipation, etc.). After 
commissioning, the intense heavy ion beam dynamics 
will be investigated. The obtained experimental data will 
be used to develop a prototype of the initial part of a 
high current linac driver for heavy ion inertial fusion. 

The 10 MHz RFQ will have the same structure type 
but larger dimensions. Numerical simulations by MAFIA 
codes have been performed in IAP-Frankfurt to design it; 
the proposed geometrical dimensions are the following: 

Length of a cell 1.84 m 
Inner tank diameter 2.10 m 
Outer diameter of the rings 1.60 m 
Inner diameter of the rings 1.44 m 
Width of the rings 80 mm 
Ring-connecting rods cross-section 40x80 mm 
Electrode supports width 80 mm 
Aperture radius 12mm 
Curvature radius of electrode tips 12 mm 

A drawing of a single cell of the structure is shown 
in Fig. 2. The resulting parameters are the following: 

Resonant frequency (f„) 
Dipole frequencies (frl) 
Separation (f(1-fq) 
Q-factor 
Specific shunt-impedance (Rsh) 
Voltage uniformity (dV/V) 

10.0 MHz 
14.5/15.2 MHz 

4.5 / 5.2 MHz 
22.3 x 103 

5.1MQ-m 
1.4% 

Figure 2: MAFIA plot of the 10 MHz RFQ (1 cell). 
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A few plots of the electric and magnetic field inside 
the structure are shown in Figs. 3, 4, 5, 6 and 7. 

Figure 3: MAFIA plot of the electric field in a transverse sec- 
tion trough the electrodes (detail). 

Figure 4: MAFIA plot of the magnetic field in a transverse 
section in the middle of a ring. 
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Figure 6: MAFIA plot of the magnetic field in a longitudinal 
section in the middle of the vertical plane. 

Figure 5: MAFIA plot of the magnetic field in a transverse 
section in the middle of the cell. 

-1.00 -0.5 0.0 0.5 1.0 m 

Figure 7: MAFIA plot of the normalized inter-electrode voltage. 

4 CONCLUSIONS 

A new RFQ structure for accelerating heavy ions 
was investigated, developed and tested by numerical 
simulations and measurements on a scaled cold model. 
Its manufacture is now almost completed in ITEP. 

It will accelerate 15 mA of U4* ions to 110 keV/u, 
allowing to carry out experiments on the interaction of a 
high intensity heavy ion beam with dense plasma. 

This structure can be considered as the prototype of 
a 10 MHz RFQ to be used as heavy ion driver for inertial 
fusion. Some preliminary design is simulated by MAFIA 
codes, which can be base for real structure development. 
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Abstract 

A 6.7-MeV 350 MHz, cw Radio Frequency Quadrupole 
proton linac has been designed and is being fabricated for 
the Accelerator Production of Tritium Project at Los 
Alamos. This eight-meter long structure consists of four 
resonantly-coupled segments and is being fabricated 
using hydrogen furnace brazing as a joining technology. 
Details of the design and status of fabrication are 
reported. 

1 INTRODUCTION 

The linear accelerator for the Accelerator Production of 
Tritium Project (APT) [1] will include a 6.7-MeV Radio 
Frequency Quadrupole (RFQ) linac. The first phase of 
the project, the Low Energy Demonstration Accelerator 
(LEDA) [2], is to demonstrate performance of the RFQ 
plus a CCDTL [3] to 20 MeV. The technical 
specifications for the APT/LEDA RFQ are given on 
Table 1. 

TABLE 1: APT/LEDA RFQ SPECIFICATIONS 
VAT.TTF. 

Frpmip.nrv isn nn MH7 
Particle IT 
Tnnnf Ftiprav 7S VPV 

Input Current 105 mA 

Input Emittance, trans./norm. 0.020 rc-cm-mrad rms 

Ontnnf F.npruv fi 7-MP.V 

Output Current 100 mA 

Output Emittance, trans./norm. 
longitudinal 

0.022 7t-cm-mrad rms 
0.174 deg-MeV 

Transmission 95% 
Dufv Factor mn% 
Peak Surface Field 1.8Kilpatrick 
Average Structure Power 1.2 MW 
Average Beam Power 0.7 MW 
Average Total Power 1.9 MW 
RF Feeds 12 Waveguide Irises 
Avp.racrp. Hpflf Flux 11 WattW 
Maximum Local Heat Flux 65 Watt/cm2 

Rpünnant Spornpnts 4 (3) ? f) mptprs parh 

Brazed Sections 8 @ 1.0 meters each 

Slug Tuners 128 total 

Ipnufh 8 0 mptp.rs 

Weight 5000 lb. 

Inlp.t Cnnlant Tpmnprariirp WV 
Operating Temperature 85"F 

The design and construction of an RFQ to deliver an 
average proton current of 100 mA at 6.7-MeV is a 
significant challenge for the beam dynamics and thermal 
management. The original concept of the APT/LEDA 
RFQ was developed in 1993 [4]. Since then a number of 
the physics parameters have changed to reflect revised 
requirements for matching to the LEBT and CCDTL as 
well as to take advantage of improvements in the 
transport codes [5]. Along with this, the fabrication 
concept has changed from the electroformed-joint design 
developed for the BEAR Project [6] to a furnace-brazed 
design [7]. 

Subsequent sections of this paper describe the cavity 
design, the engineering design, and the present status of 
the fabrication. 

2 PHYSICS DESIGN 

The physics design is discussed in detail elsewhere in 
these proceedings [5]. The parameters are plotted in 
Figure 1. 

APT RFQ 
Enargy, Paak ■urfac« field, and radial oparalur« «Hiu postton In tht RFQ 

8 i 
Position   (cm) 

Figure 1: Calculated Physics Parameters 
(Peak Surface Fields are Divided by 10) 

3 CAVITY DESIGN 

The cavity cross-section is the "conventional" triangular 
shape with a significant longitudinal variation in the 
width of the vane skirt. The skirt profile is shown on 
Figure 2. This profile minimizes the power deposited on 
the cavity walls. 

The 8-meter-long structure is designed as four 
resonantly coupled 2-meter-long segments [8] to assure 
longitudinal stabilization. Stabilizer rods [9] on the inter- 

* Work supported by the US Department of Energy 
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segment coupling plates and end walls provide azimuthal 
stabilization without the scalloping of the on-axis fields 
associated with vane-coupling rings [10] or pi-mode 
stabilizers [11]. 

-COOLANT PASSAGES <24 per SECT1DN) 
(LABELED wjvt. SECTION I QUADRANT, 
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Figure 2: Vane Skirt Width Variation 

4 ENGINEERING DESIGN 

The cavity is fabricated as eight one-meter-long sections 
each consisting of two major and two minor vanes. There 
are 24 longitudinal coolant passages in each of the 
sections to remove the 1.2 MW of average structure 
power. These are machined into the OFE-copper 
substrate and then plugs are brazed on. In order to 
provide coolant passages as near as possible to the vane 
tips, the vane tips are fabricated separately and brazed 
onto the vane bases. These are the only water-to-vacuum 
braze joints and they are a double joint of nearly one-inch 
width. This is shown on Figure 3. 

For resonance control, the tip coolant passages ("A" 
& "B") are operated with 50"F coolant while the 
temperature of the coolant in the outer ("C,", "D," "E," & 
"F") passages is modulated to maintain the cavity on 
resonance. The rf power in each of the four resonant 
segments is significantly different (A = 188, B = 318, C = 
361, & D = 398 KW respectively) and the inlet 
temperature of the coolant is varied accordingly. The 
error signal for the resonance control system is derived 
from the reflected power. A compromise between 
longitudinal temperature variation in the sections and 
flow-erosion considerations led to a decision for a 
maximum bulk velocity of 15 ft/sec. The total flow 
through the cavity is 1,190 GPM. The peak surface heat 
flux on the cavity walls is 13 W/cm2 at the high-energy 
end. The peak temperature on the cavity wall surfaces is 
predicted to be 100'F. 

The peak surface heat flux in the undercut region at 
the high-energy end is predicted to be 65 W/cm2 with the 
peak temperature in this region predicted to be 130°F. 

MINOR VANE 
HORIZONTAL 1 
(2 •»> 

MAJOR VANE 
VERTICAL TIP 
(2 to) 

Figure 3: RFQ Cross-Section 

The 50'F inlet coolant temperature requires a refrigeration 
system instead of the cooling tower more commonly used 
for linacs. The cooling tower would provide an inlet 
coolant temperature of about 105"F with correspondingly 
higher peak surface temperatures on the cavity walls and 
end undercut regions. The higher temperatures on these 
surfaces would have higher thermal loads due to 
increased surface electrical resistance. Additional rf 
power would also have been required with the higher 
coolant inlet temperature. 

The beam loss will be approximately 5 mA of H+ and 
will occur in the first section. The vacuum system will 
have eight 8-inch cryopumps which includes installed 
redundancy to allow regeneration while the linac 
operates. This was necessary to meet the APT 
availability requirement. 

Power is supplied to the cavity through 12 waveguide 
irises (Figure 4). There are three 1-MW klystrons which 
will normally operate at 2/3 rated capacity. This will 
extend both rf window and klystron lifetimes. In the 
event of a klystron failure, the RFQ can operate with the 
remaining two klystrons. 

5 FABRICATION STATUS 

Detail design of the APT/LEDA RFQ began in October 
of 1995. The RFQ cavity is being fabricated and brazed 
in the LANL shops. At the present time, three of the 
eight sections have been completed and machining of 
components of the remaining five sections is underway. 
A photo of Section A2 is shown in Figure 5. 
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Figure 4: APT/LEDA RFQ Schematic 
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Figure 5: APT/LEDA RFQ Section A2 
After Furnace Brazing 
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NSNS RFQ MECHANICAL DESIGNt 

Matthew D. Hoff, Craig Fong, Martin Fong, John W. Staples 
Ernest Orlando Lawrence Berkeley National Laboratory, Berkeley, California, 94720 

Abstract 
A 402.5 MHz, 6% duty factor RFQ is being 

designed for the National Spallation Neutron Source 
(NSNS). The 6% duty factor and RFQ length will present 
formidable design challenges. To this end, an RFQ 
materials test program is underway. A cold model test 
facility is being designed. Results of cooling calculations 
have begun. Plans for cavity construction, rf and vacuum 
seals, alignment, structural support and hot models are 
discussed. 

MINOR VANE 

SECTION 

ALIGNMENT 

STEPS 

MAJOR VANE 
SECTION 

COOLING 
CHANNELS 

Figure 1.   Vacuum-furnace Braze Assembly 
Exploded view 

Flanges and ports not shown for clarity. 

CONSTRUCTION 
We have designed the basic size of the RFQ at 

3.7 meters long by 215 mm square cross-section, not 
including the flange, which is 292 mm square. The RFQ 
will be divided into four modules of varying length. The 
longest module is 950 mm in length while the shortest 
module is 900 mm. We are studying a vacuum-furnace 
brazed, self-aligning technique for fabrication, (See 
Figure 1) We plan to braze together four vane sections to 
create modules that in turn bolt together to form the full 
length RFQ as shown in Figure 2. 

The RFQ is divided into four modules all under one meter 
in length to simplify fabrication, oven brazing and 
handling. A development program will be integrated with 
the hot model testing to verify this construction technique. 

BOLTED 
FLANGES 

MODULE 

Figure 2.   Four Module RFQ Assembly 

MATERIALS 
We have currently selected Glidcop AL-15 [1] 

(an alumina dispersion-strengthened copper) because of 
the vacuum-furnace braze technique and the close 
tolerance requirements for the cavity. Glidcop will not 
anneal in the brazing oven and will not creep from 
residual stress, making it ideal for our close tolerance 
application. Module connecting flanges can be fabricated 
of either Glidcop or stainless steel. Raw Glidcop billets 
can be sized to include the flanges, saving an oven 
brazing cycle, but requiring more material and machining. 
Stainless steel flanges would have greater strength than 
Glidcop, but would require a braze cycle. We will 
investigate both options. Anticipating accelerated erosion 
due to ion sputtering by the 6% duty factor, we plan on 
investigating the hardening of vanetips by ion 
implantation of a refractory metal such as tantalum. The 
Plasma Applications Group at LBNL has developed 
advanced techniques of surface modification using ion 
guns to harden copper surfaces. 

t This research is sponsored by the Lockheed Martin Energy Research Corporation under the U.S. Department of Energy, Contract No. DE-AC05- 
960R22464, through the Lawrence Berkeley National Laboratory under Contract No. DE-AC03-76SF00098. 
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RF TUNING 
The coarse frequency will be determined by 

computation with 3-D electro-dynamic codes and refined 
by physical modeling. The actual RFQ modules will be 
fabricated with a frequency slightly higher than required 
and a groove machined in the length of the cavity wall to 
bring the frequency into the desired tolerances. The 
groove will be cut using a wire EDM machine with a 
throat opening greater than the length of the modules. The 
RFQ design incorporates forty-eight tuners, (See Figure 
3). We plan to adapt the design of the PEP-II tuners [2] 
which have been developed for a similar wall power 
density and 476 MHz frequency, but a 100% duty factor. 
The PEP-II tuner has a piston area of 7500 sq. mm, while 
the NSNS tuner will be 200 sq. mm with a motion of ± 2 
mm. The tuners use silver-plated Glidcop rf contacts 
sliding on rhodium-plated copper piston. Hence, we need 
only to scale down the size of the design. Because of the 
anticipated rf losses, the tuners are water cooled. The 
physics design of the RFQ is further discussed in a 
companion paper at this conference[3]. 

VERTICAL MODE STABILIZER 

COOLING PORT 

(12 per module) 

TUNER PORT 

(12 per module 

SENSING PORT 

(12 per module) 

RF PORT 

(4 per module) 

(2 used) 

VACUUM PORT 

(4 per module) 

HORIZONTAL MODE 

STABILIZER COOLING PORT 

(12 per module) 

Figure 3.   Module Port Configuration 
Port configuration is identical 

on the opposing hidden surface. 

DRIVE LOOPS 
We plan to distribute 800 kW of rf power into 

the RFQ at eight locations. At 100 kW per input, eight 
water cooled drive loops will be used. Drive loops will be 
located, in pairs, in the center of each module. Drive loop 
pairs will be located in opposing quadrants. To promote 
even power distribution, drive loops will alternate 
between adjacent quadrants in adjacent modules. To 
maintain symmetry in the cavity design, all modules will 
have four drive ports in the center, but only two will be 
used, with the other two capped off. 

VACUUM SYSTEM 
An array of holes with diameters small enough to 

attenuate rf leakage will be machined into each major 
vane component resulting in four pump-out ports per 
module. Conceptual design indicates that four 
turbomolecular and two cryo pumps should be used for 
pumping the entire RFQ. Each vacuum pump manifold 
covers two adjacent ports on a module side. Unused 
vacuum ports will be covered. Vacuum calculations 
indicate this arrangement can pump down to a pressure of 
10"7 torr, which will meet operational requirements. 

SEALS 
Current plans are to join RFQ modules with a 

bolted flange utilizing a Helicoflex[4] seal, backed up 
with an O-ring. The Helicoflex seal fulfills both the rf and 
vacuum requirements. We expect the rf current across the 
bolted joint to be low, well within the capabilities of the 
metal clad, high contact pressure Helicoflex seal. We 
view the back-up O-ring seal as cheap insurance for a 
major vacuum joint. Local rf current will be sustained at 
the vanetips by capturing a canted spring ring between 
them. Large flanges, such as the vacuum ports will be 
sealed with O-rings. Smaller seals, such as the tuners, 
may use copper knife-edge type seals. 

n MODE STABILIZER BARS 
LBNL has chosen to use n Mode Stabilizer bars 

that were pioneered at KEK [5]. These stabilizers are 
mechanically simple, inexpensive to fabricate and easy to 
cool. Preliminary design calls for six pairs per module, 
twenty-four pairs total. 

ANSYS CALCULATIONS 
Initial ANSYS [6] analysis of the nominal RFQ 

cross-section showed the following results. Thermal 
distribution calculations show a 5° C rise for the cross- 
section. Thermal stress, along with vacuum loading, is 
calculated at less then 650 psi. Net thermal deflection at 
the vanetip and cavity wall is less then .001 mm resulting 
in a calculated frequency shift of .001%. Further analysis 
of the RFQ vane end region and other potential hot spots 
will be carried out as the design matures. The cooling 
water flowing through the vane is calculated to rise less 
than 3" C. 
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COOLING CIRCUITS 
Multiple cooling circuits will be gun bored and 

their locations are based on ANSYS analysis. The gun 
boring method allows us to place cooling closer to the 
vane tips. In locations where a port must cross a cooling 
passage, a port sleeve with a cooling channel on the 
outside bore will be inserted (during a furnace braze 
cycle) to allow the coolant to flow around the port, (See 
Figure 4). The cooling passages will be brazed shut at the 
ends and connecting water passages radially bored in 
from the outside. 

PORT 
SLEEVE 

Figure 4.   Port Sleeve Cooling 

ALIGNMENT 
We plan to address the alignment of vanetips in 

the individual modules by machining alignment steps into 
the major and minor vane sections and braze using a "zero 
gap" technique, (See Figure 1). The "zero gap" technique 
entails fixturing the components with metal to metal 
contact and placing the wire braze material in machined 
grooves that open to the contact surface. The groove 
location and size is designed to deposit the correct amount 
of braze material through out the joint. The metal to metal 
contact assures precise alignment and tolerance control. 
The four modules will then be mounted on a strongback 
structure (raft) that will align the modules to each other, 
support vacuum pumps and facilitate transportation. 

STRUCTURAL SUPPORT 
The smaller strongback structures (rafts) holding 

the modules will be mounted on a larger, overall support 
structure (girder) holding the entire NSNS Front End. 
This girder will facilitate easy instrumentation access and 
modification, yet provide stiff, rugged support. This 
structure may also double as a shipping fixture. 

COLD MODELING 
A modular cold model structure has been 

designed for low power rf testing without vacuum. 
Starting with short, standard sections, we will work our 
way up to a final full length model. Preliminary test are 
planned for the mode stabilizer rod spacing and location. 
Vanetip end geometry, tuners, rf drive ports and absolute 
frequency will also be tested. 

HOT MODELING 
Design is progressing on a test stand for testing 

small RFQ structures under vacuum and full rf power, 
hence the term "hot". We plan on testing rf joints, 
multipactoring reduction techniques, rf feed loops and 
cooling on this test stand. Initial test will be on a short 
two vane structure to simplify fabrication, eventually 
working our way up to a full scale cross-section. 

INSTRUMENTATION 
Instrumentation design is in the discussion stage 

only at this time. Forty-eight wall-field sensing loops are 
planned, as are four spark detectors and cavity 
temperature monitors. Full monitoring of the water 
cooling system is anticipated to include flow rate, 
temperature and water quality. All rf tuners will be 
monitored for temperature and position during operation. 

CONCLUSION 
We have presented a four-vane, oven-brazed, 

Glidcop RFQ, assembled in four modular sections. Initial 
ANSYS calculations indicate an excellent thermal design 
showing thermal stress below 650 psi and thermal 
frequency shift under .001%. We are confident that our 
development program will verify our fabrication 
technique and successfully overcome the challenge of a 
6% duty factor, 3.7 meter long RFQ. 
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STATUS OF THE RFD LINAC PROTOTYPE* 

D.A. Swenson, F.W. Guy, J.W. Lenz, Linac Systems, Waxahachie, TX 75165 
K.R. Crandall, Consult Crandall, and J.M.. Potter, JP Accelerator Works, Inc. 

Abstract 

A 2.5-MeV prototype of a "Compact 12-MeV Proton 
Linac for PET Isotope Production" is under construction 
at Linac Systems. This unit will serve as the "proof of 
principle" for the revolutionary new Rf Focused Drift 
tube (RFD) linac structure. Both the prototype and the 
production unit will operate at 600 MHz. The prototype 
comprises a 25-keV proton ion source, an einzel-lens- 
based LEBT, a 0.65-m-long RFQ linac to 0.8 MeV, and a 
0.35-m-long RFD linac to 2.5 MeV. The two linac 
structures will be resonantly coupled together and 
powered by a collection of planar triodes. The entire 
assembly will be evacuated by 2 turbomolecular pumps 
and 1 ion pump. The alignment philosophy is based on 
precision machining and "hard socket" for installation of 
the drift tubes. Fabrication methods for achieving the 
required precision will be described. Installation of a 
Laboratory Building to house the prototype is nearing 
completion. The prototype is scheduled for completion in 
the fall of 1997. The status of this project after 7 months 
of funded activity will be reported. 

1 INTRODUCTION 

The RFD linac structure"'51 resembles a drift tube linac 
(DTL) with radio frequency quadrupole (RFQ) focusing 
incorporated into each "drift tube". As in conventional 
DTLs, these drift tubes are supported on single stems 
along the axis of cylindrical cavities excited in the TM0I0 

rf cavity mode. The RFD drift tubes comprise two 
separate electrodes, operating at different electrical 
potentials as determined by the rf fields in the cavity, 
each supporting two fingers pointing inwards towards the 
opposite end of the drift tube forming a four-finger 
geometry that produces an rf quadrupole field distribu- 
tion along the axis. The fundamental periodicity of this 
structure is equal to the "particle wavelength", ß\. The 
particles traveling along the axis traverse two distinct 
regions, namely gaps between drift tubes where the 
acceleration takes place, and regions inside the drift tubes 
where the rf quadrupole focusing takes place. 

2 RFD DRIFT TUBE GEOMETRIES 

The drift tube body and stem geometries, which are so 
fundamental to the RFD linac structure, continue to 
evolve. The transverse quadrupole fields, which produce 
the quadrupole focusing, are now pretty much isolated 
from the longitudinal gap fields by the drift tube bodies. 
That   is,   the   four   fingers,   which   produce   the   rf 

* Supported by the National Institute of Mental Health (NIMH). 

quadrupole fields, are now compleely enclosed within the 
bodies of the drift tubes, instead of being exposed to the 
gap fields as they were in previous designs. The stems 
that support the two halves of the drift tube must do so 
without shorting out the rf excitation of these electrodes. 
Now, instead of using the inductance of the stems to 
isolate the two halves of the drift tube, we plan to use the 
coupling of the stem geometry to the magnetic fields of 
the linac to provide an rf excitation equal to that derived 
from the coupling of the drift tube bodies to the electric 
fields of the linac. 

We are designing for a drift tube diameter of 36 mm, a 
gap length (G) to cell length (L) ratio of 0.25, a quad 
length (Q) to cell length ratio of 0.5, and a bore hole 
radius of 1.5 mm. The energy range for the POP 
prototype is 0.8 to 2.5 MeV. The cell lengths, at 600 
MHz, range from 21 mm to 36 mm. The cross section of 
the drift tubes for cell lengths of 22, 26, 30 and 34 mm 
are shown in Fig. 1. The upper half of the cross section 
shows the horizontal plane of a horizontally focusing 
quadrupole and the lower half of the cross section shows 
the vertical plane of the same quadrupole. 

RFD   DRIFT   TUBE   FAMILY 

l 
H     II 

i 22 i 
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V    \\ 

iM 
W 

i   i    i    i   i    ii 
ii    i    II    II 

Figure 1: Cross Sections of RFD Drift Tubes. 

The goal is for the RFD lens excitation derived from 
the capacitive coupling of the drift tube bodies to the 
electric fields of the linac mode to be equal to that 
derived from the inductive coupling of the drift tube 
stems to the magnetic fields of the linac mode. The latter 
is evaluated from SUPERFISH field information with the 
aid of the CHARGE-2D program. The former is 
evaluated with the aid of the CHARGE-3D program. 

The desired lens excitation is determined by the beam 
dynamics. A constant voltage across the lens, 
independent of cell length, results in a constant phase 
advance per unit cell, which results in a constant beam 
diameter throughout the linac.   A constant lens voltage 
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implies a declining ratio of lens voltage to cell voltage as 
the cell length (and voltage) increases. We are designing 
for a lens voltage of 40.5 kV, which corresponds to a 
VL/VC ratio that ranges from 0.23 to 0.15 over the length 
of the POP prototype. 

3 RFD BEAM DYNAMICS 

We have decided to terminate RFD linac tanks at a mid- 
gap location. That is, the end cells are what we would 
call "half cells". This obviates the need to design special 
RFD lenses that would function properly on the end 
walls. We have recently modified the RFD linac beam 
dynamics program, PARMIR, to accommodate that 
decision. 

The acceleration and focal properties of these end 
cells can be determined from the electric field distribution 
along the axis of the cell and adjacent beam pipe. 
SUPERFISH calculations reveal that these fields reach 
their maximum intensity near the center of the "half gap" 
and that the tails of the distribution lack the symmetry of 
normal linac cells. This lack of symmetry poses the 
question of where best to apply the transverse and 
longitudinal "kicks" to simulate the action of these fields 
on the beam. We have decided to adopt the point about 
which the S integral vanishes as the effective center of the 
cell, leaving us with the normal linac energy gain 
expression, where the T, TP, and SP integrals are 
evaluated about this same point. 

SUPERFISH runs are made for half-cell/bore-tube 
geometries corresponding to energies where tank ends are 
expected to occur. The locations of the effective centers 
of these cells are determined and the T, TP, S and SP 
factors are evaluated about these effective centers. The 
value of E0 is independent of the choice of origin over 
which it is integrated and will be the same as that of its 
neighboring full cell. As the effective gap of the half cell 
is smaller than that of a normal "full cell", the transit time 
factor (T), will be higher than that of the neighboring full 
cell. These data are extracted from a series of 
SUPERFISH runs and the result are presented to the 
beam dynamics code, PARMIR, in tabular form as a 
function of the particle velocity, ß. When PARMIR 
encounters the need to generate an end cell of a tank, it 
interpolates the data in this table to the ß of the end cell to 
get the data needed for generating the half cell. 

4 RF CAVITY FIELD CALCULATIONS 

For a complete analysis of the RFD linac structure, some 
3D rf calculations are needed. Outside the drift tubes of 
the RFD linac structure, the geometry and fields are 
axisymmetric; inside the drift tubes, the geometry and 
fields are highly three-dimensional. Although the three- 
dimensional portion of the problem occupies less than 1% 
of the total cavity volume, the fields in this region 
represent a majority of the fields that the particles see. 
The effect of this region on the resonant frequency of the 

structure is important. The rf efficiency of the structure 
depends, to some extent, on the power dissipation in this 
region of the structure. The design of the drift tube 
cooling circuit requires some knowledge of the 
distribution of the power losses in this region. The 
allowable excitation will be limited by the electric field 
intensities on the surfaces of this region. 

The common 3D rf codes are MAFIA, ARGUS, 
HFSS, and SOPRANO. To date, calculations of the field 
distributions and power losses in the RFD linac structure 
have been made with MAFIA, HFSS, and SOPRANO. 
All calculations confirm that the structure performs as 
expected. SOPRANO1"* has an enormous advantage over 
MAFIA in that it can have a fine mesh in one portion of 
the problem volume, surrounded by a coarse mesh for the 
rest of the problem volume. Vector Fields has produced a 
sample calculation of this geometry for us. 

5 RFD DRIFT TUBE BODY AND STEM DESIGN 

The RFD drift tube body and stem design comprises two 
half-body electrodes, with a total of four fingers to create 
the rf quadrupole field along the axis, supported on two 
water-cooled support blades that emanate from a single 
stem that mounts in a single hole through the linac tank 
wall. 

The stem/blade assembly will be a 4-layer stainless 
steel sandwich requiring two hydrogen-furnace braze 
cycles for completion. In the first braze cycle, two halves 
of the blades will be joined together to form a support 
blade complete with a machined cooling channel. In the 
second braze cycle, two blade assemblies will be brazed 
together to form a complete stem/blade assembly with 
connections to the parallel blade cooling channels. The 
stem portion of this assembly will be machined to a 
circular cross section and precision ground to a 
cylindrical surface for installation into a reamed hole in 
the tank wall. The stem and hole will be keyed to control 
the angular orientation of the drift tube. At this point, 
portions of the stem/blade assembly will be copper 
plated. 

To achieve the required precision in the location of 
the body halves relative to the stem base, the stem/blade 
base will be held in a precision jig, coolant will be 
circulated through the stem/blade assembly, and the inner 
surface of the circular annuli at the end of the blades will 
be cut by the wire EDM process to form a precision seat 
for the body halves, accurately located relative to the 
precision ground cylindrical surface of the stem base. 

The body electrodes are made from oxygen-free 
copper. The body electrodes for each drift tube will be 
different to accommodate the changing velocity of the 
accelerated particles, whereas the two halves of each drift 
tube will be identical. The drift tube half-bodies will be 
joined to the stem/blade assembly by a third hydrogen- 
furnace braze cycle. A trial run at the fabrication of 
several drift tubes is underway. 
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6 RFD LINAC TANK DESIGN 

The RFD linac structure will be relatively short (0.35 m) 
as it need only go to 2.5 MeV. The linac tank, consisting 
of a thick-walled (22-mm) aluminum tube with a 
rectangular bar of aluminum welded to one side, 
represents the principal structural element of the linac. 
The linac tank for this prototype is 0.38 meters in 
diameter and weighs 42 kg. The tank is copper plated on 
the inside and anodized on the outside. 

The tank will be oriented with the welded bar at the 
bottom. The purpose of the welded bar is to provide a 
thicker wall on which to mount the drift tubes. After all 
the tank welds are finished and it has been heat treated, 
the mounting holes for the drift tubes will be precision 
bored through the thickened tank wall. These holes 
represent "hard sockets" for the drift-tube stems. No 
provision is made for further alignment of the drift tubes. 

The finished drift tube assemblies are inserted into 
their hard sockets from the inside of the tank. This 
requires that the completed drift tube assembly be 
somewhat shorter than the inner tank diameter. We insist 
on being able to remove and reinstall any drift tube 
without disturbing its neighbors. The principal drift-tube- 
stem vacuum seal is a proprietary copper seal. A 
secondary elastomer seal on each stem provides for 
vacuum-checking convenience and a backup vacuum 
capability. 

7 ION SOURCE 

The ion source will be a scaled-down version of an early 
LAMPF duoplasmatron. Some attempts to scale this 
source to smaller sizes have suffered from magnetic field 
saturation problems and duty factor limitations. 
Improvements in the magnetic and cooling circuits 
promise to rectify these problems. 

The ion source will operate at a potential of 25 kV and 
produce a proton beam of at least 15 mA at a duty factor 
up to 2%. The filament power will be about 175 W (35 A 
at 5 V). The magnet power will be about 60 W (2.5 A at 
25 V). The hydrogen gas flow is estimated at about 2 
SCCM. It will have a length of 152 mm and a diameter 
of 210 mm. The ion source is currently under design at 
JP Accelerator Works, Inc. It is scheduled for delivery in 
the fall of 1997. 

8 RF POWER SYSTEM 

The rf power system, based on a multiplicity of high 
power planar triodes, will produce a peak power of 240 
kW at a pulse duty factor of 0.5%. It will consist of a 
chain of two intermediate power amplifiers (IPA1 and 
IPA2) and one final power amplifier (FPA). The IPAs 
will be rack mounted while the FPA will be mounted in 
close proximity to the accelerator. IPA1 will use one 
YU-141 planar triode and IPA2 will use two YU-141s. 
The FPA will utilize an all new single cavity 
configuration of 12 planar triodes in parallel. 

This system is currently under development at 
JP Accelerator Works, Inc., features easy tube 
replacement (individual cathode assemblies), a broadband 
cathode circuit (no tuning required), a light weight cavity 
assembly, built-in phase and amplitude control, and a PC- 
based control system with fiber-optically isolated control 
modules and professional controls software. The system 
is scheduled for delivery in June, 1997 

9 VACUUM, COOLING, AND CONTROLS 

The vacuum system for the proof-of-principle prototype 
will consist of one turbo pump on the ion source/LEBT, 
one turbo pump on the RFQ linac structure, one ion pump 
on the RFD linac structure, and two rotary vane roughing 
pumps. These pumps have been procured. 

We will strive for metal seals where they are 
convenient or where they involve critical components that 
are hard to replace (drift tubes, for example). We will 
accept elastomer seals on some of the large joints 
between tank sections and end plates. 

The cooling system for the proof-of-principle test will 
be a recirculating system, based on a single commercial 
unit with a temperature control capability of ±1°C and a 
capacity of 3 kW. Some deionized cooling capacity will 
be needed for the high voltage parts of the rf power 
system. An additional 5 kW of cooling, without 
sophisticated temperature control, will suffice for the rest 
of the system. 

The control requirements for RFD linac systems are 
understood to be very modest. The control system for a 
production system will involve a PC-based computer with 
commercially available control modules and 
commercially available control-oriented software. The 
plan for the prototype is to implement a skeleton of such 
a system to establish its potential. Its principle function 
will be to support important personnel safety and 
equipment protection functions, some beam diagnostic 
measurements, and some data-logging functions to assist 
in accident reconstruction. The control of most 
accelerator equipment on the prototype will be 
accomplished manually in the course of developing the 
required controls procedures. 

A new 1200 square foot laboratory has just been 
completed to support the development of the RFD linac 
structure. Newly acquired equipment includes a network 
analyzer, a vector voltmeter, an rf power meter, and a 
bead perturbation setup. The support structure for the 
POP prototype have been installed in the new laboratory. 
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BEAM DYNAMICS STUDIES ON THE ISAC RFQ AT TRIUMF 

S. Koscielniak, R.E. Laxdal, R. Lee, L. Root 
TRIUMF, 4004 Wesbrook Mall, Vancouver, B.C., Canada 

Abstract 

An 8 m long split-ring RFQ linac is being constructed at 
TRIUMF as part of the ISAC radioactive beam project. 
The RFQ is designed to accelerate unstable nuclei with 
q/A > 1/30 from 2 keV/u to 150 keV/u. Several unusual 
beam dynamics studies have been pursued during the lat- 
ter stages of the design. To furnish engineering alignment 
tolerances, particle tracking in the 10-term potential was 
performed to estimate the RFQ performance with respect 
to vane displacement errors; the results are compared with 
a simple analytical model. In order to explore fringe field 
effects, particle tracking studies through computed three- 
dimensional fields at the RFQ entrance and exit were made 
to optimize the radial matching section (RMS) to the LEBT 
optics, and to appraise the value of a transition cell[9]. In 
this paper we describe the methods and results of the beam 
dynamics simulations and summarize final specifications 
for the RFQ. 

1    INTRODUCTION 

The ISAC project conceptual design[ 1] consists of an ISOL 
and two c.w. linear accelerators: a 35 MHz RFQ and a 
105 MHz drift tube linac (DTL). The Radio Frequency 
Quadrupole (RFQ) beam dynamics design[2] has stabilized 
with the following values: focusing parameter B = 3.5, 
characteristic radius to pole tip (r0) and vane transverse 
radius of curvature p = r$ = 0.741 cm, modulation in- 
dex 1.1 < m < 2.6, local bore radius 0.37 < a(cm) < 
0.71 and inter-vane voltage V = 74 kV. An unusual 
feature of the design is the constant synchronous phase 
of <j>a = —25° as a consequence of an external multi- 
harmonic buncher[5] operating at 11.66 MHz fundamental 
frequency. The buncher introduces an 86 ns pulse spac- 
ing into the beam that is useful in some physics experi- 
ments. The tapering down of the focusing parameter, B, 
toward the RFQ exit, in an earlier design, has been elim- 
inated in favour of exit 'transition cells'. The RMS has 
been customized to minimize beam size and convergence 
at the RFQ entrance. The RMS is immediately followed by 
accelerating cells with m = 1.1, and a transition cell has 
been introduced to avoid the discontinuity. 

2   RADIAL MATCHING SECTION 

The longitudinal profile of the vane tips is obtained from 
an analytic expression[4] for the RMS potential. Since 
the vane cross-sections are semi-circles of radius p with 
straight vane extensions and differ from those assumed in 
the analytic study the RMS region of the RFQ has been 
modelled using RELAX3D[13, 6]. 

The transverse emittance orientation required at the 
RFQ entrance is determined using TRACK[11] to trace the 
matched ellipses at the exit of the RMS backwards through 
the RELAX3D potentials and then back to the last matching 
quadrupole located 9 cm in front of the tank entrance. The 
emittance growth due to aberrations in the 4Q matching 
section at the RFQ entrance is found to decrease as the dis- 
tance from quadrupole to RMS decreased and as the num- 
ber of cells in the RMS increased. A quadrupole to RMS 
spacing of 17.8 cm and a 10 cell RMS section, producing 
0.7 % emittance growth for a 507T/um emittance beam, is 
used in the final design. 

Z  (cm) 

Figure 1: The fields in the RMS calculated using RE- 
LAX3D. 

A transition cell with a sinusoidal half-period longitudi- 
nal vane shape is used to join the unmodulated RMS vanes 
to the first modulated cell. To make room for this, the RMS 
is shortened to nine cells, and the tenth cell is the tran- 
sition cell. This section of the RFQ along with the first 
three accelerating cells is modelled using RELAX3D, and 
the calculated electric fields are shown in Fig. 1-. Particles 
are tracked through the calculated RMS potential grids and 
are then fed into PARMTEQ and accelerated through the 
RFQ. For comparison, particles are also simulated using 
PARMTEQ only. The results show that the transition cell 
has no significant effect on the RFQ's acceptances or out- 
put emittances and so acts as a successful bridge through 
this non-adiabatic region. 

3   CPACK CALCULATIONS 

Eight term potentials calculated by CPACK[10] are used in 
PARMTEQ to study beam dynamics of the accelerating sec- 
tion of the RFQ. In order to maintain synchronism and op- 
timum transverse focussing, the analytic two-term poten- 
tial values for the local aperture a and the modulation m 
are adjusted using a procedure similar to that described in 
references[3, 2], so that with the revised cell parameters, 
the two lowest order, CPACK calculated, coefficients are 
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equal to their two term potential values. After the adjust- 
ments to a and m, PARMTEQ calculations using the 8-term 
CPACK potentials give results nearly identical to those pro- 
duced using the ideal two term potential. 

4   EXIT TRANSITION CELL 

Crandall[9] suggested terminating the high energy end of 
an RFQ with a transition cell which would connect the exit 
of the last modulated cell to a section of unmodulated vane 
having a constant radius to pole tip ro, hence zero on-axis 
potential. This makes the final energy easier to calculate 
analytically and by adjusting the length of the unmodulated 
section, the orientation of the output transverse emittances 
may be changed. In our case we calculate with RELAX3D 
the potentials at the exit and so can accurately predict the 
final energy, however we have found that the transition cell 
allows us to exert more control on the output energy and 
RFQ length. The ISAC RFQ, as designed, uses a simplified 
version of Crandall's transition cell. 

The ISAC RFQ must have an output energy of 
150 keV/u, and, from rf design considerations, a length of 
« 760 cm while GENRFQ/PARMTEQ originally produced 
a design of 759.38 cm and 150.5 keV/u. To lengthen the 
design and to decrease the energy, the last cell was con- 
verted into a transition cell with a sinusoidal half period 
to bring the vanes to quadrupole symmetry. A 0.62 cm 
long unmodulated vane section follows the transition cell 
to bring the RFQ vanes to the correct length. A RELAX3D 
model of the exit region is shown in Fig. 2. Ray tracing 
through the RELAX3D calculated potentials indicates that 
this combination will produce a beam with an energy of 
150.08 keV/u and with emittances which the 4Q optics sec- 
tion downstream of the RFQ can easily handle. 

vane drift can be effectively used to tailor the transverse 
characteristics of the output beam. 

Figure 2: A RELAX3D model of the exit region showing 
three regular cells, a transition cell and a short unmodulated 
end section. 

Additional RELAX3D simulations using differing 
lengths Lu of the unmodulated section are summarized 
in Figure 3, and show how changing Lu can alter the 
transverse Twiss parameters. Given some freedom on the 
final length of the vanes, the transition cell and parallel 
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Figure 3: Output emittances for end cells composed of a 
transition cell and an unmodulated vane of length Lu. 

5   CALCULATED RFQ PERFORMANCE 

The final RFQ performance simulations are done using 
an initial particle ensemble with matched transverse emit- 
tances of e = 507r/zm and the 11.66 MHz pre-bunched lon- 
gitudinal distribution shown in Figure 4(a). Particles are 
tracked through the RMS RELAX3D entrance grid, through 
the RFQ's acceleration section using PARMTEQ and the the 
8-term CPACK potentials, and finally through the transi- 
tion cell RELAX3D exit grid. 81 % of the beam is cap- 
tured into the central RFQ bucket, 3.5 % of the beam is 
captured into satellite buckets located between the central 
buckets, and 15 % of the beam is transported to the RFQ 
exit but not accelerated. Transversely the emittance growth 
is ~3 %. An ellipse in longitudinal phase space of area 
0.227T keV/u-nsec encloses 98 % of the particles at the RFQ 
exit as shown in Figure 4. The beam quality is adequate for 
injection into the DTL[12] which will follow the RFQ. 

(b) Output  Beam to Input Beam 
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Figure 4: Input and output longitudinal emittance. 

6   SENSITIVITY ANALYSIS 

An essential part of a design study is to perform a sensi- 
tivity analysis of the performance (transmission and emit- 
tance) with respect to injection errors of the beam and me- 
chanical errors of the accelerating/focusing structure. Fur- 
ther details and numerical values appear in Reference [2]. 

6.1   Beam injection errors 

The PARMTEQ program was modified so that the descrip- 
tion of a field-corrected RFQ could be read from file. Based 
upon tracking an ensemble of 4400 particles (with the 8- 
term potential) with various initial injection errors it ap- 
pears there is a quadratic dependence of the transverse 
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emittance growth on transverse injection errors, e.g. Fig- 
ure 5. 

-0.1 0.0 0.1 0.2 
dX  (cm) 

0.0   0.1   0.2   0.3   0.4   0.5   0.6   0.7   0.8   0.9    1.0 
Average vane displacement modulus  (mm) 

Figure 5: Emittance growth vs horizontal displacement.        Figure 6: Comparison of simulation with a simple model. 

6.2    Vane position errors 

The vane displacement study was performed with the TRI- 
UMF versions of RFQCOEF[10] and PARMTEQ. The RFQ 
m, a, I description is fed into COEF so that vane displace- 
ments can be added and new potential function coefficients 
calculated.1 When vanes are moved, the 8-term potential 
is supplemented with dipole and sextupole components to 
give a 10-term potential. The dipole coefficients were cal- 
ibrated against analytic[7] estimates. Let us number the 
vanes counter-clockwise, and suppose that the pair of vanes 
2&4 both move upward an amount 5, while vanes 1&3 re- 
main fixed. The potential function is: 

$    =    (V72){A)i(r-2cos20-|-2<5xrsin0) 

+     yliocosfcz[/o(A:r) + kSxh(kr) sin 9]} 
(1) 

Based upon the mechanical support and connections two 
types of vane displacement are important: (i) where vanes 
1&3 and/or 2&4 move as pairs with radial errors (likely 
vibrational modes); and (ii) where all vanes twist (likely 
thermal deformation). As a means to 'roll together' the va- 
riety of cases it was decided to plot emittance growth and 
transmission versus the average modulus of the vane dis- 
placement. The transverse emittance growth dependence 
on vane error appears to be quartic, Figure 6. The longitu- 
dinal inverse 'brilliance' [where B~x = ez/(survival frac- 
tion)] has a quadratic dependence on vane error. 

6.3    Emittance growth 

Non-linear terms in the equation of motion give rise to an 
amplitude dependence of the betatron tune and to ampli- 
tude increase; so that emittance grows. Let dX and dX' be 
alignment and angle errors of the beam centroid. Let x the 
beam half-width and x' the maximum divergence (i.e on 
the envelope). If filamentation (due to tune spread) is com- 
plete but there is no change in action, the emittance growth 
ratio can be estimated[8][7] (assuming a w 0) as follows: 

£new/£oid = 1 + 2 [dX2/x2 + (dX')2/(x')2] (2) 

For the particular case of a constant displacement 5 of a 
pair of vanes, we substitute dX = 8, dX' = 0 to obtain 

the theoretical curve of Fig. 6. For the IS AC, the emittance 
is e0id = 0.17T mm.mrad (normalized), x = 2 mm and 
x' = 0.05 mradian. 

6.4   Conclusion 

The emittance growth due to vane errors grew faster than 
the theoretical quadratic dependence, which implies the 
'action' must be increasing. The emittance growth due to 
beam errors grew slower than the theoretical dependence, 
which implies that filamentation is not complete. Clearly, 
vane errors are more damaging than injection errors. 
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CONSTRUCTION CRITERIA AND PROTOTYPING FOR THE ISAC 
RFQ ACCELERATOR AT TRIUMF 

R.L. Poirier, P. Bricault, G. Dutto, K. Fong, K. Jensen, R. Laxdal, A.K. Mitra, G. Stanford 

TRIUMF, Vancouver B. C. Canada 

Abstract 

The ISAC RFQ consists of an 8 metre long 4-rod split 
ring structure resonating at 35 MHz. The rods are vane- 
shaped and are supported by 19 rings. The challenge of 
the mechanical design is the stringent, +/- 0.08 mm, 
positioning tolerance on the four rod electrodes for 150 
kW cw operation. A 1.2 metre long prototype with three 
full-scale modules, each comprising one ring and 40 cm 
of electrode, has already been built and successfully 
tested to full power. This enables us to complete the 
basic electrical and mechanical design for the final unit. 
The initial 7-ring portion of the final RFQ will be 
assembled first, together with an off-line source and a 
portion of the LEBT, so that RF parameters and beam 
dynamics behavior in the injection region can be tested as 
soon as possible. For the final RFQ the cross-section of 
the vacuum tank will be square, rather than circular. This 
will facilitate alignment of the modules and copper 
plating of the vacuum tank. The scope of the paper is to 
report the latest results from the full power tests on the 
prototype and to describe mechanical and RF design 
features including RF coupling, alignment philosophy and 
the copper plating technique. 

1 INTRODUCTION 

The accelerating system of the ISAC radioactive ion 
beams facility consists of an RFQ and a post - stripper 
DTL [1]. Singly charged ion beams with A < 30, 
delivered from the on line mass separator with an energy 
of 2 keV/u, will be accelerated to 150 keV/u through the 
RFQ and then to a maximum energy of 1.5 MeV/u 
through the DTL structure [2]. The low charge-to-mass 
ratios of the ions dictates a low operating frequency to 
achieve adequate transverse focusing, and cw operation is 
required to preserve beam intensity. The reference design 
[3] for the RFQ is a four rod split ring structure operating 
cw at 35 MHz. Full power tests on a single module [4] 
were completed last summer and on a three module 
assembly last fall. The RFQ accelerator section is 8 
meters long and is designed in 40 cm long modules with 
74 kV potential between the electrodes. The alignment 
philosophy is to construct a solid base, maintain tight 
manufacturing tolerances, assemble with jigs and fixtures 
and EDM machine the critical mounting surfaces for the 
electrodes after assembly. 

2 PROTOTYPE MEASUREMENTS 

Figure 1 is a photograph of the three modules ready to 
be installed in the tank. As in the one module test the 
electrodes were aligned only to +/- 0.250 mm but the 
average alignment was within the +/- 0.08 mm tolerance. 

Figure 1. Photograph of the three modules ready to be 
installed in the tank. 

Many longitudinal bead pull measurements were made 
between adjacent electrodes. The measurement shown in 
figure 2 is an average value of the field variation for the 
four electrodes. 

Field Variation Along RFQ Electrode 
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Figure 2. Field variation along the 120 cm length of the 
RFQ 

A +/- 1.35% field variation along the 120 cm of RFQ was 
achieved. Considering the rough alignment, this is in 
close agreement with the beam dynamics specification of 
+/- 1.0% field variation along the 8.0 meters of the ISAC 
RFQ [5]. Table 1 summarizes the measured and MAFIA 
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calculation parameters on the three modules and 
compares them to the single module test. In both cases, a 
movement of less than +/- 0.050 mm was observed when 
the voltage was slowly increased to 85 kV and a dynamic 
movement of less than +/- 0.025 mm was observed due to 
cooling water and vacuum pumps. At the same time the 
frequency of the RFQ decreased by 24 kHz from signal 
level to full power compared to 36 kHz for the single 
module test. When the voltage was instantaneously 
applied a movement of 0.150 mm was observed on the 
electrode in the direction away from the beam center and 
returned to its aligned position within 6 minutes 
compared to 0.200 mm and 3 minutes respectively for the 
single module tests. The close agreement of the measured 
frequency of 34.38 MHz compared to the Mafia value of 
34.16 MHz for the 3 module tests gives us confidence for 
the design of the 19 module assembly for the ISAC RFQ. 
Because the one ring module is in a three ring tank, the 
difference in frequency between measured and MAFIA 
values is greater. 

Table 1. RF Measurements on the RFQ Prototype 

Parameters One Module Three Modules 
Measured MAFIA Measured MAFIA 

Q 7200 14000 7150 14500 
R/Q 62.7 69.5 26.1 24.5 
kW/module 8.0 3.7 6.45 3.4 
Freq. (MHz) 35.18 34.40 34.38 34.16 

The operating pressure at full power for the single 
module tests was 9.5 x 10-7 torn However with the 
increased power for the three modules the pressure 
increased by almost an order of magnitude to 8.5 x 10-6 
torr. This proved to be too much for the coupling loop RF 
window which failed after 15 hours of continuous 
operation. The vacuum was improved by a long mild 
bake out and by replacing the end cover vacuum seals 
with Viton "O" rings. This enabled us to reach a base 
pressure of 5.5 x 10-8 torr and a pressure of 1.1 x 10-6 
torr with RF on. As expected, a measurement with the 
mass spectrometer indicated the highest component to be 
water vapor. This factor of 20 from RF off to RF on, can 
be explained by the outgassing due to high operating 
temperature in a section of the vacuum tank that did not 
get properly copper plated [2]. A new copper plating 
technique has been designed and tested for the final RFQ 
tank and we expect that this will eliminate the outgassing 
problem. Subsequently we were able to run 100 hours 
continuously at 20 kW, 40 hours continuously at 30 kW 
and subsequent runs for 17 and 14 hours at 30 kW 
without failure of the coupling loop RF window. This 
gives confidence in designing the 150 kW RF window 
required for the ISAC RFQ (see figure 3). 

3 RF CONTROLS 

For the RFQ prototype, a simplified control system is 
used. The control turns on, turns off or pulses the RF. The 
cavity voltage can be feedback regulated in the pulsed or 
cw mode. Adaptive feedback control can be turned on in 
pulsing mode to reduce the turning on transient. All these 
are achieved using a stand alone digital signal processor. 
For the 8 meter long RFQ, the control system will be 
housed in a VXI mainframe. The VXI slot-0 controller 
will provide supervisory and communication tasks for the 
controller. 

Figure 3. Photograph of the RF windows for the 
prototype and ISAC RFQ 

4 RFQ VACUUM TANK 

Unlike the prototype, the vacuum tank for the ISAC 
RFQ, shown in figure 4, is square in cross-section. Note 
that the tank is split diagonally by an "O" ring flange into 
two triangular parts, tank base and tank lid. The copper 
plating is easier to do in two parts. Also we maintain full 
unobstructed side access to the RFQ modules for ease of 
installation and alignment. The tank weighs 
approximately 12 tons and is constructed of plate steel 
which will be chemically treated (descaled) and surface 
ground before fabrication. The tank base forms a stable 
internal horizontal platform on which to mount the RFQ 
components. It is a 1.58 cm (5/8") thick steel plate 
mounted on two heavy "I" beams running the full length 
of the tank with attached footpads. The vertical back plate 
is 3.8 cm (1.5") thick and will have most of the 
penetrations for vacuum pumps, vacuum gauges, RF 
coupling loop and RF diagnostics. The triangular shaped 
lid is 1.25 cm (1/2 ") thick reinforced by tubular section 
ribs and weighs approximately 5 tons. The copper plating 
is a cyanide bath process which uses a different chemical 
solution than that used to copper plate the prototype tank. 
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Figure 4. RFQ vacuum tank installed on its concrete pad with lid removed and RFQ modules installed 

Each piece is plated separately to avoid the possibility of 
a section of the tank not being uniformly copper plated 
due to air trapped in the solution. Several sample coupons 
have been successfully copper plated, giving a much 
better copper plating finish than the prototype tank. 

5 RFQ ALIGNMENT 

Maintaining the tight alignment tolerance of +/- 
0.08mm over the 8 meter length of the four electrode, 2 
arm structure requires special manufacturing and 
assembly techniques and procedures. 

The pedestal type structure with cantilevered electrode 
mounting has inherent stability considerations including 
static deflections, thermal distortions, mechanical 
vibrations and manufacturing tolerances. Static deflections 
are primarily a factor in the electrode itself. We expect to 
see the electrode displaced in the order of 10 to 15 
microns between supports. Thermal effects are minimized 
by extensive cooling within the assembly and separating 
the heat affected areas from the structural supports. The 
vibration effects are largely indeterminate, however 
displacement amplitude has been minimized by increasing 
structural stiffness. Empirical data from the prototypes 
indicate vibration effects are not a significant factor. 

Manufacturing and assembly tolerances could easily 
consume all of the alignment error budget. Tight controls 
must be maintained to meet our target. As the critical item 
is the position of the electrodes, accuracy starts there. 
Manufacturing technology limits us to 25 microns on the 
electrode straightness. This, combined with simple 
deflection constitutes up to half of our alignment error 
budget. Thus we must achieve a near perfect electrode 
mounting surface on each of the 38 electrode mounts. 
They must all be nearly identical and in the ideal position 
within a few microns. To achieve a near ideal individual 
ring assembly we must eliminate the accumulation of 
tolerances which can produce a substantial assembly 
error. This is accomplished by assembling the ring 
structure in a precision fixture from a series of moderate 
accuracy components. The fixture serves to position the 
components within an envelope of acceptability to ensure 
that the assembly falls within the range of the finishing 

operation. Once everything is assembled, a final high 
precision operation machines the electrode mounting 
faces relative to the ring base plate within an accuracy 
envelope of 5 microns. The individual ring assemblies 
are then positioned on a platen surface of equal accuracy, 
thus establishing a uniform beam centerline. The 
orientation and positioning of the ring bases are 
established through precision machining of reference 
datum on the base and platen. During installation in the 
tank a laser will define the centre line. Digital targets 
mounted on the rings will provide positional feedback 
capable of a couple of micron accuracy. This feedback 
will allow the platen assembly of three or four rings to be 
oriented precisely to the beam. 
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ELECTRON LINAC 
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Abstract 

To simplify construction and reduce beam current losses, 
we introduce Radio Frequency focusing in a high-power 
Continuous Wave Electron LINear Accelerator by 
employing Rectangular Cavity Biperiodical Structures 
that have quadrupole-like focusing properties. 

1 INTRODUCTION 

The next generation compact high-power industrial 
electron accelerators will be high efficiency CWELs 
whose multi-megawatt average power beams will have 
energies up to 10 MeV. These CWEL accelerating 
structures must possess contradictory properties of high 
inter-cell coupling required for high beam and heat 
loading and also high shunt impedance. Strong RF 
focusing is also desirable since it would simplify the 
accelerator design and increase the accelerated current. 

We use a horizontally focusing RCBS in our compact 
70 MeV pulsed Race-Track Microtron [1] to simplify the 
design. RCBSs have been realized with circular beam 
holes [2] as well as with rectangular beam slots [3]. By 
changing the aperture geometry, elongating it horizontally 
or vertically, and varying the cavity dimensions, we can 
change the focusing sign and strength from 0 to 
~l,000/m2. 

It is known experimentally that increasing a biperiodic 
structure inter-cell coupling decreases its shunt 
impedance since the surface current distribution in both 
the coupling and accelerating cells are changed. Using 
extensive three-dimensional computer simulations 
coupling slot and cell geometries have been optimized to 
achieve large coupling with little decrease in the shunt 
impedance [4]. Our optimized RTM RCBS with no 
coupling slots [5] has a -5% coupling which we achieved 
with only -6% shunt impedance decrease. Here we 
present a RF focusing RCBS with optimized focusing, 
coupling, and shunt impedance for a high power CWEL. 

2 RF FOCUSING OPTIMIZATION 

In Fig. 1 we show the normalized horizontal (x) and 
vertical (y) focusing gradients, Gx and Gy, respectively, 
and effective shunt impedance for a RCBS with 
rectangular beam slots but with no coupling slots. 

Permanent     addresses: "Electrical     Engineering 
Department, Moscow Engineering Physics Institute, 
Moscow, Russia and bInstitute of Nuclear Physics, 
Moscow State University, Moscow, Russia. 
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Fig. 1. Focusing gradient and shunt impedance with a,/b,. 

The ElectroDynamics Characteristics depend on the 
ratios a/b, and A/B defined in Fig. 2. For a 7t/2 mode 
phase velocity equal to the speed of light (ß = 1) at 2,450 
MHz, we obtained -Gx and +Gy up to ~l,000/m2 with a 
large A/B and a square or circular (a,/b, = 1) beam hole 
by vertically elongating the structure. With a A/B » 1 and 
large a/b, the focusing gradients were the same but with 
opposite sign. 

A-A B-B 

d,. . ! i L 

< 

1  ' 
.   B«   . 

m !&, 

Fig. 2. RCBS with rectangular beam and coupling slots. 

3 COUPLING AND SHUNT IMPEDANCE 
OPTIMIZATION 

In biperiodic structures the coupling aperture dimensions 
and location modify differently accelerating and coupling 
cell eigenfrequencies [6]. Since the cell frequency 
detuning is inversely proportional to the cell volume and 
the accelerating cell is much larger than the coupling cell, 
a tuned structure with a high coupling requires a very 
small (A^BJ coupling cell surface as seen in Fig. 2. 

Fig. 3 shows the strong magnetic field in the coupling 
cells of the tuned structure that provides the inter-cell 
coupling. For small coupling cells and coupling slots 
close to axis, the surface current integral induced by this 
field in the coupling cells is small. Thus RF losses and 
shunt impedance change little from a structure without 
coupling slots. 
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Fig. 3.  Magnetic and electrical fields at xOz-yOz for a 
RCBS with beam holes and coupling slots. 

(a) (b) 
Fig. 4. Three RCBS structures. 

Table I. Structure dimensions in mm. 
(a) (b) (c) 

A, 130.00 130.00 130.00 

A„ 68.00 36.00 130.00 

B, 63.84 65.40 64.96 

B.. 44.00 36.00 50.70 

2r, — 12.00 12.00 

a, 24.00 — — 

b, 12.00 — — 

D=XJ2 61.20 61.20 61.20 

L, 44.00 44.00 44.00 

L. 4.60 4.60 4.60 

T 6.30 6.30 6.30 

l.„ 4.00 4.00 4.00 

t.„ 6.00 6.00 6.00 

x., 15.00 15.00 16.00 

l, 36.00 35.00 32.00 

d„ 6.00 6.00 8.00 

y„ 21.00 15.00 16.00 

1, 48.00 49.00 40.00 

d.. 6.00 6.00 8.00 

We investigated three highly coupled RCBS variants. 
The first, which is appropriate for our RTM and is seen in 
Fig. 4(a), has rectangular beam and coupling slots. The 
second, seen in Fig 4(b), has circular beam holes and is 
coupled by rectangular slots.   In the third, shown in Fig. 

4(c), there are circular beam holes and the coupling is by 

circular holes. RCBSs with circular beam holes hold an 
advantage for CWELs because they have larger shunt 
impedance for the same focusing gradient as a,/b, = 1 
rectangular slotted structure. RCBS (b) has smaller 
coupling cells than (c) and has larger coupling with 
approximately the same EDC. Table I list the dimensions 
and Table II gives the EDC for these three structures. 

Table II.   Structure electrodynamics characteristics. 
(a) (b) (0 

k..(%) 15.1 15.2 13.2 
r,_(MQ/m) 40.4 48.9 48.8 

G. (m-2) +275 -680 -650 
G„(m-2) -275 +680 +650 

O 12,400 13,400 13,000 

The axial longitudinal electrical field for structure (b) 
is seen in Fig. 5(a) and was obtained for a tuned structure 
consisting of two coupling cells, an accelerating cell, and 
two half accelerating cells and terminated with electric 
walls. Fig. 5(b) shows the structure dispersion. 
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(a) (b) 
Fig. 5. (a) On-axsis Ez and (b) dispersion characteristics. 

4 HIGH-POWER CWEL BEAM DYNAMICS 

For pulsed electron LINACs beam focusing is most 
important after the injector, before the electrons become 
relativistic. However, focusing is critical in a high-power 
CWEL which in some respects is intermediate between a 
proton and a pulsed electron LINAC. Heat dissipation 
and efficiency limit the CWEL energy gain to only 1-4 
MeV/m, so to achieve 10 MeV, several MW 'industrial 
strength' electron beams requires focusing to overwhelm 
the strong repulsive space charge forces. Thus, RCBSs 
that both accelerate and focus beams are desirable. 

We explore these RCBS possibilities for a CWEL with 
a 2 MeV/m energy gain producing 10 MeV, several 
hundred mA beams. The initial relativistic 2 MeV beam is 
accelerated in a short ßpl= 1 section with a -10° electron 
bunch prepared by a chopper, pre-buncher, and capture 
section. At 2 MeV/m, depending on the shunt impedance, 
between -80 and 150 kW/m of RF power must be 
dissipated and 1 MW/m of RF power is required to 
accelerate a -500 mA beam. For a several hundred kW 
CW S-band RF source, this accelerating structure will 
consist of short sections of several accelerating cells each 
whose number we vary to achieve the desired focusing. 

The i"1 accelerating cell focal length, f,, is related to the 
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normalized focusing gradients by 
A2 sin q>0 

\lf,=- 
8/zp,. 

GxJ0,0)nEzl(0,0),       (D 

where X is the RF wavelength, cp0 is the accelerating 
phase, Ezl(0,0) is the first harmonic amplitude, and p, is 
the longitudinal momentum. Since the distance between 
accelerating cells is much less than the individual cell 
focal length, an N cell structure focal length is 

1 Ncell   1 „    Ncell   1 „   \f 
_« y ' _ ft y ' - Pi "ceii 

M  fi /l      W   Pi f\   P (2) 
1 •I- 

P       Ncm ~ Pi 
For horizontal/vertical cell dimensions, A/B, of ~2, a 

RCBS with circular beam holes, has a ~680/m2 focusing 
gradient, a 2 MeV/m energy gain, a -4 MeV/m first 
harmonic amplitude, and, from eqn.(l), a -1.5 m single 
cell focal length at 2 MeV. From eqn.(2), a six cell 
section focal length is -0.3 m. 

In our RCBS zero phase particles get the maximum 
energy gain and, in contrast to our RTM, negative phases 
give stable longitudinal dynamics. For a —30° 
accelerating phase, the focal length for a 2 MeV beam is 
doubled to -0.6 m and increases with beam momentum 
until at 10 MeV it is -2.5 m. This focal length increase 
can be partially compensated for, if necessary, by shifting 
the accelerating field phase. On the other hand transverse 
space charge forces decrease as the square of the energy, 
so a focal length increase is not very important. 

—I 1 1 I 1 1  
FODOFODO FODO 

Fig. 6. High-power CWEL with RF focusing. 

To focus the beam in both transverse planes, we rotate 
each RF quadrupole-like singlet section sequentially 
through 90" and separated them by axially symmetric 
accelerating structure drift spaces seen in Fig. 6. 
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Fig. 7. CWEL beam loss with and without RF focusing. 

Fig. 7 shows the beam current losses with the injected 
beam current calculated for an axially-symmetric LINAC 
and our RCBS LINAC with focusing gradients of 680 and 
990/m2 using A/B -4. These calculations take into 
account space charge forces [7]. 

5 CONCLUSIONS 

We have shown that a high focusing RCBS LINAC can 
accelerate a 500 mA beam from 2 to 10 MeV with no 
beam losses while a traditional axially symmetric LINAC 
begins to loose beam at -100 mA. Although much 
remains to be done before achieving a final high power 
RF focusing CWEL design, we are encouraged. 
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THE BEAM LOADING EFFECT IN THE MULTICAVITY LINEAR 
ACCELERATOR AND THE REQUIREMENTS FOR THE RF CONTROL 

SYSTEM 

Yu. Senichev*, Aarhus University, Aarhus, Denmark 

Abstract 

This work has been done in the frame of ESS collabora- 
tion. The high intensity proton beam with 60 mA aver- 
age current is supposed to be accelerated in the ESS linac 
up to 1.3 GeV. The ratio between the beam power and the 
losses power is changed along the accelerator from 0.6 to 
0.7. With such a strong beam loading effect, the amplitude 
and phase RF field instabilities cause the growth of the ef- 
fective longitudinal emittance at the exit of the multicavity 
linear accelerator. It gives rise to the difficulties with the in- 
jection of the beam in the ring. We define the requirements 
to the RF control system, taking this effect into account. 

1    INTRODUCTION 

At present the neutron source projects are developed in Eu- 
rope, USA and Japan. Its are based on 1.0 -=-1.5 GeV linac 
and the compressor ring or the high cycling synchrotron 
with the full maximum beam power of 5 MW[ 1 ]. The dom- 
inating design principle for the accelerators is the minimi- 
sation of beam losses. The maintenance and repair require 
that high energy beam losses are kept below 1 nA/m. In 
addition, the linac has to be optimised for low loss injec- 
tion into the ring. Due to these problems the longitudinal 
and transverse emittance growth has to be comprehensively 
explored. The author of this work studies such a phenom- 
ena as the effective longitudinal emittance blow up. Owing 
to the random-regular character of the time-space deviation 
of the accelerating field, each single bunch undergoes the 
different exposure. With increasing of an energy the length 
and the relative momentum spread of the single bunch is 
adiabatically damped, but in the same time the effective 
sizes grow up with a number of the cavity. The distortion 
of the electromagnetic field has a lot of sources. We are in- 
terested the RF power or the beam switch off and on and the 
instability of the power supply or the beam current. Taking 
into account the feedback system, the reaction of the cav- 
ity on any random perturbation is described by the regular 
function, which has the time scale of change determined 
by the cavity inertia and the feedback delay. In other words 
two neighbour bunches have to have very similar parame- 
ters and the energy-phase deviation along the bunch train 
depends on the feedback and the cavity parameters. The 
fundamental mode change is recognised by the beam as the 
time distortion of the average field and it can be stabilised 
by the feedback system. The excitation of the modes with 
the variation along the cavity results in the space distor- 
tion. It is not under the control of feedback system and can 

be minimised by the relevant choice of the cavity parame- 
ters. The author has paid attention to this effect in the high 
intensity linear accelerator, working under ESS project[3]. 

2   ERRORS COMPENSATED BY FEEDBACK 

To stabilise the average field in the cavity the feedback sys- 
tem is used. The standard feedback system includes the 

object with the transition function Wc = Kp^c+i an^ the 
feedback system itself with the transition function Wj = 

pTc+l -, where Kc, Kf are the gain coefficients, rc, T/ are 
the time delays and Tc, Tf are the inertia in the direct and 
feedback circuit respectively. The transition function of the 

cavity applied by the feedback is W(p) = i+v^pffikfo) 
and the original function of the closed loop is: 

X(t) 
Xp 

1 + Kt 
—e~6t sm(cü0t + 6) 
w0 

(1) 

where 

Tf+Tc- Ktr    2 Kt + \ 
2TcTf + Ktr J'^i 

* on leave from Institute for Nuclear Research, Moscow. 

TfTc + 0.5KtT
2' 

u2, = to* - 62, Kt = KfKc, T = Tf + TC, tan 6 = -=-, 

where XQ is the initial stepwise perturbation. The parame- 
ter 8 determines the stability of the system. The maximum 
coefficient for the stable regime is Kt < Tf*T° ■ Actually 
it has to be less, since the control time in response to the 
perturbation grows with Kt. In the same time the residual 
error equals to J^J^- To realise the required gain coef- 
ficient the generator has to have the power reserve . The 
extra power depends on the ratio between the perturbation 
and the required residual error. For ESS this value equals 
to 30% of the nominal power to stabilise the amplitude and 
phase of ±1% and ±1° respectively. Thus the efficiency of 
the control system is determined in the first approximation 
by the ratio of the cavity feeling time and the time delay 
in the closed loop of the feedback system. There are lot of 
methods how to compensate the delay Tf in the feedback 
system itself. One of them is the time leader unit apply- 
ing the generator, which has to have the transition function 
similar to the direct circuit transition function. However no 
method compensates the natural delay of the signal in the 
cavity and the ultimate coefficient is restricted by the value 
Kt « ^. The natural delay is equal to the one run time of 
the power along the cavity. 
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3    ERRORS UNCOMPENSATED BY FEEDBACK 
SYSTEM 

The nature of these uncompensated errors lies in the differ- 
ence between the irradiation of the generator and the beam. 
This is based on the different nature of the sources. In the 
first case the source is at rest: 

39(z,t)=jmS(z-z0)e-i»t (2) 

in the second one the source moves with the velocity v: 

jh{z,t)=jrn5{z-vt)e-i»t (3) 

The electromagnetic field (electrical component) is repre- 
sented as the sum of incident Es and reflected E_s waves: 

4TT .U E = J2(CSES + C-.E-8) + —t (4) 

where 

C.(z,k) Ns(k) Jzu2 
jkE-sdv, 

Cs(z,k) 
N. -,{k)jzJ' JkEsdv 

Substituting the expression for current in these integrals, 
we can find out: 

• The generator current excites all modes of the cavity. 

• The beam current excites that modes only, which have 
the phase velocity less than the beam velocity, what 
accords to Cherenkov irradiation. 

• The generator irradiates in both directions from the 
power extraction point and the front of wave goes with 
the group velocity. 

• The beam irradiates back only, but it fills the cavity 
with the phase velocity, that is practically instanta- 
neously. So we should consider the beam as the dis- 
tributed source along cavity. 

In the waveguide approximation after "n" reflections we 
can write the expression for the total field irradiated by the 
generator located at one of the end of cavity. It is the step- 
wise function: 

! + ... + (! + e-2azG1G2)e-'azG1G2 

E = Emel^e-az 

2az, 

or for the steady value: 

E = Emel*e- 
~—2aLn 

-2aL 

(5) 

(6) 

where Eme1^ is the travelling wave field, a is the attenua- 
tion constant determined by aL = ^r1. The one run time 
of the power along the cavity is rgr = ■£- , where vgr 

is the group velocity. The group velocity depends on the 

phase velocity vph and the coupling coefficient Kcoupi of 
the accelerating structure and equals vgr = \Kcouvivvh- 
The filling time is determined by the quality factor Q and 
the resonant frequency w. From (6) the ratio between the 
steady value of E and the travelling wave amplitude Em is 
r/2rflr , or using E = (Pgenerator JRsh)1/2,we have 

E„ 
2T, gr 

(Pi generator RSh) 
1/2 (7) 

Without beam all power is spent for the losses compensa- 
tion Pgenerator = Piosses- To compensate the beam load- 
ing (fundamental mode) we have to extract the additional 
power from the generator Pgenerator = Pbeam/ cos <ps. 
Thus, the initial step amplitude for the stepwise function 
(5) is: 

Em 

E 

2TV gr beam 

* losses COS <Ps 
+ 1)1/2-! (8) 

In particular for ESS, where Pbeam/Piosses ~ 70% the 
value Em/E « 7% . To minimise this perturbation the 
beam has to be injected with the finite front of the pulse 
current. However even in the steady regime any perturba- 
tion of few percents causes the extra power injection with 
the sharp front due to the high gain coefficient of the feed- 
back system. In that case to estimate the perturbation we 
should use the extra power Pextra instead Pbeam in the for- 
mula (8) and we get Em/E « 3%. Thus during the pulse 
current acceleration such a perturbation will "walk" along 
the cavity. The beam sees its as the accelerating field mod- 
ulation. The characteristic time of this perturbation is de- 
termined by the frequency beat between the fundamental 
and the nearest modes. For ESS it is about 1 -f- 2MHz. To 
decrease these distortions we have to do one of the follow- 
ing: 

• to use shorter cavity 

• to use the accelerating structure with the higher cou- 
pling coefficient 

• to use the structure with the higher quality factor 

From this point of view it would be interesting to compare 
the normal cavity with the high coupling coefficient and the 
super conductive cavity. However, we should understand 
how these distortions influence the beam parameters. 

4   THE EFFECTIVE PARAMETERS OF THE 
BEAM 

We are interested in the motion in the perturbed electro- 
magnetic field: 

E = E0 + SE{z,t) = E0{1 + -=^ Vefecosfci/t),   (9) 

where v = ^? is the minimum frequency of perturbation 
with the period of the length cavity Tc. This kind of pertur- 
bation gives arise the parametric or external resonance in 
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the longitudinal plane. To avoid these resonances the pa- 
rameters of the cavity have to be in compliance with the 
condition[2]: 

T,< 
A-nk 

Oo cos1/2 <p. 
;5Eek< 

2Qo sin ips 

cos1/2 <ps 

(10) 

where QQ is the synchronous frequency when the syn- 
chronous phase <ps = -90°. Obviously this condition re- 
stricts us in the cavity length or the accelerating field am- 
plitude. Let us suppose we have designed the accelerator, 
which avoids the resonance condition. In this case any per- 
turbation can be considered as a high frequency kick. It 
causes the phase deviation of the bunch from the separatrix 
centre after passing through n cavities: 

<AV) centre " (^>2 + (cot^s—)2 
1/2 

nl,2K,(k) (11) 

and the energy deviation 

Q 
(AW) centre = TPsVs-(Alp)Centr 

U! 
(12) 

where K{k) is the harmonic number function. In the first 
approximationK.(k) = ^^f^j, where/i is the advanced 
phase per the cavity. Thus, the energy spread of the bunch 
centres grows, as 

(AW)centre oc nlIWl2ßmnk), (13) 

and the energy spread of single bunch: 

(AW}bunch oc 7s/4/?3/4, (14) 

These expressions show the effective momentum spread is 
significantly determined by the spread of the centres. This 
effect has been calculated numerically for ESS side coupled 
linac in the work[4]. 

5 THE REGULAR COOLING OF BEAM 

So, the effective longitudinal emittance is determined by 
the time-space distortions in the cavity. The lowest char- 
acteristic frequency of this process is most sensitive for the 
beam and inversely proportional to the inertia of units in- 
cluded in the closed loop. In particular for ESS this fre- 
quency is 150 kHz. Let us consider such a control sys- 
tem, when the phase perturbation of the accelerating field is 
compensated by the amplitude or contrary. Ideally it would 
be, when Sip = cot <ps5E/E. The energy deviation 5W 
in that case equals zero. But the question is how to realise 
such a simple idea? The answer is the time of flight pro- 
cedure. This procedure supposes the measurement of the 
flight phase and the correction of it either by the RF phase 
or by the RF amplitude until the coincidence with the de- 
signed value with accuracy $ : 

rLca„it„ dz j-La„,,ity   dz 

U Jo Cß       U Jo Cßs 
<$ (15) 

In that case the bunch energy deviation after passing 
through the cavity will be: 

AW < 72Psvs —:— + Aip tan - 
w sin /i z 

(16) 

Schematically this procedure is shown for the relative ve- 
locity on figure 1. Thus, we do not have the factor n1/2 and 
the velocity (energy) deviation is determined by the current 
cavity. 

Figure 1: The phase diagram for the flight time procedure. 

6   CONCLUSION 

This material allows us to compare the normal and the su- 
per conductive accelerators and how each option influences 
the beam quality. On the one hand due to small ratio rgTJT 
the superconductive cavity has no spatial distortion of the 
electromagnetic field and we do not have the errors uncom- 
pensated by feedback system. On other hand the higher 
accelerating field amplitude, the stronger influence of the 
residual errors to the spread of the bunch centres. From 
this point of view the most appropriate variant is the normal 
structure with the high coefficient of the coupling ~ 50%. 
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A SUPERCONDUCTING LINAC FOR THE ENERGY AMPLIFIER 

Alessandro G. Ruggiero 
AGS Department. Brookhaven National Laboratory. Upton, NY 11973. 

Abstract 

Because of the safer and more reliable mode of operation, 
a Superconducting Linac has been proposed as the proton 
beam accelerator which drives a nuclear plant based on the 
concept of the Energy Amplifier. An example based on the 
net generation of 400 MW (electric) is described. This 
requires a proton beam energy of 1 GeV with a continuous 
beam current of 10 mA, corresponding to a beam power of 
10 MW. Two frequencies cases, 360 and 805 MHz, have 
been considered for the Linac design. Performance and 
cost comparison for the two cases are given. 

1 THE CONCEPT OF THE ENERGY AMPLIFIER 

It was proposed by Bowman [1] and Rubbia [2] that it is 
possible to sustain a nuclear fission chain reaction under 
subcritical conditions by providing the required balance of 
neutrons with a steady flow of neutrons from the spallation 
of an intense beam of protons on a solid target. This is a 
granular mixture of inertial material, like Tungsten or 
Lead, and fissionable material, for instance Th . This 
method has the advantage of a safer operation since the 
chain reaction, if needed, can be easily controlled by act- 
ing on the proton accelerator. 

An example of Energy Amplifier based on these con- 
cepts was also given [3]. The power plant assumed as the 
driver a continuous proton beam of 1 GeV with an average 
intensity of 10 mA, that is an average power of 10 MW. 
With realistic assumptions, it was demonstrated that the 
device could be capable to deliver 400 MW on an external 
load, with an extra 25 MW for the operation of the proton 
accelerator and another 5 MW for the facility surrounding 
the complex. 

The original concept of the Energy Amplifier assumed 
one or two cyclotrons as the proton accelerator [4]. But 
there are several serious technical concerns with the opera- 
tion of cyclotrons at very large beam power, which deal 
with space charge effects at injection, components activa- 
tion due to slow beam losses caused by the narrow gap of 
the accelerator magnet, and the complexity of the beam 
extraction. Thus, as an alternative it was proposed [3] to 
use a Superconducting Linac (SCL) as the proton accelera- 
tor. The Linac would remove several of the technical con- 
cerns of the cyclotrons. For instance, at the intensity level 
of 10 mA, space charge effects are small, understood and 
easily controlled. The ratio of the physical aperture to the 
beam size is also very large, which essentially eliminates 
the problem of activating the Linac itself by the slow beam 

*Work performed under the auspices of the U.S. 
Department of Energy. 

losses. The RF architecture and the operation is simple. 
Lastly, very important, a large electric to beam energy con- 
version efficiency is expected, close indeed to the 40% 
level used in the cited example. 

2  THE SUPERCONDUCTING LINAC 

The Linac is made of three sections: the Front-End, the 
Normal Conducting Linac, and the Superconducting Linac 
proper. The Front-End is made of a 12-mA positive-ion 
source followed by an RFQ. The Normal Conducting 
Linac accelerates the 10-mA proton beam to 100 MeV. It 
is actually made of two parts. The first part accelerates the 
beam to 20 MeV and is a typical Drift Tube Linac with 
permanent magnets inserted in the drift tube themselves. 
The second part is made of a Cavity-Coupled Drift Tube 
Linac which optimizes acceleration of protons in the 
velocity range ß = 0.1 to 0.4. 

The last section is the Superconducting Linac proper 
which accelerates the beam from 100 MeV to 1.0 GeV. 
The analysis and the design concepts of a Superconduct- 
ing Linac are discussed in [5]. A Superconducting Linac is 
made of an alternating sequence of Warm Insertions and 
Cryo-Modules. The Warm Insertions are needed to accom- 
modate beam steering and focussing magnets, beam posi- 
tion monitors and vacuum pumps. The Cryo-Modules 
house the RF Cavities. A Cryo-Module is made of a num- 
ber of Cavities, and each Cavity is made of a number of 
Cells. 

The Linac design is based on a constant energy gain per 
Cryo-Module. The optimum Transit Time Factor (TTF) is 
obtained by adjusting the Cell length d so that, denoting 
with X the RF wavelength, d - $\ I 2. As the beam is 
accelerated, ß varies, and the Cell length d has to be 
adjusted accordingly. This would not be practical since all 
Cryo-Modules would look different in shape and size. A 
more practical solution is obtained by dividing the Super- 
conducting Linac in two sections. Each section is made of 
Cavities with Cells of the same length, shape and size, cor- 
responding to a geometrical ß = ß0 in proximity of the 
middle of the accelerating range. There is a penalty of low- 
ering the TTF which can be compensated with an increase 
of the axial electric field. This way all the Cryo-Modules 
in the same section are identical in shape and size. 

We shall assume in the following that each Cavity is 
individually driven by a single RF Coupler. To resolve 
phase adjustment to a sufficiently high degree, one should 
not allow more than two cavities under the same Klystron. 
The preferred mode of operation is to provide the same 
amount of power to all the RF Couplers in the same Linac 
section. Because the Cavity-Cell-Coupler configuration is 
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the same for all Cryo-Modules in one section, the energy 
gain per Cryo-Module is also the same. 

The original proposal of the Superconducting Linac [3] 
made use of an RF system operating at 805 MHz in line 
with similar assumptions made at Los Alamos National 
Laboratory. Later other studies and designs of the Super- 
conducting Linac [6] considered the frequency of 360 
MHz. The purpose of our work, which is summarized here 
is to compare the performance and the cost for these two 
frequency choices. 

3 DESIGN OF THE 10-MW SUPERCONDUCTING 
LINAC 

A list of the general parameters of the 1.0 GeV Supercon- 
ducting Linac is given in Table 1. To reduce the wall-dissi- 
pated losses we have taken a temperature of 2° Kelvin for 
the cavities. There are 4 Cells per Cavity and 4 Cavities 
per Cryo-Module. The synchronous RF phase angle for 
acceleration is -30°. Transverse focussing is provided by 
arranging quadrupoles in the Warm Insertions in a typical 
FODO arrangement with a betatron phase advance of 90° 
per FODO cell in both planes. Bunch area and beam emit- 
tances are also shown in Table 1. 

Table 1. The 1.0-GeV Superconducting Linac 

Total Beam Power (CW) 10 MW 
Beam Current 10 mA 
Ion Source Current 12 mA 
Initial Kinetic Energy 100 MeV 
Final Kinetic Energy 1.0 GeV 
Temperature 2.0 °K 
Cells / Cavity 4 
Cavities / CryoModule 4 
Cavities / Klystron 2 
No. of RF Couplers / Cavity 1 
RF Phase Angle -30° 
Method for Transverse Focussing FODO 
Betatron Phase Advance / FODO cell 90° 
Normalized rms Emittance D.30 Jt mm mrad 
rms Bunch Area 1.725 7t|ieV-s 

A more detailed list of parameters for the two sections 
of the Superconducting Linac is given in Table 2, where 
the two frequency cases are also compared to each other. 
For both cases the first section accelerates protons from 
100 to 300 MeV, the second section from 0.3 to 1.0 GeV. 
We define as a period the combination of a Warm Section 
and the following Cryo-Module. As noted and expected, 
because of the relatively low number of particles per 
bunch, the losses to the Higher-Order Modes (HOM) of 
the Cavities are negligible. The required cryogenic power 
is estimated assuming a conservative static loss in the cry- 
ostats of 5 W/m. The AC-to-RF efficiency for Klystrons is 
taken to be 58.5%. The cryogenic efficiency is 0.4%. 

Table 2. Comparison of SCL at two different Frequencies 

Frequ. (MHz) 360 805 

L-E H-E L-E H-E 

Velocity, ß: in 
out 

0.428 
0.653 

0.653 
0.875 

0.428 
0.653 

0.653 
0.875 

Cell Refer. ß0 0.48 0.69 0.48 0.69 

Cell Length, cm 19.99 28.73 8.94 12.85 

No. of Periods 16 22 36 51 

Total Length, m 141.6 225.5 143.6 235.4 

Period Length, m 8.85 10.25 3.99 4.62 

Cryo. Length, m 6.650 8.049 2.990 3.616 

Warm Insert., m 2.2 2.2 1.0 1.0 

Quad. Length cm 67 67 30 30 

Bore Radius, cm 11 11 5 5 

Transitions, cm 67 67 30 30 

Pwr/Coupl., kW 32.5 80.0 14.0 35.0 

Gain/Per., MeV 13.0 32.0 5.6 14.0 

Surf. Imped., nfi 20.80 20.80 24.00 24.00 

Q0, in 109 5.70 8.20 4.94 7.10 

ZT2, ohm/m 490 1,013 223 461 

Diss. Power, kW 3.73 2.98 9.05 7.63 

HOM - Power, W 16 22 79 113 

Cryog. Pwr, kW 4.28 3.89 9.67 8.67 

RF Power, MW 2.70 9.45 2.71 9.46 

AC Power, MW 5.69 17.13 7.05 18.34 

Efficiency, % 35.14 40.86 28.37 38.18 

We have assumed CW mode of operation. Moreover, we 
have allowed an extra 35% of RF power as contingency to 
allow phase and amplitude tuning of the Cavities. 

As one can see the overall efficiency is indeed close to 
40% as originally projected. In particular, the amount of 
power in the RF Coupler, which has been chosen so that 
the surface field never exceeds the limit of 17 MV/m, is 
within the technical demonstrated capabilities. 
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4   COST 

The capital cost of the Superconducting Linac is estimated 
assuming 100 k$ / m for the Warm Insertions and 300 k$ / 
m for the Cryo-Modules. The tunnel cost is taken to be 70 
k$ / m. All the required parameters are shown in Table 3. 
The cost of Klystrons, including waveguides, windows, 
etc., depends on their number, RF architecture, and total 
RF power required. An extra 35% of RF power has also 
been added for the tune-up operation of the Linac. The 
cost of the refrigeration plant is estimated assuming 2 k$ 
per Watt at 2 "Kelvin. The distribution of the AC power 
has also a cost, taken at 0.14 $ per Watt. The summary 
given in Table 4 shows a total of 160 - 185 M$ for the 
Superconducting Linac, to which one should add the cost 
of the front-end and of the normal-conducting section, 
which could be another 30-35 M$. The accelerator cost is 
expected to be only a small fraction of the total cost of the 
facility, which includes the target station, the energy 
recovery and electrical transformation systems, the pro- 
cessing plant, etc... etc... Once in full operation, it is of 
course expected that the cost of the operation of the facil- 
ity will not include the AC electric power, since this will 
be provided by the plant itself. Nevertheless, during the 
early commissioning stages, the AC electric power may be 
provided only externally and at full cost. A total of 20 - 25 
MW of AC power is then required, that somewhere in 
USA may contribute to an operational cost of 7-8 M$ a 
year, assuming that the Linac is to be available at least 
75% of the yearly time. 

5   COMPARISON AND CONCLUSIONS 

The comparison of the performance of the two frequency 
cases is given in Table 2, and that of the cost in Table 4. No 
major differences are noticed between the two cases. The 
number of Modules (and of periods) is lower, by about 
half, in the 360 MHz case than in the 805 MHz case, but 
the periods are about twice as long and the cryostats are 
larger. 

Table 3. Cost and Other Parameters 

AC-to-RF Efficiency 
Cryogenic Efficiency 
Electricity Cost 
Availability 
Normal Conducting Structure Cost 
Superconducting Structure Cost 
Tunnel Cost 
Cost of Klystron (*) 
Cost of Refrigeration Plant 
Cost of Electrical Distribution 

0.585 for CW mode 
0.004 @t 2.0 °K 

0.05 $/kWh (in USA) 
75% of yearly time 

100 k$/m 
300 k$/m 

70 k$/m 
1.68 $/W of RF Power 

2k$/W @ 2.0 °K 
0.14 $/W of AC Power 

The overall length is about the same, 270 m in both 
cases. Because the focusing period is longer, the quadru- 
pole gradient is weaker in the low frequency case, and the 
beam size is larger. Yet, the ratio of cavity aperture to 
beam size is larger at 360 MHz. The most important differ- 
ence is the wall-dissipated power: a total of 6.7 kW at 360 
MHz, and 16.7 kW at 805 MHz. This gives a negligible 
impact to the total RF requirement, which is essentially 
given by the beam power, but a substantial contribution to 
the required Cryogenic power which from 8 kW at 360 
MHz increases to 18 kW at 805 MHz, with a correspond- 
ing increase of the AC power for the Cryogenic plant from 
2 to 4.5 MW respectively. As a result, the overall effi- 
ciency is somewhat lower at the high frequency case. 
There is about a 20 M$ difference in the capital cost, with 
the low frequency case being less expensive. This differ- 
ence is the consequence of the larger dissipated power in 
the 805 MHz frequency case. Though the difference in 
absolute values are not large, the 360 MHz frequency 
would actually represent a better choice. For instance, the 
lower number of modules required, could lead to an easier 
construction and maintenance of the facility. 

Table 4. Cost Comparison 

Frequ. (MHz) 360 805 

L-E H-E L-E H-E 

Operat. Cost, M$/y 1.87 5.628 2.316 6.023 

Capit. Cost: (M$) 

RF Klystrons 4.54 15.88 4.55 15.89 

Electr. Distrib. 0.797 2.398 0.987 2.567 

Refrig. Plant 8.55 7.78 19.34 17.34 

Warm Struct. 3.52 4.84 3.60 5.10 

Cold Struct. 31.92 53.12 32.29 55.32 

Tunnel 9.91 15.78 10.06 16.48 

Total Cost (M$) 59.24 99.81 70.83 112.7 

(*) Assuming a single step of RF power splitting 
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Abstract 

Arcing problems and mechanical instabilities may limit 
the output energy of cw RFQ's even below 2 MeV. 
Between 2 and 10 MeV, Alvarez type DTL's are not 
convenient. The proposed structures are derived from 
slot-coupled, iris loaded, 7i-mode, 5-cell resonators. But 
the noses are shaped so that they provide a large enough 
space at atmospheric pressure to accommodate a magnetic 
quadrupole, to insure a FODO-type focusing. The beam 
sees a 3n or a 5n delay-line. Those structures are well 
suited for 350 MHz, or above, operating frequency, where 
there is enough space for water pipes to insure a sufficient 
cooling for cw operation. The focusing quadrupoles are 
entirely in the air and easily accessible. Fabrication is 
substantially the same as slot-coupled CCL's and beam 
dynamics is intermediate between 2TI and 4n Alvarez 
structures. 

1 INTRODUCTION 

CW operation at room temperature concerns, at least, 
the low-energy part of any linear proton accelerator, even 
when superconductivity is used above about one hundred 
MeV. 

The injector part of a long and powerful accelerator 
used for production purposes must be essentially reliable, 
stable, immediately available, and especially free from 
abrupt changes in current due to arcing. The design has 
to be exaggeratedly safe : 
- cw operation at room temperature implies drastic 
cooling problems on the accelerator RFQ as well as the 
following Alvarez structures in order to maintain good 
mechanical stability, 
- cw reliable RF power sources are actually klystrons, 
whose lower frequency is 350 MHz, 
- a conventional Alvarez linac requires a minimum of 
space for the drift tubes, at least 10 cm of geometric 
period, for a reliable construction. At 350 MHz, $\ = 10 
cm corresponds to 6.5 MeV. 
Consequently, in the conventional state of the art, one is 
faced with the unevitable situation of a rather long RFQ 
with rather high voltages on the vanes, followed by an 
Alvarez-type tank with focusing quadrupoles fitted into 
the drift tubes. The technology of these two structures has 

yet to be validated for a cw operation. The next limitation 
is arcing when the Kilpatrick coefficient Kp reaches 
values around 1.8. Published experimental results [1,2] 
seem to recommend to stay below 1.3-1.4 Kp for cw safe 
operation. 
After these considerations may come the cost 
optimization: low-voltage DC kilowatts for the 
quadrupole magnets vs RF-klystron-produced kilowatts 
for the RFQ. One way out is to go to much lower 
frequencies, and try to fabricate powerful enough RF 
sources. 

The situation becomes different and the technology 
easier when, as in the TRISPAL project [3], the required 
current is around 40 niA; then, good, reliable, easy to cool 
accelerating structures can be built down to ßh=4 or 5 
cm, which would correspond to 1.5- 1.6 MeV at 350 
MHz. The RFQ output energy could stay below 2 MeV, 
eventually down to 1.6 MeV. At these reduced currents, a 
Kilpatrick coefficient of 1.4-1.45 will drastically reduce 
the risk of arcing. 

2 LOW-BETA STRUCTURES 

A possible structure is represented in Figures 1 to 3. 
Compared to the conventional DTL, the "posts" are made 
big enough to contain the quadrupoles and are vacuum- 
tight so that the quadrupoles are in the air , easy to 
fabricate and cool, with relaxed limitations in volume and 
easy access for maintenance of all individual quadrupoles. 

Figure   1   :  Cells  assembly  with  90 degrees rotation 
between cells. 
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Figure 2 : 4-cells assembly in 2 ß\ zero mode at 1.6 MeV 
with FODO focusing. 

Compared to the iris-loaded waveguide, there is no 
fondamental difference except that the irises are partially 
thicker. RF-wise, when used as a resonant structure made 
of a certain number of cells coupled together, only the 
zero and the 7i-modes are of interest. As seen by the 
beam, the interaction can occur on any of the n ,2n ,3n , 
471 , 57i , .... modes . As seen by the engineer, the 
mechanical period must have a minimum length of 10 cm 
to allow for the quadrupole, the flanges and the 
accelerating gap. The region of interest of this kind of 
sructure is given in Figure.4. 

JZ 

Figure 3 : Quadrupole assembly. 

Figure 4 : Validity region of the structure. 

3 HIGH-POWER INJECTOR 

Figure 5 shows the general layout of the proposed 
injector for a cw high-power accelerator. The resonant 
tanks are separated in units of 125 kW-RF inputs as has 
been safely decided in the TRISPAL project. The RFQ 
output energy is limited to 1.6-1.8 MeV to reduce 
mechanical and cooling difficulties and save RF power. 
As it seems convenient for RF distribution purposes and 
mechanical stability concerns, to safely limit the RFQ 
output energy below 2 MeV, then a short 47i structure, 
about 100 cm long, must be inserted as a "post-buncher" 
to cover the gap up to 2.6 MeV. The matching transition 
between the RFQ and the following line is considered as a 
critical place, more critical at lower energy. After that.a 
37t-line is adequate up to 10 MeV. A chicane can then be 
installed for a "clean up" of the bunches to drastically 
reduce their contribution to a "halo" forming downstream. 

The beam out of the RFQ is divergent radially and the 
space charge causes an increase in the axial dimension of 
the bunches. Mechanical requirements imply flanges and 
alignment infinitely short. The solution taken here is 
conventional: 
- control of the phase oscillation at the output of the RFQ 
so that the beam is not divergent, and if possible slightly 
convergent, 
- modify the last cell of the RFQ to reduce and equalize 
the divergence in x and y directions, 
- use a very short but powerful triplet of qudrupoles 
transforming the divergent into a convergent beam and re- 
arrange the gradients of the three first quadrupoles of the 
FODO structure to transform a convergent or parallel 
beam into what fits the FODO line taking into account 
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Figure 5 : General layout of the cw injector. 

both the RF defocusing lens and space charge effects. The 
control is made by using a "macro-particle" code. 

The next most difficult transition region which cannot 
be avoided when using this scheme, is the FODO to 
doublet focusing transition which is planned here in the 10 
MeV-region. By taking advantage of this necessary 
difficulty, this transition can include a "clean up" system 
cutting "tails" and "feathers" of the bunches, to prevent 
any contribution to halo formation downstream. 
Above 10 MeV, the "short-DTL" structure, as described 

in Reference [4], can be used. 
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Abstract 

High-power accelerators are being studied for several 
projects based on high-flux neutron sources driven by 
proton or deuteron beams. Since the front end is the most 
critical part of such accelerators, it has been decided to 
build a High-Intensity Proton Injector (IPHI) designed to 
accelerate a cw 100 mA beam up to 11 MeV. The aim is 
to validate design codes, test technical choices, 
demonstrate operational reliability and measure the beam 
parameters in order to optimize the high-energy part of the 
accelerator. The design chosen for IPHI (ECR source, 
RFQ, DTL and diagnostic line) and the construction 
schedule are presented. 

1 INTRODUCTION 
Accelerators for high beam power (> 1 MW) are 

studied for several applications such as fundamental 
research, accelerator-driven transmutation technologies 
(transmutation of radioactive wastes, tritium production), 
material science, energy production (hybrid reactors and 
fusion)... [1] [2]. For most of these applications, high- 
power proton or deuteron beams are used to produce high 
neutron fluxes with characteristics which cannot be 
obtained from nuclear reactors. One of the main 
advantages of an accelerator-driven neutron source is its 
flexibility : the neutron flux can be continuous or pulsed 
with time characteristics defined by users and the energy 
of the neutrons can be adjusted (14 MeV neutrons for the 
fusion material tests). In addition, problems associated 
with reactors such as potential impact on the environment, 
supply of highly-enriched uranium, cost associated with 
spent fuel processing and decommissioning can be 
avoided or greatly minimized. However, this new 
generation of accelerators has to produce multi-MW 
beams. This is one to two orders of magnitude higher than 
the most powerful machines in operation today. 

Careful attention must be paid to optimize the design 
of such high-power accelerators. On one hand, one needs 
to provide desired beam with high reliability for the 
operational life cycle. On the other hand, the capital and 
operational costs need minimization. The two main issues 
in this regard are the requirements of extremely low beam 
loss [3] and high availability. The final design results from 

a compromise between the technical risk and the total cost 
of the project. A good compromise is difficult to achieve 
without a serious R&D program focused on the important 
issues mentioned above. Since rf linacs have emerged as 
the accelerators of choice for pulsed or cw beams above 
5 MW, we have undertaken a comprehensive 
demonstration program for the low-energy part of such 
machines. 

2 IPHI R&D PROGRAM AIMS 
IPHI is a R&D project proposed by the CEA with 

collaborations from CNRS. The project is also supported 
by Thomson-CSF-AIRSYS, a company with experience in 
the construction of accelerators for medicine, industrial 
and military applications. The project aim is to build a 
11 MeV "Injector for Protons with High Intensity" 
(> 100 mA) capable of operation with duty cycle up to 
100% (see section III). The goal of the R&D program is 
to gain knowledge necessary to optimize both design and 
cost of several projects of interest to the IPHI partners : 
- TRISPAL, the French project for tritium production [2], 
- IFMIF, the International Fusion Materials Irradiation 
Facility [4], 
- ESS, the European Spallation neutron Source [5], 
- nuclear waste transmutation and next generation of 
exotic beam facilities. 

After an analysis of the best R&D program to 
undertake which would serve all these projects, a proposal 
to build the IPHI prototype has been made. The same has 
been done in Canada (the Chalk River Injector Test Stand 
is presently undergoing tests at Los Alamos [6]), in Japan 
(JAERI Basic Test Accelerator [7]) and in USA at Los 
Alamos (Low-Energy Demonstration Accelerator [8]). 
Each of these high-power accelerator front ends (under 
test or in progress) has different designs and would 
therefore provide complementary knowledge bases for 
optimization of both design parameters and costs of this 
new class of high-power accelerators. They specifically 
will allow: 

- validation of the beam dynamics codes by testing 
them in the low-energy sections where space-charge 
effects are dominant, 
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-knowledge of the beam distribution at an energy 
where halo considerations become crucial (-10 MeV), 
-demonstration of a specific set of technological 
choices and adequacy of design codes (RF cavities, RF 
systems, temperature control systems, diagnostics for 
high-power beams,...), 
- accumulation of data on reliability, availability and 
maintainability, cost of the accelerator components and 
ability of the manufacturers to build them. 

It is clear that all that information gained at low energy is 
essential to optimize a high-energy machine. 

3 LAYOUT 

The High-Intensity Light-Ion Source SILHI is the 
first stage of the IPHI prototype. It has been designed to 
produce high-intensity proton or deuteron beams 
(> 100 mA) at 95 kV with up to 100% duty cycle. Design 
started in mid-1994 with funding from CEA, and teams 
from CEA-DSM (Saclay and Grenoble) and 'Laboratoire 
National  Saturne'  (CEA-DSM  and  CNRS-IN2P3).  A 

2.45 GHz ECR source was chosen in light of the excellent 
performances achieved at Chalk River and Los Alamos. 
This type of source has also several advantages compared 
to the other source types : 

- no filament or RF antenna, 

- low microwave power (< 1 kW), 

- very high gas efficiency, 
- good beam stability, 
- high proton or deuteron fraction (> 90%). 

Within two weeks of the end of the construction (July 
1996), a 46 mA cw total beam current was extracted at 
70 kV using a <|)=10mm aperture plasma electrode 
(plasma density : J = 58 mA / cm2). Six months later, a 
107 mA cw beam current was obtained at the nominal 
extraction voltage (95 kV) with a <)> = 8 mm aperture 
plasma electrode (J = 213mA/cm2). Continuous beam 
above 90 mA are now accelerated routinely. Measured 
beam characteristics are reported in Ref. 9. 

0        i       H 
i—*—*   iii   t—*—i- i   i 

Crow Anoga 
mn 

CO 

rowpar 
node 

coo 

- Circ. 

o 
CO 

rwbar 
nock 

modi I 

Wat 
:oo 

rn 

Circ 

S2 

o 

SILHI I 

Water 
mai. 

!= Circ, 

SI 

[■ y    v    7-  ?    y   -v    y |B|,T;-q •;• *.-.^.■.-■.*".*      v\ 

7 V 7   . i\   I?    v". ?1 

RFQ 
II? .. v     v  . v • : g 

y      7 A 7      v A -v 

^  ■■C      ^.    7        ''".■■■ 
7        7        7        7        7        V 

r.v-   .y V '.7. 

3K£ 
D 

1.5nri 

|. v \.' \. ̂  .  c  .   ^ .. v      ^     c v: ■: 7 .  ■ v,      v ..   v: ■. v.  ■ v. 
g    . g .   "p    . g 

V    .  7-'. .'  7.    . 7 '..'  7 

V        V        V        V        V        V        V        V        V 
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The next steps of the IPHI project concern the 
construction of a RFQ followed by a DTL tank in order to 
reach HMeV (fig.l). The IPHI partners are ready to 
support both construction and manpower costs for this 
new stage since 1997. 

The IPHI RFQ will be a ~7 m long four-vane 
structure following the developments at the Los Alamos 
National Laboratory. As in the APT RFQ, the cavity will 
be brazed and will be made from several separately 
tunable segments assembled with RF couplings [8]. The 
IPHI RFQ is designed to work with two 352 MHz high- 
power RF generators of the CERN (LEP) and ESRF type. 
For the present design, beam dynamics calculation shows 
a beam transmission of 97% for 100 mA with both 
multipoles and image-charge effects taken into account. 
Investigations are presently being done to improve this 
design (same transmission with a maximum electric field 
lower than 1.8 Kilpatrick criterion...). The final energy is 
5 MeV, the lowest energy which allows to build the first 
drift tube of the 352 MHz DTL using electromagnetic 
quadrupoles. 

It is planned to build a Beam Matching Section 
between the IPHI RFQ an DTL in order to keep some 
freedom for the tunings and to leave enough room to 
install diagnostics. 

The IPHI DTL will be a 6 m long Alvarez structure 
designed to accelerate beam to 11 MeV. The choice of a 
conventional DTL structure for IPHI is mainly done to 
avoid emittance growth and halo formation which can be 
induced when the energy gain per focusing period is high. 
A 27C mode DTL structure with a FODO focusing period 
leads to the shortest focusing period (2ßÄ.) with the best 
ratio for the linear radial focusing strength (quadrupoles) 
over the nonlinear RF defocusing effect. Also, many DTL 
Alvarez structures have successfully demonstrated their 
capabilities to accelerate very high pulsed beam currents 
(200 mA and above) worldwide. The main issue for a high 
duty-cycle DTL is to cool the low-energy drift tubes 
which house high-gradient quadrupoles. Studies 
undertaken for the IPHI project indicate that the drift 
tubes can be adequately cooled for the 352 MHz cw 
structure above 5 MeV. The first task on the IPHI DTL 
will be to build a hot prototype with a small number of 
drift tubes (2 or 3) for feasibility demonstration. 

The IPHI Diagnostic Line being studied will provide 
both transverse and longitudinal emittance measurements 
for the RFQ beam (up to 500 kW) and subsequently for 
the full DTL beam (up to 1 MW). It is planned to vary the 
focusing and energy dispersion properties of this line to 
perform these measurements using non-destructive profile 
monitors. The beam halo will be measured on collimators 
located all along the line. 

4 CONCLUSION 

The final decision for the IPHI project is expected by 
June 1997. A favorable decision will allow to start this 

R&D program for the future generation of high-power 
linear accelerators. This will be mainly funded by CEA 
with a total investment budget of 90 MFF (~M$ 18). The 
total manpower need is estimated to be 240 man-years for 
the entire duration (1997-2002) of the project with 50 
man-years per year during the construction period (1998- 
2000). 

The IPHI prototype will be installed in the CEA- 
Saclay Center. The key dates are : 

- 06/2000 : first RFQ beam 
- 06/2001 : end of the RFQ tests (500 kW beam) 

- 09/2001 : first DTL beam 
-12/2002 : end of the program (1 MW beam) 
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Abstract 

The features and physical characteristics of two linacs, 
ALIN- 10 and ALID-7, built in Romania, as well as their 
applications in the field of radiation research and 
technology are presented. Both linacs are of 
traveling-wave type driven by 2MW peak power S-Band 
magnetrons and operate with two independent switchable 
modulators to perform a single pulse, or pulse trains of 
accelerated electrons. 

1 INTRODUCTION 
Potential industrial applications indicate the need for 

electron accelerators in the energy range 0.5 MeV to 10 
MeV and with currents of 1-20 mA[l]. However, 
according to the last conclusions [2, 3, 4] which resulted 
from our radiation research with regard to the polymeric 
flocculants (PA and PV types) production obtained by 
electron beam irradiation, the use of low power-high 
energy linacs begins to become economically attractive 
for this type of application. Indeed, the estimate of 
processing rates for a linac of lkW output power and 
5-10 MeV energy is up to 2000 kg/h for the PA type 
polymeric flocculants and up to 500 kg/h for the PV type. 
Also, our recent investigations concerning the use of 
simultaneous electron beam and microwave irradiation, 
demonstrate that some material processing, such as 
polymerisation and sterilization, need a lower electron 
absorbed dose in the case of the simultaneous use of 
electron beam and microwave irradiation in comparison 
with electron beam irradiation only. 

2 THE CONSTRUCTIVE CHARACTERISTICS OF 
THE LINACS BUILT AT IAP 

The first linac, AL-3 of 3 MeV and 200 W, was built in 
1996 at the Accelerator Laboratory from Institute of 
Atomic Physics (IAP) to satisfy the needs of scientists 
engaged in radiation research. To implement the 
irradiation processes which provide distinct advantages 
over conventional processes, years of research combined 
with engineering activities have culminated in the 
development of two evolved electron linear accelerators: 
ALIN-10 of 6 MeV and 100 W and ALID-7 of 5.5 MeV 
and 700 W. 

The ALIN-10 linac is designed as a laboratory 
installation. It is located in a horizontal configuration, its 
use including both, electron and X-ray beam production 

for fundamental research. As fixed equipment, it is 
adapted to specific needs of more efficient use of the 
electron beam treatment by using a post-acceleration 
beam focusing and bending to project electron beam at 
right angle to the accelerating structure. 

The ALID-7 is an industrial equipment having a 
turning accelerating structure. It is now installed in a 
vertical position to provide more beam processing 
flexibility and to meet the wide needs of future 
applications. 

Both ALIN-10 and ALID-7, are of traveling-wave 
type, driven by 2 MW (peak power) magnetrons (English 
Electric Valve) operating in S-band. The electrons are 
injected from diode type guns in the accelerating 
structure operating in the 7t/2 mode. The first portion of 
the accelerating structures (iris-loaded circular guides) is 
a variable phase velocity buncher and the remainder has 
a uniform section, for a phase velocity equal to speed of 
light. Except some special components, such as 
magnetrons and ferrite isolators, all microwave devices 
such as accelerating structures, mode transducers, 
waveguide windows, high power loads, bends and tee 
junctions are built in Romania. The high power loads [5] 
used for ALIN-10 and ALID-7 are multimode right 
circular cavities (200 mm diameter and 60 mm length) 
filled with a high loss dielectric (water cooled silicon 
carbide disk of 200 mm diameter and 25 mm length). 
These loads have a very simple construction, are 
compact, light, easily to match over a broad band (200 
MHz) and, therefore, suitable for service at the end of an 
accelerating structure. 

Waveguide windows are made by suitable 
modification of the output glass-metal cylindrical 
structure retrieved from the depreciated power 
magnetrons. The broad band matching (100 MHz) of this 
structure was obtained by using short 
cylindrical-rectangular transitions with inductive 
elements (small diameter metallic cylinders) 
symmetrically placed in its rectangular portion. Fig.l 
shows the ALID-7 microwave system photograph. 
During and after acceleration, the electrons are subjected 
to a succession of electromagnetic devices for beam 
focusing, beam projecting through 90° (only for 
ALIN-10) and beam sweeping in a horn-shaped vacuum 
chamber. The scanning frequency, amplitude and 
waveform of sweep electromagnet current, beam size, 
maximum permissible distance between impact of two 
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pulses, pulse rate and conveyor speed were carefully 
adjusted for a uniform treatment to be attained. The 
scanner geometrical parameters are the same for both, 
ALIN-10 and ALID-7: 32.2° semi-angle, 39.7cm height, 
4 cm window width and 50 cm window length. The dose 
uniformity on the swept surface is ensured by specially 
designed waveforms for the scanner electromagnet 
current. ALIN-10 has a linear conveyor (10 m length and 
50 cm width) and ALID-6 a circular conveyor (325 cm 
average diameter, 50 cm width). 

Fig.l The microwave system of the ALID-7 linac 

3 THE FEATURES AND PHYSICAL 
CHARACTERISTICS OF THE LINACS ALIN-10 

AND ALID-7. 

3.1. The features. 
An important feature of our linacs with diode type 

guns is an original control technique [7] for obtaining 
programmed single electron beam shots and pulse trains, 
with desired pulse number, pulse repetition frequency 
and pulse duration by discrete pulse temporal position 
modulation of the gun electron pulses and magnetron 
microwave pulses. For this flexibility, two separate 
modulators are provided: a gun modulator and a 
magnetron modulator. This method combines the 
unsophisticated construction of the diode gun and better 
temporal flexibility of the beam, generally available when 
using triode type guns. A block diagram of this kind of 
modulation applied to ALID-7 is shown in Fig.2. The 
accelerator triggering system has two branches: the gun 
branch and the magnetron branch. The master generator 
MG, which synchronizes all the system units, delivers 
pulses at a programmed repetition rate (up to 250 
pulses/s) at the monostable multivibrators MM1 and 
MM2. The pulses of the gun thyratron driver and 
magnetron thyratron driver are formed from the trailing 
edges of the MM1 pulses and MM2 pulses, respectively. 
The electronic switch ES may discretely change the 
duration of the MM1 pulses in the gun branch. When the 
electronic switch is not activated, the MM1 delivers long 
pulses and there is no overlapping of the electron gun 

and magnetron pulses an thus there is no accelerated 
electron beam at the accelerator output. The instabilities 
in the transitory regimes of the gun and magnetron are 
avoided by operating the accelerator a certain time 
without accelerated beam and then, by pushing "beam 
start button" the overlapping of electron 

MASTER 

GENERATOR 

MG 

ELECTRON 

GUN 

ELECTRONIC 

SWITCH 

ES 

DOSE MONITOR 

AND 

PROGRAMMER 

BEAM PDl.Si; 

Nomra 
PROGRAMMER 

BEAM EUI.SE 

DURATION 

PROGRAMMER. 

DOSE 

RATE 

MONITOR 

•CONVEYER VKI.OCITV CONTROL 

•BEAM CURRENT I'EAR DE'lEC TOR 

•MAGNETRON FREQUENCE CONTROL 

INDUCTION 

MONITOR 

SWEEP 

ELECTROMAGNET 

Fig.2 The system configuration of the ALID-7 linac 

gun and magnetron pulses are obtained, the variation in 
absorbed dose to pulse to pulse being reduced. 
Programmed absorbed dose, programmed irradiation 
time, programmed beam pulse number or other external 
events may interrupt the coincidence between the gun 
pulses and magnetron pulses and then the irradiation 
regime. The beam pulse duration may be continuously 
adjusted from 0.25 (is to TM-TF, where TM is length of 
magnetron pulse and TF is fill-time of the accelerator 
guide. The duration of the short beam pulses is limited 
only by the values of the gun pulse leading edge and of 
the magnetron pulse trailing edge. Slow variation of the 
absorbed dose rate is composed by means of an automatic 
control system of the pulse repetition frequency in the 
master generator. Another facility, which was specially 
designed to be used together with our linacs, is a reaction 
chamber built to permit simultaneous accelerated 
electron beam and microwave irradiation. As an initial 
step, an experimental model of reaction chamber 
(EMRC-1), excited by a single slotted waveguide system, 
has been developed in order to study the chemical, 
physical and biological effect caused by a microwave 
power up to 850 W and 6 MeV accelerated electron beam 
in their simultaneous passage through a wide variety of 
material samples: monomers mixture in aqueous 
solution, medical products, gases mixture containing 
nitrogen oxides and sulfur dioxide, ammonia and water 
vapor and other. Fig. 3 shows ALID-7 scanner and 
EMRC-1 set up in series. EMRC-1 is a rectangular 
chamber of 50X25X25 cm3 using an injection system 
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consisting of a microwave power-controlled generator for 
a 2.45 GHz CW magnetron of 850 W maximum output 
power, a launcher to fit to waveguide WR430, a dual 
directional coupler for direct and reflected power 
monitoring, a tree stub tuner for impedance matching 
and an applicator based on five inclined series slots cut in 
the broad wall of a WR430 waveguide. Scanned electron 
beam is perpendicularly introduced to the upper- end 
plate of EMRC-1, passing through a 100 um thick 
aluminium window and the microwave power is coupled 
to the chamber sidewall via the slotted waveguide system. 

Table 1 

l 

/       1   IV 
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Fig. 3 The ALID-7 scanner and EMRC-1 in series 

3.2.Thephysical characteristics. 
The physical characteristics of the beam which are of 

great interest for material processing, are: electron beam 
power, which represents the basic processing capability 
of a given source for a "required dose", and energy beam, 
which determines the depth to which the electron beam 
will penetrate the product. Along with this, the 
dependence of electron beam average power (PB) on the 
input accelerator characteristics as well as beam loading 
characteristic have been investigated for the 
determination of the optimum values of peak beam 
current (IB) and average beam energy (EB) to produce 
maximum beam average power at the end of the 
accelerating process. 

The peak beam current was measured by means of a 
ferrite ring pulse transformer and the average beam 
power by applying calorimetric method [8]. The average 
beam energy was determined from beam power 
characteristics. The calorimetric method was very 
suitable for electron beam power maximization as a 
function of the gun voltage (VG), magnetron voltage 
(UM), magnetron frequency (FM) and peak beam current. 
The optimum values to produce maximum output beam 
power are recorded in Table 1. 

Linac EB 

(MeV) 
IB 
(mA) 

UM 

(kV) 
UG 

(kV) 
FM 
(MHz) 

ALIN-10 6.23 75 43.5 68.4 2997.5 
ALID-7 5.5 130 43.5 65 2998.6 

4 THE ALIN-10 and ALID-7 LINACS 
DESTINATION 

Our major research object is focused on the 
application of the electron accelerators to environmental 
engineering. As an initial step, the preparation of 
polymeric flocculants for waste water treatment was 
developed. Thanks to remarkable properties of the 
electron beam technologies developed over recent years 
in our institute for the polymeric flocculants preparation 
[2,3,4], it was proved that high energy linacs with modest 
output beam power, from a few hundred watt to one 
kilowatt, became economically attractive for their 
commercial production. The required dose for our types 
of flocculants , based on polymerization of the aqueous 
solution containing proper monomer mixture, such as 
acrylamide, acrylic acid and acetate vinyl, is smaller by a 
factor of 10 to 100 as compared to the dose requirement 
for other polymeric material production. Also, using the 
simultaneous electron beam and microwave treatment the 
required absorbed dose is again much decreased and 
some properties, as linearity and molecular weight are 
improved. 

Our recent investigation on the sterilization of a wide 
variety of materials including foods and medical waste by 
simultaneous electron beam and microwave treatment 
demonstrates once more that the required beam dose 
level is much decreased. 

5 CONCLUSIONS 
The electron accelerators developed at Institute of Atomic 
Physics, Accelerator Laboratory, are to be used for 
various industrial applications at pilot-scale level thanks 
to the innovative electron beam technologies applied in 
the polymeric flocculants field. In addition to this, by 
using simultaneous electron beam and microwave 
treatment the industrial application of small-output 
power-high energy linacs will be more extended and the 
electron beam costs will decrease. Also, new and 
promising results are expected in material research by 
applying the method of the simultaneous electron beam 
and microwave treatment. 
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Abstract 

High current CW proton linac accelerators have been 
recently proposed for a number of applications based on 
the use of a large flux of spallation neutrons. In this con- 
text, an R&D program on an accelerator driven system 
for nuclear waste transmutation has been recently approv- 
ed in Italy. Our specific task is to develop, together with 
the national industry, a design of the high energy part of 
the proton accelerator, along with prototype development 
for the most critical components. In this paper we present 
a revised version of the design proposed at Linac'96, 
using five cell cavities, rather than the original four cells. 
This modification, together with a new criterion for using 
the transit time factor curve for non resonant proton 
velocities, results in a more modular and efficient design. 
A 1.6 GeV linac, operated at 25 mA, allows to reach 
40 MW beam power. The beam power upgrade is 
achievable using additional couplers per cavity. 

1 PROJECT OVERVIEW 
An R&D program has started in Italy on an accelerator 
driven system for nuclear waste transmutation. In the 
recently approved two year program, starting in January 
1998, two Italian research agencies (INFN and ENEA) 
will be supported to study, together with other institutions 
and the national industry, critical components of the 
accelerator driven system. In the following we present a 
revised version of the reference design, originally 
proposed at Linac'96 [1], and the rationale behind the 
parameter choices. 

More generally, a number of applications have been 
recently proposed for high current proton linacs, 
including nuclear waste transmutation, energy production 
by sub-critical reactors, spallation neutron sources and 
trit-ium production [2]. These applications share in 
common a number of requirements on the accelerator. A 
high average current, high energy proton beam is needed. 
Additional requirements include high wall plug efficiency 
and low particle losses to guarantee the hands-on 
maintenance of the system. While these systems differ in 
the detailed parameters desired, they generally operate in 
the space charge dominated regime. 

A number of accelerator configurations for the system 
in question have been considered in the literature. While 
this paper focuses on the superconducting linac option, it 
is worth mentioning alternatives. 

Cyclotrons are presently limited to beams up to 1 MW, 
and can conceivably be extended up to a few MW. Still, 

cyclotrons possess the advantage of being compact and so 
they could be candidates for a demonstration plant. 

Room temperature linacs offer a mature technology, 
but suffer from a much lower RF efficiency and high heat 
loads in CW operation. 

One approach, which relies on well tested technology 
and provides efficient use of wall plug power, combines a 
low energy section based on a room temperature linac, 
and a high energy section based on ß-graded 
superconducting structures. 

The low energy section of such a system poses a 
number of challenges; however, a number of existing 
technologies address the regime of interest. For instance, 
proton sources in excess of 100 mA have been 
demonstrated, RFQs operating with more than 100 mA 
are operating and DTL structures at high current, up to 
200 MeV exist, albeit at low duty cycle. 

Here we consider systems with energy greater than 
1 GeV and average beam power in excess of 30 MW. 
Moreover, we address only the high energy section 
(above 100 MeV) of the system. In the design presented 
in Section 4 we choose a final beam energy of 1.6 GeV, 
very close to the Los Alamos APT design [3]. The final 
choice of beam energy and current is heavily influenced 
by the specific application and is outside of the scope of 
the present paper. 

The following sections of this paper illustrate the 
approach followed to design the high energy section from 
100 MeV to the target energy of 1.6 GeV. 

2 THE 350 MHZ SC LINAC OPTION 
The motivation for turning to superconducting 
technology is twofold: high RF efficiency is readily 
achieved, which is important for CW operations, and 
large apertures are possible, which are relevant to 
minimizing particle loss. 

The choice of operating frequency is set by a few 
general considerations. CERN has operated the LEP2 
cavities at 350 MHz, and has added extensive experience 
at this frequency to the accelerator community. A number 
of cavity production tools and test stands are available in 
European companies as a result of the LEP2 
development. Additionally, the 350 MHz choice matches 
existing RFQ and DTL designs. 

Frequencies higher than the LEP frequency imply smal- 
ler physical dimensions for the cavities and associated 
components, but require a more complex 2 K cryogenics. 

The injection energy of 100 MeV is mainly determin- 
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ed by elliptical superconducting cavity constraints. Ellip- 
tical cavities for low energies (matched ß<0.5) have a 
short active length and a low accelerating gradient, result- 
ing in a poor "real estate" gradient from an expensive 
structure. Alternative schemes for the low energy section 
may allow the extension of the initial section to higher 
energy (>100 MeV). Nevertheless, elliptical cavities can 
capture efficiently the 100 MeV beam and higher 
injection energies have little impact on performance. 

Due to the wide proton velocity variation from 100 
MeV to over 1 GeV, and to the limited velocity 
acceptance of any resonant accelerating structure, the 
linac has to be sectioned. Analysis indicates three sections 
are sufficient to cover the energy range from 100 MeV to 
1.6 GeV. 

3 OPTIMIZATION CONSIDERATIONS 
There are a number of constraints and practical 
arguments which limit the usable parameter space. A 
central need is to make the machine cost effective in 
terms of both capital and operational costs. In general, the 
capital cost is reduced by decreasing the length of the 
accelerator, while the operational cost is reduced by 
having "efficient" acceleration — good RF to beam 
coupling. Additionally, the RF is a major component of 
the system cost, and care must be taken to optimally use 
the klystron's power rating, while saving a proper margin 
for controls and mismatching. 

On the basis of the existing 1.3 MW CW LEP kly- 
stron, a nominal power of 1 MW is used for beam accel- 
eration in most of the linac structures. This power feeds 
four cavities in the high energy section (one cryomodule) 
and six (two cryomodules) in the intermediate one. For 
general machine reliability, the first section uses smaller 
klystrons (500 kW) feeding four cavities (two cryo- 
modules). This scheme is compatible with further current 
upgrading, based on multiple RF coupler operation. 

Efficient use of the cryostats is also demanded because 
of the capital cost, however beam dynamics consider- 
ations affect the arrangement of the accelerating cavities. 

A major consideration is the need to keep the beam size 
well under control, and this implies a limit on the 
focusing lattice period length. In turn, the focusing 
period, in combination with the need for warm diagnostic 
boxes in each cell, sets limits on the cryomodule length. 
The cost and the added length of the cold/warm 
transitions require a compact focusing scheme, thus a 
singlet scheme seems less desirable than a doublet 
focusing structure. 

It is standard practice to use multicell cavities in order 
to increase the ratio between the active and physical 
cavity length. The velocity acceptance of the cavities 
decreases with the number of cells in the structure, and 
that, in turn, can affect the number of sections needed in 
the linac for efficient acceleration. Increasing the active 
cavity length also increases the RF power needed for the 

beam acceleration, which must be within the limits of the 
available coupler technology [4]. 

Five cell cavities represent the best compromise to 
preserve a three section linac design, while the maximum 
number of cavities per cryomodule has been limited 
respectively to two, three and four, on the basis of the 
focusing scheme outlined above. The considerations 
presented in this section, combined with basic beam 
dynamics, and details of the specific system being 
considered, yield the present reference design. 

4 A DESIGN FRAMEWORK 

For our design, we assume the parameters and limits 
given in Table 1. The assumed values for the peak 
electric field and RF power transmitted through the 
couplers have been previously achieved CERN test bench 
values [4], The nominal current of 25 mA is reachable 
with a single coupler per RF cavity. To provide a possible 
beam current upgrade, the cavities will be designed from 
the beginning with multiple coupler ports, despite the fact 
that the present design parameters are based on a one 
coupler solution. 

The minimum cavity matched ("effective", not 
geometric) ß has been set to 0.5 based on preliminary 
electromagnetic and mechanical studies. The reference 
design of such a cavity, which features an appropriate 
stiffening structure and an iris radius of 10 cm, has a peak 
surface to accelerating field ratio of 3.2. For the assumed 
peak surface field of 15 MV/m and considering the poor 
packing factor of the active cavity length to the lattice 
period the average "real estate" accelerating gradient of 
the low ß section is 1 MeV/m. 

Table 1: Parameters and limits used for the design of the 
superconducting linac. 

Parameter Value 
Initial Enerev 100 MeV 
Final Energy 1600 MeV 
Beam Current 25 mA 
Beam Power 40 MW 
Peak Surface Field <, 15 MV/m 
Minimum Cavity ß 0.5 
RF Coupler Max. Power 250 kW 
Available Power/Klystron 1MW 

The procedure for determining the ß values and the 
transition energies of the sections depends strongly on the 
operating range allowed by the cavities. Initial studies 
utilized an operating range which was symmetric in the 
velocity acceptance curve [1], while present work relies 
on an asymmetric approach. 

The present method sacrifices some RF efficiency in 
the first part of each linac section for improved average 
(real estate) acceleration gradient. Since the particle vel- 
ocity changes most rapidly at low energies, the initial few 
cavities in each section are used for velocity matching by 
operating them at lower RF power than the subsequent 
cavities. Such an approach allows the totality of a sec- 
tion's cavities to operate closer to the maximum acceler- 
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ating gradient (see Fig. 1), while the best klystron effic- 
iency is set for the majority of a section's cavities which, 
in the last part of each section, operate at a constant 
energy gain, independently of the proton velocity. 

Moreover, the smooth ramping of the effective energy 
gain at the entrance of each linac section is expected to 
help the beam matching between the different lattice 
periods. In the high energy section the energy gain per 
cavity of 10 MeV and a better packing factor allows a 
real estate gradient of 2.5 MeV/m. 

100 500 900 1300 
Beam Energy [MeV] 

1700 

Figure 1: Maximum (upper line) and actual (lower line) energy gain 
along the accelerator as a function of the beam energy, assuming a 
peak surface field of 15 MV/m and synchronous phase q> = -30°. 

In Table 2 we list parameters for the three sections. Note 
that a shorter lattice period is used at the lower energy 
ranges, as is required to compensate the effect of 
transverse RF defocusing. 

Table 2: Machine and lattice parameters. 

Parameter Value 

Total length -720 m 

Number of cells/cavity 5 
Number of couplers/cavity 1 

Section 1 2 3 

Section total length [m] 96 146 475 

Injection energy [MeV] 100 190 428 

Section period [m] 8 11.2 15.3 
# of cavities/section 24 39 124 
# of cavities/cryomodule 2 3 4 
# of cavities/klystron 4 6 4 
Klystron rating (kW) 500 1300 1300 
Cavity matched ß 0.5 0.65 0.85 
Accel. Gradients [MV/m] 4.3 5.4 6.4 
Power/coupler [kWl / 25 mA 100 160 250 

The linear beam dynamics with space charge has been 
studied; and a procedure for matching the beam between 
the linac sections has been devised. The matching of the 
short period FODO structure of the DTL to the long 
period doublet structure in the SC linac is still under 
investigation. 

A lattice, consistent with the above machine parameters 
is shown in Fig. 2. The maximum needed quadrupole 
integrated strength is approximately 1.6 T, which is 
achievable within the 60 cm reserved for each quadrupole 
in the 3 m intermodule section. A normalized emittance 
of 1 n mm-mrad (transverse) and 1 n deg-MeV 
(longitudinal) has been assumed [3], and a constant 
synchronous phase of -30° has been used along the linac. 

5 R&D PROGRAM 
On the basis of the present reference design, the objective 
of the two year program, for the high energy part of the 
linac, is to develop the technology of the most crucial 
components, while finalizing the design of the machine. 

We plan to develop, together with the industry, Nb 
single cell cavities at the lowest beta, to be measured at 
CERN, and a complete five cell copper structure for 
mechanical and RF warm tests. A complete copper, Nb 
sputtered, cavity at the highest beta is also planned; the 
R&D on single cells being in progress at CERN [5]. 
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Abstract 

The construction of a positive ion injector for the 
linac ALPI, named PIAVE, at Laboratori Nazionali cü 
Legnaro was funded in 1996. The beam parameters of the 
injector, consisting of two Superconducting Radio 
Frequency Quadrupoles (SRFQ) and eight superconducting 
Quarter Wave Resonators (QWR) for an equivalent 
voltage of about 8 MV (U28+ beam), are fixed. The 
building is ready, infrastructures and beam transport lines 
are being ordered. The superconducting RFQ's are in the 
prototyping phase. The general status of the project is 
reported in this paper, including cryostat and cryogenics, 
bunching systems, diagnostic devices and electronic 
control systems. 

Figure: 1 Performances of the Legnaro accelerator 
complex including the foreseen upgrading given by 
PIAVE. 

1 SCOPE   OF   PIAVE 

Presently the Legnaro accelerator complex consists 
in a XTU tandem followed by the superconducting linear 
booster ALPI. It delivers ion beams to the experimental 
rooms with beam intensities on the target of few particle- 
nA, masses ranging from protons to masses of the order 
of 100 amu (81Br) and energies well above the Coulomb 
barrier as it is shown in figure 1 [1]. The main constraint 
for the existing facility is the presence of the stripping 
section inside the tandem that limits the performance of 
the accelerator complex towards the heavier masses, up to 
200 amu, and the beam intensities. On the other hand the 
nuclear physicists are interested to the very heavy ion 
beams with energies around the interaction barrier. 

As a consequence of this request a new injector for 
the ALPI booster has been proposed at the beginning of 
1996. The injector PIAVE ( Positive Ion Accelerator for 
Very-low Energy ) is meant for increasing the mass range 
of the facility up to lead ion. PIAVE will use the beams 
generated by the ECR Ion Source Alice placed on a high 
voltage platform operated at 350 kV [2]. 

Figure 1 describes the performance of the tandem- 
ALPI complex and compares it with the foreseen 
capability of PIAVE in terms of specific energy of the 
beam versus the mass number. The values indicated near 
the curves are the beam currents on the target, in particle- 
nA, including a realistic transmission coefficient in ALPI 
of 50%. It clearly shows the possibility of reaching the 
heaviest masses keeping the energy of the beam above the 
Coulomb barrier and with beam currents on target more 
than adequate for nuclear physics experiments. 

The project has a three years time schedule and a 
cost of about 8 Billion Italian Liras. 

2 THE   ACCELERATOR 

PIAVE is a superconducting linac operating at a if 
frequency of 80 MHz and containing two SRFQ 
resonators followed by eight QWR's. It accelerates beams 
from ß=0.0089 to ß=0.045, in the case of a +28U238 beam, 
for an efficient injection into ALPI. The cavities are 
located inside three cryostats: one containing the two 
SRFQ and two, similar to the ALPI ones, containing four 
QWR's each. 

The accelerator is connected to the ECR source, 
placed on the high voltage platform, on one side and to 
ALPI on the other side by matching lines containing the 
bunching systems to perform the longitudinal matching 
of the beam. The beam dynamics analysis of the whole 
system is completed [3] and the various component of the 
matching lines are in different phases of construction. 

Figure 2 shows the layout of the machine, including 
the ECR high voltage platform. 

The high voltage platform housing the ECR source 
is placed on a concrete base and its output beam line and 
accelerating column is displaced, both vertically and 
horizontally, with respect of PIAVE. The resulting 
transport line deflects the beam of 180° guiding it on a 
line some 5 meters below and some 2 meters to   the left 
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E - J*6 ktY/u 
ß=0.035 

E - 350 ktY/v 
ß=0.045 

Figure: 2 The Layout of PIAVE 
of the ECR output one, following the beam direction. All 
the magnetic elements of the line were ordered. 

The beam analysis is performed by a magnetic 
spectrometer on the high voltage platform. Therefore the 
magnetic elements of the line are meant only for the 
transverse matching of the beam into the SRFQ's and to 
create the required beam waist at the buncher location. 

The beam dynamics studies [3] determined the need 
for a very efficient bunching system with a low transverse 
emittance increase. The result of that is a quite innovative 
design of a triple harmonic buncher [4] realized with two 
independent cavities as it is shown in figure 3. The two 
cavities operate at 40-120 MHz and 80 MHz respectively. 

The buncher, combining the absence of grids and the 
use of three harmonics, has a bunching efficiency of 
=68% and it requires a rf power of less than 100 W which 
allows the use of a room temperature system without 
severe cooling problems. The cavities are powered by 
three independent solid state amplifiers controlled by 
standard ALPI rf controllers. The operation of the first 
cavity at 40 and 120 MHz is possible due to the different 
field distribution of the two modes with a careful 
displacement of the tuners, the couplers and the pick-ups. 

In the beam velocity range 0.009<ß<0.035 the 
acceleration is performed by two SRFQ resonators 
operating at 80 MHz and made of niobium sheets 
electron-beam welded [5]. The accelerating structure of 
-2.5 meters long is split into two different resonators 
housed in the same cryostat. This choice is dictated by the 
limitation in the maximum storable energy inside a cavity 
compatible with the rf phase locking [6]. 

The novelty of the project, with respect of similar 
facility already operating in other laboratories, is the 
presence of the superconducting RFQ [7]. The beam 
dynamics specifications, the bunching of the beam, which 
is made before the RFQ with a triple frequency buncher 
described above, and the particular care put in the design 
of the cavity both for rf and vibration control reasons are 
the main peculiarities of the SRFQ design. The complete 
design of the SRFQ resonators is almost finished and the 
first stainless steel prototype is in its final construction 
stage [8]. 

The accelerating structure is changed, passing from 
the SRFQ to the QWR, following the indications of the 
beam dynamics studies at an energy of 578 keV/u, that 

means ß=0.035 for the nominal uranium beam mentioned 
above. This beam velocity is too low for the injection 
into ALPI low ß resonators. Therefore a section 
containing eight QWR's with an optimum ß of 0.047 is 
foreseen for PIAVE. These cavities are similar to the 
ALPI ones and the first example is now under 
construction following the production procedures fixed for 
the ALPI resonators [9]. 

The matching line between PIAVE and ALPI 
contains two quadrupole triplets, an achromatic 90°, made 
of two bending magnets with a quadrupole singlet using 
the standard ALPI 'L-Bends', as well as two room 
temperature bunchers [3], 

3   DIAGNOSTICS 

To operate the machine eight diagnostic boxes are 
foreseen in the two beam transport lines. The boxes are 
equipped with the Beam Profile Monitors and longitudinal 
phase space diagnostics. Current monitors for the 
transmission control are located in several boxes.The 
main issue for this BPM's is the beam intensities 
expected from the ECR. We would like to use as much as 
possible our experience with ALPI where the BPM's are 
harps made of wires 20 u\m thick [10]. These BPM's 
have severe problems with the beam intensities and beam 
power foreseen for PIAVE, as it has been already 
experienced with the tandem beams before the charge 
analysis. The possible solution is to use strips instead of 
wires for the harps. Alternative solutions, such as residual 
gas detectors and rotating wires, will be considered. 

Figure: 3 Schematic of the PIAVE triple harmonic buncher 
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A transverse emittance measuring box is under 
construction for the commissioning of the low energy 
beam transport line and, afterwards, of the SRFQ and 
QWR's accelerator sections. The apparatus is able to 
measure beam spots of 60 mm and maximum divergence 
of 240 mrad with an angular resolution of 3 mrad. The 
emittance measurements box when it is placed at the 
output of the SRFQ section and moreover after the QWR 
section requires a dissipation of thermal power of the order 
of hundreds Watts. 

4 RF   AND   CONTROL 

The resonator controller is an evolution of the ALPI 
QWR's controller. It operates in self-excited loop mode 
and locks the cavity phase by adding to the signal driving 
the amplifier with a reactive component in response to a 
phase error detection [11,12]. Improvements have been 
brought to the electronic board to reduce the phase- 
amplitude cross-talk and to make more accurate the search 
of the resonance peak. In order to broaden the SRFQ 
bandwidth to a range of ±10 Hz, a solid state power 
amplifier delivering 1 kW CW in class AB will be used. 

The new injector control system is an extension of 
the ALPI system and it is based on VME crates connected 
via Ethernet to UNIX workstation (DEC Alpha) for the 
operator interface. Some changes have been made to 
increase the performance; in particular the old CPU boards 
(68030) have been substituted by new ones equipped with 
the PowerPC processor running at 200 MHz clock. These 
boards provide a full support for the Fast Ethernet 
(100Mbit/s) and this can be an option for a further 
system upgrade. The VME CPU boards operate under the 
real time OS Tornado (by Wind River Inc.). 

5 STATUS   OF  THE  PROJECT 

The project, which started officially in July 1996, is 
now in its construction stage for many components. 

The ECR source is placed in its final position onto 
the high voltage platform and has been tested successfully 
with noble gas beams in May 1996. The resolution of the 
ion analysis proved to be satisfactory enabling to 
distinguish 132Xe from 134Xe and to detect a 10 V ripple in 
the ion source voltage. The high voltage power supply is 
ready to be installed and tested to the nominal voltage of 
350 kV. The electrical power needed by the ECR 
equipment is provided onto the platform via an insulating 
transformer with a total power of 135 kVA at 380 V 
which has been already ordered. For general use with 
metals, a rf induction oven was built and an oven was 
tested up to 1950+100 "C. The beam after the accelerating 
column is foreseen for the beginning of 1998. 

The magnetic elements of the transport lines have 
been already ordered and are expected to be delivered by the 
end of 1997. By that time all the ancillary systems, such 
as vacuum and diagnostics, will be ready for mounting. 

The SRFQ2 stainless steel prototype is in its 
assembly stage and is expected to be finished by the 
middle of 1997. The niobium pieces for the resonator has 
been acquired. 

The triple harmonic buncher has been designed and it 
will be ready for testing by the end of may 1997. 

The test cryostat for the SRFQ resonators, with the 
internal screens and reservoirs made in titanium, is under 
construction .The cryogenic plant for PIAVE has to deliver 
130 W at 4.5 K and 600 W at 80 K. The cooling power at 
80 K will be provided by liquid nitrogen. A new 
refrigerating system for the liquid helium has been 
considered to avoid the overloading of the ALPI system. 

In the framework of the PIAVE project a scaled 
model of a SRFQ working at 160 MHz in dummy cavity 
has been made for the first attempt of magneto-sputtering 
deposition of thin films. The preliminary results are 
encouraging both concerning the uniformity of deposition 
and the stability of the plasma. 
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COMPLETE SIMULATION OF THE HEAVY ION LINAC PIAVE 

A. Pisent, M. Comunian, 
INFN- Laboratori Nazionali di Legnaro, Padova, Italy. 

Abstract 

PIAVE is the new injector under construction at LNL for 
the super conducting linac ALPI. The beam, generated 
by an ECR source, will be bunched by a three harmonic 
buncher and accelerated by a couple of super conducting 
RFQs, followed by eight QWR, for an equivalent voltage 
of 8 MV (U*28 beam). We present here the complete 
simulation of the injector, where the same ensemble of 
particles is transported from the buncher up to ALPI. The 
code used are PARMTEQM, PARMILA and specific 
software has been written to transport the particles in the 
field distribution (calculated by MAFIA) of the transition 
between the two RFQs and in the QWRs accelerating 
gaps. The performances of this design, especially for 
what longitudinal emittance is concerned, are discussed in 
this paper. 

PARAMETERS OF THE LINAC 

At LNL a new positive ion injector for the super 
conducting linac ALPI is under construction. The new 
linac, named PIAVE, will have an equivalent voltage of 
about 8 MV and will allow the acceleration of ions up to 
U above the nucleus-nucleus barrier. More details about 
the project status are given in the general paper [1]. 

In this paper, after a general overview of the beam 
parameters of PIAVE (Tab. I), we shall concentrate on 
the points that have been defined in this last period, 
namely the Low Energy Beam Transport Line (LEBT), 
the external bunching, the transition between the two 
super conducting RFQs. Moreover we show the 
simulations of the complete injector, where the same 
ensemble of particles is followed form the buncher up to 
ALPI. 

Table 1 
Injector parameters 

Source and LEBT 
Ion source ECR 14 GHz 
Mass to charge ratio 8.5-fl 
Platform voltage* 315 kV 
RMS Emittance 0.1 mm mrad norm. 
Bunching system 3H 40;80;120 MHz 

Acp ±6 deg 80 MHz 
AW ±0.55 keV/u 

RFQ Accelerator 
Radio Frequency 80 MHz 
Input Energy 37.1 keV/u ß=.0089 
Output Energy 586 keV/u ß=.0355 

Max. Surface field 25 MV/m 

Max. stored energy <4 J RFQ 

Acceptance* >0.9 mm mrad (norm.) 
Output Emit. RMS 0.1 mm mrad (norm.) 

<0.14 ns keV/u 

SRFQ1 SRFQ2 
Vanes length 137.8 74.61 cm 
Output energy 341.7 586 keV/u 

Voltage 148 280 kV 

Number of cells 42.6 12.4 
Average aperture Ro 0.8 1.53 cm 
Modulation factor m 1.2-3 3 
Synchronous Phase -40H--18 -12 deg 

QWR Section 
Number of resonators 8 

Output energy 948 keV/u ß=.045 
Radio Frequency 80 MHz 
Optimum ß 0.05 
Accelerating Field 3 MV/m 
Shunt impedance 3.2 kQ/m 
Synchronous Phase -20 deg 

Matching Line to ALPI 
Number of bunchers 2 (room temperature) 
Buncher eff. Voltage VT      <100        kV 

THE LEBT 

The LEBT is now completely defined, magnets have been 
ordered to the industry and the construction of the 
bunchers has been launched. 

The line, following the accelerating column, is 
composed by an achromatic bend, a couple of doublets 
that make a small waist at the buncher, followed by the 
second couple of doublets needed for the matching at the 
RFQ input. 

After the analysis of different options we have 
selected a three harmonics buncher, with 40 MHz as 
fundamental frequency, at a distance of 3.51 m from the 
RFQ input. Indeed, since for each harmonic we use a two 
gaps configuration, the first and the third harmonics are 
applied in a first buncher, the second harmonic in a 
second buncher at a distance of 120 mm; all voltages are 
below 4 kV [2] [3]. 

The design efficiency of the bunching is such that 
70% of the particles are captured by the RFQ with a final 
RMS longitudinal emittance of 0.13 ns keV/u with 
nominal focusing. Simpler configurations, like double 
drift double frequency  bunchers, have not the same 

' The values are referred to mass over charge ratio 8.5(+   U   ). ' We conventionally relate total and RMS values as E=5*era 
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performances, due to the fixed distance between the two 
bunchers and the consequent difficulty of getting small 
beam waists in all gaps. 

THE RFQS 

The major constraints for the RFQ design, dictated by the 
superconducting nature of the cavities, are the maximum 
electric surface field Es (25 MV/m) and the maximum 
stored energy per resonator U (4 J). This last value is 
imposed by the RF power needed to keep the resonator 
locked within the required frequency window of ±10 Hz. 

Due to the high costs of a super conducting structure 
and associated cryostat in the design of the RFQ 
modulation big emphasis was given to the maximization 
of the average acceleration; this was pursued with the 
external bunching, and keeping the modulation factor m, 
kR0 (average aperture over modulation wavelength) and 
intervane voltage V relatively large [4][5]. Moreover the 
specification for U imposed the use of two 
electromagnetically decoupled RFQs. 

The drift space of 200 mm between the two RFQs 
electrode terminations determines a certain beam 
mismatch in SRFQ2 and a consequent problem in 
keeping the specified acceptance. Cutting the electrodes 
where the beam envelopes have a waist can minimize the 
problem [6] [7]. This corresponds to a length of 

2   2    n 
for the last cell of SRFQ1 and correspondingly for the 
first cell of SRFQ2 (almost half-cell). 

This half-cell has been simulated using MAFIA 
Electrostatic solver, so to have an accurate description of 
both the focusing and the accelerating field components. 
In doing this it is important to take into consideration the 
(local) electrode voltage relative to ground, determined 
by the resonator supports geometry. In our resonator the 
modulation is such that, in first approximation, this 
special cell has the focussing effect of half-cell (minimum 
mismatch) and the acceleration of a full cell (maximum 
acceleration) [8]. 

SIMULATIONS 

Multi-particle simulations have been done using the 
LANL programs PARMTEQM, in the RFQs, and 
PARMELA, for the transfer lines and the QWRs section. 
The same ensemble of 10000 particles is transported from 
the bunchers up to the end of the accelerator. The space 
charge can be completely neglected up to 5 uA, while we 
do not aspect more than 1 uA from the source. In the 
transition between the two RFQs particle trajectories are 
calculated with a dedicated code using the MAFIA fields. 

In fig. 1 we summarized the result of simulations as 
function of the initial transverse emittance; namely the 
RFQ transmission, the total PIAVE transmission 
(including bunching efficiency), and the longitudinal 
emittance after the RFQs and after the QWRs are plotted. 
In the QWR section there is an emittance growth due to 
the change of longitudinal and transverse focusing 
structure. Nevertheless correspondingly to the ECR 
nominal RMS emittance (0.1 mmmrad) 70% of the 
particles are transmitted with a final longitudinal 
emittance within the specifications. 

In fig. 2 we show the transverse and longitudinal 
phase space in critical locations for the nominal beam. In 
particular it is possible to appreciate the longitudinal 
phase space evolution all over PIAVE and the residual 
mismatch at the transition between the two RFQs. 
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Fig. 1  Long. Emittance and Transmission as function of 
Transverse Initial Emittance. 
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A TRIPLE GAP RESONATOR DESIGN FOR THE SEPARATED 
FUNCTION DTL AT TRIUMF 

Y. Bylinsky, V. Kukhtiev, P.N. Ostroumov, V. Paramonov, INR RAS, Moscow and 
R.E. Laxdal, TRIUMF, 4004 Wesbrook Mall, Vancouver, B.C., Canada V6T 2A3 

Abstract 

A separated function, variable energy, drift tube linac 
(DTL) operating in cw mode is being built for the ISAC 
radioactive beam facility at TRIUMF. Longitudinal 
focussing is achieved by positioning 105 MHz 
rebunching cavities immediately upstream of the second, 
third and fourth IH accelerating tanks. The three devices 
must operate at a relatively low ß (2.3%, 2.7%, 3.3%)and 
deliver peak effective voltages in cw mode of 0.19, 0.26 
and 0.32 MV respectively. In addition the geometry must 
allow a large voltage dynamic range for the variable 
energy operation. A three gap cavity has been chosen as a 
trade-off between velocity acceptance and peak effective 
voltage. Several cavity geometries have been considered 
in order to identify the optimal geometry for this 
application. We present here a summary of the available 
buncher designs. 

1 INTRODUCTION 

A radioactive ion beam facility with on-line source and 
linear post-accelerator is under construction at TRIUMF 
[1]. A separated function drift tube linac (DTL) operating 
in cw mode is required to accelerate ions of l/3>q/A > 
1/6 to a final energy fully variable between 150 keV/u to 
1.5 MeV/u[2]. Five independent interdigital H-type 
structures operating at 105 MHz and 0° synchronous 
phase, provide the acceleration while quadrupole triplets 
between IH tanks provide the transverse focussing. 
Longitudinal focussing is achieved by positioning 
independently phased, 105 MHz rebunching cavities 
immediately upstream of the second, third and fourth IH 
tanks. 

The rebunchers have two prime functions. In 
acceleration mode they are used to match the longitudinal 
beam characteristics to the next IH accelerating tank. In 
reduced energy operation the re-bunchers maintain 
longitudinal transport through the non-accelerating 
sections of the DTL. The two modes require quite 
different specifications. The maximum effective voltage 
is required during the acceleration mode while the 
bunching mode requires a large variation in the voltage. 
In addition the re-bunchers must be physically compatible 
with the upstream quadrupoles and a downstream 
diagnostic box consistent with the aim to keep the inter- 
tank lengths short to reduce longitudinal emittance 
growth due to debunching. 

2 RE-BUNCHER SPECIFICATIONS 

Both two and three gap structures have been studied. The 
triple gap cavities are more efficient to deliver effective 
voltage at the design velocity of the structure but the 
double gap cavity has more velocity acceptance. The 
efficiency of the two structures to accelerate at velocities 
other than the design velocity, ßn, can be calculated from 
the following: 
•     for the double gap cavity 

TZ ß0 3TV ßü cos——-cos—— 
A ß Aß 

for the triple gap cavity 

7T3=IA „ .  K ßn     .   3n ßn     .  5n ß0 2sin——+ sin—^--sin-     ™ 
A ß Aß Aß 

Here we have assumed a square field approximation with 
a cell length given by ß0Ä/2. The results are displayed in 

1.5 2.0 
ß/ß. 

Figure 1: The acceleration efficiency, as a function of 
beam velocity, of both a two gap and a three gap buncher. 

A summary of the buncher specifications for both the 
two gap and the three gap solutions are given in Table 1 
for the design particle of q/A = 1/6. The effective voltage 
Veff is quoted for the design velocity. VT is the peak tube 
voltage. The drift tube aperture is a=14 mm and the 
frequency is 105 MHz for all cases. 

In variable energy mode simulations[3] it was found 
that, for the design particle of A/q = 6, a minimum 
buncher setting of 30% of the values quoted in Table 1 
was required. This corresponds to an absolute minimum 
of 15% of the quoted value for A/q = 3. This led to the 
specification for the re-bunchers of multipactor free 
operation from 10% to 100% of maximum. 
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Buncher ß 
(%) 

ßo 
(%) 

L 
(cm) (MV) 

VT 

(kV) 
Double gap 

Bl 1.8-2.3 2.3 6.6 .19 118 
B2 1.8-3.1 2.3 6.6 .28 175 
B3 1.8-4.1 2.3 6.6 .37 230 

Triple ?ap 

Bl 1.8-2.3 2.3 9.8 0.19 60 
B2 1.8-3.1 2.7 11.6 0.26 78 
B3 1.8-4.1 3.3 14.1 0.32 94 

Table 1: Summary of parameter specifications for both double 
gap and triple gap bunchers (B1-B3) for the design particle of 
q/A = 1/6. The effective voltage V ff is quoted for the design 
velocity ß0. VT is the peak tube voltage. 

3 SHUNTIMPEDANCE 

The specification restricts somewhat the choice of 
structure. Coaxial X/4 resonators, spiral resonators (fig. 
2), split-ring resonators (fig. 3) and arc-type resonators 
(fig. 4) have all been considered as candidates for the 
buncher. All these structures have been generated with 
MAFIA in order to compare their shunt impedances. 
Similar drift tube structures are chosen for all resonators 
in the initial comparison. Shunt impedances and rf losses 
for the most challenging case, B3, are shown in table 2. 

Figure 2: MAFIA plot of half of the internal part of the 2- 
gap spiral buncher. 

Figure 3: MAFIA plot of internal part of the 3-gap split 
ring buncher. 

Figure 4: MAFIA plot of internal part of the 3- 
type buncher. 

•gap arc- 

Structure type 

Double gap Triple gap 

coaxial spiral split ring arc-type 
Rp, MOhm 6.6 7.4 14 21.2 

P„,kW 32 29 11 7.5 

Table 2: MAFIA results for several buncher structures 
(B3 specifications). Here P0 - rf losses; Rp - shunt 
impedance: 

From the table it is clear, that the 2-gap structure, either 
coaxial or spiral, will meet very serious problems with 
cooling. Also the most efficient arc-type structure was 
abandoned due to its large size and the absence of 
performance experience. On the other hand the split-ring 
structure is known to be quite stable against multipactor 
discharge and has shown good performance at very high 
power levels[4]. So, detailed study has been performed 
only for the split ring structure in order to clarify 
specifications for all 3 bunchers (see Table 3). 

4 MAXIMUM ELECTRIC FIELD GRADIENT 

Due to the high drift tube voltage and short gaps high 
surface electric fields were expected to be a problem. 
Maximum electric field on the drift tube surface has been 
estimated by solving an electrostatic problem (Poisson 
equations) with SUPERFISH. The gap lengths as well as 
the drift tube curvature have been optimized in order to 
reduce maximal field gradients. The central gap has been 
assigned to be two times longer than the two outermost 
ones (Lgc=2Lg0), keeping the designed inter-gap distance 
ß0X/2 (see fig.5). It allows a slight increase in efficiency 
as 

Lg0 
'Li' 

Lgc 
Rout 

J 
/U/3 Rt 

Figure 5: Drift tubes geometry for the 3-gap buncher. 

well as a reduction in field gradients by 15%. The central 
gap length Lgc is equal to the tube length as a trade-off 
between acceptable surface fields and sufficient buncher 
efficiency. Fig. 6 shows the maximum surface field and 
efficiency dependencies upon the ratio Lg/Lt for equal 
gap lengths (curve 1) and for optimized gaps: Lgl=2Lgl) 

(curve 2). The optimal ratio of the drift tube tip radii is 
about R„u/Rin=3 (see fig. 5). Finally, numbers in Table 3 
represent nominal buncher parameters. In addition to the 
shunt impedance, MAFIA gives the following RF loss 
distribution among the structure units: 

•     cavity walls - 30%; 
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• drift tubes -10%; 
• supporting ring - 60%. 

circuit for each half ring with water flow of about 150 
cmVs. The ring water will also cool the drift tubes. 

0.5      1       1.5 
Lg/Lt 

b) 

0.85- 
v   2 

0.8 1 

0,75 H 1  

0.5       1        1.5      2 
Lg/Lt 

Figure 6: a) maximum surface field and b) acceleration 
efficiency with the ratio of gap to tube length. Curve 1: 
Lg =Lg„; curve2: Lg =2Lg„. 

Buncher Bl B2 B3 
Veff       [MV] 0.19 0.26 0.32 

Esmax      [MV/m] 9.8 11.1 10.9 
Rp        [MOhm] 12.0 13.0 14.0 
P„        [kW] 6.4 10.5 14.0 

Table 3: Nominal buncher parameters. The quoted shunt 
impedance values are from MAFIA. The power 
calculations assume a shunt impedance 75% of the value 
quoted. 

5 MECHANICAL DESIGN 

A general view of the equipment in front of DTL tank #2 
is shown in the fig. 7. The buncher will be brazed to the 
downstream diagnostic box due to the tight inter-tank 
space. Drift tubes, supporting ring as well as cavity are 
going to be made of copper. Principal dimensions of the 
structure are collected in Table 4. 

Tank diameter [mm] 550 
Tank length [mm] 98(116,141) 
Ring diameter [mm] 350 
Ring tube diameter [mm] 30 
Aperture [mm] 14 
Drift tube diameter [mm] 30 

The rf amplifier feedback system requires a frequency 
tuner, which will be made as a movable plate with 
capacitive coupling to the drift tubes. Cooling channels 
will go through the tank walls, including the endplates. 
The most heated ring will require a separated cooling 

Figure 7: General view of the equipment in the inter-tank 
space. 

6 CONCLUSION 

As usual in the design of rf cavities the choices were 
made as a compromise between contradictory 
requirements: 
• maximum effective voltage; 
• minimum surface electric fields; 
• minimum rf power consumption; 
• minimum size along the beam axis. 

The studies show that the 2-gap buncher cannot be 
used due to extremely high surface field and power 
consumption. The 3-gap buncher with split-ring structure 
has been chosen for all DTL bunchers. The arc-type 
configuration was abandoned due to its large size and 
absence of performance experience. 

In the most challenging case maximum surface fields 
are moderate (<11 MV/m) with a rather high heat load 
(<14 kW). So the cooling solution together with good 
mechanical stability should be carefully tested. 

A working prototype of Buncher 1 is scheduled to be 
completed by the spring of 1998. 

Table 4: Principal dimensions of the split-ring bunchers M 

[2] 

[3] 

[4] 
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BBU GAIN MEASUREMENTS ON THE ITS 6-MeV, 4-kA LINAC 

Paul Allison and David C Moir 
Los Alamos National Laboratory 

Abstract 

The amplification of transverse beam motion by the ITS 
eight-cell linear induction accelerator (LIA) was measured 
with a 4-kA beam at frequencies between 710- and 950- 
MHz. The 3.75-MeV injector beam was deflected with 
amplitudes of ~ 1 mrad by an RF-driven tunable cavity 
84 cm before the linac. The centroid-position waveforms 
from calibrated B-dot loops were recorded with 5-GS/s 
digitizers at the linac entrance, exit, and after a further 
free drift of 108 cm. The FFT amplitudes of the 
waveforms were used to compute the gains. The code 
LAMDA, an envelope and BBU model for the linac, was 
used to interpret the gain curves, using the transverse 
impedances of the cells as adjustable parameters. The 
results compare favorably with cell impedances 
previously measured with a two-wire TSD method. 

PURPOSE 

Beam-breakup (BBU) was first observed and described at 
SLAC, where the beam current disappeared (broke up) 
after going partway down the linac1 because of the 
excessive amplitude of transverse motion. This amplitude 
grows approximately2 as exp(nibooZ/c2B) for a beam of 
current ib in a linac of n cells with peak transverse 
impedance coZ/c and solenoidal magnetic field B. We 
require for DARHT3 that the transverse motion at the X- 
ray target be a small fraction of the inherent spot size of 
~ 1 mm. DARHT cells were designed for low transverse 
impedance, which we measured4 using the two-wire 
through-short-delay (TSD) method. The purpose of our 
BBU experiment is to measure amplification with a 4-kA 
beam, deducing the frequency dependence of coZ/c using 
our beam dynamics code LAMDA5, to compare with the 
TSD measurements. 

EXPERIMENT 

Beam was deflected in the Y-plane before the ITS linac 
(Fig.l) entrance with a tunable "tickler" box6. Centroid 
deflections in the X- and Y-planes were measured with 
beam-position monitors (bpms) at the linac entrance 
(bpm3), exit (bpm5), and after a field-free drift of 108 cm 
(bpm6). In effect, the angles at bpm5 are determined by 
the positions at bpm6 and bpm5, therefore a complete 
measurement of the centroid motion at bpm5 is made. 
The tickler box had a single mode below pipe cutoff 
frequency of - 1.2 GHz, with the pipe offset so that RF- 
deflection of the beam would occur. The bpms were 
precision B-dot loop types7, individually calibrated. Each 
bpm was connected, without integrators, to Tektronix 
TDS-684 5-GS/s digitizers through 30-db attenuators with 
cables time aligned through the digitizers to ~ 20 ps. The 
waveforms were clean but damped by beam loading as it 
is deflected in the 8-cm length of the box. Since the 

E-BEAM AXIS 

[_      |   l??l   |     KB 

EIGHT CELL L« 
WITH SOLENOID 

TRANSPORT 

Fig.l Layout of ITS for BBU experiment 

frequency was not an exact multiple of the bin spacing of 
20 MHz, the power spectral density (PSD) of the 
waveforms over 50 ns was summed over + 3 bins around 
the peak, adequate to include ~ 99% of the signal. A 
waveform for bpm6x is shown in Fig.2, along with the 
FFT analysis, converted approximately to \i. Gains are 
defined as gx5 = [ PSD(bpm5x)/PSD(bpm3y) ],/2, and 
similarly for gy5, gx6, and gy6. 
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Fig.2  Digitized  waveform  (upper), FFT(lower) 

The injector was operated at 3.75-MeV, 3.8-kA, the 
linac at 224-kV/cell. The eight linac magnets had a total 
phase advance of 2.4871 with B ~ 700 to 900 G.   There 
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was no observable current loss to bpm6, 734 cm from the 
cathode, to within our 2% accuracy. Field maps were 
made of all linac magnets in situ, so that the effects of 
ferrites and mu-metal shielding on the fields were 
included, and accurate models of these fields were then 
used in the codes. We drove the tickler with a 25-W RF 
amplifier to stabilize the deflection amplitude to ~ 20%. 

We did steering experiments8 at low (-0.3 kA) and at 
high (3-kA) currents to verify overall accuracy of 
calibrations of magnets and bpms, data capture and 
analysis, and code physics. Besides verifying basic 
calibrations, this led to the discovery that for steady-state 
steering, the centroid steers as if the beam-potential 
depression bpd = (ibZ0/27rß)ln(Rw/r„) from the wall, Rw 

= 7.41 cm, to the beam edge rh were zero. We also 
discovered that the quadrupole image-field of the beam in 
the tickler box, jVxBdz « 5 G/kA, made the beam highly 
elliptical (up to ~ 3x at bpm3). Analysis shows that the 
fractional bpm response error = 3(ry

2-r„2)/4Rw
2 ~ 20% in 

some cases (beam radii rx, ry). To eliminate this error, we 
added quadrupole corrector coils (Fig.l) around the tickler 
box and measured ellipticity near bpm3 as a function of 
the frequency of the tickler and the corrector settings, then 
used this data to set the corrector currents for the BBU 
experiment. Over its full range of ± 20 A, we found that 
apparent gains at bpm5 and bpm6, near the BBU gain 
maximum at ~ 760 MHz, varied up to 30% but were not 
very sensitive to uncertainties around the proper setting of 
about 6.5 A. To eliminate the quadrupole effect entirely, 
we measured gains with a circular cavity with TMno 

modes at 764 MHz. The results closely matched those 
with the rectangular tickler. 

The TSD-measured impedances showed that the 
TM120-like modes near 800 MHz would dominate over 
those near 300 MHz. We made our measurements with 
excitation in the Y-plane only, from 710 MHz up to 
950 MHz in 20-MHz steps, then back down at 
intermediate frequencies. During the downward steps, 
there was an injector energy shift of about 100 keV, which 
shifted the up/down gain curves by 5-20%. We took a 
smooth average of the data, about 250 shots at 23 different 
frequencies. Out of ten shots at each frequency, typically 
two were discarded because of low amplitude, the 
remainder then having gains with a standard deviation of 
only « 4%. 

ANALYSIS 

Simulations9 with the PIC code ISIS show that at 800- 
MHz, as for steady-state steering8, the bpd is essentially 
zero for the centroid dynamics, therefore LAMDA was 
modified accordingly. The LAMDA model for the 
centroid has the image-displacement steering of the pipe 
and of the gaps. We neglected the effect of impedance of 
three bellows, ~ 1 Q/cm each. The TSD-measured 
impedance values for all cell modes were used initially in 
LAMDA, then the eight values of Q, f, and reZ and imZ at 
resonance f were varied for the two ~ 800-MHz modes. 
During the TSD measurements we had observed that with 
ferrite bias current of 500 A, the impedances declined by 
-10% and the frequency changed by a few percent, so it 

is expected that cell parameters under beam conditions 
may differ slightly from the TSD values. 

We define fom = [S(gm-gc)2/Sgc2]"2, summed over all 
frequencies, as a convenient figure of merit for comparing 
the measured and calculated gains gm and gc. The fom 
was calculated for each of the four gains gx5, gy5, gx6, 
and gy6 and for the magnitudes g5 (= [gx52 + gy52]1/2) and 
g6. Generally, g5 and g6 are less affected by the 
imaginary impedances or the energy (phase advance) than 
the other four gains. We tried to minimize all six fom's 
simultaneously. Positive fom means that the weighted gm 
> gc and vice-versa. 

The best match of LAMDA to the BBU 
measurements is shown in Fig.3, having adjusted the 
injected beam energy to 3.62 MeV, 130 keV or 3.5% 
below the nominal value. This could mean that the bpd 
cancellation is not complete under all conditions of our 
measurements. The magnetic fields are probably accurate 
to better than 1%, otherwise a possible source of the 
discrepancy. There is a clear determination from 
LAMDA of the energy to ~ 1%, however, from the ratio 
of X- and Y- gain amplitudes at bpm5 and at bpm6. The 
best values of LAMDA model parameters are shown in 
the table for the X- and Y-planes, along with the 

TSD LAMDA 
fx(MHz) 760 790 
Qx 4.5 4.6 
reZx(Q/cm) 6.35 6.03 
imZx(Q/cm) -1.8 -1. 
fY(MHz) 785 780 
Qv 5.3 5.5 
reZY(Q/cm) 8.8 6.45 
imZY(Q/cm) 1 -5.5 

TSD-measured values. The LAMDA values are lower by 
5% and 27% in X and Y. The average reZXY(Q/cm) are 
7.6 (TSD) and 6.2 (LAMDA). If the code energy is 
increased to the nominal 3.75 MeV, then only g5 and g6 
can be matched well, in which case the optimum average 
is 6.8 Q/cm. We believe that the TSD measurements 
determined reZ to ±20%, imZ to ±2 Q/cm. LAMDA fits 
reZ to -5%, imZ to ±1 Q/cm. We might expect the imZ to 
be near their zero-frequency values8 of ~ -3.5 and -4.5. 
Neglect of bellows impedances and other modeling 
omissions or errors may influence the fit values of any of 
the parameters, of course, but the BBU experiment 
determines that reZ is 10-20% lower than the TSD values. 

CONCLUSIONS 

Measurements of the BBU gains and their theoretical 
interpretation give results that are close those expected 
from the TSD measurements but more favorable for 
DARHT operation. The cancellation of the bpd for 
centroid motion observed for steering8 appears to be - 1/3 
incomplete for our RF frequencies. Beam performance 
predictions at the DARHT X-ray target used the higher 
TSD impedances, therefore BBU motion at the target 
should contribute negligible spot blur. 
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QUADRUPOLE IMAGE-CURRENT EFFECTS IN THE ITS 6-MeV, 4-kA 
LINAC 

Paul Allison and David C. Moir 
Los Alamos National Laboratory 

Abstract 

The eight accelerating cells for the ITS linear induction 
accelerator (LIA) are driven with two 50-fi lines at 
250 kV for 60 ns. The wall return currents for the 4-kA 
beam then pass through these lines, generating a weak 
steady-state quadrupole field of ~ 3 G integrated strength 
on axis, which causes a small asymmetry in the nominally 
round beam at the linac exit. Beam-dynamics simulations 
with the particle-tracing code SCHAR show that if 
uncorrected, this would increase the beam emittance at the 
end of the DARHT 20-MeV linac, therefore quadrupole- 
corrector coils (QC) were added to each cell, in addition 
to the existing dipole steering coils. Measurements of the 
asymmetry of the ITS beam as a function of excitation 
current of these corrector coils are in good agreement 
with simulations, giving confidence that there will be 
negligible emittance degradation from this effect for 
DARHT. 

INTRODUCTION 

The DARHT accelerator1 is designed to produce a 20- 
MeV, 4-kA beam of 60-ns duration, focused to about 
1-mm diam on a tungsten target for flash X-ray 
measurements of explosive shots. Focusing (by solenoids) 
and acceleration are axisymmetric, therefore the beam 
should    always    be    round.    However,    in    initial 
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Fig.l Layout of ITS for quadrupole experiment 

measurements on the ITS prototype (layout shown in 
Fig.l) we found significant asymmetries after acceleration 
through the first block of eight induction cells, 
particularly with weak focusing transport. The source of 
asymmetry is presumably a weak quadrupole image field 
(QIF) produced by wall return currents into the drive rods 

of the accelerating cells (Fig.2). Calculations with the 
code SCHAR2 showed that the QIF would have a 
negligible effect under the conditions of the design tune 
but might lead to significant emittance growth and beam 
asymmetry under other conditions. 

ACCELERATOR 
GAP 

Fig.2 ITS accelerating cell geometry 

Our cell uses two drive rods to supply cell voltage. 
This symmetry eliminates dipole fields produced by the 
drive rods, which each carry (ih + if)/2, where i„ = 4 kA 
and ferrite current if= 500 A, both approximately constant 
during the 60-ns pulse. We designed3 the cell for 
minimum transverse impedance and discovered during RF 
measurements4 of prototypes that the normally degenerate 
TM110-like modes were split by -100 MHz by the rods 
coupling into the drive lines, reducing the frequency- 
averaged impedance by about half. Four drive rods would 
eliminate the QIF but at the cost of higher transverse 
impedance. 

The integrated strength b = jgdz, with g = VXB, of the 
QIF can be estimated5 by assuming that the wall current ib 

crosses the gap w = 1.9 cm, half at 0" and half at 180°, at 
distance D =23.3 cm from the axis, leading to 
b - ihZ„w/27icD2 = 0.70 G/kA. Calculations5 with the 3-D 
code BTEC, using ferrite permeability 250, give b 
= 1.0 G/kA, or 0.77 G/kA without the ferrites. Each cell 
already had a Lambertson-type dipole steering pair for 
beam alignment, so we added a quadrupole corrector 
(QC) circuit to the printed-circuit foil. Since the 
quadrupole strength depends only on beam current, which 
is constant through the linac, a single power supply of 
- 3 A can be used to null the QIF. 

The single-particle dynamics for continuous 
solenoidal field B and quadrupole gradient g for a beam 
without acceleration give x" =ky'+Gx and 
y" =-(kx'+ gy), where k = B/Bp and G = g/Bp. 
Combining  these  leads  to  y"" +  k2y"-G2y = 0  and 
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similarly in x, the solution to which is exp(iQz), where Q2 

= k2±(k2+4G2)1/2. Thus, there is exponential growth unless 
G s 0. With g - 3 G/43cm and B ~ 2 kG, Q - ±1/20 cm, 
±i/286 m. The accelerator length L for DARHT is 32.2 m, 
making the exponential growth factor only ~ 1.1. 
Emittance calculated with SCHAR grows very rapidly 
with quadrupole strength but is low at the nominal 
strength, in qualitative agreement with this simple model. 
The QIF changes the beam angle r' by 8r' ~ br/Bp per 
cell, which should be made small compared with the 
thermal spread 0 ~ En/ßyr, leading to beam radius 
r« (mcEn/eb)1/2 = 7 cm for 4rms normalized emittance en 

= 0.147t-cm-rad. For DARHT, r varies from about 1 cm at 
injection to 0.5 cm at the exit, well under 7 cm. 

EXPERIMENT 

For this experiment, the QC were added to cells #5-8 
only. The QC location (Fig.2) is close to the accelerating 
gap but displaced by one cell, hence in operation the first 
QC in DARHT will probably not be used. A field map of 
the QC in the cell showed that its strength was increased 
~ 60% over the air value to 1.1 G/A. We operated all 
eight linac solenoids at 140 A, about 500 G peak and less 
than half the design value, to make the beam radius larger 
to enhance the QIF effect. All four QC's were operated in 
series over the their maximum range, ± 20 A. The injector 
was operated at 3.55 MeV, 3 kA, and the accelerating 
cells were operated at 214 kV each, giving 5.26 MeV 
final energy. 

A line schematic of the experimental set-up for 
optical measurement of ellipticity is shown in Fig.3. The 
electron beam is focussed on a 6-um-thick aluminized 
Kapton (Al/K) detector that is located 64.2 cm from the 
center of the final focus magnet. The beam interacts with 
the foil to produce optical transition radiation (OTR). This 
visible light is imaged on the photocathode of a gated 
microchannel plate (MCP). The MCP is gated for 20 ns 
and timed to be in the center of the 60-ns flat-top of the 
beam pulse. A cooled ccd camera interfaced to the MCP 
is used to collect the image data. The rms beam diameter 
was typically 15 mm. The targets were not damaged for 

OPTICAL TRANSITION 
RADIATION 

(OTR) 

QUARTZ WINDOW 

■> TO GATED CAMERA 

GRAPHITE BEAM 
BLOCK 

these beam parameters. All of the data were taken with 
the same micro-channel plate gain and on the same Al/K 
surface. As a result this data is internally consistent. 

Contour plots of the electron beam distribution 
inferred from OTR measurements as a function of 
quadrupole magnet current are shown in Fig.4. The inner, 
intermediate and outer contours correspond to 10%, 40% 
and 80% of the peak intensity. Beam distribution data at 
each of the quadrupole currents is analyzed to obtained 
the rms radius and then the image is rotated 15° and 
reanalyzed to obtain the rms radius. This process is 
continued through 165°. The result is the rms radius vs 
angle for a single beam-pulse distribution. The ratio of 
minimum to maximum of this rms radius vs angle is the 
experimental ellipticity, obtained for each QC setting, 
plotted inFig.5. 
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The SCHAR ellipticity at the target (solid curve, 
Fig.5) is slightly higher than the minimum (dashed curve) 
a few cm before the target. In SCHAR we used a 
calibration for QC of 89% of the measured and for QIF of 
0.77 G/kA, 75% of the BTEC-calculated value with 
ferrites. Possibly the properties of the ferrites change in 
the presence of the solenoidal focusing field, or on the 
60-ns time scale the values are different from those 
assumed. In spite of these differences, the measurements 
seem well explained by SCHAR. 

CONCLUSIONS 

We have shown that SCHAR predictions adequately 
match the measured ellipticity of the beam in ITS as a 
function of quadrupole corrector current. For the 4-kA 
matched tune for DARHT, SCHAR predicts ellipticity at 
the target of ~ 0.97 without using the QC and 0.99 with. 
Emittance growth is <4% in either case. For beams 
mismatched by 50% at the linac entrance, ellipticity 
decreases to ~ 0.90 without and 0.96 with the QC. 
Calculated emittance growth is then about 6-12%, 
independent of either the QIF or QC. The dominant 
predicted quadrupole effect is therefore a barely 
observable ellipticity. 

Fig.3 Schematic of OTR measurement 
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currents through an accelerator in steady state to all orders, using 3- 
D field maps of the accelerator and the self-fields of typically 1000 
particles.   Emittance   growth   can   occur   because   of   charge 
redistribution, field aberrations, energy spread across the beam, or 
the mixing of quadrupoles and solenoids in a transport. 

[3] M. Burns, P. Allison, L. Earley, D. Liska, C. Mockler, J. Ruhe, H. 
Tucker, L. Walling, "Cell design for the DARHT linear induction 
accelerators", 1991 PAC, San Francisco 
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Shurter    "Status    of   DARHT",    XVIII    International    Linac "Transverse impedance measurements of prototype cavities for a 
Conference, Geneva, August, 1996 dual-axis radiographic hydrotest facility", 1991 PAC, San Francisco 

[2] R. J. Hayden and M. J Jakobson, "The Space Charge Computer     [5] Thomas P. Hughes, Robert E. Clark, Paul W. Allison, David C. 
Program SCHAR", IEEE Trans. Nucl. Sei., Vol. NS-30, No. 4, Moir,  "Multipole Field Calculations for DARHT", Beams 94 
August, 1983, p. 2540-2542. SCHAR traces distributions of line Conference 
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OBSERVATION OF SELF-STEERING EFFECTS ON THE ITS 6-MeV 
LINAC 

Paul Allison, David C. Moir, Gary Sullivan 
Los Alamos National Laboratory 

Thomas P. Hughes 
Mission Research Corporation, Albuquerque 

Abstract 

Beam centroid oscillations were induced in the ITS eight- 
cell linear induction accelerator (LIA) by steering the 
beam near the entrance, and position measurements were 
then made at four locations through the linac. 
Measurements were in good agreement with code 
predictions, using the nominal accelerator values, for a 
collimated beam of ~ 0.3 kA, but to get reasonable 
agreement for the full 3-kA beam, it was necessary to 
increase the code value of injection voltage from its 
known value of ~ 3.7 MeV by ~ 300 kV, approximately 
the edge beam-potential depression (bpd). Subsequent 
simulations with the 3D PIC code LSP showed that 
centroid steering is described more accurately by the total 
rather than the kinetic energy of the beam. Modification 
of the beam dynamics code to eliminate the bpd resulted 
in good agreement with measurement for both 0.3- and 3- 
kA beams. 

PURPOSE 

The Integrated Test Stand (ITS) is the first part of the 
DARHT linac1 and consists of a 3.75-MeV injector and 
eight 250-kV induction-linac cells. We are making 
various beam measurements to compare with design 
predictions to validate codes and to gain confidence in our 
ability to predict performance for the full linac. Accurate 
prediction of centroid motion is important for 
interpretation of BBU gains2. Agreement between position 
measurements, made at downstream beam position 
monitors (bpms), and code predictions requires accurate 

1. bpm calibrations 
2. bpm waveform digitizers 
3. bpm analysis programs 
4. steering    and    focusing    magnet    fieldmaps, 

polarities, locations, calibrations, readouts 
5. beam voltage and current, cell voltage. 

Good machine reproducibility and beam roundness2 are 
also essential. Code physics must include proper modeling 
of centroid deflection in the cells caused by image-current 
effects, a.k.a. imaginary transverse impedances and 
hereafter called Zj_. Since these deflections are 
proportional to ibZ±, then Zx can be inferred by comparing 
steering experiments (runs) for high- and low-current 
beams, ib~ 3- and ~ 0.3-kA, with otherwise identical linac 
and injector settings. The goals of the steering experiment 
were to 

1. demonstrate ability to model beam steering 
2. deduce Z±. 

We did six different runs (#l-#6, summarized in the table 
below) at three injection energies and several currents. 

The same magnet settings and gap voltages (233 kV) were 
used for all runs, except for #4 and #6, for which solenoid 
magnet #7 (Fig.l) was off. 

EXPERIMENT 

The layout of the experiment (Fig.l) shows the location of 
the bpms and the steering magnet pair (smx and smy, 
before the linac), which were used for steering in either 
the X- or Y- planes. Deflections dx and dy were measured 
at bpms 3,4,5,6. A 2-cm diam. collimator was placed 
upstream of the steering magnet for the low-current 
measurements. The drift-tube solenoid was turned off for 
all runs. 
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Fig. 1 Layout of the ITS steering experiment 

For a typical run, smy was varied in steps of 1 A from -5 
to +5 A, and the bpm data were analyzed over the central 
50 ns of the 60-ns pulse flattop with correction for bpm 
non-linearities for deflections of up to 30 mm. The 
steering waveforms were digitized at 700 MS/s with 
accuracies of a few percent. The deflections dx and dy 
(Fig.2 shows a sample) were generally quite linear with 
steering currents and reproducible. The sixteen slopes of 
the steering lines dx and dy in mm/A for the four bpms 

| Fig.2 Measurement of steering line slopes at bpm5 for Y-steering | „ 
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with steering in the two X- and Y- planes constitute a 
dataset of 16 values that the code must predict for a single 
run, with the figure of merit fom(mm/A) being defined as 
the rms difference between the predicted and the 
measured values. The injector beam energy and the cell 
Zj_x in both planes were varied to find the minimum fom. 
The injector energy was known to ~ 2% from other 
measurements, consistent with the values determined 
here. A common pair of Zlxy values was used for all six 
runs. 

For the ~ 0.3-kA runs, we initially found good 
agreement with code using the nominal values of the 
energy and current (Fig.3 shows run #4). The labels sxm 
and sxc refer to the eight measured and calculated dx and 
dy deflections (mm/A) for steering in the X-plane and 
similarly for sym and syc. Typically the fom for the 
sixteen measurements for one run was ~ 0.25 mm/A 
(table), equivalent to ~ 10% accuracy. 

# phi(MeV) Magnet#7 ib(kA) fom(mm/A) 
1 3 on .55 0.34 
2 3.5 on .26 0.35 
3 3.7 on .22 0.24 
4 3.7 OFF .22 0.29 
5 3.7 on 3.2 0.18 
6 3.7 OFF 3.2 0.19 

The injector was operated at nominally 3, 3.5 and 3.7 
MeV for the low-current runs, which were of course not 
very sensitive to the gap impedances. 
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local radius of curvature R. We compute the transverse 
force at a given position due to nearby beam charge and 
current. The electric and magnetic forces reinforce to give 
a total self-force of 

F> (ei„Z(/27tR)ln(RA) tt) 

where logarithmic divergences have been cut off at R^ 
(shielding effect of wall) and rh (finite beam radius). The 
curved beam orbit due to a transverse magnetic field B± 
satisfies 

-myv2/R = evB±+ F±
s (2) 

If y0mc2 is the undepressed energy, then y at the edge of 
the beam is y0 -2(ib/ßIn)ln(RA)> where I0 = 17.045 kA, so 
that Eq. (2) can be rewritten for ß ~ 1 as 

-yJR + (2ih/I„R)ln(RA) = eB±/mv +Q.iflß$n(RJit) (3) 

There is an approximate cancellation between the space- 
charge depression of y and the beam self-force. 
Experiment and simulation confirm this cancellation 
within an uncertainty of ~ 20%. The beam is deflected by 
Bj. as though its energy were approximately the total 
energy y0mc2. Similar effects have been calculated4 for 
beams in circular accelerators. 

The physics in our beam dynamics code xtr for 
steering had included 

1. beam potential depression 
2. higher-order space-charge corrections5 to account 

for non-uniformity of ß across the beam and the 
diamagnetic Bz enhancement at the beam edge 

3. image steering in the gaps, in the constant-radius 
beam pipe, in bellows, and in bpms 

Without having a complete theoretical formulation of the 
steering, the code has now been modified so that all 
steering fields act on the centroid as if bpd = 0. 

For the 3-kA beam, only the 3.7-MeV energy was 
used, since it would have been necessary to retune the 
linac magnets to transport a lower-energy beam. The 
measurements for run #6 (Fig.4) agree well with code and 
are quite different from those shown in Fig.3, even though 
all   ITS   settings   are   nominally   identical.   The   only 

The injector was operated only at 3.7 MeV when the 
collimator was removed and the 3-kA beam was steered. 
The agreement with code was poor until we increased the 
injector energy in the code by ~ 300 kV, approximately 
the value of the edge bpd = (ibZ0/27tß)ln(Rv/rb), where Rwis 
the wall radius (74 mm) and rh is the beam radius. We 
then simulated3 steering in a solenoid using the 3D 
electromagnetic PIC code LSP and discovered that 
steering indeed scaled closely with the total (nominal) 
beam energy rather than with the depressed (kinetic) 
energy. Evidently, the forces on the beam on a curved 
trajectory from ahead and behind act to nearly cancel the 
effect of the bpd, hence the beam is self-steered. 

An estimate of this effect3 is obtained by considering 
a section of beam with a stationary trajectory which has 
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(Fig.4 Comparison ot steering experiment #6 with calculations. 

difference was removal of the collimator and readjustment 
of the pulsed-power drive to produce the same gap 
voltages with the different beam loading. The centroid 
trajectories through ITS for Y-steering for #5 are shown in 
Fig.5 (solid curves dy, dashed dx), with the measurements 
overplotted. The trajectories are quite different (Fig.6) if 
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the edge energy is depressed by the bpd. The relative 
magnetic fields (1150 G max) are also overplotted. 

The image-steering effects on the centroid xt are 
proportional to ibZj_, that is 

Ax'/x^ = -eibZi./ßymc2 

so that the fom depends mainly on this product for the 
gaps, bpms, and bellows. For the bpms and bellows, Z± = 
-.2 and -1 Q/cm were used. A value of Zx « -3 Q/cm for 
the gaps was 

200 600 800 400 
z(cm) 

Fig.5 Centroid trajectories dx and dy through ITS 

200 600 800 400 
z(cm) 

Fig.6 Centroid trajectories with bpd at edge 

calculated with the Briggs model6, compared with a more 
realistic calculation of-3.6 Q/cm by Hughes7. This value 
should be modified to Z± = -3.3, -3.9 Q/cm for the X- and 

Y-   planes   by   the  quadrupole   effect*   for  the   cells, 

j V^_Bdz ~ 3G for a 3-kA beam, since it is not taken into 

account elsewhere in xtr. Except for this quadrupole 
effect, steering should be symmetric in X and Y. The best 
xtr fit for all runs gives 

Z± x = -3.510.5, -4.9±0.7 Q/cm, 

as determined by the sensitivity of the fom. The strongest 
image effect is found to be in the gaps. 

CONCLUSIONS 

Steering measurements and code xtr predictions are in 
reasonable agreement, using the total, rather than the 
kinetic, energy at the beam edge for the centroid 
dynamics. We are unaware of other measurements 
demonstrating this effect. Six different runs with very 
different beam conditions were matched to ~ 10% with 
nominal linac settings and injector parameters. The 
greatest source of experimental uncertainty may be 
individual bpm calibration, perhaps ± 5%. Defining 
sensitivity S as that parameter change which increases the 
minimum fom by 20%, this set of experiments determines 
S = 0.7% (phi), 8% (ih), 12% (Zj_), and 4% (V gap). 

REFERENCES 
[1] M. Burns, P. Allison, R. Carlson, J. Downing, D. Moir, and R. 

Shurter, "Status of DARHT", XVIII International Linac Conference, 
Geneva, August, 1996 

[2] Paul Allison and David C. Moir, "BBU Gain Measurements on the 
ITS 6-MeV, 4-kA Linac", Pruc. PAC97 Conference. 

[3] T. P. Hughes, "Self-Steering Effects in ITS Experiments", 
MRC/ABQ-N-576, Mission Research Corp., Albuquerque, July, 
1996. 

[4] C. A. Kapetanakos, S. J. Marsh, and P. Sprangle, "Dynamics of a 
high-current electron ring in a conventional betatron accelerator", 

.Particle Accelerators Vol. 14 (1984) p.261, and Edward P. Lee, 
"Cancellation of the centrifugal space-charge force", Particle 
Accelerators Vol.25 (1990), p.241. 

[5] M. Reiser, "Laminar-flow equilibria and limiting currents in 
magnetically focused relativistic beams", Phys. Fluids 20, 477 
(1977), and T. P. Hughes, T. C. Genoni, et al., Computational 
Support for ITS and REX, MRC/ABQ-R-1735, April, 1995. 

[6] R. J. Briggs, D. L. Birx, G. J. Caporaso, V. K. Neil, T. C. Genoni, 
"Theoretical and Experimental Investigation of the Interaction 
Impedances and Q Values of the Accelerating Cells in the Advanced 
Test Accelerator", Part. Ace. Vol. 18 (1985), pp.41-62. 

[7] T. P. Hughes, R. E. Clark, D. R. Welch, and R. L. Carlson, 
"Computational Support for REX and ITS", MRC/ABQ-R-1797, 
Mission Research Corp., Albuquerque, June 1996. 

[8] Paul Allison and David C. Moir, "Quadrupole Image-Current 
Effects in the ITS 6-MeV, 4-kA Linac", Proc. PAC97 Conference. 

1146 



AN OVERVIEW OF THE LOW ENERGY DEMONSTRATION 
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Abstract 

Successful operation of the Accelerator Production of 
Tritium (APT) plant will require that accelerator 
downtime be kept to an absolute minimum. Over 230 
separate 1 MW RF systems are expected to be used in the 
APT plant, making the efficiency and reliability of these 
systems two of the most critical factors in plant 
operation. The Low Energy Demonstration Accelerator 
(LEDA) being constructed at Los Alamos National 
Laboratory will serve as the prototype for APT. The 
design of the RF systems used in LEDA has been driven 
by the need for high efficiency and extremely high 
system reliability. We present details of the high voltage 
power supply and transmitter systems as well as detailed 
descriptions of the waveguide layout between the 
klystrons and the accelerating cavities. The first stage of 
LEDA operations will use four 1.2 MW klystrons to test 
the RFQ and supply power to one test stand. The RFQ 
will serve as a power combiner for multiple RF systems. 
We present some of the unique challenges expected in the 
use of this concept. 

1   INTRODUCTION 

The purpose of the LEDA accelerator is twofold. The 
LEDA accelerator shall validate and demonstrate the front 
end design of the APT accelerator and shall also serve as 
a test bed for different accelerator component designs that 
are competing for use in the APT plant. Each major 
high-power RF sub-system is described, proceeding from 
the unit substation which supplies power to the 
accelerator up to the accelerating cavities. 

2 HIGH  VOLTAGE  POWER  SUPPLIES 

The high voltage power supply sub-systems convert 
the AC line voltage from the unit-substation to DC 
voltages of up to 95 kV which are supplied to the 
klystrons through the transmitter sub-system. Each 
power supply must be capable of delivering 2 MW (21 A 
at 95 kV) to a 350 MHz klystron to produce 1.2 MW of 
RF power. Power supplies using two different 
topologies are currently being built for use in LEDA. 
The design of the power supplies purchased for LEDA 
has been dictated by the operational requirements of the 
final APT plant. The plant driven requirements on 
reliability, cost of operation and cost and time to repair 
are quite stringent given that over 230 power supplies 
will be used in the APT plant. 

2.1 SCR Controlled Center Tapped Power Supply 

SCR controlled power supplies are being built by 
Maxwell Laboratories for use in the LEDA accelerator. 
These supplies utilize an SCR bridge which regulates the 
current through the center tapped transformer primaries to 
control the secondary output voltage as shown in Fig. 1. 
Center point control allows the output voltage filter 
inductance to be placed across the SCR bridge on the low 
voltage side of the transformer. This placement offers 
several advantages. The reduction in the filter inductor 
operating voltage gives increased reliability and reduces 
cost. The lower voltage also allows an SCR to be placed 
across the inductor to short out and dissipate the energy 
stored in the filter inductor in the event of a klystron arc. 

1500 V. 
30 AC 

1- 7 
3 Phase 

Full Wave 
Bridge 

95 kV 
DC 

1500 V 
30 AC  
30" Shifted 

1 
X 

LJ7 
3 Phase 

Full Wave 

* Work supported by US Department of Energy. 

Figure: 1 Secondary voltage is controlled by SCR 
bridges located in the centers of the transformer 
primaries. 

Two sources of 1500 V, 3-phase power are supplied 
by the unit-substation. Figure 1 illustrates how one set 
of 3 phase power is offset by 30° with respect to the 
other set to produce 12-pulse rectification from two 6- 
pulse rectifiers whose outputs are wired in series. 

The SCR controller and transformer/rectifier sub-units 
shown in Fig. 1 are located outside the main accelerator 
building adjacent to the unit-substation. The third sub- 
unit of the power supply contains the ripple voltage filter 
capacitor and crowbar circuits. This sub-unit is located 
inside the accelerator building and adjacent to the 
klystron. In the event of a klystron arc, the crowbar 
circuit protects the klystron from stored energy in the 
filter capacitor and in the power supply cables and from 
any power supply follow-though energy which enters the 
tube before the SCRs shut off the current. 
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2.2 IGBT Controlled SSM Style Power Supply 

The second power supply type being built for LEDA 
is the Insulated Gate Bipolar Transistor (IGBT) controlled 
Solid State Modulator (SSM) style power supply made 
by Continental Electronics. The power supply design is 
based on the Solid State Modulators that are currently 
produced for AM radio service. Figure 2 shows how 
these supplies utilize 96 separate rectifying modules 
wired in series to produce high voltage. The relative 
phase differences between the sets of 3-phase secondaries 
on each of the four transformers are arranged to achieve 
24-pulse rectification at the output. 

A schematic of a single module is illustrated in Fig. 
3. Each module contains a full wave, 3 phase rectifying 
bridge which produces 1.1 kV DC across a small filter 
capacitor. An IGBT is used to switch the filter capacitor 
across the output terminals of the module. A diode 
allows current produced by other modules to pass when 
the IGBT is turned off. 
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Figure: 2  The secondaries of the HV transformers are 
arranged to produce 24 pulse rectification. 
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Figure: 3   Each module contains a 3-phase, full wave 
rectifying bridge. 

The IGBT controlled SSM Power Supply has several 
strengths, the most important being that the fast 
response of the IGBTs allows the supply to turn off 
quickly enough to limit the energy in a klystron arc 
without the use of a crowbar circuit. The elimination of 
the crowbar circuit reduces power supply cost and 
increases reliability. A sophisticated diagnostic system 
allows graceful degradation of the power supply output 
capability by disabling a failed module or modules and 
compensating with the remaining modules. The supply 
also offers an extremely high efficiency (>97%) and 

power factor (>0.98). These will be critical factors in the 
operating costs of the APT plant. 

3   TRANSMITTERS 

The transmitter provides support functions for the 
klystron. These functions include: klystron magnet 
power, a solid-state RF drive amplifier and klystron 
interlocks. The transmitter also includes a cathode 
referenced voltage source that provides variable high 
voltage to the modulating anode of the klystron. The 
modulating anode voltage is derived from and referenced 
to the cathode voltage as shown in Fig. 4 in order to 
reduce the tendency for cathode voltage ripple to cause 
ripple on the RF output of the klystron. Ripple on the 
klystron RF output power can complicate accelerator 
phase control issues [1]. 

Modulating Anode 

Control Voltage 

Figure: 4 The modulating anode voltage is derived from 
the cathode voltage to eliminate the affect of power 
supply voltage ripple on the klystron current. 

4  KLYSTRON    AMPLIFIERS 

The RFQ is driven by 350 MHz klystrons made by 
EEV Ltd. Figure 5 shows how these klystrons employ a 
coaxial RF window to transition from the tube to 
WR2300 waveguide. The klystron RF windows are 
similar to the RF windows used at the accelerator [2]. 
The klystron collector is rated to absorb the full 2 MW 
of klystron beam power. A full power collector was 
chosen to allow the RF output power to be shut off 
quickly (by removing the RF drive) without causing a 
massive disruption in the amount of electrical power used 
by the accelerator. The use of a full power collector was 
motivated by the fact that discontinuities in the power 
drawn by the accelerator will be a major challenge in the 
successful operation of the APT plant with the rest of the 
regional power grid. 

Figure: 5    Each 350 MHz klystron is capable of 
producing 1.2 MW of RF power. 
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5   CIRCULATORS 

350 MHz Y-junction circulators shown in Fig. 6 
have been built by AFT for the LEDA project. These 
circulators are rated to operate into a full-reflection 
standing wave with the worst-case phase for the circulator 
while 1.3 MW of RF power is being transmitted by the 
klystron. 

Figure: 6   350 MHz circulators protect each klystron 
from reflected RF power. 

6  WAVEGUIDE    RUNS 

Three separate WR2300 waveguide runs are used to 
transport the RF power produced by three 350 MHz 
klystrons on the mezzanine to the twelve RF windows 
on the RFQ located in the adjacent tunnel [2]. 

:   THE 
:   LEDA 
!   PROJECT 

Figure: 7    Three separate WR2300 waveguide runs 
deliver RF power to the RFQ located in the beam tunnel. 

Each waveguide run consists of 64.6 m of WR2300 
waveguide as shown in Fig. 7. The three waveguide run 
lengths have been equalized as much as possible in order 
to reduce the demands on the three-probe phase shifters 
and Low Level RF control systems as the waveguide 
expands and contracts with temperature [1]. 

7 HIGH-POWER   RF   WINDOWS 

The RF power produced by the klystrons is divided 
into four equal parts to minimize the stress on the 
vacuum RF windows at the RFQ [2]. The RFQ portion 
of the accelerator requires 1.96 MW of RF power, but 3 
MW of RF power must be available to implement the 
supermodule concept as described in Section 9. Half- 
height WR2300 waveguide is used for the last 22 m of 
the waveguide run to minimize the space occupied by 
waveguide. The RFQ portion of the accelerator achieves 
an RF power per accelerator length of 245 kW / meter. 

8 ACCELERATING   CAVITIES 

An RFQ and various CCDTL configurations will be 
used throughout the LEDA program. The CCDTL 
sections will be driven by 700 MHz RF systems which 
are very similar to the 350 MHz RF systems and will be 
fully described in a later paper. The first LEDA 
configuration is shown in Fig. 8. It will test the injector 
and RFQ and accelerates 100 mA to 6.7 MeV. 

H+ Injector 

\       350 MHz 

I       H~RFQ 

Beam 
Diagnostics 

>o< Beam Stop 

75keV 6.7 MeV 

Figure: 8    The initial configuration   of the LEDA 
accelerator will consist of the injector and the RFQ. 

9 SUPERMODULE OPERATION 

The RFQ portion of the accelerator achieves high 
reliability through the use of the supermodule concept 
[3].    In this concept, the RFQ is used   as a power 
combiner for 3 RF systems.  Each of these systems is 
capable of producing 1.2 MW of RF power.  If one RF 
system fails, the accelerator is shut down briefly.   The 
other two RF systems are brought to full power and the 
accelerator resumes  operation.     This  capability  is 
indicated in Fig. 8 where the three circles below the RFQ 
represent the three RF systems and filled circles represent 
the minimum number of RF systems that are required to 
operate. 
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Abstract 

High-power proton linacs (E>500 MeV) are 
potentially useful for transmutation applications, such as 
the production of tritium. In production applications, 
high availability is essential. Achieving high availability 
requires an accelerator design that simplifies maintenance 
and accommodates commissioning procedures designed to 
minimize tune-up time. These are worthwhile goals for 
any accelerator, but the high beam powers (170 MW) and 
heavy beam loading of the Accelerator Production of 
Tritium (APT) [1] linac introduce significant new 
challenges. This paper will describe the commissioning 
plan, as developed to date. 

1 INTRODUCTION 

The APT accelerator is an integrated normal 
conducting - superconducting (NC/SC) linac [2]. It has a 
final beam energy of 1700 MeV and a CW beam current 
of 100 mA. It starts with a 75-kV injector. Acceleration 
up to 217 MeV is provided by a RFQ accelerator and a 
coupled-cavity NC linac. From 217 to 1700 MeV, 
acceleration is provided by two sections of SC linac: the 
medium-b and high-b linac sections. 

The APT accelerator must demonstrate high 
reliability and availability. To achieve this, designers 
must know how the accelerator will be commissioned and 
operated. The design, commissioning plan and operating 
plan must be developed in concert to ensure that the 
required beam instrumentation, controls, and access will 
be available. 

The goal of commissioning is to safely, quickly and 
reproducibly bring the beam to full current and energy 
with minimum beam loss, to verify that all systems are 
working correctly, and to develop a physics model of the 
beam dynamics that will permit computer-aided automatic 
beam tuning. 

A good physics model and automatic beam tuning 
are important for achieving high availability. The most 
difficult source of "emittance noise" to control is the 

degree of the neutralization [3] in the LEBT, upstream of 

the RFQ [4]. RFQs have been observed to be effective 

"emittance filters". Because RF accelerating systems 
downstream of the RFQ are well understood and known to 

be capable of consistent performance with good 

commissioning protocols, automatic beam tuning is 
believed to be achievable. 

2 IMPORTANT ELEMENTS OF 
COMMISSIONING PLAN 

The commissioning plan has been developed using 
recent commissioning experience from the FNAL linac 
upgrade and CEBAF. It is also based on the operating 
experience at the Los Alamos Neutron Scattering Center 
(LANSCE). 

The 170-MW APT linac can quickly activate or 
destroy components. Therefore, it is therefore essential to 
approach full power with a low averaged power pulsed 
beam. Table 1 shows the different beam formats that will 
be used. A pilot beam is the lowest power beam used for 
equipment checkout when commissioning begins. Its 
minimum power is limited by the response of the 
diagnostics and the pulse rate of the ion source. A 
calibration beam is used for calibrating the amplitude and 
phase of the accelerating structures. Its power level is 
defined by the minimum beam power required by each 
calibration method. A tuneup beam brings the peak 
current to 100 mA without exceeding the design power of 
the full-energy beamstop at the end of the linac (Figure 1) 
of 3.4 MW. The average power levels of the pilot and 
calibration beams are comparable • to that used for 
LANSCE tuneup. The LANSCE tuneup beam is a 480- 
W pulsed beam of 4 Hz, 1-mA peak, and 150-|U.m long. 

 Table 1: List of Pulsed-Beam Formats 
Beam 
Types 

Repetition 
Rate 
(Hz) 

Max. Peak 
Current 
(mA) 

Pulse 
Length 

(ms) 

Maximum 
average 
Power 

Pilot 1 1 0.1 170W 
Calibration 1 10 1 17 kW 
Tuneup 10 100 1 1.7 MW 
APT (CW) 100 (CW) 170 MW 

NJECTOR ♦ ♦ I             i              i              i 
I                                 1                                 1                                1 

\/ti 

/ 
/ 

HEBT 
Expander JL i-uii-tnargy 

Beam Stop 

20      100        217        469       1000 
MeV   MeV      MeV      MeV      MeV 

Stop 

1700 
MBV 

Figure 1. Schematics of APT Linac for Commissioning 
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Different beamstops (Table 2 and Figure 1) will be 
required at each commissioning step. A full power 
beamstop will be installed at the Injector for beam setup 
and beam abort. A full-power beamstop is required at the 
20-MeV point because the beam dynamic up to this 
energy is highly space-charge dominated. Good beam 
quality at this point is critical to the beam quality for the 
rest of the linac. The short APT schedule calls for linac 
installation by sections. Commissioning of a section 
will take place while later sections are being installed. To 
accomplish this, a low-average power beamstop that can 
be moved to the end of a section is needed. The radiation 
safety aspect of such a beamstop is currently under study. 
There is a full-energy, 2% full averaged power, beamstop 
at the end of the linac. The target/blanket will be used as 
a beamstop for CW beam tuning at power level from 2 to 
100% of the full beam power. 

Table 2: List of APT Beamstops 
Location CW or Pulsed Average 

Power 
Peak Current 

(mA) 
Energy 
(MeV) 

Injector CWand 
Pulsed 

10 kW 130 0.075 

20-MeV CWand 
Pulsed 

2MW 100 20 

End of 
Sections 

Pulsed 17 kW 10 1700 

End of 
Linac 

Pulsed 1.7 MW 100 1700 

Measurements        using beam        diagnostic 
instrumentation will be used to develop the physics model 
for automatic tuning. A list of measurements and 
measurement methods is given in Table 3. A description 
of the APT beam diagnostics can be found in Reference 
[5]. 

3   COMMISSIONING STEPS 

The APT-linac commissioning plan has the following 
steps (Figure 1): 

Measurements Method 

Current 

CW Multi-core toroidal 

Pulsed Single-core toroidal 

Peak current Summed BPM signals 

Beam loss Ion chamber 

Fast Protect Ion chamber 

Beam centroids 

Position BPM 

Angle A between BPMs 

Phase Capacity probe 

Energy Time of flight 

Beam width 

Transverse Gas Fluorescence or Flying wire 

Energy Dispersive Magnet 

Phase Image Current Probe 

Halo Scraper 

1. Installation of linac sections. Sections of linac are 
defined temporarily at beam energies: 75 kV, 20, 100, 
217, 469, 1000, and 1700 MeV. A section will be 
installed. Equipment will be checked without beam and 
with the pilot beam. Accelerating structures will be 
calibrated using the calibration beam. 

2. The first 20 MeV will be commissioned to full current 
using procedures developed in the Low-Energy 
Demonstration Accelerator. 

3. After completing steps 1 and 2, the pulsed tuneup beam 
will be tuned to design peak current at the full energy 
beamstop. 

4. A CW beam will be tuned to the Target/Blanket System. 
The current will increase from 2% to 100% in steps. 

5. Linac physics-model study and beam-loss minimization 
will take place. 

Methods used in these steps are described in the 
following subsections. 

3.1 Steering 

A pilot beam will be used. The principal 
diagnostics that will be used to establish alignment are the 
beam position monitors (BPM), of which about 210 will 
be permanently installed. 

Several steering strategies have been investigated [6], 
of which two are particularly promising: dipole pair and 
least squares steering. Both are equally effective in 
keeping the beam centered in the beam channel, but the 
latter, although it requires somewhat more power 
supplies, reduces the demands on the steering magnets. 

This stage will be carried out with the accelerating 
cavities detuned to minimize their interaction with the 
beam. It will be done by linac sections 

3.2 Cavity Field Amplitude and Phase for NC Structures 

In the normal conducting systems, over the physical 
region between two beam monitors, a series of phase 
scans and delta-t measurements [7] will establish the field 
phase and amplitude required to achieve design 
longitudinal beam dynamics. The minimum length for 
this process is one RF "supermodule" [8]. A plot of the 
beam energy and output phases as a function of the RF 
amplitude and phase will be compared with simulation to 
determine the amplitude and phase of the RF cavity field. 

Cavity Field 
Pickup Probe 

Klystron Time-of-Flight 
Measurement 

Beam 

Beam Pickup 
Probe 

Cavity 
Phase 

Cavity 
Amplitude 

Figure 2. A schematic of the setup for calibrating phase 
and amplitude of SC cavities 
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3.3 Cavity Field Amplitude and Phase for SC Cavities 

The APT SC linac can operate with some cavities 
idle. This flexibility requires phase calibration of cavity 
independent of the number of cavities operating upstream 
to the cavity being calibrated. Figure 2 shows a 
schematic of the setup used for calibrating the amplitude 
and phase of an SC cavity. Capacity pickups will be used 
immediately upstream of the cryomodule to provide the 
beam arrival phase. The phase of the cavity field will 
reference to this arrival phase. By directly referencing to 
the beam arrival phase, the dependence on the number of 
operating cavities of cavity phase calibration is 
minimized. The first step of the calibration procedure is 
to establish a RF field in the cavity using the klystron 
while the cavity is resonant in frequency. A calibration 
beam will then be injected. The calibration of the phase 
calibration is achieved by adjusting the phase of the RF 
field until minimum beam induced phase changes of the 
cavity field are reached. At that time, the RF field is 
orthogonal to the beam in phase. 

Calibrating field amplitude is conceptually more 
straightforward. The RF field amplitude is measured by 
field probes that are weakly coupled to the RF field. The 
field probe is calibrated to +10% by measuring RF powers 
before installations of the cavity. Final calibration of the 
probe will be achieved by measuring the change in beam 
energy using the time-of-flight method with beam pickups 
along the accelerator. 

3.4 Tuneup of Full Peak and Average Current 

After the accelerating structures have been calibrated 
in RF phases and amplitudes, beam tuneup of the linac 
will start. The peak current will be increased to 100 mA. 
The repetition rate will be increased while keeping the 
average beam power below the design power of the 
beamstop at the end of the linac. Once acceptable 
performance has been achieved at this power level, further 
increases in beam power will take place with the 
switchyard configured to send the beam to the 
Target/Blanket. 

At the beginning of the tuneup to the 
Target/Blanket, the peak current will be reduced to less 
than 2 mA. The reduction of beam current will not affect 
the component settings along the linac because the linac 
has been designed for current independent matches [9]. 

Throughout the process, accelerator performance will 
be compared to simulations. Beam transmission, 
transverse beam position, beam energy, transverse and 
longitudinal beam sizes, transverse match, and beam halo 
will be measured. Finally, a physics model will be 
confirmed using the data obtained. Algorithms for 
minimizing beam loss will be tested. 

4 SUMMARY 

Work is underway to develop a commissioning plan 
for the integrated normal/superconducting linac of the 
APT. If this is developed in concert with the linac design 
and operation plan, it will lead to high availability. To 
date, commissioning steps have been determined. Pulsed- 
beam formats, beamstops, and diagnostics required have 
been specified. Calibration methods of phase and 
amplitude of accelerating structures are being investigated. 
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Abstract 

The current design for the production of tritium uses both 
normal-conducting (NC) and super-conducting (SC) 
structures. To evaluate the performance of the super- 
conducting part of the linac which constitutes more than 
80% of the accelerator, studies have been made to include 
the effects of various error and fault conditions. Here, we 
present the simulation results of studies such as effects of 
rf phase and amplitude errors, cavity/klystron failure, 
quadrupole misalignment errors, quadrupole gradient 
error, and beam-input mismatches. 

INTRODUCTION 

The current Los Alamos design for APT uses an 
integrated NC/SC structure [1,2]. The SC structure 
starting at 217 MeV accelerates the 100 mA, cw proton 
beam to a nominal energy of 1.7 GeV. The beam is 
delivered onto a production target, through a high energy 
beam transport (HEBT) section [3]. 

One of the main advantages [1,4] of having a SC 
structure at high energies is that it allows a larger bore 
size reducing the risk of beam loss. In view of the 
importance of the beam-loss issue, we did study the effect 
of various types of error conditions and component 
failures on the beam. Of specific interest are the 
transverse beam-profile along the length of the linac and 
quality of the output beam which has direct impact on the 
transport of the beam through the HEBT. 

The high-energy SC linac is comprised of two, 
medium and high ß sections with ß=0.64 and 0.82 
respectively. The bore radius in the sections are 6.5 cm 
and 8.0 cm respectively. Two design scenarios for the SC 
linac section are under consideration [1]. One uses SC 
quadrupole magnets in a FODO lattice; the other uses 
doublet room-temperature quadrupoles placed outside the 
cryostats. The results reported here correspond to the 
"singlet" SC design. Unless otherwise noted, simulations 
were done with a beam from the output of the NC 
structure at 217 MeV which originated at the plasma 
surface of the ion source [5]. For the error studies, the 
beam was matched across the NC/SC transition by 
ramping the quadrupole-strengths down starting at 100 
MeV without deliberate consideration of a current- 
independent match described in Ref.l. 

MISMATCHES 

Setting errors for the quadrupole gradients, accelerating 
gradients, or cavity phases can produce beam mismatches. 
To study the effect of mismatch at the 217 MeV input 
point, we use an initial waterbag distribution (uniform 
filling of a 6-D phase-space ellipsoid) at 217 MeV. The 
waterbag distribution has characteristics that are similar to 

those seen in real beams; the distribution in any 2-D 
projection is peaked in the center and falls off gradually at 
the edges. The mismatched input distributions are derived 
from the matched ellipses in all three phase-space planes; 
the ellipse parameters for the matched beam in each plane 
are scaled to adjust the beam size while leaving the rms- 
phase-space areas (emittances) constant. Equal 
mismatches were simultaneously applied in each plane, 
corresponding to u.=0.7 and 1.3, where |J. is defined as the 
ratio of the initial rms beam size to the matched rms beam 
size. 
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Figure 1. Transverse and longitudinal beam profiles vs. 
quadrupole number in the SC linac for a mismatched beam 
of u=l .3 at 217 MeV with an initial waterbag distribution. 

Figure 1 shows both the transverse and longitudinal 
profiles for u.=1.3. The transverse beam size of the 
mismatched beam starts to grow immediately after the 
input, but after several periods settles down to a larger 
value. At the output end (1.7 GeV) the x rms beam size 
grows to about 0.82 cm compared to about 0.46 cm for 
the matched case. The effect of mismatch in the 
longitudinal space is less pronounced. The output beam 
energy spread is only slightly larger when compared to the 
matched case. 

The normal error-free output beam looks like a 
parabolic distribution in x or y. The output distribution for 
a single point mismatch shows a shoulder on it that 
depends on the size of the mismatch. For this case, the 
extent of the distribution seems to be limited as 
demonstrated by adding the simulations of many 100,000 
particle runs to reach several million total particles and as 
expected from the particle-core halo model [6]. The effect 
of mismatches for more than one point are still being 
studied. 

* Work supported by the US Department of Energy 
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ERRORS 

RfCavity Phase and Amplitude Errors 

The rf Power system has feedback loops to maintain the 
phase and amplitude of the fields in the cavities. Because 
the klystron power is split to drive multiple cavities, the 
feedback loop adjusts the klystron phase and amplitude to 
control the average phase and amplitude error from the 
driven cavities. The result is that even though the average 
phase and amplitude of the cavities within an RF module 
can be controlled by the feedback loop to an average of 
1.0° in rms phase and 1% in rms amplitude, each 
individual cavity can have a larger variation. As a 
representative case, we have done simulations assuming 
10° and 10% rms variations in each cavity with the 
average rms phase and amplitude for a klystron-driven set 
of cavities at 1.0° and 1%, respectively. The APT linac 
structures may experience about half of this level of RF 
amplitude and phase variations during normal operation. 

We performed a set of 20 simulation runs, each with 
cavity phase and amplitude errors set randomly, assuming 
a uniform distribution within the above specified limits. 
The initial particle distribution was obtained from the 
preceding normal-conducting LE linac section. The results 
show that the output beam-energy centroid varies by about 
±4 MeV, which is acceptable for the HEBT. Transverse 
rms emittance varies by about ±4%. However, the 
longitudinal emittance growth, as expected, is higher than 
the error-free case by about 30%. 

Quadrupole Magnet Misalignments 

Misalignments are simulated with a program, PARTREX 
that follows a central particle and a beam ellipse envelope 
through a sequence of elements using a sequence of 
matrix transformations in a linear-field approximation. 
Because the code transports beam ellipses rather than 
individual particles, it uses considerably less running time, 
enabling the user to make a statistical analysis of the beam 
behavior under random misalignments of the large number 
of quadrupoles in the linac. Each simulation corresponds 
to a complete set of random errors for each quadrupole in 
the linac. 
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Figure 2. Beam centroid probability plots for rms 
quadrupole misalignment errors of 5,10 and 15 mil (127, 
254, and 381 um). 

Two hundred simulations were made with random rms 
quadrupole alignment errors. Figure 2 shows the ordered- 
results for quadrupole misalignment errors of 0.127, 0. 
254 and 0.381 mm. For a 0.254 mm rms random 
misalignment error, there is 95% probability that the 
beam-center shift will be less than 2.8 cm. The 
corresponding numbers for 0.127- and 0.381-mm 
misalignment errors are 1.4 cm and 4.2 cm, respectively. 

A 0.254-mm rms uncertainty is a value that has been 
achieved for SC magnets in other accelerator facilities. A 
corresponding shift of 2.8 cm or larger with 5% 
probability suggests that provision should be made for 
steering in or after the linac. It should be noted, however, 
that the beam easily cleared the bore of the linac without 
steering for all the runs. 

Practical Set of Machine Errors 

We considered a set of realistic errors that include magnet 
misalignment in displacement, tilt, and roll, quadrupole 
gradient error, and RF phase and amplitude variations. 
The numbers used are uniform distribution of errors that 
have the following RMS widths: 

quadrupole magnet gradient error, + 1% 
quadrupole magnet tilt error, +0.3 degree 
quadrupole magnet roll error, ± 0.3 degree 
average RF phase error, ± 1 degree 
average RF gradient error, ± 1 % 
local RF phase error, ±10 degree 
local RF gradient error, ± 10 % 

-v(cm) (d) 

Figure 3. Transverse (x and y) vs. quadrupole number with 
(a-b) no errors and (c-d) realistic set of errors noted in the 
text. 

Figures 3 (a) and (b) show the x and y profile plots of 
a normal beam. Corresponding profile plots with the 
above set of errors are shown in Figures 3 (c) and (d). A 
small centroid oscillation is observed while the 
longitudinal profile (not shown) does not show any 
significant effect. 
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FAULTS 

RF Cavity/Klystron Failure 

If a single cavity or a klystron that powers several cavities 
fails, the beam-entry phase beyond the failure point will 
be shifted and, unless corrected, would generally result in 
poor acceleration efficiency and poor longitudinal 
focusing in the cavities downstream of the failure. Such an 
uncorrected situation could also lead to radial loss of 
beam. However, rephasing the linac beyond the point of 
failure is practicable because the cavities in the SC 
structure are electrically independent. 

phT-pH« Cd*g> TB. quod 
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<P"<Ps 
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Figure 4. Beam profiles vs. Quadrupole number in the SC 
linac with the first klystron in the ß=0.64 section turned off. 

If the rf amplitudes beyond the failure point are not 
reset, the output centroid energy will be reduced. As 
expected, the increase in longitudinal emittance is 
significantly larger than the corresponding increase of the 
transverse emittance. Also, a larger increase in 
longitudinal emittance is associated with cavity or 
klystron failures at the lower-energy end of the linac. This 
is due to the fact that in the lower-energy part of the SC 
linac, the longitudinal focusing loss as a result of a single 
cavity failure is more important, especially for 
compensation of the space-charge forces. 

Figure 4 shows the beam profiles along the length of 
the SC linac when the first klystron in the ß=0.64 section 
is turned off. There is a large increase in the longitudinal 
emittance. However, since the longitudinal emittance is of 
little concern to the HEBT/ Expander system, operation of 
the linac with a klystron off is not a problem in terms of 
beam at the target. Though not a major effect on the 
transverse emittances, this does, however, represent a 
mismatch with some attendant increase in the tails of the 
particle distribution. 

Quadrupole Magnet Failures 

Failure of one or more quadrupole magnets causes an 
immediate transverse mismatch resulting in subsequent 
emittance and halo growth. Since the focusing lattice is a 
FODO sequence, it is not surprising that a failure of an 
odd number of adjacent magnets causes a larger 
disruption. A failed pair of magnets early in the machine 
did not result in beam loss in the linac but did result in 
emittance growth of nearly a factor of 13. Readjusting the 

four quadrupoles downstream of the failed ones, a 
rematch can be achieved that reduces the emittance 
growth to near a factor of two. The output phase-space 
distributions with and without errors are shown in Figure 
5. There are more particles on the edges of the 
distribution compared with the error-free case even with 
quadrupole readjustment. 
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Figure 5. Output phase-space distributions with a pair of 
quadrupoles at the start of ß=0.64 section turned off; (a) no 
failure, (b) with failure but no adjustment and (c) with 
downstream quadrupoles readjusted. 

CONCLUSION 

On the basis of the error studies completed, it can be 
concluded that none of the error conditions put the beam- 
edge close to the aperture. Steering magnets in or after the 
linac should be installed for transporting the beam through 
the HEBT/Expander system. In case of quadrupole 
failure, retuning downstream of failed quadrupoles will be 
necessary for the beam to be transported by the 
HEBT/Expander system or the cryomodule can be 
replaced. HEBT can continue to operate with 
cavity/klystron failure. 
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Abstract 

The baseline accelerator design for the APT (Accelerator 
Production of Tritium) Project [1] is a normalconducting- 
superconducting proton linac that produces a CW beam 
power of 170 MW at 1700 MeV. Compared with the pre- 
vious all-NC linac design, the NC/SC linac provides sig- 
nificant power savings and lower operating and capital 
costs. It allows a much larger aperture at high energies, 
and permits greater operational flexibility. The design has 
been approved by high-level technical panels and is pub- 
lished in a Conceptual Design Report [2]. The high-ener- 
gy portion is a superconducting (SC) rf linac employing 
elliptical-type niobium cavities, while the low-energy por- 
tion is a normal-conducting (NC) linac constructed from 
copper cavities. This provides an integrated accelerator de- 
sign that makes optimum use of the two technologies in 
their appropriate regions of application. The NC linac, 
which consists of an injector, RFQ, CCDTL, and CCL, 
accelerates a 100-mA beam to 217 MeV. The SC linac is 
built in two sections optimized for different beam velocity 
spans, with each section made up of cryomodules contain- 
ing 5-cell cavities and SC singlet quads in a FODO focus- 
ing lattice. Alternate SC linac designs are being studied 
that employ a doublet focusing lattice using conventional 
quadrupoles located between cryomodules. 

BASELINE  NC/SC  LINAC  DESIGN 

The APT linac design is driven strongly by the large 
amount of rf power required to accelerate the 100-mA CW 
beam. Efficient conversion is needed at each stage in the 
power train to minimize capital and operating costs. Para- 
meter selection and cost/performance modeling to achieve 
this objective have been discussed previously [3]. The 
current baseline design has evolved from an earlier all-NC 
linac design [4]. System architecture is displayed in 
Fig.l, with additional parameters listed in Table 1. The 
low-energy linac, which is basically the same as in the 
all-NC design, accelerates a 100-mA proton beam to 217 

Normal-conducting 
350 MHz 700 MHz 

Superconducting 
700 MHz 

PtiBFQrjcCDU| CCL |j~p=o.64;-|. ■;;;:,■■■   ß = flj-CCPTl| CCL   frf 
A1.1 -1.6MV/mf 

0.82 
1.6 MV/m 

75 keV      7 MeV      100 MeV 

5.5 MV/m 

217 MeV 469 MeV 

Fig. 1. Architecture of APT integrated NC/SC linac. 

MeV in copper water-cooled structures. A 75-keV injector 
housing a microwave-driven ion source generates a contin- 
uous 110-mA proton beam. From this input, a 350- 
MHz, 8-m-long RFQ produces a CW 100-mA beam at 
6.7 MeV.   The RFQ is built in four resonantly-coupled 

segments, and rf drive is provided by three 1.2-MW CW 
klystrons through 12 windows. 

The RFQ output is matched into a 700-MHz CCDTL 
that accelerates it to 100 MeV. The CCDTL is a coupled 
sequence of 2-gap and 3-gap short DTLs, embedded in an 
8-ßÄ, FODO focusing lattice [5]; the quads are external to 
the structure. Acceleration continues to 217 MeV in a 
700-MHz side-coupled CCL that has the same focusing 
period. In the CCDTL and CCL, the average accelerating 
gradient is ramped up to 1.3 MV/m, and accelerating and 
focusing parameters change smoothly with beta. The re- 
sult is a linac that has strong focusing at low beam energy 
and is free from phase-space transitions after the RFQ. 
Beam dynamics analyses and simulations have shown 
these factors to be critical in terms of minimizing core 
emittance growth and the generation of halo [6]. As seen 
in Table 1, transverse emittance growth is negligible after 
20 MeV and longitudinal emittance grows only slightly. 

Table 1. NC Low-Energy Linac Parameters 

Parameter RFQ CCDTL CCL 
Structure gradient (MV/m) 1.38 1.1-1.6 1.6-1.5 
Average gradient (MV/m) 1.38 0.4-1.2 1.2-1.3 
Length (m) 8.0 102.3 104.3 
Synchronous phase (deg) - (90-33) - (60-30) -30 
Shunt impedance (Mfi/m) - 18-52-33 33-37 
Phase-adv./period (deg) - 80 80-35 
Quadrupole lattice period 8ßX. 8ß?i 
No. of quadrupoles - 234 125 
Quadrupole G«L prod. (T) 2.6-2.2 2.2-2.0 
Trans emitt. (it mm-mrad)* 0.160 0.163 0.163 
Long emitt. (TC mm-mrad)* 0.405 0.44 0.45 
Aperture radius (mm) 2.3-3.4 10-17.5 17.5-25 
Aperture : beamsize ratio - 6.5-14 14-17 
Copper rf losses (MW) 1.26 5.0 6.8 
Number of klystrons 3 21 27 
* Normalized rms values. 

The SC high-energy linac consists of a string of 
cryomodules each containing three or four 5-cell 700-MHz 
niobium accelerating cavities, alternating with SC quads 
in a FODO focusing lattice. There are two kinds of cryo- 
modules, each type designed for efficient acceleration in a 
different velocity range. Cavity shapes [7] in the medium- 
beta section (217 MeV to 469 MeV) are optimized at ß = 
0.64, and in the high-beta section at ß = 0.82. The shapes 
are similar to the well-established elliptical designs for 
electron machines, but are compressed longitudinally in 
proportion to beta. Because the cavities are short and are 
driven independently, each section of the SC linac has a 
broad velocity bandwidth, which allows the gradient pro- 
file and output energy to be adjusted over a wide range. 
Because of the high beam current, the major design push 
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is not for high cavity gradient but high power rf coupler 
capability. As coupler performance with beam has been 
demonstrated at about 150 kW and the technology is ad- 
vancing rapidly, a performance rating of 210 kW has been 
chosen for the high-ß section and 140 kW for the medium- 
ß section. Each cavity is supplied by two antenna-type 
coaxial couplers mounted on opposite sides of the down- 
stream beam tube. Dual warm coaxial windows are 
planned, located in the input lines so that they do not see 
the beam directly. 

Fig. 2 sketches the structure of a ß=0.82 cryomodule 
and its rf drive. Each cavity pair is powered by one 1-MW 
700-MHz klystron. The quads [8] have SC coils and iron 
poles, and are similar to the RHIC trim quads. The 
ß=0.64 cryomodules contain three 5-cell cavities, which 
are powered by one 1-MW klystron, and four SC quads. 

7 1-MW Klystron 

F - Quad 

I 
D - Quad 

 ^ 
5-Cell Cavity 4.06 m 

Fig. 2.  High-beta cryomodule architecture (ß = 0.82) 

Table 2. lists key parameters of the two sections of 
the SC linac. The selection of cavity gradients and 
numbers of cells per cavity are restricted in both sections 
by the need to maintain conservative peak surface fields, 
and power coupler specifications that are close to demon- 
strated levels. The rf distribution is governed by the need 
to fully utilize the 840-kW power available from each 
1-MW klystron, since the rf system dominates the acceler- 
ator cost. A 2K operating temperature for the niobium 
cavities was chosen to minimize LHe refrigerator and 
cryodistribution costs. To bound the 2K cryogenic load, 
the average cavity Q„ is taken as 5xl09, and the static heat 
leak is estimated at 5 W per meter of cryomodule. 

Table 2. Baseline SC High-Energy Linac Parameters 

Parameter ß=0.64 ß=0.82 
Structure gradient (MV/m) 4.8 - 5.5 5.4 - 6.4 
Avg. gradient (MV/m) 1.43-1.51 1.89 
Peak surface field (MV/m) 14.9 - 17.1 14.0 - 16.6 
Section length (m) 204 792 
No. of (5-cell) SC cavities 90 312 
No. of klystrons (1-MW) 30 156 
Synchronous phase (deg) -30 to -35 -29 
Coupler power (kW) 140 210 
Power per klystron (kW) 840 840 
Trans, phase adv./period (deg) 83-67 81 -32 
Quadrupole length (cm) 30.5 45.9 
No. of quadrupoles 120 390 
Quadrupole gradient (T/m) 6.4-8.1 5.4 
Trans, emittance (TC mm-mrad)* 0.16 - 0.17 0.17 - 0.20 
Long, emittance (re deg-MeV)* 0.36 - 0.46 0.46 - 1.10 
Aperture radius (mm) 65 80 
Aperture-radius/rms-beam-size 37-56 58-85 
Thermal load @ 2K (kW) 2.3 11.5 
* Normalized rms values. 

The key beam dynamics [9] goal for the accelerator is 
to achieve very low beam losses (0.1 nA/m at 1700 MeV) 
in order to assure unrestricted hands on maintenance. The 
NC/SC linac design provides apertures that are much lar- 
ger than the rms beam size, with the largest apertures at 
high energies where the activation threat per lost proton is 
greatest. In the NC linac, the aperture increases in steps 
to 50 mm, while in the SC linac it jumps to 130 mm at 
217 MeV, and then to 160 mm at 469 MeV. Strong 
transverse focusing keeps the beam size small, and in con- 
cert with careful matching, minimizes halo generation. 
Figure 3 summarizes the result, comparing the linac aper- 
ture dimension with both rms beam size and the radius of 
the outermost trajectories in a 100,000 particle simula- 
tion. At full energy, the aperture ratio (ratio of aperture to 
rms-beam-size) is over 80, at the end of the NC linac it is 
17, and at 100 MeV it is 14. 
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Fig. 3.   Aperture radius, rms beam size, & radius of outermost 
particle for NC/SC baseline linac design. 

In order to meet the high availability goal for the 
accelerator (>85%), redundancy schemes are used to pro- 
vide excess rf drive in both the NC and SC linacs, but are 
implemented differently in each. The NC linac is divided 
into "supermodules" consisting of 100-150 coupled accel- 
erating cells, with each unit supplied by n+1 klystrons 
(typically 5 to 7), where only n units are needed for oper- 
ation. When an if station fails, it is isolated by a wave- 
guide switch, power from the remaining klystrons is in- 
creased to compensate, and the supermodule continues to 
provide the full energy gain needed in that section. In the 
SC linac, redundancy is provided by including 5% more rf 
stations and cryomodules than are needed to deliver the 
nominal 170 MW output power. These are distributed 
along the high-ß linac to compensate for failed units. 

Beam simulations show that the SC linac is insensi- 
tive to a broad range of construction or operating errors 
and also can continue to function in a variety of off- 
normal conditions, including having single klystrons, 
cavity pairs, and quadrupole pairs out of service. Opera- 
tional flexibility is enhanced by the retunability of the 
high-beta section of the SC linac and the adjustability of 
the cavity gradients. 

DOUBLET-LATTICE  SC  LINAC 

The singlet-lattice FODO design for the SC linac 
meets the performance objectives for APT and provides a 
very high aperture ratio because of the strong focusing per 
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unit length. However, because the quadrupoles are inside 
the cryomodules, construction of these units is complex 
and relatively expensive. The overall linac architecture is 
also less than optimum in terms of accessibility of the 
quads for alignment and space for beam diagnostics. 
Looking for a better SC linac architecture, we have recent- 
ly been studying designs based on conventional quadrupole 
doublets located in the warm regions between cryomod- 
ules. This approach simplifies cryomodule construction, 
shortens the linac by 100 m, reduces the number of quad- 
rupoles, and lowers costs. 

Fig. 4 shows the high-ß architecture for the alternate 
SC linac design, and Table 3 summarizes the parameters. 
Each cryomodule contains 4 cavities, with one klystron 
driving each cavity pair, using a maximum coupler power 
of 210 kW. The doublet focusing period is 8.54 m. In 
the medium-ß section, the cryomodules contain two 5-cell 
cavities, supplied by two power couplers at 124 kW each. 
A single klystron drives three cavities, so the power of 
two klystrons is distributed between 3 cryomodules. The 
doublet period is 4.88 m, providing the relatively strong 
focusing that the simulations show is needed in this sec- 
tion for good beam control. Beam dynamics for the 
doublet-based SC linac are discussed in Ref. 9. 

Quadrupole 
Doublet 

I 1-MW Klystron 
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Fig. 4. High-ß architecture for doublet-lattice SC linac. 

Table 3. Doublet-Lattice SC Linac Parameters 

Parameter ß=0.64 ß=0.82 
Structure gradient (MV/m) 4.24 - 4.85 5.4 - 6.4 
Avg. gradient (MV/m) 1.26 2.25 
Peak surface field (MV/m) 13.1 - 15.0 14.0 - 16.6 
Section length (m) 249 649 
No. of (5-cell) SC cavities 102 304 
No. of klystrons (1-MW) 34 152 
Synchronous phase (deg) -30 to -35 -29 
Coupler power (kW) 123.5 210 
Power per klystron (kW) 741.2 840 
Trans, phase adv./period (deg) 83 -67 81 -32 
No. of quadrupoles 102 152 
Trans, emittance (n mm-mrad) 0.17 - 0.18 0.18 
Long, emittance (TC deg-MeV) 0.34 - 0.33 0.33 - 0.39 
Aperture-radius/rms-beam-size 37 65 
* Normalized rms values. 

A high-ß section architecture with only two cavities 
per cryomodule is also being investigated. The latter has 
stronger focusing than the 4-cavity unit, because of the 
shorter period, so the beam size is smaller. However, it 
makes the linac significantly longer than the FODO base- 
line and more expensive, because of the larger number of 
components. Beam simulations without errors show that 
the rms performance is essentially the same for the 
2-cavity and 4-cavity cases. However, error and halo 
studies must be carried through to provide a more con- 
clusive comparison of the two options, especially with 

respect to how much beam halo is projected into the high- 
energy beam transport (HEBT). 

OTHER DESIGN ASPECTS  AND  ED&D 

There are several other important aspects of the APT 
accelerator design (not already referenced) that are covered 
elsewhere in these Proceedings. These include a descrip- 
tion of the rf power system [10], the HEBT and expander 
system [11], and the accelerator commissioning plan [12]. 

Engineering development and demonstration pro- 
grams to confirm design and operation of the major com- 
ponents of the NC/SC linac are well underway. The 
LEDA program [13], which is prototyping the low-energy 
linac at full power, has the injector performing at APT 
specifications, and the RFQ [14] is under construction. 
For the SC linac, complete cryomodule prototypes will be 
built and tested prior to industrial production. This step 
will follow construction and testing of "cryounits" that 
will integrate 5-cell cavities, power couplers, tuners, and 
cryostat. Preliminary rf field tests on a single-cell ß = 
0.64 cavity show no problem in meeting the desired Q„ vs 
E specifications. Also, recent proton irradiation 
measurements on niobium test cavities at Los Alamos and 
Saclay have put to rest the question of performance reduc- 
tion at high proton dose levels [15]. 
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Abstract 
Three projects have been initiated since 1994 to 

improve the performance of the accelerator and target 
facilities for the Los Alamos Neutron Science Center 
(LANSCE). The LANSCE Reliability Improvement 
Project (LRIP) was separated into two phases. Phase I, 
completed in 1995, targeted near-term improvements to 
beam reliability and availability that could be completed 
in one-year's time. Phase II, now underway and 
scheduled for completion in May 1998, consists of two 
projects: a) implementation of direct H" injection for the 
Proton Storage Ring (PSR) and b) an upgrade of the 
target/moderator system for the short pulse spallation 
neutron (SPSS) source. The latter will reduce the target 
change-out time from about 10 months to about three 
weeks. The third project, the SPSS Enhancement Project, 
is aimed at increasing the PSR output beam current to 
200 (lA at 30 Hz and providing up to seven new neutron 
scattering instruments. 

1 INTRODUCTION 

During the years 1993-1995 the focus of the 
program based on the 1 mA, 800 MeV protön linac at 
Los Alamos shifted from basic research in intermediate 
energy nuclear and particle physics to neutron science. 
The accelerator and target facility improvement projects 
are being undertaken to facilitate this transition from the 
Los Alamos Meson Physics Facility (LAMPF) to 
LANSCE. The centerpiece for LANSCE and its neutron 
science program is the short-pulse spallation neutron 
source comprising the PSR, the neutron production target 
facility, and the suite of instruments incorporated in the 
Manuel Lujan Jr Neutron Scattering Center (MLNSC). 
When the improvements are completed, LANSCE will 
provide the US neutron science community with access 
to a world-class, short-pulse spallation neutron source. 
The main goals for beam delivery improvements are: 
• Operation with > 85% neutron beam availability for 

up to 8 months per year with <5% down time from 
intervals > 8 hours. 

• 100 uA @ 20 Hz from PSR with acceptable losses 
in the ring at the end of the LANSCE Reliability 
Improvement Project. 

• 200 |iA @ 30 Hz from PSR with acceptable losses 
in the ring at the end of the SPSS Enhancement 
Project. 

2 THE RELIABILITY IMPROVEMENT PROJECT 

High neutron beam reliability (as measured by 
neutron beam availability with respect to established 
schedules) has been of paramount concern to the users of 
LANSCE. Neutron beam availability prior to and 
including 1993 operations was in the range of 50-75%. 
This level of availability along with access restrictions to 
experimental rooms (ER-1) surrounding the neutron 
production target were major impediments to a 
successful user program in neutron scattering. The 
reliability improvement project was undertaken in 1994 
to address these issues. 

2.1 Phase I - Near-term Reliability Improvements 

A large list of potential improvements were 
identified and prioritized by their expected contribution 
to improved beam availability. However, average down 
time is not a complete measure of the impact on users. 
For the typical neutron scattering experiment of 2 or 3 
days duration, the distribution of the length of down time 
intervals is also highly significant. The impact of short 
down times is often equivalent to a reduction in average 
current while longer down times can seriously disrupt the 
experimental plan. Therefore, in the final selection, 
greater priority was given to treating the sources of long 
down time intervals, especially those greater than 8 
hours. 

The main improvements of Phase I are listed 
below: 
• Several H" source and injector reliability 

improvements 
• Upgrade of the "soft-vacuum" for tank 1 of the linac 
• Several linac rf reliability/availability improvements 
• DC beam switching (H ) to replace the pulsed 

kicker switching 
• PSR reliability /maintainability improvements 

- Reconfigured extraction region of PSR for 
improved maintainability 

- Refurbished H° line and vacuum system 
- PSR Pulsed-Power Improvements (upgrade of 

ring injection line kicker modulator and 
improvements to the extraction kicker 
modulators) 

• Upgrade of the extraction line beam position 
monitoring (BPM) system 

• Some PSR controls converted to EPICS 
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• Measures to improve operability and serviceability 
of MLNSC target/moderator cooling systems 

• Improved MLNSC target cell shielding 
• Improvements to the Radiation Security System 

(RSS) which in conjunction with improved shielding 
allows access to ER-1 by trained experimenters 
under limited access conditions 

Phase I was 95% completed by the start of beam 
operations in July of 1995. One measure of success, but 
not solely attributable to the Phase I hardware 
improvements, is the improved neutron beam availability 
of 83% and 84% (and greatly reduced fraction of down 
time from intervals greater than 8 hours) which was 
experienced in 1995 and 1996, respectively. Further 
characterization of improvements in reliability and 
availability is shown in the graph of Figure 1 where the 
unavailability for major subsystems during the period 
1988 - 1992 is compared to the year 1995, the first year 
after the completion of Phase I. Similar results were 
obtained for 1996 operations. 

10% 

Figure 1. Main contributors to down time. 

2.2 Phase II - Longer-term Reliability Improvements 

Two projects requiring extensive preparations and a 
lengthy installation period constitute Phase II of the 
reliability improvement project. The first project, 
conversion of the beam injection into PSR from the 
present two-step process (H' to H to H ) to direct 

injection of H' beam in one step (H' to H ), addresses the 
root cause of beam losses in the ring. [1] The second, an 
upgrade of the spallation neutron production target 
system, will lead to a target that can withstand 200 |J.A 
average current and can be replaced in three weeks 
instead of the 10 months needed for the existing 
target/moderator system. [2] 

2.2.1 PSR Injection System Upgrade 

Beam losses at PSR and the resulting radio- 
activation of ring components are the dominant factors 

limiting average beam current, a significant cause of 
equipment failure, and a major element in repair times. 
Present radiation levels in the injection and extraction 
regions of the ring are at the limit for practical hands-on 
maintenance. Reducing the beam loss rate is key to 
improving maintainability, raising beam current and 
limiting radiation exposure to personnel who must work 
on ring components. 

Beam losses at PSR are now well understood. First 
turn losses are now known to arise from the production 
of excited states of H° produced in the stripper foil [3,4]. 
Stored beam losses are the most prevalent and arise from 
nuclear and large angle Coulomb scattering as stored 
beam traverses the stripper foil [5,6]. Reduction of 
stored beam losses would result from measures that 
reduce foil traversals but the present H" injection scheme 
severely constrains injection painting. The direct H 
injection upgrade for PSR, first proposed in 1987, avoids 
these constraints and allows optimum injection painting. 
[7,8] 

The PSR injection upgrade starts with a 
reconfiguration of the injection line to bring H' beam to a 
low-field DC merging magnet placed in the injection 
section of the ring which functions to merge the H" and 

the stored H+ orbits. The H" beam is converted to H+ in a 
stripper foil located after the merging magnet. A 
programmed, closed-orbit vertical bump at the foil 
moves the injected beam off the foil for nearly optimal 
injection painting. Painting in the horizontal plane is 
achieved by offsetting the injection point. Important 
details of the injection upgrade are covered in other 
papers in these proceedings. [1,8,9] 

0.6 

0.4 S 

Post-LRIP 

Pre-LRIP 

1500 2000 

Figure  2.   Simulation  of foil  hits   in  PSR  injection 
systems. 

The main benefit of the new injection system, a 
large reduction in the foil hits, is computed in ACCSIM 
simulations to be a factor of 10. This can be seen in more 
detail in Figure 2 which compares calculated curves of 
the foil hits per turn per proton for the present and the 
new injection systems. After optimizing foil thickness to 
reduce total losses, the overall reduction in beam losses 
is estimated in the simulations to be a factor 4.5. 
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2.2.2 Target and Moderator System Upgrade 

Replacement of components of the existing target, 
moderator or reflector system is an intensive, lengthy 
(-10 months), hands-on operation that results in very 
significant radiation dose to workers. Failure rates of 
target system components are rather uncertain but the 
risk of a long down time is considerable. To date there 
have been no failures of the tungsten target. However, 
there have been two failures of the liquid hydrogen 
moderators in the past 5 years that had a very serious 
impact on the programs dependent on cold neutrons. For 
these reasons, upgrade of the target system for faster 
replacement is of high priority. 

The concept of the target upgrade is a single-piece 
assembly that can be removed remotely in one operation. 
The assembly will contain a water-cooled target, 
moderators, reflectors, beam diagnostics and some 
shielding that fits into a vacuum chamber in the bulk 
shielding. An overhead crane and access port through the 
target cell roof will be added so that the target module 
can be lifted remotely into a shielded cask. For more 
details see reference [2] in these proceedings. 

3 SPSS ENHANCEMENT PROJECT 

The US neutron scattering community strongly 
supports higher beam intensity (both peak and average) 
from the short pulse spallation neutron source. After 
LRIP is successfully completed the opportunity exists to 
reach 200 (iA @ 30 Hz with further modest upgrades of 
the SPSS at LANSCE. 

3.1 H- Ion Source and Injector Upgrade 

The present H ion source limits the H" current from 
the linac to ~ 6.5 mA averaged over the PSR chopping 
pattern. To reach the goal of 200 uA @ 30 Hz requires 

about 50 % more peak current from the H ion source 
and injector. More current, up to the 17 mA capacity of 
the linac, is desirable to reduce storage time (hence beam 
losses in the ring) and to reduce the bunch length in PSR. 

A source with twice the intensity and half the 
emittance of the present surface conversion source is 
desired. A project to develop the needed source and 
injector modifications is underway in collaboration with 
experts at LBNL. Progress is reported in reference [10] 
of these proceedings. 

3.2 RF Buncher Upgrade for PSR 

To reach the peak intensity of 4.2 x 10" protons per 
pulse required for 200 uA @ 30 Hz one must deal with 
the limits imposed by the PSR instability. The 
preponderance of evidence to date supports the e-p 
hypothesis for this instability i.e., coupled oscillations of 
low-energy electrons trapped in the potential well of the 
circulating proton beam. [11,12] The threshold intensity 
for the instability is most strongly influenced by rf 

buncher parameters, especially the buncher voltage, as is 
shown in Figure 3. This behavior is consistent with the 
e-p hypothesis and is the basis for the buncher upgrade to 
control the PSR instability. 

A project is underway to upgrade the existing rf 
buncher in PSR to produce a wave form with up to 18 
kV peak voltage at the fundamental of the revolution 
frequency. When this is completed a second buncher that 
produces 15 kV at the second harmonic will be added to 
produce a better bunching factor. 

Increase in Stable Peak Intensity vs Buncher Voltage 
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Figure 3. Threshold intensity vs Buncher Voltage. 
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BEAM DYNAMICS ASPECTS FOR THE APT INTEGRATED LINAC* 

S. Nath, K. R. Crandall+, E. R. Gray, T. P. Wangler and L. M. Young 
Los Alamos National Laboratory, Los Alamos, NM 87545 

Abstract 

The accelerator-based production of tritium calls for a 
high-power cw proton linac. The current Los Alamos 
design uses an integrated approach in terms of 
accelerating structure. The front part of the accelerator 
uses normal-conducting (NC) structures while most 
(>80%) of the linac structure is superconducting (SC). 
Here, we report the beam-dynamics rationale used in the 
integrated design and present particle simulation results. 

INTRODUCTION 

The linac for the production of tritium calls for 100 mA of 
cw proton beam to be delivered onto a production target. 
Previous design [1] consisted entirely of normal- 
conducting structures. In that design, we minimized the 
number of transitions between accelerating structures. In 
addition, the phase advances per unit length in both the 
transverse and longitudinal motion were tailored to be 
continuous at the only transition point i.e. RFQ and the 
CCDTL at 6.7 MeV. The structure beyond 100 MeV was 
also a NC coupled-cavity structure. 

At higher energies, however, there are some 
advantages of using SC rf-cavity structures discussed in 
detail elsewhere [2,3]. In brief, it allows comparatively 
larger bore size minimizing the risk of beam loss - an 
issue of utmost importance for such a high power linac. 
Considerably more operational flexibility is another 
advantage of using SC structures at higher energies. A 
substantially higher power efficiency is obviously the 
major attraction in terms of life-time operational cost. To 
arrive at an optimum integrated design, we studied several 
design-schemes in terms of lattice, focusing strength and 
number of accelerating cavities per cryomodule in the SC 
section. The design features of the linacs are described in 
an accompanying paper [3]. In the following sections, we 
describe the beam dynamics and simulated performances 
of a few of the design-options studied so far. 

DESIGN OVERVIEW 

At present, 217 MeV, which corresponds to the end of a 
supermodule in the NC section is chosen as the transition 
energy between the NC low-energy (LE) linac to the SC 
high-energy (HE) linac. It is a good compromise in terms 
of the desire to switch at the lowest possible energy to 
maximize the benefits of the SC linac, and confidence in 
the SC-cavity performance for the shortened elliptical 
cavity which increases with the design velocity. 

Beyond 217 MeV, the SC structures accelerate the 
beam to a nominal energy of 1.7 GeV. The HE SC linac is 
comprised of two sections, a medium-ß section with 
identical cavities optimized for a velocity ß=0.64, and a 

high-beta section with identical cavities optimized for a 
velocity ß=0.82. Each section consists of a sequence of 
identical cryostats. The rationale for the two-velocity 
section/5-cell-cavity architecture is based on the velocity- 
acceptance characteristics of the cavities as a function of 
the number of cells per cavity. Detailed analysis is 
contained in Ref. 2. 

Two design scenarios for the SC linac section are 
considered. One uses SC quadrupole magnets laid out in a 
FODO lattice. The magnets are contained within the 
cryostats alternating with the cavities. In another option, 
the quadrupole magnets are laid out in a doublet (FDO) 
lattice outside the cryomodules. Heretofore, we refer them 
to as singlet and doublet design respectively. 

SINGLET DESIGN 

In the singlet design, there are three Nb cavities in the 
ß=0.64 section, while the ß=0.82 section contains four 
cavities per cryomodule. The medium-ß section 
accelerates the beam through a nominal energy range from 
217 MeV to 469 MeV with an average or real-estate 
accelerating gradient ranging from 1.43 to 1.51 MV/m. 
The high-ß section ranges from 469 MeV to 1700 MeV 
with an average accelerating gradient of 1.89 MV/m. The 
beam dynamics parameters are listed in Table 1. The 
length of the focusing period in the transition from the 
normal to the SC section approximately doubles from 2.0 
m to about 3.4 m. 
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Figure 1. Zero-current transverse and longitudinal phase 
advance per unit length (degree/cm) across the transition 
between the NC and SC linac at 217 MeV. 

No separate matching section is used to match the 
beam across the NC/SC transition. Instead, matching is 
achieved by smoothly ramping the quadrupole strengths, 
beginning at 24 MeV, so that the focusing strength across 
the transition is smooth. From 24 MeV to 100 MeV, the 
gradient is scaled down as 1/ß0'25. The strength is scaled 
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as 1/ß040 from 100 to 155 MeV, and as l/ßü48 from 155 to 
217 MeV. This prescription results in a continuous zero- 
current phase advance per unit length as shown in Figure 
1. The average (i.e. real-estate) accelerating gradients 
across the transition are almost equal as are the average 
design phases. This makes the zero-current longitudinal 
phase advance per unit length also continuous across the 
NC/SC transition point. 

Table 1. Beam Dynamics Pa 
without ec 

rameters for the 
[...partitioning 

Singlet SC linac 

Parameter Medium-ß 

Section 

High-ß 

Section 

Quadrupole lattice type FODO FODO 

Lattice half period 1.70 2.03 

Synchronous phase (deg) -25 to -35 -30 

CT(0 = Trans, phase adv. 

per period (zero current) 

80 to 52 57 to 25 

a, = Trans, phase adv. per 

period (space charge) 

42 to 25.4 28.3 to 14.4 

o|0 =Long. phase adv. per 

period (zero current) 

26 to 14.5 25 to 7.5 

a, = Long, phase adv. per 

period (space charge) 

9.1 to 5.8 4.5 to 0.7 

o. / °\n 0.5 0.5 to 0.6 

a, / a,„ 0.3 to 0.2 0.2 to 0.1 

Trans. Emit, (n-cm-mrad) 0.0163 to 

0.0166 

0.0166 to 

0.0164 

Long. Emit, (rc-cm-mrad) 0.045 to 

0.046 

0.046 to 

0.050 

Ratio of aperture radius to 

matched rms beam radius 

39 to 43 54 to 70 
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Figure 2.. Transverse and longitudinal profile plots in the 
"singlet" SC linac from 469 MeV to 1.7 GeV for non- 
equipartitioned mode of operation. 

In the context of the optimization process for the 
singlet-lattice design, the quadrupole gradient profiles 

along the linac must be chosen. As one possibility, merits 
of equipartitioning [4, 5] were investigated. Detailed 
results are described in an accompanying paper [6]. 
Figure 1 and Table 1 correspond to a non-equipartitioned 
case. For the equipartitioned case, we have a similar, 
smooth transition as is shown in Ref. 6. The ratio c0\/o0t 

decreases from 0.55 at 25 MeV to 0.30 at 1.7 GeV. In the 
equipartitioned linac, on the other hand, the ratio is nearly 
constant throughout the linac. It should be noted that 
equipartitioning requires operating the linac with reduced 
transverse focusing strength above 25 MeV. The 
quadrupole strength at the end of the equipartitioned linac 
is about 55% of the strength in the non-equipartitioned 
linac. 
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Figure 3. Transverse and longitudinal profile plots in the 
"singlefsuper-conducting linac from 469 MeV to 1.7 GeV 
for equipartitioned mode of operation. 
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Figure 4. Longitudinal and transverse rms normalized 
emittance vs. energy for full current in the "singlet" SC linac 
for equipartitioned mode of operation. 

Simulation results without any errors for both the 
equipartitioned and un-equipartitioned mode are shown in 
Figures 2 through 4. Initial beam distribution of 100,000 
particles originating at the plasma surface of the ion 
source are followed [7] through the entire linac. Beam- 
profile plots for full current from 469 MeV to 1.7 GeV in 
the un-equipartitioned and equipartitioned cases are 
shown in Figures 2 and 3 respectively. Relative to the rms 
size, the beam is smaller in the equipartitioned case but in 
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absolute terms, the beam-size is roughly 55% larger. No 
oscillations in the profiles indicate a good match in the 
transition region. Longitudinal and transverse emittance as 
a function of energy for the equipartitioned case are 
plotted in Fig. 4. The optimum choice for the quadrupole 
gradient profile in the final design will also depend on the 
results of the linac performance, when errors are included. 

DOUBLET DESIGN 

In the doublet design for the SC section, the cryomodules 
contain only the Nb cavities; the room-temperature 
quadrupoles are placed outside. For the ß=0.64 section, 
there are two cavities per period. In the ß=0.82 section, 
two configurations were studied; one with two cavities per 
period and the other with four cavities per period. 

In order to achieve a current independent matching 
between the normal-conducting and SC structure, the quad 
strengths in the NC section need to be ramped down more 
than was done in the singlet design. The period-length at 
217 MeV for the NC and the SC structures are about 2.0 
m and 4.9 m respectively. In order to achieve the same 
phase advance per unit length at the transition, we start 
tapering down the field gradient of the quadrupoles in the 
NC section starting at 100 MeV where 0Ot=77.2°. 
Quadrupole gradients are ramped down to make a0t=32.7° 
at 217 MeV reducing the phase advance by equal amounts 
per period. In the longitudinal plane, o0i per unit length 
are the same at the transition for cps= -30°. 
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Figure 5. Output phase-space distributions at 1.7 GeV for 
the doublet design with four cavities per period in the 
ß=0.82 section. 

The matching between the ß=0.64 and ß=0.82 SC- 
sections starts with finding suitable design phases for the 
last period of the ß=0.64 section and the first period of the 
ß=0.82 section. The phases in the ß=0.64 section are then 
ramped appropriately to achieve a smooth longitudinal 
transition. For the design with two cavities per period in 
the ß=0.82 section, the quads in the ß=0.64 section need 
to be ramped up from 5.75 to a final value of 7.75 T/m to 
match the a0t=80° value in the first period of the ß=0.82 
section. For the design with four cavities per period, 
period-lengths are longer. Here, in addition to ramping the 
quadrupole gradients in the ß=0.64 section, the gradients 
in the interface need to be adjusted slightly. 

Good matching is achieved for all currents between 
zero and 100 mA in both the designs described above. It 
should be emphasized that no special difficulties were 
encountered in achieving a current independent singlet to 
doublet match at 217 MeV. The output phase space 
distributions at 1.7 GeV for the design with four cavities 
per period in the ß=0.82 section are shown in Figure 5. 
The output phase space distributions for the design with 
two cavities per period look very similar except that it has 
slightly smaller transverse rms dimension. In both the 
designs, there is very small growth in the transverse 
emittance. Figure 6 shows the relationship between 
maximum rms -beam-size, aperture-size, and maximum 
transverse coordinate of a particle as a function of energy. 
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Figure 6. Maximum rms beam-size, aperture size and 
maximum transverse coordinate of the outermost particle 
vs. energy. 

CONCLUSION 

Beam-dynamics simulations show that both singlet and 
doublet designs are viable options for the SC linac 
section. An integrated NC/SC design using either of the 
options provides the beam quality required for the APT. 
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AVAILABILITY RESULTS FOR THE LANSCE 
ACCELERATOR COMPLEX 
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LANSCE Division, Los Alamos National Laboratory, Los Alamos, NM 87545, USA 

Abstract 

The results of an analysis of operations data from the 
1996 run-cycle of the LANSCE accelerator complex will 
be presented. Frequency and history of operational events 
including system and component failures which affect 
beam availability have been tracked. Some of the 
significant downtime incidents will be described and 
analyzed in detail. These results will be used to improve 
future operations and beam availability. 

1 INTRODUCTION 

The Los Alamos Neutron Science Center (LANSCE) 
accelerator complex (formerly known as LAMPF) 
consists of an 800-MeV linear accelerator, a proton 
storage ring (PSR), and a variety of production targets and 
experimental areas. Two beams are presently accelerated 
simultaneously on alternating cycles of the rf. 

The linear accelerator consists of two 0.75-MeV 
Cockroft-Walton injectors, one supplying H+ ions while 
the other supplies H" ions, a separate low-energy beam 
transport (LEBT) line for each beam species, a 0.75 to 
100-MeV drift-tube linac (DTL) operating at 201.25 
MHz, a 100-MeV transition region (TR), and a 100 to 
800-MeV side-coupled linac (SCL) operating at 805 
MHz. Peak beam currents typically range from 12 to 18 
mA for varying duty factors to give a maximum average 
beam current of 1 mA. The number of particles per bunch 
is of the order of 108 in the linac. 

Beams from the linac are directed to various 
experimental areas and into the PSR via a beam 
switchyard. The 800-MeV H+ beam is presently sent to an 
experimental area (Area A) where it interacts with a series 
of different target materials for the Accelerator Production 
of Tritium (APT) program. Up to 3 (lA of the 800-MeV 
H beam is sent to the Weapons Neutron Research Facility 
(WNR) where it strikes a target producing an intense 
white-neutron source. Since variable proton pulse widths 
are available, time-of-flight experiments for neutron 
energies ranging from a few MeV to 800 MeV are 
possible. 

The PSR functions as a high-current accumulator or 
pulse compressor to provide intense pulses of 800-MeV 
protons to the Manual Lujan Jr. Neutron Scattering Center 
(Lujan) spallation neutron-production target. The 800- 
MeV H ions from the linac are transported to a high-field 
stripper magnet where they are converted to H" ions. The 
H" beam then enters the magnet focusing lattice of the 

ring through a dipole where the final stripping to H+ 

occurs. The PSR operates at a repetition rate of 20 Hz. An 
entire linac macropulse is accumulated per turn with up to 
2800 turns accumulated prior to single-turn extraction. 

In addition to the accelerator, as with any complex 
facility, there are major support systems which must be 
functioning properly and which affect beam delivery and 
availability. These systems include cooling water, 
ventilation, rf power, magnet power supplies, vacuum, 
and safety systems. Tracking of the effects of these 
systems on beam availability is important for reliable 
operation. 

2 AVAILABILITY TRACKING 

During scheduled operation of the LANSCE 
accelerator complex, an availability logging (AVL) 
system [1] utilizing automatically archived accelerator 
data and electronic control room log entries, is used to 
track the frequency and causes of accelerator and facility 
downtime. Beam availability is defined as the fraction of 
scheduled beam time delivered. 

Historically, such data was manually collected by the 
accelerator operators. The AVL system is intended to 
automatically gather and report most of the data. The 
main shortcoming of the AVL system is its inability to 
automatically assign causes of downtime. Therefore, 
manual input of information by the accelerator operators 
is still necessary and the availability tracking is done 
using a combination of the automated software programs, 
written specifically for this purpose, and a spreadsheet for 
final data analysis and plotting. The AVL system consists 
of two major subsystems: Data Acquisition and Data 
Analysis software. These are discussed in the sections 
below. 

2.1 Data Acquisition Components 

The data acquisition subsystem consists of three 
programs which interact to gather data while the facility is 
in operation. These programs are started when the control 
system is booted and run either as background or 
interactive processes. 

The program AVL_LOGGER runs as a background 
process and writes output to files. Data is acquired once 
per minute. The top-level equipment readiness status of 
each section of the facility (i.e., major areas like the linac, 
a beam transport line, etc.) is interrogated. If any top-level 
status is found to be "bad," a script is executed for that 
section, all "bad" statuses are logged, and output is written 
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to a file. The AVL_LOGGER program does not do any 
data analysis; it only logs the data to a file on disk. 

The program CMLOGGER also runs in background 
once per minute. This program reads a number of current 
monitors, logic states, and the beam duty factors. This 
information is also written to a file. CMLOGGER 
compares the operation production current thresholds, 
which are maintained in a data system, in real-time with 
the current monitor values. The program sends a message 
to the CCRLOG program, which maintains an electronic 
log of control room activities, when beam currents drop 
below or rise above the specified production current 
thresholds. 

The CCRLOG program displays messages in the log 
corresponding to the change in the production states of the 
beams. If beam currents are out of production tolerances 
for more than 2 minutes, the program prompts the 
operator for information about the causes of downtime 
since the system can not do this automatically. 

2.2 Data Analysis Components 

The data analysis subsystem consists of a set of sorts 
and filters on the raw data to collect and tabulate 
information both by cause of downtime and fraction of 
total downtime. The analysis is performed by a set of 
command files, most often run automatically as a batch 
job. The final stage of analysis is to use a spreadsheet to 
produce graphs which are displayed to track availability, 
for maintenance, and for historical archiving. 

3 DATA ANALYSIS FOR 1996 

Data from the AVL system has been compiled and 
analyzed [2] for the 1996 calendar year. Each calendar 
year of operation of the LANSCE accelerator complex is 
subdivided into several "run-cycles." Each run-cycle is 
generally followed by a period of equipment maintenance. 
The calculated availability for each run cycle for each 
area where beam was delivered and the cumulative 1996 
results are shown in Table 1. The availability is calculated 
by taking the ratio of the amount of time the beam current 
was above the specified production threshold and the total 
scheduled beam time. Beam time to each area is generally 
scheduled months in advance of production. Our 
operations goal for 1996 was to provide greater than 80% 
availability for all beams delivered. These goals were met 
with the exception of beam delivery to Area A which will 
be discussed in detail in the next section. 

The AVL system allows tracking and categorization 
of downtime by system. This data is useful in determining 
which systems are the most frequent causes of facility 
downtime. Figures 1-3 are plots of percentage of 
scheduled operation lost (downtime) as a function of 
subsystems of the LANSCE accelerator complex. 
Downtime caused by subsystems of the accelerator affect 
delivery of beam to all areas. These sources of downtime 
are common to all three plots. For example, failures of rf 

system components (labeled RF-201 and RF-805 in the 
figures) in the accelerator will affect beam availability to 
all three experimental areas. 

Table 1 - Summary of LANSCE beam availability for 
1996. Availability is calculated for each experimental area 
where beam is delivered using the time the beam current 
was above the specified production threshold. 

Area A (%) WNR (%) Lujan (%) 

Cycle 71 - 73.2 69.0 
Cycle 72 87.2 87.4 88.7 
Cycle 73 31.8 89.3 88.9 
1996 Ave 63.5 82.2 81.4 

As can be seen in Figure 1, a significant source of 
beam downtime for Area A (>30% of scheduled 
production) was due to problems related to target 
operations. For both the WNR area (data shown in Figure 
2) and the Lujan area (data shown in Figure 3), beam 
availability was generally high with 4-4.5% downtime 
attributed to DC magnet power supply failures. 

During every operating period of the LANSCE 
accelerator there are also many short beam interruptions 
lasting 1-2 minutes in duration. This is not apparent from 
the figures above. For example, during one run cycle there 
were 330 total periods of downtime. Of these, 199 were of 
short duration and contributed to only 0.46% of the total 
downtime. These short-duration downtime periods are 
primarily caused by a machine "Fast Protect" where beam 
is automatically gated off due to an out-of-tolerance 
condition. Most of these events are transient in nature and 
usually require no operator intervention to be corrected. 

4 SIGNIFICANT DOWNTIME INCIDENTS 

Two significant downtime incidents are discussed in 
detail below. Each of these incidents caused extended 
periods of downtime which significantly affected beam 
availability of the LANSCE accelerator complex during 
1996 operations. 

4.1 Area A - H* Beam Delivery 

A series of highly successful experiments were run in 
Area A in 1996. The experiments consisted of placing a 
group of stacked inserts, each made of a different target 
material, into the H+ beam. Metallurgical and corrosion 
studies were carried out on the various inserts. 

The success of these experiments relied on control of 
the environment surrounding each insert. Five periods of 
downtime were caused by water leaks of unknown origin 
(perhaps from localized heating by the beam) developing 
in the first insert (tungsten). Although the accelerator 
maintained the capability to deliver beam as scheduled, 
the target requirements for these experiments precluded 
beam delivery. The accumulated downtime from these 
five periods was approximately 24.2 days, which is 28.9% 
of the total run-cycle time. 
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This failure falls into the category of unanticipated 
equipment failures. Since these target inserts are often of 
a unique mechanical design, easily replaceable spares 
often do not exist. Failures of this kind demonstrate the 
importance of proper water system design and 
maintenance. 
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Figure 1: Causes of downtime for H+ beam delivery to 
Area A histogrammed by system. 
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Figure 2: Causes of downtime for H' beam delivery to the 
WNR area histogrammed by system. 
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Figure 3: Causes of downtime for H' beam delivery to the 
Lujan area histogrammed by system. 

4.2 Lujan - FT Beam Delivery 

Although the average availability of beam during 
1996, as seen in Table 1 above, to the Lujan area was 
high, the significantly lower availability during Cycle 71 
was caused by a catastrophic failure of a magnet power 
supply for the main benders of the PSR. This caused 
approximately 6.3 days of downtime. 

The current regulation capability of the power supply 
was lost due to component failure of the controller and 
subsequently it tripped off-line. In an attempt to diagnose 
the problem, repair technicians re-energized the power 
supply. Because of the loss of current regulation, 40% of 
the output capacitors, a 75-volt power supply and fuses for 
some of the magnet shunts were destroyed. 

Replacement of the capacitors and fuses was carried 
out using parts on hand. The power supply was ordered 
from the vendor, was readily available, and was shipped 
overnight. The power supply controller was determined to 
be a custom designed part for LANSCE and was not 
immediately available from the vendor. A replacement IC 
was not immediately available. About four days were 
required to design and fabricate a robust substitute circuit 
at LANSCE for use in the interim. 

This failure emphasizes the importance of refresher 
training for problems which are not common and to 
review knowledge which is not often used [3]. Also, 
having spare parts on hand is required for timely failure 
recovery and high availability. It may also be of value to 
periodically review availability of replacement parts for 
aging systems and upgrading or replacing them with more 
readily available parts. 

5 SUMMARY 

The AVL system described in this paper has been 
used to track beam availability and to identify the most 
frequent system failures affecting availability at the 
LANSCE accelerator complex during the 1996 operating 
period. It is our goal to further develop the AVL system 
capabilities so that predictions, such as mean-time- 
between-failures, may be made in the future. We also 
hope to use our availability data and past lessons-learned 
to help implement a more structured system of 
preventative and corrective maintenance, and to identify 
systems or components in need of upgrade or 
replacement. 
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Abstract 

As part of the linac design for the accelerator 
production of tritium (APT) project, we are assembling 
the first approximately 20 MeV portion of this cw proton 
accelerator. Primary objective of this low-energy 
demonstration accelerator (LEDA) is to verify the design 
codes, gain fabrication knowledge, understand LEDA's 
beam operation, and be able to better predict costs and 
operational availability for the full 1700 MeV APT 
accelerator. This paper provides an updated report on this 
past year's progress that includes beam tests of the 75 keV 
injector, fabrication of the 6.7 MeV radio-frequency 
quadrupole (RFQ), preparation of the facility, procurement 
and assembly of the rf system, and detailed design and 
documentation of many pieces of support equipment. 
First tests with the 6.7 MeV, 100 mA, cw beam from the 
RFQ are scheduled for late 1998. References are given to 
many detailed papers on LEDA at this conference. 

1 INTRODUCTION 

This overview paper will present only an executive 
summary of the many activities completed and underway 
on LEDA, the low-energy demonstration accelerator. In 
the process, we will reference the many recent 
publications and the several papers at this conference that 
provide much detail on LEDA activities. 

LEDA is designed as a prototype [1] of the first 
approximately 20 MeV portion of the accelerator 
production of tritium (APT) accelerator [2] that will be 
built at Savannah River. Prototyping the first 20 MeV 
should significantly increase our confidence in this critical 
space-charge dominated structure [3,4,5]. LEDA's 
beamline components will include a 75 keV proton 
injector, a 6.7 MeV RFQ, and approximately 20 MeV of 
CCDTL coupled-cavity drift-tube linac), a hybrid between 
a standard DTL and a CCL structure. 

Conceptual layout of the LEDA accelerator, showing 
injector, RFQ (behind waveguides), a section of the 
CCDTL, and the shielded beam stop. 

Although being built at Los Alamos, and being led 
by Los Alamos personnel, LEDA represents a 
collaboration between several organizations. Major 
participants include: Westinghouse Savannah River 
Corporation, Lawrence Livermore National Laboratory, 
Allied Signal, Brookhaven National Laboratory, and heavy 
involvement by the APT Prime contractor, Burns and 
Roe Enterprises teamed with General Atomics. LEDA is 
intended to become the confirmatory prototype for the 
plant accelerator. 

Even though output energy is low (20 MeV), the 
average beam power (2.0 MW) of LEDA will rank it as 
the highest power proton accelerator in the world. 
Clearly, radiation shielding and power handling are 
important design issues. 

Most equipment ordering and detailed design on 
LEDA began in November, 1995, although some 
conceptual design was begun earlier. In the following 
paragraphs, we summarize the LEDA status as of early 
May, 1997. 

2 SUBSYSTEM DESCRIPTION 

Injector: 

The LEDA injector is, at this time, the only fully 
operational part of the beamline hardware. This injector 
must supply a dc beam of at least 110 mA of protons at 
75 keV into the radio-frequency quadrupole (RFQ) 
accelerator. The operational injector uses a 2.45 GHz 
microwave ion source, a single-gap extractor, and dual 
magnetic solenoids to provide this beam. The ion source 
requires only 500-800 Watts of power to create a suitable 
plasma from which a 90% proton beam with >30% gas 
efficiency may be extracted [6]. 

The single-gap, spherically convergent extractor 
provides a beam with emittance of less than 0.2 n mm- 
mrad (normalized). 

The low-energy beam transport (LEBT) uses two 
solenoids and two steering coils to ensure a proper match 
into the RFQ. A well-cooled variable-iris device will be 
used to control injected current, and a microwave power 
modulator will be used to provide beam pulsing. 
Multiple extended beam runs with this injector have 
shown it capable of required current, emittance, stability; 
and measured erosion rates show a predicted maintenance- 
free lifetime exceeding 400 hours.   LEBT physics design 

' Work supported by the US Dept of Energy, Defense Programs. 
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[7,8] is in good agreement with mechanical design [9] and 
detailed measurements [10]. 

During the summer of 1997, the LEDA injector will 
be used to inject a 50 keV proton beam into the CRITS 
(Chalk River Injector Test Stand) RFQ. Beam operation 
with this 1.25 MeV cw RFQ will provide an additional 
confirmation of injector beam quality and will help to 
verify RFQ design codes. 

RFQ: 

LEDA's RFQ [11] is unique in terms of its long 
physical length (8 meters), high output energy (6.7 MeV), 
large beam power (663 kW), and cooling requirements 
(1.27 MW). It is constructed as an all-brazed, 100% 
copper (OFE) structure, assembled from eight separate 1- 
m long sections [12]. When in operation, its only active 
resonance control is by modulation of input water 
temperature. 

Of the eight separate sections, three are used for 350 
MHz rf power feed via four 250 kW coupling irises, three 
are used to provide vacuum pumping. Each section 
includes ports for 16 static slug tuners, used only for 
tailoring initial field distribution. Design and fabrication 
of the main structure is being done by and at Los Alamos. 
Livermore National Laboratory (LLNL) is responsible for 
the vacuum system [13], and Allied Signal's Kansas City 
Plant is doing the resonance-control cooling system. 
Specialists from Northrup/Grumman Corporation assisted 
with structural and thermal analysis, design reviews, and 
tuning. 

At this point, the first two sections of the RFQ have 
seen the final fabrication steps; all others are in advanced 
stages of machining and brazing. These first three 
completed sections are leak-tight, dimensionally correct 
and appropriately tuned for rf fields. The eight sections of 
the complete RFQ will be assembled into four tuned 
segments, with inter-coupling plates to distribute RF 
power. Assembly of the entire structure should be 
complete in January, 1998, and first beam should be seen 
6-11 months thereafter. 

First completed 1-m long section of the LEDA RFQ. 

CCDTL: 

This new 700 MHz structure [14] promises to capture 
the best features of a DTL and a CCL, using either one or 
two simple drift tubes inside each rc-mode cavity. All 
quadrupole focus magnets are outside the drift tubes and 
cavities, so alignment is not critical. Extensive 
measurements with a 'cold-model' calibrated our 3-D 
design codes and helped to tailor the coupling slots 
between all cavities. Within the next few months, a 'hot 
model' will be used to test structure cooling and response. 

RF power systems: 

LEDA will require a number of approximately 1-MW 
cw rf power systems [15] to power the RFQ and CCDTL 
cavities. Three 1.2 MW 350 MHz systems will feed into 
the RFQ. Three 700-MHz 1.0 MW systems will be 
needed for the CCDTL. In addition, LEDA facilities will 
be used to qualify and test all rf system components. 

The first two 350 MHz klystrons have been shipped 
to Los Alamos, two 1-MW circulators have arrived, and 
the first transmitter (klystron electronics) is on hand. The 
first high-voltage power supply should ship soon. 
Meanwhile, crews at Los Alamos are assembling and 
checking all available components and support systems. 
Two 350 MHz rf vacuum windows were tested [16] with 
power levels of 950 kW. During operation, these 
windows will be run at 250 kW. During the last several 
months of 1997, we will be testing all rf components and 
preparing the setup of the three 350 MHz stations [17] 
needed for supplying power to the RFQ. 

Low-level rf systems: 

The sophisticated controls and electronics of the 
LLRF system will set and maintain proper phase and 
amplitudes of all accelerating cavities [18,19], distribute 
reference signals along the beam line and provide many 
feedback signals from the cavity and beam pickup devices. 

Controls: 

LEDA will use a distributed control system. EPICS 
was originated for GTA and has since been highly 
developed by use at the APS (Advanced Photon Source) 
and Jefferson Lab, in addition to nearly 50 world-wide 
locations, plus embraced and enhanced by at least three 
commercial ventures. Many systems will have localized 
control with dedicated PLCs, but all operational status and 
control commands can be accesses through the EPICS 
operator interfaces. Input/output controllers or IOCs will 
provide this local interface (through VXI and VME 
hardware) and provide links into the centralized database- 
driven communication. An EPICS station and all 
peripherals have been controlling the LEDA injector for 
more than the past two years. Automated control routines 
provide a prompt and complete hands-off, full-beam 
recovery from any interruption such as a high-voltage 
sparkdown. 
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Beam transport and beam stop: 

The purpose of LEDA's beamline components after 
the accelerator are to safely carry the beam to a high-power 
dump, and to do confimatory measures of beam 
parameters. Initial testing will be done with a very 
simple transport line [20], merely to confirm RFQ 
performance. Later, a magnetic lattice similar to that used 
with the CCDTL can help to predict the critical matching 
between the different structures. 

For tests at both 6.7 MeV and 11 MeV, the beam 
will impinge either on graphite tiles or a nickel-plated 
copper plate. This beam stop plate will be mounted 
inside a large vacuum vessel and surrounded by one-meter 
thick magnetite concrete to shield against both prompt and 
residual neutrons and gammas. A linearized 2-D beam 
rastering system [21] will be used to uniformly distribute 
the beam power over the beam stop surface. 

Beam Diagnostics: 

An important and essential feature of LEDA is the 
use of extensive (mostly non-interceptive) diagnostics [22] 
to measure and characterize the beam position [23,24], 
phase and energy [25]. This information will be used to 
confirm and refine accelerator designs. 

Facility Modifications: 

LEDA is being assembled and will be operated in the 
former GTA (Ground Test Accelerator) facility. This 
experimental structure, with a 140 m long buried beam 
tunnel, was built to house a 100 MeV, 100 mA, 5% DF 
accelerator. It is thus generally appropriate for LEDA, but 
requires upgrades to greater than 10 MW of ac power and 
cooling water. 

Safety Systems: 

Operational run-permit will be incorporated into the 
EPICS control system, with scores of interlocks to ensure 
that components and systems are operated only when the 
risk of equipment damage is very low. A hard-wired fast- 
protect system will ensure the near-immediate (10—20 |J.s) 
turnoff of the beam in event of beam spill as detected by 
fast ionization chambers. Totally separate from both these 
equipment safety systems, a personnel access control 
system (PACS) will be used to ensure that all personnel 
are excluded from the beam tunnel whenever beam or high 
rf power might be present. This PACS is very similar to 
the recently upgraded system in use at LANSCE. 
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An environmental assessment (EA) was completed 
and approved for LEDA more than one year ago. Other 
than the increased use of ac power and water for cooling, 
environmental impacts from LEDA are extremely minor. 
Meanwhile, a draft safety analysis document (SAD) has 
been prepared and reviewed. This SAD is complete except 
for some refinements on the beamstop radiation 
calculations. 

3 SUMMARY 

The LEDA project is on schedule to progressively 
assemble and test major components of a high-power, cw 
accelerator, first at 6.7 MeV, then 11.2 MeV, and finally 
at approximately 20 MeV. This collaboration of several 
national laboratories and international industries should 
advance significantly the technology of high-current, high- 
power accelerators. 
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Abstract 

The National Spallation Neutron Source (NSNS) requires 
a linac that accelerates a H" beam to 1.0 GeV. The NSNS 
linac starts with a radio-frequency quadrupole (RFQ) 
accelerator, which is followed by a drift-tube linac (DTL), 
a coupled-cavity drift-tube linac (CCDTL), and a 
conventional coupled-cavity linac (CCL). In this paper, 
we focus on the DTL, CCDTL, and CCL parts of the 
accelerator. We discuss the linac design parameters and 
beam dynamics issues. The design rationale of no separate 
matching sections between different accelerating sections 
maintains the current independence of beam behavior. 

LINAC DESIGN AND BEAM DYNAMICS 

The NSNS linac starts with a 2.5-MeV RFQ followed by a 
beam transport and matching section that includes a fast 
chopper. We report studies of a matched beam from the 
exit of the beam transport section injected into the 2.5-to- 
20-MeV DTL, which is followed by a CCDTL[1] and a 
conventional CCL. Figure 1 shows schematically the 
layout of the CCDTL and CCL sections of the linac. We 
use the term segment to refer to a contiguous section of 
accelerating structure plus the space between cavities for 
electromagnetic quadrupole lenses. After the DTL, we 
maintain a constant 11-ßX-long transverse focusing period 
through the rest of the linac, where ßX is the distance 
traveled by a particle of velocity ßc in one rf period. 

A future upgrade of NSNS from 1 to 4 MW total beam 
power will require duplication of the components below 
20 MeV and installation of a beam funnel. The rest of the 
linac remains the same, except for a reconfiguration of the 
rf modules to handle the added beam power. The original 
installation of the CCDTL and CCL will include a 
sufficient number of power irises for the upgrade. 

Drift-Tube Linac: 2.5 to 20 MeV 

The 402.5-MHz DTL accelerates the 2.5-MeV beam to 
20.27 MeV. Permanent-magnet quadrupole lenses inside 
the drift tubes, arranged in a FOFODODO lattice, provide 
the transverse focusing. The lattice period has length 4 ßX 
at 402.5 MHz. At the front end, each lens has G/ = 24 kG, 
which corresponds to a zero-current transverse phase 
advance a0t = 74 deg/period. The transverse focusing 
gradually weakens to G/ = 17.08 kG, o0t = 59 deg/period 
at the exit. The longitudinal phase advance a0i starts at 61 
deg/period and ends at 40 deg/period. The accelerating 
gradient is kept constant at E0 = 3.0 MV/m. 

*This work sponsored by the Division of Materials Sciences, US 
Department of Energy, under contract number DE-AC05-96OR22464 
with Lockheed Martin Energy Research Corporation for Oak Ridge 
National Laboratory. 

In the CCDTL, the rf structure frequency doubles. 
Also, the periodicity of the transverse focusing lattice 
changes to 11 ßX at 805 MHz, which is a 37.5% increase 
in length compared to 4 ßX at 402.5 MHz. We use this 
frequency and focusing period through the CCL. 

Coupling 
cavity 

On-axis coupled 
3-cell cavity 

1-drift-tube (2-gap) 
accelerating cavity 

Coupling Accelerating 
cavity      ~~\ /       cavity 

-Focusing period (11 ß\) 

Figure 1. Layout of CCDTL and CCL sections. From 20 to 
67 MeV (top), segments contain two cavities plus a 5ßX/2 
space for a magnet. From 67 to 95 MeV (middle), segments 
contain three cavities plus a Iß A, space. Above 95 MeV 
(bottom), the CCL has nine cavities and a lßX. space. 

Coupled-Cavity Drift-Tube Linac: 20 to 95 MeV 

The top part of Figure 1 shows two 2-gap cavities in a 
CCDTL segment for the energy range from 20 to 67.7 
MeV. Each cavity contains one internal drift tube 
mounted on stems. Electromagnetic quadrupole magnets 
mounted external to the rf structure provide the transverse 
focusing. The bore radius in this section is 1.059 cm. At 
67.7 MeV, we switch to three 2-gap cavities per segment, 
as shown in the middle part of Figure 1. At this point, the 
bore radius increases to 1.505 cm. In a symmetric design 
all the cavities of a segment are identical: their length 
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corresponds to the average velocity of the particles in the 
segment. Successive segments lengthen as ß increases. 

The choices for frequency and focusing lattice impose 
conditions on matching between structures. We require 
that a0t and CToi be continuous across the transition 
between the DTL and CCDTL. For both x and y 
transverse planes, a0t = 59.0 deg/period and a0\ = 39.6 
deg/period for a period of 4 ßX in the 402.5-MHz DTL. In 
the CCDTL, we need a0t = 80.0 deg/period and a0\ = 55.0 
deg/period for a period of 11 ßX at 805 MHz. At 20 MeV, 
the required strength of the quadrupole magnets in the 
CCDTL FODO lattice is Gl = 22.77 kG, and the required 
accelerating gradient is E0 = 2.40 MV/m. We match the 
DTL output beam into the CCDTL by adjusting the first 
four quadrupole gradients and the first two CCDTL cavity 
gradients. The phases of these cavities are set to -90 
degrees to act as bunchers. When the funnel is eventually 
installed, it will provide a beam that matches the beam 
characteristics at the output of the DTL. 

The design rf phase through the CCDTL ramps 
smoothly from -40 degrees at 20 MeV to -30 degrees at 
95 MeV. The accelerating gradient is discontinuous 
across changes in therf structure so that the average of 
E0T over a focusing period is continuous, where T is the 
transit-time factor. Figure 2 shows E0 as a function of 
beam energy along the accelerator. 

a \ > 

o 

0 200 400 600 BOO 1000 

Energy (MeV) 

Figure 2. Accelerating gradient versus energy. The 
discontinuities between structures make accelerating field 
per unit length vary smoothly. 

x-x', y-y', and A<)>-AW at the center of the last quadrupole 
magnet. The figure also includes a plot of the x-y spatial 
distribution. 
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Figure 3. Beam profiles along the CCL versus cell number. 
The top panel shows the x position, the middle shows phase, 
and the bottom shows energy. 
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Figure 4. The beam phase space distributions at the center of 
last quadrupole lens in the CCL. 

Coupled-Cavity Linac: 95 MeV to 1 GeV 

A CCL segment consists of 9 identical cavities as shown 
in the bottom of Figure 1. Drift spaces for quadrupole 
magnets have length ßÄ,. For a nearly constant 
accelerating gradient Eo - 3.36 to 3.67 MV/m, the 
longitudinal focusing drops substantially through the 
CCL: o"oi = 75.0 deg/period at entry and Coi = 17.0 
deg/period at 1 GeV. To reduce the energy transfer from 
the transverse to the longitudinal phase plane, we reduce 
the quadrupole strength Gl from 22.65 to 10.5 kG. 

The computer code PARMILA[2] designs the cavity 
for each segment and simulates the beam-dynamics 
performance through all sections of the linac. We inject a 
beam of 10,000 macroparticles into the DTL with 27.5 
mA peak current. Figure 3 shows the x position, phase, 
and energy profiles through the CCL to the final energy of 
1 GeV. Figure 4 shows the beam phase space distributions 

DESIGN PARAMETERS 

In designing the rf cavities, the bore radius in the CCDTL 
and CCL strongly affects the cavity efficiency as 
measured by the shunt impedance. Figure 5 shows the 
effective shunt impedance per unit length ZT2 calculated 
by the SUPERFISH [3] program for several series of 
cavities optimized for good shunt impedance. The data 
presented here include the effects of power losses on 
stems in the CCDTL as well as an estimate of the 
additional power losses near coupling slots in both the 
CCDTL and CCL. We chose cavities with ZT2 larger than 
about 35 Mfi/m. The CCDTL has three different bore 
radii starting at 1.059 cm and the CCL has four bore radii 
increasing up to 2.216 cm. 

Table 1 lists a few of the design parameters for the 
three sections of the NSNS linac. Most parameters have 
been defined elsewhere in this paper. The synchronous 
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phase of the design particles is <|)s, the initial and final 
energies of a section are Wj and Wf, and L is the length. 

0.0185 

0.2        0.3        0.4        0.5 0.6 0.6        0.7        0.8        0.9 

ß 
Figure   5.   Shunt   impedance  computed   by   SUPERFISH 
depends on the beam velocity ß and the cavity bore radius. 

Table 1. Linac Parameters. 

Structure DTL CCDTL CCL 

Lattice FOFODODO FODO FODO 

f(MHz) 402.5 805.0 805.0 

En (MV/m) 3.0 2.36 to 3.70 3.38 to 3.67 

G/ (kG) 24.0 to 17.1 22.8 22.7 to 10.5 

(|>s (degrees) -30 -40 to -30 -30 

Wi (MeV) 2.5 20.27 95.39 

Wf(MeV) 20.27 95.39 1000.0 

L(m) 8.71 59.34 424.4 

BEAM CHARACTERISTICS 

The beam emittances were calculated by the simulation 
code PARMILA starting from the DTL entrance at 2.5 
MeV to the CCL exit at 1 GeV. We started with an 
emittance of 0.0175 n cm-mrad for both transverse phase 
planes and 0.08865 n MeV-deg for the longitudinal phase 
space. The G/ product of the quadrupole magnets changes 
through the CCL to gradually reduce the beam 
partitioning ratio [4,5] from 1.8 at 100 MeV to 1.4 at 1 
GeV. A partitioning ratio of 1.0 corresponds to an 
equipartitioned beam. A value larger than unity indicates 
an excess of transverse focusing. Figure 6 shows the 
transverse (x and y) normalized rms emittance and the 
longitudinal normalized emittance along the linac. An 
unavoidable mismatch between the DTL and CCDTL 
causes some emittance growth and an increase in beam 
size early in the CCDTL, but the emittance and size 
remains nearly constant through the rest of the linac. 

The rms beam radius and the maximum size in the x 
coordinate are plotted in Figure 7. The figure also shows 
the drift-tube inner radii along the linac. The maximum 
beam radius of 5 mm compared to a large beam tube 
reduces the beam loss in the linac. The consequences of 
beam loss are more serious at high energy than at low 
energy. The smaller bore radii below 200 MeV improve 
the shunt impedance. 
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Figure   6.   Transverse   (x   and   y)   and   longitudinal   (z) 
normalized emittances versus beam energy. 
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Figure 7. The beam's maximum radius and the rms radius 
along the linac compared to the beam aperture. 

CONCLUSION 

The current design of the NSNS linac shows that we can 
accelerate beam from the DTL through the CCL to 1 GeV 
without appreciable emittance growth or beam-size 
growth. The beam is well contained within the aperture. 
The match between the DTL and the CCDTL might be 
further refined to reduce the emittance growth at that 
junction. Also, the funnel section that combines two DTL 
beams into the CCDTL requires further work. 
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THE NSNS FRONT END ACCELERATOR SYSTEM* 

John W. Staples 
Lawrence Berkeley Laboratory, Berkeley, California 94720 

ABSTRACT 

The National Spallation Neutron Source (NSNS) 
front-end accelerator comprises a 65 keV LEBT, a 2.5 
MeV RFQ and a matching accelerating a 55 mA H' beam 
with a 6% duty factor. Critical design issues are the 6% 
beam duty factor, the 5 free space-wavelength long 402.5 
MHz RFQ, and nanosecond chopping of the beam before 
it enters the first DTL. The conceptual design of the 
front-end systems will be presented, with experimental 
validation of some of the proposed subsystems. 

NSNS CONFIGURATION SUMMARY 

The NSNS front end provides a 2.5 MeV, 28 mA 
H" beam at 6% duty factor to the rest of the 1 GeV linac, 
supplied by LANL, which in turn injects a 1 GeV storage 
ring. Approximately 1200 turns of H' beam is 
accumulated into the storage ring by stripping injection, 
then extracted in a single turn, supplying 1 MW of 
average beam power to a neutron production target at a 
60 Hz pulse rate. Future options increase the front-end 
beam current to 55 mA for 2 MW power at the target, and 
then further double the beam power to 4 MW by 
funneling two injectors together at the 20 MeV point. 

The Front End comprises the ion source, 
(described elsewhere in these proceedings [1],) the 
electrostatic LEBT, the RFQ and the MEBT including a 
fast beam chopper. 

Figure 1 shows the trajectory of a 28 mA H- 
beam from the ion source plasma boundary (left) to the 
start of the RFQ vane. A transverse field at the split 
einzels deflects the beam up to 25 mrad with an emittance 
increase of less than 10% [2]. Beam chopping is included 
by applying a ±3 kV square wave across opposing 
quadrants of either einzel lens. Transverse steering is 
accomplished by moving the entire ion source-LEBT 
assembly on a sliding joint at the LEBT-RFQ interface 
while the LEBT is under vacuum. 

Figure 1. 28 mA Beam Envelope in LEBT 

A five-segment Faraday cup, doubling as a beam 
stop, and a vacuum gate valve will be included in the 1 
cm space between the last einzel electrode and the RFQ 
entrance flange. The Faraday cup will comprise a center 
button and an outer ring, divided into four quadrants. 
Half the beam will target the center button, and the rest of 
the beam will be divided on the other four quadrants. The 
last einzel lens will be brought to ground potential when 
the Faraday cup is swung in from the side, which will not 
significantly alter the beam size at the Faraday cup 
position. The vacuum valve will isolate the RFQ from 
atmospheric pressure during ion source maintenance. 

LEBT (LOW ENERGY BEAM TRANSPORT) 
The LEBT will transport up to 70 mA of beam 

from an rf-excited volume ion H" source to the RFQ 
operating at 6% duty factor. The LEBT comprises an 
electrostatic extraction gap, followed by two einzel lenses 
with a final output energy of 65 keV within a length of 10 
cm. 

To permit chopping in the ion source and the 
LEBT and to eliminate neutralization turn-on time, the 
beam will be fully unneutralized. The entire LEBT is 
electrostatic, with a high-voltage extraction gap followed 
by two sets of einzel lenses with a minimum aperture-to- 
beam diameter ratio of approximately two. 

*This research is sponsored by the Lockheed Martin Energy Research 
Corporation under the U.S. Department of Energy, Contract No. DE- 
AC05-96OR22464, through the Lawrence Berkeley National 
Laboratory under Contract No. DE-AC03-6SF00098. 

RFQ 

The RFQ accelerates the 35-70 mA H beam 
from 65 keV to 2.5 MeV. A 59 mA input beam with rms 
normalized emittance of 0.2 n mm-mrad results in 55 mA 
accelerated, a transmission efficiency of 93%. The long 
buncher section produces an rms longitudinal output 
emittance of 89 keV-degree at 55 mA output without 
increasing at the 28 mA level due to bunch 
overcompression. 

The vanetip geometry uses a constant-transverse 
radius design with pT = r0 = 0.336 cm. This results in very 
low multipole error fields for this particular design, as the 
emittance blowup in the RFQ is less than 10% at 55 mA. 
The constant transverse radius vanetip is a great 
convenience, as it permits cutting the vanetip shape with a 
form cutter, reducing the risks of variable radius vane 
cutting. The minimum longitudinal radius is 1.49 cm, a 
very easy radius to accommodate with a form cutter. 
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The two most challenging aspects of the RFQ are 
the 6.1% beam duty factor, and the 3.7 meter length, 
corresponding to 5 free-space wavelengths. 

Previous LBNL-built RFQs have strapped 
opposing vanes together with vane coupling rings 
(VCRs), which move the dipole frequencies away from 
the TE,20 quadrupole mode, significantly relaxing the 
assembly tolerances. For this RFQ, the high duty factor 
prompted us to select pi-mode stabilizers, used 
successfully on the high duty-factor Japanese Hadron 
Collider RFQ injector, instead of VCRs. 

The pi-mode stabilizer, pioneered at KEK, 
consist of pairs of rods placed through the RFQ, 
alternately in the horizontally and vertical planes [3]. 
Operating experience with the KEK RFQ using pi-mode 
stabilizers show that the maximum contamination of the 
desired quadrupole field configuration by both dipole 
modes and unwanted longitudinal tilt from high-mode 
longitudinal modes is less than 1%. That RFQ is four 
free-space wavelengths long, this one is five. 

A power of 590 kW excites the cavity to 76 kV 
peak voltage between the vanetips, including an 
additional 50% margin for actual cavity losses compared 
to theoretical losses in the Glidcop® AL-15 cavity 
material. With 55 mA accelerated beam to 2.5 MeV, an 
additional 135 kW is required, for a total of 725 kW, with 
19% beam loading. 

A 1-MW 402.5 MHz klystron will provide 
power to a 21-inch waveguide, which will be split into 
eight 3-1/8 inch semi-flexible coaxial feeds, each driving 
the RFQ at 8 drive ports with loop couplers, located in 
pairs along opposing sides the RFQ. 

RFPorl 
(4 per module. 2 uied) 

Vacuum Port 
(4 per module) 

Horizontal Mode Stabilizer 
(12 per module] 

Figure 2. One 1-meter-long RFQ module 

The high r.f. duty factor results in an average 
power dissipation of 1.9 watts/cm2 in the outer wall of the 
cavity with hot spots at the ends of the vanes of up to 6 
watts/cm2. 

Each module will have water cooling passages 
gun-drilled in the 93 cm long section from both ends, and 

then brazed shut at the ends. Connecting water passages 
will be bored radially from the outside. The steady-state 
temperature variation in the RFQ body is less than 3° C 
and the material stress is below 600 psi. 

Four vane-cavity segments are brazed together to 
form a 93-cm long module Each vane-cavity segment is 
machined from a solid block of Glidcop, insuring that the 
vane tip and the joint to adjoining sections are in close 
dimensional tolerance with each other, a technique proven 
in a previous 400 MHz RFQ built at LBNL [4]. 

The mechanical design eliminates demountable 
r.f. joints in regions of high r.f. wall currents by brazing 
four Glidcop pieces together forming each RFQ module. 
The entire RFQ will be assembled of 4 of these brazed 
modules with demountable vacuum and r.f. joints. The 
four RFQ modules will be joined with a circumferential 
Helicoflex vacuum and r.f. seal, and the vanes themselves 
by sections of canted spring ring. The Helicoflex seal 
will be surrounded by a back-up O-ring vacuum seal. 
Figure 2 shows the intermodular joint. 

O-Riug HelkraFlex Seal 

Figure 3. RFQ intermodule rf and vacuum joint 

Vacuum ports are arrays of holes and will be 
machined symmetrically in all 4 quadrants to guarantee 
r.f. symmetry. Local tuners will be used to compensate 
the depressed cutoff frequency of the RFQ waveguide to 
level out variations in the vane tip voltage distribution. 
The RFQ vacuum will be in the 1Ö'7 Torr region. 

The RFQ will incorporate 48 tuners, 3 per 
quadrant in each of the four modules each with an active 
piston area of 2 cm2 and a motion range of ±2 mm. The 
r.f. sliding contact will be similar to that of the PEP-II 
tuners, which operate at about 476 MHz with a 100% 
duty factor in cavities with similar wall power density as 
ours. Those tuners use silver-plated Glidcop r.f. contacts 
sliding on rhodium-plated surfaces of the copper tuner 
body. 

A full-scale prototype RFQ will be built and 
operated at LBNL with beam for an prolonged test period 
to uncover any problems with the design. A production 
RFQ will then be made and incorporated into the actual 
NSNS injector system. The mechanical design is further 
discussed in a companion paper at this conference [5]. 
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MEBT (MEDIUM ENERGY BEAM TRANSPORT) 
The MEBT transports the 2.5 MeV, 402.5 MHz 

r.f. bunched and 1.2 MHz chopped beam from the RFQ to 
the DTL. A major MEBT function includes the 2.5-5 
nsec, 1.2 MHz beam chopper. (Two slower risetime 
choppers are located upstream in the ion source and the 
LEBT.) The tandem operation of the choppers provides 
an on/off intensity ratio of 1:10"5. 

The first traveling-wave chopper deflects the 
beam off the axis; the second chopper deflects the beam 
back parallel to the axis. This chopper-antichopper 
combination insures that deviation from perfect waveform 
in the chopper (ringing) will not cause axis shift of the 
beam itself as it enters the DTL. The traveling-wave 
choppers and their 2.5 nsec rise/fall, 900-volt power 
supplies will be designed and constructed by LANL. 

The most stringent MEBT design requirement is 
preservation of transverse emittance from the RFQ to the 
DTL. The average linear external focusing force 
provided by the quadrupoles is strong in comparison to 
the nonlinear space-charge forces, making the MEBT 
relatively space-charge independent. The quadrupole 
filling factor in the beam line is high, requiring all the 
other MEBT equipment fit in narrow inter-quad gaps. 

u u u u u 
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The quadrupoles have a 1 cm pole tip radius and 
an effective length of 5 cm. The quadrupoles will be of 
two types, and will allow at least a +30% field variability. 
The quads with less than 3 kG poletip field will be simple 
iron-core, water-cooled EM design featuring end-clamps. 
The highest-strength quads will use permanent magnets 
with variable energization from additional PM material 
connected to a rotatable outer soft iron ring. Both designs 
must operate in vacuum, and six of the quadrupoles will 
provide beam steering by adjustable transverse offset. 

Figure 4 shows the beam envelope in the MEBT. 
The two long objects are the chopper and the antichopper. 
Three 402.5 MHz rebuncher cavities are in the other large 
gaps. The peak gap voltage on the first and third cavities 
if 55 kV, with the central cavity operating at 35 kV. The 
peak r.f. power requirement is 15 kV at 35 kV gap 
voltage. 

The beam line alternates quads and short beam 
boxes. Rather than combining all the quads together in a 
single package inside a common vacuum chamber 
("coffin"), the quads are mounted around sections of 
vacuum pipe between short diagnostic beam boxes with 
some quads inside the short beam boxes. This technique 
isolates sensitive diagnostic equipment from the strong 

electromagnetic interference generated by the 
bunched beam in the environment of large 
beam boxes. 

Diagnostic equipment will occupy 
the short beam boxes between the 
quadrupoles. These diagnostic devices will 
include slit-type emittance measurement 
equipment, Faraday cups, flying wires, beam 
toroids, residual-gas profile monitors and a 
beam stop. 
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Figure 4. Beam Envelope in MEBT 

The six quadrupole system at the beginning of 
the MEBT slowly relaxes the very rapid phase advance 
the beam experiences in the RFQ. The focusing system 
matches the beam size in the chopper by placing a waist 
in the transverse plane in the middle of the chopper, and 
minimizes the beam size at the exit of the chopper in the 
deflecting plane, producing a minimum beam size to 
maximum beam displacement at the chopping aperture 
("chopper stopper"). 
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A PROPOSED SUPERCONDUCTING BOOSTER LINAC FOR THE HRIBF 

J. D. Bailey, ORNLVJIHIR', and D. K. Olsen, ORNL 

Abstract 

A 42 MV Superconducting (SC) Booster Linac is pro- 
posed for the Holifield Radioactive Ion Beam Facility 
(HRIBF). The linac, consisting of 56 superconducting, 
quarter wave, 120 MHz, independently phased, 2 gap 
resonators, will be used to boost Radioactive Ion Beams 
(RIBs) accelerated by the 25 MV NEC tandem, to Cou- 
lomb barrier energies for use in nuclear physics research 
near the proton and neutron drip lines. The design po- 
tential of 42 MV is sufficient to boost the beams of mass 
180 above the Coulomb barrier using the most probable 
charge state, 15+, from single foil stripping in the tan- 
dem terminal. Linac parameters and layout are presented 
with accompanying beam dynamic calculations. In addi- 
tion, an upgrade of the existing pre- tandem beam 
bunching system is proposed to further preserve the RIB 
intensity through better longitudinal phase space match- 
ing into the linac. 

1 INTRODUCTION 

HRIBF is providing RIB's for nuclear physics and 
astrophysics experiments using the ISOL technique. Ra- 
dioactive atoms are created from nuclear reactions with 
light-ion beams from ORIC, a compact flexible K100 
cyclotron. After diffusing from the target and desorbing 
from surfaces, these radioactive atoms are ionized, mag- 
netically separated, charge exchanged, and then trans- 
ported through a second high-resolution separator into 
the 25 MV tandem, where they are accelerated to ener- 
gies of interest for nuclear and astrophysics. The tandem 
is capable of accelerating mass 80 above the Coulomb 
barrier with single foil stripping in the terminal, and 
mass 130 above the Coulomb barrier with a second foil 
stripping 1/3 of the way down the high energy accelera- 
tion tube. RIB's are very difficult to produce and have 
very low intensity, so maximizing the total transmission 
from the RIB source target to the experimental target is 
essential. 

The Nuclear Science Advisory Committee has iden- 
tified the National Isotope Separator On Line (ISOL) 
RIB Facility as the next major construction by the DOE 
Nuclear Physics program[l]. A possible very cost effec- 
tive reconfiguration of the existing HRIBF into the Na- 
tional ISOL Facility would be to: (1) use as much of the 
existing building-6000 heavily shielded area and ex- 

perimental apparatus as possible, (2) replace ORIC with 
an approxinmately 200 MeV proton linac or cyclotron, 
(3) extend the existing RIB injector with a new platform 
for the production of intense neutron-rich fission frag- 
ment RIBs produced by proton bombardment of a high- 
temperature thick actinide target, and (4) construction of 
a SC linac booster for the tandem to allow acceleration 
of fission fragment RIBs above the coulomb barrier with 
single foil stripping in the tandem[2]. These changes, 
shown in Fig. 1, will allow physicists to explore nuclei 
far from stability, learning more about solar processes, 
and the neutron and proton drip lines. 
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Figure 1 Floor plan depicting the conversion of the 
HRIBF into the National ISOL Facility. The main 
changes are a new driver accelerator, a modified target 
ion source platform, and the addition of a superconduct- 
ing linac to boost the tandem beam. 

These changes can be constructed together or in a 
phased approach. This paper describes a SC linac for this 
approach. As a booster, this linac could be used to accel- 
erate fission fragment RIBS produced using ORIC with 
the existing RIB injector, or from a 200 MeV proton 
accelerator with a new high-power RIB injector. It can 
also be built without shutting down the present facility, 
with only minimal interruptions to the schedule. 

2 LINAC LAYOUT 

The most important requirement for the booster is to 
accelerate fission fragments above the Coulomb barrier 
with single stripping which corresponds to the accelera- 

' Research sponsored by the Oak Ridge National Laboratory, managed by Lockheed Martin Energy Research Corporation for the 
U.S. DOE under contract number DE-AC05-96OR22464. 
' The Joint Institute for Heavy Ion Research is the University of Tennessee, Vanderbilt University, and the ORNL; it is supported 
by the members and by the U.S. DOE under contract number DE-FG05-87ER40361 with the University of Tennessee. 
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tion of 15+ A=180 to 5.5 MeV/A. This maximum mass 
is 180 for two reasons: (1) the maximum fission frag- 
ment mass is -180, and (2) the elements with A>180 
tend to be refractory and will not readily release from 
targets. To provide RIBs of A<180 using the most prob- 
able charge state with single stripping with the tandem 
operating at 22 MV terminal, requires the addition of an 
effective 42 MV booster linac. 

The linac will be similar to the linac at ALPI[3], 
which provides accelerating fields of 5 MV/m, and is 
one of the latest in a long line of improvements on heavy 
ion superconducting booster linacs. Simple niobium 
quarter-wave resonators with 18 cm inside diameters 
will be cooled, by pot boiling of liquid He, in sets of 
four, inside -1.1 m diameter cylindrical stainless steel 
cryostats. Quarter-wave resonators were chosen because 
of their wide use, mechanical stability, simple construc- 
tion, and high accelerating fields. 

Tandem 
0 10 20  FEET 

1 i    I      '      .' 
0 5        METERS 

High-energy buncher 

Resonator — 

Cryostat   

Quadrupole triplett ■ 

Achromatic Bend 

Figure 2 The linac has 14 cryostats, each cooling 4 
niobium superconducting 1/4X resonators. The configu- 
ration depicted uses quadrupole triplets for transverse 
focusing. Achromatic bends are used to wrap the linac 
back upon itself. 

About 56 resonators operating at 5 MV/m are needed 
for an average transit time factor of 95%, using a syn- 
chronous phase of 20 degrees, and allowing for a down- 
time fraction of 5%. Various velocity and frequency 
configurations of these resonators were investigated in 
detail to obtain the highest possible energies for A=6- 
180 with single stripping and A=40-238 with a second 
stripping at the linac entrance. Many configurations are 
more than adequate; however, the simple and flexible 
configuration of 56 ß=0.086 120 MHz resonators seems 
about optimum. Longitudinal phase space matching be- 
tween the Tandem and the linac, will be achieved with 

the addition of a high energy buncher before the linac, 
and a possible modification of the tandem low energy 
buncher. A high energy chopper may also be added in 
the tandem exit line. A two frequency linac design was 
discarded because of a loss of longitudinal phase space. 

A possible layout for the booster is shown in Fig. 2. 
As shown, the linac consists of three sections separated 
by 90 degree achromatic bends. Quadrupoles, in FODO 
cells and in doublets and triplets, each separated by one 
or two cryostats, were investigated to confine the beam 
radially. Figure 2 shows a round-beam triplet configura- 
tion. Other configurations are also acceptable. RIBs 
could be accelerated by the tandem and transported to 
the nuclear physics areas with or without the booster. A 
new -5000 sq. ft building will be needed to house the 
booster. 

3 OPTICS 

The tandem beam has a 17t mm mrad transverse 
emmittance, with a waist at the exit slits of the tan- 
dem[4]. Small energy variations in the tandem translate 
through the mass and energy analyzing magnets into a 
small walk in the beam centroid. In high intensity op- 
eration, the vertical part of this walk is used to control 
the tandem potential, and beam energy to 10"5[5]. For 
low intensity, the energy can be regulated to 10"4 using 
terminal potential stabilizers. Figure 3 shows a typical 
energy spread produced by stripping in the tandem ter- 
minal calculated with TRIM92[6]. This energy spread is 
lower than the tandem energy regulation of 35 keV, but, 
because of the long drift path in the tandem terminal, it 
can dominate the time spreading of the beam. The RIB 
source energy spread is dominated by the charge ex- 
change canal, measured at 50 eV for an As beam. 

10000 ,75
7|Lu'- ions @ 22 MeV on 8.7Mg/cm2 C foil 

388 are off the graph. Data produced with TRIM92 
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Figure 3   Beam energy spread from stripping 175Lu to 
15+ in an equilibrium thickness 12C foil, in the tandem 
terminal. This translates into time spreading, and is a 
major component of the time spreading in the tandem 
beam ~1 ns. 
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The low energy buncher will be operated at 10 MHz. 
The present double drift buncher routinely bunches 50% 
of the beam into 6° RF, or 1.7 ns. A replacement 4f 
buncher based on that of Lynch[7], will bunch 66% into 
4° RF, or 1.3 ns. A small debunching will occur due to 
path length differences and beam energy spread and 
variations. This debunching is si ns. The beam pulse 
width seen by the high energy buncher will then be ~2 
ns. 

The high energy buncher, operating at the linac fre- 
quency with a If and a 2f SC resonator, sees a pulse 
-90° RF wide with an energy spread of 40 keV. As a 
buncher, it can add about ±1.3 qMeV to the beam energy 
spread. Table 1 shows the longitudinal acceptance of the 
SC linac when operated at a synchronous phase of 15°, 
for a range of heavy ions, and their most probable charge 
state after stripping in the tandem terminal operating at 
22 MV. The longitudinal acceptance is at maximum en- 
ergy spread, and does not correspond to maximum phase 
spread. The corresponding distances to bunch a 2 ns 
bunch are also given. An 8 m drift will be sufficient to 
longitudinally match the bunched tandem beam to the 
SC linac acceptance. Figure 2 shows a 5 m drift length. 
The extra 3 m of drift will require moving a cooling 
tower, and a 14 in. water pipe. 

Table 1 SC Linac longitudinal acceptance at maximum 
energy spread, and drift length necessary to bunch a 2ns 
wide bunch, for various beams exiting a 22 MV tandem 
using the most probable charge state. 

Useable is defined as a combination of long half lives, 
and intense productions[8]. The SC linac will provide 
Coulomb barrier energies over the entire range. 

A 6 40 80 100 120 140 175 238 

Q™ 3 11 13 14 15 15 15 16/43 

ÄE 
MeV 

3.8 6.6 5.4 5.2 5.8 4 4.2 10 

A9 
deg 

17 15 13 9 9 8 5 9 

Lhnn 
m 

5.0 5.7 6.2 6.4 5.8 7.8 6.6 2.6 

The 90° achromatic bends present a rather long drift 
space for the beam to unbunch. This causes a reduction 
in phase space acceptance, but as shown above, the 
beam can still be bunched into the reduced phase space, 
and transmitted through the tandem. If the decision is 
made to extend the new building addition, it would be 
advantageous to accelerate only on the first and third 
legs, using a rebuncher in the middle of the second leg to 
improve the linac transmission and optics. 

The transverse optics are designed by subdividing the 
linac into cells consisting of two cryostats separated a 
quadrupole triplet. Each cell is designed with a 90° 
phase advance. The achromats are designed with point to 
point focusing. 

Figure 4 shows the results of a survey of linac per- 
formance over the range of useable fission fragments. 

SC Booster Linac 
Fission Fragment Final Energy 

0.85     J 
-E/A Low N 
-E/A High N 
- <TTf> Low N 
■ <TT1> High N 

Figure 4 Final beam energy of useable fission frag- 
ments as a function of Z. Results for both the high and 
low mass useable fission fragments are shown. Also 
shown are the corresponding average transit time factors. 
Optimized for high masses, the SC linac is still efficient 
over the fission fragment mass range. 
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A 100 MEV MULTITANK DRIFT TUBE LINAC FOR PROTON 
ACCELERATION 

G. D'Auria, C. Rossi, Sincrotrone Trieste, Italy. 

Abstract 
Following the demand for a proton beam accelerator 
capable of accepting protons from a RFQ at about 6 MeV 
and of accelerating them up to 100 MeV, a new 
MultiTank Drift Tube Linac (MTDTL) structure has been 
developed and a detailed theoretical study is being carried 
out to design such a linear accelerator which already 
shows some important advantages: technological 
simplicity, compactness, high efficiency, relative low 
costs. 

1   INTRODUCTION 

After the request for a warm pre-injector for the 
Energy Amplifier [1] was made, a review of the existing 
possibilities was performed and a modular structure 
proposed which represented a good compromise between 
the need to keep the overall efficiency as high as possible 
and the necessity of a very reliable accelerator, easily 
aligned and serviced. 

A first tentative proposal was presented in Legnaro in 
the end of October [2] and more detailed calculations 
were performed for the Preliminar Design Study [3]. 

The starting point for the proposed MTDTL was that 
if one looks at the behaviour of the shunt impedance per 
unit length in a drift tube structure, it is easy to see that its 
value doesn't change after some meters of RF structure. 
Having chosen a resonating frequency of 352 MHz, we 
saw that, with a length per tank between 1 and 2 meters, 
the shunt impedance per meter already stays over 80% of 
its maximum value. The possibility of reducing the 
quadrupole number and of keeping them outside of the 
tanks allows, on the other hand, an increase in the 
effective shunt impedance, which contributes to increase 
the efficiency. 

The segmentation as it has been designed follows the 
decision of limiting the maximum RF power per tank at 
200 kW, to allow the adoption of coaxial feedthroughs 
[4]. The aim of simplifying the RF power distribution 
system, by means of coaxial components as far as 
possible, we expect will be justified by a reduction in the 
whole plant complexity. 

A prototype tank has been built to have a comparison 
between the parameter values calculated by Superfish [5] 
and the actual ones, to check some technological 
solutions and to study the gap field stabilization. At 
present the first measurements performed already seem to 
support the assumptions made for the calculations. 

2 THE ACCELERATING STRUCTURE 
The injection energy has been chosen equal to 6 MeV, 

but it can be lowered to 4.5 or 5 MeV in order to adjust 
the compromise between good efficiency of the RFQ 
injector and a reasonable DTL injection energy. 

As it is known, the defocusing effect of an RF gap is 
more effective in the low energy end of the accelerating 
structure, it is then convenient to increase the beam 
energy as fast as possible; on the other hand the aim of 
keeping the focusing quadrupoles outside the accelerating 
tanks led to a compromise regarding the tank length and 
the number of RF gaps per tank. Another factor which has 
been taken into account is the limitation of the 
longitudinal emittance growth, whilst keeping a smooth 
variation of the longitudinal phase advance. This has been 
obtained by modulating in a convenient way the energy 
gain per gap in the first tanks by acting on the transit time 
factor according to the ßy variation of the beam. Since the 
beam losses have to be kept at the lowest possible value, 
the influence of so called parametric resonances must be 
minimized, limiting the large value increase of the beam 
transverse amplitudes; this has been pursued by matching 
the 30 mA beam keeping the transverse tune depressions 
in the range of 0.85 H-0.9. 

The triplets of quadrupoles have been placed in the 
intertank space which varies along the Linac from 3 to 2 
ßX; in the future optimization of the MTDTL a 
considerable reduction of this space is foreseen, to gain in 
compactness. 

In the following figure the energy gain per meter is 
reported as a function of the accelerator length. 

[1.00      10.00     20.00     30.00    40.00     50.00    60.00    70.00     80.00    90.00    100.00 

m 

Figure 1: Energy gain per meter vs. MTDTL length. 

The whole accelerator is divided into 58 tanks, with a 
variable number of RF gaps, the tank radius ranges from 
0.25 to 0.31 m and it is planned to have not more than 
three different families of tanks of different diameter, in 
order to standardize the tank production. Table 1 
summarizes the structure parameters, which have been 
divided in two regions: up to 30 MeV beam energy and 
from 30 to 100 MeV. 
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Energy sections (MeV) 6 to 30 30 to 100 

Number of tanks 18 40 
Tank length (m) 0.7 H-1.2 1.0+1.3 
Number of gaps / tank 5 + 8 3 + 5 
Tank radius (m) 0.31 0.25 
Bore radius (mm) 10+15 10 
Total length (m) 24.9 62.1 
Resonating frequency (MHz) 352 352 
ZT2 (Mfl/m) 24 + 32 32 + 33.5 

Table 1: RF structure parameters of the MTDTL 

Some linear beam dynamics simulations have been 
performed up to the energy of 30 MeV by means of the 
code TRACE-3D[5] and in the following table the values 
of the parameters have been reported, together with the 
values at 100 MeV, which have been extrapolated. 

Energy sections (MeV) 6 to 30 30 tolOO 

Energy in (MeV) 6.0 30.76 
Energy out (MeV) 30.76 101. 
Synchronous phase (deg) - 60 + -30 -30 
Field gradient (MV/m) 1.2 + 2.0 2.0 
Transit time factor 0.8+0.91 0.91 
Beam current (mA) 30 30 
Input 8Xy (ft mm mrad) n. RMS 0.35 0.355 
Output 8Xy (n mm mrad) n. RMS 0.355 0.357 
Input 8Z (71 deg MeV) n. RMS 0.25 0.4 
Output e7 (7t deg MeV) n. RMS 0.4 0.46 

Table 2: Beam parameters in the two energy sections. 

The estimation of non linear effects is under way by 
means of the code PARMILA [5]; the beam dynamics 
through some tanks has already been calculated, 
confirming the results from TRACE-3D, some more time 
is needed to complete the simulations. 

Some efforts have still to be performed to improve the 
longitudinal matching between different tanks, especially 
in the low energy end of the MTDTL; as regards the 
beam transport, good transverse beam control has been 
found keeping the quadrupole gradient inside the 30 to 60 
T/m range. 

3  THE PROTOTYPE TANK 

A prototype tank has been built to check the Superfish 
simulations which have been performed on the first tank 
of the MTDTL; the TMoiO field lines are drawn in the 
following figure, the real tank dimensions are 0.686 m 
length and 0.312 m radius. 

This is a quite simplified tank, lacking the actual RF 
feedthrough, stems and tuner, but it is consistent with the 
geometry used in the Superfish calculations, so that the 
scaling factor can be considered a realistic one. 

Figure 2: TMoiO Electric field lines in tank #1 

In the following table the calculated parameters are 
compared with the measured ones, it must be stressed that 
the 20% of difference in the measurement of the unloaded 
Q is the expected one with this kind of program. 

TANK #1 PARAMETERS Superfish measured 
Resonating frequency (MHz) 352.04 351.97 
Unloaded Q 54263 43883 
r(MQ) 22 17.8 
ZT2 (MQ/m) 32 25.9 

Table  3:  Comparison  between  Superfish  and  the 
measured parameters on Tank #1 

The value of r, in table 3, is given by the product of 
ZT2 times the tank length. 

As is pointed out in another contribution in this 
conference [4], the calculation of the power requirements 
has been done in a conservative hypotesis and has led to 
consider for this first tank the value of 16.5 MQ as the 
effective shunt impedance. 

4   CONCLUSION 

The proposal of a Multi Tank Drift Tube Linac which 
has been presented must be considered a very preliminary 
one and still a lot of work has to be done. We have 
verified the simplicity of the alignment procedure, which 
can be done on bench quickly and with very high 
accuracy. The modular solution seems to be extremely 
good as regards technological simplicity and efficiency 
and we have verified that a reasonable beam dynamics is 
possible. The crucial point will lie on the RF plant costs 
which seems to be the conclusive topic in the final choice. 
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THE RF LOW LEVEL AND POWER DISTRIBUTION OF THE 100 MeV 
PROTON MULTITANK DRIFT TUBE LINEAR ACCELERATOR 

G.D'Auria, C. Rossi, Sincrotrone Trieste, Italy 

Abstract 

The Sincrotrone Trieste proposal for a 100 MeV proton 
accelerator, driving a 1+2.5 GeV booster Linac for the 
Energy Amplifier Project, is based on a Multi-Tank Drift 
Tube Linac (MTDTL) structure, since it seems to be the 
most simple and efficient solution for a high power, CW 
proton beam. The optimization of the RF system, in 
terms of efficiency and cost, is a crucial point in the 
design of the MTDTL. A possible solutions for the low 
level distribution and the RF power distribution are 
presented and analisys of the efficiencies are given. 

1 INTRODUCTION 

The Energy Amplifier Project, as proposed by C. Rubbia 
in [1,2], has been conceived for energy production as 
well as the incineration of the actinide waste from nuclear 
reactors. One of the main tasks to fullfil the stringent 
requirements imposed by the project is the generation of a 
CW proton beam with tens of MW nominal power, i.e. 30 
mA @ IGeV. No existing machine can deliver at the 
moment a proton beam with these characteristics and, 
following a suggestion by C. Rubbia, the accelerator 
scheme to drive the E.A. is based on a multi stage Linac 
[3]. The low energy injector must provide a proton 
current at a sufficient energy level for an efficient 
injection and acceleration in the main Linac. For our 
purposes the injection energy has been set to 100 MeV 
and a maximum beam current of 30 mA was assumed; 
this could be eventually reduced to 10+12 mA in the near 
future if the energy of the main Linac could be raised to 
2.5 GeV (i.e. redeployment of the existing CERN LEP 
superconducting RF cavities at the end of their operation 
expected in 2000). Since the feasibility and the reliability 
of the whole machine are of paramount importance, it is 
mandatory to keep an adequate safety margin for the 
machine design parameters. The scheme proposed for the 
pre-injector is based on the use of a commercial 3/6 MeV 
RFQ followed by a conventional DTL up to 100 MeV. 
The sequence RFQ-DTL, already successfully used in 
many other laboratories, is a conservative choice for a 
proton machine in this energy range. Nevertheless, to 
avoid the use of long DTL, which are difficult to tune and 
suffer from many difficulties coming from the necessity 
to house the focusing elements inside the drift tubes, as 
well for the high power involved, we adoped a MultiTank 
DTL (MTDTL) accelerating scheme, splitting the whole 
injector (6+100 MeV) in a sequence of a short DTL tanks 
fed at a convenient power, whilst long DTL tanks would 
require more complicated solutions for the RF power 
feeding. Such a scheme would have the following 
advantages: 

i) the focusing elements are placed outside the 
accelerating tanks, leaving the drift tubes free from 
quadrupoles, leading to a simplified heat removal from 

stems and drift tubes and an improvement in the 
temperature stability; 

ii) the required RF power per tank can be kept below 
200 kW, with the consequent advantage in employing 
standard coaxial components, already developed and 
available on the market, i.e couplers, feed-throughs, etc. 
for the RF distribution system. 

The resulting disadvantages, like the slight increase 
in power loss and the need for a greater number of RF 
sources, are in our opinion acceptable. The efficiency 
loss of the accelerating tanks could be compensated by a 
higher shunt impedance due to a proper shaping of the 
drift tube profiles. 

The length of each tank has been fixed by taking into 
account the previuos conditions togheter with beam 
dynamic requirements. The table below summarizes the 
main machine parameters. 

Input Energy 6 MeV 
Output Energy 100 MeV 
Beam Current 30 mA 
RF-frequency 352.21 MHz 
Structure gradient 1.47+2.44 MV/m 
Average gradient 1.0+1.8 MV/m 
Number of tanks 58 
Number of gap/tank 3+8 
Total length 87 m 

Table 1. Main machine parameters. 

2 RF POWER REQUIREMENTS 

The suggested pre-injector design (6+ 100 MeV) [4] will 
include 58 tanks in total with lengths ranging from 0.7 to 
1.3 meters and with 3+8 gaps per tank; Fig.l gives a 
sketch of two 5-gap tanks with focusing and diagnostic 
elements. 

flt=«f 
K 

[Qt: 

Figure 1. Two 5-gap tanks. 

In  Fig.2,  a  preliminary  layout  of the  proposed  RF 
distribution scheme is shown. 

The whole machine will be supplied by 16 RF plants; 
in table 2 the power needs per plant, for 30 mA proton 
beam, are summarized. The reported data have been 
evaluated assuming an effective shunt impedance per 
tank ranging from 20+25 MW; to be consevative, the 
values taken are roughly 10% below the corresponding 
ones measured of a seven gap prototype tank already 
assembled  and  tested  in  our  laboratory.     Numerical 
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Legenda 
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RL = Load 
PL,..„ = RF Plant 1..n 
C = Circulator 
AC = Amplitude Control 
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FC/AC/PhC  = Low Level Frequency. 

Phase and Amplitude 
Control 

PWS = Power Switch 
KPM = Calorimetric RF Power 
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TPC = W/C transition and RF 

Power Control 
i                                                     

Figure 2. RF distribution layout 

simulations made with Superfish on the same tank give 
an effective shunt impedance roughly 30% greater. 

The first three plants could be fed with three CW 
220-^250 KW klystrons, using a slightly modified version 
of the Thomson TH 2145, while for each remaining plant, 
a 1.1 MW tube, already in use at CERN, could be used. 
We have sorted the tanks to minimize the unbalanced 
power losses per plant since hybrid junctions are used to 
divide the power. For reliability reasons, the operating 
power level for each plant has been kept well below the 
maximum allowable for the tubes. We also alalysed the 
concept where the same 250 KW tube is used for all 
tanks, employing in total 55 klystrons, but a cost 
comparison made on the basis of informations supplied 
by two klystron manufacturers, EEV and lib, was not in 
favour to such a solution. The main parameters of the 
two klystrons are listed in table 3. 

Plant 
No. 

No. of tanks 
for plant 

No. of 
gap/tank 

Total 
power 
(KW) 

Unbalanced 
power (KW) 

1 2 7 92 6 
2 2 8 141 11 
3 2 8 191 15 
4 4 7/8 573 41 
5 4 6/7 667 11 
6 4 5/6 616 7 
7 4 5 664 10 
8 4 5 718 9 
9 4 4 632 6 
10 4 4 664 6 
11 4 4 696 6 
12 4 4 728 6 
13 4 4 760 6 
14 4 3 614 3 
15 4 3 630 3 
16 4 3 646 3 

Total 
power 

9032 149 

Table 2. RF power requirements for plant 
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CERN 
Tube 

TH 2145 or equiv. 

Operating 
Frequency (MHz) 

352.21 368 
(to be tuned) 

Typically Output 
Power (KW) 

1100 200-=-250 

Efficiency (%) 65 >62 
RF gain (DB) >40 >40 

Operating 
Voltage (KV) 

100 40 

Operating 
Current (A) 

20 9.8 

Total No. of 
Tubes to be 
employed 

13 3 

Table 3. Klystron main parameters 

For the first three plants, the whole power 

distribution is carried out using standard 6 ^8 and a 9 

3/16 coaxial lines, while for the remaining plants a WR 
2300 waveguide distribution is foreseen. In this case a 
waveguide to coaxial transition adapter on each tank has 
to be provided. The RF power tuning on each tank is 
achieved by means of a special designed waveguide to 
coax transition with a remote controlled end plate short, 
or with a capacitive plug tuner. Further analysis will be 
done in the future to confirm the validity of these 
solutions. 

On each tank we plan to control the frequency 
togheter with the phase and the amplitude of the resulting 
electic field. The frequency will be tuned and 
compensated by means of a proper stub, driven by a 
phase discriminator that compares a reference signal with 
the signals coming from two loops, opposite in phase and 
coupled with the tank. The voltage amplitude at the tank 
gaps could be kept constant by means of a voltage 
comparator while the phase control could be realized 
using a scheme based on a mixer which allows a rather 
constant sensitivity against large power variations at the 
input. 

3 ELECTRIC EFFICIENCY 

From the electric power consumption point of view, the 
overall efficiency of the machine has to be as large as 
possible. The efficiency of the whole system can be 
written as [5]: 

Tltot = 'Hac/dc Hk Tltr ^rf/beam 

with: 
r)tot wall-plug to beam efficiency; 

^ac/dc conversion AC/DC efficiency; 

rijj klystron efficiency; 

r]tr trasmission line efficiency; 

r|rf/beam accelerating cavity efficiency. 

The accelerating cavity efficiency can be expressed as: 

Irf/beam 
.R.h I sh    A beam COS(|> 

+ 1 
J 

A preliminary  estimation  of the  overall  machine 
efficiency is summarized in the table below: 

Conversion AC/DC ^ac/dc 0.9 

Klystron % 0.6 

RF Trasmission Line '     % 0.9 

Accelerating Cavity ^rf/beam 0.3 

Wall-plug to Beam "Htot 0.14 

Note that ritr has been evaluated averaging the 

efficiency on the different tanks with a mean structure 
gradient of 1.3 MV/m and that r|tot doesn't include the 
power requirements for the focusing elements. 

4 CONCLUSIONS 

A first proposal for the RF distribution system of the 
6-HlOO MeV CW proton Linac, based on a MTDTL, has 
been reported. As already said, the main reasons for 
adopting a modular solution, are coming from feasibility 
and reliability considerations, even if the cost of the RF 
plants could strongly affect the final choise. However, 
the estimated 14% efficiency seems to be consistent with 
the expected values reachable by means of longer DTL 
structures as well. 
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LINEAR BEAM DYNAMICS IN THE SUPERCONDUCTING LINEAR 
ACCELERATOR OF THE ENERGY AMPLIFIER 

F. Iazzourene, C. Pasotti, A. Wrulich 
Sincrotrone Trieste, SS 14, Km 163.5 in Area Science Park, 34012 Basovizza, Trieste - Italy 

Abstract 

For the design of the linear optics of the superconducting 
linear accelerator for a Full Scale Energy Amplifier, a 
computer code is under development for the 3-dimensional 
linear motion with space charge and transverse cavity 
effects included. A sequential matching routine allows an 
easy optimization of the optics for the long structure of 
the linear accelerator. The program is described and first 
results of the optics optimization for the linear 
accelerating structure are discussed. 

1   INTRODUCTION 

A possible scenario of accelerators to drive a full scale 
Energy Amplifier was proposed in [1] by C. Rubbia. 
Based on this proposal a preliminary study was performed 
in [2] for the overall concept and some of the accelerator 
systems. 

The accelerating system proposed consists of a warm 
part for the low energy range with a final energy of 100 
MeV, followed by a superconducting linear accelerator 
which is built up by three different types of low beta 
accelerating cavities and LEP type cavities in the final 
stage. Each of the different structures has to cover a wide 
range of particle velocity variation with a corresponding 
loss in efficiency. The optimization of the overall 
structure and the derivation of the cavity lengths, (i.e. ß0, 
since Lcen=ß0^/2) is described in [3]. All cavities are 
built up by four cells. Several cavities are housed in the 
same cryostat, varying from 7 for the low energy 
structure, to 4 for the high energy end. Each cryostat is 
preceded by a normal conducting quadrupole doublet for 
transverse focusing. 

2  COMPUTER   CODE   DESCRIPTION 

2.1 Basic Concepts 

In order to take the loss in efficiency in consideration 
for particle velocities ßc which are largely deviating from 
the cavity ß0, the computer code LIN AD was developed 
for linear optics calculation and tracking. Major parts of 
the code closely follow the concepts developed for 
TRANSPORT and TRACE3D [4,5]. LINAD calculates 
the envelopes of a bunched beam, represented by a 6*6 a 
matrix, and tracks single particles along the linac 
structures. The drifts and the magnets are represented by a 
6*6 matrix as in the program Transport [5], while the 
accelerating elements are treated in the thin element 
approximation. Each cavity can be subdivided in an 
arbitrary number of segments in order to handle the 
acceleration and the transverse cavity effects in a more 
accurate way. As in [4], the space charge effects are 
derived from an approximation of the electric field given 

by an uniformly charged ellipsoid as described by 
Lapostolle in [6]. 

The electromagnetic field in a 4-cell cavity (assuming 
radial deviations from the center which are small as 
compared to the cavity dimensions) can be analytically 
expressed by: 

: E„ sin 
2KZ 

ßcA 
sin 

Er =—^-r~ cos 
ßo^ 

E„7tr 

2rcz     > 

ß?i    V 

-sin 

2rcz 

vßX 
sin 

271Z 

ßk + <t> 

27IZ 

ßo^ 
cos 

27tZ 

"ßÄT +<!> 

with E0 the amplitude of the axial field, r the distance 
from the symmetry axis, ß0c the geometrical velocity of 
the cavity, ßc the beam velocity and (|> the synchronous 
phase (defined as the phase difference between the particle 
passing the center of the symmetric structure and the zero 
crossing of the accelerating wave). 

2.2 Acceleration 

To take care of the beam velocity change along the 
cavity, each cell of the cavity can be cut in an arbitrary 
number of segments. Corresponding to the energy gain in 
the cavity segment, the beam velocity is then updated 
before entering the subsequent one. 

The voltage seen by the particle passing one cavity 
segment defined by the coordinates z\ and Z2 is then given 

by [3]: 

Z2 

V: E(z)dz = 
k^-k2 

-k0 cos (k0z) sin (kz + <|>) + k sin (k0z) cos (kz + <)>)] 

where kn = 
2rt 

ßo^   '   '     ß*-' 
For a four cell structure with the length 2ß0X we find 

for the total accelerating voltage: 

v = M. ß2ßo 
ß2-ß2 sin 2TC COS(|> 

Figure 1 shows the energy gain per segment (with 100 
segments per half cavity) as a function of the longitudinal 
position in the cavity, for two different operation modes. 
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Figure : 1 Energy gain per segment (for zero 
synchronous phase) in a 4-cell cavity with ßo=0.75, as a 
function of longitudinal position. Two different particle 
velocities are shown, corresponding to ß=0.75 (black dots) 
and ß=0.55. 

The possibility for a numerical integration of data 
points (representing the accelerating field) from a file, was 
also implemented. This allows an improvement of the 
sinusoidal approximation for the accelerating field and to 
include more realistic models, as for instance proposed in 
[3] or fields derived by numerical computations. 

2.3 Transverse Cavity Effects 

Transverse cavity effects can greatly alter the focusing 
in the linear structure. From the electromagnetic fields we 
can derive the transverse force for the general case of 
particles which are largely deviating in velocity from the 
one the cavity is optimized for (x stands for the horizontal 
and vertical plane): 

F.-q(B,-M~%¥< P.* 
cos (k0z) sin (kz + ())) + ß0ß sin (k0z) cos (kz + <)>)}• x 

The transverse kick generated by a cavity segment is 
then obtain by integration over the segment length: 

E0q  |l + ßß0 

4c 
P*=— 1^COs[(k + k0)Z + 4] 

+ ^C°#-ko)Z + *]}       * 

For a 4-cell structure with the length 2ß0Ä, we find for 
the total transverse momentum generated by the cavity 
(only valid if the change in velocity over the cavity length 
can be neglected): 

Px=- 
qE0 

9 y c 
ßo 

ßo'-ß2 
-sin 2% 

ß 
sin<)> 

Figure 2 shows the transverse momentum generated 
per segment as a function of the longitudinal position in 
the cavity. Two different operation modes are considered. 
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Figure : 2 Transverse momentum per segment (for zero 
synchronous phase) in a 4-cell cavity with ßo=0.75, as a 
function of longitudinal position. Two different particles 
velocities are shown, corresponding to ß=0.75 (black dots) 
and ß=0.55. 

2.4 Matching Routines 

Different types of matching routines are foreseen 
which allow a sequential matching of the transverse and 
longitudinal optics along the structure, together with the 
adjustment of beam energy. For the moment the 
following matching options are available: 
• Energy at the exit of an element or energy gain at a 

specific acceleration element. 
• Longitudinal and/or transverse phase advances between 

two elements. 
• Structure end values of ßx, ocx or/and ßy, av or/and 

ß(|), 0C<j). 
At the moment the operation of the code is limited to the 
treatment of quadrupole magnets for transverse focusing 
and multicell cavities for acceleration. The matching of 
the longitudinal phase advance is at present functional for 
the multicell cavities. The code determines the 
synchronous phase § for the multicell cavity if chosen as 
a tuning parameter and sets the desired phase advance for 
the selected range. In case of transverse phase matching, 
the program determines the gradient in the quadrupoles 
indicated by the user. 

3 FIRST   RESULTS   FOR   THE   LINAC 
STRUCTURE   OPTICS 

Some initial optics calculations were performed for 
various parts of the superconducting linac structure. The 
following procedure was adopted for these calculations: 
• Find the RF phase (j) at the entrance of each cavity in 

order to get a good compromise between the energy 
gain the longitudinal phase advance and the 
longitudinal betatron function, 

• Perform the transverse matching to get a correct 
transverse phase advance and a smooth variation of the 
transverse betatron functions, 

• See the behaviour of the phase advances and the 
betatron functions in the presence of the space charge 
effects. If the tune depressions are too low or/and the 
betatron functions oscillate too much, rematch the 
phase advances. 
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Figure 3 shows the transverse and longitudinal ß 
functions along 5 periods of a ß-graded LEP structure. The 
4-cell cavity is optimized for ßo=0.8 while the initial ß of 
the particles is ß=0.69. Zero current is assumed, which 
means that the optics is not affected by space charge 
forces (but just by transverse cavity effects). 

Path  Length  (m) 
Figure : 3   Transverse and longitudinal ß functions 

along 5 periods of the low beta structure with ßo=0.8; for 
zero beam current. 

The same section is shown in figure 4 for a beam 
current of 20 mA, after re-matching of the structure. The 
corresponding phase advances and the tune depressions are 
shown in figures 5 and 6, respectively. 

Path  Length  (m) 
Figure : 4 The same parameters as figure 3 with 20 mA 
beam current (after rematching). 
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Figure : 5 Phase advances for a 20 mA beam current. 

Figure 7 shows the energy gain over the structure 
length. The increase in effciency, i.e. energy gain with 
higher ß can be clearly observed. 
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Figure : 6   Tune depression for a 20 mA beam current 
along 5 periods of the EA3 structure, ßo=0.8. 

Structure length (m) 
Figure7 : Energy gain over 5 periods of the low beta 
structure with ßo=0.8. 

4   CONCLUSIONS 

A new computer code has been developed which 
accurately treats the acceleration in multicell cavities for 
particles with velocities which deviate largely from the 
velocity for which the cavity is optimized. Each cavity 
can be subdivided in an arbitrary number of segments in 
order to take care of the energy increase in the structure. 
Acceleration, as well as transverse cavity effects can 
therefore be treated in an improved manner. 

In addition sequential matching routines have been 
implemented which allow an easy matching of long linac 
structures with many periods. 

First results of calculations for the superconducting 
linac proposed in [1,2] as a driver for a full scale Energy 
Amplifier were presented. 
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OPTIMIZATION OF THE ACCELERATING STRUCTURE FOR THE 
SUPERCONDUCTING LINEAR ACCELERATOR OF THE ENERGY 

AMPLIFIER 

A. Wrulich, Sincrotrone Trieste, Italy 

Abstract 

The superconducting linear proton accelerator of the 
original proposal by C. Rubbia for a Full Scale Energy 
Amplifier is composed of three different low beta cavity 
sections for the low energy part and makes use of the 
LEP accelerating structures at the high energy end [1]. An 
optimization of the structure distribution is performed, 
based on an improved model for the accelerating field. 

1 EFFECTIVE   ACCELERATION  FOR  AN 
IDEAL FIELD 

In order to judge the importance for an improved 
model of the accelerating field for the optimization of the 
accelerating structure we start with an ideal field which is 
approximated by a sine wave. 

1.1 Accelerating Voltage for Arbitrary Particle Velocities 

The space and time dependence of an idealized 
accelerating electric field in a cavity is given by: 

E(z,t) : E0 sin 2n 
.ßo\ 

sin eo (t- (1) 

with E0 the longitudinal electric field amplitude, z the 
longitudinal coordinate, X the RF wave length, ß0 the 
beta for which the cavity is optimized and to the angular 
rf frequency. 

For the temporal coordinate of a particle which is 
moving with speed ßc, we have: 

t = £- (2) ßc 
The voltage seen by the particle passing the cavity is 

then given by integration of (1) along the cavity, i.e. 

V = E„ 
C f 

sin2TC 
ßo* 

2TCC 
sin- 

z 
ßc" 

t„   dz (3) 

For a structure with 2n cells in total we then find for 
the accelerating voltage: 

V: E0X     ß2ß0 cos(nTt) sin rnz ßo. 
ß 

cos (j>      (4) 
n      ß2-ß2 

with <|> = (27tc/A,)t0 the synchronous phase, which can be 
set to zero for the subsequent considerations without loss 
of generality. 

In the special case of ß = ß0  we find for the 
accelerating voltage: 

'ß^o 
V(ß = ß0) (5) 

As can be easily verified, the limits of the particle 
beta for which acceleration can be performed, i.e. 
whenever expression (4) is positive are given by: 

ßo<ß< .(n + l)Jrü L(n-l) 

a   2 

"o > 
.5     1 

; /    N 
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\\ 

'. 

/7s \ x: 
Beta (particle) 

Figure : 1 Accelerating voltage (without the factor 
E0X/TC in equation 4) for 3 different structure lengths (4, 6 
and 8 cells), for a structure optimized for ßo=0.5. 

Figure 1 shows the accelerating voltage for different 
cell numbers for a structure optimized for ßo=0.5. For 
larger cell numbers the voltage decays more rapidly and 
the total acceleration range is narrowed down. There is 
also a slight shift of the maximum accelerating voltage to 
higher betas, which becomes more pronounced for smaller 
cell numbers. It is caused by an increase in average 
voltage of a single cell for particles with betas higher 
than the nominal one (it is assumed here that the particle 
is passing at zero phase the center of a cell structure with 
an even number of cells). The reduction of this shift with 
higher cell numbers is then due to the loss of 
synchronism. 

1.2 Optimization of the Three Different Low Beta 
Structures 

In a first step the accelerating voltage is kept constant 
for the low beta structures with different cavity betas. By 
using expression (4) we can optimize the three different 
structures to get the maximum overall acceleration 
efficiency. 

Beta (particle) 

Figure : 2 Accelerating voltages for the three different 
low beta structures (optimized for ßo=0.46, 0.59, 0.75 
from left to right) as a function of particle beta. 
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Figure 2 shows the accelerating voltages for the three 
optimized low beta structures as a function of the particle 
beta, covering the energy range from 100 MeV to 1 GeV. 
The minimum efficiency at the intersection points 
between two different structures is 92.4%. 

1.3 Optimization of Low Beta Structures with Variable 
Peak Fields 

So far the optimization was performed by assuming 
that the maximum accelerating field achieved for LEP [2] 
can also be applied for the low beta structures. Numerical 
cavity calculations performed in [3] have revealed that by 
reducing the length of the cavity, the surface electric and 
magnetic peak fields are increase. In order to maintain the 
peak fields as for the LEP cavities, the accelerating field 
must be reduced with the length of the structure. For the 
initial cavity design an increase of the peak field for 
constant accelerating field, proportional to the inverse of 
the length was found. This in turn implies that the 
electric field in equation (4) has to be replaced by 
E=ß0E0. In a further optimization step [3] a considerable 
reduction of the peak field could be achieved, leading to 
the modified condition for the accelerating field, 
E = (0.33+0.66 ß0)E0. 

For the optimization of the overall efficiency we have 
to derive the maximum integrated voltage over the beta 
range ßi to ß2, defined as: 

_E(ß0) 
ß2 r 

ßl 

ß2ßo 

ß2-ß2 
sin 

.**. 
dß 

Figure 3 presents the results of the optimization 
procedure in a form showing the accelerating 
voltage/cavity as a function of the kinetic energy. E0 was 
chosen to be 12 MV/m which corresponds to the 
maximum gradient reached with the LEP cavities for ß=l 

(note: V(ß=ß0)LCav=E0ß^o)- 
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Figure : 3 Accelerating voltage/cavity as a function of 
kinetic energy (cavity betas ß0: 0.46, 0.59, 0.75, number 
of 4-cell cavities: 35, 54, 111) 

It becomes evident from the graph, that the scaling of 
the accelerating voltage has created a shift of the structure 
beta towards higher energies. Only the lower branch of 
the quasi symmetric distribution is taken for the 
acceleration, since the accelerating voltage at the lower 
branch for larger ß0, is larger than in the upper branch for 
a symmetric arrangement. 

2 EFFECTIVE  ACCELERATION   FOR  A 
REALISTIC FIELD 

In the following we introduce an analytical model for 
the accelerating field, based on results of different 
numerical calculations for cavities with different lengths. 

2.1 Approximation of the Numerically Evaluated Field 

The real cavity field has been divided in 3 distinct 
regions with separate analytical approximations: 
I 0 <z < 3/4 ßrA: It is assumed that the field is 

undisturbed in this region. 
II 3/4 ß0X, < z < ßrA: Is approximated by a cos-function 

with an increased period length 
m 3/4 ß9A, < z < °° 

Figure 4, shows a comparison between the 
approximation and the numerically evaluated field, and 
also indicates the three areas with different analytical 
approximations. 

After matching the field values and the slopes at the 
connection points, we find the following expressions: 

In 
E,   =-E„ sin 

E0 cos 

.ßcA 
271 

ßX 

-• z 

q  z 

,ra=E0cos[-qJexp 

2 
4 

271 

vßo^y 

ßo* (6) 

qtan Mt- M 
with q as a matching parameter, which is given by the 
ratio of a/b, as indicated in the drawing. 

Based on the numerical data of the different numerical 
calculations for cavities with different lengths, a scaling 
for the matching parameter q has been derived, which for 
the various cavity types can be approximated by the linear 
relation: q = 0.33+ 0.688 ß0. 

© 
Distance z [cm] 

Figure : 4 Comparison of the numerically evaluated field 
with the analytical model (black dots), for q=0.625 and 
ßo=0.48. 

In order to get the contributions of the 3 distinct field 
approximations to the accelerating voltage we have to 
perform the integration over the corresponding region: 

r (*-     \ 
V, E,(z) sin 

2n 

ß^ 
dz (7) 

which leads to: 
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The contributions of the terms VI) Vn and Vm are 
separately drawn in figures 5 for the 'Real Field' and the 
Ideal Field. 
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Figure : 5 Contributing terms to the accelerating voltage 
(without the factor E0X/jt in equations 7). Real Field 
(left) and Ideal Field (right), where Vj gives the largest 
and Vm the least contribution. 

By comparing the two graphs we find an enhanced 
second term for the Real Field. On the other hand we get 
a negative contribution from the third term for betas 
lower than a certain threshold, since the particle is 
exposed to a decelerating field when it enters this region. 
This can easily be seen by looking at figure 4 for the 
Real Field. If the motion is synchronized to the structure 
beta, the particle finds an increased field in section II but 
sees then an out of phase field when it enters section III. 
For higher velocities also the third term contributes and 
we therefore get a shift of the maximum towards higher 
betas. 

2.2 Optimization of the Three Low Beta Structures for a 
Realistic Field 

Due to the fast decay of the accelerating voltage for the 
real field towards lower betas, the optimum structure 
betais here shifted back towards smaller betas [4,5]. The 
results of the optimization are presented in figure 6. 

Kinetic Energy [MeV] 

Figure : 6 Accelerating voltage/cavity as a function of 
kinetic energy (cavity betas ß0: 0.49, 0.64, 0.80, number 
of 4-cell cavities: 36, 63, 131) 

The importance of an appropriate field model is 
visualized in figure 7, where the accelerating 
gradient/cavity is drawn as a function of kinetic energy, 
assuming the Real Field, for a structure optimized for the 
Ideal Field. A considerable mismatch at the transition 
between two structures occurs. 
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Figure : 7 Accelerating gradient/cavity vs. kinetic 
energy, computed with the realistic field for a structure 
optimized for the ideal field. 

3   CONCLUSIONS 

It was suggested in [1], that a sequence of 3 low beta 
structures be used for the Energy Amplifier to cover the 
energy range from 100 MeV to 1 GeV. The effective 
acceleration voltages have been optimized for the 3 
different structures, using the ideal sinusoidal field and an 
improved analytical approximation of the Real Field 
derived by numerical calculations in [2] and [3]. 

An optimization of the overall accelerating structures 
was performed for two different cases. In a first step it 
was assumed that the achievable gradient is identical in all 
structures [4], In a second step the limits given by the 
surface fields have been included in the optimization [5]. 
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A DTL WITH SHORT TANKS 
AND EXTERNAL FOCUSING FOR HIGH POWER CW LINACS 

C. Bourat, C. Perraudin 
Thomson-CSF Airsys, Bagneux,-France- 

Abstract 

Recently, major projects, for the transmutation of nuclear 
waste, the production of tritium or more generally for the 
production of neutrons by spallation, have been proposed 
using high power linacs and a CW operation. See for 
example [1] or [2]. In this context, the manufacturing of 
the low or medium energy part of the linac with a standard 
DTL, appears to be a tricky job, particularly the insertion 
of high gradient quadrupoles into the drift tubes, with a 
specific cooling system needed for CW operation, and 
many brazing or welding processes. Moreover the 
reliability and the maintenance of the DTL could be 
affected sooner or later. It is proposed in this paper to use 
a DTL with short tanks ( let say 2 to 5 cells ) with a 
focusing system outside the tanks. The mechanical design 
is in that way very simplified, the drift tube geometry can 
be optimised for a better shunt impedance, the cooling 
system is easy and efficient and the alignment problem is 
greatly reduced. This concept is applied to a 5 MeV to 100 
MeV CW proton linac operating at 352 MHz, with a 40 
mA beam current, and shows moreover that the linac 
global efficiency is increased compared with a classical 
approach. Preliminary beam dynamics studies are included. 

1.   INTRODUCTION 

new high power proton linacs operating in a CW mode, 
the cavities cooling system is thus an important task to 
take into account. It must be designed to ensure the 
removal of heat due to high RF wall losses on drift tubes 
and quadrupole heating at once. This is especially difficult 
at low energy where the drift tubes are short and the 
quadrupole gradient could be high. In that case the bore 
diameter should be moreover minimised, adding a 
restriction to the beam dimensions. The manufacturing of 
such drift tubes, including a compact quadrupole, its 
power feeding with cooled wires, the cooling circuit for 
the drift tube itself, and associated with the stem, implies 
in particular many multi-stages brazing and welding 
processes which are significative in terms of risks and 
costs. To date, two solutions among others have been 
proposed to move the focusing system outside the tanks: 
• the Coupled-Cavity DTL ( CCDTL) developed at Los 

Alamos [3], designed to work at 700 MHz for the APT 
linac. 

• the Separated-type DTL ( SDTL) from KEK [4], [2] at 
432 MHz, for medium proton energies between 150 
MeV and 300 MeV 

2. A SDTL FOR LOW ENERGY PROTON BEAM 

It is proposed here to apply the SDTL concept at 352 
MHz [1], with a CW operating mode, for low proton 

A classical  DTL could generally be divided in  long     energJes from say 5 MeV tQ m MeV> just behind an 

Alvarez-type  tanks,   with   a  FODO   focusing   system     RFQ for examplei in place of a conventionai DTL. 
integrated inside the drift tubes. As part of the design of 

beam aperture = 20 mm 

0.1    0.15   0.2   0.25   0.3   0.35   0.4   0.45 

beta 
0.1   0.15   0.2   0.25   0.3    0.35   0.4   0.45 

beta 
Fig.l Shunt impedance (100 %) for multi-cells tanks (352 MHz). Bore radius = (blO mm, <|>20 mm, <j)40 mm 
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The tanks are necessarily short, with few cells to not 
lengthen too much the transverse focusing period. They 
are not RF coupled together, but are fed independently 
with a power splitting scheme, according to the power 
that couplers can handle. Several potential advantages, 
previously mentioned elsewhere, could be pointed out: 
• a mechanical simplification and efficient cooling of the 

drift tubes, including its inner part exposed potentially 
to the beam 

• a better shunt impedance with an optimised geometry, 
or alternatively a greater beam aperture if desired. 

• post-couplers in short tanks no longer needed 
• lower manufacturing costs 
The overall SDTL has the following properties: 
• easier to align with a magnetic axis separated from the 

RF one. 
• diagnostics could be set up between tanks. 
• a manufacturing simplicity implies in principle a 

better reliability and maintenance. 

2.1   The SDTL Shunt Impedance 

No quadrupoles inside the drift tubes allows to optimise 
its geometry to find the best shunt impedance. The outer 
drift tube radius is minimised, leading to a light and 
compact tube, including exclusively a cooling circuit. See 
for example fig. 2. The gap of the cell is optimised for a 
maximum ZT2. Two key points must be kept in mind: 
• the limited number of cells implies that the power 

losses in end walls have to be taken into account for 
the global shunt impedance of the tank. 

• the reduced size of the drift tube, associated with a 
short gap, could lead to a high peak field on copper. 

This maximum field is here arbitrarily limited to about 1 
Kilpatrick ( i.e. 18.4 MV/m at 352 MHz ) which is 
enough conservative to avoid sparking. This restriction 
applies to tanks below 16 MeV, which are thus non- 
optimised for maximum shunt impedance, with a gap 
larger than expected. 

All cooling 
RR * RR <£20j 

Fig.2 A SDTL Drift Tube with cooling system 

Superfish [5] computations are made with various beam 
apertures from <p 10 mm to cf»40 mm, versus the particle 
velocity from ß=0.1 (4.7 MeV ) to ß=0.45 ( 112.4 MeV ) 
and the global ZT2 is thus estimated for multi-cells tanks 
from 2 to 7 cells. ( Fig. 1 ). The maximum shunt 
impedance is obtained around 20-30 MeV, which justifies 
the use of a SDTL at low energy. Compared with a 

conventional DTL with a same bore radius, a 40% to 70% 
increase in ZT2 could be gained particularly above 15 
MeV. 

2.2 A 5MeV to 100 MeV SDTL Linac 

The design of the linac includes at the beginning some 
beam dynamics constraints. To limit the longitudinal 
phase advance without current a0, below 90 deg, on 
account of beam stability, short tanks with 2 cells are 
used at low energy, with an RF power level restricted to 
62.5 kW max, which is also compatible with the 
maximum field on copper. The number of cells is 
gradually increased up to 5 cells at 23 MeV. The 
transitions in number of cells are smoothed by choosing 
specific laws of synchronous phase, while keeping a 
regular and constant RF power splitting scheme (1/16 and 
1/8 of 1 MW klystrons ). The design is an iterative 
process between the beam dynamics, the parameters of the 
tanks and the choice of transitions. 
The solution proposed here includes a drop of 17.5% on 
the theoretical shunt impedance , as a safety margin. The 
beam current is 40 mA CW. The beam aperture is kept 
constant at 20 mm. The parameters are the following: 
• 8 klystrons ( 1 MW, 352 MHz ) of which the two first 

are divided by 16 ( 62.5 kW per tank ), and others 
divided by 8 (125 kW per tank) 

• 80 tanks, 336 ßÄ, cells, divided as follows: 
- 2 cells (tanks 1 to 12, 5 MeV to 8.8 MeV, 
<|> =48 deg to 52 deg ) 
- 3 cells (tanks 13 to 20, 8.8 MeV to 13.5 MeV, 
^) =40 deg) 
- 4 cells (tanks 21 to 32, 13.5 MeV to 23 MeV, 
cps=35 deg to 45 deg ) 
- 5 cells (tanks 33 to 80, 23 MeV to 103.2 
MeV, <|)s=25 deg to 30 deg, up to tank 40, and 
<bs=30 deg beyond) 

• active length = 83.36 m 
• average field E„T = 1.44 MV/m 
• average shunt impedance ZT2 = 42.6 MQ/m 
• copper power losses = 4.07 MW 
• beam power = 3.93 MW 
• efficiency = 49.1 % 
The high energy part of the SDTL beyond 20 MeV, 
because of its high shunt impedance, compensate largely 
the low energy part which is not designed at its potential 
maximum capability, due to the transitions and large 
synchronous phase ( which however increases the phase 
acceptance ). This SDTL example shows in fact a gain of 
at least 10% in efficiency compared with a standard DTL 
which could be designed even with a smaller beam 
aperture. The SDTL saves 1 or 2 klystron power units. 
The overall linac uses here a doublet focusing scheme 
which is well suited to the set up of free space between 
the quadrupoles for various beam diagnostics. Here, a 
regular ßX drift is used. In that case the total length of the 
linac is 124 m ( about 1.5 times the active length ) which 
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is also 20% or 30% longer than a standard DTL. A triplet 
focusing could also be used, leading to a longer linac, but 
with the advantage of a round beam in the cavities. Fig 3 
shows the main parameters of the beam dynamics for an 
initial 40 mA matched beam, with an ellipsoidal uniform 
space charge model and 5 times the RMS beam emittance 
at the output of an RFQ before the SDTL. (i.e. e„ = 1.2 
n mm.mrad normalised, and e, = 0.6 MeV.deg ) 

3.   CONCLUDING REMARKS 

The SDTL scheme presented here seems to be an attractive 
solution for a low energy high power linac operating in 
the CW mode, especially for its manufacturing simplicity 
and its potential low cost. It uses moreover an 
independently-phased cavities scheme, well known in 
superconducting linacs [6], which must be favourable for 
larger velocity acceptance. Nevertheless, a great care must 
be taken for the beam dynamics at low energy, because of 
the transitions and the matching to the RFQ [7]. Other 

70 

lay-out  schemes   are  now 
smoother beam behaviour. 

under  investigation   for   a 
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Abstract 

A variable energy drift tube linac (DTL) is required as part 
of the post-accelerator for the ISAC project at TRIUMF. 
A novel separated function DTL concept has been devel- 
oped. Five independent interdigital H-type structures, each 
operating at 105 MHz and 0° synchronous phase, provide 
the acceleration, while quadrupole triplets and triple-gap 
split-ring resonators placed between IH tanks provide pe- 
riodic transverse and longitudinal focussing respectively. 
Beam simulations show that the DTL can accelerate beams 
with little or no emittance growth over the complete energy 
range. MAFIA has been used to optimize the rf structures. 
Design and fabrication of the first IH tank is underway. Re- 
sults of the beam dynamics and MAFIA studies, as well as 
the final linac specifications are presented. The status of 
the DTL engineering is summarized. 

1    INTRODUCTION 

A radioactive ion beam facility with on-line source and lin- 
ear post-accelerator is being built at TRIUMF. [1] The ac- 
celerator chain comprises a 35 MHz RFQ [2] to acceler- 
ate beams of q/A > 1/30 from 2keV/u to 150keV/u and 
a post stripper, 105 MHz variable energy drift tube linac 
(DTL) to accelerate ions of 1/3 > q/A > 1/6 to a final 
energy between 0.15MeV/u to 1.5MeV/u. Both linacs are 
required to operate cw to preserve beam intensity. 
A separated function DTL concept has been developed. [3, 
4] Five independently phased IH tanks operating at (j)s = 
0° provide the main acceleration. Longitudinal focussing 
is provided by triple gap, split-ring resonator structures[5] 
positioned before the second, third and fourth IH tanks. 
Quadrupole triplets placed after each IH tank maintain 
transverse focussing. To achieve a reduced final energy, 
the higher energy IH tanks are turned off sequentially and 
the voltage and phase in the last operating tank is varied. 
A schematic drawing of the DTL is shown in Fig. 1. Di- 
agnostic boxes are placed between the bunchers and the IH 
tanks. 

Figure 1: Schematic drawing of the ISAC variable energy 
105 MHz DTL (upper figure) consisting of five IH tanks (A), three 
split-ring resonators (B) and quadrupole triplets (C). Beam en- 
velopes (lower figure) define the x and y maximum half sizes and 
the energy and phase spread in the beam as a function of linac 
length. The calculations are for a beam with normalized emit- 
tances of 0.25-7T /im and 1.6-7rkeV/u-ns longitudinally. 

in Fig. 1 for matched, normalized emittances of 0.25-7T p,m 
and 1.67rkeV/u-ns. The strong periodic focussing yields 
small beam sizes and increased acceptance. The longi- 
tudinal and transverse acceptance are 4.87rkeV/uns and 
0.67T p,m respectively. A summary of before and after emit- 
tances for the full energy mode using particles simulated 
through the RFQ and MEBT for two different MEBT con- 
ditions are given in Table 2.1. 
The gross specifications of the five IH tanks and the three 
split-ring resonators for the design particle of q/A = 1/6 
are given in Table 2. The chief design considerations are 
the variable energy requirement and the cw operation. The 
quantity of cells in each tank is chosen to satisfy both trans- 
verse beam size requirements and debunching constraints 
in variable energy mode. Tank apertures are chosen to give 
sufficient transverse acceptance while maintaining a gap- 
to-aperture ratio of at least 1.2 for efficient acceleration. 

2    BEAM DYNAMICS AND SPECIFICATIONS 

2.1    Full Energy Mode 

The code LANA [7] has been used to study the beam dy- 
namics and to set the general specifications for the tanks. 
MAFIA has been used to model the rf characteristics. At 
full voltage the beam dynamics are typical for a 0° acceler- 
ating structured] with the benefits that the acceleration ef- 
ficiency is optimum and rf defocussing is reduced. The cal- 
culated beam envelopes for the full energy case are shown 

Case ex (7T fim) ey (TT /im) ez (7rkeV/u-ns) 
A        in 

out 
0.221 
0.236 

0.192 
0.210 

1.95 
2.06 

B        in 
out 

0.199 
0.209 

0.194 
0.194 

0.737 
0.737 

Table 1: Beam quality before and after DTL for two MEBT set- 
ups. Quoted emittances are normalized and contain 98% of parti- 
cles. 
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Each triplet unit has an effective length of 32 cm, with a 
bore aperture of 28 mm and a maximum gradient of 67 T/m. 
They will occupy a 40 cm space between tanks. 
Maximum accelerating gradients are determined by re- 
stricting the total power per unit length to less than 
20kW/m based on shunt impedance calculations with 
MAFIA. The drift tube aperture is significantly larger (see 
table) in Tank 2-5 than in Tank 1. The increased capac- 
ity of the larger tubes requires a lower tank radius than 
that of Tank 1 to obtain the desired resonant frequency. 
Ridge parameters, in particular the ridge base width and 
ridge length, were varied in MAFIA to alter the inductance 
for frequency correction. In all cases the drift tube wall 
thickness of the IH tanks is 5 mm. This results in a rea- 
sonably conservative peak surface field in the last tanks of 
14 MV/m. The peak surface field in the bunchers is reduced 
by careful shaping of the drift tubes[5]. 

0.8. Distortion of phase space occurs for phases greater 
than that of the maximum energy gain. Below this the en- 
ergy gain falls off nearly linearly. The diagram is useful in 
choosing the proper matching conditions entering the de- 
tuned cavity to reduce emittance growth during accelera- 
tion and to minimize phase spread in the next debunching 
cavity. 

> 
0) 
S 

Injected  Beam 

A  B c D E F 

(a) V=0.4 

-270 -180   -90      0 

(b) V=0.8 

180     270   -90 90       180     270 

Figure 3: Final positions mE—4> space of initial grid of particles 
after acceleration through Tank 1 for voltages of 40% and 80% of 
the full energy setting. 

2.2    Variable Energy Operation 

A plot of the tank voltage and phase required for a given fi- 
nal energy is shown in Fig. 2. Each point represents a tune 
that has been simulated. In all the cases for input beams of 
1.6-7rkeV/u-ns the final emittance was tz < 1.7-7rkeV/u-ns. 
For a reduced voltage the particle bunch is phased nega- 
tively with respect to the synchronous phase so that as the 
particles lose step with the synchronous particle and drift to 
more positive phases they gain the required energy. Below 
some minimum voltage (set by multi-pactoring criterion) 
the phase alone is used to fine tune the output energy. For 
the lower energies the upstream buncher is used to match 
the beam to the de-tuned tank. The buncher following 
this tank is then used to capture the diverging beam. The 
three gap split-ring structure [8] is chosen for its large ve- 
locity acceptance and large multipactor-free voltage range. 
The three bunchers must operate over ß regimes given by 
1.8%-»2.2%, 1.8%->3.1%, 1.8%—»4.1% respectively and 
over voltage ranges from 15% to the tabulated value. Three 
resonators with gap structures synchronized to beam veloc- 
ities of ß = 2.3%, 2.7% and 3.3% have been specified.[5] 

0.5 1.0 

Final  Energy  (MeV/u) 

Figure 2: Tank voltage and phase required for a certain final 
energy. Upstream tanks are turned off. The full energy case cor- 
responds to tank voltages of 1.0 and phases of 0°. 

In Fig. 3 we show the initial and final position of a grid 
of particles in longitudinal phase space after acceleration 
in Tank 1 for two different tank voltages, V = 0.4 and 

3   TANK1 

The first IH tank (Tank 1) will be fabricated on an acceler- 
ated schedule as a working prototype for the other IH tanks. 
The engineering design is presently under review in prepa- 
ration for detailed design. Detailed dynamics studies were 
completed prior to the engineering design and are reported 
below. 

3.1 MAFIA Optimization 

In an IH structure the capacitance is concentrated in the 
drift tubes. Hence as the cell length increases with ß along 
the tank, with corresponding decrease in capacitance, the 
field profile will be asymmetric, higher at the first half of 
the cavity and falling off towards the end-plates. This leads 
to an uneven power distribution in the stems and a non- 
uniformity in the peak surface field on the tubes. In the 
case of Tank 1 the small length results in extra capacitance 
between the end plates and the ridge support. Shifting 
the ridge support to an asymmetric position improves the 
asymmetry at the expense of the shunt impedance. By vary- 
ing the gap to cell length ratio, g/l (Fig. 4(a)) the field pro- 
file on axis can be flattened (Fig. 4(b)). Note that although 
the g/£ variation changes the distribution of the field in a 
cell there is no substantial change in the distribution of the 
average field along the tank. However the peak surface field 
in each cell is made more uniform as is the power loss per 
stem. In flattening the maximum accelerating field the peak 
surface field variation in Tank 1 is reduced from 18% to 
5%. 

3.2 Beam Dynamics through Realistic Fields 

The specifications and initial beam simulations of the 
DTL were calculated using a square field approximation 
in LANA. For Tank 1, these calculations were repeated 
with three-dimensional fields output from MAFIA to check 
the analytic gap-focussing calculation in the square wave 
model and to calculate accurately the effect of the Ey field 
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Tank No. L a R ßout(%) E0-T Es Veff Z Pi P Bout 
- Cells (cm) (mm) (cm) An = 1.5 (MV/m) (MV/m) (MV) (Mfi/m) (kW/m) (kW) (MeV/u) 
1 9 26 10 46 2.2 2.1 10 0.5 480 12 3.3 0.23 
2 13 50 14 38 3.1 2.4 12 1.2 495 16 7.8 0.44 
3 15 77 16 38 4.1 2.5 14 2.0 464 18 14 0.78 
4 14 90 16 38 5.0 2.4 14 2.2 400 19 17 1.14 
5 13 98 16 38 5.6 2.3 14 2.2 365 19 19 1.50 

Bl 3 10 14 28 2.2 1.9 9.8 0.19 77 6.4 0.23 
B2 3 12 14 28 3.1 2.3 11 0.26 75 11 0.44 
B3 3 14 14 28 4.1 2.3 11 0.32 72 14 0.78 

Table 2: Parameter specifications for each IH tank and buncher(Bl-B3) for the design particle of q/A = 1/6 in full energy mode. All 
cavities operate at 105 MHz. Here L is the length, a is the tube aperture, R is the tank radius, E0 ■ T is the effective field gradient, Es 

is the peak surface field, Z is the effective shunt impedance and Pi is the power per unit length. The quoted shunt impedance values 
are from MAFIA. The power/unit length and power calculations assume a shunt impedance 75% of the value quoted. 

on axis (dipole component) caused by the IH stem struc- 
ture. A comparison of the transverse and longitudinal cal- 
culations using both the square wave model and the realis- 
tic field simulations compared very closely. 
The dipole component plus the effective integrated volt- 
age from the field is plotted in Fig. 4(c). This field pro- 
duces a maximum deflection of 0.6 mrad with a maximum 
shift in beam centroid of 12 /xm. The cumulative deflec- 
tion is negligible due to the alternating nature of the kick. 
Nevertheless some steering will be incorporated into the 
quadrupoles to allow for fine tuning of the beam position. 
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I < 
—      3 - s  2J JAM A Ar: 
M     , . iVlillnl J\ l\l\- 

. (c) 

| °-2: 
g     0.0 ■ 

UJ"-0.2 - 

A 

~V-' yf/  yfj 
T vS/- 

 1 1 1—  ^ —i—i- 
10 15 
z (crn) 

20 

Figure 4: Tank 1 longitudinal (b) and vertical (c) field profiles 
from MAFIA for the gap to cell length ratio shown in (a). 

3.3   Engineering 

The tank and ridge are fabricated from mild steel. Cool- 
ing channels will be drilled in the ridge and hollow copper 
cooling inserts will be fit on the end plate in the vicinity of 
the beam entrance and ridge end. Stems are fabricated from 
copper and cooled through two holes drilled from stem base 
to near the drift tube. In order to minimize the ridge length 

for a given stem base, the stems are all longitudinally asym- 
metric, with tube positions not centered on the base. Water 
is supplied through a separate cooling circuit drilled into 
the ridge. The interior of the tank is to be copper plated 
with a bright acid finish to a thickness of 0.25 mm. Tun- 
ing is done through a capacitive plate with a servo-drive 
controlled via an rf pick-up loop. 

4 CONCLUSIONS 

The separated function DTL concept provides a low power 
solution to achieve variable energy heavy ion acceleration 
in the low ß regime without significant increase in the lon- 
gitudinal emittance. Signal level tests on Tank 1 are ex- 
pected in early 1998. A working prototype of a split-ring 
resonator is scheduled to be completed by the spring of 
1998. Other IH tanks are scheduled for testing in early 
1999 with the DTL to be fully commissioned by the end 
of 1999. 
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Abstract 

The accelerator at the Source Development Lab at BNL 
consists of a 1.6 cell RF photocathode electron gun fol- 
lowed by a 230 MeV SLAC-type linac that includes a mag- 
netic chicane bunch compressor. The nominal specifica- 
tions call for a 10 ps FWHM bunch of 2nC charge to be 
compressed in time by a factor of 25 at an energy of 85 
MeV. The design of the compressor magnets and the beam 
dynamics from the gun through the magnetic chicane are 
described. 

1   INTRODUCTION 

Next generation light sources and linear colliders will op- 
erate with electron beams that occupy very small 6D phase 
space volumes. The Source Development Lab (SDL) is de- 
signed to take advantage of the latest methods for produc- 
ing these high brightness beams, including the use of short- 
pulse lasers to tailor electron beam pulse shapes produced 
by RF photocathode guns, the latest generation BNL-type 
photocathode, and magnetic pulse compression to squeeze 
the beam longitudinally to a very short bunch length and 
high peak current. At the NSLS the primary use for this 
beam will be the production of short wavelength light 
through the FEL interaction and by Thomson scattering of 
an infrared laser. Our FEL uses the NISUS wiggler [1] 
as part of a high-gain amplifier which can be operated in 
several configurations which provide tunable radiation at 
wavelengths from l^m to below 100 nm. In combination 
with the gun laser, Thomson scattering from the linac beam 
can provide tunable x-rays from 100 to 300 keV. 

This paper briefly reviews the accelerator, then focuses 
on the design of the magnetic bunch compressor and the 
beam dynamics through the compressor. 

2   ACCELERATOR COMPONENTS 

The electron source [2] is a radio-frequency photocath- 
ode developed by a collaboration from BNL, SLAC, and 
UCLA. It consists of a 1.6 cell RF structure driven at 2856 
MHz. The maximum gradient is 140 MV/m, yielding an 
exit energy of approximately 8 MeV. 

To produce electrons in the RF gun, the photocathode 
is illuminated with 266 nm light generated by frequency 
tripling the fundamental from a Ti:Sapphire laser. Up to 
0.4 mJ of UV light is available with a tunable pulse length 
ranging from 60 fs to 20 ps which should be more than suf- 
ficient to produce several nancoulombs of charge from a 
copper cathode. A square transverse intensity profile with 
a 65 degree wavefront tilt is used to match the beam onto 

the RF photocathode. The square intensity profile is opti- 
mal for emittance correction. The wide bandwidth of the 
Ti:Sapp laser allows for longitudinal pulse shaping so that 
nonlinear emittance correction may be investigated. 

The linac currently consists of four SLAC-type constant- 
gradient linac tanks operating at 2856 MHz, with provision 
for installation of a fifth section. The first two linac tanks 
are used to accelerate the beam to approximately 84 MeV, 
where it enters the magnetic chicane. The final two linac 
tanks following the chicane accelerate the beam to a maxi- 
mum energy of 230 MeV. 

3    CHICANE DESIGN 

DIPOLE HMNCT 

Figure 1: Magnetic chicane. 

The SDL bunch compressor is made up of three major 
components: the dipole mangets, the vacuum vessel sys- 
tem with the beam diagnostics, and the mechanical support 
system. The 4 dipoles are fabricated from solid blocks of 
1008 low carbon steel. Steel dowel pins at the magnet mid- 
plane accurately locate the yoke blocks. Each magnet uses 
eight air-cooled pancake coils of 16 turns. Current density 
is held to less than 1.5 A/mm2 to avoid thermal distortion. 
The coils also extend away from the iron to allow natural 
convection cooling. The field strength is 4.5 kG, magnetic 
length is 19 cm, and the gap is 3 cm. The magnetic design 
was optimized with the three dimensional code TOSCA. 

The aluminum vacuum chamber is machined in halves 
and seam-welded at its periphery. Two CCD cameras are 
used as electron beam and synchrotron radiation diagnos- 
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tics. The electron beam probe is injected through the center 
of the vacuum chamber. It has a YAG crystal[3] and mir- 
ror to observe beam shape. It also has 3 slots 0.3, 0.6, and 
1.0 mm wide, respectively, so that slice emittance may be 
studied. The slots may also be used to select a fixed en- 
ergy bandwidth for transmission to the wiggler. The local 
emittance and local energy spread are key determinants of 
single-pass FEL performance. The probe may be moved 
to any tranverse position in the chamber by a stepper mo- 
tor. The maximum displacement of the beam is 14 cm at 
84 MeV. The compressor may be operated at any value 
from zero field to full strength. The synchrotron radia- 
tion monitor is used to observe emission as the beam passes 
through the final bend magnets. A variable position mirror 
is needed to accommodate potential magnet repositioning. 
The CCD mount is also moveable to accomodate variations 
in the direction of radiation emission. 

A six strut system was selected to support the magnet 
girder. The struts simplify survey and alignment and take 
the place of a separate stand. The struts are bolted to a steel 
ground plate which is bolted and grouted to the floor. 

Drift distances are 38 cm between outer magnets and 
25 cm between the central magnets. For a given com- 
pressor length it is desirable to maximize these outer drifts 
(from magnets 1 to 2, and 3 to 4) in order to minimize 
the emission of coherent synchrotron radiation (CSR). The 
separated magnet configuration also reduces coupling be- 
tween adjacent magnets. The outer magnets may be placed 
in either of two positions; the normal operating position is 
shown in Figure 1, the other position has them placed ad- 
jacent to the inner magnets. The latter position generates a 
greater portion of the path-length difference in the bends, 
and will be used to investigate the effects of coherent syn- 
chrotron emission on beam emittance and energy distribu- 
tion. 

4    BUNCH COMPRESSION DYNAMICS 

There are several methods of producing short electron 
bunches, but they are not all applicable to the high charge 
(> 1 nC) regime. The electron bunch length immediately 
adjacent to the cathode surface is approximately equal to 
the input laser pulse length. It is possible to produce short 
bunches in the RF gun through two mechanisms. The 
Ti:Sapp laser can produce 100 fs pulses directly, or a longer 
laser pulse may be timed at an advanced RF phase so that 
velocity bunching [4] occurs in the first 1/2 cell of the gun. 
Both of these methods are applicable to small beam charges 
(<C 1 nC) only. At higher charges the low energy and high 
charge density in the gun cause both bunch-lengthening 
and emittance growth due to space charge forces. This pa- 
per describes bunch compression via magnetic rotation at 
higher energies, where space charge forces are small. 

The bunch compression, AL, due to energy spread is 

where R§§ = f ds r]/p, r\ is the dispersion, p is the bending 
radius inside the compressor magnets, AE/E is the corre- 
lated spread in beam energy produced by running the bunch 
off-crest in the linac, and T566 is the appropriate second or- 
der matrix element. For the chicane configuration with four 
equal-length magnets, the dominant #56 term can be writ- 
ten [5] 

2 
R56 = 29   {Ldft + -Lmag) (2) 

where 9 is the bend angle in each magnet, Ldft is the drift 
distance between magnets, and Lmag is the length of each 
magnet. The drift distance from magnet two to three does 
not affect the compression, and may be made larger or 
smaller to accomodate diagnostics or beamline length con- 
straints. Equation 2 shows that the drifts contribute more 
to AL than do the bends. For a fixed chicane length, CSR 
will be reduced by maximizing the drifts. 

Nonlinear components of the longitudinal bunch distri- 
bution are produced by curvature of the RF waveform and 
longitudinal wakefields generated in the linac. These non- 
linearites may be partially corrected [6] by the T566 ele- 
ment of the magnetic field. For our design T566 = -7.4 
cm and AE/E =1% yielding a second order path length 
difference of just 7.4/im, too little to correct aberrations 
in the distribution. Investigations are underway to study 
longitudinal pulse shaping to balance the curvature due to 
wakefields and RF. 

Conservation of the longitudinal emittance requires that 
the uncorrelated energy spread of the bunch grow in in- 
verse proportion to the bunch length reduction. The max- 
imum energy spread that the FEL will tolerate sets a limit 
on the amount of compression that may be achieved. The 
input beam to the compressor is expected to have an uncor- 
related RMS energy spread of .04% and a FWHM bunch 
length of 10 ps. The FEL and scattering experiments will 
tolerate approximately 1 % energy spread at the compressor 
(0.4% at the wiggler), hence we may compress the beam 
by a factor of 25 for a compressed FWHM of a few hun- 
dred femtoseconds. Figures 2 and 3 show the results of a 
PARMELA simulation of 2 nC of charge represented by 
1000 macro particles. The peak current after compression 
is 10 kA in a bunch length of 200 fs FWHM. The actual 
performance will depend on the details of the bunch distri- 
bution and wakefields generated. 

Short, high current bunches generate significant coherent 
synchrotron radiation (CSR) at wavelengths near the bunch 
length and longer. The CSR power generated by N parti- 
cles bending through an angle 9 is [7] 

P[watts] = 2.42 x 10 -20 
N2 

p2/3[m]o-4/3[m]27T 
(3) 

Ar      _    AE (AE 
AL = Ä56 -=- + I566 I —^r (1) 

where p is the the bending radius and a is the RMS bunch 
length. The SDL chicane parameters are p = 1.25 m, 9 = 
0.25, and a = 50/xm. This yields an output power of 65 
kW. The CSR is emitted predominantly in the final bend of 
the chicane. The total emitted CSR energy is 0.4 mJ near 
60/im wavelength. We plan to detect the CSR spectrum for 
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Figure 2: PARMELA simulation of energy-chirped beam 
entering chicane. 

use as a bunch length diagnostic. The total beam power is 
Pbeam = IV = 8.4 x 1010W. Thus the energy loss due to 
CSR is 4 x 10_4/0.17 = 0.2%, a modest increase over the 
1% induced energy spread. 

Emittance dilution is of course anticipated to accompany 
the compression process, and calculation of its magnitude 
represents an active area of research[8]. The SDL accel- 
erator with its compressor should provide an experimental 
platform for measuring these effects. Emittance growth is 
minimized by bringing the beam to a tight focus (increas- 
ing its divergence angle) in the final chicane bend. There is 
a quadrupole triplet installed just upstream of the chicane 
for this purpose. 

5   SUMMARY 

The design of the SDL electron bunch compressor has been 
described including its structure, magnetic properties and 
the electron beam dynamics. It is currently under con- 
struction. This compressor is expected to compress a 10 ps 
FWHM, 2 nC into 200 fs FWHM bunch length. This yields 
a peak current of 10 kA. 
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Figure 3: PARMELA simulation of compressed bunch ex- 
iting chicane. 
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ELECTRON BEAM DYNAMICS FOR A LOW-ENERGY ELECTRON 
LINAC 
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Eindhoven University of Technology, Cyclotron Laboratory, 
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Abstract 

Linac characteristics have been calculated from linac struc- 
ture dimensions, and have been inserted in the power dif- 
fusion equation. Assuming a constant beam current along 
the linac, the EM wave power has been retreived. Numer- 
ical computer simulations, using the EM wave power as 
input, have been used to calculate the beam current along 
the linac, which has been inserted in the power diffusion 
equation again. In particular these procedures have been 
applied to the Eindhoven 10 MeV linac, for which exten- 
sive measurements have been carried out. The calculation 
process converges after a few iterations and yields the load 
line, and the radial and longitudinal emittances, which are 
in agreement with the measurements. 

1    INTRODUCTION 

At the Eindhoven University of Technology, the Racetrack 
Microtron Eindhoven (RTME) [1] will be coupled to the 
Eindhoven 10 MeV, 2998 MHz travelling-wave linac (type 
M.E.L. SL75/10). Therefore, linac beam characteristics, 
in particular the load line, radial and longitudinal emit- 
tance have been simulated and measured. In the simula- 
tions, space charge effects have been neglected, because 
of the rather low beam current. Simulations have been 
compared to calculations based on Hamiltonian theory [2] 
as well, with an excellent agreement between these meth- 
ods [3]. Simulations have been carried out with the code 
Parmela [4]. 

2   EM WAVE POWER ALONG THE LINAC 

For Parmela simulations, the amplitude of the longitudinal 
component of the electric field, Ez, as a function of the 
longitudinal co-ordinate, z, must be inserted in the input 
file. 

This amplitude is obtained from the power of the 
EM wave, P, in the linac as a function of z, which is cal- 
culated using the power diffusion equation [5]: 

dP(z) 
dz VgQoi 

-P(z) - Ib(z)cos(4>a),P^rshP(z). 
) y Vgy^oio 

(1) 

The parameters u>^n, vg, Qow and rsh, which stand for 
the EM wave frequency of the linac operating in the </>o- 
mode, the group velocity of the EM wave, the unloaded 
quality factor of a TMoio wave in a pillbox corresponding 
to a linac cell and the shunt impedance per unit lenth, are 
calculated from the linac structure dimensions [6]. 
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Figure 1: The EM wave power in the Eindhoven 10 MeV 
linac as a function of longitudinal co-ordinate for various 
values of final beam current (indicated in the figure). The 
power at z = 0 is 2 MW, corresponding to the magnetron 
power. 

Assuming a constant beam current 7t(z) along the linac 
and a mean accelerating phase <pa = 30° in equation (1), 
Ez(z) is calculated, using [5]: 

Ez(z) = 
U<t>0 

VgQ 010 
-rshP{z). (2) 

Ez (z) is inserted in the Parmela input file yielding a first 
approximation for Ib(z), which is inserted in equation (1), 
yielding a better approximation for Ez(z). This Ez(z) is 
inserted in Parmela again. In this way, P(z) is calculated 
in an iterative process, which is convergent within 1% in 
three steps. 

An approximation of the mean energy increase of the 
electrons, AE, is given by: 

AE=       Ez(z)cos(<pa)dz, 

z=0 

(3) 

in which L is the total length of the linac. It appears that 
Ib(z) does not depend much on <fia, for a fixed final beam 
current. So <pa is calculated by matching the mean final 
energy from Parmela and from equation (3), using h(z) 
determined iteratively. 

With this value of <j)a, which extends from 30° at Ib(z) = 
0 to 35° at the maximum final beam current of 236 mA, 
one more iteration is applied. The results of the P{z) cal- 
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culations for several final beam currents are presented in 
figure 1. 

3   LOAD LINE 

The simulated load line is constructed by determining the 
energy value of the peak in the energy spectrum of Parmela 
simulations at different final beam currents. The measure- 
ment of the load line is performed in a standard spectrom- 
eter measurement using a dipole magnet with a slit behind 
it to select the energy and a Faraday cup, to measure the 
current. At different beam currents, the energy of the peak 
has been measured. Results are presented in figure 2. 

200 250 

beam ->    L__ (mA) 

Figure 2: Simulated (D) and measured (o) load lines of the 
Eindhoven 10 MeV linac. 

Above 75 mA, simulations and measurements agree 
well. Differences at lower beam currents may be due 
to measurement inaccuracies and to uncertainties in shunt 
impedance calculations. 

4    RADIAL EMITTANCE 

Using Parmela, the 90% radial emittance, ego, has been 
simulated at a 70 mA (corresponding to 10 MeV electrons) 
setting and is presented in figure 3. The emittance yields 
ego = 18.5 mm-mrad. Measurements have been performed, 
using a set-up consisting of two movable slits in the hori- 
zontal and vertical plane at a distance of 58 cm from each 
other, with a Faraday cup behind the second slit, to mea- 
sure the current. The measurements have been corrected 
for the finite slit thickness and results have been fitted to 
an ellipse [3]. Results in the transversal x- and y-directions 
are: ego,x = 11 mm-mrad and ego,y = 17 mm-mrad. 

Differences between simulation and measurements are 
due to measurement inaccuracy, to the absense of space 
charge calculations and to the fact that Parmela uses a Flo- 
quet series expansion of the electric field, which is not com- 
pletely valid in the a-periodic initial part of the linac. Dif- 
ferences between x and y measurements are attributed to 
measuring inaccuracies, to structure imperfections and to 
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Figure 3: The simulated radial emittance of the Eindhoven 
10 MeV linac, the contour determines the 90% emittance, 
the dots represent the simulated test particles. 

non-rotational symmetric influences, like the electron gun 
and the coupling in of the RF power. 

5   LONGITUDINAL EMITTANCE 

Using Parmela, the longitudinal emittance has been sim- 
ulated at a 70 mA (10 MeV) setting and is presented in 
figure 4. 
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Figure 4: The simulated longitudinal emittance, presented 
as phase-energy relation, of the Eindhoven 10 MeV linac. 

From the longitudinal emittance the energy spectrum can 
be constructed. This spectrum has also been measured, us- 
ing the same set-up as in the load line measurement. How- 
ever, due to the magnitude of the radial emittance, the en- 
ergy spectrum can not be measured sufficiently accdurately, 
using this set-up. Therefore, it has been calculated what 
signal would be measured, assuming the simulated spec- 
trum as input for the measurement set-up [3]. The sim- 
ulated and the measured energy spectrum as well as the 
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calculated measurement spectrum, assuming the simulated 
spectrum as input, are presented in figure 5. 

10.5 11.0 
-» E  (MeV) 

Figure 5: The simulated energy spectrum (solid line), the 
simulated energy spectrum as would be measured in the 
used set-up (dotted line) and the measured spectrum (D) 
(units on right axis) of the Eindhoven 10 MeV linac. 

The agreement between measured spectrum and calcu- 
lated measurement spectrum is rather good, from which it 
is concluded that the real energy spectrum is about equal 
to the simulated spectrum. Furthermore, it follows that the 
calculation of the longitudinal is quite realistic. 

6    INJECTION PHASE DEPENDENCY 

In the initial part of the linac, particles are homogeneously 
distributed over the RF wave, because of the fact that the 
RF period is much shorter than the duration of macro pulse 
fed to the electron gun. Each injection phase interval leads 
to a specific contribution in the final energy spectrum and 
the final total emittance. By selecting an optimal 50° part 
of the total injection phase distribution, a final beam is 
obtained with a 3.7° final phase spread and a 1.3% final 
energy spread, the 90% radial emittance of this beam is 
8.1 mm-mrad. Thus a much higher beam quality is ob- 
tained, compared to figures (3) and (4). Injection of this 
higher quality beam in the RTME is prefered, because of 
better matching and a higher quality beam at the end of the 
RTME. 

7   CONCLUSIONS 

Linac beam characteristics have been determined, with 
measurements and simulations. There is a good agreement 
between these methods, which means that the method used 
to calculate the EM wave power along the linac is correct 
and that the simulated linac characteristics are quite reli- 
able. 

Comparing the beam characteristics to the acceptance of 
the RTME [7], the current that will be accepted in RTME 
is more than adequate [3] and [8]. 
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Abstract 

Fabrication techniques for the biperiodic DAW cavity 
have been investigated for these years. The basic 
dimensions are optimized by computer simulations and 
cold model tests. According to results of material tests, all 
of the parts facing to the inside are made of OFC. In order 
to improve the properties of a bridge coupler, which is 
installed between two 1.2-m long accelerating tube, choke 
structure is implemented. 

1 INTRODUCTION 

The biperiodic DAW cavity for electron acceleration is 
under fabrication and test. The operating frequency is 
designed at 2857MHz so that it can replace one of the 
existing disc-loaded waveguide accelerating tubes. The 
injection energy for the acceleration test is intended to be 
about 60MeV. It consists of two of 1.2-m long 
accelerating tube and a coaxial bridge coupler that 
connects the two tubes. The bridge coupler has an RF 
coupler, a vacuum port, and three frequency tuners.['] 
Recent progresses in fabricating a power model for a real 
acceleration of electrons are described in this paper. 

2 MATERIAL TEST 

At first, chromium copper (Cr-Cu) was considered as the 
material for mechanically severe portions, because of the 
mechanical complexity of the DAW.[2] Cr-Cu, however, 
was found to have some undesired properties for the 
DAW cavities as following: 
1) the outgas from the Cr-Cu surface is three to four 
times larger than that from the OFC surface, 
2) the composition of Cr-Cu changes after the parts are 
furnace brazed (900°C), which decreases the strength and 
3) the oxidization of the surface on Cr-Cu is caused. 

2.1 Outgas 

The outgas characteristic was measured for Cr-Cu. The 
shape and the size of the specimen are shown in Fig. 1. 

Table 1: Impurities in the material for outgas test. 

Hydrogen and oxygen impurities are listed in Table 1. 
The pressure of H2 gas was measured at 500°C for more 
than 30 minutes. The pressure reached its maximum value 
at 14 minutes after the heating started. The result showed 
that the outgas rate of Cr-Cu is three to four times that of 

OFC. The value was 2.7xl0-6 Torr«l/cm2/s at 30 minutes 
after heating, which was 47% of the maximum value. The 
time dependencies for both the Cr-Cu and OFC specimen 
were similar except for the absolute value. 

2.2 Heat test 

Test pieces made of Cr-Cu (Cu-0.94%Cr) and OFC were 
provided for a heat test. The shapes of the specimens are 
half cylinders as shown in Fig.2. Hydrogen and oxygen 
impurities are listed in Table 2. Figure 3 shows the 
temperature change that simulates the furnace brazing 
procedure. 

025 (Cr-Cu) 
020 (OFC) 

-12mm (Cr-Cu) 
-15mm (OFC) 

Figure 2: The dimensions of the specimen for heat test. 

H O 
Cr-Cu 1.3 ppm 2 ppm 

OFC (Class 1) 0.5 ppm 1 ppm 

Table 2: Impurities in the material for heat test. 

gure 3: Temperature change for heat test. 

Figure 1: The dimensions of the specimen for outgas test. 
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Although the OFC specimen did not show any change 
in its surface color, the surface of the Cr-Cu specimen 
changed its color dark. A microscopic inspection showed 
the existence of two layers on the surface of the Cr-Cu 
specimen. The medium layer had a thickness of 10 |lm 
and seemed to be pure copper. The very surface layer was 
so thin that it could be barely recognized. The 
composition of the inner portion of Cr-Cu specimen 
changed after the parts were heated up, which may cause 
decrease of the mechanical strength of the material. 

In order to identify the chemical composition of these 
layers, we carried out a measurement with an X-ray 
diffraction method for chemical elements of Cu, Cr, O, H, 
N and C. Then only Cu and &2O3 were found for above 
elements. The result showed that the very surface thin 
layer and the 10 (im layer were made of &2O3 and pure 
copper, respectively. The origin of the oxygen was not 
clear: whether it comes from the atmosphere or the inside 
of the material. Because both the possible oxygen sources 
cannot be controlled in the current facility, the oxidization 
of the surface is difficult to be avoided. 

Thus, OFC is considered as a material for the whole 
structure of DAW except for the outer water jacket. 

3 BRIDGE COUPLER 

Two 1.2m-long accelerating tubes are coupled by a 
coaxial bridge coupler, which has an RF coupling slot, an 
evacuation port and frequency tuners (Fig. 4). The RF 
power is fed through the coupling slot on the coaxial 
bridge coupler. The spool in the bridge coupler is 
supported by four straight pipes connected to the body of 
the bridge coupler, so that the cooling water can go 
through the spool. The electric field distributions in the 
bridge coupler for the accelerating mode and the coupling 
mode are shown in Fig. 5. 

The spool in the bridge coupler is upheld by four 
supports that are located at the center of the bridge 
coupler so that disturbance of the electric field for the 
accelerating mode becomes small. On the other hand, 
they disturb the electric field distribution of the coupling 
mode, which raises the coupling mode frequency about 
200 MHz. This frequency shift is too large to be 

/A 
Figure 4: Coaxial bridge coupler. 

compensated by modifying only the spool shape and 
dimensions, even with an inter-rim at the center of the 
spool. In order to cure this situation, we adopted the 
choke structure in the spool supports (see Fig. 6). Because 

Support position 

a) 

b) 

Figure 5: The field distribution in the coaxial bridge 
coupler; a) the accelerating mode, b) the coupling mode. 
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Figure 6: Choke structure implemented for the supports. 
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a support is connected to a A-/4 coaxial line, it is 
practically insulated from the outer wall. The coupling 
mode frequency can be adjusted by the depth of the 
choke. On the other hand, the accelerating mode 
frequency is not affected by the choke. 

3.1 MAFIA calculation 

MAFIA calculations were performed to show the choke 
effect. Because no inter-rim is implemented on the spool 
for simplicity, the coupling mode frequency (fc) does not 
match with the accelerating mode frequency (fa). The 
outer cylinder is approximated by a square for ease in 
meshing. The calculated frequencies are listed in table 3. 
Because the original fc (without support) is 200 MHz 
higher than fa, the choke is used in over-compensation 
way. 

fa TMHzl fc TMHzl 

without support 2847 3078 
with support 2856 3243 
with choke depth=23.5 - 2917 

with choke depth=24.8 2852 2855 

with choke depth=25.5 - 2824 

Table 3: Effect of the choke depth. 

3.2 Coupling Mode Frequency of Cold Model 

Cold model tests were carried out to determine the choke 
depth. The geometry difference from the MAFIA model 
was the approximated outer cylinder of the choke. The 
accelerating mode frequency decreased only 3 MHz with 
the implementation of the choke structure. Figure 7 shows 
the depth dependence of the coupling mode frequency in 
conjunction with the MAFIA results. Taking account of 
the practical mesh, the difference between the 
calculations and the measurements are reasonable. The 
rough parameters were obtained from these results. The 
precise tuning can be done with minor adjustment of the 
spool dimensions. The tilt sensitivity[3] with 9 gap- 
regular section on each side was up to 10 %/MHz in the 
cold model (see Fig. 8). On the other hand, that without 
the choke was as much as 50 %/MHz. The difference is 
much more drastic if only the values around the bridge 
coupler are compared. 
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Figure 7: Coupling mode frequencies as functions of the 
choke depth. 

H 

60 

40 

20 

0 

-20 

-40 

-60 

-&-TS(%)().5MHz 

TS(%)1.0MHz 

a) 
5 10 

cell number 
15 

15 

10 

5 

e o 
GO 
H 

-5 

-10 

-15 

-e-TS(%)0.5MHz 
TS(%)1.0MHz 
TS(%)2.0MHz 

b) 
10 

cell number 
15 20 

Figure 8: Tilt sensitivity a) without choke , b) with choke 

4 CONCLUSION 

According to the results from the material tests, OFC was 
chosen as the material for fabrication and the accelerating 
tube was designed. The choke structure was implemented 
on the supports for the spool in the bridge coupler. 
Because the washers should be water-cooled, they have 
cooling grooves in them. The fluid and thermal 
calculations were also performed for the groove design. 
We are preparing for a power test and a beam 
acceleration test including the measurement of the power 
model tank. 
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PRESENT STATUS OF THE ELECTRON LINAC 
AS THE INJECTOR FOR KSR 
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NSRF, Institute for Chemical Research, Kyoto University, 

Gokasho, Uji-city, Kyoto, 611, Japan 

Abstract 

At Kyoto University, a 300 MeV electron storage ring, 
KSR, has been constructed for the research of the 
synchrotron radiation light. As an injector of the ring, an 
S-band electron linac with the energy of 100 MeV was 
constructed in October, 1995, and have been operated 
since then. We measured the transverse emittance of the 
100 MeV electron beam using a profile monitor made of 
a fluorescent screen and quadrupole lenses. The 
horizontal and vertical ones are 0.44 7i-mm-mrad and 1.3 
7t-mm-mrad, respectively. The beam from the linac is 
being used for the experiment of the parametric X-ray 
radiation from the silicon crystal at rather low duty 
factor. 

1 KSR AND LINAC SYSTEM 

/./ KSR 

An electron storage ring, KSR, is under construction 
at the Nuclear Science Research Facility, Institute for 
Chemical Research, Kyoto University. This ring will be 
used for the research with the synchrotron radiation light 
from bending magnets and an insertion device. It is also 
planned to be used as a pulse stretcher of the electron 
beam from the linac. Figure 1 shows the layout of KSR 
and a Linac. The circumference of the ring is 25 m and 

the maximum energy is 300 MeV. 

1.2 Linac 

As the injector for KSR, the electron linac has been 
ready for injection. The main parameter is shown in the 
Table 1. 

Output beam Energy 100 MeV (100 mA) 
Typical current 100 mA 
Pulse width 1 nsec ~ 1 usec 
Maximum repetition 20Hz 

Acceleration structure 27i/3 mode, 
constant gradient type 

Length of accelerating 
structure 

3m*3 

Operation frequency 2857 MHz 
Acceleration electric 
field 

15 MV/m (without beam 
loading) 

The electron gun has a thermionic cathode with a 
maximum extraction voltage of -100 kV. The cathode 
and grid assembly is Y796 (Eimac). The beam pulse 
width can be changed from 1 ns to 1 ps. A standing wave 
reentrant cavity is used as a prebuncher and the resonant 
frequency is 2857 MHz, which is the same as that of the 

Optical Beam Course 

o 

5 m 

Electron Injector 

Buncher      Accelerator No. 1 

Electron Strage Ring 

Electron 
Gun onl    fr«= DHB0C 

Quadrupole 
Magnet No. 1 

Quadrupole 
Magnet No.2 

Bending 
Accelerator No.2 Accelerator No.3        Magnet 

Quadrupole 
Magnet No.3 

Quadrupole 
Magnet No.4 

Quadrupole 
Magnet No.5 

Fig. 1    The layout of the KSR and the injector. 
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main accelerating structures. A buncher subsequent to 
the prebuncher is a traveling waveguide with 21 cells. 4 
sets of solenoid-focus coils surround the buncher. 

The accelerating structure has constant gradient with 
2nß mode. For the beam focusing, quadrupole lenses 
are installed in the high energy section. Four ITT-8568 
klystrons are used as RF sources for the accelerating 
structures. The maximum output peak power of these 
klystrons is 21 MW. Their maximum repetition rate is 21 

Hz. 

2 EMITTANCE MEASUREMENT 

We measured the emittance of the output electron 
beam from the linac in order to prepare for the beam 
injection to KSR. 

2.1 Basis of the emittance measurement 

The transfer matrix M from a point i to another point 
o, in which there are quadrupole magnet lenses, is given 

as 

The eß;, sec, and ey, are decided by the least square 
method with minimizing the Q. 

From the relation of, 

P • Y - a 2 = 1 . (6) 

8k is derived as following, 

E = ^sßrsyi-(eai)
2  ■ (7) 

2.2 Measurement and result 

The fluorescent screen made of aluminum 
oxide(Al20,) doped with chromium oxide was installed 
on the beam line at the downstream of the quadrupole 
magnets. The magnets QD4, QF4 is located at the 
downstream of the accelerator No.3. Figure 2 shows the 
layout of the experimental setup. The fluorescence from 
this screen is observed with a CCD camera through a 
surface mirror. The image data was taken into the 
computer through the video image freezer. 

M (1) 

where x is the beam position, and x' means dx/dz. 
Using mr the twiss parameters is transformed in a 

following way, 

rßj\     {  (mn)2       -2mnmn       (m12) 
a ■m2lmu     l-mnm2l     -mnm1 

(m2i) (m22) 

2 v/0 •(2) 

If the beam size is measured N times with the 
various focusing power of the quadrupole magnet, a and 
mrchange their values. Let's denote 

\2 
(mil)     =   an- 

- 2m,,m22 = b„, 

(mi2)   = c„- 

(3) 

a„ are expressed in the following way, 

(«?\  (^A  f 

VaNV 

Eß2 

UßN. 

a,     b,     c, 

a2     b2     c2 

vaN    bN    cN. 

f a N> sß 
soc 

■ (4) 

The following formula (6) defines Q. 

N > 2 

ß = X{£A-(a^Ä+V*2,+w,)} ■ (5) 

,®PQQ 

QD4QF4 

,SPQT 

Mxror 
CCD Cameia 

Fig. 2 Experimental setup layout 

The image data were projected on the horizontal and 
the vertical planes. Because it can be assumed that a 
beam has a gaussian distribution, the least square method 
was applied. The function form used is given as follows. 

f(x) a • exp 
f-(x-b) 2 A 

2CT- 
+ c (8) 

where a, b, c and a are fitting parameters. The standard 
deviation of gauss distribution is used as the beam size. 

Figure 3 (a) and (b) show the square of beam size as 

a function of the field gradient of the quadropole magnet 

lens. The solid lines show the fitting curves calculated by 

least square method using eq. (5). 
The emittances at the exit of the linac are measured as 
0.44 vr-mm-mrad in the horizontal direction, and 1.3 
7t-mm-mrad in the vertical direction. The Twiss 
parameters are listed in the Table 2. 
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(a)Horizontal 

1.5 

J8      1  - 

0.5 

field gradient (T/m) 

(b) Vertical 

i   2 

Fig. 3 Square of beam size in horizontal direction (a) 
and vertical direction (b). Markers show the measured 
data and a line shows a fitting curve. 

Table 2. The measured twiss parameters. 

ß(m) a y(l/m) 

Horizontal 3.3 -0.79 0.49 
Vertical 5.5 -0.72 0.27 

2.3 Discussion 

In KSR the maximum of vertical Beta function and 
the mechanical aperture are 27 m and 36 mm, 
respectively. So the beam from the linac can be accepted 

by the KSR in vertical direction to say nothing of the 
horizontal. 

Asymmetry in the horizontal and vertical emittance at 
the exit of linac suggests existence of alignment error of 
quadrupole magnet lenses. 

3 IMPROVEMENT OF CHARACTERISTICS OF 
THE BEAM FROM LINAC 

The Parametric X-ray is being observed using the 
beam from the linac [7]. In this experiment, the request 
for the beam emittance is quite severe on the target. But 
observation of the beam profile on the target is difficult 
due to the low current and low duty factor, though it is 
quite necessary for the beam tuning. In order to increase 
the duty factor the utilization of KSR as a stretcher is 
proposed [6] [8]. 

The momentum spread of the beam has an influence 
on the beam size and the efficiency of the injection to the 
KSR. The measured momentum spread of 100 MeV 
beam is approximately 2 % even for the pulse width of 
100 ns. It is slightly worse than the value obtained by the 
calculation. To make matters worse, beam pulse width 
becomes 260ns for 3-turn injection to the KSR whose 
harmonics number and the revolution frequency are 10 
and 116.7 MHz, respectively. This increases the 
momentum spread. In order to improve the efficiency of 
the injection in terms of momentum spread, the best 
operating parameters are being searched using profile 
monitors, especially in the low energy section of the 
linac 
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Abstract 

The energy of the injection linac and transport line 
into the LNLS synchrotron storage ring will be increased 
to 170 MeV by doubling the microwave power of the 
linac. 

The new system will operate with 4 klystrons, 
delivering 25 MW pulses into each one of 4 accelerating 
SLAG-type structures. This paper describes the design 
and construction and tests of 2 new klystron modulators, 
microwave drive system, waveguides, as well as the 
upgrading of the power supplies for the linac and 
transport line magnets. 

1 INTRODUCTION 

At present, the injection system into the LNLS storage 
ring is made up of a 120 MeV linac followed by a short 
transport line [1]. Accumulation of current is done at low 
injection energy followed by ramping up to 1.37 GeV. 
This corresponds to almost a twelve-fold dynamic range. 
The combination of relatively low energy accumulation 
and large energy ramping limits the high energy current 
to around 50 mA. To increase the accumulated current at 
low energy as well as the ramping efficiency, a higher 
energy linac would be required. Consequently, it was 
decided to upgrade the injection energy by increasing the 
microwave power in the linac. By doubling the number of 
klystrons it would be possible to attain 170 MeV at the 

output of the linac, which according to the available 
ramping data, will suffice to overcome the most critical 
range of energies. 

2 THE LINAC 

The present linac, which has been in operation since 
the beginning of 1996, comprises 4 SLAC-type 
accelerating structures. Each structure is fed with 12 MW, 
3 us-long microwave pulses produced from two split- 
output 25 MW klystrons. The waveguide system has a 
short section with pressurized SF6, as required by the 
klystron manufacturer, separated by ceramic windows 
from the vacuum waveguide stretches. An extra ceramic 
window is located at the input coupler of each 
accelerating structure to avoid leakage of SF6 into the 
accelerators in case of a breakdown in the first window. 
Figure 1 shows a top and side view of the linac klystron 
number 1. The waveguide that goes into the first structure 
has a 26 dB coupler to derive power for the prebuncher. 
The second waveguide is provided with a high power 
phase shifter used to adjust the electron's energy gain. 
The second klystron and waveguide arrangements are 
similar to the first one except for the absence of the 
coupler. 

Figure 1: top and side view of the present linac waveguide system for the first and second accelerating structures. 
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Figure 2: linac modulators and klystrons shown on the central part of the storage ring hall. 

Figure 2 shows the distribution of linac equipment on 
the inside area of the storage ring. The linac is mounted in 
an underground tunnel below the inner part of the storage 
ring. At the storage ring floor level, occupying 1/3 of the 
available space, are the 2 high-power klystron modulators 
and the medium-power klystron and modulator. The new 
klystrons and modulators will be placed on the free space 
to the right. 

3 THE UPGRADING 

One way to increase the linac energy would be to 
enlarge the microwave power delivered to the 
accelerating structures. This could be done by adding 2 
more 22 MW Klystrons, the corresponding high and 
medium power drivers and a new waveguide system. 
Since the linac does not have a buncher, the efficiency of 
the first structure is low and its energy gain is about 17 
MeV, much smaller than the corresponding gain in the 
other three structures, which is about 34 MeV each. Thus, 
with 22 MW pulses, the expected energy increase will be 
more than 40% with the electron's energy reaching 170 

MeV at the linac output. Measurements performed during 
ramping of the stored current show that 170 MeV is a safe 
starting point to increase accumulation and ramping 
efficiency to the desired values [2]. 

Figure 3 shows the new arrangement of the 
microwave system that distributes the power into the first 
and second accelerating structures. As can be seen, the 
output of the existing Thomson TV 2015B6 klystrons is 
combined in a 3 dB hybrid and delivered into the first 
structure, while a new ITT 8568 klystron, is used for the 
second structure. Similar arrangements are used for the 
third and fourth accelerating structures. The high power 
phase shifters, which are used at present to adjust the 
microwave phase between the 1-2 and 3-4 structures, will 
be used now to maximize the output power in the hybrid 
ports. The combining hybrids have been machined and 
brazed in house and are constructed and tested to operate 
in high vacuum. A ceramic window separates the SF6 
region from the vacuum waveguide. The hybrid forth port 
is terminated with a full-power water load which requires 
SF6 and again is separated with a ceramic window. 

Figure 3: top and side view of the new arrangement of klystrons for the first and second accelerating structures. 
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Two new modulators will be added to the existing 
ones. Each one includes a pulse-forming network (PFN) 
comprising 24 HV capacitors which produces 3 us-long 
pulses. The two existing HV power supplies, used with 
the present modulators, will be adequate to charge the 2 
additional PFN, since the pulsing rate is very small. The 
pulsing rate is determined by the damping time of 
synchrotron oscillations (~ 6 s) and is typically about 0.6 
Hz at 120 MeV injection energy, although it may go up to 
7 Hz for waveguide conditioning. The PFN charging 
voltage stability has proven to be a critical parameter to 
keep the linac energy variations below 0.2 %, as required 
for low energy accumulation. Initially, the PFN voltage 
will be regulated using a standard d'Quing circuit. Later 
on, a regulated current source will be used to charge the 
PFN to full voltage. This should improve the stability of 
the klystron output power as well as avoid several other 
disadvantages of the resonant charging method such as: 
discharge of the PFN before triggering of the thyratron 
and mains current surges during the charging of the HV 
capacitor filter. 

Special consideration has been given to the medium 
power microwave system. In order to drive the high- 
power klystrons, 250 W are needed for the Thomson 
klystrons, and 150 W for the ITT ones. A system of 
medium-power drivers is used to drive the high-power 
klystrons. These drivers use a series of 2 high-frequency 
EMAC triodes model 8847, which can easily deliver 500 
W of regulated peak power at the output. 

4 CONCLUSIONS 

A program to increase the linac injector energy has 
been initiated. This includes doubling the microwave 
power by including two more high-power klystrons. Two 
new pulse-forming networks and auxiliary equipment, 
providing 3 us-long pulses, have been built and tested. 
The waveguide system, adequate for the new power 
system, is ready. This involved machining, brazing and 
testing 28 pieces including straight sections, curves, 3 dB 
hybrids, power monitors, arc detectors and vacuum 
flanges. The new medium-power microwave system, 
based on pulsed high frequency triodes is in the 
construction stage. The installation of the upgraded linac 
is planned to start in the second semester of 1997, during 
the next scheduled shutdown of the LNLS machine. 
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Abstract 
The injector Linac of the ELETTRA Storage Ring has 
been operating since 1993 providing a 1.0 GeV electron 
beam. Since that time many technical problems have been 
solved to increase the machine reliability by progressively 
upgrading all the machine sub-assemblies. Here the 
machine operation and the status of the upgrading 
program are described. 

1 INTRODUCTION 

Starting from 1993 the ELETTRA Linac is routinely 
running as injector for the Synchrotron Light facility 
ELETTRA, providing a 1.0 GeV electron beam. The 
machine is made up of two different parts: a 100 MeV 
preinjector and a booster Linac up to 1.0 GeV; a complete 
description of the whole machine can be found in [1,2]. 
Even if the Linac is mainly used as the storage ring 
injector, in the last few years additional scientific 
activities, have been considered, i.e. an IR/FIR FEL 
experiment set-up [3], as well as the installation of a 
movable OTR (Optical Transition Radiation) 
measurement station [4,5]. 

In the past year the machine was operated for roughly 
3500 hours/year most of which, 90%, for injection and 
maintenance, while the remaining 10% has been used for 
the upgrading program and new activities. 

In the same period, to improve the overall efficiency 
of the machine, the following upgradings have been 
undertaken[6]: 
a) improving the poor reliability of some critical 

machine sub-assemblies via a re-design of the timing 
system, the control and interlock system ecc; 

b) because the booster Linac is SLED equipped, the RF 
power and the pulse length from the klystron tubes 
have been set to avoid to exceed a gradient of 24+26 
MV/m on the accelerating waveguides which up to 
now seems to be a reliable value for convenient 
operation; 

c) constant monitoring procedure for the klystron 
operating parameters and some other critical 
components has been implemented to prevent sudden 
replacements with consequent long machine 
downtime. 

2 OPERATION 

The ELETTRA Storage Ring is generally run on a 
three/four week basis followed respectively by one/two 
week shutdowns with roughly 82% of the total beam time 
for Users and the remaining for machine studies. Except 
for the machine study shifts, where the Linac is 
continuously kept in operation 24 hours/day, Storage 
Ring injection requires the Linac once per day in the 
morning with typically 1+2 mA/sec injection rate. After 
injection   the   Linac   is   kept   in   operation   for  plant 

monitoring, machine optimization and service; FEL and 
OTR operations are generally implemented after the daily 
injection. The Linac can also be operated in single bunch 
mode, with 2 ns current pulses at 10 Hz, but for the 
present the storage ring is operated in multibunch mode. 
The main parameters for the injection and for the FEL 
operations are listed in the table below: 

Measured parameters: Injection FEL 
Operating Energy 1.0 GeV 30 MeV 
Maximum Energy 1.1 GeV 75 MeV 
Macropulse width 2 or 10+150 ns 6 |isec 
Macropulse repet. rate 10 Hz 10 Hz 
Current up to 30mA > 100 mA 

@ 70ns @ 6 pisec 
Energy spread ± 0.5 % ± 0.5% 
Micropulse pattern Single/Multi 2 ns @ 

bunch 25 MHz 
p.r.r. 

Emittance not measured 3.38 p mm 
mrad 

Table 1: Injection and FEL operating parameters. 

Table 2 reports some operating parameters for the RF 
plants together with the obtained energy gain per 
accelerating section. The energy gain of the pre-injector 
has been kept lower than the maximum achievable to 
increase the plant safety margin with a consequent 
improvement in reliability. The maximum reachable 
energy from the injector, without compromising the 
efficiency, is 1.08+1.10 GeV, we have also operated at 
energies up to 1.2 GeV but in this case the higher electric 
field inside the accelerating structures causes many RF 
field breakdowns with an unacceptable increase in the 
machine downtime. 

RF Plant Klys. RF RF Energy 
Filam. Power Pulse gain (MeV) 
hours (MW) lenght 

(Us) 
MDK0 15247 38 2.0 85 
MDK1 15893 41 2.7 134 
MDK2 15386 43 3.0 152 
MDK3 15656 42 2.7- 145 
MDK4 14975 42 2.4 141 
MDK5 15115 43 3.0 150 
MDK6 14407 42 3.2 156 
MDK7 14305 42 2.5 139 

Table 2: RF plant operation. 

As is reported in the table 2, up to now we have operated 
each RF plant for roughly 15000 hours and at the the 
beginning of '97 we have also started the klystron 
replacement program. The first Thomson TH 2132A tube 
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has been replaced in February '97 on the pre-injector RF 
plant MDKO; the tube has been kept operating for 14645 
hours in approximately 6 years at 40 MW/3(Xsec power 
level. It is necessary to point out that the klystron failure 
was identified in the electric field breakdown inside the 
tube probably due to slow accumulation of cathode 
fragments on the anode surface during operation and that 
no considerable decrease in the microperveance was 
observed during the long operating period. During '95 to 
'96 we have also substituted five EEV CX 1536X 
thyratron tubes with more than a mean 10000 hours of 
operation. 
The histograms in Fig.l and Fig.2 give respectively the 
percentage per run of the Linac downtime during '96 as % 
of the total running hours, and the Linac sub-systems 
downtime statistics as percentage of the total Linac 
downtime. 
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Figure 1: Linac overall downtime statistics during 1996. 
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Figure 2: Linac subsystems downtime statistics (run 
28-K38) in percentage of the total machine downtime. 

It is necessary to point out that the anomalous 13.3% 
value of the run 35 results from a vacuum leak suffered by 
the last accelerating section (11.0% downtime) and that 
during run 30 we had serious problems on the electron 
gun (7.8% downtime, for the replacement of the cathode). 
Anyway, it seems reasonable to assume a mean value of 6 
to 7 %, for the downtime of the machine during the whole 
'96. Looking at Fig.2 and taking into account the random 
contribution due to the section seven vacuum leak, and to 
the cathode replacement, it is necessary to point out that 
the main fault source still remains the machine control 
system. If we include the general service faults 
(electricity, water ecc), the overall Linac contribution to 
the ELETTRA beam downtime in '96 goes up to roughly 
9%. 

3 MACHINE UPGRADING PROGRAM STATUS 

As already said, in order to improve the low reliability of 
the machine, a re-design of some sub-systems has been 
undertaken. 
The New Linac Timing System: to avoid suffering from 
problems deriving from trigger instabilities, a prototype 
of the new Linac timing system has been realized and 
tested on the field [7]. It is based on a local reference clock 
from a 50 MHz signal, synchronous to the ELETTRA 
master oscillator. The five kinds of trigger given to each 
of the eight RF plants are supplied by  delay boards 
developed at Sincrotrone Trieste and housed in a VXI crate 
for noise immunity; they have fully programmable trigger 
outputs which can be delayed from 10ns up to 1.2ms, 
10ns/step and each one can be independently interlocked to 
an external trigger. An in-phase synchronization with the 
start injection signal will allow a real bucket by bucket 
storage ring filling. At the end of '96 the first trigger 
board has been successfully tested on the machine and we 
plan to implement the whole system during '97. 
The New Control and Interlock System: at present the 
control system operates with a centralized architecture and 
no special care had been given by the supplier to the 
signal distribution system as well as grounding and noise 
problems. The new control system [8] will be built with 
a spread architecture: all the machine will be divided into 
9 blocks, which we will call plants and each plant will 
have an intelligent local processing unit where the low 
level software manages the local processes and talks with 
the high level software running on the workstations of the 
control desk, see Fig.3. The goal is to have a modular 
system keeping all the signals as close as possible to the 
related plant to prevent noise propagation and grounding 
interference between different plants. Up to now several 
prototype boards have been developed and  are  under 
testing, i.e. a fast sample/hold board for pulsed signals, a 
conversion    board   V/F,     RF    detecting    boards,    a 
programmable trigger board for the acquisition of pulsed 
signals out of the noise region, etc.; Fig.4 gives a block 
diagram of the analog signal acquisition layout. We plan 
to assembly a prototype   of a complete VME acquisition 
crate on a plant before the end of this year. The interlock 
system, made up of a local relay chassis per plant, is now 
being assembled and we hope will be ready to start the 
tests on the first chassis before August. 
RF plant upgrading: for the RF modulators we have 
completely developed a new heating chassis, completely 
integrated with the new control and interlock systems, for 
both klystrons and thyratrons; it  allows  to  keep the 
filament heating currents at 80% of the nominal values 
during the machine stand-by to get both an extended tube 
life time and a very fast machine restart if necessary. 
Moreover, a new pulsed 300W 3GHz RF   solid state 
preamplifier for the klystrons  has been developed in 
collaboration with  Milmega LTD,  UK and the   first 
prototype is at present successfully running on an RF 
plant. 
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Figure 4: Layout of the analog signals   acquisition 
scheme with voltage/frequency converters. 

4 CONCLUSIONS 

In the last two years, an intense activity program 
has been carried out on the ELETTRA Injector Linac to 
assure a reliable routine operation of the machine. The 
operating statistics for '96 show that the overall 
machine downtime has been kept inside an acceptable 
value (less than 10%) even before the full upgrading of 
the machine. By the first part of '98 we expect to 
implement the new control and interlock systems and 
thereafter we plan to set to work on the machine 
diagnostics for fast beam optimization. Moreover in the 
future we also intend to stimulate a growth of other 
scientific activities which can be carried out in a time 
sharing basis with ring injection. 
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Abstract 

Future electron linacs will require high gradient 
acceleration. This paper studies the high shunt impedance 
backward traveling wave electron linac accelerating 
structure (BTW). Experiments were performed to prove 
the feasibility of the BTW structure. 

INTRODUCTION 

Wide use of electron linacs requires improved 
accelerating units. The direct approach of improving 
structure shunt impedance has been made these decades 
for SW structures. But similar progress has not occurred 
with the forward E-coupled TW structure. New proposals 
were recently made using the H-coupled backward TW 
geometry in the 3n/4 mode and in the ln/S mode [1]. 
The idea is to dissociate the RF coupling region from the 
beam-field interaction region as is the case in SW, to 
allow optimization. All modes between 2n/3 and n can be 
chosen but a compromise must be found between high Q 
values and sufficient coupling for moderate slot apertures 
[2]. In addition, it is difficult to adjust the frequency of 
each cell. Therefore, the lower 3n/4 mode was chosen to 
be. 

Backward traveling wave properties 

The BTW accelerator structure combines the advantages 
of traveling waves and standing waves. The forward TW 
electrically coupled on-axis structure (the classical "disk- 
loaded waveguide") is remarkable for its good adaptation 
and short filling time. The SW magnetically coupled off- 
axis is remarkable for its high shunt impedance. The 
BTW advantages are: (i) with reference to the forward 
TW, the presence of noses insures good shunt impedance, 
(ii) with reference to SW, BTW has no complicated 
coupling cells. However, since the RF input is near the 
beam exit and the buncher is near the RF exit, the field 
level depends on the line attenuation and for long pulses 
on the beam loading [3]. 

The Tsinghua university accelerate laboratory has 
developed a set of BTW accelerating tube. Initial 
experiments have demonstrated that the BTW 
accelerating structure is a promising accelerating 
structure. 

3TI/4 BACKWARD TW STRUCTURE DESIGN 

General design 

Figure 1 shows the structure which consists of 32 cells 
plus input and output couplers. These couplers are 
magnetically coupled to the structure and to the external 
RF wave guides. The working frequency is 2856 Mhz. 
The total length is 1.16 meter. The input coupler should 
be located at the beam exit for the backward TW 
structure. 

I LOAD RF POWER I 

-»     BEAM 

RF POWER       <  

Fig.l BTW structure 

Cell design 

Figure 2 shows the cell geometry with a beam aperture 
diameter of 7 mm and coupling slots corresponding to 
vg/c=l% for a bandwidth of 27 Mhz. The cells are all 
identical and are rotated by 90 degrees relative to each 
other to avoid having coupling slots face to face. The 
distance between noses, optimized using the SUPERFISH 
code for a half-cell geometry, is 21.4 mm for the 
optimum effective shunt impedance. 

Fig.2 BTW cell geometry 

Physical design 

Figure 3 gives the phase oscillations curves, The radial 
beam envelope is shown in figure 4. 

* Supported by the National Natural Science Foundation of China 
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Fig.3 BTW ace. tube phase oscillation 

2(cm) 

Fig.4 BTW ace. tube radial beam envelope 

MATCHING AND TUNING 

The tuning process is intended to adjust the phase shift in 
every cavity to the design value. The uniform cavity 
chain was tuned by tuning each cavity in the TC/2 mode at 
a frequency of 2866 Mhz. The cavities will then operate 
at a frequency of 2856 Mhz in the 3it/4 mode. 

Matching is done by adjusting the dimensions of the 
coupler cavities so as to insure a low standing-wave ratio 
at the input and output of the structure. The accelerating 
traveling wave structure is obtained by adjusting the 
coupler so that the RF power arriving through a 
rectangular waveguide is coupled to the structure without 
reflection from the input aperture of the first cavity, the 
coupler cavity. The problem is how to carefully 
determine the dimensions of the coupling aperture. The 
basic ideas are based on Kyhl's method presented in a 
SLAC note [4], and Chanudet's method which was used 
atLAL[5]. 

COLD MEASUREMENTS OF THE STRUCTURE 

p~f curve 

It is well known that p ~ f curve in a TW accelerating 
tube is much flatter than that in a SW accelerating tube, 
especially in the near region of f0, where p is nearly 
constant. The frequency range of VSWR below 1.2 
should be 1-4 Mhz, with a minimum VSWR 
approximately equal to 1.0. For our BTW accelerating 
tube, the measured minimum VSWR is 1.02, and the 
frequency range of VSWR below 1.1 is 2 Mhz. (Figure 5) 

1 
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Fig.5 p ~ f curve of the BTW ace. tube 

TW field Distribution 

Figure 6 shows the measured result of the electrical field 
distribution on-axis. Including the input and output 
couplers, the measured attenuation coefficient is A=0.24 
Np. 
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Fig.6 BTW structure electrical field distribution 

Other microwave parameters 

RF parameters of H-coupled cells must be measured to 
know their shunt impedance. The Q and R/Q factors of 
the cavity chain were measured with a coupling slots 
angle of 30 degrees in the 37i/4 mode for the SW. The 
dispersion curve is shown in figure 7. 
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Fig.7 BTW structure dispersion curve 

The effective TW shunt impedance can be obtained from 
these measurements using the classical relation: 
Zeff(TW)=2Zeff(SW). and the following cell RF 
parameters, Q= 13000, R/Q=7056 ohm/m, and Zeff=85.7 
Mohm/m. Table 1 gives a comparison of the 
measurement data with the design values. 
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Table! Comparison of measured data with design values. Table 2 : Comparison between 2rc/3 FTW and 37t/4 BTW 
calculated      experimental 
values results 

BTW accelerating 
tube 

FTW 
accelerating tube 

shunt impedance 103.2 M% 

group velocity 0.82% C 
Q value 13000 
coupling coefficient 1% 
attenuation coefficient 0.286 / 

85.7 *% 

0.81% c 
13000 
1.01% 

0.329 / 

COMPARISON OF THE BTW STRUCTURE WITH 
THE DISK-LOADED ACCELERATING TUBE 

Table 2 gives a comparison of the design parameter for a 
9 MeV 37i/4 H-coupled (BTW) accelerating tube and the 
2TC/3 E-coupled (disk-loaded waveguide, i.e. FTW) used 
as a radiation source for inspecting large containers at 
customs. 

A 40 kev electron beam with a converging will be to 
be injected into the BTW accelerating tube. The design 
values of the electron beam focal spot size are less than 3 
mm diameter and a pulsed beam current of 170 tnA with 
3.5 MW input RF power. 

CONCLUSION 

The design presented in this paper adopts a backward 
traveling wave structure to bunch and accelerate electrons 
proving the feasibility of developing the BTW 
accelerating tube. The BTW structure has several 
advantages. The BTW structure shunt impedance is 
higher than that of a disk loaded waveguide. In addition, 
the BTW is a backward wave structure, which is 
beneficial for efficiently using the microwave power, 
especially in the bunching section which has varying 
phase velocity. 

The cold measurements data are now available for 
the design and the RF adjusting of a 37i/4 H-coupled 
backward TW structure. Results of this research suggests 
that the backward traveling wave accelerating structure is 
preferable, because BTW has a higher effective shunt 
impedance, a shorter filling time and is more stable to 
operate. 

coupling pattern 
operating mode 
operating 
frequency 
operating mode 

shunt impedance 

coupling 
coefficient 
Q factor 
group velocity 
attenuation factor 

total length 
buncher length 
buncher number 
capture factor 
peak field 
average field 
external focusing 
(coil)  

magnetic coupling 
traveling wave 
2856 Mhz 

3TT/4 

85.7 Mcym 

1% 

13000 
0.82% C 

1.16m 
20.8 cm 
9 
60% 
15.7 MV/m 
10MV/m 
without 

electric coupling 
traveling wave 
2856 Mhz 

2TT/3 

62 MW /m 
2% 

14200 
1.6% C 
3db 

2.21m 
42.6 cm 
17 
80% 
6.7 MV/m 
5 MV/m 
4 

A 9 MeV BTW accelerating tube operating in the 3n:/4 
mode has been designed with a 1.16 m single section and 
a buncher as radiation source for inspecting large 
containers at customs. 
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Abstract 

A 14MeV, on-axis coupled, S-band waveguide for medi- 
cal accelerators was built and tested between 1993 and 
1995. The accelerator design, the results of cold and hot 
tests and the beam performance are given in this paper. 

INTRODUCTION 

Recently electron linacs are widely used in China and low 
energy medical electron linacs with energies of from 4 to 
10 MeV can be manufactured by several organizations in 
China. However, new medium and high energy electron 
linacs must be developed to meet the demand in radio- 
therapy. There is also evidence that certain tumors can be 
more effectively treated with a combination of low- and 
high- energy photons or of photons and electrons. As a 
result, a single machine that can produce both low and 
high energy x-rays together with a wide range of electron 
energies would be very useful. Such multi-energy accel- 
erators are currently offered by foreign companies. Based 
on our past works, we began development of multi- 
energy electron linac structures for the domestic market 
in 1991. A single-section 14 MeV standing-wave acceler- 
ating structure providing two X-ray modes and several 
electron modes was the first one developed for medical 
use in China. 

GENERAL DESCRIPTION 

The guide was designed for X-ray energies of 6 or 15MV 
and electron beam energies of from 6 to 14MeV. The 
guide has a single 1.45m long section, operated in the TI/2 

mode at 2998MHz. Its microwave of power source is a S- 
band magnetron, MG5260, whose output power can be 
adjusted to a maximum peak power of 2.6MW. The beam 
energy is varied by changing the input RF power, injec- 
tion voltage and injected current. 

The cavity configuration must be carefully optimized 
to obtain 14MeV beam energy within a 1.45m long ac- 
celerating guide. The optimized shunt impedance is as 
high as 105 M£2/M but our experience shows that the 
practical impedance is at most 85% of the theoretical 
value. 

The guide contains 30 accelerating cells with 29 
coupling cells, divided into three homogeneous regions 

with distinctive phase velocities and field configurations. 
These regions respectively contain 1, 3 and 26 accelerat- 
ing cells. 

The electron gun has a triode structure with a 8mm 
diameter cathode. The gun emits up to 1A of beam cur- 
rent over a voltage range of 7 to 15KV. A 270° deflection 
system was adopted for achromaticity and small beam 
spot size. 

((mm) 

12&0 *("«) 

Fig.l Radial multiparticle track for 15MV X-ray mode 
without any focusing solenoid 

PHYSICAL DESIGN 

The design of the buncher and the selection of the oper- 
ating parameters are compromises between the two X-ray 
energy modes and are meant to optimize the spectrum 
sharpness at 12MeV. As a result, the capture efficiency 
for the 6MV mode is relatively low. For the 6MV mode, 
the input power was reduced and the beam loading was 
increased while maintaining the rf phase focusing. 

The longitudinal and transverse beam dynamics were 
calculated using the LONGN and TRSVN [1] codes. The 
result was checked using a multiparticle trace code. Fig. 1 
shows the radial multiparticle track for the 15MV X-ray 
mode without any focusing solenoid. 

Tables 1 and 2 summarize the design characteristics 
and parameters for each operating mode. 

Tablet. Design characteristics 
length 1.45 m 
frequency 2998 MHz 
power 2.6 MW 
coupling 1.7 fixed 
shunt impedance 89 MQ / m 
injection voltage 7-15 kV 
coupling coefficient k 3.3% 

Supported by the Major Research Project of the Eighth-Five Plan (1991-1995) of China 

0-7803-4376-X/98/S10.00© 1998 IEEE 1218 



10 12  14 
10 10 7 
26 17  17 
1.1 1.5 2.2 
5 5    5 

Table 2. Design parameters for each operating mode 
parameter x-ray mode    electron mode 
Beam energy(MeV)    6      13.5 6    8 
Injection voltage(kV)  15    7      10  10 
Injected current(mA)   900  130 45  36 
Peak power(MW)        1.80 2.20 0.9 1.0 
Beam current(mA)      120 35    5    5 

TUNING AND COLD TEST 

The mode spacing of the coupled cavity chain for the nil 
mode can be expressed as kji/2N, where k is the cell-to-cell 
coupling factor and N is the total number of cells in the 
chain. For a long cavity chain with 59 cells, the coupling 
factor k should be large enough so as to ensure stability 
of operation. However, increasing k can cause a decrease 
in the figure of merit, Q„, for the entire tube, thus causing 
the shunt impedance, ZT2, to decrease. The coupling fac- 
tor was experimentally determined to be slightly more 
than 3%, which would not cause a decrease in ZT2. Also, 
the dispersion diagram shows that the group velocity for 
the guide is as high as 0.04, which is enough for phase 
stability and to meet the tolerance requirement. 

The location of the coupler affects the passband per- 
formance. The PPDW code was used to analyze and cal- 
culate the passband characteristic of the input coupler 
when placed in different cells. The PPDW code which is 
based on equivalent circuit theory, was developed to 
analyze microwave characteristics of arbitrarily com- 
posed, coupled cavity chains. Figs. 2 and 3 show the 
modules of complex reflection as a function of frequency 
for the coupler located in the 1st and the 21st cavities 
respectively. Locating the coupler in the 21st cavity sup- 
presses the modes immediately adjacent to the nil mode. 
The coupler was adjusted for overcoupling of 1.78 at zero 
beam loading as a compromise between the two x-ray 
modes. 

The guide design has the field configuration of the 
guide separated into three steps. Therefor the coupling 
factors , k , of the coupling cell to both accelerating cells 
to the coupling should vary at the location of the field 
configuration variation. The coupling factors were varied 
by modifying the coupling apertures on both webs of the 
second and eighth on-axis coupling cells. 

The shunt impedance and the field flatness of the en- 
tire guide were measured using the bead-pull technique. 
An automated phase-lock frequency tracking system and 
a precise and accurate computerized data acquisition 
system were developed for the measurement. The field 
distribution of a 1.45m long accelerating structure was 
measured in 3 minutes with a precision of 0.1 KHz and a 
step size of 0.5mm. Fig.4 shows the measurement system 
schematic drawing. Fig. 5 shows the measured and the 
theoretical results for the electric field distribution along 
the beam axis of the guide. 

The tuning results for the guide are: the stop band is 
less than 20KHz; the frequency uniformity of various 

Fig.2 Rf power fed into the AQ cavity 

o.oL 

Fig.3 Rf power fed into the A22 cavity 

cavities is better than 200KHZ; the shunt impedance of 
the entire guide is 89 MQ/M; and the field flatness in the 
accelerating section is better than 3%. 

Fig.4 Bead-pull measurement system 

jlM 
40        60 

(a) Measured 

140Z/cm 

(b) Calculated 

Fig.5 Electric field distribution along the beam axis of the guide 
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MECHANICAL DESCRIPTION 

Since our brazing technology can control frequency er- 
rors to within ± 0.3MHz, the guide did not need further 
tuning after brazing. Fig.6 shows the entire guide after 

brazing. 

Table 3 

Fig.6 The brazing guide 

The rf horn assembly is a short section of standard 
OFHC S-Band waveguide brazed into the coupler. The rf 
assembly has a vacuum port cut into the side and a ce- 
ramic rf window braze assembly welded to it. 

The final assembly of the guide includes an electron 
gun, a rf window, a 2 1/s vacuum pump, a vacuum enve- 
lope for beam transport through the 270° bending magnet, 
support tubing, and an anti-dark current solenoid near the 
buncher end. 

The structure was designed to be baked-out and 
sealed-off; however, several bakeable flanges were also 
used at the gun, the 270° deflection system, and the 
pinch-off. The guide was baked-out and pinched-off ini- 
tially. Any component that fails can be easily replaced. 
After baking out a cold vacuum of lx 106 Pa is typically 

achieved. 

HIGH POWER TEST 

Table 3 compares the calculated result and the measured 
beam characteristics. 

beam beam energy/MeV beam current/mA 
calculated   measured  calculated   measured 

X-ray 
Electron-beam 

6 
14 

6.2 
15 

120 
5.0 

160 
28 

The beam energy was measured using the aluminum 
absorption method. The beam current was measured us- 
ing a Faraday cup and a beam transformer. The guide was 
shown to provide a 15MeV electron beam, thus satisfying 
the design requirement. 

The measured beam spot size was less than 
1.2x1.8cm after the beam passed through a 1.45m long 
accelerator guide and a 270° deflection system without 
any focusing solenoid. The focus is the result of rf phase 
focusing, an asymmetrical first bunching cavity and con- 

verging beam injection. 
Commissioning tests of two 14MeV SW guides have 

been completed in two domestic medical linacs. One of 
them is being installed at a hospital in Beijing by the Bei- 
jing Medical Equipment Institute. 
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Abstract 

A portable X-band on-axis standing wave electron linear 
accelerating structure has been developed that is suitable 
for portable radiation therapy and radiography. The phase- 
focusing technique is used. The design parameters of a 2 
MeV, X-band, on-axis coupled, SW accelerating guide 
operated in the 7t/2 mode is described. A prototype 150 
mm long structure has been machined, brazed and sealed, 
and the experimental data of the cold tests and beam tests 
are presented. 

INTRODUCTION 

The many advantages of using higher RF frequencies for 
electron linear accelerators include higher shunt 
impedance, higher breakdown threshold level, smaller size 
and short fill time. In addition, increasing the RF 
frequency increases the accelerated beam energy for a 
fixed input RF power[11[2). An extremely small accelerator 
structure with high shunt impedance is needed for medical 
and industrial applications. The Accelerator Laboratory at 
Tsinghua University, which has extensive experience with 
S-band electron linacs, having studied X-band SW 
electron linacs since 1991, is currently developing a 
prototype 2 MeV, X-band SW accelerating guide. One 
objective is to study the fabrication and tuning techniques 
of X-band accelerating structures. Work is also 
proceeding on the development of a portable 6 MeV X- 
band SW accelerating structure for medical electron 
linacs. 

STRUCTURE OPTIMIZATION 

Three types of X-band accelerator structures have been 
developed, the disc-loaded structure111, the side-coupled 
structure1'1, and the coaxially coupled structure121'31. 
However, the Accelerator Laboratory prefers the on-axis 
structure for X-band SW linac based on our experience of 
fabricating S-band structures. This structure has 
advantages similar to the coaxially coupled structure 
which offers a significantly smaller diameter than the side- 
coupled structure. In addition to small size and less 
weight, the cylindrical symmetry structure is simpler to 
machine and braze. 

The two important limits that influence the effective 
shunt impedance are the beam aperture radius and the 
thickness of the copper web between the accelerating 
cavities. Decreasing the beam aperture radius and the 

thickness of the copper web increases the effective shunt 
impedance. However, the size of the beam hole is limited 
by the beam transverse transmission. Our dynamic 
simulation calculations showed that the beam aperture 
diameter should be 4.0 mm. The web thickness is related 
to the coupling cavity which must be inserted between the 
two accelerating cavities in the on-axis coupled structure 
and to thermal conductivity requirements. The web 
thickness was chosen to be 2.8 mm and the coupling cell 
length was chosen to be 1.0 mm. 

As shown in Table 1, the on-axis structure offers 
about the same shunt impedance and outer diameter as the 
coaxial structure. Although the theoretical effective shunt 
impedance of the on-axis structure is less than for the side- 
coupled structure, our experience shows that the actual 
shunt impedance of both structures are similar with S- 
band linacs. 

Table 1. Parameters for X-band (9300 MHz) Accelerator 
Structures   

Structure Disc- 
loaded 

Side- 
coupled 

Coaxial On-axis 

Type of Operation TW SW SW SW 
Mode of Operation 2TI/3 71/2 71/2 71/2 

Effective 
Diameter (cm) 

3.2 5.3 3.2 3.2 

Effective Shunt 
Impedance(MQ/m) 

80 145 130 133 

Beam Aperture 
Diameter (mm) 

8.0 4.0 4.0 4.0 

PHYSICAL DESIGN 

A 2 MeV X-band on-axis SW accelerator was designed 
with a guide that is approximately 150 mm long and with 
11 accelerating cells and 10 on-axis coupling cells. It uses 
5 accelerating cavities as a buncher. The structure is 
operated in the TC/2 mode with an average effective shunt 
impedance of 121.4 MQ/m. The RF power is supplied by 
a tunable coaxial magnetron of 1.0 MW peak power at X- 
band (9305 to 9325 MHz). The pulse coaxial magnetron 
was developed by BIEVT. 

To minimize the size and weight of the structure and 
to improve the beam spot as well as the transmission, the 
phase-focusing technique was used without a bulky, 
external magnetic focusing device[11[21[4]. It is well known 
in alternating phase focusing, that the electrons alternate 
between ahead of the accelerating crest where they are 
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longitudinally focused and behind the crest where they are 
radially focused. By choosing the right phase velocity 
taper and by tapering the magnitude of the buncher field 
levels from cavity to cavity, the RF field in the buncher 
region provides transverse focusing as well as longitudinal 
bunching and acceleration. An injection voltage of 16 kV 
is used with a converging injection beam. The electron 
beam focal spot size is less than 1.0 mm and the pulsed 
beam current is 75 mA with 0.6 MW input RF power. The 
capture efficiency is about 30% . Some performance data 
for the guide is shown in Fig. 1 to Fig. 4. 

Fig. 1. Schematic Illustration for On-axis Structure 

Fig. 2. Longitudinal Orbits for Various Input Phases 

1 

0.8 - 
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0.2 
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Fig. 3. Energy Spectra 

Fig. 4. Energy Spectra as a Function of Input Phase 

TUNING AND LOW POWER TESTS 

After careful machining, the cavities were assembled and 
tuned. The fabrication and tuning of the prototype X-band 
structure were strongly interrelated and must progress 
carefully due to the high operating frequency. The 
frequencies were measured using a HP8757D network 
analyzer. Both accelerating and coupling cavities were 
isolated and measured by inserting two probes into the 
cavity drift tubes one by one. The two probes serve to 
short out adjacent cavities as well as the RF transmission. 
The tuning was iteratively repeated since the states of 
adjacent cavities has some effect on these measurements. 
The position and size of the probes greatly influences the 
measurements; therefore, the probe optimization is very 
important. 

The guide tuning results are: The frequency 
uniformity is ±1.5 MHz for the accelerating cavities and 
± 2.0 MHz for the coupling cavities. The stop band is less 
than 2.0 MHz. The nearest neighbor coupling,   kj  for 

accelerating section, is 3.7%. The nearest neighbor 
coupling factors for the buncher section were adjusted to 
meet the field configuration. The bead pull data is shown 
in Fig. 5. The passband characteristic of the guide is 
shown in Fig. 6. Before brazing, the measured Q of the 
guide was 6050. The coupling factor of the waveguide 
coupler, ß , is 2.12 at zero beam loading. 

1.00 
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Fig. 5 On axis Bead Drop Data 

<~\f\l Yl 10 r\r \f)l w w \l\ 
1\ V V f Iff If If 

1 1 
] I      ' 

STtrH i.aeai a CHZ CRS ft  9.3 1125 ^Hz STOP 3. 560C 0    GHz 

Fig. 6 Modules of Complex Reflection vs. Frequency 

The brazing was done in collaboration with BIEVT. 
The electron gun, RF waveguide, RF window, glass 
window and ion pump were designed and fabricated at 
BIEVT. The overall structure was then brazed, evacuated 
and sealed. No post-braze tuning of the guide was done. 
The dispersion curves for the guide are shown in Fig. 7. 
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The final measured Q for the guide is 7100 with a ß of 
2.24. The average shunt impedance for the whole guide is 
about 105.0 MQ/m. Fig. 8 is a photograph of the 2 MeV 
On-axis SW Guide. 
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Fig. 7 Dispersion Curve for On-axis Coupled SW 
Accelerator Structure 
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Fig. 8. 2 MeV On-axis SW Guide Braze Assembly 

BEAM TESTS 

The structure beam tests have been completed in Tsinghua 
University Accelerator Laboratory in collaboration with 
BIEVT and the China Institute of Atomic Energy. The 
design parameters and the experimental data of the beam 
tests are shown in Table 2. 

Table 2. System specifications 
Theory Experiment 

Electron Energy (MeV) 2.3 2.4 
Electrical Length (mm) 148.5 148.5 
RF Frequency (MHz) 9300.0 9316.5 

RF Peak Input Power (MW) 0.60 0.68 
Injection Voltage (kV) 16 17 

Capture Efficiency 30% 30% 
Peak Beam Current (mA) 75 >90 

Target Spot Size (mm diameter) <1.0 <0.7 
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BEIJING RADIOACTIVE NUCLEAR BEAM FACILITY(BRNBF) 
The BRNBF project group (written by Guan Xialing) 

China Institute of Atomic Energy 
(P.O.Box 275 Beijing, 102413) 

1. INTRODUCTION 

It is well recognized that the radioactive nuclear beam 
(RNB) promises a bright future in significant areas of 
nuclear physics and related sciences'11 . Proposals for 
RNB facilities have been put forward in many countries, 
that are in various stages of completion. 
In order to promote the fundamental and applied research 
of nuclear physics in the foremost frontier, China Institute 
of Atomic Energy (CIAE) has proposed the Beijing Ra- 
dioactive Nuclear Beam Facility (BRNBF), which is an 
extension of the existing HI-13 tandem accelerator. The 
proposed BRNBF is an ISOL type radioactive nuclear 
beam facility. 

The plan view of the Beijing Radioactive Nuclear 
Beam Facility is shown in Fig.l. 

A new intensity proton cyclotron accelerator will be 
built to provide proton beam with 70 MeV 200pA. A 
thicktarget/ion-source system will produce the interesting 
exotic radioactive nuclear beam which will then be iso- 
topically separated by an on-line mass separator. The 
beam then pass through a charge exchange canal to inject 
its charge state to negative ion and to inject into the HI-3 
tandem. 

BRNBF Layout 

Fig.l. plan view of the BRNBF 

A super conducting heavy ion linac accelerator will be 
built as a post accelerator, which can give the energy gain 
of 17MeV/q. By this facility an intensity of more than 109 

pps, 5MeV/u radioactive exotic ion beam for mass up to 
A=140 will be expected. Investigation has shown that the 
BRNBF is technologically feasible in China. The BRNBF 
will be an advanced and competitive facility on the world 
in the first decade of next century121. It will be a major tool 
for searching for new nuclides and studying the nuclear 

structure physics, nuclear astro-physics, nuclear reaction 
mechanism, atomic physics, material science, life science 
as well as other application of nuclear physics. 

The three accelerators of BRNBF can be operated in 
five different modes. 

a) Single cyclotron operation. 
b) Single tandem operation. 
c) Combination of tandem and linear . 
d) Combination of cyclotron and tandem. 
e) Combination of three accelerators. 

II. PRE-ACCELERATOR CYCIAE 70 

As the pre-accelerator, a new proton cyclotron will be 
built on the west to pre-existing HI-13 tandem accelerator, 
and will provide 70MeV, 200pA proton beam, which will 
be used to bombard thick targets for producing radioactive 
nuclei. 

The new cyclotron machine which called CYCIAE 70 
combines the advantages of solid-pole and separator sec- 
tor cyclotrons of three system: external negative hydrogen 
ion source and injection system; magnet and RF system; 
stripping foil and beam transportation system. 

Since 1995, some R&D programs for CYCIAE 70 
have been carrying out. For example, the beam dynamics, 
the magnet computation and test of Dee and RF cavity 
model have been carried out. In addition, 3.5 mA nega- 
tive hydrogen ion source has been developed in CIAE. 

Ill ISOL SYSTEM 

The mass separator is composed of the target/ion source 
system, match lenses, 90° magnet with p=1.3m and 
charge exchange canal. Whole equipment of the spec- 
trometer are located on a high-voltage platform with po- 
tential up to 300kV. The platform connect the primary 
proton beam line and the isobar separator system beam 
line by two accelerator tubes. The layout of the ISOL 
system is shown in Fig. 2. 

Production rates for various exotic elements such as 
C, O, F, Na, Si, P, Cl, K, Cu. As, Nb, Tc, Rh, up to In 
using (p,xn), (d,xn) reactions by proton, or deuteron beam 
at 50-70 MeV are the region of 108~10n atoms/p|iA/s. In 
general, the production efficiency of primary beam to ex- 
otic nuclei is about 0.1%. The conversion efficiency of 
exotic atoms to charged ion inside the ion source can be 
estimated as 30%. The efficiency of beam transportation 
from ion source, through on-line isotope separator, to the 
entrance of tandem accelerator is about 50%. In addition, 
most elements which have lower electron affinities are 
difficult to be ionized into negative ions directly. They 
have to pass through the charge exchange canal to convert 
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the charge state from positive to negative. The conversion 
efficiency is about 30%. 
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Fig.2.:   The layout of the ISOL system 

A modified version of the ISOLDE type electron beam 
plasma source will be chosen as the main source at 
BRNBF, which has been selected and redesigned for OR- 
RIBF facility at Oak Ridge National Laboratory [31[41 

.Desirable properties of the target materials are fast diffu- 
sion and effusion release of RIB species, such as, high 
production cross section; high melting point; low vapor 
pressures at high temperatures and large diffusion coeffi- 
cients. In order to achieve a high performance isobar sepa- 
rator, the second high resolving mass separator at ground 
potential has been designed with two 90° p=2.5m oppo- 
site bending magnets. The mass resolving power is about 
20,000 at the image slit of the second magnet. 

Due to the interactions of the intense primary proton 
beam in the target activate the target itself and the second 
neutrons activate the source structural materials, the plat- 
form room should be shielded by a heavy concrete and a 
remote handling system for the routine maintenance of the 
target-ion source has to be needed. 

IV. SUPER CONDUCTING LINAC. 

In order to extend the region of stable and the radioac- 
tive ion species with energy higher than relative Coulomb 
barrier, a superconducting linac as a booster following the 
tandem accelerator has to be planned to build. The sketch 
of the booster linac is shown in Fig. 3 A new post stripper 
accepts the high energy beam coming from the tandem. 
Two 45° magnets form a L-bending transport line with one 
single quadrupole lens being inserted in between, to pre- 
serve isochronism and achromatism of the symmetric 
beam line. Two quadrupole triplets focus the beam to the 
object slit of the second isochronism and achromatism 
system to be composed of two 90° magnets and a single 
quadrupole lens in between. The mode of the resonator for 
linac sections is the cylindrical coaxial quarter wave reso- 
nator (QWR) which was very successful developed at 
Weizimann Institute151 , University of Washington [61 , 
Stony Brock171, Legnaro Laboratory181 and JAERI191. Their 
experience shows that the excellent frequency stability, 
the simple structure for manufacture and balance electri- 
cally, the broad curve of the transit time factor,  the low 

peak surface field values and wide energy per nucleon 
range together with the low cost constitute are the impor- 
tant advances in technology of superconducting resona- 
tors for heavy ion linac. 

In the proposal facility, the QWR resonators should 
cover the ßi values from 0.05 to 0.10 and ß0 values from 
0.10 to 0.16. We choose 20 cavities of the optimum low ß 
section with ßi=0.07 for frequency of 108 MHz and 20 
cavities of the optimum high ß section with ßh=0.10 for 
frequency of 144 MHz. 

The concept design of the RF system, the control sys- 
tem, the vacuum system and the beam optics for the su- 
perconducting Linac accelerator have finished. The R&D 
of the mechanical and electrochemical preparation of the 
substrate of the cavity, the technology of the Niobium- 
sputtered copper QWR resonators have been testing in 
Peking University. 

V. CONCLUSION 

The proposal for radioactive nuclear beam is anextension 
project of the present tandem accelerator. The pre- 
accelerator provides the primary beam and the radioactive 
beam. The post-accelerator increase the energy, not only 
for the radioactive ion but also for the stable ion. The ex- 
isting tandem accelerator, switch magnet, experimental 
area and the date acquisition system are used to perform 
the radioactive nuclear experiments. 

In order to reach the internationally advanced level in 
the area of radioactive nuclear beams in a period as short 
as possible, the existing technology, both home and 
abroad, will be adopted in the proposal. 

a) A 30 MeV, 350uA high intensity proton cyclotron 
constructed by CIAE delivered beams in October, 1994. 
The proposed 70 MeV, 200uA cyclotron will used the 
similar technology. 

b) The existing tandem has been in good operating con- 
dition since it put into operation in 1987. The main fragile 
spare parts are home made. The expertise of the technical 
staff is compatible to the BRNBF operation and mainte- 
nance. 

c) The proposed superconducting LINAC is the same 
type as being built in the United States, Japan, Italy, and 
Israel. The Know-how would help our project. Peking 
University has accumulated rich experience in the R & D 
of superconducting cavity. Collaboration of CIAE and 
Peking University is important in constructing the LINAC. 

d) On-line isotope separators have been build in both 
CIAE and Institute of Modern Physics (IMP) in China. 
The target/ion source technology can be learnt from 
CERN and ORNL. 
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DEVELOPMENT OF THE HOLIFIELD RADIOACTIVE ION BEAM FACILITY 

B.A. Tatum for the HRIBF Operations Staff 
Oak Ridge National Laboratory* 

Abstract 

The Holifield Radioactive Ion Beam Facility (HRIBF) con- 
struction project has been completed and the first radioactive 
ion beam has been successfully accelerated. The project, 
which began in 1992, has involved numerous facility modi- 
fications. The Oak Ridge Isochronous Cyclotron has been 
converted from an energy booster for heavy ion beams to a 
light ion accelerator with internal ion source. A target-ion 
source and mass analysis system have been commissioned as 
key components of the facility's radioactive ion beam injec- 
tor to the 25MV tandem electrostatic accelerator. Beam 
transport lines have been completed, and new diagnostics for 
very low intensity beams have been developed. Work con- 
tinues on a unified control system. Development of research 
quality radioactive beams for the nuclear structure and nu- 
clear astrophysics communities continues. This paper details 
facility development to date. 

1 INTRODUCTION 

The Holifield Radioactive Ion Beam Facility (HRIBF) [1] of 
Oak Ridge National Laboratory was formally dedicated on 
December 12, 1996, and approved for high intensity opera- 
tion as a National User Facility, the first of its kind in North 
America. The HRIBF will be the first radioactive ion beam 
(RIB) facility in the United States devoted to low-energy 
nuclear structure and astrophysics research. Light ion beams 
from the Oak Ridge Isochronous Cyclotron (ORIC) are 
utilized to bombard targets in the target/ion source (TIS) 
assembly on the -300kV RIB injector platform. Radioactive 
ions diffuse from the target and are ionized, then mass sepa- 
rated. Subsequently, the RIB is transported to, and acceler- 
ated by, the 25 MV tandem electrostatic accelerator (Tan- 
dem) prior to transport to any of several experimental de- 
vices. 

2 ORIC DEVELOPMENT 

ORIC development centers around the production of proton, 
deuteron, and alpha beams which are required for initial RIB 
production. The operational objectives are to increase beam 
energy and intensity while minimizing machine activation, 
and also to increase machine reliability. Goals and present 
status of beam development are shown in Table 1. Beam 
intensities have been intentionally limited by source aperture 
size during the development phase to minimize machine 
activation. The ORIC has provided up to about 5 microamps 
of 42 MeV protons to the target/ion source to produce wAs 
and 7°As beams. The beam current is being increased in 
stages to study radiation and beam-heating effects on the 
target materials and to minimize residual radioactivity. Thus 
far, no adverse effects have been observed.   Proton beam 

current will be increased to 50 uA as development pro- 
gresses to produce RIBs of sufficient intensity for the ex- 
perimental research program. 

 Table 1: ORIC Beam Development 

Beam 
proton 

deuteron 
alpha 

Goal 
60 MeV, 50 uA 
50 MeV, 50 uA 
75 MeV, 200uA 

Status 
42 MeV, 5.0 uA 
49 MeV, 0.4 uA 
75 MeV, 1.6 uA 

ORIC is in the middle of a four year Accelerator Improve- 
ment Project (AIP) to accomplish the stated objectives. 
Central region development for separated turns and high 
extraction efficiency is a focal activity. Presently, extraction 
efficiencies are less than 50%, but modifications currently 
underway are designed to increase efficiencies to 75%. The 
result will be improved beam production with less activation 
of key components such as the electrostatic deflector and 
extraction channels. New ion source heads and an improved 
gas handling system have resulted in cathode lifetimes in 
excess of 200 hours. The design simplifies source mainte- 
nance for minimal personnel radiation exposure. Improved 
beam diagnostics have been installed including a multi- 
segmented radial probe and beam scanning system which 
provides both radial and axial beam profiles. 

Machine reliability has been greatly increased in several 
areas. The deionized water system has been simplified and 
flow switches rebuilt for reliable component protection. 
Several aging power supplies have been or will be replaced, 
eliminating chronic down-time. A majority of ORIC con- 
trols have been moved to the Vista control system from the 
obsolete Modcomp and older hardwired systems. Complete 
controls wiring and interface module replacement has re- 
sulted in a more robust and easily maintainable system. RF 
system modifications are also a part of the AIP Project, in- 
cluding the replacement of the 20kV, 30A power supply 
required by the anode of the RCA 4648A power amplifier 
tube. 

3 RIB INJECTOR DEVELOPMENT 

The RIB injector [2] consists of all equipment on the -300kV 
platform (target ion/source, first stage magnetic mass sepa- 
rator, electrostatic quadrupoles, and cesium vapor charge 
exchange cell) and the transfer beam line (electrostatic quad- 
rupoles and second stage magnetic mass separator) to the 25 
MV Tandem. Great progress has been made in understand- 
ing and optimizing the performance of the elements of the 
RIB injector. 

Routinely, the beam exiting the ion source via the extract 
electrode is steered onto the optical axis of the RIB injector 
by using the first two of the four electrostatic quadrupoles 

* Research sponsored the U.S. Department of Energy under contract number DE-AC05-96OR22464 with Lockheed Martin Energy 
Research Corporation. 
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immediately after the ion source as steerers. The first steerer 
bends the beam so that it crosses the optical axis at the posi- 
tion of the second steerer. The second steerer bends the 
beam parallel to the optical axis. 

Total transmission through the RIB injector from the ion 
source to the Tandem is 28% for 70Ge ions. Essentially all 
loss is in the charge exchange cell; transmission of positive 
ions through the cell with no cesium vapor is 70%, and the 
measured negative ion fraction is 40%. All other elements, 
including the second stage mass separator, transmit the beam 
without measurable loss. The transmission of the entire 
system from the ion source through the Tandem is about 6%, 
corresponding to a transmission through the Tandem itself of 
20%. These measurements were made with a 50 keV ™Ge 
beam on the high voltage platform, accelerated to 200 keV, 
and injected into the Tandem. 

The design mass resolution of the second stage mass 
separator is 1 part in 20,000 and is limited by the size of the 
beam at the object of the separator in the dimension corre- 
sponding to the bending plane of the separator. Transmis- 
sion of 100% has been achieved with a size corresponding to 
a resolution of 1 part in 7500 (FWHM). With this tune, a 
resolution of 1 part in 10,000 with 60% transmission or 1 
part in 20,000 with 20% transmission is achievable. Based 
on analysis of an experimental study of the energy loss 
straggling in the charge exchange cell, the intrinsic resolu- 
tion of the second stage mass separator is conservatively 
estimated to be better than 1 part in 10,000. Operation of the 
second stage mass separator with full transmission at the 
design mass resolution will be the major development proj- 
ect on the RIB injector during the coming year. 

After bombardment with an intense light ion beam, the 
TIS vacuum enclosure may contain up to 100 Ci of residual 
activation, prohibiting prompt manual removal of the TIS 
from the -300kV platform for examination, repair, or inter- 
change. Thus, to minimize delays in the experimental pro- 
gram, a Remote Handling System (RHS) is used to remove 
the TIS from the platform. 

The RHS consists of three major components: (1) a six- 
degree of freedom robotic arm, designed to withstand 108 

RAD total dose, mounted on the high voltage platform next 
to the TIS; (2) a conveyor that extends from the high voltage 
platform room through the cyclotron vault and into a 
shielded storage room; and, (3) a robotic gantry crane in the 
shielded storage room. 

The RHS only operates with ORIC beam off, and plat- 
form and TIS high voltage off. The TIS is remotely disen- 
gaged from the RIB injector vacuum system and moved to a 
retracted fiducial position on the TIS table. The robotic arm 
picks up the TIS, places it in a stainless steel Contamination 
Control Box (CCB) which sits on the remotely-extended end 
of the conveyer, and places a dust-tight cover on the CCB. 
The end of the conveyer with the CCB retracts into the wall 
and the conveyor moves the CCB to the shielded storage 
room where it is picked up by the robotic gantry crane and 
placed inside a lead cask. The crane is capable of placing a 
lead lid on top of the cask. The RHS also reverses this se- 
quence to install a new TIS on the RIB injector. RHS reli- 
ability was confirmed by the successful performance of 50 

consecutive repetitions of the removal and installation proc- 
esses using a 250 pound source mock-up, which is twice the 
weight of a normal TIS. The time required to remove and 
install a source was 41 minutes, and no human intervention 
was required during the 34 hour period. The RHS is fully 
programmable and communicates with the RIB injector 
VISTA-based control system, and also has manual controls. 

Several engineering modifications have been made to the 
RIB Injector. All air and water valves associated with the 
TIS have been moved to the instrumentation platform. The 
extract electrode drive mechanism has been moved to the top 
of the Faraday cage to minimize radiation damage to the 
drive motor and associated limit switches. Flexible spring 
mountings have been installed on the extract electrode to 
allow easier movement. The self sealing features of the wa- 
ter connections to the TIS have been removed to improve 
reliability of cooling water flow. The positioning pin ar- 
rangement for the TIS base plate and table has been modified 
to accommodate the RHS. All elastomer O-rings in the ex- 
traction region have been replaced with metal O-rings. The 
acrylic supports for the deceleration tube and for the extrac- 
tion area ceramic insulators have both been replaced with 
radiation resistant G10 supports. 

4 TANDEM ACCELERATOR DEVELOPMENT 
The Tandem is fully devoted to RIB development, routinely 
providing stable ion beams in support of TIS studies and 
experimental apparatus commissioning during periods be- 
tween RIB acceleration. 

The combination of the Tandem and the on-line isotope 
separator (UNISOR) provides a valuable tool for testing new 
target materials and ion source concepts. The high reliability 
and low operating cost of the Tandem has permitted com- 
pletion of 15 experimental runs over the past year for tar- 
get/ion source development. Thus far, the Tandem has pro- 
vided both proton and deuteron beams for this program and 
addition of a helium negative ion source is being considered. 
The proton beam is administratively limited to an energy of 
40 MeV and current of 10 nA due to shielding limitations 
around the UNISOR target region and the desire to limit 
activation of the Tandem components. The high sensitivity 
of the isotope separator allows measurements to be carried 
out at these low beam intensities while minimizing residual 
radioactivity and personnel exposure to radiation. The em- 
phasis during the past year has been on development of liq- 
uid germanium targets for production of "'As and ™As 
beams, and alumina targets for production of 17F and F 
beams. The first program is essentially completed and an 
6,As beam has been provided to the experiment end station. 
The fluorine beam development program has had good suc- 
cess using thin aluminum oxide fiber targets and a negative 
ion source is being developed to provide these beams to the 
research program in the near future. 

Tandem equipment has been upgraded for improved 
safety, environmental compliance and better operation for 
the RIB experimental program. For improved safety, the 
Tandem radiation safety system was upgraded for three rea- 
sons: (I) to comply with DOE order 5480.25 and related 
ORNL Facility Safety Procedure, (2) to improve system 
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electrometers by replacing old electrometer circuitry which 
was based on obsolete electronics and (3) to extend the sys- 
tem to the new Recoil Mass Separator (RMS) experimental 
area to provide the convenience of a permissive entry system 
to RMS experimenters. 

To comply with freon-reduction guidelines, the Tandem 
stable-ion injector's Freon 113 cooling system was replaced 
with a recirculating water-cooled system with a liquid-to-air 
heat exchanger. All components of the system are installed 
in the limited space on the ion source platform. A mixed- 
bed resin deionizer keeps water conductivity at 14 
megaohm-cm. 

Tandem energy-analyzing magnet coils were replaced 
with new coils of a modified design in August 1995 after 
instabilities became apparent during a period of routine ac- 
celerator operation in February of 1994. The cause of insta- 
bilities was an internal short in one of the magnet coils. The 
magnet was operated with fewer turns for several months at 
a 50% reduction in bending power. Energy-analysis versus 
magnet field was calibrated using a time-of-flight method 
resulting in an analyzed beam energy accurate to at least 
0.1%. 

5 LOW INTENSITY BEAM DIAGNOSTICS 

Beam diagnostic requirements at the HRIBF vary from the 
measurement of high intensity ORIC beams used in produc- 
tion to typically low-intensity radioactive beams. Below is a 
list of methods and devices used for monitoring radioactive 
beams. 

5.1 Non-Invasive Sampling 

• An ionization sampler of the residual gas by the beam parti- 
cles which is 3-D sensitive (10"-107 p/s) 

5.2 Invasive Readout 
• (Alumina) with sensitive CCD video camera (104-109 p/s) 
• Phosphor X-Y position sensitive avalanche type gas detector 

(100-106 p/s) 
• Sensor based on detecting ions or electrons emitted by the 

beam hitting a metal plate (10"-107 p/s) 

The sensor, based on detecting emissions from a metal plate 
[3], shown in Fig. 1, is being used at several dead sections of 
the accelerating tubes. It is mounted with mechanical ac- 
tuators that place it in the beam path. 

6 ACCELERATOR CONTROL SYSTEM 

The accelerator control system is built around Vsystem, a 
commercial toolkit from Vista Control Systems. Vsystem 
provides a foundation for a distributed, data driven system in 
which a real-time database is used to dynamically configure 
system behavior and provide a common mechanism for in- 
terprocess communication. In addition, Vsystem includes 
Vdraw which is an X Window based GUI builder. All hu- 
man interface screens have been created with the assistance 
of Vdraw. 

A portion of the software runs in an environment in 
which a VAX 4000 model 90 running VMS supports the X 
Terminals on which the Vdraw screens are displayed, and 
three rtVAX300 processors running VAXELN perform the 
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Figure 1. Invasive Readout. 
I/O processing and house the real-time databases. I/O de- 
vices include numerous RS232 and RS485 serial interface 
modules in addition to Allen-Bradley remote I/O scanners 
and programmable logic controllers (PLCs). The ORIC, RIB 
injector, and a number of beamlines are controlled by these 
components. 

The control system upgrade for the tandem accelerator 
and related beamlines was started some time after work on 
ORIC and the injector began. At the same time, a new mul- 
tiplatform version of Vsystem became available. Conse- 
quently, an Alpha workstation running Digital UNIX was 
chosen to support the human interface displays and a Heuri- 
kon 68060 CPU running VxWorks was selected to control 
the I/O devices and house the real-time databases. I/O 
hardware for the tandem consists of devices connected to a 
CAMAC serial highway and is not included in the upgrade. 

Currently, the RIB injector subsystem is fully imple- 
mented, the ORIC is largely implemented, and integration 
testing is proceeding for the Tandem and associated beamli- 
nes. Future plans include the replacement of the VAX/VMS 
workstation with an Alpha workstation running Digital 
UNIX. In addition, Allen-Bradley ControlNet processors, 
with perhaps one Heurikon 68060 CPU, will replace the 
VAXELN CPUs. 

7 CONCLUSIONS 

Considerable progress has been made at the HRIBF in both 
radioactive ion beam and machine development. Future 
directions will focus on expansion of the array of RIB beams 
available for research and higher intensity RIB production 
with the intent of maintaining a world-class research com- 
plex. 
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EXPERIMENTS IN HEAVY ION FUSION BEAM PHYSICS AT 
LBNL, LLNL, AND THE UNIVERSITY OF MARYLAND 

J.W. Kwan, Lawrence Berkeley National Laboratory, Berkeley, CA 

Abstract 

A heavy ion fusion driver must be capable of accelerating 
an intense ion beam to GeV beam energies. The final 
beam pulse current can be as high as a few kA using 
beam compression in an induction linac. Combining 
beamlets at low energy may prove to be economical as 
long as there is no significant emittance growth. 
Focusing of the final beam pulse from the reactor 
chamber wall to the target can be enhanced by using a 
plasma channel to guide the ion beam. Experiments at 
LBNL on ion sources, injector, the combiner and plasma 
channel focusing are discussed. One possible way to 
reduce the cost of a driver is to use an induction 
recirculator. Experiments at LLNL are exploring this 
concept by studying the transport and bending of space- 
charge-dominated ion beams. At the Univ. of Maryland 
the behavior of space-charge dominated beams is being 
simulated with low-energy electrons. They studied 
emittance growth, halo formation and beam pulse 
compression. 

1   INTRODUCTION 

The goal of a heavy ion fusion driver is to deliver 
particle beam power for igniting a fusion target about 5 
mm in diameter. To do so, the required beam energy is = 
5 MJ and the pulse length should be = 10 ns in order to 
achieve a peak power = 1015 W/cm2. Furthermore, the 
energy must be deposited within a short penetration 
range, e.g. 0.02 to 0.2 g/cm2 of the target material. For 
heavy ions with atomic masses =200, the allowable 
kinetic energy is < 10 GeV [1,2]. 

Figure 1 is the block diagram of a typical heavy ion 
fusion driver using induction linacs [3]. Starting with a 2 
MeV injector, which may contain up to 100 beams at 1 
A per beam, the ions will be accelerated to 100 MeV 
kinetic energy using electrostatic quadrupole (ESQ) 
focusing. Above this kinetic energy, the ion velocity is 
high enough such that magnetic quadrupole focusing 
becomes more effective. Since an optimal design of the 
ESQ channel has a smaller bore size and less 
transportable current than that of the magnetic quadrupole, 
combining beams at the transition point will minimize 
the overall cost of a driver. Of course, this is only true if 
the beam combining process does not significantly 
degrade the beam quality for the final focusing of beams 
onto the target. 

Assuming an average acceleration rate of 1 MV/m, a 
10 GV machine will be 10 km long. One way to reduce 
the accelerator length is to use lighter ions or high charge 
state heavy ions which require less beam voltage but 
more beam current (in the form of more beam channels). 
For ions of the same q/m ratio, and for a fixed range, the 
heavier ions are more advantageous because of the higher 
kinetic energy per nucleon.   Another way is to use a 
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Figure: 1 Block diagram of an HIF induction linac driver. 

circular machine so the beams go around many times. 
Ultimately, the final choice will depend on the physics, 
the technical difficulties and most importantly the cost. 

The increase in ion velocity amplifies the beam 
current if the beam bunch length remains constant. 
Furthermore, the acceleration pulse can be arranged to 
compress the bunch length by giving more kinetic energy 
to the particles at the rear, therefore producing additional 
current amplification. In fact, beam compression 
continues into the drift region beyond the accelerator until 
the longitudinal space-charge repulsion force eliminates 
the velocity gradient. While the beam bunch is still in 
the accelerator, the space-charge repulsion must be 
balanced by the transverse focusing forces from the 
quadrupoles and by longitudinal forces due to specially 
shaped acceleration voltage pulses. 

At the final stage of beam focusing, the beam 
current can be as high as 4 kA/beam. The ability to 
focus such high current beam onto a 3-mm radius spot 
size depends greatly on the beam emittance. Some novel 
ways to relieve the stringent emittance requirement 
include schemes such as plasma lens and plasma channel 
beam transport. 

Experiments that were designed to address many of 
these beam physics issues are ongoing at Lawrence 
Berkeley National Lab (LBNL), Lawrence Livermore 
National Lab (LLNL) and the University of Maryland 
(UM). This paper briefly describes some of the more 
recent experiments and plans. 

2 EXPERIMENTS   AT   LBNL 

2.I Ion Sources and Injectors 

Based on beam transport considerations, a 2-MeV 
injector should provide a beam with a line charge density 
of approximately 0.25xl0"6 C/m. The actual beam 
current will depend on the ion velocity (or equivalently 
the square root of the charge/mass ratio). For a 
potassium ion beam, the corresponding beam current is 
0.8 A per ion source. For HIF driver applications, the 
required pulse length at the ion source is about 20x10"6 s 
with a rise time preferably not more than 1x10"^ s and a 
repetition rate of 10 Hz. 
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Figure: 2   Schematic Diagram of the 2-MeV ILSE 
injector. 

So far, the surface ionization sources have been 
selected in most HIF driver designs. The surface 
ionization type of ion sources can efficiently produce 
singly charged alkali ions such as Cs+ and K+. The 
major advantages of this type of ion source are the 
absence of gas flow, excellent beam current control and 
low emittance (due to low ion temperature and a solid 
emitter boundary). The main concerns here are the 
source lifetime, the alkaline vapor delivery system, and 
the deposition of alkaline vapor onto beam line 
components. Other types of ion sources should be 
considered according to their unique properties, for 
example, a gas source is suitable for generating Hg, Xe, 
Ar and Ne ions, whereas a metal vapor vacuum arc 
(MEVVA) source or a laser source would be more 
appropriate for high charge state ions such as those of Gd 
and Bi. 

Previously, an alumino-silicate ion source has been 
developed for a 2 MeV injector built for the ILSE/Elise 
project [4]. A schematic diagram of the ion source and 
injector is shown in Fig. 2. The injector performance 
was satisfactory in delivering up to 0.8 A of K+ ion beam 
with a normalized edge emittance < 171-mm-mrad and it 
continues to serve as a useful facility for studying HIF 
beam dynamics including beam profile control and 
matching the acceptances. 

Although this ion source has met the original 
specifications, the latest conceptual designs for the next 
HIF research facility calls for an injector with an ion 
source that has a current density >15 mA/cm2 of K+ (a 
factor of 4 increase compares to the previous case). A 
recent experiment has shown that such current density is 
within the capability of the alumino-silicate ion sources 
and vapor-fed contact ionizers [5]. The major reason for 
choosing a high current density, compact size injector is 
to reduce the overall cost of a fusion driver. 

2.2 Beam Combining 

The previous MBE-4 experiment on multiple beam 
transport in induction linacs was successfully completed 
to show that under optimum conditions the current 
amplification could be achieved without significant 
emittance growth [6]. The same facility is now being 
used for a beam combining experiment. 

Fig. 3 shows a layout of 4 beams, each having an 
elliptical cross-section, arranged in such a way as to be 
enclosed by a minimum size ellipse. As these beams 
propagate downstream, they will start to merge into each 
other forming a single inseparable beam. The merge is 
not perfect because the empty space within the ellipse 

3.88 cm 
Figure: 3 Four beams emerging from the combiner. 

Figure: 4 The wire cage used for combining beams. 

boundary is irreversibly blended into the final beam area 
and the beam emittance. 

To minimize the emittance growth, the beams must 
be brought together independently (i.e. avoid space-charge 
interaction) until they are closely packed. This is done by 
using 4 channels of ESQ with a 6° converging angle 
(w.r.t. center-line) commonly aimed at a merging point 
where a combined function element called the "wire cage" 
is located. The device is shown in Fig. 4. It is made of 
many 1-mm diameter tungsten rods biased at various 
potential so that the correct Dirichlet boundary condition 
is established to give both quadrupole field for focusing 
and dipole field for steering the beams into the proper 
positions. 

The technical difficulties in this experiment are due 
to the requirements of precise beam alignments and high 
electric field at the wire cage. Preliminary experimental 
results [7] are in general agreement with the computer 
beam simulations. 

2.3 Plasma Lens and Channel Transport for Final Focus 

The final stage of focusing a very high current heavy 
ion beam onto the target can be a limiting factor in 
determining the port size on the chamber wall as well as 
the number of ports required. Many schemes have been 
proposed and the major differences among them are the 
level of space charge and beam current neutralization. 
While the non-neutralizing lens is only applicable to low 
current, low charge state ions coupled with a high 
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19 kA of discharge current. Breakdowns due to 
surrounding grounded structures was more problematic 
than hydrodynamic instabilities. In order to simulate the 
current paths in a reactor chamber (see Fig. 5), a metal 
ball with the supporting rod as the return current path is 
inserted at the middle of the experimental chamber to 
intercept the plasma channel. A series of pictures of the 
plasma channel at various times after the laser trigger is 
shown in Fig. 6. The kink at the tip where the electrical 
current turns a 90° corner is due to the lack of symmetry 
(purposely arranged in this experiment) from the self- 
magnetic force. The phenomenon disappeared when the 
return current was allowed to flow symmetrical on the far 
side. 

Figure: 5   A proposed scheme for final focus using 
adiabatic lenses and a discharge channel transport. 

0.5 |j.sec 
5.5 kA 

1.0 (j-sec 
11.0 kA 

1.5 u.sec 
15 kA 

2.0 |iisec 
19 kA 

Figure: 6 Photographs of the plasma channel at various 
times after the laser trigger. 

vacuum in the reactor chamber, neutralizing plasma lens 
can handle large current (>100 kA), highly stripped ions 
and are compatible with a moderate chamber pressure. 
Furthermore, focusing by the plasma lens is achromatic 
and is insensitive to the beam emittance [8]. 

Since the beam radius can easily decrease by a factor 
of more than 3 in passing through the lens, one way to 
match the focusing properties to this change is by using a 
tapered discharge tube to adiabatically increase the 
focusing power along the z-axis. Typically, the entrance 
radius can be 4-5 times larger than the exit radius. Figure 
5 illustrates a final focusing scheme using conventional 
quadrupole lenses in conjunction with adiabatic lenses and 
followed by a high current plasma channel to transport 
the tightly focused ion beam across the chamber radius 
(=5 m). 

An adiabatic lens experiment was set-up at the 2- 
MeV injector facility. By passing a small beam through a 
tapered discharge tube, it was found that the beam current 
density at the exit changed by a factor of more than 50 
between the cases with and without the plasma lens 
focusing [9]. 

In a separate experiment, inside a chamber filled 
with a mixture of nitrogen and benzene, an excimer laser 
was used to preionize a beam path and then followed by a 
high voltage discharge [9,10]. The plasma channel 
produced has a radius of 35 mm, 40 cm long, and up to 

3 EXPERIMENTS   AT   LLNL 

A recirculating induction accelerator can reduce the 
driver cost because it "recycles" the same set of 
components (= 100 laps) for beam acceleration. Similar 
to an induction linac, the acceleration voltage is provided 
by induction cores but at a more modest gradient. 
Nevertheless, the acceleration is rapid enough to avoid the 
resonant losses of typical circular rf-driven accelerator. 
Since the ion beams are non-relativistic, the high voltage 
pulses applied to the induction cores must be 
continuously adjusted as the beams gain energy. In 
practice, the dynamic range is about 10-20 times energy 
gain for each ring, so it will take at least 3 rings to build 
a 10 GeV driver [11,12]. 

There are 4 main critical issues in developing the 
recirculator: (1) power handling, including energy 
recovery of the dipole magnets, at high repetition rate; (2) 
beam loss due to inadequate vacuum (<10-1^ Torr is 
required); (3) beam dynamics; and (4) feed-back controls. 

A small prototype recirculator is being developed at 
LLNL for experimental studies [13]. Figure 7 shows a 
schematic diagram of the machine and its designed 
parameters are tabulated in Table 1. Recently, in a series 
of experiments, a 65-kV, 1.6-mA K+ beam was sent 
through an electrostatic quadrupole matching section, 

-3-2-1 0 1 2 3 m 
Figure:  7    Schematic diagram of the small 
recirculator. 
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Ion species K+ (mass 39) 
Beam energy 80 - 320 keV 
Beam current 2- 8mA 
Pulse duration 4 - 1 H-s 
Nominal number of laps 15 
Circumference 14.4 m 
Number of half-lattice period 40 
Pipe radius 3.5 cm 
Maximum beam radius 1.5 cm 
Permanent magnet (at pipe wall) 0.29 T 
Undepressed phase advance 78° - 45° 
Depressed phase advance 16° -12° 

Electron Gun 
Diagnostic 

Ion Pumps        port 

Table: 1   Design parameters of the small recirculator. 

which is followed by a straight transport line of 8 
permanent-magnet quadrupole lenses, and then by a 45 
degree bend of 5 half-lattice periods. The bending is 
effected by carefully shaped electric deflector plates. 

A special capacitive probe was developed to monitor 
the beam centroid position [14]. Such non-interceptive 
beam diagnostics are essential for beam steering 
corrections in the recirculator. The probe consists of 4 
sensing electrodes symmetrically located around the axis, 
see Fig. 8. The beam centroid x and y positions can be 
expressed as simple algebraic expressions of the different 
charges accumulated on the 4 sensors. Excellent 
agreement was obtained in comparing the measured beam 
positions against the calculated values. 

TCR(Q1+Q4-Q2-Q3) 

4(Q1+Q2+Q3+Q4) 

7tR(Ql+Q2-Q3-Q4) 
4 (Q1+Q2+Q3+Q4) 

v (Q1+Q2+Q3+Q4) 

Figure: 8 The capacitive probe as non-interceptive beam 
diagnostic (R is radius, I is beam current, v is beam 
velocity, and L is probe length). 

4 EXPERIMENTS   AT   THE   UNIVERSITY 
OF   MARYLAND 

4.1 Merging Multiple Beams 

A low energy electron beam is being used to conduct 
experiments simulating heavy ion (space-charge 
dominated) beam transport physics. The facility is a 5 m 
long periodic solenoid focusing channel system; typical 
beam parameters are: beam energy 2.5 - 5.0 kV, current 
30 - 200 mA, and pulse duration from a few nanoseconds 
up to a few microseconds. By using a mask with 5 small 
apertures, arranged in a cross pattern, to produce 5 
beamlets, the charge homogenization and emittance 
growth effects were observed [15]. The experimental set- 
up is shown in Fig. 9. It was found that the beamlets 
eventually merged into an almost uniform density single 
beam. The measured merging distance and the emittance 
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Figure: 9 Schematic of the multi-beam experiment 

Figure: 10 Comparison between drift expansion and 
rectangular pulse restoration: (a) free expansion of a 
300 eV, 3.3 mA, 7 ns bunch; (b) beam profiles with 
restoration. 

growth are in good agreement with theoretical prediction 
as well as computer simulations. The merging distance 
was near 1/4 beam plasma period and the emittance 
growth is minimized (a factor =3) for rms matched beams. 
For rms-mismatched beams the halo formation has been 
observed for the first time in a controlled experiment. 

4.2 Space-charge Wave Experiments 

The geometry factor g is important in longitudinal 
beam dynamics because it relates the E% associated with a 
perturbation in a beam with the line-charge density 
variation. By measuring the velocities of the fast and 
slow (forward and backward in the beam frame) space- 
charge waves, Wang et al deduced the g factor and 
confirmed the theoretical model [16] that g-2\n(b/a) where 
b and a axe the pipe radius and the beam radius 
respectively. 

It was also found that a space-charge wave will be 
partially transmitted and partially reflected at a bunch end 
[17]. If the beam edge length is much smaller than the 
perturbation wavelength, there is full reflection and 
conversely if the ratio is large, then there is no reflection. 
In addition, by passing the beam through aim long 
glass tube coated with a layer of indium-tin-oxide on the 
inside wall (a resistive pipe), the experiment demonstrated 
the growth of localized slow waves and the decay of fast 
waves in the long wavelength range [18]. 

4.3 Longitudinal bunch expansion and Compression 

The ends of an initially rectangular line-charge beam 
bunch usually experience erosion during beam transport. 
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One way to counter this effect is to apply an "ear" pulse 
to longitudinally confine the beam particles. An 
experiment was done by imposing a linear velocity 
gradient at the beam edge of an eroded beam profile to 
restore the rectangular shape [19]. Figure 10 shows the 
beam profiles with and without the restoration. 

4.4 Future Development 

Figure 11 shows the schematic of a 1.7 m radius 
electron ring proposed by the Univ. of Maryland. The 
machine has 36 lattice periods, a 4.9 cm bore radius, a 
8.1 G/cm gradient. The quadrupole length is 4.4 cm and 
has a diameter of 5.3 cm. Injection beam energy is 10 
keV and the current is 100 mA. The average beam radius 
is 1.04 cm with an initial emittance of 10 mm-mrad. 
Further information on the electron ring development can 
be found in other papers presented in this meeting [20]. 
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Figure: 11    Layout out of proposed electron ring at the 
University of Maryland. 

5     SUMMARY 

The experimental program at LBNL is investigating 
various means to optimize the accelerator architecture in 
order to reduce the cost of an induction linac HIF driver. 
Experiments include high current density ion source and 
injector, beam combining, and unconventional final 
focusing. The LLNL approach is to develop the concept 
of recirculator. In the University of Maryland, electron 
beams are being used to study many interesting 
phenomena related to the transport and acceleration of a 
space-charge-dominated beam bunch. So far, almost all 
the experiments are scaled down to a much reduced beam 
energy and current level. In order to make progress 
towards the construction of a fusion driver, there is an 
urgent need of a full scale experimental facility for heavy 
ion fusion research. 
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PBFA Z: A 55 TW/4.5 MJ ELECTRICAL GENERATOR* 

R. B. Spielman, W. A. Stygar, K. W. Struve, J. F. Seamen 
Sandia National Laboratories, Albuquerque, NM 87185-1194 

Abstract 

PBFA Z is a new 55 TW/4.5 MJ short pulse electrical 
driver located at Sandia National Laboratories. We use 
PBFA Z to magnetically-implode plasma shells. These 
configurations are historically known as z pinches. The 
pulsed power design of PBFA Z[l] is based on 
conventional single-pulse Marx generator, water-line 
pulse-forming technology used on the earlier Saturn[2] 
and PBFA H[3] accelerators. PBFA Z stores 11.4 MJ in 
its 36 Marx generators, couples 4.5 MJ in a 
55-TW/105-ns pulse to the output water transmission 
lines, and delivers up to 3.0 MJ and 40 TW of electrical 
energy to the z-pinch load. Depending on the initial load 
inductance and the implosion time, we attain peak 
currents of 16-20 MA with a rise time of 105 ns. 
Current is fed to the z-pinch load through self 
magnetically-insulated transmission lines (MITLs). Peak 
electric fields in the MITLs exceed 2 MV/cm. The current 
from the four independent conical disk MITLs is 
combined together in a double post-hole vacuum 
convolute with an efficiency greater than 95%. The 
measured system performance of the water transmission 
lines, the vacuum insulator stack, the MITLs, and the 
double post-hole vacuum convolute differed from preshot 
predictions by ~ 5%. Using a 2-cm radius and a 2-cm 
length tungsten wire array with 240, 7.5-|J,m diameter 
wires (4.1-mg mass) as the z-pinch load, we achieved x- 
ray powers of 200 TW and x-ray energies of 1.85 MJ as 
measured by x-ray diodes and resistive bolometry. 

1   INTRODUCTION 

The PBFA-II accelerator^] at Sandia National 
Laboratories was originally used by the light-ion-beam 
ICF Program. We have made major modifications to the 
accelerator in order to optimize coupling to magnetically- 
imploded loads, typically z pinches. The facility, in 
operation since September 1996, has been renamed PBFA 
Z. Much of its electrical design and design philosophy 
was descibed in detail in Ref. 1. 

This paper describes the electrical performance of 
PBFA Z and summarizes the overall pulsed power design 
and modeling that lead to the successful operation of the 
largest z-pinch driver in the world. To date PBFA Z has 
conducted more than 65 shots. We have demonstrated the 
generation of greater than 50 TW of electrical power in 
the constant impedance water tranmission lines in a 
2.5-MV, 100-ns FWHM voltage pulse. The measured 
forward-going electrical energy is nearly 5 MJ. 

The electrical energy is transmitted through a water- 
vacuum insulator interface and conducted via self 
magntically-insulated vacuum transmission lines (MITLs) 
to the z-pinch load. PBFA Z delivered a peak current of 
18 MA to a low inductance z-pinch load. The load, a 
tungsten wire array, generated a peak x-ray power of 
200 TW and an x-ray yield of 1.85 MJ. 

The overall electrical design of PBFA Z pushed the 
limits of pulsed power engineering. The physics of 
MITLs and vacuum convolutes is still not well 
understood. Issues such as radiation-driven vacuum gap 
closure and limits on current density near the load need to 
be studied in detail in the future. PBFA Z is studying 
some of these fundamental pulsed power concerns while 
addressing the z-pinch physics necessary for the next 
generation of drivers. 

2  PULSED   POWER   DESIGN 

As described in detail in Ref. 1, PBFA Z's pulsed 
power design is based on Marx generator/water pulse- 
forming technology. PBFA Z contains 36 nearly identical 
modules. In each module a Marx generator, with 60, 
1.3-^iF capacitors charged to a voltage of 90 kV, delivers 
its energy to a water-dielectric coaxial capacitor in 1 |is. 
The capacitor reaches a peak voltage of 5 MV. A low- 
jitter laser-triggered gas switch is used to couple the 
energy into a second, lower inductance coaxial water 
capacitor in 200 ns. Self-breaking water switches are used 
to transfer the energy into a 0.12-Q. constant impedance 
water transmission line. The electrical pulse at this point 
has a voltage of 2.5 MV and a pulse width of 105-ns 
FWHM. The total power generated in the accelerator at 
this point is 50 TW. The electrical energy is delivered to 
an insulator where is passes into the vacuum portion of 
the accelerator. The electrical energy is then fed through 
four vacuum MITLs, through a vacuum convolute, to the 
z-pinch load. A schematic of PBFA Z is shown in Figure 
1. 

2.1 Water transmission Lines 

The water transmission lines used on PBFA Z are a bi- 
plate, constant-impedance, constant-anode/cathode-gap 
design. This was done to optimize the energy efficiency of 
the transmission lines and to maximize the coupling of 
the energy in the transmission lines to an inductive load. 
The impedance of each of the 36 lines was 4.32 fl. Each 
water line has a voltage and current monitor. (See Section 
3.) We can accurately measure the voltage and current and, 
hence, the power and energy in each water transmission 
line. These measurements allow us to verify the operation 
of the water lines. These measurements are complicated 
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Figure 1 A schematic of PBFA Z showing the Marx generators, the water pulse forming section, the insulator stack, 
and the diagnostic line-of-sight. 

by the spatially- and temporally-varying behavior of the 
electrical pulse and its reflection from the load. The 
transmission line gap is fixed at 14 cm. The peak voltage 
in the water lines varies with the proximity to the load 
due to the superposition of the reflected pulse on the main 
pulse. The water transmission lines were modeled with 
electrostatic codes to examine the issues of enhanced and 
fringing electric fields. 

2.2 Insulator Stack 

The insulator stack (See Figure 2.) is the boundry 
between the water dielectric and the vacuum that is 
necessary to drive the z-pinch load. The insulators, nearly 
4 m in diameter, are made from Rexolite™, a high-density 
cross-linked polystyrene. Experience has shown that 
Rexolite™ has superior mechanical and electrical 
properties when compared with PMMA or polycarbonate. 
The electric field was carefully "graded" across each 
insulator to equalize the stress on each insulator 
component. The insulator stack was designed with a 2-D 
electrostatic code and then the final design validated with a 
2-D electromagnetic code. We expect that future, more 
advanced designs, will use electromagnetic design codes 
exclusively. The voltages and currents were measured at 
each of the insulator stacks. (See Section 3.) These data 
gave a very accurate measure of the power and energy 
through the insulator stack boundary. 

2.3 MITLs 

One of the great achievements of PBFA Z is the design of 
the magnetically-insulated vacuum transmission lines 
(MITLs). The MITLs consist of four separate, conical 
disk feeds coupled together at the vacuum convolute. (See 
Section 2.4.) These MITLS operate successfully at a peak 
electric field of 2MV/cm with vacuum gaps as small as 
1 cm. Issues such as vacuum electron flow and plasma 
formation   were   addressed   with   2-D   electromagnetic 

particle-in-cell (PIC) computer codes [1]. These MITLs 
must operate at fields 10X greater than the explosive 
emission threshold on the cathode and must hold off the 
full accelerator voltage for 100-150 ns. We place current 
monitors at two radial locations and 3-6 azimuthal 
postions in each of the four MITLs to better study losses. 

a..._<}'     SÄ^a, Y\ 

Figure 2 A schematic of the PBFA-Z insulator stack and 
MITLs is shown. Note, only half of a cylindrically- 
symmetric section is displayed. The diameter of the 
insulator stack is nearly 4 m. 

2.4 Vacuum Convolute 

The most critical part of the vacuum power flow is the 
double post hole convolute that couples the four, conical 
disk MITLs together. This is done in order to combine the 
current from each level and deliver the summed currents to 
a single z-pinch load. A vacuum convolute is necessarily 
a three dimensional object and will  necessarily have a 
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number of magnetic field nulls. It is the electron losses 
through these nulls that drive the convolute design. We 
based the PBFA Z design on the successful Saturn design. 
In addition, the convolute was partially modeled using 
QUICKSILVER [1], a 3-D E&M PIC code. A drawing of 
the convolute is given in Figure 3. 
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Figure 3 A line drawing of the posthole convolute for 
PBFA Z. The drawing shows the anode and cathode 
connections presently in use. 

3  ELECTRICAL    DIAGNOSTICS 

One of the most important parts of any successful 
accelertor is the attention paid to electrical diagnostics. 
This is particularly true of single shot, pulsed 
accelerators. We field a full complement of diagnostics on 
every shot. With thirty six modules, this translates into 
hundreds of waveforms per shot. 

3.1 Diagnostic Description 

The operation of the Marx generators is monitored with 
36, current viewing resistors (CVRs) located at the ground 
connection. The voltages on the water-dielectric 
intermediate store (IS) capacitors are measured with 
capacitively-couple voltage monitors, commonly referred 
to as dV/dt or V-dot monitors. Again, there are 36 of 
these V-dot monitors. The operation of the laser triggered 
gas switches is checked with these IS V-dot monitors. 
The electrical output of the IS capacitors charges the 
second intermediate store capacitor (the Line 1 or LI 
capacitor). Again there are V-dot voltage monitors at this 
location. AS many as 36 monitors are used to measure 
the voltage and switching of the LI capacitors. The 
output of the LI capacitors is monitors with 36, V-dot 

voltage monitors and 36, magnetic loop current probes 
(B-dot monitors). These final 72 monitors give us a 
complete measure of the timing, voltage, current, power, 
and energy in each of the 36 accelerator modules. The 
voltage and the current at the insulator stack is again 
measured with 6, V-dot probes and 3, B-dot probes on 
each of the four levels. Current in the MITLs is measured 
with up to six B-dot probes at two separate radial 
positions in each of the four MITLs. The total load 
current is monitored with up to four B-dot probes located 
about 5 cm from the z-pinch load. 
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Figure 4 The average voltage (solid line) and total power 
waveforms in the water transmission lines measured on 
Shot 51. 
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Figure 5 The currents (solid lines) and voltages for each 
level of the insulator stack measured on Shot 51. 

3.2 Calibration 

Calibration of all of the diagnostics is critical. Some of 
the calibrations are done in-situ with pulsers and reference 
monitors placed near the diagnostics under calibration 
while other calibrations were done externally. In all cases 
the pulsers are designed to provide electrical test pulses 
with nearly the same rise time as the actual accelerator 
pulse. The reference monitors are carefully calibrated 
against NIST-traceable standards. All calibration 
waveforms are stored and are available for examination or 
further checking  at  any time  in  the  future.   Typical 
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electrical diagnostic calibrations were accurate to ~ 2-4%. 
We believe that the total error, including data acquisition 
and systematic errors, for most of the electrical 
diagnostics is better than 5%. 

4 ELECTRICAL   PERFORMANCE 

This section of the paper describes the actual 
performance of PBFA Z element by element in the 
accelerator. 

4.1 Water Transmission Lines 

Measurements of voltage and current in the constant 
impedance water transmission lines comprise the 
backbone of the electrical performance of the accelerator. 
These data give the module spread, voltage, power, and 
energy for the entire accelerator. Figure 4 shows the 
voltage waveform from a single module of PBFA Z. The 
peak voltage is 2.5 MV with a 105-ns FWHM pulse. The 
power shown is the 36 times the power of a single line. 
These data give a total forward-going energy for the 
accelerator of ~ 4.5 MJ. 

The peak stress measured in the water lines was 
180 kV/cm. The water lines on PBFA Z can successfully 
operate at this stress level. Data show that breakdowns in 
the water transmission lines is dominated by edge effects, 
joints, and gaps. We see no evidence of electrical 
breakdown or losses in the uniform field portion of the 
water transmission lines. 
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Figure 6 The total current (solid line) and power at the 
insulator stack measured on Shot 51. 

4.2 Insulator Stack 

Data show that the insulator stack is exposed to peak 
voltages exceeding 3 MV. Our data show that at peak 
electric fields of ~ 100 kV/cm the insulator stacks never 
flash. This voltage hold off value is at the extreme limit 
of classical insulator breakdown described in Refs. 1&4. 
In fact, even upon voltage reversal (after peak current) 
when the voltage reaches as low as -1 MV the insulator 
holds off the voltage for as long as 200 ns. Figure 5 

shows the voltage and current waveforms measured on 
each of the four insulator stacks for PBFA-Z Shot 51. 
Figure 6 shows the total current through the insulator 
stack together with the electrical power (I*V) passing 
through the insulator stack. The peak electrical power 
measured on Shot 51 was 46.8 TW. The measured 
electrical energy at the insulator stack for Shot 51 was 
2.9 MJ. 

2700 

Figure 7 The total stack current (solid line) is plotted with 
the total MITL current for Shot 51. The stack flashes at 
~ 2675 ns. 

250 

200 

150   — 

2600 

Figure 8 The total stack power (solid line) is plotted 
together with the x-ray power for Shot 51. 

4.3 MITLs 

Data from MITL current monitors for Shot 51 show that 
there is 100% current transfer from the insulator stack to a 
location just radially inside the MITL current monitors (a 
location just over 1 m from the load). The total current in 
the MITLs is compared with the total insulator stack 
current in Fig. 7. Note that the current has exactly the 
same shape as the insulator stack current at all times 
except when the insulator stack flashes late in time. At 
that time all of the magnetic flux is trapped in the MITLs 
and will only slowly LR decay away. MITL current data 
from other shots with MITL current monitors just outside 
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Figure 9 The total stack and MITL currents (dashed lines) 
for Shot 51 plotted together with the Screamer calculated 
values (solid lines). The Screamer load current is the bold 
line. 

the vacuum convolute (30 cm from the load) show no 
MITL current losses to that radial location. 

4.4 Comparison of Data with Modeling 

The final piece of data required to compare with circuit 
calculations is from the z-pinch load. We measure the 
implosion time and have accurate knowledge of the initial 
load mass and radial position. The load data, the measured 
inductances, together with water transmission line, stack, 
and MITL current and voltage data allows a detailed model 
of the entire pulsed power system. We use the Sandia 
Screamer code[5] with only one adjustable parameter, the 
effective loss impedance at the vacuum convolute, to 
model PBFA-Z power flow. 

Figure 8 shows the power and relative timing of the 
x radiation to the total insulator stack power. The timing 
accuracy of the two signals is measured to be ~ 2 ns. 
Note that the z pinch provided a 4X power gain over the 
electrical power delivered to the insulator stack. Using 
this time information and knowing that the load dynamics 
places a severe constrain on the actual current driving the 
load we calculate all relevant voltages and currents in the 
system. Figure 9 plots the stack and MITL currents 
against Screamer calculated values. In addition, the 
Screamer prediction for the actual load current (not 
measured) is included. The agreements are excellent. 
Using the same modeling methodology with a large 
number of shots has given us confidence in this technique 
for extracting the actual load current for a wide range of 
load parameters. 

5   CONCLUSIONS 

PBFA Z, representing the culmination of marx- 
driven water-pulse-line technology, is the world's most 
powerful electrical accelerator. We are successfully 
operating at the 50-TW design point. We routinely couple 
MJ's of electrical energy into  imploding z-pinch loads 

thereby generating x-ray powers of 200 TW and x-ray 
energies of 1.85 MJ. 

PBFA Z will be available for the next decade for a 
variety of scientific uses. Experimenters can access unique 
regions of plasma density and temperature parameter space 
for basic science and defense applications. 
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3D PARTICLE SIMULATIONS OF SPACE-CHARGE-DOMINATED BEAMS 
IN HIF ACCELERATOR EXPERIMENTS 
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I. Haber, NRL, Code 6790, Washington DC 20375 

Abstract 

The development of a high current, heavy-ion beam driver 
for inertial confinement fusion requires a detailed under- 
standing of the behavior of the beam, including effects of 
the large self-fields. This necessity makes particle-in-cell 
(PIC) simulation the appropriate tool, and for this reason, 
the three-dimensional PIC/accelerator code WARP3d is 
being developed. WARP3d has been used extensively to 
study the creation and propagation of ion beams both to 
support experiments and for the understanding of basic 
beam physics. An overview of the structure of the code is 
presented along with a discussion of features that make the 
code an effective tool in the understanding of space-charge 
dominated beam behavior. A number of applications 
where WARP3d has played an important role is discussed, 
emphasizing the need of three-dimensional, first principles 
simulations. Results and comparisons with experiment are 
presented. 

1 INTRODUCTION 

The mainline approach of the U.S. for a driver for 
energy production by inertial confinement fusion is a 
heavy-ion induction accelerator. The beams used for 
heavy-ion fusion (HIF) have a large enough current that 
the space-charge effects dominate the behavior of the 
beam, in comparison to thermal effects. The necessity of 
including the significant space-charge makes theoretical 
analysis of the beam difficult, but makes the use of particle 
simulation techniques (used in plasma physics) ideal. 

One- and two-dimensional particle-in-cell (PIC) codes 
have played a significant role in the understanding of 
space-charge dominated beam dynamics. Often though, 
full three-dimensional models are required to capture all 
of the relevant physics; there is much interaction of the 
longitudinal and transverse dynamics of the beams. Exam- 
ples of cases where full-three dimensional simulation is 
necessary are the study of beam ends and longitudinal 
compression in a quadrupole lattice and the examination 
of various element misalignments and non-axisymmetric 
field errors. For these reasons, the three-dimensional PIC/ 
accelerator code WARP3d is being developed. 

WARP3d[l] is a three-dimensional PIC code developed 
expressly for the purpose of simulating the behavior of 
high-current, space-charge dominated beams. The applica- 
tions of interest are ongoing and future accelerator experi- 
ments in the HIF program and ultimately a full scale driver 
for inertial fusion energy power production. We are well 
on our way toward a source-to-target modeling capability 
needed for modeling a full scale driver. 

2 OVERVIEW OF WARP3d 

The WARP3d code combines the PIC technique with a 
description of the "lattice" of accelerator elements. In the 
PIC model, the calculation of the self-fields of the beam is 
done by solving Poisson's equation (i.e. electrostatic only) 
on a 3-D mesh which can move with the beam. Only elec- 
trostatic beam fields are important throughout most of an 
HIF accelerator since, with the large ion mass, the velocity 
is well below the speed of light, only reaching -0.3 c at the 
end. The particles are advanced using the full Lorant» 
equation, including the self electric field as well as the 
applied electric and magnetic fields. The beams can be 
created in their entirety at the start of the simulation or by 
injection. The injection can be off of a plane or a curved 
surface and can be at a set current or space-charge limited. 
Both steady-state and time-dependent simulations can be 
made. The steady-state algorithm is based on the algo- 
rithm used in EGUN[2]. 

The lattice is a general set of finite-length accelerator 
elements including quadrupoles for focusing, dipoles for 
bending, and induction gaps for acceleration, as well as 
more general elements with arbitrary fields. Another set of 
elements in the 3-D model specifies the locations and cur- 
vatures of bends. These are not physical elements but are 
the appropriate coordinate transformations needed to fol- 
low the beam around the bends. The calculation of the 
self-fields is also altered to include the curvature of this 
"warped" space. 

The fields of the lattice elements can be specified at any 
of several levels of detail. At the lowest level, the lattice 
elements can be hard-edged with an axially uniform field 
over the extent of the element. Here, the "residence cor- 
rection" method is used in the particle mover, scaling the 
applied field by the fraction of the velocity step spent 
inside the element, to ensure that the particles receive (to a 
good approximation) the correct impulse from each ele- 
ment independent of the timestep size and thus allowing 
larger timesteps to be used. The fields of elements may 
also be specified in more detail and more generally either 
via axially dependent multipolar field composition or via 
field description on a 3-D mesh. The electrostatic elements 
can alternately be implemented from "first principles" by 
self-consistently including the conductors in the field solu- 
tion, using a subgrid-scale boundary resolution algorithm 
to afford a realistic description of the geometry. 

WARP3d makes use of a number of modern program- 
ming practices such as use of an interpretive scripting lan- 
guage, coarse grained objects, and parallel processing. 
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3 BEND EXPERIMENT 

A recirculating induction accelerator has the potential 
of significantly reduced cost as a driver for heavy-ion 
fusion. There are a number of physics and engineering 
issues that still need to be examined. For that reason, the 
heavy-ion fusion group at LLNL has begun experiments 
leading up to a small scale recirculator which will have 
dimensionless parameters similar to those of a driver scale 
recirculator[3]. The bend experiment is the first step of the 
sequence and may be the first detailed examination of the 
behavior of a space-charge dominated beam in a bent lat- 
tice with quadrupole focusing. 

In the current state of the experiment a matching sec- 
tion of seven electric quadrupoles is followed by eight per- 
manent magnetic quadrupoles in a straight lattice, and then 
by five more magnetic quadrupoles which are in a bent lat- 
tice with electric dipoles between the quadrupoles to bend 
the beam. The total bend angle is 45°. The beam of singly- 
charged potassium ions is injected with an energy of 80 
keV, a current of 2 mA, and a radius of 5.5 mm. The space 
charge of the beam depresses the phase advance per lattice 
period from 70° to 20°. The transport line is in total about 
five meters long. 

The goals of the simulations are, in combination with 
experimental results, to understand the behavior of the 
beam in the bend and to fully characterize the beam to 
allow thorough understanding of what will be inserted into 
the completed ring. 

Previous analytical work[4] and simulation[l] has 
shown that as a beam enters a bend, it experiences a 
growth in emittance which is related to the axial thermal 
spread of the beam. As a beam with a thermal spread 
enters a bend, the particles with different axial velocities 
will separate due to dispersion. This separation leads 
directly to an increase in RMS emittance, and as the non- 
linear space-charge density due to the separation thermally 
mixes, the separation leads to an increase in the true emit- 
tance which is related to the beam temperature. In the 
length of the current 45° bend experiment, only the 
increase in RMS emittance will be observed. 

This growth in emittance can be used as an indirect 
measurement of the axial thermal spread in the experimen- 
tal beam. The thermal spread is estimated from the tem- 
perature of the emitter to be < 0.1% of the axial velocity, 
too small to be measured directly. By comparing the emit- 
tance growth seen in the experiment with that of simula- 
tions, a better estimate can be obtained. 

In most of the simulations, the beam is formed by injec- 
tion from the aperture at the end of the diode. The field of 
the electric quadrupoles is obtained from a multipolar 
decomposition of the fields calculated from "first princi- 
ples" in a separate WARP3d calculation including the 
geometry of the electric quadrupole conductors. The field 
from the magnetic quadrupoles is obtained analytically; 
knowing the arrangement of the permanent magnets which 
make up the quadrupoles, the field can be calculated and 
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Figure 1: Normalized emittance at mid-pulse as the beam 
moves along the accelerator. The rise in the x emittance is 
due to the axial thermal spread of the beam in the bend. 
The y emittance begins to rise to match x. The thermal 
spread is 0.22% of the beam velocity. 

then decomposed into multipolar components. The field 
from the dipoles is obtained by another first-principles 
solution of Laplace's equation including the carefully- 
shaped electric dipole plates. The field in a 3-D region 
around the plates is saved and applied directly to the parti- 
cles. 

Typically, 100,000 simulation particles and a 
64 x 32 x 256 field grid are used. About 800 timesteps 
are taken for the beam to travel completely though the lat- 
tice, taking 20 minutes on 32 processors of a Cray T3D. 

With a thermal spread of 0.22% of the axial beam 
velocity, roughly the same as the transverse thermal 
spread, a significant emittance growth is seen as shown in 
figure 1. Figure 2 compares the transverse phase space in 
the plane of the bend before and after the bending. The 
spreading is very evident. In the plots, the particle shading 
is determined by the axial velocity, showing the separation 
of the different velocity classes. The particles with smaller 
x' are those with higher axial velocity; the beam is bend- 
ing towards positive x so the particles with higher axial 
velocity are bending less and thus have more negative x 
and*'. 

A series of simulations was carried out with varying 
axial thermal spread. Figure 3 shows the final emittance 
after a 45° bend versus the axial thermal spread. The 
increases in emittance for the velocity spreads shown are 
all well within acceptable limits for a beam to be injected 
into the ring. Note that for these runs, the fields of the 
matching electric quadrupoles were applied using the 
hard-edged approximation, to reduce the time of the simu- 
lation. Comparison with runs using the decomposed first- 
principles fields show little difference in the emittance 
growth. 

Extensive simulations of the full small scale recircula- 
tor experiment have also been carried out. The simulation 
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Figure 2: Phase space in the plane of the bend before and 
after an 18° bend. The shading of the particles based on 
axial velocity shows the spreading from the bend. The par- 
ticles with larger velocity have smaller x'. 

results show emittance growth from multi-lap operation 
that is well within acceptable limits. That work is dis- 
cussed more fully in reference [1]. 

4 MARYLAND BEND EXPERIMENT 

The University of Maryland has an experimental elec- 
tron beam program that is examining the dynamics of 
high-current, low energy beams. Currently there exists a 
one meter long, 4 kV, 20 mA, injector test assembly[6]. In 
the planning stages is a ring[7]. The WARP3d code is 
beginning to be used in the examination of the experi- 
ments and in validation of the designs. 

The focus to date has been on simulating the existing 
injector transport line. The focusing in the accelerator is 
obtained from printed circuit quadrupoles which were 
designed with a 3-D magnetics program. The fields from 
these quadrupoles are calculated in the 3-D magnetics pro- 
gram and are empirically fit to an analytic formula which 
is used in the simulation. Similarly, the fields from a sole- 
noid, which is used to initially focus the beam as it comes 
off of the source, can be calculated and applied in the sim- 
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Figure 3: Final normalized emittance of the beam mid- 
pulse with changing axial thermal spread for two different 
initial emittances, 0.025 and 0.05 7t-mm-mrad. Solid line 
is in the plane of the bend, dashed is out of plane. The hor- 
izontal lines show the initial emittance. Comparison with 
the emittance from the experiment will give an indirect 
measurement of the axial thermal spread. 

ulation. The calculated 3-D field structure can be applied 
directly in the simulation, but this has not been done yet. 
The simulated beam is created by continuous injection at a 
constant current at the end of the diode and is allowed to 
fill the system axially until a steady-state is reached. 

As there is no experimental data yet, comparisons were 
made with another code, namely the envelope code 
SPOT[8]. Good agreement was found between the codes. 
There were minor differences, though, due in part to the 
fact that WARP3d allows a more complete description of 
the solenoid fields including the radially varying trans- 
verse fields. Use of the more complete description changes 
the effective focusing of the solenoid. The future plans are 
to use WARP3d to examine the design of the full electron 
ring. That work will rely heavily on the capability of 
WARP3d to model the transport of high-current beams 
around bends. 

5 ELECTROSTATIC QUADRUPOLE INJECTOR 

An injector for a driver-scale accelerator will be 
required to produce multiple beams with a high current. In 
order to examine the relevant physics and engineering 
issues, a driver scale injector experiment is being carried 
out at LBNL[5]. The injector design consists of a diode to 
extract a beam from a source, followed by a series of elec- 
tric quadrupole focusing elements which have their volt- 
ages arranged to produce a net accelerating gradient down 
the axis. 

The injector produces a 1 A beam of singly-charged 
potassium ions at 2 MeV. A major goal was production of 
a beam of low emittance. Since there are a number of 
issues in the design of the injector which can lead to emit- 
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tance growth, an effort was started to study the injector 
with simulation. The major issue is the large size of the 
potentials of the electric focusing quadrupoles relative to 
the energy of the beam. That potential can cause a signifi- 
cant transverse variation of the axial velocity which dis- 
torts the beam, leading to emittance growth; this is 
referred to as the "energy effect". 

The experiment has been simulated extensively using 
WARP3d. Initial simulations were of a smaller scale, 
proof of principle experiment and help demonstrate the 
feasibility of the injector design and improve upon it. The 
major improvement was knowledge of how much to 
increase the diode voltage. With that increase, the focusing 
potentials are a smaller fraction of the beam energy and 
the distortion due to the energy effect is less. Also, the 
beam is more easily focused and can be made smaller, fur- 
ther reducing the size of the distortion. The diode voltage 
is limited, though, on the upper end by breakdown consid- 
erations. Increasing the diode voltage from 500 kV to 750 
kV was shown by the simulations to significantly reduce 
the emittance growth while staying below the voltage 
breakdown threshold. 

Self-consistent simulations of the full-scale experiment 
have been carried out[l]. The beam is created by space- 
charge limited injection off the emitting surface. The full 
geometry of the diode region and of the electric quadru- 
pole structure is included self-consistently, creating the 
applied fields and the image fields. Comparisons between 
simulation and experiment have shown excellent agree- 
ment in the beam size and divergence as well as in the 
shape of the beams transverse phase space. 

The experimental results, though, have shown an unan- 
ticipated beam hollowing and non-linear transverse charge 
density distribution. Simulations of the experiment have 
eliminated such causes as the energy effect, and suggest 
that the hollowing could results from a nonuniform distri- 
bution generated in the diode. Studies of this phenomenon 
continue. 

6 BEAM COMBINER 

An optimal design of a driver may require the combin- 
ing of multiple beams in order to take advantage of cost 
efficiencies of an architecture with many beams at low 
energy and few beams at high energy. The HIF group at 
LBNL is carrying out an experiment to examine beam 
combining[9]. The major issue is the increase in the emit- 
tance resulting from the filling of phase space between the 
beams when they are combined. 

WARP3d is being used to simulate the beam transport. 
To date, the code has only been used for simulations of the 
matching section leading up to the combiner section. 
Fairly good agreement with the experimental results have 
been obtained. There is a small difference in the phase 
rotation which is likely due to uncertainties in the initial 
conditions which are used in the simulation. The simula- 
tions are shedding light on the cause of an unanticipated 

essing in phase space. These simulations are described in 
more detail in reference [10]. Our future plans include 
simulation of all of the experiment from the source 
through the combiner. 

7 AVLIS 

Though not within the HIF program, simulations for the 
atomic vapor laser isotope separation (AVLIS) program 
provide a means to further the use and utility of the 
WARP3d code. The AVLIS program is using an electron 
beam to melt and vaporize the material to be separated. 
The electron gun has shown anomalous asymmetric beam 
behavior that cannot be studied with axisymmetric codes. 
We have begun to use WARP3d to examine the gun with 
space-charge limited injection of the electrons off the 
emitter surface and use of magnetic fields calculated by 
TOSCA and specified on a 3-D grid. The full conductor 
geometry is simulated using subgrid-scale conductor reso- 
lution. 

An additional focus of the simulations is placing toler- 
ances on the construction of the gun diode. A series of 
simulations has been carried out offsetting various pieces 
of the diode to examine the degradation of beam quality. 
These simulations are made possible by the three-dimen- 
sional code. 

8 CONCLUSIONS 

The necessity of self-consistency in the self-field calcu- 
lation aad of full dimensionality in the study of the trans- 
port of high-current beams relevant for HIF has lead to the 
development of WARP3d, a three-dimensional particle-in- 
cell/accelerator code. Though this code is still under 
development, it has been successfully used in a wide range 
of applications, some of which have been described above. 
The major uses have been examination of beam dynamics 
in ongoing accelerator experiments being carried out by 
the U.S. HIF program. The code has been used to study, 
among other issues, injection, transport though lattices 
with non-linear fields, transport through bent lattices, and 
misalignments. WARP3d has played and continues to play 
an important role in the development of our understanding 
of high-current beam dynamics and in the analysis of 
high-current beam experiments. 
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Abstract 

We present the design, analysis, and results of the high- 
brightness electron beam experiments currently under 
investigation at Sandia National Laboratories. The 
anticipated beam parameters are the following: energy 8- 
12 MeV, current 35-50 kA, rms radius 0.5 mm, and pulse 
duration 30-60 ns FWHM. The accelerators utilized are 
SABRE and HERMES III. Both are linear inductive 
voltage adders (IVA) modified to higher impedance and 
fitted with magnetically immersed foilless electron diodes. 
In the strong 20-50 Tesla solenoidal magnetic field of the 
diode, mm-size electron beams are generated and 
propagated to a beam stop. The electron beam is field 
emitted from mm-diameter needle-shaped cathode electrode 
and is contained in a similar size envelope by the strong 
magnetic field. These extremely space charge dominated 
beams provide the opportunity to study beam dynamics 
and possible instabilities in a unique parameter space. 
The SABRE experiments are already completed and have 
produced 30-kA, 1.5-2.5 FWHM electron beams, while 
the HERMES-III experiments are currently under way. 

INTRODUCTION 

The experiments reported here were motivated by the 
success of converting RADLAC II (an induction linac) 
into an equal impedance (~ 120 ohm) inductive voltage 
adder coupled to a magnetically immersed foilless diode 
(RADLAC II/SMILE) [1]. The inductive voltage adder 
(IVA) technology is relatively simple and couples a self- 
magnetically insulated transmission line (MITL) [2] with 
an induction linac to generate a new family of induction 
accelerators. In these accelerators, the particle beam which 
drifts through the multiple cavities of conventional 
induction linacs is replaced by a metal conductor which 
extends along the entire length of the device. The voltage 
addition of the accelerating cavities is therefore 
accumulated in the TEM Poynting vector rather than in a 
sequentially accelerated electron beam. 

In the next sections, we present results and analysis 
of the SABRE [3] experiments and a progress report on 
HERMES-III [4] experiments. 

SABRE   EXPERIMENTS 

SABRE IVA has 10 inductively insulated cavities, each 
rated at 1.0 MV, designed to operate at 40 ohms in 
negative polarity and 20 ohms in positive polarity. For 
these experiments, SABRE was modified to increase the 
output voltage and proportionally reduce the current, 
delivering the same energy. It was, therefore, operated at 
9-12 MV and 100-120 kA. The major accelerator 
modifications were to reduce the total number of pulse 
forming lines by half and to design and construct a new 
cathode electrode. Thus, each cavity was fed by a single 
pulse forming line, doubling the accelerator impedance 
which was further increased to 120 ohms by the new 
smaller diameter cathode electrode [5,6,7]. 

The design of the MITL voltage adder and the 
foilless diode (Fig. 1) were validated with a large number 
of particle-in-cell simulations. Because of the large range 
in space and time scales, the entire design was divided into 
three parts: the voltage adder; the transition region, where 
the coupling from the MITL into the immersed diode was 
studied, and finally, the immersed diode where the beam 
generation and beam parameters were analyzed in fine 
detail (Fig. 2). The diode simulations represent an ideal 
situation assuming no ion emission from the target, 
perfect cylindrical symmetry and no instabilities between 
counterstreaming electrons and ions. 

PREPULSE SWITCH 

;--*NOB£- 

CATHOOE 

FILTERED CR-39 
PEAK VOLTAGE MONITI 

Cathode Tip and Ni 

and Figure 1.   Schematic   diagram   of   diode   design    .— 
transition region, showing details and B-dot 
monitors. 
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Figure 2.   High-resolution diode simulation  calculating 
the beam parameters. 

The intense electron beam produced by the SABRE 
foilless diode quickly produces an ion-emitting anode 
plasma. The ions, mostly protons, are accelerated toward 
the cathode with a current reduced roughly by the ratio of 
the ion-to-electron beam velocity (3 kA ions versus 30 kA 
electrons for typical SABRE parameters). The electro- 
static attraction between the two beams is considerable and 
various forms of the two-stream instability can be excited, 
including sausage, hollowing, hose, and filamentation. 
These instabilities can cause large deflections and heating 
of the beam which would increase the beam spot size in 
the absence of a strong axial magnetic field (Bz). 
According to theory and IVORY simulations, a 30-T or 
higher field controls these instabilities in the linear regime 
and allows 0.5 to 0.75 mm radius beams. The 
experimental results are in very good agreement with 
IVORY simulations [8] (Table I). Figure 3 presents two 
time-integrated pinhole x-ray images of the beam on the 
anode target for two magnetic field strengths: 6 T (Fig. 
3a) and 28.5 T (Fig. 3b). 

Table  1 

Beam Spot FWHM (mm) 
B7(T) Experiment IVORY Simulation 

6 3.1 2.83 
29 1.5 1.25 

SABRE experiments demonstrated that a 
magnetically immersed foilless diode driven by an 
inductive voltage adder can produce 1.5 mm (FWHM) 
electron beams. A ~ 30 T solenoidal magnetic field 
controlled the ion hose instability and kept it in the linear 
regime. The experimentally measured voltage, current, x- 
ray dose, ßx, and spot size are in excellent agreement with 
analytical theory and numerical simulations. 
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Figure 3a. Time-integrated x-ray images of the beam for 
BZ=6T. 
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Figure 3b.   Time-integrated x-ray images of the beam for 
Bz = 29 T. 

HERMES-III   EXPERIMENTS 

We currently utilize the HERMES-III accelerator to extend 
SABRE results to higher voltage (12 MV), longer pulse 
length (~ 70 ns FWHM), and higher diode magnetic field 
(50 T). The higher magnetic field should produce even 
smaller beam spot sizes of the order of 0.75 mm FWHM. 
The increased voltage and pulse length are required to 
achieve 1 kRad x-ray dose at 1 m from the Ta target. 

HERMES ffl is larger than SABRE, having 20 
inductively insulated cavities, each rated to a 1-MV 
maximum voltage. It routinely produces 18-20 MV, 700- 
kA electron beam in normal operation, but in the present 
experiments, we operate it at lower voltage (12 MV), 
reduced current (150 kA), and longer pulse (~ 70 ns 
FWHM). A number of modifications from the original 
configuration were necessary to achieve this performance: 
the pulse forming line length was doubled, a new cathode 
electrode increased the final impedance to 110 ohms, and 
the Marx generators were charged to lower voltage (60 
kV). The cantilevered cathode electrode is now of much 
smaller radius and longer (18 m). To increase its strength 
continuous tapered sections were utilized instead of the 
stairstep design approach of previous voltage adders [5,6]. 
The outer cylinder of the extension MITL also has conical 
sections to reduce the radius down to SABRE size. Thus, 
the same magnetically immersed diode (Fig. 1) assemblies 
are utilized with HERMES III. In addition, a smaller, 50- 
Tesla, cryogenic diode was designed and constructed. 
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HERMES III is a very reliable accelerator and 
performed as expected. We produced with great repro- 
ducibility 12 MV, 150 kA, 70 ns FWHM pulses with 50 
ns flat top at the output end of the long extension MITL. 

During SABRE experimentation we observed a 
severe decrease in the diode impedance near the peak of the 
voltage pulse. It was attributed to a 100-kV prepulse 
arriving 200 ns before the main pulse. A flashover 
prepulse suppression switch solved the problem. For the 
diode impedance to remain constant, besides the prepulse 
switch, the diode chamber pressure had to be better than 
2xl0"6 torr. In HERMES III, we measured a similar 
amplitude prepulse. Two prepulse flashover switches 
were installed in series on the cathode electrode 30 cm 
upstream from the AK gap. Unfortunately, because of 
unexpected air and oil leaks inside the accelerator column, 
we are as yet unable to take advantage of the available 
long pulse and make the diode operate at constant 
impedance for the entire 70 ns. Fig. 4 shows voltage, 
diode current and diode impedance for SABRE normal 
operation (Fig. 4a) with prepulse flashover switch in place 
and good vacuum. Fig. 4b presents similar HERMES DI 
diode parameters with the present poor vacuum (7xl06) 
and oil contaminated system. At the beginning of the 
pulse, the impedance appears reasonable, and the first few 
frames of the x-ray framing camera [6] show beam spot 
sizes similar to SABRE and in good agreement with the 
simulations. However, very soon the diode impedance 
collapses and the beam disappears. Opening the AK gap 
to 20 cm seems to help the diode operation and 
substantially delay the impedance decay. 

Currently, we are in the process of identifying and 
fixing the accelerator air leaks. To solve the oil leak 
problem, a number of accelerating cavities will be 
replaced, diffusion pumps will be installed in the 
accelerator, and sections of the extension MITL will be 
provided with cryowalls. 

500 
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Figure 4a.   A   constant   impedance   diode   shot   with 
SABRE. 
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Figure 4b.   The impedance of the HERMES-III diode 
decays with  time,   probably  due  to   poor 
accelerator vacuum and oil contamination. 

CONCLUSIONS 

We have designed, constructed, and experimentally tested 
immersed diodes and high-impedance voltage adders for 
SABRE and HERMES III, which should generate very 
intense high-brightness electron beams of millimeter size. 
In our first experimental validation of the design with 
SABRE, ion-hose instabilities have imposed a lower spot 
size limit of 1.5-mm FWHM to the beam. The 50-T 
HERMES-III experiments should further minimize the 
ion-hose effect and reduce the beam spot size to ~ 0.7 mm 
FWHM. Unfortunately, in our first experimental 
campaign, poor accelerator vacuum and oil leaks prevented 
us from reaching our goals which we hope to achieve in 
the very near future. 
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LINEAR INDUCTION ACCELERATOR APPROACH FOR ADVANCED 
RADIOGRAPHY 

George J. Caporaso, Lawrence Livermore National Laboratory, Livermore, California 94550, USA 

Abstract 

Recent advances in induction accelerator technology make 
it possible to envision a single accelerator that can serve 
as an intense, precision multiple pulse x-ray source for 
advanced radiography. Through the use of solid-state 
modulator technology repetition rates on the order of 1 
MHz can be achieved with beam pulse lengths ranging 
from 200 ns to 2 (isecs. By using fast kickers, these 
pulses may be sectioned into pieces which are directed to 
different beamlines so as to interrogate the object under 
study from multiple lines of sight. The ultimate aim is 
to do a time dependent tomographic reconstruction of a 
dynamic object. The technology to accomplish these 
objectives along with a brief discussion of the 
experimental plans to verify it will be presented. 

1    INTRODUCTION 

Induction linacs, because of their kiloampere current 
capability are used as intense flash x-ray sources. A novel 
approach, illustrated in Fig. 1 is to generate a train of 
several pulses in one accelerator which can be sectioned 
into pieces by kickers and directed down different 
beamlines. These pieces will go through kickers and 
several large angle bends in order to arrive at the x-ray 
targets simultaneously. 

I 50 ns 50 ns 

16 - 20 MeV, 3 - 6 kA 
injector accelerator 

HIHIHI inn 
i\ i 

variable  Interpulse spacing 
down to 1 (is for >10 

pulses 

-^ / 

Metglas cell 

Induction 
adder 

FET-switched 
modulator 

Fig. 1 Schematic of induction linac advanced radiography 
concept 

The electron beam is focused to a small spot, typically of 
order 1 mm, onto a Bremsstrahlung target. The x-ray 
brightness depends on the electron beam's final spot size 
and divergence angle, and hence on its emittance. The 
performance of a radiographic machine using a single 
accelerator as a driver depends on whether beam quality can 
be preserved throughout these beam manipulations. The 
effects of space charge forces on the emittance growth in 
these bends has been calculated and appears to be small 
[1]. 

2    ARM SOLID-STATE MODULATOR 

The ARM (Advanced Radiography Machine) solid-state 
modulator concept is shown in Fig. 2. The voltage to be 
applied to the load (ultimately an accelerator cell) is that 
of the precharged capacitor. A suitable switch alternately 
connects and disconnects the capacitor from the load. 
Another branch of the circuit acts independently to reset 
the magnetic core material of the induction cell to prepare 
it for another voltage pulse. 

Fig. 2 Schematic of solid-state modulator concept 

In this case the switch is a series-parallel array of FET's 
(Field Effect Transistors). These devices are inherently 
fast but have limited voltage and current capacity. Thus, 
they must be arranged in parallel to handle large currents 
and in series to handle high voltages. Fig. 3 shows a 
switch circuit board with 12 FET's capable of handling 1.2 
kA at approximately 1 kV. Many of these circuit boards 
along with reset boards and the primary energy storage 
capacitors are arranged around a Metglas core to form the 
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ARM-II modulator shown in Fig. 4. This modulator has 
successfully operated at its design parameters of 15 kV 
(open circuit voltage) and up to 6.7 kA (where it is 
internally current limited) for pulses between 200ns up to 
2|J.secs in duration. 

!5^fO«I© 
'9?9*ö$o! ?i'9?b;'o' 

Fig. 3 ARM-II switchboard containing 12 FET's 

The modulator has been fired at full power into a short 
circuit and operated without damage. Without reset the 
modulator can produce a string of 200 ns pulses at a 
repetition rate of 2 MHz. 

Fig. 4 Assembled ARM-II modulator 

Fig. 5 shows a pulse sequence that might be used for 
advanced radiography. It consists of 1 l|J,sec pulse 
followed by a string of 3, 200 ns pulses followed by a 2 
MHz burst of 5, 200 ns pulses. 

Kilovolts 

5 10 

Microseconds 

Fig. 5 A candidate accelerating pulse format for advanced 
radiography 

3    FAST KICKER SYSTEM 

The kicker system concept is illustrated in Fig. 6. It 
consists of stripline electrodes and is very similar to a 
stripline BPM. By driving the downstream end of two of 
the electrodes with a fast pulser the beam can be deflected 
in one plane. A D.C. bias dipole wound over the kicker 
is used to steer the beam to one of the two desired output 
positions in the absence of a pulse. When the pulser is 
activated, the voltage and current on the strips overcome 
the bias field and switch the beam to the other output 
position. The kicker is followed by a drift space in which 
the effects of the kicker are amplified. A separation of 
several centimeters in the two output positions is readily 
achieved but a large angular separation between the two 
beams is not. The beams are then passed through a D.C. 
septum magnet which changes the angles of the two 
output beams fairly abruptly so that there will be room to 
insert additional focusing lenses. 

ground  electrode 

bias dipole windings 

Fig. 6 Fast kicker system 

The passage of a high current beam through the kicker 
will induce currents and voltages in the structure which 
will act to amplify the effects of the externally applied 
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deflecting signals [2, 3]. These effects can be made small 
in a properly designed system and can be compensated by 
using a pulser with an adjustable output waveform.   A      [1] 
very fast pulse risetime is desired in order to minimize the 
amount of beam that is lost on the septum pipe.   The      [2] 
pulses are provided by a hard tube modulator with a 
bandwidth on the order of 40 MHz.   This system is      [3] 
essentially an amplifier which can provide a pulse that is 
custom tailored to accommodate the effects of any beam 
induced voltage in the system. Because kiloampere level      [4] 
beam currents will pass through the kicker relatively large 
voltages will be generated which will run up the drive 
cables to the pulser where they will reflect and come back     [5] 
down to the kicker perturbing subsequent sections of the 
beam.  One way to eliminate these reflections is to use a 
transit time isolated cable system.  Unfortunately for the 
time windows under consideration (10's of (isecs) the skin 
effect in conventional conductors makes this impossible 
without unacceptable high frequency attenuation.   The 
attenuation and dispersion can be greatly reduced by using 
a superconducting delay line [4]. 
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4    ETA-II EXPERIMENTS 

In order to test various aspects of kicker performance 
and to verify the preservation of beam quality through 
large angle achromatic bends a series of experiments will 
be performed on the ETA-II induction accelerator [5]. 
ETA-II produces high quality electron beam pulses of 6.3 
MeV at 2.2 kA with an energy flat top of ±1% over 40 
ns. A series of extensive kicker/septum measurements are 
planned for the 1997 fiscal year. Beam induced voltages, 
and their effect on steering, emittance growth and pulser 
response will all be measured as a function of beam 
current from roughly 100 A up to the full current of the 
machine (2.2 kA). Eventually, the ARM three-stage 
inductive adder will be used to power a long pulse 
accelerator cell installed on the ETA-II beamline to 
provide a complete system test of the solid-state 
modulator technology with an actual beam load. 

5     CONCLUSIONS 

We have presented a concept for an advanced 
radiographic system that should be capable of providing 
multiple lines of sight to an object with a temporal 
sequence of pulses at a very high repetition rate sufficient 
to image a dynamic object. 

6  ACKNOWLEDGMENTS 

The author gratefully acknowledges helpful discussions 
with Hugh Kirbie. The work was performed under the 
auspices of the U.S. Department of Energy by LLNL 
under contract W-7405-ENG-48. 

1250 



PERFORMANCE OF THE SPIRAL LINE INDUCTION ACCELERATOR 

J.R. Smith, V.L. Bailey, H. Lackner, and S.D. Putnam 

Pulse Sciences, Inc 
San Leandro, CA 94577 

Abstract 

A proof-of-concept experiment (POCE) to demonstrate 
the performance of a novel recirculating induction 
accelerator has been completed. The Spiral Line 
Induction Accelerator employs a unique combination of 
features (spiral beamline, shielded off-axis gaps, and 
stellarator focussing fields) which permits efficient, high- 
current operation with a compact device.[l] Initial 
experiments demonstrated acceleration of 2 and 10 kA 
beams to 5.5 MeV and acceleration of a 12.5 kA beam to 
4.5 MeV by transport around a full turn with two passes 
through a single accelerating unit. Recent tests with the 
completed POCE hardware achieved the program goal 
with acceleration of a 2.4 kA beam to 9.5 MeV. 

1 INTRODUCTION 

The Spiral Line Induction Accelerator (SLIA) is a 
compact high-current accelerator with two accelerating 
units placed on each side of a racetrack geometry (Fig. 1). 
An electron beam is recirculated through the accelerating 
units using a spiral beamline for simple injection and 
extraction. A solenoidal magnetic field confines the 
beam in the accelerating units; and toroidal, vertical, and 
stellarator fields are used for transport through the bends. 
The / = 2 stellarator or helical quadrupole fields [2] 
permit transport of a high current beam with large energy 
spread (design goal: transport of injected beam with < 
20% energy spread), and a shielded gap design permits 
off-axis accelerating gaps which are necessary for the 
spiral line geometry. This report describes a SLIA POCE 
experiment which consists of circulation around three 
180° bends with two passes through each of the two 

Ail Bends 
R = 80 cm Accelerating Unit 2 

C14 i—i 1—1—I 1       C13y 

Current & Centroid 
Diagnostic Station 

Injector Diode 

*     n   I h 
^yC12 

Compression Section Transition Section 

Figure 1. SLIA layout and diagnostic stations. 

accelerating units. 
Major issues pertinent to SLIA operation are: (1) 

transport efficiency, (2) energy bandwidth of small 
aperture bends, (3) excitation of transverse beam 
deflection modes in the cells, i.e. the beam break-up 
instability (BBU), and (4) beam envelope matching on 
and off the stellarator bends. 

The field-free injector diode uses a velvet cathode in 
a Pierce field geometry. The energy variation during the 
current risetime is ~ 65%, and ~ 100% during the 
falltime. The compression region consists of six 
solenoids tuned to provide a field profile which 
minimizes envelope oscillations for peak and near-peak 
injected energies. Beam diameter at the compression exit 
for these experiments is 12 mm. Each accelerating unit 
has five induction acceleration cavities, and each cavity 
has two off-axis accelerating gaps. Each gap produces a 
300 kV, 83 ns FWHM accelerating pulse. The toroidal 
field in the accelerating units was ~ 2 kG. Transition 
sections 56.7 cm long are inserted between the 
accelerating units and bends 1 and 3. These allow 
diagnostic access and capability for addition of matching 
coils if needed. 

The three 180° bends all have an 80 cm major radius 
and a 3 cm beampipe radius. Each bend has three layers 
of windings as outlined in the table below. 

Table 1. Typical field values in the bends. 

Toroidal 
(kG) 

3.5-3.: 

Vertical 
(G) 

221 - 342 

Stellarator 
(G/cm) 

87 - 105 

The stellarator pitch is 62.8 cm in bend 1, 83.8 cm in 
bend 2, and 125.7 cm in bend 3. These values allow 
operation of the bends as first order achromats. No 
steering or matching coils were used in the experiments 
reported here although experiments to validate two 
matching techniques [3] were conducted during the 
program. 

There are nine B-dot stations labeled C10 through 
C18. Each station has 4 B-dots oriented at 90° intervals. 
Beam current is determined from addition of the 4 B-dot 
signals and beam centroid displacement is derived using a 
ratio equation involving the signals from opposing B- 
dots. A time integrated camera which images a 
Cherenkov converter is used to infer beam size. The 
target for this diagnostic consists of (1) a carbon disk and 
(2) two quartz plates separated by conducting mesh for 
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Figure 2.  Seven shot overlay of diode voltage and C12 
current 

charge bleed-off. 

2 BEAM MEASUREMENTS 

Figure 2 shows reproducibility of diode voltage and C12 
current for a seven shot overlay. Low energy electrons 
are not matched to the fields in the compression region 
and execute large radial oscillations in the compression 
region and accelerating unit. This produces current 
occlusions responsible for the oscillations observed 
during the falltime of the C12 current. In later work 
insertion of apertures in the compression section 
eliminated these oscillations. Beam centroid motion 
during ~ 25 ns of the current pulse at the end of the linear 
section of the accelerator (C12) was +/- 0.3 mm, the limit 
of resolution of the B-dot array. 

Beam current and displacement at C16, C17, and 
C18 are given in Fig. 3. Beam displacement is shown for 
current > 80% of the maximum current.    The beam 
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Figure 3. (a) Beam current, (b) Beam displacement. 
Shot # 4496. 

current profile is maintained throughout the transport 
with minor perturbations. During the mid-pulse at C16 
and C17 (entrance and exit of bend 3) both x and y 
displacements are < 1 mm and vary < +/- 0.5 mm. 
During the midpulse at C18 x-displacement is 3 mm and 
varies < +/- 0.5 mm, and y-displacement is < 2 mm with 
oscillations ~ +/- 1 mm amplitude. The significantly 
larger displacements during the pulse rise and fall time 
are due to large energy mismatch in the bends which 
results in off-axis, larger angle trajectories at the bend 
exits. 

Figure 4 gives maximum beam current, beam energy, 
and total beam charge as a function of axial position in 

12 

10 

>,  8 
E> 
a> 
c 
W     R 

r 4 

Ü 

Charge 

► 1- ^ 

r 
/ 

y 
Energyj-r 

r1^ 
Current 1—• •          ■—  . • * 

120 

100 

80 ^ 
Ü 

60 | 
ra 
O 

40 

20 

8 12 

z(m) 

16 20 

Figure 4.  Beam current, energy (kinetic plus potential), 
and charge vs. beamline location. 

the spiral line. The plot begins at the entrance to 
accelerating unit 1. The data points on the current and 
charge plots correspond to B-dot stations C12 - C18. The 
energy curve shows acceleration from the injector energy 
(3.5 MeV) to the final design energy (9.5 MeV). The loss 
of charge between C12 and C13 is due to loss of lower 
energy electrons in the risetime and falltime which are 
below the energy acceptance of bend 1. There is no 
additional loss of charge from C13 to C18. The small 
fluctuations are within the +/- 3*C accuracy of the 
measurement. The maximum current level is maintained 
throughout the spiral line. 

The total system energy bandwidth is determined by 
comparison of the transported current and the diode 
voltage (Fig. 5.) The transported current pulse measured 
at C18 is identical to the injected current (C10) except the 
leading and falling edges are truncated as shown by the 
vertical lines in Fig. 5. Electrons which are > 80% of the 
peak injected energy are transported through the entire 
spiral line; therefore the system energy bandwidth is 
20%. 

A time-integrated measurement of beam profile 
recorded immediately downstream of C18 is given in Fig. 
6.   The black outer boundary is the 60 mm beampipe 
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Figure 5. Determination of system energy bandwidth. 

diameter. The full-width half maximum (FWHM) of the 
Cherenkov light is 18.6 mm. Calibration of light output 
with current density is required to rigorously determine 
beam width from this measurement. Previous work at 
lower beam voltage has demonstrated good agreement 
between light output and beam size. [4] 

The two main modes of BBU growth are 1.0 and 1.8 
Ghz from RF cold tests of a prototype cell/cavity.[5] 
Excitation frequencies below 900 MHZ do not couple 
through the coaxial section of the shielded gaps. No 
evidence of BBU growth was observed in any of the 
SLIA experiments even though no Q-reduction ferrite 
pieces were incorporated in the cells. Asymptotic 
formulas suggest BBU gains as high as -230 for the 1.0 
Ghz mode with some experimental parameters. 

Stellarator fields are used to increase energy 
bandwidth in the bends. If stellarator fields are turned off 
energy bandwidth is reduced. Current rise and fall times 

.... 

x 

10 mm/div 

Figure 6. Cherenkov image of electron beam at the 
accelerator exit, and a line scan across a 
diameter. Cherenkov diameter =18.6 mm, x- 
displacement = 0.6 mm, y-displacement = 0.6 
mm. Shot #4306. 

which consist of lower energy electrons are significantly 
affected by the reduced bandwidth. This is demonstrated 
by comparison of risetime and fall time features at C18 for 
two cases: (1) all bends had stellarator fields - Fig. 3, and 
(2) only bend 3 had a stellarator field - Fig. 7. 
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Figure 7. Current at C18 for shot without bend 1 and 
bend 2 stellarator fields. Risetime = 0.6 ns, 
FWHM = 31ns. Shot #4502. 

3 SUMMARY 

The SLIA proof-of-concept experiment has demonstrated 
acceleration of the 2.4 kA beam with an initial energy 
spread of 20% to full design energy. There was no 
measurable loss of charge after the first bend which 
eliminated electrons with energy outside the design 
energy bandwidth. At the accelerator exit the indicated 
beam diameter was 18.6 mm, and transverse centroid 
oscillations during the midpulse were less than ~ +/- 1 
mm. Shot-to-shot reproducibility of current profiles and 
spot size were excellent. No oscillations due to BBU 
were observed, and no matching or additional steering 
were required for efficient transport. 
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Abstract 

AIRIX Flash X-ray Radiographic facility is based 
on a 4 MeV - 3,5 kA pulsed electron injector and a 16 
MeV induction accelerator. The accelerator will consist of 
64 induction cells powered by 32 H.V. generators 
operated at 250 kV. The final 20 MeV electron beam will 
be focused on a target designed for X -ray conversion. At 
CESTA, PIVAIR is a testbed designed as a validation step 
of AIRIX up to 8 MeV. The injector has been connected 
with 16 accelerating cells, increasing electron beam 
energy to 7.2 MeV. Two kinds of induction cells have 
been developed and tested A focusing experiment is 
planned for electron beam spot diameter measurements. 
After this step, beam focusing on a target will be 
experimented for X-ray source characterization. 

1 INTRODUCTION 

AIRIX induction accelerator has been designed 
to produce a 16-20 MeV, 3.5 kA, 60 ns high brightness 
electron beam for flash X-ray radiography application. 
Obtaining the final 2 mm focal spot size requires a low 
energy spread (AE/E < 1%) and a small emittance electron 
beam. These objectives have governed each component 
design: pulse power sources (injector and H.V. 
generators), induction cells (magnetic alignment and H.F. 
response) in order to minimize emittance growth (As < 10 
%) along the accelerator. 

The first studies began at CESTA in 1992 with 
the development of two prototypes: a 250 kV pulsed 
generator and a versatile induction accelerating cell. 

PIVAIR facility (Fig 1) is a validation step of 
AIRIX up to 8 MeV and consists of a 4 MeV pulsed 
electron injector, sixteen induction cells powered by eight 
H.V. generators, and a beam focusing section. 

Bucking coil 

In the following sections, we shall describe the 
experimental set up and results which lead to the 
technological choices for AIRIX accelerator. 

2 INJECTOR 

The injector consists of a 4 MV good flatness 
pulsed generator developed by PSI [1] and a vacuum 
diode designed by LANL for the DARHT project. 
Acceptance tests at CESTA in early 1994 have 
demonstrated a 4 MeV-3.5 kA beam with a low energy 
spread (±1% over 60 ns). The beam normalized emittance 
was measured at 1600 ± 300 7i.mm.mrad with the pepper 
pot method. The injector has exhibited an excellent 
reproducibility and a low command fire jitter (0.5 ns at la 
) over more than 8000 shots performed in the 3 to 4 MeV 
range. 

3 HIGH VOLTAGE GENERATORS 

A high voltage pulsed generator has been 
designed to drive two induction cells with 250 kV, 75 ns 
pulses with less than ±1% flat top deviation. Eight 
generators are currently operating on PIVAIR induction 
LINAC with the rated specifications according to the 
beam energy spectrum measured. 

4 INDUCTION CELLS 

Each induction cell comprises 11 ferrite cores 
(250 mm I.D., 500 mm O.D., 25 mm thick) housed in a 
non magnetic stainless steel body, a 4 layers bifilar wound 
solenoid magnet and two printed circuit dipole trim coils. 
The 19 mm width accelerating gap has been shaped in 
order to obtain good voltage holdoff and minimize the 
beam coupling with the gap cavity to reduce BBU 
instability. 

Vacuum valve 

Figur 1 : PIVAIR set-up 
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4.1 Cell design and H. V. testing 
The first induction prototype cell was operated 

with the prototype H.V. pulse generator and pure resistive 
loads in the 200 to 300 kV range [2] in order to test 
different set-up (gap geometry and insulators, fe rrite 
types,...)- Two types of cell were finally selected to be 
tested with a 3.5 kA beam on PIVAIR test bed (Fig 2): 

REXOLITE 

Dielectric oil 

Figure 2: PIVAIR induction cells 

4.1.1 Rexolite cell 

In this technology, the ferrite cores are insulated 
with oil and the gap insulator is made of reticulated 
polystyrene (Rexolite) ; viton O-rings provide vacuum 
tightness (10'6 Torr). 

4.1.2 Ferrite under vacuum cell 

In such a cell, gap insulator is suppressed and 
dielectric oil is replaced by vacuum. The vacuum interface 
and high voltage insulation are transferred on cable heads. 

4.2 Ferrite improvement 

The first tests performed with TDK PE 11 B 
ferrite pointed out the need for increasing available flux 
swing in order to maintain a 75 ns flat top at 250 kV. 
TDK PE 16 ferrite were tested but the specific ferrite 
developed by CEA-LR exhibited a 15% flux swing gain. 
They were successfully tested on PIVAIR and choosen 
to furnish AIRIX induction cells cores. 

5 DIAGNOSTICS 

Specific, accurate and time resolved diagnostics 
have been developed in order to monitor (BPM) and to 
characterize (spectometer, emittancemeter, beam imaging 
using OTR or Cerenkov) the electron beam; they are 
more detailed in a companion paper [3] 

6 PIVAIR RESULTS 

6.1 Alignment 

The 50 meters lenght AIRDC accelerator will 
consist of sixteen cell blocks (each block is a four 
induction cell assembly) completed by a drift pipe and a 
focusing magnet.The cell magnetic misalignement must be 
minimized in order to reduce chromatic effects.The 
objective is to enclose all the cell magnetic axes into a 
250 urn diameter cylinder with an angle spread lower than 
500 urad around the reference beam axis. Moreover we 
want to be able to control the accelerator alignement 
between two shots without using the beam axis (i.e 
without breaking vacuum), so a new external reference 
must be defined . 

A first procedure, using a prism technique and 
four lasers [4] has been abandonned for accuracy 
problems. 

In the new procedure, the beam axis reference is 
defined with respect to a vertical plane and an horizontal 
plane (Fig 3). Two WPS (Wire Positioning System) and 
three HLS (Hydrostatic Levelling System) detectors are 
necessary to ajust these two planes [5]. Both detectors use 
capacitive probes and were studied by ESRF. 

vertical plane 

e T 

z 

1 ^Y 

reference 
beam axis 

horizontal plane 

Figure 3: external reference 

The alignment procedure consists of 3 steps: 
- the reference beam axis is defined into the accelerator 
building and two standard references are set up to 
materialize this axis. 
- each block , which consits of 4 cells mechanically aligned 
and assembled on a Standard Mounting Bench (SMB), is 
aligned with respect to the SMB standard references (fig 
4) by means of the WPS and HLS detectors. The third 
HLS is replaced by a bank indicator. 
The detector values are recorded in a block data file 
- the cell block previously aligned on the SMB reference 
axis is then transported on the accelerator line in order to 
be aligned on the beam reference axis. The final alignment 
is obtained when the HLS and WPS detectors reproduce 
the block data specifications previously recorded on the 
SMB. 
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The SMB, very sensitive to thermal or vibration 
perturbations, has been entirely automatised for each cell 
alignment and could be operated by night to avoid human 

work perturbations. 
The first HLS network is going to be tested in the 

PIVAIR accelerator set up and environment by the end of 
this year. As the WPS wire can't be installed before the 
end   of  AIRIX   accelerator   assembly,   the   full   scale 
alignment system will not be set up and tested before the 
end of next year. 

6.2 Induction cell characterization 

6.2.1 Rexolite cells 

The first 4 cells, using TDK PE 11 ferrites, 
demonstrated a 210 kV per cell "routine" accelerating 
level with a 4 MeV-3.5 kA injected electron beam. For 
higher accelerating voltages, ferrite saturation occured and 
a reverse peak voltage appeared accross cell gap, leading 
to a flashover. Thanks to the magnetic flux gain obtained 
with CEA-LR ferrites, the next 4 cells exhibited a 250 kV 
working voltage (1 MeV energy gain per block measured 
with the time resolved spectrometer) over a few hundreds 
shots, but a growing number of flashovers occured during 
reverse and direct voltage. Even after carefull cleaning 
and refurbishing, a durable and reliable working hasn't 
been reached. We suspect a bad vacuum thightness on 
some of the Rexolite insulator vacuum O rings but didn't 
manage to fix it. 

6.2.2 Ferrite under vacuum cells 

Two blocks of four cells have been constructed 
in order to test on PIVAIR facility two different gap 
shapes , designed to minimize transverse impedance . 
The first H.V tests exhibited current leakage between 
ferrite cores and the internal diameter of the metallic 
housing. This led to increase the ferrite core internal 
diameter to 270 mm in order to improve HV insulation . 
Consequently the ferrite section and available magnetic 
flux were lowered. This was partly balanced by adding a 
12tn core (only 12 mm thick). These cells were 
successfully tested at 300 kV on the HV testbed before 
being assembled on PIVAIR accelerator line. To obtain 

the right vacuum level in the beam pipe (10"' Torr),this 
technology recquired 2 days heating at 70 °C in order to 
dehydrate ferrites .The tests with a 3.5 kA beam 
demonstrated a 250 kV working voltage for the two kinds 
of cell. This value was confirmed by energy spectrum 
measurements but the available voltage flat top accros the 
accelerating gap was 7% shorter (compared to Rexolite 
cell) which necessitated to carefully synchronize injector 
and pulse generators. Reliability testing (1000 shots at 
250 kV) revealed no flashovers for the "flat gap" cells 
during the main voltage pulse and a few flashovers 
during the main pulse and reverse polarity postpulses for 
the "curved gap" cells. This led to choose the ferrite under 
vacuum technology with flat gap for the AIRIX 
accelerator. 

After disassembling the "curved gap"cell block, 
we carefully inspected gap and ferrite surface and we 
found that some plastic shims (used to maintain insulation 
distance beetween the first ferrite toroi'd and the gap 
electrode) were certainly involved into the flashovers 
occurence. Removing these shims resulted in a noticeable 
reliability improvement demonstrated over 400 shots. 
In order to delay the ferrite saturation and decrease 

overvoltages stresses we decided to add a 13tn ferrite 
core: each AIRIX cell will consist of thirteen 24 mm thick 
ferrite cores. This, partially balanced by some mechanical 
changes, will imply a 1.2 meter lenght increase for the 
final AIRIX accelerator. 

7 PIVAIR AND AIRIX SCHEDULE 

PIVAIR focusing section is now under 
construction. A focusing experiment at 7 MeV and 
electron beam spot characterization are planned before 
summer. Then it will be necessary to extend PIVAIR 
building before begining the first radiography experiment 
and X-ray spot characterization. 

At Moronvillier site, AIRIX building is quite 
finished. AIRIX injector has been assembled by the end of 
february and is now under acceptance test. 
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Abstract 

Designed to produce an X-ray dose of 500rads @ lm, 
AIRIX flash X-Ray Radiographic facility will consist of 4 
MeV/3.5 kA pulsed electron injector and 16 MeV 
induction accelerator powered by 32 H.V. generators. 
Construction of PIVAIR accelerator (8 MeV AIRIX 
prototype) is now ended at CESTA.The injector has been 
connected with 16 accelerating cells in order to study 
beam transport and centering procedures. Accurate,time 
resolved diagnostics have been used to measure beam 
characteristics and a tickler experiment has been planned 
to estimate BBU instabilities. In this paper all 
experimental data recently obtained will be discussed and 
first conclusions for AIRIX will be given. 

1 INTRODUCTION 

After four years of experiments on PIVAIR 
prototype at CESTA,AIRDC flash X-ray radiographic 
machine is now under construction and will be 
commissionned by CEA at Moronvilliers in 1999.This 
installation will generate an intense bremsstrahlung X-ray 
pulse of 500 rads @ lm using an electron beam of 3.5 
kA/4 MeV produced by a pulsed diode injector and 
accelerated up to 20 MeV by 64 induction cells driven by 
32 H.V. generators. 

Final design of AIRIX has been decided this year 
on the base of performances obtained with PIVAIR 
accelerator after a series of experiments involving electron 
beam. At first, high voltage tests performed on this facility 
have permitted to choose generators and induction cell 
technologies: the results of this work are presented in a 
companion paper elsewhere in this conference[l]. 

Then, electron beam delivered by PIVAIR has 
been extensively characterized by using time resolved 
diagnostic equipments in order to measure beam position, 
energy and emittance. During these experiments, a beam 
transport and centering procedure has been defined and 
tested with success along the accelerator. 

Finally, a tickler experiment has been carried out 
with 8 induction cells in order to estimate the BBU 
predictive capability of numerical models. 

All experimental measurements made to date on 
PIVAIR will be summarized and discussed in the 
following sections of this paper. Section 2 will describe 
the facility and sections 3 to 7 will discuss the beam 
experiment results. 

2 PIVAIR FACILITY DESCRIPTION 

The construction of PIVAIR installation started 
at CESTA in 1994 with the injector assembly and testing. 
Using a velvet cathode as electron source this generator is 
able to produce in routine 4 MeV/3.5 kA beam with an 
energy spread less than 
± 1 % over 60 ns pulse duration. By the end of 1995 eight 
induction cells were connected to the diode and last year 
another module of eight cells was added. All PIVAIR 
cells are designed to deliver the same acceleration to the 
beam (250 keV) but they differ by the insulation 
technology used in the high voltage region: eight cells use 
an oil-insulated ferrite core and a reticulated polystyrene 
as accelerating gap insulator, the other cells use vacuum to 
insulate ferrite and consequently no gap insulator[l][2]. 

Influence of these configurations on beam 
characteristics will be discussed below. 

3 BEAM MONITORING 

Beam transport along the accelerator is 
controlled by seven Beam Position Monitors (BPM). 
Three BPM are placed at the injector output on the drift 
tube and one BPM after each block of four cells. Specially 
developed for this application.they use four electrical 
loops to determine centroid position by measuring B@ 
field associated with the beam . 

Tests performed on PIVAIR have demonstrated a 
resolution of ±200 urn and a sensitivity of 20 urn .The 
bandwidth was limited to 400 MHz by the integrator 
technology but was considered sufficient for AIRIX. 
However, we have observed a decrease of electron pulse 
rise time as beam progresses through the accelerator. As 
shown on figure 1 rise time was 25 ns at the injector exit 
and 10 ns after 16 accelerating cells. We think that this 
effect is due to the loss of low energy electrons during 
transport. If this phenomena grows with the number of 
cells on AIRIX accelerator, BPM bandwidth will have to 
be improved in order to maintain the same resolution. 

An optical diagnostic is also used on PIVAIR to 
monitor beam position and help beam centering. It is 
based on measurement of Cerenkov light generated 
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gure 1: Beam profile at injector output (1) and accelerator 
output (2). 

by interaction of electrons with an aluminized PET plastic 
foil. In this diagnostic the light is imaged with a streak 
camera to get a time resolved measurement. 

We have compared results given for beam 
position by Cerenkov diagnostic and BPM. Currently a + 
1.5 mm discrepancy was observed between the two 
methods; but due to calibration difficulties, it was 
impossible to . evaluate independently the Cerenkov 
method accuracy. 

As this diagnostic is not suitable at energy higher 
than 10 MeV,we have developed for AIRIX another 
optical diagnostic using Optical Transition Radiation 
(OTR),phenomena which occurs when a charged particle 
crosses the interface between two medium having 
different dielectric indices.Tests performed on PIVAIR 
with the same PET foil were very satisfying. 

Unfortunatly.optical diagnostics are interruptive 
and their absolute accuracies are not known so they are 
only utilized for rough beam centering. However, they 
allow measurement of beam profile which is of a great 
interest for emittance evaluation. 

4 BEAM TRANSPORT AND CENTERING 

PIVAIR beam transport and centering is 
carried out with an iterative method that involves both 
experimental measurements and calculations made with an 
envelope code knows as ENV. 

The procedure begins with optical measurements 
of beam radius at the injector output for different sets of 
anode magnet currents.The results permit to deduce 
numerically initial beam characteristics 
(diameter,envelope slope,emittance) which are used as 
data entry for ENV calculations of cell guiding magnet 
currents.These values are choosen in order to transport the 
beam at constant diameter. Typical beam diameters on 
PIVAIR are 72 mm at the cathode and 40 mm in the 
accelerator. 

Beam centering is realized every block of 4 cells 
using ENV calculations and BPM measurements.Electron 
beam is first centered at entrance of block n°l with the 
help of dipole trim coils placed on the drift tube.Then 

beam position is measured at the output of the same block 
for different sets of cell trim magnet currents.From these 
measurements ENV code determines current values that 
allow centering at the block exit.The same procedure is 
applied to the next block. 

This step by step tuning method has been tested 
with success on PIVAIR giving a centering accuracy of ± 
200 urn. It will serve as a basic procedure for AIRIX 
beam transport. 

5 BEAM ENERGY MEASUREMENTS 

Beam energy has been measured with a time 
resolved spectrometer placed at different locations along 
the accelerator.This apparatus described in a previous 
paper [3] is able to measure energy spectrum with a very 
high resolution (0.2 %) by means of an electromagnet 
coupled with an array of optic fibers and a streak camera. 

Maximum energy measured at the output of the 
sixteen PIVAIR induction cells was 7.2 MeV; this value is 
less than the design value of 8 MeV because accelerating 
pulses on Rexolite cells were limited to 200 kV to avoid 
high voltage flashovers. 

The spectrum profile has been compared with 
spectrum obtained at the injector exit (figure 2). Both 
exhibit an energy spread around ±1% peak to peak over 
60 ns beam duration. Nevertheless, we observe on the 
accelerator spectrum a slight broadening of the trace 
which is not yet explained. 
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gure 2: Beam energy spectrums at injector output (3.55 
MeV) and 16 cells accelerator output (7.2 MeV). 

Another    series    of   experiments    have    been 
performed at 5.5 MeV in order to compare spectrums 
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measured after acceleration with Rexolite cells and 
vacuum cells.No significant difference was noted between 
the two technologies(figure3). 
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Figure 3: Energy spectrums obtained after acceleration 
with Rexolite or vacuum cells. 

6 EMITTANCE MEASUREMENTS 

Emittance has been determined using the three 
gradient method by measuring the beam radius at the 
injector output for different sets of extraction magnet 
current.The data have been fitted with ENV envelope 
code to obtain normalized rms emittance. 

Experimental results show that emittance value 
depends on the optical diagnostic (Cerenkov or OTR) 
used to measure the beam radius. For a 3 kA/3.6 MeV 
electron beam we have extracted the following emittances: 

8n rms(Cerenkov)= 780 7i.mm.mrad 
sn rms(OTR)= 700 7i.mm.mrad 
The same experiment was conducted at the 

accelerator exit but varying the guiding magnet current on 
the sixteenth induction cell.In this case beam energy was 
6.2 MeV and measurements have given the results 
mentioned above: 

"n.rms 
En,rms' 

(Cerenkov)= 1300 7t.mm.mrad 
(OTR)= 700 TC.mm.mrad 

note that in both cases the emittance is low.This result 
agrees well with calculations made for PIVAIR cells. 

7 BBU EXPERIMENTS 

Design of PIVAIR cells have been made in order 
to limit development of BBU instabilities by minimizing 
the transverse impedance of the accelerating gap. 

First series of experiments using the two wires 
method have confirmed the transverse impedance 
predicted by PALAS code for both technologies used on 
PIVAIR. 

The goal of this new experiment was to validate 
the BBU calculation code SITAIR by measuring, at the 
exit of eight Rexolite cells, the amplification of beam 
transverse oscillation initiated by a tunable tickler cavity. 

Typically we have measured initial oscillations of 
0.06-0.1 mm for frequencies ranging from 700 to 900 
MHz.The cavity was excited by a 3 kA /3.6 MeV beam 
and driven by an external 23 W rf source.The magnetic 
guiding field was set around 300 Gauss.In these 
conditions we have observed a maximum BBU gain of 8 
at 780 MHz. To date the best agreement (±15%) with 
SITAIR code was obtained for a transverse impedance 
real part of 800 Q/m. 

To complete this work we must now calculate the 
imaginary part of transverse impedance that will optimize 
the fitting of experimental data with code calculations. 

CONCLUSIONS 

Thousands of tests realized on PIVAIR since 
1994 have demonstred that technologies of accelerator 
sub-systems are adequate for AIRIX. Electron beam 
characteristics predicted by the numerical codes have been 
obtained; but we must verify that they are sufficient to 
achieve a small radiographic source size after focussing 
on tantalum target.This work is in progress at CESTA and 
will be ended this summer. 
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Although   the   difference   between   emittances 
measured by the two diagnostics are not yet explained we 
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ETA II EXPERIMENTS FOR DETERMINING ADVANCED 
RADIOGRAPHIC CAPABILITIES OF INDUCTION LINACS 

J. T. Weir, G. J. Caporaso, J. C. Clark, H. C. Kirbie, Y.-J. Chen, S. M. Lund, G. A. Westenskow 
and A. C. Paul 

Lawrence Livermore National Laboratory 

Abstract 
LLNL has proposed a multi- pulsed, multi-line of 

sight radiographic machine based on induction linac 
technology to be the core of the advanced hydrotest 
facility (AHF) being considered by the Department of 
Energy. In order to test the new technologies being 
developed for AHF we have recommissioned the 
Experimental Test Accelerator (ETA II). We will conduct 
our initial experiments using kickers and large angle 
bending optics at the ETA II facility. Our current status 
and our proposed experimental schedule will be presented. 

1   INTRODUCTION 

LLNL has proposed using induction linac technology as 
the driver for the AHF system being considered by the 
Department of Energy. The concept includes building a 
long pulse accelerator (200 ns.) and using a stripline beam 
kicker and septum magnet system to chop the long pulse 
into shorter pulses (50 ns.) The pulsed kicker will induce 
a small angular difference between the front and the back 
of the beam before it runs through the septum magnet. 
The septum magnet is a dc magnetic field designed with 
the left half of the field oriented up and the right half 
oriented down. This septum greatly magnifies the angular 
differences between the two pulses which will be routed to 
separate beam lines. (Figure 1) By repeating the process 
the two beams can become four beams which will 
converge on the target area and give four lines of sight in 
the radiographic chamber. High beam quality (low 
emittance) must be maintained during the chopping and 
transporting of the pulses. To validate the kicker and 
transport technology, experiments are needed, measuring 
the effects on beam quality of a kicker and a large angle 
transport beam line. We have chosen to resurrect the 
Experimental Test Accelerator (ETA II) as the test bed for 
these validation experiments. 

_  Kicker /~  SePtum 

Figure 1 

2 THE ACCELERATOR 

ETA II is a linear induction accelerator that was designed 
to accelerate electrons for use as the driver in a free 

electron laser experiment. The facility was shut down in 
1992 with various components being scavenged for other 
projects. In the Spring of 1996, we began looking at 
ETA II as a possible test bed for the AHF experiments. 
On the negative side was the fact the system had not been 
run for more than four years, many of the components 
were missing and many of the remaining subsystems were 
in disrepair. The advantage of resurrecting ETA II was in 
having a dedicated system that would permit precision 
measurements of kickers and transport lines. The ETA n 
parameters were well known and would scale easily to an 
AHF system. (Table 1) By the summer of 1996 it was 
decided to resurrect ETA II and the work began. 

ETA II Accelerator Parameters 

Energy 6.3 MeV 
Current 2kA. 
Pulse Width 60 ns. 
Energy +/- 1% 
Regulation 
Repetition 1 Hz. 
Rate 

Table 1 

The injector and each of the sixty accelerating cells were 
disassembled and fitted with new O-rings and vacuum 
seals. The high voltage insulators were cleaned or 
replaced and vacuum and fluid system were overhauled. 
Missing vacuum pumps and valves were recalled from 
other programs and missing equipment was replaced. 
Each of the four pulse power units (MAGS) was 
completely disassembled and rebuilt and the power 
supplies for the solenoid magnets and steering magnets 
were brought back on line. 
In the control room, we brought up the computers for the 
safety system, the mechanical system, the pulse power 
and magnetic control systems and the data acquisition and 
analysis system. In many cases we had to restore the 
programs from archived backup tapes as the original could 
not be located or would not execute. 
By December of 1996 we had the injector running and by 
April of 1997 we had the full accelerator running at 2 kA. 
and 6.2 MeV. 
In order to compare the refurbished accelerator with its 
past performance an emittance measurement was made at 
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the 2.5 MeV. point (after the first 20 cells) using a pepper 
pot emittance diagnostic. The pepper pot mask was 
drilled with a pattern of 0.0568 cm. diameter holes and 
was 86.85 cm. from the phosphor coated viewing plate. 
An emittance of 17 cm.-mrad. (uncorrected for space 
charge) was measured with a beam current of 1700 amps. 
This corresponds to a whole beam brightness of 3 x 108 

A(m-rad)2 which is the same value measured after 20 cells 
in 1990. 
After we achieved full power operation of the accelerator 
and measured the emittance, we began the installation of 
the first experimental beam line. 

3 THE EXPERIMENTAL BEAM LINE 

We are currently building the first of our experimental 
beam lines. The purpose of these first experiments will 
be to measure the quality of the beam before and after our 
preliminary kicker design. The beam line will be laid out 
as one continuous straight section with no splitting of the 
beam line after the septum. After the end of the 
accelerator, the beam is transported by discrete solenoids 
through an energy analyzer, a solenoidal emittance 
selector, a final focusing magnet, the kicker, the septum, 
and finally to the pepper pot emittance diagnostic.(Figure 
2) In this initial experiment we will use a static dipole 
magnetic field over the kicker and by choosing the 
polarity of the dipole field and the applied voltage to the 
kicker we can select either section of the chopped beam to 
be directed into the diagnostic beam line. 

Accelerator 

Final Focus 
Magnet 

Energy 
Analyzer 

Kicker 

Septum 

Pepper Pot 

Figure 2 

4 THE INITAIL EXPERIMENTS 

Our initial experiments should begin in June of 1997. 
We will begin by measuring the quality of the beam 
delivered    to    the    experimental    section. Energy 
measurements will be taken and the timing of the 
accelerator cells will be adjusted until we have less than 
1% energy variation across the central 40 ns. of the beam. 
Maintaining a minimum energy sweep prevents the build 
up of the corkscrew motion of the beam through the 

accelerator which can lead to degraded emittance. Energy 
variations of less than 1% were recorded on ETA II before 
it was shut down in 1992. 
After the energy tests, we will run the beam through the 
solenoidal emittance selector. In addition measuring the 
whole beam brightness, the emittance selector will be 
used as a knob on the current entering the kicker section. 
Changing the current in the accelerator requires retuning 
the accelerator and this can be a time consuming task. 
We will run the accelerator at a standard current (2 kA.) 
and then use the emittance selector to adjust the current to 
the experimental section. 
Next, we will transport the beam to the pepper pot 
diagnostic for a detailed emittance measurement. For 
these measurements the kicker and the septum magnet 
will be replaced with blank section of beam pipe. This 
will give us the baseline performance of the beam. 
At this point we will install the kicker system without 
the septum magnet. We will run a series of tests on the 
kicker in an un-powered mode. We need to measure the 
effects of beam induced voltages on the kicker rods as a 
function of beam current and beam centroid offset. The 
primary diagnostic for this set of experiments will be the 
beam current and position monitors down stream of the 
kicker. We will also repeat the emittance measurement to 
ensure we have not degraded the beam quality. 
Next we will begin running the high voltage pulser (9 
kV.) to the kicker deflection rods. Issues we need to 
investigate include reflections of the power pulses back to 
the pulser and possible emittance growth in the kicked 
beam. 
Our final set of experiments in this configuration will 
involve installing the septum magnet and measuring the 
effect of the septum's field on the beam emittance. 
Once we have successfully tested the preliminary 
kicker/septum design we will use the data we collect to 
modify the design as necessary and begin the construction 
of our next beam line. 

5  FUTURE  EXPERIMENTS 

Another key technology we will study using the ETA II 
test bed will be the issue of beam transport. In order for 
the long pulse technology to work we must be able to 
route the pulses through long transport lines involving 
bends as large as 90 degrees. This transport must be done 
without degrading the beam quality if the radiographic 
spot size is to be kept small. We will begin our transport 
studies by removing the kicker/septum section of our 
beam line and replacing it with a 30 degree bend on 
classical magnetic transport. We will then measure the 
quality of our beam after this bend. These experiments 
should begin by December of 1997. If the magnetic 
transport is shown to be successful we will replace the 
magnets with the kicker/septum system and repeat the 
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transport experiments. These experiments should begin 
in the spring of 1998 and will use a modified 
kicker/septum system that has been designed with the data 
from our earlier experiments. 
Our final transport experiment would be to construct a 
beam line with a pair of kickers and a 90 degree bend. 
This beam line would address most of the key issues 
associated with the LLNL long pulse proposal for AHF. 
Proving our ability to use multiple kickers and transport 
the beam through large angle bends without degrading the 
beam quality would be a large step towards implementing 
the long pulse AHF technology. 
In addition to the kicker and transport issues we will 
study, LLNL is working on the pulsed power and 
advanced cell design that will be necessary to create a long 
pulse induction linac. When the pulsed power modules 
and test cell have completed their laboratory testing they 
will be brought to ETA and installed in our beam line. 
Operating the test cell with the advanced pulsed power 
system in the actual accelerator environment will be a 
final demonstration for these key elements. 

6   CONCLUSIONS 

We have brought the ETA II accelerator out of mothballs 
and tested it at full current and voltage. The beam quality 
has been measured and it is identical with the high quality 
beam that was being produced before the accelerator was 
shut down. ETA II is ready to be the test bed for the 
kicker and transport experiments necessary to validate the 
LLNL long pulse proposal for the AHF accelerator. We 
are installing our first beam line now and should begin 
our experiments in June of 1997. 
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800-keV ELECTRON INDUCTION INJECTOR WITH HIGH AVERAGE 
POWER 
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S. Mamaev, S. Poutchkov, I. Tenyakov, 
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Abstract 

For many applications of intense electron beams, 
including flash radiography and free-electron lasers, 
multikiloampere currents and low emittance are required. 
The report deals with the development of an injector 
ensuring these demands. 

Design parameters of the injector are 800 keV beam 
energy, 2...5 kA current, 80 ns pulse flat top and 100 Hz 
repetition rate. The average power of the series of pulses 
is 40 kW. 

The injector contains seven induction modules in 
series to generate 0.8 MV diode potential. The voltage 
contributions of seven modules, at 120 kV each, are 
summed along the cathode stem as it threads through the 
seven units. The modules use amorphous alloy and 
permalloy cores. The injector has been designed to 
provide two modes of operation: with a low and high 
current electron beam respectively. A velvet cathode and 
a mesh-less anode are used to produce an electron beam 
with the current of 2 kA and the brightness of 2.4 
103A/(cm rad)2 in the first mode. A 800 keV, 5 kA 
electron beam is derived by a mesh anode in the second 
mode. The modules of the induction injector and its 
parameters are described in this report. 

1 INJECTOR DESIGN 

1.1 General configuration 

The injector consists of a high voltage generator, seven 
induction modules, a ceramic cone insulator and a 
vacuum tank with an accelerating gap. The electron 
source mounted on the stem consists of a velvet cathode 
placed on a field forming electrode. The tapered insulator 
assembly separates the oil-filled induction modules from 
the vacuum diode. The generator [1] is a two-stage 
magnetic power compressor with a thyratrons switch. The 
voltage pulse is produced by a water-filled pulse forming 
line (PFL) with the impedance of 3.3 Ohm. PFL is 
connected to the induction cells by using two parallel 
rigid 20 Ohm oil transmission strip lines. Each of the 
induction cells has six identical connnections. Two of 
them are used for line connections, and four for 
compensating water resistors that load the pulse power 
source in parallel with the cell. The injector design is 
shown in Fig. 1. 

1.2 Induction cells 

The magnetic material in the 1.5 m tank is packaged into 
seven independent 120 kV induction cells. Oil is used as 
dielectric and cooling fluid surrounding the magnetic 
material. The cathode stalk of 105 mm O.D. runs in the 
center of the injector and the full diode voltage appears 
across the A-K gap at the load end. The actual average 
effective length of each cell is 180 mm, giving an 
accelerator gradient of 0.7 MV/m. 

3.85 

generator 

Figure: 1 The injector design. 
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The four of the seven induction cells consist of five 24 
kV permalloy cores with 200 mm I.D., 380 mm O.D. and 
25 mm thickness. The other three cells consist of seven 
17 kV amorphous alloy cores with 300 mm I.D., 430 mm 
O.D. and 20 mm thickness. 

Particular attention has been given to the design and 
construction of the induction cell to minimize the voltage 
between amorphous alloy layers in the cores. In order to 
solve this problem a high voltage gap is situated in the 
mid-plane of the induction cell. After calculation of the 
voltage distribution inside the induction cell we reached 
the following conclusion. Under the operating conditions 
wave effects are insignificant as a result of attenuation in 
amorphous alloy. 

The voltage across each core is a vector sum of a curl 
field and an electrostatic field. It is important that the curl 
field is the same on each core, and the electrostatic field 
is different and depends on the capacitive division of the 
voltage and the core position inside the induction cell. In 
our design, the radial voltage on the face surface of the 
cores is no more than one half the voltage over the gap. 
As a result, the voltage between amorphous alloy layers 
in the cores is no more than (13... 15) V, assuming that the 
operating conditions of insulation between layers are 
acceptable. To make the cores, a new technology was 
used [2]. The insulation coating with high dielectric 
characteristics is applied during the winding. The 
computer assistance used during the process of 
termomagnetic treatment allows to impove magnetic 
characteristics and reduce the core weight. For example, 
the experimental results of amorphous alloy 9KCP cores 
testing show that the puncture voltage is no less than 12 
V/wrap, AB is 2.2 T and the magnetisation field is no 
more than 2 kA/m. 

The value of magnetization current of the injector 
amorphous alloy cores was measured without the beam. It 
is about 2.0 kA under the following conditions: the 
voltage is 13 kV, the time is 80 ns. The voltage and 
curent waveforms are presented in Fig.2. 
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The design induction cell parameters provide the core 
current no more than (2.5-3) kA. Consequently, the core 
efficiency is (40-44)% in the first mode and (62-70)% in 
the second mode which that is not bad. These data allow 
to investigate pull of design parameters of the injector on 
the waveform of the beam current. The induction cells 
with the transmission strip lines and PFL were modeled 
using MC3 simple circuit code. Previously, equivalent 
parameters of the circuit have been calculated 
analytically. The waveforms of the current for two modes 
of the injector operation are shown in Fig. 3. As shown, 
the droop of the pulse current is nothing more than 10%. 
This is ensured by a matching water capacitor. 

1.3 Electron gun 

The cathode assembly is mounted at the small diameter / 

end of the ceramic cone insulator. It consists of a focus 
electrode, a velvet cathode and a bucking coil. In the first 
mode, the electron source is a 80 mm diam velvet 
cathode. The purpose of the focus electrode use is to aid 
in focusing the beam and to minimize the electric field 
enhancement at the edge of the emitter. The focus 
electrode made from the stainless steel has the field stress 
no more than 150 kV/cm. The A-K gap is about 50 mm 
and the anode aperture is 90 mm diam. 
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Figure: 2 The voltage and curent waveforms. 

Figure: 3 The wave forms of a current for two modes of 
injector operation. 

The cathode is designed to be operated with nearly zero 
magnetic field component normal to its surface in order 
to minimize the canonical angular momentum of the 
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extracted electron beam. This is accomplished with two 
coils placed over the A-K region. The magnetic field is 
generated by a 180 mm-I.D. backing coil in the vacuum 
diode and a 130 mm-I.D. air-core extraction magnet 
which center is located 100 mm from the cathode. The 
axial magnetic field strength in the centre of the 
extraction magnet is about 0.8 kG. To arrive at the final 
diode design, the computer 2D codes EGUN [3] and 
SAM were used. The simulation geometry (SAM) is 
shown in Fig.4. The numerical calculation gave the 
following results: the rms beam radius is 2 cm, the rms 
emittance is 80 cm mrad and the current density on the 
cathode surface is about 30 A/cm2. The simple variant of 
the cathode assembly without a focus electrode was also 
calculated by EGUN code. The simulation geometry is 
shown in Fig.5. This is a basic variant of the cathode 
assembly with the parameters similar to the previous 
variant. 

In the second mode the 140 mm diam replacement 
velvet cathode without a focus electrode is used. In this 
case the anode is planar and consists of a grid. The anode 
grid is fabricated by stretching 0.08 mm thick tungsten 
wire on a pattern of slots cut into the supporting rings. 
The width of the openings between the wires is less than 
5mm. The diode configuration showing the electron 
trajectories is indicated in Fig.4. 

1.4 Ancillary arrangements 

To measure the parameters of the electron beam and 
induction cells in the exploitation mode the following 
monitors are used: a capacitive (E - dot) monitor located 
inside the vacuum tank versus the cathode assembly, 
Rogowski coil on the cathode stalk, a resistive probe and 
an electron collector, where electrons are stopped, and 
Rogowski coils in the induction cells. 

The vacuum in the vacuum tank of the electron gun is 
ensured by 5001/s turbomolecular pump. 

2 CONCLUSION 

We suppose to have the injector in operation within the 
current year. The generator is expected to be built and 
installed in coming months. Now we have all the 
induction cells made. 
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Figure: 4 The simulation geometry. 

B...G 

13 5 10 15 Z0 ZB 30 35 Z\ cm 

Figure: 5 A basic variant of the cathode assembly. 
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Abstract 
Sub-picosecond electron pulses are desirable for 
generating femtosecond X-ray pulses. By numerical 
simulation, it has become clear that racetrack microtron 
(RTM) has unique features to produce very short electron 
bunches by itself. In addition, it has proved 
experimentally that RTM has beneficial characteristics to 
accelerate only an excellent quality beam in both 
emittance and energy spread. The measured and 
calculated results of such distinctives are shown in this 
paper. 

1 INTRODUCTION 

High quality X-ray beam of the pico- to femtosecond 
pulse width is an indispensable tool for the investigation 
of various phenomena in the same time scale. Thomson 
Scattering between electrons and laser beams is 
considered to be the most promising to generate such the 
excellent X-ray pulsesfl]. For such the purpose, it is 
inevitable to obtain a high quality electron beam of very 
short and low emittance pulses. 

RTM has been proved to be the best candidate to 
realize the above interaction because of its compactness 
which is essential in those experiment. When we adopt 
new technology of RF gun with photo cathode[2] in the 
injection system of conventinal RTM, sub-picosecond 
electron pulses will be extracted as an output beam with 
no other sophisticated technology such as the bunch 
compressing magnets system. 

In order to acquire the basic knowledge of such the 
conventional RTM[3,4], which is popular as the injectors 
of many compact SR rings, we have carried out the 
measurements of 150 MeV beam. We also performed 
various simulations numerically and compared the results 
with measured ones. Those simulations have shown us 
the new concept, which was bunch shortening effect of 
RTM. It becomes very advantageous when we intend to 
product femtosecond electron bunches in the future. 

2 EMITTANCE MEASUREMENTS 

Figure 1 shows the top view of 150 MeV RTM. It has 
two 180 deg. bending magnets (BM) with reverse field 
ones in front of them, one accelerating cavity of 0.5 m 
long placed on the first orbit near the injection point, and 
the 80 keV low energy injection system using a 
thermionic gun. While circulatng RTM, vertical focusing 
is mainly given by the effect of field gradient of BM and 

horizontal focusing by the only single quadrupole (QSF) 
on the same axis as the cavity (see Figure 2). Main 
parameters of 150 MeV RTM are listed in Tabel 1. We 
have manufactured four RTMs since 1988, the principle 
values of them are the same up to now, suitable for a 
injector of SR rings and not for making as short pulses as 
possible. We once measured the emittance of low energy 
80 keV beam from the thermionic gun keeping the record 
about 50~1007t mm.mrad since then. 

Emittances (sx, ey) of the 150 MeV beam were 
evaluated from the measurement of various beam profiles 
(ax, ay) observed on the screen monitor #2 of the beam 
transport line (BT) in Figure 2. Profiles were controlled 
by changing the focusing force of two quadrupoles, Ql 
and Q2. The measured (ax, ay)'s are fitted to the 
following equations by the rms method; 

crx={sx-ßx + V2^p/p)2f2 

i?,-ß,y 
where the dispersion r\ - 0.854 m at the exit of 150 MeV 
RTM. An example of the fitted results is shown in Figure 
3 as a function of Ql strength. 

Thus, Twiss parameters and emittances were 
obtained at the entrance of the extraction magnet. We 
compared various calculated values and concluded the 
followings as the most probable value; 

(sx, sy) rms = (O.IITT, 0.07TC) mm.mrad 
AE/E = ±0.06 % 

There exists a possibility, however, that those values may 
vary about a factor of 2 or so for the horizontal 
parameters, ex and AE/E, because of their coupled effects. 
On the contrary, there is little room to vary for the vertical 
parameter, sy, because it behaves independently. 

Figure 4 shows the simulation results assuming the 
initial emittance of the 80 keV beam as IOOTC mm.mrad, 
where ellipses in the figure represent the calculated rms 
emittance at the extraction magnet. In the figure, sx looks 
much larger than »y because of the momentum dispersion. 
The simulated results are; 

(ex, ey) rms = (0.0357t, 0.0157T) mm.mrad 
AE/E = ±0.05 % 

Compared both the emittances, the measured values are 
slightly larger than the calculated ones by a factor 3-5 
except the energy spread. When taking into account the 
difference of both situations, that is, simulations have 
been carried out under the ideal condition, it should be 
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reasonable to find such the level of mismatch in the 
characteristics of accelerated beam. 

3 BUNCHING EFFECT 

We have done much simulations of RTM so far. The 
most innovative discovery among them is the bunch 
shortening effect of the normal RTM. This fact suggests 
us the possibility to have much the shorter pulses than the 
length normally expected from the width of its orthodox 
longitudinal acceptance, which lies at around 32 degree. 
It is equivalent to 32 picosecond when the common S- 
band 2856 MHz is adopted as the frequency of 
accelerating cavity. From Figure 5, we can see the 
evidence of this effect, that is, even the lOOn mm.mrad 
initial emittance, the main part of the accelerated 
electrons are gathered together rather in a short range of 
the phase. We investigated the relationship between 
initial and final phases of the beam, limitting the initial 
emittance of 80 keV beam to lOn mm.mrad. Figure 6-7 
are obtained from such the condition. If looking precisely 
into the distribution of final phase in Figure 6 excepting 
the tails dropping out to both the sides, we can extract the 
substance of the bunching effect in Figure 7. Here the 
bunch shortening effect is much more obvious, la of this 
peak is estimated to 0.36 degree, which corresponds to 0.7 
picosecond FWHM. As seen in Figure 7, when limitted 
the initial phase within 4 degree which is to be a width of 
the beam from an RF gun, initially the broad beam in 
phase becomes the very sharply bunched beam finally. 

4 CONCLUSION 

The low emittance beam of RTM was proved by the 
measurements of the 150 MeV accelerated beam, which 
agreed slightly well to the values prospected by numerical 
simulations. The results predict that we can easily have 
sub-picosecond electron pulses in hand when the 
conventional thermionic gun is replaced by an RF gun 
with photocathode. 

*This work was done under the collaboration of 
Sumitomo Heavy Ind. and Japan Atomic Energy Reserch 
Institute in 1996 fiscal year. 
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Figure:     2    Device    layout    used    in    emittance 
measurements. 
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Figure: 3 One of many fitted results derived from 
measured beam profile. 
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Injection Energy 80 keV 
Final Energy 150 MeV 
Peak Current 10 mA 
Pulse Width 0.1-4. 
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Repitition Rate Hz 
Emittance <l7l (im.rad 
Energy spread ±0.1 % 

Circulating No. 25 laps 
Energy gain 6.0 MeV/lap 
Bending Field 1.23 Tesla 
Field Gradient 0.14 Tesla/m 
Reverse Field 0.3 Tesla 

RF Frequency 2856 MHz 
RF Pulse Width 6.0 jxsec 
Ace. Tube Type S.C.C. 
Accelerating Gradient 15 MV/m 
Bohr Diameter 1.0 cm 
RF Power Source 6.0 MW 

Table:  1 Principal parameters of 150 MeV 
microtron 

Figure: 6 Correlation between initial and final phase. 

1268 



CONSTANT-CURRENT CHARGING SUPPLIES FOR THE ADVANCED 
PHOTON SOURCE (APS) LINEAR ACCELERATOR MODULATORS 

R. Fuja, A. E. Grelick, D. Meyer, G. Pile, and M. White 
Advanced Photon Source, Argonne National Laboratory, 

9700 South Cass Avenue, Argonne, Illinois 60439-4800 USA 

Abstract 
The APS [1,2] linac beam energy must be stable to 

within ±1% to match the energy acceptance of the 
positron accumulator ring. The klystron pulse 
modulators [3,4] must therefore provide a pulse-to-pulse 
repeatability of 0.1% in order for the beam to have the 
required energy stability. The modulators have had 
difficulty achieving the necessary repeatability since the 
pulse forming network (PFN) charging scheme does not 
include a deQing circuit. Several of the major charging 
circuit components are also less reliable than desired. In 
order to increase operating reliability and to improve 
pulse-to-pulse stability, it is planned to replace the high 
voltage power supplies in all modulators with constant- 
current power supplies. A new modulator charging supply 
that contains two EMI [5] series 303 constant-current 
power supplies was constructed. Each of these EMI 
supplies delivers 1.5 A at up to 40 kV. One supply is 
sufficient for linac operation at up to 45 Hz, and two 
supplies in parallel enable linac operation at the nominal 
rf repetition rate of 60 Hz. This paper discusses test 
results from the new modulator, and also describes the 
existing modulators and their performance limitations. 

1 INTRODUCTION 

In the five existing APS linac modulators, a 12-pulse 
unregulated power supply and a 22-Henry inductor are 
used to resonantly charge a 0.704-u.F PFN capacitance to 
the desired voltage through a tetrode switch tube. When 
the switch opens, energy in the charging inductor 
increases the PFN voltage to a higher value. This new 
PFN voltage level can vary from pulse to pulse depending 
on the voltage level of the charging supply. The charging 
supply's output voltage is affected by the rather frequent 
AC line voltage fluctuations. The 60-Hz, 20-kV charging 
supply, the tetrode switch tube, the 22-Henry charging 
inductor, and other ancillary equipment require control 
and protection circuitry and also a fair amount of space. 

The heat generated by the 100-A tetrode filament 
current must also be dealt with. Use of a series tetrode as 
the charge-controlling element is not ideal, because 
screen grid current can become excessive as the plate 
voltage drops to a value near the screen grid voltage. 

The PFN is normally charged to 33 kV, and for ±0.1% 
regulation, a ± 33-V variation can be tolerated. Use of a 
22-Henry charging inductor means that the current in the 
inductor is required to remain to within ± 5 mA at the 

time the tetrode opens. This is impossible in this non- 
deQed configuration because of the large stored energy in 
the inductor. 

AC line variations of 3% can easily be seen during 
normal running, and power line variations of 5% can 
happen at certain times of the day. 

In order to overcome the limitations of the present 
configuration, a sixth modulator and klystron system, 
eventually intended as an on-line spare, was fitted with 
two EMI series 303 constant-current charging supplies. 
These supplies are rated at 40 kV and 1.5 A, and are 
capable of an average power output of 30kW. In the next 
section, we compare regulation of the new modulator 
with constant-current supplies to regulation of our 
standard modulators with resonant-charging systems. 

2 TEST RESULTS 

Power supply regulation data were obtained for both 
types of charging systems while the 1000-A, 2-Hz pulsed, 
booster synchrotron power supplies were off and also 
while they were on. The modulator PFN set point voltage, 
the actual measured modulator PFN voltage, and the 
incoming AC line voltage were logged and analyzed 
using software from the SDDS toolkit [6]. Power supply 
regulation data for the two types of charging systems 
were captured using the built-in envelope detector on an 
HP 54542 A oscilloscope. 

With the booster synchrotron pulsed supplies ramping 
at full power, there are PFN voltage variations of ± 0.55% 
when the resonantly-charged PFNs are charged to 
33.9 kV, as can be seen in Figure 1. With the booster 
supplies off, the PFN voltage regulation provided by the 
resonant-charging system was ± 0.3% of 32.5 kV. 
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Figure 1: The resonant-charging system regulates to 

± 0.55% with the 2-Hz synchrotron pulsed supplies on. 
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The constant-current charging system held the PFN 
voltage to ±0.125% with the booster pulsed supplies 
ramping at full power and with the PFN charged to 
31.6 kV, as can be seen in Figure 2. The constant-current 
supplies regulated the PFN voltage to ± 0.125% of 31.3 
kV with the booster pulsed magnets off. The constant- 
current charging supplies were operated in pulsed mode, 
with charging initiated for 12 ms at a 30-Hz rate. 
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Figure 2: The constant-current charging system regulates 
to ± 0.125% with 2-Hz synchrotron pulsed supplies on. 

Figure 3 shows variations in the PFN voltage and in the 
line voltage over a six-hour period on a typical day. The 
PFN set-point was constant during this period. Figure 3(a) 
shows the actual PFN voltage during that time, and Figure 
3(b) shows variations in line voltage over the same time 
period. The measured PFN voltage follows the AC line 
voltage quite closely. 

plot of a resonantly charged PFN taken while the booster 
synchrotron supplies were pulsing at full power and at a 
2-Hz rate. 

The effect of the 2-Hz pulsed synchrotron supplies on 
the regulation of the PFN charged by constant-current 
supplies is not evident, as shown in Figure 5. 
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Figure 3: (a) PFN voltage and (b) AC line voltage 
variations over a six-hour period. 

3 DISCUSSION 

The resonant-charging system, as presently configured, 
is inadequate to provide a regulation of better than 
± 0.55% under changing line voltage conditions, as can 
be seen very clearly in Figure 4. Figure 4 is a single-shot 

Figure 5: Regulation of constant-current supplies with 
pulsed supplies running at full power and at a 2-Hz rate. 

4 CONCLUSION 

Under constant AC line voltage conditions, the 
regulation produced by the two different charging 
systems is quite similar. The difference becomes evident 
as the AC line varies, and poor regulation sometimes even 
leads to operational difficulties. Although data are not 
presented here, the PFN voltage for some of the 
resonantly charged systems has been observed to vary as 
much as 1 kV out of 33 kV. The constant-current supplies 
are able to charge the PFN to within ± 39 V, independent 
of the actual PFN voltage level. 

Both charging systems have experienced reliability 
difficulties. One of the tetrode circuits had a chronic 
problem with oscillations that proved extremely difficult 
to control and has led to a number of tube failures. One 
constant-current supply experienced several infant- 
mortality failures, including one that caused oscillations. 
In the long term however, it is expected that use of the 
semiconductor-based power supplies will result in a 
modulator availability that is superior to that of the 
resonant-charging circuit with a tube. 

The new modulator supplies are very compact, freeing 
up a lot of real estate as shown in Figure 6. We are able to 
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eliminate a motorized 3-phase variable transformer, a 
high voltage step-up transformer, a high voltage rectifier 
assembly, a switching element, and a charging inductor, 
along with related control and safety circuitry. The 
standard double-width rack that contains most, but not all, 
of the resonant-charging system components is shown in 
Figure 7. An additional outboard cabinet, not shown, is 
also required. 

Figure 6: One single-width cabinet contains two constant- 
current power supplies. 

A new control system is being developed that will 
incorporate the built-in diagnostic functions of the 
constant-current supplies and will eliminate unneeded 
functions in the existing control system. Considerable 
attention will be devoted to signal and power filtering, 
cable and connector shielding, electronic chassis 
screening, and chassis and rack grounding. The system 
will be modular, utilizing commercially available PLC 
technology, but will be re-engineered into an environment 
that will make it much less susceptible to interference or 
failure. 

Large power system transients have been experienced 
during klystron conditioning. High voltage transient 
breakdowns or "arcs" have previously caused component 
failures in the existing power and control systems. These 
types of problems cause radio frequency interference 
(RFI). The effects are mostly seen as pickup on signal 
cables, and they result in spurious operation of interlocks 
as well as erratic behavior of electronic circuits. 
RFI/electromagnetic-compatibility testing, utilizing bulk- 
current injection and conducted-emission techniques, will 
be used on the new control system. These tests will help 
to make the new control system reliable without 
compromising the high bandwidth required of its control 
and monitoring circuits. 
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Figure 7: A double-width high voltage power supply 
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NEW RESULTS ON ELECTRON EMISSION FROM PZT 
FERROELECTRIC CATHODES* 
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Abstract 

Ferroelectric cathodes may offer a source of high current 
density electron beams for applications where the use of 
conventional cathodes is limited by the required current 
density, cathode poisoning, or lifetime. In a ferroelectric 
cathode, electrons are emitted when the spontaneous polar- 
ization is rapidly changed by a pulsed electric field applied 
across the ferroelectric. When no additional voltage is ap- 
plied to a planar diode gap, emission current densities are 
on the order of ~ 1 A/cm2. When an additional field is 
applied to the gap, we have measured current densities of 
up to 100 A/cm2. In this paper we report on two topics:(l) 
beam extraction into a drift tube at low (10-20kV) voltage 
and, (2) electron emission, transverse to an applied mag- 
netic field, from a cylindrical ferroelectric cathode. In the 
former case we report on emission of a 20A beam current in 
a 300ns pulse repetitively pulsed at rates up to a power sup- 
ply limited ~ 50Hz. The cathode is located in the fringing 
region of a 3kG solenoid magnetic field. In the second case 
we find, at low applied gap voltages, that the magnetic field 
required to suppress the radial current flow is considerably 
in excess of that predicted for the applied electric field. 

1    INTRODUCTION 

The study of electron emission from ferroelectrics has ad- 
vanced through the last several years to the point that we 
can now consider them for use in electron guns. Among 
the possible advantages of such emitters is their insensi- 
tivity to poisoning, and the possibility of obtaining much 
larger emission current densities than can normally be ob- 
tained from a thermionic cathode. In order to proceed be- 
yond this point requires, (i) a measurement of the emission 
characteristics at the high applied voltages normally used 
in electron guns and, (ii) a demonstration of their viability 
at high repetition rates and, (iii) measurements on the life 
of ferroelectric cathodes. We have carried out and report 
in this, and a companion paper [1], an investigation of the 
first two of the above features. The repetition rate measure- 
ments were made at 15kV in an arrangement in which the 
electrons emitted from an appropriately pulsed 1.8cm di- 
ameter ferroelectric disk are injected into a 5cm diameter 
drift tube located 2.8cm from the surface of the cathode. 
The flow is focussed by a converging magnetic field into 
a 1 cm diameter channel. The anode cathode voltage was 
provided by a 300ns pulse transformer operated at repeti- 
tion rates of up to 50Hz. The emitted current was found to 

be stable and equal to 20A. 
In the high voltage gun experiment peak currents of 

200A have been obtained with the cathode-drift tube gap 
about 6.5cm and the cathode voltage in the 400-500kV 
range. 

In addition to the above measurements we have recently 
initiated a new experiment designed to help elucidate the 
electron emission mechanism(s) further, and also to pro- 
vide a possible new means of generating an annular elec- 
tron beam. In this experiment a 2.5cm long, 2.5cm diam- 
eter PZT sample is mounted in a coaxial diode assembly 
with an anode cathode separation of 1cm. An axial applied 
magnetic field is used to determine the cut-off condition 
for radial current flow. As the radial current decreases with 
increasing applied magnetic field an axial current flow de- 
velops with the flow in an annular channel of radius ap- 
proximately equal to that of the ferroelectric cylinder. 

The detailed experimental results and their implications 
are discussed in the following sections. 

2    EXPERIMENTAL DATA 

The essential features of the gun system are shown 
schematically in figure 1, where the ferroelectric cathode is 
located in the fringing field of a solenoid field coil system. 
Note that this arrangement does not produce a constant ra- 
dius beam as it propagates through the system. The flow 
is indeed sharply focussed at certain axial locations; it is 
however a confined flow which does not intercept the tube 
walls. 

o 
•c 

o u 
53 

BH OH 

\        ( 

H.V.V 0 Beam Collector 
i 

Ferroelectric 
Cathode with 
Holder 

Magnetic Field Coils 
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Figure 1: Schematic of 15kV ferroelectric gun experiment. 

We show in figure 2 experimental data for the beam cur- 
rent in the 15kV gun experiment. The beam current is an 
overlay of 46 consecutive events at a power supply limited 
47Hz. 

0-7803-4376-X/98/$10.00© 1998 IEEE 1272 



' i.ödi/fl ' Cli2    i.ö'o'ra   M 'io'O'hs' Chl \.   -4'20'mv 
CÜ3    500mVQ     Ch4     1.00 Vfl 

20 Dec 1996 
14:34:54 

30 

25 

<20 

g  1 5 

o 1 0 

5 

0 

Radial Current 

Axial Current 

\ 

X X 

i i * ■ i i .. i .... i ■ . ■ . 

0        0.05      0.1      0.15      0.2      0.25      0 

B field (T) 

Figure 2: Ferroelectric cathode emission at ~50Hz. Chi: 
Vgap, 12kV/div; Ch2: I/erro, 70A/div; Ch3: lanode, 
10A/div. 

In figure 3 we show a schematic of the radial diode as- 
sembly with data obtained at applied voltages of 1.75 and 
40kV in figure 4. In figure 4 the radial and axial current 
flows are shown as a function of the strength of the ax- 
ial magnetic field. The critical field, required to suppress 
single particle radial current flow, is indicated on the fig- 
ures. The 40kV data were obtained using a pulse line feed- 
ing a 3:1 step up transformer The pulse line has an output 
impedance of 300f2 and generates a 300ns duration pulse 
which is triggered separately, and subsequently to the fer- 
roelectric. A 500fi resistor is placed in parallel with the 
vacuum diode. This limits the voltage excursion if the fer- 
roelectric fails to emit. Typically delays between the two 
pulses are ~ 600 ± 300ns. 

We show in figure 5 typical data from the radial and axial 
current monitors at 40kV for low ~0.07T and high ~ 0.2T 
axial magnetic fields. As the magnetic field is increased 
the radial current drops to a value close to zero while, as 
expected, the axial current increases. Peak axial currents of 
about 250A have been monitored. 
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Figure 3: Schematic of cylindrical ferroelectric cathode ex- 
periment. 
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Figure 4: Axial and radial current as a function of applied 
B field for two applied voltages: 1.75kV (upper frame) and 
40kV (lower frame). The critical B field in each case is 
indicated by the vertical dashed line. 

3   DISCUSSION OF RESULTS 

50Hz Repetition Rate Data: The data presented gives an 
encouraging view of the potential of ferroelectric cathodes 
for use in high repetition rate experiments. It is worth not- 
ing that the current is limited in these experiments by the 
potential depression in the drift space. A further feature is 
the effect of conditioning on the beam current. These ex- 
periments were carried out in relatively poor vacuum 10~5 

Torr and the emission repeatibility improved dramatically 
with time. Arcing at the anode surface could be inferred 
from current flow from the anode to the cathode. This pro- 
cess was rapidly reduced to a very low probability with op- 
eration at even modest repetition rates. The data presented 
were obtained after a few thousand shots had been obtained 
with the assembly. 
Electron current in radial diode geometries: The experi- 
ment to measure the emission transverse to an applied ax- 
ial magnetic field was designed to show the potential of 
the ferroelectric as a source for production of an annular 
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Figure 5: Radial and axial currents emitted from cylindri- 
cal ferroelectric for B=0.07T (upper frame) and B=0.2T 
(lower frame). Top waveform: Vdiode, 25kV/div; Middle 
waveform: laxiaU 100A/div; Bottom waveform: \radiaU 
80A/div. 

electron beam and further to help clarify the emission pro- 
cess from the ferroelectric diode. Three mechanisms have 
been proposed to account for the observed emission cur- 
rent densities [3]. The first entails the emission of elec- 
trons with an initial velocity, the second the formation of a 
deep potential well resulting from the field enhanced ejec- 
tion of the electrons, and the third plasma formation and 
subsequent anode-cathode gap closure. As regards these 
mechanisms we have never detected electrons with initial 
energies exceeding ~ 600V. This initial energy is insuffi- 
cient to account for the observed current flow in our exper- 
iments. Based on the radial current flow at magnetic fields 
strengths well in excess of the critical field for magnetic 
insulation, the low voltage (~ 2kV) data shown in figure 
4 would imply a potential well depth of order 80kV. The 
more rapid fall off of the radial current close to the crit- 
ical field at high applied potentials is consistent with this 
observation. The third mechanism is based on the concept 

of an ambi-polar like motion across the anode cathode gap. 
Based on the measured injection electron energies a lim- 
ited number of protons could achieve velocities of about 10 
cm/yus (higher atomic number ions would give lower veloc- 
ities). Gap closure, albeit with low plasma density, could 
then occur in the 1 cm radial gap in times of order 100ns. 
At the high voltages (~ 30 - 60kV) used in these experi- 
ments the sense and magnitude of the applied electric field 
would tend to result in the ion motion being suppressed 
close to the anode and negate this process. The observation 
of reverse diode current flow at late times (> 0.6/zs indi- 
cates that the diode eventually fills with plasma. Based on 
these observations we conclude that the deep potential well 
is probably the dominant mechanism at early time and that 
plasma controlled flow dominates at later times. We note, 
from events in which the ferroelectric is switched during 
the main anode cathode voltage pulse, that axial current 
flow dominates at high magnetic fields and follows the ap- 
plied voltage pulse with zero delay, following the start of 
the ferroelectric switching current. The radial current flow 
is much smaller than the axial flow in these conditions and 
does not start typically until there has been a sufficiently 
large change from the remnant polarization of the medium. 
This is consistent with the time taken to form a deep poten- 
tial well. 

4 CONCLUSIONS 

The observations reported in this paper show that electron 
beams can be produced from ferroelectric cathodes, at in- 
teresting current levels for high power microwave genera- 
tion. The production of 200-300A beams in both radial and 
axial emission configurations at current densities of order 
75A/cm2 has been achieved. The data obtained in the ra- 
dial flow configuration experiment sheds additional light on 
the emission mechanisms from ferroelectrics. This work is 
continuing. 
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A FERROELECTRIC CATHODE, ELECTRON GUN FOR HIGH POWER 
MICROWAVE RESEARCH * 

J. D. Ivers, D. Flechtner, Cz. Golkowski, G. S. Kerslick, and J. A. Nation 
Laboratory of Plasma Studies & School of Electrical Engineering, 

Cornell University, Ithaca, NY 14853, USA 

Abstract 

A pulse modulator, previously described at the 1995 PAC 
meeting, has been reconfigured to improve the pulse shape 
at a slightly lower beam energy, but with a higher current 
(500kV,lkA). The device has been run at rated voltage and 
current into a resistive load for pulse durations in excess 
of 250ns and at ~ 0.1Hz repetition rate. The modulator, 
which is designed for use in our high power microwave re- 
search program, has been coupled to an electron gun which 
uses a ferroelectric cathode and has been operated in this 
mode producing a 500kV, 200A electron beam. We re- 
port in this paper on the revised design and performance 
of the modulator and present preliminary data on the elec- 
tron gun design and characteristics. The recessed ferro- 
electric cathode is located in the fringing field of a 3kG 
solenoidal magnetic field so that the emitted current will 
be compressed to about a < 0.6cm diameter pencil beam, 
suitable for use in high power microwave amplifier exper- 
iments. The cathode emission is initiated by a 100ns, 2kV 
pulse inductively decoupled from the ground by a coax- 
ial cable wound around the transformer core. The pulse 
transformer, which is driven by three pairs of plus/minus 
charged 5fi pulselines, feeds a step-up transformer giving 
a matched output impedance of ~ 500fi. It is switched 
independently of the ferroelectric trigger to provide maxi- 
mum operating flexibility. Results will be reported on all 
aspects of the system design and operation. 

1    INTRODUCTION 

As part of our high power microwave generation research 
program we are developing a low repetition rate modula- 
tor/electron gun. The modulator uses a ferrite core trans- 
former the design of which is an evolution of a device pre- 
viously reported in the PAC95 Conference [1]. We require 
a pulse with a flat top of order of or greater than 250ns at 
a voltage of 500kV and with a beam current of 200-500A, 
depending on the application. We have also been involved 
in the study of ferroelectric cathodes and plan to investigate 
their suitability for use as a high current density electron 
beam source. In the following sections we summarize the 
modifications made, since our last report, to the modulator 
and describe the implementation of the ferroelectric cath- 
ode. Our present gun experiments concentrate on extend- 
ing the current-voltage characteristics of the ferroelectric 
to ~ 500kV with a lesser effort made to generate a use- 
ful electron beam. Designs are in hand for the actual gun 

*Work supported by USAFOSR through the MURI Program and by 
theUSDept. of Energy. 

based on EGUN simulations. Up until the present we have 
generated a ~ 420kV, 200A electron beam in a pulse with 
a relatively flat top of ~250ns. The ferroelectric cathode, 
which is command triggered < 2^s before the diode volt- 
age pulse, produces the 200A beam at an average current 
density of 75 A/cm2. 

2   MODULATOR DESIGN MODIFICATIONS. 

The modulator design, which was originally reported at the 
PAC95 meeting, has been run as either two 6:1 step up 
transformers operated in series or as a 12:1 step up trans- 
former run with a single set of cores. The lower gain, com- 
pared to that reported at PAC95, was needed to reduce the 
rise time of the output pulse. In both configurations the 
system is now driven by three pairs of plus/minus 40kV 
charged 50 pulse lines and hence has an output impedance 
of ~500 Q. At the rated voltage the energy stored in the 
pulse lines is ~ 300J. The modulator is switched by a com- 
mand triggered pressurized gas switch. A shunt resistor 
(R> 900Q) is used to limit the voltage excursion if the 
diode current is not properly initiated. The shunt resistor 
is also used, together with a 10 kQ gun voltage resistive 
monitor located along the insulator stack of the gun. A 
schematic of the transformer is given in figure 1. We show 
the two core arrangement of 6:1 step up transformers in the 
figure. An additional change made since the last report is 
that the volt-second product of the driver pulse transformer 
has been increased by approximately 16 %. As previously 
reported the system is immersed in transformer oil, but is 
now connected to an electron gun. Base pressures are at 
present limited to about 10~5 Torr but plans are in hand to 
operate the system at lower pressures. The system is now 
set-up to include an automatic reset of the ferrite cores and 
to operate in a command trigger mode. Previous results 
were limited to self break switch operation. More detail on 
the experimental set up of the modulator is provided in [1]. 

The electron beam is generated from a 1.8cm diame- 
ter, 1mm thick disk of PZT coated with a front surface 
200/xm silver grid. Emission from ferroelectrics has been 
described elsewhere [2], where extensive references to the 
current literature are presented. Emission from the ferro- 
electric is initiated by the application of a fast rising pulse 
generated by krytron switched PFNs coupled to the rear 
surface of the ferroelectric. The pulser is connected to the 
ferroelectric by a length of RG178 wound around the trans- 
former core adjacent to the secondary windings. The wind- 
ing inductively decouples the transmission line from the ex- 
perimental ground. The impedance is reduced to ~12.5Q, 
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Figure 1: Schematic of pulse transformer. 

to provide a fast rise time on the ferroelectric pulse, at the 
cathode by a 2:1 transformer. In the experiments reported 
in this paper the tests focussed on determining the emis- 
sion characteristics of the ferroelectric and not on beam 
production. This was necessary since no tests of ferroelec- 
tric emission have been reported in diodes or electron guns 
with anode cathode voltages in excess of 50 kV, and the 
scaling characteristics are required to design the electron 
gun. The ferroelectric cathode was flush mounted at the 
center of a 10cm diameter cathode shank. The gridded fer- 
roelectric surface was recessed about 0.3 cm from the front 
surface of the cathode shank. A confined, but not laminar, 
electron beam was generated in a converging magnetic field 
reaching a peak value of up to 3kG about 4cm into a 5cm 
diameter drift tube. The drift tube was located approxi- 
mately 6.5cm from the front of the cathode. The beam was 
collected on a 2.5cm diameter collector about 10cm into 
the drift tube. EGUN simulations show that the beam will 
all enter the drift tube and be collected on the center con- 
ductor. The beam current is monitored by a Rogowski coil 
attached to the collector. 

3    EXPERIMENTAL DATA 

The level of electron emission from the ferroelectric cath- 
ode was determined by measuring the current collected on 
the center conductor in the drift tube. In the absence of a 
trigger pulse to the rear of the ferroelectric no current was 
monitored. If the ferroelectric pulse was applied more than 
2 fis prior to the diode voltage the beam current remained 
zero, whereas pulsing the ferroelectric at times < 2.0/us 
prior to the gun pulse consistently generated an electron 
current pulse. This result is consistent with previously re- 
ported data [3]. Figure 2a shows representative data ob- 
tained for the beam current when the delay between the 
two pulses was about 1.8/is. The current rises to its max- 
imum value in about 200ns and shows a relatively flat top 

duration of about 250ns. The voltage pulse shown in figure 
2b was obtained at 500kV using the two core series wind- 
ing arrangement feeding a 900J1 resistive load. Note that 
the 16% increase in the core volume was not in place at the 
time these records were obtained. 
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Figure 2: Beam current (100A/div) and the secondary volt- 
age for the 3.3f2 line driven transformer. 

In figure 3 we show a plot of the beam current versus the 
gun voltage to the three halves power. The linear plot indi- 
cates a gun perveance of 0.8/xperv. Previous lower voltage 
data show, in vacuum diodes, a current level enhanced by 
a factor of ~ 100 over that predicted by the Child Lang- 
muir law. At present it is not clear whether the differences 
are due to the gun voltage or to the long delay (2//s) be- 
tween the triggering of the ferroelectric and the application 
of the gun voltage. Our earlier observations at < 50 kV 
also showed that the diode current dropped to zero with de- 
lays in excess of 2/xs. In order to achieve the microwave 
powers desired in the TWT amplifier research program we 
require at least 200 A beams. This level of emission has 
been achieved in the present experiments from an exposed 
2.8 cm2 ferroelectric cathode at an average beam current 
of nearly 75 A/cm2. Unpublished data, also presented in a 
companion paper at this meeting, report 20A, emission at 
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15 kV at a repetition rate of 50 Hz [3]. Although mea- 
surements have been made of the emittance of electron 
beams generated from ferroelectric cathodes no data has 
been reported under the high voltage, high current condi- 
tions achieved in these experiments. 
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Figure 3: Beam current vs Diode Voltage raised to the three 
halves power. 

4   DISCUSSION OF RESULTS 

In the present set of experiments we have reported modifi- 
cations made to the pulse transformer used to drive the fer- 
roelectric cathode-electron gun. Two configurations have 
been investigated for the modulator, of these the two 6:1 
step up transformers have proved to be the most satisfac- 
tory as regards the pulse rise time. The data, on the electron 
gun emission, were obtained with a single core 12:1 step up 
transformer. 

These electron emission data reported here are the first 
results on electron beam generation at gun voltages in ex- 
cess of 50 kV. With the existing delays between the ferro- 
electric and gun voltage pulses it is not surprising that the 
beam current was in close accord with that expected on the 
basis of space charge limited emission, as determined by 
the EGUN program. The observed currents are consistent 
with those obtained from EGUN using a 1.8 cm diameter 
cathode with a gap of about 5-6 cm. The emission is consis- 
tent with plasma formation on the front surface of the cath- 
ode allowing the high current densities. The current densi- 
ties obtained are predicted by EGUN with gaps of about 5 
cm and are consistent with gap closure velocities of order 
2 cm//is, typical of the figure found in pulse power driven 
field emission diodes. Previous work has indicated that the 
emission from a ferroelectric cathode is controlled by the 
ferroelectric for times of up to about 1 /xs after pulsing 
of the ferroelectric and that plasma effects may dominate 
at later times. Work is presently in progress studying the 
emission under conditions where the delay time between 
the ferroelectric pulse and the diode voltage is reduced be- 
low ~l/^s. 

5    CONCLUSIONS 

We have demonstrated operation of a 500kV, 1000O elec- 
tron beam generator capable of delivering a 250ns pulse 
duration at a low repetition rate. The system will be used 
to generate 200-500A beams for use in our new 35 GHz 
source research program. The extension to 500A beam 
currents may require a larger active emission area. EGUN 
simulations have been made indicating a suitable gun con- 
figuration, which has not yet been tested. 

Work is in progress testing the ferroelectric emission 
process with shorter time delays than the 1.8 /is used in 
these experiments. The work reported here and in the com- 
panion paper (ref 3) at this conference are believed to be 
the first demonstrations of: 

a. ferroelectric cathode emission in MW power level 
electron guns, 

b. ferroelectric cathode operation at 50 Hz repetition 
rates with current levels of order 20A. 
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THIRTY MEGA-WATT KLYSTRON MODULATOR DEVELOPMENT AT 
THE DUKE UNIVERSITY FREE-ELECTRON LASER LABORATORY* 

Richard J. Sachtschale, P.G. O'Shea, G. Swift 
Duke University, Box 90319, Durham, NC, USA 27708-0319 

Abstract 

The Duke FEL Lab requires no less than ten additional 30 
mega-watt S-Band RF modulators to satisfy requirements 
for the storage ring and future linac projects. Ideas focusing 
on economy of cost and space utilization will be presented 
along with their current status. These ideas range from re- 
building old SLAC klystrons with commercially available 
dispenser cathodes, using inexpensive industrial PLC tech- 
nology for modulator instrumentation and control, to a pro- 
posed modulator driving twin klystrons. This last item is 
especially applicable to reducing cost and space require- 
ments. 

1    KLYSTRON REFURBISHMENT 

Roughly half the cost of an RF modulator system is the 
output klystron. A number of old SLAC klystrons with ox- 
ide cathodes are at Duke. The cathodes in these tubes suf- 
fer from reduced electron emission due to their more than 
thirty years of age. By using the services of our in-house 
vacuum shop and technicians, along with a dispenser cath- 
ode package designed by HeatWave Technologies, we will 
attempt to give our old SLAC klystron tubes a second useful 
life. 

1.1    Cathode Replacement 

Removal of the old cathode necessitates opening the 
klystron at the weldment above the ceramic high-voltage 
bushing. This allows the bottom of the tube containing the 
cathode and heater filament to be removed from the upper 
vacuum shell containing the anode and collector body. Fol- 
lowing careful inspection and photographic documentation 
of the disassembled components, the cathode, focus elec- 
trode, heater filament and ceramic bushing were reassem- 
bled and sent to HeatWave for evaluation. 

HeatWave will design, produce and mount a cathode 
package with the following attributes: 

• Dispenser style cathode with integral heater filament 

• Molybdenum heat shield and mounting canister 

• Attachment of focus electrode to the perifery of the 
cathode 

• Provision for mounting the package in the ceramic 
bushing that allows for easy swap and replacement 

* Work supported by ONR contract N00014-94-1-0818. 

Figure 1: Cut-away section of dispenser cathode assembly 
in high voltage ceramic bushing 

1.2    Cathode Filament Power 

Dispenser cathodes require a higher operating temperature 
than oxide cathodes, see Reference[l]. This translates to 
an increase in the electrical power delivered to the heater 
filament. AC filament power is delivered to the cathode 
via the bifilar secondary windings of the high-voltage pulse 
transformer. The filament is connected to a coaxial termi- 
nal at the base of the high-voltage bushing. The cathode is 
also connected to the outer conductor of the coaxial termi- 
nal. To keep the filament current manageable through the 
windings of the pulse transformer, an auto-transformer is 
used to step-up the current after passing through the pulse 
transformer windings. The auto-transformer floats electri- 
cally with the klystron cathode voltage which is pulsed to 
260kV. 

The pulse transformer, filament auto-transformer and 
other associated hardware for driving the klystrons were 
designed for the old dispenser cathode requirements. The 
power required for the dispenser cathodes is approximately 
300W. The filament auto-transformer was tested into a 
dummy load and was found to be limited to 360W. This is 
the lower limit of power required for the dispenser cathode 
being provided by HeatWave. Prior to commissioning the 
refurbished klystron, the cathode surface has to be formed 
by heating the dispenser matrix to above typical operating 
temperature. This causes the barium emitter material to 
melt and migrate up through the sintered tungsten matrix 
of the cathode bed, providing a uniform emitter surface. 
Due to the power limitation of our filament transformer, we 
will attempt to form the cathode at the end of the vacuum 
bakeout. 
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1.3   Klystron Vacuum Bakeout 

Once the klystron has been reassembled with its new cath- 
ode, it will have to go through a vacuum bakeout. We have 
done this previously using heater tapes and bakeout blan- 
kets, see Reference[2]. For future bakeouts a dedicated 
oven has been built. It was fabricated in-house and is about 
the size of a telephone booth. This will allow a quicker, 
easier and more uniform bakeout of the klystron. 

Toward the end of the vacuum bakeout, when the oven 
temperature has come down to ambient, the cathode will be 
formed using a suitable power source. 

2   MODULATOR CONTROLS 

The modulators that provides the high-voltage pulse to 
drive the klystrons are relatively simple devices compared 
to other technologies in common use today. They con- 
sist of a high-voltage dc power supply, storage capacitors 
configured with inductors as a Pulse Forming Network, a 
high current switch(hydrogen thyratron or SCR stacks) to 
switched the stored charge from the pfn to the klystron 
pulse transformer, instrumentation, controls, interlocks and 
support electronics. 

2.1 PLCs 

Programmable Logic Controls are a mature technology that 
provide the following features to an automation applica- 
tion: 

• Easily configurable Input/Output points 

• State-Machine style management of event responses 

• Consolidated operator interface 

• Remote communications port 

• Logging of event responses 

• Proven reliability in harsh industrial environments 

• Highly cost effective 

These features have greatly simplified the task of au- 
tomating and monitoring modulator operation. The con- 
solidation of local front panel indicators and controls into a 
single interface module costing no more than a single ana- 
log panel meter, has resulted in significant cost reduction. 
This also translates to simpler wiring and panel layout. 

2.2 Surge and Fault Protection 

Power transformers and thyratron filaments require protec- 
tion from in-rush currents at turn-on. Typically this has 
been done with current-limiting resistors that are shunted 
at some predetermined time following turn-on by a time- 
delay relay. In the case of thyratron filaments, variacs are 
typically used to ramp the power to the filament by an op- 
erator. In both of these cases Negative Temperature Co- 
effiecient Thermistors can be used. 

NTC thermistors have a relatively high resistance at 
room temperature. As they heat up their resistance drops. 
This provides automatic surge protection during turn-on 
of reactive devices (e.g. power transformers) or cold fil- 
aments. They have been used reliably for years in motor 
start circuits. They are available in a wide range of sizes 
and ampacities. 

During a klystron arc the modulator must be protected 
from the voltage reversal due to the sudden load mismatch 
caused by the arc. A common method for doing this is by 
using an end-of-line clipper wired across the end of the pfn. 
The clipper consists of a diode stack, a matched load and a 
voltage triggered switch (e.g. a calibrated spark gap). Dur- 
ing normal operation the diodes are reverse biased. When 
a voltage reversal occurs across the pfn, that exceeds the 
breakover voltage of the spark gap, the diodes become for- 
ward biased and the energy reflected back from the load 
during a fault is dumped in the matched load in series with 
the diodes and spark gap. Such spark gaps cost several hun- 
dred dollars depending on their size. A cost effective alter- 
native to the calibrated spark gap switch is a Metal Oxide 
Varistor. Below it's transition voltage, the MOV behaves 
like a large resistor (hundreds of mega-ohms). As it's tran- 
sition voltage is reached, it's resistance drops acting like 
a lossy switch. MOVs come in a wide range of sizes and 
packaging styles. For modulator pfns insulated with trans- 
former oil, an unpackaged MOV of the style used in elec- 
trical utility transformers for lightning fault protection are 
ideal and inexpensive (more than an order of magnitude 
less expensive than calibrated spark gaps). 

3    DUAL KLYSTRON MODULATOR 

Developed lab and service spaces never seem to be large 
enough. This may become obvious soon after occupancy 
if planning was casual and hasty or it may not occur un- 
til later in the evolution of a successful lab that has been 
blessed with careful and studied planning. Most labs likely 
fall in between these extremes. Service buildings that house 
power, controls and support equipment always seem to be 
the first to become filled to over flowing. It will be at- 
tempted to prevent this situation from occurring by opti- 
mizing the space requirements for the modulators in our 
service buildings. 

One way to do this that seems straight-forward and re- 
alizable is to use one modulator to drive two klystrons. 
Due to the low repetition rate (5 pulses/sec) and short 
pulse width (2 microseconds), the only significant item 
that requires changing are the pfn capacitors and inductors. 
The F-243 hydrogen thyratrons switches are being oper- 
ated more than an order of magnitude below their maxi- 
mum specifications. The modulator cabinet has the addi- 
tional room needed for the larger pfn. This is because the 
cabinets were originally built to house a resonant charg- 
ing high-voltage supply. Such supplies require substantial 
reactive components. The space required for these compo- 
nents is no longer required with the use of modern, switch- 
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ing, capacitor charging supplies from Maxwell Labs and 
other vendors. 
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A THYRATRON TRIGGER WITH LOW JITTER 
C. Jensen, D. Qunell, FNAL, P.O. Box 500, Batavia IL 60510 USA 

Abstract 

A very low jitter trigger is required for the Main Injector 
Proton Injection kicker. The trigger is also designed to be 
reliable against thyratron arc down to the trigger grid. The 
trigger uses a wide band coaxial cable transformer that 
operates at 1500 V with a 500 ns pulse width and a 10% - 
90% rise time of 20 ns. An FET is used as the switch and 
a very low inductance capacitor is used to store the trigger 
energy. Typical total jitter between TTL trigger pulse and 
the 50% load current value has been measured at < 2 ns 
over a period of 8 hours and 105 pulses. About half this 
jitter is attributed to the trigger system, and the other half 
to the thyratron. The trigger has been subjected to several 
thyratron sparks without problem. The paper will present 
the trigger schematic, waveforms, components and the 
thyratron connections. 

1. TRIGGER CIRCUIT 

The trigger circuit uses several minor variations on a 
standard pulse generator. Most of the design effort was in 
component selection, circuit board layout and transient 
immunity. The schematic is shown in Fig. 1. This is not 
a capacitor full discharge circuit. Capacitors C29 and C30 
discharge only about 6% during a pulse. 
The 750 V power supply that charges C29 and C30 is not 
shown in Fig. 1 and neither are the thyratron trigger 
negative bias voltage and the thyratron DC priming 
current. These thyratron support supplies are derived from 
the thyratron filament supply. Detailed discussions of all 
the major components follow. 

1.1 FET Switch 

One novel component is the FET switch. This switch, 
from DEI Inc., has a ceramic low inductance package so 
that it may be used for high power amplifiers up to 15 
MHz. The package has coplanar line connections. There 
are two source leads on either side of the gate and two 
source leads on either side of the drain. The DE375-X2 
102N20 has a voltage breakdown rating of 1000 V, an 
average current rating of 20 A, drain-source voltage fall 
and rise times of approximately 7 ns and a price of 
approximately $200. This device has a measured voltage 
fall time ( 90%-10% ) in our circuit of ~ 10 ns. 
It was experimentally determined that the peak FET drain 
current should be limited to two or three times the average 
current rating to achieve the fast rise and fall times. In 
initial prototyping, the DE375-102N10, a smaller FET 
with an average current rating of 10 A, was used. In the 
prototype circuit the peak drain current was -60 A and 
the drain-source voltage was 850 V. The measured drain- 
source voltage fall time with this FET was 50 ns. Using 
the same gate circuit with the higher average current 
DE375-X2 FET, the drain-source voltage fall time was 
reduced to 10 ns. Subsequent modifications to the circuit 
have reduced the peak drain current to 30 A. 

The operating voltage of the FET is 750 V in the final 
design. This level is relatively close to the FET 
breakdown voltage, however the inverse diode across the 
transformer primary and the very low inductance of the 
primary capacitor limit the normal transient voltages to 
900 V. The inverse diode and primary load resistor also 
reset the pulse transformer. Thyratron arc down transients 
are somewhat clamped by the MOV and current limited by 
the 49 Q, resistor. The body diode of the FET protects it 
from overvoltage and R8-R11 limit the body diode 
current. 
The drive circuit for the high voltage FET was also a 
substantial design effort. A very fast FET driver from 
Unitrode, the UC1711 JE, was chosen as the first power 
stage. The two drivers in this package are paralleled to 
drive peak currents of ~ 3 A into the next stage, a voltage 
follower. This discrete complimentary FET driver has an 
RDS(ON) resistance of 150/300 mQ for the N/P channel 
devices. These devices have a silicon gate to increase 
switching speed and all the driver components are surface 
mount parts to reduce lead inductance. The zener diode 
voltage drop of 5.1V is slightly less than twice the gate 
source threshold voltage of the drive FETs. This biases 
both FETs slightly on to reduce delay times. Finally, the 
power supply bypass capacitors consist of three 0.1 (iF 
surface mount capacitors each for the +15 V and -5 V 
supplies. In addition, a 33 (J.F Aluminum electrolytic 
capacitor and 1 io,F leaded ceramic capacitor were used on 
each supply. The layout of all the drive components was 
done to minimize inductance. Because of the electrical and 
mechanical design of the DE375-X2, the drain current 
flows primarily through the source leads next to the drain 
and the gate current flows primarily through the source 
leads next to the gate. This further decreases the fall time 
since the gate circuit does not have to overcome the drain 
source leads L dl/dt drop. 

1.2 Pulse Transformers 

There are two high voltage pulse transformers used in this 
circuit and each had it own unique problems. XI is used to 
allow the FET to be source grounded. This avoids further 
complications on an already difficult gate drive circuit. X2 
is used to isolate the thyratron high voltage, nominally 30 
kV during the pulse, from the trigger circuit. The use of 
two transformers also allows some effective clamping 
components to be used. The first transformer is a coaxial 
cable transformer. In the prototype, this transformer 
provided a 1:2 step up ratio in addition to isolation. The 
advantage of that construction was a reduction in the 
leakage inductance of the second pulse transformer. 
Unfortunately, the required core size for the second 
transformer was already substantial because of the required 
volt seconds and use of only a single turn on the primary. 
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Figure 1, Thyratron Trigger Schematic 
XI is constructed of two parallel 1.5 m lengths of 

0.047 inch outer diameter 25 Q. coaxial cable, Precision 
Tube # 25DA047. The core used is 4 pieces of a Ceramic 
Magnetics 3000-4 two hole balun core made from 
CMD5005 ferrite. There are 4 turns through each hole and 

the total cross sectional area is approximately 9 cm2. In 
order to shield the 750 V DC voltage on the cable, for 
personnel safety, the center conductor is the primary and 
the outer conductor is the secondary. The total leakage 
inductance of the transformer is less than 100 nH. The 
transformer has adequate core area for a volt second rating 
of approximately 0.5 mV#s without any bias. The corona 
extinction voltage of the coaxial cable is approximately 
850 Vrms at 60 Hz which is sufficient for very long 

lifetime. 
The polarity of the transformer is particularly 

important in this application to achieve fast rise times. 
Since the cable is charged between pulses, a traveling 
wave is launched down the coaxial cable of the pulse 
transformer when the FET is closed. The current in the 
secondary is in the correct direction to provide full voltage 
into a matched load when the wave exits the other end of 
the transformer. In this respect, the rise time of the output 
pulse is limited mainly by the FET switching time when 
driving into a matched load. This is strictly true only if 
the 12.5 Q. resistor in series with the energy storage 
capacitor is not present. In practice this resistor increases 
the rise time by less than 30%. 

X2 has a single turn primary and a two turn secondary. 
To achieve high isolation voltage, the center conductor 
and polyethylene of a piece of RG220/U is used as the 
primary. An electric field screen with a gap in the middle 
is place over this piece of cable and then the secondary is 
wound with 10 parallel pieces of AWG #22 wire. The 
cores used for this transformer have a total cross sectional 

area of 14.5 cm2 and are made of Ceramic Magnetics 
CMD5005 material. Even with this substantial core and 
because of the single turn primary, a bias drive of 15 A/m 
is required to achieve a 0.2 mV«s rating. The bias current 
(2 A turns) is provided by a third winding and blocking 

inductor on the high voltage side (not shown in the 
diagram). The X2 transformer bias supply is derived from 
the thyratron filament supply on the high voltage side. 

1.3 Other Components 

One component that was specially ordered for the 
circuit was a very low inductance 0.2iiF, 1000V capacitor 
from Electronic Concepts. This capacitor, #5PT-11635K, 
was designed to have a 10 year life at 1000 VDC and has 
an internal inductance of approximately 10 nH. The 
construction is an extended foil / polypropylene capacitor 
with 2" wide leads for each connection. The capacitor is 
packaged in an IC style dual inline pin package with 40 
pins per side. 

The trigger circuit also provides a closed relay contact 
back to the control system when all the DC voltages on 
the trigger board are within +5% of the nominal values. 

2 THYRATRON CIRCUIT 

GRADIENT 
GRIDS 

TRIGGER 
GRID 

EEV 1668 
2 GAP 
HYDROGEN 
THYRATRON K RH 

Figure 2, Thyratron Cross Connection Scheme for 
Proton Injection Kicker 
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The thyratron connection is also different from standard 
practice. EEV Inc. suggested using a "cross connection" at 
the gradient grids, Fig 2. This applies a reverse bias, in 
reference to the anode - cathode voltage, across the drift 
space between each pair of gradient grids. The voltage 
must be substantial enough to start a glow discharge in 
the drift space. The main benefit of this connection is a 
dramatic reduction in the delay time between successive 
gap breakdown in the thyratron. 

The filament and reservoir supplies are 20 kHz 
switching supplies. They are not rectified on the high 
voltage side. The high voltage isolation required for these 
transformers is the same as the trigger and the same design 
is used. These isolation transformers have the same single 
turn primary, but the secondary has 15 to 20 turns. As 
previously mentioned, the filament transformer has further 
auxiliary windings to provide power for thyratron trigger 
and priming biasing. 

3 SYSTEM RESULTS 

The measured rise time (10% - 90%) on the thyratron 
trigger grid is approximately 20 ns as shown in Fig. 3 
The data was captured with a HP54540 scope and 
Tektronix P5100 probe. Fig. 4 shows the measured jitter 
on the actual proton injection kicker system, measured 
from the TTL trigger signal to the measured current in the 
magnet load resistor. This is the envelope of the measured 
current. The peak to peak difference at the 50% current 
level after 4 hours and 50,000 pulses is 1 ns. The 
oscilloscope contributes approximately 200ps of jitter. 
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Figure 3: Measured Trigger Circuit Waveforms at Main Switch FET, Output of XI and Trigger Grid of Thyratron 
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A 40 KV, 3.1 Q PFN FOR THE MAIN INJECTOR ABORT KICKER 
C. C. Jensen, FNAL, P.O. Box 500, Batavia IL 60510 USA 

Abstract 

The Main Injector abort kicker system has been run 
at full voltage. The system was required to operate with 
a PFN to meet specifications. The system was designed 
to operate in air to allow for easier maintenance. The 
topology chosen has the thyratron cathode grounded, a 
grounded PFN and a floating pulse transformer. The 
system is also required to have low EMI because of the 
proximity of low level controls. Several problems 
related to the pulse transformer and to operation in air 
are addressed and some solutions are presented. 

1 CIRCUIT DESIGN 

Siting constraints have forced the abort kicker 
modulator to be located -100 m from the kicker magnet 
itself, much further than the existing distance of -12 m 
in the Main Ring and -40 m in the Tevatron. At the 
same time, the rise time of the field has been decreased 
from 1.8 us in the Main Ring to 1.0 us in the Main 
Injector. To meet specifications, a pulse forming 
network is required in place of the circuit used in the 
Main Ring [1] and Tevatron. The Main Injector Abort 
Kicker specifications are shown in Table 1. A more 
detailed explanation on the requirement for using a pulse 
forming network is given in [2]. 

The circuit function is straight forward with the 
possible exceptions of the transformer secondary 
snubber circuit and the 0.05 uF capacitor added to the 
high voltage bus connection. This capacitor is added 
where the high voltage bus connects to the pulse 
transformer. It is used to compensate for the added 
inductance of the bus. 

The transformer secondary snubber circuit is required 
because the load time constant is longer than the rise 
time of the PFN. It provides a mechanism to control the 
initial voltage applied to the magnet, and then damp the 
reflections that come back from the magnet to the 
modulator. There is an optimum value of capacitance 
that makes the current at the magnet rise rapidly but not 
overshoot by more than 5%. The value depends on the 
cable length between the magnet and the modulator, on 

3.1 i2    1.5 pH    1.5 MH 1.5 ^iH    1.5 ^H        450 nH 

the transformer leakage inductance, and on the load time 
constant. 

Table 1, Main Injector Abort Kicker Specifications 
Field rise time (10% - 70 %) 

(10% - 90 %) 
700 ns 
1 us 

Field flat top duration >9.8 us 
Flatness (AB/B) during pulse ±10% 
Field fall time NA 
Iß dl (Total kick/2 Magnets) 0.37 kG m (8 GeV) to 

2.51 kGm (150 GeV) 
Repetition Rate 0.7 Hz 
Magnet Inductance 5.05 UH 
Magnet Current 2700 A 

2 IMPLEMENTATION 

The original design for the abort modulator had all 
components assembled in a single 24" x 30" x 75" high 
relay rack. Due to partial discharge problems with 
several components, a more spacious layout was 
implemented. Six commercial EMI/RFI shielding 
enclosures, Schroff® Eurorack HF 1, were purchased for 
the two modulators. Three enclosures were then joined 
together to form a final cabinet that is 79" long x 34" 
wide by 61" high. Each section contains a major pulse 
power component and is arranged for easy and rapid 
maintenance. 

2.1 PFN Cabinet 

The first cabinet contains the PFN, shorting safety 
relay and end of line termination. The PFN consists of 
13 capacitors and 12 inductors. These inductors may be 
tuned approximately ±5% by changing the length of the 
coil. This can be done with the system energized. The 
capacitors are double ended Maxwell capacitors rated for 
108 pulses at 40 kV charge voltage. The inductor coils 
are placed parallel to each other and alternately wound 
right handed and left handed. This positioning of the 
coils adds coupling between sections to achieve a flatter 
pulse response. 
There is only one connection to frame ground in the 

0.05 uF 4 x 100 m 
RG/U 220 

Number of PFN Sections: 13 Capacitors, 12 Inductors 
Nominal PFN Charge Voltage = +34 kV 
Transformer Primary Leakage = 1.4 uH 

Figure 1, Schematic of Main Injector Abort Kicker System 
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modulator and this is done at the thyratron. This 
location was chosen because of the multiple number of 
connections required between ground and the thyratron. 
The return bus at the PFN then rings up to about 1 kV 
during the pulse. The PFN is constructed in a 
polycarbonate housing which is isolated from the 
enclosure by standoffs rated for 1 kVrms. 

The safety shorting relay and end of line clipper 
diode and resistor are also in the PFN cabinet. The 
shorting relay is mounted for gravity return. A modified 
wire wound resistor from Ohmite, rated at 1 kW average 
power, is used as the load dump. The modification was 
to replace a metal frame that runs the length of the 
resistor with a G-10 frame. This allows the part to be 
rated for 20 kV pulse voltage and two are used in series. 
The end of line clipper resistor is made from a stack of 
15 ceramic composition resistors, HVR Inc. 
#W0825A0R2J, rated at 5 kV each. The end of line 
diode is an assembly from CKE Inc., C03-1689, rated 
at 60 kV and 11 kA for 10 us. 

2.2 Thyratron Cabinet 

The next cabinet contains the thyratron, the 
thyratron support electronics, and the modulator 
interlocks. The thyratron trigger circuit, support 
electronics and interlocks are contained inside a shielded 
enclosure inside the thyratron cabinet. Initially, a Litton 
L-4988 thyratron was purchased for the switch. 
Subsequently, six excess ITT, now Triton, F-241 
thyratrons became available. The F-241 has shown 
acceptable service life under similar conditions in the 
modulators for the SLAC linac. The Fermilab operating 
conditions have a much lower repetition rate, but a 
slightly higher A*s rating per pulse. Two parallel stacks 
of inverse diodes, 9 pieces Micro-Semi UDD-7.5 per 
stack, were connected across the thyratron to further ease 
the operating conditions. These provide a low loss path 
for reverse currents through the thyratron. 

Triggering requirements for this thyratron could be 
met with the trigger system already designed for the 
Main Injector Proton Injection Kicker [3]. A 1:3 
transformer was used at the output of the trigger circuit 
to get an open circuit voltage of 2100 V. 

In the bottom of this cabinet is mounted a 1.48 m 
long high voltage bus that connects the PFN, the pulse 
transformer and the thyratron. Fermilab has successfully 
used a low inductance stripline bus in air at 12 kV DC 
for another modulator project [4] so extending the 
operating voltage to 40 kV DC was reasonable. Several 
2D electric field models were made with Opera-2D 
software from Vector Fields. This was the basis for the 
bus design. Two tall narrow insulators are used to 
provide sufficient spacing between the high voltage 
conductor and two ground conductors. This reduces the 
electric field stress enough to prevent partial discharge in 
the air. A thin wide insulator is used between the tall 
insulator and the ground conductor to get sufficient 
tracking distance. The insulating material used is 
polycarbonate because of its excellent electrical and good 
mechanical properties. Initial testing of the entire bus 
structure has resulted in a 19 kVrms 60 Hz corona 

extinction level. The source of the partial discharge 
appears to come from high voltage connections at the 
ends. For long life, an extinction level of 25 kVrms is 
desired and will require further improvements. 

2.3 Pulse Transformer Cabinet 

The last cabinet contains the pulse transformer, the 
secondary snubber circuit and the output cable 
connectors. Free space is required in this section to 
maneuver the pulse transformer in and out of the 
cabinet. 

The prototype pulse transformer had severe corona 
problems. The insulation was a cast epoxy that gave 
sufficient voltage holdoff, however the lifetime of the 
transformer was in question because of a low corona 
extinction voltage. The subsequent transformer for the 
system was specified to use oil as insulation. A solid 
barrier between primary and secondary windings was 
also required because the transformer primary will be at 
40 kV for 2 seconds during accelerator flattop. Also, 60 
kV DC bushings, Isolation Design Model 404, were 
specified to reduce corona from the connections. 

The manufacturer of the first production transformer 
ordered under the new specification experienced several 
additional problems. First, the primary windings 
required additional bracing to protect against shifting 
during shipment. Second, the leakage and magnetizing 
inductance were both out of specification. After winding 
repairs were made, the leakage inductance met 
specifications but the magnetizing inductance was still 
small by a factor of two. However, during testing the 
transformer passed 5000 pulses at 200% nominal 
operating voltage. It was decided to accept the 
transformer in order in continue to make progress with 
modulator development. 

The 60 Hz corona extinction level was measured at 
Fermilab to be approximately 6 kV rms. This level 
seems inconsistent with long lifetime, however the 
corona extinction level for the transformer was not 
specified. It is not obvious that the 60 Hz corona levels 
are indicative of life for this pulse application. The slow 
0.5 second charging time and the fast discharge are 
definitely not AC operating conditions. Fermilab has 
many high voltage cables that last 108 pulses with a 
slow charge to 60 kV and pulse discharge, but they also 
have had measured corona extinction voltages of less 
than 25 kVrms. 

3 TEST RESULTS 

Preliminary tests at low voltage indicated that all 
magnet current specifications had been met. However, 
after running at full voltage, the magnet current rise 
time (10 % - 90 % ) has increased from 1.0 |J.s to 1.3 
iis. Upon returning to low voltage, the increased rise 
time is still present. The cause is unknown for certain, 
but a change in leakage inductance of the transformer is 
suspected given the problems the vendor had with 
bracing. Another more experienced vendor has been 
contracted for the next transformer and that unit has just 
been tested successfully and shipped. 
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The measured PFN voltage and current are shown in 
Fig. 2. The voltage is measured on the primary high 
side of the transformer with a Northstar VD-60 probe 
and the current is measured at the thyratron anode with a 
Pearson 3025 CT. The magnet current is measured with 
a 2.5 mfl CVR and shown in Fig. 3. The flat top 
specification for ripple and length have been met. The 
ripple is under ±5% and the 90% - 90% pulse length is 
now 9.7 (is. The pulse length can be further extended by 
approximately 700 ns because the design allowed for the 
addition of one more PFN section. However, this should 
not be necessary when the rise time specification is met. 

4 CONCLUSIONS 

The modulator has run at rated voltage. The problem 
of pulse transformer leakage inductance has been solved 
with the new manufacturer. 

The cost of each finished modulator is approximately 
130k$ for parts and materials, 800 hours for shop labor 
and 3000 hours for assembly and testing labor. While 
the parts cost is substantially more than the old Main 

Ring abort kicker system, an increased cost was 
anticipated because the specifications ruled out the 
technique used for that kicker system. 
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Figure 2, Measured PFN Voltage and Current Waveforms at Nominal Operating Level 
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Figure 3, Measured Magnet Current Waveform at Nominal Operating Level 
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KICKER SYSTEM FOR 8 GEV PROTON INJECTION 

D. Qunell, C. Jensen,D. Tinsley 
Fermi National Laboratory, P.O. Box 500, Batavia, IL 60510 

Abstract 

This kicker functions to inject 6 batches of 8 GeV beam 
vertically into the Fermilab Main Injector from the 
Booster. The trajectory of this beam must be bent 1.05 
mr to place it onto equilibrium orbit. This kicker system 
produces a nominal integrated field kick of 0.309 kG-m. 
Specifications require a 1.6 microsecond pulse with a 50 
ns risetime (l%-99%) and a 150 ns falltime (99%-5%). 
The system is comprised of three magnets and power 
supplies. Each is composed of a resonant charger, a 25Q 
PFL, a thyratron-based pulsed power supply, a ferrite "C" 
magnet, and a Fluorinert™-cooled resistive load. Design 
details and measurements are presented. 

1 INTRODUCTION 

This system is being developed to replace the existing 
kicker that injects protons from the Booster to the Main 
Ring. The existing system does not provide a fast 
enough risetime. First, the current risetime of the 
thyratron is slow because the dc charging system requires 
a low reservoir level to avoid prefires. Second, the 
parasitic inductance of the thyratron housing limits the 
risetime of the circuit. Also, the control system is being 
upgraded to use components common throughout Main 
Injector and newer TeV kickers. Power supplies of this 
type will be also used in the Fermilab Recycler and future 
Booster upgrades. In addition to meeting design 
specifications, this kicker was also developed to meet 
reliability, serviceability and cost objectives. 

Prefires and fail-to-fires must be kept less than one 
per every million shots. Lifetime is also important; over 
108 shots are necessary to achieve 5 years of service. 
While this is most applicable to the thyratron, the magnet 
and resonant charging unit must also last a similar 
amount of time without any high voltage breakdown or 
other failure modes. 

Serviceability was another major concern. Unlike 
previous power supplies which were large forced air or oil 
cooled tanks, this design is a compact Fluorinert™ cooled 
system. Replacement of a complete power supply takes 
less than an hour, while even the replacement of a 
thyratron is a fairly simple task requiring less than four 
hours. In general, an effort was made during the design to 
improve the ease of servicing all system components. 

Of course, cost was another design consideration. 
The systems had to adhere to project budgets and 
schedules throughout the design and development phase. 

Initial system specifications [1] are tabulated in 
Table 1. Some preliminary measurements are also 
included. These specifications are subject to revision. 

jBdl 0.309 kG-m 
Kick Angle 1.05 mr vertical 
Horizontal Aperture 101.6 mm 
Vertical Aperture 50.8 mm 
Magnets Required 3 
Field Rise Time (l%-99%) <50 nsec 
Flattop 1600 nsec 
Field Fall Time (99%-5%) <150 nsec 
Flattop Stability ±1% 
Post Flattop Stability ±1% of full field 
Magnetic Length 0.83 m 
Gap Height 111.1 mm 
Gap Width 63.5 mm 
Nominal Field 0.136 kG 
Characteristic Impedance 25 Q. 
Number of Cells 26 
Measured Magnet Fill Time 26 nsec 
Measured Inductance per Cell -29 nH 
Measured Capacitance per Cell -45 pF 

Table 1: Specifications and Measurements 

2 DESIGN 

2.1 Power Supply 

The power supply consists of a PFL, a thyratron pulser 
and a resonant charging system, as shown in Figure 1. 
This system must produce a 1.6 microsecond pulse with 
fast rise and fall times. It must operate at a 15 Hz 
repetition rate, producing 6 pulse "bursts" every few 
seconds. Minimization of prefires and fail-to-fires is a 
major design consideration. A lifetime of over 108 shots 
is required. 

25 OHM MAGNET/LOAD 
27 kV nom, 

HN ÖT-nrirrrrn—VW 

T  T 

1.6MS PFL 
54 kV nom. 

RESONANT 
CHARGING 

SUPPLY 

Rfl-7,211 (fr 

RG-220 (-$■ 

N"g 3.6 kV nom 

Power 
Supply -L. Supp 

Figure 1: Diagram of Kicker System 
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Each PFL consists of two lengths of RG-220 type 
cable. The cable itself is AA-5966, manufactured by 
Times Microwave Systems under a custom Fermilab 
specification. It is similar to standard RG-220 cable 
except that it has the addition of a foil shield bonded to 
the polyethylene. The two 50 Q. cables are installed in 
parallel to make a 25 Q system. These cables are cut to 
nominal 160m lengths to determine the 1.6 (xs pulse 
width. Cables delivered to Fermilab from Times passed a 
500,000 pulse acceptance test at 66 kV. The falltime of 
the system is dominated by the skin-effect of the cable. 

The pulsed power supply shown in Figure 2 
consists of a thyratron switch, a trigger system, and 
associated filament/reservoir power supplies. These 
components are mounted in a Tin-plated Aluminum 
housing. This housing is compact to minimize parasitics 
that adversely affect the system risetime. The thyratron is 
cooled by 3M Fluorinert™ FC-40 liquid. This also 
provides the necessary high-voltage insulation. 
Connections to the PFL and load cables are made with 
custom connectors designed by Isolation Designs, Inc [2]. 

Figure 2: 25 Q Pulsed Power Supply 

Fermilab tested various 2-gap and 3-gap thyratrons. 
The best results were obtained with a hollow anode EEV 
CX1668 using a "cross-connection" bias scheme [3]. 
This decreases the overall system delay, and effectively 
reduces the risetime by minimizing the time between the 
breakdown of the two gaps. Biasing is accomplished with 
4 MQ resistors on the gradient grids; no capacitors were 
used in the bias network. An adjustable DC power 
supply and a 20 kHz DC-AC converter are used to power 
the filament and reservoir. This minimized the size of the 
transformer which provides isolation between high and 

low voltage components. Also in the thyratron housing 
is a fast thyratron trigger system [4]. 

A resonant charging supply is used in this system, 
primarily to allow the thyratron to operate at a higher 
reservoir power level than would be possible with a direct 
charging DC system. The higher reservoir power level 
improves the current risetime in the magnet significantly. 
In addition, the resonant charging system operates in 
about 300 |is, allowing fast repetition rates. 

The resonant charging system is comprised of a 5 
kV DC power supply which charges a capacitor. The 
capacitor size can be varied depending on the length of the 
PFL being resonantly charged. On command, an SCR 
switch discharges the capacitor into a step up transformer. 
The transformer assembly, made by Stangenes Industries, 
has a nominal 1:15 step up ratio. In addition, it 
incorporates the charging diodes, a 25 Q resistor/diode 
back-termination network, and a 500 kCl discharge 
resistor in its oil-filled housing. The discharge resistor 
will discharge the PFLs between pulses at the 15 Hz rep 
rate to prevent accidental overcharges, should a fail-to-fire 
occur. The PFLs connect directly to the transformer 
assembly via Isolation Designs connectors. 

2.2 Magnet 

Like the power supply, a new 25 Q. magnet has been 
developed to replace the existing Main Ring injection 
magnet. A "C" magnet design is used, incorporating 26 
cells with inductance and capacitance tuned to provide a 
matched 25 Q. system. Vector Fields OPERA-2d 
software was used in analyzing and optimizing the field 
linearity in the beam tube gap. 

Each cell is comprised of a high frequency Nickel- 
Zinc ferrite block. The ferrite is CMD 5005, made by 
Ceramic Magnetics [5]. The ferrites are 2.54 cm thick, 
and have a 0.635 cm spacing. Adjacent ferrites are cross- 
coupled with a single turn of copper strap and a series 10 
D. ceramic composition resistor [6]. Finally, each cell 
has a small parallel plate capacitor that forms a matched 
25 £2 system with the magnet inductance. Standard high- 
voltage ceramic capacitors were determined to have too 
much stray inductance for this application. This capacitor 
is simply a small metallic plate connected to the busbar 
that forms a small capacitance with the top of the magnet 
case. The top of the case can be machined such that the 
distance between the capacitor electrodes can be varied to 
allow for precise matching of the impedance. OPERA-2d 
software was used to design the capacitor. An impedance 
analyzer will be used to ensure the production magnets are 
properly trimmed. 

The magnet is potted in Grace Stycast 5952 Silicon 
Rubber. This is a high dielectric constant material which 
is used to achieve the proper capacitance between the 
parallel-plate capacitors. Most kicker magnets at 
Fermilab have used a transparent RTV material. While 
this allows for simple inspection of failures, it did not 
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provide the high dielectric constant necessary in this 
design. The Stycast material does have the disadvantage 
that is it opaque, and will make locating repairs difficult. 
The potting material also provides high voltage insulation 
in the magnet. Since repairs are likely to be difficult, 
peak field stresses in the magnet were universally kept 
below half of the dielectric strength of the material. 

Like the power supply and resonant charging unit, 
Isolation Designs connectors are incorporated into the 
magnet to facilitate connection to the RG-220 type cable 
that runs between the magnet and power supply. 
Capacitive pickup probes at the input and output are used 
to monitor the magnet voltage. In addition, the magnet 
may incorporate a saturable reactor and a speed up network 
to improve performance [7]. Preliminary tests have 
shown that a small saturable reactor at the input of the 
magnet does improve the risetime. Acceptable results 
were obtained using 3.23 cm2 of CMD 5005 ferrite with 
no air gap. This ferrite had an ID of 1.27 cm and an OD 
of 3.81 cm. The ferrite was mounted directly over a 1.27 
cm conductor inside the magnet. Larger amounts of 
ferrite improve the 10%-90% risetime significantly, but 
also cause unacceptable reflections later in the pulse. 
Further tests will determine if a small "speedup" capacitor 
on the output of the magnet can improve the risetime. 

2.3 Resistive Load 

Attached directly to the magnet is a 25 Q. load, comprised 
of ten disc resistors manufactured by HVR. These 
resistors are mounted in a low inductance, tapered 
housing. They are individually selected to be matched to 
the proper resistance at nominal operating temperatures 
and voltages. The resistors are cooled by a passive, 
evaporative cooling system using Fluorinert™ FC-72 
liquid. Heat is transferred by copper plates between 
resistors to the Fluorinert™ in the center hole. Dow 
Corning Sylgard® 184 RTV provides high voltage 
insulation. A current viewing resistor is included for 
monitoring the current waveform. 

3 MEASUREMENTS 

Initially, we compared measurements from a printed 
circuit field coil and the difference of the two capacitive 
pickup probes. More recently, we have started some 
preliminary measurements on the prototype magnet with 
a novel ferrite probe [8]. All these measurements show 
reasonable agreement. A measurement of the rising edge 
of the magnet field using the new ferrite probe is shown 
in Figure 3. As the load was not at nominal operating 
temperature, there is a slight impedance mismatch in the 
system for these measurements. This mismatch is a 
partial cause of the small oscillation on the flattop. The 
parasitic inductance and capacitance of the thyratron 
housing are other factors. These measurements were 
taken at 20% over nominal field ratings. This is about 66 
kV, and is the upper limit due to reliability of the PFLs 

and the thyratron. Typical observed jitter at these levels 
is about 1.5 ns. No saturable reactor or "speed-up" 
capacitor is installed for these measurements. 
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Figure 3: Magnet Field vs. Time 

4 CONCLUSION 

Preliminary field measurements on the prototype kicker 
system show that the system meets specifications except 
for flattop stability, which is better than ±2%. Final 
system components are being procured and assembled for 
installation in 1998. We intend to measure the first 
production magnet later this year using an 8 GEV proton 
beam. Based on those measurements, we may include a 
saturating ferrite and capacitive speed up network to 
improve performance over measurements presented here. 
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HIGH POWER MODULATOR FOR LINEAR INDUCTION 
ACCELERATOR SILUND-21 

G.V. Dolbilov, A.A. Fateev 
Joint Institute for Nuclear Research, 141980 Dubna, Moscow Region, Russia 

Linear induction accelerator SILUND-21 is under con- 
struction at the Joint Institute for Nuclear Research 
(Dubna). SILUND-21 will provide electron beam with the 
energy up to 10 MeV, peak current ~ 1 kA and pulse dura- 
tion 50 - 70 ns. This report presents description of nanosec- 
ond accelerating voltage scheme for the SILUND-21 accel- 
erator. The main feature of our approach consists in the use 
of powerful, low-voltage generator (V ~ 42 kV) and low- 
resistance load (R ~ 0.5 O). A high power in nanosecond 
pulses (W ~ 1 GW) is achieved in nonlinear compression 
schemes with distributed parameters which compress elec- 
tromagnetic energy in time. 

1    INTRODUCTION 

The SILUND-21 linear induction accelerator ( 10 MeV, 
1 kA, 50 - 70 ns) will serve as a base of experimental 
facility to study microwave electronics, FEL physics and 
two beam acceleration [1]. SILUND-21 accelerator is con- 
structed using the equipment of LUEK-20 accelerator de- 
veloped for experimental investigations of the collective 
method of acceleration [2, 3]. Nevertheless, there are two 
principal distinctions between LUEK-20 and SILUND-21 
accelerators. First, LUEK-20 accelerator has been used 
to accelerate compact, 4-6 mm long electron-ion rings, 
so there was no need in essentially rectangular form of 
the accelerating voltage. In the case of SILUND-21 we 
need good quality rectangular pulse of about 50 ns dura- 
tion. Second, the equivalent beam current load was less 
then 100 A in LUEK-20 accelerator, so there were no se- 
vere requirements to the value of stray inductance of junc- 
tions. The beam load will be larger by the order of mag- 
nitude in SILUND-21, so, the main problems of upgrading 
the LUEK-20 equipment consist in partial reconstruction 
of induction sections and in design of a new modulator. 

2    ACCELERATING MODULE 

The accelerator consists of seven identical accelerating 
modules. Each module provides approximately 1.5 MeV 
accelerating voltage at 1 kA beam load. The general layout 
of the accelerating module is presented in Fig. 1. Induc- 
tion section (1) consists of 36 permalloy cores combined 
in pairs. The core exciting windings of each pair are com- 
mutated in parallel. The input impedance of the section is 
equal to about 0.5 £1 at nominal beam load. 

Vacuum pumping of the accelerator volume is provided 
by sputter-ion pumps (3) via channels placed in the gap (4). 
Electron beam diagnostic devices are also placed there. 

The accelerating ceramic tube consist of 6 sections sepa- 
rated by cone earthing diaphragms. Cone diaphragms play 

also the role of screens reducing the intensity of interac- 
tion between the electron beam and dielectric waveguide 
and form accelerating gaps. The amplitude of accelerating 
voltage at each of six accelerating gaps of the accelerating 
section is equal to 250 kV. 

Focusing of the electron beam is provided by solenoid. 
The solenoid winding is sectional and the number of the 
sections is equal to the number of permalloy cores. Design 
parameters of the solenoid power supply allow one to pro- 
vide the guiding magnetic field with the amplitude up to 
1.4 T and pulse duration about of 0.8 ms. 

Pulses of accelerating voltage with the amplitude of 
42 kV, duration of 50 - 70 ns and rise time of about 5 ns 
are formed by modulator (2) with 0.5 Q, internal resistance. 
TGI 1-2500/50 hydrogen thyratron (2500 A, 50 kV), which 
is used as a commutator, does not provide commutation of 
the required level of the peak power, so power compression 
schemes are used to increase the peak power. 

3    MODULATOR SCHEME 

The modulator scheme (see Fig. 2) is based on the appli- 
cation of the nonlinear power compression technique and 
is similar to that of the SILUND-20 accelerator [4]. More 
than ten years of successful operation of the SILUND-20 
accelerator have proved the validity of technical solutions 
for the modulator. 

The process of pulse power compressing in microsec- 
ond range is relatively simple and could be realized without 
significant efforts. The main problems arise when design- 
ing power compression scheme is operating in nanosecond 
range with pulses of rectangular form. 

Modulator scheme consists of two main parts. The 
first one is traditional compression scheme with lumped- 
elements, which includes initial pulse forming circuit 
(thyratron, Cl, LI) and one compression cell (C2, L2). 

'tMtANJMJiMlf/bJilMl* 

Figure 1: Accelerating module 
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Figure 2: Modulator scheme 

The second part is an output forming stage which includes 
forming lines and nonlinear transformer Tr. 

The severe requirements to the modulator of 
SILUND-21 accelerator (low output impedance and 
short rise time of the output pulses) completely exclude the 
possibility of using lumped-element chains in the output 
stage. As a result, the lines with distributed parameters 
(both linear and nonlinear lines with ferrits) should be used 
in the output stage. In this case the processes of power 
compression and forming of rectangular shape of the pulse 
take place simultaneously in the output stage. 

Hydrogen thyratron T operates in a pulsed mode with 
3 /xs pulse duration and provides commutation of 10 kA 
current at 30 kV voltage. Permalloy reactor L2 and 
saturable transformer Tr play the roles of ferromagnetic 
switches. The initial pulse is compressed in the traditional 
stage and then it charges the forming stage consisting of 
nonlinear double forming lines (DFL1 - DFL18) with the 
additional correcting capacities (C3-1 - C3-18). DFLs are 
charged within 1 [is time period. During this process the 
transformer Tr is not saturated. Each DFL consists of two 
coaxial lines. The external line is partially filled with ferrite 
rings. The rest volume of DFL is filled with rectified water. 
With respect to the charge current the ferrite is saturated 
and the efficiency of the energy transfer is about 0.9. 

When the voltage amplitude in the DFL reaches its max- 
imum, the transformer Tr is saturated and becomes to serve 
as a commutator forming a voltage swing with the rela- 
tively long front which then becomes shorter and forms 
~ 5 ns rise time of the driving pulse. Such a way to form 
output pulses allows one to reach a high ratio of compres- 
sion and to obtain rectangular pulses of 60 ns duration from 
sinusoidal pulse of 1 /is duration. 

The initial magnetization of the ferromagnetic materials 
in the nonlinear elements is adjusted by two ambipolar cur- 
rent sources (S1 and S2). This technique provides a high 
precision of the initial magnetization value. 

Figure 3: Nonlinear double forming line. 1-correcting ca- 
pacity, 2-ferrit cores with screens, 3-internal linear line. 
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Figure 4: Oscillogram of the output pulse. Amplitude scale 
is 15 kV/div. Time scale is 50 ns/div. 

4   DOUBLE FORMING LINE 

Preliminary construction of the double forming line is 
shown in Fig. 3. All metallic parts are manufactured of 
stainless steel. Insulating parts are made of plastic. Ferrit 
cores are placed into metallic screens which increase linear 
capacitance and protect ferrit against electrical fields. 

5 TEST MEASUREMENTS 

The specimens of the double forming lins and water rectifi- 
cation systems are being manufactured and assembled in an 
experimental hall. This setup allows one to test the double 
forming lines under conditions close to operating regime. 

Operating experience has been showing that the water 
rectification system maintains the required value of the wa- 
ter resistivity in the line larger than 2 Mfi cm. This value 
corresponds to the discharge time of 14 /xs. DFL are tested 
with charging voltage up to 50 kV with the rise time of 
about 0.8 [is. The commutation time is about 200 ns. The 
rectangular pulses of ~ 60 ns duration are formed at the 
equivalent load consisting of two permalloy cores and re- 
sistor. The oscillogram of the output pulse is presented in 
Fig. 4. 
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A 200-A, 500-Hz, TRIANGLE CURRENT-WAVE MODULATOR AND 
MAGNET USED FOR PARTICLE BEAM RASTERING* 

C. R. Rose and R. E. Shafer 
Los Alamos National Laboratory, Los Alamos, NM 87545 

Abstract 

This paper describes a simple 2D beam-rastering system 
to uniformly spread a 100-mA 6.7-MeV cw proton beam 
over a 50-cm by 50-cm beam stop. The basic circuit uses 
a 20-mF capacitor bank, a IGBT (insulated gate bipolar 
transistor) full-wave inverter, and a 1-mH ferrite dipole 
magnet to produce a ± 500-Gauss peak triangular- 
waveform deflection field at 500 Hz. A dc input voltage 
of 200 volts at 2.6 amps (520 watts) produces a 160- 
ampere peak-to-peak triangular current waveform in the 
ferrite magnet at 500 Hz. For dual-axis rastering, two 
ferrite dipoles are used, one at 500 Hz, and the other at 
575 Hz, to produce a uniform 2D beam distribution at the 
beam stop. 

The paper will discuss the IGBT modulator and 
ferrite deflector in detail, including current and voltage 
waveforms, and the ferrite magnet B-dot (dB/dt) signal. 

Fig. 1 Picture of the magnet with the IGBTs on top. 

1   INTRODUCTION 3  MODULATOR 

High energy particle beams, if narrowly focused, can 
exceed the power density limitations of the beam stop. 
Currently,  there  are  several  approaches  available  to 
diffuse the energy of the beam across the beam stop. One 
technique involves defocusing the beam.   Another is to 
raster the beam across the beam stop to reduce the peak 
power at any one location. This paper describes a design 
for a beam-rastering system comprised of a ferrite-dipole 
magnet     and     triangle     current-wave 
modulator.   In the complete system, both 
the x- and y-axes will be rastered.    To 
date, one system has been designed, built, 
and tested at full current at the required 
frequencies of 500 Hz and 575 Hz. These 
frequencies were determined empirically 
to provide uniform power distribution over 
the beam stop. 

2  MAGNET 

The magnet is approximately 20 cm (W) 
by 23 cm (H) by 30 cm (L) with an 8-cm 
by 8-cm aperture. With a 40-turn coil, the 
inductance is about 1.1 mH. At 80 A, the 
field inside the bore is 500 G. Fig. 1 is a 
picture of the first magnet developed to 
prove the concept. 

The modulator uses two International Rectifier half- 
bridge IGBT modules configured into an H-bridge as 
shown in Fig. 2. A TTL level pulse generator provides 
the Q and Q-bar timing signals to the IGBT drivers. The 
IGBTs are switched in pairs; Ql and Q4 switch together, 
then Q2 and Q3 switch on during the last half cycle. The 
bypass diodes in the IGBTs switch on when their 
respective IGBT turns off allowing the inductive energy 
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Fig. 2  Electrical schematic of the beam-rastering modulator. 
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in the magnet to return to the capacitor bank. The 
common-mode chokes eliminate large dV/dt transients at 
the output of the driver cards and help to protect the IR- 
2110 driver ICs. The two IGBT modules, the charging 
diode, and the series resistor are mounted on a heatsink 
for cooling. The IR-2110 IGBT driver boards are 
mounted on the side of the heatsink. A picture of the 
modulator is shown in Fig.   3.   The IGBTs are rated at 

Fig. 3   View of the modulator showing the heatsink, the 
drivers, and the IGBTs. 

140 A, 600 V, and have a switching risetime of under 90 
ns. The capacitor bank consists of ten 2000-p.F high 
rms-current-rated capacitors. 

4   SYSTEM OPERATION 

The modulator has been tested and operated successfully 
at both 500 and 575 Hz. The data shown and included in 
this paper are at 500 Hz. Several tests were run on the 
system including measuring the total power dissipation 
as a function of output current, power dissipation as a 
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magnetic field levels inside the magnet. A typical 
magnet current waveform is shown in Fig. 4. 

In this figure, the modulator was operating at 200-V 
dc, 2.6-A dc, and yielded a magnet current of 162 A p.p. 
The measurement equipment consisted of a Pearson #101 
current transformer (100 A/V) and a Tektronix TDS- 
340A oscilloscope. Current measurements were also 
done using a Pearson #3025 with 40 A/V sensitivity. 

To measure the quality of the magnetic field inside 
the magnet, a B-dot (dB/dt) loop was used. The B-dot 
voltage signal is shown in Fig. 5 along with a 
superimposed current waveform for timing and reference 
purposes.   The risetime of the B-dot signal is about 2 ixs. 

The B-dot loop consisted of a one-turn wire loop in 
the magnet aperture with a cross-sectional area of about 
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Fig. 5   Magnet current and B-dot loop waveforms. 

124 cm2. Overshoot in the B-dot is due to eddy currents 
in the copper magnet coil. The L/R droop is also 
observable. Both effects have been simulated and 
confirmed with SPICE simulations. 

The circuit shown in Fig.  2 was operated and power 
dissipation data were taken.  This data is shown Fig.   6. 
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Fig. 4 Data of the triangle magnet current. 
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Fig. 6  Plot of modulator dissipation with and without 

the 5-Ohm series resistor. 
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The top curve is total power dissipation including the 5- 
Q. series resistor. The lower curve excludes the resistor. 
The 5-£2 resistor and charging diode help to isolate the dc 
power supply from the large current transients in the 
IGBTs and inductor. 

The expected rastering pattern for two rastering 
magnets operating at 500 and 575 Hz, and 1000 gauss p- 
p is shown in Fig.  7.  The beam-spot rms width should 
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Fig. 7   Plot of the rastering pattern from two 
rastering magnets operating at 500 and 575 Hz. 

be at least half the spacing between the traces to achieve 
+ 5% uniformity in beam power density. Because of 
eddy-current limitations, a ceramic beam tube is 
required. The inner surface should have a one skin-depth 
metalization to carry the beam image currents. 

5   CONCLUSIONS 

The basic concept of using IGBT switches to create a 
triangular current waveform in a raster magnet works 
well. Two rastering magnets operating at non-harmonic 
frequencies will provide a uniform 2D rastering pattern. 
The 40-turn magnet coil will be redesigned to reduce the 
eddy-current losses and the L/R droop. 
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ARBITRARY WAVEFORM GENERATOR FOR ELECTROSTATIC 
DIPOLES IN A HEAVY ION RECIRCULATOR 

D.P. Berners, L.L. Reginato, Lawrence Berkeley National Laboratory 

Abstract 

The Lawrence Berkeley National Laboratory is working in 
close collaboration with the Lawrence Livermore National 
Laboratory in the investigation of using a recirculating 
induction accelerator as a driver for Heavy Ion Fusion. 
The deflection dipoles in the recirculator require precise 
high voltage electrical waveforms. These waveforms are 
of a parabolic shape and rise to a peak voltage level of 28 
kV in 240 |Xs. A voltage reference is generated internally 
which is completely adjustable through the computer. 
The voltage reference is compared to the output voltage 
and the error signal drives a pulse width modulator carrier 
frequency of 100 kHz. The high frequency carrier is 
stepped up with five stages of ferrite transformers, 
rectifiers and filters to generate a completely adjustable 
waveform of up to 28 kV which follows the computer 
generated voltage reference. 

1. INTRODUCTION 

The small Heavy Ion Fusion Recirculator Ring under 
construction at the Lawrence Livermore National 
Laboratory (LLNL) will require precisely tailored 
waveforms to bend the beam around the circumference 
(Fig. 1). The bending field will be electrostatic (rather 
than magnetic) and its strength must increase during 
acceleration in precise synchronism with the increase in 
particle energy. This requirement leads to the need for a 
precisely programmable power supply which can be 
adjusted through a computer from 7 kV to 28 kV (Fig. 2). 
As shown in Fig. 1, forty bipolar bending dipoles are 
spaced around the recirculator. Each dipole is a capacitive 
load and, with the additional cable capacitance, a total 
reactive load of 300 pF must be driven by the 
programmable power supply. Considering the rate of rise 
in voltage, an average current of 50 mA is required during 
the 240 (xs pulse for each positive and negative power 
supply. Commercially available programmable power 
supplies did not meet our requirements and the cost of 
custom made units would have been prohibitive. It was 
decided that an in-house effort would be appropriate since 
the power supplies could be made to satisfy all of the 
physics requirements with no additional features at a very 
reasonable cost. Also, for economic reasons, as many 
dipoles as possible will be driven in parallel from a single 
power supply. The number of dipoles that can be driven 
is determined by the output impedance of the high voltage 
stages. The high voltage stages consist of ferrite 
transformers wound in such a way as to minimize the 
leakage inductance. 
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Figure:   1  The Small  Heavy Ion  Fusion   Recirculator 
Ring. 
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Figure: 2 Required electrostatic bending dipole field. 

2.  SYSTEM ARCHITECTURE 

The basic requirement boiled down to building a DC 
to pulse converter with the appropriate bandwidth to 
precisely reproduce the required reference waveform. 
Several options were investigated but the one which 
appeared most efficient was one which used pulse width 
modulation in the feedback loop. The block diagram for 
the arbitrary waveform generator is shown on Fig. 3. The 
reference waveform required to bend the beam in the 
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Figure: 3 Block diagram of the arbitrary waveform generator. 

recirculator is shown on Fig. 2. This waveform can 
easily be adjusted by the accelerator tuner through the 
Macintosh computer using the software Lab VIEW. The 
reference is compared to the output voltage and the error 
signal adjusts the pulse width modulator to insure that the 
high voltage output is a precise reproduction of the 
reference. The feedback loop gain and response are 
adjusted at the amplifier stage. The insulated gate bipolar 
transistors (IGBT) provide the switching power that drives 
the input ferrite 12:1 step-up transformer which is coupled 
to the other four stages of one-to-one transformers. The 
secondaries of all five transformers are connected in series 
to provide a 60:1 step up ratio (Fig. 6). The carrier 
frequency of 100 kHz was chosen since it provided 
sufficient slewing rate to accurately generate the high 
voltage waveform in a full wave rectifier system. A low 
pass filter consisting of an inductor in series with the 
distributed dipole and cable capacitance provided the 
smoothing function. Five stages of ferrite transformers 
were chosen rather than a single high voltage step-up 
transformer because it resulted in lower overall leakage 
inductance, a better distribution of the high voltage, and a 
higher safety factor. 

It is estimated that the capacitance of the dipole and 
ten feet of 100 ohm high voltage cable will have a 
capacitance of 300 pF. The high voltage system was 
developed and tested by loading it with 2500 pF, hence, 
up to eight dipoles can be driven by one waveform 
generator. 

3. REFERENCE GENERATOR AND INTERFACE 

The reference generator must be capable of accurately 
duplicating the waveform dictated by the heavy ion beam 
transport dynamics (Fig. 2) and be capable of easily being 
adjusted during the beam tuning process. The 
commercially available waveform generators had many 
features which were not necessary and as such cost 
considerably more than the budget allowed. It was decided 
that a simple waveform generator which met all of the 
performance and cost requirements could be developed in- 

house and that Lab VIEW, which was already in use on 
other experiments, could provide a simple user interface. 
Fig. 4 is a simplified block diagram of the reference 
generator and interface. The software LabVIEW on a 
Macintosh Quadra 700 programs the reference board 
through a GPIB parallel port. The data for the pulse can 
be stored on a spreadsheet, can be derived from an 
equation, or can be derived graphically from within the 
LabVIEW driver. 

Macintosh 
Quadra 700 
■LabVIEW" 

I GPIB I 

Stalle 
RAy ATJ — Buffer 

Reference Pulse 
to Comparator 
Amplifier 

Figure: 4    Simplified block diagram of the reference 
generator and interface. 

The pulse is produced digitally at a sample rate of 1 
MHz with 12 bit precision for the data. Static RAM is 
used to hold the data which is sent to an analog to digital 
converter (A/D) in sequence. The pulse shape is defined 
by 512 integers between zero and 4095 which corresponds 
to an output voltage of zero to 5 volts with a maximum 
duration of 512 |Xs. This reference pulse is exactly 
proportional to the high voltage required on the 
electrostatic dipoles. The reference voltage is compared to 
the output voltage and the pulse width modulator (PWM) 
automatically sets the pulse duration to generate the 
desired voltage. Due to switch inpedances the time 
constant for charging the cable and dipole capacitance is 
considerably shorter than the discharge time constant. 
Components in the power stage were chosen such that the 
rise time would be sufficient to track the (monotonically 
increasing) desired pulse. To achieve the highest possible 
bandwidth, a small phase margin was chosen in the 
control loop. Because of this, a step function at the input 
results in an overshoot by the system. The slow 
discharge time constant results in unacceptable recovery 
time from an overshoot. To eliminate the problem a 
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Figure: 5 Superimposed waveforms of the reference and 
the high voltage outputs. 

smooth ramp is introduced before the pulse to prevent a 
discontinuity at the beginning of the useable pulse. 

4.   TEST RESULTS 

The waveforms of the reference and the high voltage 
output shown on Fig. 5, were taken driving the equivalent 
capacitance of eight dipoles. Although there is a slight 
discrepancy between the two waveforms at the beginning 
of the pulse, the active region, which consists of the 240 
p.s at the end of the pulse, tracks the reference to better 
than 1%. The waveforms include a linear ramp and two 
parabolas of different curvature. Each waveform can be 
adjusted to a precision of 0.1% in amplitude and timing. 
The most representative of the required shape (Fig. 2) is 
the waveform 5(b). The bending field provided by this 
waveform would be synchronized to the acceleration cycle 
so that the heavy ions enter the ring at point T„ or where 
the voltage is about 7 kV and would recirculate and gain 
energy over the next 240 (is where the voltage has ramped 
to 28 kV. 

1:1 Ferrite 
Transformer / 

7-28 kV 
Output 

2500 pF 
"_   Load 

- Feedback 

1:12 Ferrite 
Transformer \ 

T|T   IGBT'S 
Drive from Pulse j^""^™^ 
Width Modulator T T 

Figure: 6 High Voltage Drive 

.5.  CONCLUSION 

Limited funding directed our efforts in the development 
of a fully programmable high voltage waveform generator 
for steering a heavy ion beam around a recirculator. The 
design was based on inexpensive components and was 
optimized to fully satisfy the physics requirements. 
Projecting the cost of this prototype toward the complete 
system for the recirculator, it appears that it should be 
well within the allowed budget. 

6.  ACKNOWLEDGMENTS 

We are grateful to Tom Fessenden for directing our efforts 
to insure that the physics requirements were satisfied and 
we are grateful to Bill Strelo and his technical staff for the 
coordination and fabrication efforts. 

Work supported by the U.S. Department of Energy 
under Contract DE-AC03-76SF00098. 

REFERENCES 
[1]    J.J.    Barnard,    et    al.,    "Study    of   Recirculating    Induction 

Accelerators as Drivers  for Heavy  Ion Fusion," UCRL-LR- 
108095,1991. 

[2]    T.J.    Fessenden,    "Accelerator    Waveform    Synthesis    and 
Longitudinal Beam Dynamics in a Small Induction Accelerator," 
PAC 1995 Proceedings, p.825. 

[3]     A. Friedman, et al., "Progress Toward a Prototype Recirculating 
Induction   Accelrator   for   Heavy   Ion   Fusion,"   PAC   1995 
Proceedings, p. 828. 

1298 



DYNAMICS OF MAGNETIC INSULATION VIOLATION 
IN SMOOTH-BORE MAGNETRONS 

A.V. Agafonov, 
P.N. Lebedev Physical Institute of RAS, Leninsky Prosp. 53, Moscow 117924, Russia, 

V.M. Fedorov, V.P. Tarakanov 
High Energy Density Research Center, IVTAN, 13/19, Izhorskaja, Moscow, 127412, Russia 

Abstract 

The efficiency of large and high-power magnetrons of GW 
power levels is less than 30% and inherent pulse-length and 
repetition rate limitations seem to exist because of use of 
explosive field emission. Another approach is the develop- 
ment of low voltage, high-efficiency magnetrons utilizing 
a secondary emission magnetron array with high repetition 
rate. The numerical model of nonstationary, nonuniform 
secondary electron emission from a cathode surface has 
been developed. The results of first steps in computer sim- 
ulations of electron cloud formation inside a smooth-bore 
magnetron under the condition of back-bombardment in- 
stability (BKB) are presented. Calculations have been per- 
formed for a coaxial smooth-bore magnetron and for mag- 
netrons with different types of azimuthal inhomogeneities 
which could promote the growth of BKB. The results of 
computer simulation are in agreement with experimental 
data. The main calculations of the beam dynamics were 
carried out with PIC-code KARAT. 

1    INTRODUCTION 

Problems of magnetic insulation violation inside a vacuum 
coaxial diode (magnetron diode — MD) with dense elec- 
tron flow in crossed ExB fields are considered. It is known 
that the magnetic field suppresses the mobility of charged 
particles in the direction perpendicular to the magnetic field 
at distances exceeding the Larmor radius rei (CLAK > 
TeL = ve/ujec, ve — maximum velocity, toec = eBo/mcje 

— cyclotron frequency). This effect, so-called magnetic in- 
sulation, is almost perfect in axisymmetrical systems with 
low density electron flow (ened,AK "C VAK/^AK = ■&$)■ 
Experimental investigations of MD with high density elec- 
tron flow (ened,AK ~ EQ) show an appreciablevalue of 
electron current to the anode (leakage current) Jer ^ 0. 
This is due to the occurrence of azimuthal variations of 
charge density distribution. Attempts to construct a model 
of MD allowing to estimate the leakage current /e/t or the 
power of back-bombardment flow of electrons with surplus 
energy to cathode surface have not been successful earlier 
[1], [2] nor later [3]. 

Computer simulations have been performed using 2.5- 
D electromagnetic PIC code KARAT [4] for the MD with 
parameters close to experimental [1], and with an external 
voltage source Vb(t) connected to MD via an RL-circuit. 
Note that calculations without the external circuit could 
lead to meaningless physical results. 

The yield of secondary electrons from the cathode are 
described by a modified expression [5] to take into account 
the dependence of the yield on the energy of electrons and 
the angle between the direction of electron velocity and the 
perpendicular to the cathode surface, and also the threshold 
of secondary emission: 

(1 cos a) + —crseca;0'55 exp(-0.45x), x > 0, 

/Co 0,a;<0, 

where x = (w - wseci)/wsec2. crsec = 2 is the maximum co- 
efficient of secondary emission, a the angle of incidence 
(see above), w the kinetic energy of primary electrons, 
Wseci = 100 eV is the threshold value of the energy incident 
on the surface, wsec2 = 600 eV is the energy corresponding 
to the maximum yield of secondary electrons. 

2   MAIN RESULTS 

Let us consider first the process of electron cloud formation 
inside an axisymmetrical MD under the condition of ho- 
mogeneous initial emission of a low current beam from the 
cathode. The main parameters of MD are radius of the an- 
ode TA - 0.53 cm, radius of the cathode TK - 0.33 cm; ex- 
ternal longitudinal magnetic field Bo = 2.5 kGs (Bo/Bcr ~ 
1.15, L)ec/2ir = 7 GHz, period of cyclotron rotation 0.14 
ns); the voltage rise time to maximum value of Vom = 12 
kV is 2 ns; maximum emission current of the primary beam 

For given voltage and geometry of MD the Child- 
Langmuir current through the MD without a magnetic field 
equals approximately ICL — 200 A (here and below cur- 
rents and charge densities correspond to linear values per 
cm of length in the longitudinal direction). Electrotechni- 
cal parameters are TL/R = 0.25 ns, TRC = 0.24 ns, where 
C is the capacitance of MD. Drift velocity of electrons in 
crossed fields is vee = cE0/B0 = 2.4xl09 cm/s, if the 
electric field is estimated as Voml&AK- 

Dependences of voltage VAK on MD and current in an- 
ode circuit IAK on time, and dependences of the numbers 
of primary Ne0 and secondary Nes electrons inside MD 
and secondary emission current Ies on time are shown in 
Fig. 1. In Fig. 2 configurations of electron flows at differ- 
ent times are shown. 

Inevitable presence of electric field fluctuations due to 
noise, discreteness of flow and random conditions of emis- 
sion of electrons lead to redistribution of the energy of elec- 
trons. Under conditions of conservation of full energy and 
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3.6 ns 

Figure 1: Dynamics of store of primary Neo and secondary 
Nes electrons and the dependence of secondary emission 
current Ies on time (above); the dependences of the voltage 
VAK on MD and the current in anode circuit IAK on time 
(below). 

momentum a part of the electrons lose energy under the 
action of the field and drifts to larger radii towards the an- 
ode. Another part of the electrons increases its energy and 
returns to the cathode with an energy exceeding the thresh- 
old value for secondary emission. 

In view of indicated reasons, the emission of secondary 
electrons is nonuniform. This effect leads to an intensi- 
fication of the cathode back-bombardment process and to 
fast and effective growth of secondary electrons inside MD. 
The growth of secondary emission current is accompanied 
by a drop in voltage (see Fig. 1). The secondary-emission 
current exceeds the primary-beam current by more then or- 
der of magnitude and subsequently exerts a determining 
action on the operation of the MD. The MD passes over 
to a condition of self-sustaining emission and the primary 
beam can simply be disconnected. After the transient pro- 
cess, a stable formation consisting of three main bunches is 
formed. This electron flow rotates as a whole with approx- 
imately constant angular velocity. 

In Fig. 3 the distributions of electrons reaching the an- 
ode (feA) and returning back to the cathode (feK) are pre- 
sented for energy and for angle. The average energy of 
electrons reaching the anode equals weA = 7.4 keV and at 
the cathode the average energy weK - 0.44 keV. Thus, for 
the given conditions TJEKB = {SVAK —weA)/eVAK = 34% 

Figure 2: Formation of electron cloud inside MD under 
the condition of homogeneous emission of low-current pri- 
mary beam. The rotation of electron cloud as a whole with 
angular frequency Q ~ 2TT X 109 s_1 at 10 ns and 10.25 ns 
is shown in the last two figures. 

for power of back-bombardment flow PeK — 15 kW and 
power of beam reaching the anode PeA — 30 kW. 

Fig. 4 shows flow configurations for various variants of 
emission of primary and secondary electrons. The nonuni- 
formity of various types leads to the following main effects: 
broadening of the functions of distribution of electrons at 
the anode for energy and angle of incidence; formation of 
flows with non-regular azimuthal structure; change of the 
spectrum of field frequencies. However, integral character- 
istics of flow (total charge in the gap, leakage current of 
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Figure 3: Distribution functions of electrons for energy 
(above) and angle of incidence (below) at the anode and 
the cathode. 

electrons at the anode) practically do not change, i.e., the 
system is stable relative to the initial conditions. 

3 CONCLUSION 

The selfconsistent picture of an electron flow formation in- 
side secondary emission MD has been described. The ex- 
istence of quasistationary, rotating state of an electron flow 
has been shown under conditions of conservation of full 
power and full momentum of the system. This state is 
characterized by the transformation of supplied power to 
a power of back-bombardment flow with the efficiency ex- 
ceeding 30% and to a power of a leakage beam to the anode 
(magnetic insulation violation). The results are close to the 
data[l]. 

Work supported by RFFI under grant 96-02-19215a. 
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Abstract 

Two classes of approaches that have received the most at- 
tention to describe the important space charge dynamics in 
a magnetron are Brillouin flow and the double-stream ki- 
netic model. It is supposed that in the first case electrons 
move parallel to the electrode surfaces and in the second 
case they move in cycloidal orbits performing a single turn. 
Precise analysis of electron dynamics in fully selfconsis- 
tent kinetic equilibria in a smooth-bore magnetron shows 
that for a given external magnetic field and a voltage there 
exists a multiplicity of natural equilibrium states, differing 
as to structure of electron trajectories and emission current 
density. The value of emission current density differs from 
one to another type of equilibrium and can aspire to zero 
under the same condition of space charge limited flow due 
to a large number of revolutions of electrons around the 
cathode. The greater the number of revolutions the closer 
the main parameters of the kinetic flow to the Brillouin one. 
The comparison of analytical calculations and the results 
of computer simulation of transient processes of Brillouin 
flow formation from initially kinetic flow are presented. 

1    INTRODUCTION 

Despite the great number of works about magnetron op- 
eration, a detailed description of electron dynamics under 
strong space charge influence is complicated by the nonlin- 
ear nature of a field-particles system. In particular, there 
is no satisfactory solution even to the problem of elec- 
tron flow formation in a magnetron with a smooth anode 
(a coaxial magnetron diode). In the work presented here 
it is shown that within the framework of accepted kinetic 
descriptions of a coaxial magnetron diode, multiple steady 
states of electron flow are possible for a given diode geome- 
try and the same set of external parameters (applied voltage 
and external magnetic field). These states are distinguished 
by the number of electron revolutions around the cathode 
and the current emitted from the cathode. Direct transition 
from kinetic flows to Brillouin flow as a limit is shown. 
Numerical simulation helps to investigate the dependence 
of steady state properties of electron flow on its history of 
formation. Comparison of analytical data and results of nu- 
merical simulation is made with the purpose to analyse the 
conditions of applicability for existing analytical models. 

2    THEORETICAL MODELS 

Usually it is supposed for a magnetron that in an ini- 
tial stage magnetically insulated axially symmetric rotating 
electronic flow is formed. As a rule, the description of elec- 

tron flow is based on two models: a hydrodynamic parapo- 
tential model, or Brillouin flow[l, 2], in which electrons 
rotate along circular trajectories around the cathode, and 
a kinetic two-flow model[3, 4], in which electrons move 
along cycloid trajectories, beginning and coming to an end 
on the cathode surface. It is necessary to emphasize that 
in the latter case it was always supposed that an electron 
makes a single revolution along a cycloid independent of 
the geometry of the diode (plane or cylindrical). 

It is easy to show for a plane diode that at the top of a cy- 
cloidal trajectory radial velocity and electromagnetic force 
both equal zero. Thus it is possible to "connect" another 
descending (that usually is done), or ascending trajectory, 
then continuing them symmetrically up to the cathode, i.e. 
the top of trajectories in the plane diode is a point of solu- 
tion branching. 

But for a coaxial cylindrical diode it was shown[5] that 
artificial connecting of trajectories is impossible: the cylin- 
drical metrics removes degeneration. And the structure of 
a kinetic flow differs in that the angular movement of elec- 
trons around an axis can significantly exceed 2TT. The more 
the number of electron revolutions, the greater the time the 
electron stays in the diode gap, and there should be less 
emission current from the cathode surface. Thus, the steady 
state of an electron flow depends on the value of emission 
current chosen (and an electric field on the cathode sur- 
face equal to zero corresponding to a space charge limited 
current; but the value of emitted current is much less than 
limiting current and, basically, can approach zero). 

3    PARAPOTENTIAL (BRILLOUIN) MODEL[l] 

A system of units in which c = e = me = 1 is hereafter 
used. The electronic flow consists of circular trajectories 
with radii r filling completely or partially the gap between 
the cathode with radius r^ and anode with radius ra: r^ < 
r < re, re < ra. 

Outer (boundary) parameters — anode voltage (7a-l) 
and (kept in a short pulse regime) average value of mag- 
netic induction in the diode gap BQ — are connected to 
parameters of an electronic flow by the relations 

Tk)       J   < 

dx 

^(C2+x2)(l+x2Y 

7a = 7e + reEeln ( — j 

raAa = -^Y^B0 = reAe + ~^Be 
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from which in that specific case re = ra (electronic flow 
occupies the whole anode-cathode space) is essentially 
only the last relation between an average magnetic induc- 
tion and diode voltage: 

r2 rk )B0 = 2raSß=l. 

4   KINETIC (EMISSIONING) MODEL[4]. 

This analytical model, supposing presence of an emission 
current from the cathode coming back on the cathode, is 
described by a system of equations for 7(7-), A(r) 

1_£ 
r dr 

,dj\ _ /o 
dr 

7 
r ^/72_i_A2' 

A. (l±frA)) = ^ 
dr \r dr        )       r 

dj 
dr 

V72 - 1 - A2' 

E,     1-±(rA)=B, 
r dr 

where the constant /o is proportional to density of cathode 
emission current. On the cathode 7(r/c) = 1, A{rk) = 0, 
E(rk) = 0, B(rk) = -Bfc, and the outer boundary of 
electron flow is at radius re, at which electrons turn back 
to the cathode and the radial pulse of electrons pr = 
^72 — 1 — A2 is equal to zero. In this model anode volt- 
age and average value of magnetic induction are connected 
to parameters of an electronic flow by the relations: 

7a = 7e + reEeln 

ra,Aa 

ty**1 if^        rp*' 

' fc T3 ^    A     i. La L1J5 '-B0 = reAe + -2- 

The results of calculations on these models are shown in 
Fig. 1 for the same external conditions (voltage and exter- 
nal magnetic flux) and with zero electric field on the cath- 
ode. The Brillouin smooth solution and three kinetic ones 
from a set of possible number of layers (n = 1, 2, 4) are 
shown. With increasing number of layers, emission cur- 
rent from the cathode tends to zero, electrons make more 
and more revolutions before coming back to the cathode, 
and a kinetic solution gradually approaches the Brillouin 
one. In the situation when magnetic field is much stronger 
than electric field, the Brillouin solution appears to be the 
only possible one. Thus the kinetic solution occurs only if 
the electric field on the cathode is not equal to zero. We 
note that in the inverted magnetron diode (with the anode 
on inner surface) only a single-layer kinetic solution exists, 
which points to the essential influence of cylindricity on 
electron flow within the diode. In "plane" approximation 
for the kinetic model the criterion for restriction of number 
of layers by any value is not present, and the usual choice 
of n = 1 is in essence arbitrary. 
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Figure 1: Kinetic (n= 1,2,4) and Brillouin models of a ro- 
tating beam (E(r) upper, B(r) lower) for the same external 
conditions (voltage and magnetic flux). 

5    TEMPORAL EFFECTS AND THEORETICAL 
MODELS 

Discussion of effects observed in a magnetron diode had as 
its basic purpose to show that theoretical models describ- 
ing, one should think, one and the same situation actually 
correspond to various physical conditions. We shall illus- 
trate this by an example, comparing analytical results and 
numeric simulation realized with a PIC-code KARAT[6]. 

Modeling of particle emission in KARAT code can be 
realized in two ways: (1) by setting the law for tempo- 
ral change of emitted current, the value of which can be 
less than, or more than limiting current, the applied volt- 
age being fixed (this situation corresponds to emission from 
photocathodes or external injection of a beam through the 
surface of the emitter); and (2) by setting the law for tem- 
poral rising of diode voltage to some constant value, emis- 
sion current being fixed at a value greatly exceeding the 
value limited by space charge (this situation corresponds to 
thermionic cathode). In Fig. 2 typical distribution functions 
of particles in these two cases are shown. In the first case 
a single electron revolution in a cycloid is realized (sym- 
metric two-peak distribution of electrons on a pulse pr) 
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time=    3.0 ns const and 

un»=   3.0 ns 

tl    O 

n2v'z const. 

The constant equals zero (i.e., vz = const) in this case and 
we have the same equations as in Section III [8]. 

Therefore, it is not surprising that a direct transition ex- 
ists from kinetic flow to a Brillouin one as a limit. 

Work supported by RFFI under grant 96-02-19215a. 
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Figure 2: Example of distribution functions. 

without accumulation of charge in an accelerating gap; in 
the second case — symmetric distribution of particles on a 
pulse pr with capture of electrons during voltage increase, 
growth of number of particles in diode gap and multiturn 
dynamics of electrons. 

6   DISCUSSION 

Both theoretical models give about the same physical re- 
sults. Recall that the equations describing Brillouin flow 
can be deduced on the basis of the same approach used for 
the kinetic model [7]. Under conditions of conservation of 
full energy of particles and canonical angular momentum 

P$ = r(pe + A) = const, 

the next general set of equations can be derived: 

0"7 v'z)' + 7 
vePlY 

0, 

r \ r 

P'V 
0, 

where the prime denotes d/dr. 
For the case of a magnetron diode with a cathode sur- 

face coinciding with a magnetic flux surface we have Pg = 
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A NOVEL DESIGN FOR A HIGH POWER SUPERCONDUCTING 
DELAY LINE 

Yu Ju (Judy) Chen and George J. Caporaso 

Lawrence Livermore National Laboratory 

Abstract 

Potential designs for a high power superconducting delay 
line of approximately 10ms duration are described. The 
transmitted signal should have low dispersion and little 
attenuation to recapture the original signal. Such demands 
cannot be met using conventional metal conductors. This 
paper outlines a proposal for a new transmission line 
design using low temperature superconducting material 
which meets system specifications. The 25W line is 
designed to carry pulsed signals with an approximate rise 
time of 8nsec and a maximum voltage magnitude of 
25kV. Predicted electrical design and performance of the 
line will be presented. 

1 APPLICATION OF THE LINE 

The line will be used to provide transit time isolation of 
the reflections expected to be generated in the kicker of an 
AHF accelerator [1]. The kicker will operate with beam 
currents of 3 to 6 kA and will launch beam-induced 
voltages up the transmissions lines connecting it to its 
pulsers. The most straightforward way to eliminate the 
effects of these reflections is to transit time isolate the 
kicker from the pulser. Thus the 10 (J.sec line will actually 
allow a 20 |isec operational interval. 

2 WHY USE SUPERCONDUCTORS? 

2.1 Attenuation 

The general expression for attenuation is 

1 R, 
a = - 

2Z0 

where Rs is the skin-effect impedance dependent on the 
geometry and resistivity of the structure [2]. 

For a coax where a and b are the inner and outer 
diameter, Rs is derived to be 

Ä.= 
VTä^l 

In 

ill   /0(a/rr)+/2(fl/rr) 
a1     b1     2I> lx(alTr) 

1     K0(b/Tr) + K2(b/Tr) 
2Trb Kx{blTr) 

where /„ and K„ are the modified Bessel functions of the 
first and second kind. Tr is associated with the skin depth 
and is 

I / ^jßfia normal conductor 

1 / -^jWfia +1 / A2    Type I superconductor 

where X is the penetration depth of the superconductor. At 
high frequencies the expression simplifies to a more 
familiar expression [2] [3]. 

R,= 
jaw 
In 

1_   J_ 
a + b 

Suppose the line was made of copper (a = 
5.92e7(Q-m)'') and the inner and outer diameters were 
2cm and 3cm respectively. With an 8nsec. rise time, we 
used 125MHz to be the highest critical frequency, which 
is about 3 times that of the roll-off frequency. For 
125MHz, a = 7.658e-4/m. For a 3km line, this 
corresponds to a power attenuation of (l-e2a3(K)0m)=98.9%. 
The signal has virtually disappeared! 

On the other hand, for the same set of dimensions, 
a niobium (A^39nm"> ,a=8.03e6(Q-m):') line yields an a 
of approximately 5.1025e-6(l +j)/m. The imaginary term 
contributes to the inductance of the line. The power 
attenuation is now 3% at 125MHz which is an upper 
limit. This is the most compelling reason to use a 
superconducting line. 

3 DESIGN OF A SUPERCONDUCTING LINE 

The size of the transmission line is fundamentally limited 
by the critical field of the superconducting material. Of the 
type I conductors, niobium (Nb) is the most generous 
material since it has the highest critical ß-field of .206T 
[2] at r=0K. 

Assuming the distribution for the critical field to 
beßc(7,) = ßc(0)[l-(7,/Tc)

2], the critical field at 4.2K 

(the usual operating point of liquid helium) is .1635T. 
The ß-field of a structure can be written as B-gl where g 
is a geometry factor. The condition on g is therefore 
R<BJI. 

' see back cover of [3]. 
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3.1 Coaxial line 3.3 Sheath helix 

For a concentric coax, g=\x/2nr where r is either the inner 
or outer radius of the line. This yields the condition that 
r>\il/2nBc. If one wants to operate at 20% of maximum 
capacity, then a=.2fiI/2nBc where a is the inner radius. 
The current on the line can be as high as lkA. This 
requires that a=6.12mm. 

Since the layer of niobium only needs to be much 
greater than the penetration depth X, a thin coat of 
approximately .5um will be deposited on a copper 
substrate as shown in Fig. 1. The need for a metal 
substrate will be discussed in section 4. The area between 
the two conductors will be filled with a material that may 
or may not have dielectric properties. The inner conductor 
should be hollow to allow helium to flow through the 
tube. 

Helium 

Fig. 1. Coaxial line with Nb layers deposited on copper 
tubes 

Design 1: The outer conductor radius, for an 
impedance of 25£2, is 9.28mm. Design 2: If one puts in a 
dielectric material of £r=10, the outer radius goes up to 
22.85mm. The advantage of the dielectric is that the 
length of the line is reduced by a factor of 1/VlO which 
yields a length of 948m. 

3.2 Stripline 

For manufacturing considerations, it may be easier to 
fabricate striplines instead of coaxial lines. The solution 
for the stripline problem, both open and closed, has been 
derived by Primozich [4]. As it turns out, a stripline with 
a dielectric filler is too dispersive (see section 5). 
Therefore, the design cannot have a dielectric material. 
Design 3: The stripline dimensions are shown in Fig. 2. 

T 
... 

I 
24 5 

I 
«—► 
6.1 mm 

Sheath helix lines are like coaxial lines, only the inner 
conductor is wrapped at an angle. These are slow wave 
structures and ideal for a delay line. However, they are 
more dispersive than regular coax. Fig. 3 shows two sets 
of two overlayed lOkV pulses. The solid line is the actual 
signal at the output of the line and the dotted is the output 
had there been no dispersion. These plots are derivations 
based on Lund [5] and are for uncurved lines only. 

Design 4: Fig. 3(a) corresponds to a line with e=l, 
b/a=1.15, /?(pitch)/a=2.1, and v/c=.336. The line length is 
reduced to about 1/3 of the original length. Part (b) 
corresponds to e=3, b/a=lA, p/a-2.75, and v/c=.264. 
The second line yields a slightly slower wave but at the 
cost of increased dispersion as evident by the wiggles at 
the rising part of the pulse. 

i J r —t—   -r- 

f-' 
"\              / 

. 
\          / 

A/ 
25 

a) t(rmc) 

■/ 
"X «~~- • ""Si 

- 

 1 In         ,                I i           1           1 

//- 

Fig. 2. Dimensions of stripline design 

Fig. 3. a) — 10 kV pulse at output of line for sheath 
helix without dielectric, — same pulse if line 
were non-dispersive 

b) same as a) except line has dielectric. Wiggles 
indicate more dispersion 

The sheath helix line is presented here as a 
backup design in case the stripline is not easy to 
manufacture because of it's length or the dielectric used for 
the coaxial line proves to be lossy or difficult to work 
with. 

4 THE NEED FOR A SUBSTRATE 

Niobium can be deposited on copper as illustrated in Fig. 
1 where the fields and currents flow. The copper acts as a 
stabilizer in case the superconducting portion exceeds 
critical current and quenches. Quenches can distort the 
original signal by introducing transient high resistance to 
the line. 

Copper is also a much less expensive conductor 
than niobium so the minimal use of niobium is 
advantageous from a bulk material cost point of view. In 
addition, if the helix line is chosen as the final design, a 
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substrate for the inner conductor will need to be 
implemented. 

5 DISPERSION 

The previous section has already shown that dispersion 
from skin depth is negligible for a superconducting line. 
The dispersion on the superconducting transmission line, 
instead, is caused by wrapping the long line onto either a 
drum or into a pancake shape. The electromagnetic 
problem for a curved coax has been solved in [7]. 

The propagation constant for a curved coax is as 
follows 

R2       V 
where y0=co^e, A2=Aa?+B, and R=R(s). The constants 
A and B can be found in [7]. For a pancake design, the 
outer cable radius is, as a function of s, the total length, 
and R0, the inner radius, 

Y2 = rl 

R(s)-- 
n 

If one wants to find the total dispersion at the end 
of the line, the propagation constant would need to be 
integrated over the length of the line since it varies with s. 
In other words, 

s 

-i\ yds' 
e~]ys^>e   ° 

Therefore, the phase shift of the signal at the end of the 
line is 

A<p = - 
A2{a>) Yoh 

ds' 
■-To- 

7TÄ2_ 

Ab 
In 1 + - 

lbs_ 

The phase velocity and A<j) for design 2 is plotted 

in Fig. 4. As one can see in Fig. 4b, the phase distortion 
is less than 1° at the end of the line. The striplines were 
treated as equivalent coax lines to estimate the dispersion 
due to bending. 

b) positiafl in Ikw \m] 

Fig. 4. a) phase velocity as function of position in a 
pancake-wound coax line 

b) it's corresponding phase shift at 125 MHz 

The parameters for designs 1-3 were run through a 
kicker dynamic code to examine the acceptability of the 
output signal. All 3 designs produced clean output 
signals. An output plot of design 2 is shown in Fig. 5 
where R„-lm. 

Fig. 5. Design 2 placed in kicker dynamics program 
produced almost exact replication of original pulse (figure 
actually has 2 overlapping curves) 

6 CONCLUSION 

Attenuation in long transmission lines made use of 
superconductors a necessity. The attenuation in the 
superconducting line is very small, with joints connecting 
sections of the line contributing to most of it. Dispersion, 
on the other hand, can arise simply from the geometry of 
the line. Curved lines and helix lines are subject to 
dispersion. Two coaxial lines, one stripline, and a sheath 
helix design were presented. The challenge of fabricating 
the line will determine which design is ultimately adopted. 
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HIGH-PERFORMANCE INSULATOR STRUCTURES FOR 
ACCELERATOR APPLICATIONS* 

S. E. Sampayan, G. J. Caporaso, D. M. Sanders, R. D. Stoddard, D. O. Trimble, 
Lawrence Livermore National Laboratory, Livermore, CA 94551, and J. Elizondo, M. L. Krogh, 
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Absract 

A new, high gradient insulator technology has been 
developed for accelerator systems. The concept involves 
the use of alternating layers of conductors and insulators 
with periods of order 1 mm or less. These structures 
perform many times better (about 1.5 to 4 times higher 
breakdown electric field) than conventional insulators in 
long pulse, short pulse, and alternating polarity 
applications. We describe our ongoing studies 
investigating the degradation of the breakdown electric 
field resulting from alternate fabrication techniques, the 
effect of gas presssure, the effect of the insulator-to- 
electrode interface gap spacing, and the performance of 
the insulator structure under bi-polar stress. 

I. INTRODUCTION 

It is experimentally observed that insulators composed of 
finely spaced alternating layers of dielectric (<lmm) and 
thin metal sheets have substantially greater vacuum 
surface flashover capability than insulators made from a 
single uniform substrate [1]. In the previous work we 
showed these structures to sustain electric fields 1.5 to 4 
times that of a similar conventional single substrate 
insulator [2]. We also previously reported on the 
capability of these structures under various pulse 
conditions and in the presence of a cathode and electron 
beam. Further, we have explored the properties of these 
structures in the context of switching applications, 
investigating their behavior under high-fluence photon 
bombardment [3] and the effect on RF modes [4,5]. Here 
we describe our on-going studies on the degradation of 
the breakdown electric field resulting from alternate 
fabrication techniques, the effect of gas pressure, the 
effect of the insulator-to-electrode interface gap spacing 
and on initial testing that subjects the insulator to bi-polar 
pulses. 

A high-gradient insulator consists of a series of very 
thin (<lmm) stacked laminations interleaved with 
conductive planes. This insulator technology was 
originally conceived and disclosed by Eoin Gray in the 
early 1980's [6] and resulted from experimental 
observations that the threshold electric field for surface 
flashover increases with deceased insulator length [7,8]. 

Some understanding of the increased breakdown 
threshold of these structures may be realized from the 
basic model of surface flashover. A simplified vacuum 
surface    breakdown    model    suggests    that   electrons 

originating from the cathode-insulator junction are 
responsible for initiating the failure [9]. When these 
electrons are intercepted by the insulator, additional 
electrons, based on the secondary emission coefficient of 
the surface, are liberated. This effect leaves a net positive 
charge on the insulator surface, attracting more electrons 
and leading to escalation of the effect or SEEA 
breakdown. 

It has been shown that full evolution of the discharge 
occurs within 0.5mm [10], Thus, placing slightly 
protruding metallic structures at an equivalent interval is 
believed to interrupt the SEEA process and allow the 
insulator to achieve higher gradients before failure. 
Alternate modifications to this explanation include the 
effects of insulator shielding and equilibration of the 
induced surface charge. As a result, electron impact on 
the surface is modified. Or, alternately, by separation of 
the insulator into N-l additional decoupled sub-structures, 
a local breakdown on the insulator cannot propagate to 
the remainder of the structure. 

In this paper we describe our on-going work in which 
we have performed additional studies on the effect of 
various fabrication techniques, the effect of gas pressure, 
the effect of the insulator-to-electrode interface spacing, 
and on initial testing which subjects the insulator to bi- 
polar stress. 

II. APARATUS 

Small sample testing (approximately 2.5cm diameter by 
0.5cm thick) was performed in a turbo-molecular 
pumped, stainless-steel chamber at approximately 10'T. 
High voltage was developed with a 10J "mini-Marx". 
The Marx developed a pulsed voltage of approximately 1 
to lOus (base-to-base) and up to 250kV amplitude across 
the sample. Diagnostics consisted of an electric field 
sensor and a current viewing resistor. Failure of the 
insulator was determined by a prompt increase in Marx 
current and a prompt collapse in the voltage across the 
sample. 

Several small sample insulators were fabricated by 
interleaving layers of 0.25mm fused silica, formed by 
depositing gold on each planar insulator surface by a 
sputtering technique and then bonding. Bond strength 
between the gold layer and substrate using this technique 
was measured to exceed lOkpsi. Alternate samples were 
also fabricated from lexan and other polymer materials. 
To perform the breakdown experiments, the structure was 
slightly   compressed   between   highly   polished    bare 
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aluminum electrodes that establish the electric field for 
the tests. 

After a short conditioning phase, we applied up to 150 
to 200 shots to a given structure and attempted to 
determine if any damage to the structure occurred that 
significantly altered the breakdown characteristics. At 
these applied energies, we generally did not observe any 
degradation. These data were then reduced to reliability 
plots by determining the total number of successful shots 
over the total number of applied shots. In these data we 
define the electric field as the applied voltage divided by 
the total insulator length. We define reliability at a given 
electric field as the total number of successful shots over 
the total number of shots. 

III. RESULTS 

We observed flashover of the small samples at 
approximately 175kV/cm for the fused silica substrates 
(fig. 1). The effect of pulse width from 1 to lOus on this 
breakdown threshold was well within the statistical nature 
of our data. The trend in conventional insulator 
technology (fig. 2) for 0"-insulators indicates a threshold 
of approximately 50kV/cm. Thus, a net increase in the 
performance over conventional technology was a factor 
of approximately 3.5. 
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breakdown stays relatively constant up to about the 10"'T 
range, at which point, the field at which breakdown 
occurs decreases rapidly. Also shown are data from 
previous work by Smith [11]. It appears that the new 
structures show a lower breakdown electric field 
threshold than that of the previous data at these elevated 
pressures. 

Any insulator not in full contact with the electrode 
surface will show a higher susceptibility to breakdown 
and lower reliability at a given electric field. This effect 
results from the enhanced electric field that occurs 
between the insulator/electrode interface gap. To 
investigate this effect with these new structures, shims 
were placed between the cathode electrode and insulator, 
and the reliability at a given electric field were 
determined. This data, normalized to the configuration 
where the insulator was flush with the electrode, is shown 
figure 5. In these tests, we observed the reduction in the 
capability of the insulator to be strongly reduced from 
about 90% of full capability for a 12-urn interface gap to 
less than 60% for a 125-um interface gap. 

Anderson, 1976 
Ohkl, 1982 
Thompson, 1980 
Anderson, 1980 
Qlock, 1969 
Vogtlln, 1989 
Watson, 1967 
Milton, 1970 

\ 

10' 102 10s 

Pulse Width, ns 

50 100 150 200 250 

Electric Field, kV/cm 

Figure 2. Pulsed surface breakdown electric field as a 
function of pulse width for single substrate, straight wall 
insulators. 

Figure  1.    Pulsed surface breakdown reliability 
ground-fused silica high-gradient insulator. 

of a 

A finish grinding operation was generally performed 
on the outside diameter. Since this process is time- 
consuming, an alternate fabrication means was pursued. 
To simplify fabrication, we attempted an ultrasonic 
machining process. Although it was possible to fabricate 
the part in a single operation, the surface was left slightly 
rougher. Comparison with these samples showed 
significantly more scatter and a slightly decreased 
breakdown threshold of 25% (fig. 3). 

The structures were also subjected to increased 
pressures to determine susceptibility to breakdown (fig. 
4). In these data a fixed reliability was established at the 
various pressures. All data was then normalized to a 
mean   breakdown   electric   field.       Susceptibility   to 

80 120 160 

Electric Field, kV/cm 

Figure 3. Pulsed surface breakdown reliability of a fused 
silica high-gradient insulator fabricated using an 
ultrasonic fabrication technique. 

1309 



'     Smith (PMllflA)      ' 
Smith {PMMA) 

45°, 1 ns 

•           •     ^ \    \ \     / 
^ 

o                   \ 
% \ 
\\   ■ 

/\ W ■ 
High Gradient Structure \ 

0°, 5 ns 

i           i           i           i           i 

\                     \ A 

10''      10^      10° 

Pressure, T 

10-' 

Figure 4.   Effect of gas pressure on the performance of 
high-gradient insulators. 

the Marx generator to undergo un-damped oscillation 
(xp=500ns). This technique would subject the insulator 
structures to approximately 10 fully reversing pulses. 
Results are shown in figure 6. Comparison with previous 
data, scaled to area, shows a strong dependence on the 
insulator    period. Increased    performance     over 
conventional technology (Rexolite, 0") was exceeded by a 
factor of 4. 

IV. SUMMARY 

We are developing a high gradient insulator 
technology for accelerator systems which consists of 
alternating layers of conductors and insulators with 
periods of order 1 mm or less. These structures perform 
many times better (about 1.5 to 4 times higher breakdown 
electric field) than conventional insulators in long pulse, 
short pulse, and alternating polarity applications. 

50 75 100 

Gap Spacing, \im 

Figure 5.     Effect of an  increased electrode/insulator 
interface gap. 
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SNLA-Mod,, Polyatyren« 

SNLA, Pofyatyrsne 

V. REFERENCES 

*Performed under the auspices of the US Dept. of 
Energy by LLNL under contract W-7405-ENG-48. 
[I] J. Elizondo and A. Rodriguez, Proceedings of the 1992 15th 

International Symposium on Discharges and Electrical Insulation 
in Vacuum, Vde-Verlag Gmbh, Berlin, Germany, pp. 198-202. 

[2]    S. Sampayan, et. al., Proceedings of the 1995 Particle Accelerator 
Conference, (IEEE), New York, N.Y., pp.1269-1271. 

[3]    S. Sampayan, et. al., Proceedings of the 1995 Particle Accelerator 
Conference, (IEEE), New York, N.Y., pp. 2123-2125. 

[4]    T. L. Houck, et. al., these proceedings. 
[5]    C. C. Shang, et. al., these proceedings. 
[6]    E. Gray, private communication. 
[7]    O. Milton, IEEE Trans. Electr. Insul., Vol. EI-7, pp. 9-15. 
[8]    A. S. Pillai and R. Hackam, J. Appl. Phys., Vol. 53(4), pp. 2983- 

2987. 
[9]    H. C. Miller, G. E. Aerospace Report, (GEPP-TIS-1064-UC-13). 
[10] W. Glock and S. Linke, Cornell University Report, Laboratory of 

Plasma Studies, Ithaca, N.Y., (No. LPS 24, 1969). 
[II] I. D. Smith, "Pulsed Breakdown of Insulator Surfaces in Poor 

Vacuum," unpublished AWRE report, Aldermaston, United 
Kingdom. 

[12] R. A. Anderson and W. K. Tucker, J. Appl Phys., Vol. 58(8), pp. 
3346-3349 

0.1 1 10 

Insulator Period, mm 

Figure 6. Result of bipolar testing of the high gradient 
insulator. Comparison with conventional data [12]. 

We have also begun testing these structures under bi- 
polar stress. The applied pulses were generated by 
placing an inductor between the insulator and allowing 
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150 kV MAGNETIC PULSE COMPRESSOR 

G.Mamaev, T.Latypov, S.Mamaev, S.Poutchkov, A.Ctcherbakov, I.Tenyakov 
Moscow Radiotechnical Institute of Russian Academy of Sciences 

Abstract 

The generator is based on a magnetic pulse 
compression circuit, its repetition rate is one pulse per 
some minutes. The generator consists of a thyratron 
switch, a resonant transformer (1:7 step up), a storage 
capacitor, a water-filled pulse-forming line and two 
saturable magnetic switches from amorphous alloy with a 
high induction of saturation, a high ratio B/Bs and a high 
resistance of the insulation. A special attention has been 
paid to the reliability of the installation. 

1 GENERATOR DESIGN 

The high voltage, high power (6.0x109 W) generator with 
150 ns duration of the pulse was designed. This generator 
can be used with low impedance devices. Many 
applications such as start circuits of high-voltage 
discharge and high current electron injectors, etc. require 
a generator with these parameters. The general parameters 
of the generator are: 

Output voltage 150 kV 
Output impedance 4 Ohm 
Output pulse duration 150 ns 
Build-up time 20...30 ns 
Pulsed-oscillator starting time (jitter)        5...10 ns 
Repetition rate 1 pulse/s 

The generator is created under the traditional 
scheme with a magnetic compression [1]. It consists of a 
water-filled pulse forming line (PFL), a two stage pulse 
compressor, capacitor stores, a switch and a step-up 
transformer. The two stage compressor is placed in two 
oil-filled tanks. The generator is shown in Fig. 1 and its 
design is shown in Fig. 2. 

Figure:  1 The generator. 
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Fgure: 2 The generator design. 

The generator is based on a two-cycle scheme of 
demagnetization of switching magnet ferromagnetic cores 
and a step-up transformer [2]. This scheme of 
demagnetization allows to reduce corporeal consumption. 

The current of demagnetization is formed by a passive LC 
network and two pulses of different polarity are obtained. 
The first current pulse serves to demagnetize the cores 
switching magnets of pulse compressors, the second pulse 
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serves to demagnetize the core of the step-up 
transformer. The low-voltage connection of the 
secondary winding is used for the demagnetization 
current supply. The switching on of the generator occurs 
at a certain time, when the process of demagnetization of 
the step-up transformer core comes to the end. The 
demagnetization device is placed in a special box. 

The generator is operated in the following way. The 
controlled up to 45 kV DC voltage source charges the 
primary store C,(1.2mkF, 50 kV). The primary switch is 
a hydrogen thyratron. The critical pulse current for the 
thyratron switch, the primary store and the step-up 
transformer is more than 20 kA. The hydrogen thyratron 
operates in the regime with a grounding control grid [2]. 
In this regime the thyratron cathode is used for running 
the primary switch rather than for current producing. As 
a result the critical pulse current of the thyratron increases 
considerably. JINR's investigation of TGI-2500/50 
thyratron operating regime exposed its high reliability in 
the regime with a grounding control grid. It seems to be 
provided by the effective water-cooling of the anode and 
grid and pumping of the emitted gas after each pulse of 
the generator. 

The secondary store C2 (0.02 mkF) is a low- 
inductance high current capacitor of a special design. It is 
charged up to (300-320) kV in 1.6 mks by the step-up 
transformer. The design cross section of the three-turn 
switching magnet core in the first stage pulse compressor 
is 290 cm2 and its weight is 200 kg. The permissible 
discharge current of the secondary store C2 determined 
by the connector design is 30 kA. The store C2 is 
discharged through the magnetic switch of the primary 
stage pulse compressor. 

The C2 store being discharged in 0.45 mks through 
the saturated switch of the first compression stage, 
charges a forming water-filled line up to (300-320) kV. 
The water line charging time has been chosen to match 
the triple duration of forming pulse. The deionized water 
resistance can be no more than 200...300 kOhmxcm, it 
simplifies the demands for water supply system. The 
water line discharging current (of about 37 kA) flows 
through the short transmission line (20 ns) into a sharper 
after the second magnetic switch flipping and then into 
the load. The sharper is not used now. The load consists 
of several low-inductance bulk TVO-60 resistors. A one- 
turn magnetic switch can be used in the second 
compression stage but a two-turn switch is much lighter 
and cheaper. With a two-turn switch, the built-up time 
and the pulse droop slightly rise. The designed cross- 
section is 118 cm2 and its weight is 87 kg. We expect to 
have the built-up time of 20-30 ns by the use of the 
sharper. In adjusting the generator load was shunted by a 
saturatable one-turn switch with the projected flipping 
time of above 150 ns. Including the switch cuts the output 
pulse built-up time. 

Permalloy and amorphous alloy cores manufactured 
using special technology are used in generator switches. 

This technology was developed especially for amorphous 
alloy ribbon and it allows to achieve the squareness ratio 
coefficient more than 0.9, the saturation induction of 
above 1.45 T and the pack factor coefficient above 0.7 
[3]. We could not complete generator adjusting without 
construction redesigning because of the break-down of 
the capacitor battery Cl bushing. Then, there was a high 
concentration of water in the oil. The vacuum 
desicciation was uneffective due to the low temperature at 
the production area. We are going to carry out additional 
desicciation procedures and oil warming. 

To provide adjusting and reparing of the generator 
some capacitor voltage dividers were installed: 

at the primary winding of the step-up transformer; 
at the secondary winding of the step-up transformer; 
at forming line unput and output; 
at the generator output. 
Two transformers for current measuring were also 

installed at forming line input and output. 
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TECHNOLOGY FOR PRODUCTION OF AMORPHOUS 
ALLOYS LARGE SCALE CORES 

G. Mamaev, I. Bolotin, A. Ctcherbakov, S. Mamaev, 
S. Poutchkov, I. Tenyakov 

Moscow radiotechnical institute of Russian Academy of Sciences 

Abstract 

High average power pulsed accelerators are enabling the 
potential use of high peak power technology in a number 
of different industrial application areas such as material 
processing, food processing, stack gas cleanup and the 
destruction of organic contaminants etc. 

The development and commercial availability of 
amorphous alloys allowed the development of new class 
of short pulse duration, high peak current, high average 
power accelerator that is capable of efficient repetitive 
operation up to 104pps (pulses per second) using semi- 
conductors, thyratrons and saturable core magnetic 
switches. The saturable switches are now employed in 
high current, high average power systems, such as 
CLIA, TBA and COBRA accelerators and others. It is 
known, that optimum magnetic properties of amorphous 
alloys for use with high dB/dt applications are achieved 
only with core annealing. With increasing magnetization 
rates there are increase interlaminar voltage and core loss 
(cause by interlaminar eddy currents). Ribbon for such 
cores have to be coated with interlaminar insulation coat- 
ing. As a rule, manufacturers of large scale cores use 
amorphous alloys (2605SC, 2605CO or 2705 MET- 
GLAS™) without annealing, but with interlaminar insula- 
tion (mylar or special paper). With such technology core 
has high interlaminar break voltage, but nonoptimal mag- 
netic properties: - induction Bm, squareness ratio Br/Bs 

(SR), pack factor (PF) and increased losses. 
The paper addresses the spesialists associated with de- 

velopment and manufacturing efficient (low loss), most 
compact, inexpensive and reliable cores with inorganic 
insulation coating, for magnetic pulse compression circuit 
(MPC), magnetic switches (MS), inductors for linear ac- 
celerators (ILA), high voltage pulse transformers (HVPT), 
pulse power transformer (PPT) etc. 

1 INTRODUCTION 

With creation of pulse high-power accelerators the rather 
important role is connected with technological aspects of 
cores manufacturing. The magnetic cores of powerful ac- 
celerators can have the rather large sizes and weight. High 
induction Bs, squareness ratio B/Bs, high pack factor, 
insulation coating with the high electrical characteristics, 
low losses - there are the main requirements for cores 
manufacturing technology. The important influence have 
also other reasons: cost efficiency, availability of simple 
in maintenance equipment for cores manufacturing with 

high output, possibility of automation, low power con- 
sumption, ecological safety etc. 

At present, [1,2,3,4] toroidal configuration cores with 
size range from 130x50 mm to 1500x800 mm (ODxID), 
wounded with an insulating layer of mylar or special 
paper and are exclusively used without annealing or 
thermomagnetic treatment (TMT). There are also data 
in [2] about annealing ribbon (obviously below 300°C) 
before wounding. For the technology of core manufactur- 
ing with TMT and insulation coating there are severe re- 
strictions for materials, which can be used as insulation - 
a high heat distortion of arround 450°C, high heat con- 
ductivity, possibility to change coating thickness, high 
electrical characteristics of insulation coating, strong ad- 
hesion, thermal expansion (TE) of coating must be the 
same or closed to TE of amorphous alloys under winding. 
These restrictions badly complicate the design of such 
technology, especially for large-sized cores. By the lit- 
erature [1... 7] in high average power systems are mainly 
used the magnetic cores with the characteristics, appro- 
priate to magnetic properties a ribbon of amorphous alloys 
"as cast", i.e. Bmax=1.2-1.3 T (with H=80A/m), squareness 
ratio SR= 0.5-0.7. Obviously, that squareness ratio and 
losses of ready cores are far from those values, which can 
be obtained with TMT (for a longitudinal magnetic field). 

2 SHORT TECHNOLOGY DESCRIPTION 

Technological prosesses of winding large scale cores from 
amorphous alloys with applying insulation coating and 
computer aided TMT have been developed in Moscow 
radiotechnical institute (MRTI) of Russian Academy of 
Sciences. The equipment for manufacturing cores from 
amorphous Fe-base alloys (with high Curie temperature) 
with a minimum ID from 25 mm, maximum OD up to 
600 mm and width of a ribbon up to 50 mm was made. 
The main features of the developed technology are fol- 
lowing: - additional ribbon cleaning, applying insulation 
coating in special bath with insulation solution ( modified 
Na liquid glass), preliminary drying in special vertical 
tunnel, check quality of coating and finally - winding. The 
winding is carried out with tension beforehand given and 
supported with high accuracy by the special servosystem. 
All this processes are carried out on special mashine, 
developed in IRTI and shown on Figure 1. The mashine 
for core winding works, as a rule, act in a semi-automatic 
mode, the interference of an operator is necessary only in 
case of ribbon breakaway or abnormal disconnecting (bad 
quality of insulation etc.). After winding and preliminary 
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control of insulation quality the cores are located in spe- 
cial furnace for annealing (TMT). 

Figure: 1 The mashine for core winding works. 

The main features of furnace, that is shown on Figure 
2, are following: amount of cores for contemporary an- 
nealing up to 4, automatic loading and unloading mode, 
computer control modes of TMT, possibility of 

annealing (and cooling) with longitudinal field (up to 
2500 A/m for cores with OD up to 500 mm). 

With PC aid operator, through the special interface 
chooses a mode of TMT and a program of the measure- 
ments of current values, the main magnetic and other core 
characteristics. Some factors are taken into account for 
speed of heating and finite temperature: brand of alloy, 
presence or absence of insulation coating, amount of con- 
temporary anneling cores, size or weight of core(s). In- 
termediate temperature platform with temporary hold-up 
are availability. Uninterrupted, during the TMT process 
mesurement core's magnetic characteristics and the speed 
and sign of their changes, allow (using specially devel- 
oped algorithm) to reach optimal magnetic core properties 
for power pulse applications. 

3 THE REACHED RESULTS 

Computer aided TMT and insulation coating make possi- 
bility to provide minimum of Hc, maximum of Bm, high 
SR Br/Bs (0.9-0.95) and rather high ueff (for dB/dt up to 
30T/mksec), low loss. The technology allows also to use 
inexpensive amorphous Fe base alloys with small Co 
contents (about 9 %) and to reach parameters compared to 
parameters of cores, made from more expensive alloys. 
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Figure: 2 The furnace for cores with OD up to 700mm. 

Figure: 3 Typical quasistatic (50 Hz) hysteresis loops for 
alloy 9KCP. 

The method of applying of insulation coating provides 
thickness of coating layer from approximately 0.2mkm up 
to 3mkm and its value depends on smoothing of ribbon 
surface and magnetization rate dB/dt (pulse duration). 
Electrical characteristics of insulation after core annealing 
(up to 450°C): p=107-10I5Ohmxm, break-down voltage 
=15-30V/mkm. Correlation coefficients between Br, 
winding tension, PF and between break-down voltage, 
coating thickness, PF has been founded. It allows to 
achieve high output suitable cores with given properties 
and dispersion not exceeding 10%. Such technology is 
espesially suitable for researche and optimization of TMT 
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modes for cores with different sizes and weights, with or 
without insulation coating. 

With the purpose of saving high values of the core 
magnetic characteristics and also for elimination or weak- 
ening of influence on the annealed core mechanical 
stresses and/or climatic conditions, at once after TMT and 
preliminary test measurements the core covers over spe- 
cial silicon compound with temporary and thermal shrink- 
age closed to zero. This process can be carry out under 
vacuum. After full hardening (within 72 hours) the check 
cycle of measurements of ready core are carried out 
(50Hz and pulse). The results of this measurements are 
write to computer's memory in form of label, with the 
indication of core number, dimensions, weight, brand of 
alloy, conditions of measurements and all main character- 
istics (including view of a hysteresys loop with different 
values of a field). The characteristics of cores from differ- 
ent alloys are formed in Table 1. 

30KCP 
after 

TMT 

9KCP 
after 
TMT 

2605SC 

as cast 

2605CO 
as cast 

B,T 
80A/m 

>1.5 >1.45 <0.7 <1.2 

SR 
80A/m 

>0.95 >0.92 <0.6 <0.9 

B,T 
800A/m 

>1.56 >1.56 <1.3 <1.3 

SR 
800A/m 

>0.92 >0.9 <0.5 <0.7-0.8 

PF >0.7 >0.7 <0.7 <0.7 

Table 1: The static core characteristics from differrent al- 
loys. 

The data of alloys 2605SC, 2605CO are taken    from 
[1,2,5,6]. 

The measurement of the pulse characteristics of cores 
was carried out in 1-cosine voltage saturation mode on the 
specially developed device with the following parameters: 
Umax = 40 kV, f = 800 kHz, r = 2 Ohm. 

and especially quality of a surface) do not allow to realize 
all advantages of considered technology. 

In the further it is planned: 
• to carry out experiments on additional processing 

of a ribbon (polishing and purge off a thin surface defect 
layer) and use thin ribbon (13-18 mkm), that will allow to 
use cores from such ribbon with pulse duration up to 
50 nsec; 

• to use for core manufacture nanocrystalline alloys 
with low saturation magnetostriction and low |o,sat. 
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4 CONCLUSION 

About 1500 kg cores with different weights (IDxOD from 
25x50 up to 460x220 mm) was manufactured during 
1994-1996. The export order on cores for the accelerator 
similar to the CLIA was executed. Also cores for the 
pulse modulator (report is represented on this conference) 
was manufactured. The assemblage of the accelerator for 
delivery on export comes to an end, the cores was pro- 
duced after described technology. In the whole technology 
has shown the reliability, stability and rather high output 
of suitable products (cores). The economic index of tech- 
nology also are rather high. Unfortunately a thickness of a 
ribbon and its quality (stability of properties, geometry 
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THE PEP-II ABORT KICKER SYSTEM* 

J. de Lamare, A. Donaldson, A. Kulikov, J. Lipari 
Stanford Linear Accelerator Center 

Abstract 

The PEP-II project has two storage rings. The HER (High 
Energy Ring) has up to 1.48 A of electron beam at 9 
GeV, and the LER (Low Energy Ring) has up to 2.14 A 
of positron beam at 3.1 GeV. To protect the HER and 
LER beam lines in the event of a ring component failure, 
each ring has an abort kicker system which directs the 
beam into a dump when a failure is detected. Due to the 
high current of the beams, the beam kick is tapered from 
100% to 80% in 7.33uS (the beam transit time around the 
ring). This taper distributes the energy evenly across the 
window which separates the ring from the beam dump 
such that the window is not damaged. The abort kicker 
trigger is synchronized with the ion clearing gap of the 
beam allowing for the kicker field to rise from 0-80% in 
370nS. This report discusses the design of the system 
controls, interlocks, power supplies, and modulator. 

1 SYSTEM SPECIFICATIONS 

The PEP-II beam abort kicker system is designed to di- 
vert the stored beam of the HER and LER rings into a 
beam dump in the event of beam based trigger or a 
equipment failure trigger [1]. The HER and LER abort 
systems operate independantly, and their operating pa- 
rameters are listed in Table 1. The rings will be operated 
274 days per calendar year with scheduled maintenance 2 
days per month. It is anticipated that the rings will need 
full refilling 3 times per day due to a failure in one of the 
ring's subsystems [2]; meaning, the abort system typically 
could be triggered 3 times per day. 

HER LER 
(at 9 GeV) (at 3.1 GeV) 

Max. Bend Angle 1.7 m-rad 2.1 m-rad 
Magnetic Field 600 G 394.5 G 
Kick Direction Down Down 
Magnet Current Amplitude 4800 A 3156 A 

(without overshoot) 
Magnet Current Risetime 370ns Max. 370ns Max. 
Magnet Current Droop 100%-80% 100%-80% 
(in 7.33|is) 
Max. Pulse Rep. Frequency 0.5 Hz 0.5 Hz 
Typical Pulse Rep. Time 8hr. 8hr. 

Table: 1    Abort Kicker Operating Parameters 

The beam abort system must be reliable to insure 
that the beam won't drill a hole through a vacuum vessel 
in the event of a ring failure. Therefore, there is redun- 

dancy in key system components-particularly triggers. 
Also, the system is self triggering in the event of a power 
loss, disconnected input trigger cable, or detected non- 
critical internal fault. Though only one abort system is 
needed to extract the beam, a second system is planned in 
each ring which is triggered in the event of a detected 
fault of the first system, some 7.33us delayed or one 
revolution of the beam from the first kicker [3]. 

2 SYSTEM COMPONENTS 

The abort kicker subsystems are: Controls and Interlocks, 
Modulator Ancillary Circuitry, Modulator, and Magnet. 

2.1 Controls and Interlocks 

The system control hardware consists of Camac modules 
which are controlled by micro-controllers which in turn 
are controlled by a mainframe computer. The various 
Camac modules include: an Isolated Digital Output Mod- 
ule (IDOM) for command functions, an Isolated Digital 
Input Module (IDIM) to provide status information, a 
Smart Analog Module (SAM) for recording analog read- 
backs, a Simple Timing Buffer (STB) for command trig- 
gering, and a Beam Abort Trigger System (BATS) for 
emergency triggering. There is also an Abort Kicker 
Modulator Controller which is a 19" rack mounted chas- 
sis that acts as the interface between the Camac controls 
and the Modulator with its ancillary cicuitry. The con- 
troller is discussed in more detail below. 

2.2 Modulator Ancillary Circuitry 

The Modulator Ancillary Circuitry provides the power 
and the triggering necessary for modulator operation. 
There are two grid drivers, modified BIRA SCR Thyra- 
tron Driver 730-788, which are redundant in function. 
They provide the thyratron grid 2 pulse which initiates 
current in the magnet. Redundant drivers are necessary to 
insure that the system is still functional in the event of a 
malfunction of one driver. A Thyratron Keep Alive/Bias 
Power Supply chassis generates -130 VDC for the grid 2 
bias, and the 100mA of keep alive current for grid 1 of all 
thyratrons within the modulator. The Thyratron 
Heater/Reservoir Power Supply is powered by a ferro- 
resonant transformer which stabilizes the AC voltage. 
This chassis provides adjustable AC power for the 
modulator thyratrons, a time-out interlock to allow thyra- 
tron heating on startup, and sends voltage and current 
readbacks to the control system. A Low Voltage Power 
Supply (LVPS), Glassman Series ER 0-3kVDC, charges 
one of the modulator's pulse capacitors. It is named the 

* Work supported by the Department of Energy under contract No. DE-AC03-76SF00515 
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LVPS only because the High Voltage Power Supply 
(HVPS), Glassman Series LT 0-30kVDC, generates a 
considerably higher voltage. The HVPS also charges a 
pulse capacitor in the modulator. 

2.3 Modulator 

The modulator generates the high current pulse to the 
magnet. The circuit design is discussed in more detail 
later. The modulator cicuitry is housed in a 53cm x 
54.5cm x 56cm box which is located directly under the 
abort kicker magnet (Fig. 1). The magnet connections are 
made with 5 cm wide aluminum bus, approximately 
20cm long, and spaced 3.8cm apart. The modulator is air 
cooled and uses an air filter to limit the dust intake. The 
ambient air temperature of the ring tunnel is expected to 
be 40° C, thus the modulator components are rated ap- 
propriately. 

BEAMUNE MAGNET 

ABORT 1 

Figure: 1 Abort kicker magnet and modulator assembly 

2.4 Magnet 

The magnet is a single turn, H-type magnet made from 
blocks of Ceramic Magnetics CMD5005 ferrite. The HER 
magnet ferrite is 0.85m and the LER magnet ferrite is 
0.55m in length. For a detailed description of the magnet 
design see Reference 4. 

3 ABORT KICKER CONTROLLER 

3.1 Controls 

The abort kicker system was intentionally given a mini- 
mum number of controls such that it will not inadver- 
tantly be manipulated. The system may be remotely 
turned on, turned off, reset, and switched between com- 
mand trigger mode with emergency trigger to emergency 
trigger only mode. What the system lacks in control, it 
more than makes up for in diagnostics. There are a num- 
ber of status bits reporting system functionality. Particu- 
larly important are the trigger statuses. The trigger se- 
quence from the redundant BATS and Grid Driver trig- 
gers to the magnet voltage are all monitored. These diag- 
nostics are useful to determine whether a trigger module 
needs repair or when self triggering occurs. 

The analog readback data is stored in history buff- 
ers. These include: thyratron heater and reservior current, 
thyratron keep alive current, thyratron bias voltage, pulse 

capacitor voltages, and magnet current. Because the 
modulator is seldom triggered, the anaolg magnet current 
pulse is read by a sample and hold circuit, converted to 
digital, and then back to analog for monitoring by a SAM. 
This method eliminates the droop of a sample and hold 
circuit. A running history of all analog readbacks is re- 
corded in the control system main frame computer. 

3.2 Interlocks 

The system is designed such that it is self protecting for 
most failures. In the event of a power loss or a failure of 
the modulator or its ancillary circuitry, the modulator is 
triggered by the BATS. The controller sends two statuses 
to the BATS-System O.K. and System Failing. If the 
modulator is O.K., then it is triggerable by a command 
trigger. If the status is not O.K., then the system is not 
ready and cannot be triggered. When the system is failing, 
then the system is triggered by the BATS. A list of the 
interlocks and the system status is given in Table 2. All of 
the interlocks are inhibited when the thyratron heater in- 
terlock is timing out and when a trigger command is de- 
tected. 

System 
Description Status 

HV Fail High (V > 102%) 
HVOK 
HV Falling (0 > Slope • -1%/ms) 
HV Fail Low (V < 98%) 

Not Ready 
Trigger Ready 

Failing 
Not Ready 

LV Fail High (V > 102%) 
LVOK 
LV Falling (0 > Slope • -1%/ms) 
LV Fail Low (V < 98%) 

Not Ready 
Trigger Ready 

Failing 
Not Ready 

HV Keep Alive Current High 
HV Keep Alive Current OK 
HV Keep Alive Current Low 

Failing 
Trigger Ready 

Failing 
LV 1 Keep Alive Current High 
LV1 Keep Alive Current OK 
LV1 Keep Alive Current Low 

Failing 
Trigger Ready 

Failing 
LV2 Keep Alive Current High 
LV2 Keep Alive Current OK 
LV2 Keep Alive Current Low 

Failing 
Trigger Ready 

Failing 
HV Bias Voltage Low 
HV Bias Voltage OK 

Failing 
Trigger Ready 

LV Bias Voltage Low 
LV Bias Voltage OK 

Failing 
Trigger Ready 

HV Htr./Res. Current High 
HV HtrVRes. Current OK 
HV Htr./Res. Current Low 

Failing 
Trigger Ready 

Failing 
LV Htr./Res. Current High 
LV HtrVRes. Current OK 
LV Htr./Res. Current Low 

Failing 
Trigger Ready 

Failing 
Heater Current Time-Out 
Heater Current Time-Out OK 

Not Ready 
Trigger Ready 

AC Fail 
AC OK 

Failing 
Trigger Ready 

Rack Over-Temperature 
Rack Temperature OK 

Failing 
Trigger Ready 

Grid Driver Failure 
Grid Drivers OK 

Not Ready 
Trigger Ready 

Table: 2 Abort Kicker Interlocks and their system status. 
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4 ABORT KICKER MODULATOR 

The modulator is made up of three CXI622 thyratrons, 
two pulse capacitors, a damping resistor, and many other 
supporting components. Figure 2 shows the simplified 
modulator circuit. Because of the shape of the pulse, the 
circuit design is such that it has two parts: a high voltage 
part and a low voltage part. The high voltage part is made 
up of one CX1622 thyratron and a 0.15uf, 50kV low in- 
ductance pulse capacitor. The capacitor charges through 
the magnet, and likewise discharges through the magnet 
when the thyratron is triggered. The resulting pulse gen- 
erates a voltage on the magnet of -25kV. 

The low voltage part of the circuit consists of two 
parallel CX1622R thyratrons, a lOOuf, 4kV low induc- 
tance pulse capacitor, and a 0.2» damping resistor made 
from 50 parallel 2W carbon composition resistors. Each 
thyratron is supported in a slotted cylindrical housing 
which acts as the current return path for low inductance. 
All of the thyratron cathodes are grounded at a common 
point. Because stray inductance in the low voltage circuit 
contribute to the current overshoot, the inductance of all 
circuit connections is minimized. 

Figure: 2 Simplified Modulator Schematic 

As the high voltage thyratron is triggered by the 
redundant grid drivers, the voltage at the magnet and the 
low voltage circuit goes to -25kV, and a half sine current 
pulse is initiated in the magnet, with the high voltage cir- 
cuit capacitance and inductance determining the current 
risetime. The low voltage thyratrons are triggered in par- 
allel with a pulse formed by a current transformer posi- 
tioned on the connection from the modulator to the mag- 
net. Therefore, the low voltage thyratrons will always be 
triggered when the high voltage thyratron conducts 
whether from a command trigger or a self trigger. 

(67.1 374ii. 7.075.1k) 

(l.l7y7u.6.05'J9k) 

(HIMKUii, 4.M461k) 
(7.7<MKil, 4.K102k) 

As the magnet voltage swings through zero, the low 
voltage thyratrons become positively biased, and conduc- 
tion begins. Initially, the magnet supplies current through 
the low voltage circuit up to a point where the R-C net- 
work of the circuit gives the waveshape an exponentially 
decaying tail. 

The circuit was modeled with a circuit simulation 
program. The model included the stray inductances of the 
capacitors and thyratrons, the inductance of the magnet 
connection, and a model of the magnet as given in Refer- 
ence 4. Using the model, the first lOus of magnet pulse is 
shown in Figure 3. The overshoot results from the stray 
inductance in the low voltage circuit which limits the cir- 
cuit's current risetime and allows for the high voltage 
circuit current to swing past its peak. 

5 CONCLUSIONS 

The modulator has been completed and tested into the 
magnet. Figure 4 shows the test results. The model is in 
good agreement with the test results. The controller isn't 
yet completed, so the total system has not yet been tested. 
Within the year the total system will be field tested with 
beam. 
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Figure: 4 Abort kicker current test results. 
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NLC KLYSTRON PULSE MODULATOR R&D AT SLAC* 

R. Koontz SLAC, M. Akemoto KEK, S. Gold SLAC, A. Krasnykh JINR, Z. Wilson SLAC 

Abstract 

The basic elements of a klystron pulse modulator are: a 
charging supply, a PFN with energy storage capacitors, a 
thyratron switch tube, and a pulse transformer. The 
design group mentioned above is working on the system 
requirments of an NLC modulator, is carrying out tests on 
components, and building a prototype NLC modulator of 
conventional, but optimized design. A PFN using 
Russian K15-10 type high energy density glass capacitors 
has been constructed and tested into a conventional pulse 
transformer and klystron load. Rise time is less than 400 
nsec. Developmental work with thyratron manufacturers 
is being started. Similarly, R&D pulse transformers 
developed in cooperation with industry are being tested. 

1 KLYSTRON PULSE MODULATOR 
REQUIREMENTS OF NLC 

An X-band 75 MW PPM klystron has been developed 
and operated successfully at SLAC. The present technical 
specifications for a two klystron pulse modulator 
assembly are listed below. These specifications change 
as the klystron design is optimized, so the NLC 
modulator design must be adaptable to these changes. 

Parameters Operating value 
Beam voltage 500 kV 
Beam current (2 kly) 530 amps 

Pulse width (flat top) 1.5 usec 
Pulse rep rate (PRF) 120 PRF 
Rise time (10 - 90%) less than 400 nsec 
Pulse Top Ripple 2% 
Droop 2% 
Primary charge voltage up to 80 kV 
Pulse transformer ratio 14/1 

On the civil side of NLC planning, space is at a premium 
partly due to construction cost, so the pulse modulator 
and support electronics must be designed to fit in a 
modest size area, be compatible with the RF delivery 
waveguide layouts, be energy efficient, and allow for 
effective servicing during operation. We categorize these 
requirements in three general classifications: 
• Ergonomie design 
• Reliability & Maintainability 
• Power Efficiency 

1.1 Ergonomie design 

In the NLC system design, the klystron modulator is 
recognized as just one component of the general RF 
delivery system which must mate smoothly with other 
parts of the complex. Fig. 1 shows an initial 
configuration of a two klystron-modulator assembly in 
which all pulsed high voltage components are housed in a 
cylindrical oil tank which also mounts the two klystrons. 

Except for the thyratron and its carrier which can be 
changed in place, all other servicing including klystron 
and modulator component replacement is done at a depot 
after the whole two tube assembly is removed from the 
housing location. The term "ergonomic design" refers to 
the need in the design phase to consider what components 
will fail, how accessible are these components for 
replacement, and what diagnostics will be put in place to 
detect and identify fault conditions preferably before they 
do collateral damage. 

Fig 1. Klystron & Modulator Assembly 

1.2 Reliability & Maintainability 

The NLC design contains over 2,000 pulse modulators. 
While some M of K redundancy will be used in the 
system design of the RF power sources, individual RF 
power sources including the modulators will have to have 
very high MTBF ratings, well over 12,000 hours. 
Similarly, failed units must be capable of being changed 
out and the station put back on line quickly, ideally in less 
than 4 hours (MTTR - Mean Time to Repair). Quick 
changing of whole klystron-tank assemblies and depot 
repair help to keep MTTR low. Even in the depot, 
though, the hours to diagnose, disassemble, repair, and 
retest the klystron-modulator assembly must be kept low 
to minimize the size of the sustaining maintenance 
organization. 

1.3 Power Efficiency 

Electricity is a major operating cost of the NLC. The 
overall power efficiency from 480 volt input to usable 
klystron electron beam must be maximized to minimize 
operating cost. Keeping the charging power supply and 
modulator systems simple can produce high efficiency 
designs. Some areas, cathodes, have inherent 
inefficiencies. A klystron load is not a true resistance, but 
a perveance (non-linear) which cannot be matched during 
rise and fall times of the drive pulse. Beam current 
during rise time is not usable for producing RF, and thus 
represents an energy loss which can be minimized with 
faster rise time.   The whole pulsed high voltage system 
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has stray capacity which must be charged and discharged 
each pulse. All these are energy loss mechanisms which 
must be taken into account in the modulator design. 

2 TEST BED CIRCUIT AND COMPONENT 
DEVELOPMENTS AND RESULTS 

A high voltage modulator tank and test position in the 
Test Lab at SLAC has been modified into a Test Bed for 
NLC components. Figure 2 is a picture of the oil tank 
showing the thyratron, PFN and pulse transformer being 
tested.    Figure 3 is a simplified schematic of the test 

circuit. 
Fig 2. Test Bed for NLCModulator 

111111 ] 

Fig 3. Test Circuit Schematic 

The components to be studied for development and 
optimization for an NLC modulator are the PFN with its 
associated capacitors, the pulse transformer and the high 
voltage switch, which is still envisioned as a thyratron. 
The initial purpose of this development is to physically 
realize a simple, reliable modulator design which will 
meet the basic requirements of the NLC. The NLC 
modulator requirements are still evolving as an 
interdependent part of Klystron development, pulse 
compression and the high power RF ransmission system 
and the overall Linac tunnel construction. 

2,1 High Energy Density Pulse Capacitors 

The PFN under test is comprised of high energy density 
glass capacitors which are manufactured in St. 
Petersburg, Russia. These capacitors are made from a 
crystaline glass with a dielectric constant of 1000 and 
have a standard value of lOnF @ 40kV. A single 
capacitor, approximately 4T in diameter and aei thick 
including end connections, is shown in Figure 4. Two 
capacitors are placed in series to get to 80kV. The PFN 
has to store approximately 500 joules to deliver a pulse 
for two 75MW klystrons. The PFN will be made up of 40 

Fig 4. Russian K15-10 Glass Capacitor 

capacitor sections of 5nF each. The first testing of this 
configuration will be four parallel lines. Each line will 
have ten sections and an impedance of approximately 
19.3 ohms, for a total PFN impedance of 4.8 ohms. The 
PFN coils are designed with mutual inductance to help 
flatten the pulse top. See Fig 5. 

Fig 5. Four Parallel PFN Configuration 

It is anticipated that a tuning method at low voltage will 
be studied to eliminate the need for high voltage hot 
tuning of the modulator. This also means that klystron 
variations will be minimized and klystrons will be 
installed in matched pairs. 

2.2 Pulse Transformer Designs 

The pulse transformer is one of the more critical elements 
of the modulator. The transformer leakage inductance 
and distributed capacitance are often the limiting factor in 
pulse rise time. Much of these characteristics are 
controlled by the physical geometry of the transformer. 
The geometry is dictated by voltage standoff and cross 
sectional core area required. Stangenes industries 
designed a 14:1 pulse transformer of standard 
configuration. This transformer is designed with higher 
voltage gradients and is therefore smaller than previous 
models. The outline of this transformer is shown in Fig 
6a. Northstar Research has designed a double basket 
transformer depicted in Fig 6b. 

a)   Conventional b)    Double Basket 
Fig 6. Pulse Transformer Outlines 
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Preliminary tests using the Stangenes Industries 
conventional pulse transformer and a standard 5045, 15:1 
ratio, pulse transformer are compared in Fig 7. As seen 
both the rise time and fall time of the output pulse are 
greatly improved and approach the base NLC 
requirement. 

] 
Comp. with SMS Pul Trans formt r 

£■     .20 

S        -25 

■3D 

Fig 7 Transformer Beam Pulse Comparison 

We are planning test and analyze the Northstar Research 
double basket transformer configuration in the same 
circuit and make a direct comparison of the two design 
approaches. Prior to these tests, the test bed layout will 
be reconfigured to minimize loop inductances and control 
noise. Future pulse transformer development plans 
include investigating other core materials and stripline 
transmission line transformers. 

2.3 Thyratron Developments 

The thyratron remains as the most stable choice for the 
high voltage switch at this time. Thyratrons already exist 
which meet the voltage and current handling 
characteristics required, namely 80kV and lOkA. There 
are three major thyratron manufacturers in the western 
world and all three are aware our basic requirement. 
Long history with the SLC at Stanford Linear Accelerator 
Center has shown the thyratron be one of the more 
frequent failures for the modulator assembly. The 
reliability of the NLC is an integral part of the design and 
therefore even in the first cut early stages components and 
assemblies are being assigned values for MTBF. The 
required thyratron MTBF is 50,000 hours. This is a 
factor of five+ over the existing SLC thyratron. We plan 
to continue to work with the manufacturers in their 
development of a low cost, more reliable thyratron. 
Another factor in operating the large number of 
modulators and thyratrons is to eliminate the need for 
thyratron ranging (adjusting of the reservoir voltage 
during thyratron lifetime). EEV proposes a scheme, 
which they have used successfully, to pre-pulse grid 1 
instead of using DC to initiate a plasma at the cathode. 
We plan to set up this pre-pulsing arrangement in the Test 
Lab with thyratrons from different manufacturers to test 
and optimize the effects. Future advances in stacked 
solid state switches with regard to power handling, di/dt 
and reliability may in time make them the choice to 
replace the thyratron. 

2.4 High Efficiency, Capacitor Charging Supplies 

Physical size of the high voltage charging supply will also 
have a large impact on the NLC design. The power 
supply system needs to charge the PEN to approximately 
80kV at a repetition rate of 120 Hz. The PFN capacitance 
is 200 nF. It is desirable that the entire charging system 
fit into a 19" rack cabinet and be as small as practical. 
There are existing capacitor charging power supplies 
commercially available at lower voltage and power 
levels. This technology needs to be expanded to the NLC 
requirement. There are also multiple schemes for pulse 
charging of the PFN which require further investigation. 
The power supply community is being encouraged to 
develop supplies that will meet our requirements 

3. DEVELOPMENT PROGRAM PROJECTIONS 

We are currently projecting NLC modulator development 
work for the next eighteen months. We have two 
operational test areas, one in the Klystron Test Lab, and a 
second in the fourth modulator position of the NLCTA 
(End Station B - SLAC). 

3.1 NLCTA Prototype Operation 

The prototype klystron & modulator assembly shown in 
Fig. 1 will be completed in design and assembled in the 
Klystron Test Lab. After the usual testing, 
characterization, and shakedown, it will be installed in 
NLCTA and begin operational running to collect lifetime 
data for both the modulator, power supply, and klystrons. 

3.2 Component Development with Industry 

In the Klystron Test Lab, the more open test bed as 
shown in Fig. 2 will continue to be used to test various 
capacitor and PFN configurations, optimized pulse 
transformer designs, and when they become available 
from manufacturers, prototype long life thyratrons. The 
secondary systems associated with modulator and 
klystron operation will be developed and optimized for 
low cost production Participation of industry will be 
most important as in all of these areas, the quality, 
longevity, and cost of the components and sub-systems 
available will determine the configuration of the final 
modulator design. Even though we have adopted a very 
simple, conventional design for the prototype NLC 
modulator, there is still time to consider other ideas that 
could lead to a lower cost, higher efficiency, and more 
reliable design. We will work with interested parties on 
any promising developments. 

*Work supported by Department of Energy contract DE- 
AC03-76SF00515. 
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DEVELOPMENT OF THE PULSE TRANSFORMER FOR NLC 
KLYSTRON PULSE MODULATOR* 

M. Akemoto1, S. Gold, A. Krasnykh and R. Koontz 
Stanford Linear Accelerator Center, Stanford University, Stanford, CA 94309, USA 

Abstract 

We have studied a conventional pulse transformer for the 
NLC klystron pulse modulator. The transformer has been 
analyzed using a simplified lumped circuit model. It is 
found that a fast rise time requires low leakage inductance 
and low distributed capacitance and can be realized by 
reducing the number of secondary turns, but it produces 
larger pulse droop and core size. After making a tradeoff 
among these parameters carefully, a conventional pulse 
transformer with a rise time of 250ns and a pulse droop of 
3.6% has been designed and built. The transmission 
characteristics and pulse time-response were measured. 
The data were compared with the model. The agreement 
with the model was good when the measured values were 
used in the model simulation. The results of the high 
voltage tests are also presented. 

1   INTRODUCTION 

The klystron pulse modulator for the Next Linear 
Collider(NLC) requires to produce a 500kV, 530A, 1.5(is 
flat top pulse to drive a pair of PPM-focused 75MW 
klystron[l]. The R&D of basic elements, a charging 
supply , a PFN, a thyratron switch tube and a pulse 
transformer for a prototype NLC modulator are being 
performed at SLAC[2]. 

The power efficiency of the modulator is extremely 
important. The effective output power of the modulator is 
the power of the flat-top portion of the high voltage 
output pulse. Since a pulse transformer is a major 
contributor to the waveform, the pulse transformer 
requires a fast rise time. In order to achieve a rise time 
that is less than 400ns, we have improved the design of a 
14:1 pulse transformer by tradeoffs among the droop, the 
core size and the rise time. The test transformer has been 
built, and low and high voltage tests have been performed. 

2 ANALYSIS   OF   THE   PULSE 
TRANSFORMER 

In order to simplify the analysis, we consider the simple 
geometrical arrangement with rectangular core. A single- 
layer secondary is wound over a one-layer primary and the 
distance between layers is constant[3]. 

2.1 Equivalent circuit 

secondary inductance, the LL is leakage inductance, the CD 

is distributed capacitance, the LD is distributed leakage 
inductance. These circuit elements can be calculated from 
the geometrical constants of the transformer, dielectric 
constant of the insulation, and the permeability of the 
core material. 

LL 

Ideal 
l:n 

Figure 1. Equivalent circuit for the pulse transformer. 

2.2 Droop and core size 

The droop Dr is given by 
klyr 

~2L 

where Rkly is klystron impedance, x the pulse width and 
Ls the secondary inductance. 

The cross-section area of the core A is given by 
Vx 

AB N 
.v 

where Vs is the voltage of secondary, Ns the number of 
secondary turns and AB the total magnetic flux density 
swing of the core. Thus, the cross-sectional area of the 
core is inversely to proportional to the number of 
secondary turns. 

Since the secondary inductance Ls is calculated by 

where u.(1 is the permeability of free space, \ie the effective 
magnetic permeability, / the length of the magnetic path. 
Thus, the droop Dr is given by 

ABR kly    I 

2ii.fl V   N ^0   e s     * 

The droop is propoportinal to the length of the magnetic 
path and inversely to proportional to the number of 
secondary turns. 

2.3 Rise time 

The rise time tr is determined by 
Z.l cquivuieru ciiLuii (  x   L,Cn   • 

Figure   1   shows  an equivalent circuit  for  the   pulse     The leakage inductance LL is calculated by 
transformer. The LP is primary inductance, the  Ls is 

*Work supported by the Department of Energy contract DE-AC03-76SF00515 
♦ Visiting from KEK, permanent address: 1-1 Oho, Tsukuba-shi, Ibaraki-ken 305 Japan 
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LL~ Z    ' 
where A is the distance between layers, u the average 
circumference of the layers and L the winding length. 
The distributed capacitance CD is calculated by 

EnE  U-L 
r 0 r 
CD~       A 

where £„ is permittivity constant of free space, er the 
dielectric constant of the insulation and n turn ratio. 
Therefore, from using U=4VA+TT.A, the rise time is given 
by (  

-n-\ 
n 

It is found that the rise time strongly depends on the 
number of the secondary turns rather than turn ratio. 

2.4 Tradeoffs 

From the above analysis, it is found that a fast rise time 
requires low leakage inductance and low distributed 
capacitance and can be realized by reducing the number of 
secondary turns, but it produces larger pulse droop and 
core size. Thus, fast rise time and low droop are contrary 
to each other. Since a droop of several percentage can be 
compensated by making adjustments to the PFN, we can 
improve the rise time by tradeoffs among these 
parameters. 

3 FABRICATION OF TEST PULSE 
TRANSFORMER 

The conventional pulse transformer has been carefully 
optimized and designed by the model calculations. The 
transformer is an isolation transformer type with two 
parallel primary basket windings, and with two parallel 
tapered secondary basket windings as shown in Figure 2. 
It has been fabricated by Stangenes Industries, Inc. 

Parallel primaries and secondaries are wound on each leg 
providing bifilar characteristics. The core is made up of 3 
smaller subcores strapped together. Each subcore is wound 
from 0.002-inches thick, silectron grain-oriented silicon 
steel ribbon. Table 1 and 2 shows specifications and 
parameters of the pulse transformer, respectively. 

Table 1. Specification of the pulse transformer 
Primary voltage 33.2 kV 
Primary current 5320 A 
Secondary voltage 465 kV 
Secondary current 380 A 
Output impedance 1224 n 
Flat top pulse width 1.5 us 
Pulse droop 3.6% 
Rise time 250 ns 
Turn ratio 1:14 
Pulse repetition rate 180 pps 

Table 2. Parameters of the pulse transformer 
Parameters unit 

Total magnetic flux density swing T 2.0 
Effective magnetic permeability 1,500 
Core packing factor % 89 
Area of the core m2 0.0102 
Distance between layers in the mm 52 
high-voltage side 
Distance between layers in the mm 6 
low-voltage side 
Mean magnetic-path length m 1.04 
Effective winding length mm 260 
Circumference of the primary mm 538 
layer in the low-voltage side 
Number of primary turns turns 3 
Number of secondary turns turns 42 

4 LOW VOLTAGE TEST[4] 

4.1 Electrical parameters 

The primary inductance, secondary inductance, leakage 
inductance and the distributed capacitance between the 
primary and the secondary windings were measured in air 
with a LCR meter (BK Precision 875A). In the model 
calculation, the shape of the tapered basket and 
distribution of voltage along the windings were 
considered. The measured and calculated values are 
summarized in Table 3. It should be note that the 
calculated value does not include the inductance of the 
shorting strap across the primary. If the shorting is 
lOOnH, 19.6|iH should be subtracted from measured 
value. We are investigating the discrepancy between the 
calculations and the measurements. 

Table 3. Electrical parameters for the pulse transformer 
Item unit        Model calculated     Measured 

value value 
Primary Inductance u,H 
Secondary Inductance       mH 
Distributed capacitance     pF 
Leakage inductance U.H 

130 55.2 
25.48 10.81 
25 33 
80.36 122.2 

4.2 Transmission characteristics 

The transmission characteristics of the pulse transformer 
were measured in air with the network analyzer(HP 
3577A). The test circuit is shown in Figure 3. 

Figure 2. Side view of the pulse transformer. 
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Figure 3. Test circuit. 

Figure 4 shows the data of the amplitude and phase for the 
transformer as a function of frequency. A remarkable 
feature of the measurement data is a prominent sharp dip 
at 7.198MHz. This frequency corresponds to l/27tV LDCD. 
Therefore, the distributed inductance LD is determined to 
be 14.8uH by using measured distributed capacitance. The 
broken curve in this figure shows result simulated by a 
computer code Micro-Cap IV using electrical parameters 
of the measured values. The simulation gives a good fit to 
the data. 

u n V 
\j \ 1 \k ¥ 

»0 

Frequency (kHz) 

Frequency1 

Figure 4. Amplitude and phase for the pulse transformer 
as a function of frequency. 

4.3 Pulse response 

A square low-voltage pulse signal with a width of 2(J.s 
was fed to the primary side, and the output pulse 
waveform was measured in air with the oscilloscope as 
shown in Figure 3. The result is shown in Figure 5. The 
rise time(10-90%) was 190ns. The broken curve in this 
figure shows simulated result. The simulation gives a 
good fit to the data. 

5 HIGH VOLTAGE TEST IN OIL 

The high voltage test of the pulse transformer connected 
to a 5045 klystron has performed. The transformer was 
installed in the Test Stand 3 modulator oil tank. Figure 6 
shows an example of the klystron voltage waveform. The 
PFN was not adjusted to make a flat-top. A high voltage 
pulse with a rise time of 380ns( 10-90%) was successfully 
generated. The broken curve in this figure shows 
simulated result. In this case, a total of distributed 
capacitance included klystron and tank was estimated to be 
250pF. 

Figure 6. Output pulse waveform at the klystron. 

6   SUMMARY 

For the NLC klystron pulse modulator, we have improved 
pulse transformer design of 14 to 1 ratio by tradeoffs 
among the droop, the core size and the rise time. In the 
high voltage test of the transformer using a klystron load, 
a rise time of 380ns was successfully generated. The data 
calculated by the lumped circuit model are in agreement 
with the measured data. The model can also be used to 
optimize the design further. 
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A FAST 60 kV RESONANT CHARGING POWER SUPPLY FOR THE LHC 
INFLECTORS 

MJ. Barnes, G.D. Wait, TRIUMF 
E. Carlier, L. Ducimetiere, U. Jansson, G.H. Schröder, E.B. Vossenberg, CERN. 

Abstract 

The injection kicker systems for the two LHC beams will 
each consist of four magnets and four pulse forming net- 
works (PFNs), discharged by thyratron switches. Fast 
resonant charging systems (RCS) are used to charge the 
PFNs within 1 ms to 60 kV: fast charging minimises the 
number of unwanted erratically thyratron discharges. The 
stability and pulse to pulse reproducibility of the PFN 
voltage must be maintained to a precision of <±0.1%. 
Each RCS consists of a 2.4 mF primary capacitor bank, 
connected via a Gate Turn-Off thyristor (GTO) and a 
1:23 step-up transformer to two PFNs, each with an ef- 
fective capacitance of 0.96 ^F. The PFNs are discharged 
400 |J,s after the end of the charging period into the kicker 
magnets. The RCS include novel features such as a GTO 
used in Gate Assisted Turn-off (GAT) mode and a low- 
leakage inductance, high voltage, step-up pulse trans- 
former. This paper presents a basic design for the RCS, 
and the optimisation of the electrical circuit using PSpice. 
The RCS are designed, constructed and tested at TRI- 
UMF in collaboration with CERN as part of the Canadian 
contribution to the LHC project. 

1 INTRODUCTION 
The European Laboratory for Particle Physics (CERN) is 
designing a Large Hadron Collider (LHC) to be installed 
in an existing 27 km circumference tunnel. The LHC re- 
quires Injection Kicker Systems, devices for fast deflect- 
ing the incoming particle beams onto the accelerator's 
circular trajectory. Two pulsed systems, of 4 magnets and 
4 PFNs each, are required for injection[l,2]. The injec- 
tion sequence, during normal operation, consists of 12 
pulses with a period of 16.8s. However the RCS will be 
tested at 0.2 Hz, continuous. Fig. 1 shows a schematic of 

GTO 
(WG15045R20) 

Storage 
Capacitor zj= 
Bank 

v^storage/ 

-W I 
Snubber  Circuit 

R ^snubber 
r-A/V\—i 

Series 
Diode 

(Dseri„) 
CH- 

the RCS and the notation utilised for component names. 
The RCS will simultaneously charge two 5 £1 PFNs, 
which are connected in parallel (Fig. 1), to 60kV before 
the thyratrons are triggered. The stability and pulse to 
pulse reproducibility of the PFN voltage must each be 
maintained to a precision of better than ±0.1% [3]. Each 
RCS will have a 2.4 mF storage capacitor bank (C e) 
charged up to 2.5 kV. The storage capacitor bank is con- 
nected to the primary of a 1:23, low leakage inductance, 
step-up transformer, via a GTO and series diode. Each of 
two 5 Q PFNs is connected to the secondary of the trans- 
former via a cable, a charging resistor (R^, ) and a diode 
stack (D^ ). Each 5 Q. PFN can be considered to be a 
0.96 |iF capacitor during the charge cycle. The PFNs are 
discharged through a kicker magnet using thyratrons. 
When the GTO is gated-on, a resonance is excited be- 
tween the storage capacitor bank, the PFN capacitance 
and the leakage inductance of the pulse transformer. En- 
ergy is transferred from the storage capacitors to the 
PFNs. When the PFN voltage has reached its maximum 
value the high voltage diode stack, connected in series 
with each PFN, stops the resonance and electrically dis- 
connects the charged PFN from the transformer. The 
GTO switch turns-off, and the storage capacitor bank is 
recharged, at constant current, in a few seconds. 
Fig. 2 shows typical GTO current, PFN voltage, and the 
secondary voltage associated with the pulse transformer. 
The period of time when the positive voltage across the 
transformer secondary is increasing in magnitude is re- 
ferred to as the charge time; the period when the positive 
secondary voltage is reducing in magnitude is referred to 
as the backswing time. The effective charge time (ECT) is 
the sum of the charge time and backswing time. 
RCS's are used to charge the PFNs in order to reduce as 
much as possible the number of erratic thyratron turn-ons. 

Pulse HV Cable rulbe f~^ ff- N Filter  Capacitance 
Transformer 

1 ~1 

Damping 
Resistor 

(2  way  delay 

Figure 1. Schematic of Resonant Charging Supply 
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Figure 2. Typical secondary voltage, PFN voltage and 
GTO current waveforms 

This number is dependent upon the time period that there 
is high voltage across the thyratrons, hence it is advanta- 
geous to minimise the ECT of the RCS. 

2 POWER SEMICONDUCTOR SWITCH 

If a thyratron turns-on erratically, during the recovery 
period of the power semiconductor switch, the semicon- 
ductor can be subjected to a forward dV/dt of 90 V/p.s[4]. 
An SCR with suitable ratings for use in the RCS has a 
turn-off time (t) of typically several hundred microsec- 
onds. During the recovery period, forward voltage cannot 
be applied across the semiconductor switch without it 
turning on, and an SCR has a limited capability to with- 
stand positive dV/dt when forward voltage is reapplied. A 
GTO used in GAT mode, with suitable ratings for use in 
the RCS, would have a tq time of typically 10 p,s. In GAT 
mode negative voltage is applied to the GTO gate just 
before the main current falls to zero. A suitable GTO is 
theWG15045R20[5]. 

3 SNUBBER COMPONENTS 
The purpose of the snubber circuit is to limit the dV/dt 
across the GTO to an acceptable value. During normal 
operation, the ECT is increased at a rate of 32 |J.s/uF of 
the snubber capacitor value, and thus it is desirable to 
minimise the value of the snubber capacitor. A detailed 
consideration of several abnormal operating conditions 
resulted in the choice of a snubber capacitor with a nomi- 
nal value of 2 uF. The 2 |0.F limits the maximum pre- 
dicted dV/dt across the GTO, when a thyratron turns-on 
erratically during the recovery time, to 90 V/|ls[4] which 
is believed to be a safe value for the WG15045R20. 
The snubber resistor limits the magnitude of discharge 
current, from the snubber capacitor, into the GTO. The 
value of the snubber resistor is a compromise between a 
large value to limit this discharge current, and a small 
value for a relatively short time-constant for discharging 
the snubber capacitor. If the time-constant is too long, the 
snubber capacitor may still have a significant voltage 
across itself following the normal loop of conduction 
current through the GTO. A nominal snubber resistor 
value of 50 Q. represents a reasonable compromise. 

4 DAMPING RESISTOR 
The purpose of the damping resistor is to reduce the ECT 
and therefore the size of the transformer too. Without a 
damping resistor the ECT is 2100 |a.s, and the transformer 
volt-time integral (VTI) approaches 79 V.s., referred to 
the terminals of the secondary winding. 

■X 1500 

Figure 3. ECT and VTI as a function of the value of 
the damping resistor 

Fig. 3 shows plots of ECT and the transformer VTI as a 
function of the damping resistor value (Rdamp). Reducing 
the resistance increases both transformer reset time and 
the initial current into the GTO at turn-on: the reset time 
is the elapsed time at which the transformer core is reset 
to its initial value. In addition, dissipation in the damping 
resistor increases significantly with low resistance values 
(Fig. 4). The peak negative secondary voltage, following 
backswing, reduces as the resistance value is decreased. A 
low amplitude of negative voltage reduces the electrical 
stress on the secondary components. 
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Figure 4. Damping resistor dissipation and initial 
GTO current as a function of the resistor value 

A damping resistor value of 17.5 Q±5% gives a reason- 
able compromise: 17.5 Q results in a conservative value 
of initial current through the GTO immediately following 
turn-on (230 A), a transformer VTI of 45 V.s., an accept- 
able ECT (1300 (is), a minimum secondary voltage of 
-6 kV, a damping resistor dissipation of 48 W, and a re- 
set time of 60 ms. 

5 TRANSFORMER TURNS RATIO 
The charge time is determined approximately by the leak- 
age inductance of the transformer and the effective ca- 
pacitance. The effective capacitance during the charge 
time is approximately equal to the series sum of the PFN 
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capacitance, referred to the primary, and the value of the 
storage capacitor bank. The capacitance of the PFN is 
determined by the impedance of the PFN and its delay. 
Choosing a maximum storage capacitor voltage mini- 
mises the capacitance of the storage capacitor bank, and 
the charge time. A single WG15045R20 GTO is used for 
the RCS; Westcode recommend that the GTO be used 
with a DC blocking voltage of not more than 2.8 kV in 
the RCS. The transformer turns-ratio influences the ECT 
for the PFN. To evaluate the optimum, PSpice[6] simula- 
tions have been carried out[7,8]. For the optimisation it 
has been assumed that the value of the leakage inductance 
referred to the primary of the transformer reduces in in- 
verse proportion to the square of the turns ratio, which 
can be true over a limited range[9]. However the value of 
the PFN capacitance referred to the primary of the trans- 
former increases in proportion to the square of the turns 
ratio. The backswing time is dependent upon the sum of 
the parasitic capacitance of the secondary winding, and 
the capacitance of each of the HV cables and filters. This 
capacitance referred to the primary winding increases in 
proportion to the turns ratio squared: hence the backswing 
time increases with increasing turns ratio. Hence the op- 
timum value for the turns ratio is dependent upon the 
effective capacitance during the backswing time. Fig. 5 
shows a plot of both storage capacitance value and ECT 
as a function of turns-ratio. To limit the nominal value of 
the storage capacitor bank to 2.4 mF, a turns ratio of 1:23 
is chosen. 

6 CHARGING RESISTOR 

The purpose of the charging resistor is to both limit fault 
current if the thyratrons erratically turn-on during the 
charging cycle and, together with the filter capacitors, 

Figure 5. Storage capacitor value and ECT as a func- 
tion of transformer turns-ratio 

limit maximum dV/dt across the transformer secondary if 
the Dump Switch (DS) thyratrons turn-on erratically. 
Without filter capacitors, the secondary dV/dt would be 
almost four times greater than that recommended for the 
transformer[7,8]. A time-constant of approximately 
360 ns, for the charging resistor and filter capacitor, lim- 
its the maximum dV/dt across the transformer secondary, 
when both DS thyratrons turn-on simultaneously from 
maximum PFN voltage, to below 120kV/u.s[7,8]: this 
dV/dt is safe[9]. The optimum value of charging resistor 

has been determined using PSpice. The storage capacitor 
bank pre-charge voltage was selected to give the required 
PFN voltage. The time-constant of the charging resistor 
and filter capacitor was kept as 360 ns. The pre-charge on 
the storage capacitor bank is below 2.7 kV for charging 
resistor values of less than 100 £2. 

^charge 

Figure 6. ECT and VTI versus the value of the 
charging resistor (C„lter x Rcharge = 360 ns) 

Fig. 6 shows a plot of ECT and VTI versus the value of 
charging resistor. A minimum VTI is required for a value 
in the range of 60 Q. to 70 Q, and the VTI curve climbs 
less steeply for values greater than 70 £2. In addition the 
ECT decreases for increasing values of charging resistor. 
Thus a nominal value of 70 £2 has been selected. 

7 CONCLUSION 
This paper has described the process employed for opti- 
mising component values for a 60 kV RCS for the CERN 
LHC inflector system. The often conflicting requirements 
have been considered in selecting component values. 
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Abstract 

Kicker magnets are used for injection and extraction in 
the CERN PS. The addition of the LHC facility to the 
complex of accelerators at CERN requires an improved 
performance of the existing kicker magnet systems in the 
CERN PS. The injection kicker field must rise and fall 
from approximately 1% to 99% of full strength during the 
96ns time interval between bunches, whereas the extrac- 
tion kicker field must rise from approximately 0.5% to 
99.5% of full strength during a gap of 121ns created in 
the beam. The kicker magnet systems require pulse 
forming network (PFN) voltages of up to 80kV. Dis- 
placement current arising from the turn-on of a multi-gap 
thyratron can significantly increase the effective rise-time 
of the kick. Saturating inductors can be used to reduce 
both the effect of the displacement current and the rise- 
time of the main current pulse. This paper describes the 
results of measurements on a system which includes satu- 
rating inductors. Some of the measurements are compared 
with theoretical predictions. 

1 INTRODUCTION 

Three gap deuterium filled thyratrons[l] are used as 
switches for the PS kicker magnet systems. The individ- 
ual gaps in a three gap thyratron break down in sequence. 
Initially the gap closest to the cathode conducts and the 
full PFN voltage is shared between the centre and anode 
gaps. Approximately 40ns to 50ns later the centre gap 
starts to conduct and the full PFN voltage builds up 
across the anode gap. The collapse of voltage across one 
gap causes a displacement current to flow in the parasitic 
capacitance of off-state gaps. The displacement current 
flows in the external circuit and hence through the kicker 
magnet, and thus can increase the effective rise-time of 
the kick. One promising method of decreasing the effect 
of the displacement current involves the use of a 
"displacement current saturating inductor" (DISI) con- 
nected on (or near) the input of a kicker magnet. A 
"switching loss saturating inductor" (SLSI) may be con- 
nected adjacent to the thyratron anode to reduce the 
switching losses[2], so that thyratron life can be extended. 
This also improves the pulse voltage rise-time[3] and 
permits the adjustment of the thyratron reservoir voltage 
without any change in rise-time[4]. 

2   MEASUREMENTS 

2.1 Circuit 

tribution to the LHC project. The test circuit consists of 
an 80kV pulse generator which can deliver 40kV pulses 
into a kicker magnet. The pulse generator is a 30Q sys- 
tem, on loan to TRIUMF from CERN PS Division, and 
has been modified to permit testing with saturating in- 
ductors (SLSI) connected on the thyratron anodes (fig.l). 
The kicker magnet is a 10 cell, 31.5Q prototype transmis- 
sion line kicker magnet which was built at TRIUMF[5] as 
part of the KAON factory project definition study. This 
kicker magnet is based on the design of those of the 
CERN PS division[6]. The kicker magnet is housed in a 
vacuum tank and operated with PFN voltages of 60kV 
and 80kV for the tests described here. Measurements 
were performed with and without saturating inductors and 
with the kicker terminated in either a short-circuit or 
30Q. The circuit configuration is shown in figure 1. The 
one-way delay of Tx and Tmis 220ns and 26ns respectively. 
xs is 36ns for a resistive terminator and is 6ns when a 
short-circuit is placed at the output to the kicker magnet, 
at the Lemo connector that is at the base of the vacuum 
tank. 

DUMP SWITCH 
TERMINATOR 

DUMP  SWITCH 
THYRATRON S.LS.I 

Ä1 rfr- 

MAIN   SWITCH 

S.LS.I.        THYRATRON 

MAIN  SWITCH 
TERMINATOR KICKER  MAGNET D.I.S.I. 

SHORT CCT OR R 

Recent measurements have been carried out at TRIUMF 
in collaboration with CERN as part of the Canadian con- 

Figure 1. Block diagram of pulse generator and kicker 
magnet test system. 

The inductance characteristics of the saturating inductor 
is related to the cross-sectional area (CSA) of the ferrite. 
Ferrite toroids, manufactured from CMD5005[7], were 
connected on the input to the kicker magnet. The DISI 
ferrite is quite thin (2.5mm), with an inner diameter of 
40mm and a total CSA of 12cm2. Previous measure- 
ments^] have shown that the pre-pulse field is improved 
when 12cm2 of thin ferrite is used, rather than 12cm2 of 
thick (10mm) ferrite. The SLSI consists of 60cm2 

CMD5005 ferrite with an inner diameter of 1cm and an 
outer diameter of 7cm. The stray capacitance from the 
SLSI to ground enhances a 3rd pre-pulse displacement 
current peak in the voltage pulse[4]. 

2.2 Measurement System 

Capacitive pickups were installed on the high voltage ca- 
pacitance plates at the input and output of the magnet to 
measure the input (V,„) and output (V„J voltages. The 
field in the kicker magnet is determined from J(Vin-V„Jdt. 
An analogue integrator was connected on a channel of a 
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Tektronix TDS724A digital oscilloscope. The integrator 
time constant is approximately 2.6ju.s. This time constant 
is a compromise between too small a value, which results 
in considerable droop of a flat-top voltage, and too large a 
value which results in parasitic inductance of the inte- 
grator affecting the measured signal[8]. 
Signal averaging methods were employed in the 
TDS724A oscilloscope so that each waveform measured 
was the result of averaging 200 pulses. This improves the 
signal to noise ratio and permits accurate measurements 
of the pre-pulse displacement current. Measured data was 
transferred to a PC for processing. Software, which was 
developed at TRIUMF, reads in the data, and provides 
data manipulation functions which include: correction for 
droop of the analogue integrator; normalisation and phase 
advance/delay. The files are then read into Probe[9] for 
further processing. 
The voltage droop associated with the analogue integrator 
is compensated for by analysis methods presented in a 
previous paper[8]. There is also a small portion of the 
signal (2%) which is due to inductive coupling in the sig- 
nal cables situated inside the vacuum tank. The inductive 
coupling component was derived from measurements 
with the magnet terminated with a short circuit. This 
small correction was applied to the voltage waveforms 
from the capacitive pickups before calculating the field. 

tions showed that this notch can be corrected by installing 
speed-up networks at the input and the output to the mag- 
net each consisting of 200pF in series with 30£2 to 
ground. 

Time (s) 

Figure 2. Magnet field at 80kV PFN with MS and DS 
SLSI, in a 31.5ß kicker terminated with a short cir- 
cuit, with and without a 12cm2 DISI. 

2.3 Measurement Results 

Figure 2 shows the results of measurements with a PFN 
voltage of 80kV, a short-circuit terminator, a MS SLSI 
and a DS SLSI. The dashed line shows the kicker magnet 
field with 12cm2 DISI. The solid line shows the field 
without a DISI. Note that there is a notch (undershoot) at 
the beginning of the flat-top of the field. This is due to a 
mismatch at the input to the magnet caused by the induc- 
tance of the housing for the DISI ferrite. The short-circuit 
is applied external to the vacuum tank and thus there is an 
inductance to ground at the output which also contributes 
a small amount to the notch in the pulse. PSpice calcula- 

PFN 
(kV) 

MS 
SLSI 

DISI Term 0.5% 
rise-time 
(ns) 

1.0% 
rise-time 
(ns) 

60 no no R 152 144 
60 yes no R 166 158 
60 no yes R 105 76 
60 yes yes R 117 71 
60 no no SC 170 142 
60 yes no sc 180 153 
60 no yes SC 125 88 
60 yes yes sc 120 91 
80 no no R 156 148 
80 yes no R 165 157 
80 no yes R 111 81 
80 yes yes R 111 65 
80 no no SC 176 150 
80 yes no SC 183 155 
80 no yes SC 130 93 
80 yes yes SC 128 89 

Table 1. Measured field rise-times to 90% in the TRI- 
UMF prototype kicker magnet under various condi- 
tions. 

Rise-time measurements were performed without any 
speed-up networks. Since there is a notch in the flat-top 
of the pulses we present the data with rise-time defini- 
tions of 0.5% to 90% and 1% to 90%. This permits a con- 
sistent comparison of the effect that the ferrites have on 
the pre-pulse displacement current. Table 1 shows field 
rise-times for both 60kV and 80kV on the PFN, with and 
without ferrites, with a resistive terminator (R) and with a 
short-circuit (SC) terminator. In all cases there is a DS 
SLSI but this will not influence the front edge of the 
pulse. The DS SLSI reduces ripple at the trailing edge of 
the flat-top of the pulse which is caused by the DS anode 
displacement current. 
In table 1 the rows in bold face are those in which there is 
both a DISI and a MS SLSI. The rise-times for 60kV and 
80kV are the same. The short-circuit rise-times are longer 
than the resistively terminated rise-times as is expected 
since the fill-time is 64ns (52ns+12ns for the output strip- 
line) for the short-circuit case compared with 26ns for the 
resistively terminated case. There is a marked improve- 
ment in the rise-times if a DISI is used. The MS SLSI 
with no DISI causes an increase in the rise-time, due to a 
large 3'd displacement current peak; this shows up in the 
voltage waveforms but is not apparent in the integral, 
since the integration tends to blend the 3'" peak into the 
rising edge. The rise-time from 0% to 0.5% is 90ns when 
a DISI is installed for the short circuit case (fig. 3), so 
that a very small error in pre-pulse amplitude can intro- 
duce a large error in rise-time, depending on the rise-time 
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Figure 3. Pre-pulse kicker field with 80kV PFN, DS 
and MS DISI, with and without a 12cm2 DISI, with a 
short-circuit terminator or a resistive terminator. 

definition. This probably explains why for some of the 
cases, a slight improvement of rise-time occurs when 
there is a DISI with a MS SLSI, and in other cases it ap- 
pears to improve without a MS SLSI. 

Figure 3 shows the pre-pulse field for an 80kV PFN 
voltage with a MS SLSI installed. The magnitude of the 
pre-pulse field with no DISI is 2.8% (2%) of the full field 
with a resistive (short-circuit) terminator. The magnitude 
with a 12cm2 DISI is 0.9% (0.6%) of the full field with a 
resistive (short-circuit) terminator. The measured pre- 
pulse field with a resistive terminator and without any 
ferrites is 3.2% of the full field (fig. 4) 

4.5 T 

3 

2.5 

-Magnet Delay=26ns 
■ Magnet Delay=56ns 
-Magnet Delay=120ns 
- Magnet Delay=250ns 
- Magnet Delay=50Qns 

Impedance (fi) 

Figure 4 Calculated pre-pulse field amplitude as a 
function of magnet impedance and delay time without 
ferrites. 

3 CALCULATIONS 
The magnitude of the pre-pulse field, due to displacement 
current is dependent on the impedance of the kicker sys- 
tem. Fig 4 shows a plot obtained from PSpice calculations 
of the pre-pulse field versus magnet impedance for vari- 
ous magnet fill-times for the case without a SLSI or DISI 
in the circuit. The flat-top current in a kicker magnet, for 
a fixed PFN voltage increases as the magnet impedance 
reduces but the displacement current is almost constant. 

Therefore the amount of ferrite required to reduce the 
pre-pulse ripple is reduced for low impedance systems. 
Theoretical calculations were performed to optimize the 
PS injection kicker (FAK) configuration, which is a 15£2 
system operating at 80kV PFN voltage, using a PSpice 
model[9] of a thyratron[10]. The fill-time of the FAK 
with a resistive terminator is 56ns, which is to be com- 
pared with 64ns for the short-circuit TRIUMF magnet. 
The goal is to achieve a 0.5% to 99.5% field rise-time of 
121ns. The simulation carried out includes a DISI where 
the CSA has been optimised to 3cm2. However experi- 
ence with the KAON prototype 30Q kicker magnet at 
TRIUMF[8], operating at a PFN voltage of 50kV, 
showed that the DISI is slightly less effective at sup- 
pressing the effects of displacement current than pre- 
dicted; thus 4cm2 may be required for the FAK. Including 
a CSA of 3cm2 reduces the theoretical field rise-time from 
184ns to 134ns. In addition the values of four speed-up 
component networks have been optimized (with lossy 
transmission lines modelled). The resulting predicted 
field rise-time (0.5% to 99.5%) is 127ns. 

4   CONCLUSION 
The measurements show that there is considerable reduc- 
tion in the field rise-time with the inclusion of a DISI in 
the circuit ahead of the kicker magnet. The use of a SLSI 
has only a slight benefit for the rise-time. However a MS 
SLSI will cause a reduction in thyratron switching losses 
and permits the reservoir voltage to be adjusted without 
affecting the rise-time. The measurements confirm cal- 
culations and thus show that the calculations for the PS 
kicker are quite realistic. 
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