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Abstract 

We discuss the first experimental demonstration of elec- 
tron acceleration by a laser wakefield over distances greater 
than a Rayleigh range (or the distance a laser normally 
propagates in vacuum). A self-modulated laser wakefield 
plasma wave is shown to have a field gradient that ex- 
ceeds that of an RF linac by four orders of magnitude 
(E > 200 GV/m) and accelerates electrons with over 1-nC 
of charge per bunch in a beam with space-charge-limited 
emittance (1 mm-mrad). Above a laser power threshold, 
a plasma channel, created by the intense ultrashort laser 
pulse (I ~ 4 x 1018 W/cm2, A = 1 /mi> r=400 fs), was 
found to increase the laser propagation distance, decrease 
the electron beam divergence, and increase the electron 
energy. The plasma wave, directly measured with coher- 
ent Thomson scattering is shown to damp—due to beam 
loading—in a duration of 1.5 ps or ~ 100 plasma periods 
We also discuss a new concept for controlled laser injection 
of electrons in order to create monoenergetic femtosecond 
electron bunches. As in the above experiments it uses the 
plasma itself as the cathode, but also an additional laser 
pulse as a trigger. By use of a 2-D particle-in-cell numer- 
ical code, it is shown that this technique will produce 1- 
femtosecond duration electron bunches with energy spread 
at the percent level. 

1   INTRODUCTION 

Due to recent advances in laser technologyfl], it is now 
possible to generate the highest electromagnetic and elec- 
trostatic fields ever produced in the laboratory[2]. The 
interactions of these high-intensity and ultrashort-duration 
laser pulses with matter has come to be known as high-field 
science. In terms of basic research, these interactions per- 
mit for the first time the study of optics in relativistic plas- 
mas. Technological applications include advanced fusion 
energy, x-ray lasers, and table-top ultrahigh-gradient elec- 
tron accelerators. In the latter case, it may be possible to 
build an all-optical table-top injector, which produces GeV 
energy electron bunches with femtosecond pulse duration. 

When an intense laser enters a region of gaseous-density 
atoms, the atomic electrons feel the enormous laser electro- 
magnetic field, and begin to oscillate at the laser frequency 
(w = 2TCC/\ = ck). The oscillations can become so large 
that the electrons become stripped from the atoms, or ion- 
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ized. At high laser intensity (I), the free electrons begin 
to move at close to the speed of light (c), and thus their 
mass me changes significantly compared to their rest mass. 
This large electron oscillation energy corresponds to giga- 
bar laser pressure, displacing the electrons from regions of 
high laser intensity. Due to their much greater inertia, the 
ions remain stationary, providing an electrostatic restoring 
force. These effects cause the plasma electrons to oscillate 
at the plasma frequency (uip) after the laser pulse passes by 
them, creating alternating regions of net positive and neg- 
ative charge, where u>p = ^Ane2ne/jme, ne is the elec- 
tron density, e is the electron charge artd 7 is the relativis- 
tic factor associated with the electron motion transverse to 
the laser propagation. 7 depends on the normalized vector 
potential, a0, by 7 = v/l+~äf, where a0 = jvos/c = 
eE/m0ujc = 8.5 x 10-10A[/xm]'1/2[W/cm2]. The re- 
sulting electrostatic wakefield plasma wave propagates at 
a phase velocity nearly equal to the speed of light and thus 
can continuously accelerate hot electrons[3]. Up to now, 
most experiments have been done in the self-modulated 
laser wakefield regime[4, 5, 6], where the laser pulse du- 
ration is much longer than the plasma period, T » TP = 
2-KJujp. In this regime, the forward Raman scattering insta- 
bility can grow; where an electromagnetic wave (cj0,k0) 
decays into a plasma wave (ujp,kp) and electromagnetic 
side-bands (w0 ± wp, k„ ± kp). 

2   RECENT RESULTS 

A small number of relativistic hot electrons were observed 
in inertial-confinement-fusion experiments with long-pulse 
duration large-building size lasers and solid-density targets. 
However, it was shown only recently that electrons can be 
accelerated by a plasma wave driven by intense ultrashort- 
duration table-top laser pulses (I~4x 1018 W/cm2, A = 
1 /xm, T ~ 0.5 ps) and gaseous-density targets [7,8]. Under 
similar conditions, electrons were even observed to have an 
energies up to 44 MeV, with an energy spread of 100% [9]. 
Recently, we have shown that the accelerated electron beam 
appeared to be naturally-collimated with a low-divergence 
angle (less than ten degrees), and had over 1-nC of charge 
perbunch[10]. 

In this experiment, we used a Ti:sapphire-Nd:glass laser 
system based on chirped-pulse-amplification that produces 
3 J, 400 fs pulses at 1.053 /mi. The 43 mm diameter 
beam was focused with an f/4 off-axis parabolic mirror to 
r0 = 8.5 /xm (1/e2), corresponding to vacuum intensities 
exceeding 4 x 1018 W/cm2. This pulse was focused onto 
a supersonic helium gas jet with a sharp gradient (250 /urn) 
and a long flat-topped interaction region (75 /mi).   The 
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maximum density varies linearly with backing pressure up 
to the maximum backing pressure of 1000 PSI, and an un- 
derdense plasma at 3.6 x 1019 cm-3 is formed by the foot 
of the laser pulse tunnel-ionizing the gas. This plasma den- 
sity corresponds to a critical power of Pc = 470 GW. A 
sharp gradient and long interaction region are found to be 
essential. 

Moreover, as shown in Fig. 1, acceleration occured in 
this experiment[10] only when the laser power exceeded 
a certain critical value, Pc, the threshold for relativistic 
self-focusing.   The total number of accelerated electrons 
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Figure 1: The number of relativistic electrons accelerated 
as a function of incident laser power focused in a gas of 
helium at atmospheric density. 

(at all energies) was measured using either a Faraday cup 
or a plastic scintillator coupled to a photomultiplier tube, 
and the results were found to be consistent with each 
other. There is a sharp threshold for electron production 
at ~ 1.5PC, and the total number of electrons increases ex- 
ponentially and finally saturates beyond 4PC[10]. At 6PC, 
6 x 109 accelerated electrons were measured coming out of 
the plasma in a beam. By using aluminum absorbers, we 
determined that 50% of the electrons detected have energy 
greater than 1 MeV (corresponding to 0.5 mJ of energy in 
the electron beam). 

The electron energy spectrum (see Fig. 2) was measured 
using a 60° sector dipole magnet by imaging a LANEX 
scintillating screen with a CCD camera. The normalized 
distribution is found to have a functional form of exp(—cry) 
where a is a fitting parameter. In the low power case 
(< 6PC, no channeling), the normalized distribution fol- 
lows exp(—7), and when the laser power increases (> 
6PC, with channeling), the electron energy distribution dis- 
cretely jumps to follow exp(-0.67 7). The abrupt change 
in the electron distribution also occurs if the laser power is 
held fixed and the density is increased, as it should given 
the critical power threshold dependence on density. Below 
850 PSI (3.1 x 1019 cm-3, no channeling), the electron 
distribution follows the same trend as the lower power dis- 
tribution, and above 850 PSI (with channeling) it follows 
the higher power distribution. For the electron energy dis- 
tribution greater than 3 MeV, a significantly less steep slope 
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Figure 2: Normalized electron kinetic energy spectrum as 
a function of laser power at fixed electron density. The up- 
per curves represent the spectra obtained when self-guiding 
was observed; the lower curves represent unguided spectra. 
The two exponential fits are also shown. 

that extends to 20 MeV was measured using aluminum ab- 
sorbers. Even though the plasma wave amplitude increases 
as the laser power increases, the distribution only dramati- 
cally changes when self-guiding occurs. This indicates that 
extension in the accelerating length is the primary factor in 
determining the fitting parameter a. 

Measurements of the satellites in the spectrum of the for- 
ward scattered light indicated that a self-modulated plasma 
wave occurred when the laser power exceeded Pc/2. Since 
then, two independent research groups have simultaneously 
reported direct measurements of the plasma wave ampli- 
tude with a Thomson-scattering probe pulsefll, 12]. The 
field gradient was reported[12] to exceed that of a radio- 
frequency (RF) linac by four orders of magnitude (E > 
200 GV/m). This acceleration gradient corresponds to an 
energy gain of 1 MeV in a distance of only 10 microns. 
The plasma wave was observed to exist for a duration of 
1.5psor 100 plasma oscillations[12]. It was calculated that 
it damps only because all of the wave energy was converted 
to the accelerated electrons. Except for the large energy 
spread and low average power, these parameters compare 
favorably with medical linacs. In fact, the much smaller 
source size of a laser wakefield accelerator compared with 
that of a conventional linac, 10 microns compared with 
greater than 100 microns, may permit much greater spatial 
resolution for medical imaging. 

This enormous field gradient would be of limited use if 
the length over which it could be used to accelerate elec- 
trons were just the natural diffraction length of the highly 
focused laser beam, which is much less than a millimeter. 
Fortunately, we recently demonstrated that electrons can be 
accelerated beyond this distance[13]. At high laser power, 
the index of refraction in a plasma varies with the radius. 
This is both because the laser intensity varies with radius 
and the plasma frequency depends on the relativistic mass 
factor 7. Above the above-mentioned critical laser power 
Pc, the plasma should act like a positive lens and focus the 
laser beam, a process called relativistic self-focusing. This 
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is similar to propagating a low power beam over an optical 
fiber optic cable, except in this case the intense laser makes 
its own fiber optic. 

In order to diagnose the spatial extent of the plasma, a 
sidescattering imaging system with a spatial resolution of 
15 fim was utilized. We were able to resolve the growth of 
the plasma channel as a function of both laser power and 
plasma density. Fig. 3 shows the sidescattered intensity 
distribution as a function of laser power, and the plasma 
channel clearly extends as the laser power increases.   In 

Figure 3: On-axis images (left) and corresponding lineouts 
(right) of sidescattered light at various laser powers and a 
fixed initial electron density of 3.6 x 1019 cm-3. The vari- 
ous images and lineouts represent laser powers of P/Pc = 
(a) 1.6, (b) 2.6, (c) 3.9, (d) 5.5, (e) 7.2, (f) 8.4, and (g) 9.1. 
Note: the curves have been displaced vertically for ease of 
viewing. 

the lower power cases (< 2.6PC), the channel length is 
only ~ 125 /xm, which is smaller than the confocal pa- 
rameter (2ZR) of 430 /mi. As the laser power increases 
for a fixed gas density, the channel length first jumps to 
250 /zm at 3.9PC and then reaches 750 /*m at 7.2PC. The 
maximum channel length was observed to be 850 /mi at 
9.1PC. Note this is limited by the interaction length of 
the gas jet. At 5.5PC, the sidescattered image formed has 
two distinct foci, and when the power exceeds 7.2PC, ei- 
ther multiple foci or a channel are observed, depending on 
shot-to-shot fluctuations and the gas jet position. A simi- 
lar channel extension occurs if the gas density is varied at 
fixed laser power. For a 3.9 TW laser pulse, the channel 
extends to 250 /an at 400 PSI backing pressure (1.4 x 1019 

cm"3, 3.2PC) and 750 /mi at 800 PSI (2.9 x 1019 cm"3, 
7.0PC). The consistent behaviour at specific values of Pc 

for varying laser power or plasma density indicates that the 
channeling mechanism is relativistic self-focusing. 

The sidescattered light was spectrally analyzed by an 
imaging spectrometer, and the bulk of the emission comes 
from incoherent Thomson scattering of the blue-shifted 
laser pulse. We were unable to obtain any information 
about the plasma density or temperature from this mea- 
surement. The divergence of the laser beam transmitted 
through the plasma was measured using a diffusing screen 
and a CCD camera with a 1.053 /mi narrow bandpass filter. 
At all laser powers, the laser expands to twice the vacuum 
divergence, and we attribute this expansion to ionization 
defocusing. This is consistent with the strong blue-shifting 
we observe in the scattered spectra. Even though simu- 
lations indicate that the laser focuses to ~2 /mi[14], the 

complex dynamics that occur as the laser continually fo- 
cuses and defocuses in the plasma make it impossible to 
determine the minimum self-focused beam width from the 
far field divergence angle. 

A Maxwellian-like energy distribution has been 
observed in many previous experiments[15] and 
simulations[16], however no theoretical justification 
for it has been found to date. Because the energy distri- 
bution is exponential, a temperature in the longitudinal 
direction can be defined. The temperature of the low 
energy distribution changes from 500 keV (without guid- 
ing) to 750 keV (with guiding). In these plasmas, many 
different plasma waves can grow from various instabilities 
and local conditions. The interactions between these 
waves can lead to stochastic heating of the electron beam, 
so by extending the plasma length, the various waves 
will interact longer and heat the beam more. However, 
the dephasing length, Ld = \(UJ0/UJP)

3
, which gives the 

maximum distance over which acceleration can occur 
(170 ftm for our conditions), is significantly shorter than 
our accelerating length. From this expression, we would 
think that there would be no noticeable change in the 
electron spectrum when we extend the plasma length from 
250 /im to 750 /mi. Recent PIC simulations[16] indicate 
that this expression is too conservative for these highly 
nonlinear plasma interactions, and, in fact, the actual 
dephasing length may be many times longer. Consistent 
with our experimental results, these simulations indicate 
that the electron temperature, as well as the maximum 
energy, increase as the electrons propagate beyond the 
conventional dephasing length. 

The relativistically self-guided channel was found to in- 
crease the laser propagation distance by a factor of four 
(limited thus far only by the length of gas), decrease the 
electron beam divergence by a factor of two (as shown in 
Fig. 4), and increase the electron energy. The electron beam 
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Figure 4: Electron beam divergence as a function of laser 
power.    The various curves represent laser powers of 
P/Pc = (a) 3.4, (b) 5.0, (c) 6.0, and (d) 7.5. The two insert 
figures show the complete beam images for curves (a) and 
(c). 
profile was measured using a LANEX scintillating screen 
imaged by a CCD camera[10]. The LANEX is placed be- 
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hind an aluminum sheet which blocks the laser light, so 
only electrons greater than 100 keV can be imaged. Analy- 
sis of the electron spectrum indicates that the bulk of the 
electrons that create an image on the screen are in the 
100 keV to 3 MeV range. We have found, using aluminum 
absorbers, that the electron divergence does not depend on 
electron energy in this range. At low power (< 5PC), the 
electron beam has a Gaussian-like profile with a 10° radius 
at half-maximum (see Fig. 4). As the laser power increases 
and the plasma channel length increases to ~250 pm, a 
second peak seems to grow out of the low-power profile. 
Ultimately at the highest laser powers and longest chan- 
nel lengths, the divergence decreases to 5°, and the pro- 
file becomes more Lorentzian-like. The electron beam di- 
vergence should decrease as the longitudinal energy of the 
electrons increases since space charge will be less and the 
relative transverse momentum decreases due to the longer 
accelerating length. However, there should be a minimum 
divergence due to the space charge effect after the electrons 
leave the plasma. This effect is significant since the elec- 
trons are in the few MeV range (small 7) and the peak cur- 
rent is high (large number of electrons in a short bunch). 
We have roughly estimated the space charge divergence to 
be 6° by assuming 109 electrons at 1 MeV in a 1 ps bunch 
(note: Ohwhm °c y/N/Te(ß~f)3, where N is the number 
of electrons, re is the electron bunch duration, and ß*y is 
the normalized momentum of the electrons) [17]. The elec- 
tron beam emittance can be found from the measured di- 
vergence angle and the radius of the plasma channel, and 
in the best case (5° half-angle and 5 pin half-max radius), 
the calculated emittance (e = ro0hwhm) is 0.4 7r-mm-mrad. 
To verify that the reduction in the beam emittance is due to 
the extension of the plasma channel, another gas jet with a 
narrower width was used and the same measurements re- 
peated. In this case, the sidescattered images show that the 
channel length is limited to 360 /im and the electron beam 
divergence is fixed at 12° for all laser powers. 

3   FUTURE DIRECTIONS 
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Figure 5: Numerical solutions for the RLPA with an opti- 
mized sine pulse train at ne = 1016 cm-3 with CLQ = 1.2. 

In the above experiments, the plasma itself acted as the 
cathode (the source of the electrons). Since the electrons 
were picked up by the wave and accelerated with random 
phases, their energy spread was large. This may be ac- 
ceptable for medical radiological sources, where broad- 
band bremstrahlung x-ray radiation is created anyway, by 
focusing the electron beam onto a metal target. However, in 
order to create monoenergetic femtosecond duration elec- 
tron bunches, a new concept for laser injection of electrons 
was also developed theorectically (as shown in Fig. 6), 
again using the plasma itself as the cathode but with laser 
triggering[19].  Either transverse (as shown), collinear or 

' < N 

Injection 
pulse 

In several recent papers[ 18], we proposed an alternative ac- 
celerator concept, which we call the resonant laser-plasma 
accelerator (RLPA), having the following advantages: (i) 
by utilizing a train of laser pulses with independently ad- 
justable pulse widths and interpulse spacings, which are 
varied in an optimized manner, resonance with both the 
changing plasma-wave period and phase resonance width 
can be maintained in the nonlinear regime, and the maxi- 
mum plasma-wave amplitude is achieved; (ii) lower plasma 
densities can be used, thus avoiding electron-phase detun- 
ing; and (iii) lower peak laser intensities can be used, thus 
allowing for a reduction of laser-plasma instabilities. We 
numerically determined the characteristics of the plasma 
wave generated by a nonevolving, optimized laser pulse 
train in 1-D. In Fig. 5(a), we plot the wake field resulting 
from single pulse excitation (LWFA) including fast oscilla- 
tions of the laser pulse. 

Figure 6: Schematic of the LILAC injector concept. 

counter-propagating laser beams can be used for triggering. 
This is similar to giving several surfers identical pushes 
so that they all catch the same ocean wave in phase with 
one another. It was shown by use of a numerical code that 
with this method and by operating in the resonant wake- 
field regime (r ~ rp), it should be possible to produce 
femtosecond electron bunches with energy spread at the 
percent level. We call the concept LILAC, which stands 
for Laser Injected Linear Accelerator. 

Normally, electrons oscillating in the plasma wave can- 
not be accelerated by the wake field since they are out of 
phase with it. Electrons that are not part of the plasma 
wave, however, can become trapped—i.e., continuously 
accelerated—by the plasma wave, provided that they are 
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moving in the correct phase at nearly the phase veloc- 
ity of the wave [20]. Since this velocity is close to the 
speed of light, it is generally thought that the required pre- 
acceleration can only be accomplished with a conventional 
linac. However, the low-field gradient (< 10 MeV/m) [17], 
of a first-stage conventional linac prolongs the time during 
which beam emittance can grow before the beam becomes 
relativistic; after this point, self-generated magnetic fields 
can balance the effects of space charge. Even with state-of- 
the-art electron guns, the pulsewidth of the electron bunch 
can be considerably longer than the plasma wave period 
of a second-stage laser-plasma accelerator. It will thus fill 
multiple acceleration buckets uniformly in phase space, re- 
sulting in a large energy spread. Also, it is difficult to po- 
sition and focus the electron-beam in the plasma channel 
with micron accuracy, and synchronize the electron beam 
with the plasma wave acceleration phase. We have shown 
theoretically that it can simply be done with an additional 
laser pulse[19]. The basic idea is that once a laser wake 
field is excited by the longitudinal ponderomotive force of 
one laser pulse (the pump pulse), the transverse pondero- 
motive force of a second, orthogonally directed laser pulse 
(the injection pulse) can then be used to locally alter the 
trajectories of some of the plasma wave electrons such that 
they become in phase with the wave's electric field and thus 
accelerated to the trapping velocity [19]. 

By permitting the use of laser wake fields in the injec- 
tion stage, this concept not only dispenses with the need 
to merge two dissimilar technologies, as in proposed hy- 
brid systems[21], it also significantly increases the capa- 
bilities and applications of plasma-based accelerators. It 
is easier to synchronize in phase and overlap in space the 
processes of electron injection and acceleration by employ- 
ing the same basic mechanism for both. Improved elec- 
tron beam emittance may result from the increased field 
gradient in the first acceleration stage, by minimizing the 
time during which electrons are non-relativistic and thus 
most susceptible to space charge effects. A device based 
on this concept can be used either as a stand-alone accel- 
erator system or as an injector for either conventional or 
plasma-based high-energy accelerators. Both the energetic 
electrons and the high-energy photons into which they can 
be converted have numerous industrial, medical and scien- 
tific applications. 

As an injector stage for linear electron colliders for nu- 
clear and high-energy physics, this pulse length reduc- 
tion may have several interesting consequences. In the 
case of an electron-electron linear collider, it would have 
a higher limit on attainable luminosity by permitting a 
shorter ß (in effect, the Rayleigh parameter of the magnetic 
optics) at the final focus/intersection point and it would 
also reduce beam-beam effects by reducing the time dur- 
ing which the beams overlap. There would also be a reduc- 
tion in beam-beam Bremsstrahlung ("beamstrahlung") due 
to quantum mechanical effects. Such ultrashort-duration 
electron bunches may also become the basis for a new gen- 
eration of table-top radiation sources. They may increase 

both the coherence and gain of synchrotrons, free-electron 
lasers, or Compton-scattering sources. Additionally, the ul- 
trashort light-pulses that they may provide might be used 
to as "strobes" to probe temporal dynamics on the natural 
timescale of important ultrafast chemical, biological and 
physical processes. 
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Abstract 

Electron Cyclotron Resonance (ECR) ion source which 
produces highly-charged ions is used in heavy ion 
accelerators worldwide. Applications also found in atomic 
physics research and industry ion implantation. ECR ion 
source performance continues to improve, especially in 
the last few years with new techniques, such as multiple- 
frequency plasma heating and better methods to provide 
extra cold electrons, combined with higher magnetic 
mirror fields. So far more than 1 emA of multiply-charged 
ions such as He2+ and 06+, and 30 euA of Au32+, 1.1 enA 
of 238TJ48+, and epA currents of very high charge states 
such as 86Kr35+ and 238U60+ have been produced. 

1  INTRODUCTION 

Significant progress has been achieved since the first 
high charge state ECR ion source was developed more 
than two decades ago and it has become the choice of ion 
source for heavy ion accelerators worldwide [1,2]. Over the 
past years, ECR ion source development has evolved into 
two directions: production of higher charge states, more 
intense ion beams for accelerators; and compact ECR ion 
source with moderate performance for the production of 
radioactive ion beams and industry ion implantation. 
Figure 1 shows the present cw mode performance of high 
charge state ECR ion sources at various intensity levels as 
a function of atomic number [3,4]. 

30      40      50 
Atomic Number Z 

60      70 100 

Figure: 1 Present ECR ion source performance at various 
intensity levels as a function of atomic number up to 
uranium. 

ECR ion sources have been used to produce intense 
pulsed sulfur and lead ion beams for the heavy ion injector 
at CERN [5]. The present ECR ion source cw 
performance improved by pulsing (current ECR pulsed 
beam intensity is a factor of 2 to 3 or higher than its cw 
output [6]) or the next generation ECR ion sources with 
increased high charge state ion intensities could provide 
improved luminosity for the relativistic heavy ion 
colliders such as RHIC at Brookhaven National Lab. 

This paper is not intended as a broad survey of ECR 
ion sources, instead it will review the progress made in 
the last few years that has significantly enhanced the 
performance of high charge state ECR ion sources. 

2 ECR BASICS 

In an ECR ion source microwave power is coupled by 
Electron Cyclotron Resonance Heating into a plasma 
confined in a minimum-B field magnetic bottle to produce 
ions. As the electrons spiral back and forth between the 
magnetic mirrors they are heated in a thin zone at an egg 
shaped ECR surface where the microwave frequency COf 
matches the electron cyclotron frequency ooc; 

eB 

where e, me are the electron charge and mass, and B is the 
local magnetic field. 

The primary source of cold electrons in an ECR ion 
source is the stepwise ionization of atoms and ions. Ions 
and electrons are kept in a dynamic equilibrium by 
ambipolar diffusion which maintains the neutrality of 
outgoing plasma. That is, the longer average electron 
confinement is the longer average ion confinement. There 
are two electron populations in a high charge state ECR 
ion source, cold and hot electrons due to the ECR heating 
[6]. The hot electrons have energies from about ten to a 
few hundred keV and confinement times in the range of 
milliseconds. The dominant electrons are the cold 
electrons which have energies up to a few hundred eV and 
confinement times in the range of hundred microseconds. 
These cold electrons are not magnetically confined and 
tend to escape more rapidly from the plasma than the ions 
because of their much higher mobility. The average 
electron confinement time <te> in an ECR ion source can 
be expressed as; 

<xe> = (1 + ?^ec 
where nec, and neh are the cold and hot electron densities, 
and xec is the cold electron average confinement time. 
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This equation indicates that either a higher ratio of hot 
electrons to cold electrons or a longer cold electron 
confinement time Tec will increase the average electron 
confinement and thereby the average ion confinement time 
tj. High hot electron density and long ion confinement are 
very essential to ECR ion sources for the production of 
high charge state ions, especially those ions with 
ionization potentials of tens of keV in which the 
ionization cross sections are very small. To produce the 
high charge state ions, ECR plasma always tends to run 
as high microwave power as possible if the plasma 
remains stable and low neutral pressure to reduce the 
charge exchange. 

3 ECR ION SOURCE PROGRESS 

The current methods to maximize the performance of 
high charge state ECR ion sources include multiple- 
frequency plasma heating, aluminum oxide surface coating 
to provide extra cold electrons into the plasma, and 
improved plasma confinement with higher magnetic 
mirror fields. 

3.1 Multiple-frequency Plasma Heating 

The minimum-B field configuration in a high charge 
state ECR ion source can provide many closed and nested 
ECR heating surfaces, as graphically shown in Fig. 2, for 
incoming microwaves with various frequencies. Typically 
a single microwave frequency is used in an ECR ion 
source to produce only one egg-shaped ECR heating zone. 
The electrons are heated twice when they travel from one 
mirror point to the other. If two or more significantly 
different frequencies that match the minimum B-field are 
used, two or more well separate and nested ECR surfaces 
will exist in the ECR plasma. The lower frequency waves 
can propagate through the ECR plasma because a high 
charge state ECR ion source typically runs with an 
underdense plasma. With the multiple ECR surfaces, 
electrons can be heated four times or more for one pass 
from one end to the other and this will lead to a higher 
density of the hot electrons and enhanced production of 
high charge state ions. 

Plasma Chamber 
ECR Surface 4 ECR Surface 2 Region 

ECR surface 1 
ECR surface 3 

Tests with two-frequency plasma heating on the LBNL 
AECR ion source [7] have shown that plasma was more 
quiescent than single-frequency heating [8]. The short-term 
and the long-term plasma stability were both improved 
and more total microwave power could be launched into 
the plasma. With the improved plasma stability, the 
source can run at lower neutral inputs which indicates a 
lower neutral pressure since the mechanical pumping are 
the same. The lower neutral pressure and higher 
microwave power result in higher hot electron density. 
Tests were done to compare two-frequency heating to 
single frequency heating with the same gas and vapor 
inputs and the same total microwave power. The two- 
frequency heating shifted the peak charge state of bismuth 
slightly and enhanced the high charge state ions by a 
factor of 2 for charge states 36+ to 40+ [8]. The intensity 
increase and slight peak charge state shift indicate the 
difference between single frequency and two-frequency 
heating. With 15% more microwave power than the case 
of single-frequency heating, the two-frequency heating 
shifted the peak charge state for uranium from 33+ to 36+ 
and increased the intensity by a factor of 2 to 4 for charge 
states from 35+ to 39+ and produced greater enhancements 
for the higher charge states as indicated by Curve 1 and 
Curve 2 in Fig. 3. 

10.00 

< 
1.00- 

Figure: 2   Schematic view of the a few nested ECR 
surfaces in a high charge state ECR ion source. 

0.10 

Figure: 3 Charge state distributions for uranium produced 
with the LBNL AECR and AECR-U ion source. Curve 1 
indicates the case of single-frequency (14 GHz, at power of 
1.54 kW) heating and Curve 2 is the case of two-frequency 
(14+10 GHz, at total power of 1.77 kW) heating. Curve 3 
shows the higher charge state uranium ion beams produced 
with the AECR-U at higher microwave power (14+10 
GHz, at total power of 2.1 kW). 

3.2 Effects of the Extra Cold Electrons 

Besides the cold electrons from ionization process, 
ECR plasma needs additional cold electrons to enhance the 
production of high charge state ions. With these extra cold 
electrons, the high charge state ECR ion sources can run 
at lower neutral pressure and higher microwave power 
which are essential to the production of high charge state 
ions. 
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Various active methods, such as a microwave-driven 
first stage [9], an electron gun [10], a bias probe [11] and a 
plasma cathode [12], have been used to provide the extra 
cold electrons to ECR plasmas. The electrons injected by 
these active methods are mainly along the magnetic field 
lines. Except the bias probe, they are more complex and 
costly than plasma chamber surface coatings. In ECR ion 
sources the plasma chamber surface is parallel to the axis 
therefore a large portion of the secondary electrons emitted 
from the surface are perpendicular to the axis. Enhanced 
source performance by plasma chamber surface coatings 
with high yield of secondary electrons, such as Si02, 
Th02 and A1203, have been experimentally observed [13- 
15]. The improved source performance demonstrated that 
chamber surface coating-is an excellent method to provide 
the additional electrons needed by an ECR plasma. 
Empirically speaking, a good surface coating for an ECR 
ion source should have: 

1. High secondary electron emission. 
2. Resistance to plasma etching. 
3. Low material memory. 

Although the secondary electron emission of A1203 

(8max = 9) is not the highest, it is very resistant to 
plasma etching and has relatively low material memory. 
Plasma potential measurements have shown that A1203 

coating yields the lowest average plasma potential and it 
is almost independent of microwave power [16]. A lower 
plasma potential reduces the ion sputtering and improves 
plasma stability [17]. All of these desirable characteristics 
make A1203 the best surface coating for high charge state 
ECR ion sources. With an A1203 chamber surface 
coating, various ECR ion sources have shown that the 
ECR plasma can run at lower neutral pressure and 
substantially enhanced the production of highest charge 
state ions [3,4,18]. Listed in Table 1 are the performance 
of a few ECR ion sources with A1203 coating. 

Table 1. Performance of a few ECR ion sources with 
aluminum oxide coating 

ION 
LBNL 

AECR-U 
14+10 GHz 

Grenoble 
CAPRICE 

14 GHz 

RIKEN 
ECR-18 
18 GHz 

o6+ 
570 760 500 

07+ 306 100 130 

Ar14+ 77 15 25 

Ar16+ 21 1 5 

KrI8+ 100 55 

Kr25+ 19.4 2 

Xe28+ 21 10 

Xe31+ 7 
TJ36+ 13.3 1.4 

TJ39+ 9.3 0.17 

TJ48+ 1.1 

Currents are in e|aA. 

3.3 Higher Magnetic Mirror Fields 
Based on the so called "frequency scaling law" proposed 

in 1987 [13], a number of ECR ion sources were designed 
and built to operate at frequencies of 14, 18 and up to 30 
GHz [19]. The designed magnetic fields of these sources 
were typically with maximum mirror ratios of 2 to 3. The 
significantly improved performance of these higher 
frequency ECR ion sources, as compared to the lower 
frequency sources with lower magnetic fields, indicates an 
increase in the neii. 

Recent ECR ion source development demonstrated that 
the nominal magnetic mirror field with a maximum 
mirror ratio of 3 is not yet optimized for the current 
operating frequencies [20,21]. Significant improvement is 
still possible with higher magnetic mirror fields [22,23]. 

In an ECR ion source the plasma pressure Wpi can be 
loosely related to the magnetic field as; 

wpl = K (necTec + nehTeh)~ Bx      (1 < x < 2) 

where K is the Boltzmann constant, Tec and Ten are the 
cold and hot electron temperatures, respectively. A higher 
magnetic mirror field will surely improve the plasma 
confinement. It can sustain a higher plasma pressure with 
either a higher total electron density or a higher density of 
the hot electrons when the source operates at lower neutral 
inputs. Naturally the higher magnetic mirror field should 
lead to an enhanced ECR ion source performance. 

4 PERFORMANCE OF THE LBNL AECR-U 
ION  SOURCE 

Although its overall magnetic fields of the LBNL 
AECR were about 50% lower than other 14 GHz ECR 
ion sources, it had produced outstanding high charge state 
ion beams with the applications of two-frequency plasma 
heating and A1203 coating [8,16]. This ion source was 
recently upgraded (LBNL AECR-U) by increasing its 
magnetic fields. Shown in Fig. 4 is an elevation view of 
the AECR-U ion source. The maximum axial peak fields 
of AECR-U increased from 1.0 to 1.7 Tesla at the 
injection side and from 0.7 to 1.0 Tesla at the extraction 
region. With the center field remains at about 0.4 Tesla, 
the mirror ratios increased from 2.4 to 4.2 at the injection 
side and from 1.8 to 3.0 at the extraction region [3]. A 
new set of NdFeB permanent sextupole magnet raised the 
maximum radial field from 0.62 to 0.85 Tesla at the inner 
surface of the plasma chamber made from aluminum. 
After the magnetic field configuration was optimized to 
match the two-frequency plasma heating (14+10 GHz), the 
AECR-U demonstrated significantly enhanced performance 
compared to its predecessor. When tuned to produce the 
very high charge state ion beams or intense intermediate 
charge state ion beams, the source runs best at the 
maximum available microwave power of 2.1 kW from the 
14 and 10 GHz klystrons (1.5 kW and 0.6 kW, 
respectively). The optimum operation neutral pressure is 
also lower. Table 2 lists the present performance of this 
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ion source for a few typical elements. So far, 30 epA of 
Au32+, 18.5 e|iA of Au35+ were produced. For heavy ions 
at intensity of about 1 e|xA, the charge state shifted from 
42+ to 48+ for uranium-238 (see Fig. 3). The production 
of about 1 e(xA of the heaviest natural element with more 
than half its electrons removed represents a milestone in 
ECR ion source development. Besides the improvement 
on the heavy ions, an order of magnitude enhancement for 
fully stripped argon ions (I > 60 enA) also has been 
achieved. Hydrogen-like krypton ions at intensity of about 
epA were first time produced from an ECR ion source. 
High charge state heavy ion beams of xenon-136 up to 
46+ and uranium-238 up to 60+ were produced from the 
AECR-U source and were accelerated and extracted by the 
88-Inch Cyclotron. U60+ was accelerated to a record energy 
of 1.94 GeV at the cyclotron. The greatly improved 
performance of the AECR-U for the high charge state ions 
demonstrates the effect of higher magnetic mirror fields. 

Aluminum Aluminum/Iron 
NdFeB Plasma Extraction 

Iron Yoke Sextupole Chamber Electrode 

Microwave Feed 
(14+10 GHz) 

Iron 
Plug 

Injection 
Region 

Table 2. Performance of the LBNL AECR-U ion source 

Q O Ar Ca Kr     Q Xe Au Bi U 
6+ 570 30+ 10.2 35.5 

7+ 306 31 + 7 33.4 29.3 24.5 

8+ -75 32+ 4.6 30 29.3 24 

9+ 33+ 2.9 * 27 23 

10+ 34+ * 22.5 24.1 20 

11 + 270 225 35+ 1.6 18.5 * 16 

12+ 192 175 36+ 1 13.5 16 13.3 

13+ 120 125 37+ 0.6 * 11.9 12.7 

14+ 77 83 38+ 0.25 9.2 9.4 11.3 

15+ * * 39+ * * 9.3 

16+ 21 25.6 40+ 4.8 5.2 * 

17+ 1.35 * 116 41 + 3.2 4.4 5 

18+ 0.06 3.1 100 42+ * * 4 

19+ 0.25 79 43+ 2 3 3.1 

20+ 63 44+ 1.5 2.2 * 

21 + 50 45+ * * * 

22+ 40 46+ 1 1.2 1.8 

23+ 29 47+ 0.5 0.9 1.4 

24+ 22.6 48+ 0.6 1.1 

25+ 19.4 49+ 0.25 0.8 

26+ 18 50+ 0.15 0.5 

27+ * 52+ 0.1 

28+ 2.3 54+ 0.04 

29+ 0.4 55+ 0.02 

Note: Enriched isotopes of Kr and Xe were used. 
Current are in euA. *: Mixed ion species. 

Figure: 4 An elevation view of the LBNL AECR-U ion 
source. 

The AECR-U ion source and a similar version of this 
source under commissioning [24] at ANL are currently the 
only ECR ion sources that combine multiple-frequency 
plasma heating, aluminum oxide coating with a bias 
probe and higher magnetic mirror fields. The AECR-U has 
produced record intensities of high charge state ions. 
Unlike other high field ECR ion sources, the AECR-U 
has radial pumping through six radial slots, which also 
provide oven access. In the author's point of view this 
also contributes significantly to the source performance. 
The radial pumping results in better vacuum control inside 
the plasma chamber. A lower neutral density in a high 
charge state ECR ion source is critical for the production 
of high charge state ions as the charge exchange cross 
sections increase faster than the square of the charge state 
[25]. 

5 FUTURE ECR ION SOURCES 

Recent ECR ion source development demonstrated the 
further enhanced performance on high charge state ions 
remains possible with higher magnetic mirror fields. 
However the maximum field strengths reached by 
conventional magnets of practical size and power 
consumption is about 2 Tesla while superconducting 
magnets can achieve higher magnetic mirror fields. 
Previous superconducting ECR ion sources built 
demonstrated the feasibility of higher mirror fields with 
superconducting magnets [19,26,27]. New 
superconducting ECR ion sources with magnetic fields up 
to 4 Tesla and maximum mirror of 10 are under 
construction and commissioning [28,29]. Shown in Table 
3 are the design parameters for the new superconducting 
ECR ion sources, the Catania SERSE and the LBNL 3rd 
Generation ECR ion source. These higher magnetic mirror 
fields combines with multiple-frequency heating and better 
techniques to provide the extra cold electrons, should 
further greatly enhance the ECR ion source performance. 
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Table 3. Design parameters of the new superconducting 
ECR ion sources 

LBNL 3rd 
ECR source 

CATANIA 
SERSE 

Mirror field on axis (T) 4,3 2.7, 1.5 
Central field (T) Oto 1.0 0.4 to 0.5 
Typical radial field on I.D. 
of plasma chamber (T) 

2.4 1.4 

Mirror-mirror spacing (cm) 50 50 
I.D. of plasma chamber (cm) 15 13 
Proposed operating 
frequency (GHz) 

10+14+18 or 
6+10+14 ? 

14 to 30 
or? 
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VERY-LOW-ENERGY-SPREAD ION SOURCES* 

Y. Lee+ 

Lawrence Berkeley National Laboratory, 
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Abstract 

Axial ion energy spread of multicusp sources has been 
measured by three different techniques: an electrostatic 
energy analyzer for plasma ion measurement at the 
source exit; a magnetic deflection spectrometer; and a 
retarding-field energy analyzer for measurement of the 
accelerated beam. By introducing a magnetic filter 
inside the multicusp source chamber, it is shown that the 
energy spread of positive hydrogen ions can be reduced 
to approximately leV. The energy-spread values for H 
ions are lower. New ion source configurations are now 
being investigated to further reduce the ion energy 
spread to below 1 eV and maximize source performance 
reliability and lifetime. 

1 INTRODUCTION 

The multicusp source has been the ion source of choice 
for many applications due to its capability to produce 
large volumes of uniform, quiescent and high-density 
plasmas with high electrical and gas efficiencies. 
Recently, new applications have found use for multicusp 
ion sources because of their capability to generate ion 
beams with low axial energy spread. Some of these 
applications are ion projection lithography where low 
axial or longitudinal energy spread (< 3eV) is required to 
minimize the chromatic aberrations of the projected 
pattern [1]. In radioactive ion beam projects for nuclear 
physics experiments, an ion source with axial energy 
spread of less than 1 eV is needed to perform isobaric 
separation with a magnetic deflection spectrometer [2]. 
In low energy ion beam deposition processes, very low 
energy spread is required in order to separate and focus 
the ions properly [3]. In neutron time-of-flight 
experiments, a low energy-spread beam is needed to 
obtain a well defined short pulse [4]. 
This article reviews different techniques for measuring 
the axial ion energy spread of the multicusp ion source. 
It is demonstrated that the presence of a permanent- 
magnet filter can reduce the ion energy spread from 6 
eV to approximately 1 eV for moderate discharge power. 

The energy spread of the H' ions is generally lower than 
the source reliability and lifetime, various ion source 
configurations (such as the RF-driven and the co-axial 
type multicusp source) are being investigated. 
Preliminary results are presented in this article. 

2 EXPERIMENTAL ASSEMBLY 

6.1 Ion Source Arrangement 

The ion source tested have a multicusp generator 
arrangement: the external surface of the source chamber 
is surrounded by columns of samarium-cobalt permanent 
magnets with alternating polarity. These magnets 
generate longitudinal line-cusp magnetic fields that can 
confine the primary ionizing electrons efficiently. One 
end of the chamber is terminated by an end flange which 
is covered with rows of permanent magnets. The open 
end of the chamber is where the energy analysis takes 
place. As shown in Fig. 1, a magnetic filter system can 
be installed in the source chamber which provides a 
limited region of transverse magnetic field and divides 
the chamber into two regions: (1) the discharge or source 
chamber, where the plasma is formed and contains the 
energetic ionizing electrons and (2) the extraction 
chamber, where a plasma with colder electrons is found. 

MAGNETIC FILTER 
WATER JACKET, 

PERMANENT, 

MAGNETS 
iCTOR 

Figure. 1 Schematic of a multicusp ion source when is 
operated with a filament cathode. 

Two different types of multicusp source configurations 
have been tested: dc filament-discharge ion source, rf- 

* This work was supported by the Advanced Lithography Group (ALG) 
under CRADA BG-94-212(00) with the Lawrence Berkeley National 
Laboratory and the Division of Nuclear Physics, Office of Energy Research, 
U.S. Department of Energy under Contract No. DE-AC03-76SF00098. 
' Also with the Nuclear Engineering Department, University of 
California Berkeley, California, USA. 
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driven source. In the filament discharge, a steady-state 
plasma is produced by primary electrons emitted from a 
tungsten filament. The source is normally operated with 
a discharge voltage of 70 V and a discharge current 
between 2 - 10 A. In the rf-driven source, the tungsten 
filament of the filament discharge source is replaced by 
an rf-antenna operating at a frequency of 13.56 MHz. 
The antenna is fabricated with copper tubing and is 
coated with a thin layer of porcelain which enhances the 
discharge efficiency and prolongs the source lifetime. 

2.2 Axial Energy Spread Measurement Methods. 

A gridded retarding field energy analyzer has been used 
to study the longitudinal energy spread of the positive 
ion species at the plasma or first electrode [5]. The ion 
source and the energy analyzer assembly is illustrated in 
Fig.2. The energy analyzer contains a fine-meshed grid 
which is biased negatively for electron suppression and a 
collector for energy distribution measurement. The 
energy analyzer is connected to a computerized data 
acquisition system, cosisting of a computer and two 
multimeters. 

Filter. 

MulBcusp Ion Source 

V 

Data Acquisition System 

V = V, + V, 
R 

Figure. 2 Schematic of the ion source with the 
removable filter and the retarding field energy analyzer 
at the source aperture assembly. 

This technique does not require an acceleration system 
and it measures the true ion energy spread of the source. 
In this arrangement, the collected ion current as a 
function of bias voltage is first measured. The I-V 
characteristic is then differentiated to determine the 
energy spread (AE) which is defined as the full width at 
half maximum (FWHM) of the differentiated curve. 
A three-electrode extractionn system with a 0.6 mm 
diameter aperture has been used for beam formation. In 
normal operation, the ion source and the first electrode 
are electrically biased at 7 kV, and the second electrode 
at -1 kV with respect to the ground potential. The last or 
third electrode is connected to ground. In this 
configuration,   the   second   electrode   operates   as   a 

suppresser to prevent backstreaming electrons from 
accelerating back to the ion source. 
The retarding-field energy analyzer is used to measure 
the axial energy spread of the accelerated beam. Fig. 3 
shows the experimental setup which includes the ion 
source, the extraction system and the retarding field 
energy analyzer. The expanding beam is collimated well 
enough that the ion trajectories are almost parallel by the 
time they reach the collector plate of the enrgy analyzer. 
The collector plate, where the energy analysis takes 
place, is electrically connected to the ion source. A small 
battery or variable power supply is used to adjust the 
collector plate potential to + 90 V with respect to the 
source. The acfcelerated beam is slowed down by the 
time it reaches the collector plate in order to avoid high 
energy beam heating on metal. 

Movabli 
Fanday cup 

Retarding Field 
Energy Analyzer 

Collimator_ 
(defines    ,  ,  , 
fi-eone)     ^ 

Figure. 3 Schematic of the retarding field energy 
analyzer system for accelerated beam energy spread 
measurements. 

The magnetic energy analyzer is used to measure energy 
spread of various positive ion species and H" ions in the 
accelerated beam. A schematic of the source with the 
magnetic energy analyzer is shown in Fig. 4. The enrgy 
spread can be inferred from the output spectrum of the 
ion species. Each peak in the distribution has a finite 
width due to the axial energy spread of individual 
species [6]. 
The magnetic field B applied to deflect a singly charged 
ion of mass M and energy E to a gyroradius R is given 
by 

B(Gauss) = 144 [nE(eV)]1'2 /R(cm) 

where |X = M/Mp and Mp is the proton mass. As shown in 
the schematic of Fig. 5, the energy of the individual ion 
peaks is the same and the distance along the x-axis (the 
B-field) is proportional to (ME)"2. The center of the 
individual ion peak is the average energy of the 
extracted ion beam species. AE is the difference between 
E2   and   E,.   The   energy   spread   also   includes   the 
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instrumental contribution to the width which provides 
the upper limit of the energy spread. 

Figure. 4 Schematic drawing of a filament operated 
multicusp ion source mounted in a vacuum chamber. A 
magnetic analyzer is used for analyzing the collimated 
and accelerated beam. 

x=0      x a (ME)' 
Figure. 5 The axial energy spread is found from the ion 
species traces. The energy of the individual ion peaks is 
the same and the distances are proportional to (ME)"2. 
The position of the individual ion peak center is the 
average energy of the extracted ion beam species. 

3 EXPERIMENTAL RESULTS 

The results for the different analyzing methods are 
consistent. As expected, the axial energy spread of the 
ions is lower with the presence of filters than without 
[5]. When the source operates without a filter, the axial 
plasma potential decreases monotonically towards the 
plasma electrode, as shown in Fig. 6a. A and B are the 
maximum and minimum plasma potential values where 
ions can be formed. Ions formed at position A have more 
energy than ions formed in position B, given by the 
difference in potential between the two points. Positive 
ions generated at high plasma potential (Vp) will reach 
the extractor as well as the ions created at lower 
potentials. Since the ions are generated at positions with 
different plasma potential, they will have a spread in 
axial energy when they arrive at the extraction aperture. 

Due to the presence of primary electrons everywhere in 
the source, ionization may take place in the plasma 
sheath of the extraction aperture [5]. 
The presence of the filter reduce the energy spread since 
it create a region with a relatively uniform Vp profile in 
the discharge chamber region, as shown in Fig. 6b. 
Primary electrons are confined in the source chamber by 
the filter magnet fields as well as the multicusp field on 
the chamber walls. The potential gradient in the 
extraction region produces no effect on the energy 
spread. Since positive ions are produced within the 
source chamber region, they arrive at the plasma 
electrode with about the same energy due to the uniform 
Vp distribution. However, there is still a small potential 
gradient, given by the potential difference between point 
A and B (approximately 1 V), between the center and the 
filter region that causes a small spread. 

10      12      14 
Position (cm) 

a) 

b) 

10     12     14     16     IS     20     22     24 

Postion(cm) 

Figure. 6 (a) Axial plasma potential profile inside the 
source in the absence of a magnetic filter, (b) Axial 
plasma potential profile inside the source in the presence 
of a filter. 

3.1 Energy spread analysis at the source exit 

The axial energy spread at the source exit of filament 
driven ion sources without the magnetic filter ranges 
from 3 to 7 eV under different conditions of discharge 
current, and pressure. A typical I-V characteristic curve 
and its corresponding differentiated curve are shown in 
Fig.  7a and 7b. The data in Fig.  8  show that AE 
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decreases with increasing pressure when the plasma 
electrode is connected to the anode. At high source 
operating pressures, ionization takes place close to the 
filament cathode. Primary electrons do not reach the 
extraction region where Vp is decreasing rapidly. 
Secondary emission electrons originating from the 
plasma electrode will not have enough energy to ionize 
the neutral particles (similar to the effect of a filter) [5]. 
The energy spread of the source without filter increases 
with the increase of discharge current due to the increase 
of the plasma potential, as shown in Fig. 9. Such effects 
are absent in the case with filter because the relatively 
uniform plasma potential distribution remains in the 
discharge chamber. 

Bias Voltage (Volts) 

at a discharge current of 9 A. At a discharge current of 1 
A, the axial energy spread is 1.2 eV. 
The axial energy spread of the accelerated beam of the 
rf-driven multicusp ion source was measured with the rf 
power supply operated at ground potential. Voltage 
isolation is obtained by using a transformer with 
sufficient insulation in the matching circuit. Initial 
measurements of the axial ion energy spread for 
accelerated beam from the rf source were greater than 
100 eV, very large compared to the measured values of 2 
to 3 eV for filament discharge cases. This measured 
energy spread is comparable to the value that have been 
reported by Zackhary [7] and Olthoff et al [8]. 
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Figure. 8    Pressure vs. energy spread for a  10 
diameter source with and without a magnetic filter. 

cm 

Bias Vdtage (Volts) 

b) 
Figure.  7  (a)  The I-V characteristics of the energy 
analyzer for the filament discharge source, (b) The I-V 
curve of Fig. 5a is differentiated to obtain the axial 
energy spread. 

3.2 Retarding field enerergy analyzer measurements for 
accelerated beams. 

After accelerating the beam to 7 keV, the axial energy 
spread of the filament-driven source without filter is on 
the order of 5 eV due to the larger plasma potential 
variation inside the source where ions are formed. In the 
presence of the magnetic filter, AE is found to be 3.3 eV 

■ Without niter 

• With filter 

0.0 0.5 1.0 1.5 2.D 2.5 3.1) 3.5 

Discharge current (A) 

Figure. 9 Discharge current vs. energy spread for a 10 
cm diameter source with and without a filter. 

The large axial energy spread of the rf source may have 
been due to the rf voltage coupling to the extraction 
voltage, thus resulting in a modulation of the beam 
energy. The rf modulation has been eliminated through 
the following steps. Problems associated with ground 
loops between the measurement devices and the data 
acquisition circuits have been minimized with the use of 
fiber optics for electrical isolation and with longitudinal 
chokes (neutralizing transformers). Longitudinal chokes 
are used to eliminate longitudinal currents within the 
ground loop, while having an insignificant effect on the 
signal current [9]. 
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The axial energy spread is reduced when the rf power 
supply is installed at the high voltage platform, so that it 
is operated at the same potential as the ion source. The 
leads between the matching network and the induction 
coil are shielded to reduce the energy spread. Operating 
the rf power supply at the extraction potential enables 
complete shielding of the leads between the matching 
network and the induction coil. A voltage isolator 
between the matching network and the source is no 
longer required. Furthermore a set of capacitors that 
function as a low-pass filter can eliminate the 
modulation of the dc acceleration voltage with rf- 
interference. With all these modifications, the axial 
energy spread was reduced to 3.6 eV at 1 kW, which is 
approximately the same value as the filament discharge 
case. 

3.3 Magnetic energy analyzer. 

The ion species distribution for energy spread analyses is 
obtained by the use of the magnetic deflection mass 
spectrometer. In the distribution, each peak has a finite 
width due to the axial energy spread of individual 
species. The axial energy spread is defined in this case 
as the full width at half maximum (FWHM) of the peak 
signals. The advantage of using this method is that the 
energy spread of each species of hydrogen can be 
evaluated. The energy spread of IT ions has been found 
to be 2.3 eV, H2

+ 2 eV and H3
+1.7 eV. 

This technique can be used to measure the axial energy 
spread for H ion as well. It has been found to be 1 eV, 
half of that of the positive ions. H" ions are formed in the 
extraction region. Since the plasma potential gradient in 
this region is small, the H' ion energy spread is expected 
to be lower than that of the positive ions [10]. 

4 ADVANCED ION SOURCE CONCEPTS 
Ion source operation with a tungsten filament results in 
an erosion of the material that could contaminate the 
source and limit the lifetime. The RF-driven discharge is 
cleaner, and it does not have the lifetime limitation seen 
in the filament discharge. In the RF-driven source, an 
induction coil or antenna is used for the discharge. The 
antenna can be made of different materials: copper, 
aluminum, porcelain or glass coated copper, etc.. The 
porcelain coated antenna can better withstand the ion 
bombardment from the plasma and electrical as well as 
thermal damages than other known types of antennas. 
Furthermore, the coated antenna is more energy efficient 
since it eliminates the short-circuit between the plasma 
and the bare coil. With the increasing RF power 
requirements and different plasma conditions, the 
porcelain coated antenna sometimes fails to perform 
satisfactorily. A new antenna using quartz has been 

designed that will provide a longer lifetime and cleaner 
operation of the source. 
In general, it has been demonstrated that the filament- 
discharge, rf-driven sources have relatively low axial 
energy spread on the order of 1.7 to 3.6 eV with the use 
of the magnetic filter that levels the plasma potential 
distribution in the discharge region. These axial energy 
spread values are acceptable for some applications but 
even smaller values are needed for other experiments. A 
new ion source design (co-axial source) that could 
deliver an energy spread of less than 1 eV is being 
constructed and tested at LBNL. Results of its 
development will be reported in a near future. 
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Abstract 

We successfully produced intense beams of highly 
charged ions from various kind of gaseous elements, 
organic metallic compounds (by MIVOC method), and 
solid materials from RIKEN 18 GHz ECRIS. (e. g. 
160enA of Ar11+, 5e|aA of Ar16+, 80 e|^A of Fe13+ ). The 
ion confinement time of highly charged ions was also 
determined under the pulsed mode operation. 

1.   INTRODUCTION 

The intense beams of medium mass heavy ions, 
mainly metallic ions, has become one of the major 
requests of users in RIKEN Accelerator Research Facility. 
For satisfying such requests, a new ECRIS is demanded as 
an external ion source of the RILAC(Riken heavy Ion 
Linear AC_celerator)-Ring cyclotron accelerator 
complex[l]. This ECRIS is also required for the 
Radioactive Ion Beam Factory (RIBF) project, in which it 
is aimed to supply the various unstable nuclei beams to 
the experiments in various fields.[2] According to the 
scaling low proposed by R. Geller, the beam intensity 
increases with the micro wave frequency and magnetic field 
strength of ECRIS.[3] Therefore, we have chosen the 
micro wave frequency of 18 GHz for the new RIKEN 
ECRIS In this paper, we present the description of the 18 
GHz ECRIS and its performance in producing multi- 
charged heavy ions 

2. DESCRIPTION OF RIKEN  18 GHz ECRIS 

The detailed design of the ECRIS was described in 
ref. 4. A single 18 GHz-1.5 kW klystron supplies RF 
power to the source. The axial confinement of plasma is 
obtained by two solenoid coils which provide magnetic 
mirror field. The source is completely enclosed by an iron 
yoke in order to reduce the current of the solenoid coils. 
The maximum electrical power consumption is 140 kW. 
The mirror ratio is about 3.0 (Bmax ~ 1.4 T, Bmin ~ 0.47 
T). To confine the plasma radially, we use a hexapole 
magnet which consists of 36 segments, made of Nd-Fe-B 
permanent magnets. The field strength at the surface of the 
magnets is about 1.4 T. 

3  PERFORMANCE  FOR GASEOUS 
ELEMENTS 

It was observed that the intensities of highly 
charged ions were dramatically enhanced by coating the 

surface of the plasma chamber with aluminum oxide or 
using an aluminum plasma chamber[5-7]. It is due to the 
increase of the electron number emitted secondary by the 
electron impact. In stead of using these methods, we use 
an aluminum tube to cover the inner wall of plasma 
chamber. It is much easier than to construct a whole 
plasma chamber with aluminum. Figure 1 shows the 
obtained beam intensities of O, Ar and Kr ions. The 
extraction voltage was 10 kV. Open and closed circles 
show the beam intensities with using a tantalum tube and 
an aluminum tube, respectively. 
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Fig. 1 Charge State distribution of Ar and Kr ions. Open 
and closed circles represent the results obtained using the 
Ta and Al tube, respectively 

4. METALLIC IONS 

4.1. MIVOC method 
A MlVOC-method at an ECR ion source enables 

production of highly charged metal ion beams at room 
temperature conditions. In the MIVOC vapors of volatile 
compounds having metal atoms in their molecular 
structure are used to release metallic elements.[8-10] In the 
present experiments the MIVOC chamber was connected 
to the RIKEN 18 GHz ECRIS. The chamber( -300 cm3 

in volume) was attached to the gas feed tube via a rough, 
large conductance regulation valve to control flow rate of 
the compound vapor. In order to minimize contamination, 
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the plasma chamber wall was covered with a thin 
aluminum tube (thickness 1 mm) which could be easily 
replaced if necessary. Furthermore, the aluminum surface 
emits several secondary electrons per electron impact, 
which helps to increase plasma density. 

X(C5H5)2  X = Fe, Ni, Ru, Os 

<100 r 

Charge State 

Fig. 2. Charge distribution of Fe, Ni, Ru and Os 

Figure 2 shows the beam intensities of the 
highly charged Fe, Ni and Ru and Os ions. The ion 
beams were produced at room temperature from 
compounds of Fe(C5H5)2, Ni(C5H5)2, Ru(C5H5)2, and 
Os(C5H5)2. The extraction voltage was 10 kV. Typical 
gas pressure in the plasma chamber was 2xl0"6 mbar and 
in the extraction stage 7xl0"7 mbar. To produce these 
ions, we only need RF power of 150-500 w 

X(CO)6 X = Cr, Mo, W 

< Cr 

>> —-, 
Mo W 

■3pO 
c 
o +* 
c 
E 
a a> 

CD 

1 I i   i   i   I   i I   I   I I   i   i   i   i 

0 10 20 
Charge State 

Fig. 3 Charge state distribution of Cr, Mo, W 

The Cr, Mo, and W ion beams were produced from their 
hexacarbonyl compounds: Cr(CO)6, Mo(CO)6, and 
W(CO)6. A typical operation pressure was ~3xl0"6 mbar. 
Fig. 3 shows the beam intensity as a function of charge 
state of Cr, Mo, and W ions. The maximum beam 
intensities were around 10 |lA. The beam intensities of the 
highly charged ions produced from these compounds are 

remarkably smaller than those from the metalocenes. In 
the case of the hexacarbonyls, the metal ions are bound 
with six CO molecules. To produce Cr, Mo and W ions, 
all the bounds have to be cut by electron impacts. As a 
result, the number of metallic ions may be insufficient to 
produce intense beams of highly charged ions. 

4-2 Ta ions 
In order to produce highly charged Ta ions, we 

insert a Ta-rod (the diameter is 2 mm) to the plasma 
directly. Figure 4 shows the best results of Ta ions at the 
extraction voltage of 14 kV. 
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Fig. 4 Charge state distribution of Ta ions 

5.  Determination  of Ion  Confinement Time 

To produce highly charged ions in a ECRIS, good 
ionization and confinement are necessary. To determine tic 

(ion confinement time) and tion ( ionization time), it is 
crucial to measure the ion production rate as a function of 
time. The afterglow current is a good tool for observing 
the condition of a plasma directly.[ll] The duration of 
existence of a plasma can be controlled using pulsed mode 
operation. Figure 5 shows the Iaftergiow obtained for Ar11+ 

ions as a function of the RF duration (At). We define the 
saturation time (tsaturation) as the point of the intersection 
of the curves obtained, as shown in Fig. 5. The RF power 
was varied between 200 and 800 W. 

Figure 6 shows tsaturation as a function of the RF 
power. In this figure, we classify two regions, Region I 
and Region II,. In Region II, tion is shorter than tic. 
Usually tsaturation is strongly dependent on tjon , which is 
proportional to l/ne. The density and temperature of 
electrons in the ECRIS increase with increasing the RF 
power. [9] Then tsaturation decreases as RF power increases. 
In Region I, however, tic is shorter than tion. 

In this case, tsaturation is determined by tic. The 
staying time of the ions is too short to achieve 
equilibration. tsaturation is influenced only slightly by the 
density and temperature of electrons in this case. 
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Fig. 6 The obtained tsaturation as a function of RF power 
for argon ion charge state from 8+ to 12+ 
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Fig. 7. The obtained ion confinement time as a function 
of the charge state of argon ion 

When we assume tic «tion, the rate equation [12]can be 
written as 
dni/dt = -(l/tic)ni (1) 
where n, is defined as the density of i-th charge state ions. 
When this equation integrated from t = 0 to t, then 
n; = nU 1- exp(-t/tic)) (2) 
Using eq. (2), we fitted Iaf,ergiow for the lowest RF power 
in Region I to determine tic. Figure 7 shows the obtained 

tic as a function of the charge state of Ar ions. tic 

increases exponentially as a function of the charge state of 
the ions. Figure 8 shows the ion confinement time of 
highly charged Ar ions as a function of current to solenoid 
coils. 
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Fig. 8 Ion confinement time as a function of current of 
solenoid coils 

6.   CONCLUSION 

We have tested the RIKEN 18 GHz ECRIS to 
extract various ions. We successfully obtained the intense 
beams of highly charged ions from various kind of 
gaseous elements, organic metallic compounds (by 
MIVOC method), and solid materials. The ion 
confinement time of highly charged ions was also 
determined under the pulsed mode operation. 

References 
Y. Yano, Proceedings of 13th International 
Conference of Cyclotron and Their Applications 
(World Scientific Publishing, Singapore, 1993) pl02. 
Y. Yano et al, in this proceedings. 
R. Geller, Annu. Rev. Nucl. Sei., 40(1990)15 and 
references therein. 
T. Nakagawa et al., Proc. of the 5th European Particle 
Accelerator Conference (IOP.Bristol, 1996)pl478 
T. Nakagawa , J.J.A.P. 30(1991)L930 
Z.Q. Xie and C. M. Lyneis. Rev. Sei. Instrum. 
65(1994)29 
D. Hitz et.al, Poc. 12th Int. Workshop on ECR Ion 
Sources (Univ. Tokyo, Tokyo, 1995)p.l26 
T. Nakagawa et al., submitted to Nucl. Instrum. and 
Methods A. 
Kiovista et al., Nucl. Instrum.Methods.B94(1994)291 

[10]H. Waldmann and B. Martin Nucl. Instrum. Methods 
B98(1995)532 

[11]R. Geller. Electron cyclotron resonance ion sources 
and ECR plasma (IOP, Bristol, 1996)p256 and 
references therein 

[12]R. Geller. Electron cyclotron resonance ion sources a 
nd ECR plasma (IOP, Bristol, 1996)p266 and 
references therein 

[1] 

[2] 
[3] 

[4] 

[5] 
[6] 

[7] 

[8] 

[9] 

2674 



INITIAL TEST RESULTS FROM A MULTICUSP SOURCE FOR 
TRIUMF'S RADIOACTIVE BEAM FACILITY 

T. Kuo, D. Yuan, K. Jayamanna, M. McDonald, R. Baartman, G. Mackenzie, P. Bricault 
M. Dombsky, P. Schmor, G. Dutto, -TRIUMF and 

Y. Lee, K-N Leung, D. Williams, R. Gough -LBNL 

Abstract 

A multicusp source for positive ion beams has been de- 
signed and constructed in collaboration with the Ion 
Beam Technology Department of LBNL for the TRIUMF 
ISAC project. This type of source has demonstrated a 
high yield of singly charged ions, a low energy spread 
and a good emittance and is compact and simple. Several 
stages of tests and measurements using non-radioactive 
beams to characterize the source performance are being 
carried out both at LBNL and at TRIUMF prior to the 
final phase of radioactive target-source system tests. Re- 
sults of these non-radioactive tests and certain problems 
encountered are reported and discussed in this paper. 

1 INTRODUCTION 

Radioactive ion species required for TRIUMF ISAC re- 
search project [1] will be mainly up to mass 30. In order 
to obtain a highest RIB to primary beam efficiency, ion 
sources which is efficient in producing singly charged 
ions are under study. The criteria for RIB ion sources are 
more restrictive than those for non-radioactive sources. 
In addition to having to have a high efficiency, good 
emittance and small energy spread, a particular source 
under consideration must be very simple, highly resistant 
to radiation damage and must have a fast transient time 
for isotope release. Since surface chemistry is extremely 
sensitive and critical between the radioactive isotopes and 
the material along their path to ionization/extraction, the 
RIB target-sources are nuclear chemistry and high tem- 
perature effect dominated. 

At TRIUMF, surface ionization source [2] for alkaline 
species has been in use successfully for TISOL programs 
and it will be the first source to be used for ISAC. For 
gaseous and non-alkaline metallic species production we 
are exploring other source options such as compact mi- 
crowave source and compact multicusp source. 

2 TRIUMF-LBNL MULTICUSP SOURCE 

Multicusp volume source [3] has demonstrated a high 
yield of single charged ions, a good emittance and a low 
energy spread. It was of great interest in 1994 to examine 
that whether such source can be a candidate for the ISAC 
project. Since then a source of this type has been de- 
signed and constructed in collaboration with the Ion 
Beam Technology Department of LBNL. The magnetic 
structure of this source is modeled after the LBNL's RF 
powered cusp source[4], using 10 rows of cusp lines on 

the cylinder, 10 radial lines in the front plate and 4 lines 
in the back plate for complete magnetic enclosure. All 
magnet bars are directly water cooled. The plasma 
chamber is 20 cm in length and 20 cm in diameter. A 
48mm circular opening centered in the front plate allows 
the penetration of the plasma and extraction electrodes to 
the front surface of the plasma. The plasma electrode is 
not cooled and allowed to go up to near 2000°C. The 
plasma and extraction apertures are 3mm in diameter and 
a tungsten filament 18cm long, 2.4mm in diameter pow- 
ered by 200 amperes is used. A 2000°C tantalum liner is 
designed for on-line use but not installed for non- 
radioactive beam tests. Typical arc power used ranges 
from a few ten of watts to 1.5kW. There is no threshold 
for plasma ignition, a mW (100V,10/zA) will begin to 
show beam of interest. Several stages of tests and meas- 
urements using non-radioactive beams to characterize the 
source performance have been carried out both at LBNL 
and at TRIUMF. 

3 FIRST TEST AT LBNL 

In August 1995 the cusp source was shipped to LBNL for 
the first phase of test during which some subsets of 
source property such as ion species population, beam 
intensity, gas efficiency were measured. The source was 
first mounted on a teststand where a small mass energy- 
analyser was immediately after a single stage extraction at 
600 volts. Argon and nitrogen were the gas samples been 
tested for species distribution. Ar +/Ar + and N2 

+/N + 

ratios as a function of source pressure, gas flow, arc volt- 
age and current were scanned through. About 200 scans 
were taken and some sample results are shown in Fig. 
1(a) and 1(b). 

As can be seen from Fig. 1(a), the ratios of Ar +/Ar + 

are mainly determined by arc voltage. For example, at 
3.7x10 torr source pressure the ratio is about 40-50 to 1 
at 50 volts then falls rapidly to 15 to 1 at 150 volts. 
Variation of arc current from 5A to 15A will not change 
the ratio appreciably but change the extracted beam inten- 
sity. For the case of nitrogen ions, however, the N2 

+/N + 

is in the factor of 1000 to 1 at 1A and 50 to 1 at 5A, 
rather insensitive to arc voltage at about 5x10 sees gas 
flow. Similarly, the N2 

+/N + ratios as seen from Fig. 1(b), 
are more arc current dependent than voltage dependent. 
At 50 volts and low gas flow (5x10 sees), the ratio var- 
ied from 20 at 0.5A to 0.6 at 13.5A. These ratios do not 
change appreciably up to 150 volts. 
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Fig. 1. Argon and nitrogen gaseous species as a function 
of arc voltage and current 

The beam currents of argon and nitrogen ions were meas- 
ured on another teststand which is equipped with a fara- 
day cup and secondary electrons recapture mechanism, 
current intensity as a function of extraction voltage 
(Child-Longmuir curve) at 5 different arc currents were 
measured. With a gas flow of 6.6x10" sees and an arc 
power of 150V/5A, we obtained 0.3 mA Ar beam at 1.3 
kV, 0.8mA at 2 kV and 1.0 mA at 3.8 kV. Likewise, with 
2.6x103 sees nitrogen flow and an arc of 100V/4A, the 
total nitrogen beam (N2 

++N+) were 0.35, 0.95 and 
1.2mA respectively. Below 1.5 kV the beam extracted is 
insensitive to arc power and gas flow variation. 

4 TESTS AT ISAC TESTSTAND 

A non-radioactive source/matching section/separator test- 
stand for ISAC has been constructed for source study and 
optics verification. It is also used as a testbed for the new 
EPICS control system as well as various diagnostics de- 
vices. The cusp source was used to provide easy beams 
for the initial commissioning. Due to some instrumenta- 
tion difficulties and uncertainty in measuring the beam 
emittance for the cusp source at the early stage of com- 
missioning, a prototype ISAC surface ionization source 
[5] was later used for the optics verification for the 
matching section and the separator. Very good agree- 
ment has been obtained between the computed and meas- 
ured emittance ellipses based on a given set of optics 
tune. 

4.1 Cusp Source Emittance 

An Allison type scanner was constructed for heavy ion 
emittance measurement. However, the position of the 
scanner had to be located about 1.5 meter from the point 
of extraction. The divergence resolution of the device 
was found to be 3 mrad. These two limitations made it 
necessary to use a focused beam with a divergence less 
than +/- 8mrad for measurement.  A focused beam gave 

an emittance of -7.5 7i-mm-mrad while an unfocused 
beam always showed a value larger than 10 rc-mm-mrad. 
This discrepancy made it difficult to determine the waist 
size and the actual emittance value. In addition, the signal 
to noise ratio was poor for low current scanning. As a 
result, a systematic emittance data set as functions of en- 
ergy, arc power, ion species and optics tunes has not yet 
been obtained. 

4.2 Extraction 

The initial extraction system designed for the cusp source 
used a three electrode arrangement. The extractor was 
designed to be set at 4 kV negative to the plasma elec- 
trode while the third put at ground potential. When this 
extraction system was tested at the teststand with 30 keV 
beam energy, we were forced to use about 1.3 kV extrac- 
tion to achieve the best beam transmission. This resulted 
in low current intensity and loss of benefit from higher 
arc power and gas flow. The "system gas efficiency" 
appeared to be very low. A new five-electrode system 
including an einzel lens has been designed using IGUN 
simulation code and was tested briefly at LBNL with a 15 
keV nitrogen beam. A gain of 4 in beam intensity was 
obtained with the einzel lens on than without for a +/- 5 
mrad divergence drift, mainly due to a higher extraction 
voltage permitted to be set by the einzel lens. The cusp 
source and the five-electrode extraction system will be 
reinstalled to the ISAC teststand for beam current, emit- 
tance and gas efficiency test up to 60 kV. 

4.3 Source Gas Efficiency 

The source gas efficiency was obtained with a single ex- 
traction gap using extraction voltage above saturation and 
a Faraday cup immediately after the extractor electrode. 
This set up disregards any optics requirement. Since the 
dominating ion species is singly charged, the gas effi- 
ciency is approximately represented by the ratio of the 
extracted beam currents to a calculated currents as if all 
the inflow gas were singly ionized. For the source under 
test we observed that the efficiency increases as arc 
power increases and as gas flow decreases. The depend- 
ence on gas flow at 500 watts arc power is shown in Fig. 
2. The ionization of Ar is quite efficient, up to 80% at a 
small flow (0.4x10"3 sees) but falls to 25% at a higher 
flow (3xl0"3 sees). For N2 gas the overall nitrogen beam 
has a less gradient dependence on gas flow, from 20% at 
0.3xl0"3 sees to 15% at 2.2xl0"3 sees. 

4.4 System Gas Efficiency 

The system gas efficiency was obtained from the beam 
current achievable after the image slit (2 mm in width) of 
the separator. The optics quality of the extraction system 
becomes very critical. Results from the initial commis- 
sioning of the teststand showed that only 5% of the 
source efficiency can be translated to the system effi- 
ciency for both Ar1+ and N2'

+at 28 keV beam energy. The 
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Fig. 2. Source gas efficiency as a fuction of flow at 0.5 
kW. 

system efficiency dependence on gas flow was very 
similar to that of the source efficiency except for a scaling 
factor of 1/20. A 0.8 mm image slit will drop the system 
efficiency further to about 3% of the source efficiency. 
In other words, only 0.6% system efficiency for N2 

+ at 
the best. 

A Neon leak gas of 2x10 sees was sent to the source 

with N2 or He as support gas. A total of 120 nA of Ne + 

was recorded after the 2 mm image slit (1.3% system eff.) 
-4 

when a minimal N2 support gas (1x10 sees) was used. 
As the N2 support gas was increased the Ne + beam cur- 
rent fell off very rapidly, to 0.05% when N2 gas flow 
reached 2.2x10 sees. The use of He as support gas im- 
proves the Ne + efficiency to 1.5% and the falloff was not 
as steep. 

5 ENERGY SPREAD MEASUREMENT 

The longitudinal energy spreads of the cusp source were 
measured at LBNL in April, 1997 using an axial retarding 
field energy analyzer designed by IMS [6] and optimized 
by LBNL. The details of the instrument and method of 
measurement is presented in the invited talk given by Y. 
Lee [7,8] at this conference. A very low energy spread of 
1.25 eV was obtained with a 2 keV Argon beam. 

The ion current /; through the 3 mm entrance aperture 
of the analyzer was used as an independent parameter. 
We observed a strong dependence of measured energy 
spread on the ion beam current /. while the beam energy 
is fixed. As shown in Fig. 3, Beams at 2, 4, 6, 8 and 10 
KeV are plotted as a function of /.. There is a common 
trend that energy spread increases as It increases rather 
independent of beam species, arc power and beam optics. 
This ion current dependence is tentatively attributed to 
the severe space charge effect as the beam energy ap- 
proach to zero. On the other hand, energy dependence 
trend might come from a deeper field penetration to the 
plasma and from the gas ionization effect inside the ana- 
lyzer. It should be pointed out that measurements were 
made without an internal filter near the extraction. Add- 
ing a weak dipole field (-10 gauss) did not seem to have 
an observable effect. 

6 SUMMARY 

The TRIUMF/LBNL cusp source under test indeed shows 
its merit in generating copious singly charged gaseous 
ions. The source gas efficiency for argon beam can be up 
to 80% while the system gas efficiency is not yet opti- 
mized due to some deficiency in the extractor design. 
Initial emittance scan shows a figure less than 10 7i-mm- 
mrad using a focused beam tune. At 2 keV beam energy 
the longitudinal energy spread can be as low as 1.25 eV. 
Further tests will be conducted using a new extraction 
system to search for a better system gas efficiency. Cor- 
respondingly a systematic emittance measurement 
through various arc conditions will be carried out. 
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RESULTS FROM ZMEVVA: A NEW SOURCE FOR 
HEAVY-ION ACCELERATORS 

B.M. Johnson, A. Hershcovitch, Brookhaven National Laboratory, Upton, NY 11973-5000 USA 
I.G. Brown, F. Liu, A. Anders, Lawrence Berkeley National Laboratory, Berkeley, CA 94720 USA 

Abstract 

We are developing a new approach for heavy ion beam 
injection (e.g., into the Relativistic Heavy Ion Collider 
[RHIC] at BNL). While conventional Metal Vapor 
Vacuum Arc (MEWA) ion sources (I.G. Brown, Rev. 
Sei. Instrum. 65, 3061 (1994).) can produce up to 
hundreds of milliamps or more of several-times-ionized 
metal ions (e.g., U3+), the recent results from Batalin et al. 
(V.A. Batalin et al. ITEP, Moscow, Reprints 18-93 
(1993), 33-94 (1994); Proc. EPAC 1994, p. 1453.) 
indicate that the addition of an energetic electron beam 
(EMEVVA) may lead to considerably higher charge states 
(e.g., U17+). An alternative way to produce the electron 
beam is ZMEVVA, in which a z-discharge plasma is used 
to enhance multiple ionization. As the vacuum arc plasma 
plume exrif^ds into a magnetized drift region, a z- 
discharge is triggered in the drifting metal plasma. The 
ions are then extracted and analyzed using a time-of-flight 
system. We report recent results using applied discharge 
voltages from 1 to 2 kV. 

1   INTRODUCTION 

The Relativistic Heavy Ion Collider (RHIC) [1], now 
under construction at BNL, is expected to become 
operational early in calendar year 1999. Initially, the 
RHIC physics program will concentrate on Au+Au 
collisions with 100 GeV in each beam. However, there is 
physics justification for eventually colliding uranium 
beams in RHIC. The tandem preinjector is quite adequate 
and reliable for the Au+Au collision program, but the 
tandems are not expected to produce sufficient beam 
currents for uranium ions. Encouraging recent results 
lead us to believe that a viable preinjector for RHIC can 
be developed using EMEVVA and/or ZMEVVA, which 
are enhanced versions of the well-known Metal Vapor 
Vacuum Arc ion source [2]. 

1,1 Uranium Beams in RHIC? 

The first physics program at RHIC will study Au+Au 
collisions with 100 GeV in each beam, which is predicted 
to produce sufficiently high energy densities and 
temperatures to explore a new state of matter: the quark- 
gluon plasma (QGP). Characterizing the physics of the 
QGP will be a formidable experimental challenge, 
because theoretical guidance is qualitative at best. 
Planned comparisons of experimental results for Au+Au 
collisions with those obtained for p+p, p+A, and A+A 
collisions for lower mass species will help, but it could be 
very important to study a heavier collision system, such as 
U+U. 

The mass of uranium is 20% higher than gold 
(238/197 = 1.21), but it is estimated [3] that the energy 
density in U+U collisions at RHIC will be 1.8 times 
higher than for Au+Au. This nearly factor of two 
enhancement occurs because the U nucleus is deformed 
(cigar shaped), while the Au nucleus is spherical. The 
randomly tumbling U nuclei will sometimes collide end to 
end producing the much higher energy densities and a 
20% increase in the initial temperature. In addition, for 
central U+U collisions the range of transverse energies 
and particle multiplicities (due to the variation from end- 
to-end to side-to-side interactions) will be much larger 
than for central collisions of spherical nuclei, like Au. 

Figure: 1 The RHIC accelerator complex at BNL. The 
tandem Van de Graaff facility (lower right) is the initial 
RHIC preinjector for Au ion beams. 

1.2 Long-term options for a RHIC preinjector. 

In 1986 a BNL committee [4] explored various options for 
a RHIC preinjector, including approaches based on the 
BNL tandem Van de Graaff versus an advanced heavy ion 
source like a laser source, an electron-cyclotron resonance 
(ECR), or an electron-beam ion source (EBIS). As 
illustrated in Fig. 1, the committee recommended that the 
tandem Van de Graaff should be the initial heavy-ion 
preinjector for RHIC. For the long term RHIC program 
(up to 25 years) the recommendation was to develop an 
EBIS-based preinjector. However, it was recognized that 
state of the art EBIS sources produced roughly two orders 
of magnitude less ion current than would be needed for 
RHIC. The 1986 committee concluded that low charge- 
state heavy-ion sources, like the Penning ionization gauge 
(PIG), Metal Vapor Vacuum Arc (MEWA), and various 
sputter sources did not warrant serious consideration as a 
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basis for a preinjector (other than their potential for 
providing primary ions to an advanced source). 

Since 1986 a number of significant new 
developments have occurred, which strongly suggest that 
MEVVA-based approaches [5] could be viable for a 
future RHIC preinjector. Among these are the success of 
the Positive Ion Injector (PII) low ß LINAC for ATLAS 
[6], great improvements in MEVVA sources [7], and 
encouraging results from an electron-beam injected 
EMEVVA ion source [8]. The latter was reported to 
generate large currents (several mA) of heavy metallic 
ions (e.g., Ul7+). 

2  THE MEVVA ION SOURCE 

The MEVVA is a prolific generator of highly ionized 
metal plasma, from which metallic ions are extracted. A 
generic MEVVA consists of a series of electrodes (usually 
concentric) that are separated by ceramic insulators. The 
usual configuration is a solid electrode of the desired 
metal, followed by a trigger electrode, an anode, a 
suppressor, and a three-grid extractor. Triggering of the 
vacuum arc is accomplished by applying a short high 
voltage pulse between the trigger electrode and the 
cathode across an insulating surface. Discharge occurs 
due to formation of cathode spots, which are micron-sized 
spots on the cathode surface characterized by extremely 
high current densities. Cathode material is vaporized and 
ionized, producing a plasma plume. A good general 
reference on the MEVVA is the review by Ian Brown [2]. 
Recent improvements are described in [7]. 

3   THE FIRST EMEVVA (BATALEM, et al.) 

The principle of EMEVVA is the same as for ECR or 
EBIS, namely stepwise ionization, in which an energetic 
electron "beam" successively removes bound electrons to 
reach the desired stage of ionization. To achieve very high 
ion charge states two things are needed: (1) high jx, 
which is the product of electron current density and 
electron-ion interaction time, and (2) high E, which is the 
effective electron "beam" energy. Donets [9] is credited 
with illustrating that the maximum charge state achievable 
for any element can be predicted on a plot of jt versus E. 

The first step toward EMEVVA was the addition of 
an 0.7 meter long magnetized drift channel between a 
MEVVA anode and extractor, into which the plasma 
plume expands. Recent results include 200 mA of 
extracted uranium ion current (40% of which was U4*) 
with a drift channel [8] and 32 mA of U4* for a 
magnetized MEVVA without a drift channel [10]. 

For the first EMEVVA [8] an electron gun was 
added behind the hollow cathode. Impressive results 
were reported for copper ion production, in which a 
substantial component of the extracted beam was 
identified as being between Cu13+ and Cu21+! Experiments 
with uranium ions [8] yielded a 5 mA component of 
relatively high charge state uranium ions, 60% of which 
was identified [11] to be U17+. 

4  THE FIRST ZMEVVA (BNL/LBNL) 

The encouraging initial EMEWA results prompted us to 
pursue further approaches to enhance MEVVA. First we 
noticed that the EMEVVA electron beam, which was 
injected through the cathode, was co-propagating with the 
drifting ions. Therefore, the poloidal field of the high- 
current electron beam would produce a radially 
defocusing force on the ions. Batalin et al. have agreed 
to attempt to reverse the electron beam direction in their 
EMEVVA to see if performance can be improved. In the 
meantime, we decided to pursue a complimentary 
approach, ZMEVVA, in which a magnetized z-discharge 
would produce counter-propagating energetic electrons. 

Figure: 2 Schematic layout of our initial ZMEVVA. The 
labeled elements are: (1) Trigger, (2) Cathode, (3) 
Anode, (4) Glass tube, (5) Coil, (6) Reflector, (7) 
Expander, and (8) Extraction grids. 

Figure 2 illustrates our initial ZMEVVA setup. At 
the right is a conventional MEWA plasma gun. While a 
100 u.sec pulse is applied to the coil (5), the trigger 
electrode is fired to produce a vacuum arc plasma plume 
(about 50 |isec long), which moves to the left into a 
magnetized drift region. Then, with external applied 
voltages of between 1 and 2 kV, a z-discharge is triggered 
in the drifting metal plasma. The voltage polarity is 
arranged so that the z-discharge forms an energetic 
"electron beam" moving from left to right. The hot 
electrons then counter-propagate with the drifting ions to 
hopefully maximize the effective jt. Highly charged ions 
are then extracted to the left and analyzed using a time-of- 
flight system (see Fig. 3). 

Figure: 3    Illustration of the 20-cm long ZMEWA 
positioned in the MEWA vacuum chamber at LBNL. 
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If we establish our goal as producing 1 mA or more 
of U20+ ion current, then based on the considerations 
described above in Section 3, we need a jx of about 1.2 
Coulomb/cm2 and an E of 1 keV. We believed that using 
existing equipment at LBNL we could achieve these 
operating parameters with an electron current of 40 kA, a 
x of 8 |isec, and applied z-discharge voltages of between 1 
and 2 kV. Batalin [8] used a 70-cm long drift region. 
For direct comparison and to explore the effect of varying 
x, we constructed both a 70-cm long (see Figure 4) and a 
20-cm long ZMEVVA. 

Figure: 4 Fenghua Liu holding the 70 cm long 
ZMEVVA during assembly and coil winding. 

5   INITIAL ZMEWA RESULTS 

After only three week-long runs over the past few months 
we have produced encouraging, but also somewhat 
disappointing initial results. Our first good news was that 
comparison of titanium results with the 70-cm and 20-cm 
versions were consistent with our expectations that 
increased x produced an enhanced yield of higher charge 
states. However, for gold ions we were disappointed to 
initially observe little yield above Au,+. For data taken 
with no z-discharge we observed yields of about 20% 
Au,+, 60% Au2+, and 20% Au1+. Then for data taken with 
applied z-discharge voltages of 1.0, 1.25, 1.5, and 2.0 kV 
we observed the yield of Au3+ grow to nearly 100%, but 
there was no indication of Au4* or higher charge states. 

Since the total Au ion yield was substantial, we 
assumed that the jx was reasonable, so we suspected that 
somehow the effective E was far lower than the external 
voltage applied to produce the z-discharge. Consulting 
the Donets [9] plot we estimated that if the upper 
ionization limit was Au3\ then the effective E was only 30 
eV out of our applied voltage of as much as 2 kV. Upon 
further investigation we discovered that the capacitor bank 
had a measured inductance of about 2 uH, which 
corresponded to an impedance of 1.4 O when the full 
circuit fired. Furthermore, the length and thinness of 
wires from power supply to coil resulted in a total circuit 
impedance of about 2 Q.. Meanwhile, the resistivity of the 
plasma itself was estimated to be only 0.4 Q. or less. In 
other words, the applied external voltage was dropped 
almost entirely across the circuit with very little voltage 
drop across the plasma itself. 

To test this assumption we moved the power supply 
closer to the ZMEVVA and made other changes to reduce 
the circuit impedance. With these changes we then 
observed significant yields up to Au6*, which implies an E 
of 100 eV, or an effective voltage drop across the plasma 
of 100 V. With this improved circuitry we also 
experimented with our own version of EMEVVA and 
achieved comparable results. We conclude then that to 
achieve our objective of U20\ we must build a much lower 
impedance z-discharge circuit, starting with a much lower 
inductance capacitor bank. Another problem we must 
address is time jitter in the z-discharge firing circuit which 
causes significant variations in the time-of-flight spectra. 

6  CONCLUSION 

There is good physics justification for eventually colliding 
uranium beams in RHIC, but the tandems will not be an 
adequate preinjector. The encouraging initial results 
reported here and previously [6-8] suggest that an 
enhanced MEVVA ion source could form the basis for a 
viable preinjector [5] to meet the long-term needs of the 
RHIC physics program. Further development of the 
ZMEVVA and EMEVVA concepts are needed (and are 
currently underway) to (1) reduce circuitry impedance to 
increase the effective electron energy E from the current 
estimate of -100 eV to over 1 keV, and (2) to improve 
timing reliability and source stability. 
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S. K. Guharay and M. Reiser 
Institute for Plasma Research, University of Maryland, College Park, MD 20742 

Abstract 

High-current H" beams from a reliable surface plasma source 
are of great interests for spallation neutron sources and hadron 
colliders. At Maryland, H beams have been studied using a 
magnetron and a Penning-type surface plasma source. Stable 
operating conditions with negligible beam noise have been 
achieved in both cases. The beam characteristics are much 
improved in the Penning geometry; the beam brightness is 
about an order of magnitude higher. An emission current 
density of ~ lA/cm2 with normalized beam brightness of 
al012A/(m-rad)2 has been achieved. The minimum energy 
spread AE (FWHM) is measured s2.5eV. The actual AE is 
possibly much smaller since this value is close to the 
resolution of the energy analyzer. The results are sensitive to 
the beam noise, and the gas pulse is the key control parameter 
here. Long, stable operations with very limited source 
maintenance have been noted. So far, an emission aperture of 
diameter = 0.6mm is used when the H" beam current is £ 2mA 
at lOkV. The beam current can be scaled to ä30mA for an 
emission aperture of diameter ~ 2.4mm. The critical issues for 
noiseless, high-brightness H" beams, the source performance, 
and the scaling of beam parameters are discussed. 

1    INTRODUCTION 

High-brightness ion beams are at the frontiers of many current 
research areas in basic and applied science including high 
energy accelerators, microelectronics, ion beam microscopy, 
and materials science. Many common physics and technology 
issues have been studied in the ion source development for 
these diverse applications. The present state-of-the art has 
been described in several articles [1-6], which clearly indicate 
the rapid pace of development in the field. Several national 
laboratories in the US including Los Alamos National 
Laboratory [7], Lawrence Berkeley National Laboratory [8], 
Oak Ridge National Laboratory [1,9], Fermi National 
Accelerator Laboratory [10] and Brookhaven National 
Laboratory [2], have been engaged over the years in 
advancing the frontier of ion source technology. However, this 
particular arena of research and development has been gaining 
renewed interests with the growing demands in the context of 
many new challenging programs, and therefore, new ideas and 
approaches are being attempted. One of the important major 
projects of current times is the Spallation Neutron Source 
program, where the critical needs of an ion source are highly 
emphasized.   The executive summary of the workshop on 

spallation neutron sources indicates that the present state-of- 
the art of high-brightness ion sources falls short of the 
requirements for the program [11]. Depending on the power 
level of the facilities, being in the range of 1-5MW, the source 
peak current requirements vary from 40mA to about 150mA, 
and the duty factor is in the range of 1% to about 10%. The 
normalized emittance (90%) for typical beam current of 
100mA needs to be s lmm-mrad (the factor of n is excluded 
here), and the lifetime of the source should be ~ 1000 hours. 
It is highlighted in the workshop summary that H" beams from 
a surface plasma source (SPS), such as a Penning or a 
semiplanatron source, will be a good candidate for the pulsed 
spallation source scenarios currently under investigation. 

At Maryland, efforts are made to develop high-quality 
surface plasma sources which have merits to satisfy the needs 
of both advanced accelerator applications and 
microfabrication. Experiments are being conducted with a 
Penning and a magnetron type SPS source, and the results are 
presented here. Note that the Penning source at Maryland has 
been operated so far using small extraction aperture with 
diameter = 0.6 mm, while beam characteristics have been 
studied for two sets of extraction apertures, one with a 
diameter of 2.5 mm and the other with a diameter of 0.5 mm, 
in the case of the magnetron source. These experimental 
results provide a good database for the performance 
characteristics of two SPS sources. 

2   PENNING SOURCE AND H BEAM 

MEASUREMENTS 

The geometrical characteristics of a Penning-type ion source, 
developed in Maryland in collaboration with the Budker 
Institute of Nuclear Physics, have been described elsewhere 
[12-13]. This source has been running reliably for more than 
eight hundred hours over the past one year with limited 
maintenance. The source runs in a pulsed mode with the 
maximum pulse length of 1ms and repetition rate of 10Hz. 
The electronics of the ion source system, especially the power 
supplies, have good regulation, i.e., about IV over lOkV. In 
typical operations, the discharge current is in the range of 
about 30-50A and the discharge voltage is about 200-250V. 
Forced air cooling is being used to control thermal load on the 
gas injection valve and on the cathode body. An improved 
cooling system will allow to increase the duty factor and 
eventually to run the source in cw mode. 

Gas pressure plays a key role in determining the emission 
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current density and the noise level of the beam. H" emission 
current density of more than 1 A/cm2 has been achieved in an 
almost noiseless condition. A typical H" pulse is shown in 
Fig. 1. Note that the noise on the beam pulse is close to its 
baseline value. Here,  the  H"  emission   current density 

-1.S 

T 

500       1000 
Time (mlcroscc) 

Fig. 1 Typical H" beam pulse from Penning SPS source with 
extraction aperture diameter ds= 0.6mm. 

is close to lA/cm2. Figure 2 shows the dependence of H 
current on extraction voltage for several values of discharge 
current over the range of 30-80A. These data represent the 
parameter space for the operation of the Penning SPS source. 

2xl012 A/(m-rad)2. These results represent the overall nature 
of the beam; the core beam is expected to exhibit much 
improved characteristics. 

A retarding potential analyzer has been used to measure the 
energy spread [16]. The minimum energy spread of £ 2.5eV 
has been measured for angular beam intensity IQ of about 
40mA/sr. This value of the energy spread is close to the 
resolution limit of the analyzer. Note that the beam intensity is 
about three orders of magnitude higher than liquid metal ion 
sources [17] or gas-field ionization sources [18]. The energy 
spread is observed to increase with noise level on the H" beam. 

3   MAGNETRON SOURCE RESULTS 

A magnetron-type negative ion source is operated in pulsed 
mode. The nominal pulse width is 50|is, and the duty factor is 
usually 1.5xl04. We keep the anode body of the ion source at 
165C, cesium (Cs) boiler temperature at 160C, Cs valve 
temperature at 270C and Cs line temperature at 300C. The 
discharge current is around 20-40A, the discharge voltage is 
about 180V, and the extraction voltage is varied over 0-30kV. 
Experiments have been conducted for different sizes of the 
extraction aperture ~ diameter = 0.5mm and 2.5mm. 

Figure 3 shows a typical H" beam pulse for extraction 
aperture of diameter = 2.5mm. The H" current is about 19mA 
for average H2gas pressure in the chamber =1.8-2.2xl0"sTorr, 

Extraction voltage (kV) 

Fig. 2 H" beam current versus extraction voltage for discharge 
currents = 30A (■), 35A (▼), 40A (•), 45A (+), 50A (X), 
60A (D), 70A (o), 80A (A). These results correspond to the 
Penning SPS source with ds= 0.6mm. 

The beam brightness is a figure of merit of an ion source. 
The normalized beam brightness B„ can be determined [14] 
from current density j and perpendicular temperature T± 

following the relation Bn = mc2j/(27tTi). T± is obtained from 
emittance measurements. The emittance of the H" beam is 
measured using a pepper-pot system [15]. T±at the emission 
surface is estimated to be about 0.6eV for the situation in 
Fig.l, and the corresponding normalized brightness is about 

IK 

20mA 

W 100* 

Fig. 3 Typical H" beam pulse for magnetron SPS source. 
Diameter of the extraction aperture ds= 2.5 mm. 

discharge current = 18A and extraction voltage = 30kV. 
This corresponds to an H" emission current density of 
0.4A/cm2. Figure 4 shows typical beam pulse results for 
diameter of the extraction aperture = 0.5mm. The H" current 
is about 1.4mA, when the average H, gas pressure in the 
chamber = 1.0-1.5xl0"*Torr, discharge current = 25A, and 
extraction voltage = 20kV. This gives an H" emission current 
density of about 0.7A/cm2. The peak-to-peak noise level is 
about 0.15mA, which is about 5% of the total H" current. 
Higher beam current is obtained when the ion source runs at 
lower gas pressure. For an average pressure in the chamber at 
0.8-1.2xlO"5Torr, the H current is about 2.3mA, when the 
discharge current = 30A and extraction voltage = 26kV. This 
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yields an H emission current density of about 1.15 A/cm2. The 
beam noise is less than 5% in this case. 

The normalized emittance (90%) of the beam is measured 
in the small aperture case, and it is about 0.17mm-mrad. This 
yields a beam brightness (normalized) of about 8xl09A/(m- 
rad)2. 

2SA j>—"""■—-""v— „« — 

Id 

0 __/      L 
0 

i       r~ 
Lr v_J 

1.5mA 
^"■"V^rvir+JiJ 

1 
so H»ul 

Fig. 4 Discharge current Id and H" beam current ^ - versus 
time for the magnetron SPS source. A smaller extraction 
aperture with diameter d,.= 0.5 mm is used here. 
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4    SCALING AND DISCUSSIONS 

The results observed in the space-charge limited mode of 
operation of the two surface-plasma sources show the 
following behavior: (i) The H" beam current, IH-, increases 
almost proportionately with discharge current, Ij. (ii) J - 
increases with the aperture area and the extraction voltage. 
This trend of results suggests that the aperture of the Penning 
source can be increased from the current value of 0.6mm to 
about 2.4mm and that the source parameters can be 
appropriately scaled toward the requirements of a prototype 
high-current (~ 40mA), high duty factor (~ 10%) H" source 
suitable for pulsed spallation neutron source applications. It 
will be important to further extend our studies to critically 
examine the magnetron and Penning sources in higher duty- 
factor operations and test long-time reliability of the source 
and reproducibility of the beam characteristics. The excellent 
quality of H" beams with emission current density of ~1 A/cm2 

and the minimum energy spread of about £ 2.5eV from the 
Penning surface plasma source may open up avenues for many 
novel applications. 

5    ACKNOWLEDGMENTS 

Special thanks are due to V. Dudnikov and G. Derevyankin of 
the Budker Institute of Nuclear Physics, Novosibirsk for their 
collaboration during the Penning source development. Also, 
the authors thank C.-H. Chen, W. Wang, V. Yun and E. 
Sokolovsky for their valuable help. 

2683 



THE DEPENDENCE OF LONGITUDINAL EMITTANCE UPON 
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Abstract 
This paper describes the analysis of experimental energy 
spectra and pulse shapes to determine the electron 
distribution in longitudinal phase space produced by a RF 
photocathode gun for microbunch charges below space 
charge limited emission. It is found that the longitudinal 
phase space distribution cannot be represented by a 
simple ellipse, and requires the use of an ad hoc model in 
which the usual beam ellipse is distorted to fit the data 
and extract the emittance. The physical origins of these 
distortions are space charge forces at the cathode, 
wakefields and curvature due to the RF waveform. These 
effects increase the emittance by introducing correlations 
in the distribution, which in some situations can be 
corrected. In the absence of these correlations, the area of 
the undistorted ellipse gives the uncorrelated emittance of 
the photocathode gun. In this work, the uncorrelated 
longitudinal emittance is found to scale linearly with the 
surface charge density up to the space charge limit. In 
this experiment the increase in emittance is principally 
due to growth in energy spread instead of pulse length 
elongation. The implications these results have upon the 
limits of pulse compression at high charge are discussed. 

1 INTRODUCTION 

This paper summarizes a portion of the experimental 
results described in a series of papers on the longitudinal 
emittance from RF photocathode guns [1-4]. This work 
explores the high charge regime of RF guns, and attempts 
to document the dependence of the longitudinal emittance 
and its distortion upon space charge forces at the 
photocathode. The data show that not only is the phase 
space distribution distorted but is also observed to 
breakup longitudinally. The current paper describes the 
dependence of the longitudinal emittance upon surface 
charge density at the photocathode below space charge 
limited emission. 

Due to the complex features of the longitudinal 
phase space, we have sought to develop a model- 
dependent analysis for fitting the data and extracting the 
phase space parameters. This model is used to fit both the 
single microbunch data and the multi-bunch case. Only 
the single microbunch analysis is described here. 
Tomographie techniques can also be used to obtain 
model-independent phase space distributions[5]. 

The paper begins by reviewing the experimental 
technique, followed by a description of the data analysis. 
The results section summarizes the emittance and phase 
space parameters as a function of surface charge density. 
Only the analysis for data below space charge limited 

emission are presented in this paper. (The space charge 
limit occurs when the planar-diode space charge field 
exceeds the RF field at the photocathode surface.) The 
paper ends by estimating the limits of microbunch 
compression due to the longitudinal emittance. 

2 THE EXPERIMENTAL TECHNIQUE 
The details of the experimental configuration are 

described elsewhere[l,6] and therefore are only briefly 
given here. The ELSA (Etude d'un LaSer Accordable) 
free electron laser (fel) facility in Bruyeres-le-Chatel, 
France consists of a 144 MHz, one cell RF photocathode 
gun followed by three additional 433 MHz accelerator 
sections. The beam energy after the gun is 1.8 MeV and 
the final energy is 17.5 MeV. Following the accelerator 
is a three dipole, non-isochronous 180 degree bend 
(called the demi-tour) which in the fel experiments is 
used to compress the microbunch before injecting it into 
the wiggler. The beam energy spectrum is obtained at the 
center dipole of the demi-tour where the beam is 
dispersed, and the pulse shape is measured with a streak 
camera after the bend. Optical transition radiation view 
screens are used to image the beam. 

The experiment consists of measurements of 
the beam energy spectra and pulse shapes at the full beam 
energy of 17.5 MeV for microbunch charges of 0.5, 1.0 
and 2.0 nC over a range of the main, 433 MHz accelerator 
RF phases in order to deduce the electron distribution in 
longitudinal phase space at the exit of the RF gun. 

3 THE DATA ANALYSIS 

The data is analyzed by assuming the electron 
distribution in longitudinal phase space lies within an 
ellipse whose is distorted by quadratic and cubic 
terms[2,4], 

^ + ^At + aAt2+bAt3 [1] 

Here At and ÄE are the phase space variables of the time 
and energy difference with respect to the reference 
particle. The quantities, Tu, %u and x12, are the elements 
of the longitudinal beam matrix and are related to the 
longitudinal emittance, Ei, by 

7ie, = Wdetx = nyjxnx22 - x]2 [2] 
The longitudinal phase space distribution is nearly 
identical to the transverse beam matrix[7], except for the 
quadratic and cubic distortions whose strengths are given 
by the coeficients, a and b. The effect these terms have 
upon the phase space ellipse is shown in Figure 1. 
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Figure 1. Distortions of the longitudinal phase space 
ellipse. 

The analysis assumes the electron distribution is 
established inside the RF gun, after which it obeys simple 
transformation relations. The transformation of each 
macroparticle's energy and time coordinate, relative to the 
central ray, from the exit of the 144 MHz RF gun 
(Ato,AE0), to the entrance of the demi-tour, (Ati.AEi), 
(see References 1,4) is given by 

AE, = AE0 +E433(COS(<|>433 +27lf433At0)-COS((|)433)) 

At1=At0 

E433 is the maximum energy gain a macroparticle can 
achieve when on the crest of the rf wave form, $433 is the 
phase of the central ray relative to the rf crest and f433 is 
the RF frequency. These relations assume the beam is 
relativistic, and no velocity bunching or debunching is 
possible. This is valid since the electrons are relativistic 
after leaving the injector cavity. Similarly the transport 
around the demi-tour is given in terms of its non- 
isochronicity, 8, 

AE2=AE1,    At2=At1+8AE1 

These simple relations are used to propagate the 
phase space distribution from the exit of the RF gun 
through the 433 MHz accelerator and around the demi- 
tour. The interior of the distorted ellipse is first uniformly 
populated with a gaussian electron distribution of 
typically     1000    to    3000    macroparticles. The 
macroparticles are then individually transformed through 
the accelerator and the bend to obtain the distributions at 
the locations measurements are made. Projections of the 
transformed phase space distribution are performed to 
obtain the computed energy spectra and pulse shapes for 
comparison with the data. The initial phase space 
parameters are then varied to best fit the observed energy 
spectra and pulse shapes for each micropulse charge. 

4 RESULTS OF THE ANALYSIS 

Typical fits to the data are shown in Figure 2. The 
data is for a microbunch charge of 1.0 nC and the 433 
MHz RF phase adjusted for minimum energy spread. The 
corresponding phase space distributions are given in 
Figure 3. The phase space labeled 'After Bend' is the final 
distribution at 17.5 MeV whose projections are plotted 
with the data in Figure 2. The upper distribution, labeled 
'Exit of Gun', is the deduced 1.8 MeV microbunch phase 
space at the RF gun exit. Comparing Figure 3 with 
Figure 1 shows the dominant distortion is cubic with a 
zero quadratic term. Similar distributions are obtained for 
the data analyses at 0.5 and 2.0 nC. 
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Figure 2. Fits of the 17.5 MeV energy spectrum (in the 
middle of the demi-tour) and pulse shape (after the demi- 
tour) for a microbunch charge of 1 nC. The rf is adjusted 
for minimum energy spread. The data is plotted as circles 
and the solid curves are the projections of the phase space 
distribution shown as 'After Bend' in Figure 3. 
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Figure 3. Longitudinal phase space distributions obtained 
from fitting the data in Figure2. 
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Ignoring the distortion terms and applying Equation 
2 allows us to obtain the experimental, uncorrelated 
longitudinal emittance as a function of the surface charge 
density. Since the space charge electric field scales 
linearly with the surface charge density, this is used as the 
independent variable in the following figures. Figure 4 
shows that the emittance varies linearly with the surface 
charge density. 

Surface Charge Density (nC/cm ) 

Figure 4. The uncorrelated, rms longitudinal emittance as 
a function of the surface charge density. 

The analysis also shows the growth in longitudinal 
emittance results primarily from an increase in the 
uncorrelated energy spread, as shown in Figure 5, with 
negligible pulse length elongation. This occurs because, 
as the starting point for all the measurements, the launch 
phase of the electron microbunch from the photocathode 
is adjusted in concert with the 433 MHz RF phase for a 
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Figure 5. The uncorrelated, rms energy spread vs the 
surface charge density at the exit of the RF gun. 

beam with minimum energy spread. This tuning 
algorithm tends to minimize any space charge driven 
pulse elongation by ballistically bunching the microbunch 
in the RF gun.   Therefore we deduce a nearly constant 

width (lips, rms) electron pulse at 0.5, 1.0 and 2.0 nC per 
microbunch. This is approximately the same length as 
that of the drive laser micropulse. 

2        4        6        8       10      12      14 

Surface Charge Density (nC/cm) 

Figure 6. The compressed microbunch length acheived 
using the longitudinal data shown in Figures 4 and 5. The 
compressor R56 is 0.25 ps/keV. 

Given these results for the longitudinal emittance it 
is straightforward to estimate the compressed microbunch 
length in a magnetic buncher. As an example, consider 
the demi-tour used in this experiment which has a rather 
aggressive non-isochronicity of 0.25 ps/keV. In this case, 
one finds the minimum microbunch lengths shown in 
Figure 6. These results include only the uncorrelated 
emttance, and in general any correlations will increase 
this microbunch length. 

5 CONCLUSIONS 

Space charge limited emission for this RF gun 
occurs near a surface charge density of 20 nC/cm at an 
electric field of 22 MV/m. One could expect that 
doubling the applied RF field from 25 to 50 MV/m would 
reduce the slope of the emittance growth from 2.1 to 1 n 
mm-keV, as should be the case for higher gradient guns. 
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Abstract 

The symmetrized 1.6 cell S-band photocathode gun devel- 
oped by the BNL/SLAC/UCLA collaboration is in opera- 
tion at the Brookhaven Accelerator Test Facility(ATF). A 
novel emittance compensation solenoid magnet has also 
been designed, built and is in operation at the ATF. These 
two subsystems form an emittance compensated photoin- 
jector used for beam dynamics, advanced acceleration and 
free electron laser experiments at the ATF. The highest ac- 
celeration field achieved on the copper cathode is 150 ^, 
and the guns normal operating field is 130 ^. The max- 
imum rf pulse length is 3 /zs. The transverse emittance of 
the photoelectron beam were measured for various injec- 
tion parameters. The 1 nC emittance results are presented 
along with electron bunch length measurements that indi- 
cated that at above the 400 pC, space charge bunch length- 
ening is occurring. The thermal emittance, e0, of the copper 
cathode has been measured. 

1   INTRODUCTION 

The BNL/SLAC/UCLA S-band emittance compensatedfl] 
photoinjector has been installed at the Brookhaven Accel- 
erator Test Facility(ATF) as the electron source for beam 
dynamics studies, laser acceleration and free electron laser 
experiments. The 1.6 cell rf gun is powered by a single XK- 
5 klystron, and is equipped with a single emittance com- 
pensation solenoidal magnet. There is a short drift space 
between the photoinjector and the input to the first of two 
SLAC three meter travelling wave accelerating sections. 
This low energy drift space contains a copper mirror that 
can be used in either transition radiation studies or laser 
alignment. There is also a beam profile monitor/Faraday 
plate located 66.4 cm from the cathode plane. The pho- 
toinjector beam line layout is presented in Fig. 1. 

The high energy beam transport system consists of nine 
quadrupole magnets, an energy spectrometer, an energy se- 
lection slit and a high-energy Faraday cup. Diagnostics lo- 
cated in the high energy transport consist of beam profile 
monitors and strip lines. The strip lines are used for an on 
line laser/rf phase stability monitor. 

The drive laser is a Nd:YAG master oscillator/power am- 
plifier system. A diode pumped oscillator mode locked at 
81.6 MHz produces 21 psec FWHM pulses at 100 mW 
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Figure 1: The BNL/UCLA/UCLA 1.6 cell S-band photoin- 
jector 

of average power. Gated pulses seed two flash lamp 
pumped multi-pass amplifiers and are subsequently fre- 
quency quadrupled. This nonlinear process leads to a fac- 
tor of two reduction in the laser pulse length. The 266 nm 
beam is transported to the rf gun area via a 20 meter long 
evacuated pipe. A spherical lens and a pair of Littrow 
prisms are used to compensate for the anamorphic mag- 
nification introduced by the 72° incidence on the cathode. 
The time slew across the cathode caused by this oblique in- 
cidence is also corrected by using a diffraction grating. The 
spot size of the laser beam on the cathode is 2 mm diameter 
edge to edge. 

2   EMITTANCE STUDIES 

The normalized transverse rms emittance, en,rms. was mea- 
sured using the two screen method. The measured en,rms 
values that are reported are greater than or equal to the real 
beam emittance. Table 1 list the relevant beam parameters 
used during these beam dynamics studies. 

Laser Spot Size 1 mm radius hard edge 
Cathode Field B0 My. 

rf Gun Beam Energy 5.75 MeV 
Final Beam Energy 40MeV 
Cathode Magnetic Field <5G 

Table 1: Beam Study Parameters 
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2.1    Low Charge 

PARMELA[2] was used to simulate the emittance compen- 
sation process and the subsequent acceleration to 40 MeV. 
A correlation of the minimum spot size with an emittance 
minimum was noted during these simulations. This was ex- 
perimentally verified during the commissioning of the 1.6 
cell rf gun, using the beam profile monitor located at the 
output of the second linac section, as can be seen in Fig. 2. 
The result in Fig. 2 is for a total bunch charge of 0.329 
± 0.012 nC, an electron bunch length of T95% = 10.9 psec 
with an en rms = 1.17 ± 0.16 IT mm mrad. 

1.5      1.55 
Bz(kG) 

1.6     1.65     1. 

Figure 2: en>Tms and Rrms versus Bz,max 

The dependence of transverse emittance on the bunch 
charge under two different experimental conditions are pre- 
sented in Fig. 3. The linear dependent emittance ver- 
sus charge was conducted under constant solenoidal mag- 
net field that was optimized for a total charge of 390 pC 
and only the laser energy on the cathode was varied. For 
the quadratic dependent emittance versus charge, as the 
laser energy was varied the beam was optimized using the 
solenoidal magnet and steering magnets to produce the 
smallest symmetric beam profile at the first high energy 
profile screen. Note that even under these diverse exper- 
imental condition the measured emittance are consistent 
with the data in Fig. 2. 

We have noted that at Q=0 for the linear dependence 
emittance versus charge there is a residual emittance term 
of 0.8 -K mm-mrad. This term is due to e0, erf and emag. 
The magnetic term can be neglected since the initial cath- 
ode spot size and the small magnetic field at the cathode 
will contribute only 0.03 n mm mrad [3]. The rf contri- 
bution should be small, since there is no transverse space 
charge forces to cause beam size expansions in the rf gun. 
The beam, in this limiting charge case, will only sample a 
small portions of the rf fields which decrease the rf contri- 
bution by a\ [4]. The beams intrinsic thermal emittance 
including the Schottky correction is given in Equation 1. A 
theoretical estimate of the thermal emittance at 130 — for m 
a copper cathode was found to be 0.5 7r mm-mrad. 

0.5 
■   Bz Varied 
,   Bz Constant 

°-8o 0.1 0.2 0.3 0.4 
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Figure 3: e„,rms versus Qt 

e0 < 0.8 7T mm mrad 

0.5 

(1) 

Due to laser power limitation, rf gun bunch compression 
and the Schottky effect it was not possible to keep the total 
charge constant for different laser injection phases. There- 
fore in Fig. 4 the plot of en,rms as a function of laser in- 
jection phase is not for a constant charge but for a decreas- 
ing charge from a maximum of 400 pC to a minimum of 
178 pC. 

30      40 

Figure 4: en,rms versus (f> 

2.2    1 nC Emittance Studies 

For X-ray free electron laser application such as the Linear 
Coherent Light Source(LCLS)[5] the relevant photoinjec- 
tor parameters are 1 nC, T95% = 10 psec and 1.00 7r mm 
mrad normalized rms emittance. The measured and LCLS 
values are presented in Table 2. 

Parameter LCLS Experimental Results 
QT InC 1.020 ± 0.059 nC 
^95% 10 psec 14.7 psec 
€n,rms 1.00 7T mm mrad 4.74 ± 0.24 it mm mrad 

Table 2: 1 nC emittance results 
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Simulation results using PARMELA with a longitudi- 
nal flat top electron pulse of r95% = 10 psec, full width 
tenth maximum (FWTM), indicate that a en,rms < 1 IT mm 
mrad is attainable[6]. The results of our experimental stud- 
ies present two challenges. First is the increased T95% and 
second is the larger than expected en,rms- These are not un- 
related since the emittance contribution due to rf scales as 
<j\. Therefore an important issue is to find the mechanism 
causing the electron bunch length to increase. Two pos- 
sible mechanisms were studied; laser pulse bunch length- 
ening due to laser power saturation in a doubling crystal, 
or space charge bunch lengthening. Experimental studies 
of the correlation of the laser power and r95% were under- 
taken. Figure 5 shows the results of these studies. While 
keeping the total electron bunch charge constant at 360 pC, 
the laser intensity in the green(A = 532 nm) was increased. 
The results is that r95% = 10.9 psec. Keeping the laser in- 
tensity in the green constant and varying the uv on the cath- 
ode to increase the electron bunch charge from 400 pC to 
1 nC results in an increase in the r95% from 10.9 psec to 
14.7 psec(Fig. 5). This clearly shows that the 1 nC electron 
bunch length is not due to the laser pulse length but due 
to some beam dynamics issue, almost surely longitudinal 
space charge forces. 

Q(nC) 
0.666 

T95% versus Figure 5: r95% versus Igreen with Qt constant. 
Qt with Igreen constant. 

PARMELA simulation do not show the space charge 
bunch lengthening seen in these experiments and this sim- 
ulation error is being investigated. This debunching effect 
due to space charge forces can be corrected by decreas- 
ing the laser pulse length and using the debunching effect 
to lengthen the T95% to the required 10 psec. This tech- 
nique has the drawback the longitudinal phase mixing of 
the electron pulse could possible occur thereby degrading 
the emittance compensation process. A second possibility 
is to increase the laser spot size. But this would increase the 
emittance due to the rf emittance contribution, the remnant 
magnetic field at the cathode and also increase the intrin- 
sic thermal emittance. Using a longitudinally flat top laser 
pulse would seem to be the best solution since the magnetic 

and thermal emittance would not increase and the longitu- 
dinal space charge forces would be decreased in the central 
portion of the bunch. 

Due to the non-uniformity of the transverse laser 
pulse and transverse variation of the cathode quantum 
efficiency, the electron bunch transverse charge density 
p(x, y) is not uniform. Laser assisted explosive electron 
emission(LAEEE)[7] has been used to smooth out this ef- 
fect. The measured improvement in en,rms due to LAEEE 
are presented in Table 3. Qualitative data for QE(x, y) of 
the copper cathode is not available, but for the magnesium 
cathode LASEEE improved the QE(x, y) by a factor of 
two, from an order of magnitude variation across the cath- 
ode spot to a 50% after LASEEE. 

Before Laser Cleaning 

Qt 918 ± 77.5 pC 

£n,rms 5.18 ± 0.25 7T mm mrad 
After Laser Cleaning 

Qt 1020 ± 58.7 pC 
en,rms 4.74 ± 0.24 7T mm mrad 

Table 3: High charge emittance study results before and 
after LAEEE 

3   CONCLUSION 

We have presented the results of emittance studies of the 
BNL/SLAC/UCLA 1.6 cell S-band emittance compensated 
photoinjector. Emittance as a function of laser injection 
phase, charge and peak magnetic field have been presented 
in the low charge regime. Emittance results for the 1 nC 
regime are presented before and after laser assisted ex- 
plosive electron emission cleaning. Longitudinal bunch 
lengthening has been observed in the 1 nC studies and pro- 
posed solutions have been presented to counteract this ef- 
fect. We have measured an upper limit to the beams intrin- 
sic thermal emittance and found it to be eQ < 0.8 it mm 
mrad. 
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EXPERIMENTAL OPERATION OF A 17 GHz PHOTOCATHODE RF GUN 
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Abstract 

Initial operation of a 17 GHz RF photocathode electron 
gun has been achieved at MIT. This is the first 
photocathode electron gun to operate at a frequency 
above 2.856 GHz. Such electron guns have the potential 
for achieving record high values of electron beam quality. 
The 1.5 cell, Ti-mode, copper cavity was tested with 5-10 
MW, 100 ns, 17.145 GHz pulses from a klystron 
amplifier built by Haimson Research Corp. Conditioning 
resulted in a maximum surface field of 250 MV/m. Dark 
current of 0.5 mA was observed at 175 MV/m, consistent 
with Fowler-Nordheim field emission theory if a field 
enhancement factor of about 100 is assumed. Electron 
bunches were generated by a regenerative laser amplifier 
that produces 20-40 |oJ UV pulses. Faraday cup 
measurements indicated 0.12 nC bunches were produced 
with a kinetic energy of about 1 MeV. This corresponds 
to a peak current of about 120 A, and a density at the 
cathode of 8.8 kA/cm2. Phase scans of laser induced 
emission reveal an overall phase stability of better than 
±20°, corresponding to ±3 ps synchronization of the laser 
pulses to the microwave field. 

1 INTRODUCTION 

The goal of the 17 GHz photocathode experiment is to 
construct an ultra high-brightness source of electrons 
which can be used for free electron lasers or future linear 
colliders. The photocathode RF gun is a novel electron 
beam source intended to meet the requirements set by 
future high-energy linear colliders and next generation 
free electron lasers. A coupled pair of pillbox 
TMmo -like resonators is excited by sidewall coupled 

microwaves at 17 GHz. The axisymmetric copper cavity 

Microwaves 

Photocathode 

is shown in Figure 1. Note that the axial length of the 
structure is determined by the microwave wavelength. A 
picosecond ultraviolet laser pulse illuminates the back 
wall of the structure at the axis of symmetry. Electrons are 
released by the photoelectric effect and are accelerated by 
the axial electric field. 

The M.I.T. experiment operates at a frequency of 17 
GHz. Previous photocathode RF gun experiments have 
operated at 3 GHz or below. From an analysis of the 
Vlasov-Maxwell equations governing the dynamics of the 
electron beam production in the photocathode RF gun, 
scalings of the quality of the beam which can be 
produced in an RF gun with frequency have been derived 
[1]. According to these scaling laws, the brightness of the 
beam, a figure of merit for the beam quality, varies as the 
square of the RF gun frequency. 
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Figure 1: Schematic of the RF gun cavity 

Frequency [GHz] 

Figure 2: Scaling of brightness with frequency 

Figure 2 illustrates experimental values of beam 
brightness for several frequencies. Theoretical values are 
given for the M.I.T. experiment for two cases. The lower 
value, corresponding to the present experimental setup, 
assumes no emittance compensation. The higher value 
assumes the use of a solenoidal field to achieve the 
maximum brightness possible. For our experiment, an 
axial field of 10 kG would be required. 

2  DESIGN OF EXPERIMENT 

The major system components of the MIT experiment are 
shown in Figure 3. The RF gun cavity is located in a large 
vacuum vessel shown at the bottom of the diagram. 
The RF gun cavity is a traditional B.N.L.-style sidewall 
coupled 1.5 cell structure. The RF gun is composed of 
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three pieces of OFHC copper which are clamped together 
and attached as a single piece to the WR-62 coupling 
waveguide. The RF gun has been studied theoretically by 
analyzing the eigenmodes of the accelerating structure in 
the absence of coupling holes and the excitation of the 
modes through the coupling to the waveguide. The 
coupling holes were modeled by choosing the magnetic 
polarizabilities of the holes empirically to match cold test 
data with theory. The polarizabilities were substantially 
smaller than the values predicted using Bethe's 
expressions for the polarizability of an elliptical aperture 
in an infinitely thin wall. However, the observed values 
were consistent with the finite thickness of the walls in 
which the RF gun coupling holes are located. 

higher in frequency than the operating frequency of the 
klystron. To eliminate these modes, which reduce the 
stability and gain of the amplifier, a Bragg filter was 
designed and installed on the RF gun coupling waveguide. 
The Bragg filter structure is shown in Figure 4. This filter 
is reflective for frequencies between 16.7 and 17.2 GHz, 
and transmits for higher frequencies. The use of the 
Bragg filter allowed cavity coupling at 17.15 GHz, while 
minimizing impedance mismatches at higher frequencies 
that would cause the spurious oscillations to occur. Up to 
8 MW of klystron power was coupled into the cavity, 
with amplitude stability of ±5%. Phase stability was also 
measured using a phase discriminator. This stability was 
found to be 8° from shot-to-shot, and less than 4° during 
a single shot. 

84 MHz 

Travelling 
Wave Tube 

Amplifier 

'/'directional 
o  coupler 

Relativistic 
Travelling 

Wave 
Klystron 
Amplifier 

uv laser beam 

Bellows 

collimator 

UV window 

faraday cup 

^directional 
o coupler 

Figure 3: Major experimental components 

The RF gun requires a 50 ns, 7.2 MW pulse of 17 GHz 
microwaves to achieve the design gradient of 250 MV/m 
fields at the cathode. The experiment utilizes a 17 GHz 
relativistic klystron amplifier constructed by Haimson 
Research Corporation. The klystron is driven by a 580 
kV, 1 us flattop modulator pulse. A Thomson CSF gun 
produces a 100 A pulse. The beam is space-charge limited 
and the gun perveance is 0.27 uperv. The amplifier chain 
includes a TWTA to provide about 10 W to the klystron. 
The klystron gain is approximately 60 dB. Dark current of 
0.5 mA was observed when 3.5 MW of microwave power 
was coupled into the cavity. This corresponds to a peak 
electric field of 175 MV/m, and is consistent with 
Fowler-Nordheim field emission theory if a field 
enhancement factor of about 100 is assumed. 

The klystron amplifier has been found to generate power 
in other spurious modes when connected to a mismatched 
load. Microwaves associated with these modes are slightly 

Figure 4: Bragg filter 

The laser beam for the RF gun photocathode is generated 
by a Ti:Sapphire laser system, which produces 1.9 ps, 1.9 
mJ, 2 mm diameter pulses at 800 nm. The pulse duration 
of 2 ps at 800 nm was verified using a single-shot 
autocorrelator. Pulse-to-pulse laser energy fluctuations 
are approximately ±10% at 800 nm. These pulses are 
frequency tripled to 20-40 uJ of UV, and then focused on 
the back wall of the copper cavity. The ultraviolet spot 
size is approximately 0.7 mm in diameter and 1 ps in 
duration estimated from the infrared pulse measurements 
using nonlinear optical theory. Measurement of the 
frequency sidebands using a spectrum analyzer [2] 
indicated a laser phase jitter of less than 5 ps, or 30 
degrees. 

The timing scheme used in the M.I.T. RF gun experiment 
is slightly different from that of other photocathode 
experiments. A photo-diode samples the light pulses 
bouncing back and forth in the optical cavity of the 
Ti:Sapphire laser oscillator. The IR pulses of this 
oscillator are used as input to a regenerative amplifier. 
The frequency of these pulses is 84 MHz and is dictated 
only by the length of the cavity. No external oscillator is 
used. The signal from this photodiode is used as input to 
a frequency multiplier box, which filters and amplifies 
the signal. The output signal is about 17 GHz and is 
phaselocked to the laser system. This milliwatt level 
signal is used as input to the microwave amplifier chain 
which drives the RF gun experiment (see Figure 3). 
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3 RESULTS 

Initial operation of the RF-gun was achieved in 
December, 1996. Current associated with photo-emission 
was observed with a Faraday cup located about 20 cm 
from the cavity. A typical set of experimental traces is 
shown in Figure 5. Extremely narrow, 2 ns FWHM 
negative Faraday cup signals are observed following the 
positive photo-diode signal by about 6 ns. This delay is 
consistent with the physical locations of the two 
diagnostics and cable signal delay. The integrated 
Faraday cup signal indicates 0.12 nC of charge for an 
electric field strength of 130 MV/m at the cathode at the 
time of injection. This value is inferred from the forward 
and reflected power at the rf cavity. Assuming a 1 ps 
pulse, this corresponds to a peak current of about 120 A, 
and a density at the cathode of 8.8 kA/cm2. 

Figure 5: Experimental observation of emission 

In order to verify that the laser pulses are injected at a 
nearly fixed phase relative to the 17 GHz microwaves, 
scans were performed using a variable phase shifter at the 
input to the relativistic klystron. Twenty shots were 
observed at each phase shifter setting and the percentage 
of shots exhibiting a Faraday cup signal was recorded. 
The percentages are graphed as a function of phase in 
Figure 6. The rising edge of the curve at about 180° is 

consistent with Schottky field enhancement causing an 
increase in photoemission. The falling edge at 300° is 
consistent with cathode back-bombardment due to 
electrons being reflected by the cavity electric field. The 
width of the 100% emission indicates a phase stability of 
better than ±20°. This corresponds to synchronization of 
the laser pulses to the microwave field with an error of 
approximately ±3 ps. 

100 150 200 250 
Phase Shift [ dgrees] 

Figure 6: Dependence of emission on phase 

Although the beam energy has not yet been directly 
measured, two factors suggest it is at least 1 MeV at the 
highest cavity RF fields. In earlier measurements of dark 
current, the transmission of electrons through metal 
sheets was measured These experiments indicated 
energies between 1.7 and 2.5 MeV. Secondly, assuming 
an initial beam size at the gun exit of 0.7 mm, then the 
space-charge divergence of the beam would be too large, 
and the beam would not reach the Faraday cup, unless its 
kinetic energy was >1 MeV. 

4 FUTURE PLANS 

The next step in the 17 GHz RF gun experiment is the 
characterization of the electron beam quality. A Browne- 
Buechner magnetic energy spectrometer is being installed 
at this time. This will provide information about the 
average energy and energy spread of the electron beam. 
The emittance of the electron bunch will be measured 
initially using magnetic steering coils and narrow 
collimators. Emittance compensation will be added later 
to increase the beam's brightness. 
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Abstract 

We have built a high-DC-voltage photoemission gun and a 
diagnostic beamline permitting us to measure rms trans- 
verse emittance (ix) and rms momentum spread (5) of 
short-duration electron pulses produced by illuminating the 
cathode with light from a mode-locked, frequency-doubled 
Nd:YLF laser. The electron gun is a GaAs photocathode 
source designed to operate at 500 kV. We have measured 
ix and 5 for conditions ranging from emittance-dominated 
to space-charge-dominated. We report these measurements 
as functions of microbunch charge for different beam radii, 
pulse lengths, and voltages/field gradients at the cathode, 
and compare them with PARMELA calculations. 

1   INTRODUCTION 

We have designed a 500 kV GaAs photoemission gun with 
the intent of exploring the limits of high-DC-voltage photo- 
cathode sources. The aim is to demonstrate that such a gun 
can work reliably, to investigate experimentally the trans- 
verse and longitudinal properties of the beams produced, 
and to compare the measurements with PARMELA pre- 
dictions to ascertain the validity of the code in the charge 
and energy regime explored. The highly uniform cathode 
field, the ability to decouple beam energy from accelerating 
gradient, and the ability to control both radial and tempo- 
ral beam profiles (including beam length) through the drive 
laser makes this gun a platform uniquely suited to support 
our studies. Once characterized, the gun will serve as the 
electron source for the FEL currently under construction at 
Jefferson Lab[l]. 

We have built the gun, measured ix and S at 250 and 
300 kV (after processing to 300 and 335 kV, respectively), 
and analyzed the data to compare with those values pre- 
dicted by PARMELA. The reduced voltage was necessary 
due to ceramic punch-throughs that occured at 400 kV. 
The punch-throughs, believed due to a combination of field 
emission (from the cathode support tube) and an improper 
choice of ceramic material, were easily sealed, but re- 
opened at voltages of 300-350 kV. 

New ceramics[2] and a new cathode support tube re- 
cently allowed the gun to process to 400 kV and run at 
350 kV. In the remainder of this paper we describe the ex- 
periment, simulations, and results of our measurements. 

2   THE EXPERIMENT 

2.1    Experimental Apparatus 

The apparatus used in this experiment consists of the elec- 
tron gun and diagnostic beamline. The layout of the gun 
and beamline is shown in Fig. 1. 

The electron gun operates in a horizontal position. Its 
high voltage terminal is isolated by two ceramics stacked 
in series. The GaAs cathode wafer resides just inside the 
flattened end of a ball-shaped cathode which is supported 
from the high voltage terminal by a tube. The gun has pla- 
nar anode-cathode geometry so that the field on the surface 
of the GaAs wafer at 500 kV is 10 MV/m, uniform to 1% 
over a 1 cm diameter. Optional inclusion of a spacer nip- 
ple at the base of the ceramic stack reduces the cathode 
field to 6.0 MV/m at 500 kV. A large-bore, water-cooled 
solenoid and RF-shielded gate valve immediately follow 
the gun vacuum chamber. 

The beamline extends about 2 m beyond the valve. Im- 
mediately after the valve is the light box, a device that di- 
rects incident laser light onto the photocathode and out- 
couples light reflected from the wafer into a beam dump. 
The beam diagnostics reside in three vacuum crosses. 
A six-way cross houses a beam viewer and a scanning, 
~50 /im wide vertical slit that renders transmitted beam- 
lets emittance dominated. A 45° dipole magnet follows the 
slit cross. After the magnet, the straight and branched sec- 
tions of the beamline contain a five-way cross holding a 
beam viewer and wire scanner, and terminate in an isolated 
Faraday cup. The dipole horizontally images the slit onto 
wire scanner 2, yielding a spectrometer with 22.5 cm of 
dispersion. Current readouts for the Faraday cups and wire 
scanners are provided by Keithley 485 picoammeters. 

The beam is centered through the solenoid and beamline 
and the average charge per pulse is determined from the 
current intercepted in the straight-ahead Faraday cup. For 
the emittance measurement, we use a variant of the two- 
slit method[3, 4]. We scan the slit horizontally (in the x 
direction) across the beam, stopping at ~13 locations, and 
record the current profile of each transmitted beamlet with 
wire scanner 1. After background subtraction, these cur- 
rent profiles are used in conjunction with the slit locations 

to calculate ex using ex = J(xl) (X'0
2
) - (x0x'0) ; where 

x0 and X'Q are, respectively, the beam's horizontal coordi- 
nate and angle of divergence at the slit, and () signifies a 
current-weighted average. The rms normalized emittance 
is obtained in the ordinary manner: ex<n = ß^ex, with ß 
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Figure 1: An overhead view of the gun (6 MV/m configuration) and the diagnostic beamline. 

and 7 the usual relativistic factors. For the momentum- 
spread measurement, we energize the dipole, place the 
slit in the center of the beam, and record the transmitted 
beamlet's current profile with wire scanner 2. After back- 
ground subtraction, the profile is used to calculate 6 using 
8 = ■\/Jxf)/'D; where x2 is the beam's horizontal coordi- 
nate at wire scanner 2, V is the spectrometer's dispersion, 
and we exploit the slit narrowness and the point-to-point 
focusing of the spectrometer. 

2.2   Experimental Conditions 

We measure ex and 8 as functions of microbunch charge 
(q) for different combinations of beam radius, pulse length, 
and voltages (field gradients) at the cathode. We run the 
gun at 250 and 300 kV, with 3.0 and 3.6 MV/m cath- 
ode field strengths. The laser emits pulses with assumed- 
Gaussian temporal profiles of rms width at. By chang- 
ing the modelocker operating temperature or detuning the 
laser-cavity length, we obtain two stable pulse widths: 
at « 20 and 25 ps. We change the electron beam radius 
(i?) by imaging three different diameter laser apertures onto 
the cathode, repeatably obtaining beam radii of 0.61, 1.06, 
and 1.95 mm. Due to the limited amount of experimen- 
tal time (<100 hours) and the length of time (~1 hour) 
required to complete a measurement at a single charge, we 
used PARMELA to generate the solenoidal field values (B) 
for our experiment. 

3   THE SIMULATIONS 

We have simulated the experimental conditions as closely 
as possible using the standard Jefferson Lab version of 
PARMELA[6] with a slightly modified particle generation 
scheme. In our version, macroparticles are tracked us- 
ing the McDonald point-to-point space charge algorithm[7] 
and the Liu variable-particle-size factor[6]. The modifi- 
cations cause macroparticles to be emitted in an arbitrary, 
user-defined radial profile with a Maxwellian velocity dis- 
tribution. 

The electron bunches are simulated from the cathode to 
the slit using the same B values as the experiment. Lim- 
iting the maximum particle size factor to 10[8] prevents 

over-shielding of the macroparticles. Use of POISSON- 
generated electric and magnetic field profiles for the gun 
and solenoid assures the proper treatment of aberrations 
in these elements. The radial and longitudinal profiles of 
the macroparticle distribution are identical to those of the 
laser beam at the photcathode except that the longitudinal 
profile is truncated at ±3<7t. Finally, the macroparticles 
are emitted with a thermal energy of \kBT = 0.18 eV. 
This value equates the simulated and measured values of 
ex in the low-charge (emittance-dominated) regime for 
i?=1.95 mm, and compares favorably to Dunham's value 
of0.153±0.010eV[5]. 

4   RESULTS 

In this section we present some of the results of our mea- 
surements. We estimate the statistical error in ex (8) 
to be ±5% (±1.5%). We determine the statistical error 
by comparing repeated measurements at selected charges 
throughout the measurement range. We calculate an up- 
per bound of ±10% and ±6% for the non-recoverable sys- 
tematic error in the ex and 8 measurements, respectively. 
The bound includes contributions from baseline subtrac- 
tion, finite sampling effects, determination of slit/wire posi- 
tions and separations, and determination of the spectrome- 
ter dispersion. PARMELA simulations of the measurement 
method indicate an upper bound of -15% for the recover- 
able systematic error in both measurements. Recoverable 
systematic errors arise from finite slit and wire widths, and 
"bent" wires. During vacuum bakeout, the wires in our 
scanners relaxed, resulting in a ~ 6° inclination of the wire 
with respect to the slit. These errors are deemed recover- 
able because future analysis will correct for them. 

Figure 2 shows data taken for i?=1.06 mm: at 250 kV 
with at =19 ps and at = 25 ps; and at 300 kV with at = 
20 ps. Other data looks quite similar. 

In terms of determining ix, PARMELA agrees quite well 
with experiment at the lowest charges, underestimates the 
value by ~25% at higher charges, overestimates the value 
by ~50% at even higher charges, and agrees quite well 
again with experiment at the highest charges. We believe 
the shape of the experimental curves, as well as the agree- 
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Figure 2: Results for measurements with R=1.06 mm 
showing the effects of pulse length and accelerating poten- 
tial (cathode field) variation. 

ment between the data and PARMELA simulations, to be 
the result of differing levels of solenoidal compensation for 
different q. To support our contention, we introduce Fig. 3, 
which shows ex as a function of B for i?=0.61 mm, at = 
20 ps, q = 18.7 pC, and a beam energy of 250 kV. 

From inspection of the experimental curve in Fig. 3, 
we see that if B is too large for the beam space charge, 
solenoidal compensation is negligible and the experimental 
values exceed the simulation values. As B drops and be- 
comes better matched to the beam space charge, increased 
solenoidal compensation causes the experimental value to 
dip below the simulation values and flatten. As B decreases 
further, it is too small for the beam space charge; solenoidal 
compensation dissipates and the experimental value rises 
towards the simulation curve again. 

The behaviour just described qualitatively matches that 
of the experimental ex curves in Fig. 2, implying that the 
Parmela-generated solenoid values used in the experiment 
are too large for the beam space charge at low q, nearly 
matched to the beam space charge at intermediate q, and 
too small for the beam space charge at high q. The differing 
levels of solenoidal compensation induced by these effects 
cause the the experimental ix values to exceed the simu- 
lation values at low q (once space charge effects become 
non-negligible), to level off and dip below the simulation 
values at intermediate q, and to rebound towards the sim- 
ulation value at high q. Given the obvious insensitivity to 
solenoidal compensation that PARMELA shows in Fig. 3, 
such errors in B are not surprising. 

240 245    250    255 
B(G) 

260    265 

Figure 3: Results for measurements with R - 0.61 mm, at 

= 20 ps, and g = 18.7 pC, showing the dependence of ex on 
B. 

In terms of predicting 5, PARMELA underestimates the 
value by 50-60% at lower charges, improving to underes- 
timate the value by ~10% at higher charges. 

5    CONCLUSIONS 

In this charge and energy regime, PARMELA is able to 
predict ex and 8 to within 50%. The code displays a marked 
insensitivity to solenoidal compensation effects, possibly 
accounting for much of the discrepancy in predicting ix. 
Further research is necessary to determine the cause of this 
insensitivity. 
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Abstract 

A secondary beam of radioactive 17F was produced at the 
ATLAS accelerator and delivered to an experimental 
target station with an intensity of as much as 5-10s ions/s 
for use in the research program. Beams of 17F were 
produced via the p(170,17F)n or d(160,17F)n reactions by 
bombarding a gas-filled cell with up to 300 pnA beams of 
,70 or 160 from the ATLAS superconducting linac. The 
gas target, with HAVAR windows, was maintained at 
pressures as high as 500 Torr. The beam quality was 
dominated by small-angle scattering in the gas cell 
windows, by the reaction kinematics and beamline 
acceptance. Detailed beam parameters are presented. 
Plans for relocation of the target to allow improved 
capture efficiency and acceleration or de-acceleration of 
the secondary beam will also be discussed. 

1 INTRODUCTION 

Interest in the use of radioactive beams for research in 
nuclear physics and astrophysics has become intense in 
recent years and several accelerator laboratories around 
the world have begun to develop techniques to produce 
radioactive beams with useful intensities and controllable 
beam properties. At ATLAS[1] techniques have been 
developed to produce a beam of 17F(TW = 65s) in-flight 
using inverse reactions, i.e. bombarding light targets with 
heavier projectiles. The goal of the effort is to produce a 
beam of 17F in sufficient quantity, purity and quality to 
allow the determination of cross-sections relevant to 
astrophysical environments as well as for the investigation 
of other nuclear reactions. 

2 EXPERIMENTAL CONFIGURATION 

For our first measurement with an 17F beam, the inverse 
reaction p(17F,140)a was chosen for study. To study this 
reaction at the Etin = 3.43 MeV, resonance an energy for 
"F of 62 MeV is required. 

A gas target cell of hydrogen or deuterium was 
bombarded with a primary 170 or 160 beam and partially 
transformed into a 17F beam. A bending magnet following 
the production target filters out most of the 170 isobar 
nuclei. Finally the 17F beam was delivered over a distance 

of 12 m to a secondary CH2 target. Since p(17F,140)cc is 
forward peaked in the laboratory system, a coincidence 
requirement between 140 particles detected in the ATLAS 
spectrograph and a-particles measured with a silicon 
detector was used to separate the particles of interest from 
the background reactions. 

The physical layout showing the relationship of the 
17F production target, the connecting beamline to the 
secondary target and the ATLAS spectrograph is shown in 
Fig. 1. 

Primary Beam 
26 Deg. Switching 

Magnet 

Primary Target 
(H2 Gas) 

Split-Pole Spectrograph 

Fig. 1. Floor plan of the ATLAS radioactive beam region. 
The future (Tl) and present (T2) positions of the primary 
gas target are shown as are the beam transport elements 
to the secondary target at the spectrograph. The relative 
positions of the super-conducting solenoid (SOL) and 
resonator (RES) which will be installed are also indicated. 

2.1 Design of the "F Production Target 

Our goal was to deliver at least 105 17F ions per second 
onto the secondary reaction target. For a 17F production 
cross-section [4] as low as 10 mb and a 1% transport 
efficiency, the production target must be capable of 
sustaining an nO beam current of one puA and have an 
effective thickness of 250 ug/cm2. 
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Experience indicates that foil (CH2) targets, even in 
rapid rotation, cannot take the high beam current 
necessary. Therefore, a gas target with an effective length 
of 7.5cm and thin HAVAR [5,6] windows was chosen 
(see Fig. 2). To keep the temperature of both the windows 
and the hydrogen gas low, the chamber has double walls 
to accommodate a constantly flowing cooling liquid in the 
outer cylinder. Four support pipes supply cooling fluid 
and H2 gas. 

support tube 

J^!=rf 
cooling liquid 

w 17r 

window mounting 

H, chamber 

Fig. 2.   A simplified cross-section of the cylindrical gas 
target used. The diameter of the windows is 1.27cm 

The selection of window material and thickness was 
made as a compromise between the maximum sustainable 
gas pressure and the deleterious effect of thick windows 
on angular and energy straggling. The effect on the 
energy spread is negligible, since usually the reaction 
kinematics dominates this even near the reaction 
threshold. On the other hand, the contribution of the 
small-angle scattering to the beam divergence can 
dominate the transverse beam emittance. The required 
energy on the secondary target led to reaction energies 
between 73 to 77 MeV (threshold at 63.8 MeV) resulting 
in an maximum divergence of ±1.5° from kinematics 
(average of about ±1°). This relatively small cone is due 
to the negative Q-value of p("0,17F)n. A reaction with a 
positive Q-value would result in a much larger angular 
spread. 

For two 1.9 mg/cm2 HAVAR windows, the small 
angle scattering is also of the order of ±1°, which made 
this type of window a good choice. Glued in a mounting 
ring with an inner diameter of 1.27 cm, they withstood a 
250 pnA beam of 83 MeV "O at H2 pressures up to of 500 
Torr. A higher pressure was not tested. 

The divergence and energy width of the 17F is 
estimated to be ±1.6° and ±4 MeV from the combined 
contribution of all effects. Calculations of the beam optics 
and examination of the windows after the run suggest a 
beam spot radius of 2 mm on the entrance windows. This 
makes a spot with a 3 mm radius on the exit windows. 
From this, we estimate the un-normalized emittance of the 
secondary 17F to be 84 7t-mm-mrad. 

Gas Targel 

2.2 Transport of the ' F beam to the secondary target 

The program TRANSPORT [7] was used to calculate the 
beam optics for I7F and predict the transport efficiency. 
For such a large emittance beam, a transmission of 3.5% 
is predicted, assuming a uniform density profile. It is also 
estimated that 50% [8] of the 17F beam is in the 9* charge 
state, resulting in another attenuation factor of 2. The 
calculated beam envelope is shown in Fig. 3 and 
compared to the limiting mechanical aperture in the 
system. 

2 0.0- 
[cm] 

15.0- 

10.0' 

5 . 0 

0 . 0' 
0 . 

-5.0' 

10.0 

15.0 

20.0 

Fig. 3. The calculated envelope of the produced 17F beam 
from the production target, located at 30m, to the reaction 
target, located at 43m. The quadrupole doublets are in a 
YX-YX-configuration. 

Both energy and angular distributions of the 17F 
beam are strongly affected by the reaction kinematics. 
Therefore, a correlation between energy and angle of a 
particle is to be expected. These correlations are not 
included in the TRANSPORT studies and place some 
uncertainty on the predicted transmission. However, this 
simple model leads to an expected overall efficiency of 1 
to 2%. 

3 PARAMETERS AND RESULTS 

With a primary beam of 250 pnA 170, a cross section of 
50 mb, and a gas pressure of 500 Torr, one expects a 17F 
production rate of-2-107 per second. At the spectrograph, 
a 17F current of M05 per second was observed. The upper 
limit of the vertical spot size on the secondary target is 
calculated to be 1cm. The y-magnification of the 
spectrograph is three, and so the detector [9] in the 
spectrograph focal plane is unable to intercept all beam 
particles. We estimate a detection efficiency of only 50% 
due to this effect, resulting in a transport efficiency of 1%, 
in reasonable agreement with the estimate in the previous 
section. 
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The ratio of 17F particles to other nuclei detected in 
the focal plane of the spectrograph in the experiment was 
better than 10:1, in a measurement taken at 0° and 
therefore with a much weaker primary 170 beam of only 
175ppA on the gas target (See Fig. 4). The contaminating 
"O peaks are due to the energy-distribution tail of 
particles scattered into the bending magnet's momentum 
acceptance. 

Secondary Radioactive Beam 
Components at Spectrograph "Fat63MeV 

FWHM < 1MeV 

"O" at 50 MeV 

1'0,,at28MeV 

'at38 MeV A I     l 

A        Ail 
Energy 

Fig. 4. The energy spectrum of the secondary beam in the 
ATLAS spectrograph at 0°. 

The goal of the experiment was to detect 140 nuclei 
from I7F(p,a)140 in inverse kinematics. To provide 
discrimination between ,40 nuclei and background, the a 
particle was detected in coincidence in a silicon detector. 
While the spectrograph covered the angular range of 2° to 
8° on the right side of the beam, the alpha detector 
measured a-particles on the left side between 6° and 20°. 
In the coincidence spectrum, the 140 particles are the most 
prominent group (see Fig. 5). The 17F and "O particles 
scattered in the spectrograph are in random coincidence 
with uncorrelated particles in the silicon detector. 

By slightly changing the field of the 26° switching 
magnet, a certain energy control of the secondary beam 
was available without retuning the accelerator. Due to the 
large energy spread in the 17F particles, the current of the 
secondary beam did not change more than 50% when 
swept over a 2 MeV energy region. In an independent test 
run, the production of 17F was measured over an energy 
range from 85 to 112 MeV. The yield of 17F changed less 
than 10% over this range. 

4 IMPROVEMENTS IN PROGRESS 

The production technique used in these experiments 
suffers from the large transverse emittance produced by 
angular straggling and the reaction kinematics as well as 
the large energy spread created from the reaction. These 
effects and the acceptance of our beamline limits the 
transport efficiency to target to approximately 1%. 

The transport efficiency can be increased 
significantly by a modification of the beam optical 
elements in the vicinity of the primary gas target to 
significantly improve the transverse capture efficiency 
and reduce the energy spread of the secondary beam. We 
have begun a modification of our production region which 
moves the primary production target to a new location 
indicated in figure 1. A superconducting solenoid will 
follow the production target in close proximity (about 50 
cm) to capture more of the rapidly diverging beam. The 
beam divergence will be reduced and the maximum 
secondary beam size limited to a radius of less than 2 cm. 

The solenoid is then followed by a superconducting 
resonator, approximately 1.5 meters from the target. The 
resonator provides approximately 1 MV of accelerating 
potential and will be used in a 'debunching' mode which 
will decrease the energy spread of the secondary beam 
from ~±4 MeV to ~±0.75 MeV. Energy variability of 
about ±4 MeV will also be possible using the resonator. 

X 

"^       i7C   oc-Coincidence Spectrum 

9 

^ 

z 
8 ^V."                          '                                                                                                                             ,'        ^ 

"^ ^ 

M/Q 

Fig. 5. The spectrum of nuclei in the spectrograph in co- 
incidence with a-particles in the silicon detector. The 
values of Z and M/Q have been linearized. 

With these changes we expect the transport 
efficiency to increase by approximately a factor of 10. 
Therefore beam intensities greater than 106 ion/s should 
be available by October, 1997. 
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Abstract 

The low-energy undulator test line (LEUTL) is being 
built and will be tested with a short beam pulse from an rf 
gun in the Advanced Photon Source (APS) at the Argonne 
National Laboratory. In the LEUTL a beam chopper is 
used after the rf gun to deflect the unwanted beam to a 
beam dump. The beam chopper consists of a permanent 
magnet and an electric deflector that can compensate for 
the magnetic deflection. A 30-kV pulsed power supply is 
used for the electric deflector. The chopper subsystem was 
assembled and tested for beamline installation. The electri- 
cal and beam properties of the chopper assembly are pre- 
sented. 

1 INTRODUCTION 

A 2.856-GHz thermionic rf gun is used for the elec- 
tron beam generation in the LEUTL [1]. The rf gun is 
capable of generating 1 A of beam during approximately 
2 us at a repetition rate of 10 Hz. Such a beam, accelerated 
to the energies envisioned for the LEUTL (650 MeV), 
would easily violate the radiation safety envelope of the 
APS linac vault. The beam chopper was conceived and 
designed to provide a fail-safe means of chopping the total 
quantity of generated beam down to a level which can 
safely be transported within the linac vault at the peak 
energies attainable. For control of electron beam bunches 
in the LEUTL, a beam chopper has been designed. 

The beam chopper is placed between the rf gun and 
the alpha magnet injector to the linac and easily deflects 
the 3 MeV beam. The chopper consists of an electrostatic 
deflector located within a crossed permanent magnetic 
field. The electrostatic plates are spaced 10 mm apart and 
connected to a high voltage switched power supply 
through coaxial cables. Both plates are raised to 30 kV by 
the high voltage power supply. The plates are then 
switched sequentially to ground through a single switch 
and delay line. The rise and fall times are less than 50 ns. 
The electron beam can pass and travel to the linac only 
during the transient switching time determined by the 
delay lines, otherwise it is directed to a beam dump. 

2  DESIGN AND CONSTRUCTION 

The magnetic deflector is made of a permanent mag- 
net for full-time deflection while the electrostatic deflector 
is designed to deflect the beam to the original beam axis. 
The high voltage for the electrostatic deflection is from the 
pulsed power supply. Figure 1 shows the chopper assem- 
bly between two quadrupole magnets in the beamline. The 
chopper dipole magnet is outside the electrostatic deflector 
chamber. 

The high voltage operation requires special attention 
to insulation for reliability and safety. Also the high volt- 
age short pulse operation requires good electromagnetic 
shielding for noise suppression. For this purpose, but not 
shown in the figure, an aluminum shroud will also be 
installed around the chopper assembly. A water-cooled 
copper beam dump with a vertical slot for beam passage is 
placed in the downstream 2.75" Conflat flange. The design 
specifications of the chopper system components are 
shown in Table 1. 

..■j ■■-■.'■■■/.; :-::■:. ;■■:■::::•;  Wm*X&£ • 

m i&x^^ 

Figure 1: Chopper assembly. 

Numerical simulations were made to see the approxi- 
mate field distribution and rf resonance response of the 
structure. Calculations using the MAFIAcomputer code 
showed that resonances above ~2.5 GHz are severely 
damped within the electric kicker chamber. This is due to 
the loss on the stainless steel wall and the lossy ceramic 
dielectric of the high voltage feedthroughs and standoffs. 
The electric field distribution in the chamber was simu- 
lated using the Hewlett Packard High Frequency Structure 
Simulator (HFSS) computer code to see the electric field 
uniformity. The result showed that the electric field on the 
beam axis between the parallel electrodes is essentially flat 
except the fringing fields at both ends. 

Table 1: Chopper Specification 

Beam energy 

Deflector plate length 

Deflection at exit of plates 

Deflection angle 

Integrated magnetic field 

3 MeV 

10 cm 

3.57 mm 

0.0714 rad 

82.7 G-m 
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2.1 Deflector Magnet 

Since the required field strength is low, the dipole 
magnet has been designed to use a permanent magnet 
material of ceramic 8 [2]. The magnet structure has a 6.1- 
cm vertical gap, 10-cm-wide iron pole pieces, and 7.94-cm 
core length. Figure 2 shows the magnetic flux plot from 
OPERA-2d [3] for one quarter of the magnet in the trans- 
verse plane with respect to the beam axis. At most, a pair 
of 5-mm-thick slices of permanent magnet material are 
required between the pole tip and yoke at each pole. The 
magnet material is strontium oxide-ferrite ceramic from 
Hitachi. The effective length of the magnet is 10 cm and 
compensates the electrostatic deflector. However, the field 
along the beam axis is not uniform since the length is so 
short compared to the magnet gap. A pair of permanent 
magnet blocks is placed between the yoke and each pole 
piece. Each block measures 1 cm x 0.5 cm x 7.94 cm. The 
field along the beam axis is shown in Figure 3. The peak 
field is about 91 G. For accuracy of the field, the ceramic 
magnet is magnetized after machining and the field 
strength is optimized by placing magnetic steel shims into 
the air gaps adjacent to the permanent magnet blocks. 

Y[cm] 

Ho      1.0     2.0     3.0     4.0     (.0     10     7.0     ».0     1.0    110 

Figure 2: Magnetic flux of the deflector magnet. 

2.2   Electrostatic Deflector 

The mechanical design of the LEUTL electrostatic 
deflector is a compact functional design that will support a 
30-kV potential between precisely aligned electrodes 
while being ultra-high-vacuum compatible. To minimize 
welding in the construction of the component that is 
enclosed within the permanent magnet field, the unit body 
is machined from one piece of 316L stainless steel. The 
tubing welded to the body is also 316L stainless steel in 
order to reduce magnetism of essential weld joints. The 
lectrodes are also of one piece 316L stainless steel con- 

struction. The electrical design of the kicker requires that 
the electrodes are supported by insulated standoffs and 
?.!igr.ed to within 0.1 mm. This is achieved by mounting 
the electrodes on pairs of 35 kV vacuum-rated ceramic 
standoffs. The standoffs are stock alumina ceramic cylin- 
ders that are tapped at both ends to facilitate attachment. 
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Figure 3: Magnetic field intensity in longitudinal 
direction. 

The tapped holes are also employed to allow the horizontal 
positioning of the electrodes. The standoffs are tightly 
attached to threaded studs on the electrodes and then freely 
attached to studded flanges on ports on the body. The ports 
are sealed with rotatable Conflat flange joints. Rotating the 
joints before final sealing allows the positioning of the 
electrodes. The adjustable joints are preloaded with com- 
pression springs to maintain the position of the electrodes. 
The port positions are accurately machined to locate the 
electrodes longitudinally and vertically. Electrode align- 
ment is measured on an electronic coordinate measuring 
machine. After electrode alignment, 35 kV vacuum-rated 
power feedthroughs are mechanically attached to the elec- 
trodes with silver-plated set screws. The kicker design 
maintains a modular assembly in which the feedthroughs, 
electrodes, and standoffs can be easily replaced. 

Figure 4 shows the electric kicker chamber design. A 
water-cooled beam dump is integrated to the vacuum 
flange in the left-hand side. The electrodes are slightly 
shifted in order to eliminate beam scraping with magnet 
only deflection. For reliable high voltage operation, all 
body and electrode surfaces exposed to high voltage are 
rounded and electropolished to remove burrs and surface 
contaminants. An extra port with a 53.8-mm flange is pro- 
vided for possible higher-order mode damping. 

2.3 Pulsed Power Supply 

The power supply for the electrostatic chopper con- 
sists of a high voltage unit, a thyratron switch, and a delay 
line. A picture of the circuit is shown in Figure 5. 

The high voltage unit is an EMI 500A, which is a 30- 
kV constant-current-charging supply by Electronic Mea- 
surements, Inc. This supply outputs a constant current so 
the voltage on the delay line, like a capacitor for DC, rises 
linearly. When the voltage reaches the setpoint, the supply 
automatically switches to the voltage regulating mode to 
maintain a constant output voltage. The high voltage sup- 
ply can be controlled by a charging command to minimize 
the time when the system carries high voltage, to reduce 
the stress on the insulation material. 
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Figure 4: Electric kicker chamber design. 

The thyratron is an EEV CXI 154C. It is a single-gap 
tube rated at 35 kV. Its grid 1 is driven with a current pulse 
of 23 A, and grid 2 is driven with a voltage pulse of 800 V 
plus a negative bias of 150 V. To reduce the stray induc- 
tance which will slow down the speed of the pulse and 
cause difficulty for impedance matching, the thyratron 
housing is carefully designed as a coaxial structure. The 
terminating resistors for the coax cables are also integrated 
as part of the thyratron structure. The measured turn-on 
time (the voltage goes from 100% to 0) is less than 20 ns. 

The delay line is made of high voltage coaxial cable 
2124 manufactured by Dielectric Sciences, Inc. The cable 
has a characteristic impedance of 61 £1 The length of the 
short cable is about 1.8 m and is the minimum necessary to 
make the connection between the thyratron and one elec- 
trode. At the other electrode side, a capacitor-resistor 
string is connected to the short cable. The purpose of the 
string is to eliminate the overshoot caused by the imperfec- 
tion in the impedance match at the thyratron. The side 
effect of the string is that the rise time of the pulse is 
slowed down to 50 ns instead of the 20 ns thyratron turn- 
on time. The propagation speed of the delay line is 6.6 ns/ 
m. This means the required length of the delay line is 
22.9 m. 
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Figure 6 shows a measured voltage waveform across a 
mock-up deflector. At the time this paper was written, the 
delay line was 30.5 m long. Therefore, the pulse width is 
200 ns. 
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Figure 6: Outputs from high voltage pulsed power 
supply. 50 ns/div. 

3 DISCUSSION 

The complete beam chopper system has been fabri- 
cated for the design described earlier in this paper. The 
electrostatic kicker structure is driven by a switched high 
voltage pulsed power supply through a delay line. The 
power supply has been made and tested for 10-kV opera- 
tion with a good pulse waveform. With proper adjustment 
of the capacitance parallel to the load, the pulse risetime 
slightly degraded but the overshoot has been reduced. The 
kicker system will be assembled and tested completely 
before installation in the beamline. 

4 ACKNOWLEDGMENT 

We would like to thank Kerry Potter for his contribu- 
tion to this project in the mechanical design process for 
design, detailing, and integration of the chopper into the 
beamline. This work was supported by the U.S. Depart- 
ment of Energy, Office of Basic Energy Sciences, under 
Contract No. W-31-109-ENG-38. 

5 REFERENCES 

[1] S. V. Milton et al., 'The Advanced Photon Source Low-Energy 
Undulator Test Line," these proceedings. 

[2] Specified by the Magnetic Material Producers Association Stan- 
dard Specification for Permanent Magnet Materials-0100 (-90). 

[3] Code OPERA-2d (formerly PE2D) is available from Vector Fields, 
Inc., Aurora, Illinois. 

60Q 

Figure 5: Pulsed power supply circuit schematic 
diagram. 

2701 



A NEW 14 GHZ ELECTRON-CYCLOTRON-RESONANCE ION 
SOURCE (ECRIS) FOR THE HEAVY ION ACCELERATOR FACILITY 

ATLAS 

M. Schlapp1, R.C. Vondrasek1, J. Szczech1, P.J. Billquist1, Z.Q. Xie2, R. Harkewicz3 

and R.C. Pardo1 

'Argonne National Laboratory, Argonne, IL 60439 
2Lawrence Berkeley National Laboratory, Berkeley, CA 94720 

3 National Superconducting Cyclotron Laboratory, East Lansing, MI 48824 

Abstract 

A new 14 GHz ECRIS has been designed and built over 
the last two years. The source design incorporates the 
latest results from ECR developments to produce intense 
beams of highly charged ions. An improved magnetic 
electron confinement is achieved from a large mirror ratio 
and strong hexapole field. The aluminum plasma chamber 
and extraction electrode as well as a biased disk on axis at 
the microwave injection side donate additional electrons to 
the plasma, making use of the large secondary electron 
yield from aluminum oxide. The source will be capable of 
ECR plasma heating using two different frequencies 
simultaneously to increase the electron energy gain. To be 
able to deliver usable intensities of the heaviest ion beams 
the design will also allow axial access for metal 
evaporation ovens and solid material. The main design 
goal is to produce several euA of at least 238U34+ in order 
to accelerate the beam to coulomb-barrier energies without 
further stripping. First charge state distributions for 160 
and ""Ar have been measured. 

1 INTRODUCTION 

This new ECR ion source has been constructed as part of 
an improved high-charge state injector for the heavy ion 
accelerator facility ATLAS, providing the Positive Ion 
Injector (PII) section with a second, independent ECRIS. 
A layout of the ion source, beam line and associated 
components mounted on a high voltage platform, designed 
for 275 kV operation is given elsewhere [1]. The design 
goal of producing usable beam intensities of heavy 
elements such as uranium, lead or gold in charge states 
sufficiently high so that acceleration to the coulomb 
barrier is possible without foil stripping will increase the 
beam intensity available for experiments by at least an 
order of magnitude. In addition to that the beam quality 
should be significantly improved over beams requiring 
stripping for acceleration. 

2 SOURCE DESIGN 

1.1 Mechanical Design 

The mechanical design of this single stage ECRIS is 
shown in Fig.   1.  It shows  the  complete ion  source 

assembly including solenoid coils and iron yoke together 
with a cross sectional view of the microwave injection 
tank with microwave inputs for two frequencies and a 
detail of the extraction system assembly. For the 
production of metallic ions the source allows the 
installation of high temperature ovens and sample 
insertion for sputtering. A Glazer lens is used as a beam 
focusing element between the ECRIS and a 90° double 
focusing analyzing magnet. All intensities are measured in 
a Faraday cup directly behind a set of 2-jaw slits at the 
exit focal point of the dipole magnet. 

1.2. Magnetic System 

The magnetic system for confining the hot plasma 
electrons takes into account the latest understanding that a 
high axial mirror ratio as well as a strong radial field 
inside the plasma chamber are extremely important 
parameters for improving the performance of high charge 
state ECRIS. The axial magnetic field is produced by two 
solenoids each consisting of 9 double layer pancake coils 
with 16 turns per layer and a surrounding iron yoke and 
plugs. The power supplies are capable of providing up to 
750 A to each pancake. Fig. 2 shows the calculated 
(POISSON-code [2]) axial magnetic field distribution on 
axis for different iron yoke configurations. For the dashed 
line an additional iron plug between injection tank and 
plasma chamber and an extraction electrode partly made 
out of iron has been added. The iron plugs allow a very 
similar axial field distribution at 78% of the power level 
required without the plugs. This power saving is 
important on a high voltage platform when the available 
power is limited. In addition part of the iron between the 
coils has been removed. The hexapole magnet mounted 
into the aluminum plasma chamber consists of 6 double 
trapezoidal NdFeB magnets and produces a maximum 
radial field of 1.0 T inside the plasma chamber. This open 
permanent magnet structure also allows for radial 
pumping. 

1.2. Double frequency heating 

The ion source features the possibility of heating the 
plasma with two different frequencies simultaneously (see 
cross sectional view of the injection tank in Fig. 1) to 
enhance the density of hot electrons in the plasma and 
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Pump Iron Yoke 
Plasma Chamber with Hexapole Magnet 

14 GHz Input 

Water Cooling 

Aluminum Plasma Chamber with Hexapole Magnet 

Fig. 1: Schematic overview of the mechanical set up of the 14 GHz ECRII. 
improve the production of high charge states. The idea is 
to create two well separated ECR zones were the electrons 
can gain energy [3]. In addition to the confined electrons 
traveling between the axial magnetic mirrors and passing 
through the 14 GHz resonance zone, there will be 
electrons only heated at the 10 GHz resonance zone, 
located much closer to the minimum of the magnetic 
mirror. The electron density enhanced by this additional 
heating may increase the negative potential well assumed 
to be responsible for the confinement of the ions and 
therefore the production of high charge states. 

Previous reports on the effect of double frequency 
heating by the group at LBL [3] and the Grenoble group 
[4] showed significantly different results. The Berkeley 
group used two significantly different frequencies 10.3 
GHz and 14 GHz, creating well separated resonance zones. 
They reported a shift of the peak in the charge state 
distribution towards higher charge states, higher 
intensities for the same charge state and an increase in 
total RF power applied to the plasma. The French group 
using a fixed frequency at 10 GHz and a second frequency 
tunable between 9.6 GHz and 11 GHz could not find any 
improvement over single frequency operation. 

We have obtained a transmitter which allows us to 
tune the second frequency over a wide range in the X-band 
between 8.75 GHz and 10.85 GHz using a magnetron 
tube. We will study the two frequency heating in order to 
provide some further understanding of the effect. 

1.3. Extraction system 

The Accel-Decel puller electrode assembly (shown in 
detail in Fig. 1) is movable along the beam axis allowing 
adjustment of the extraction system for operation with 

different ion species. The Accel- or screening electrode is 
introduced into the main extraction gap and biased to a 
sufficiently low potential (up to -4 kV) so as to create a 
negative potential well and form an electron trap to reduce 
the space charge influence of the ion beam [5]. 
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Fig. 2: 

position [cm] 

Axial field distribution with different iron 
yoke configurations 

3 FIRST RESULTS 

For test runs so far we used 160 and 40Ar as operating 
gases. The ion source operated in a single frequency mode 
(14.25 GHz) with up to 850 watts of microwave power 
delivered to the plasma. In Fig. 3 and 4 spectra for 160 and 
40Ar (at 15 kV and 12.5 kV extraction voltage, 
respectively) are shown. Using the magnetic field 
configuration show in fig. 2 as a solid line, the best 
observed ""Ar12* current was 21e|0.A. The biased disk was 
optimized between -550 V and -650 V. For the 07+ current 
we obtained a enhancement of a factor of two with respect 
to source operation without the biased disk. One can still 
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observe relatively large carbon peaks (32 efiA of C4+), 
which limits the output of high charge states. Tests of the 
source performance for heavy elements, i.e. 238U are 
expected in late Spring 1997 after all features of the ion 
source stated in the abstract have been implemented. 

intensity [emft] Oxygen Spectrum 

Intensity [enA] 
Argon Spectrum 

Source Parameters 

6 

U(ort); 
U(p<)> 
U(bd): 

15 kV 
■ISTkV 
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P> 2.1 HK-7) loir 
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5 h        4+/C** 

• 7+ 

I 

3* 

1 *ir c44 

| 
. A 11A J JV*« 
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jjjyi 

Source Parameters 

U(cxt)t 12.5 kV 
U<pe): -3.18 kV 
U(bd)i -fi50V 

P: 2J 10(-7) ton- 
P(rf)i BIO watts 

Magnet Current [A] 

Magnet Current [A] 

Fig. 3: 160 spectrum optimized on 7+, extracted at 15 kV. 
Oxygen peaks are identified by their charge state only. The 
best observed 07+ current was 78 e|xA. 
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Abstract 

A compact 10 ECR ion source (200 mm long, 170 mm 
diameter) has been developed and tested. The complete 
magnetic structure made from permanent magnet material 
is comprised of four ring magnets producing an 
asymmetric axial magnetic field and a hexapole magnet 
with a maximum radial field of 0.94 T inside the plasma 
chamber. The coupling of the microwave to the plasma 
shows efficient ECR plasma heating at microwave power 
levels around 10 watts. Charge state distributions for 
various elements with intensities up to 320 eflA. and their 
dependence on operation parameters will be presented as 
well as VUV spectra in the wavelength region down to 15 
nm. 

1 INTRODUCTION 

There is a growing interest in the use of compact ECR 
ion sources with medium performances. In special 
environments, like small accelerators (Van-de-Graaff, 
Microtron), high voltage terminals or on line radioactive 
beam production systems with restricted space and low 
electrical power availability, this represents the only 
possibility to accelerate multiply charged ions. Recent 
advances in permanent magnet technology allow the 
design of compact all-permanent ECR ion sources 
operating at high frequencies. For use in an ion-ion 
experiment, employing the crossed beams technique [1] a 
first version of a compact 10 GHz ECRIS was built [2]. 
A detailed description of the ion source is given elsewhere 
[3,4]. Furthermore the ionization and recombination 
processes occurring in an ECR plasma produce photons 
which are the basis for well established spectroscopic 
diagnostics [5]. These photons can be used for atomic 
structure studies and spectroscopic application, e.g. 
spectrometer wavelength scale calibration. Of special 
interest is the spectral range of the extreme ultraviolet 
(EUV) below 20 nm, where existing PIG sources produce 
spectral lines with low intensities and short operations 
times, due to the lifetime of their cathodes. ECR ion 
sources on the contrary show excellent long term stability 
and reproducibility because of only two operating 
parameters, gas pressure and microwave power [6]. 

2 MODIFICATIONS 

2.1 Source Description 

A cross section of the source is shown in Fig.l. Due to 
the poor extraction efficiency in previous runs a new 
insulation flange with a larger opening and a tapered puller 
electrode assembly has been built. All intensities shown 
below are obtained using this set up [7]. 

NW150PN 
ring magnets \ 

gas inlet *^S     \ 

x-band —>• — extraction electrode 
f—EE=5 7 

plasma chamber 
hexapole 

. puller 
electrode 

5cm 
insulation 

Fig. 1: Schematic view of the 10 GHz ECRIS 

2.2 Magnetic Field 

The axial magnetic confinement of the hot plasma 
electrons has been improved by using larger magnet rings 
at the microwave injection side. The axial mirror ratio B 
max /B min has been enhanced to 2.5 with a field maximum 
of 0.8 T and 0.5 T, respectively. The Halbach-type 24- 
segment hexapole magnet [8] (75mm long) gives a radial 
magnetic field of 0.94 T at the inner wall of the plasma 
chamber. 

2.3 Frequency Dependence 

The dependence of extracted intensities and charge states 
distributions on the applied microwave frequency has been 
investigated after installing the new magnetic system. The 
magnetron based microwave generator is tunable in the 
range of 8.75 to 10.5 GHz with a maximum output power 
of 275 watts c/w. Fig. 2 shows the change in the extracted 
Ar 2+ ion current at different microwave frequencies 
together with the axial magnetic field distribution for this 
experiment. It can be clearly seen that the best result is 
obtained when the frequency is set to a value where the 
minimum of the magnetic field is close to the resonance 
magnetic field strength. This result could be varified by 
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Fig. 2: Frequency dependence of the extracted Ar 2+ 
beam intensity with cossesponding axial magnetic field 

using another permanent magnet configuration with  a 
mirror ratios of 2.5 and 1.6, respectively. The best results 
were obtained at a frequency of 8.85 GHz, for which the 
resonance field was close to the minimum of the magnetic 
mirror. 

1000 
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Fig. 3: Detailed line spectrum obtained from a Ne plasma 
using a 32cm grazing incidence spectrometer 

2.4 VUV Spectroscopy 

Measurements regarding the photon yield from an ECR 
plasma were performed by using a 32cm grazing incidence 
spectrometer with a grating of 550 g/mm with maximum 
efficiency at 15 nm. The resolution of the spectrometer 
was 0.4 nm at a dispersion of 2 nm/mm using an entrance 
slit of 100 |im. Fig. 3 shows a spectrum of a Neon 
plasma in the spectral range between 10 and 28 nm, where 
mainly Ne IV and Ne V transitions could be identified. 
The stability of the plasma was measured by monitoring a 
single Ne II transition line, 2s2 2p5 -2s2p6 (2P- 2S), at 
44.7 nm over a period of 8 hours. Using this transition 
line we also found an excellent reproducibility after 
extinguishing and reigniting the plasma by turning the 
microwave power off and on. Spectroscopy at higher 
resolution using a 5m grazing incidence spectrometer has 
been performed recently and showed intense lines down to 
12 nm obtained from a Ne plasma. No detailed results can 
be presented at this time. 

2.5 Beam Intensities 

The maximum beam intensities obtained from the 
compact ECR ion source are shown in Fig. 4. All beam 
currents were optimized on the respective charge state and 
measured in a Faraday cup after a 90° analyzing magnet, at 
9 kV extraction voltage using a 5 mm diameter extraction 
aperture. Recent experiments using calibrated leaks of Ne 
and CHF3 for studies of the ionization efficiency have 
shown a poor transmission of the beam line used for these 
measurements. The ionization efficiency is an important 
factor in determining the usability for on line production 
systems in radioactive beam facilities. 
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Fig. 4: Beam intensities for various gases at an extraction 
voltage of 9 kV. 

3 OUTLOOK 

Work is in progress to improve the residual gas pressure 
and the ion optical system which should result in higher 
charge states as well as in higher intensities. Recent 
measurements using calibrated leaks to determine the 
ionization efficiency have shown a preliminary value of 
approximately 30% for Neon. Identical measurements at 
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both ECR ion sources at Argonne National Laboratory, a 
2 stage 10 GHz ECRIS and a newly constructed single 
stage 14 GHz ECRIS [9] will allow to compare the 
effieciency of a compact source to high performance 
ECRIS. 
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Abstract 

A low cost, low power ECR ion source designed for 
the use on a high voltage platform with limited electrical 
power available, has been developed. To reduce the power 
consumption of the source the radial and axial magnetic 
confinement are produced entirely by permanent magnets. 
An axial magnetic mirror ratio of 2.7 is obtained by a 
configuration of two times four block magnets. A radial 
magnetic field of 0.5 T inside the plasma chamber of 60 
mm inner diameter is produced by a hexapole magnet. 
Microwave power up to 300 watts c/w can be applied to 
the plasma by using different slow-wave structures which 
allow the use of a plasma chamber much smaller in 
diameter than required by the wavelength of the used 
frequency of 2.45 GHz. The ion source can be operated in 
different modes either for producing multiply charged ions 
with intensities up to several hundred e«A or for the 
production of high intensity beams of singly charged ions, 
i.e. 6.5 inA of He+ . Applications for the ion source are in 
crossed beams experiments and as injectors for small 
accelerators as well as for spectroscopic investigations in 
the VUV wavelength region. 

1 SOURCE DESCRIPTION 

The main features of the described 2.45 GHz ECR ion 
source as shown in Fig. 1 are low set up costs, low 
electrical power consumption due to the use of permanent 
magnets to produce the minimum-B-structure and two 
different operation modes for the production of multiply 
charged ions or the production of high intensities of 
singly charged ions. A detailed description of the ion 
source with different microwave injection lines is given 
elsewhere [1,2]. The figure shows the mechanical set up 
of the ion source including parts of the microwave 
system: the combined high-voltage/vacuum window and 
the transition from rectangular waveguide to coaxial line. 

1.1 Magnetic System 

The magnetic system is made from high remanence 
(1.12 T), high coercivity (1920 kA/m) NdFeB permanent 
magnet material. It consists of two radially magnetized 
rings (each consists of 6 block magnets) producing an 
axial magnetic field of 2.14 kG at the maximum with a 
mirror ratio of 2.85. The hexapole magnet for the radial 
component is made from the same block magnets and 
induces a maximum radial magnetic field of 5 kG inside 
the plasma chamber of 60 mm inner diameter. 

1.2 Microwave System 

An inexpensive magnetron amplifier based microwave 
system operating at 2.45 GHz was chosen. The magnetron 
amplifier, which is pretty similar to the ones in 
microwave ovens, can produce up to 300 watts of 
microwave power in c/w-mode and is connected to a 
waveguide system [2]. The high voltage vacuum 
transition uses PTFE as the insulating material. 
Calculating the attenuation in a circular waveguide for 
2.45 GHz the smallest plasma cavity would be 9.5 cm in 
inner diameter, allowing both basic modes (TEn and TM01 

) to penetrate the plasma chamber with an attenuation of 
less than 0.1 dB/m [3,4]. To reduce the physical size of 
the ion source different slow wave structures have been 
used to launch the microwave into the plasma. A detailed 
description of a Lisitano-Coil used as an antenna in a 
previous version has been given earlier [1,5]. In this paper 
the use of a helical antenna will be described. As shown in 
fig. 1 the antenna results from the inner conductor of a 
coaxial line. The characteristics of radiation of a helical 
antenna is given by the ratio of circumference of one turn 
to the free space wavelength (\/Xn ) and by the distance 
between two turns (the angle between the turns and the 
axial direction has to be 12 to 14 degrees). The 
circumference of one turn has to be close to the free space 
wavelength (123 mm). In case of a diameter of the antenna 
between D=0.75*Vn and D^l.35*^/71- the helical 
structure operates in a mode Tl with negligible 
attenuation. Using these parameters, circular polarized 
waves are radiated in an axial direction. The directivity of 
the antenna increases with the number of turn as does the 
degree of polarization. The angle at Half Power Beam 
Width is given by 0 = 105/n, with n representing the 
number of turns [6,7]. For this application seven turns 
with an outer diameter of 41 mm, using a 3 mm diameter 
wire have been chosen. That allows to use a plasma 
chamber much smaller in diameter with respect to the 
smallest circular waveguide. 

2 EXPERIMENTAL RESULTS 

2.1 Production of Multiply Charged Ions 

The ion source has been operated using the helical 
antenna for the production of multiply charged ions. Fig. 
2 shows a mass analyzed spectrum for Argon at an 
extraction voltage of 12.5 kV. The intensities were 
measure   in    a   20   mm    diameter   Faraday   cup   at 
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Fig. 1: Mechanical set up of the 2.45 GHz ECRIS 
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approximately 1.5 m from the extraction aperture after a 
45" analyzing magnet. The source parameters were 240 
watts of microwave power at a gas pressure of 3.6*10"6 

mbar, measured in a vacuum chamber outside the puller 
electrode. Maximum obtained beam currents for other 
gases are shown in Table 1 at comparable source 
parameters. 

Charge State 14N u0 20Ne 40Ar 

1 210 150 133 68.2 
2 11.5 14.2 98 58.8 
3 0.16 0.27 8 11.5 
4 0.01 0.017 .11 1.2 
5 / / 0.028 0.2 

Table 1: Beam currents for different charge states and gases in efiA 

2.2 High Intensities of Singly Charged Ions 

In a second mode of operation we studied the 
production of high intensities of singly charged ions, 
namely He+. Using a modified axial magnetic confinement 
with maxima at 1.75 kG and a mirror ratio of 2.15. The 
magnetic field maxima could be varied on-line by 
changing the radii of the axial rings and have been 
optimized to the above value. With this set up, a He+ 

beam of 6.5 mA at an extraction voltage of 20 kV could 
be obtained. The microwave power applied was 225 watts. 
Gas pressure during the run was 2.1*10"5 mbar in a 
vacuum chamber outside the puller electrode and 3*10"2 

mbar at the gas inlet of the ion source. All vacuum 
readings are corrected for Helium. The beam was measured 
in a 20 mm diameter Faraday cup, 1.5 m from the 
extraction aperture of 10 mm diameter. An Einzel lens (46 
mm diameter) mounted directly behind the puller electrode 
was used as a beam focusing element. The diameter of the 
ion beam (Uext =20kV, UEL =17kV) was measured to be 
3.2 mm at a 90% emmittance of 76 •• mm mrad. The 
emittance was measured employing the slit-wire technique 
[8]. 

3 DISCUSSION AND OUTLOOK 

The production of highly charged ions in an ECR 
plasma shows possible spectroscopic applications, 
especially in the vacuum-ultraviolet (VUV) region of the 
spectral range [9]. To enhance the performance for the 
production of multiply charged ions a new magnetic 
structure has been designed, producing higher mirror 
ratios. 

2709 



Intensity [arb. units] 

Magnetic field 

Fig. 2: Mass analyzed 40 Ar spectrum obtained at 12.5 kV 
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Abstract 

Work is continuing on the development of an Electron 
Beam Ion Source (EBIS) which could be used as part of a 
new heavy ion injector for RHIC. On a test EBIS, we 
have operated with an electron beam current of up to 
1.14A, and have extracted ions such as Tl41+, Xe2**, Är14+, 
N7+, and Na7+. Recent experimental results are reported. In 
addition, we discuss plans for a new electron beam test 
stand that is now being built. This will allow operation 
with electron currents of 10 A, as well as testing of a 
warm-bore superconducting magnet system, methods for 
fast extraction of ions, and possible off-axis collection of 
the electron beam. 

1 INTRODUCTION 

Present performance of the BNL tandem Van de 
Graaff accelerator should be adequate to fulfill RHIC 
requirements. Disadvantages of this approach are 
limitation of the ion species to those that can be produced 
as a negative ion, an 840 m long transport line from the 
tandem to the Booster, and a fairly large staff required to 
operate and maintain the accelerator. In looking at 
alternatives to the tandem as a RHIC injector, it becomes 
clear that a major consideration is the choice of ion 
source. Low charge state heavy ion sources exist which 
could fulfill the RHIC requirements, but the accelerators 
in such a scheme are large and costly. Although higher 
charge state ion sources produce fewer extracted particles, 
we feel that it is appropriate to put some effort now into 
the development of a source which produces sufficient 
intensity of intermediate charge state heavy ions, in order 
to greatly simplify the initial acceleration stages. Starting 
with higher charge state heavy ions, the accelerator can 
become quite compact. For example, an ion source 
producing U45+ could be followed by a 3 m RFQ and a 
~4m superconducting linac, both available technologies. 
This would give a Booster injection energy at least equal 
to the present tandem injection energy of 1.1 MeV/amu. 

Several candidate ion sources have been considered, 
and while no source can presently produce sufficient 
quantities of intermediate charge states, we feel that the 
EBIS source shows the greatest promise of fulfilling our 
needs. The Electron Cyclotron Resonance (ECR) source, 
while very widely used and clearly the best choice for 
steady state applications, seems more difficult to scale up 
in current. For our pulsed operation the EBIS has the very 
nice feature of providing essentially a fixed charge per 
pulse, almost independent of pulse width, allowing 
extraction of very high currents (mA's) in very short 
pulses (10 |xS). This is a big advantage in that it would 
allow single turn injection into the Booster - a large 

simplification that will improve injection efficiency and 
reduce the emittance of the beam in Booster. Other 
features of the EBIS are the fact that high charge state 
ions can be produced of any species that can be injected 
either as a gas or a low charge state ion, and the extracted 
charge state can be selected, optimized to the application. 

In order to meet the requirement of 10' ions/bunch 
in RHIC, an EBIS with parameters as shown in Table I is 
required. These parameters are based on present 
performance of other EBIS sources (neutralization 
efficiency, charge state distribution), and conservative 
estimates for accelerator efficiencies. While the electron 
current is an order of magnitude higher than present EBIS 
sources, it is not high compared to currents achieved in 
devices such as travelling wave tubes. Due to the low 
duty-factor required for RHIC injection, we also have the 
advantage of being able to pulse the electron beam, which 
can lead to an order of magnitude reduction in electron 
beam power. 

Table I 
Tentative parameters for EBIS meeting RHIC requirements 

Electron beam 
Trap length 
Trap capacity 
Yield, positive charges 
Yield, Au35+ 

10 A, 20 kV 
1.5 m 
1.1 x 1012 charges 
5.3 x 10" 
3 x 109 ions/pulse 

2 EBIS SOURCE R&D PROGRAM 

We were fortunate to have received on long term 
loan from Sandia National Laboratory major parts of a 
near state-of-the-art EBIS. Additional necessary 
components (stand, electron gun, two sources for ion 
injection, time-of-flight spectrometer, control system) 
were fabricated, and the source is operational at BNL. We 
have operated with gas injection and external ion 
injection, and produced nitrogen (peaked at N7+), argon 
(peaked at Ar14+), sodium (peaked at Na7+), thallium 
(peaked at Tf"+), and xenon (peaked at Xe26*). 

Some of the specific goals for fiscal year 1997 on 
this EBIS are to use a 3mm diameter LaB6 cathode to 
produce a 1A electron beam, and to obtain ion yields of at 
least 50% of the theoretical trap capacity (full 
neutralization of the electron beam space charge) at up to 
a 1A electron beam. Other goals are to study ion 
injection with heavy ions including uranium, and to 
develop and improve the control system. To date, we 
have met or made significant progress towards all these 
goals. 

The projected design parameters of a RHIC EBIS 
injector are based on the possibility of compensating the 

* Work supported under the auspices of the U.S. Department of Energy 
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electron beam with ion charge to 50% neutralization and 
also producing a narrow charge state distribution with at 
least 20% of the charge in the desired charge state. In 
past runs it has been demonstrated that the EBIS is 
capable of producing the charge states of interest in 
narrow charge state distributions [1]. The main challenge 
is to maintain neutralizations of 50% or greater while 
raising the electron beam current to sufficient levels, in 
our case 10A. In recent runs we have produced 
neutralizations above 50% for electron beams up to 0.5A. 
This was demonstrated for various ions including residual 
helium, and nitrogen and xenon injected via a neutral gas 
injection system, as shown in Fig. 1. The focus of these 
particular experiments was to demonstrate high electron 
neutralization, and in general the confinement times were 
short and the charge states were low. We are now 
studying the loss of ion charge with increasing 
confinement time. For some of the nitrogen trials the 
source operated very ideally, and both high charge state 
and high neutralization (above 50%) were achieved. A 
xenon charge state spectrum centered about 26+ and with 
neutralization at 41% is shown in Fig. 2. 
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Figure 1   Neutralization vs. electron beam current, taken under 
various conditions. 
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Figure 2 Xenon time-of-flight spectrum, with a peak at 26+. 

Adjustable transverse magnetic fields (-10 Gauss) 
in the gun and collector regions of the unshielded main 
solenoid were installed [2]. In addition we developed the 

capability to produce pulsed electron beams, allowing us 
to operate at very low duty factors. These modifications 
were significant in reducing average electron beam loss 
during the optimization process so that we were able to 
increase the propagated electron beam to 1.14 A. Two rf 
pickups have been introduced within the ion trap region. 
Only limited observations have been made using a simple 
wide-band coaxial probe with a straight wire pickup, and 
the second, a quadrupolar pickup configured adjacent 
drift tubes, split along the beam direction, has not yet 
been monitored. 

The gas injection system has been modified to allow 
the efficient introduction of gases such as xenon, which 
are condensable at temperatures higher than previously 
allowed by the system. Briefly, a gas cell was created 
over a 20 cm region and was isolated from the 4K 
surrounding structure. The cell can be heated to greater 
than 100 K using metal film resistors, and the temperature 
is monitored using Lakeshore TG-120 diodes. The use of 
a relatively long, low-pressure gas cell instead of a radial 
gas jet seems to provide superior gas injection at lower 
feed rates. This is important for avoiding long term 
contamination of the EBIS and subsequent degradation of 
performance. 

Progress has been made both in control and 
monitoring, which has resulted in greatly improved 
operation of the EBIS. An EBIS voltage and timing 
controller has been developed to apply the time 
dependent potential distribution to the ion trap. The 
controller also coordinates the application of all time 
dependent voltages and timing references associated with 
the ion source, with a time resolution of 1 (is. The 
controller is operated through a graphical interface built 
using Labview and Labwindows programs. 

During the balance of the year we will work on 
obtaining 50% neutralization for electron beams up to 1A. 
We are making preparations for injecting uranium from 
an external source (perhaps MEW A). One of the main 
goals of this EBIS is to produce U45" with a 1A electron 
beam and neutralization of 50%. 

3 ELECTRON BEAM TEST STAND 

The existing BNL EBIS has some disadvantages for 
R&D work, since its vacuum chamber includes the cold- 
bore of the superconducting solenoid, making turnaround 
times on modifications slow. The magnet also has an 
unusually high helium consumption, which, for practical 
reasons, limits the frequency of runs. Therefore, we are 
now in the process of building an Electron Beam Test 
Stand (EBTS). While the primary function of this test 
stand is the study of higher current electron beams, it is 
intended to be a versatile device to develop technologies 
that are relevant for a high intensity EBIS and to study the 
physics of ion confinement in a trap. The EBTS will have 
all the main attributes of EBIS: superconducting solenoid, 
electron gun, drift tube structure, electron collector, 
vacuum system, ion injection system, appropriate control 
and instrumentation. Thus, it can be considered a short 
prototype of an EBIS for RHIC. The test stand will be 
designed with a warm bore superconducting solenoid, 
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with bakeable inner structure. We expect improved high- 
current performance with this type structure, and this will 
allow us to test the design with respect to vacuum 
technology. The concept of a warm EBIS has important 
advantages over a cold bore. The drift tubes do not 
condense gases and thus do not have a "memory effect", 
and all operations requiring exposure of EBIS to 
atmosphere can be done without warming up and cooling 
down the superconducting solenoid. 

For electron beam focusing and confinement in the 
region of the ion trap, we have on order an unshielded 
superconducting solenoid with maximum magnetic field 
5T and warm bore. The requirement to modify the axial 
distribution of magnetic field for various types of electron 
guns determined our choice of an unshielded solenoid. 
The longitudinal axis of the solenoid will be oriented 
horizontally. The length of the solenoid coil will be 1 m 
and the inner diameter of the warm bore will be 155 mm. 
The period between refilling of the cryostat with liquid 
helium will be not less than 30 days in the persistent 
mode. 

The drift tube structure will be mounted in a vacuum 
tube inside the warm bore of the superconducting 
solenoid. It will be at room temperature, and its design 
will employ UHV technology. In the drift tube region, we 
will be able to test various schemes for fast extraction of 
ions, in order to determine the optimum method. We will 
also test the use of "lossy" ceramics to suppress 
oscillations in the drift tube structure. (Any sort of 
excitation of the electron beam is highly undesirable 
because it can cause heating of ions in the trap). The 
system of drift tubes should allow us to have as low as 
possible radial potential and as low as possible ion losses 
during confinement in the trap. These requirements are 
contradictory, and the optimum ratio of drift tube 
diameter to diameter of electron beam is to be found 
experimentally. The initial inner diameter of the drift 
tubes is planned to be 32 mm, and the electron beam 
diameter =2 mm. 

Several alternative cathode types, and various 
electron gun launching conditions will be tested, 
eventually operating with a 10 A electron beam through 
the solenoid and drift tube structure. A collaboration has 
been set up with the group of G. Kuznetsov at 
Novosibirsk for the design and construction of a 10 A 
gun, using a partially immersed LaB6 cathode. 

The energy of the electron beam in the ion trap 
region should be as low as possible for increased trap 
capacity, and will be limited by stability of the electron 
beam and formation of a virtual cathode. For electron 
current Ie]=10 A and energy of the electron beam in the 
ion trap Ee]=20 keV (microperveance of ion beam P^=3.5) 
the total charge of the electron beam in the volume of the 
ion trap with length 1^=0.6 m will be Q,,,=4.5-10" el.ch. 
If adrift i»J$bam= 16, the total radial potential well inside the 
drift tube will be AUrad=7.1 kV. This is a substantial 
fraction of the electron energy. Tests will be made of 
ways to minimize the energy of the electron beam while 
maintaining stability, such as increasing the current of the 
electron beam during ion injection, so the electron space 
charge is considerably compensated, or injecting ions into 

an initially high energy electron beam with subsequent 
deceleration. 

The construction of the electron collector must be 
such that the temperature of the inner wall is well below 
the melting point of copper under a wide range of 
operating conditions, and the outgassing of the electron 
collector must be low. The total inner area of the electron 
collector is -1000 cm2. For a power of 50 kW the 
calculated temperature difference between the cooling 
water and the wall of electron collector is ~30°C. The 
electron collector has bucking and transverse magnet 
correcting coils, a heater, and a thermocouple mounted in 
a separate chamber above the water-cooled shield. This 
assembly is installed inside an iron magnet shield and 
mounted on a high voltage (40 kV) insulator such that 
only the entrance aperture in the electron collector 
connects the inner volume of the electron collector to the 
central part of EBTS. The construction of the electron 
collector and materials used for its manufacture allow 
baking to 450 C. We are also considering tests of an 
electron collector which is off-axis, so the electron beam 
can be dumped far from the trap region, eliminating 
reflected and backscattered particles, and collector gas 
load, from the trap region. 

A primary consideration in EBTS construction is the 
vacuum system. The pressure of residual gas in the ion 
trap region must be P<1-10"10 Torr with an electron beam 
of 10 A passing through it. This is a challenging 
requirement, considering the expected power dissipation 
in the electron collector is up to 50 kW. There have, 
however, been encouraging results from Saclay on 
vacuum technology of a warm EBIS [3]. To satisfy the 
high vacuum requirements, it is planned to do a 
preliminary high temperature vacuum firing of almost all 
components of the central drift tube region before 
installation, and to bake this part of the EBTS to 300° C 
after each exposure to atmosphere. The electron collector 
will be baked to 450 C after each exposure to atmosphere. 
The vacuum conductance will be restricted between the 
central part, containing the ion trap, and heavy outgassing 
regions such as the electron collector and the electron 
gun, while at the same time providing high pumping 
speed for these systems with separate vacuum pumps. 
The central part of the EBTS will be pumped by the 
combination of cryopump, titanium sublimation pump, 
and turbopump. This combination, with a total pumping 
speed F^20001/sec for H, (the main expected component 
of residual gas), is capable of providing the required 
pressure P=lxl0"10 Torr if the total gas load does not 
exceed Q<2xl0"7 Torrl/sec. 
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IMPROVED VERSION OF SURFACE PLASMA 
NEGATIVE ION SOURCE 

V. G. Dudnikov*, W. L. Stirling, and J. H. Whealton 
Oak Ridge National Laboratory, Oak Ridge, TN 37831-8088, USA 

Abstract 

The best features of two independently developed surface- 
plasma negative ion sources with separated function 
(independently controlled plasma generation and negative 
ion emission), have been combined in an optimized 
configuration; as a result, we propose to add a new mode 
of operation that will allow a 50-fold reduction in the 
negative ion temperature. The process of cesium 
injection developed for the semiplanotron negative ion 
source at the Budker Institute of Nuclear Physics (BINP), 
Novosibirsk [1-6], along with the hot cathode, first anode 
configuration and neutral gas injection of the ion source 
development at Oak Ridge National Laboratory (ORNL) 
[7-8], combines the best features of both for the 
continuous wave (CW) high-density, low-pressure 
generation of negative ions. Converter-generated cw 
negative ion densities of 750 mA/cm2 are expected from 
the existing data base. These ions are generated with a 
temperature of about 7 eV; focusing these ions by a 
factor of 5 increases the current density to 3500 mA/cm2 

(with some mutual neutralization loss included). The ion 
temperature becomes 50 eV; however, according to 
Louville's theorem, the brightness of the beam remains 
at a value of 100 mA/cm2 eV (Volume ion sources with 
a cw current per channel of 100 mA, have a brightness 
one-third this value.) The configuration of the source 
geometry and atomic gas control is optimized for 
maximum charge exchange reduction of the ion 
temperature by a factor of 50. The configuration 
involves appropriate shaping of the converter, anode slot, 
and hot cathode use of a supersonic gas jet of HO, and 
pumping the jet into the source. Increasing the beam 
brightness to 1000 mA/cm2 eV corrects for a factor of 
four loss in recovery of charge-exchanged ions. The 
concept proposed here results in a net cw brightness 
increase of 10, which is about 30-times greater than that 
otherwise available. 

1 INTRODUCTION 

Many modifications of surface-plasma sources (SPS), 
with cesium catalysis of negative ion generation, have 
been constructed, tested, and optimized for various 
applications since 1971. [1-8] 

* On leave from Budker Institure of Nuclear Physics, 
630090 Novosibirsk, Russia 

2 APPROACHES TO THE IDEAL SURFACE 
PLASMA SOURCE-A MODIFIED SITEX 

CONFIGURATION 

Understanding the main processes and problems of 
negative-ion formation in surface plasma sources with 
cesium catalysis allows us to start the development of an 
ideal SPS. An ideal SPS with cesium catalysis would 
have a highly ionized plasma with very low gas density. 
The plasma must be dense enough to supply the required 
high positive ion current density on the converter-emitter 
surface, but thin enough for transparent transport of 
negative ions into the accelerator. An independently 
biased converter-emitter must be used for additional 
optimization of negative ion generation in the surface- 
plasma interaction. The careful optimized distribution of 
catalyst (cesium) on the emission surface must be 
developed. The emission surface must have a special 
curvature for a good focusing of negative ions moving 
across the magnetic field lines to the emission hole of 
the extraction system. In this variant of SPS, it is 
possible to have negative ion beam production with high 
emission current density and high gas efficiency, but the 
transverse temperature of the ions emitted from the 
surface is quite high, and this reduces the brightness of 
the negative ion beam. For additional improvement of 
the beam brightness, it is necessary to cool the very 
dense negative ion flux. 

The basic operating principles and the construction 
features of the modified SITEX SPS are shown in the 
figures. 

In using the Penning plasma discharge, it is helpful 
to have the plasma column with a high ion density near 
the emitter surface and in a thin plasma sheet to 
minimize the negative-ion destruction. This is very 
important for high current density negative ion 
production. The negative ions focused toward the 
emission slit can be extracted by the extraction system 
formed in the beam and accelerated for future 
applications. This configuration of plasma generator and 
surface-plasma emitter is helpful in combining the high- 
current density from the emitter with the large surface of 
the emitter (R ~ 1 cm) for convenient dc operation. We 
can separately optimize plasma generation and the 
conditions for the surface plasma production of negative 
ions. However, the energy spread of negative ions 
emitted from the emitter surface is quite high-as is the 
momentum spread. 
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Fig. 1 Elevated view of hydrogen negative ion 
source showing connector, cesium feed, Penning 
discharge region, supersonic atomic jet, accelerator, 
primary, and negative ions formed at the connector 
and secondary charge exchange negative ions. 

The negative ion flux can be cooled by conversion 
into cold-negative ions in a resonance charge exchange 
process with cold atoms. The cross section of resonance 
charge exchange for H- with an energy of 0.1 keV is 
5xl0"15 cm2 and for effective cooling of H" flux in 
volume on a mm scale near the emission slit, it is 
necessary to have an H° density of > 2xl0"15 cm2. A 
high-gas density throughout the 1-cm gaps between the 
emitter surface and the emission slit can destroy the 
negative ions. 

Charge exchange note: A major development in this 
concept is the utilization of charge exchange "temperature 
reduction" of the negative hydrogen ions. This process 
relies on the cross section of charge exchange. A 
convenient and much referred to source on charge 
exchange is the "Red Book" which has posted editions in 
1977 (Ref. 9) and 1990 (Ref 10). The experimental work 
quoted for energies below lkV is from Hummer et. al., 
(Ref. 11). However, the 1977 edition erred in the scaling 
of the Hummer (Ref. 10) measurements. For the 
energies of 100 V that are of interest here, the error is a 
factor of 8 too small (1.5xl0"15 vs. the real values of 
l.OxlO"14). In the 1990 edition, the error was corrected 
without comment. This inconsistency was discovered by 
accident by one of the authors. From 1977 to 1990, this 
error could have inhibited negative ion source 
development. 

A practical solution to this problem is to use the 
supersonic atom flow with high-local density of H° near 
the emission slit and to decrease gas density in all other 
volumes of its discharge chambers. A possible 
configuration of this high density atomic flux generator 
is shown in Fig. 2. 
It is convenient to use the RF dissociator and a flat 
nozzle located near the emission slit. The expanded 
atomic flux must be pumped at high speed. For testing, 
it is convenient to use the pulse regime of dissociator 
operation. 

WUWE1I 

Fig. 2 Basic operating principles and the construction 
features of the modified SITEX SPS. 

3 SUMMARY AND CONCLUSIONS 

We have combined the best features of two independently 
developed and independently controlled surface-production 
negative-ion sources and added a new mode of operation 
that causes a 50-fold reduction in the negative ion 
temperature. The features of cesium injection, 
magnetron operation of the ion source development at 
INP, Novosibirsk, with the features of hot-cathode and 
first-anode configuration and neutral gas injection of the 
ion source development at ORNL, combine the best 
features of both; namely, the cw high density low- 
pressure generation of negative ions. Converter generated 
cw negative ion densities of 750 mA/cm2 are expected 
from the extant mutual  data base.     These ions  are 
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generated with a temperature of about 7 eV; focusing 
these ions by a factor of 5 increases the current density to 
3500 mA/cm2 (some mutual neutralization loss). The 
ion temperature becomes 50 eV; however, due to 
Louville's theorem, the brightness of the beam remains 
at a constant value of 100 mA/cm2 eV. (Volume ion 
sources with a cw current per channel in excess of 
100mA have a brightness one-third this value.) The 
configuration of the source geometry and atomic gas 
control is optimized for maximum charge exchange 
reduction of the ion temperature by a factor of 50. The 
configuration involves appropriate shaping of the 
converter/anode slot and hot cathode, use of a supersonic 
gas jet of H" , pumping the jet in the source, and 
increasing the beam brightness to 1000 mA/cm2 eV 
(correcting a factor of four loss in recovery of charge 
exchanged ions). Thus, the concept proposed here 
achieves a net cw brightness increase of 10, which is 
about 30-times greater than otherwise available. 
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Abstract 

Additional plasma heating in the new generation of large 
magnetic fusion devices like ITER requires deuterium 
atom beams of about lMeV at a total neutral power of 
>50MW based on negative ions. At Cadarache, ITER 
relevant research is performed regarding the development 
of a lMeV high beam current density (10-20mA/cm2) 
electrostatic accelerator (SINGAP). The SINGAP ex- 
periment consists of the acceleration to lMeV of a sub- 
stantial D" current (100mA) in a simplified accelerating 
electrode structure. This is composed of only two accel- 
eration stages: a pre-acceleration to 60keV in a multi- 
aperture structure for ion extraction and electron suppres- 
sion, and a post-acceleration stage to lMeV. The par- 
ticular feature of the SINGAP accelerator is that the post- 
accelerator by means of an electrostatic lens merges the 
60keV beamlets into a single beam and accelerates the 
merged beam to lMeV in a single gap. Subjects of the 
study are the voltage holding at 1MV with large electrode 
areas (about 60m2) and insulators in vacuum in the pres- 
ence of an intense ion beam and radiation. The first ex- 
perimental results of SINGAP are very encouraging. Up 
to now, H' beams of 40mA have been accelerated to 
915keV. 

I INTRODUCTION 

The objective of Fusion research is to produce plasma 
conditions under which thermonuclear power is pro- 
duced. In magnetic confinement systems such as the 
Tokamak, this requires the plasma to be heated to an ion 
temperature of the order of >10keV. One method cur- 
rently used for plasma heating is the injection of beam of 
energetic atoms, which transfer their energy by collisions 
to the plasma particles. The new generation of large mag- 
netic fusion devices requires deuterium atom beams with 
energies in the range 0.5-lMeV and power of tens of 
MW; ITER for instance requires steady state 50MW D° 
beams at lMeV energy [1]. These high energy neutral 
beams are created by charge exchange of lMeV negative 
ions with deuterium molecules in a gas cell (called the 
neutralizer). High quality beam optics with low diver- 
gence (< 5mrad) are required, because the accelerator has 
to be installed about 25m from the Tokamak. 

The research in the field of Neutral Beam Injection 
(NBI) focuses on the development of large area high 

current density negative ion sources, and the development 
of DC electrostatic high power high energy accelerators. 

In this paper, we present a lMeV lOOkW electro- 
static accelerator (SINGAP) which has been in operation 
since September 1995. The objective of the SINGAP 
accelerator is to demonstrate for the ITER NBI system 
design the acceleration of a substantial D current 
(100mA) in a simplified scaleable accelerator concept. 
The SINGAP is a long pulse (several seconds) electro- 
static accelerator composed of two acceleration stages: a 
pre-acceleration stage up to 60keV in multi-hole structure 
for ion extraction and electron suppression, and a post- 
acceleration stage to lMeV. The particular feature of the 
SINGAP accelerator, is that the post-accelerator merges 
by means of an electrostatic lens the 60keV beamlets in a 
single beam, thus accelerating the whole beam to lMeV 
in a single gap. After a brief description of a standard 
NBI system, we present in the second part of this paper 
the SINGAP concept and the very encouraging experi- 
mental results obtained up to now. 

II NEUTRAL BEAM INJECTOR BASED ON 
NEGATIVE IONS 

Electrostatic acceleration has up to now demonstrated its 
reliability and efficiency in the 20-160keV DC NBI sys- 
tems based on positive ions (at JET for instance: 14keV, 
and25MWofD°[2]). 

But for higher energy, their neutralization efficiency 
in a gas target drastically decreases, in constrast to Nega- 
tive Ions (about 60% at lMeV). 

NI are formed in a cesiated cold plasma (a few eV), 
which is confined in a multi-cusp ion source. The ions are 
then extracted from the plasma and accelerated in inde- 
pendent channels (several tens or hundreds), to form so 
called beamlets. The geometry of one beamlet, shaping 
and gap distances, is designed by 2D and 3D space 
charge simulation codes [3]. The accelerator is composed 
of copper plates (grids) in which matrices of cylindrical 
apertures are drilled. The first grid separates the source 
plasma from the accelerating column, and is at source 
potential. The second grid (extraction grid) has two func- 
tions: 1) to extract negative ions following the Child- 
Langmuir law [4] : ID. oc V3'2 in the range 5-10keV; 2) to 
stop the plasma electrons extracted simultaneously with 
the negative ions (typically from 1 to 5 electrons per ion), 
in order to prevent them from being further accelerated. 
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The electron suppression efficiency must be as high as 
possible (near 100%) [4]; this is realized by deflecting the 
electrons out of the beamlet by permanent magnets in- 
serted in the grid. The extraction grid design is deter- 
mined by a 3D electron trajectory code which takes into 
account the secondary emission and backscattered elec- 
trons. The third and following grids are the accelerating 
grids which give the relevant energy to the ions. After 
acceleration, the beam passes through the neutralizer gas 
cell. After the neutralization, a last device (Residual Ion 
Dump: RID) is necessary to deflect out from the neutral 
beam the residual positive and negative particles (for 
ITER: about 20% for each species). The total NBI system 
efficiency is in the order of 25% at JET (140keV and 
positive ions), and estimated at about 35% at lMeV. 

Ill lMeV ACCELERATOR FOR ITER 

Two different designs are proposed for ITER: 

/. Multi-grids concept: 

A Multi-Aperture MUlti-Grid (MAMUG) system is pro- 
posed by JAERI (Japan) [5]; it is composed of 5 large 
post accelerating grids (area about lm2, and 200kV per 
grid) where 1300 beamlets (30mA of D" per beamlet) are 
accelerated independently to lMeV. 

2. SINGAP concept: 

In this case, 1300 negative ions beamlets are in a first step 
pre-accelerated at 60keV with a multi-aperture grid sys- 
tem, and then merged by means of positive electrostatic 
lenses into 25 beams and accelerated up to lMeV in a 
single gap [6]. This concept allows a consistent simplifi- 
cation of the system, it provides also a high neutral gas 
pumping speed necessary to reduce beam losses (strip- 
ping), with subsequent reduction of the costs. 

IV THE SINGAP EXPERIMENT 

The experiment has several purposes: firstly, to study the 
high voltage problems: HV holding under vacuum in the 
presence of an intense ion beam and radiation plus the 
development of critical 1MV devices (large insulators, 
bushing, etc.); secondly, to demonstrate the feasibility of 
the SINGAP concept for high current beams (up to 40A 
of D with high current densities about 20-30mA/cm2) in 
the lMeV range. 

Figure 1 shows a schematic of the experiment: the 
pre-acceleration stage with the ion source on the left, 
where negative ions are produced and pre-accelerated in 
12 beamlets up to 60keV. Then, an electrostatic lens 
merges these beamlets into a single beam which is accel- 
erated in a single gap (see figure 2) toward the high volt- 
age electrode (anode). This electrode is suspended in 
vacuum by a 1MV feed-through insulator (bushing). The 
ion beam is finally dumped onto an inertial mono- 
directional graphite (CFC) target closing the exit of the 
anode.  An  infrared  camera located  outside the tank 

monitors the rear face of this target, and records in real 
time the temperature profile from which the beam power 
density can be derived. 

Figure 1. The Cadarache "SINGAP" experiment 

The bushing is an important device; it has to sustain 4 
bars of SF6 externally (transmission line from the power 
supply) and the internal vacuum; it is located about 3m 
away from the accelerator and beam, minimizes the ra- 
diation and particle bombardment rates. 

Figure 2: A 3d simulation of SINGAP post-acceleration (elec- 
trostatic lens on the left, anode on the right) 

V MAIN EXPERIMENTAL RESULTS OF SINGAP 

A. High Voltage conditioning: 

Dark current: One characteristic of this experiment is the 
large electrode dimensions (about 60m cathode, and 5m 
anode); these dimensions are comparable to those re- 
quired for ITER injectors. The application of voltage on 
the anode gives rise to a "field emission-like" electron 
current (dark current), associated with outgassing and 
intense luminescence at the most stressed electrode sur- 
faces [7]. For a given state of conditioning, the depend- 
ence of the dark current on the applied voltage has the 
same functional behavior as the Fowler-Nordheim field 
emission law but the emission level is larger by orders of 
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magnitude; the average applied electric field being 
2MV/m. 

(1) 1= AV2exp(-B/V) 
It was also observed that the coefficients A and B in (1) 
are strongly dependent on the pressure in the tank, and on 
the total voltage on-time whose effects are to reduce the 
dark current level. The 1MV was consequently achieved 
at a helium pressure of 10"4 mbar in the tank. After about 
2000s of voltage on-time, the 700kV is reached with a 
pressure of 10"8 mbar, and a dark current level of 100mA 
(maximum current of power supply). We notice that 
during high voltage conditioning, very few breakdowns 
occur. 

Electrostatic stored energy: Due to the large elec- 
trode dimensions, the stored electrostatic energy is about 
300 Joules. This energy released during breakdowns has 
not induced apparent damage on the electrode metallic 
surfaces. However, in a series of experiment, a degrada- 
tion in the high voltage holding occurred at 900kV. Im- 
portant damage (perforations) was observed on the two 
upper insulator rings (glass epoxy). This seems to have 
two reasons: 1) a non-uniform distribution of the poten- 
tial between the different stages of the bushing insulators 
(despite a resistor divider of 100MQ per ring) due to 
intermediate screens (now removed) which intercepted an 
important fraction of the dark current; 2) a faulty con- 
struction of the rings (voids in the epoxy insulator). 

B. Beam Acceleration: 

Figure 3 shows the beam profile (recorded by the infrared 
camera on the rear face of a CFC target) for four beam 
energies (from 400keV to 700keV), and profiles obtained 
in the same conditions by simulation. At low energy 
(400keV) the energy is matched to the current density 
(4mA/cm2): the 12 beamlets are well focused by the lens 
(beam divergence less than 5mrad). At 700keV, the beam 
is "over-focused", and the beam is split into 12 discrete 
beamlets. We can find a good agreement between ex- 
perimental profiles and simulation. Up to now, H" beams 
of915keV 40mA have been achieved. 

C. Neutral beam analysis: 

A partial neutralization (5-10%) of the D" beam occurs in 
the anode due to the residual gas. A preliminary meas- 
urement of the divergence of these neutrals emerging 
through a slot in the target has been made by an array of 
secondary emission probes located 3m downstream from 
the anode. Divergences of the order of 0.34° (6 mrad) 
have been measured from beams of low energy: 500keV- 
45mA D" in accordance with the predictions. 

D. Next step: 

Having replaced the damaged insulators, we are now 
trying to achieve a D beam of lMeV 100mA. Neutrali- 
zation of lMeV beam and study of the neutral optics will 
also be undertaken to demonstrate that SINGAP is scale- 
able for higher current (several tens of amperes) for 

ITER. This experiment should take place before the end 
of this year. 

VI CONCLUSION 

Up to now, despite some problems due to DC high volt- 
age (dark current, damages of insulators), which should 
be resolved soon, this first step of experiment is very 
encouraging. Negative ion beams (40mA H) have been 
accelerated up to 915keV This experiment has up to now 
demonstrated that the SINGAP concept is a good candi- 
date to meet the objectives for ITER NBI. 
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Figure 3: Beam profile (experiment and simulation) for differ- 
ent energies at the same D- current. 
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Abstract 

The High Intensity Light Ion Source SILHI is designed to 
be a prototype source for high power proton and deuteron 
accelerators. The aim is to achieve beam currents greater 
than 100 mA at 95 keV with rms normalized emittance 
lower than 0.2 7i.mm.mrad. Installed at CEA Saclay, this 
ECR source delivered its first proton beam in July 1996. 
In February 1997, a 107 mA CW beam has been extracted 
through a 8 mm diameter extraction aperture 
(J = 213 mA/cm2). A microwave power of 900 W at 
2.45 GHz was needed. Diagnostic hardware, first beam 
measurements and last results are presented. 

1   INTRODUCTION 

A wide range of activities is presently being undertaken at 
the CEA in the field of high power proton or deuteron 
linear accelerators. We are now studying the CW IPHI 
demonstration project [1]. This accelerator will consist of 
the ECR source presented in this paper, an RFQ and a 
DTL up to 10 or 11 MeV. The main applications of this 
kind of accelerators are the production of high flux 
neutron beam for spallation reactions (TRISPAL, APT, 
ESS), the international IFMIF program and nuclear waste 
treatment. 
In 1994, it was decided to develop a new ECR proton or 
deuteron source and a 3 m Low Energy Beam Transport 
(LEBT) to analyze the beam characteristics. We choose 
this source-type for simplicity and reliability reasons as 
demonstrated by Chalk River National Laboratory and 
Los Alamos National Laboratory. The requirements are: 
100 mA proton or 140 mA deuteron in 90% of the total 
extracted beam, at 95 keV and 0.2 7t.mm.mrad rms 
normalized emittance. 
The source, installed on a 100 kV high voltage platform, 
delivered its first proton beam in July 1996: 46 mA at 
70 keV extracted through a 10 mm diameter extraction 
aperture. In November, a 54 mA beam at 95 keV through 
a 6 mm diameter extraction aperture (J= 191 mA/cm2) 
and in February 1997, a 107mA at 97 keV through a 
8 mm diameter extraction aperture (J = 213 mA/cm2) 
have been extracted. 
In this paper, we describe the different diagnostics 
installed on the LEBT [2], and present the beam analysis. 

2   THE SILHI SOURCE AT CEA-SACLAY 

To design the High Intensity Light Ion Source (SILHI) 
and the LEBT (Fig 1), we took the experiences of other 

teams into account [3], [4], [5]. The plasma chamber is 
cylindrical, with a 90 mm diameter and a 100 mm length. 
Both ends of the plasma chamber are lined with 2 mm 
thick boron nitride discs. The RF signal is produced by a 
1.2 kW magnetron source at 2.45 GHz and is fed to the 
source via standard rectangular waveguides with a four 
stub automatic tuning unit. A three section ridged 
waveguide transition is placed between the plasma 
chamber and the cooled bend to enhance the axial RF 
field. The RF window is located behind the water cooled 
bend in order to be protected from backstreamed 
electrons. The magnetic field is produced by four coils 
tuned and positioned independently. 
All these components are placed on the 100 kV high 
voltage platform with the ancillary equipments. The 
power supplies are controlled by a computer through 
optical fibers. 

Erofiler 

fig. 1: Source and LEBT assembly 

The source is connected to the LEBT via a 300 mm long 
High Voltage (HV) column. The total extraction system 
includes five electrodes. An adjustable intermediate 
electrode is located in the acceleration gap to minimize 
the distortions in the phase-space distribution [6] and 
allow a beam focusing. 
Along the LEBT, several diagnostics are placed in order 
to analyze the extracted beam [2]. Two CCD cameras 
allow x and y profile measurements at the end of the HV 
column. A Bergoz DCCT is located very close to the 
extraction system. An ACCT is inserted around the 
chamber for noise measurements. Two water cooled 
beam stopper are designed to stop the 10 kW total beam 
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power (0.8 kW/cm2). Thermocouples measure the two 
grounded electrodes temperature increases, and a residual 
gas analyzer is placed at the accelerator column exit. 
The 2200 Gauss, 500 mm long solenoid, centered 1.1 m 
from the plasma electrode aperture, focuses the proton 
beam on the Emittance Measurement Unit (EMU) 
installed 1.2 m farther downstream. 
The EMU is composed of a water cooled copper beam 
stop, with a 0.2 mm diameter aperture tantalum sampler 
placed at the center and a 64 wire profile monitor 0.5 m 
downstream. The unit is moved across the beam by two 
stepping motors. In order to measure the emittance of 
only the proton beam, a Wien filter is inserted close to the 
sampler. This species-separator combines a 2000 Gauss 
permanent magnetic field and a 1 MV/m adjustable 
electric field. Its total horizontal acceptance is +/- 5 mrad. 

3  RESULTS: 

The first plasma was produced in July 1996. Two weeks 
later a 46 mA total proton beam current at 70 keV was 
extracted through a 10 mm diameter extraction aperture. 
Beam losses destroyed the 1 mm thick stainless steel 
intermediate electrode as shown by thermal simulations. 
New drawing of the five-electrodes extraction system has 
been made using Axcel [7] and Opera 2D codes [8]. 

3.1  New extraction system. 

To increase the electrode power dissipation, we chose 
more appropriate material and we slightly modified the 
shape of the electrodes. For the same beam extraction 

copper electron trap electrode has also been reduced from 
12 mm to 4 mm. 
The aperture diameter is chosen to be 8 mm for the 
plasma electrode and 12 mm for the last four electrodes. 
The intermediate electrode voltage can now be set from 0 
to 65 kV (relative to the ground potential) to optimize the 
beam extraction. 
With the new extraction system, the conditioning is 
easier; only few sparkdowns have been observed at the 
pressure limit, for a 100 kV source potential. Compared 
to the former extraction system, and for the same plasma 
conditions,    the    extracted    beam    is    more    stable. 
Sparkdowns due to beam rarely occur. A continuous 
8 hours run has been achieved with  a  80 mA total 
extracted beam. The resulting availability was found to be 
96%. 
The AC toroid showed a beam noise about ± 2%. 

3.2  Plasma tuning. 

For the following experiments, we installed a 8 mm 
diameter aperture plasma electrode. The other four 
extraction electrodes were set at 12 mm diameter 
aperture. The diameter aperture of the boron nitride disc 
close to the plasma electrode was 11 mm. 
A complete mapping of the total extracted beam current 
as a function of the magnetic field inside the plasma 
chamber has been done. Two set of current coils gave a 
maximum extracted beam [2]. Computations indicate that 
these magnetic field values (875 Gauss) overlap with the 
ECR zone located at both plasma chamber extremities. 

JJlcm] 

Fig. 2: Picture of the new SILHI intermediate electrode. 

conditions, the maximum calculated electric field at the 
electrode surfaces decreased from 82 kV/m for the earlier 
design to 58 kV/m for the new one. The intermediate 
electrode and the first grounded electrode are now made 
in two parts (Fig. 2). For each one, the part close to the 
beam is made of tantalum and the other part is made of 
cooper. The intermediate electrode has been thickened 
from 1 to 2 mm and the first grounded electrode thickness 
was increased from 1 to 4 mm. The thickness of the 

Fig. 3: Magnetic field calculation for the maximum 
extracted beam. Two ECR areas are located at both 
plasma chamber extremities. 

We then decided to set two ECR zones located at both 
plasma chamber extremities simultaneously (Fig 3). For 
this requirement, we used only two coils with adequate 
current intensity. The total extracted beam current 
increased significantly up to 107 mA (J = 213 mA/cm2) at 
97 keV in February 1997. 
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3.3   Species fractions. 

The species fraction is analyzed 2.3 m from the plasma 
electrode, through the sampler and the Wien filter. The 
particles are detected at the beam stopper 75 cm 
downstream. During measurements, the LEBT solenoid is 
turned off and the Wien filter electric field increases from 
0 to 6 kV. 
Preliminary results indicated a poor fractions : 67 % H\ 
23 % H2

+ and 10 % H,+. 
With the new electrode design, the diameter aperture in 
the boron nitride disc close to the extraction was changed 
to 8 mm, exactly the same as the plasma electrode 
aperture. Measurements have been done as a function of 
RF power, hydrogen gas flow, and sampler position 
within the beam diameter (± 2 cm with a 5 mm step). The 
species fraction were found to be 75% to 88% for H\ 
20% to 9% for H2

+ and 5% to 3% for H/(Fig. 4). 
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Fig. 4: Species fraction analysis 

3.4  Emittance measurements. 

The influence of the intermediate electrode potential has 
been checked on the proton beam emittance at 57 mA and 
78 keV. The beam was focused with a cross-over point 
50 cm upstream from the sampler. The rms normalized 
emittance decreased from 0.26 7i.mm.mrad to 
0.117i.mm.mrad as the intermediate electrode voltage 
rose from 32 kV to 49 kV. This result is in good 
agreement with previous calculation. Typical emittance 
value for a 80 mA total beam current is 0.17 7i.mm.mrad 
(fig. 5). 

4  REMARKS. 

The new extraction system enhanced greatly the general 
working of this source. The proton fraction and the 
extracted beam seems to be slightly better, perhaps due to 
the new boron nitride diameter aperture. The temperature 
increase of the grounded electrodes are less important. 
The reliability of the whole device has been greatly 
improved with the new connection of the intermediate 
electrode power supply. The beam extraction tuning is 

now easier. 
One of the next steps will be to install an automatic fault 
recovery system. 
The  source  instabilities   did   not  allow  us   to   make 
emittance measurements with a total extracted current 
higher than 100 mA. Our next goal is to enhance the 
reliability of the source. 
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Fig. 5: Proton beam emittance measurement with 80 mA 
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Abstract 
A 75-keV, 130-mA dc mode proton injector is being 
developed at Los Alamos. The two-solenoid focusing 
system used in this injector relies on effective beam 
space-charge (s.c.) neutralization by beam ionization of 
the residual gas. The degree of s.c. neutralization is 
determined by measurement of the energy distribution of 
slow ions created in the beam region. A non-interceptive 
gridded-energy analyzer is used for the slow ion-energy 
measurement. Application and development of this 
diagnostic to a positive hydrogen-ion beam is presented. 
One feature of the ion-energy distribution measurement is 
a double-humped distribution. The higher energy 
component contains less than 20% of the total ion current. 
Measurements are reported which help validate the 
axisymmetric model used here to derive the degree of 
beam s.c. neutralization, f. Fairly weak dependencies of 
f on beam current and background gas densities are 
found, and f is typically found to vary between 
f = 95 - 99% depending on the presence of the "high- 
energy" tail on the slow ion distribution. This degree of 
beam s.c. neutralization assures good transport of the 
hydrogen positive ion beam to the next accelerator. 

1   INTRODUCTION 

Low-energy (50 - 75 keV) beam transport (LEBT) of 
high-current (50 - 130 mA) positive-ion beams in 
background gas pressures of order 10'5 Torr are predicted 
to have their s.c. largely neutralized by electrons 
accumulated in a beam plasma [1]. The degree of s.c. 
neutralization f is an important parameter in beam 
transport calculations. One technique [2,3] developed for 
the experimental investigation of f for positive ion beams 
is the measurement of the slow ion energy distribution. 
In a one-dimensional axisymmetric model of the beam- 
plasma interaction, where plasma ions are born cold 
(25 meV), measurement of the ion-energy distribution 
can be interpreted in terms of the residual beam space 
potential, A<|). This method has the advantage of not 
intercepting the primary ion beam. 

A four-grid energy analyzer (FGA) has now 
been applied to the measurement of dc positive hydrogen- 
ion beams in a magnetic solenoid focusing channel. This 
diagnostic has previously been used for determinations of 
f in low energy (35 keV) H' ion beam in a solenoidal 
LEBT [4], and high-energy (870 keV) proton transport 
[5] in a quadrupole focusing channel. Design 
considerations for the FGA used in these measurements 
are given inref. [6]. 

2  EXPERIMENTAL METHOD 

The FGA diagnostic is mounted in the injector prototype 
for the low-energy demonstration accelerator (LEDA) 
project at Los Alamos [7]. Hydrogen-ion beams at 75- 
keV energy and 50-130 mA beam currents are used in 
these measurements. A microwave proton source 
originally developed at Chalk River Laboratories [8] has 
been extended to meet LEDA requirements. A line 
drawing of the injector is shown in ref. [9]. The 
hydrogen-ion beams are produced with 600 - 800 W of 
microwave power, which typically yield a 85 - 90% 
proton beam fraction. The H2

+ ion comprises the 
remaining beam fraction. The FGA is located at an axial 
distance z = 44 cm from the ion source extraction 
electrode. For all measurements discussed here the LEBT 
solenoids are off. The magnetic field at the FGA location 
is 10 gauss. The FGA is heated to 300°C to maintain 
reproducible energy distribution measurements [3,6]. 

Fig. 1. An image of the hydrogen-ion beam passing the 
FGA. 

The FGA is mounted opposite a video diagnostic 
port, and a video image of the beam propagating by the 
FGA is shown in Fig. 1. The light is generated by a 
100-mA, 75-keV beam interacting with the background 
gas at a pressure of 1.9xl0"5 Torr. The FGA aperture 
diameter (2ra) is 8 mm. The residual gas in the low- 
energy beam transport (LEBT) is H2. 

Before beam measurements were made, the 
FGA was calibrated in an auxiliary test stand by a low 
energy electron beam obtained from a tungsten wire 
heated to thermal electron emission temperature. The 
tungsten filament heating current is pulsed off, and the 
wire biased from voltages ranging from 2 to 40 V. The 
emitted electrons current are recorded in the FGA's 
Faraday cup (IFGA). Figure 2 shows IFGA plotted vs. grid 3 
voltage (dotted line) for a 2 eV electron beam.   Voltage 
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biases on grid 2, grid 4 and the Faraday cup are set in 
order to transmit the electrons with energy greater than 
the  absolute value of grid 3 voltage (V3).  The equation 

IFGA(V3) = f(E)dE relates the energy distribution 
J|eV3| 

f(E) to IFGA and V, by f(E) = dIFGA/d(eV3). The f(E) from 
the electron gun measurement is shown as the solid curve 
in Fig. 2. The distribution peak occurs at V3 = -2 V with 
an estimated error of + 0.1 V, and with a full-width half- 
maximum energy spread of 0.67 eV. These data show the 
absolute energy calibration is sufficient (< 1 eV), and the 
energy resolution (<1 eV) is similarly acceptable for the 
expected range of ion energies (0 - 10 eV) to be measured 
from the beam plasma [1]. The analyzer temperature is 
maintained at 325 "C during these calibration 
measurements. 
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Fig. 2. Electron gun calibration of the FGA. 

The data acquisition program was made using 
Labview v4, with around 250 points on grid 3 voltages, 
each point averaged at least 700 times. Data acquisition 
takes 10 to 30 s, so data described here is an average over 
possible fast beam fluctuations. 

3   BEAM PLASMA MEASUREMENTS 

A measured ion spectrum from a 120 mA beam at 75 keV 
energy is shown in Fig. 3. The LEBT pressure during this 
measurement is 1.9x105 Torr or a background H2 gas 
density of 1.4xl012 (cm)"'. The main section of the figure 
shows IFGA measured as a function of V3 (dashed line). Its 
saturation value of 0.14 uA is found for V3 < +1 V, and 
then it decreases to 0 in the V3 = 1 to 12 V range.   The 
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Figure 3. The FGA Faraday cup current and its derivative 
with respect to grid 3 voltage are plotted vs. V,. 

derivative of this curve is the ion distribution function 
f.(E) (solid curve). A deviation from the higher FGA 
current characteristic decrease is noted at V3 = 3 - 4 V 
where the IFGA = 0.02 uA. This current and its derivative 
are shown as an insert to Fig. 3. This accounts for about 
10% of the saturated IFGA at this pressure, but this 
component may increase to order 20% at higher LEBT 
pressures. 

The width of the ion energy distribution (A(|>) is 
taken to be the width of f{E) at the distribution base. The 
degree of beam space-charge neutralization is given by 
f = 1 - A<t>/A<t>u where A(bu is the potential drop across a 
uniform unneutralized beam A<bu= ih/?/ß where i„ is the 
beam current (A), R = 30 Q, and ß is the beam velocity. 
The unneutralized beam potential is about 285 V at 
ib=0.12A for 75 keV beam. The increased width of the 
ion distribution A§ then decreases f. 
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Fig. 4. Comparison of the measured and calculated FGA 
saturated currents. 

The saturated FGA current (IFGA)S may be related 
to the FGA solid angle, beam current, neutral gas density 
(ng), and positive ion production cross section (a) by 
applying the 1-D continuity equation [6]. The equation is 
(IFGA)S = (ra)

2 T i„ (Engai)/2d where ra is the FGA entrance 
aperture radius of 0.4 cm, T is the FGA grid material 
transparency (40%), a, - 2.9xl0"16 cm2, and d the distance 
of the FGA entrance aperture from the beam centerline 
(10.5 cm). Figure 4 shows the measured and calculated 
(IFGA)s vs. the LEBT gas density. Here an auxiliary gas 
feed was attached to the LEBT box, and hydrogen gas 
was introduced to study the effect of larger LEBT 
pressures on f. The solid line shows the prediction while 
the discrete points show the measurement. Two 
calculations are shown for T = 0.4 and T = 0.32. There is 
good agreement considering the possible systematic 
measurement errors. 

Figure 5(a) shows f vs. ng, taking A<|> from the 
low ion energy distribution (cf. Fig. 3). Little variation in 
f is observed with increasing ng. If A(|) were taken from the 
full ion distribution width, f is again independent of ng, 
but it's value reduced to 95%. Figure 5(b) shows f vs. 
total beam current for 75 keV beam energy with 
ng= 1.2xl0I2cm'3. It increases slowly from 96 to 99% 
with increasing beam current. 
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Figure 5. Plot of f vs. (a) the H2 gas density in beam 
transport, and (b) total beam current. 

4 DISCUSSION 

Using a gridded-energy analyzer technique we have 
found residual beam potentials in the 0-4V range, or 
0 -10 V range for 75 keV hydrogen-ion beams with up to 
130 mA current. The two potential ranges depend on 
whether a lower-intensity (< 20% of the FGA saturated 
current) but higher energy distribution is included in the 
analysis (Fig. 3). This leads to f ranging from 99 to 95%. 
The range of measured residual beam potentials 
(3 -10 V) for an equilibrium beam agrees with that 
calculated by Soloshenko [1]. TRACE beam envelope 
calculations [10, 11] for the proposed LED A LEBT for 
LEDA RFQ matching show that this range of beam s.c. 
neutralization may be successfully matched. Further, 
higher-order beam transport calculations show that this 
range of beam space-charge neutralization may be 
transported to the RFQ without large beam emittance 
growth [11]. 

We do not have a clear physical understanding 
of the measured two-energy ion distribution. It is unlikely 
an instrumental effect. However, since the higher energy 
portion of the distribution becomes more dominant at the 
higher gas pressures, we propose that the detected higher- 
energy ions come from a process other than lower energy 
ions being accelerated out of the beam channel by the 
residual beam s.c. potential. At higher gas densities the 
beam plasma would become more dense, and this may 
lead to excited H2 molecules which decay to charged 
particles with =10 eV [12]. This interpretation is 
supported by the observation that the measured electron 
temperature increases from 1 to 3 eV as the LEBT gas 
density increases. 

Earlier high-energy (870 keV) proton beam 
neutralization measurements [5] invoked halo H2

+ and H3
+ 

beam contributions to the measured ion energy 
distribution to explain multiple low energy distributions. 
However, the present distribution occurs at higher energy 
than the main distribution, and it seems unlikely the 
10 - 15 % H2

+ beam component can account for the ion 

distribution at V3 > 4 V observed here. 
Another possibility is the beam is rapidly 

oscillating between two s. c. neutralization states by 
collective oscillations in the ion-beam plasma [1]. This 
experiment would record the time-average of such a 
collective oscillation. This could possibly lead to 
emittance growth, but cannot be very large, as the rms 
beam emittance at the end of the beam transport has been 

determined to be 0.20 7t mm-mrad [9]. 
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Abstract 

In the near future the injection system of the proton linac 
at DESY will be upgraded. Two different types of H~- 
sources are operated at DESY. The new rf-driven volume 
source is free of cesium. On a long-term basis this source is 
planned to replace the present operating magnetron source. 

For reasons of reliability of the proton linac and for fur- 
ther developments of ion sources a parallel operation of 
two sources should be possible at the Alvarez linac. Each 
source has a separate RFQ to accelerate the ions to an en- 
ergy of 750 keV. A new transport line with one dipole, 8 
quadrupoles and one intermediate buncher was designed to 
match the beam between both RFQs and the Alvarez linac. 

The codes COPPOC and TRANSPORT were used to 
determine the length of the transport line and the para- 
meters of the dipole and the buncher. Because of the high 
current of 20 mA and above the estimation of the space 
charge forces is of special interest. The macro-particle- 
code PARMTRA takes into account the particle-to-particle 
electric forces among all particles. The properties of the 
beam line have been studied in connection with the ef- 
fects on the final beam quality after acceleration with the 
50 MeV Alvarez linac. 

1    INTRODUCTION 

At present the H~-ion accelerator facility LINAC III at 
DESY consists of a magnetron ion source followed by 
a RFQ (Radio-Frequency-Quadrupole)-accelerator in front 
of a 50 MeV Alvarez linac [1]. 

The H~ -injection system upgrade program which is un- 
der development at present will enable parallel operation of 
two ion sources at the Alvarez linac. The proposed MEBT 
(Medium Energy Beam Transfer) between the two RFQs 
and the Alvarez linac has a twofold goal: i) it is designed 
to match the beam of both ion sources to the acceptance 
of the Alvarez linac. ii) the mechanical construction of the 
upgrade will facilitate further developments of ion sources 
and tests at the Alvarez linac. 

Concerning the reliability of the H~-injector for HERA 
operation in the near future, it is essential that the time nec- 
essary to switch from the new volume source to the mag- 
netron ion source will become as short as possible. The 
MEBT between the two ion sources and RFQs and the Al- 
varez was therefore designed to operate in two modes with- 
out the need of altering the mechanical structure. 

The new volume source will be installed on the axis of 
the Alvarez linac, whereas the beam coming from the mag- 
netron source will be bent by a 60°-magnet to this axis. A 
rebuncher is needed for the longitudinal dynamics in the 
MEBT. 

The optical design of the MEBT is important insofar as 
the beam quality in the low energy part determines the char- 
acteristic of the beam in the high energy part of the linac. 

2   DESIGN OF THE MEBT 

The design procedure for determing the parameters of the 
MEBT is as follows: 

The space charge force at the high current of 20 mA at 
the energy of 750 keV finally limit the overall length of the 
MEBT due to the strong debunching of the ion beam. 

As part of the design calculations for the new MEBT a 
number of options were investigated. Various combinations 
of one or two dipole magnets with 30°, 45° or 60° and 
different edge angles were tested in simulations. It was 
found that the effect of the dispersion generated by a 60° 
sector magnet on the beam quality can be minimized. A 
MEBT with only one short dipole gives the possibility to 
reduce the distance between both RFQs and the rebuncher 
to less than 60 cm. 

The number of quadrupoles was kept small to save space. 
Since there is no space to install steering magnets the 
quadrupoles can be displaced transversally in order to align 
the beam in horizontal and vertical direction. 

Eight quadrupoles - 6 for each transport line - arranged 
in doublets are used to focus the beam transversally. The 
parameters of the rebuncher cavity have been estimated by 
calculating the phase and energy spread at its position and 
the optimized drift length from rebuncher to the first Al- 
varez tank. A sketch of the layout of the MEBT is shown 
in figure 1. 

3    PARAMETERS OF THE MEBT COMPONENTS 

3.1   Magnets 

For the beam focusing only one standard Alvarez type 
of quadrupole is employed. Steering angles of up to 
10 mrad will be realized by transverse displacements of the 
quadrupoles of up to 1 mm. The 60c-bending magnet is 
a pulsed sector dipole magnet. The manufacturing of the 
magnets was given to industry. All magnets will be pow- 
ered with the same type of DES Y-developed pulsed power 
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Figure 1: Layout of the MEBT. 

supplies. Due to the small duty factor of the proton linac 
of 1:4000 at a repetition rate of 0.25 Hz air-cooling is suf- 
ficient. 

3.2   RFQ accelerator 

The new RFQ accelerator is based on the design of the op- 
erating 4-ROD RFQ [2] at LINAC III and was delivered 
by the IAP Frankfurt. The design input energy has been 
increased from 18 keV to 35 keV in order to permit the 
operation of the volume source with higher extraction volt- 
age. 

Figure 2: View of the RFQ accelerator. 

Figure 2 shows the low energy part of the RFQ. Both 
RFQs will be powered by the same rf-amplifier. 

3.3   Rebuncher cavity 

A new rebuncher cavity is under construction at the IAP 
Frankfurt. It is a two gap spiral loaded resonator operating 
at 202 MHz. The design values are as follows: 

A rf-amplifier for the rebuncher cavity is under construc- 
tion at DESY. 

/o 202 MHz 
C/eff 58 kV 
k'gap 45 kV 
P 5kW 

length 12 cm 

Table 1: Main parameters of the rebuncher cavity for the 
MEBT. 

3.4 The Ion Sources 

Currently a 18 keV magnetron source is operating as the 
H~-ion source for LINAC III. To reduce the work functions 
for the electrons the magnetron source must be operated 
with cesium. The rf-driven volume source [3] at DESY 
makes a cesium-free operation possible with high currents 
and smaller emittances compared to the magnetron source. 

3.5 Beam diagnostic 

The measurement of the beam parameters will be per- 
formed by DESY standard devices. At the exit of the 
RFQs and in front of the Alvarez tank the current will be 
measured by commercially available current transformers. 
Screen monitors at two different places in the MEBT will 
be used to optimize the beam alignment and the focusing 
strengths of the quadrupoles. The bunch length at the en- 
trance of the Alvarez tank will be derived from signals of a 
capacitive pick-up and of the new BSM monitors inside the 
Alvarez linac [4]. As an alternative an additional BSM [5] 
can be installed between MEBT and the Alvarez linac. 

4 BEAM DYNAMICS CALCULATIONS 

The beam optic was developed using the codes COP- 
POC [6] and PARMTRA [7]. The first order code COP- 
POC was used because of its powerful optimizer and the 
intuitive interface. PARMTRA is a particle tracking code 
for ions that takes into account the space charge forces and 
the rf-defocusing in the rebuncher cavity. 

The transversal and longitudinal envelopes in the MEBT 
are shown in figure 3 to figure 5. The parameters of the 
H~-beam behind the RFQs differ according to the different 
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electrode design. Following parameters have been assumed 
in the calculation: 

¥>[*] 

MEBT 1: MEBT 2: 
rf-source & RFQi magnetron source & RFQ2 

—> Alvarez —> Alvarez 

^x,y 36 7T mm mrad 36 IT mm mrad 
A<f> ±19° ±29° 
AW ± 10 keV ± 14 keV 

Table 2: Beam properties (at 750 keV) at the exit of the 
RFQ. 

The quadrupole strengths and the gap voltage of the 
buncher were optimized with the code PARMTRA. The 
equivalent defocusing force of the rebuncher amounts to 
40% of that of the following quadrupole magnet. Thus, it 
cannot be neglected in finding the matching parameters of 
the beam line. 

Figure 3: Transversal beam envelopes (2a) for the MEBT 1 
transport line with 20 mA. 

Figure 4: Transversal beam envelopes (2a) for the MEBT 2 
transport line with 20 mA. 

There is some enlargement in the emittances (table 3). 
The rf-defocusing inside the buncher causes a transverse 
emittance growth due to the nonlinear forces. The disper- 
sion induced by the bending magnet cannot be fully com- 
pensated but was minimized due to the small horizontal ß- 
function inside the dipole magnet. 

The calculated beam properties with currents of up to 
30 mA are suitable for further acceleration with the Al- 
varez. Compared to the present situation the beam match- 
ing to the Alvarez linac can be improved and compensates 

W/WIXl 

Figure 5:    Longitudinal beam envelopes (2a) for the 
MEBT 1 transport line with 20 mA. 

J/[mA] exAx.o ey/ey,o e2/ez,o 
0 1.1 1.0 1.0 
10 1.3 1.2 1.1 
20 1.4 1.3 1.2 
25 1.6 1.4 1.2 
30 1.7 1.6 1.3 

Table 3: Emittance growth factors at different currents in 
the MEBT 2 transport line. 

the influence of emittance growth within the MEBT on the 
final beam quality. Tracking calculations of the Alvarez 
linac with and without the MEBT are still in progress and 
show that a reduction of the emittance at the high energy 
end should be possible with the usage of the MEBT. 

5   SCHEDULE 

The modifications of the accelerator system are planned to 
be made during the HERA shutdown in winter 1997/98. 
First tests are scheduled for March 1998. 
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Abstract 

In this paper it is shown the design and the mechanical 
construction of a Trapped Ion Source (TIS). TIS is a new 
type of source capable, in principle, of producing very 
highly charged ions and, at the same time, it is a radio 
frequency quadrupoles linear trap suitable to study the 
interaction of the trapped ions (or charged microparticles) 
with electrons, high energy particles or laser beams. In 
practice, it is a modified version of an Electron Beam Ion 
Trap (EBIT) recently developed in some laboratories 
mainly to study X and UV rays spectroscopy for 
"hydrogenic" and "helium-like" ions. Among the goal of 
TIS, other than the production of highly charged particle, 
it can be foreseen the production and trapping of 
radioactive isotopes, ion cooling, analysis of 
macromolecules and also "dust targets" for high energy 
accelerators. 

1 INTRODUCTION 

The ability to produce very highly charged ions in a small 
laboratory apparatus at a small fraction of the cost of 
producing them at a large accelerator represents a great 
opportunity. In fact new EBIT are being built in several 
laboratories around the world, and the initial operation of 
two of them has recently been reported [1]. 
Highly charged ions play important roles in hot plasmas 
physics, controlled fusion devices and x-ray lasers. 
Production of a very highly charged ion is extremely 
difficult, requiring successive collisions having center-of- 
mass energies greater than the binding energies of the 
electrons to be removed. One can achieve such type of 
collisions either by directing a relativistic heavy ion beam 
from a large accelerator into a stationary foil target or by 
directing an electron beam a thousand folds less energetic 
into a stationary ion target. The latter method is used in 
an EBIT. Although the EBIT was initially developed for 
X-ray measurements of trapped ions, one can change its 
mode of operation to provide an efficient source of very 
slow, very highly charged ions. 
In this paper we present the design and the construction of 
a Trapped Ion Source (TIS) that can be seen as a modified 
version of an EBIT and an EBIS. One can foresee that TIS 
could overcome some drawbacks of the EBIT and EBIS 
making it a more flexible device. In fact an EBIS presents 
the following problems: 
In an EBIS (or EBIT) a continuous electron beam is used 
to produce and contain the ions. The highly charged ions 
can be obtained by electron bombardment ionization in 
two different ways: 
i) single-step ionization 
ii) multi-step ionization 

i) in the single step-ionization the incident electrons must 
have an energy of at least the sum of all the ionization 
potentials of the removed electron; 
ii) in the multi-step ionization, for the incident electrons, 
it is required only the energy of each electron removed 
from the atom or ion. 
The multi-step ionization process is, greatly, the most 
probable way to obtain high charge state ions [2] but this 
process, of course, takes time. This time depends on the 
plasma density and on the ionization cross-section. It 
must be shorter than the ion life-time in the plasma if one 
wants obtain significant number of highly charged ions. 
As an example, one can consider the effective cross 
sections for sequential ionization of a given element by 
electron impact, (Jk_^k+i, then the ionization time can be 
given by 

l^,1       1 
T'=~^^  J k=\ <Jk^k+1 

where j is the electron current density and Z is the ion 
charge state. 
Applying this equation, to generate N+7 with a current 
density of 1.8X1020 el/cm2/s (30 Amp/cm2) at an energy 
of 3 keV, an ionization time of 50 ms is obtained. Such a 
long ionization time, requires a residual gas pressure of 
10"1()- 10" Torr (very high pressure) in the trap region. In 
fact only under these conditions the replacement of 
working gas ions by the residual gas can be practically 
excluded, and the ionization will be effective. In other 
word the potential well generated by the electron beam 
must not be leveled by the ions issued from the 
background gas. This problem imposes very high density 
electron beam to reduce the interaction time and the 
residual gas pressure constraint [2]. On the other hand the 
use of high density electron beam can induce plasma 
instabilities [3]. 
In fact the other problem related is the ion losses. Three 
possible ways for losing the highly charged ions are: a) 
transverse ejection (due to elastic collision with the 
continuous eb); b) electron recombination (that in this 
condition can be neglected [2]); c) plasma instabilities 
(that prevent the increase of eb density and of the ion trap 
length). 
In TIS the utilization of a if quadrupole field to contain 
the ions in a selective way allow to use a pulsed electron 
beam and in this way these kind of problems could be 
overcome (see below). 
Applications that can be foreseen for TIS are in the 
following. 
1) Development of cooling methods and eventually 
production of Wigner crystals. Most of the existing ion 
traps are of the static type. Cooling can be also applied in 
large storage rings, where ordered forms of relativistic ions 
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can be obtained. TIS is designed mainly to allow cooling 
experiments on ion groups in slow controlled linear 
motion. The ions will be contained in a potential well 
nearly flat in the longitudinal direction, with potential 
barriers of a few keV at the extremities, while the if 
quadrupole field produces a transverse harmonic potential. 
Several forms of filtering can select the trapped ion type, 
since by suitable bias TIS works as quadrupole mass 
spectrometer, or by pulsing some electrode it can work as 
a time of flight spectrometer in the longitudinal direction. 
2) Dating with Long Lifetime Isotopes (LLI). The method 
of dating with isotopes of long lifetime (e.g. C14) has 
been used for many years by measuring the residual 
radioactivity of the specimen to be dated. However the 
method is insensitive and time consuming, since only a 
very small fraction of the nuclei to be detected decay 
during the measurement. More recently the atoms to be 
detected were accelerated with tandem accelerators, fully 
stripped, and their charge verified by magnetic analysis and 
by nuclear detectors. The ability to highly strip and 
isotopic selection with different methods allows to TIS a 
similar performance using much less expensive apparatus. 
3) Use as a target for high energy ion or particle beams. 
TIS can suspend powder particles or macromolecules that 
can be exposed to a high energy ion beam. The molecular 
recoil can be detected, allowing the measurement of very 
low energy loss and momentum transfer. 

2 ION SOURCE DESIGN 

In fig. 1 is shown the operation scheme of the device. In 
that figure one can see the electron gun that generates the 
electron beam needed to ionize the atoms. Since an 
electron gun designed and built for another experiment is 
intended to use for TIS experiment a couple of iris are 
been used to match the electron beam emittance to the 
acceptance of the TIS transport channel. 

Fig.l Operation scheme of TIS: 1) electron gun, 2) 
bending magnet, 3) vacuum pump, 4) static potential 
electrodes U„ for longitudinal ion trapping, 5) if 
quadrupole electrodes with inside the focusing magnetic 
quadrupoles, 6) electron collector, 7) gas-inlet, 8) ion 
collector. 

The transport channel that drives the beam until to the 
electron collector and the electron beam envelope is shown 
in fig.2. The main new feature of TIS, with respect to an 
EBIT (or EBIS), is the adding of radial ion confinement of 
the rf quadrupoles to the potential well of the eb space 

charge when it is on. When the eb is off (the eb will be 
pulsed) only the desired ions will remain trapped. 

2.1 Ion confinement 
The ion containment in the transverse direction can be 
obtained by a rf quadrupole field or by the same electron 
beam needed to produce ions (like in a EBIS or EBIT). In 
the longitudinal direction the containment is obtained by 
two repelling electrodes placed at the edges of the 
quadrupole electrodes. These electrodes can be pulsed to 
pull-out the trapped ions for external use (e.g. 
acceleration). 
In TIS The rf radial ion confinement is obtained by 
applying a time varying potential to the rf cylinder shaped 
electrodes. This results in a harmonic pseudo-potential 
well of the form [4]: 

Or 
qVj 

Animate 
-r2=^tfr2 

2q 
with Q.= qv0 

42m(O^R2 

where R is the radial position of the cylinder shaped 
electrodes (fig.l), and Vfj is the voltage amplitude applied. 
Q. is, of course, the oscillation frequency in the radial 
direction of the trapped ions. The condition to be satisfied 
for the formation of a pseudo-potential well is: Q « (Drf. 
In fig.2 are shown the depths of the pseudo-potential 
well, at 1 cm from the axis, for different ion mass and 
different corf values. In those figures the pseudo-potential 
well has been put to zero when the previous condition on 
the "secular" frequency Q. was not satisfied. 

1* 
[on mass number 

Fig.2 Potential well depth vs ion mass numbers at 1 cm 
from the axis for different rf frequency. 

As mentioned before in the EBITs the ions are contained 
transversally from the eb space charge and longitudinally 
from the potential set by the electrodes on the edges. In 
this situation residual gas ions can be trapped together 
with the wanted ions. In this way all these ions can easily 
fill the pseudo-potential well and then reduce the ion 
containment capability. 
In order to avoid this drawback a pulsed electron beam will 
be used in such a way that the transversal ion containment 
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is maintained only by the rf quadrupoles. In this way by 
adding to the rf field a continuous quadrupole field it is 
possible to select the ion type to be contained in the 
pseudo-potential well (as is done in a common mass 
spectrometers). In meanwhile, the slow electrons generated 
form successive ionization's are swept away because the rf 
period is much less than the electron transit time of the 
quadrupole field. For this reason multipacting phenomena 
should be avoided. 
In this condition the stable (trapped) ion trajectories , in 
both planes, are given by the Mathieu equation solutions). 
From these solutions , one can see that, once fixed the if 
and the continuous quadrupole potential, the stability 
region for the ion trajectories depends only on the charge 
to ion mass ratio [5]. 
As an example, one can take an ion mass number A= 40, 
it has a charge to mass ratio (for one charge) e/mA = 
2.4X106, fixing rorf=6 Mhz , V0=100 V and U=7 V, the 
stability region obtained for e/ma is in the range 2.4X 106- 
5.4X 107 , then, this ion can be ionized for 20 times 
(e/mA=4.8X107) and remain in the stability region. 
For the confinement along the longitudinal axis a static 
voltage Uo is applied to the electrodes placed at the edges 
of the quadrupole electrodes in the longitudinal direction 
(see fig.l). It can be seen that the radial potential well is 
slightly weakened by the axis potential Uo [4]. In its 
normal operation, an electron beam pulse is injected 
transversally in the trap and then bent in the axial 
direction. Transversally, in the center of the trap, gas, 
vapor or powder jet can be injected by a valve, then it is 
ionized and confined by the rf quadrupole field. 
The ion extraction will be done by changing the axial 
static voltage UO (on the left of the trap) to a negative 
value to eject the ions towards a Faraday cup placed on the 
axis to collect the ions (about -100 V). 
The rf quadrupoles electrodes have a cylinder shape that 
approximates near the symmetry axis the pure quadrupole 
field generated by hyperbolic shape electrodes. An 
optimization of this approximation, given for a particular 
ratio between the distance from the axis and the cylinder 
radius, is shown in fig.4, where a value of A4/A6 = 2.7x 

10^ has been found for the ratio of the Fourier quadrupole 
coefficient with the sextupole coefficient. The other 
multipole fields Fourier coefficients are practically 
negligible. 

2.2 The electron beam transport channel 

The electron beam will be generated by an electron gun 
with a Pierce design originally built for an electron cooler 
and then modified for our needs. To get a pulsed electron 
beam the first electrode will be connected to a Bloomlein 
type pulser. The density electron current obtained in the 
simulations is about 80 mA/cm2 with a perveance of 0.11 
(iP. The couple of iris have a radius of 2mm and are 
placed at a distance of 210 mm to give at gun exit an 
emittance of about 50 mm x mr. To make the operation 
more easy, the gun cathode is set at high voltage and the 
transport channel at ground. 
From the exit of the gun the electron beam will be 
transported till  the collector trough two 90° electron 

bending magnets (BM) and a new kind of magnetic 
quadrupoles (see below) inserted inside the rf quadrupole 
electrodes. The eb envelope in the horizontal and vertical 
plane along aim long transport channel is shown irt the 
computer simulations of fig.3. The BM curvature radii are 
95 mm, The Quadrupole gradient values are symmetric 
with respect the center of the transport channel. 

20.0mm 

IENGTH =1180 mm 

Fig.3 Beam envelope transportation along the trap, from 
the entrance of the first bending magnet to the entrance of 
the electron collector. The central region is the trapping 
region. 

A mechanical design of the new type of magnetic 
quadrupoles that we think to utilize for the eb focusing is 
also shown in fig.l. This quadrupoles will be built by 
turning four iron bars, alternating a section of larger to 
one of smaller diameter. Around the smaller ones are 
wound the excitation coils with alternating polarity from 
coil to coil. 
After the second bending magnet the eb will be decelerated 
and then recovered by a collector placed at a voltage about 
lkV less than the high voltage of the gun cathode to 
recover all the electrons. 

3 CONCLUSION 

The mechanical design and the computer simulations of 
the device has been concluded. The vacuum chamber, the 
electron gun, the electron collector and the cylinder shaped 
electrodes for the rf quadrupole field are already available. 
The construction and the test of the new type focusing 
quadrupoles for the eb are under way. 
In the first phase of the experiment pick-up electrodes will 
be used as sensors for the electromagnetic signals given 
by trapped ions and in a second phase they will be used to 
apply a stochasting cooling to the trapped ions. 
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Abstract 

A travelling wave beam chopper for the 750 keV H\ H 
ions of INR Linac is described. The chopper consists of a 
helix and a ground plate. The latter serves as a beam 
absorber which allows operation with a deflecting 
voltage below 4.5 kV. The chopper aperture can be 
varied from 2 to 6 cm, the plate length is 80 cm. The ion 
beam with unnormalized emittance ~8 7i-cm-mrad is 
deflected and absorbed at the water-cooled ground plate. 
Available chopped beam pulse edges are less than 20 ns. 
A special shape of ground plate is used in order to depress 
the secondary electron emission arising from proton beam 
deflection. The deflecting plate structure and electronic 
circuits are presented, and theoretical and experimental 
results are discussed. 

750 KEV H+, H TRANSPORT LINE 
OF MMF LINAC 

The neutron experiments at the Moscow Meson 
Factory (MMF) and the MMF proton storage ring 
operation need a device for a creation of beam time 
structure. Travelling-wave chopper for 750 keV FT, H' 
ions in the MMF transport line has been developed and 
installed on the LEBT. The MMF chopper consists of a 
helix and a ground plate. The use of the ground plate 
permits ion beam absorption directly inside the chopper 
[1,2]. Therefore no additional beamstop is needed. In 
addition the chopper has only one electronic modulator. 
The chopper deflects 750 keV ion beam with the 
emittance <8 7t-cm-mrad with pulse rise and fall times less 
than 20 ns. The chopper consist of 80 cm plates and 
occupies 90 cm along the beam line. 

The chopper is located downstream of the high 
voltage column in the first part of the beam transport line 
to protect a transport line equipment and especially 
diagnostic equipment that makes direct contact with the 
beam, from damage during accelerator commissioning. 
The charged particle current in the first part of the MMF 
is a train of pulses -100 us long repeated at 50 Hz 
containing 200 mA. This corresponds to 1.5 kW as 
several macroimpulses are deflected into the absorber. 
The injected beam unnormalized emittance is 8-10 n cm 

mrad, its transverse diameter is about 5 cm and this 
complicates considerably the situation with the beam 
deflection and particularly with fast chopping over the 
beam current macroimpulse. All of these have demanded 
a creation of a special device for a macroimpulse 
deflection, an absorption and a fast chopping. 

To measure the beam microstructure a special 
wideband Wall Current Monitor (WCM) has been 
designed and installed downstream of the 45° bending 
magnet. Bending magnet operates like a particle separator 
so undesirable ions flowing from the injector are reduced. 

DEFLECTING PLATES 

Chopper deflecting plates are placed into a vacuum 
chamber. There is a possibility of changing a distance 
between upper spiral plate and lower ground one. The 
deflecting structure scheme is shown in Fig.l. 

to fast '   w 

modulator -^T^Tfr^^'^'^ 
beam      u—!= 

to slow 
modulator 

H+H 
=§>- -ssA*^-a> 

g 
A 

Y 
L=800mm    w=17mm 
l=22 mm       g=6 mm 

A=20-60 mm 

Figure 1 Scheme of deflecting plates structure 

The aperture (A) can be changed from 20 to 60 mm 
without vacuum violation by a manual actuator during 
chopper commissioning to achieve optimum conditions of 
the beam deflection. The upper plate represents a train of 
spiral-like connected strip and coaxial lines with a 75 Q 
wave resistance hence the wave propagation along beam 
line equals a beam velocity v= ßc, where ß= 0.04 (750 
keV beam), c is the speed of light in vacuum. This field 
moving together with the particles deflects them to the 
lower ground plate. The deflected particles are absorbed 
at the ground plate. 
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The lower plate is made from metal and water- 
cooling is provided for heat irradiation. The special lugs 
are made to decrease deflected beam angle of incidence 
and to prevent secondary electron emission from the 
surface. For small angles of incidence (0) an amount of a 
secondary electron production is proportional to l/cos4(0) 
[3]. A deflecting field for positive particles also is an 
accelerating field for electrons. So all secondary 
emissioned electrons get to the upper plate. This can 
change the deflecting field and even damage a deflecting 
voltage power source. We found there is no influence of 
secondary electrons on this chopper operation with 
relatively high beam power: beam energy is 750 keV, 
beam current is 200 mA with 100 us pulse length at 50 
Hz. Using absorber plate allows to have small aperture of 
the chopper and only a 4.5 kV modulator. Also this 
minimises the electronic equipment considerably. 

The electric field distribution inside deflecting plates 
in a quasi static approximation can be obtained by means 
of a Fourier analysis: 

Ey(r,t) = X4K)2XW ■ cosK/+<pm + <pn),    (1) 
in n 

where Am(a)m), <pm are amplitude, phase of a frequency 

domain COm in Fourier-series expansion, ^Tn(r)and (pm 

are the influence coefficient and phase from the n-th strip 
to the point with a radius-vector r(x,y,z). For Kn(r) with 

x= 0 (for simplicity) one can obtaine the following 
expression (see Fig.l): 

Kn(r) = 
27US, oij=0,l 

(-lyarctg- 
(z-nl+(-1)^/2)1 

2(2jA-(-iyy-gJRij 
,(2) 

Ev 
kV/cm 

0,1A 

s 

0,2 

D 

-n? 

U/A 

/- 

i 

^* 
~"} \ ■^ v 0.5A 

J \0,9A 

Ey. |0.1A 

^ !\ 
U/A   1 l\ 

0,2 
  k  -v\ 

- — j  — 

0 
0,9A/^ 0.5A. 

Figure 2 Electric field distribution along with Z and X 
axes for different value of Y over an aperture 

Using a Fourier-series expansion of an input signal, 
one can calculate dynamic characteristics of the 
deflecting field at any point between the deflecting plates 
with help of above expressions. Corresponding 
calculations for MMF transport beam line show that for 
deflecting structure parameters in Fig.l and aperture A=4 
cm, the deflecting electric field intensity rise and fall 
times can not be more than 10 ns. However the beam rise 
and fall times can be much smaller that the rate of icrease 
of the deflecting voltage. This is one of principal 
advantages of the described deflecting structure. 

ELECTRONIC CIRCUITS 
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where a is the surface charge density of n-th plate, £0 is 

a permittivity of vacuum. (2) shows the influence 
superposition of the n-th strip and its reflections from 
metallic surfaces, cr can be expressed from a deflecting 
voltage U according with [4]: 

slow modulator 
■ deflecting voltage i -. —.— i ^ deflecting voltage      f- 
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Figure 3 Electronic circuits block diagram 

t, microsec. 

a^0WeffU/g;Weff=^ 1+1,735(%) -0,836 , 0) 

Summing (2) for different strips n one can get a 
static deflecting electric field distribution. The 
corresponding distributions along with Z and X axes are 
shown in Fig.2, U/A represents an electric field of a flat 
condensor with the same aperture. 

The electronic circuits block scheme is shown in 
Fig.3. Since only one plate has a special spiral structure 
and the other one always has a ground potential, only one 
modulator is needed for time microstructure creation. It is 
the fast modulator shown in Fig.3 used for this purpose. 
The slow modulator serves for a beam macroimpulse 
deflection to implement an emergency fast beam stop and 
control the average beam intensity by means of deflection 
of a part of beam macroimpulses. These functions could 
be realised with help of the fast modulator but it is 
difficult to overlap a duration time range from few 
nanoseconds to few hundred microseconds. The fast 
modulator overlaps a range from few nanoseconds to 5 
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microseconds with 10 ns rise and fall times. The slow one 
operates with 400 us duration, 20 us edges and up to 5 kV 
impulses, usually 4- 4,5 kV is used. 

If a positive (for H+) or negative (for H ) voltage is 
applied to the upper plate charged particles are deflected 
and absorbed at the lower ground plate. A beam goes 
through the deflecting structure without an absorption if 
no voltage is applied. It is necessary to mention that a 
special two level fast protection system (deflecting 
voltage and syncronization shifting) was designed and 
realised on a base of the beam control device (see Fig.3) 
which monitors and synchronises the operation of the 
injector and two chopper modulators. 

The slow modulator serves for the fast modulator 
like an anode voltage power supply, so the upper plate is 
on the anode circuit of the fast modulator output tubes. 
The GI-30 (impulse generator) tubes are used. They do 
not need a water cooling, are compact enough (about 10 
cm) and each of them provides an impulse current more 
than 10 A with a 5-10 ns pulse edges. Four tubes in 
parallel connection are used at the output circuit of the 
fast modulator. To compensate a rest voltage of an open 
tube a 500 V negative bias power source is applied to a 
tube cathode. 

A matching circuit on a slow modulator cable 
terminal has been included in order to prevent reflected 
wave propagation and slow modulator signal oscillations. 
The corresponding circuits are shown in Fig.4. 
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Figure 4 Matching circuits 

The capacity Cl value matches the pulse duration from 
the fast modulator. This value has been chosen to overlap 
the fast modulator possibility (up to 5 us). No matching 
circuits are need at the fast modulator cable terminal, so 
as it is not important for slow waves with 20 us pulse 
edges and moreover it would double the power 
dissipation. 

A specially designed detector with a wide frequency 
range from 20 kHz to 1 GHz to measure the continuous 
750 keV proton beam impulses with a time duration up to 
5.0 us and pulse edges about 20 ns is used. The wall- 
current monitor (WCM) was created for these 
measurements. A shape of the chopped beam current 
impulse is shown in Fig.5. 
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T 

Figure 5 Wall-current Monitor signal from H+ beam 

The dash line represents the shape of tail beam current 
impulses which would occur together with a single 
impulse (solid line) due to a reflected waves if no 
matching circuit were used. However the WCM does not 
measure the absolute beam current amplitude of the 
chopped beam because of its frequency dependence. This 
estimation can be made with help of neutron beam loss 
monitors or by means of a Faraday cup signal integration. 
One can estimate a correlation between full and chopped 
beam current amplitudes from knowing the shape and an 
amplitude of a full beam current macroimpulse also a 
shape of a chopped one (from WCM) and analysing the 
values of loss monitors or a Faraday cup in both cases. 
The analysis shows that the chopped beam current 
amplitude is at least 95% of a full one. 

CONCLUSION 

The chopper operates at the proton beam transport 
line. A number of physics experiments with impulse 
neutron sources have been done successfully at the MMF. 
The design of such device for the H beam transport line 
is under progress. 
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Abstract 

Pulse duoplasmatron with cold cathode used at 
preinjectors of ITEP proton linacs has been tested for 
generation of dc proton beam. The operation of 
duoplasmatron was studied experimentally with low 
currents of discharge. The test bench experiments allowed 
to modify construction of pulsed ion source for stable dc 
operation with high life time. The ion source generated dc 
beam of protons with current «12 mA at 30 kV. 

1 INTRODUCTION 

Main type of the ion source (IS), using at ITEP's ion 
linacs, is the duoplasmatron with a cold cathode. 
Originally this IS was developed for 1-2 linac - the ITEP 
proton synchrotron injector [1]. This IS showed high 
reliability and easy maintenance during many years. It 
provided operation of 1-2 linac with high beam quality on 
its output. The amplitude of the accelerated pulse protons 
current from the source achieved 1 A with normalized 
emittance - 0.4 - 0.8 cm-.mrad. The same source has been 
used at "Istra" linac and also provided excellent quality of 
the pulse beam. A version of the IS with a cold cathode 
was used in ITEP also for production of both light and 
heavy ion beams with low charge state. The life time of 
the duoplasmatron with a cold cathode in pulse operation 
is determined by life time of pulse shatter installed on ion 
source outlet for decreasing of gas flow in the preinjector 
vacuum chamber and practically does not depend on 
cathode time operation [1]. 

The investigation of possibility of use the 
duoplasmatron with a cold cathode for direct proton beam 
production in framework of ITEP's feasibility study of 
high power linac for waste transmutation (ISTC project N 
17) was carried out. Choice of duoplasmatron as a source 
for direct current beam production is caused by the 
following reasons: it has very simple and cheep 
construction; it is well studied ion source which capable 
to provide pulse intense proton beam with high 
brightness; it does not require the complicated and 
expensive power supply. 

2 EXPERIMENTS DESCRIPTION 

The results of study of cold cathode IS operation in pulse 
mode and beam parameters are given in [2]. In order to 
investigates operation in dc special test bench has been 
built. Its scheme is shown in Fig. 1. It consists of vacuum 
chamber (1), pumping by two turbomolecular pumps with 
total pumping speed 1000 1/s, The operation pressure in 

the chamber was about 10 Tore. 
The chamber was provided by three-electrodes ion - 

optics system (3) made from stainless steel with 20 mm 
aperture. The optics was designed for 30 kV extracting 
voltage. The electrodes of ion-optics can change their 
position respectively to ion source. 

Current collector (2) was used for beam current 
measurements. It represents copper cylinder with inner 
diameter 90 mm and 30 mm depth. It is placed at 350 mm 
distance from ion source. The ion source installed on 
insulator flange (4). 

In contrast to its pulsed prototype the experimental 
ion source has a additional cooling system for the 
cathode, intermediate electrode and anode. The two 
cylinders or multicylinders cold cathodes were installed 
in it. The cathodes were manufactured from molybdenum 
instead copper as it took place in IS 1-2. 

The construction of the duoplasmatron is 
schematically shown in Fig. 1. It consists of the copper 
anode (6); with outlet (7) with aperture 0.8 mm. The 
intermediate electrode (8) is connected to power source 
(11) placed at the high voltage platform (13). The power 
supply (12) provides discharge current in the range from 
10"' to 5 A. The solenoid (9) creates the magnet field in 
the gap between the anode - intermediate electrode. The 
hollow metal cold cathode (10) with gas channel is 
installed into the intermediate electrode. Different 
construction of cold cathodes could be installed in this 
source. The cathode voltage is fed by power source (12) 
placed at the high voltage platform, which potential is 
equal to the accelerating voltage. The voltage is supplied 
from the industrial high-voltage power source. The 
voltage can be changed from 0 to 50 kV. 

The designs of the cathodes used in tests are shown 
in Fig. 2 and Fig. 3. The cathode shown in Fig. 2 consists 
of two coaxial hollow cylinders, placed at a common 
base. In contrast to cathode in Fig. 2 the cathode shown in 
Fig. 3 consists on 7 or 13 thin-walled hollow cylinders 
placed circularly with respect to the axis, which wall 
thickness and depth of hollow were determined by 
condition to get maximum hollow cathode effect [3, 4]. 
During experiments the cathode material was varied. 
There were used copper or molybdenum as material for 
cathode. The hydrogen gas was supplied to ion source. 

Thermal and radioactive loads on cathodes materials 
during experiments were investigated. The stability of 
different electric discharges was tested in dependance on 
cathode materials and design at direct current. Efficiency 
of ion generation in aria of emission was evaluated. The 
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peculiarities of the ion source with cold cathode operation 
under steady electric arc were studied. The experiments 
showed that under gas pressure 1.5-2.0 Tore the arc is 
ignited and is stable. Maximum extraction of ions was 
provided, at negative voltage 280-300 V on intermediate 
electrode (8) (Fig. 1). 

Current of discharge was varied in our experiment in 
the range 5.0 - 30.0 mA. The current value was controlled 
by power supply unit (12) Fig. 1. In this case maximum 
current of extracted ion beam depended to a certain extent 
on material and construction of the cathode. The 
maximum ion beam current has been achieved with 
cathode shown in Fig. 3. This cathode consists of 13 
copper cylinders. The maximum value of the proton 
current was 0.3 mA at extracted voltage 25 kV. The 
initial voltage applied to discharge gap was 2.0 - 2.2 kV. 
No erosion of the cathode or ion source electrodes after 
30 hours of operation was observed. 

Ion beam current has practically no dependence of 
cathode construction at discharge current 0.4 - 0.5 A. The 
ignition of the discharge occurred at initial voltage 2.4 - 
2.5 kV. The steady value of discharge voltage was 500 - 
700 V. This type of discharge can be considered as 
smolder one[4]. Under above mentioned conditions the 
life time of copper cathodes did not exceed 10 - 12 hours. 
They had remarkable destroying of the construction after 
this period. The cathodes made from molybdenum had no 
destroying after operation during the same period. The 
ion current 9.0 - 10.0 mA has been obtained in test 
experiments using molybdenum cold cathode. The 
construction of the cathode is shown in Fig. 2. 

The installation in ion source of molybdenum cold 
cathode with construction shown in Fig. 2 allowed to 
achieve proton beam current of 12 mA at 30 kV 
extracting voltage. The total electrical power 
consumption of the ion source was about 500 W. The 
discharge current was very stable during all period of 
operation. The instability of the current value was -<5%. 
The pressure in the vacuum chamber of test bench was 
10s Torr. 

4 CONCLUSION 

The carried out experiments shows that duoplasmatron 
with cold cathode can be used for generation of intense 
proton beam at CW operation. The developed design of 
the source produced in experiments proton beam with 
current about 10 mA during period several tenth of hours 
without any damages of the source parts. Power 
consumption did not exceed 500 W. 

The results of experimental study of cold cathode 
duoplasmatron on CW operation allow to conclude that 
this type of duoplasmatron is suitable for using in CW 
high power linac. The advantages of this ion source are 
very simple and cheep mechanical design as well as 
power supply, stability of proton beam parameters and 
long life time. The main drawback of the ion source is 

high pressure of gas in discharge chamber and, therefore, 
high load on vacuum system of the preinjector. 
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Abstract 

A pulsed source of H- ions has been constructed with min- 
imal cost and is currently being used for commissioning of 
the Indiana University Cyclotron Facility (IUCF) Cooler 
Injector Synchrotron[l]. A commercially available duo- 
plasmatron, previously used with the IUCF cyclotrons, was 
modified for pulsed operation and has produced 25 keV H~ 
ion beams of up to 1 mA in an emittance of less than 0.38 ir- 
mm-mrad normalized (80%) and can operate up to 10 Hz 
with 50 /is to 4 ms pulse length. A simple and economical 
pulsed high-power MOSFET circuit is used to drive the arc 
and the gas valve. The beam transport line to the 7 MeV 
RFQ-DTL[2][3], features an Einzel lens doublet immedi- 
ately upstream to match the beam from the source. The de- 
sign, development and performance of the ion source and 
beam transport line is presented. 

1   INTRODUCTION 

The IUCF 'Cooler Injector Synchrotron' (CIS), a 200 MeV 
fast cycling synchrotron (up to 5 Hz), is being commis- 
sioned at IUCF and will be used to inject beam into the 
IUCF Cooler ring[3]. In order to save on cost, it was de- 
cided to commission the system using an existing DC H- 

duoplasmatron ion source, modify it for pulsed operation 
and to design and build in-house a 25 keV beam transport 
and diagnostics line. The RFQ was defined as having an 
acceptance of «1.0 7r-mm-mrad (normalized to ß*j) with 
Twiss parameters of a = 0.87, ß = 0.0137 mm/mrad, and 
7 = 128.2 mrad/mm. Beam pulses of 300 /J,A, into the RFQ 
acceptance, for 300 /xs duration at 1 Hz to 5 Hz repetition 
rates were required. 

The duoplasmatron was modified to operate in a pulsed 
mode by increasing the diameter of the anode aperture and 
adding a pulsed gas valve. Pulsed power for the arc and 
gas valve is supplied by a simple and economical MOS- 
FET based circuit with a fast rise time and the capability to 
easily adjust the pulse length and power level. 

An Einzel lens doublet was designed to match the duo- 
plasmatron beam to the acceptance of the RFQ. Ray trac- 
ing calculations were performed to test the design and sub- 
sequent emittance measurements verified the calculations. 
The emittance scanner is a moving slit and harp assembly 
that scans across the beam. Figure 1 shows the layout of 
the ion source and low energy beam transport line. 

DIAGNOSTICS 

„CHAMBERS 

DUOPLASMATRON 

SOURCE 

EINZEL LENS 

DOUBLET 

Figure 1: Pulsed H ion source and low energy beam trans- 
port line layout showing the Einzel lens matching doublet. 

2   HARDWARE 

2.1    Pulsed H~ Ion Source 

One of the first reliable techniques of producing a pulsed 
low-emittance milliampere beam of H~ ions was by puls- 
ing a negative hydrogen ion duoplasmatron[4]. In order to 
save cost and development time associated with starting up 
a source with technology new to IUCF, it was decided to 
modify one of the two negative ion duoplasmatrons previ- 
ously used in DC mode. 

The conventional General Ionex Duoplasmatron[6] was 
set up to operate in the pulsed H~ mode. Little modifi- 
cation to the source was necessary other than the use of 
an extraction aperture of 1.25 mm to increase the extracted 
beam intensity and allow for faster gas pumping from the 
large source volume. Originally, the duoplasmatron was 
designed to run at a maximum of 2.0 A of DC arc current. 
Due to the low duty factor, operation of the arc with a peak 
current of 40 A or greater is possible. During the CIS com- 
missioning phase, the source is operated at 5 Hz and with a 
peak arc current of >35 A. 

An automobile fuel injector gas pulser was first used to 
pulse hydrogen gas into the source. The fuel injector was 
very inexpensive but proved to be too variable from pulse 
to pulse. These valves also tended to leak slightly when 
closed which increased the average gas load. The fuel in- 
jector was later replaced with a General Valve Corpora- 
tion 'Series 9 High Speed Solenoid Valve'[5] fitted with 
an optional 3 fl solenoid. Using this valve and a MOSFET 
drive circuit, a gas valve repetition rate of over 100 Hz was 
demonstrated with pulse-to-pulse throughput variations no 
larger than 5% and a FWHM less than 160 /xs. For oper- 
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ation with the small aperture and large volume of the duo- 
plasmatron, pulsed gas operation could benefit the beam 
intensity only up to a maximum repetition rate of 5 Hz. 

2.2    Pulsed Power Circuit 

A fast (few ßs rise and fall time) MOSFET circuit was 
developed to supply the pulsed power needed for the gas 
valve drive coil and the arc current. Although the two loads 
are significantly different in character, the gas valve has a 
large inductance and the arc has an initially high impedance 
which drops to nearly the ballast resistance after the arc 
strikes. In both cases it is desirable to stabilize and control 
the current and easily adjust the pulse length. Both circuits, 
mounted in a 25 kVdc platform, provide excellent stability, 
reliability and immunity from source spark downs. 

The driver circuit for the MOSFET receives its on or off 
signal from a low cost plastic fiber optic line. The driver 
itself limits the maximum on time and the maximum duty 
cycle to prevent damaging the power MOSFET as the peak 
power for valve operation exceeds 250 W. For the maxi- 
mum arc current of 50 A and 300 V the peak power of the 
arc circuit is 15 kW. The arc drive circuit and the MOSFET 
switch are enclosed in a Faraday shield with full protection 
on the two external wire connections. 

Power for driving the valve is derived from a small 
75 Vdc regulated power supply. In this case, the MOSFET 
switch has active current limiting at 4 A. When the drive 
is removed, the inductive kickback is clamped by a 150 V 
power zener. 

Power for the arc circuit (Figure 2) is derived from a volt- 
age doubler with 120 VAC input and an 1800 /JF storage 
capacitor on the output, resulting in about 300 Vdc, unreg- 
ulated. The switch is in series with a current limiting ballast 
resistor and a 100 /xH bifilar wound air-core inductor. 

Figure 2: Circuit diagram of an inexpensive and compact 
pulsed power source for the duoplasmatron arc. The peak 
current and pulse length is easily adjustable. 

2.3    Emittance Scanner 

The emittance measuring system[7] consists of a 48 wire 
harp of 0.5 mm wire spacing 113 mm downstream of a 
0.5 mm slit. The system is PC controlled and moves the 
slit and harp together in step sizes of 0.25 mm or 0.5 mm. 
Since the beam is pulsed it is necessary to collect data for 
a full scan over many beam bursts. For example, in taking 

0.25 mm steps across a 3 mm wide beam a completed emit- 
tance scan will contain at least 12 beam profiles, each from 
a separate beam pulse. The pulse-to-pulse reproducibility 
is usually excellent but there is also a provision to signal 
average several beam pulses for each scanner position. The 
PC moves the slit and collects and stores the data from 
which ray angles as a function of position in the beam are 
then calculated off line. 

2.4   Beam Transport Design 

The beam transport line consists of an Einzel lens whose 
first ground electrode is also the extraction electrode of the 
ion source. An Einzel lens matching doublet is mounted 
physically onto the RFQ entrance flange, about 110 cm 
downstream from the ion source. Horizontal and vertical 
magnetic steering elements and a diagnostics chamber oc- 
cupy the intermediate section of the beam line. The diag- 
nostics chamber contains a biased Faraday cup, a BeO scin- 
tillator, a single dimension 48 wire harp and has provision 
for mounting the emittance scanner. 

The emittance from the duoplasmatron was pre- 
dicted using a charged particle optics design program, 
EMP/TRAK[8]. This prediction was used as input for the 
design of the matching doublet. Several Einzel lens de- 
signs, including a triplet, were considered. The matching 
turned out to be easy enough that it was possible to reduce 
the number of lenses to two in the final design. The require- 
ment of a strongly convergent beam at the entrance of the 
RFQ was satisfied with voltages of 20 kV and 60 kV on the 
upstream and downstream lenses respectively. The lenses 
were finally designed to operate at up to 40 kV and 100 kV 
if necessary. Beam properties before and after the match- 
ing doublet were measured using a biased Faraday cup and 
the emittance scanner. 

3   SOURCE OPERATION 

3.1   Source Optimization 

To optimize the peak beam intensity, it was found that the 
timing and width of the arc voltage and gas valve drive 
pulse were effective parameters. A timing program allowed 
one to vary pulse frequency, gas valve delay, gas valve du- 
ration arc delay and arc duration. Pulse rate, gas valve du- 
ration and arc duration were found to be the parameters 
that had the greatest effect on beam intensity. Output cur- 
rent was optimized at various pulse rates and combinations 
of gas valve and arc duration and delay. Other parame- 
ters varied were; the position of the intermediate electrode 
with respect to the extraction aperture, pinch magnet cur- 
rent, and the arc current. 

The highest peak beam intensities occurred at 1 Hz or 
less for a gas valve drive pulse duration of 238 /is and an 
arc duration of over 3.0 ms, see Figure 3 for example. This 
optimal condition can produce a beam intensity of over 
1.0 mA. This behavior is partly due to the ability of the 
pumping system to efficiently clear out the gas in the ex- 
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Figure 3: Beam pulse measured on a Faraday cup with ion 
source conditions typical for 1 mA operation. 

traction region of the source before admitting a new pulse, 
decreasing stripping losses. 

Rep Rate (Hz) 1 5 10 
Pulse Length (ms) 3.5 1.0 1.0 
Peak Beam (/uA) 950 620 350 
Arc Current (A) 40 40 40 
Average Pressure (10_5mbar) 4.7 6.7 6.7 

In order to produce noise free, stable beam from pulse to 
pulse, it was necessary to start the arc in advance of the 
pressure maximum of the gas pulse. When the arc was 
struck in this starved mode, the source was less apt to spark 
and the beam flat top was free of 10 kHz to 60 kHz noise. 
Later runs were made with much shorter arc durations, on 
the order of 300 (is at 5 Hz and 10 Hz rates and 620 fiA 
and 350 fiA beam intensities respectively. Table I above 
includes some typical operating values after the addition of 
a second 500 1/s turbo molecular pump. Emittance mea- 
surements were taken with the single pump source config- 
uration. 

3.2   Emittance Measurements 

The goal of the emittance measurements was to ensure that 
the RFQ matching lenses were capable of providing beam 
within the RFQ acceptance for varying source conditions. 
In particular, the lenses were varied through the predicted 
values for best matching to the acceptance. A 'best fit' el- 
lipse was calculated for each set of data and the 80% con- 
tour used to display the emittance envelopes. 

Figure 4 shows a series of three data sets, C 106 to C 108, 
which refer to measurements in the horizontal plane where 
the lenses were adjusted through the calculated matching 
value. The measured beam fits well within the acceptance 
limits. The normalized vertical emittance was measured to 
be 0.38 7r-mm-mrad and the horizontal emittance 0.21 ir- 
mm-mrad. 

The error in these measurements is due to a quantization 
error that arises from the fixed linear and angular steps in 
the emittance data. Also, the resolution is dependent on the 
slit width and the distance between the slit and the harp. 

5 

o.o 
Position (mm) 

Figure 4: Emittance envelopes of the beam drifted from 
the emittance scanner back to the RFQ entrance for three 
settings of the matching lenses. 

Using the mathematical formalism developed by Ludwig 
et. al.[9], it can be calculated that these measurements over- 
estimate of the emittance area by about 25%. The plots are 
not corrected for this error. 

Transmission measurements during initial operating 
tests of the RFQ-DTL have confirmed the expected 
matching[3]. 
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Abstract 

A dc injector capable of 75-keV, 110-mA proton beam 
operation is under development for the Low Energy 
Demonstration Accelerator (LEDA) project at Los 
Alamos. The injector uses a dc microwave proton 
source which has demonstrated 98% beam availability 
while operating at design parameters. A high-voltage 
isolation transformer is avoided by locating all ion 
source power supplies and controls at ground potential. 
The low-energy beam transport system (LEBT) uses two 
solenoid focusing and two steering magnets for beam 
matching and centroid control at the RFQ matchpoint. 
This paper will discuss proton source microwave 
window design, H2 gas flow control, vacuum 
considerations, LEBT design, and an iris for beam 
current control. 

1 INTRODUCTION 

At Los Alamos, the cw LEDA radio frequency 
quadrupole (RFQ) accelerator[l] has been designed to 
produce a 100-mA, 6.7 MeV beam from a 75-keV, 110- 
mA dc proton injector beam. Design of the LEDA 
proton injector originated at Los Alamos in late 1993 
when a prototype injector was designed and 
subsequently fabricated. This injector comprises a dc 
proton source and a dual solenoid low-energy beam 
transport (LEBT) system which has been extensively 
tested and found to deliver LEDA RFQ quality 
beams [2]. A LEBT, suitable for flexible beam matching 
to the LEDA RFQ, will first be tested with a 1.25 MeV 
cw RFQ brought from Chalk River Laboratories 
(CRL)[3]. In following sections, we present the 
mechanical design features of the proton source and 
accelerating column, injector reliability development, 
discussion of a 2.5-m-long LEBT for initial operation of 
the LEDA RFQ, and a final 2.8-m-long LEDA LEBT 
which incorporates beam duty factor control. 

2 PROTON SOURCE AND ACCEL COLUMN 

The microwave proton source, originally developed at 
CRL[4] for the 50-keV Chalk River Injector Test Stand 

(CRITS), has been further developed to operate at higher 
beam energy, current, and microwave power. Figure 1 
illustrates the configuration of the ion source, new high 
voltage (HV) column, solenoid magnet insulator, and 

COLUMN INSULATORS 

SOLENOID MAGNETS 

Figure 1. LEDA proton source and HV column. 

extraction geometry. Figure 2 shows an exploded view 
of the microwave vacuum window assembly. All source 
electronics operate at ground potential, and beam 
extraction is across a single 75 kV gap. Extraction 
geometry is based on the Fusion Materials Irradiation 
Test (EMIT) [5] accelerator extractor. The extractor 
electron trap at -1.5 kV prevents backstreaming electrons 
from reaching the source. A ground potential electrode 
then terminates electric fields thus establishing beam 
space- charge neutralization. 

aainless steel Windowframe 

Aluninun Nitride rf Window 

Boron Nitride Shield - 

n-ring 

Work supported by the US DOE, Defense Programs. 

Source End Plate - 
• Tapered rf Waveguide Shield Retainer (BN) - 

Figure 2. LEDA proton source microwave window. 

Figure 3 shows the gas flow control system with a 
mass flow controller at ground potential. A variable leak 
valve keeps the pressure in the tube near atmospheric to 
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prevent arcdowns through the tube. System response is a 
function of gas flow rate, pressure, and volume between 
the flow controller and variable leak valve. Use of a 
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Figure 3. Gas flow control for the LED A ion source. 

pressure sensor having an internal volume of only 0.1 
cm3 enabled a minimum 3 cm3 test system volume. For a 
step change between 0.095 and 0.101 T-l/s, the test 
system achieved an average time constant of 17.5s. The 
more complex gas system in use on the LEDA ion 
source has an approximate 6 cm3 volume, but normally 
operates at 0.05 T-l/s resulting in approximately the 
same time response as the test system. 

The HV column insulators are 95% alumina, and are 
vacuum sealed by o-rings under compression by 12 
cryogenic grade G-10 rods. Internal vacuum-ceramic- 
metal electron emitting "triple points" are shielded by 
stainless steel inserts. Average beam power density in 
the nominal 4 cm diameter beam is 775 watts/cm2; 
cooling protects internal vacuum system components 
from heating by spilled beam. A 100 mA proton beam 
current causes a 0.01 T-l/s gas load at a beam stop, and 
the hydrogen gas flow may be up to 0.09 T-l/s during 
source start up. Vacuum pumping of the HV column 
region is through a circular electron trap plate into 
diagnostics/vacuum box #1 equipped with a 2500 1/s 
turbomolecular pump. 

3 INJECTOR RELIABILITY DEVELOPMENT 

Two failure mechanisms of microwave window have 
been observed: (1) failure of the o-ring seal after less 
than 40 hours of operation, and (2) thermal fracture of 
the aluminum nitride (A1N) window. Failure mode (1) 
may arise from microwave and/or ion source-plasma 
induced heating of the o-ring. A solution was found by 
adding a 0.8mm thick stainless steel frame glued to the 
A1N window. Use of a pressure jig ensures an intimate 
Torr Seal bond between the stainless and A1N. Tight 
assembly tolerances then result in a metal to metal seal 
surrounding the o-ring (cf Fig. 2). The microwave 
window is now capable of indefinite operation at greater 
than 1 kW microwave power. 

Rf window failure mode (2) is a product of operation 
at higher beam energies. Proton source rf efficiency is 
highest with a single A1N microwave window; however, 
back streaming electrons focused by the solenoidal field 
impact on a small point (approximately 1mm diameter) 
in the center of the window. Stress in the pinhole from 
electron impingement after an arc down can result in 

fracture of the A1N. A 1.3 mm thick pane of boron 
nitride (BN) shields the A1N window and does not 
measurably reduce the rf efficiency. The pinhole erosion 
rate is a function of mA-hours, and the 1.3 mm thick 
shield is expected to have a 400 hour lifetime under 
operating conditions. Tests are underway to further this 
lifetime by increasing the BN thickness, and 
investigating the use of Shapal SH-15 A1N (with 
excellent strength in compression and over three times 
the thermal conductivity of BN). 

Initial operation of the new HV column was 
compromised by an unacceptable arcdown rate. 
External arcing problems were eliminated by 
modifications to the solenoid magnet insulator, a new 
solenoid magnet stand, addition of corona rings, a 
revised G-10 compression rod design, and careful 
routing of the water resistor lines. Internal arcing was 
eliminated by moving the extractor electron trap voltage 
feedthrough to a position within the extractor assembly. 
However, this relocation caused a glow discharge to 
occur near the extraction gap which unacceptably 
hindered injector operation. 

Elimination of the glow discharge was successively 
accomplished by (1) reducing the magnetic field across 
the extraction gap by installation of an iron HV column 
face plate, (2) shielding the "triple points" from beam- 
produced x-rays, (3) improving the vacuum in the 
extraction gap by a new electron trap ring which 
increased the vacuum conductance by a measured factor 
of 3.2 (vs. a calculated factor of 4.1), and (4) modifying 
electron trajectories toward the extraction gap by an 
electron trap shield around the extractor. 

During injector testing, an oil contamination incident 
occurred. Because of a control system problem, the 
roughing line valve to vacuum box #1 began to 
repeatedly cycle and introduced a large amount of rough 
pump oil into the vacuum box. Residual gas analysis 
indicated that conventional cleaning techniques did not 
remove all the oil contaminant, and a complete 
disassembly of the vacuum box would be necessary 
unless another decontamination method were found. 
After operation of the source with an oxygen beam (less 
than 6 hours total run time), residual gas analysis showed 
the oil was reduced. An oil-free scroll roughing pump 
has been installed to ensure the injector remains oil free. 

4 INJECTOR LEBT 

For initial operation of the LEDA RFQ, a 2.5-m-long 
LEBT is being assembled. This LEBT will be tested 
with the 1.25 MeV cw CRITS RFQ and includes the 
present injector vacuum box #1, twin LEBT solenoid 
magnets, vacuum box #2 which contains a copper-swirl- 
tube plunging beam stop, and a small diagnostics box at 
the RFQ entrance. This LEBT will be fitted with a 
variable iris (Figure 4) for beam current control. Eight 
internally-cooled, flat copper plates form the iris. As the 
drive ring is rotated, a camming action causes the iris 
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aperture to vary. The flat plate design and copper 
construction limits the power absorption capability of the 
iris, but we estimate the life of the iris as adequate for 
tests with the CRITS RFQ and initial operation of the 
LEDA RFQ. 

Figure 4. Beam iris developed for the LEDA LEBT. 

Figure 5 shows a final 2.8-m-long LEDA LEBT[6]. A 
pulsed beam is required for LEDA RFQ commissioning 
tests, and two techniques for doing this are being 
investigated. This LEBT incorporates a kicker magnet 
to provide the capability to produce a pulsed beam. 
Vacuum box #2 provides the required drift length for the 
angled beam to hit the retracted beam stop. The 
plunging beam stop and beam iris are projected to have 
inclined faces of molybdenum and be capable of long 
operational life. Vacuum box #3 will be a mounted on 
the LEDA RFQ, and accommodates beam diagnostics, 
beam shields, an isolation valve to the RFQ, and a 1100 
1/s turbomolecular pump. 

5 CONCLUSIONS 

Integrating the mechanical design features outlined 
above enabled a 168 hour endurance run (total run time 
excluding delays from electronic problems). This 
injector    test    met    the    LEDA    beam    availability 

requirement, and demonstrated a robust design. Table 1 
shows the injector is capable of producing a proton beam 
of requisite quality for the LEDA RFQ. The first 2.5-m- 
long LEDA LEBT will be tested in mid-1997 and be 
ready for operation with the LEDA RFQ in early 1998. 

Table 1. Summary of LEDA injector requirements and 
present status. 

Parameter Required Status 
Energy (keV) 75 75 
Current (mA) 110 117 

Duty factor (dc) 100 100 
Duty factor (pulsed) (%) 1 (10Hz, 1 ms) To be tested 

Reliability (%) 98 96-98 
Lifetime (hr) >168 168 

LEBT exit emittance 
(7tmm-mrad) 

0.20 0.20 

R, gas flow (T-l/s) .04-.10 .05-.09 
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Abstract 

The Los Alamos Neutron Science Center (LANSCE) 800 
MeV accelerator facility uses a multicusp-field, surface 
production ion source to produce H' beam for delivery to 
the Proton Storage Ring (PSR) and to the Weapon 
Neutron Research (WNR) areas. The average current 
delivered to the short-pulse spallation target is nominally 
70 uA. One goal of the present PSR upgrade project is to 
increase the average beam current to 200 uA. This will be 
accomplished by a combination of increased repetition 
rate (from 20 Hz to 30 Hz), upgraded PSR bunchers, and 
a brighter H ion source that is being designed to produce 
higher peak current with lower beam emittance. The 
present ion source and LEBT system were studied to 
investigate beam quality and performance at higher peak 
currents. Beam parameters from the ion source and in the 
LEBT at higher currents are comapred to those for 
standard operating conditions. 

1 INTRODUCTION 

An H ion beam is produced using a cesiated, multicusp, 
surface-production source[l]. This source uses a large 
area converter electrode biased at -250 V to attract H* 
ions in a plasma produced by filament arcing. Cesium is 
used to enhance electron emission from the converter by 
lowering its work-function. About 1-2% of the H* ions 
are converted into H ions by electron attachment and are 
repelled back by the converter. The ion beam produced 
on the surface of the converter electrode has sufficiently 
large emittance to completely fill the phase space region 
defined by the extraction aperture. Thus, theoretically, the 
beam emittance is determined by the source geometry. 
However, several other factors can cause emittance 
growth[2]. At the exit of the source, the cusped magnetic 
field focuses the beam. A dipole field at the extraction 
region suppresses secondary electrons from the converter. 

The source typically operates at a duty factor of 9.6% 
(120 Hz, 800 usec long pulse) delivering a peak current 
of about 14 mA at 750 keV. Each beam macropulse is 
chopped to create a sequence of 360 ns long pulses, each 
with a 110 ns "extraction notch" for injection into the 
PSR. 

The 750 keV beam is produced in a two-stage 
acceleration system. In the first stage, beam from the 
source, which is housed in the dome of a 670 kV 
Cockcroft-Walton accelerator, is increased to 80 keV. 
Following the source, the transport consists of an 80 kV 
column, focusing solenoid, a deflector called the dome- 
level deflector, an emittance measuring station, a 4.5° 
bending magnet to remove electrons from the beam, a 
second solenoid magnet, steering magnets, and current 
monitors as shown in Figure 1. The total length of this 
section is 3.3 m. The 670 kV Cockcroft-Walton 
accelerates the beam to an energy of 750 keV for 
injection into the drift tube linac. The 750 keV LEBT is 
shown in Figure 2 and consists of quadrupole magnets, a 
slow-wave chopper to produce the desired micropulse 
pattern for PSR and WNR, RF bunchers, emittance 
measuring stations, apertures, and steering magnets. An 
electrostatic deflector (ground-level deflector) is used to 
inhibit beam delivery to the linac when warranted. 

Figure 1: 
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2 EXPERIMENT 

The beam measurements were made in two stages. First, 
the beam emittance and transmission were measured in 
each LEBT under normal operating conditions. The beam 
emittance was first measured in the middle of the 80 keV 
LEBT (IBEM1). To determine the time it takes for the 
beam to stabilize, the emittances were measured at 
different times during the beam pulse. The 80 keV beam 
was drifted to the location downstream of the 670 kV 
column (TBEM1) to determine the emittance growth, if 
any, of the 80 keV beam in this section of the transport. 

The 670 kV column was then energized to accelerate 
the beam from 80 to 750 keV. The beam emittance was 
measured at five locations in the 750 keV LEBT: 1) 
TBEM1, 2) TBEM2 (downstream of the slow-wave 
chopper), 3) TBEM3 (downstream of the first RF 
buncher), 4) TBEM4 (downstream of the ground-level 
deflector), and 5) TDEM1 (just before the entrance to the 
drift tube linac). The beam transmission was also 
measured along the 750 keV LEBT. 

Second, the ion source current was increased to 20 
mA by increasing the filament currents and then adjusting 
the hydrogen gas flow and Cs temperature to attain 
equilibrium operating conditions at the normal converter 
voltage of 250 volts. Measurements of the beam 
emittance and transmission were repeated in both the 80 
keV and 750 keV LEBT under these new conditions. 
Results of these emittance measurements, along with the 
program TRACE, were used to tune the channel for 
maximum transmission and the desired Twiss parameters 
at the entrance to the 201.25 MHz drift tube linac. 

Finally, attempts were made to increase the peak 
current of the ion source above 20 mA by increasing 
filament currents and then adjusting the gas flow and Cs 
temperature. Maintaining a stable beam above 20 mA 
was not feasible for the present source. 

3 RESULTS 

Figures 3 and 4 show the results of the emittance 
measurements under both normal and high-current 
operating conditions. The "source emittance" shown in 
these figures is a calculated geometric admittance and is 
used to estimate the emittance at the source exit. It can be 
seen that for the 15 mA peak beam the emittance, as 
measured at IBEM1, is a factor of 1.6 larger than the 
"source emittance". For the 20 mA peak beam, it is a 
factor of 2.1 larger. Thus, the total emittance for the 20 
mA peak beam is about 31% larger than that of the 15 
mA peak beam as measured at IBEM1. Larger total 
emittance observed for the 20 mA peak beam is due in 
part to the larger tails in the beam as shown in Figure 5. 

Emittance of the 80 keV beam measured at TBEM1 
(670 column off) showed no significant increase 
compared to that measured at IBEM1. This indicates that 
the 80 kV LEBT after IBEM1 does not introduce any 

noticeable emittance growth to the 80 keV beam. A 
comparison of the emittance measured at TBEM1 for the 
750 keV beam with that measured at IBEM1 for the 80 
keV beam indicates that the effect of the 670 kV column 
on the emittance of the beam is minimal. 

The results of the emittance measurements at 
different times during the beam pulse revealed that source 
stabilization occurs about 175 usec after turn-on for the 
15 mA peak beam and after about 200 usec for the 20 
mA peak beam. This means that higher peak beams may 
take longer time to stabilize. 

The results of the emittance measurements at the 
other five locations in the 750 keV LEBT are also shown 
in Figures 3 and 4. An 18±5% emittance growth was 
observed between TBEM1 and TDEM1 for both beam 
currents, indicating no dependence on beam currents up 
to 20 mA. No significant degradation in the transmission 
was observed for a well-tuned 20 mA beam in the LEBT. 

The majority of beam losses (~1 mA) occur at 
limiting apertures used to remove beam tails. By using 
the measured emittances as input to TRACE calculations, 
beam sizes were calculated at different locations in the 
LEBT. These calculations show that the beam sizes at a 
few locations in the LEBT are nearly equal to the beam 
pipe diameter indicating a potential limitation to 
operating the present ion source at higher currents. 

Lifetime of the source filaments is estimated by 
measuring the variations in the resistance of the 
filaments. Using this technique, the lifetime of the present 
source when operated at 20 mA peak current was 
estimated to be about a week compared to more than 3 
weeks when the source is operated at 15 mA peak 
current. 
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Figure 3: Total normalized emittance for 15 mA beam in 
LEBT. 
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Figure 4: Total normalized emittance for 20 mA beam in 
LEBT. 

4 CONCLUSIONS 

1. Measurements of emittances at IBEM1, TBEM1 
(with 670 kV column on and off) and other locations in 
the LEBT indicate that the majority of the observed 
emittance growth appears to occur in the 80 kV column. 
The present design of the 80 kV column which was 
chosen to reduce arcdowns may be a source of the 
observed emittance growth[3]. 

2. Emittance growth in the 750 keV LEBT is not very 
significant. 

3. The ability to transport higher than 20 mA peak 
beam from the present source may be constrained by 
beam size and matching requirements to the drift tube 
linac. 
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Abstract 

The computer codes TRACE and SCHAR model the 
Low-Energy Demonstration Accelerator (LEDA) Low- 
Energy Beam Transport (LEBT) for 75-keV, 110-mA, <fc 
H+beams. Solenoid-lens location studies verify that the 
proposed LEBT design gives a near-optimum match to the 
LEDA RFQ. The desired RFQ transmission (> 90%) and 
output emittance (< 0.22 n mm mrad, transverse) are 
obtained when PARMTEQM transports the file for the 
SCHAR-generated optimum beam through the RFQ. 

1   INTRODUCTION 

The LEDA microwave-driven source H+ beam (75 keV, 
130 mA, 85% H+ fraction) is matched to the LEDA RFQ 
[1] using the two-solenoid, gas-neutralized LEBT [2] 
described in Ref. [3]. Two steering-magnet pairs provide 
the desired beam position and angle at the RFQ match 
point. Beam neutralization of 95-99% occurs in the 
LEBT residual hydrogen gas [4]. We model the emittance 
growth in the LEDA LEBT design (Fig. 1) using TRACE 
[5] and SCHAR [6]. The RFQ output beam is calculated 
by transporting the SCHAR-generated beam through the 
RFQ with PARMTEQM [7]. 

2    INPUT   PARAMETERS 

The LEBT input H+ beam parameters are determined from 
measurements on the prototype LEDA injector, shown in 
Fig. 1 of Ref. [8]. TRACE drifts the beam (Fig. 4 of 
Ref. [8]) back along that 2.1-m long LEBT, from the 
emittance-measuring unit (EMU) to the 8.6-mm-diam ion 
source emitter. At the EMU this beam has total current = 
130 mA, proton fraction = 87.7% (H+ current = 114 mA), 
rms normalized emittance eN = 0.207 it mm mrad, and 
a = -2.087 and ß = 16.908 mm/mrad at 10% threshold. 

TRACE gives an H+ beam size at the ion source 
emitter <Remit (= 4.3 mm) for unneutralized currents (Ieff) 
between 0.6 and 4.0 mA. The beam is converging for 0.6 
mA; for 4.0 mA, it is diverging. The diverging beam is 
used because it is the "worst case." Unlike TRACE, 
SCHAR is a "6rms" code, so a value of Ieff that gives a 
beam size of 4.3 mm/(1.5)1/2 = 3.51 mm is chosen for the 
SCHAR calculations. The TRACE calculation for Ieff = 
3.5 mA, with a = -0.620, ß = 0.19 mm/mrad, and eN = 
0.207 Jt mm mrad, matches this value closely (3.52 mm). 

— Beonline VQCUUFI Valve 
Heavy Hass Bean Collinotor 

Segnen-tec* Ccllinator 
AC Beon 
Current Tor old 
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2],/2c, r12 =-oc/[l+oc2]1/2, xmax =[ße(6rms)]1/2, 
vxmax = [Ye(6rms)]1/2v0 

^3 
Fig. 1.   The LEDA baseline LEBT design. 

Using those TRACE parameters, SCHAR* predicts 
eN = 0.243 n mm mrad at the EMU, about 17% higher 
than the measured value. The input parameters are scaled 
using ocnew = aold[eoId/e„ew] and ßnew = ß„ld[e0id/enewL 
keeping the phase-space ellipse orientation and xmax the 
same but adjusting the phase-space area up or down 
depending on [£„id/e„ew]. SCHAR gives the measured eN to 
within 0.01% after two iterations. The resulting SCHAR- 
predicted input beam (Table 1) has eN = 0.175 n mm 
mrad. Using SCHAR to transport the beam parameters in 
Table 1 through the 2.1-m LEBT also gives the 
approximate measured phase-space shape at 10% contour 
(Fig. 5 of Ref. 8). The LEDA LEBT TRACE and 
SCHAR simulations described below use the input H+ 

beam parameters given in Table 1. 

3 LEDA   LEBT   TRACE   SIMULATIONS 

The H+ beam matching parameters for the RFQ are a = 
1.909 and ß = 0.1175 mm/mrad for an RFQ input H+ 

beam current = 110 mA and eN = 0.20 n mm mrad. The 
TRACE-calculated tuning curves for the baseline LEBT 
design are shown in Fig. 2. These tuning curves are 
generated by fixing the magnetic field of solenoid #1 
(Bsol#1) and varying the magnetic field of solenoid #2 
(Bsol#2). The matched a and ß values result for BS0l#1 = 
2700 G and Bsol#2 = 3667 G. The 21.59-cm-long, 10-cm- 
i.d. solenoid lenses provide dc fields <5000 G, so the 
LEBT design shown in Fig. 1 has the tuning capability to 
match the H+ beam from the source into the RFQ. 

Table 1. TRACE and SCHAR parameters that reproduce 
the previously-measured phase-space distribution [8]. 

TRACE (Igg = 4.0 mAI 
E = 75 keV 
a = -0.873 
ß = 0.26 mm/mrad 
eN = 0.207 7C mm mrad 

SCHAR (Igff = 3.5 mA) 
= 3.79 x 106 m/s 
= 0.585 

v 

xm„ = 4.32 x Iff3 m 
= 9.14 x 104 m/s 
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Fig. 2. The TRACE-calculated tuning curves for the 
baseline LEBT design. The RFQ match point is indicated. 

4 LEDA   LEBT   SCHAR   SIMULATIONS 

The LEBT (Fig. 1) is simulated with the non-linear space- 
charge computer code SCHAR. These simulations use a 
4-volume distribution and the line mode with 999 lines. 
Case No. 1 in Table 2 has the LEBT dimensions used for 
the SCHAR model of the baseline design. The distance 
between the center lines of the two solenoids is 151.72 
cm for all simulations in this paper. The beam 
neutralization is assumed to be 2.7% (Ieff =3.5 mA), 
about mid-way in the 1-5% range measured [4] on the 
prototype LEDA injector. 

The TRACE-derived solenoid settings, Bsol#1 = 2700 
G and Bsol#2 = 3667 G, are used as starting values. 
SCHAR predicts that the best match to the RFQ (Fig. 3) 
is obtained for B„ 2500 G and Bc, 3500 G.   The 
predicted eN at the RFQ match point is 0.228 rc mm 
mrad. SCHAR predicts that most of the 30% emittance 
growth is due to spherical aberrations in solenoid #1 

Table 2. Results of the LEBT and RFQ simulations with 
SCHAR and PARMTEQM, respectively. The LEBT 
dimensions are in columns 2 and 3, the SCHAR- 
calculated eN at the RFQ match point in column 4, the 
input eN for the PARMTEQM RFQ simulations in 
column 5, and the PARMTEQM-calculated RFQ 
transmission and output eN in columns 6 and 7. 

Sol#2 SCHAR PARM- PARM- 
Extrac- to RFQ RFQ TEQM TEQM RFQ 
tor to Match eln, RFQ RFQ trans- 

Case Sol#l, Point, 7t mm ein>rc £0ut> ^ mission 
No. cm cm mrad mm mrad mm mrad    % 

1 87.58 40.70 0.228 0.226 0.214 93.0 
2 57.58 40.70 0.220 0.218 0.206 92.7 
3 87.58 25.70 0.204 0.202 0.200 93.4 
4 57.58 25.70 0.189 0.188 0.196 92.7 
5 87.58 45.70 0.246 0.244 0.225 91.9 
6 87.58 50.70 0.383 0.382 0.251 79.2 
7 87.58 55.70 0.456 0.467 0.274 77.2 

> -1- 

X (mm) 

Fig. 3. SCHAR-calculated phase space (crosses) at the 
RFQ match point for the baseline LEBT design (Case No. 
1). The curve is the RFQ acceptance ellipse for a 110- 
mA, 0.20-7C mm mrad beam. 

(12%) and solenoid #2 (14%). The non-linear, space- 
charge-induced emittance growth is low (4%). The 
SCHAR output file is used to generate a 5,000 particle 
input beam for the PARMTEQM computer code to 
estimate the RFQ transmission and output eN. The result 
is transmission = 93.0% and output eN = 0.214 TC mm 
mrad (Fig. 4). This is the baseline case against which 
the rest of the SCHAR modeling is compared. 

Next the distance between the source and solenoid 
#1 center line and/or the distance between solenoid #2 
center line and the RFQ match point (z) are varied. The 
SCHAR beams are then rematched and used as input for 
the PARMTEQM code to predict the RFQ transmission 
and eN. The results of these simulations are given in 
Table 2 and are discussed below. When the source- 
Solenoid #1 distance is reduced by 30 cm (Case 2), the 
SCHAR-predicted RFQ input eN drops by only 3.5%, the 
PARMTEQM-predicted RFQ output eN drops by only 
3.7%, and the RFQ transmission is almost unchanged. 
When both the source-Solenoid #1 and Solenoid #2-RFQ 

phow-Bpoc» projection« at Input or ctll     0 

■  i**""   ',73ft irtr If»?? nr   flTH  ***■■   "" "■■ """* — «-»"     r       —y-™~ 

-AB    -jo     a M      '■'°1KJ       -*0 

-Ä- 
pfaj 

-JIM MH ««.4117 m 

K-Bpac* prajecUbnB 

■ O.MUL    <**■-    tJJ* 

at output a cell  431 

- tuna. 
(brnd 

.n 

0. 

-XI 

"<3 

PMH( M In 4M-    M4 
aowr 

Al 

a. 

-.01 

i    -°3. 

<*■■> 1JM 
I»»* 4 

41 
■ .7 

.aditf 

0. 

0      --1?! 

"u t 1 
10 ID        a -2D          .4 w N         B J O         .4 m     -> » n o      m 

Fig. 4. PARMTEQM-calculated RFQ input (top) and out- 
put (bottom) phase space for the baseline LEBT design. 
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RFQ input emittance (triangles) as a function of the 
distance between Solenoid #2 and the RFQ match point. 

distances are shortened by 30 cm and 15 cm, respectively 
(Case 4), the SCHAR-predicted RFQ input eN drops by 
17% and the PARMTEQM-predicted RFQ output eN 

drops by 8.4%, but the RFQ transmission is almost the 
same. The codes predict that reducing the source-Solenoid 
1 distance by as much as 30 cm gives no significant gain. 

When the Solenoid 2 center line-RFQ distance (z) is 
shortened by 15 cm (Case 3), compared with Case 1 the 
SCHAR-predicted RFQ input eN drops by 11% and the 
PARMTEQM-predicted RFQ output eN drops by 6.5%, 
but the predicted RFQ transmission is higher by 0.4%. 
This small difference in output RFQ eN would not signif- 
icantly effect the rest of the LEDA accelerator. 

Increasing z would allow adding more beam diagnos- 
tics and/or beamline components in front of the RFQ. In 
Cases 5-7 (Table 2) z increases from 40.7 to 55.7 cm in 
5-cm steps. For the baseline case (z = 40.7 cm), the beam 
size in solenoid #2 is small enough that spherical aberra- 
tions are low (Fig. 3). When z increases to 45.7 cm (Case 
5), the LEDA RFQ transmission lowers slightly (from 
93.0% to 91.9%) and the RFQ output eN rises slightly 
(from 0.214 to 0.225 n mm mrad). Increasing z to 50.7 
and 55.7 cm increases the beam size in solenoid #2 
enough that spherical aberrations dominate eN at the RFQ 
match point (Fig. 5), causing unacceptable RFQ trans- 
mission (Cases 6 and 7). Increasing z from 40.7 cm to 
45.7 cm is acceptable, if there is a good reason to do so. 

5  TRACE   STEERING   SIMULATIONS 

The LEDA injector will provide a range of beam centroid 
motion at the RFQ match point. Error studies show that 
if the input phase space distributions are centered on the 
RFQ axis to within ±0.2 mm in position and ±10 mrad 
in angle, the transmission degrades by <1%. The solenoid 
lenses will be aligned to meet these tolerances, but there 
will be inevitable misalignments between the ion source, 
column and RFQ that can produce centroid errors in 
excess of these tolerances. The LEBT steering system will 
permit rapid, on-line correction of these errors. 

Independent control of X and Y motions is desirable 

1 
280 

Q .^.3- Distance Along Beamline, cm 

Fig. 6. a) Beam centroid motion for an initial 1 cm 
offset, b) Beam centroid motion after steering. 

to match the symmetry of the RFQ. We place two 
steering pairs in the LEBT between the solenoid lenses 
(Fig. 1) and provide a computer algorithm to decouple the 
desired steering motion in the X and Y planes from the 
rotation effects produced by the solenoid lenses [9]. It is 
desirable to align the optical elements in the beam line so 
that changes in the focusing strength of the solenoids do 
not result in the introduction of steering errors. This 
makes the matching and steering control independent and 
greatly facilitates tuning this beam line. 

We use TRACE to model the effects of 
misalignment errors in this beam line and to determine 
the required steering corrections. The two steering pairs 
can correct a 1 cm horizontal offset in the alignment of 
the ion source to the LEBT as shown in Fig. 6. 

6   SUMMARY 

For the LEDA RFQ operating at 110 mA, high beam 
transmission is more important than low beam emittance 
within the range of RFQ output emittances reported here. 
Because the PARMTEQM-predicted RFQ transmission is 
about as high (or higher) for the baseline LEBT design as 
for any of the other geometries studied, we conclude that 
the LEDA baseline LEBT design is near optimum. Also, 
TRACE predicts that the steering proposed for the LEDA 
LEBT will allow correct spatial and angular positioning 
of the H+ beam for injection into the RFQ. 

REFERENCES 
[1] L.M. Young, "An 8-m-Long Coupled-Cavity RFQ Linac," Proc. 

1994 Int. LINAC Conf. (Aug., 1994, Tsukuba, Japan), 178. 
[2] R. R. Stevens, Jr., "High-Current Negative-Ion Beam Transport," 

AIP Conf. Proc. No. 287 (1994) 646. 
[3] L. D. Hansborough et al, "Mechanical Engineering of a 75-keV 

Proton Injector for LEDA," this conf. 
[4] R. Ferdinand, et al, "Space-Charge Neutralization Measurement 

of a 75-keV, 130-mA Hydrogen-Ion Beam," this conf. 
[5] K.   R.   Crandall   "TRACE:   An    Interactive    Beam-Transport 

Program,"  Los Alamos Scientific Laboratory  report LA-5332 
(October, 1973). 

[6] R. J. Hayden and M. J. Jakobson, "The Space-Charge Computer 
Program SCHAR," IEEE Trans. Nucl. Sei. NS-30 (1983) 2540. 

[7] K. R. Crandall et al, "RFQ Design Codes," Los Alamos National 
Laboratory report LA-UR-96-1836 (February 12, 1997 revision). 

[8] J. D. Sherman et al, "Development of a 110-mA, 75-keV Proton 
Injector for High-Current, CW Linacs," Proc. XVIII Int. Linac 
Conf. (Geneva, 26-30 Aug. 1996), pp. 701-3. 

[9] S. K. Brown and W. H. Atkins, "Beam Steering in the Ground Test 
Accelerator Low Energy Beam Transport," Los Alamos National 
Laboratory report LA-UR-93-358 (1993). 

2748 



SIMULATIONS OF THE LEDA LEBT WITH H+, H2
+, AND E PARTICLES* 

Lloyd M. Young 
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Abstract 

The low-energy-beam transport (LEBT) system for the 
Low-Energy Demonstration Accelerator (LEDA) 
transports the beam from the ion-source plasma surface to 
the LEDA RFQ entrance. The code PARMELA 
performed these simulations of the beam transport through 
the LEBT. This code can simultaneously transport three 
particle types of different charge-to-mass ratio. 
Electrostatic fields, magnetic fields, and space charge 
influence the beam particles in this simulation. The 
electrostatic fields exist in the ion-source extractor. The 
magnetic field exists in the ion source and in the solenoid 
lenses. The e" particles, introduced into the beam of H+ 

and H2
+, simulate the space charge neutralization by the 

residual gas in the LEBT. The H* and H2
+ ions leaving the 

source emerge from a longitudinal magnetic field, which 
causes the beam to rotate. 

INTRODUCTION 

Ions of H* and H2
+ originate on a curved plasma surface, 

which intersects the beam axis at z = 0. The ions 
accelerate through the electrostatic fields of the ion 
source's accelerating column[l]. Then the beam goes 
through the LEBT, which has two magnetic solenoid 
lenses, and arrives at the input of the RFQ[2]. 

Two other papers[3,4] at this conference describe 
details of the LEBT for LEDA. Extensive modifications of 
the computer code PARMELA[5] added the ability to 
track multiple particle types. This paper discusses 
simulations of the LEBT that exploited this new multiple- 
particle feature. PARMELA can now track simultaneously 
three different particle species, each one with a different 
charge-to-mass ratio. The code can create new particles in 
the beam (e~, for example) at the location of another 
particle (H+, for example). One of the input parameters in 
the code is the probability for creating a new particle. This 
feature simulates space-charge neutralization of the H+ 

and H2
+ beam by electrons. The physical process is 

ionization of the residual gas in the beam line. The 
residual gas is mostly hydrogen. The ionization process 
strips an electron from the hydrogen molecule producing 
an H2

+ ion and an electron. The space-charge potential 
well traps the e and expels the H2

+ ion. The simulation 
ignores the H2

+ ions created in this manner to speed the 
calculation. Note the distinction between these H2

+ ions 
created by ionization of the residual gas and those that 
emerge from the source. The code does not ignore the H2

+ 

ions emerging from the ion source. 

PARMELA 

First, PARMELA simulated the emittance measuring 
unit(EMU)[6] to validate the techniques used in the code. 

*Work supported by the US Department of Energy. 

PARMELA uses time as the independent variable in the 
beam-dynamics simulations. Even though the beam has no 
bunch structure, PARMELA measures the time steps in 
degrees of the 350-MHz RFQ frequency. The goal of the 
simulation is to construct the input phase-space 
distribution of H* particles at the RFQ entrance. Because 
the PARMELA simulation starts with no beam at all, we 
must inject a long enough stream of H+ and H2

+ ions to 
reach a steady-state condition. One problem is that the H2

+ 

ions move slower than the H+ ions. To reduce the number 
of time steps in the calculation, PARMELA advances time 
faster for the H2

+ ions so they keep up with the faster H+ 

ions. With this adjustment, the beam arriving at the end of 
the LEBT after 20 350-MHz RF periods has achieved a 
steady state. The simulation continues through 40 RF 
periods, and the code builds a phase-space distribution 
from periods 20 to 30. 

The program POISSON[7] calculated the electrostatic 
field of the ion-source accelerating column, the magnetic 
field from the Helmholtz coils surrounding the source, and 
the magnetic field of the solenoid lenses in the LEBT. 
PARMELA reads these fields and uses them in the beam- 
dynamics calculation. For the magnet calculations, 
measured values of the coil currents fix the magnetic-field 
strengths. For the electrostatic calculation, the only 
unknown is the radius of curvature rp of the plasma 
boundary in the ion-source-extraction aperture. With 
different values of rp, PARMELA followed the beam to 
the EMU at z = 213.5 cm. A video camera at z = 43 cm 
measures the beam profile. The value rp = 4.9 cm 
reproduces the beam diameter measured by the beam 
profile monitor. 

The amount of beam neutralization also affects the 
beam size. We varied the beam neutralization by changing 
the probability of introducing electrons. At every time step 
for each H+ particle, PARMELA creates electrons at 
random according to this probability. The electron has the 
coordinates of the H+ particle, but zero kinetic energy. For 
too large a probability, too many electrons are added to 
the beam, causing the space-charge potential well to 
disappear. Without the potential well, the e~ particles leave 
the beam radially. 

Modeling the space-charge neutralization by injecting 
electrons works well until the beam approaches the 
solenoid lens. Here, the lens strongly focuses the e" beam. 
After a long enough time (>400 RF periods), the electrons 
would eventually reach equilibrium. However, this 
calculation would take at least 10 times more particles and 
about 10 times more time steps. Such a calculation would 
require >900 hours on today's fastest PC. To reduce 
computation time, we switch to a different model of the 
space-charge neutralization for particles beyond z = 40 
cm. After this point, we drop electrons from the 
calculation and assign only 4% of the normal charge to the 
H+ or H2

+ ions in the space-charge calculation. The value 
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of 4% is consistent with a measurement (95-99%) of the 
space-charge neutralization^]. The 4% value comes from 
comparing the simulated distribution (Figure 1) at the 
EMU position with the measured distribution (Figure 2). 

Figure 3 shows the beam and the accelerating column. 
The electron suppressor at -1.2 kV prevents electrons 
from flowing from the neutralized beam to the ion source. 
This figure shows that the beam is neutralized by electrons 
beyond about 3.3 cm from the source. Electrons created 
closer to the source than this accelerate toward the source. 

6.0 

Position (cm) 
Figure 1. Simulated distribution of H+ and H2

+ at the position of 
the EMU. The solenoid lenses do not focus the H2

+ 

beam as strongly as the H* beam, so the H2
+ beam 

diverges more than the H+ beam. This beam contains 
118 mA of H+ and 12 mA of H2

+. The rms emittance of 
the simulated H+ beam is 0.028 cm-mrad. (If viewing 
in color, H+ ions are green and H2

+ ions are red.) 
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Figure 2. The measured beam distribution from the EMU. The 

rms emittance of this H* beam is 0.0207 cm-mrad. 

Figure 4 shows equipotentials calculated by POISSON for 
the ion-source accelerating column. A comparison of 
electron locations in Figure 3 with the -954-Volt 
equipotential in Figure 4 shows that the electrons remain 
to the right of this equipotential. 
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Figure 3. The ion-source accelerator column showing the 
simulated beam of H+, H2

+, and e~ particles. The -1.2- 
kV electrode suppresses the electron current flowing 
toward the ion source at 75kV. The dark black points 
are electrons. (If viewing in color, H+ ions are green 
and H2

+ ions are red.) 

+75kV 

Figure 4. Equipotentials from the POISSON solution of the ion- 
source accelerating column. The equipotential spacing 
is dense near 0 Volts and sparse near 75 kV. 

The best fit between the simulated beam size in Figure 5 
and the measured beam size in Figure 6 occurred with a 
convex plasma surface with rp = 4.9 cm at the ion-source 
extractor. The measured beam size depends on the ion- 
source parameters. The emittance scan data was taken 
Feb. 9, 1996 and the profile scan in Figure 6 was taken on 
Jan. 23, 1996. A simultaneous set of EMU data and 
profile data is not available. 

-1.0 0.0 
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Figure 5. Simulated horizontal profile at 42.3 cm from ion 
source. 
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Figure 6. Representative profile from the video monitor at z = 
43 cm. This profile was taken about 2 weeks earlier 
than the emittance scan shown in Figure 2. 

The beam leaving the central part of the convex plasma 
diverges as shown in Figure 7. The outer part of the beam 
is focused strongly by the accelerating-column 
electrostatic fields. Because the plasma is in a strong 
longitudinal magnetic field (746 gauss), the beam begins 
to rotate as it leaves the magnetic field. Ions moving 
toward the axis in Figure 7 revolve around the axis, 
leaving a hole in the beam density near the axis beyond z 
= 15 cm. This hole persists throughout the EMU 
simulation. 
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Figure 7. Plot of r versus r' at 3.5 cm from ion-source extractor 

(near the point where the beam becomes neutralized). 
The convex plasma surface causes the center part of 
the beam to diverge. The shape of the electrodes focus 
the outer portion of the beam. 

THE LEDA LEBT SIMULATION 

PARMELA simulated the LEDA LEBT using the radius 
of the plasma surface determined from the simulation of 
the EMU. The space-charge neutralization factor of 4% 
used in the simulation of the EMU is also used in the 
simulation of the LEDA LEBT. 

Initial simulations of the LEBT resulted in 
unsatisfactory input beam distributions to the LEDA RFQ. 
The transmission through the RFQ was less than the 

required 90%. Transmission is defined as the percentage 
of input beam that is accelerated through the RFQ. The 
radial aperture of the LEBT beam line through the last 
solenoid is 5 cm. Aberrations in the solenoid lenses 
focused the beam particles beyond 2.5 cm from the axis 
more strongly than the particles closer in. These beam 
particles at large radius are lost in the RFQ, spoiling the 
transmission. Installing 2.5-cm-radius apertures between 
the LEBT solenoid lenses removed particles from the 
beam that would later be lost in the RFQ. The RFQ 
transmission improved to 95%. Beam lost in the RFQ 
becomes H2 gas. The RFQ vacuum system can pump the 
equivalent of 10 mA of H* and still maintain an adequate 
vacuum. In the LEBT, which is easier to pump, good 
vacuum is not as critical as it is in the RFQ. Therefore, 
using the apertures in the LEBT is desirable. 

CONCLUSIONS 

PARMELA simulations of the LEBT beam line showed 
that aberrations in the solenoid lenses reduced the RFQ 
transmission to unacceptable levels. One way to solve this 
problem is to install apertures in the LEBT. A better 
solution (not proven at present) might be to use solenoid 
lenses with less aberrations. 
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SIMULATIONS OF THE LEDA RFQ 6.7-MEV ACCELERATOR * 

Lloyd M. Young 
Los Alamos National Laboratory, MS H817, Los Alamos, NM 87545, USA 

Abstract 

The codes PARMTEQM and RFQTRAK simulate the 
beam transport through the radio-frequency-quadrupole 
(RFQ) accelerator for the low-energy-demonstration 
accelerator (LEDA). They predict 95% transmission for a 
matched 110-mA proton beam with a normalized-rms 
emittance of 0.02 mm mrad. RFQTRAK simulates the 
effects of arbitrary vane-tip misalignments. This RFQ 
includes some new features in its design. It consists of 
four resonantly coupled 2-m-long segments that make up 
its 8-m length. It has higher vane-gap voltages at the high- 
energy end than the low-energy end. The entrance end of 
the RFQ has lower transverse focusing strength to 
facilitate beam matching. The exit of the RFQ has a 
transition cell and a radial-matching section. The exit 
radial-matching section matches the beam into the 
following accelerator. 

INTRODUCTION 

LEDA requires 100 mA of beam from the 350-MHz RFQ. 
The energy needs to be as high as possible for injection 
into the coupled-cavity drift-tube linac (CCDTL). 
Therefore, the LEDA RFQ is an 8-m-long RFQ that 
accelerates the proton beam to 6.7 MeV. A recent 
experiment with the LEDA RFQ low-power model[l] 
demonstrates resonantly coupling four 2-m-long segments 
to form an 8-m-long RFQ. The LEDA RFQ will use this 
configuration. 

Conventional RFQ designs with a small entrance 
aperture require a very strongly focused beam at the 
entrance aperture for proper matching to the RFQ. In 
LEDA the final lens in the low-energy-beam transport 
(LEBT) is far enough from the input of the RFQ to 
require a large aperture and weak focusing at the 
beginning of the RFQ. Low vane modulation at the RFQ 
entrance allows weaker focusing, but still has a large 
transverse current limit. The combination of a large- 
aperture radial matching section and weak focusing makes 
matching the beam into the RFQ easy. As shown in Fig. 1, 
the transverse focusing strength smoothly increases in the 
first 32 cm of the RFQ. At about 130 cm, the vane gap 
voltage starts ramping up, the aperture starts increasing, 
and the focusing starts decreasing. The combination of 
these parameters reduces the beam loss at the end of the 
gentle buncher, which is the usual choke point where 
significant beam loss occurs. 

The increase in gap voltage increases the accelerating 
gradient in the high-energy portion of the RFQ and 
shortens the length. The transverse focusing at the end of 
the RFQ matches the transverse focusing of the CCDTL, 
which makes the transition independent of the beam 
current. 
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Position   (cm) 
Figure 1. Shows some important parameters versus position in 

the RFQ. 

PROGRAM RFQTRAK 

RFQTRAK [2] tracks the particles through the RFQ using 
time as the independent variable. Particles enter a cell pair 
with known phase, position, and divergence angle. For 
each time step, RFQTRAK advances all the particles and 
calculates the space-charge-potential distribution. 
Tracking through the cell pair takes 3 RF cycles. The first 
cycle, which does not include space-charge fields 
provides the leading pulse. The third cycle provides a 
trailing pulse for the correct calculation of the space- 
charge fields. At start of the second cycle, RFQTRAK 
initiates the space-charge calculation. The code discards 
particles whose velocity falls below half the cell's 
synchronous velocity. Particles from the second cycle that 
actually exit the cell pair, provide the starting coordinates 
for all three cycles in the next cell pair. 

RFQTRAK constructs a finite-element model of the 
potential distribution inside an RFQ accelerator cell. The 
mesh generator includes details of the topology of an RFQ 
cell. Mesh elements are three-dimensional bricks with 20 
nodes. This number of nodes allows a quadratic variation 
of the potential in each dimension. The program 
RFQCOEF [3] calculates the first 8 multipole components 
of the potential in one quadrant of a single cell or 
optionally in all 4 quadrants of the cell. PARMTEQM [4] 
uses the same 8 multipole components. The 4-quadrant 
calculation also includes the dipole and sextupole terms. 

RFQTRAK employs another finite-element mesh 
similar to the one used for the potential distribution to 
calculate the effects of space charge during the beam 
dynamics simulation. In this calculation, the image charge 
effect is naturally included by the boundary conditions. In 
this paper, the term space-charge effect includes the image 
charge effect. The finite-element model spans a pair of 
cells of total length ßA,, where ß?i is the distance traveled 
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by a particle of velocity ßc in one RF period. For solving 
Poisson's equation: V2<b = -4n-p, the right-hand terms 
come from the beam charge distribution. The vane 
potentials are assigned to be zero as a boundary condition. 
The code maps the potential on nodes of the entrance 
plane to the corresponding nodes on the exit plane. A 
direct (Gauss Elimination) method solves for the 
potentials. An advantage of this method is that the 
solution matrix can be reused several times, with only an 
update of the right-hand side as the charge distribution 
changes. Then only a back substitution is required to solve 
for the fields. Space-charge fields are obtained from the 
potentials by differentiation of the element-shape 
functions. 

THE SIMULATIONS 

RFQTRAK simulated the LEDA RFQ with errors in the 
vane-tip locations and vane-tip potentials. Table 1 lists a 
set of randomly generated errors used in these 
simulations. Figure 2 shows the result of the RFQTRAK 
simulation with these errors. Notice that the transverse 
beam size shrinks in the first part of the RFQ where the 
focusing increases. The code RFQPROC, which is part of 
the PARMTEQM suite of codes, plotted all the beam 
distribution figures. 

Table 1. Voltage and position errors for RFQ vane tips. 

Vane Voltage 
error (%) 

Error in Vane- 
tip radial 
position (mm) 

Error in vane- 
tip azimuthal 
position (mm) 

1 -2.124 -0.0046 +0.0231 
2 -0.159 -0.0066 -0.022 
3 +3.033 +0.0017 +0.0030 
4 -0.751 -0.0414 +0.040 

Figure 3 shows the phase-space projections at the input of 
the RFQ and at the output of cell 142. The bold-black 
points in the input-phase-space projections are particles 
that were lost before reaching cell 143. At this point in the 
calculation, the lost particles are the outer most particles 
injected into the RFQ. The input beam for this simulation 
came from a simulation of the LEBT beam line[5]. The 
butterfly shape of the transverse phase-space distributions 
results from the large variation of the RF phase when the 
particles reach the cell 142-exit plane. The particles' 
transverse velocity at the cell exit plane depends on the 
RF phase. 

The ellipses in these plots correspond to the rms Twiss 
parameters of the beam. The area is 4 times the rms 
emittance. The separatrix, shown in the lower right of 
Figure 3, defines the stable region of the phase-energy 
plane. 

Figure 4 shows the phase space plots from the 
RFQTRAK simulation at cell 430, the last regular cell of 
the RFQ. The butterfly shape visible in the cell-142 
transverse phase planes does not appear at cell 430 
because the phase spread is small. Compare the 
RFQTRAK simulation with Figure 5, which shows the 
same phase-space plots from the PARMTEQM 
simulation. Tables 2 and 3 list the rms-beam properties of 
the two simulations. 

The LEDA RFQ has a transition cell and a radial 
matching section[6]. The exit radial-matching section 
matches the beam into the following accelerator. 
PARMTEQM can simulate the transition cell and exit 
radial matching section, but RFQTRAK cannot. Cell 430 
is the last cell where a comparison between the two codes 
is possible. A modification of RFQTRAK will add this 
capability in the near future. 
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Figure 2. RFQTRAK simulated the LEDA RFQ using 100,000 
macro particles. From top to bottom are: x, y, phase, 
and energy coordinates versus cell number. Bold- 
black points indicate lost particles. Only 10% of the 
lost particles are shown for clarity. The percentage 
transmission is 95.2%. 

350.000MHz.q=  1.0.W3=0.085,Wg=0.300,A=0.265,onu= 1.00728.!=   103.57mA 
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phase-space projections at input of cell      1 

y-yp (cn-rodion) dphi-dw (dtg-ntv) 
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Figure 3. RFQTRAK simulation showing phase-space plots of 
the input beam and the beam at cell 142. Only 2% of 
the particles are plotted. The bold-black points in the 
input phase space show 10% of the particles in the 
input beam that have been lost up to and including 
cell 142. The phase-space plots from left to right are: 
x-x', y-y', and phase-energy, where x'=dx/dz and 
/=dy/dz. 

PARMTEQM 

PARMTEQM,   which   uses   the   z   position   as   the 
independent variable and a cylindrically symmetric space- 
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charge calculation, cannot handle the type of errors listed 
in Table 1. However, PARMTEQM needs less computer 
resources and runs several times faster than RFQTRAK. 
For these reasons, we used PARMTEQM to design the 
LEDA RFQ. We used the PARMTEQM beam 
distributions to match the beam into the CCDTL. The 
validity of the PARMTEQM simulations can be accessed 
by comparing the beam distributions from PARMTEQM 
to the distributions from the fully 3D simulation 
performed in RFQTRAK. 

x-x' 
0 0                    0 .2 □                    .« 

y-y' 
exit of cell 430 

■ 

x-y 
DO                -.2 00                   0 .2 »                  .401 

Figure 4 Phase-space projections near the end of the RFQ. 
Only 2% of the particles are plotted. RFQPROC 
calculates the Twiss parameters, a and ß, and the rms 

emittance e from the 95,193 macro particles remaining 

in the beam. It then draws the ellipses using 4xe for 
the area. Table 2 lists these Twiss parameters. 

Table 2. RFQTRAK Twiss parameters at cell 430. 

Twiss parameters 
Parameter x-x' y-y' (E-E5)-(<p-cps) 
a -1.525 1.509 0.065 

ß 59.02 73.48 424.4 

e (cm-mrad) 0.0211 0.0223 0.03407 

Table 3. PAI IMTEQM Twiss paramet ers at cell 430. 

Twiss parameters 
Parameter x-x' y-y' (E-Es)-(<p-q>,) 
a -0.750 0.591 -0.087 

ß 63.297 81.752 410.2 

e (cm-mrad) 0.0172 0.0181 0.0387 

RFQTRAK calculated 95.2% transmission, which is 
nearly the same as 95.4% from PARMTEQM. The most 
significant difference between beam distributions 
calculated by the two codes is the difference in the 
emittance. In RFQTRAK the longitudinal emittance is 
smaller and the transverse emittance is larger. There is 
also a difference in the cc's and ß's. These differences are 
large enough that the match to the CCDTL should be 
checked. RFQTRAK requires the addition of the 
transition cell and exit radial-matching section before we 
can make this check. Then the PARMILA code can 

transport the RFQTRAK particle distribution through the 
CCDTL. The results of this simulation will provide the 
required check of the match to the CCDTL. 
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Figure 5. Phase-space projections near the end of the RFQ. 
Only 2% of the particles are plotted. PARMTEQM 
calculates the Twiss parameters, a and ß, and the rms 
emittance e from the 95,405 macro particles remaining 
in the beam. It then draw the ellipses using 4xe for the 
area. Table 3 lists these Twiss parameters. 

CONCLUSIONS 

RFQTRAK and PARMTEQM simulations are in 
substantial agreement. The transmission the two codes 
calculate, with the same input beam, is nearly identical. 
There are small differences in the emittance and Twiss 
parameters calculated by the two codes. RFQTRAK needs 
further development to add the transition cell and exit 
radial matching section. Then PARMILA could use 
RFQTRAK's output beam for the CCDTL simulation. 
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HIGH CURRENT DENSITY ION SOURCES FOR HEAVY ION 
FUSION ACCELERATORS 

J.W. Kwan, W.W. Chupp, Lawrence Berkeley National Laboratory, Berkeley, CA and 
S. EYLON, FARTECH, Inc., San Diego, CA 

Abstract 

Testing of the alumino- silicate ion source and the contact 
ionizer at high current density was satisfactory. The 
dispensers embedded in the extraction electrode were 
capable of providing sufficient cesium vapor coverage to 
the ionizer thus shows a promising way of constructing 
an ionizer for long term heavy ion fusion applications. 

1 INTRODUCTION 

A heavy ion fusion (HIF) driver requires ion sources 
that can deliver intense heavy ion beams with low 
emittance. The choice of ion species depends on the range 
of penetration into the fusion target at the accelerator 
beam voltage. Typical ions of interest are those of Bi, 
Pb, Hg, Cs, Xe, Rb, K, Ar, and Ne. Some lighter ions 
like K, Ar and Ne are included because at the early stages 
of driver development, they provide the opportunity to do 
experiments at driver scale ion velocities on a less than 
full length accelerator facility. 

Naturally, not all the ion species of interest can be 
produced effectively from a single type of ion source. For 
example, a gas source is suitable for generating Hg, Xe, 
Ar and Ne ions whereas a metal vapor vacuum arc 
(MEWA) source would be more appropriate for ions 
such as Gd and Bi. In fact the MEVVA source has an 
additional advantage of generating ions with high charge 
states, thus reduces the required accelerator beam voltage. 
Both the gas source and the MEWA source still need 
further development in order to meet the driver 
requirements. So far, the surface ionization sources have 
been used in most HIF driver designs. The surface 
ionization type of ion source 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 
life time, the alkaline vapor delivery system, and the 
deposition of alkaline vapor onto beam line components. 

A typical heavy ion fusion (HIF) driver can have of 
the order of 100 ESQ injectors at the front-end of an 
induction linear accelerator [1]. Based on beam transport 
considerations, a 2-MeV injector should provide a beam 

with a line charge density of approximately 0.25x10"" 
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 is about 
20x10"6 s with a rise time preferably not more than 

lxlO"6 s and a repetition rate of 10 Hz. 

Previously, an alumino-silicate ion source has been 
developed for the ILSE project [2]. The ion source has a 
diameter of 17 cm, thus the potassium current density is 
approximately 3.5 mA/cm2. Although this ion source 
has met the original specifications for the ILSE project, 
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 
from the previous case). The major reason for choosing a 
high current density, compact size injector is to reduce the 
overall cost of a fusion driver. 

In this paper, we present experimental results on 
testing the ion sources to meet the new specifications. 
Both the alumino-silicate type and the alkaline vapor 
contact ionizer have been tested. The results suggest that 
both types of ion sources will meet the current density 
requirement and eventually the selection will depend on 
further experiments relating to the life-time and reliability 
of the ion sources. 

2 EXPERIMENTAL SETUP 

2.1 The Ion Extractor and Diagnostics 

A schematic diagram of the ion source and the 
extraction electrodes is shown in Fig. 1. The ion source 
has a 2-cm diameter concave emission surface (10-cm 
radius of curvature). The structure, which includes the 
cylindrical sidewall and the threaded center post, is made 
of porous tungsten. Heating of the ion source is provided 
by a molybdenum filament surrounded with ceramic 
shields. It takes approximately 100 watts to heat the ion 
source to the operating temperature of about 1000°C. The 
3-electrode extractor was designed to extract ion beams 
uniformly at space-charge-limited flow from the emitter. 
High voltage is obtained from a pulse forming network 
feeding into a bi-polar step-up transformer. Typical pulse 

length is about 1.5xl0"6 s. The Pierce electrode, which 
has the same potential as the ion source, receives the 
positive high voltage output while the last electrode 
receives the negative high voltage output and the middle 
electrode is at ground potential. This arrangement allows 
us to provide the maximum electric field gradient for ion 
extraction. Although the ions are decelerated in the region 
between the last electrode and the diagnostic equipment, 
the beam diameter is kept small enough to avoid collision 
into the last electrode and to produce a spot size smaller 
than the opening of the Faraday cup. There is a another 
advantage of applying negative high voltage to the last 
electrode because it suppresses electrons from either back 
streaming into the ion source as well as assists the 
Faraday cup in capturing its own secondary electrons. 
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Figure: 1   Schematic diagram of the ion source and 
extraction electrodes. 
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Figure: 2   Schematic diagram of the neutral detector 

The ion beam current density profile was measured 
by moving a 2-mm diameter pinhole across the Faraday 
cup entrance. A pair of permanent magnets was mounted 
behind the pinhole to produce a transverse magnetic field 
for stopping secondary electrons that were generated at the 
pinhole from entering the Faraday cup. The pinhole plate 
and the Faraday cup aperture are located at 1 cm and 3 cm 
downstream of the last electrode respectively. 

A platinum-ribbon contact ionization detector was 
used to measure the alkaline neutrals flowing out of the 
ion source, see Fig. 2. Platinum has a high work 
function which offers excellent ionization efficiency. In 
steady state, the amount of adsorbed alkaline atoms on the 
hot platinum surface (approx. 1 cm2) will reach 
equilibrium in such a way that the flux of incoming 
alkaline atoms equals to the ion current emitted by the 
surface. Here, we assume that the ionization probability is 
near 100%. The emission is measured by monitoring the 
drain current on the 2 kV bias power supply (after 
subtracting the leakage background current). Good 
agreement was obtained by calibrating our measurement 
against the flow rate specified by the manufacturer of an 
alkaline vapor dispenser. 

2.2 Two Types of Surface Ion Sources 

For the alumino-silicate ion sources, a thin layer 
(approx. 0.3 mm) of alumino-silicate was melted on top 
of the porous tungsten curved surface. Some recently 
developed techniques have improved the coating quality to 
reliably achieve surface uniformity. In testing the contact 
ionizer scheme, the bare porous tungsten surface was 
loaded with a fraction of a monolayer of cesium (or 
potassium) by either doping the source with a solution of 
alkaline carbonates or by using alkaline dispensers. 

For the contact ionizers, six 12 mm long 
commercially available dispensers (by SAES GETTERS) 
are embedded around the center opening in the middle 
electrode, so that the dispensers output release slits are 
facing the source emitter surface. Fig. 3 shows the 
dispenser layout schematics. Since this electrode is 
facing an hot ion source, there is indirect heating from 
radiation. Additional electrical heating of the dispensers 
can be done to control the vapor release. In order to avoid 
overheating, the middle electrode is cooled by a waterline 
at the edge. 

alkaline dispenser leads 

middle 
electrode 

Figure: 3 Front fed vapor source dispenser layout. 

3 EXPERIMENTAL RESULTS 

The beam current extracted from the ion source 
depended on the ion source temperature and the applied 
extraction voltage. The I-V characteristics are shown in 
Fig. 4 (the extraction voltage is defined as the total 
potential difference between the positive Pierce electrode 
and the negative last electrode). In the space-charge- 
limited flow regime, the beam current increased according 
to the "V3/2 law". This relationship sustained until the 
ion source reached the emission limit mode. The emission 
limit increased with the ion source temperature. At 44.5 
kV and at an ion source temperature of 1050°C, we have 
obtained 43.2 mA of K+ ions. This corresponded to an 
average current density of 13.75 mA/cm2. 

As shown in Fig. 5, the current density profile of 
the ion beam was uniform to within ±5%. There was a 
data uncertainty of a few percent due to signal noise and 
digitization. 

Also shown in Fig. 4 and 5 are the performance of 
an ionizer doped with potassium carbonate. As the source 
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was heated to operating temperature, the carbonate 
decomposed and subsequently reached an equilibrium 
coverage of potassium atoms adsorbed to the emitter 
surface. This is an easy way of "delivering" alkaline 
atoms to an ionizer. The doped source usually lasted only 
for a few days of operation before completely depleting 
the alkaline storage, thus it is mainly used for calibration 
purposes and is not considered a long term solution for 
HIF applications. 

A long life ionizer must have some way of 
continuously feeding the alkaline vapor, either from the 
front side or via diffusion through the porous tungsten 
from the back side. In our experiment, we have tested the 
effectiveness of delivering cesium vapor from dispensers 
embedded inside the extraction electrode. It was found that 
the radiation from the ion source produced sufficient heat 
to the dispenser, without requiring any additional electric 
heating, to release Cs vapor. During initial operation, 
there was enough cesium coverage to produce a beam 
current density as high as 15.4 mA/cm2 (space-charge 
equivalent to 29.4 mA/cm2 of K+). The I-V 
characteristics are shown in Fig. 6.    As time went on, 
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Figure: 4   I-V characteristics for the alumino-silicate 
K+ ion source and the doped source. 
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additional electric current could be used to  drive the 
remaining cesium content out of the dispenser. 

In measuring the alkaline neutrals at 15 cm 
downstream of the extractor, we compared the signals for 
2 detector positions, at beamline center and away from 
center without line of sight. The background pressure 
was about 5x10~7 Torr. The cesium neutral flow rate 
arriving at the platinum foil was determined to be 
7.5X1011 /cm2/s while the ion source was kept at 
1100°C. This corresponds to an atomic emission rate of 
1.7xl014 /cm2/s (0.14 mg/cm2/hr) from the ion source. 

4 DISCUSSION 

We have shown that both types of ion sources can 
produce the required current density. The current denstiy 
uniformity is good. The method of using alkaline 
dispensers embedded inside the extraction electrode was 
proven to be adequate for even the highest current density 
cesium beam that we have achieved. Further 
investigation of this concept can lead to the successful 
development of a long life front-fed contact ionizer. 
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Figure: 6  I-V characteristics for the cesium vapor 
ionizer. 
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Abstract 

The ion source for the 1 MW National Spallation Neutron 
Source (NSNS) is required to provide 35 mA of H" beam 
current (1 ms pulses at 60 Hz) at 65 keV with a 
normalized rms emittance of less than 0.2 pi mm mrad. 
The same ion source should be able to produce 70 mA of 
H' at 6% duty factor when the NSNS is upgraded to 
2 MW of power. For this application, a radio-frequency 
driven, magnetically filtered multicusp source is now 
being developed at LBNL. In preliminary experiments 
with an existing ion source developed for the 
Superconducting Super Collider, 15 mA of H' ions were 
extracted at an accelerated voltage of 10 kV and an RF 
output power of 20 kW without cesium. The design of a 
new source equipped with a cesium dispenser collar, a 
fast ion beam pre-chopper (rise times < 100 ns) and a 
strong permanent-magnet insert for electron deflection 
will be presented. 

1 INTRODUCTION 

Volume produced, low temperature (< 2 eV) H' ions can 
be directly extracted from a multicusp, rf-driven, plasma 
source to form a high-brightness beam as required for the 

National Spallation Neutron Source (NSNS). To verify 
that the performance objectives of the ion source, as 
mentioned in the abstract, can be achieved at the 
relatively high duty factor of 6%, we performed some 
initial experiments with an existing source, which was 
originally developed at LBNL for the SSC [1]. A 
schematic of such a multicusp, rf-driven (1.8 MHz), H 
ion source is shown in Fig. 1. A detailed design of this 
source has already been described elsewhere [2,4]. 

2 EXPERIMENTS 

2.1. Total Current 

All of our experiments were limited to an rf input power 
of 23 kW and an extraction voltage of 5 kV. The 
extraction hole was 6 mm diam., and there was no cesium 
added to the ion source. Fig. 2 shows, that under these 
conditions we could extract up to 15 mA of H. The H 
current increases linearly with rf power, as seen in 
previous experiments [3]. This shows that an ion source 
operated for NSNS needs at least 50 kW of rf input- 
power without cesium added. 

NATIONAL SPALLATION NEUTRON SOURCE 
H- ION SOURCE -- SCHEMATIC 

extractor collar with 
\  extraction hole 

source body: 
- outer housing 
• 20 rows of permanent magnets 

(line cusp configuration) 
- Inner plasma tube with 
water cooling channels 

vacuum gauge 

RF-antenna /       gas in 

source backplate 
with antenna and filter 
feedthrough holes 

-      300     r-. 

4 rows of permanent magnets 

Figure: 1 Rf-driven, multicusp volume H ion source. Figure: 2  Extracted H current vs. rf power at 6% duty 
factor. 
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Figure: 3 Collar temperature vs. rf power for different 
collar geometries as explained in the text. 

2.2 Collar Geometry 

By installing a collar electrode around the extraction 
aperture, the extracted electron current can be reduced by 
a factor of two without significant change in the H" output 
current [3]. In such an arrangement a small cylinder 
(~1 cm diam., 9 mm long) is mounted on the plasma 
electrode, facing the plasma side. A basic collar 
configuration is shown in Fig. 1. 
It has been demonstrated that the H' output current can be 
enhanced by introducing only a trace amount of cesium 
into the collar region [4]. This can be achieved by placing 
tiny cesium getter wires in vertical cuts around the collar. 
It has been shown, that cesiation of the collar region is 
critical to temperature [5], with an optimum at ~200°C. 
Therefore we investigated the variation of the collar 
temperature at various conditions (Fig. 3). At 6% duty 
factor and 20 kW pulsed rf-power an uncooled and 
unshielded collar reaches temperatures above 700°C. 

NATIONAL SPALLATION NEUTRON SOURCE 
H- ION SOURCE -- COLLAR REGION 
(for bottarviaw of position, cooling and hasting linas ara shown axtrudee 

massive stainless steel collar (for better cool» 
with 6 holes for gettei 
(biased separately^ 

cooling lit 
(different potentials] 

mounting base 
potential] 

Figure: 4 Expanded view of the new collar design for the 
NSNS R&D ion source. 

A slightly modified, better-cooled collar stayed at 
considerably lower temperatures. 
In order to meet the NSNS ion source requirements of 
50 kW pulsed rf-power, an enhanced collar design was 
necessary to control the collar temperature. Fig. 4 shows 
the new collar region design: Eight cesium getter wires 
slide into the massive stainless steel collar, which is 
directly water-cooled by a tube, mounted on the outer 
perimeter of the collar aperture. For further temperature 
control a heater wire is attached to the collar. A heat 
shield was placed in front of the collar. The collar was 
isolated from the extraction electrode, to allow 
independent biasing of both electrodes in respect to the 
ion source potential. This feature is necessary for fast ion 
beam chopping. 

2.3 Magnetic Extraction Insert 

Unavoidably with volume ion sources, a high-current 
electron beam (hundreds of mA) is extracted together 
with the H" ions. It has been shown previously that a 
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Figure: 5 The new electron deflection scheme at the first 
electrode (TOSCA 3D simulation). 

Figure: 6 H' current vs. source pressure, with and without 
magnetic deflection insert. 
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transverse magnetic field at the extraction hole can 
deflect nearly all the electrons out of the H" ion beam [6]. 
The electrons are then dumped at the second electrode at 
the extraction energy. For NSNS at 6% duty factor and a 
proposed 85 kV potential drop at the extraction gap, this 
would result in a very high power loading on the second 
electrode. For this reason, we are developing a new 
scheme for electron dumping. 
Computational results in Fig. 5 show the effect on the 
extracted electrons from a pair of permanent magnets 
located inside the first electrode. Due to the high 
magnetic field (>1000 G), the electrons gyrate back to the 
extraction electrode. The collection of the electrons at 
source potential results in no power loss due to the 
extracted electrons. 
We could show experimentally that with the magnetic 
insert installed, all of the electrons could return to the 
source, resulting in no current lost to the second 
electrode. Nevertheless a strong magnetic insert results in 
increased H' beam deflection. Traces at the Faraday cup 
showed that we were not collecting the whole H" beam. 
Therefore measured H currents are less with the strong 
magnet insert installed, as shown in Fig. 6. Further 
computational and experimental investigation is needed 
to ensure that the H" ions are focused properly for further 
beam transport. We have started 3 dimensional 
simulations with TOSCA 3D (magnet code) and ARGUS 
(space charge ion beams), but results are still preliminary. 

2.4 Beam Chopping 

The NSNS requires 300-ns gaps in the beam to eliminate 
activation of the extraction septum in the accumulated 
ring during the turn-on time of the extraction kicker. At 
LBNL we have tested beam chopping at the multicusp 
ion source by connecting a dc power supply with a fast 
electronic switch between the plasma electrode and the 
source chamber wall. If a positive voltage (-100 V) pulse 
is suddenly applied to the plasma electrode, the H' current 
can be extinguished [7]. We developed a voltage 
modulator with rise/fall times of less than 100 ns. 
Experiments with the chopper installed at the ion source 
are planned. For more control over the pulse shape of the 
chopped ion beam, both, the collar and the extraction 
electrode, can be biased independently in the new ion 
source design 

3 CONCLUSION 

We have performed first experiments with an existing H" 
volume ion source to define the design requirements of an 
R&D ion source for NSNS. This led to an enhanced ion 
source design with an improved collar region, a magnetic 
deflection scheme for complete electron removal and a 
fast ion beam chopper. A design drawing is shown in Fig. 
7. The new source also features a longer plasma chamber, 
a movable antenna and a movable magnetic filter, which 
is inserted from the backflange - therefore eliminating the 

1ST ELECTRODE 
COLLAR        \ 
HEATSHIELD 

MOVABLE  ANTENNA 

f 3 ROWS OF MAGNETS 

I 
3        HIGH VOLTAGE MOUNTING FLANGE 

DIAGNOSTIC SPOOL 

Figure: 7 The new NSNS R&D H" ion source design. The 
extraction region is shown in more detail in Fig. 4. 

need for an additional filter flange. The purpose of this 
ion source is to find the optimum operational conditions 
for the NSNS. Construction of the ion source is already 
completed and first experiments will follow. Results of 
the new ion source testing will be reported in the near 
future. 
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Abstract 

Lawrence Berkeley National Laboratory is currently 
developing a compact, sealed-accelerator-tube neutron 
generator for activation analysis applications. This 
portable generator is projected to produce a neutron flux 
in the range of 10* to 1010 D-T neutrons per second. A 2 
MHz radio-frequency (rf)-driven ion sources, designed 
to fit within a - 5 cm diameter borehole, is used. 
Typical operating parameters include repetition rates up 
to 100 pps, with pulse widths between 10 and 80 us and 
source pressures as low as 4 mTorr. In this 
configuration, peak extractable hydrogen current 
exceeding 35 mA from a 2 mm diameter aperture, 
together with H* yields over 94% have been achieved. 
The required rf impedance matching network has been 
successfully miniaturized to - 5 cm diameter and tested. 
Given the low duty cycle operation, the ion source and 
matching do not require any cooling. 

1 INTRODUCTION 

The Ion Beam Technology Program of Lawrence 
Berkeley National Laboratory (LBNL) is currently 
developing a compact, rf-driven, pulsed ion source for 
neutron generation. The motivation for this work is to 
integrated this neutron generator into an activation 
analysis instrument for the detection of subsurface 
pollutants. The details of this application are discussed 
in another paper in these proceedings (CM. Celata et 
al.). LBNL's rf-driven ion sources have found numerous 
applications ranging from neutral beam injection 
systems for fusion reactors to particle accelerators, 
proton therapy machines, and ion implantation systems 
[1]. Such sources are simple to operate, have long 
lifetimes, high gas efficiencies and provide high density 
plasmas with high monatomic species yields. These 
characteristics make the rf-driven ion source a viable 
candidate for the next generation of compact, high 
output, sealed neutron generators. An attempt has been 
made to miniaturize the rf-driven ion source [2,3] and 
the necessary impedance matching network to fit in a ~ 
5 cm borehole with the goal of producing 10' to 1010 D-T 
neutrons per second, when coupled to a 100 kV 
accelerator. Typical operating parameters are: repetition 
rates of up to 100 pps with pulse widths between 10 and 
80 jas, and source pressures as low as 4 mTorr, which is 

essential for reducing both charge exchange and high- 
voltage break-down in the accelerator column. 
Presently, the repetition rate is limited only by the 
available rf power supply. The choice of the pulse width 
stems from the characteristic time (neutron inelastic 
scattering time) for the activation analysis application. 
In this configuration, peak hydrogen current densities 
exceeding 1180 mA/cm2 with H,+ ion species yields over 
94% have been extracted from a 2-mm-diameter exit 
aperture. Though all testing was done with hydrogen to 
minimize radioactive hazards, a similar ion source 
performance is expected with deuterium. 

2 EXPERIMENTAL SETUP 

The schematic diagram of the ion source is shown 
in Fig. 1. Three components can be identified as 
follows. The first is the rf power source which consists 
of a main 70 kW (pulse), broad band, rf power amplifier 
driven at 2 MHz by a signal generator. A pulse 
generator gates the amplifier so as to generate plasma 
pulses with durations of up to 80 us and repetition rates 
up to 100 Hz 
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Network       n 11  

J_ 
70 kW Pulse 

RF Power 
Amplifier 

I 
Pulse 

Generator 

_n_ 
i 

^ruujJ 

2 MHz 

Ion Source 

RF Antenna 

Figure: 1 Schematic of the rf-driven ion source setup. 

The next element in the circuit is the impedance 
matching network. It comprises a 10:1 step-down 
transformer and an LC tank circuit. The purpose of this 
network is to match the nominal 50 Q, output impedance 
of the rf amplifier to the typical low impedance (~ 1 Q) 
of the plasma-antenna load. 

* This work is supported by the U.S. Department of Energy under Contract No. DE-AC03-76SF00098 

0-7803-4376-X/98/$10.00© 1998 IEEE 2761 



Lastly, to deliver rf energy to the plasma, a coupler 
in the form of a multi-turn induction coil is used. This 
SVi-turn rf induction coil is fabricated from a solid 1.6 
mm diameter copper or stainless-steel wire. This wire is 
coated with a thin layer of porcelain for electrical 
insulation from the conducting plasma. 

The antenna is immersed in a 2.5 cm I.D., 8 cm 
long copper cylinder. The source is closed-off at one 
end with a back flange carrying the necessary 
feedthroughs for the antenna, a gas inlet and a 
capacitance manometer to monitor source pressure. The 
extraction system, which closes off the other end of the 
ion source chamber, contains 2 electrodes with 2 mm 
diameter apertures. The first electrode and source body 
are connected to a 0-25 kV, high voltage extraction 
power supply, while the second electrode is tied to 
ground. The two electrodes are separated by a gap of ~2 
mm. As dictated by the application, no water cooling is 
employed, which is possible given the low duty cycle 
operation (< 0.1%) limited by the available rf power 
amplifier. 

Two kinds of beam diagnostics are used to 
characterize the ion source performance. The first is a 
Faraday cup to measure the total beam current. The 
current density is obtained by dividing the extracted 
current by the aperture area. The second is a magnetic 
mass spectrometer with which the hydrogen ion species 
distribution can be determined. 

Since the beam is pulsed, a sample-and-hold circuit 
is used to measure the cup current of the mass 
spectrometer. To properly suppress any secondary 
emission electrons, the Faraday cups of both diagnostics 
are made of graphite and have a pair of permanent 
magnets embedded at the cup entrance. 

3 EXPERIMENTAL RESULTS 

3.1 Current Density Measurements 

Because of the difficulty in designing an optimized 
diode extraction system that can accommodate the broad 
range of plasma densities for this testing, there were 
conditions when a fraction of the beam sprayed onto the 
second electrode. Though this second electrode current 
to ground can be readily measured, it is difficult to 
quantify its origin given the variation of the secondary 
emission coefficient with beam energy and species 
distribution. As a result, the second electrode current 
was not measured, making the Faraday cup current a 
lower bound estimate of the ion source output. 

The current density measurements were carried out 
with the antenna coils centered within the source 
chamber as well as moved forward, with the tip of the 
induction coil 0.7 cm from the first electrode aperture. 
The rf pulse width was adjusted so that the extracted 
current pulse length was on the order of - 10 H-s. 

Figure: 2 Typical extracted current pulse shape 
from a 2 mm diameter aperture, corresponding to 1180 
mA/cm2 (at 6.2 mTorr and 52 kW pulse rf input power) 

Figure 2 shows the characteristic shape of such 
short pulses. The beam current pulse taken at the 
forward antenna position shows a peak value of 37 mA 
at 6.2 mTorr source pressure and 52 kW pulse rf input 
power. Figures 3 shows the extractable peak current 
density versus rf input power for three different source 
pressures. The current density is seen to increase with 
increasing rf input power. This data was taken with the 
antenna centered within the source chamber. The 
extractable current was observed to increase - 30-50% 
when the antenna was moved forward. 
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Figure: 3 Peak extractable current density at three 
different source pressures versus pulse rf input power. 
Note: 100 mA/cm2 corresponds to a beam of 3.1 mA 
from the 2 mm diameter aperture. 
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3.2 Hydrogen Ion Species Measurements 

With the rf antenna located at the center of the source, 
the proton output was found to be in the 60-70% range, 
regardless of power and pressure. As the antenna was 
moved forward, the H,+ ion fraction increased to the 80- 
94% range. Figure 4 shows a characteristic mass 
spectrum with - 94% Hj+ ion yield taken at 60 kW rf 
input power and 6 mTorr of source pressure. Figure 5 
shows the hydrogen ion species distribution versus rf 
power for source pressures ranging from 6 to 9 mTorr. 
The proton yield is seen to increase with increasing 
power but is somewhat insensitive to pressure in this 
range. 

94% 4%   2% 

Figure: 4 Hydrogen mass spectrum taken at 5.6 mTorr 
and 56 kW pulse rf input power, with the antenna moved 
forward, near the exit aperture. 
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Figure: 5 Hydrogen ion species distribution versus pulse 
rf input power for pressures in the 6 to 9 mTorr range, 
with the antenna moved near the exit aperture 

4 RF IMPEDANCE MATCHING NETWORK 

For the above measurements, a larger sized 
matching network was employed. A miniature size 
matching network was also constructed to fit into a ~ 5 
cm diameter borehole. Given the large current on the 
secondary side of the transformer (up to 300 A at full 
power (< -400 Wavg)), care was taken in the selection of 
capacitors with low dissipation factors and temperature 
coefficients. Furthermore, improved electrical wiring 
(e.g., stranded) and contacts (e.g., silver plated) played a 
significant role in reducing reduce resistive losses in the 
secondary circuit. Under full power testing (> 50 kW) 
and without any active cooling, the drift in the matching 
network resonant frequency due heating of the capacitors 
was on the order of 10 kHz/hr at 0.1% duty cycle. 
Further design improvements are being implemented to 
improve the matching network performance at higher 
duty factors. 

5 DISCUSSION 

Further experimental details on the development of 
this compact neutron generator can be found in Ref. [4]. 
Included in this reference is a detailed estimate of 
neutron yield assuming a 50%-50% D-T discharge, 100 
kV accelerator voltage, and taking into account losses in 
the accelerator (due to charge exchange). The result of 
this calculation shows a neutron output of 109 n/s with 60 
|xA of average beam current and 80% monatomic species 
fraction. With an available duty factor of 0.1% at 100 
Hz, this average current corresponds to 60 mA/pulse. 
The ion source output is expected to be sufficient to 
achieve at least 10' D-T neutrons per second with a 
larger 3 mm beam aperture accelerator design. Without 
cooling considerations, a neutron yields in excess of 1010 

n/s can be expected with a further increase in beam 
aperture and/or increase in the repetition rate of the rf 
amplifier. 
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Abstract 

The next generation spallation neutron sources, such as 
the upgrade to the Los Alamos Neutron Science Center 
(LANSCE) will require high intensity negative hydrogen 
(H~) beams. The new LANSCE source in particular will 
need to generate 40 mA of IT beam current at a duty 
factor of 12% (1 ms pulse at 120 Hz). One option that 
we are currently studying concerns altering the existing 
LANSCE source to utilize an RF induction plasma 
discharge. However, before proceeding with any 
changes a full understanding and optimization of our 
current prototype ion source was required. This surface 
conversion source, similar to the present LANSCE 
source, will be used as a benchmark against which to 
measure future modifications, as well as to provide 
direction for those modifications. Results to date along 
with future plans will be presented. 

1 INTRODUCTION 

The upgrade of the Los Alamos Neutron Science 
Center (LANSCE) to 160 kW of beam power to the 
spallation target will require a corresponding 
improvement of its H~ ion source. Specifically the new 
LANSCE ion source will need to more than double its 
intensity from 16 to 40 mA. In addition, source 
emittance, reliability, and availability will need to be 
improved. All of which must be achieved while 
operating under the facility's prescribed 12% duty factor. 
While there are many options that may lead to the 
achievement of these goals, a thorough study of the 
original R&D prototype source developed at Lawrence 
Berkeley National Laboratory (LBNL) was necessary. 
The LBNL source is slightly different in size and 
configuration from the current LANSCE surface 
conversion source. Therefore a series of experiments 
was initiated first to optimize the LBNL source to 
reproduce the results of the LANSCE source, and second 
to set a standard to evaluate future modifications. This 
work furnished a better understanding of how the 
operating conditions of the source affect H~ production, 

in addition to providing direction for future source 
hardware modifications. 

2 EXPERIMENTAL SET-UP 

The typical multicusp H~ surface conversion source 
is primarily composed of a plasma chamber and a 
negatively biased converter electrode [1]. The ions 
present in the hydrogen plasma (H+, H/, H3

+) are 
accelerated towards the converter surface. H~ can then 
be formed either through a back scattering process [2], 
or a sputtering process [3] when the ions collide with the 
converter surface. The converter is either composed of, 
or coated with a low work-function metal such as barium 
or cesium which greatly enhances the H~ yield [4]. 

The LBNL source is composed of a stainless steel 
multicusp plasma chamber 20 cm in diameter and 23 cm 
in height. A picture of the source and its interior can be 
seen in Fig. 1. The molybdenum converter has a cross- 
sectional  diameter of  3.8 cm with   a spherical face 

Fig. 1. Close-up of LBNL surface conversion source 
interior (top down view). 

' This work was supported by Los Alamos National Laboratory in association 
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cut to a 12.7 cm radius of curvature. The converter is 
typically operated at a DC bias of -250 V. To coat the 
converter, cesium vapor is injected into the source 
through a nozzle connected to an oven mounted on the 
lower end-flange. The cesium neutrals will condense on 
the water-cooled converter (or any other cool surface), 
and if ionized they will simply be accelerated towards 
the converter surface. The plasma is generated by two 
1.5 mm diameter tungsten filaments mounted through 
the top and bottom end-flanges. The plasma is pulsed by 
switching the filaments' arc voltage with a 1 ms pulse at 
120 Hz to produce the necessary 12% duty factor. Arc 
power delivered to the plasma is controlled by 
maintaining a constant arc voltage (~ 60 V) while 
adjusting the filament heater current. 

The exit region of the source contains a plasma 
aperture plate, a beam aperture cone, and a Faraday cup. 
All three of which are isolated from the source, and from 
each other. A schematic of the source and its exit 
section is shown in Fig. 2. The isolation of the plate and 
cone allows for more complete beam diagnostics than 
with the Faraday cup alone. The aperture cone has the 
same dimensions as the LANSCE source, and the same 
distance to the converter. The major difference between 
the LBNL source and the current LANSCE source is the 
magnetic cusp field which crosses the LBNL source's 
exit aperture. While this does prevent electrons from 
leaving the source along with the H~ ions, it also perturbs 
the H~ ion trajectories, making accurate beam 
measurements difficult. 

3 RESULTS AND DISCUSSION 

In the process of reproducing the H~ yield of the 
existing LANSCE source it became evident that a good 
deal of interdependency existed between the parameters 
of operation (duty factor, gas pressure, arc power, etc.). 
Two parameters of interest, namely filament cathode 
location and the quantity of cesium, were found to 
greatly influence high H~ yield. 

3.7 Cesium Factors 

The amount of cesium in the source and more 
importantly the amount condensed on the converter 
surface is a significant factor affecting H~ yield [5]. If 
there is not enough cesium, the FT output is low. As the 
cesium oven temperature is increased, more cesium 
vapor enters the source, and IT current increases. 
However, if cesium injection continues beyond a certain 
level the H~ yield begins to drop, eventually going to 
zero as is shown in Fig. 3. In fact, the amount of cesium 
must be tailored to the very operating conditions of the 
source. For example, duty factor, arc power, and 
converter bias all effect what the optimal cesium oven 
temperature will be. 

Along with H~ yield considerations the time 
required for the source to reach its optimal yield is 
strongly influenced by the cesium level. The source 
conditioning time is affected by the time it takes for the 
cesium to come to an equilibrium within the source. 
Source conditioning is a lengthy process by which the 
source is operated until optimal beam is achieved (the 
current LANSCE source is conditioned for more than 12 
hours). In order to reduce the source conditioning time, 
and to better control the cesium dosage, a molybdenum 
liner was added to the interior walls of the source. The 
liner keeps the walls at a high temperature, thus 
preventing cesium condensation while still maintaining a 
good electrical contact for the plasma anode. By 
keeping the interior surfaces of the source warm enough 
to prevent condensation (except the converter), cesium 
usage efficiency increases, enabling less cesium to 
provide the same converter coverage, as well as 
providing that coverage more quickly. After the addition 
of the liner, conditioning time for the LBNL source was 
nearly cut in half without any observable decrease in 
source performance. 

3.2 Cathode Position 

High H~ yield was also found to depend on the 
location of the filament cathode relative to the converter 

J   Ü 
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Fig. 2. Schematic of source interior (1. Cusp Magnet, 2. 
Cusp Field, 3. Converter, 4. H~ Beam, 5. Aperture Plate, 
6. Aperture Cone, 7. Faraday Cup). 

Fig. 3. H" beam current on Faraday cup with complete 
over-cesiation, (1 mA per division) 10 mA present 
before occurrence of over-cesiation. 
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and to that of the nearest end-flange. Initially, long 
filaments were positioned away from the cusp field of 
the end-flanges, and the cathode was in a nearly field- 
free region with a clear line of sight to the converter 
face. It was thought that creating the plasma near the 
converter face and in a field free region, would lead to 
high IT yield. This was not the case. The longer 
filaments consistently performed poorly, yielding no 
more than 12 mA of total H~ beam current. These 
filaments were then replaced with a shorter set that were 
closer to the end-flange with their cathodes roughly 
parallel to that of the converter surface. With this 
filament configuration the H~ yield on the Faraday cup 
was 20 mA, and a total beam current (aperture cone 
current plus Faraday cup current) of 33 mA was 
observed. 

Due to the geometry of the source it was difficult to 
separate filament location (with respect to the converter) 
with that of magnetic filtering effects associated with the 
cathode in the cusp field [6]. To deal with this problem 
and to determine the source of the increase in yield, two 
10 cm long plasma chamber extensions were added to 
the source. The extension chambers allow one to change 
the filament location easily, and the increased space 
permitted a movable magnetic filter to be added (see 
Fig. 5). With the extension chambers in place (without 
filter) and the two filament cathodes in field-free 
regions, total beam current was increased to 43 mA. It 
was also observed that with no filter in place as the arc 
power was increased H~ current approached an 
asymptotic value. 

4 CONCLUSION AND FUTURE PLANS 

Future experiments will involve a set of a movable 
magnetic filters to use in association with the plasma 
chamber extensions. Previous experiments using a 
similar source with a barium converter showed that this 
separation of the plasma chamber into a high electron 
temperature region and a low electron temperature 
region dramatically increased H~ production at higher 
arc   powers   [7].    This   greatly   extended   the   linear 
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Fig. 5. Source schematic with chamber extensions and 
magnetic filter (1. High Te Region with Filter, 2. Low Tc 

region with Filter, 3. Cesium Nozzle, 4. Converter, 5. 
Magnetic Filter, 6. Filament, 7. Faraday Cup). 

response of the H~ current as a function of arc power 
unlike the diminishing return problem that was evident 
without the magnetic filter. 

Once these experiments have been completed we 
will be able to turn our attention to RF induction plasma 
generation. While it is quite possibly that the new 
LANSCE source's beam requirements could be met 
using filament discharge, filament lifetime and reliability 
are still a concern which RF discharge could easily 
mitigate. With the increased cesium efficiency of the 
molybdenum liner and the increased durability of an RF 
antenna over filaments, source lifetime and reliability 
should be greatly enhanced along with that of beam 
current. 
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Abstract 

Conventional tungsten cathode driven plasma sources 
are limited in the ability to provide large discharge 
currents and high discharge voltages for CW discharge 
plasmas. An RF driven plasma cathode based on the 
multicusp ion source technology has been developed at 
LBNL. It is shown that large electron currents at high 
discharge voltage can be achieved for CW discharge 
operation while maintaining very long cathode lifetime. 

1 INTRODUCTION 

Multiple-charge-state ions are of current interest for 
several applications, such as MeV ion implantation, 
nuclear physics experiments, and radioactive beam 
accelerators.fi] Many of these applications require DC or 
100 % duty factor operation. Production of multiple 
charge state ions requires high energy primary electrons. It 
has been demonstrated that modest charge state ions can be 
produced in a conventional tungsten filament driven 
multicusp ion source, however, cathode lifetime is 
limited. [2] As the discharge voltage is increased, the 
plasma density increases causing increased ion 
bombardment of the filament. At some point the ion 
bombardment dominates the heating of the filament and 
temperature runaway will occur. This can result in either 
exceeding the current limit of the discharge power supply 
causing the discharge voltage to drop or the filament to 
burn out. Results have been reported for a programmed 
filament ion source which produced a high voltage pseudo- 
CW discharge with good percentages of multiply-charged 
ions while improving cathode lifetime.[3] The ion 
source presented here is based on RF driven multicusp ion 
source technology. 

2 EXPERIMENTAL SETUP 

An RF driven multicusp plasma cathode was utilized 
for these tests. It was coupled to a multicusp plasma 
chamber by a two grid extraction system. 

A schematic representation of the ion source 
configuration is shown in Figure 1. The cathode chamber 
is 10 cm diameter by 13 cm long. Plasma confinement in 
the cathode chamber is maintained by 20 line cusp 
magnets on the side cylindrical wall and 4 line cusps 
placed on parallel chords on the back flange.   The front 

CAPACmVE 
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Figure 1: Schematic of the plasma cathode/ion source 
arrangement. 

wall contains the plasma electrode which is a 
molybdenum disk with two hundred 2 mm diameter 
holes. They are arranged to provide 50 % transparency 
over an area approximately 4 cm in diameter. The 
electron extraction electrode has a similar pattern and is 
spaced 2 mm from the plasma electrode. The source 
chamber is 20 cm in diameter, 15 cm long. Magnetic 
cusp confinement is present on the side and front walls. 
The cylindrical wall has ten columns of samarium-cobalt 
magnets installed longitudinally on the external surface. 
The front wall, the extraction end, has ten magnets placed 
radially with an iron ring located at the hub to close the 
magnetic field lines at the center. This arrangement 
provides a 3 cm diameter field free region around the 2 
millimeter diameter extraction aperture. Access ports are 
provided between the side wall magnets for viewing 
windows, gas feeds or diagnostics. A simple two- 
electrode system was used to extract ions from the source 
chamber. 

Figure 2 shows a schematic of the experimental set- 
up. The plasma cathode was driven by a 13.56 MHz RF 
generator. The generator was coupled through a matching 
network to a single loop antenna mounted within the 
cathode. The network includes an adjustable turn-ratio 
transformer to match the 50 Q output impedance of the 
RF generator to the single loop antenna. It also provides 
high voltage isolation between the generator and the ion 
source. 

Cathode and source chamber pressures were measured 
with capacitive manometers.   The operating gases were 
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SPECTROMETER 

Figure 2:   Experimental setup. 

introduced into the plasma cathode chamber. Analysis of 
the extracted beam was performed with a 180 mass 
analyzer. The analyzer magnet was energized by a 
programmable power supply. The magnet current and 
Faraday cup signals were used to drive the input channels 
of an X-Y recorder. Total extracted current could be 
measured with a separate Faraday cup mounted on the 
front of the spectrometer. In this arrangement one could 
either measure the ion species distribution or the total 
beam current. 

3. EXPERIMENTAL RESULTS 

The primary goal of these tests was to demonstrate 
that the RF driven multicusp plasma cathode could 
provide large currents of primary electrons at various 
energies. All reported data was obtained with argon as the 
operating gas. The gas was introduced to the plasma 
cathode and allowed to flow through the electron 
extraction electrodes to the ion source chamber. 
Measurements showed that the plasma cathode pressure 
was less than 5 % higher than the ion source chamber. 
Quoted pressures are for the plasma cathode chamber. 

The plasma cathode was driven by a 13.56 MHz RF 
generator capable of delivering 2500 watts. The electron 
extraction power supply could supply 16 amps up to 600 
volts. It was found that the extraction power supply 
current limit was typically attained at an RF power less 
than 1600 watts. Figure 3 is a plot of extracted electron 
current as a function of RF power at several plasma 
cathode pressures. The extraction voltage was 100 volts. 
It can be seen that the extracted electron current is a strong 
function of RF power. The dependence of extracted 
electron current on pressure is modest. It was difficult to 
maintain a cathode discharge below 400 watts of RF 
power. 

Figure 4 shows the relationship between extraction 
voltage and extracted current at a fixed plasma cathode 
power for two cathode pressures. The cathode RF power 
was 1000 watts. It can be seen that at the lower voltages 
the extracted current is a weak function  of extraction 
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Figure 3:  Extracted electron current as a function of 
plasma cathode pressure. 

voltage. There were some problems with breakdown at 
the higher voltages and the data may be effected by the 
breakdowns. 

The principal purpose for these tests was to enhance 
the production of multiply-charged ions. It can be seen in 
Figure 5 that the production of doubly charged argon was 
enhanced as the discharge voltage was increased. 
Discharge current was held constant at 6 amps and the 
cathode pressure at 30 mT. CW discharge operation was 
maintained for several hours. There were voltage 
breakdowns in the extraction electrodes for discharge 
voltages above 200 volts. 
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Figure 4: Extracted cathode current as a function of 
extraction voltage. 
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4 CONCLUSIONS 

These preliminary studies have indicated that a plasma 
cathode based on RF driven multicusp technology can 
supply significant DC electron currents at high voltages. 
It is shown that production of multiply-charged ions can 
be enhanced with  the   higher  discharge  voltages   and 

currents while maintaining cathode lifetime. The primary 
problem encountered was deformation of extraction 
electrodes due to heating from the plasma and intercepted 
extracted electrons. This contributed to breakdown 
problems at higher extraction voltages. New extraction 
electrodes have been fabricated and the cathode is being 
modified. The new electrode design will allow for free 
expansion of the grid structure which should eliminate 
grid deformation. This should allow for more stable 
operation with less breakdowns. Tests will continue with 
the goal of expanding this technology to more 
applications. 
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Abstract 

In order to produce a radioactive ion beam of 140+, a 
10 cm-diameter, 13.56 MHz radio frequency (rf) driven 
multicusp ion source is now being developed at Lawrence 
Berkeley National Laboratory. In this paper we describe 
the ion source performance with respect to its capability 
as an ion source for radioactive ion beam (RIB) 
production, using Ar, Xe and a 90% Ar / 10% CO gas 
mixture. In addition ion optic simulations for the 
radioactive beam line leading to the design of the ion 
beam extraction/transport system for the actual experi- 
mental setup will be discussed. 

1 INTRODUCTION 

At LBNL we are presently testing a 10 cm diameter 
multicusp ion source for the production of radioactive 
140+ ions [1]. It will be used as part of an integrated 
target/ion source system now under development for a 
radioactive ion beam experiment at the 88" Cyclotron in 
LBNL. 140 will be produced in the form of CO via the 
12C(3He+,n)140 reaction using a 45 MeV/n 3He beam from 
the LBNL 88" cyclotron. Neutral radioactive CO will be 
transferred via a gas tube into the multicusp source, 
ionized, accelerated, implanted into a carbon target and 
analyzed in a beta spectrometer within the 70 sec lifetime 
of 140+. Since the amount of radioactive CO produced 
will be very small, the ion source discharge will mainly 
be argon. In order to design a dedicated extraction and 
ion beam transport system for the RIB experiment the ion 
source performance was characterized for Ar and 10% 
CO in Ar gas mixture for generating the discharge. 

2 EXPERIMENTAL SETUP 

2.1 Ion Source Design 

A schematic view of the multicusp ion source setup 
and with the accelerator column is shown in Fig. 1. The 
source chamber is a copper cylinder (10 cm diameter by 9 

* This work was supported by the Director, Office of Energy 
Research, Office of High Energy Physics and Nuclear Physics 
Division of the U.S. Department of Energy under contract No. 
DE-AC03-76SFF00098 
* also with the Institut fur Allgemeine Physik of the Technical 
University Vienna 

cm long). The magnetic confinement is achieved with a 
"closed" cusp configuration. 14 columns of samarium- 
cobalt magnets form a longitudinal line cusp 
configuration for the plasma confinement. The magnetic 
field reaches a maximum of 1.5 kG at the plasma 
chamber wall. There is a nearly field-free region in the 
center of the source of approximately 3 cm diameter. This 
region determines the maximum extraction area, where 
the plasma density is homogeneous. An additional 14 
magnets are mounted radially in the extraction flange. 
These magnets are imbedded in soft iron in order to keep 
the extraction area field free. The front magnets together 
with four rows of magnets mounted on the back flange 
establish the closed cusp configuration. 

Six layers of molybdenum sheets line the inner 
chamber wall as well as the front and the back plate. This 
liner provides a hot plasma chamber surface to minimize 
the gas hold up time and to increase the dissociation rate 
of molecular gas. 

Nuclear Science Source 

Extraction System Layout 

RF-Anlmnfl 

Water Coming 

PVC - DMm Holaif 

Figure: 1 Design layout of the rf driven multicusp ion 
source and the accelerator column. 
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2.2 RF System 

Rf power up to 3 kW at a fixed frequency of 13.56 MHz 
is inductively coupled into the plasma via a water-cooled, 
porcelain-coated antenna in the shape of a 2.5 turn 
induction coil. To ensure maximum rf power transfer, an 
impedance matching network is used to match with 0° 
phase the nominal 50 Q output impedance of the rf 
amplifier to the plasma-antenna load, (typically a few 
ohms). In this setup a 4:1 turn-ratio isolation transformer 
was used to accomplish the impedance matching which 
also permits isolation of the ion source at high voltage up 
to 30kV from the instrumentation ground. Additionally, 
an inductor in series with a variable capacitor forms the 
secondary circuit accomplishing the fine tuning of the 
matching network. 
For high power operation and with the molybdenum liner 
installed, the lifetime of the porcelain-antenna is limited. 
Therefore experimental investigations, where the porce- 
lain-coated copper antenna is replaced by a glass antenna, 
are in progress. Preliminary results indicate an improved 
lifetime with the new glass antenna arrangement. 

2.3 Ion Source Test Stand 

A dedicated new ion source test stand is currently under 
construction to examine the transport system. The ion 
source test stand consists of the following components: a 
multicusp ion source, an accelerator column, a diagnostic 
spool with a Wien (ExB) filter and a Faraday cup for 
analyzing the ion beam species and currents. The 
diagnostic spool provides a drift length of 1 m between 
the Wien filter and the Faraday cup. The Wien filter has a 
homogenous field of 0.4 T over its length of 30 cm and in 
a gap of 1 cm by 1 cm. The extraction system 
incorporates an electrostatic lens, that allows one to focus 
the ion beam through the homogenous region of the Wien 
filter gap (see section 4). With this new test stand, 
measurements are planned for the efficiency of the 
transport and mass separation system as well as the gas 
hold up time for oxygen in the source. 

3 ION SOURCE PERFORMANCE 

The ion source performance has been reported in 
detail elsewhere [1]. In this paper we only summarize the 
ion source characteristics with respect to its capability as 
a prospective ion source for the production of radioactive 
ion beam. The ion source shows promising features: a gas 
efficiency of up to 60% for argon and up to 80% for 
xenon has been obtained, a relatively low axial energy 
spread of 2 to 3 eV for the filament driven source and 4 to 
7 eV were observed for the case of the rf driven source. 
The molybdenum liner provides a hot plasma chamber 
surface where temperatures up to 1100°C can be 
achieved [1]. 
A two-grid extraction system was used to determine the 
total extracted current and current densities for an argon 

discharge with plasma conditions similar for the planned 
140+ experiment. The current densities for these operating 
conditions vary from 30 to 60 mA/ cm2. These values 
correspond to a total extracted current of 1 to 2 mA out of 
our 2 mm extraction hole and determine the range of 
current the ion beam transport system has to handle. 
In order to explore the ion source performance at 
operation conditions similar to the planned experiment a 
90% Ar with 10% 12CI60 gas mixture was used for the 
discharge. Ion species measurements were conducted by 
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Fig. 2 Ion species distribution for a Ar/CO discharge at 
1500 W rf input power. The Ar+ current was reduced by a 
factor of 10 to fit it on the graph. 
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Fig. 3 Relative current change for 0+, C\ CO+ versus rf 
input power for a fixed discharge pressure of 1.1 mTorr. 

using a 90° spectrometer magnet. 
It has been shown that CO can be efficiently dissociated 
in the ion source at rf input power levels above 1500 W. 
Fig. 2 shows a typical ion species spectrum with 1500 W 
discharge power for the Ar/CO gas mixture. Fig. 3 shows 
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the relative current change for 0\ C+, CO*. The discharge 
pressure was maintained at 1.1 mTorr to achieve the 
maximum gas efficiency. 

4 DESIGN OF THE EXTRACTION SYSTEM 

4.1 Layout of the electrostatic LEBT 

The ion source insulation allows a maximum extraction 
voltage of 30 kV. An all electrostatic LEBT design was 
chosen, because the construction is compact and cost 
effective. The system consists of three electrodes (accel- 
decel type), followed by an einzel lens that focuses the 
beam through the Wien filter. This arrangement will keep 
the beam envelope from expanding in the mass separator 
due to space charge. The LEBT has a total length of 
15 cm and is incorporated in the ion source insulator 
(Fig.l). The design of the extraction system was 
optimized by using the 2D ion optics code IGUN [2]. 
Fig. 4 shows the layout for the extraction system in the 
IGUN simulation. For the actual design the extraction and 
the einzel lens were simulated in different runs with 
higher resolution (see Section 4.2). 

design of the first gap. 
Beside the geometry, IGUN requires the input of the 
plasma electron temperature in order to self consistently 
compute the plasma potential. The electron temperature 
also determines the plasma densities required to extract a 
given ion current. In our simulation we measured the total 
extracted ion currents used in the calculation. In order to 
get an estimate for the plasma potential, we used the axial 
energy spread distribution of the extracted ion beam from 
the rf driven multicusp ion source and we compared these 
values with the ones IGUN calculated. It was found, that 
setting the electron temperature in IGUN to 1-2 eV leads 
to plasma parameters, which are in good agreement with 
measured values for multicusp ion sources [3]. 
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4.2 Plasma Extraction Region 

A careful study of the plasma region is essential for the      1] 
design of the extraction system, since the plasma surface 
provides the  starting condition for all the following 
lenses. In order to achieve an accurate plasma simulation 
the region has to be resolved in a much higher resolution      [2] 
grid. 
To adjust the electric field at the plasma/extraction 
boundary, the accel electrode potential can be varied up pi 
to -5 kV. This electrode allows an optimal match of the 
different plasma conditions to the focusing lens. The 
measured current densities of 30 to 60 mA/ cm2 require 
an minimum electric field strength of 3 kV/mm for the 
low and 4 kV/mm for the high densities in the first gap to 
transport the beam into the Faraday Cup. These 
experimental values were used as a guidance for the 
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Fig. 4 Typical IGUN simulation run for an Argon beam showing an overview of the extraction system including the einzel 
lens. The dimensions are shown in mm. 
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ION MICROWAVE SOURCE FOR LINEAR ACCELERATOR 

A.Nesterovich, N.Abramenko, B.Bogdanovich, Moscow Physics Engineering Institute, 
115 409 Kashirskoe shosse, 31, Moscow, Russia 

In the report microwave source with improved 
characteristics for linear accelerator is described. It is 
known, that ion microwave sources [1-3] have several 
advantages in comparison with other types of sources, 
working in continuous mode. It, the first of all, large full 
operation time, absence of incandesces elements with 
short life time, high stability of the characteristics. 

From sources, creating beams of circle cross section, 
one of the most suitable is the source with RF power 
coaxial feeder and constant magnet [3]. The source 
provides beam of hydrogen ions with current up to 3 mA. 
Extraction aperture has diameter 2 mm in this source. 
Power feeding is small enough and not larger than 30 W. 
This source satisfies to the requirements to linear 
accelerator injector, however, it is desirable to receive a 
greater current of beam. 

As a result of the analysis of the technical decisions, 
contained in known designs, following conclusions about 
ion source construction were made: 

- RF power feeding to discharge chamber should be 
coaxial for reception of the beam minimum sizes, 

- Expediently to make closed magnetic circuit, taking 
place through discharge chamber and ion extraction 
system, 

- It is necessary to supply transverse components of 
electrical RF field in the discharge region, belonging 
close to extract aperture. 

Except listed features of designing the new approach 
to the problem decision of the feeding waveguide and 
plasma accommodation was applied, which permits to 
receive the steady accommodation and to concentrate 
plasma in the ions' extraction area. In known ion 
microwave sources [1-3] for the plasma and RF- feeding 
waveguides accommodation the matching units are 
applied. For example, it can be transformer installed in 
the waveguuide near ion source input. Waveguide 
segment between transformer and source entrance is a 
resonator. As the plasma can widely change its 
impedance, it is difficult to choose suitable matching 
transformer, that satisfies resonance condition. The new 
approach consists in the compensation of plasma 
reactance inside breakdown region. This reactance is 
responsible for dismatching of feeding waveguide. 

The ion source scheme, realizing given approach, is 
submitted on fig.l. The discharge region 1 is between 
two electrodes, one of which is central conductor of 
coaxial line 2, and other - central conductor of coaxial 
loop 3 with short connected piston, the electrical length of 
which can be selected during source setup. Loop 
entrance impedance is chosen in such way to compensate 
reactance of plasma pole between electrodes. Ion source 

magnetic system consists from two solenoids 4, magnetic 
screen 5 and extracting electrode 6 fabricated from 
magnetic soft material. It creates longitudinal magnetic 
field 0.1 T in the RF discharge region. Magnetic flux 
goes through the discharge region. The elements of the 
magnetic circuit are shown on fig.l. RF power is fed to 
discharge area from magnetron generator 7 through the 
coaxial quarter wave transformer 8, thus the electrical 
component vector of RF field between electrodes is 
directed perpendicularly to vector of the constant 
magnetic field. The ion source contains gas injection 
system 9 also. 

The active impedance of plasma pole should be 
accommodated with feeder by means of one or several 
quarters of wave transformers. At magnetic field 
absence, as show valuations, the active impedance of 
plasma is very small. At availability of external magnetic 
field more intensive absorption of RF power by plasma at 
resonance occurs, consequence that is higher active 
impedance. 

The volt - ampere characteristics' measurement of ion 
source was executed after beam extraction system 
geometry choice. In proposed system the ions' extraction 
was made from plasma border, located in plane of 
emission hole. Beam formation was executed by Pierce 
geometry. It was found the geometry, appropriate to the 
largest current I,, flowing from the hole in extracting 
electrode, and minimum current on extracting electrode Ic(, 
at extraction chosen working voltage U. On fig.2 the I( 

and 1^ dependencies on U for chosen geometry, which is 
represented on the same drawing, are submitted. For 
given geometry the current on extracting electrode 
becomes rather small at voltage more than 12 kV. The 
further growth of extraction voltage does not lead to 
essential growth of beam current ljt since current increase 
at U < 12 kV occurs only because of current 
redistribution between these two components. Extracting 
current remains constant. 

Volt-ampere characteristics were measured at 
magnetron power 200 - 300 W and gas consumption 15 - 
20 cm3 per hour. Ions beam maximum current in separate 
modes of operation reaches 10 mA, that corresponds to 
reasonably high current density 250 - 300 mA/cm2. 

The degree of the plasma accommodation with RF 
feeder was determined with the help of measuring line, 
installed between magnetron and ion source, with the help 
of which VSWR dependence from short circuit loop 
length was measured. The results of measurements are 
submitted on fig. 4. It is visible that there is region, 
where the steady break down takes place. VSWR 
acquires essentially large significance (at least more than 
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6). From the other hand, there is region, where discharge 
is unstable. Minimum achieved VSWR, as it is visible 
from fig. 3, makes 1.6, that corresponds to power 95 % 
absorbing in plasma. 

The plasma concentration and electronic temperature 
were measured by cold probe method. Probe 
characteristics were removed on known techniques, after 
processing of which plasma concentration and electronic 
temperature were received. Its values were 10 cm' and 
12 eV accordingly. 

The gas profitability was evaluated from the gas 
consumption, made by 15 - 20 cm3 per hour, and ion 
current. At 100 % ionization to get beam current 1 iÄ it 
is necessary to consume about 1 cm of gas per hour, 
located at atmospheric pressure. Thus, in the source best 

mode of operations with beam current 10 mA the gas 
profitability makes about 50 %. 

Conducted experimental researches have confirmed 
expected main laws of given source and showed it's good 
characteristics. In particular, source surpasses known 
analogues on gas profitability, absorption factor of RF 
power, current density. 
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TOWARD A REALISTIC AND TRACTABLE MODEL FOR NEGATIVE ION 
EXTRACTION FROM VOLUME SOURCES 

J.H. Whealton, D.K. Olsen, and R.J. Raridon 
Oak Ridge National Laboratry, Oak Ridge, Tennessee 

Abstract 

The physics of negative ion formation is fundamentally 
different than that for positive ion formation. For exam- 
ple, with negatively biased plasma electrodes, relative to 
the plasma, it can be shown that the Böhm sheath stability 
criteria is not generally satisfied and that, in addition, the 
potential structure near the extraction region is a saddle 
point. Traditional modeling of volume negative ion 
sources treats them in a manner similar to positive ions 
with a monatomic downhill run of the negative ions from 
source plasma to extraction and acceleration. This 
method (for positive ions) consists of finding self consis- 
tent solutions to a multidimensional Poisson Equation, 
with the plasma electrons represented as a Boltzmann 
Distribution, and ions as a Vlasov Equation simulated by 
a suitably large number of trajectories with space charge 
embeddings. Ideally for negative ions, one would like to 
model the positive and negative ions and the electrons 
everywhere in a Vlasov description. However, so far this 
is an untractable formulation since a stable convergence 
scheme has yet to be developed of this extremely nonlin- 
ear problem. The tractability of an alternate formulation 
that will be explored consists of: (1) a Vlasov treatment 
for the positive ions in the conventional manner, (2) a 
Boltzmann treatment for the electrons on the plasma side 
on the extraction sheath, (3) a Vlasov formulation of 
negative ions formed in the plasma volume, and (4) a 
Vlasov treatment of electrons. A self-consistent treat- 
ment of the above scheme will produce the entire poten- 
tial structure in the presheath and extraction region. The 
Boltzmann electron component is expected to be a key 
ingredient in establishing a convergent scheme while at 
the same time modeling much of the salient and nontrivial 
features of the negative ion extraction from volume 
sources with a negatively biased plasma electrode. 

1 POSITIVE IONS 

Extraction modeling for positive ion sources has been 
shown to be a very effective tool for predicting and opti- 
mizing the performance of position ion sources [1]. This 
success has obtained even though the models used are 
very nonlinear and several dimensional [2]. One of the 
reasons for this success is that the physical formulation is 
apparently rather accurate; it consists of a self-consistent 
solution of a Poisson Equation with source terms for the 
plasma ions obtained directly through a solution of the 
kinetic ion-Vlasov Equation and the plasma electrons 
represented by a Boltzmann equilibrium distribution. 
Boundary conditions consist typically of a quasineutral 
plasma with a negatively biased plasma electrode (to 
electrostatically contain the plasma electrons). This 
plasma electrode has a hole in it that reveals applied ion 
extraction and acceleration fields, as shown in Fig. 1. 

With this formulation and suitable boundary condi- 
tions, a self-consistent Debye-length scale sheath results 
for the transition between the neutralized plasma and the 
non-neutralized ion beam. The geometric configuration 
of this sheath has a large effect on the ion optics and 
RMS beam emittance (see Fig. 1). That there is apparent 
agreement between experiment and modeling results [1] 
suggests that this nonlinear sheath is correctly arrived at. 

2 NEGATIVE IONS 

For negative ion extraction, the usual ploy is to assume 
perfect symmetry using the same model with the fields 
reversed [3]. There were some hints that this perfectly 
symmetric model was not capable of predicting negative 
ion extraction optics or optimum presence correctly. A 
single heuristic alteration to the basic positive ion model 
showed some prospects of correlating with experimental 
data [4]. 

However, the actual asymmetries which exist be- 
tween positive ion extraction and negative ion extraction 
suggest that a more serious treatment is called for to ob- 
tain a reliable tool for predicting and optimizing the beam 
formation process. The first, and most obvious asymme- 
try, is that the charge compensation in the negative ion 
source plasma is obtained by the space charge of the 
positive ions instead of the equilibrium electrons, as is the 
case for positive ion sources. However, these positive 
ions are far from equilibrium — in fact, a collisionless 
one shot pass at the extraction sheath and subsequent re- 
flection appears to be a more accurate picture. 
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A second, and most considered asymmetry [3], is the 

extraction of electrons along with the negative ions. In 
the presence of magnetic fields, these electrons can have 
a significantly different beam distribution than the ions 
which must be accounted for to predict power loading on 
electrode surfaces. Of perhaps equal importance is the 
fact that the electrons affect the sheath geometry and, thus 
affect the ion motion. In the presence of magnetic fields, 
the electrons, due to their E x B drifts, produce an oblique 
sheath that cause nonlinear space charge effects to occur 
throughout the extracted beam, even if the ions were gen- 
erated uniformly [3]. 

A third asymmetry, that may be no less important but 
which appears to be totally ignored up to this point, is that 
the plasma electrode is not biased in a symmetric way 
with respect to the plasma potential. For positive ion 
sources, the plasma electrode is biased negative relative 
to the plasma potential in order to electrostatically contain 
the highly mobile plasma electrons. The symmetric 
situation would be that the plasma electrode is biased 
positive relative to the plasma for negative ion sources. 
However, the reason for biasing the plasma electrode 
negative is unchanged for negative ion sources since con- 
finement of the plasma electrons is still a priority. The 
consequence of this in the pre-extraction region is signifi- 
cant: a monatomic downhill run of positive ions from the 
center of the source plasma to the accelerated beam oc- 
curs for both positive and negative ion sources. There is 

therefore a saddle point in the pre-extraction region for 
volume negative ion sources with negative ions that 
might be created near the center of the plasma being re- 
pelled by the plasma electrode. Only those negative ions 
created near the extraction region, on the down stream 
side of the electrostatic potential ridge passing through 
the saddle point are attracted to the extraction region. 

3 A MULTIPLE VLASOV NEGATIVE ION 
MODEL 

For application requiring minimum negative ion emit- 
tance or halo, such as those in colliding beam high energy 
physics or spallation neutron sources, attention to detail in 
the extraction of negative ions could be important. 
Therefore, a more comprehensive multi-Vlasov model is 
proposed. In addition to considering just positive ions 
kinetically and Boltzmann electrons (or for the symmetric 
model — negative ions kinetically and Boltzmann posi- 
tive ions), we will also consider volume produced nega- 
tive ions in a kinetic (Vlasov) description. 

Results of this model for low densities are shown in 
Figs. 2-3. As example, Fig. 2 illustrates the positive ion 
trajectories from the center of the source plasma being 
reflected by the extraction sheath. It also illustrates the 
saddle point in the potential. Figure 3 illustrates the vol- 
ume produced negative ions, some of which are extracted 
and the rest of which go back into the ion source plasma. 
At higher plasma densities, we see the compression of the 
saddle point region toward the extraction sheath as shown 
in Figs. 4 and 5. 

Three features of this physical circumstance tends to 
produce ion time scale instabilities in the extraction 
presheath. First, the Böhm sheath criteria is not generally 
satisfied, as evidenced by the presence of ion acoustic 
frequency arc noise [5]. Second, the presence of addi- 
tional negative space charge, due to the presence of vol- 
ume produced negative ions, could add to the extent the 
Böhm sheath criteria is violated. Third, reflected positive 
ions from the sheath could produce a two stream instabil- 
ity with the outgoing stream of positive ions. Figure 4 
shows a hint of these two stream instabilities, although a 
resolution of these and other ion acoustic instabilities has 
only been done for positive ion extraction [5]. The pres- 
ent study only involves steady state considerations. Fig- 
ure 5 shows the trajectories of volume produced negative 
ions. 
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The opportunities afforded by exploitation of this 
model appear to be significant since not only can beam 
emittance be minimized, but the extractable current itself. 
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60 keV BEAM TRANSPORT LINE AND SWITCH-YARD FOR ISAC 

R. Baartman and J. Welz 
TRIUMF, 4004 Wesbrook Mall, Vancouver, B.C., Canada V6T 2A3 

Abstract 

The ISAC project under construction at TRIUMF[1] is to 
consist of radioactive ion sources, a high resolution mass 
separator, a low-energy (60keV) experimental area, RFQ 
and DTL linacs to reach 1.5 MeV per atomic mass unit 
(amu), and a high-energy experimental area. Additionally, 
there will be a stable off-line source primarily for commis- 
sioning the linacs but also for use by the low-energy exper- 
imental program. The transport line which connects these 
elements therefore includes a switch which allows either 
the radioactive beam to supply the low energy area simul- 
taneously with the off-line source supplying the RFQ, or 
the radioactive beam supplying beam to the RFQ simul- 
taneously with the off-line source supplying beam to the 
low-energy experiments. The maximum ion source voltage 
is 60 kV. The RFQ accepts particles with 2 keV per amu, 
so masses less than 30 must have lower energy and masses 
larger than 30 can only be accelerated if they are multiply- 
charged. All optics is electrostatic; the bends have spher- 
ical electrodes. Alignment tolerances are given. Aberra- 
tions are kept sufficiently small that the maximum beam 
emittance of 50 7rmm-mrad is transported with negligible 
distortion. Of particular interest are the achromatic bend 
sections, the sawtooth buncher insertion, and the matching 
section to the RFQ. 

1 BEAM PROPERTIES 

For acceleration in the RFQ, particles must have a velocity 
corresponding to 2 keV per amu. The lightest mass con- 
sidered will be 6 amu; therefore the smallest momentum is 
Bp = 386 gauss-m. 

After considering variously reported emittances for ra- 
dioactive ion sources, we have chosen 50 7rmm-mrad as the 
upper limit nominal emittance. This means we desire to be 
able to transport this emittance easily with negligible degra- 
dation. In practical terms, this means that the acceptance of 
the transport system should be at least 2007rmm-mrad. 

In some cases, the beam after the separator may have a 
much smaller emittance in the bend plane than in the non- 
bend plane. Somewhat arbitrarily, we impose the condition 
that for an emittance ratio of 25, the smaller emittance be 
allowed to increase by no more than 20%. 

The intensity of the radioactive beam is not envisaged to 
exceed 1 fiA, so space charge is not important. 

2 OPTICS ELEMENTS 

All optics will be electrostatic. This is cheaper than mag- 
netic, but also simpler to tune since the settings depend only 

upon beam energy, and not on mass. One can go from one 
mass to another by simply changing the separator dipole, 
without retuning the quadrupoles and electrostatic bends in 
LEBT The voltages are not high, since the highest beam 
energy is only 60keV. 

At TRIUMF, we have been using electrostatic optics 
since 1974 in our 20 m long, 300 keV, H~ injection line 
for the cyclotron (ISIS)[2]. 

The ISAC LEBT quadrupoles will be similar to the ISIS 
quads, with a bore radius of 25 mm. Typical lengths will be 
50 mm as opposed to the ISIS standard length of 100 mm. 
For the typical focal length / = 0.3 m, the required elec- 
trode voltage is 2.5 kV at the maximum beam energy of 
60keV. The electrodes are cylindrical in section, with ra- 
dius 1.145 times the bore radius. They are cut from an 
aluminum extrusion: the ends are not shaped in any special 
way [3], but slightly rounded to remove the sharp edge. 

The bends are similar to the ISIS bends with an aper- 
ture of 38 mm, except that the radius is 254 mm instead 
of 381mm, and the shape is spherical instead of cylin- 
drical. Spherical electrodes give equal focusing in the 
bend and non-bend directions. The electrode potentials are 
±9 kV at the full energy of 60 keV. The outer electrode can 
swing open on a pivot to allow switching between straight- 
through (bend off) and 45° bend. See Fig. 1. Special care 
is taken in alignment: the tolerance on positioning the elec- 
trodes is ±0.4 mm and on the roll angle is ±1.4mrad. 

A first order transport code was used for designing 
the optics. However, 3rd order aberrations were calcu- 
lated for individual quads using the formula[3] ^j2- = 

j£ (^x2 - iy2) for x, and similarly for y. Fractional in- 
creases in emittance for individual quads were added in 
quadrature as well as the emittance increase incurred from 
an inexact match. This was minimized using a simulated 
annealing optimization engine. Optimization parameters 
were quadrupole strengths and positions: the optimization 
algorithm works efficiently for any number of optimization 
parameters. 

GIOS was used in a final check of the transport 
from buncher to RFQ. It confirmed that an emittance of 
200 7rmm-mrad was transported with only slight distortion. 

3   OPTICS MODULES 

Besides special sections for matching from the separator, 
from the Off-Line Ion Source, and to the RFQ, there are 
only 3 different modules; the periodic cell, 90° bend, and 
an insertion for creating small waists e.g. for the buncher. 

The backbone of the transport is FODO periodic with 
a phase advance of 90° degrees per cell.   Each cell is 
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Figure 1: Layout of LEBT 

Lc = 1 metre in length, and the quads are arranged in dou- 
blets, 0.31 m between quad centres. The quadrupoles them- 
selves are only 5 cm in length. (See, for example, Fig. 2, 
which shows a periodic section cell on either side of a bend 
section.) These parameters are of course a compromise be- 
tween good optical properties and minimum cost. 

The main optical condition was that the beam not be eas- 
ily perturbed by outside influence. A fairly good approx- 
imation for motion in the periodic section under the influ- 
ence of a stray magnetic field is x" + k2x = 1/p, where k 
is the focusing strength (= TT/2/LC for 90° per cell) and p 
is the radius of curvature in the stray field. This shows that 
the average beam deflection is Ax = (k2p) ~x, and we wish 
this to be small compared with the quadrupole aperture. 
Stray field from the earth and the TRIUMF cyclotron com- 

bined is approximately 1 gauss. This yields Aa: = 1 mm 
for the 6 amu case, which is tolerably small compared with 
the quadrupole aperture radius of 25 mm. Since Aa; oc L\, 
it would be 4 mm for a 2 m cell length, and this would have 
required magnetic shielding. 

Monte Carlo calculations were made for periodic section 
quads with random roll angles. It was found that to meet the 
above condition for maintaining emittances of non-round 
beams, the rms roll angle be no more than 5 mrad. 

The bend module (Fig. 2) consists of two 45° bends with 
a symmetric triplet between. The triplet is tuned to make 
the module achromatic. Since it is symmetric as well, this 
also zeroes the transfer matrix elements M5i and M52. 
This is essential for the bend module between the buncher 
and the RFQ. 
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Figure 2: Beam envelopes in cm for e = 50 7r/zm through 
the bend section, showing periodic sections on either side. 
The upper trace is for the bend plane, and the lower trace 
is the non-bend-plane envelope. The step-shaped traces are 
the focusing strength k; kx plotted positive and ky plotted 
negative. (The traces for kx and ky coincide in quads since 
kx = -ky, but not in spherical bends where kx = ky.) 

Note that the 45° bend element can be installed in any 
long drift of the periodic section. Only the quadrupole 
nearest the bend needs to changed from its periodic setting. 
This is to be used in the Low Energy Experimental Area to 
allow switching into an experiment at any periodic cell. 

The buncher insertion uses a triplet on either side to cre- 
ate the waist. The optics is sufficiently flexible that waist 
radii from 2 mm to 5 mm are possible. 
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Figure 3: Beam envelopes for matching the periodic sec- 
tion to a narrow waist at the buncher. The tune shown is for 
a 2.5 mm waist. 

Matching to the RFQ is achieved with 5 quadrupoles, the 
last one being half of normal size (radius = 12.5 mm, length 
= 25 mm, see Fig. 4). This is because the beam required by 
the RFQ is highly convergent (28 mrad), and a short final 
quad avoids the beam being overly large in the second-to- 
last quad in the direction of defocusing in the final quad. 
The matching section and the shapes of the electrodes at the 

RFQ entrance were optimized together[4]. Laplace's equa- 
tion was solved for a given electrode shape, particles were 
tracked to find the acceptance ellipses, an optimal match- 
ing section was designed as described above by minimizing 
the 3rd order quad aberrations; then a new RFQ configura- 
tionwas calculated again and the procedure repeated. In 
this way, a design was found in which the emittance in- 
crease for 200 7rmm-mrad was only 10%. 

0 20        40        60        80       100      120      140 
distance (in) 

Figure 4: Beam envelopes matching the periodic section to 
the RFQ. 

4   LAYOUT 

The layout is shown in Fig. 1. The beam arrives from the 
separator at the lower left of the figure, traveling North. It 
is bent vertically, and here there is a 90° rotation of the co- 
ordinate system in the figure, so that when it is again bent 
onto the horizontal plane, it is traveling West. There are 
two locations where the beam can be bent onto the hori- 
zontal plane: on the top (ground) floor, and on a mezzanine 
between the separator pit and the ground floor. There is an- 
other coordinate transformation so that from the point on 
the figure where the beam is again bent to the horizontal 
plane, it is in Plan View. The beam can either cross over 
the beam from the Off-line Ion Source (OLIS), towards the 
RFQ, or it can be bent toward the North, to the Low Energy 
Experimental Area. If the radioactive ion beam is supply- 
ing the LE area, the OLIS can be used by the RFQ, and if 
the radioactive beam is supplying the RFQ, the OLIS can 
be used for the Low Energy experiments. 
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Abstract 

The TRIUMF OPPIS (Optically Pumped Polarized Ion 
Source) provides the precision quality beam for the exper- 
iment on parity-nonconservation in proton- proton scatter- 
ing at 230 MeV beam energy. The results of recent devel- 
opments and studies for the minimization of contributions 
to the experiment systematic error due to the beam energy 
and position modulations correlated with spin- reversal are 
presented. 

Studies of high current production have also been done 
in collaboration with INR, Moscow and BINP, Novosibirsk. 
The feasibility of a 10 mA polarized H~ ion current was 
demonstrated. The pulsed OPPIS application for the fu- 
ture RHIC and HERA polarization facilities are discussed. 
The polarization technique of the radioactive nuclide beam 
is proposed for beta-NMR condensed matter studies with a 
new ISAC facility at TRIUMF. 

1    INTRODUCTION 

Collider experiments with polarized proton beams, ap- 
proved at RHIC 111 and under consideration at HERA 121, 
will provide fundamental tests of QCD and the electroweak 
interaction. Polarized beams should allow better identifi- 
cation of new objects produced in proton-proton collisions 
and expand the limits of searches for possible manifesta- 
tions of New Physics beyond the Standard Model. Such 
experiments will require the maximum available luminos- 
ity, and therefore polarization must be obtained as an extra 
beam quality without sacrificing intensity. Typical currents 
for unpolarized H- ion injectors are in the 20-50 mA range. 
With a lower current polarized source the use of multiturn 
charge- exchange injection into a booster ring will partially 
compensate the loss, but only a 20-30 mA source will com- 
pletely solve the problem. A 1.64 mA dc polarized H~ ion 
current was obtained at the TRIUMF OPPIS, with a promise 
of further increases to the 2-3 mA range 111. The ECR- 
type primary proton source used at the TRIUMF OPPIS 
has a comparatively low emission current density and high 
beam divergence, which limits further current increase and 
gives rise to inefficient use of the cw laser power for optical 
pumping. In pulsed operation, suitable for high energy ac- 
celerators, the ECR source shortcomings have been avoided 
by using an INR-type OPPIS with a high-brightness pro- 
ton source situated outside the magnetic field IM. Studies 
performed in collaboration with INR, Moscow and BINP, 
Novosibirsk have demonstrated the feasibility of producing 
10 mA polarized H_ ion currents using this scheme. Pro- 
posals on pulsed OPPIS developments for future polariza- 
tion facilies at RHIC and HERA are considered below. 

The TRIUMF OPPIS provides a precision quality beam 
for studies of parity- nonconservation in proton-proton scat- 
tering at 230 MeV 151. It operates very reliably and delivers 
beam for about 40% of the cyclotron operational time. 

Beta-NMR studies of surfaces with polarized radioactive 
nuclide beams are proposed for the new ISAC (Isotope Sep- 
arator and Accelerator) facilities at TRIUMF 161. The ap- 
plication of the optical pumping polarization technique for 
radioactive nuclides is described for lithium-8 and neon-23 
beams. 

2   POLARIZED BEAM FOR 
PARITY-NONCONSERVATION STUDIES 

At present the TRIUMF OPPIS is heavily used for the E497 
"parity" experiment. The goal of this experiment is the 
measurement of the parity- violating analyzing power A2 

for the scattering of a longitudinally polarized 230 MeV 
proton beam in a hydrogen target to an accuracy of ±10-8. 
This imposes very severe constraints on the polarized beam 
quality. From the very beginning, OPPIS development at 
TRIUMF has been pushed by this very demanding exper- 
iment. The initial expectation that spin-reversal-correlated 
modulations of the beam parameters should be smaller in 
the OPPIS than in the ABS have been demonstrated ex- 
perimentally, although it took some time to understand its 
origins, develop the apparatus and find the optimal set of 
source parameters. At present, the helicity-correlated cur- 
rent modulations are below the 10"5 level and energy mod- 
ulation can be reduced below 0.010 eV 111. The correlated 
beam position modulations are less than 20 nm. The op- 
timum beam current required at the target for the parity 
experiment is 0.20 uA, but to achieve very small helicity 
correlated modulations, most of the beam intensity must 
be sacrificed for beam quality. Therefore, high brightness 
source performance is required, and the ongoing high cur- 
rent OPPIS development at TRIUMF is of benefit to the par- 
ity experiment. At present, polarized beam quality meets 
the experimental requirements. The extension of the parity 
experiment to 450 MeV has been proposed /8/. 

3 PROPOSAL FOR A POLARIZED 800 GEV 
PROTON BEAM AT THE HERA COLLIDER 

Studies of the hadron spin-structure functions in collisions 
of polarized electrons with polarized helium-3 , hydrogen 
and deuterium internal targets are in progress at DESY 
(HERMES experiment). The proposal to significantly ex- 
pand the kinematic range of these studies and measure the 
gluon contribution to the proton spin in collisions of an 800 
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Figure 1: Pulsed Polarized H~ Ion Injector Layout. BM - Bending Magnet; DB - Diagnostics Box; FS - Focussing 
Solenoid; La - Lyman-Alpha Detector; Na - Sodium Cell; NI - Neutral Injector Plasmatron; PV - Pulsed Valve; RFQ - 
Radio Frequency Quadrupole; SF - Spin Filter; VP - Vacuum Pump. 

GeV polarized proton beam with a 30 GeV polarized elec- 
tron beam was recently examined 111. TRIUMF is a part of 
the SPIN Collaboration, which is working on a proposal for 
polarized proton acceleration in HERA to 800 GeV and ex- 
periments with the polarized beams. 

The TRIUMF task is development of the high intensity 
polarized H~ ion source. A polarized H- ion current of 
10-20 mA is required to provide sufficient luminosity of the 
polarized beam for the above experiments. At present, the 
design luminosity has not yet been obtained, even with an 
unpolarized 50 mA injector. 

The feasibility of 10 mA polarized H~ ion current pro- 
duction in the INR- type pulsed OPPIS was demonstrated 
in experiments with the atomic H injector at BINP, Novosi- 
birsk and experiments at TRIUMF on optical pumping of 
high density Rb vapor in the presence of a high-intensity 
proton beam 191. The 20-30 mA current may be feasible in 
the "combined" polarization scheme, where space-charge 
compensation is easier to achieve /10/. The development 
of a pulsed OPPIS is in progress at TRIUMF. The atomic H 
injector is being constructed and tested on a test bench. A 
16 mA pulsed H~ ion current of a 6 keV beam energy was 
obtained at the test-bench for the geometry which closely 
reproduce the pulsed OPPIS layout. After optimization it 
will be installed at the TRIUMF OPPIS setup, as shown in 
Fig. 1. The optical pumping of the high-density, large diam- 
eter Rb vapor cell will be produced by a pulsed Ti:sapphire 
laser. Nearly 100% Rb polarization has already been ob- 
tained in an experiment with a pulsed laser under develop- 
ment. The H~ nuclear polarization will be measured and 
optimized using the powerful OPPIS diagnostic tools. 

The high-current low energy polarized H~ ion beam 
must be accelerated immediately after the ionizer to 20- 
50 keV to prevent increase of the beam divergence due to 
space-charge effects. This can be done by biasing of the 
whole source to a potential of 20-50 kV. After acceleration 
in a two gap system, which will also provide the required 
focusing, the beam will be deflected by a bending magnet 

through 46.7 degrees to preserve longitudinal polarization. 
Alternatively, a 15 degree bend plus a solenoidal rotator can 
be used to align spin vertically. The beam will then be in- 
jected into an RFQ accelerator. 

4   OPPIS INJECTOR FOR RHIC 

The polarization facilities at RHIC will provide 70% po- 
larized proton- proton collisions at the energy up to sqrt(S) 
= 500 GeV and luminosity of 2xl032/cm2s III. The po- 
larized injector must produce in excess of 0.5 mA H~ ion 
current during the 300 us pulse, within a normalized emit- 
tance of less than 2 pi mm mrad. This is an ideal application 
for the TRIUMF-type OPPIS, where the 1.64 mA current 
was obtained in the dc mode. The required pulsed operation 
will greatly simplify and reduce the cost of the laser system, 
while providing the best source performance due to a surfeit 
of optical pumping laser power. The possibility of the KEK 
OPPIS upgrade for RHIC in a collaboration between BNL, 
KEK and TRIUMF is under consideration. 

5   POLARIZED RADIOACTIVE BEAMS FOR 
MATERIAL STUDIES AT ISAC 

Implantation of several beta-radioactive beams in a mate- 
rial surface (high-temperature superconductors, and semi- 
conductors are of the greatest interest) and observation of 
the spin-precession due to the local magnetic field can be 
a useful tool for surface studies, similar to the MuSR tech- 
nique for bulk materials /ll/. The polarization precession 
can be detected by measuring the asymmetry of beta-decay. 
For example, a 8Li+ ion beam intensity in excess of 108/s 
will be available from the TRIUMF ISAC facility for a 10 
uA proton beam at the target. The polarization will be pro- 
duced by direct optical pumping of 8Li atoms in the setup 
shown in Fig.2. The 20 keV Li+ beam will be neutral- 
ized in a sodium vapor cell and then optically pumped by 
a collinear 669 nm wavelength dye laser beam (2S i to 2P i 
transition). The optical pumping region must be shielded 
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Figure 2: 8Li Polarization Layout. (1) Alkali Vapour Neutralizer Cell; (2) Optical Pumping Region; PM - Photomultipliers; 
(3) Gaseous Ionizer Cell; (4) Analyzing Chamber. 

from external magnetic fields and a homogeneous longitu- 
dinal field of 10-20 G will be provided. The laser power 
density required for pumping both F=3/2,5/2 states is about 
0.5 W/cm2 for a multimode laser with a bandwidth of about 
500 MHz, the latter determined by hyperfine splitting of 3 82 
MHz in the 2S i state and 44 MHz in the 2P i state. Af- 

2 _2 

ter polarization, the Li beam is ionized to Li in a second 
alkali cell with an efficiency of about 10%, or to Li+ in a 
gaseous argon cell with about 30% efficiency. The ion beam 
is bent and transported to the sample. The bending prevents 
direct deposition of sodium vapor on the sample surface and 
provides a convenient entrance for the laser beam. The ion 
beam can be easily transported a few meters, thus simpli- 
fying the obtaining of an UHV in the analyzing chamber. 
It is estimated that about 10% of the primary beam can be 
optically pumped to 70-80% polarization. Another choice 
of probe is a Ne-17 beam, which can be polarized by se- 
lective excitation of hyperfine substates in the metastable 
Ne* (3P2) state. In the sodium neutralization cell about 10- 
20% of the initial 20 keV Ne+ beam is produced in this 
metastable state .which is easy for optical pumping using 
3P2 — 3Ü3 transition and 640 nm laser. Selective ioniza- 
tion of the metastable atoms in a second charge-exchange 
cell will produce a high of about 50% nuclear polarization 
of the Ne+ ion beam for implantation. 

6   CONCLUSIONS 

The powerful techniques of optical pumping and polariza- 
tion transfer collisions are very successfully implemented 
in the high current OPPIS, which meets the demands of the 
new generation of high-energy accelerators and colliders. 
The OPPIS also provides the high quality beam for preci- 
sion experiments at TRIUMF. We believe that development 
of new polarization facilities at RHIC and HERA will ben- 
efit from OPPIS technology and will, in turn, boost the fur- 
ther development of polarized sources. 
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Abstract 

This work is an analytical description of a phenomenon 
known as electron emission from ferroelectrics. The 
production of free electrons from the surface of 
ferroelectrics with a metal lattice structure will be 
explained. An analytical field calculation shows that with 
a given structure the apparent surface charges of the 
ferroelectrics produce an electric field, which causes an 
electron emission from the metal lattice because of the 
tunnel effect. The emission process is described on the 
basis of the Fowler-Nordheim formula. After the 
polarization change of the ferroelectrics, free electrons are 
produced as a result of the Coulomb interaction. In theory 
this work analyzes the question of producing high density 
electron currents by means of ferroelectric materials. The 
calculated values are compared to empirically found data. 

1 INTRODUCTION 

First it should be stated that the experimental 
investigation of ferroelectrics in terms of electron 
emission is not new. After a fast pole-changing (= a few 
nano seconds) of the spontaneous polarisation Ps (Fig. 1) 
an intensive electron beam could be measured in a period 
of time =50 ns. About the causes (production of many 
free electrons) the above mentioned authors offered 
approaches yet no thorough descriptions of the 
phenomenon. 

AP, 

-o—o—1|— 

Figure: 1 Sketch of the pole change with subsequent 
emission of electrons from the surface 

Next section it is assumed that the production of free 
electrons can be described as follows: It is shown that 
there is an equality of the measured emitted free charge 
carriers in the electron beam because of the Coulomb- 
repulsion (between the apparent surface charge density, 
the polarization of the ferroelectrics which was changed 
shortly beforehand, and the free charge carriers which 
tunnelled out of the metal for saturating the apparent 
surface charge density) and the apparent surface charges 
which in total of their charges correspond to the amount 
of charges tunneling out of the metal. 

Hence, the interpretation of the cause of this phenomenon 
as described in this paper is contradictory to the 
approaches regarding the numerous free charge carriers in 
the electron beam to originate from an emission process 
out of the ferroelectrics. This phenomenon was observed 
by means of the test configuration below (Fig. 2). 

Ferroelctric 
Disk 

JT Pulse 
Generator 

High Voltage ™J L_ -*S"^ 
Power Supply 

—| 1 

Fast High Voltage 
Transistor Switch 

Figure: 2 Configuration used for electron production 

The test configuration mainly consists of a pre-poled 
ferroelectric disk (Fig. 3), e.g. PLZT: 2/95/5, the backside 
completely coated with metal (gold) and the front side 
covered with a metal lattice layer (gold: line structure 
=200 urn). 

Figure: 3 Design of the FE-sample 

Thus the disk acts as a capacitor. When applying a higher 
negative pulsed voltage (several kV) to the backside the 
shortly intensive (=10 to 30 uC) electron beam (Fig. 5) 
was registred with a Faraday cup. 
Considering a small latice hole to be a cylindrical bore 
hole (Fig. 3) in the metal of one of the capacitor plates 
(front), the electric field strength within the bore hole can 
be calculated for the time being for an uncompensated 
apparent surface charge density of the ferroelectric which 
in that place is uncovered and pre-poled. 
On the basis of field emission, the density of the tunnel 
current coming out of the metal can be calculated using 
the Fowler-Nordheim formula. The differential equation 
for the compensation charges tunneling out (corresponds 
to the free charge carriers of the later on - after the change 
of polarization - emitted electron beam) can be integrated 
exactly and allows to state a relation between the apparent 
surface charge load, the period of half-life and the initial 
tunnel current density [1]. 
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2 DETERMINATION OF THE POTENTIAL AND 
OF THE ELECTRIC FIELD STRENGTH 

We consider two capacitor plates with the distance / 
between which there is a ferroelectric with the potential 
U0. One of the capacitor plates has several cylindrical 
bore holes at regular distances which are relatively long 
as compared to the diameter of the bore hole; in other 
words: one single lattice segment is approximated by a 
cylindrical bore hole. We want to determine the electric 
field in the capacitor near a representative bore hole and 
in the bore hole itself (Fig. 4). The geometrical, electric 
influence of the other bore holes on the representatively 
selected one shall be neglected. 

In the case of 

(1) 

Figure: 4 Geometrical arrangement for the calculation 
of the electric field 

After introducing cylindrical coordinates (z, r, q> )the 
potential function v(r, z), which is to be determined and 
which is independent of (p both within the capacitor and in 
the bore hole itself in the general case, can be written as 
an infinite series over Bessel J0 or Neumann functions N0, 
respectively: 

V(r,z) = (A + Bz)(C+Dln(r))+£JE„jJ-^-rl-F„Nj-^ 

{G„.exp(-Vz]+Hn.exppH 
where J0N are the (tabulated) zeros of the Bessel function, 
and R is the Radius of the bore hole. 
The integration constants A, B, C, D, E„, F„, G„, H„ have 
to be found through boundary and transition conditions. 
In order to describe the ferroelectric adequately in the 
parts I and II, the relation 

D = e0E + P = eE + P, (2) 

between the dielectric displacement D, the electric field 
strength E and the spontaneous polarization Ps is valid. 
Hence we assume that the absolute dielectric constant e a? 
well as the spontaneous polarization are constant. 
After a few elementary transformations and 
transition conditions into account we come 
following formula for the potential in part III [2]: 

VllI(r,z) = -2-R-[: P.+- 
ik 1 I J°. 

TTT ■) 

J«. Jodo.) 
E 

•   E.+  0    tanh(J„ •1/R)J 

taking 
to  the 

(3) 

hence using 

EIIIr(r = R,z>0) = 
3V,„(r,z) 

3r (4) 

for the /--component of the electric field strenght Emr 

inside the cylindrical bore hole we receive 
,xii R

Z 

-* L— (5) Emi(r=R,z>0) = 2- P.+ Uo 
')!- 

Ianh(J0   1/R) 

= 104-£„ 
30M£ 

cm2 

the electric field strength amounts to approximately 
2108V/cm. Using formula (5) we can find the electric 
field strength on the inner metal edge which on the basis 
of tunnel effect enables the metal electrons to overcome 
the work function. 

3 CURRENT DENSITY AS A RESULT OF THE 
TUNNEL EFFECT 

In quantum mechanics, the calculation of the permeability 
factor D is well known, and for the movement of an 
electron with the energy W through a potential energy 
barrier U=U(x) is given by 

D = exp ±-ffi-m.-(U(x)-Vf)dx (6) 

In our situation, the barrier U=U(x) is determined by the 
Fermi energy WF and the work function on the one hand, 
and by the applied electric field E on the other hand. 

U(x) = -EIIIi-xe„ + W„ (7) 

Inserting   U(x)  into  the  fundamental  formula  (6)   of 
quantum mechanics for the tunnel effect, and after simple 
integration we finally arrive at 

2 
D = exp -.^•nvCWo-W))' (8) 

3-ft-me-E. 

The electric field strength found in the above paragraph 
and for the work function W0 the permeability factor e.g. 
for copper amounts to 4,2-10"8. Here the potential barrier 
is approximately as wide as four times the Bohr radius. 
When applying an electric field strength to a metal some 
electrons tunnel according to the permeability formula (6) 
from the metal into the vacuum so as to compensate the 
positive unfree apparent charge of the high spontaneous 
polarization in terms of absolute value. In order to 
estimate how fast the compensation effect goes it is 
necessary for the time being to determine the current 
density JT of the electrons tunneling out. It is known that 
the current density results from the Fermi distribution of 
the electrons in metal and from the permeability formula 
(6), giving the Fowler-Nordheim formula. 

e'-E 

h-8rc(W„-WF) 
exp 

2-V(2-ny(W„-WF))
3 

3fim ■eE... 
(9) 

Writing the electric field strength E„Ir in V/m, the work 
function WA in eV and the tunnel current density J in 
A/m2 the Fowler-Nordheim formula in dimensionless 
quantities to be measured reads: 

JT = 1,54-10H 
E2 Eni, 

WA 

exp -6,826-10' (10) 

Again inserting in (10) the electric field strength of our 
example and the work function WA of copper for the 
tunnel current density amounts to approximately 1200 
A/cm2 and is the higher the shorter the period is. 
Moreover, we note that a slight increase in the electric 
field strength immediately results in a considerably higher 
tunnel current density and hence, as will be explained in 
the   following   paragraph,    there    is   just    a    faster 
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compensation of the apperent surface charges by the 
electrons tunneling out of the metal. 

4 SATURATION OF THE FERROELECTRIC 
SURFACE IN TERMS OF TIME 

The relations (5) and (9) allow us to write a differential 
equation for the still uncompensated apparent surface 
current density;/ ^t) 

*»-*-$■ <n, 
where Ps=r/ ^t-0)^r/ s and Q(t) is the charge which 
tunneled out of the metal by the time t: 

, , s      „    „     dQ        „    „   6,2-10"6     7,1 (    U„ 
JT(t)-a-2it-R=—- = a-2ii-R- — ,/—•  E—- + T)sCt) T dt 11,1      V 4   I      1 

o" •exp 
W-IO'-V? 

v>-ÄLM 

Here a means the depth of the bore hole, and a  E a 
shortcut for the following: 

' J„ 

-2-X- 
exp 

A 

R 

£„ + : tanh(J0 _1/R) 

After introducing further suitable shortcuts 

(13) 

^ = |e-TL+Tl, |-«-R 
n= M     6,2 -KP     7,1 

7CZR4 11,1 

o= ^•lCf-^-Tt-R2 (14) 

our differential equation can be transformed as follows 

^ = Q-(«F-Q)
2 

at (15) 

It can be solved by separation of the variables, and using 
the inititial condition Q(t-0)=0 (by the time t=0 there has 
been no tunnel charge emission) we get 

Q(t)= "' = ¥- 

ln <t>£2-t + ex 
(16) 

We note that Q( t = ~) = f . As the standard for the time 

behaviour of the compensation we use half-life t : 

Inserting the values of our example in (17) results in 
T =4 Itfns, i.d. in a very short period of time a 
considerable part of the apparent surface charge density 
will be saturated by the electrons tunneling out of the 
metal. Finally, since we arrive at 

exp £)■ ¥ 
15 »1 (18) 

in our example an approximated formula for r k 

T=^-exp(f-2) (19) 
Moreover, (12) in combination with (16) at t=0 provides 
the tunnel current density. Since 0 and £2 ae independent 
of the apparent surface charge density 77 sue get a relation 
which combines77 swithr and Jj{t-0): 

TV7TR2=JV^JT(t = 0)-M   ^| (20) 

Formula (20) shows the relations between relevant 
quantities in the compensation process as a result of the 
tunnel effect. After fast pole change (Ps —> -Ps) the 
compensation charges are suddenly confronted with 
apparent surface charge densities with the same sign and 
are hence repelled. A corresponding pulse of current IM(t) 
if integrated over time is then exactly 

nsTtR2 = JlM(t)dt = TMth (21) 

the previous compensation charge. Thus, we showed in 
this paper that compensation charges can appear mainly 
as a result of the tunnel effect from the metal of the 
capacitor charge. We get 

(12)    which corresponds with the data measured [3]. 

1   IHTCEMATCO 

Figure: 5 The sample response © to a negative pulse 
applied to the backside ® 

5 CONCLUSION 

The results of this paper allow to conclude that the 
problem of the place where the compensation charges for 
the saturation of high apparent surface charge densities in 
ferroelectric materials come from has a relative simple 
solution. The physical explanation is that the apparent 
surface charges of the ferroelectric create very strong 
electric fields within the lattice holes, with the lattice 
having a potential of V=0. These fields cause the 
emission of electrons from the metal lattice (quantum 
mechanic tunnel effect). These electrons create the 
compensation charges, so that after the pole change of the 
ferroelectric (V--U0) they can be registered [4] as free 
charge carriers in the electron beam (as a result of the 
Coulomb force between the apparent charges and the 
compensation electrons). 
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EMITTANCE IN THE PNC HIGH POWER ELECTRON LINAC 
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Abstract 

We developed a new, three-dimensional simulation code 
ETRA3D to calculate beam dynamics in the injector of 
PNC s high-power, high-duty electron linac. In 
ETRA3D, beam dynamics are calculated by Hamiltonian 
equations and the space-charge force is calculated by the 
potentials produced by other electrons. The Hamiltonian 
is calculated at each time step and the length of the time 
step is varied by a change in the Hamiltonian to reduce the 
error of transition and the calculation time. 

The precision of ETRA3D was checked by comparing 
it with the envelop equation. The agreement between 
them was good. We demonstrated the capabilities of 
ETRA3D by an example in which the electron beam is 
not launched along the axis of the series of the solenoid 
coils. Under this condition, two-dimensional codes can 
not calculate the beam dynamics. 

1 INTRODUCTION 

The Power Reactor and Nuclear Fuel Development 
Corporation (PNC) is developing a high-power, high- 
duty electron linac for various applications including the 
transmutation of fission products, a Free Electron Laser, 
and as a positron source [1,4]. The injector for this linac 
consists of an electron gun, two magnetic lenses, an RF 
chopper, chopper slits, a pre-buncher and a buncher. Its 
main specifications are listed below; 

Electron Gun High Voltage 200 kV(DC), 
Beam Current 300 mA, 
Pulse Length 4 m sec, 
Pulse Repetition 50 Hz, 
Duty Factor 20%, 
RF Frequency 1249.135 MHz. 

Table 1. Main specifications of the injector 

There is 2.3 m concrete radiation shield between the 
electron gun room and the accelerator room. The electron 
beam must pass through this region without significant 
growth in emittance, as far as possible. In the low- 
energy-region, a space-charge force is the predominant 
factor causing growth in emittance. To reduce such 
growth, there is a series of solenoid coils, covered from 
the exit of the electron gun to the first accelerator guide, 
except between the RF chopper and chopper slits. The 
shape and strength of the magnetic field produced by the 
solenoid coils is arranged by estimating the space-charge 

effect properly. We developed a new, three-dimensional 
simulation code ETRA3D for the PNC injector which is 
designed to account for the space-charge force accurately. 

2. SIMULATION CODE ETRA3D 

In ETRA3D, the positions and momentums of each 
electron are calculated at each time step according to 
Hamiltonian equations.[5] 

H = i>,-eA1)
ac1

+(m.ca)1+ei 4>i (1) 

X:   = 

Px, 

(Px,-eAxJc 

J0>i-e4)2c2+(mc2): 

*i'yi'zi r)A 

^H mc '3*. 

(2) 

(3) 

Actually, the positions and momentums of each electron 
are calculated from eq.(2) and (3) by the Runge-kutta 
method. 

When calculating the space charge force, ETRA3D 
does not use mesh which is used in PARMELA. When 
the beam dynamics are calculated by PARMELA, a 
suitable mesh size and number of the mesh intervals must 
be chosen because the results are depend on them. In 
ETRA3D , the space-charge force is calculated by the 
potentials produced by other electrons, so that the space 
charge effects are accurately included in ETRA3D. 
However, if there is an increase in the number of 
electrons, a longer calculation time is needed. To reduce 
calculation time, ETRA3D restricts the range where the 
particles produce the potentials. 

In ETRA3D, beam dynamics are calculated at each 
time step according to the Hamiltonian equations; the 
transition matrixes are not used. If the time step is large, 
calculation time will be reduced, but then errors will be 
introduced. It is difficult to find a suitable length of the 
time step because it strongly depends on several 
conditions, namely, the beam current, electron energy, 
beam radius and the number of the electrons used for the 
calculations. In ETRA3D, the length of the time step is 
varied automatically to reduce a change in Hamiltonian if 
the external fields do not depend on the time. When they 
do not depend on the time, the Hamiltonian must be 
conserved. The main purpose of ETRA3D is to calculate 
the beam dynamics in the injector of PNC s high-power, 
high-duty electron linac,   especially the electron gun to 
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RF chopper. These parts do not include the RF fields; 
therefor, we can use this method. It can reduce the errors 
arising from the time step and save calculation time. 

3 EXAMPLES AND DISCUSSIONS 

3.1 Envelop equation. 

The usual way to check the precision of a numerical 
procedure is to evaluate a variant for which a solution is 
known. We chose the case of beam dynamics in free 
space. The envelop of a round beam under the influence 
of the space charge can be calculated numerically by the 
envelop equation[6]. 

^UKR-4 
ds2 R3 2R' 

(4) 

where R is the beam radius, and K, e, and \ are the 
focusing strengths, emittance, and space-charge 
parameter, respectively. The space charge parameter, \ , 
is given by: 

S = 
4QV 
ßV ' 

(5) 

where the beam particles have a charge Qe, X is a uniform 
longitudinal particle-density, and r0 is a classical radius of 
the electrons. We calculated the beam envelops using the 
envelop equation and ETRA3D under the following 
conditions: 

Beam current Ie 

Electron energy Ee 

Beam radius rb 

Emittance e 

0.3A DC, 
200 keV, 
0.002 m, 

0 n mm mrad. 
Table 2. The conditions for calculating the beam envelop 

The results from the envelop equation and ETRA3D 
are shown in figs.l and 2, respectively: the 
correspondence between them is close. 
R[m] 
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Figure 2 The result of ETRA3D 

3.2 beam dynamics in the series of the solenoid coils. 

To demonstrate the capabilities of our code, 
choose the case in which the electron beam is not 
launched along the axis of the solenoid coils because of 
alignment errors between the electron gun and solenoid 
coils. We assumed that the cylindrically symmetric 
electron beams from the electron gun are at an angle to the 
axis of the solenoid coils. 

X-Y at Z=0 [m] 
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Jl        0.000 

-0.005 

T T T 
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Figure 3. The beam distribution. 

The beam current Ic and the electron energy Ee are same as 
in the example of the envelop calculations. The beam 
distribution at z=0 is shown in fig.3. The distributions of 
the beams are cylindrically symmetries and their centers 
coincides with the axis of the solenoid coils at z=0. But 
they are set at an angle to the axis of solenoid coils by 
adding 3 mm mrad to all 9X and 9y. Figs.4 and 5, 
respectively, shown the magnetic field produced by the 
solenoid coils and the beam trajectories. 

Figure 1 The result of envelop equation 
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Figure 4. The magnetic field. 
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Figure 5. The beam trajectories. 

In fig.5,   the whole beams spiral along the axis of the 
solenoid coils. 

X-Y at Z=2.5 [m] 
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The beam distribution at z = 2.5 m is shown in fig.6. It 
is clear from fig.6 that the centers of the beams do not 
coincide with the center of the solenoid coils, and the 
distributions of the beams has lost their cylindrical 
symmetry. If the centers of the beams do not coincide but 
the distributions still keep their shape, it is not difficult 
to launch the beam along the beam transport system. But 
if the shape of the distributions change, they can not be 
restored to the original shape. This simple example 
demonstrates that two-dimensional codes can not calculate 
beam dynamics when the electron beam is not launched 
along the axis of a perfectly aligned beam transport 
system. 
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PERFORMANCE OF MAGNESIUM CATHODE IN THE S-BAND RF GUN 
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Abstract 

In this paper, we present the preliminary results of the 
performance of magnesium cathode in a high frequency 
RF gun. The quantum efficiency of Mg showed a 
dramatic improvement upon laser cleaning, increasing 
from 10'5 to 4x10"* after two hours of cleaning, and to 
2x10"' after systematic cleaning. The cleaning procedure 
for this increase is described in detail. Charge measured 
as a function of the laser injection phase relative to the 
RF phase indicates that the temporal variation of the field 
on the cathode both due to the RF and the shielding effect 
of the emitted electrons play a critical role in the emission 
and extraction of electrons. A model that includes this 
variation is numerically fitted to the measured charge and 
the results are presented. The unexpected outcome of the 
fit was the low field enhancement factor (0.1) predicted 
by the model for the photoemission. The physical origin 
of this is still under investigation. 

1 INTRODUCTION 

In the past decade, there has been considerable 
research[l] in identifying a photocathode material that 
would be both rugged and efficient at the same time. 
Progress in cesiated materials has resulted [2,3] in 
quantum efficiencies of a few percent and life times of a 
few weeks. Metal photocathodes with 0.5% quantum 
efficiency and infinite life times have been identified[4]. 
For the first time, such a high quantum efficiency metal 
has been processed and studied systematically in a RF 
gun under high fields, and the results are presented in this 
paper. 

2 EXPERIMENTAL ARRANGEMENT 

The RF gun used in these experiments is the injector[5] 
of the Brookhaven Accelerator Test facility (ATF). It is a 
1.6 cell, S-band, copper gun with a removable back plate, 
the center of which acts as the photocathode. The 
cathode can be illuminated by the ATF photocathode 
laser system delivering up to 100 uJ of laser energy at 
4.66 eV photon energy on the cathode at 72° incident 
angle. The spatial ellipticity and temporal tilt caused by 
this oblique incidence were compensated by a pair of 
prisms and gratings. The spot size of the laser beam on 
the cathode can be changed by changing the telescoping 
lenses and imaging apertures in the beam. The laser 
energy irradiating the gun was measured simultaneously 
by a calibrated pick-off for laser energies > 10 uJ.   For 

lower energies, an energy meter was inserted in the main 
beam and the laser energy was measured directly. 

A 2-cm diameter, 99.8 % pure, magnesium disc was 
press fitted in to an indent in the center of the copper 
back plate of the gun and secured with a bolt in the back. 
The surface was then machined carefully to be in level 
with the Cu plate. The center of the plate was then 
polished with 600 grit soft polishing paper, followed by 
diamond polishing compound (Beuhler Metadi) of 9, 6, 
and 1 urn grain size. The plate was then rinsed with 
hexane and cleaned in an ultrasonic hexane bath for 20 
minutes. It was then immediately transported to a 
vacuum oven where it was backed for 48 hours at 150°C. 
The plate was then subjected to vacuum-bake-pressurize 
cycle to ensure good electrical contact at the Cu-Mg 
interfaces. The back plate was then mounted on to the 
gun and the system was baked for a week at 200°C before 
applying the RF. Both the photocurrent and the dark 
current from the cathode were measured by the Faraday 
cup immediately after the gun. 

3 MEASUREMENTS AND DISCUSSION 

3.1 Cleaning Procedure 

After conditioning the gun, the quantum efficiency was 
measured by measuring the emitted charge and the laser 
energy simultaneously. The cathode was then cleaned 
with 160 uJ/mm2 energy without the RF. The QE was 
measured at different locations on the cathode after 
irradiation and was found to vary from 9x10s to 6.6x10"4. 
The cathode was then slowly scanned with the laser, 
maintaining a RF field of 67 MV/m on the cathode. At 
each scan site, the laser energy was adjusted till there was 
explosive emission from the cathode for at least 3 
consecutive shots. After this scan, the QE increased to 
2xl0'3 and the variation in QE decreased dramatically to a 
factor of two. Fig. 1 is a photograph of the magnesium 
surface when it was removed from the gun. It can be 
seen from the picture that the surface has been modified 
during cleaning, but the depth of damage is < 12 urn as 
measured with a depth gauge. This cathode was in use 
for more than 3 months, and no irreversible decay in the 
QE was measured. Breakdowns and arcing in the RF gun 
tend to reduce the QE. However, the high QE could be 
restored by repeating the slow scan cleaning procedure. 
Measurement of charge as a function of the laser energy 
indicates that for charges <lnC, the collected charge 
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varies linearly with the laser energy for both cases, 
implying a one photon process for the photoemission. 

Fig. 1: Mg cathode surface after being irradiated by the 
laser, under high magnification. 

3.2 Dependence of measured charge on the injection 
phase of the laser 

The instantaneous photoelectric current density can be 
expressed [6] as: 

— = AI{t){hv -<t> + a^ßE(t)f 

Here I(t) is the intensity distribution of the laser, ßE(t) is 
the surface field at the cathode for a field enhancement of 
ß. A is a material dependent constant, hu-(j) is the 
difference between the photon energy and the work 
function and a=3.786xl0"5 in MKS units. Eq. 1 is 
integrated over the laser distribution to obtain the total 
charge density of a bunch injected at a given phase. The 
field dependent term in Eq. 1 represents the Schottky 
reduction of the work function [7]. For sufficiently low 
charge, 

£(f) = Eosin(0 + A0(f)), 
the RF field at the cathode, where 0 is the injection phase 
of the laser with respect to the RF, and A9 is the variation 
of the RF phase during the laser pulse duration.   For 
higher charges, the surface field should also include the 
space charge of the preceding electrons, 

1   r< da 
E(t) = E0sm(9+A6(t)) — dt'. 

e0 J-T dt 

T is the start time of the laser, and e0 is the dielectric 
constant of vacuum 

Experimentally, for a constant laser energy and RF 
field, the injection phase of the laser was varied and the 
charge at the Faraday cup was measured at each of the 
phase. The measurements were repeated for different 
laser energies and RF fields. Each of these data sets was 
numerically fitted to Eq. 1. Since only the relative phase 
between the laser and the RF is known, the zero offset for 
the RF phase was an initial input parameter.     The 

temporal profile of the laser was also an initial input 
parameter. A1/2(hv-<|>) and (Aß)"2 were used as fitting 
parameters. It is useful to note that the data can be 
broken into sections, each section depending primarily on 
one of the above parameters. The fit at low injection 
phases depends strongly on the zero offset. The slope in 
this region is determined by the laser width. The phase at 
which the Schottky effect becomes significant is 
determined by the parameter A1/2(hv-<t>). Beyond this 
phase, the slope depends only on (Aß)"2. The cut off at 
the high injection phase is due to the electron transport in 
the gun and is determined by the acceptance energy of the 
gun and the Faraday cup. The slope of the falling edge is 
again an indication of the laser width. A Lorentzian 
temporal profile with a FWHM of 14 ps was used as the 
laser profile for the low charge data. For high charge, a 
charge dependent asymmetry was added to the trailing 
edge of the pulse to account for the change in electron 
bunch length due to space charge effects. The energy cut 
off for the low charge data was a y of 4.5, while for the 
high charge, higher cut off energies were assumed. Table 
1 lists the best fitting parameters for 7 different data sets. 
Two data sets, one with low charge at 120 MV/m and a 
laser energy of 1.98 uJ, and another with high charge at 
120 MV/m and a laser energy of 10.8 uJ along with their 
best fits are shown in Fig. 2a and 2b respectively. 

Table 1: Best Fitting Results (<b=3.66 eV has been 
assumed) SL: symmetric Lorentzian, ASL: asymmetric 
Lorentzian, Half Width at Half Maximum of leading edge 
=7 ps. 

E„ 
MV/m 

Laser 
Energy 

uJ 

Laser 
Profile 

Zero field 
QE (105) ß 

120 1.98 SL 6.0 .05 
116 1.98 SL 6.1 .09 
112 1.98 SL 6.5 .09 
105 1.98 SL 6.5 .1 
120 3.24 SL 5.6 .11 
120 8.14 ASL 6.6 .11 
120 10.8 ASL 6.1 .1 

As can be seen both from the Table and the Figures, the 
simple model predicts the emission and transport of 
electrons fairly accurately. The best fitting QE at zero 
field is 6 x 10'5, well within our experimental 
measurements. The fit, however, predicts a ß value that 
is significantly less than 1, in contrast to our expectation 
of the field enhancement factor. Fig. 3 is a plot of the 
least square deviation vs.ß for a laser energy of 1.98 uJ, 
FWHM of 14 ps and E0 of 120 MV/m. The data deviates 
significantly from the prediction of the model even for ß 
= 1. The physical origin of this low ß is still under 
investigation. 
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Fig. 2a:   Charge vs. RF phase, data at 120 MV/m field, 
1.98 (iJ laser energy. 
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Fig. 2b:   Charge vs. RF phase, data at 120 MV/m field, 
10.8 uJ laser energy. 
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Fig. 3: Square deviation vs. ß, with 120 MV/m field and 
1.98 uJ laser energy. 
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4 FUTURE PLANS 

At present, Eq. 1 describes only the emission process at 
the cathode in the presence of the time dependent RF and 
space charge fields. The energy and temporal distribution 
of the electrons in the vicinity of the cathode in the 
presence of space charge, as well as the energy dependent 
focusing property of the solenoid are not included in the 
model. A more accurate model with these effects will be 
developed and tested against measurements. 
Understanding the physical origin of the low ß will also 
be the focus of our future investigations. 
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LONGITUDINAL EMITTANCE COMPENSATION IN A PHOTOCATHODE 
RF GUN INJECTOR 

X.J. Wang and I. Ben-Zvi, BrookhaveAccelerator Test Facility, BNL, Upton, NY 11973 

Abstract 

Electron beam bunch compression directly from 
photocathode RF gun injector was experimentally 
observed at the Brookhaven Accelerator Test Facility 
(ATF). The analysis is presented in this report shows 
that, the configuration of transverse space-charge 
emittance compensation photoinjecotor can also be 
operated in bunch length compression mode for modest 
amount charge (<1.0 nC), i.e., longitudinal emittance 
compensation. For a constant laser energy, the electron 
beam bunch length almost linearly decrease with the RF 
gun phase, and the compression ratio as large as factor of 
30 was experimentally observed for a 40 pC charge. We 
also discuss the effect of electron beam bunching inside 
the RF gun on the transverse emittance, and compared 
with experimental results. 

1 INTRODUCTION 

In the past few years, there is tremoundous interest in 
ualtra -short electron beam production for high energy 
linear collider, free electron laser , laser accelerators and 
many other applications[l-4]. Sub-picosecond electron 
beam can be generated either using the femntosecond 
laser or magnetic bunch compression, but they are either 
limited by the total charge or the emittance growth. In 
this report, we further elucidate a technique using 10 
picosecond laser driven photocathode RF gun injector for 
subpicosecond electron beam generation. 

The electron beam micro-bunching in the 
photocathode RF gun injector was experimental observed 
at the Brookhaven Accelerator Test Facility (ATF) [5]. 
The ATF photocathode RF gun injector was designed for 
transverse space-charge emittance compensation[8]. It 
consists of a 1.6 cell RF gun mounted on the emittance 
compensation solenoid magnet, followed by a drift 
distance and two sections of SLAC type traveling wave 
linac. The photocathode RF gun injector is driven by a 10 
± 2 ps (FWHM) frequency quadrupoled Nd: Yag laser 
system. We will show in the following sections, that the 
photocathode RF gun injector designed for the space- 
charge emittance compensation can be very efficient 
operated as buncher for sub-picosecond electron beam 
generation. We will present latest experimetal results, 
and discuss the effect of electron beam bunching inside 
the RF gun on the transverse emittance, and compared 
with experimental results. 

2 LONGITUDINAL EMITTANCE 
COMPENSATION 

Fig. 1 is the schematic of the layout of space-charge 
emittance compensation photocathode RF gun injector. 
Though several authors [1,6,7,9] studied electron beam 
bunching process inside the RF gun, the roles of the 
solenoid magnet, drift distance and linac were not 
discussed. When    the     space-charge    emittance 
compensation photocathode RF gun injector operated in 
the small launch phases, the electron beam bunch length 
can be significantly shorter than the driving laser pulse 
length (for modest amount charge). The electron beam 
bunch lenghth compression process can be divided into 
four stages: 

drift space 

linac sections 
solenoid RFgun 

lens 
Fig.l Schematic layout of emittance compensation 
injector. 

Initial launching and expansion: For a x ps long 
laser pulse, the initial electron beam pulse length is much 
shorter than T ps for the initial T ps time interval because 
the electrons come out photocathode are nonrelativistic. 
For example, for a peak field of 100 MV/m on the 
cathode, the electron beam bunch length after initial laser 
pulse during tion is about one sixth of the laser pulse 
length. 

After the inital stage, the electron beam will expand 
because the head of the bunch moving faster than the tail 
becaused it gains more energy. This process usually last 
several laser pulse duration. 

RF compression inside the RF gun cavity: For 
electron beam launches in small RF phase, the tail of the 
beam gains energy faster than the head. There are several 
paper discuss the bunch lenght compression inside the RF 
gun[ 1,6,7,9] cuased by the RF force. For normalize field 

a = eE/mc k mage between 1 and 4, reference 9 gives a 
analytical expression for ratio of electron beam bunch 
length change Ä1 to the laser pulse lenghth 1 laser 
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(1) 

Al      1  

haser V« *2 (1 + COS(^0))2 + 1 

2a(l-sin(^0))cos(^0) 
l + 2^0 In 

where a* is so called modified normalized field, § 0 is the 

electron beam launch phase, a* can be writtern as, 

a 

cr 
tf + —Vsin<^o) 

6  

| Vsin(#0) 

6 

(2) 

Fig.2 shows that the bunch lenght of the electron 
beam is almost linearly decrease with the electron beam 
launch phase[6]. The relative energy spread of the beam 
also almost linearly increase with the decreasing phasing 
after the launching phase below the phase § 0 which 

corresponding to the electron beam exit phase nil. 

e a 
m 

0.5 

0.4 

0.3 

0.2 

Bunch Length 
Energy Spread 2.5 

2.0 

1.5    *-s 

0.5 

0.0 

20 40 60 
RF Phase (degree) 

80 100 
-0.5 

Fig.2 Electron beam bunch lenghth and energy spread as 
function of the launching phase for a 2.5 ps laser pulse. 

Drift space bunch compression: Solenoid magnet 
plays an important role in transverse phase realignment in 
space charge emittance compensation photocathode RF 
gun injector, and hence achieaving the emittance 
compensation. If the injector to be operated as a bunch 
compressor, solenoid magnet is critical in preserving and 
further compress the electron beam to achieave sub- 
picosecon bunch length. The electron beam bunch lenght 
change in the drift space can be express as, 

1 .  .0      .■>.     ,r     T ...      S s     T  8 A/= J-(x' 2+y2) + (L-L0)(l-^-) 
r r\ 

(3) 
The first term represent bunch lengthening. For a 1 mm, 
radius laser spot, the beam divergence x' at gun exit is 
about 10 mrad. After one meter drift distance (roughly 
the drift distance between the gun and linac), bunch 

lengthed about 0.3 ps due to the beam divergence. The 
focusing of the solenoid magnet reduce the beam 
diverence about a factor of 3 to 5, this reduce the bunch 
lengthening caused by the beam divergence to less than 
30 fs. The second term of Eq. 3 is negligible. For a 10 
ps laser pulse, the energy spread of the electron beam is 
about 5 percent when beam was launched in the small 
phase, this will leads to about 1.5 ps bunch lenght 
reduction in the drift space. For a 10 ps laser pulse, 
electron bunch length can be easily reduce by factor of 3 
to 4 inside the gun (if psace charge effect is small), so the 
bunch lenght of the e-beam at gun exit is about 3 to 2 ps, 
and after further bunch compression in the drift distance, 
sub-picosecond electron beam can be generated with 
modest charge. Our experiment confirmed above 
analysis [5]. We have experimentally measured 370 fs 
(FW) electron beam with 40 pC charge. 

Longitudinal emittance compensation through linac: 
The linac plays very similar role for longitudinal 
emittance compensation as for transverse space-charge 
emittance compensation. It reduces space charge effects 
and preserve the electron beam bunch lenghth. As 
electron beam is accelerated through linac, followings are 
realized, 
1. Further bunch length reduction on the order of 5 to 

10% caused by the early injection due to the relative 
low energy from the RF gun (y < 10). 

2 
2. Space charge reduction as 1/y   . 
3. Energy spread will be reduction as 1/y, and the final 

energy spread will    be determined by the bunch 

lenghth(Al   /8) and the wake field. 

Summarize 1 to 3, after linac acceleration, the short 
bunch lenghth was preserved, and achieve smaller energy 
spread (assume will be dominated by the bunch effect), 
hence longitudinal emittance compensation. 

Electron beam bunch length 
(FWHM.ps) 

RF gun phase 

10-      20" 40-      50"      60»      70» 

Fig. 3 Electron beam bunch length as function of the RF 
gun phase for 3 electric fields. 

The electron beam bunch lenghth was measured for 
three electric fields at different RF phases (Fig.3). It 
confirmed basic features predicted in out discussion. One 
interesting   feature   should   be   pointed   out   that,the 
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experiments was carried out for a constant laser energy, 
and it seems no space-effect was observed as bunch was 
compressed. This can be explained by the Schottky 
effect. 

3 DISCUSSION 

Just as any bunch compressor, there are many debunching 
effects in a photocathode RF gun injector. Directly 
borrow from the analysis from reference 1, the 
bunchlenghthening caused by the beam emittance inside 
the RF gun can be reduced much less than 100 fs. Space 
charge effect will limit the photocathode RF gun injector 
operating as a bunch compressor in modest charge (<1.0 
nC). We have observed recently significant bunch 
comrpression for a charge of 0.7 nC for a peak current of 
160 A (Fig.4). 

8 10 

Fig.4 Electron beam charge distribution for 0.7 nC 
charge, bunch compression is about a facot of 2.5 
comparing the laser pulse. 

Since the most applications require not only short 
bunch, but also the high-brightness. The emittance of the 
compressed beam as the function of the RF gun phase 
were measured for two RF injectos [5,11]. The result is 
reproduced in Fig. 5 [11]. One of the most interesting 
feature is the nonlinear emittance decrease with the RF 
gun phase. The measurements were performed with a 
constant laser energy, so the charge in the beam decrease 
almost linearly with the RF gun phase due to Schottky 
effect. To the first order, the space charge effect remains 
roughly constant. Eletron beam produced by the RF gun 
acquires most its transverse momentum, hence its RF 
emittance at the exit of the RF gun [10]. As electron 
beam bunch lenghth was compressed inside the gun, the 
quadratic dependency of the RF emittance on the bunch 
length qualitatively agrees with the measurement. 
Calculated RF emittance [12] using our beam parameters 

is about one order magnitude smaller than the measured 
value. This means meausred emittance was dominated by 
the space charge effect, which we pointed out earlier 
should remain roughly constant. The physics lies in the 
correlation between the RF emittance and space induced 
emittance [12]. It is well known that space charge 
emittance growth will be minimized for smaller beam in 
the transport line. Silimar argument applied for space 
charge emittance growth inside the RF gun. 

Fig.5 Normalize RMS emittance as function of the the 
RF gun phase for a constant laser energy. 
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BEAM DYNAMICS IN RF-GUN CAVITY WITH A MODIFIED FIRST 
CELL 

V.Volkov, M.Karliner, V.Petrov, I.Sedlyarov, A.Tribendis 
Budker Institute of Nuclear Physics, Novosibirsk, Russia and 

D.Janssen, P. vom Stein, Research Center Rossendorf, Dresden, Germany 

Abstract 

The results of beam dynamics simulation with bunch 
charges up to a few tens pC in superconducting linear 
accelerator for ELBE project [1] are presented. The 
accelerator consists of 3+1/2 TESLA cells RF-Gun and 
two 9-cell TESLA cavities. It is shown that the change of 
a flat back wall of the half-cell with cathode in its center 
by a conical back wall results in reduction of transversal 
bunch sizes and also of its emittance at the accelerator 
exit by a factor of 20. 

1 INTRODUCTION 

In the RF-gun a superconducting accelerating cavity with 
the laser driven photocathode on the back wall of the 
cavity first cell is used. The projects of similar 
superconducting RF-guns were discussed elsewhere 
[2,3,4,5,6] but only a "pure" half cell with the flat back 
wall was used as the cavity first cell. 

The goal of this paper is to find out an influence of 
the shape of the first cell on the beam dynamics in RF- 
gun cavity and to study the possibility to achieve 
extremely low full beam emittance. 

The shape changed as following: a) from flat back 
wall of the half first cell to the conical one; b) modifying 
the full length of the first cell with respect to generally 
adopted 7J4. 

For this purpose, the beam dynamics in the 3+1/2 
RF-Gun cavity with gradually modifying first cell and in 
the accelerator consisting of an RF-gun and two standard 
9-cell TESLA cavities at the frequency of 1300 MHz 
was simulated. 

2 CALCULATION TECHNIQUE 

All the calculations have been carried out with the use of 
the program TRAJECT [7]. The program calculates the 
beam dynamics only for a small charge at which the 
effects of the beam spatial charge are negligible. A high 
calculation speed of the program gives a possibility to 
sort out by iteration cycle an optimal regime of beam 
injection and cavity excitation. The calculation results 
agree with PARMELA's calculation if the bunch charge 
is no more then few tens of pC [1].   RF fields in the 

cavities are calculated with the use of program SLANS 
[8]. 

The rms length of the beam is given to be 10 ps. 
In the transverse direction the current density is 

distributed by the rectangular law. If the current 
transverse distribution Gaussian, the beam emittance 
would be 4 times higher than that in this case [2]. 

The photocathode radius ro is given to be 1.5 mm. 
The normalized transverse beam emittance en is 

calculated by the known formulas [9]. 
The dynamics simulations were executed for the 

field gradient of Eacc = 15 MV/m - as an attainable in 
reality in supercondacting accelerating cavities at 1300 
MHz. 

5 versions of the first cell have been taken fo 
calculations: 0°, 10°, 15° back wall and 10° back wall 
with Ä/4+10 mm length of first cell. 

In the paper the calculations results for two versions 
of accelerators are given: for the gun with a flat back 
wall in the first cell and with a 10° conical wall (Figure). 
Here the injection phase ty of bunch from the cathode is 
equal to the optimal one which results in minimum of a 
beam energy spread at the RF-Gun exit. The phases of 
excitation of first and second TESLA cavities are being 
optimal too. 

0} 

) 
cry 

: 

■■' 

57.6-9 
-« *i 

Figure 1. Accelerator RF-gun first cells. 

3 RF-GUN CALCULATION RESULTS 

The calculation results of a beam dynamics show that the 
presence of the conical back wall in the first cell causes 
an explicit focusing effect such that the beam radius 
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decreases in average along the whole cavity and if the 
conical angle is more than 15 degrees, the beam of the 
RF-gun output is focused. 

The peak field in the first modified cell is located at 
the surface near the hole and it is approximately the 
same as the peak field in the other cavity cells. 

There are two optimal injection phases which 
appear when the gradient field in the cavity is more than 
some threshold gradient. The beam has a minimum 
transversal emittance for one optimal phase and has a 
minimum longitudinal emittance for another one. Its 
values differ 2 times approximately. The difference 
between these phases increases with the first cell length 
as it changes from generally adopted A/4. So we always 
can find proper cell length which provide the coincidence 
of both minima simultaneously at only one optimal 
phase. It is assumed that the minimum of the beam 
energy spread coincides with minimum of a longitudinal 
emittance. We have found that the optimal first cell 
length is less than A/4 by 2+4 %. 

The optimum injection phases increase 
monotonously with the growth of the field gradient at the 
cathode and so we can determine a value of threshold 
gradient as the field gradient at the cathode when the 
beam has a zero optimal phase. It's values are 9.9+19.0 
MV/m for all 5 RF-gun variants. Table 1 shows other 
results. 

Table 1. RF-gun calculation results. 

Ec en aW Aq> <P 
Ethresh 
20 
40 

.007+.02 

.07+.27 

.44+.56 

.015+.03 

.07+.36 

.25+.45 
5+100 
2+43 

22+54 
49+69 

Ec   -Peak field at the cathode, MV/m. 
en    -Normalized transverse emittance of a beam, 

% mm mrad. 
oW -Rms energy spread of the beam particles., %. 
Atp   -Differences between optimal phases which leads to 
a minimum transversal emittance in one case and to a 
minimum longitudinal emittance in another case, %. 
q>     -Optimum phase of beam emission, degrees. 

4 ACCELERATOR CALCULATION RESULTS 

The beam transverse emittance is decreased significantly 
at the accelerator exit if a conical back wall is used 
(Figure 2 and Table 2). This effect occurs due to the 
focusing influence of the first cell. In the first cell the 
beam is not relativistic and following acceleration 
'freezes' the influence of the geometry of the first cell. 

r/ro    AJ\J\J 
3   _ 

arw\ 
Figure 2. Beam radius in the accelerator: with flat back wall and with conical back wall. 
Table 2.1. Beam parameters in the accelerator having RF-gun with first cell's flat back wall. 

Table2.2. Beam parameters in the accelerator where RF-gun has first cell's conic back wall of 1QP 

19.6 34.6 0.206 0.440 6.061 13.38 0.800 -1.90 RF-gun 
(30) (-67.12) 0.478 0.420 21.00 13.33 0.552 4.500 1 cavity 
(30) (-71.62) 0.605 0.417 35.96 13.33 0.264 2.030 2 cavity 

Ec   -Peak field at the cathode. E     -peak field at the cavity axis, E=2xEacc.   (p     -Phase of beam emission. 
<|>rf  -RF exciting phases in TESLA cavities,    en    -Normalized transverse emittance.    oW -Rms energy spread. 
W    -Beam energy,   ah -rms length.     r/ro -Beam radius/photocathode radius, ro = 1.5 mm.      Focus 
Average distance from the structure beam tube end to the point where all beam electron trajectories are converged. 
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Also there are two optimal phases of excitation for 
the first TESLA cavity which result in a minimum of the 
beam transversal emittance in one case and a minimum 
of longitudinal emittance in another. In order to close 
these phases it is necessary to decrease the injection 
phase in RF-Gun down to 29° from 34°. I.e. the injection 
phase for the accelerator has to be less than the one for 
an isolated RF-Gun by 15%. The best beam parameters 
for phases optimized in this way are shown in Table 2.3. 

Table 2.3. The best beam parameters in accelerator 
having the 10°conical first cell in RF-gun for optimized 

injection (<|)) and excitation phases (<brf 1, (j)rf2) 

deg. 

29 

(|>rfl 
deg. 

-61.5 

<|>rf2 
deg. 

-67 

en 
mm mrad 
0.211*' 

CTW 

% 
0.168 

The emittance and other beam parameters, except aW, 
are weakly dependent of exciting phase of the second 
TESLA cavity. Figure 3 depicts the dependence of the 
particle energy distribution in the beam on their position 

in a beam and on the misalignment by ±20° of exciting 
phase <|)rf2 from its optimal value in the second TESLA 
cavity. 

AW[*1 
1                                1 

-87* 

0.0 
-     -67^—^^T ^- 

/             ... -   -47" \ 
-2.0 \ 

-4.0 Charge density 
-                       ^.- ■-■, 

,-20 -■'          ,0 t[ps] 

Figure 3. Beam energy distribution at the accelerator exit 

Table 3. Beam parameters at the accelerator exit as a 
functions of RF excitation phase (|>rf2. 

couple of TESLA cavities complementary leads to a 
decrease of beam transversal emittance down to 0.21^ 
7C mm mrad and energy spread (CTW) down to 0.17 %. 

A beam will have an extremely low emittance, if the 
field gradient in the cavity is more than some threshold 
gradient by lO-s-19 MV/m. 

There exists an optimal length of the RF-gun first 
cell which is less than MA by 2-5-4 %. 

There exists an optimal accelerator injection phase 
which is less than the one for an isolated RF-gun by 
lO-ä-20 %. In both this cases the beam have a minimum of 
transversal and longitudinal emittance simultaneously. 

The calculations were carried out for beam charge 
up to few tens of pC but focusing effect of conical back 
wall is also very actual for greater charge as it is shown 
by PARMELA calculations in [1]. 
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<prf2 
degrees 

en 
mm mrad 

cWx2 
% 

W 
MV 

-87.0 
-67.0 
-47.0 

0.22 
0.211 
0.191 

-1.311 
0.336 
1.527 

35.12 
35.96 
35.07 

We should note for Gaussian transverse charge distribution of the beam 
it's emittance mast be large by 4 times, i.e. 0.84 K mm mrad [2]. 

5 CONCLUSION 

The use of a conical shape of the back wall of the first 
cell in a 3+1/2 cavity for an RF-gun leads to focusing of 

the beam if the conical angle is more than 15°. 
The application of such an RF-gun with the first 

cell's conical back wall in an accelerator consisting of a 
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SINGLE BUNCH INJECTION SYSTEM FOR AN ELECTRON STORAGE 
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Department of Physics, Duke University, Durham NC 27708 and 

C.R. Jones, 
Department of Physics, North Carolina Central University, Durham NC 27709 

Abstract 
RF photoinjectors have gained acceptance as the source of 
choice for high-brightness electron accelerators, but have 
been quite expensive to build and difficult to operate. In 
this paper we describe the successful operation of an in- 
expensive, simple and reliable rf photoinjector suitable for 
single bunch injection into storage rings. 

1. INTRODUCTION 

For optimum storage ring FEL and Compton back- 
scatter performance on the Duke Storage Ring, we require 
that the electrons be injected to specified ring rf buckets 
and no others at up to InC per bunch [1]. 

The Duke Ring operates with a bucket spacing of 
5.5 ns. For clean injection, i.e. no spill-over into adjacent 
buckets, we require a system which has the following 
features: 
• Delivery of beam only during injection with seamless 
and rapid switching between injection and non-injection 
mode 
• The sum of the full pulse width of the injected beam 
plus any timing jitter be less than 5 ns 
• Capable of being upgraded to 1 nC per pulse. 
• Use the existing thermionic rf gun system 
• Be easy to operate, reliable and inexpensive 

Traditionally such requirements are met by using pulsed 
electromagnetic kickers [2]. A conventional rf photoin- 
jector with a picosecond mode-locked and frequency 
multiplied drive-laser [3] could not satisfy the last of the 
requirements and therefore is unacceptable. Nothing pre- 
cludes the use an inexpensive, longer-pulse laser in con- 
junction with a buncher and momentum selector [4]. A 
337-nm, TEA nitrogen laser appears to be a suitable can- 
didate. The Duke rf gun [5] previously had a conventional 
drive laser [6], and so has a port suitable for drive-laser 
injection, and a LaB6 cathode of know quantum effi- 
ciency. Nitrogen lasers are commercially available for 
approximately $7000 which can produce 100-uJ of 337- 
nm light in sub-ns long pulses with sub-ns timing jitter 
[7]. 

This system differs from conventional rf photoin- 
jectors a number of ways. Because the drive-laser pulse 
(600 ps FWHM) is longer than the linac rf period (350 ps 
for a 2.856 GHz system), there is no pre-bunching of the 
beam by the laser. Therefore a buncher/momentum filter 
a-magnet is required after the gun. In this way the system 
acts like a thermionic rf gun system with enhanced elec- 
tron emission from the cathode. The system produces a 1- 
ns macro-bunch of three linac microbunches. The system 
operates in a single macro-bunch per rf macropulse mode. 
Unlike conventional drive lasers, no up-conversion of the 
photon energy is required, because the fundamental emis- 
sion is at 377 nm. 

2. DRIVE LASER 

The nitrogen laser is a self contained system which is 
straightforward to operate. Details of the laser specifica- 
tions are given in Table 1. 

Model 

Spectral output (nm) 
Spectral Bandwidth (nm) 
Pulse width (ps, FWHM) 
Energy per pulse (uJ) 
Amplitude stability (%) 
Peak Power (kW) 
Rep. Rate (max) (Hz) 
Command timing jitter (ns) 
Beam dimensions at laser (mm) 
Beam divergence (mrad) 
Nitrogen flow rate (STD 1/s) 
Laser Dimensions (cm) 

Laser Photonics 
LN203C 
337.1 
0.1 
600 
100 
1 
167 
50 
<1 
5x3 
6x2 
0.016 
71X21x13 

Table!: Drive-laser specification 

Apart from AC power, safety interlocks and standard 
TTL trigger, only a source of dry nitrogen is required. 
The boil-off from a 500-litre liquid nitrogen Dewar is 
sufficient for several weeks of laser operation . 

* Work supporeted by AFOSR contract F49620-93-1-0590, 
ONR Contract N00014-94-1-0818 
and USASDC Contract DASG-60-84-C-0028. 
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3. SYSTEM CONFIGURATION 

The laser was installed within 1 m of the gun so that 
optical transport would be as simple as possible. The op- 
tical transport consisted of a pair of alignment apertures, a 
30 cm focal length lens, and two turning flats. The laser 
beam was focused on the 2-mm diameter single crystal 
LaB6 cathode at an incident angle of 45°. 

All the lenses and the vacuum window are uncoated 
glass, and the mirrors are front surface aluminum. Meas- 
urements of the electron beam current were made using a 
fast wall current monitor at the end of the linac at an en- 
ergy of 270 MeV. The linac is a standard SLAC type 
traveling-wave linac [8] 

4. SYSTEM PERFORMANCE 

A summary of the system performance is given in 
Table 2 . A typical macro-bunch profile is shown in fig.l. 
The resolution of the signal analyzer was not sufficient to 
resolve the individual linac micropulses. 

RF Macropulse length (us) 2 
Nominal injection energy (MeV) 270 
E-beam macropulse length (ns FWHM) 1 
Energy spread (macropulse)(%) 0.2 
Energy jitter (%) < 0.1 % 
Ratio of charge desired ring bucket to <0.001 
neighboring buckets 
Macropulse rep. rate (Hz) 2 

pulse length and jitter, and resulting in reliable single- 
pulse injection and stacking. 

Table 2. Performance of single bunch injection sys- 
tem 

The LaB6 cathode can be operated in a pure ther- 
mionic mode, a laser switched photoemission mode, or in 
a combined mode. A single laser pulse produced a macro- 
bunch of three linac micropulses. We operated with one 
macro-bunch in each 2-us rf macropulse. The macro- 
bunch pulse duration was short enough that beam loading 
was not an issue. Therefore, the accelerator was tuned 
using the thermionic emission set at a very low level. In 
the photoemission mode, the temperature of the cathode 
was heated to approximately 1250 K, just below the 
threshold for significant thermionic emission. 

Fig. 2 shows the charge per bunch emitted vs. cath- 
ode temperature in both the thermionic mode and the 
photoelectric mode. The cathode temperature was meas- 
ured using a hot-wire optical pyrometer [9]. The tem- 
perature readings are corrected for the emissivity of LaBö. 
With the cathode temperature at the threshold of ther- 
mionic emission, the charge per pulse was 0.09 nC. The 
pulse FWHM was < Ins. The overall timing jitter of the 
electron beam relative to the ring rf timing was approxi- 
mately 2 ns. Therefore the combined pulse length and 
timing jitter of the injected electron pulse had a full range 
of 3.5 ns, meeting the specification of < 5 ns combined 
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Fig. 1. Electron beam pulse profile as measured on the 
fast wall current monitor. The measured FWHM is 1 ns. 
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Fig. 2 Charge per bunch versus cathode temperature 

5. ESTIMATE OF LaB6 CATHODE QUANTUM 
EFFICIENCY 

As is evident from fig. 2, we observe as others have 
[10,11], that the photoemission from the cathode is a 
function of the applied cathode heater power. When the 
heater power is lowered the electron current dropped at a 
rate much slower than the rate of drop of the cathode 
temperature. On removal of power from the cathode 
heater, the initial rate of drop in temperature is approxi- 
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mately 250 K/s. The characteristic time for the drop in 
emitted current is on the order of 10 minutes. We con- 
clude from this that at lower temperatures the cathode 
was subject to significant contamination because of poor 
vacuum. The gun is operated at a pressure in the low 10"8 

torr range. At this pressure, a monolayer will form on the 
surface in a few minutes (if a sticking factor of unity is 
assumed). 

We did not attempt to measure the quantum effi- 
ciency of the cathode directly. We have estimated quan- 
tum efficiency of the LaB6 cathode by using the measured 
photoelectron current transported to the end of the linac 
and the known transport efficiency of the linac in the 
standard thermionic cathode mode. The quantum effi- 
ciency (QE) of the LaB6 cathode is estimated using the 
following equation: 

QE = _^  
'7p%'7aNpe 

where Cm is the measured charge per pulse at the end of 
the linac; r\p is the efficiency of photon transport from the 
laser to the cathode; r)G is the gun efficiency (i.e. fraction 
of the time that the drive laser can produce electrons 
which are accelerated out of the gun) [11]; r\a is the effi- 
ciency of transport of electrons through the a-magnet to 
the end of the accelerator; and Np is the number of pho- 
tons per pulse striking the cathode; and e is the electronic 
charge. We estimate rip « 0.3; r|G « 0.25 , r|a » 0.25, Np = 
1.7 xlO14. 

Fig. 3 shows the inferred quantum efficiency versus 
cathode temperature. The data for the quantum efficiency 
represent the stable, equilibrium values at a given cathode 
temperature. Asakawa et al [12] have reported LaB6 

quantum efficiency data measured at 355 nm from 300- 
1273 K. For comparison, these data are shown in fig. 3 in 
the temperature region where they overlap with our data. 

6. CONCLUSION 

We have demonstrated that a TEA nitrogen laser can 
provide a simple and reliable method of generating elec- 
tron pulses for a single bunch injection system. Further 
plans for improvement of the system include the replace- 
ment of the existing optics with UV-grade anti-reflection 
coated elements, and the procurement of a laser with 
greater pulse energy, with the goal of achieving 1 nC per 
macro-bunch. 
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Fig. 3 Inferred quantum efficiency for the LaB6 cathode 
versus cathode temperature. Duke data at 337 nm, Asa- 
kawa data at 355 nm 
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Abstract 

We develop a novel photoelectron linear accelerator using 
a plane wave transformer (PWT) design [1]. In this de- 
sign the input RF power is coupled to the accelerating 
cavities via a large concentric manifold cavity. The 
scheme makes possible very strong coupling between the 
accelerating cells, and relaxes manufacturing tolerances. 
The compact photoelectron linac integrates a photocath- 
ode directly into a PWT linac structure, and eliminates 
the drift space between a photoinjector and the linac 
which would otherwise lengthen the electron bunches. 
Using an emittance compensation scheme [2], the PWT 
photoelectron linac produces a high-brightness beam. We 
have demonstrated by simulations the feasibility of a 20- 
MeV PWT photoelectron linac design with a set of eleven 
iris-loaded disks suspended and cooled by four water 
tubes inside a large cylindrical tank. 

INTRODUCTION 

In this Small Business Innovation Research (SBIR) proj- 
ect DULY Research Inc. teams up with University of 
California at Los Angeles (UCLA) to develop a novel 
photoelectron linear accelerator using a plane wave trans- 
former (PWT) design [3]. The goal is to accelerate a 
short pulse (~5 ps), low emittance (~1 mm-mrad), high 
charge (~1 nC) electron beam in a compact (-30 MV/m), 
inexpensive linear accelerator. This kind of compact li- 
nac will have broad commercial and research applications 
[4]. 

The conventional RF electron linac design, typified 
by that of the Stanford Linear Accelerator Center (SLAC) 
and by commercial medical linacs, consists of iris- 
coupled disks separated by metal cup spacers and en- 
closed in a cylindrical tube to form a set of accelerating 
cavities. The RF input power is fed into an accelerating 
section by means of waveguide(s) coupled to a single 
input cavity. Once inside the slow-wave linac structure, 
the electron beam is accelerated by RF fields traveling in 
phase with the bunched beam. In general, the manufac- 
turing tolerances of the accelerator components are ex- 
tremely tight, and consequently the cost of machining and 
brazing is high, because the precise dimensions determine 
the phase and cavity properties essential for proper RF 
acceleration. It would be desirable to find methods to 
relax manufacturing tolerances and reduce cost for linac 
structures, especially for repetitive production of acceler- 
ating sections as in a linear collider, or for mass produc- 
tion of commercial linacs. 

A novel plane-wave-transformer (PWT) accelerating 
structure which is recently under development at the Uni- 
versity of California at Los Angeles (UCLA) [1] has the 

potential of making such improvements. The PWT linac 
structure is a multi-cell, standing-wave system operating 
in the 7i-mode. A schematic of our 20 MeV PWT linac is 
shown in Fig. 1. The structure consists of an assembly of 
iris-coupled disks suspended along the axis of a large 
cylindrical tank. In this design of the PWT linac, the 
disks are connected longitudinally by cooling tubes which 
are supported at the end plates of the tank. The input RF 
power is fed into the cylindrical tank outside the disk/iris 
assembly and propagates predominantly in a TEM-like 
mode in the coaxial manifold, which resembles a plane 
wave propagating in free space. This TEM-like acceler- 
ating mode transfers external RF power into a TM-like 
accelerating mode between the irises. As there are no 
walls separating the disk assembly and the manifold tank, 
all individual cells are strongly coupled to the manifold 
and to each other. The unique and simple design of the 
PWT linac structure allows tolerant dimensions (about 
100 um for an S-band structure), and is easy and inexpen- 
sive to build. The PWT is also easy to operate due to its 
large vacuum conductance. 

VMMM 
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\^   ät   ^ 

Figure 1. Schematic of a 20-MeV PWT photoinjector linac 

TECHNICAL APPROACH 

The previous UCLA photoinjector is based on a well- 
tested Brookhaven National Laboratory design [5] cur- 
rently adopted by many laboratories over the world. It 
consists of a 1 + Vi cell RF cavity operating at S-band, 
with the cathode placed at the center of the end wall of 
the first half-cell. The photoinjector is currently driven 
by a mode-locked YAG laser which uses chirped pulse 
amplification and compression to obtain 7.5-ps (FWHM) 
pulses containing up to 300 uJ per pulse of UV light (262 
nm). 

In this DULY/UCLA project, the photoinjector is 
modified and integrated into a PWT electron accelerator 
in which the RF cavities are open to a large cylindrical 
tank, and the fields therein are strongly coupled between 
cells. This is an integrated structure with a total of eleven 
(11) full cells and one (1) half cell, including the photo- 
injector and the linac structure. The accelerating structure 
consists of a row of equidistant, circular washers which 
are aligned along the axis of a large cylindrical tank (Fig. 
1).   These copper disk washers are fixed in position by 
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means of four metal tubes parallel to the tank axis. The 
metal tubes are also water conduits for cooling the disks. 
Because the disks are separated from the cylindrical tank, 
they act as a center conductor to support a TEM-like 
mode in the coaxial manifold, which is excited by high 
power RF coupled through an input slot on the tank wall. 
The strong coupling between the TEM wave in the mani- 
fold and a TM-like mode along the beam axis provides a 
7i-mode longitudinal accelerating field profile, through 
the irises, by which electrons are accelerated. These fea- 
tures of the PWT linac provide advantages of high shunt 
impedance and strong coupling between individual cells, 
thus relaxing manufacturing tolerances and reducing 
manufacturing costs. 

The design objective is optimization of a photoelec- 
tron accelerator design and performance of parametric 
studies of beam dynamics for a 20-MeV PWT photoin- 
jector linac, to be built and tested in the following ex- 
periment. Specific technical objectives include: (1) ac- 
celerator design, (2) beam dynamics study; (3) solenoid 
magnet design, with results presented in the following 
sections. 

CALCULATION OF ELECTROMAGNETIC 
FIELDS AND RF PROPERTY 

The RF structure of the PWT linac has been specified in a 
two-stage design process: initial optimization of the field 
profile for acceleration using 2-D electromagnetic field 
solver, SUPERFISH, followed by a 3-D analysis using 
the code MAFIA. In the first stage, we make a first 
specification of a baseline geometry and the nominally 
axisymmetric fields in the beam channel. This specifica- 
tion is subject to the following constraints: 

•maximizing shunt impedance 
•minimizing higher spatial harmonic content 
•cell number and gradient appropriate to deliver 20 MeV beam 
•good coupling and mode separation 
•relatively low ß„ to allow for structure filling in < 6 us 
•minimizing outer diameter to allow compact focusing solenoid 

The SUPERFISH results have been used to deduce 
the spatial harmonic content of the accelerating field. It is 
important that the higher spatial harmonic content be 
minimized in an RF photoinjector, so that the beam 
would not suffer nonlinear RF-derived emittance growth. 
The amplitudes of the high spatial harmonics have been 
well minimized given our desire for high shunt imped- 
ance. 

While the shunt impedance in the PWT is mainly de- 
rived from the properties of the iris geometry, the cell-to- 
cell coupling, and therefore the mode separation is a 
function of the distance from the inner radius of the outer 
wall to the outside of the disks. In the SUPERFISH cal- 
culations, we have chosen the wall radius to be 5.5 cm, 
and the disk radius to be 4.07 cm. For these parameters, 
the coupling is quite large — the width of the lowest 
passband is over 795 MHz. The mode separation be- 
tween the 7i and the 1 ITT/12 is 13 MHz, which is many 
times the width of the modes due to the finite Q0. This 
mode separation compares favorably with the 0-TC mode 

separation in the current UCLA 1.5-cell, 2856 MHz gun 
(< 2 MHz), and is larger than the mode separation of the 
next generation 1.625 cell guns being developed by a 
BNL/SLAC/UCLA collaboration. 

We have studied several configurations of the sup- 
port rod structure using MAFIA: a no-rod, a two-rod, and 
a four-rod PWT structure, each supporting 11 metal disks 
(1.2065 cm thick) with 1.5875-cm irises, inside a cylin- 
drical tank with a radius of 5.5 cm. The dimensions of 
each structure are chosen to allow a TM01n accelerating n- 
mode at a frequency of 2856 MHz. The structure is tuned 
by adjusting the position of the support rods and the disk 
radius. Arrow plots of the electric field for the 4-rod 
PWT structure accelerating mode as simulated by 
MAFIA are shown in Fig. 2. The shunt impedances and 
Q0-values for these cases are shown in Table 1. The ratio 
of R/Q0 is seen to be roughly constant (even increasing 
slightly with the introduction of rods), while the g0 de- 
grades with the introduction of extra rods. The zero-rod 
structure represents both an ideal baseline, and a repre- 
sentation of a DULY innovation in RF structure design. 
The two-rod case, while offering a high Q and shunt im- 
pedance, is problematic from two points of view: the field 
perturbation, which is at lowest order quadrupole, and the 
mechanical integrity of the structure. Because of these 
considerations, we have decided to pursue our program of 
building a PWT prototype using the four-rod design, and 
at the same time continue R&D on a highly promising no- 
rod design. 

Figure 2. The electric field in the 4-rod PWT structure 

Table 1.  RF Characteristics of PWT Designs (for 4-rod, 2-rod 
and no-rode cases, from the MAFIA simulations) 

a R(MQJm) RIQn (Q/m) 
4-rods 24,560 121.3 4939 
2-rods 28,316 128.8 4547 
No rods 32,572 141.7 4350 

THERMAL AND MECHANICAL ANALYSIS 

The high frequency RF power used to accelerate the 
electron beam also produces heating on the surfaces of 
the metallic structure. A design of the PWT structure 
uses four stainless steel tubes to provide mechanical sup- 
port of eleven suspended disks, and to carry cooling water 
to the disks for heat removal. To control the temperature, 
an annular channel carrying flowing water (-10 liters/min 
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at the reservoir) at a constant temperature (~65°F) is 
cutaway around the interior of each disk to carry heat 
away from the metal. Water from an external constant- 
temperature bath flows into one reservoir, passes into the 
disks via two of the four water tubes, returns to another 
reservoir through the remaining two tubes, back to the 
bath to form a closed loop. We have performed a thermal 
analysis of a typical PWT disk subject to pulsed RF 
heating and continuous water cooling, using a PC version 
of a general finite-element thermal/structure code, 
COSMOS/M. The temperature result is sensitive to the 
value of the convective film coefficient, which is depend- 
ent on the flow, and can vary between 1-10°C because of 
the uncertainty in the film coefficient. A higher flow rate 
(> 15 liters/min at the reservoir) and a larger hydraulic 
diameter will ensure better turbulent flow and heat trans- 
fer. The temperature variation between different disks 
can be tightly controlled by adjusting the size of the flow 
orifice connecting to the cooling channel. Such cell-to- 
cell tuning is probably not necessary because of the 
strong coupling between individual cells in the PWT li- 
nac. 

BEAM DYNAMICS CALCULATIONS 

The design of beam optics in an RF photoinjector linac is 
intimately related to the RF design of the structure, as 
well as to the design of the focusing solenoid, in some- 
times subtle ways. We made use of an emittance com- 
pensation technique to achieve low beam emittance and 
high beam brightness. 

The analytical theory developed by SR [2] also al- 
lows the beam parameters which give emittance compen- 
sation to be specified. It requires that, in order to prevent 
the beam from expanding unnecessarily in the initial few 
cells, the peak in the solenoid focusing field of the sole- 
noid be placed as close to the cathode as possible. This 
has been done for our preliminary design, as discussed 
further below. Another condition is that the parameter 
a = eEJk^/nf be limited to the order of unity, thus set- 
ting the peak field (on the order of 60 MV/m), the accel- 
erating gradient (on the order of 30 MV/m), and the 
nominal launch phase (32 degrees, where 90 is taken by 
convention to be the RF crest). This condition can be 
explained as follows: for higher gradients, the invariant 
envelope is smaller, and thus the launched beam must be 
radially smaller in order to be matched to the invariant 
envelope well beyond the solenoid. In that case, the 
beam is too dense (the beam plasma frequency is high) 
and expands excessively in the first half-cell, thus deny- 
ing the possibility of invariant envelope matching. There- 
fore, in order to minimize the emittance, we have chosen 
a moderate accelerating gradient of 33 MV/m. 

PRELIMINARY DESIGN OF THE SOLENOID 
MAGNET 

To implement emittance compensation, the transverse 
beam profile should be immediately under control by the 
external focusing field after the electrons are emitted 
from the cathode.  This can be accomplished by a focus- 

ing solenoid with a very fast-rising longitudinal field pro- 
file which increases linearly in the first half-cell and is 
maximum and close to constant in the first full cell. In 
our preliminary design, the focusing solenoid is inte- 
grated in a single yoke assembly with its mirror image 
bucking solenoid. The mirror symmetric bucking coil is 
run in series with the focusing coil. Each coil has 144 
water-cooled, '/4-inch square, copper windings, and runs 
at approximately 140 A to obtain the design field values. 
The inner radius of the coil and the yoke is 6.5 cm, which 
provides a one-centimeter clearance between the inner 
radius of the RF tank and the solenoid assembly; the outer 
radius is 15 cm. This design is similar to that used in 
several UCLA projects, but here with even more modest 
field and current values. We are working on a new com- 
pact solenoid design in which the large mirror bucking 
coil is replaced by a very small one located behind the 
cathode. 

COLD TEST OF A PWT LINAC WITH A 
PHOTOCATHODE 

In order to demonstrate the feasibility of integrating a 
photocathode into a PWT linac structure without signifi- 
cantly perturbing its RF properties, we have outfitted an 
existing PWT linac structure at UCLA with a cathode 
plug (and associated spring-contact RF joint), and per- 
formed cold microwave measurements on the combined 
structure. This structure consists of seven (7) full cells 
and two (2) half cells with eight nearly identical disks, 
held together by four rods. It has fewer cells and a larger 
tank than the PWT structure we propose to build in the 
next step, but otherwise has many similar features. 

CONCLUSIONS 

Our work has successfully demonstrated the feasibility of 
an integrated PWT photoelectron linac system design. 
The system concepts and detailed dimensions of a proto- 
type 20-MeV PWT photoelectron linac using a 4-rod de- 
sign have been specified. We have used computer simu- 
lations and emittance compensation techniques to opti- 
mize the system performance. Limited cold tests have 
been performed to support the viability of integrating a 
photocathode and a PWT linac into a combined system. 
Based on these results, we can now move into the next 
step of the construction and test of a compact, high 
brightness, PWT photoelectron linac prototype system. 
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Abstract 

In this article we perform a general study of possible 
positron source for linear collider TESLA based on the 
HERA electron ring. 30 GeV electrons passing 10T wig- 
gler can produce intense synchrotron radiation with char- 
acteristic energy of photons of about 6 MeV. High energy 
photons are converted to few-MeV positrons in a suitable 
target. The ability of such a source to fit for the TESLA 
requirements is discussed. 

1   INTRODUCTION 

Linear collider TESLA [1] intends to operate with some 
1100 bunches in electron and positron beam each popu- 
lated with about 3.7 • 1010 particles. Thus, the linac cycle 
of 5Hz yields the production requirement of 2 • 1014 par- 
ticles per second. While one expects no severe problems 
with the electron production, several types of the positron 
source options are now under consideration (see e.g. [2,3]) 
which have to fit in requirements of the TESLA linac and 
damping ring [4]. In particular, one scheme assumes con- 
version of electrons from a powerful electron linac into 
positrons in a target [5], and the second concept is based on 
target conversion of high-energy gamma quanta produced 
by a high-energy electron beam in short-period helical un- 
dulator [6]. Several more sophisticated positron production 
schemes were discussed at Sources'94 Workshop [7]. 

This paper presents a brief consideration of another pos- 
sible positron production option with use of existing high 
current HERA electron storage ring - see general layout 
in Fig.l. 30 GeV electrons pass some 10T magnetic wig- 
gler (presumably, superconducting) and produce powerful 
synchrotron radiation (SR) with the characteristic energy 
of photons of about 6 MeV. These photons are converted 
into positrons in a target and captured by special optics for 
further acceleration and injection into the TESLA damping 
ring. 

As the mean electron current in the storage ring is much 
higher than in electron linacs to be used for positron pro- 
duction, then the ring-based scheme may have an advan- 
tage in obtaining the required positron production rate. 

2   STORAGE RING-BASED POSITRON SOURCE 

The idea of positron production with use of SR from a 
storage ring is not new. For example, ring-based sources 

positrons 

* work is supported in part by DESY, Hamburg 
t Operated by Universities Research Association, Inc., under contract 

with the U.S. Department of Energy 

10T 
magnet 

HERA-e orbit 

Figure 1: General layout of the proposed e+ source. 

of slow positrons for technological applications were pro- 
posed in Refs.[8, 9]. Few MeV positrons are much more 
suitable for the Linear Collider sources. Below we discuss 
several aspects of production of such particles. 

2.1   SRfrom Superconducting Wiggler 

Let us estimate the rate of photon production in a wiggler 
with a high magnetic field. We assume the undulator pa- 
rameter of the device K = 0max7 to be much bigger than 
1, therefore, the known formula of the photon flux density 
can be applied [10, 11]: 
dN1 .photons. 
dt dO   s mrad 

3.96 • 1016 E[GeV] I[A] S(s/ec) 
Ae 

(1) 
where I is the electron beam current, e is the photon energy, 
S(e/ec) is the spectral function [11] defined as 

S(x) = ^ J°° K5/3(y)dy,    J°° S(x)dx = 1. (2) 

The characteristic photon energy is 

E3[GeV] 
2.218[fceV] 

R[m] (3) 

the curvature radius R of electron trajectory in magnetic 
field B is equal to 
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R[m] = 
3.33E[GeV] 

700 

(4) 
B[T)      ■ 

For B = 10T and energy of HERA-e E = 30 GeV, 
the radius is equal to R = 10m and characteristic photon 
energy ec 6 MeV that is much bigger than the e e"1 

pair production threshold eth = 2moc2 « 1.022 MeV, or 
xth = (eth/ec) ~ 0.16. 

The integral of J^° S(e/ec) ~ 1, thus, for the storage 
ring with I = 50 mA the total flux of photons which can 
produce electron-positron pairs is equal to 

d/V7 .photons. 
6-10 16 (5) 

dtdO s ■ mrad 
The corresponding power of the SR is about 57 

kW/mrad. If we assume the that the total electron cur- 
rent of 50 mA is distributed uniformly between 10 bunches, 
then each bunch produces some 1.3 • 1011 7/mrad per sin- 
gle passage through the magnet with the HERA revolution 
frequency of 47 kHz. 

2.2 Positron Production 

The process of positron production and interaction with the 
target material involves several physical phenomena (pair 
creation, ionization losses, scattering, etc.). Some analyt- 
ical estimations of the conversion efficiency can be found 
elsewhere (see, e.g [8, 2, 9] and references there). Our fur- 
ther consideration is based on computer simulations [12]. 

All the results below are obtained for tungsten target (3.5 
mm radiation length) under the following parameters: the 
distance from the 8T magnet to the target is 10 m, the width 
of the target is w =10 mm (therefore, horizontal angular 
size of the target is 8 = 1 mrad), its height is 0.3mm, the 
thickness of the target is 10 mm. In a good accordance with 
Eq.(l), the code estimates the photon flux on the target of 
5 • 1016 photons per second in the photon energy range from 
1.022 MeV to 20 MeV. The conversion efficiency is found 
to be of the order of Ne+/N^ ~ 0.11. For SR from 10T 
magnet this value arises up to ~0.13. 

Fig.2 and Fig.3 present kinetic energy and angular distri- 
bution of the positrons, correspondingly. One can see that 
the mean particles energy is about 2 MeV while the FWHM 
of the energy distribution is some 3 MeV. Positrons leave 
the target in orthogonal plane to the orbit of HERA-e with 
broad spread of angles ~ n/2 rad. 

2.3 Capture Efficiency and Injection Scheme 

The efficiency of the capture optics and acceptance of fur- 
ther acceleration are key issues for the source. Major prob- 
lems to solve are to capture as many particles as possible 
and, at the same time, to avoid unacceptable pulse length- 
ening (initially the rms length of the HERA-e bunch is 
about 1 cm) when the pulse can not be accelerated as a 
whole. For the considered source, a two stage system could 
be proposed which consists of initial part with low fre- 
quency RF (e.g., 500 MHz) acceleration up to 20-30 MeV 
with large transverse and longitudinal acceptance, weak 

Ekin,   MeV 

Figure 2: Kinetic energy distribution for positrons emitted 
from tungsten target 0.3 x lOx 10 mm under impact of SR 
photons from HERA-e 8T wiggler. 

longitudinal magnetic field in the section, as high as possi- 
ble pulsed magnetic field at the target position and/or other 
measure to focus positrons leaving the target. Then the 
bunch has to be compressed in a-magnet or other magnetic 
structure for further acceleration to some 3 GeV in the high 
gradient S-band accelerating structure. 

We will characterize the capture efficiency by a factor of 

V = NfcceieratedlNptoduced- Assuming the angular width 
of the target equal to 6, each of 10 HERA-e bunches pass- 
ing the wiggler with Np periods gives outcome of: 

Ne+ = 1.3-1011-0.U-r]-Np-e = 1.7-W10-riNp9. (6) 

The TESLA damping ring requires bunch population of 
3.7 • 1010 which can be obtained with multi- or single-turn 
injection. At present time, the multiturn injection into the 
ring does not look very attractive because due to limited 
linac shot cycle of 200 ms the damping time have to be 
reduced down to some 5-10 ms (compare with the design 
value of 37 ms [4]) that needs several times longer damping 
wiggler and more powerful RF system. 

Thus, the better choice is single-turn bunch-by-bunch in- 
jection. Comparison of the design bunch population with 
(6) yields the requirement: 

•q-Np-dw 2.2. (7) 

Taking as an optimistic estimate the value r\ = 0.25, we 
get for the single pole wiggler 6 « 8.7 mrad. As an exam- 
ple, the target could be 2 cm wide and set at the distance of 
2.3 m from the wiggler. Corresponding wiggler pole length 
has to be more than OR — 8.7 cm. The total radiated SR 
power is equal to 0.5 MW which requires rotating or liquid 
target as it is assumed in other e+ sources for LC [2]. 

If (7) is satisfied, then filling of the TESLA DR with 
use of 10 bunches in HERA-e will take 110 revolutions, or 
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Figure 3: Distribution over 6 for positrons from 1-20 MeV 
SR photons, tungsten target size 0.3 x 10 x 10 mm, all 
positrons are emitted from target. 

about 2.3 ms. It is much less than 200 ms of the TESLA 
linac repetition time and allows to use the bypass with 
the wiggler in the pulsed regime while all other time the 
HERA-e ring can work for high energy physics experi- 
ments. 

2.4   Effects on the Electron Beam 

The vertical tune shift and distortion of the amplitude func- 
tion due to installation of the wiggler are estimated to be 
Auy ~ 0.001 and (Aßy)/ßy < 1 % that could be compen- 
sated by tuning the strength of nearby quadrupoles. 

While some 10 MeV energy loss of 30-GeV electrons in 
the 9-cm long 10T wiggler is much less than the total losses 
of 70 MeV/turn in HERA-e, than the effects on the elec- 
trons' damping times, energy spread and emittances does 
not look drastic, although not negligible. Certainly, these 
effects are weak if the bypass will operates in the pulsed 
mode. 

Other important issues such as changes of dynamic aper- 
ture due to the wiggler installation and the electron beam 
stability in the presence of the SR absorbers, collimators 
and other discontinuities of vacuum chamber have to be 
checked numerically as soon as more detailed design of the 
source will appear. 

3   DISCUSSION AND CONCLUSIONS 

The proposed scheme of positron production - through 
conversion of energetic photons of synchrotron radiation 
from 30 GeV electrons of HERA in the target material 
- looks very promising and fits into the TESLA require- 
ments, although further detailed studies of the positron pro- 
duction efficiency, the target, the capture optics and accel- 
eration systems optimization are necessary. The efficiency 

of the positron capture looks the most important parameter 
to investigate. 

An obvious disadvantage of the source is that it needs 
operation of the HERA-electron ring (although with a small 
duty factor). 

As the 5 mA single bunch current looks to be an up- 
per limit for HERA-e [13], we would note a possibility of 
further increase of positron production with use of several- 
poles wiggler or a wiggler with higher field. An experi- 
ence with construction and exploitation of "state-of-the- 
art" high field magnets (see e.g. [14]) has shown a good 
field quality in them. 

We would like also note that with the use of ellipti- 
cal wiggler the proposed scheme allows to obtain polar- 
ized photons and therefore, polarized positrons. This topic 
needs further thorough numerical studies. 

Authors are thankful to RIvanov, G.Kulipanov, E.Saldin, 
R.Brinkmann, K.Flöttmann, N.Holtkamp, J.Rossbach, G.- 
A.Voss, N.Walker, H.Weise for useful discussions and 
valuable suggestions. 
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A FULLY DEMOUNTABLE 550 kV ELECTRON GUN 
FOR LOW EMITTANCE BEAM EXPERIMENTS WITH A 17 GHz LINAC* 

J. Haimson, B. Mecklenburg, G. Stowell and E. L. Wright 
Haimson Research Corporation, Santa Clara, CA 95054-3104 USA 

Abstract 

The design details and fabrication features of a 550 kV 
electron source for operation with a 17 GHz chopper- 
prebuncher linac injector are described, and initial test 
results using the M.I.T. Plasma Fusion Center HV pulse 
modulator are presented. The electron gun was designed 
to satisfy the stringent injection specifications required for 
the linac to demonstrate a 20 MeV beam with a bunch 
current of 100 A and a normalized emittance of 5 mm- 
mradian. Fine mesh simulations of the electron gun optics 
revealed that, to minimize geometric contributions to the 
source emittance, a very tight tolerance (±25 urn) was 
required for the edge spacing between the cathode and 
focus electrode. Means of accurately locating the gun 
electrodes are discussed; and the vacuum demountable 
features that enable convenient field replacement of the 
anode, focus electrode and cathode/heater are described. 

1    INTRODUCTION 

The 17 GHz linac system [1] comprises a chopper- 
prebuncher injector and a 94 cavity, 2TI/3 mode, quasi- 
constant gradient structure having an RF filling time of 
58ns. The injection system is designed to operate with a 
550 kV, 1 A, low emittance electron source to produce 
fully gated bunches of < 20° at injection into the linac 
with a bunch current of 6 A and a pulse current of 280mA. 
The accelerator structure is designed to provide 
subsequent bunch compression to 1° and a steady-state 
beam loaded energy of 20 MeV. A new style, racetrack 
shaped, dual feed input coupler has been developed [2] 
and incorporated into the linac structure to avoid beam 
emittance contributions due to field asymmetry. 

2    DEMOUNTABLE GUN ASSEMBLY 

Based on a ceramic to copper, dry hydrogen furnace 
brazing technique (previously established during the 
development of a family of low beam emittance, 250 to 
550 kV dc electron guns [3]), a thick wall, large diameter, 
tapered ceramic shell terminated with brazed 
copper/stainless steel subassemblies was the design of 
choice for this pulsed HV application. This concept 
enabled standard vacuum flanges to be attached to the 
ceramic insulator (13-1/4" <|> at the HV end and 16-1/2" (j> 
at the ground end) and provided a variety of electron gun 
assembly options.  For example, in the Figure 1 layout of 

REMOVABLE 
ANODE FLANGE 

"ACCESS HOLES 
BLANKED BY 
BOTATABLE 
MOLY SHIELD 

Figure 1: Demountable Electron Gun Concept Showing 
Alternate Retrofit Configurations (A) for the 17 GHz 
Linac Low Emittance Injector and (B) for High Power 
Microwave Tube Research. 

the demountable assembly, the low emittance gun 
configuration for the 17 GHz linac is shown as (A) below 
the centerline; and means for retrofitting a higher 
perveance, larger diameter cathode and focus electrode 
assembly is shown as (B) above the centerline. 

The POISSON code equipotential plots and electric 
field gradients for the 17 GHz linac electron gun 
(mounted in the HV modulator oil tank) are shown in 
Figure 2. At a pulse voltage of 550 kV, the maximum 
gradients on the surface of the focus electrode and anode 
are 195 and 151 kV/cm, respectively. Iterative design 
adjustments of the HV seal braze joints and shields were 
performed in order to achieve the indicated low gradients 
(20 and 11 kV/cm) at the critical ceramic/metal interfaces, 
so that the possibility of achieving satisfactory HV 
operation, without baking-out the system and without TiN 
coating of the ceramic, could be investigated. 

\wi 
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*Work performed under the auspices of the U.S. Department 
of Energy SBIR Grant No. DE-FG03-94ER81774. 

Figure 2:    550 kV Electron Gun Assembly POISSON 
Equipotential Plots and Electric Field Gradients (kV/cm). 
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3    EMITTANCE SENSITIVITY 

Fine mesh simulations were performed with EGUN to 
study the effects of small changes in gun geometry, and in 
particular, the sensitivity of beam emittance to the radial 
clearance and axial separation between the cathode and 
focus electrode edges. The dashed curves in Figure 3 
show the sensitive dependence of emittance on this axial 
distance for two slightly different focus electrode designs, 
without the cathode temperature related transverse 
velocity contributions of the emitted electrons being taken 
into account. The Figure 3 solid curve shows the results 
of EGUN simulations that take into account thermal 
effects associated with a 1350°K, 2.5 mm radius cathode. 
This data indicated that, with a carefully constructed 
system, a 1 A beam having a normalized emittance of 
between 2TI and 3TT mm-mradian should be attainable. 
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Design A    Design B 

/ 
/ 

550 kV  i     \ 
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EGUN Data / 
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CATHODE TO FOCUS EDGE DISTANCE (urn) 

Figure 3: Normalized Emittance Dependence on Distance 
Between the Cathode and Focus Electrode Edges. 

4   FABRICATION FEATURES 

To accurately determine the small but critical movement 
of components caused by the cathode/heater dissipation 
(including radiation and reflection effects), prior to final 
machining of the focus electrode, the electron gun was 

fully assembled, fitted with an array 
of ceramic insulated thermocouples 
(refer to Figure 4), and operated in 
high vacuum with the cathode heater 
at full power. This temperature 
survey also enabled the thermal 
dynamics of the system to be 
evaluated, in particular, the delay in 
reaching equilibrium due to the high 
thermal isolation of the rigid 
stainless steel cantilevered support. 
For example, the Figure 5 curves 
reveal that a cathode preheating 
period of between 6 and 8 hours is 
required     before     achieving     the 

Figure 4:   Focus Electrode, Cathode/Heater and Support 
Subassembly Fitted with Ceramic Insulated Thermocouples. 

w 
en 

DC 
LU 
Q. 

300 

200 

100 

Cathode Heater Power = 52 W 

/ 
Hours: zzir .» y    , 

,^-B 1 

10 20 30 40 

DISTANCE ALONG SUPPORT ASSEMBLY (cm) 

Figure 5:   Cantilever Support Temperature-Time Curves. 

steady-state condition. Reduction of the temperature 
survey data enabled the room temperature dimensions of 
the focus electrode to be accurately established, the 
contour machining finalized and the gun assembly 
completed. Views of the HV ceramic assembly and 
internal components of the gun are shown in Figure 6. 
Self centering and sealing of the ceramic and copper 
components during the brazing process was accomplished, 
without the need for peripheral grinding of the large 
ceramic, by using novel graphite fixtures; and the copper 
sealing technique ensured the complete absence of 
magnetic materials (e.g., Kovar or other Ni-Fe alloys). 

Figure 6: Upper View - HV Ceramic Insulator; Lower 
View - Installing the Focus Electrode and Cathode/Heater 
Subassembly. 
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Following prior design practice [3], the cathode/heater 
assembly was mounted directly to the focus electrode, and 
piloted to an accuracy of 25 um to maintain a radial 
clearance of 380 |im. A built-in adjustment system 
enabled the large diameter focus electrode to be centered 
and spaced with respect to the anode to a tolerance of 
25 (im, and then locked in position using an alignment 
fixture as shown in Figure 7. This technique enabled 
errors due to small misalignments, and cumulative buildup 
of fabrication tolerances, to be corrected with a single 
final adjustment. 

waveforms of the electron gun voltage and the current 
transmitted through both collimators into the Faraday cup 
are shown in Figure 8.    These preliminary tests were 

°4H     JC<9 

w   A-/7,.-../■ A - ■'' * 

m> "*^i»v^s »-«'/,!$'                             -/v                 *               'r* 
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Figure 7: Upper View - Gun Assembly with Anode 
Removed; Lower View - Final Positioning of the Focus 
Electrode Using the Alignment Fixture. 

5    PRELIMINARY TEST RESULTS 
AND FUTURE PLANS 

The 550 kV electron gun assembly was integrated into the 
HV modulator, used at MIT [4] for operating the high 
power TW relativistic klystron for the 17 GHz linac, by 
attaching an external gun chamber to the side of the 
modulator tank (refer Figures 1 and 2). Prior to 
completing the HV processing of the gun, a preliminary 
simple beam emittance test was performed at 440 kV with 
a cathode emission current of 1 A. Using a low aberration 
thin lens, the beam waist from the gun was re-imaged at a 
0.8 mm radius collimator, then after drifting 37.5 cm to 
the location of a 3.4 mm radius collimator, the transmitted 
beam was collected in a evacuated Faraday cup.   Pulse 
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Figure 8: Electron Beam Transmitted into Faraday Cup 
through 0.8 mm and 3.4 mm Radii Collimators Separated 
by 375 mm (ßye = 2.8 71 mm-mradian). 

performed with a space charge limited cathode but 
without attaining thermal equilibrium of the gun structure 
(the preheat period was only 2 hours - refer Figure 5). For 
the given geometric conditions, the results indicate that 
an rms emittance of approximately 1.87t; mm-mradian was 
achieved at an energy of 440 kV with a transmitted beam 
of 600 mA and a pulse width of 600 ns. 

At this writing, the electron gun has been successfully 
hi-potted to 550 kV, and is to be processed and beam 
characterized to a higher level prior to installation of the 
17 GHz linear accelerator and spectrometer, and the 
chopper/prebuncher injector, scheduled for later this year. 
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COMMISSIONING OF THE IUCF 7 MeV H" LINAC 

D.L. Friesel, Indiana University Cyclotron Facility, Lane, Bloomington, IN 47408, 
and R.W. Hamm, AccSys Technology Inc, Pleasanton, CA 94566 

Abstract 

Construction of a 2.24 T-m, rapid-cycling booster syn- 
chrotron (CIS) to inject polarized ions (p, d) into the Indi- 
ana Cooler [1] is nearing completion at IUCF. Designed to 
provide 2.5 x 1010 particles per pulse for Cooler injection, 
the booster is also well suited for use as a source of 60-220 
MeV protons for medical therapy. An AccSys Technology 
Model PL-7 Linac consisting of a 3 MeV RFQ coupled to 
a 4 MeV DTL is used to pre-accelerate H~ ions to 7 MeV 
for strip injection into CIS. Two 350 kW, 425 MHZ rf am- 
plifiers power the Linac, which accelerates variable pulse 
width H~ beams with duty factors up to 0.2%. The Linac 
accepts up to 1.0 ix mm mrad (norm), 25 keV H~ beams 
and accelerates them to 7 MeV with 1% energy spread 
and no emittance growth. Following delivery to IUCF in 
December, 1996, beam commissioning began in January, 
1997. The measured Linac beam performance characteris- 
tics from this work are presented. 

1   INTRODUCTION 

The low intensity of even the most advanced polarized 
ion sources (~ 1 mA) requires the use of H~ strip injec- 
tion and accumulation to reach the intensity goal for CIS 
[2]. Intensity gain calculations for H~ ions on thin Car- 
bon foils (<2-8 /igm/cm2) as a function of energy indicate 
that greater than 3 MeV was needed to insure > 1010 pro- 
tons per pulse from CIS for Cooler injection [3]. Hence, an 
AccSys Technology, Inc [4] 7 MeV H~ Linac consisting 
of a 3 MeV RFQ coupled directly to a 4 MeV DTL was 
selected as an H~ pre-injector. IUCF and AccSys entered 
into an "Industrial Partnership" agreement in June, 1995, 
whereby AccSys designed and built the Linac accelerating 
structures and power amplifiers and IUCF supplied the H~ 
source and LEBT, RFQ vacuum tank, all major commer- 
cial equipment (power supplies, pumps, etc) and manpower 
support. Specifications for the Model PL-7 Linac are listed 
in Table I and a layout of the H- source, LEBT, Linac 
and7 MeV injection beam line is shown in Fig. 1. The fully 
assembled Linac (serial No. 001) was delivered to IUCF 
on December 13, 1996 and installed between the waiting 
25 keV H~ source and 7 MeV injection beam line. Beam 
commissioning began on January 12, 1997 and concluded 
with the injection and accumulation of both 3 and 7 MeV 
protons in the CIS ring this April. 

2   LINAC DESCRIPTION 

The 4 RFQ vanes are fabricated from copper plated, preci- 
sion contoured aluminum extrusions with continuous water 

cooling paths near the vane tips. The stainless vacuum ves- 
sel has a removable lid so that the patented self aligning 
q/A = 1 vanes can be replaced with q/A = 1/2 vanes 
for the later development of deuteron beams in CIS. A full 
scale, low rf power aluminum model of the DTL tank and 
drift tubes was used to measure frequency response and 
finalize the mechanical dimensions of the resonator tank 
and endplates. Each of the 22 water cooled, Cu plated 
stainless drift electrode assemblies house permanent mag- 
net quadrupoles for transverse focussing. The RFQ and 
DTL were fabricated separately and assembled on a com- 
mon rigid support structure with no matching beam line 
between them. Matching the 3 MeV RFQ exit beam to the 
DTL acceptance is done in the last few cells of the RFQ. 
A closed loop water/glycol cooling system regulates both 
resonator temperatures to ±1° C. 

The 350 kW rf amplifiers (1 each for the RFQ and DTL) 
are upgraded versions of an AccSys Technology three stage 
amplifier based on the EIMAC YU-176 planar triode tube. 
The final 12 tube amplifier is designed for quick tube re- 
placement and to operate with several failed tubes if neces- 
sary. RF power is delivered to the cavities via 3-1/8 inch 
semi-rigid coaxial cables and side mounted cavity drive 
loops. The DTL tank is fitted with a slug tuner which has 
a ±100 kHz tuning range. These amplifiers define the duty 
factor limit for the Linac. 

Each amplifier is equipped with an enhanced Instrument 
Monitor and Control Unit (IMCU) which communicates 
with the CIS VISTA controls system [5] via a MIL-STD- 
1553B bus interface. The IMCUs contain hardware inter- 
locks and electronic monitoring and controls for all Linac 
functions, including the vacuum systems. In CIS, software 
programs were developed to control, monitor and record 
amplifier tube operating parameters and spark information, 
and to automatically recover from VSWR and tube spark- 
down faults. The information provided by the IMCU's and 
the effective architecture of the amplifier cabinets greatly 
simplified trouble shooting during initial commissioning of 
the Linac. 

3    LINAC PERFORMANCE 

The 25 keV unpolarized H~ source and LEBT was de- 
signed to match the input beam requirements specified by 
AccSys for the RFQ. Built at IUCF, it routinely delivers 0.4 
mA peak intensity, 0.6 7r /im (norm), 25 keV H~ beams 
at <5 Hz with 125 mrad symmetric convergence and 2.5 
mm diameter to the RFQ entrance [6]. The source, RFQ 
and DTL triggers and pulse widths are independently ad- 
justable via the CIS timing system. An example of the rel- 

0-7803-4376-X/98/S10.00 © 1998 IEEE 2811 



£5  keV  H-   SDURCE -j 

Eni-ttance   Scanner 
DOUBLE   EINSEL   LENS 

Pickups 

PL-7   Linac 

Figure 1: The CIS keV H" Source, 7 MeV PL-7 Linac and injection beam line through the CIS ring injection straight 

section. 

ative timing sequence used for these devices is shown in 

Fig. 2. 
Table I: PL-7 Linac Performance Specifications 

I. Linac (RFQ and DTL) 
Operating Frequency 425 MHZ 

Duty Factor <0.2% 

Design Repetition Rate (variable) 1-5 Hz 

rf Pulse Width (variable) 35-300/is 

Overall Linac Length 3.979 m 
Operating Vacuum (oil Free) 0.08 UTOTT 

Min. Guaranteed H~ Beam Transmission <80% 
Design Intensity Range .1-1.0 mA 
II. RFQ Properties 
Input Energy (H~) 25keV 
Acceptance (norm.) 1.0 7T 

Vane average Bore Radius 2.48 mm 

Inter-vane Voltage 71 kV 

Maximum rf Power 0.3 MW 

Cavity Q 7350 

Output Energy 3.0 MeV 

III. DTL Properties 
Input Energy (H~) 3 MeV 

DTL Cavity Q 48000 

Maximum rf Power 0.3 MW 

Output Energy (H~) 7.0 MeV 
Nominal Energy Spread (T) ±70 keV 

Output Emittance (norm.) I.OTT 

The DTL cavity field duration is longer than the RFQ field 
because 3 MeV H~ beam passes unattenuated through the 
unpowered DTL cavity, resulting in both 3 and 7 MeV H~ 
beam from the Linac entering the injection beam line. The 
source pulse, however, must also begin after the DTL cav- 
ity has reached full field. Injection of H~ beam prior to the 
DTL cavity field reaching full potential clamps the field 
to zero volts, presumably due to multipactoring. (Initial 
application of full power to the RF accelerating structures 
required less than 1 hour of conditioning) De-tuning the 
source beam and extended DTL operation at full field to 
condition against multipactoring have not stopped this ef- 
fect, which was not observed with positively charged pro- 
ton beams at AccSys. While surprising, this is not a lia- 

bility for our application because the Linac duty factor is 
larger than required for CIS injection. 
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Figure 2: Source, RFQ, and DTL Pulse Sequence 

RFQ and DTL Cavity Threshold Voltage Measure- 
ments 

The required CIS injected beam properties are achieved 
from the Linac only when operated at the design (threshold) 
cavity field with all 7 amplifier feedback loops (frequency, 
phase, and cavity field) closed and operating properly. The 
PL-7 threshold voltages were measured open-loop at Acc- 
Sys with protons and again with all 7 amplifier loops closed 
at IUCF with H~ ions using the diagnostics in the CIS 
injection beam line shown in Fig. 1. Beam transmission 
through the Linac increases with RFQ cavity field until the 
threshold pickup voltage of V0 = 4.35 V is reached for 
both measurements, as shown in Fig. 3, and requires 295 
kW of rf power, slightly higher than the predicted 284 kW 
The DTL V0 was determined by measuring the H~ beam 
energy as a function of the its cavity field as determined by 
the beam position on a multi-wire HARP at the exit of a 31° 
bending magnet and the output of a beam TOF energy mea- 
surement system. These only measured energy changes, 
and could not be used to precisely determine beam energy. 
The data for several measurements are shown in Fig. 4. The 
DTL Vo of 3.57 V is obtained at an amplifier output power 
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Figure 3: RFQ Threshold Measurement 

of 300 kW, also higher than predicted. The beam energy 
at these threshold values was later determined to be 6.987 
MeV by measuring the orbit period of circulating beam in 
the ring. 

3.2   Linac Transmission and Accelerated Beam Proper- 
ties 

Beam property measurements were made at both 7 and 3 
MeV by running with both RFQ and DTL cavity fields set 
to their V0 and by turning the DTL cavity field off and scal- 
ing the beam line accordingly. Beam transmission from the 
source to a compensated beam stop located 2.5 m from the 
Linac exit range from as high as 90% to as low as 75% from 
run to run. Typically, 320 p,A of the 400 /xA available at the 
source are recorded on this stop. The beam profile mea- 
sured on a multi- wire HARP in front of this stop is a 6 mm 
(FWHM) waiste as predicted for the calculated currents in 
the quad triplet at the Linac exit, verifying that the optical 
properties of the accelerated beam their are as predicted by 
AccSys. Beam transmission from this stop to the stripper 
foil in the CIS injection region is typically 80%, again with 
all beam line focussing elements operating within 5% of the 
values calculated using the AccSys beam focussing predic- 
tions. Similar transmission is achieved for 3 MeV ET with 
beam line quads operating within 10% of the values scaled 
from 7 MeV. 
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Both the 3 and 7 MeV H" beams have been injected and 
accumulated in the CIS ring [7]. Over 250 uA (peak) of 
protons of the 400 uA H~~ available at the source are strip 
injected into the CIS ring, as measured on a compensated 
stop between ring main dipole magnets 1 and 2. The beam 
profile on the foil is a 6 mm dia double waste. Alignment 
of the source, Linac and injection beam line is excellent, as 
beam steering requirements are minimal. The 7 MeV H~ 
horizontal beam emittance was measured on several occa- 
sions to be <1.0 7T mm mrad (norm.), also as predicted. 

3.3   Amplifier Feedback Loop and Beam Stability 

The Linac amplifier feedback loops required continued de- 
velopment at IUCF to get the optimum 7 MeV H~ beam 
properties desired for CIS injection. Primarily, the speci- 
fied beam energy, energy spread and emittance are required 
to maintain stable strip injection into the ring. The mea- 
sured stability of the feedback loops for both amplifiers are 
±2° phase and ±0.5% amplitude. The stability of the RFQ- 
DTL relative phase loop, also important to maintain energy 
stability, is about ±2°, as determined by the beam energy 
stability using the beam line TOF system. These closed 
loop operating parameters provide reproducible and stable 
beam injection into the CIS ring [2]. A beam energy spread 
measurement has not been made, but is likely near the spec- 
ified ±1% based on initial ring strip injection performance 
studies. Occasional departures from the RFQ/DTL relative 
phase stability are observed during operations, which sig- 
nificantly reduces injection efficiency. Development work 
is continuing to improve the long term performance of the 
feedback loops and the Linac beam stability. 
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PERFORMANCE OF ELECTRON GUN FOR SPRINGS LINAC 

T. Asaka, T. Hori, Y. Ito, T. Kobayashi, A. Kuba, A. Mizuno, H. Sakaki, 

S. Suzuki, T. Taniuchi, K. Yanagida, H. Yoshikawa and H. Yokomizo 

SPring-8, Kamigori, Ako-gun, Hyogo, 678-12 Japan. 

Abstract 

A thermionic gun of the injector linac for SPring-8 is 
required to generate different beam pulse width, lnsec, 
10-40nsec, l|J.sec. Three types of grid pulsers were 
prepared to generate different beam pulse width. The gun 
uses cathode-grid assembly (EIMAC Y796) and operates 
up to 200kV anode voltage. In order to research 
characteristics of the electron gun, emission current from 
gun were measured by the wall current monitor. In this 
paper, the pulser system and characteristics of the emission 
current in region from 30mA to 19A are described. 

1 INTRODUCTION 

SPring-8 is one of the largest ultrahigh brilliance X-ray 
synchrotron radiation facilities under construction at 
harima science garden city in Hyogo prefecture. The 
facility consists of a IGeV S-band injector linac, an 8GeV 
booster synchrotron ring and an 8GeV storage ring. The 
IGeV linac is not only a injector linac of an 8GeV 
booster synchrotron but also injector linac of a IGeV 
NEW SUBARU ring (VUV-soft X-ray ring, under 
construction) and to utilize for some experiments like to a 
slow positron facility and the parametric X-ray source[l]. 
The injector linac composes of a 250MeV high current 
linac, an electron / positron converter, a 900MeV main 
linac and a beam transport line. This linac is able to 
produce various kind of the beam pulse width from lnsec 
to lpsec, which are requested by the storage ring operation 
mode; multi bunch operation and a single bunch operation. 
In addition, the peak current from injector linac is defined 
by two modes; one is a high current mode (>15A) for 
positron production, and the other is relatively low current 
mode for electron use. The beam current is controlled with 
varying the emission current from a gun, and also by 
physically defining the beam size using an iris that is 
placed just behind the gun. The basic requirements for 
SPring-8 gun are summarized in table 1. 

Pulse width Electron 

Single bunch mode lnsec 300mA 

Short pulse mode 10-40nsec 300mA 

Long pulse mode lu;sec 100mA 

Table 1 Beam parameters of the gun 

A beam commissioning of the injector linac has been 
started from August 1996 after sufficient rf processing, and 
the commissioning of the booster synchrotron has been 

started from December 1996. In especially, a peak electron 
beam current of 50mA with beam pulse width of 40nsec is 
required from the first beam condition for the 
commissioning of booster synchrotron. However, the 
range of 50mA for the beam current is too low to control 
with varying a grid potential of Y796 owing to strain of 
the waveform of emission current that is observed by the 
wall current monitor[2]. In order to generate the low beam 
current with rectangular waveform, the gun was operated 
with controlling of both heater power and grid voltage. The 
optimum parameters of the gun system is obtained from 
the measurement results of emission current dependence on 
anode voltage, heater power and grid voltage under 
consideration for shaping waveform of emission current. 

2 GUN DESIGN AND PULSER SYSTEM 

The thermionic gun is the EIMAC Y796 cathode grid 
assembly, which has  a circular cathode area of 2cm 
equivalent to 8mm in radius. The gun is pulsed at 60Hz 
with a rectangular waveform variable from lnsec to lflsec 
in pulse width. 

E-GUN was used to design the thermionic gun focus, 
anode electrode shape and the gap between cathode and 
anode, and to simulate the beam parameters in the gun 
region. The optimum of gun geometry was determined by 
obtained minimum emittance at the gun exit (150mm from 
cathode plane). The anode cathode gap distance is 30mm 
and the perveance is 0.20|Xperv. A space charge limited 
flow at 200kV is 18.2A. The anode voltage of 200kV has 
been chosen as high as possible in order to reduce the space 
charge force at high current beam generation. The 
normalized emittance at the gun exit is 15.37imm.mrad and 
the beam radius is 8.1mm. 

500m FIbw Cable 

Trlggw Pult« 

200k«V «Uetran 

1211 Tnn>mit*lon Una 

Eiselron Gun EIMAC Y7M 

Fig.l Schematic of the gun system 

A schematic drawing of the gun system is shown in 
Fig. 1. Three types of grid pulsers are prepared to generate 
different beam pulse width. A long pulse of more than 
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l|j.sec is generated by a constant voltage pulse generator 
(MELCO), and a short pulse of 10-40nsec is generated by 

nano second pulser (Kentech Instruments Ltd.), and a 
single pulse of lnsec is generated by a high voltage 
modular pulse source (Kentech Instruments Ltd.). These 
pulsers are installed in a high voltage station, and are 
connected by two types of the transmission lines which are 
made of 1068mm long axial rigid tubes with 12Q. 
impedance. One is used for generating short pulse and long 
pulse, and other is used for generating single bunch, it is 
composed of impedance converter and short stab[3]. 

Since the timing jitter of trigger signal of less than 
30psec (FWHM) is required to inject the 2nsec if bucket of 
the 508.58MHz booster synchrotron and the 508.58MHz 
storage ring in single bunch beam operation, the gun 
trigger system and transfer line used the passive circuit, the 
fast rf amplifier, the optical fiber cable and the E/O, O/E 
transmitter and receiver which have low jitter and low 
temperature dependence[4]. 

3    EMISSION     CURRENT     MEASUREMENT 

The first beam tests selected short pulse mode using the 
nano second pulser. The beam pulse width is determined 
by the delay cable length between ON trigger output and 
OFF trigger input at this pulser. In order to make 
impedance matching at the driving cathode impedance 
(12Q), the output channel of pulser are prepared four 

connectors (BNC type, 50Q for one channel). Fig.2 shows 
the observed the waveform of pulser output for lOnsec 
mode and 40nsec mode, respectively. 

width is shown in Fig.3. The gun parameters are follows: 
iris none, heater voltage of 6.7V (heater power of 40W), 
anode voltage of 180kV and grid net drive voltage of 110V. 
And the pressure level of the gun is kept in the range of 
10"8Torr. For the results of the first gun test without using 
the iris, the behavior of emission current as a function of 
the grid pulser voltage for different values of the heater 
power, the anode voltage and the bias voltage are shown in 
Fig.4, 5, 6. The perveance from Fig.5 is 0.35|iperv which 
is higher than design value. 

11111111111111111111 

Pulser Input Voltage : 3 - 10V 

I I I I | I I I I | I I I I 

Time  [5neec/div.] 

"■ Time   [20n«ec/dlv.] 

Fig.2 The waveform of nano second pulser output 

The emission current from the gun was observed by the 
wall current monitor which was calibrated by means of a 
tapered coaxial test stand. The monitor is placed at the 
beam pipe prolongs for about 45cm after the cathode. The 
helmholtz coil is positioned right next to the gun. An 
adjustment of the beam size was performed by using the 
helmholtz coil and the fluorescent screen monitor. 

The waveform of the emission current at lOnsec pulse 

Fig. 
25 

Time  [5nsec/dlv.] 

3 The emission current at lOnsec pulse width 
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Fig.4 Emission current characteristics versus heater power 
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Fig.5 Emission current characteristics versus anode voltage 
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Fig.6 Emission current characteristics versus grid voltage 
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The emission current from the gun is reduced with the 
two types of iris. The reduction ratio are measured 7% of 
()) 1.2mm iris and 26% of <))2.6mm one, respectively. These 
values were independent of the operating heater voltage in 
region from 3.5 to 6.5V. 

In order to investigate the relations of the emission 
current and the waveform, the beam pulse width and the 
flatness of pulse height for different values of the emission 
current is measured by the wall current monitor. The gun 
parameters are follows: operation mode of 40nsec beam, 
iris of <j) 1.2mm and anode voltage of 180kV. Fig.7 shows 
the example of pulse width (FWHM) which depends on the 
grid bias voltage with the heater voltage of 4.0V (heater 
power 15W). In this figure, it is shown that the beam 
pulse width reduce with increasing grid bias voltage with 
regard to the pulser voltage below 90V. Fig.8 shows the 
flatness of waveform as a function of the heater power for 
different values of the emission current on condition that 
the pulse width (FWHM) is region from 35 to 43nsec. In 
case of the commissioning of the booster synchrotron, the 
optimum value (flatness <3%, peak current 50mA) is 
determined 3.6V in heater voltage from the results of 
Fig.8. In addition, Fig.9 shows the heater voltage versus 
flatness for different value of pulse and bias voltage under 
the above condition. The deterioration of flatness with net 
voltage below -50V depends on the flatness of pulser 
output in Fig.2 The state of flat-top for the pulser output 
is independent of the different pulse height. 
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Set  Pulse Width  :  40nsec 

Z   160V 1 rise   Size :1.2mm  ( ilameter); 

: 100V   ■ 

: 
: SOV     ; 

z ; 
Pulser 
■   i   i 

70V     ; 
'oltage Z 
iii- 

100 120 140 
Grid Bias Voltage [V] 

160 1S0 

Fig.7 Pulse width characteristics versus grid voltage 
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Grid Bias Voltage : 60 - 160V 
Pulser Voltage: 90 - 170V 

Fig.8: Dependence on the pulse flatness 

Fig.9: The heater voltage versus flatness for different value 
of pulser and bias voltage 

4 CONCLUSION 

We have generated the emission current in region from 
30mA to 19A with the fast rise and fall time using nano 
second pulser. In order to produce rectangular waveform at 
the low current beam generation (flatness <3%, peak 
current 50mA), it is performed by control both of an iris 
and the heater power, simultaneously. In especially, the 
deteriorating flatness with the low bias and pulser voltage 
is caused by waveform of the nano second pulser output. 
Further experiments will be continue to examine the 
stability for the long term of operation on the gun. 
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THERMIONIC RF GUN WITH HIGH DUTY FACTOR 

V.V. Mitrochenko, NSC KIPT, 1, Academicheskaya Str., Kharkov, 310108 Ukraine 

Abstract 

Back bombarding limits wide usage of thermionic RF 
guns. The article presents one of the possible field 
distribution on-axis of a RF gun, which allows to reduce 
back bombarding power of a cathode. Simulation 
predicts 20 kW of pulsed back bombarding power on the 
LaB6 cathode under 0.51 A of output current and 0.908 
MeV of maximum energy of electrons. Average current 
can be increased until average power of back 
bombarding reaches the initial filament power of a 
cathode. Therefore it is expected to reach at least 0.5 
mA of average output current. Energy spectrum and 
bunch phase length are suitable to inject the beam 
directly into the accelerator structure with the phase 
velocity equal to the velocity of light. Ramp of the 
cathode temperature during RF pulse and long time 
stability of output current are discussed. 

1 INTRODUCTION 

It is well known, that beside providing high quality 
beams RF guns allow to simplify the injector part of 
resonant linacs. This fact caused our interest to use RF 
gun as injector of linacs for a wide application. In 
particular, it would allow to eliminate such a 
complicated and unreliable device as a high voltage 
power suppler of a DC gun. However, such linacs 
operate with a high duty factor. In this case an 
application of RF guns is limited due to the following 
reasons: 

i) for the photo-emission RF guns: huge cost of a 
laser system and short life time of the efficient photo- 
cathodes. 

ii) for the thermionic RF guns: the back bombarding 
effect as well as wide energy and phase spectra. 

The work was aimed at a search of such an on-axis 
electric field distribution that would allow to reduce 
back bombarding power and would provide suitable 
energy and phase spectra of electrons to inject the beam 
directly into the acceleration structure with the phase 
velocity vp equal to the velocity of light. 

2 RF GUN WITH LOW BACK BOMBARDING 
POWER 

Back electrons increase cathode temperature of 
thermionic RF gun. To compensate this increase it is 
necessary to reduce filament power of the cathode. It is 
obvious that it can be done until average power of the 
back bombarding exceed the initial filament power. The 
pulse power of back bombarding electrons is about 100 
kW for single cell RF gun [1] and about 50 kW for 

double-cell RF gun [2]. Filament power of the latter one 
is about 12 - 15 W (pressed oxide Ba-Ni cathode). 
Filament power for a RF gun that is similar to the gun 
described in [1] is about 30 W [3] (LaB6 cathode). It is 
clear, that these guns can not operate with a high duty 
factor, for example, of 0.1%. 

On the basis of the RF gun design experience it is 
possible to formulate some criteria of a field distribution 
search. The electric field that accelerates electrons about 
1 MeV per cell is rather high for space charge that is 
characteristic for thermionic RF guns, so to reach the 
beam energy about 1 MeV it is necessary to use several 
cells. The length of the first cell should be chosen in 
such a way that it would be possible to deliver a 
substantial part of electrons emitted from the cathode to 
the entrance of the second cell. The second cell is not to 
make a considerable acceleration of the electrons. The 
fundamental acceleration should be made at the next 
cells. In such a way it is possible to reduce back 
bombarding and to provide suitable bunching to inject 
the beam directly into the acceleration structure. 

Simulation of the RF gun was made on basis of 
SUPERFISH [4], PARMELA [5] and the simple edint 
codes. The edint code allows to simulate two- 
dimensional electron motion in RF guns taking into 
account influence of the Schottky effect on the cathode 
emission. It was used to calculate the back bombarding 
power of a ring cathode. To simulate a thermionic RF 
gun with PARMELA the imputO was used. The diout 
file was prepared by addition code which changed 
"superparticle" charge according to the Schottky effect. 

The design of the RF gun which consists of three 
accelerating cells was chosen on the basis of the 
mentioned criteria. On-axis field distribution is shown in 
Fig. 1. Fields in the adjacent acceleration cells have 
opposite phases, that is 7t-mode. Electrons were emitted 
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by LaBfi cathode with diameter 5 mm. Simulation results 
of electron motion for maximum value of on-axis field 
Ezmax = 30 MV/m are the following. Maximum energy of 
electrons W^ at the gun exit is 908 keV while their 
average energy Wav is 760 keV. The RF gun exit is 
reached by 51% of particles emitted from the cathode. 
70% of particles at the RF gun exit are within the phase 
interval A(p = 43° and have the fractional energy spread 
AW/Wav = 35%. The root mean square normalized 
emittance enmis is 21 mmmrad. The pulse power of back 
bombarding electrons Ptatk is 20 kW for 0.51 A of the 
output current. The back bombarding electrons have 

average energy Wback =49 keV. Fig. 2 shows phase and 
energy spectra of output beam while Fig. 3 shows phase- 
energy and x — x' distributions of the particles. It 
follows from above mentioned data and figures that 
output beam is bunched enough, so it can be injected 
directly into the acceleration structure with v=c. 
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ring LaB6 cathode with an outside diameter of 5 mm and 
an inner diameter of 2 mm showed that cathode back 
bombarding power was 13 kW. The part of back 
bombarding electrons which passes through the inner 
hole of the cathode can be dissipated inside the cathode 
housing unit. Of course, the ring cathode increases the 
beam emittance in 1.5 times, but it is still less than the 
emittance of a great number of convenient injectors. A 
ring cathode allows to obtain the necessary output 
current for operating with a high duty factor by changing 
the inner diameter. 

It is necessary to note that increasing the average 
temperature of the cathode is not the only harmful 
factor. A ramp of the cathode temperature that occurs 
during RF pulse can also cause some troubles. To 
estimate the temperature ramp with good accuracy it is 
necessary to take into account energy and spatial spreads 
of back bombarding electrons as well as spread of heat. 
For rough estimation of the temperature ramp very 
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xv = 3,3 (is) average power of the back bombarding 
takes a considerable part of filament power. There is an 
experience of RF gun operation with increased pulse 
repetition rate under switching off filament power [3,6], 
but in both cases the steady state cathode emission was 
too high. It is necessary to use a ring cathode to 
eliminate this effect. The simulation performed for the 

simple approaches were used. Let's assume that all back 
electrons have the same energy which is equal to 

W back and they are uniform distributed on the cathode 
surface. Let's also assume that power of back electrons 
dissipates within the slice of the cathode the depth / of 
which is equal to the extrapolated penetration length of 

electrons with energy W back, spread of the heat is 
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neglected. In this case the ramp of the temperature AT 
is equal: 

A7 = 
"bad!} p 

cpSlp ' 
were cp - thermal capacity, S - square, p - density of 

the cathode. 
For the solid and the ring cathodes the temperature 

ramps are 44°K and 34°K, respectively. These ramps 
increase emission of the cathodes to the end of RF pulse 
on 70% and 40%, respectively. The temperature ramps 
are overestimated in this approximation because for the 
pulse duration the heat spreads on the length that is 
comparable with a penetration length of electrons. 

The main question is how to provide long time 
stability of the output current when back bombarding 
power takes a considerable part of filament power. It can 
be done by using negative feedback on cathode 
temperature and making RF gun slightly undercoupled 
with a waveguide for operation current. For 
undercoupled cavity system a change of the cathode 
emission causes the opposite change of accelerating 
field and, consequently, a change of back bombarding 
power is less than that for the overcoupled cavity 
system. So it can stop runaway of cathode temperature. 
Of course, long time stability is an enough complicate 
question and ultimate answer can give experimental test 
of the real RF gun. 

3 CONCLUSIONS 

The on-axis field distribution in a thermionic RF gun has 
been found that allows to reduce considerably the back 
bombarding power and providing suitable bunching to 
inject the beam directly into the acceleration structure. It 

is expected to reach at least 0.5 mA of average current at 
the gun exit. Long time stability needs further 
experimental study. 
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OBTAINING THE LINEAR ELECTRON BEAMS BY USING THE MAGNETRON 
INJECTION GUNS WITH COLD SECONDARY EMISSION METALLIC CATHODES 

(EXPERIMENT) 

Yu.D. Tur, A.N. Dovbnya, V.V. Mitrochenko, N.G. Reshetnyak, V.P. Romas'ko, V.V. Zakutin 
NSC KIPT, 1, Academicheskaya Str., Kharkov, 310108 Ukraine 

Abstract 

The problem of extending the life-time, of increasing the 
pulse and average power of many RF-sources is closely 
related to the design of their electron guns. As it is 
known, the magnetron injecting guns with secondary 
emission metallic cathodes (SEMIG) are specified by the 
high current emission density and long life-time. The 
main goal of these investigations is to determine the 
advantages and limitations of using SEMIGs as the 
electron source in high-power RF devices and accelerator 
injector systems. At this stage we have studied some 
questions concerning the operational beam stability, 
voltage and current increasing. The experiments have 
been performed by using the experimental setup to 
investigate SEMIG linear electron beam parameters from 
single and multiple beams gun assemblies with the 
anode voltage up to 100 kV, pulse duration up to 10 us, 
repetition rate 50 Hz and 0.1-0.2 T magnetic field 
strength. Pulse-to-pulse long-term stability of the annular 
electron beams (internal diameter nearly equal to the 
cathode diameter, wide of ring 1-2 mm (wavelength of 
cyclotron oscillations)) with beam density up to 70 
A/cm2 have been achieved. It is shown, that the cathode 
diameter extension provides a proportionate increasing of 
the beam current, and in the case of multiple beam gun 
assemblies we have separate identical electron beams 
with the similar parameters of single-beam gun. 

1 INTRODUCTION 

A task of creating the long lived, high-energy electron 
sources is one of the main problems in the acceleration 
engineering. As it was shown earlier [1,2] the so-called 
secondary-emission magnetron guns (SEMIG) with cold 
metal cathodes are specified by a high beam density, high 
lifetime and instantaneous operation readiness. On our 
opinion the guns of such a type are highly promising for 
the use in RF-sources and accelerators, in particular, in 
multybeam and cluster klystrons [3,4] as well as in high- 
current injector systems, for example, in the installation 
such as RKTBA [5] and CESTA TEST FACILITY [6]. 

The present paper continues the experimental study of 
characteristics of such guns. We studied the current- 
voltage and spatial characteristics, conditions of beam 
generation and stability. The amplitude modulation of the 
emission current in the variable electric fields was 
investigated.    Presented   are   the   results   of   studies 

concerning the multybeams systems and considering the 
possibility to increase the output current amplitudes by 
changing the geometrical dimensions of guns. 

2 DESCRIPTION OF FACILITIES 

Constructionaly SEMIG represents a coaxial structure 
with a copper inner rod being the cathode and a more 
extended external cylinder placing the role of the anode 
placed in the solenoid providing the longitudinal 
magnetic field. Experimental studies have been carried on 
the test setup comprising: 

i) the high-voltage pulse modulator of a linear type 
capable to change the pulse shape (duration 2-10 us, 
repetition rate 10-50 Hz, pulse voltage 20-100 kV); 

ii) the focusing solenoid providing the magnetic field 
strength up to 0.25 T with a inhomogeneity in the 
longitudinal direction no more than 8%; 

iii) the vacuum system which gives a vacuum not 
worse than 10   Torr; 

iv) the indication system i.e. the pick-up of pulse 
current and voltage of modulator, the Faraday cup with 
the calorimetric measurer of the beam power located at a 
distance of 70 mm from the anode section; photometry 
system for control of the transversal characteristics of the 
linear electron flow. 

We have carried out the study of beam characteristics 
for separate SEMIG's with cathode diameters in the range 
from 5 to 40 mm, anode diameters from 14 to 80 mm, 
electrode length from 40 to 100 mm. The measurement 
were performed for parameters of the multybeam system 
consisting of six SEMIG disposed is a circle of a radius 
60 mm, every of them have had a cathode diameter 5 
mm, an anode diameter 26 mm. 

3 EXPERIMENTAL RESULTS 

The characteristic oscillograms of the voltage pulse on 
the cathode and beam current on the Faraday cup are 
given in Fig. 1. As in the case when the outer generator is 
used, the beginning of the secondary-emission process, 
and respectively, of SEMIG operation as a source of the 
linear electron flow, coincides with the fall time of the 
burst on the high-voltage pulse. The minimum rate for 
voltage decrease of the plan pulse part up to 100 kV is 20 
kV/us. The increase of a steepness up to 50 kV/us 
does not change the amplitudes of the resulting current, 
and the change of a burst time in a wide range ( from 0.1 
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to 10 us) has no effect on the beam characteristics. A 
comparison of the total current in the system with the 
current amplitude on the Faraday cup shows that in all the 
cases these values are dose. 
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Fig. 1 - The characteristic oscillograms of the voltage pulse on 
the cathode and beam current on the Faraday cup 

In Fig.2 presented is also the typical characteristics of the 
beam current as a function of the magnetic field 
amplitude for a constant anode voltage. 
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Fig. 2 - Beam current vs. magnetic field 

A clearly defined existence of the beam generation stable 
one can be explained using the model proposed in [7]. If 
the magnetic field strengths are less than the critical one, 
the Larmour radius is so large that the quantity of primary 
particle collisions with the surface can not to furnish a 
sufficient quantity of secondary electrons for balance 
maintenance. On the other hand already at high magnetic 
field the Larmour radius as so small that the energy 
gained by the electron when colliding with the surface is 
loss than that of the threshold one for the secondary- 
emission process be existent. The constant value of the 
beam current amplitude is determined by the limiting 
regime by the space charge. The current voltage 
characteristic of SEMIG's conforms so the low "3/2" (see 
Fig.3) 

The investigation of the gun operation stability 
dependency on the interpulse stability of the anode 
voltage has shown that in the constant magnetic field the 
beam formation retains in the range of amplitude 
application ±5% of the nominal value. 
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Fig. 3 - The beam current vs. anode voltage 

The intrapulse voltage instability can also lead to the 
break-down of secondary-emission processes (see the 
oscillogram in Fig. 4) due to the incident electron energy 
decrease below the critical value of moment of the field 
strength increase in time. 
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Fig. 4 - The beam current (an upper curve) and the cathode 
voltage (a lower curve), horizontal scale - 0.5 us/div 

The use of this effect in our experiments allowed us to 
attain the full amplitude modulation of the emission 
current at frequencies up to 1 MHz (see Fig. 5). 
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Fig. 5 - The anode voltage (U) and cathode current (I) 
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Also studied were the characteristics of electron flows      Fig 7 illustrates the photograph of the transversal profiles 
from SEMIG's with different electrode diameters. In 
particular, Fig. 6 represents the beam current change as a 
function of the cathode diameter increase. 

1(A) 

•' 

I*"' 
X"* 

_----^ 
*""' 

_,—•§—' """l 
£. — """ 
X 

 1 
di (ram) 

10 20 30 40 

Fig. 6 - The beam current vs. the cathode diameter 

The measurements were performed at voltages 24 kV for 
the interelectrode space in coaxial guns 5 and 20 mm (the 
curves 1 and 2, respectively). The analysis of these 
characteristics enables one to confirm that when the 
values of longitudinal and transverse components of 
electric field do not change the output current increases 
proportionally to the area of the cathode emitting surface. 

o 

o 
o 

Fig. 7 - The photograph of the transversal profiles of beams 

The investigations of the ensemble consisting of a 
number of SEMIG's located in the field of a common 
solenoid and energized from the one and the same high- 
voltage source have shown that in this case we possess a 
complex of independent flows with a similar parameters. 

of identical beams with the current 15 A each and the 
energy 40 keV obtained in the ensemble of 6 SEMIG's 
located in the circle of the diameter 60 mm (cathode 
diameter 5 mm, anode diameter 26 mm). The 
recalculation shows that the beam density in such annular 

beams is equal to 70 AJcmr. 

CONCLUSIONS 

The experimental research evidences that SEMIG's offer 
a means of obtaining the stable linear electron beams of a 
high intensity and can be used as electron sources for 
accelerators and RF-facilities. It is clear that the carrying 
out of further researches is necessary for a successive 
study of gun characteristics as well as peculiarities of 
such electron beams RF modulation. Namely these 
problems lay in the base of our program of researches. 
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Abstract 

Following tests of the various sub-assemblies at Saclay 
and Orsay, installation of the entire TESLA Test Facility 
Injector was completed in Hall 3 at DESY in December 
1996. The first phase of operation employs a 250 kV 
thermionic electron source providing an 800 (is train of 
bunches, each containing 37 pC, and followed by a 216.7 
MHz pre-bunching cavity. Subsequent bunching and 
acceleration is achieved using a standard 1.3 GHz 
superconducting 9 cell TESLA cavity operated in pulsed 
mode (10 Hz). Prior to injection in the main linac, the 
beam parameters are verified using a spectrometer 
consisting of a dipole magnet and SEM profile monitor. 
Once the beam is adjusted it is transported to the linac 
using an optical matching system employing two triplets. 
We present results of the first beam tests of the completed 
injector which took place early in 1997. 

1  INTRODUCTION 

The TESLA Test Facility (TTF) is a high duty cycle 
superconducting (SC) electron linac and its associated 
infrastructure. The L-band (1.3 GHz) linac will be used as 
a test bed to validate the principle of a SC e+e" linear 
collider (TESLA). TTF is currently under construction by 
an international collaboration at the DESY laboratory 
(Hamburg). Within the collaboration the three French 
laboratories named above have undertaken the task of 
constructing a pulsed SC injector for the linac. 
Descriptions of the linac and its injector can be found 
elsewhere [1,2] and here we will restrict ourselves to a 
report of the first beam tests with the complete injector 
which took place in January/February of this year. Tight 
scheduling of the installation of the first linac cryomodule 
meant that only four weeks of operation were available for 
these tests. 

2 THE CAPTURE CAVITY 

The capture cavity is a standard 9 cell TESLA cavity 
fabricated by CERCA. Its cryostat (CRYOCAP) was 
built and tested by the IPN-Orsay. Cryogenic tests and 
tests of the analogue feedback loops were performed at 
Orsay and Saclay. The feedback system is described in a 
companion paper [3]. It allows the cavity to operate with 
an amplitude stability better than 0.1%  and a phase 

stability of less than 1 degree. Although the cavity has 
operated at 18 MV/m without field emission (FE) in a 
horizontal cryostat, we restricted our tests to 14 MV/m. 
This was due to the FE now seen at the latter gradient 
which results in a reduction of the Q factor to 5xl08 and a 
high X-ray level around the cryostat. No high power RF 
processing was applied following the installation. During 
operation at 14.8 MV/m we measured a dark current level 
of 300 nA on a Faraday cup ((|> = 25 mm) placed 1.15 m 
upstream of the first cavity iris. 

3 BEAM ACCELERATION TESTS 

The "pre-injector" consists of a 250 keV electron source, a 
216.7 MHz sub-harmonic buncher (SHB) and four 
solenoidal focusing elements. Tests of the pre-injector 
have been reported previously [4], The SC 'capture cavity' 
is used to provide further longitudinal bunching and to 
accelerate the beam to the desired energy (typically 8 to 12 
MeV). Tuning of the injector is achieved by varying the 
amplitudes and phases of the SHB and capture cavity. The 
criteria for correct tuning during these tests has been the 
achievement of a minimum in the beam energy spread 
while ensuring maximum current transmission along the 
injector. The energy spread is measured using a 
spectrometer arm consisting of a magnetic dipole and an 
SEM-grid to measure the horizontally dispersed beam 
profile [5]. The current is measured with the use of 
toroidal current monitors. Four such monitors are 
mounted on the injector. Toroids #1 and #2 are at the 
entrance and exit respectively of CRYOCAP, #3 is on the 
spectrometer arm (upstream of the SEM-grid) and #4 is at 
the end of the injector. 

3.1 Beam transmission measurements 

The required current for TTF is 8 mA during an 800 
Jis macropulse at 10 Hz repetition rate. As the average 
beam power in the TTF linac is high, a differential 
protection system, based on the toroidal current monitors, 
is used to protect the machine against beam losses [6]. 
This system cuts off the gun if an integrated charge loss 
of 80 nC is detected between successive toroids during the 
macropulse. This corresponds to an average current loss of 
0.1 mA during an 800 |J.s pulse (or 1.25% of the 8 mA 
beam). The same system is employed on the injector and 

0-7803-4376-X/98/$10.00©1998 IEEE 2823 



thus setting up the injector requires careful adjustment of 
the RF cavities and magnetic elements. Consequently, the 
injector is tuned using a "short pulse mode" of 30 (is 
duration. For the commissioning tests the loss threshold 
for the long pulse or "un-restricted mode" was increased to 
200 nC between toroids #2 and #3. 
With the beam well centred at the entrance to CRYOCAP 
one quickly obtains 100% transmission of 8 mA through 
the capture cavity and upto the end of the injector. The 
beam energy is measured using the spectrometer while the 
cavity gradient can be estimated from the incident power. 
The ratio of the energy gain to field gradient is consistent 
with calculations [7]. Typically we obtain 11 MeV for 
12.5 MV/m. Figure 1 shows signals from the first three 
toroid monitors superimposed. The SHB uses a feedback 
loop to correct the phase and amplitude changes induced 
by beam loading. Left uncorrected, an 8 mA beam would 
induce a phase shift of 18° of the 216.7 MHz. In practice, 
the feedback system is capable of compensating for the 
beam loading with the exception of the first 8 |is during 
which a residual phase shift of < 5° is present. This effect 
explains the difference in current level between the first 
two toroids and the dispersed beam on toroid #3 during the 
pulse rise time (Fig. 1, left). This can be cancelled by 
applying a "phase-jump" to the cavity with a sense 
opposed to that induced by the beam (Fig. 1, right). 

Figure 1. 7 mA, 30 |is current trace from the first three 
toroids; (left) without phase jump, (right) with phase 
jump (see text for details). 

3.2 Energy spread measurements 

The spectrometer dipole produces a dispersion of 16 
mm/% of energy spread at the location of the SEM-grid. 
The grid contains tungsten wires of 20 |xm diameter 
spaced at 2 mm intervals and is intended for use with the 
full pulse width. The first tests with 8 mA of accelerated 
beam showed that the transmission to the beam analysis 
line was only 90%, insufficient for switching to the long 
pulse mode. In view of the limited time available for 
injector tests, rather than investigating this loss in detail, 
we reduced the current to 6 mA for which the 
transmission to the analysis line was 97%, just enough to 
operate in long pulse mode and thus to investigate the 
distribution in energy. Figure 2 shows the output of the 
grid for an 11 MeV beam. The RMS energy spread is 68 
keV. Several measurements made for different current 
levels (from 2 to 6 mA) show that the fractional RMS 
energy spread is always inferior to 0.8% when the injector 
is properly adjusted. 

; 

; 

; 
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Figure 2. Beam energy distribution obtained on the SEM- 
grid. 

4    EMITTANCE MEASUREMENTS 

The transverse emittance has been obtained from 
measurements of the transverse beam profile using optical 
transition radiation (OTR). An aluminium foil of 20 ^m 
thickness is employed as the radiator. Light from the 
OTR foil is focused onto a gated, intensified CCD camera 
using a telescope composed of two achromatic lenses with 
a magnification of 0.5. Data acquisition is obtained by 
means of a CPU operating in a VxWorks environment. A 
frame grabber and the camera record signals with an 8 bit 
resolution. The camera is synchronised to the master 
oscillator of the injector and the gain and shutter time are 
contolled by a serial port of the CPU. Acquisition, image 
processing and statistical analysis are performed using an 
"in-house" computer program so allowing on-line 
calculation of the emittance. Fig. 3 shows a typical 
example of an acquired profile. Emittance measurements 
are taken with a macropulse of 30 (as width to avoid 
damage to the aluminium foil. 

Intensity 
230     I— - 

loo aoo sou 4.oa aao GOO 

pixels 

Figure 3. Horizontal profile of the beam from the OTR 
image. The scale is 37 u.m/pixel. 

To obtain the Twiss parameters of the beam we have 
used the method of "three gradients". The focusing of the 
beam is varied by means of a magnetic triplet placed 
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upstream of the OTR foil and the beam profile recorded 
for each setting. To improve the reliability of the fit 
between the beam radii and the triplet strengths, ten 
images are recorded for each of eleven different settings of 
the triplet. Statistical analysis of the image sets allows 
the beam radii and the related standard errors to be 
calculated. The radii are calculated for 50% and 90% 
intensity contours as well as for the FWHM. These 
calculations are performed both for the integrated profiles 
and for the horizontal and vertical profiles through the 
centre of charge of the beam. All these data are then fitted 
using an "in-house" chi-square minimisation routine. At 
our energy and with our experimental layout the 
approximation of a thin lens for the triplet is not valid. 
Consequently, we use the real transport matrix values. As 
well as the emittance, we also calculate the error to the 
fit, the covariance matrix, the beam matrix coefficients 
and the chi-square value as a measure of the statistical 
degree of confidence of the measurement [8]. 
Emittance measurements have been performed for various 
beam energies and linac optics. At 10.6 MeV, and with 
correct setting of the injector optics, the 90% contours 
give normalised emittances of ex = 16.5 mm-mrad and ey 

= 18 mm-mrad for the horizontal and vertical planes 
respectively. During the triplet scan, the beam centroid 
was seen to displace in the verical direction and so the 
larger emittance values in the this plane may be due to an 
imperfect vertical alignement of the beam in the triplet. 
The corresponding figures for the 50% contour are 2.4 
mm-mrad and 2.8 mm-mrad. Similar values were obtained 
for a beam energy of 8.7 MeV. In varying the trigger time 
and acquisition period of the camera, time resolved 
measurements of the emittance were also obtained by 
recording profiles for 1 |is slices within the macro-pulse. 
These data show slightly smaller values for the "slice" 
emittance during the pulse rise-time with stable values 
found during the flat-top. 

5  CONTROLS 

The control system for the injector has been described 
elsewhere [9]. The system is based on EPICS with VME 
crates for equipment interface and SUN workstations as 
operator consoles. During the entire commisioning period 
the controls have been very reliable. Extensive use has 
been made of the EPICS task to 'save' and 'restore' 
machine parameters. The operator can create special 
"parameter' pages which can be assigned to eight encoder 
'knobs' allowing analog control of eight parameters and 
making visible useful information. Binary control, such 
as the insertion of diagnostics or ON/OFF control of 
power supplies, is also permitted with these pages. 

6   CONCLUSIONS 

We have presented results of the first operation of a high 
field gradient (> 10 MeV/m), pulsed mode, 
superconducting linac. These tests show that the linac 
performs as foreseen and that certain specified beam 
parameters have been met (table 1). The emittance values 

are consistent with measurements made on the gun and 
pre-injector [4,10]. Injector tests will resume in May of 
this year and the transmission of 8 mA onto the 
spectrometer arm will be investigated further. In addition, 
the measurement of the micropulse length will be 
performed by streak camera analysis of the OTR. 

Table 1. Comparison of achieved and specified parameters. 

Energy 
Current 
Pulse width 
RMS energy spread 
RMS emittance 

(* at 6 mA) 

Specified 
> 8 MeV 
8 mA 
800|J,s 

< 100 keV 
< 5 mm-mrad 

Achieved 
8 - 13.5 MeV 

8 mA 
800 (xs 
~ 70 keV* 

< 4 mm-mrad 
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Abstract 

An electron-beam-pumped laser operating at ArF (193 nm) 
producing up to 5.0 joules in a 150-ns pulse has been used to 
illuminate micro-machined aluminum cathodes. The cathode 
was pulsed from 2.25- up to 2.95-MV across a 20-cm-AK 
gap producing fields up to 145 kV/cm using REX (a 4-MeV, 
5-kA, 100-ns pulsed diode). Extracted current versus laser 
power gives a quantum efficiency increasing with power 
density from 0.07 to 0.11 percent. The present work is 
significant in that the cathode operates in the presence of out- 
gassing materials with a background vacuum pressure in the 
mid 10'6 torr region and 100-ns-long electron beams of up to 
3 kA have been produced. Both emission limited (current 
follows laser pulse) and space-charge-limited (current follows 
pulsed power) regimes have been studied up to ~ 50 A/cm2 by 
varying the cathode diameter. The beam temperature has 
been measured to be < 5 eV and directly compared in the 
same experimental setup to velvet based cathodes that 
measure ~ 100 eV. 

1 INTRODUCTION 

This work is a continuation of experiments reported in [1] 
with higher laser power illumination of the diamond turned 
(~ 0.5 urn finish), 6061-T6, aluminum alloy cathodes. In 
addition, the measurement of the effective electron beam 
temperature of the cathode source has been made. 

The primary advantage of a cathode utilizing the photo- 
electric effect from bare metals as compared to the more 
conventional photo-alkali or thermionic sources is the ability 
to have the cathode function in a modest vacuum environment 
(~ 10'6 torr). The disadvantage is that high laser energies (~ 
joules) are required to drive multi-kA beams over 100-ns-long 
time periods as required of our present application [2,3]. 
Other researchers have investigated means of increasing the 
quantum efficiency by heating [4] or preferentially grooving 
[5] aluminum cathodes to increase the probability that an 
electron escapes the metal surface. The quantum efficiency, 
QE, is defined in this paper as: QE = (I/P)(eV/photon) where 
I is the emitted beam current, P is the laser power incident on 
the cathode, and the energy/photon is 6.42 eV. Small-scale, 
short-pulse, ArF studies are ongoing to address the relative 
QE's of other candidate metals and films, their preparation, 
and the effects of temperature, vacuum, and mono-layer 
contaminants [6]. 

2 EXPERIMENTAL TEST SETUP 

Figure 1 shows the REX Facility [7] comprising an E-beam 
diode, excimer laser with beam paths, and diagnostics. The 
laser beam was directed by a turning mirror, focused toward 
a second turning mirror, through a window, and onto the 
cathode for beam temperature measurements. An elliptical 
aperture (2:1 aspect ratio) was used at the entrance window to 
make the beam circular on the cathode. To measure QE's at 
normal incidence, an alternate beam path utilized a turning 
mirror and lens combination that directed the laser beam 
through the entrance window of the test section that contained 
the E-beam mask and scintillator hardware. 

The energy and spatial profile of the laser beam were 
recorded at the cathode conjugates by an Energy Monitor 
(Pyrex based, Scientech Inc., 10-cm absorbing calorimeter) 
and a Profile Monitor (Star Tech Instruments Inc., BIP- 
3100/Z6/F100, 10-cm, UV to CCD converter). The laser 
light was monitored by vacuum photo-diodes (see Fig. 1) at 
the source (SAM PD) and cathode (REX PD). Beam current 
was monitored 5 cm after the anode aperture and 125 cm from 
the cathode at the test section entrance with beam size 
controlled by the anode extraction magnet. The AK gap 
voltage was monitored by an array of four, integrated E-Dots 
flush-mounted on the anode face and were cross-calibrated by 
an energy spectrometer. Beam temperature diagnostics 
included a 3.2-mm-thick brass E-beam mask (located 160 cm 
from the cathode) containing an array of fifteen 1-mm-diam 
holes spaced on 10-mm centers except for a 2-mm-diam 
reference hole 2 cm on either side of center. Electrons 
transmitted through the array of holes drifted either 30, 50, or 
85 cm to a strip of 0.5-mm-thick Bicron 422 scintillator. The 
resulting light was recorded on Kodak T-MAX 400 film by a 
Thompson-CSF, TSN-506-N streak camera located within a 
shielded screen room. The image was analyzed by techniques 
developed in [8,9] and yields both space and time resolved 
beam temperature of the cathode source. 

3 QUANTUM EFFICIENCY 

Figure 2 shows the voltage/current (VI) characteristics of a 
6.35-cm-diam velvet cathode with the calculated [10] space- 
charge-limited (SCL) current plotted in Fig. 3. At 2.25 MV 
the calculation over-predicts the current by 10%: 1.360- 
versus 1.215-kA measured. The plot is very useful in 
estimating the effective beam diameter on the photo-cathode. 
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Figure 1. Layout of REX electron-beam facility with electron-beam-pumped excimer laser diode. 
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Figure 2. VI characteristics of 6.35-cm-diam velvet cathode 
at 2.28 MV, AK gap is 20 cm; note delay of diode turn-on. 

For beam temperature and low laser power normal incidence 
experiments, the laser was focused to a 1/e2 diameter of 6 .0 
cm as measured by the Profile Monitor. The larger (~ 9.5 cm) 
laser beam could only be estimated by imaging the visible 
light emission at the cathode. ArF propagation losses 
experienced in our previous work [1] were greatly reduced by 
moving the laser close to REX. As the laser power was 
increased from a few- to 30-MW, the current for each beam 
size approached the SCL current region (current follows 
voltage) as indicated by the current plateaus in Fig. 4. The 
QE is bounded by a value of 0.07% at the lower power 

Figure 3. Calculated SCL current at 2.25- (V) and 2.90-MV 
(D), AK gap is 20 cm, velvet (T) and photo (■) SCL data. 

densities and by 0.11% at much higher power densities which 
is consistent with our previous work [1], The SCL currents 
for this data are 1.77- and 3-kA. The anode current, diode 
voltage, and REX PD for the larger-beam case are shown in 
Fig. 5. At 28 MW the laser power is ~ 50% greater than that 
needed for SCL conditions. At 8.6 MW the current of 1.47 
kA is emission limited (current follows laser). Other 
measurements at lower currents from 100- to 1200-A and 
laser powers from 1- to 10-MW in a 6.0 cm-diam beam gave 
QE's of 0.07- and 0.078-% for incident angles of normal and 
60 degrees, respectively. 
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Figure 6. Gaussian fits of photo-cathode beamlet data (D) 
(averaged over 10 ns) at 510 A and 2.28 MV, drift is 85 cm. 

data of Fig. 6 is 4 eV which is at the limit of the present 
technique. The velvet data at 1.2 kA gave 90- and 85-eV at 
30- and 50-cm, respectively. The value of Tar remained 
constant spatially and temporally across the flat-top portion of 
the beam. 

In summary, multi-kA (~ 3 kA), 100-ns-long beams can be 
produced with an ArF laser at a QE ~ 0.1% on bare 
aluminum. The beam temperature of the photo-cathode was 
measured to be < 5 eV for currents ~ 500 A at 2.28 MeV. 
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4 BEAM TEMPERATURE 

The effective beam temperature, Teff, is defined as: Ten = 
0.51 lxl06x(ßy6™s)2eV, where 6™ is the rms angle of the 
distribution of the electrons on the scintillator due to the 
transverse momentum of the electrons created at the cathode 
and the self space charge of the beamlet as it drifts from the E- 
beam mask hole. 8™ must be modified by Rm/Rc which is 
the ratio of the electron beam at the mask to the cathode. The 
scintillator was placed 30- and 50-cm from the E-beam mask 
for the velvet and 50- and 85-cm for the photo-cathode data. 
The resultant T-MAX film image was scanned by a Perkin- 
Elmer micro-densitometer with 10- and 20-um-square 
apertures for the photo-cathode and velvet data, respectively. 
The center three beamlets were each time averaged over a 10- 
ns window, the data corrected for the film density versus 
exposure curve, and gaussians fit to each distribution. The 
resultant rms radii of the gaussians were used to calculate Grms 
knowing the drift distance and Rm/Rc. The data were also 
corrected for the finite hole size in the mask; this effect is ~ 
20% for a 5 eV beam drifting 85 cm with Rm/Rc ~ 1. Teff 
averaged over the center three beamlets for the photo-cathode 
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Abstract 

High current photocathodes operating in vacuum 
environments as high as 8xE-5 torr are being developed at 
Los Alamos for use in a new generation of linear 
induction accelerators. We report quantum efficiencies in 
wide bandgap semiconductors, pure metals and 
compound metal surfaces photocathode materials 
illuminated by ultraviolet laser radiation. 

INTRODUCTION 

The first axis of the DARHT (Dual Axis Radiographic 
HydroTest) accelerator [1] is a 20 MeV, 4 kA electron 
beam linear induction accelerator (LIA) producing a 
single 60 ns pulse. At the final focus magnet of the 
accelerator the beam is focused to a 1.2 mm spot on a 
high Z target producing intense bursts of bremsstrahlung 
radiation with a flux of 1000 R at 1 meter from the target. 

The ability to focus the high current electron beam to 
the 1 mm spot is dependent on the on beam energy 
dispersion, centroid motion and emittance. The beam 
emittance is determined by the injector source 
temperature. 

The cathode presently used in the DARHT injector is 
a velvet field emission cathode producing an electron 
beam with a temperature above 100 eV. Experiments at 
the DARHT Integrated Test Stand (ITS) now demonstrate 
that with the velvet cathode injector and the initial 5.75 
MeV acceleration a beam emittance of 0.15 n cm-rad 
results in a focused spot radius of = 0.5mm. This 
emittance measurement meets the baseline physics design 
criteria but does not provide 
a sufficient margin of safety should unforeseen conditions 
in the full system lead to emittance growth, increased 
energy spread or centroid motion. 

The DARHT accelerator system architecture includes 
the use of plastic insulators in the accelerator and in the 4 
MeV injector. The use of plastic dielectric materials 
along with the extensive use of elastomer vacuum seals 
results in the need to operate the electron beam vacuum 
diode at total pressures of 1E-6 torr. 

Traditionally used low temperature, high current 
electron beam sources, such as thermionic and multi- 
alkali metal cathodes will not operate in the present 
DARHT vacuum environment. 

The development of a photocathode operating at 
modest vacuum pressures has been identified as the best 
technology to gain the needed reduction in beam 
temperature for the DARHT 1st axis. A factor of 10 

reduction   in   beam   temperature   would   reduce   the 
emittance contribution to the spot size by 1.8. 

Investigations into the development of photocathodes 
for the DARHT moderate vacuum environment has been 
broken into two areas. The best understood approach, 
with the simplest emission mechanisms is the use of low 
work function bare metals [2,3]. This approach is 
reasonably straight forward but requires high ultraviolet 
laser fluences due to low quantum efficiencies of metals 
even at the highest photon energy laser wavelength 
available for practical application (ArF, 193nm) [4]. The 
second, and higher risk approach is to develop new high 
quantum efficiency photocathodes based on the emerging 
technology in wide bandgap semiconductors, particularly 
diamond films. 

The photoelectric [5] processes differ considerably 
between metals and wide bandgap semiconductors such 
as diamond. In metals the photoelectron created within 
the solid has an energy above the other electrons at 
thermal equilibrium and are commonly referred to as hot 
electrons. The photoelectron is likely to be scattered 
elastically and inelastically by other electrons because of 
the abundance of free electrons in a metal and thus 
approach thermal equilibrium within a short distance. 
The scattering processes limit the emission to an escape 
depth of only a few atomic layers. The emission process 
in metals can be enhanced by increasing the surface 
temperature of the metal thereby statistically increasing 
the number of electrons above thermal equilibrium at the 
surface/vacuum interface. 

In a semiconductor, photoemission takes place when 
a photon is absorbed and converted into a free electron 
with sufficient energy to cross the bandgap from the 
valance to the conduction band, in diamond this energy is 
~5.47eV. The electron must now overcome the electron 
affinity of the material to escape into the vacuum level. 
This process is accomplished by downward band-bending 
through boron doping of the bulk material and hydrogen 
surface termination to move the vacuum energy level 
below the conduction band allowing the electron to fall 
into the vacuum level thus resulting in a surface with a 
negative electron affinity (NEA) [6]. 

Diamond films exhibit unique physical properties, 
such as thermal conductivity 3 times that of Cu and can 
withstand over 1 joule/cm2 of 193nm laser radiation. 
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EXPERIMENT 

To facilitate rapid evaluation of various photoemissive 
materials we have assembled the PhotoCathode Test 
Stand (PCTS). 

The PCTS has the ability to illuminate small scale 
samples with an ArF laser producing 193 nm (6.4 eV) 
laser radiation, normal to the cathode emitter surface. A 
d.c. voltage of 40kV is applied to the cathode. The 
anode/cathode gap spacing is nominally 6.7mm. The 6.0- 
mm-diameter laser radiation incident on the cathode 
surface is regulated in intensity by using a series of quartz 
attenuator plates at the inlet aperture to the vacuum diode. 
The laser fluence on the cathode can be varied over one 
order of magnitude allowing for photoelectron extraction 
at very low emission limited currents to past the space 
charge limit. The extracted electron current generated by 
the pulsed laser radiation is collected in a tubular charge 
collector ballasted close to ground by a radial resistor 
between the collector tube and the grounded anode 
support tube. This charge collector also contains a 
defining aperture to size the diameter of the laser beam 
and the exposed ends of three optical fibers to sample the 
laser fluence on a shot to shot basis. The fibers are 
coupled to a 193-nm-line-filtered Hamamatsu photodiode 
that is calibrated by substituting a pyroelectric calorimeter 
in place of the photocathode test sample. The 
photocathode test samples are heated to 125 deg C by 
means of intense incandescent light introduced into the 
vacuum through a Pyrex light pipe. The radiant heat is 
incident on the back surface of the photocathode 
substrate. The planar diode is configured with an easily 
removable standard cathode holder. The anode is a flat 
fine wire mesh >93% transparent tungsten screen. The 
vacuum chamber is pumped with a 1500 L/s cryo pump 
and a residual gas analyzer is used to monitor the 
constituent background gas species. 

Recent test data has been acquired on 8 different 
sample types listed in Table I. Since aluminum has been 
tested in larger scale systems and has been investigated 
more extensively in recent years, it was chosen as the 
baseline standard for purposes of comparison to other 
materials. Aluminum has a work function of 4.2 eV and a 
melting point of 660C. Samples were prepared by micro- 
machining (diamond turning) a 6061 alloy and then 
applying a 2000 angstrom layer of pure Al by physical 
vapor deposition (PVD). Data were taken at two 
temperatures, ambient and -125C [7,8]. Another 
aluminum sample was prepared in the same manner with 
the exception that the surface was glass bead blasted, 
creating a fine pitted surface structure prior to the PVD 
process. This process has the effect of increasing the 
surface area exposed to the laser radiation and may 
enhance multi-photon effects. 

The two other metal samples are compound metal 
surfaces made of samarium and aluminum created with a 
flow through ion system in conjunction with metal vapor 
condensation. Samples were created with varying ratios 
of Sm/Al. Samarium was chosen as an alloying material 
due to the low work function (3.2 eV), is nearly a total 

absorber at the ArF 193nm wavelength and has a melting 
point 400C higher than Al. 

The three semiconductor samples are two 
polycrystalline, boron doped diamond films 
(bandgap=5.47 eV) and a single crystal-silicon-carbide- 
wafer doped with aluminum (bandgap=3.03 eV). 

One boron doped polycrystalline diamond sample 
was grown on a molybdenum substrate using a 
microwave assisted chemical vapor deposition process. 
The other boron doped polycrystalline diamond sample 
was grown on P type silicon using a hot filament vapor 
deposition technique. 

RESULTS 

The summary table below is based on data sets with a 
minimum of 100 pulses for each sample measured at 10 
different laser energies ranging over an order of 
magnitude. The average quantum efficiency is obtained 
by fitting a line to peak current density as a function of 
peak laser power for data which is emission limited. The 
slope of the line multiplied by the 6.4eV photon energy 
yields the quantum efficiency (Q.E.). Figure 1 is a 
overlay of the data and linear fits for two samples with 
the highest quantum efficiencies. 

Sample tvoe   Sample temperature Ave. Ouantum efficiencv 
(degree C) (electrons/photon-%) 

Pure Al 25 0.061 
Pure Al 125 0.076 
Bead blasted Al 125 0.049 
Al/10%Sm 125 0.029 
Al/50%Sm 125 0.027 
SiC (single crystal) 80 0.013 
Diamond/Mo (polycrystal) 125 0.028 
Diamond/ P type Si 
(polycrystalline) 125 0.325 

Table 1 

If polycrystalline diamond mounted on p-type silicon 
were used as a photocathode to produce a 3kA-60ns- 
electron beam with a 76.2mm cathode, the necessary laser 
energy on the photocathode would be 0.36 J. For a 
similar aluminum cathode the necessary laser energy 
would be 1.5 J. 

Workers have reported quantum efficiencies above 
1% for boron doped polycrystalline diamond on Si [8] 
and 4% for natural type lib single crystal diamond [9]. 
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Figure  1  Peak current vs peak laser energy for two 
samples. 

CONCLUSIONS 

The photoyield of the polycrystalline diamond film grown 
on P type silicon is significantly higher than the other 
candidate materials tested. 

The high photoyield of polycrystalline diamond, 
scaled to the DARHT size cathode will produce 3 kA 
beam with a laser fluence of 0.36 joules in a 60 ns pulse. 
This low fluence will allow the use of ultra-high 
reliability, commercially available excimer lasers which 
will have a significant impact on the total system 
reliability. 

Large area growth of polycrystalline diamond films 
has been demonstrated and are presently available from 
private industry. 

Follow on experiments will focus on photoemission 
from polycrystalline diamond as a function of temper- 
ature, illumination uniformity and the diamond/substrate 
contact potential. 

Other issues to be investigated will include high 
current electron emission stability and emission effects 
related to constituent vacuum background gasses. 
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Abstract 

An injector design for the long pulse option for the 
second axis of the Dual-Axis Radiographic Hydrotest 
Facility (DARHT) has been studied. This design is based 
on the LBNL Heavy Ion Fusion Injector technology. The 
proposed injector consists of a single gap diode extracting 
electrons from a thermionic source and powered through a 
high voltage ceramic insulator column by a Marx 
generator. The key issues in the design are the control of 
beam quality to meet the DARHT 2nd axis final focus 
requirements, to minimize high-voltage breakdown risks, 
and to fit the injector structure within the available space. 
We will present the injector conceptual design as well as 
beam dynamics simulations in the diode and in the 
injector-main-accelerator interface. 

1 INTRODUCTION 

A high voltage (2 to 4 MV), high current (4 kA), long 
pulse (2 |J.s flat-top) electron beam injector for a linear 
induction accelerator for flash-radiography applications has 
been under study at LBNL. Based on LBNL Heavy Ion 
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Fusion Injector technology [1] and beam dynamics 
simulations we have studied an injector that will mantain 
the beam quality, minimize high voltage breakdown 
problems, and have the required reliability. Figure 1 
shows the main components of a 3 MV electrostatic 
injector. 

2 HIF 2 MV INJECTOR 

A driver-scale injector for the Heavy Ion Fusion 
Accelerator program has been in operation at LBNL for 
several years. Figure 2 shows a schematic of the 2 MV 
Injector that has exceeded the design goals of high voltage 
(> 2 MV), high current ( > 0.8 A of potassium ions) and 
low normalized edge emittance ( < 1 n mm-mr). The 
injector consists of a 750 keV pre-injector diode followed 
by an electrostatic quadrupole accelerator (ESQ) which 
provides strong (alternating gradient) focusing for the 
space-charge dominated beam and simultaneously 
accelerates the ions to 2 MeV. The injector is powered by 
a 2 MV Marx generator which consists of 38 trays with 
parallel LC and RC networks to produce a4 [is flat-top 
pulse to accommodate the entire ion beam plus the transit 
time across the injector. Pulse lengths of about 1.5 |J.s 
and energy flatness of around ±0.15% have been achieved. 

Figure: 1    Main components of a 3 MV electrostatic 
injector. 

Figure: 2 Schematic of the 2 MV HIF Injector. 
The main design effort for the HIF Injector was 

concentrated on minimizing breakdown risks; the design 
was based on breakdown data from previous (ions and 
electron) injectors as well as breakdown tests performed 
on several of its components. Other important features of 
the 2 MV HIF Injector are reproducibility and energy 
flatness. These fatures make this injector a highly reliable 
machine. 

The 3 MV long pulse electron beam injector design is 
based on the HIF 2 MV Injector operating experience 
regarding breakdown issues, reproducibility and energy 
flatness. 

0-7803-4376-X/98/$10.00© 1998 IEEE 2832 



3 MARX GENERATOR AND INSULATING 
COLUMN 

The 3 MV pulse generator design is based on the 
LBNL HIF 2.3 MV MARX. It consists of 55 identical 
pulse forming network stages connected in series to 
generate the output pulse and is connected to the 
insulating column through a dome. The MARX and the 
inside of the insulating column are contained in 
pressurized SFö- The 100 inches insulating column 
consists of 50 ceramic brazed rings with an ID of 30 
inches and an OD of 32 inches. The outside of the column 
is in vaccuum and is protected from stray electrons and 
heat by copper shields. The field stress along the column 
is less than 50 kV/cm in vaccuum and less than 200 
kV/cm in SF6- MOV's and water resistors are used to by- 
pass excess MARX energy during a breakdown. A 
hydraulic motor generator placed inside the dome provides, 
at the pulse 3 MV level, the heating power for the source 
(around 4 kW) and current for the focusing magnet. 

Figure: 3 Electron beam envelope and field equipotential 
lines as calculated by EGUN. 

4 THE 3 MV ELECTRON DIODE 

The electron beam is generated in a 3 MV diode. It 
consists of a thermionic source surrounded by a Pierce 
electrode and focused by a solenoid located at the anode 
entrance. A bucking coil is located close to the source to 
zero the axial magnetic field in order to minimize the 
initial canonical angular momentum of the beam; outside 
the magnetic field this canonical angular momentum 
would be transformed into beam emittance. 

The beam dynamics inside the diode has been studied 
using the electron trajectory computer code EGUN [2]. 
Figure 3 shows the electron beam envelope and field 
equipotential lines as calculated by EGUN for the 3 MV 
case. 

In order to have a reliable machine the diode design 
has to minimize breakdown risks. This requirement 
translates into a design with maximum current extraction 
for a given maximum field stress. From final focus 
requirements at the end of the machine, the beam quality 
has to be controlled and the normalized emittance be 
maintained under 1000 n mm-mr. 

For a given field stress limit, maximum current 
extraction is obtained from cathodes surrounded by a flat 

shroud as compared to diodes incorporating Pierce 
electrodes. On the other hand, the beam quality is better 
controlled by a Pierce electrode; flat shrouds produce 
hollow beams whose normalized emittance grow as being 
transported and accelerated along the induction linac. A 
compromise between the two conflicting requirements is 
to design the diode with a Pierce electrode assuming the 
maximum voltage holding capability that can be obtained 
using special surface handling procedures; this peak field 
is around 165 kV/cm on the cathode side of the diode and 
above 200 kV/cm on the anode side. For this design the 
emittance at the end of the diode is under 1000 n mm-mr 
as calculated by EGUN. 

5 BEAM DYNAMICS ALONG THE LINAC 

A two-dimensional particle-in-cell (PIC) slice (x-y) 
code [3] has been used to study the transverse beam 
dynamics of the electron beam generated at the injector as 
it is transported and accelerated along the induction linac. 

The main linac consists of 87 induction cells each 
providing 200 kV of acceleration. Each cell contains a 
solenoid used to focus the electron beam. Figure 4 shows 
electron trajectories for an EGUN simulation of the diode 
and the first 7 induction cells; the beam quality is 
preserved. In Figure 5 it is shown the beam envelope and 
the normalized beam emittance along the induction linac 
for a complete transverse dynamics run using SLICE, 
which takes into account all the external fields as well as 
the space charge. No emittance growth is predicted. 

Figure: 4   EGUN simulation of the electron beam from 
source to the end of the first acceleration section (7 cells). 
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Figure: 5    Particle in cell calculation of the transverse 
beam dynamics along the induction linac. 
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FOCUSING OF RIBBON BEAM IN UNDULATOR LINEAR 
ACCELERATOR* 

E.S. Masunov, A.S. Roshal, Moscow Engineering Physics Institute, Moscow 115409,Russia 

Abstract 

The possible versions of undulator linear accelerator 
(UNDULAC-E) using a ribbon beam is discussed. The 
electrodes shape for 2D transverse focusing of the ribbon 
beam is suggested. The influence of space charge on the 
beam focusing for narrow accelerating channel is 
investigated. Simulation results of beam dynamics and 
detailed study of the focusing and acceleration fields for 
the intensive beam are given. 

1 INTRODUCTION 

Early in the paper [1] it was suggested to use the 
compact high-frequency linear accelerators for ITER's 
neutral injection system ( NIS ), where the fast neutral 
deuterium atoms with energy 1.3 MeV for heating and 
maintenance of stationary current in tokamak's plasma are 
used. Among all types of the high intensity RF 
accelerators undulator linear accelerator of a ribbon D~ 
beams are suitable for NIS. The using of the ribbon 
beams in ITER's injector has the following features: i) 
high value of beam current for large width of the beam, 
ii) large surface for effective beam neutralization, iii) 
suitable combination of high current ion sources and 
large slot for ion extraction. 

In high intensity RFQ accelerators the ribbon beam 
can not be accelerated because of limitations of the 
focusing channel aperture. In this paper the linear 
accelerator with the plane electrostatic undulator 
(UNDULAC-E) are used. The accelerating force is 
produced by a combination of the RF field and the plane 
undulator field. In UNDULAC-E the ribbon beam has 
small thickness and large width. A few aspects of the 
ribbon beam focusing in undulator linear accelerator are 
discussed below. 

2 CHOOSING OF FIELDS AND TRANSVERSE 
BEAM FOCUSING ANALYSIS 

The ion beam dynamics in UNDULAC with the 
plane electrostatic undulator, where the electrical fields 
were functions only from one transverse coordinate, was 
in detail studied in paper [2]. It was shown that in this 
case the focusing force is normal to the plane surface of 
the ribbon beam and conserves it's thickness. However it 
is important to ensure the beam focusing in another 
transverse direction - along the ribbon width. In this 

paper for 2D transverse focusing it was suggested to 
change the form of electrodes in order to create a 
nonuniform distribution of undulator field along the 
ribbon width. 
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Figure 1 .The shapes of the channel upper electrodes for 
different beam energies W: 1-50 keV, 2-100 keV, 3-150 

keV, 4-250 keV, 5-500 keV, 6-lMeV 
(k/k =23, co=1.256*1091/s). 

Let us choose the Cartesian coordinate system so 
that x axis is along width of a ribbon (Fig.l). The beam is 
accelerated along the longitudinal axis z. We consider the 
simplest case, when the form of electrodes is convex 
(transverse field Ey increases from a center). The 
required field distribution is created by system of the 
electrodes, mounted in a resonator and dc-isolated 
between each other. A periodic undulator field is 
generated by electrostatic potential differences, imprinted 
across the adjacent pairs of electrodes. Simultaneously 
RF-potentials -±Uvsincot are applied to the electrodes of 
the upper and bottom row respectively. So the same 
electrodes are used to generate both the fields. The 
electrostatic field, created by the periodical system, can 
be represented as the sums of space harmonics 

U0 = -£<&„,„ cosh(nkxx)smh(nkyy)cos\nkzz)    (1) 
n=\ 

In 
where k ,k are the transverse wave numbers, k = '-— is x  y D 
the longitudinal wave number, D is a period of the 
undulator, k*+ ky

2=kz
2. The RF field can be expressed by 

the series, similar to (1) except that now the summation is 
carried out on even harmonics, including n=0: 

* The work was supported by RFFI, grant #95-02-05886 
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Uv = -(.OVj0 + YlOv2n(x,y)cos(2nkzz))smca (2) 
n=l 

Calculating all three components of undulator and 
RF fields and substituting them in the motion equation of 
particle after averaging over rapid oscillations, as it had 
been done in [2], we can obtain the equation describing 
the slow evolution of radius-vector r in smooth 
approximation. 

d2R 

dz1 

l-v&u R^eff (3) 

Here   R = 
2/TT 

t=cot,   Ucff is  the  effective  potential 

function  depending  on  harmonics  amplitudes  of the 
undulator and the RF fields, as well as on slow phase 

cot   of a combinational wave field. The 
Y J D 
fundamental space harmonics amplitudes £01, Ew0 are 
responsible for the mechanism of ion acceleration and 
focusing. 

Taking into account only the main space harmonics 
of the undulator and RF fields, the expression for £/eff can 
be written in the form 

2b and a thickness 2a. The symmetrically disposed in this 
channel ribbon beam has a width of 21 and a thickness of 
2t (fig.2). The computer simulation show that the 
installing of side walls at x=±b slightly influences 
simulation results if the ratio l/t»l and the ribbon width 
kb. 

t 
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' 

Figure 2.The cross-section of the focusing channel. 

Let us designate £, , El the maximum values of x- 
and y- components of the space charge field Eq 

accordingly. The frequencies of transverse oscillations 
Q.%, Qy are chosen to take values of El, £t and the ratio 
k/kx into consideration. In our case El and £t can be 
written as 

Ueff =—{a0x  cosh(2kxx)sinh(kyy) + a0y  cosh (kxx)* 

* cosh(2k y) - 2avfia0   cosh(kxx) cosh(fcyy)sin cp) (4) 

Here a. 
eE0lA 

o av,o = ■ 

eE
v,o* are the dimensionless 

27onci'       '"     2TWIC 

amplitudes of the first undulator field harmonic   E0l and 
the zero Rf field harmonic Ev0 

Substituting ( 4 ) in equation ( 3 ) we obtain the 
system of three equations for x, y and z. The analysis of 
this system for paraxial particles ( ^«l, kyy«l ) 
shows, that simultaneous focusing along x and y 
directions is possible if 

%>a^in(P (5) 
Oscillation   frequency   Q„   will   always   smaller   than 
oscillation frequency Qy: 

n,2 = c%\- *0x 
2   , 2 + a0y 

) + ■ -Q, (6) 

The main factor limiting the beam intensity in the 
ion accelerator is space-charge forces. In order to take 
into account Coulomb defocusing of particles, it is 
necessary to add the space-charge field of the beam in the 
right part of the equation ( 3 ). 

3 COMPUTER SIMULATION OF SPACE 
CHARGE FIELDS AND BEAM DYNAMICS 

To simplify estimation of the space charge fields we 
assumed that the cross-section of focusing channel is a 
rectangle, having ideally conducting walls, with a width 

£/,< = 
A 

£07l(l + t) 
r,,, (7) 

Where A is a linear space charge density, Tu is the beam 
form factor which depends from the electrostatic 
shielding. If space charge shielding is neglected then T, = 
1 for any beams having circular (l=t) or elliptic (1 > t) 
cross sections. But if the beam cross section is a 
rectangular T, * Tt (E/E=l for l=t and then E/Et increase 
from 1 to 2 for l»t). 
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Figure 3. The dependencies of E, and E, on the channel 
thickness 2a. 

Electrostatic shielding of the space charge field in 
the channel varies significantly. The ratio r/T, found 
above for free space and the amplitude E, can be 
decreased for narrow channel. The fig.3 shows the 
dependencies of E, (curve 1) and Et (curve 2) versus the 
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channel thickness 2a. The other parameters are constant: 
21= 11.5 cm, 2t= 0.5 cm, 2b=17 cm, 1=0.2 A. The most 
interesting here is the curve 1, which demonstrates that 
the narrowing of the channel from 20 cm to 0.51 cm 
causes strong electrostatic shielding and the space charge 
field E, decreases in some times. The Et component varies 
under these conditions slightly (curve 2). The theoretical 
value of Et for an infinitely wide beam having the same 
values t and beam current density j is shown in fig.3 
(straight line 3). Consequently it is possible to reduce 
significantly the space charge fields E, using beams with 
large magnitude of 1/t. However this approach is limited 
by the condition of focusing in the x-direction. Indeed as 
it follows from formula (4) the transverse focusing can be 
realized if the ratio k/k,, « 1/t. In real systems (fig.l) the 
electrode shape is not a straight line but it is determined 
by the equation 

cosh(kxx)s'mh(kyy) = sinh^atO)) (8) 

where the wave numbers k„ and ky and the synchronous 
particle velocity vs are connected by the equation 

,   2       ,   2 _ 
Kx    + Ky    — 

CO 

V,2(0 
(9) 

The channel thickness 2a(x) is described by the curve 

It is accounted in this calculation that the ion 
concentration in a z-plane is proportional to the factor 
vs(z)/vs(0), where vs(0) is the injection velocity of ions. 
The space charge potential Uq on the mesh was obtained 
from solution of the Poisson's equation using sequential 
over-relaxation (SOR). The space charge field Eq was 
obtained by numerical derivation of the calculated 
potential. To solve the ordinary differential equations of 
ions transverse motion we used well-known "leap-frog" 
numerical method. 

Consider D~~ ions dynamics in UNDULAC having 
L=2.5 m, wave length of the RF field A.=1.5 m, maximum 
amplitudes of RF-field Evmax=150 kV/cm; wave numbers 
kx=14.2 1/m, ky=332 1/m; the transverse sizes of the 
channel a=3.5 mm, b=8.5 cm; input sizes of the beam 
t=2.5 mm, 1=5.75 cm; input energy of ions W=150 keV 
and input angular dispersion of ion transverse velocities 
0.001. In this UNDULAC the ion current 0.6 A is 
accelerated without losses acquiring output energy 1.07 
MeV. However, neglecting the shielding of the space 
charge fields in the same UNDULAC would result in 
channel 0.36 A and even 0.2 A current loss of about 6%. 
The beam current may be increased even more by using 
wider ribbons. So if in the same UNDULAC the channel 
has a=4 mm, b=l 1 cm and the beam has t=2 mm, 1=10cm 
then the current of 1A is accelerated without loss. 

More accurate estimations of UNDULAC's 
possibilities may be obtained in the future by 3D 
simulation. 

z _i 
2a(x) = —sinh 

sinh(k a(0)) 

cosh^*) 
(10) 

and decreases from 2a(0) to 2a(l). The minimum size a(l) 
must be more then the beam thickness t. This condition 
and also E iim are limited the ribbon width 21. 

The 2D particle simulation of self-consisting beam 
dynamics in the UNDULAC-E confirms the preliminary 
estimations obtained. The ion beam is represented by 
particles ('superparticles'). The dispersion of ion axial 
velocities were neglected, and all velocities were assumed 
to be equal to the one of the synchronous particle. The 
acceleration and focusing fields were calculated by the 
derivation of the effective potential Ueff. the equation of 
axial motion of synchronous particle was solved 
numerically using the Runge- Kutta method of 4th order. 
For the space-charge field calculations 2D regular mesh 
was put on the cross-section of the channel. 

The space charge density in the mesh nodes is 
calculated by the ordinary area-weighting (PIC) method. 

4 CONCLUSION 

The ribbon beam concept was used to increase the 
beam current in the undulator linear accelerator. The 
electrodes shape for 2D transverse focusing of the ribbon 
beam is found. It was shown that the electrostatic 
shielding of the space charge field reduces Coulomb 
defocusing of the particles in the narrow accelerating 
channel. The results of the numeral simulation of intense 
D~~ beam dynamics confirm the possibility to receive the 
beam current of about 1 A in the UNDULAC-E. 
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THE DEVELOPMENT OF A SUPERCONDUCTING RF GUN: 
STATUS OF THE DROSSEL COLLABORATION 

D.Janssen, P.vom Stein *, Forschungszentrum Rossendorf, Dresden, Germany 
A.Bushuev, M.Karliner, S.Konstantinov, J.Kruchkov, V.Petrov, I.Sedlyarov, 

A.Tribendis, V.Volkov, Budker Institute of Nuclear Physics, Novosibirsk, Russia 

Abstract 

In the beginning of 1996 the Drossel collaboration was es- 
tablished between the FZR and the BINP Novosibirsk for 
the development of a new electron injector. The injector 
combines the principle of a photocathode rf gun [1] with 
the use of superconducting (sc) accelerating cavities. The 
objective of this development is a sc rf gun, which de- 
livers a bunched electron beam in continuous wave (cw) 
mode. The beam parameters should fulfill the require- 
ments of the ELBE project [2, 3], a superconducting ac- 
celerator currently under construction at Forschungszen- 
trum Rossendorf. The applications of this accelerator are 
an infrared FEL user facility and nuclear physics, radiation 
physics experiments, which demand a high flexibility for 
the beam parameters of the injector. 

1    DESIGN OF THE SUPERCONDUCTING 
RFGUN 

First a new design was developed to insert a high quantum 
efficiency photocathode (CsaSb, Cs2Te) into the sc cavity. 
According to the results of an experiment at the University 
of Wuppertal [4], the heat load of the photolayer, caused 
by dielectric rf losses, is a severe problem. Therefore the 
photocathode is hold into a cooling insert with an indepen- 
dent liquid nitrogen circuit (fig.l. The heat load will be 
transported out of the cryostat without causing additional 
liquid helium losses. This insert has also the function of 
a multistaged rf filter to solve the problem of a parasitic rf 
coupling by the cathode stem to the sc cavity. A dc bias 
voltage supplied to the cathode stem avoids electron mul- 
tipacting in the coaxial line between cathode stem and sc 
cavity. 

2   BEAM DYNAMICS SIMULATIONS 

In parallel the cavity shape of the rf gun was optimized. 
The conical back wall of the first half cell focusses the 
beam at low energy and compensates beam blow up due 
to space charge effects. Beam dynamics simulations 
(PARMELA [6]) show a transverse emittance of 6.1 mm 
mrad for 200 pC bunch charge and a gradient of 20 MV/m 
at the cathode. The full cell cavities of the rf gun have the 
TESLA geometry [5] to simplify production by using ex- 
isting sc cavity technology. The low gradient allows both 

single bunch and cw mode of operation without exceeding 
present field limits for sc cavities. 

To generate an electron beam with low energy spread for 
the nuclear physics experiments, the injection angle <f> is 
set to 5°. This effects a bunch compression of the electron 
pulse by a factor of four. The resulting short bunch length 
of less than 1.5 ps diminishes the energy spread increasing 
influence of the rf field in the main accelerator. In the FEL 
mode $ is 34.6° with slightly higher electrical peak field. 
The higher momentarilly cathode field Epeak * sin(^) al- 
lows the extraction of bunch charges up to 500 pC from the 
cathode, which is necessary to achieve high peak currents 
for FEL operation. The beam parameters are summarized 
in table 1. 

3   OUTLOOK 

First tests with a 1.3 GHz half cell to prove the feasibil- 
ity of our design concepts are scheduled for the middle of 
1997. The test cavity is currently into production at the 
workshops of BINP. First design considerations and price 
estimations for the laser system were done by the Max Born 
Institute, Berlin. For the design of the cryogenic system we 
are in contact with the TU Dresden and VIK Dubna. 
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Nuclear physics mode FEL mode 
Beam parameters 
Ecath 14.5 MV/m 19.6 MV/m 
Bunch charge lpC 200 pC 
Energy 4.2 MeV 5.7 MeV 
Energy spread (rms) 1 * 10"4 3*KT3 

trans, emitt. (rms) 0.18mmmrad 5.3 mm mrad 
long, emitt. (rms) 0.040 deg keV 6.1degkeV 
Laser parameters 
Injection angle cj> 5.0 deg 34.6 deg 
Pulse length (FWHM) 5ps 10 ps 
Spot size 3 mm 3mm 

Table 1: Beam parameters of the prototype gun 
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Figure 1: Draft of the prototype rf gun 
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Abstract 

The requirement of a high brightness electron source 
for the proposed Linac Coherent Light Source (LCLS) 
project at SLACfl] has led to the development of the Gun 
Test Facility (GTF). The facility consists of a 
photocathode RF gun, emittance compensation solenoid, a 
single 3-meter SLAC S-band linac section, a single XK-5 
klystron, low and high energy diagnostic sections and a 
cathode drive laser. In this paper, the specifications of the 
desired electron beam will be discussed along with results 
of PARMELA simulations to determine the optimum 
laser pulse shape for minimum beam emittance. The 
diagnostics of the GTF will be discussed and 
measurements will be presented which were made at the 
SUNSfflNE Facility at Stanford to develop the 
instrumentation to be used at the Gun Test Facility once it 
is operational. Future beam diagnostics will also be 
discussed. 

1 INTRODUCTION 

1.1 Facility 

The goal of the GTF is to produce single bunches with 
1 nC of charge, 10 ps(FWHM) bunch length, and a 
normalized emittance of l7cmm-mr. The first 
photocathode RF gun to be characterized was developed 
by a collaboration of SLAC, BNL and UCLA[2]. The 
laser driven copper cathode 1.6 cell RF gun is operated in 
7i-mode at S-band with multi-pole mode suppression 
achieved through cavity symmeterization. In order to 
obtain the smallest possible emittance the beam must be 
quickly accelerated in the gun to reduce space charge 
induced emittance growth. The desired gradient in the 
gun is 140 MV/m which will require 12-14 MW of rf 
power. Immediately following the gun is an emittance 
compensation solenoid which enables the correction of 
linear space charge emittance growth. After the solenoid 
there are two pop-in phosphor screens for examining the 
beam and a toroid for current measurements. The beam is 
then accelerated by a single 3-meter SLAC S-band linac 
section for which initially 6 MW of rf power will be 
available, enough to accelerate the beam to 27 MeV. 
Future RF upgrades this summer will allow the use of a 
single XK-5 klystron for the linac with approximately 16 
MW of RF power which should enable energies of 45-50 
MeV with the single linac section. After acceleration the 
emittance will be measured with the standard quadrupole 
scan technique utilizing a phosphor screen and a wire 

scanner. The three screen method will also be employed. 
The bunch length will be determined through the use of 
linac phasing and possibly a streak camera. Another 
toroid enables measurement of the beam current. The 
beam is then passed through a 60° bend magnet for 
energy analysis using a screen and finally the beam will 
be dumped into a Faraday Cup. 

1.2 Gun Drive Laser 

The laser system [3] consists of an Nd:YLF oscillator 
and a Nd:glass amplifier which will enable generation of 
near Gaussians 1 ps long laser pulses. A Nd:glass 
oscillator will be installed which will allow pulses down 
to 200 fs FWHM. Temporal pulse shaping may be done 
in either the time domain by stacking gaussian beamlets 
or frequency domain through the use of amplitude or 
phase masks. The system is capable of producing 200 uJ 
of UV (263 nm) on the cathode at normal incidence. This 
is sufficient to produce 1 nC of charge assuming a 
quantum efficiency of 2 10"5. Ports on the half cell of the 
gun will enable the laser to also strike the cathode at 
grazing incidence. 

2 EMITTANCE COMPENSATION 

The emittance compensation scheme utilizes a linear 
lens to remove the projected emittance growth caused by 
linear space charge forces [4]. Consider a section of beam 
line which consists of a drift, a linear lens and another 
drift. For a slug beam, a right circular cylinder with 
uniform charge density, the phase space distribution of 
the beam can be described by a rectangle. If the beam is 
allowed to drift and only linear space charge effects are 
considered, the phase space plot of the beam becomes a 
rotated fan shaped distribution with increased area. The 
increased area indicates an increase in the projected 
emittance of the beam. This is due to differing rates of 
expansion for the electrons in various locations in the 
beam. Particles which are in the middle of the beam 
longitudinally and on the radial outer edge of the slug 
experience the maximum radial space charge force while 
those on the radial outer edges of the beam which are at 
the maximum longitudinal positions experience less 
radial space charge force. This differing force leads to a 
variation in the radial velocity for electrons in the beam. 
If the drifting beam passes through a linear lens the 
phase space distribution undergoes a clockwise shear due 
to the lens. After the lens the beam drifts and space 
charge forces cause differing rates of expansion for 
different parts of the beam which leads to a collapse of 
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the fan shaped distribution and so a reduction of the 
projected phase space area of the beam. 

3 SIMULATIONS 

The GTF beam has been simulated using PARMELA 
with the details of the gun, solenoid and linac provided 
by D. T. Palmer [2]. A field map from SUPERF1SH is 
used for the gun and a POISSON field map is utilized for 
the emittance compensation solenoid. The field in the 
gun was set at 140 MV/m and the linac was run at 7-10 
MV/m. The 1 nC electron beam is simulated using 
10,000 macroparticles with space charge effects included. 
The laser spot on the cathode is ar=.09 cm with a 
maximum radial extent of rmax=2.0 cm and a pulse 
duration of 10 ps. Simulations for the ATF at BNL [2], 
which uses two linac sections indicate that a transverse 
Gaussian with a temporal flat top bunch should produce a 
normalized emittance of 1 7tmm-mr RMS. Whereas 
simulations with a bunch which is Gaussian both 
transversely and temporally produces a normalized 
emittance of 2.5 7cmm-mr RMS. Recent measurements of 
5 7imm-mr RMS at BNL have been achieved [5]. 
Simulations of the GTF have been done with bunches 
which are flat top temporally and Gaussian transversely 
and Kapchinsky-Vladimirsky (KV) distributions, which 
are uniform in space with a parabolic line charge density. 
The transverse Gaussians were also clipped. Since the 
emittance compensation solenoid is capable of removing 
the emittance growth from linear space charge forces, the 
more uniform the bunch transversely the smaller the 
RMS emittance of the bunch. This has been observed in 
the simulations. From a nonlinear field energy 
consideration, the optimum electron distribution is a 
uniform distribution, such as the KV, since it leads to the 
least emittance growth from the thermalization of the 
field energy, as described in [6]. Time dependent RF also 
contributes to emittance growth and can be reduced by 
shortening the bunch. The 10 ps bunch length was 
chosen from requirements of the bunch compression of 
the LCLS. For the GTF system simulations with the KV 
distribution has produced .90 Tcmm-mr, a Gaussian 
clipped at + ar gave .96 nmm-mr, and the flat topped 
Gaussian have produced 1.12 ranm-mr normalized RMS 
emittances. The clipped Gaussian is more uniform than 

the full Gaussian and was used since it will be the most 
convenient to produce initially. 

Transverse KV Clipped Gaussian Gaussian 
Longitudinal KV Flat Top Flat Top 

encimaiiKdlrc mm mr] 0.9 0.96 1.12 

az [pS FWHM] 11 10 10 

Bsolenoid[kG] 2.75 2.82 2.79 

EunJMV/m] 7 7 10 

Energy[MeV] 27.7 27.7 31.3 

KV Distribution Normalized Emittance vs Distance 

3- 
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Figure 1: Parameters for PARMELA simulations of the 
GTF. 

Figure 2: Plot of normalized emittance vs. distance along 
the GTF for the KV distribution from PARMELA. 

4 MEASUREMENTS 

Since the GTF is under construction, the SUNSHINE 
facility at Stanford campus was utilized to test the 
instrumentation for emittance measurements. 
SUNSHINE [7] consists of a 1.5 cell S-band RF gun with 
a thermionic cathode, an alpha magnet for bunch 
compression and one SLAC type linac section for 
acceleration. Existing instrumentation includes toroids 
and Faraday Cups for current measurements, phosphor 
screens for profile measurements, and bend magnets for 
energy measurements. Normal operation of the machine 
produces a 1.5 (is macropulse with about 200 pC of 
charge per microbunch, the alpha magnet allows bunch 
compression down to 100 fs rms after acceleration. 
Instead of accelerating the beam it can be directed 
straight through the Alpha magnet after degaussing to a 
low energy beam line (2-3 MeV.) This portion of the 
beam line was used to test emittance instrumentation. 
After the beam exits the gun it is focused by four 
quadrupole magnets. A dipole is then used in conjunction 
with a set of slits to set the energy spread of the beam. 
Measurements were done at + .1, .2, .3 .4 percent energy 
spread. This enabled minimization of chromatic effects 
in the final doublet used to perform the quad scan. 
Ideally, a double bend achromat would have been used to 
minimize the horizontal dispersion of the beam, however 
existing instrumentation did not allow this. The beam 
profile was observed with a screen made from SLAC 
chromate. Finally, the beam was dumped into a Faraday 
Cup to determine the current. The image of the beam was 
captured using a Pulnix CCD camera and 
DataTranslation 8-bit frame grabber synchronized to the 
beam. A neutral density filter and a remotely controllable 
iris were used to control saturation of the camera. The 
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beam was focused to the smallest possible spot and the 
iris and frame grabber ADC were adjusted to keep the 
maximum pixel value less than 255. The quadrupole was 
then re-standardized and the current was raised 
incrementally and images of the beam were captured. 
The data was analyzed off line by least squares fitting of 
the widths of the beam profiles with the values for the 
beamline parameters. The widths of the beam profiles 
were obtained by fitting to a Gaussian distribution from 
which the sigma of the profile was obtained. The fits 
were quite good as expected since the beam is generated 
by a thermionic cathode. The resolution of the system 
was determined to be 50 Jim/pixel and 60 |im/pixel 
horizontally and vertically respectively. The resolution of 
the system is ultimately limited to the response and 
granularity of the screen. The resolution of this type of 
screen is approximately 50 ^m/pixel [8]. The camera was 
placed as close as possible to the screen, this gives higher 
resolution but radiation effects must be considered. The 
resolution given above was for a setup in which a 45 
degree mirror was used to reflect the image of the beam 
to the camera which was located behind 2-4 inches of 
lead to provide shielding from the source point. The wire 
scanner has the potential for 10 (im resolution. However 
the lower beam current densities (about 10 pC per 
macropulse depending on the slit settings), for the energy 
filtered beam only allowed integrated measurements over 
the macropulse. This served to debug electronics and 
motion control of the system. Also a high impedance 
amplifier was shown to improve signal levels. Future 
plans are to move the wire scanner to the high energy 
part of the beam line where higher current densities are 
available. The 1 nC beam of the GTF is expected to 
produce sufficiently high current densities for the wire 
scanner. 
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Figure 3: Plot of measured and calculated o"33 versus 
quadrupole strength for the SUNSHINE facility. Where 
G33 is the square of the vertical beam size. 

Figure 4: Plot of unnormalized RMS emittance vs. 
energy spread for SUNSHINE. The energy of the beam 
was 3.1[MeV] for all measurements. 

5 FUTURE INSTRUMENTATION 

As is evident in the simulations of the GTF, the 
emittance of the beam will increase due to space charge 
effects if it is allowed to drift after acceleration. In order 
to eliminate these effects on the measurements, single 
shot emittance measurements using TR will be 
investigated. If OTR intensities are insufficient, Coherent 
TR will be used since it will have greater intensity. Either 
masks and a room temperature pyroelectronic bolometer 
or movable bolometers would be used to determine the 
divergence of the TR. Low energy emittance 
measurements will be made with a pepper pot or slits. 
Also a low energy beam line is being considered. This 
would require the temporary removal of the linac so that 
a double bend achromat could be installed. 
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Abstract 

A new iron dominated single emittance compensation 
solenoidal magnet was designed to be integrated with the 
BNL/SLAC/UCLA 1.6 cell S-Band Photocathode if Gun. 
This emittance compensated photoinjector is now in oper- 
ation at the Brookhaven Accelerator Test Facility. It has 
produced a 0.329 ± 0.012 pC, r95% = 10.9 psec elec- 
tron bunches with a normalized rms transverse emittance 
of en,rms = 1.17 ± 0.16 7T mm mrad. POISSON field maps 
were used with PARMELA to optimize the emittance com- 
pensation solenoidal magnet design. Magnetic field mea- 
surements show that at the cathode plane Bz < 10 G for a 
peak magnetic field of BZ|inax = 3 kG. Which is in agree- 
ment with POISSON simulation. A single emittance com- 
pensation solenoidal magnet will produces a initial angular 
momentum of the electron bunch that manifests itself in a 
initial magnetic emittance term that cannot be eliminated. 
This magnetic emittance e™r°&s scales as 0.010 * mm

G
mrad 

at the cathode, which is in agreement with PARMELA 
simulations. Experimental beam dynamics results are pre- 
sented that shows relative angular rotation and spot size as a 
function of cathode magnetic field. These results are com- 
pared to theory. 

were developed using a Dirichlet boundary condition at 
the cathode plane. Due to mechanical constraints of the 
BNL/SLAC/UCLA 1.6 cell S-band rf gun [4], the compen- 
sation magnet could not be positioned in the optimal emit- 
tance compensation position but at the location shown in 
figure 1 which gives a 15 % higher emittance than the opti- 
mum. 

1.2 

|1.1 

E 
E 

c-1.0 

0.9 
10 12 14       16       18 

Z 0 (cm) 
20 22 

Figure 1: PARMELA simulations of the normalized rms 
emittance versus emittance compensation magnet position 

1   INTRODUCTION 

The BNL/SLAC/UCLA S-band emittance compensated [1] 
photoinjector has been installed at the Brookhaven Accel- 
erator Test Facility(ATF) as the electron source for beam 
dynamics studies, laser acceleration and free electron laser 
experiments. The 1.6 cell rf gun is powered by a sin- 
gle XK-5 klystron, and is equipped with a single emit- 
tance compensation solenoidal magnet. We have experi- 
mentally investigated the physical consequence of this sin- 
gle solenoidal magnet design as they relate to emittance 
growth. The simulation results, mechanical design, theory 
and experimental beam dynamics results of the single emit- 
tance compensation solenoidal magnet are presented. 

2   SIMULATIONS 

POISSON [2] field maps were generated for a num- 
ber of different emittance compensation magnet designs. 
PARMELA [3] was then used to evaluate these designs 
as a function of the minimum emittance attainable us- 
ing the ATF beamline as a model.    These field maps 

* Work supported by the Department of Energy, contracts DE-AC03- 
76SF00515 and DE-AC02-76CH00016 

3   SOLENOIDAL MAGNET DESIGN 

The solenoidal magnet is constructed out of eight double 
layer hollow core copper conductor pancakes. The flux re- 
turn was manufactured out of 1006 steel, as are the seven 
dipole field flux aligners [5]. These dipole field flux aligner 
are used to eliminate any dipole fields that arise from the 
current pancake asymmetries and misalignments during as- 
sembly. Penetrations thru the flux return were designed 
to have four fold symmetry. The external current conduc- 
tors are fed to alternate sides of the solenoid to eliminate a 
dipole contribution due to the individual pancake conductor 
crossovers. A schematic drawing of the solenoidal magnet 
is show in figure 2. 

In the previous ATF emittance compensation magnet de- 
sign the solenoidal magnet was an air core magnet. We 
have extended this initial design that included dipole field 
straighteners to incorporate an iron flux return that elim- 
inates the need of a congruent magnet symmetrically lo- 
cated upstream of the cathode to buck the cathode mag- 
netic field to zero. The use of the magnetic flux return has 
decreased the cathode magnetic field to Bz < 10 G for a 
peak magnetic field of Bz,max = 3 kG as seen in figure 3. 

0-7803-4376-X/98/$10.00 © 1998 IEEE 2843 
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Figure 2: Compensation Magnet Design 
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Figure 3: Magnetic Field Measurements 

A bucking magnet is located at the upstream end of the 
gun. It is only used for beam dynamics studies. A cos(ö) 
deflection magnet is located in the emittance compensation 
magnet bore. This deflection magnet is used for energy 
measurements of the electron bunch energy at the exit of 
the gun. 

4    THEORY 

In this section we will delineate the effect of the finite cath- 
ode magnetic field due to the bucking magnet. There are 
three effects that will studied first the relative angular rota- 
tion due to the cathode magnetic field, spot size and finally 
the normalized rms emittance due to this magnetic field. 
From Busch's theorem [6] we know that 

27m0 
(Bz<1 - Bz) (1) 

where BZ() and r0 is the cathode magnetic field and laser 
spot size. Integrating equation 1 we find that the angular 
rotation as a function of cathode magnetic field varies lin- 
early with the cathode magnetic field. 

Figure 4: 8 fold symmetric beamlets 

86 I 2/37mQc 
dzBz (2) 

Busch's theorem can also be used to study the effect of 
cathode magnetic field on spot size. Starting with the defi- 
nition of x'    . 

Px,i erQ |BZ 
(3) 

Pz ßc        4/?7m0c 

Which follows from the definition of rms velocities we 
know that 

lffr262cos2(9)rdrd6 
,rms   V       J7rdrd0 

Therefore, the rms spot size increases as |BZo | 

J 4mSdz = j 
er, 

4/37m0c 
—dz |BZ 

(4) 

(5) 

The magnetic emittance scales as en,rms oc r2 |BZo | given 
in equation 6 where we assume that the < xx' >= 0. 

erS |BZ ßjV< x'2 >< x2 > =     °'   Zo1        (6) 
8m0c 

5   EXPERIMENTAL RESULTS 

Due to the small but finite field at the rf gun cathode the 
electron bunch are produced with a finite angular momen- 
tum. We have measured the relative angular rotation due 
to this finite field. In this experiment a 8-fold symmetric 
mask [7] [8] was inserted into the the laser beam thereby 
producing the laser profile on the cathode shown in figure 4. 

The smallest beamlet located at 45° is used to break the 
symmetry. In this way we were able to measure the beta- 
tron rotation of the beam thru the solenoidal magnet which 
was found to be approximately 90°. The 8-fold beamlet rel- 
ative angular rotation was measured as a function of buck- 
ing magnet field for point to point imaging of the 8-fold 
beamlets from the cathode to a beam profile monitor lo- 
cated 66.4 cm from the cathode. Figure 5 represents the 
relative angular rotation of the 8-fold symmetric beamlets 
due to the cathode magnetic field and has a linear depen- 
dence predicated in equation 2. 

The rms spot size as a function of cathode magnet field 
was measured at both low and high energy. The functional 
dependence of the high energy spot size data in figure 7 
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Figure 5: $rei(z = 0) versus Bz(z = 0) 

Experimental Result o.oio * mm-mrad 

PARMELA 0.006 * mm-mrad 

THEORY 0.007 * mm-mraa 

Table 1: Comparison of experimental results, simulation 
and theory for the emittance growth due to the cathode 
magnetic field 

has been fit to equation 5 with a minimum spot size oc- 
curring with a cathode magnetic field of -5 G. The cathode 
field with the bucking magnet off is +4 G. The low energy 
spot size data in figure 6 is not fitted to equation 5 since the 
beam is space charge dominated in the low energy regime. 
Fitting this data with two linear functions has the minimum 
spot size occurring at the -3.6 G. Which is consistent with 
the high energy minimum spot size bucking field. This data 
indicates that the cathode field can not be zeroed better than 
the mechanical construction and alignment of the photoin- 
jector itself. 

Due to experimental instabilities it was not possible to 
measure the emittance growth due to the induced cathode 
magnetic field. From the spot size variation at high energy 
due to the induced cathode magnetic field and the correla- 
tion between spot size and measured en,rms [9], the emit- 
tance growth as a function of cathode magnetic field can be 
estimated. In table 1 the correlated experimental results 
of en,rms growth as a function of induced cathode mag- 
netic field is presented along with PARMELA simulation 
and theoretical [10] predications. 

6   CONCLUSION 

We have present the design and experimental results of a 
single emittance solenoidal magnet. Relative angular ro- 
tation, low and high energy rms spot size have been pre- 
sented as a function of cathode magnet field. Mechanical 
constraints limit the compensation magnet to a position that 
is not optimal for the emittance compensation process. Re- 
designing the waveguide feed into the full cell would cor- 
rect this limitation in the injector design. 
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100 200 

Figure 6: Low energy Rrms versus Bz(z = 0) 
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Figure 7: High energy Rrms versus Bz(z = 0) 
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Abstract 

A 1.6 cell photocathode S-Band gun developed by the 
BNL/SLAC/UCLA collaboration is now in operation at 
the Brookhaven Accelerator Test Facility (ATF). One of 
the main features of this RF gun is the symmetrization 
of the RF coupling iris with a identical vacuum pumping 
port located in the full cell. The effects of the asymmetry 
caused by the RF coupling iris were experimentally inves- 
tigated by positioning a metallic plunger at the back wall 
of the vacuum port iris. The higher order modes produced 
were studied using electron beamlets with 8-fold symme- 
try. The 8-fold beamlets were produced by masking the 
laser beam. These experimental results indicate that the in- 
tegrated electrical center and the geometrical center of the 
gun are within 175 /mi. Which is within the laser alignment 
tolerance of 250 ßm. 

1    INTRODUCTION 

The BNL/SLAC/UCLA S-band emittance compensated [1] 
photoinjector has been installed at the Brookhaven Accel- 
erator Test Facility(ATF) as the electron source for beam 
dynamics studies, laser acceleration and free electron laser 
experiments. The 1.6 cell rf gun is powered by a single XK- 
5 klystron, and is equipped with a single emittance com- 
pensation solenoidal magnet. There is a short drift space 
between the photoinjector and the input to the first of two 
SLAC three meter travelling wave accelerating sections. 
This low energy drift space contains a copper mirror that 
can be used in either transition radiation studies or laser 
alignment. There is also a beam profile monitor/Faraday 
plate located 66.4 cm from the cathode plane. The pho- 
toinjector beam line layout is presented in figure 1. 

The drive laser is a Nd: YAG master oscillator/power am- 
plifier system. A diode pumper oscillator mode locked 
at 81.6 MHz produces 21 psec FWHM pulses at 100 
mW of average power. Gated pulses seed two flash lamp 
pumped multi-pass amplifiers and are subsequently fre- 
quency quadrupled. This nonlinear process leads to a fac- 
tor of two reduction in the laser pulse length. The 266 
nm beam is transported to the RF gun area via a 20 meter 
long evacuated pipe. A spherical lens and a pair of Littrow 
prisms are used to compensate for the anamorphic magnifi- 
cation introduced by the 72° incidence on the cathode. The 
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RFGun 

PE|™ 
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Emittance 
Compensation 
Magnet 

f / Optical Transition 
/ Radiation (OTR) 
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/ 
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Figure 1: The BNL/UCLA/UCLA 1.6 cell S-band photoin- 
jector 

* Work supported by the Department of Energy, contracts DE-AC03- 
76SF00515 and DE-AC02-76CH00016 

Figure 2: Beamlet profile on cathode, the distance from 
beamlet 1 to beamlets 2-9 is 1mm 

time slew across the cathode caused by this oblique inci- 
dence is also corrected by using a diffraction gradient. 

To probe the electromagnetic fields of the 1.6 cell gun 
an 8-fold symmetric aperture [2] [3] was introduced into 
the laser beam line. This 8-fold aperture produces a laser 
image on the cathode seen in figure 2 with the radius of 
1 mm from the center beamlet to the outer ring of beam- 
lets. This produces an electron beam with 8-fold symmetry. 
This aperture was rotated to align the symmetry breaking 
beamlet to be collinear with the waveguide feed into the 
gun. 

2   EXPERIMENTAL SETUP 

The rf guns half cell is fully symmetrized by two laser ports 
which are located rotated 45° from the tuner/waveguide co- 
ordinate system in the fully cell. These two laser ports al- 
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Figure 3: rf gun in the unsymmetrized case 

low for uv light to illuminate the cathode at a grazing inci- 
dence angle of 72° from beam line and also prevents mul- 
tiple scattering of the uv in the half cell of the gun. Since 
the half cell is full symmetrized the integrated asymmetry 
of the rf gun is only due the full cell. 

In these experiments an stepping motor controlled UHV 
linear motion feed-thru drawing a shorting plunger with a 
total travel of 10 cm was used to symmetrize or unsym- 
metrize the full cell of the rf gun. The shaft of the linear 
motion feed-thru was connected to a OFHC copper short- 
ing plug that had no direct rf current path between it and 
the vacuum pipe wall. 

In the symmetrized case, the shorting plunger is 10 cm 
from the vacuum port iris and the rf coupled into the vac- 
uum port decays exponential. There is a rf power monitor- 
ing loop located in the vacuum pipe which is -70 db down 
from the input power. 

The unsymmetrized case is shown in figure 3 with the 
shorting plunger at the maximum travel of the linear mo- 
tion feed-thru. This positions the plunger to within 1.25 
mm from the back wall of the full cell to vacuum port cou- 
pling slot which is 2.25 mm thick. Therefore we were not 
able to fully unsymmetrize the full cell the rf gun. The vac- 

Figure 4: Beamlets profile with rf gun symmetrized 

uum coupling slot is never eliminated and allows for some 
degree of symmetrization, even in the symmetrized mode 
of operation. 

Another problem, in the unsymmetrized mode of oper- 
ation, is that the vacuum tube and shorting plunger form 
a TEM coaxial transmission line and power is coupled 
from the full cell into the vacuum tube. In this case, the 
rf power monitoring loop is -20 db down from the in- 
put power. Combining the TEM coaxial transmission line 
problem along with our inability to fully unsymmetrize the 
full cell, a direct comparison of low power rf tests [4] and 
high power test is not possible. 

3   HIGH POWER BEAM STUDIES 

Phase variations in the rf gun, due to rf breakdown in the 
TEM coaxial conductor, prevented measurement of emit- 
tance growth due to gun asymmetrization from being con- 
ducted. 

In the either mode of operation, the 8-fold beamlets were 
point to point focused, using the single emittance compen- 
sation magnet [5], to a beam-profile monitor screen located 
66.4 cm from the cathode plane. The center beamlet pro- 
file in figures 4 and 5 represent the beamlet profiles in the 
symmetric and asymmetric mode of operation respectively, 
with the central beamlet on the geometric center of the rf 
gun. Mechanical alignment and dark current studies indi- 
cate that the geometrical and integrated electrical centers 
of the rf gun are with in 50/xm of each other in the sym- 
metrized mode. Steering the laser beam ± 1 mm on the x 
and y axis we are able to probe the electromagnetic field in 
the 1.6 cell rf gun out to a radius of approximately 2.4 mm 
and produce the eight additional images in both figures 4 
and 5. It should be noted that the betatron rotation of the 
solenoidal magnet has been removed numerical from these 
images so that a direct comparison of the individual beam- 
let position and distortion can be directly compared to the 
full cells cavity penetrations. 

In the analysis of the center 8-fold beamlets in figures 4 
and 5 for the symmetrized and unsymmetrized mode of op- 
eration we have seem no centroid deflection for the outer 
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Figure 5: Beamlets profile with the rf gun unsymmetrized Figure 7: Individual beamlet radial extent 

ring of beamlets with respect to the on axis beamlet, as 
is expected since the TMno magnetic field is uniform in 
the beam region of the cavity. This effect is seem in fig- 
ure 6. The difference in total deflection between the dif- 
ferent modes of operation is due to the peak rf field that 
the rf gun could hold off was lower in the unsymmetrized 
cases, since the vacuum/plunger TEM coaxial conductor 
would breakdown at the higher rf fields used in the sym- 
metrized mode of operation. The normalized deflection in 
both modes are approximately the same. 

spot position we were able to eliminate this energy spread 
tail. This alignment minimizes the integrated higher-order- 
mode contribution to the beam distortion. Analysis in- 
dicates that the symmetrized BNL/SLAC/UCLA 1.6 cell 
photocathode rf gun's electrical and geometric center are 
within 170 ßm of each other, which is within the laser spot 
alignment error. Compared to similar experimental results 
of the 1.5 cell BNL gun [6] whose electrical and geometric 
centers differ by 1.0 mm, the 1.6 cell gun has fulfilled the 
symmetrization criteria. 
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Figure 6: Beamlet centroid position from center beamlet 

The effect of the symmetrized versus unsymmetrized 
mode of operation can be seem in figure 7. This figure 
represents the individual beamlets Full Width Tenth Maxi- 
mum(FWTM) profiles. The data that represents the unsym- 
metrized mode of operation has a dominate dipole mode 
contribution as would be expected. In the symmetrized 
case the dipole contribution is minimized with the domi- 
nate mode being the quadrupole contribution, as would be 
expected from theory. Analyses is ongoing to fully under- 
stand this effect. 

Multi-pole field effects were also studied by decreasing 
the laser spot size to 400 /mi and setting the laser injection 
phase to the Schottky peak. This injection phase causes 
an effective electron bunch-lengthening and a noticeable 
energy-spread tail was observed.   By adjusting the laser 

4    CONCLUSION 

We have presented experimental data that indicates the 
dipole contributions has been significant reduced by sym- 
metrizing the BNL/SLAC/UCLA 1.6 cell rf gun. Centroid 
deflection data is consistent with a uniform, magnetic field 
that is present with a TMno contribution to the 7r accel- 
erating mode. Beamlet energy spread profiles indicate the 
presence of a dominant dipole mode when in the unsym- 
metrized mode of operation and in the symmetrized mode 
the dominant mode is the quadrupole mode. 
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Abstract 

Polarized electron beams will play a crucial role in 
maximizing the physics potential for future e+/e" linear 
colliders. We will review the SLC polarized electron 
source (PES), present a design for a conventional PES for 
the Next Linear Collider (NLC), and discuss the physics 
issues of a polarized RF gun. 

1   INTRODUCTION 

Since 1992 the SLC has been operated exclusively with a 
polarized electron beam. Despite that the Z° boson 
production rate at SLC is nearly two orders of magnitude 
lower than at LEP, the use of a highly polarized electron 
beam with a beam polarization approaching 80% has 
vastly improved the physics luminosity of SLC and 
rendered it very competitive against LEP in the 
measurements of important Standard Model parameters 
such as the weak mixing angle 0w [1]. For a future e+/e~ 
linear collider such as NLC, polarized electron beams 
will again play a powerful role in its physics programs. 
The benefits of using a highly polarized electron beam 
range from simply enhancing the luminosity to effectively 
extending its physics reach by suppressing backgrounds 
that would otherwise completely overwhelm the signal 
that one wishes to measure. Therefore, the development 
of a high performance PES is of crucial importance to 
future e+/e~ linear collider projects. 

The successful operation of the SLC PES [2] has 
established the basic principles for the design, 
construction, and operation of accelerator-use polarized 
electron sources. In this paper, we will briefly describe 
the SLC PES, review its performance parameters and 
some of the fundamental properties of polarized electron 
photocathodes. We will then describe a conventional 
NLC PES design that is based on a DC high voltage 
photocathode gun similar to the one used in the SLC PES. 
In particular, we will discuss the necessary improvements 
in the photocathode design for the realization of an NLC 
PES. Finally, we will evaluate the feasibility of a 
polarized electron RF gun for the NLC from the 
standpoint of photocathode physics considerations. 

2  THE SLC PES 

At the heart of the SLC PES is a DC high voltage gun that 
utilizes a thin, p-type doped, strained GaAs 
semiconductor photocathode. The lattice distortion in the 
cathode induced by the strain removes a degeneracy 
between the heavy-hole and light-hole valence bands, 

* Work supported by the U.S. Department of Energy under 
contract DE-AC03-76SF00515. 

making it possible for the generation of >50% polarized 
electrons from GaAs. The surface of the photocathode is 
treated with Cs and F to lower its workfuction to a so- 
called negative electron affinity (NEA) state, which 
enables the cathode to attain a high quantum efficiency 
and permits the use of photons with just enough energy to 
excite electrons from the valence band into the 
conduction band for yielding the highest possible electron 
beam polarization. The electron gun provides an 
ultrahigh vacuum environment suitable for prolonged 
operation of an NEA cathode and a sufficiently high 
extraction electric field at the cathode surface for the 
production of a high intensity electron beam. A 
Ti:sapphire laser system using frequency-doubled 
Nd:YAG for pumping generates two 2-ns laser pulses 
which are used to produce electron pulses from the gun, 
one for the collision beam and the other for the positron 
target drive beam. A bunching system consisting of two 
178.5 MHz subharmonic bunchers (SHB) and one S-band 
buncher bunches the electron pulses into 20° of 2856 
MHz S-band main linac RF. Table 1 lists the important 
operating parameters of the SLC PES. 

An important discovery made during the course of 
PES R&D at SLAC was the cathode charge limit (CL) 
phenomenon [3,4]. In short, the CL effect states that, 
owing to the nature of an NEA semiconductor 
photocathode, its quantum efficiency (QE) in response to 
a laser pulse is increasingly suppressed with increasing 
laser pulse energy and the maximum integrated charge 
extractable during the pulse is limited to a value 
determined by the intrinsic properties of the cathode and 
the extracting field at the surface. The mechanism that 
appears responsible for the CL effect is the surface 
photovoltaic effect [5]. In the SLC PES, the maximum 
CL for a 2-ns pulse from an optimally prepared cathode is 
about 18xl010 electrons, which is a factor of 2.6 higher 
than the PES's typical operating charge production level. 

Some of the fundamental characteristics of the CL 
effect are summarized as follows, (i) Given an NEA 
photocathode with fixed operating conditions, the CL in 
general scales with its linear QE. (ii) The relaxation time 
for an NEA photocathode to recover from its suppressed 
QE state caused by the illumination of an intense laser 
pulse critically depends on the cathode's doping 
concentration — the relaxation time for the typical doping 
concentration of 5xl018 cnr3 used for the SLC PES is on 
the order of 100 ns whereas for a 2xl019 cm"3 doping it 
decreases to about 10 ns. (iii) For long pulse operations, 
i.e., with the pulse length longer than the cathode's 
relaxation time, the CL effect manifests itself as a limit in 
the maximum steady-state emission current from the 
cathode, and this maximum current is inversely 
proportional to the CL relaxation time. It is characteristic 
(iii) that bears the most significant implication for the 

0-7803-4376-X/98/$10.00©1998 IEEE 2849 



development of a PES for a future e+/e~ linear collider 
such as NLC which requires a long (>100 ns) beam pulse. 

Table 1:  Operating Parameters of the SLC PES 
and Design Parameters of the NLC PES 

Parameters SLC NLC-II 
Gun vacuum (Torr) <io-n <io-" 
Cathode bias (kV) -120 -120 
Dark current (nA) <25 <25 
Extraction field (MV/m) 1.8 2.0 
Photocathode area (cm2) 3.1 3.1 
Space charge limit (A) 15.5 13 
No. bunches per pulse 2 90 
Bunch spacing at gun (ns) 62 1.4 
Bunch FWHM at gun (ns) 2 0.7 
Bunch charge (1010 e~) 7 2.8 
Peak current (A) 5.6 6.4 
Average pulse current (A) 0.4 3.2 
Beam polarization -80% -80% 
Laser oscillator Ti: sapphire 
Pulse energy (JJJ) 100 90x20 
Repetition rate (Hz) 120 120 
No. ofSHB's 2 2 
SHB frequency (MHz) 178.5 714 
rms ye at 80 MeV (mm-mrad) -100 46 

3  DESIGN OF THE NLC PES 

In contrast to SLC which operates in a single bunch 
mode, the NLC is designed to collide 90 bunches of 
closely spaced e+ and e~ beams per pulse [6]. While the 
required single-bunch charge for the NLC is less than that 
of an SLC bunch, the integrated charge per beam pulse is 
more than an order of magnitude greater. Using the SLC 
PES as a design basis, we have completed a design of a 
conventional PES for the NLC [6]. The design includes a 
slightly modified SLC-type DC high voltage gun with a 
thin, improved strained layer GaAs cathode, a more 
complicated Ti:sapphire laser system with an additional 
stage for power amplification to produce the required 
high-power long pulse trains, and a subharmonic 
bunching system consisting of two 714 MHz SHBs and 
an S-band buncher. The design parameters for NLC-II, 
namely the 1.0 TeV center-of-mass energy machine, are 
summarized in Table 1, along side those of the SLC PES. 

The single most challenging issue for materializing 
such a PES design lies with the photocathode technology. 
For this reason, we shall not concern ourselves with other 
issues, such as the laser system or the bunching system, 
for which there are no significant technological obstacles 
to overcome. The present generation of SLC strained 
GaAs cathodes have a CL or QE relaxation time of on the 
order 100 ns and a maximum steady-state emission 
current of about 0.7 A, which is only about 20% of the 
design value of the average pulse beam current for the 

NLC PES.    To overcome this deficiency, improved 
photocathode charge performance is the key. 

Cathode CL studies on a variety of photocathodes 
have shown that a 100 nm 2xl019 cm-3 doped strained 
GaAs photocathode, which differs from a standard SLC 
PES photocathode only in doping concentration (i.e., four 
times higher) appears capable of producing the required 
steady-state emission current for the NLC PES [6,7]. 
However, due to the increased doping density, the 
cathode's polarization performance is degraded 
significantly to the 60 - 65% range. To meet both the 
polarization and charge specifications of the NLC PES, 
the so-called graded doping scheme will be essential. By 
selectively doping a thin (-10 nm) surface layer of a 100 
nm properly strained GaAs photocathode to a high 
concentration, e.g., 2xl019 cm-3, while leaving the 
remainder of the cathode (-90 nm) at low doping, e.g., 
lxlO18 cm-3 would be a good choice, high polarization 
and high charge production that meet the NLC 
requirements should be simultaneously achievable. 

The charge performance of a GaAs photocathode may 
be further improved if the atomic cleanliness of the 
cathode surface can be preserved prior to an NEA 
activation. A thick As cap layer on the order of a few 
microns thick grown on top of the cathode at the end of 
growth by the manufacturer should accomplish this 
purpose adequately. As a result, a two-fold increase in 
the cathode's QE should be possible following an NEA 
activation, which should lead to a proportional increase in 
the charge production capability for the cathode. In 
addition, future R&D efforts will likely lead to further 
advancement in both photocathode and gun technologies. 
It is safe to conclude that our conventional NLC PES 
design is sound. If the bunch spacing is doubled, a major 
design change now under serious consideration, then, the 
required average pulse current will be halved, rendering 
our design even more feasible. 

4   POLARIZED RF GUN CONSIDERATIONS 

Because of the low beam emittance that an RF gun 
promises and a simplified injector design, i.e., without the 
need for a bunching system, a polarized RF gun utilizing 
an NEA GaAs photocathode is a very compelling idea. 
However, major technological breakthroughs are required 
towards the realization of a polarized RF gun, the most 
outstanding being attaining a <10"n Torr vacuum in an 
RF gun under operation so that an NEA cathode may 
have a reasonable lifetime. Technological difficulties 
aside, the physics of photoemission from NEA cathodes 
will play a deciding role as to whether the idea of an S- 
band polarized electron RF gun is a viable one in the first 
place. In the following we will address the main physics 
issues related to this question and show that there are no 
apparent fundamental problems with the RF gun idea. 

An S-band RF gun is required to produce a beam with 
a bunch length less than -20 ps, thus placing an upper 
limit on the cathode response time at about 10 ps. For an 
NEA photocathode, the photoemission response time is 
determined by the minority carrier (i.e., excited electron) 
diffusion coefficient and the thickness of the active layer, 
which is taken to be 100 nm as appropriate for an 
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optimally performing strained GaAs cathode. Assuming 
a bulk doping density of lxlO18 cm"3 for a graded doping 
GaAs cathode, the diffusion coefficient at room 
temperature is approximately 75 cm2/s [8]. Then, on the 
average it will take about 1.3 ps for an excited electron to 
diffuse through the 100 nm thick active layer along the 
normal direction. Of course, most electrons will diffuse 
along off-normal directions and will take longer times to 
reach the surface (perhaps 2 ps on the average). More 
importantly, once an electron reaches the cathode surface 
it has a rather small probability (as small as a few percent 
as one study suggested [9]) of escaping at once. It will 
likely be reflected back into the cathode interior, bounce 
back and forth via interactions with the lattice and the 
backside surface, and need multiple emission attempts 
before finally escaping [10]. Taking all factors into 
account, we may place an estimated upper limit of 10 ps 
on the response time for our proposed GaAs cathode. 

Recent measurements by Hartmann et al. using a 150 
nm, 5xl018 cm"3 doping, strained GaAs095Po.o5 cathode 
yielded a response time of 10 ps [11]. We note that the 
QE of this cathode was about ten times below the 
operating level required for NLC PES applications. A 
higher QE will lead to a slower response time. On the 
other hand, the thickness of the cathode we propose to use 
is 100 nm instead of 150 nm, and the response time scales 
quadratically with thickness. In addition, at a doping 
level of lxl018 cm-3 the response time should be a factor 
of 2 faster due to an increased diffusion coefficient. 
Thus, the estimated <10 ps response time for our 
proposed cathode seems quite reasonable. 

The other issue is whether an NEA cathode can 
produce the required single-bunch charge in an RF gun. 
The bunch charge requirement at the RF gun is 2.2xl010 

electrons (or 3.6 nC), which is taken to be 80% of the 
design value of the proposed conventional NLC PES as 
allowance for beam loss in the bunching process is no 
longer needed. Though this requirement is less than that 
in the conventional design, the charge must be extracted 
from the cathode within a much smaller area, e.g., ~2 mm 
(rms) radius, in order to generate a beam with a 
normalized rms emittance close to the desired mm-mrad 
level. This area is an order of magnitude smaller than the 
corresponding value chosen for the conventional design. 
Thus, the CL per unit area in the RF gun needs to be an 
order of magnitude higher than in an SLC-type gun. 

Before proceeding to address this important question, 
it is advatangeous to clarify a few other issues which 
otherwise might complicate our discussion, (i) With an 
extraction electric field of >100 MV/m in an RF gun, 
which is nearly two orders of magnitude higher than that 
in an SLC-type gun, the space charge limit should not be 
a problem. Indeed, experiments with an S-band RF gun 
have demonstrated an order of magnitude higher charge 
production than required for the NLC for an emission 
area of 5 mm (rms) radius [12]. (ii) The CL on a much 
shorter time scale, i.e., 20 ps, should not be grossly 
different from the CL on a time scale of 2 ns, as in the 
case of SLC. The only reason that the CL should depend 
on the pulse length at all is because it has been defined, 
with a good reason, as the maximum extracted charge 
instead of the saturated charge when the laser pulse 

energy approaches "infinity". To first order, the saturated 
charge should not depend on the pulse length and is 
therefore a purely intrinsic parameter of the cathode itself. 
The CL as defined is attained in a transient state while the 
cathode is undergoing through a change from the initial 
low-intensity linear response state to the saturated (or 
constant yield) state and does indeed depend on the pulse 
length, albeit weakly. Based on the available 2-ns CL 
data, a good estimate on the CL for a 20 ps pulse would 
be about half the CL for a 2 ns pulse, (iii) Multiple bunch 
charge production should be much less of a problem for a 
cathode operated in an RF gun than in an SLC-type gun 
in the conventional design so long as single bunch charge 
production is adequate. 

With everything else kept the same, the CL has been 
shown to scale almost linearly with the extraction field 
within a range from 0.15 to 1.8 MV/m [4]. If this scaling 
law remains valid up to the 100 MV/m field range typical 
for an S-band RF gun, then, the CL for a similar NEA 
cathode with a CL of 18xl010 electrons in an SLC gun 
will be about 45xl010 electrons in an RF gun with a pulse 
length of 20 ps and an emission area of 2 mm (rms) 
radius. This value is more than an order of magnitude 
greater than the single-bunch charge specification for the 
RF gun design, suggesting that the CL will not be a 
problem. While this conclusion is very encouraging, the 
linear scaling with extraction field is most questionable as 
this behavior is not satisfactorily understood. It is quite 
possible that the field dependence of the CL may deviate 
significantly from linear in an extended field range. If 
any deviation occurs, the dependence can only become 
weaker, which would make our estimate too optimistic, 
but unlikely off by an order of magnitue. Thus, it is fair 
to state that the above conclusion appears well justified. 
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Abstract 
The purpose of the Next Linear Collider Test 

Accelerator (NLCTA) at SLAC is to integrate the new 
technologies of X-band accelerator structures and RF 
systems for the Next Linear Collider (NLC), demonstrate 
multibunch beam-loading energy compensation and 
suppression of higher-order deflecting modes, measure the 
transverse components of the accelerating field, and 
measure the dark current generated by RF field emission in 
the accelerator [1]. For beam loading R&D, an average 
current of about 1 A in a 120 ns long bunch train is 
required. The initial commissioning of the NLCTA 
injector, as well as the rest of the accelerator have been 
progressing very well. The initial beam parameters are 
very close to the requirement and we expect that injector 
will meet the specified requirements by the end of this 
summer. 

1 INTRODUCTION 
Much of the NLC related R&D for X-band accelerator 

systems can be accomplished with a simple bunch train, 
with bunches one X-band period apart. Thus a simple 
injector with only X-band components was chosen for the 
first phase of NLCTA. The possibility of upgrading the 
injector to produce the actual NLC bunch train format was 
taken into consideration during the design of the simple 
injector. For example enough space was left in the tunnel 
for additional beamline; magnet power supplies that would 
need to run at higher current for the upgrade were installed 
for the first phase. The fundamental frequency of the 
NLCTA as well as the NLC accelerator is 11.424 GHz. 

The NLCTA injector consists of a thermionic gun, 
two X-band standing wave prebunchers, and two X-band 
traveling wave accelerators, and diagnostics as shown in 
figure 1. The phase velocities of the first three cavities of 
the first accelerator are tapered from 0.6c to 0.9c to 
accommodate the less than c speed of the electrons 
entering the accelerator. After the first few cavities the 
electrons reach the speed of light. Following the injector 
is a chicane which is currently set up to be isochronous. 
The profile monitor in the high dispersion region of the 
chicane is used to measure the beam energy spread from 
the injector. Current, beam position, profile, bunch 
length, energy, energy spread, and emittance monitors 
throughout the injector allow for tuning and measurement 
of the necessary electron beam parameters. 

The injector was constructed based on simulation 
results using PARMELA and SUPERFISH [2], The 
Injector has been producing 0.5 A, 120 ns long, 55 MeV 
electron bunch trains routinely during the initial 
commissioning of NLCTA. Very recently we have turned 

Work supported by Department of Energy contract 
DE-AC03-76SF00515 

the current up to 1 A, but this report primarily addresses 
the injector commissioning at 0.5 A current. 

2  BEAMLINE SETUP 
The electrons are produced from a DC HV thermionic 

gun with a grided 2 cm2 cathode, operated at 10 Hz. Flat 
top electron pulses of up to 2 A, 20 to 130 ns variable 
length, with a 5 ns rise and fall time electron pulses are 
generated from the gun by pulsing the grid. For a typical 
operations we have been generating 0.5 A, 120 ns pulses 
at the gun. This pulse is bunched and chopped into 
bunches in every X-band period by the first prebuncher. 
The bunching is further enhanced by the second 
prebuncher and the first 0.9 m buncher/accelerator section. 
The second 0.9 m section is used to further accelerate the 
beam. 
One RF station, consisting of a single, 11.424 GHz, 
klystron and a SLED II [3] system powers both 
prebunchers and the two 0.9 m accelerator sections. 
Independent phase and amplitude control is available for 
each of the RF components in the injector [4]. According 
to simulation predictions a gap voltage of 8 and 30 KV is 
required in the first and second X-band prebunchers 
respectively for optimum bunching. The gradient in the 
two 0.9 m traveling wave sections should be about 50 
MeV/m including the beam loading compensation. Beam 
loading compensation is accomplished by introducing a 
ramp in the leading 50 ns of the RF pulse until the beam 
loading reaches a steady state [5]. The plan is to condition 
the injector system to operate with 90 MW, 225 ns, RF 
power available to each of the 0.9 m accelerating sections. 
Currently for steady operating conditions we run with 
155 MW, 225 ns RF power out of the SLED system. 
After accounting for losses in the rectangular wave guide 
and coupling of RF into the prebuncher systems, we 
currently have 65 MW available for the injector 
accelerating sections for routine operation. We have been 
able to achieve the 90 MW requirement during processing 
and expect to be able to run routinely at 90 MW soon. 

The magic-T type phase-shifter/attenuator for the 
prebunchers [4] currently do not operate in an orthogonal 
fashion, because the prebunchers are overcoupled and are 
not matched to their respective magic-T. This makes it 
very difficult to tune the bunching parameters of the 
beam. Each prebuncher will be isolated from the Magic-T 
so that the phase and amplitude can be changed in an 
orthogonal fashion. We expect this to be very helpful in 
the proper setup of the injector bunching parameters. 
The transverse beam profile is managed with axial 
magnetic field from solenoids covering the injector from 
the gun to the end of the second accelerator section. A 
bucking coil is used to zero the field at the cathode. The 
experimental settings for the solenoids are as required by 
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Figure 1. The NLCTA injector layout 

simulations and the beam is to be optimized at these 
settings. 

The current from the gun is measured and set using a 
gap current monitor [6], while the current out of the 
injector and after the chicane is measured with toroids [7]. 
The energy and energy spread of the beam are measured 
with the profile monitor in the high dispersion region of 
the chicane and the emittance of the beam is measured 
using quad scans and a screen upstream and downstream of 
the chicane [8]. Bunch to bunch energy and energy spread 
variations are measured at the end of the machine close to 
the final dump using a pulsed bend magnet with a ramped 
current to sweep the bunch train vertically for the duration 
of the pulse, while a DC bend magnet bends the bunches 
in the horizontal plane allowing the measurement of the 
energy spread, from the head to the tail of the train [5]. A 
bunch length monitor [4,9] after the first accelerator 
section is used to set the power and phase of the two 
prebunchers with respect to die first accelerator section for 
optimum bunching. The bunch length is not measured 
directly but is inferred from the minimum energy spread 
achievable as seen on the dispersion screen in the chicane 
and at the end of the linac. 

3 EXPERIMENTAL RESULTS 

Table 1. shows the achieved beam parameters, thus far, 

Table 1.   Initial NLCTA injector performance compared 
to requirements and simulated expectations. 

Needed Simulated Experiment 

so far 

Gun Current (A) 1 1 0.5 

Gun pulse length (ns) 120 - 120 

Transmission gun to end of - 84 85 

injector. (%) 

Power in accelerator 90 90 65 

sections (MW ) 

Energy at chicane with 65 70 55 

MW in ea. ace. sec. (MeV) 

Energy spread at the chicane <0.5 0.3 0.6 to 1 

FWHM (%) 

Emittance out of injector rms <5 1 5 to 8 

( 1(T5 m- rad) 

compared to the NLCTA requirements and expectations 
from simulation. While we have recently accelerated 1 A 
current from the gun, the data presented here is for 0.5 A, 
the current used for most of the initial running of 
NLCTA. Figure 2 shows the signal from the gap current 
monitor at the gun and the two toroids at the end of the 
injector and at the end of the chicane respectively. The 
slope on the top of the current pulses is a monitoring 
effect [7]. The actual current pulse shape is a flat top. 
The transmission from the gun to the entrance of the 
chicane is about 85% and the gun to the end of the chicane 
transmission is 75%. 
Figure 3 shows the energy spread for the entire 120 ns 
long macro pulse at the dispersion screen in the chicane. 
The FWHM energy spread is 0.6 to 1%, twice as high as 
the requirement.    Inproved bunching energy spread is 
expected after the full commissioning of the injector. 

With 65 MW available for each of the injector 
accelerating sections the expected electron beam energy at 
the end of the injector is 70 MeV for 0.5 A beam, 
however, we measure 55 MeV. At the end of the first 
accelerator section the beam is ahead of the crest by about 
40 degrees, thus resulting in lower energy and larger 
energy spread than we expected. To minimize the energy 
spread at the end of the injector we phase the beam behind 
the RF wave crest in the second accelerator.  This results 
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Figure 2. Electron beam current transmission from the 
gun to the exit of the chicane. The slope at the top of 
the current pulse is actually a monitoring effect. 
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in further reduction of energy out of the injector than 
expected from simulation. It is presently not clear why 
the beam is 30 degrees more ahead of the RF wave crest 
than expected from simulations. This problem can be 
studied more carefully this summer once the injector is 
operating at the design RF power level. 

The measured normalized rms emittance before and 
after the chicane is 5 to 8 x 10"^ m-rad. This emittance is 
good enough for beam loading compensation R&D at the 
NLCTA however we expect it will improve by about a 
factor of two after the full commissioning of the injector. 

4 SUMMARY 

The initial commissioning results from the NLCTA 
injector show that NLCTA will meet the NLC R&D 
requirements it was designed for. The electron beam is 
very close to meeting the initial design goals, and with 
further RF processing and commissioning scheduled for 
this summer we expect to achieve these goals. 
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Figure 3. Energy spread as measured on the high- 
dispersion screen in the chicane for a 120 ns, 0.5 A beam 
from the gun. 
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Abstract 

The Linac Coherent Light Source (LCLS) will use the 
last portion of the SLAC accelerator as a driver for a short 
wavelength FEL. The injector must produce 1-nC, 3-ps 
rms electron bunches at a repetition rate of up to 120 Hz 
with a normalized rms emittance of about 1 mm-mrad. 
The injector design takes advantage of the photocathode rf 
gun technology developed since its conception in the mid 
1980's [1], in particular the S-band rf gun developed by 
the SLAC/BNL/UCLA collaboration [2], and emittance 
compensation techniques developed in the last decade 
[3,4], The injector beamline has been designed using the 
SUPERFISH, POISSON, PARMELA, and 
TRANSPORT codes in a consistent way to simulate the 
beam from the gun up to the entrance of the main 
accelerator linac where the beam energy is 150 MeV. 
PARMELA simulations indicate that at 150 MeV, space 
charge effects are negligible. 

1    BEAMLINE 

The injector beamline for LCLS consists of a 1.6 cell 
S-band photocathode rf gun, 4 SLAC type 3 m S-band 
constant gradient traveling wave accelerator sections, 
emittance compensation solenoids at the gun (after 
accelerator section 2 and after accelerator section 3), a 14° 
achromatic, isochronous translation bend system (dog-leg) 
into the main linac, and instrumentation for beam 
diagnostics as shown in Fig. 1. 

The rf distribution system is also shown in Fig. 1. 
Two un-SLEDed 5045 klystrons will be used: one to 
power the gun and the first two accelerator sections and 
the other for the last two accelerator sections. High power 
rf attenuators and phase shifters will allow independent 
control of the rf power, phase and amplitude for the gun 
and each of the first two accelerating sections. 

Many diagnostics have been designed into the injector 
to characterize the beam and to aid in tuning the injector. 
In the drift section from the gun to the first accelerator 
there will be a beam position monitor (BPM) a current 
monitor, and a profile screen/Faraday cup pop-in device. A 
mask in the laser beam into the photocathode can be used 
to produce beamlets in various patterns to study emittance 
trends from the gun, or just as a tuning aid to optimize 
the steering. After each accelerator section there is a BPM, 

Work supported by Department of Energy contract 
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a current monitor, and a screen. After the second 
accelerator section there is a bunch length monitor which 
is an x-band cavity outside the beamline near a ceramic 
gap in the beamline [5]. While this monitor will not 
characterize the longitudinal bunch profile, it will be a 
useful tuning aid to minimize the bunch length. 

A full transverse emittance diagnostic section is 
included prior to the dog-leg which consists of four wire- 
scanners [6] separated by 45° of x and v betatron phase 
advance. The matched input beam produces an x and v rms 
beam size of 67 /im at each wire. A fifth wire scanner in 
the dog-leg allows the energy spread measurement. 
Emittance and energy scrapers are also planned in this 
region. 

2    SIMULATION 

Emittance growth and compensation in the LCLS 
injector from the gun to the end of the fourth accelerator 
section has been thoroughly studied using PARMELA 
simulations. The electric field map of the rf gun was 
obtained with SUPERFISH and directly used in 
PARMELA. SUPERFISH was used to simulate the fields 
in the traveling wave accelerator sections and space 
harmonics were calculated for use in PARMELA. The rf 
fields were assumed to be cylindrically symmetric. Much 
care has been taken to symmetrize the dominant dipole rf 
fields in the gun [2] thus assuming cylindrical symmetry 
in the rf fields is not unreasonable. 

A magnetic field map for the solenoid magnets at the 
gun was produced using POISSON and passed to 
PARMELA. Single coils were used to represent magnetic 
fields from solenoids between accelerator sections. 

Space charge effects were included assuming cylindrical 
symmetry. For these simulations, the thermal emittance 
at the cathode and the emittance growth due to multipole 
electric fields were ignored. The magnetic and electric 
fields in the gun and the accelerator region were optimized 
to minimize the emittance at 150 MeV at which point the 
normalized emittance is virtually constant. 

The peak electric field in the gun is 150 MV/m at the 
cathode and the laser is injected at 23 degrees ahead of the 
rf crest. In the first and second accelerator sections the 
centroid of the beam is about 5 degrees ahead of the crest 
and the gradient is 7 MV/m. This introduces about a 1.5% 
energy spread for the full beam at the exit of the second 
accelerator but helps slightly in emittance compensation. 
This energy spread is removed by the third accelerator 
section by phasing the rf such that the beam arrives 

O-7803-4376-X/98/$10.0O© 1998 IEEE 2855 



Klystron Streak camera, screen, 
BPM, Toroid 

7 Quads, 
BPMs, 

steering. 
Steering ^ 

' X. ^ Beam stopper 
Toroid 

0   H 
BPM, current mon, 
Faraday cup, screen 

BPM, 
profile 
monitor 

Main 
linac 

Matching & Diagnostics' 

Wire scanner 

Screen 

—wvr-   Attenuator 

—^—   Phase Shifter 

Figure 1. Beamline layout from rf gun to injection into the SLAC main linac. The 'matching & diagnostics' section 
includes matching quadrupoles, 4 wire scanners for transverse diagnostics, 4 phase space scrapers, a toroid, BPMs and a 
streak camera station for bunch length measurements. The two dog-leg inflector bends follow the diagnostic section. 
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slightly behind the crest. The gradient of the third and 
fourth accelerator sections is 17 MV/m. 

The magnetic field at the gun is generated by two 
solenoids placed symmetrically up and downstream of the 
cathode such that the axial magnetic field at the cathode is 
zero. The field then rises sharply after the cathode to about 
3 kG with an effective length of about 20 cm. The axial 
magnetic field between accelerator sections is slightly 
greater than 3 kG with an effective length of 70 cm. Fig. 
2 shows the axial magnetic fields along the length of the 
beamline where 5 = 0 is the cathode location. 

CD 

s (m) 

Figure 2.  Solenoidal magnetic field along the beamline 
from the cathode (s = 0) to the 150 MeV point. 

At the cathode, the edge beam radius is about 0.9 mm 
dictated by emittance compensation—a balance between 
space charge, magnetic field, and electric field effects. At 
the entrance of accelerator-section-3, however, radial rf 
fields have a more dominant effect on emittance growth 
than space charge since the beam energy is nearly 50 MeV 
In addition, the accelerating gradient in section-3 is more 
than twice that of sections 1 and 2. Thus the beam radius 
is drastically reduced at the entrance of the third accelerator 
section to reduce the emittance growth due to radial 
electric field effects. 

The transverse distribution at the cathode is assumed to 
be uniform, but the temporal shape is assumed to be a 
truncated Gaussian achieved by using a Gaussian pulse 
with an rms of 4.4 ps which is then truncated at ±2a. The 
overall rms length is then 3.8 ps. In fact, a uniform 
temporal distribution is more desirable for optimal 

emittance compensation, however a truncated Gaussian 
results in a bunch-compression system which is much 
less sensitive to injection timing jitter [7]. 

It should be noted here that simulations indicate a 40% 
shorter beam at 150 MeV than at the cathode due to 
bunching because the laser is fired 23 degrees ahead of the 
rf. However there is experimental indication of bunch 
lengthening in the 1.6 cell S-band rf gun at these current 
densities which is not manifested in PARMELA 
simulations [8]. Thus the expected bunch length at 150 
MeV may be longer than indicated in simulation by 
possibly 30-40%. Fig. 3 shows the temporal and energy 
distributions and phase space as well as an x-y particle 
scatter plot of the simulated bunch at 150 MeV. 
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Figure 3. Temporal distribution (a), x-y space (b), 
longitudinal phase space (c), and energy distribution (d) at 
150 MeV for Table 1 parameters. 

Fig. 4 is a plot of the horizontal normalized emittance 
(ßyEx, where ß = vie) along s for an optimized parameter 
set of the injector beamline shown in Fig. 1. Bunch 
parameters at the end of the fourth accelerator section are 
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given in Table 1. The core emittance (excluding a 7.7% 
halo) at 150 MeV is 1.08 mm-mrad for the truncated 
Gaussian temporal bunch shape. 

If a uniform distribution with rise and fall of less than 
1 ps is used at the gun, the emittance at 150 MeV is 
0.95 mm-mrad (excluding a 3% halo). We have also 
simulated the 1 nC, uniform transverse and Gaussian 
temporal bunch truncated at ±4(7 (i.e. nearly a full 
Gaussian pulse). In this case the core emittance at 150 
MeV is 1.07 mm-mrad with the exclusion of 8.1% halo. 

The beamline is 4 meters long with two 14°, 20-cm 
long bends providing the ~1 meter inflection. This 
produces a momentum compaction, R56, of 4 mm. An 
extreme electron which is off energy by 1% will move 
axially by 40 /xm which is small compared to the ~1 mm 
bunch length. The effect of the second order momentum 
compaction, T566, is even less. Note, the incoming rms 
energy spread from the injector is 0.13%. The system is 
therefore, for all practical purposes, isochronous with no 
significant chromatic emittance dilution. 
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Figure 4. Normalized emittance (solid) and rms beam size 
(dash) along the beamline from cathode (s = 0) to 150 MeV. 
The step at s ~ 16 m is a 7.7% halo cut (in simulation only). 

Table 1. Simulated electron beam parameters at 150 MeV. 

Longitudinal distribution 
Transverse distribution 

Bunch charge 
Halo population 

rms pulse length 

Energy 
rms relative energy spread 
Norm, rms core emittance 

— Gaussian 

— uniform 
nC 1.0 
% 7.7 

psec (mm) 2.3 (0.69) 
MeV 150.5 

% 0.13 

mm-mrad 1.08 

3    DOG-LEG INFLECTOR 

The function of the dog-leg inflector is to transport the 
150 MeV electron beam from the new injector linac into 
the existing SLAC linac. It is possible to design the dog- 
leg as a first bunch compression stage, but this 
necessitates a large incoming correlated energy spread of 1- 
2% and the chromaticity of the quadrupole magnets within 
the dog-leg—required for linear achromaticity—generate 
large second order dispersion which requires sextupole 
compensation. Due to this, and also the need to tune the 
momentum compaction of the compressor (not natural in 
a dog-leg), the dog-leg is designed as a simple transport 
line, not a compressor. 

The design requirements of the line are: 1) should 
provide a horizontal beamline inflection of ~1 meter over 
a few meters distance, 2) should not alter the bunch length 
(isochronous), and 3) should introduce no significant 
transverse emittance dilution. The inflection may also be 
made in the vertical plane or a rolled plane. However, 
there is no strong motivation to do so. A simple system 
which satisfies these conditions is composed of two dipole 
magnets of opposite strength separated by a +1 optical 
transformer (seven quadrupoles) to produce a linear 
achromat. The dipoles are rectangular bends. 

4     SUMMARY 

The injector design for the LCLS takes advantage of 
the present development of photocathode rf gun 
technology to produce 150 MeV, 1 nC, 3 ps rms electron 
bunches with a normalized rms emittance of 1.1 mm- 
mrad. The necessary beamline and rf systems have been 
defined to produce such beams and the design includes 
sufficient diagnostic components to aide in the production 
and characterization of the electron bunches. 
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Abstract 

The collaboration between the UC Davis Department of 
Applied Science (DAS), and the Synchrotron Radiation 
Research Center (SRRC) has reached high power test 
stage. An X-Band (8.5 GHz) high power rf cavity and a 
pair of solenoids were constructed at SRRC and installed 
at UC Davis at LLNL. The initial high power test results 
are presented. 

1 INTRODUCTION 

The requirements of high brightness and high intensity for 
relativistic electron beams for Free Electron Laser (PEL) 
and laser scattering and acceleration experiments have 
made the photoinjector an attractive source. 

A collaborative research effort for the rapid 
development of the X-Band photoinjector system has 
been formed between UC Davis DAS, and SRRC. The 
high power, ultra-high vacuum, brazed structure was 
constructed at SRRC. The gun was installed and 
characterized at LLNL by the UC Davis DAS personnel 
and the SRRC staff. 

2 DESIGN AND CONSTRUCTION 

Extensive simulation runs using the codes SUPERFISH 
and PARMELA predict an energy of 4.3 MeV with a 
peak gradient of 150 MV/m, corresponding to a drive 
power of 9 MW [1]. With a microbunch charge of 0.1 
nC, the predicted transverse, rms, invariant emittance is 
less than 1 p mm-mrad at the gun exit. The energy spread 
for this case is 0.31 %. A prototype X-Band rf accelerator 
cavity has been fabricated at SRRC, and has been 
characterized and optimized at UC Davis DAS [2]. 

The 3-D drawing of the high power cavity 
constructed is shown in Fig. 1. 

A 22.5 cm long, 200 turn, 3.400 kG solenoid is 
installed at the exit of the rf gun for focusing the 
diverging beam. An identical bucking solenoid is located 
at an equal distance behind the cathode plane, providing 
zero field on the cathode surface where the electron beam 
is photoemitted. 

The measured field profile at the maximum drive 
current of 256 amps is found to be in excellent agreement 
with the simulation. 

Figure 1: High power cavity 3-D drawing. 

The first brazed RF accelerator cavity that was produced 
had a few problems. The brazing joints between the 
various cavity components failed between the water 
cooling channel and the inner surface of the RF cavity. 
All cavity leaks were sealed with vacuum epoxy. 
External cooling was applied in the form of heat sink and 
copper tubing wound around the body of the accelerator 
cavity. 

3 HIGH POWER TEST RESULTS 

Final cold test adjustments of the high power cavity were 
performed to achieve critical coupling, regardless of field 
balance. As verified by measurements with the Klystron 
presented later in this section, the cavity resonances were 
separated by a few MHz. Fortunately, critical coupling of 
the Klystron signal corresponded to half cell coupling. 
Critical coupling allowed the accelerator to be safely used 
as a resonant load for the Klystron despite this non- 
optimized condition. In addition, since the half cell was 
energized, high energy photoelectron production is still 
possible. Acceleration of field emission electrons is 
presented later in this section. 
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Day Peak Input 
Power [kW] 

Repetition 
Rate [Hz] 

Conditi 
oning 
Time 
[Hours] 

1 17 2 2 
2 78.5 5 4 
3 188 30 4 
4 480 30 4 
5 1500 20 4 
7 1910 20 4 

Table 1: Initial RF Conditioning Summary 

Figure 2: Complete Photoinjector Beamline 

The RF cavity was baked at 125 "C for four hours prior to 
final installation in the RF system. The experimental 
apparatus is shown in Fig. 35. The base pressure obtained 
after the bake was in the range of 10'9 Torr. The 
waveguide feed and RF cavity vacion pumps were in the 
low 10"' Torr range when high power RF operation was 
initiated. An attenuator between the TWTA and Klystron 
reduced the RF power production of the Klystron in the 
early stages of RF conditioning. The modulator was 
operated up to a 30 Hz repetition rate, which greatly 
reduced the conditioning time required to reach the MW 
level of drive in the RF cavity. The initial progress of the 
RF conditioning is summarized in Table 1. Figure 2 
shows the whole experimental setup. 

For the initial measurements of the dark current 
signal from the RF gun, a Faraday cup consisting of a 
ceramic DC break and a blank conflat flange was attached 

directly to the output of the accelerator. Resistors were 
attached across the ceramic break to provide a return path 
for the electron dark current. A matched load of 50 W 
was constructed using 20 1 kW Carbon resistors in 
parallel. This arrangement minimizes inductance and 
allows measurement of short time scale events. Very large 
electron current signals' were measured when arcing 
occurred inside the RF cavity. These corresponded to 
electrons drawn from a plasma in the gun. Vacuum levels 
as measured by Vacion pumps near the accelerator cavity 
reached the 10'7 Torr range following especially large RF 
breakdown events. 

The peak charging voltage seen by the capacitance of 
the scope and coaxial cable gives the total charge 
collected during each RF pulse. Assuming that the RF 
pulse length remains constant, the collected charge 
corresponds to the current level during the RF pulse. The 
electric field scaling inside the RF cavity is found directly 
by taking the square root of the drive power. These 
power levels can be scaled to the expected gradient on the 
photocathode surface given the simulated correspondence 
between the cathode gradient and drive power (Fig. 3). 

150 

Cathode Electric Field [MV/m] 

Figure 3: Dark Current Charge Collection 

Given the form of the dark current, a plot of Inyy. 

versus 1/ 7p indicates field emission scaling, as shown in 

Fig. 4. The electric field in this case is determined using 
the square root of the drive power multiplied by a factor 
that gives the cathode field for a balanced p-mode. The 
points fall along a fairly straight line, indicating field 
emission current, as opposed to emission due to other 
mechanisms. The linear fit of the data points, and an 
extrapolation to the expected dark current level 
corresponding to an acceleration gradient that produces 
4.3 MeV electrons is displayed as the top point on the 
trace. The expected integrated charge at that gradient is ~ 
1.6 nC, corresponding to an average current of 0.8 mA, 
compared to 1 kA of peak current for photoemitted 
electron bunches with 1 nC of charge emitted in 1 ps. 
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Figure 4: RF Cavity Fowler-Nordheim Field Emission 
Curve 

The horizontal and vertical steering of the crossed dipole 
electromagnets were used on separate occasions to 
characterize the energy of the dark current beam. Since 
the profile did not distort significantly with steering, one 
can assume that the dark current spot on the phosphor 
screen was fairly monochromatic, as indicated by the 
Fowler-Nordheim field emission dependence. Electrons 
with energy significantly lower than the phosphor spot 
were likely overfocused by the solenoids and spilled on 
the walls of the laser feedthrough or gate valve. This may 
explain why the beam which did propagate the entire 
35.85 in from the photocathode plane to the phosphor 
screen appeared to have a relatively small energy spread. 
The result of the first dipole scan of electron energy is 
shown in Fig. 5. The linear fit of the deflection versus 
drive current indicates electron energy of 321 keV, gained 
by the electrons in the first cell (5.42 mm). 

Angular Displacement [mrad] 

Figure 5: First Energy Scan: 0.321 MeV Electrons 

4 SUMMARY 

The cavity was conditioned to the multi MW level, with 
peak surface fields in excess of 150 MV/m. Field 
emission or "dark" current measurements were 
performed, and matched to theoretical expectations. 
Electron energy was also measured. Phase noise and 
jitter characteristics were measured for the TWTA, 
Klystron, and resonant accelerator cavity. Phase 
stabilization measurements were conducted with the high 
power cavity at the multi MW, >150 MV/m level. 

Despite the limitations of the first attempt for the 
high power cavity and the absence of a functioning pump 
laser, valuable data and experience were obtainable with 
the parts that were available. Input power levels in excess 
of 2 MW were applied to the resonant cavity. Processing 
of the accelerator from the 200 kW level to the 2 MW 
level was achieved in less than 1 week. Accelerating 
gradients (at the photocathode) in excess of 170 MV/m 
were verified. A beam generated by field emission was 
transported through the beamline and diagnostics. 
Beamline focusing and steering elements were utilized, 
and the field emission electron energy was determined. 

With a second attempt at a balanced, leak-free cavity 
and a stable laser system proceeding, the data presented in 
this section represents the complete operation of the high 
power RF system, and the complete characterization of 
the resonant accelerator cavity. 
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Abstract 

The CEBAF 4 GeV accelerator has recently begun 
delivering spin-polarized electrons for nuclear physics 
experiments. Spin-polarized electrons are emitted from a 
GaAs photocathode that is illuminated with pulsed laser 
light from a diode laser system synchronized to the 
injector chopping frequency (499 MHz) [1]. The present 
diode laser system is compact, reliable and relatively 
maintenance-free; however, output power is limited to 
less than 500 mW. In an effort to obtain higher average 
power and thereby prolong the effective operating 
lifetime of the source, we have constructed an injection 
modelocked Ti-sapphire laser with picosecond 
pulsewidths and gigahertz repetition rates. Modelocked 
operation is obtained through gain modulation within the 
Ti-sapphire crystal as a result of injection seeding with a 
gain-switched diode laser. Unlike conventional 
modelocked lasers, the pulse repetition rate of this laser 
can be discretely varied by setting the seed laser 
repetition rate equal to multiples of the Ti-sapphire laser 
cavity fundamental frequency. We observe pulse 
repetition rates from 223 MHz (fundamental) to 1560 
MHz (seventh harmonic) with average output power of 
700 mW for all repetition rates. Pulsewidths ranged from 
21 to 39 ps (FWHM) under various pump laser 
conditions. 

1 INTRODUCTION 

Historically, successful operation of spin-polarized 
electron sources has been subject to maintaining a long 
photocathode lifetime. Photoelectron yield (i.e., quantum 
efficiency) diminishes with time for a number of reasons 
[2]; eventually the photocathode must be reactivated or 
replaced. Such procedures are labor and time intensive 
and reduce polarized-electron beam availability. For this 
reason, there is great interest within the accelerator 
community to develop methods for enhancing the 
effective operating lifetime of the source. Although laser 
issues do nothing to address the causes for quantum 
efficiency degradation, a high power laser source allows 
gun operation for a longer period of time before the 
photocathode must be reactivated or replaced. 

A new approach to synchronous photoinjection is to 
use a modelocked Ti-sapphire laser [3]. Modelocked Ti- 
sapphire lasers are high power, tunable light sources with 
pulse repetition rates typically less than 100 MHz. Basu 
et al., used a gain switched diode laser to injection seed a 

Ti-sapphire laser pumped with a Q-switched doubled 
Nd:YAG laser [4]. They obtained 19.4 ps (FWHM) 
pulses at a rate of 200 MHz within the Q-switched 
macropulse. In a similar manner, we report using a gain- 
switched diode laser to modelock a slightly modified, 
commercial standing-wave Ti-sapphire laser. In contrast 
to work reported in Ref. 4, the pulse repetition rate of the 
modelocked Ti-sapphire laser was varied by setting the 
diode seed laser repetition rate equal to different 
multiples of the Ti-sapphire laser cavity fundamental 
frequency. Pulse repetition rates from 223 MHz to 1.56 
GHz were observed with 700 mW average output power 
for all repetition rates. In this manner, GHz repetition 
rates are obtained with manageable cavity length (70 to 
30 cm) and no intracavity modelocking elements are 
necessary. The gain switched diode laser serves as a 
simple, stable master oscillator; it is a trivial matter to 
obtain gain-switched pulse repetition rates to 4 GHz [5] 
suggesting that operation at even higher repetition rates 
may be achieved with this method. 

2 EXPERIMENT 

2.1 Injection Modelocked Ti-Sapphire Laser 

Experiments were performed with a modified Spectra 
Physics Ti-sapphire laser Model 3900 (Fig. 1). The flat 
high-reflector (HR) mirror supplied with the laser was 
replaced with a 2% transmissive "input" coupler. The 
input coupler serves as an input port for the seed laser 
beam. Both the output and input coupler mirrors were 
wedged at 2 degrees to avoid etalon effects that might 
cause undesirable optical feedback. The Ti-sapphire 
crystal (20 mm x 5 mm dia.) was mounted on a water- 
cooled copper heat sink. The pump laser was focused into 
the crystal with a 15 cm radius of curvature mirror and 
approximately 80% of the pump laser light was absorbed. 
The free running Ti-sapphire laser operated at ~ 852 nm. 
When pumped with 6 W of green light from a multiline 
argon laser, the Ti-sapphire laser emitted 700 mW 
through output coupler mirror (5% transmissive) and 300 
mW through the input coupler. The cavity length was 67 
cm as determined by observing the beat signal between 
different longitudinal modes of the laser using a fast 
photodiode (Optoelectronic Model PD-15) and an RF 
spectrum analyzer. 

The seed laser (SDL 5410-G1) was gain switched the 
usual way [5]. The laser was biased near threshold and 
an RF signal (~ 1 W) of the appropriate frequency was 
added using a bias-tee network.    It was important to 
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operate the diode laser within a narrow range of DC bias 
current. Beyond this range, pulsewidths broadened 
and/or secondary pulses were observed with the fast 
photodiode and sampling oscilloscope (Tektronix Model 
11801B with SD-32 sampling head). The average output 
power from the gain-switched diode laser was 
approximately 5 mW although there was some variation 
associated with pulse repetition rate. The wavelength of 
the diode laser output was ~ 859 nm, roughly 7 nm 
different from the free-running Ti-sapphire laser 
wavelength. The gain-switched diode laser output was 
passed through an optical isolator (approx. 40 dB 
isolation) and then directed into the Ti-sapphire laser 
cavity through the 2% transmissive input coupler. 

Ti-Sappbire Laser (Spectra Physics 3900) 

M6 '/ 700mW/852nm 
M5(9») H4 

M2(98%) 

AR-ion pump laser 
6 waits, 514 nm 
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Figure  1. Schematic of the injection modelocked Ti- 
sapphire laser. 

The Ti-sapphire laser output went from DC to pulsed 
modelocked when the seed laser was aligned to ensure 
proper spatial modematching between the two lasers and 
the pulse repetition rate of the seed laser was set to within 
10 kHz of the Ti-sapphire laser cavity fundamental 
frequency (or harmonic). We believe that modelocking 
occurs as a result of gain modulation caused by the 
presence of the seed laser beam within the Ti-sapphire 
laser crystal. The pulsed seed laser extracts gain from the 
Ti-sapphire laser crystal, which effectively serves to 
provide period loss in a manner similar to an acoustooptic 
modulator within a conventional modelocked laser. It 
was a relatively simple matter to obtain pulse repetition 
rates equal to harmonics of the Ti-sapphire laser cavity 
fundamental frequency; only the frequency of the RF 
signal applied to the diode laser was changed (Fig. 2). 
We observed pulse repetition rates up to 1.56 GHz, the 
seventh   harmonic    of   the   Ti-sapphire   laser   cavity 

fundamental frequency. The modelocked average output 
power remained nearly the same compared with DC 
operation; maximum average power through the output 
coupler was 700 mW with 6 W pump power. The 
wavelength of the modelocked Ti-sapphire laser output 
was ~ 854 nm, which was 2 nm different from the free- 
running operation and 5 nm different from the seed laser 
wavelength. Unfortunately, the laser in its present state 
suffers from severe pulse-to-pulse amplitude noise. 
There were brief periods of amplitude-stable pulsed 
operation. Typically, however, slight adjustments to the 
seed laser alignment were necessary and/or the seed laser 
pulse repetition rate needed to be adjusted by several kHz 
to reestablish amplitude-stable pulsed output. 
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Figure 2. Oscilloscope traces showing the fast photodiode 
signals for three different pulse repetition rates: a. 223 
MHz, b. 892 MHz, and c. 1.56 GHz. 

2.1. Pulsewidth Measurement 

Autocorrelator measurements were performed to 
ascertain gain-switched diode seed laser and modelocked 
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Ti-sapphire laser pulsewidths. The autocorrelator 
(Femtochrome Model FR-103XL) relies on non-colinear, 
background-free second harmonic generation within an 
LÜO3 crystal. The seed laser pulsewidth was ~ 47 ps 
(FWHM), a value consistent with gain-switched operation 
of common diode lasers. Modelocked Ti-sapphire laser 
pulsewidths ranged from 21 to 39 ps (FWHM); 
pulsewidth increased with higher pump laser power. 

2.2. Phase Noise Measurement 

Phase noise measurements were performed to quantify 
pulse timing jitter of the gain-switched diode laser master 
oscillator and modelocked Ti-sapphire slave laser. These 
measurements were performed with an HP 8563B 
spectrum analyzer and vendor-supplied software. 
Integrated RMS phase noise (10 Hz to 1 MHz) was 
measured at the fifteenth harmonic of the fundamental 
frequency. Measurements indicate that phase noise on 
the seed laser pulsed output is slightly less than 0.1 
degree, a value comparable to the phase noise of the 
synthesized source used to excite gain-switched 
operation. A phase noise plot of the modelocked Ti- 
sapphire laser output is shown in figure 3. 

S 

-140 
10 Hz    100 Hz     1kHz    10 kHz     100 kHz   1 MHz 

Figure 3. Phase noise measurement of the Ti-sapphire 
laser at 223 MHz measured at the 15th harmonic. 

The integrated RMS phase noise is 0.2 degrees, a value 
two times that of the gain switched diode laser output. 
Phase noise of 0.2 degrees corresponds to timing jitter of 
2.5 ps. This value compares favorably with the Jefferson 
Lab IRFEL modelocked Nd:YLF drive laser and is 
adequate for most photoinjector applications [6]. 

3 SUMMARY 

Although pulse-to-pulse amplitude fluctuations prevent 
the   laser  in   its  present  state  from  being  used  for 

photoinjection, it has a number of appealing features that 
warrant further research. The laser emits GHz pulse 
repetition rates that meet Jefferson Lab requirements and 
average output power is higher than can be obtained from 
the diode laser system presently used. Modelocked Ti- 
sapphire laser pulsewidths range from 21 to 39 ps 
(FWHM) and will provide manageable electron beam at 
Jefferson Lab that is not dominated by severe space 
charge effects. The modelocked Ti-sapphire laser has 
low timing jitter as a result of injection seeding using a 
simple, stable gain switched diode laser. We are 
presently designing a Ti-sapphire laser that incorporates 
active cavity length control in an effort to minimize 
amplitude noise on the Ti-sapphire laser output. The new 
laser will also use an intracavity Faraday rotator to force 
unidirectional, traveling wave oscillation in an effort to 
reduce amplitude noise associated with spatial hole 
burning within the Ti-sapphire crystal. In addition, 
unidirectional traveling wave oscillation will provide for 
more efficient output coupling. The present laser design 
has an output coupler and an input coupler. Although it 
was not discussed in detail, there is significant pulsed 
output that is wasted through the input coupler (~ 40%). 
The new ring cavity, design has one mirror that serves as 
both the output and input coupler. All of the pulsed 
output is usable because the seed and Ti-sapphire laser 
beams are not colinear when oscillation within the Ti- 
sapphire laser is forced to be unidirectional. In 
conclusion, the results presented here provide "proof of 
principle" that injection modelocking using a gain 
switched diode laser is a promising method to obtain high 
power, pulsed laser light with GHz pulse repetition rates. 
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ATOMIC HYDROGEN CLEANING OF SEMICONDUCTOR 
PHOTOCATHODES 

C. K. Sinclair, B. M. Poelker, and J. S. Price, Thomas Jefferson National Accelerator Facility, 
12000 Jefferson Avenue, Newport News, VA 23606 

Abstract 
Negative Electron Affinity (NEA) semiconductor 
photocathodes are widely used for the production of 
polarized electron beams, and are also useful for the 
production of high brightness electron beams which can 
be modulated at very high frequencies. Preparation of an 
atomically clean semiconductor surface is an essential step 
in the fabrication of a NEA photocathode. This cleaning 
step is difficult for certain semiconductors, such as the 
very thin materials which produce the highest beam 
polarization, and those which have tightly bound oxides 
and carbides. Using a small RF dissociation atomic 
hydrogen source, we have reproducibly cleaned GaAs 
wafers which have been only degreased prior to 
installation in vacuum. We have consistently prepared 
very high quantum efficiency photocathodes following 
atomic hydrogen cleaning. Details of our apparatus and 
most recent results are presented. 

1   INTRODUCTION 

NEA photocathodes have two broad areas of 
application as electron sources for accelerators. They are 
at the heart of essentially all polarized electron sources in 
use at the present, and they provide a high quantum 
efficiency photocathode for the generation of high 
brightness beams which may be modulated at very high 
frequencies [1]. These cathodes are formed on atomically 
clean surfaces of direct bandgap semiconductors by the 
addition of cesium and an oxidant, typically oxygen or 
nitrogen trifluoride. The preparation of an atomically 
clean surface on the semiconductor is an essential step in 
this process, and the quantum yield of the resulting 
photocathode depends strongly on the quality of the result 
achieved in the cleaning step [2]. Most cleaning 
techniques used to date have employed some type of wet 
chemical processing prior to the introduction of the 
semiconductor material into the gun vacuum system, 
followed by heating the cathode to high temperatures in 
the gun after a suitable ultrahigh vacuum environment has 
been established. More recently, with the use of 
epitaxially grown semiconductors, it has been possible in 
some cases to grow a protective cap layer on the 
semiconductor surface which can later be removed by 
heating in vacuum. 

Each of the above cleaning methods has its drawbacks. 
Wet chemical processes typically remove a significant 
amount of material - more than is present in the case of 
the thin layers which produce the highest beam 
polarization, for example.    Heating in vacuum cannot 

remove certain oxides and carbides from many 
semiconductors. Heating in vacuum may also crack 
residual gases and thereby create contamination on the 
semiconductor surface. Heating may damage some of the 
specialized semiconductor structures developed to provide 
either high polarization or high quantum yield. Finally, 
growth of protective cap layers has a record of mixed 
success to date, and cannot be done with all methods of 
epitaxial growth. 

It is highly desirable to have a cleaning process which 
can be employed in ultrahigh vacuum; which will remove 
all oxides, carbides, and other contamination without 
removing a significant amount of the base semiconductor 
material; and which will minimize the maximum 
temperature and the temperature-time product of any 
heating cycles involved. Cleaning by exposure to atomic 
hydrogen meets all of these criteria. 

It is well established that the exposure of many III-V, 
II-VI, and elemental semiconductors to atomic hydrogen, 
typically at modestly elevated temperatures, produces a 
semiconductor surface entirely free of contamination [3]. 
In particular, atomic hydrogen exposure is capable of 
removing such difficult contaminants as oxygen on 
silicon, and carbon on GaAs. This cleaning process, 
possibly followed by a heating cycle, leaves surfaces 
which show sharp LEED patterns, indicating good 
stoichiometry and surface order. The process is readily 
adaptable to in situ use in ultrahigh vacuum. 

2  CLEANING    PROCEDURE 
DEVELOPMENT 

Our initial experiments were done by placing the 
sample to be cleaned in DC hydrogen glow discharges in 
various geometries. These experiments demonstrated clear 
evidence for surface cleaning in some cases, both by 
Auger measurements on the cleaned surface, and by the 
photoresponse of the cleaned surface to cesium. However, 
we also saw evidence of transport of contamination from 
the chamber walls to the semiconductor surface. In 
addition, it was difficult to imagine adapting this scheme 
for use in an ultrahigh vacuum electron gun. 
Accordingly, we decided to develop an RF dissociation 
atomic hydrogen source. 

Our atomic hydrogen source is a modification of one 
developed for use in a polarized atomic hydrogen target 
[4]. It employs a helical resonator surrounding a 2.5 cm 
diameter Pyrex tube containing the hydrogen. Ultrapure 
hydrogen is admitted to this chamber through an ultrahigh 
vacuum leak valve. Atomic hydrogen exits the discharge 
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region through a small aperture (typically 1 mm or 
smaller), and is conducted to the sample to be cleaned by 
an aluminum tube. Aluminum is chosen as it has a low 
atomic hydrogen recombination coefficient. The resonator 
is made of stainless steel, as it is within the region 
subject to ultrahigh vacuum bakeout. The source is 
mounted on a multiport stainless steel vacuum chamber 
which contains the sample, ultrahigh vacuum pumping, 
and apparatus to permit the illumination and fabrication of 
a NEA photocathode on the clean sample. The sample 
itself is mounted on a stalk which may be heated, and 
which is identical to those used in our photoemission 
electron guns. The complete apparatus, including the 
atomic hydrogen source, is bakeable to 250 C, and is 
shown schematically in Figure 1. 

conditions. With our resonator, we typically operate with 
40 W of RF power at 90-110 MHz, and a hydrogen 
pressure of 24-30 mbar. We estimate the atomic 
hydrogen flux at the sample is of order 1016/cm2/sec. 

Much hydrogen, both molecular and atomic, enters the 
vacuum chamber during the cleaning, requiring a high 
hydrogen pumping speed. In the test chamber, this was 
provided by a 30 1/s DI pump and a 220 1/s non- 
evaporable getter. The non-evaporable getter pumps 
hydrogen reversibly, and can be used for a large number of 
cleaning cycles. Under our conditions, the pressure in the 
main chamber during the cleaning cycle is below 10"5 

mbar. Once the cleaning cycle is complete and the 
hydrogen flow stopped, the chamber pressure rapidly 
recovers to the ultrahigh vacuum range. 

Figure 1. Schematic view of the experimental apparatus. 

Following an initial vacuum bakeout, the chamber 
pressure typically fell below 10"8 mbar within a few hours 
after careful dry nitrogen backfilling and the introduction 
of a new sample. At these low pressures, it is feasible to 
conduct atomic hydrogen cleaning and cesium 
photoresponse measurements without the need for a time 
consuming bakeout. This allowed us to make a large 
number of photoresponse measurements relatively easily, 
to establish suitable parameters for the atomic hydrogen 
cleaning process. We determined the proper RF 
frequency, power and hydrogen pressure to achieve a high 
degree of hydrogen dissociation and a good atomic 
hydrogen flux on the sample, as well as the cleaning time 
and sample temperature which resulted in the best 
photoresponse to cesium. While hydrogen dissociation 
occurs over a broad range of hydrogen pressure and RF 
frequency, it is necessary to consider recombination as 
well as dissociation to  obtain  the optimum  cleaning 

3   RESULTS 

Once we established a reasonable set of parameters for 
the atomic hydrogen cleaning process in the unbaked 
chamber, we installed a wafer of relatively low dopant 
density (ca 2-3 x 1018/cm3 Zn) bulk GaAs which had been 
only degreased. The entire apparatus was vacuum baked 
at 250 C for about 30 hours, and reached a base pressure 
below 10"'" mbar following cooldown. Atomic hydrogen 
cleaning of the sample was done at a sample temperature 
of ~ 300 C for 45 minutes. Following the cleaning 
cycle, the sample was heated to ~ 450 C to remove bound 
and sorbed hydrogen [3]. After cooling to room 
temperature, the sample was activated to NEA by the 
application of cesium and either nitrogen trifluoride or 
nitrous oxide. 

A typical measurement of quantum efficiency as a 
function of wavelength is shown in figure 2. These 
results have been repeated in this apparatus on several 
similar GaAs samples. It is interesting to note that these 
very good quantum yields are obtained on samples with 
low dopant density. It is believed that higher dopant 
density is detrimental to producing the highest beam 
polarizations, but necessary for obtaining the highest 
quantum yields. It will be interesting to explore this 
tradeoff using the atomic hydrogen cleaning process. 

Quantum   Efficiency 

  

700 800 900 

Wavelength    (nm) 

Figure 2. Quantum Efficiency versus wavelength for an 
NEA GaAs photocathode prepared after atomic hydrogen 
cleaning. 
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Following the excellent results above, we transferred 
this process to the polarized source group of the MAMI 
accelerator at Mainz. This group has obtained similarly 
good quantum efficiency on bulk GaAs, and has activated 
samples of thin strained GaAs with good results as well. 
The Mainz group has measured the beam polarization 
from atomic hydrogen cleaned bulk GaAs and found it to 
be normal [5]. 

Okada and Harris [3] have pointed out that the atomic 
hydrogen cleaning process leaves a fully passivated GaAs 
surface. It should thus be possible to transfer an atomic 
hydrogen cleaned GaAs sample through air without 
detrimental effects. Accordingly, we constructed a small 
"roll-around" atomic hydrogen cleaning station. Using 
this, we cleaned GaAs wafers, and, after venting the 
cleaning station to dry nitrogen, transported the cleaned 
wafers through room air and installed them in our 
photoemission guns. We have successfully prepared high 
quantum yield cathodes on wafers transported through air 
after atomic hydrogen cleaning. 

We plan to incorporate the atomic hydrogen cleaning 
process directly into our photoemission guns. To do this, 
we have constructed a modified version of the atomic 
hydrogen source. In this design, the volume containing 
the hydrogen glow extends into the primary vacuum 
chamber of the electron gun. The atomic hydrogen exits 
through a small aperture directly below the cathode wafer. 
The RF resonator is outside the vacuum chamber. We 
have demonstrated that the glow in this arrangement 
extends fully into the vacuum, even though the RF 
excitation is entirely outside the vacuum.   This source is 

mounted on a bellows, allowing us to position the exit 
aperture under the cathode for cleaning, and to remove it 
for electron beam operation. Tests will be conducted in a 
complete photoemission electron gun shortly. 
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LASER SYSTEM FOR THE TTF PHOTOINJECTOR AT FERMILAB 

A. R. Fry, M. J. Fitch, A. C. Melissinos, N. P. Bigelow, B. D. Taylor, 
University of Rochester, Rochester, NY 14627 

F. A. Nezrick, Fermi National Accelerator Laboratory, Batavia, IL 60510 

Abstract 

We have developed a solid-state laser system to meet the 
requirements of the TESLA Test Facility (TTF) photoin- 
jector, currently under development at Fermilab. The 
laser produces a 1 MHz train of up to 800 equal-amplitude 
pulses with up to lmJ per pulse (0.8 J per macropulse) 
at A=1054nm. The laser pulse train is produced by a 
phase-stabilized, mode-locked, Nd:YLF oscillator and a 
fast selection Pockels cell. The pulses are amplified in an 
Nd:glass amplifier chain consisting of a multipass rod am- 
plifier and a 5-pass zig-zag slab amplifier. The laser sys- 
tem employs chirped pulse amplification (CPA) to produce 
10 ps pulses. After fourth harmonic generation of the laser 
to A = 263nm, 10 nC electron bunches can be extracted 
from a Cs2Te photocathode in the RF gun. 

1 TTF PHOTONINJECTOR DEVELOPMENT 

A collaboration has been formed between FNAL, DESY, 
UCLA, INFN Milano, and the University of Rochester to 
develop a state-of-the-art photoinjector with a novel bunch 
structure for the Tesla Test Facility (TTF). The injector 
will consist of an RF gun[l] (UCLA, FNAL) with a high- 
quantum efficiency photocathode[2] (INFN Milano) driven 
by an advanced laser system[3] (Rochester), and a super- 
conducting linear accelerator cavity (DESY). 

The FNAL/TTF RF photoinjector is designed to match 
the requirements of the TTF accelerator[4], namely high 
bunch charge (8nC), low emittance (< 20mm-mr) and 
high duty cycle (1%). The TTF pulse train consists of 
800 bunches of 8 nC, spaced 1 ^s apart, with a 10 Hz rep 
rate. The beam optics are optimized for an overall injec- 
tor consisting of the electron gun followed by one linac 
capture section and a dipole chicane for magnetic bunch 
compression[l]. 

2 LASER PERFORMANCE REQUIREMENTS 

The production of high charge, high brightness electron 
beams place increasingly challenging demands on the drive 
lasers used with RF photoinjectors[5]. The design of a 
laser suited to the requirements of the TTF photoinjector 
is largely determined by the unique temporal beam struc- 
ture and high laser pulse energy required to produced high- 
charge electron bunches. 

The macropulse structure of the laser pulse train must 
produce the required 800 bunch electron pulse train. The 
width of each laser pulse must be small compared with the 
RF period, but not so small that longitudinal space charge 
effects become unmanageable in the electron bunch; the 

nominal design pulse length is 10 ps. The laser must be 
phase locked to the accelerator RF with minimum (< 1 ps) 
timing jitter. 

Each laser pulse must have enough energy to emit the 
required bunch charge (10 nC) from the photocathode. UV 
photons are required for high quantum efficiency, so har- 
monic generation is used. Assuming a 1% efficient photo- 
cathode, 5 /iJ/pulse is required to produce 10nC/bunch. At 
least 10 times this much energy per pulse must be available 
at the fundamental (infrared) laser wavelength. 

The need for constant beam loading in the supercon- 
ducting capture cavity requires high bunch charge stability. 
Each laser pulse in the pulse train must have the same en- 
ergy as the others; our goal for the pulse train "flatness" is 
<5% deviation from the average energy in a 100 /xs time 
scale. Similarly the energy per laser pulse should not vary 
significantly from shot to shot; this presents a considerable 
challenge for a pulsed laser system. 

3   LASER SYSTEM 

3.1    Overview 

A block diagram of the laser system is shown in Figure 1. 
A mode-locked Nd:YLF oscillator produces a low energy, 
continuous pulse train at 81.25 MHz. Pulses from the os- 
cillator are stretched and chirped in a 2 km fiber. After the 
fiber, a train of 800 pulses is selected at 1 MHz from the 
oscillator pulse train by a high speed, low voltage, lithium 
tantalate (LTA) Pockels cell (Conoptics Inc., model 360- 
80 modulator). The narrow (18 ns) gate of the Pockels cell 
provides > 50:1 discrimination of adjacent pulses. 

Each of the 800 pulses are injected into a multipass am- 
plifier which contains a flashlamp-pumped, 1/4 x 6 inch 
Nd:glass rod amplifier and a fast KD*P Q-switching Pock- 
els cell (Conoptics Inc., model 350-105). Each pulse is 
trapped in the cavity by the Pockels cell and makes 20 
passes through the cavity, amplifying up to 2 ^J before it 
is ejected by the Pockels cell. A Faraday isolator separates 
the input and output pulses. Another flashlamp pumped, 
Nd:glass rod amplifier is used in a two-pass configuration 
to provide an additional gain of 5. The high energy ampli- 
fication in the system is provided by a flashlamp-pumped, 
zig-zag, slab amplifier. The pulse train makes five passes 
in the slab to achieve a gain of up to 1000. The energy in 
each pulse after the slab amplifier is expected to be 1 mJ, 
which corresponds to 800mJ in the macro pulse and 0.8 W 
average power at a 1 Hz repetition rate. 

Following the slab amplifier, the beam is spatially fil- 
tered and then compressed in time using a pair of parallel 
diffraction gratings. The pulse length is adjustable from 3- 
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Figure 1: Block diagram of the FNAL/TTF photoinjector laser system. 

30 ps. The pulses are frequency doubled and quadrupled in 
a pair of BBO crystals. The UV pulse train is expanded and 
transported 15 m in vacuum to a final set of imaging optics 
which relay the beam to the photocathode. 

3.2    Laser Performance 

3.2.1 Timing 

The oscillator is mode-locked by an acoustooptic modula- 
tor which is phase-locked to the same master oscillator that 
produces the 1.3 GHz RF for the photoinjector. To reduce 
the timing fluctuations in the oscillator relative to the phase 
of the photoinjector RF, an electronic feedback loop is used 
to shift the phase of the mode-locker RF relative to the 
81.25 MHz reference signal. We use a commercial phase- 
lock loop timing stabilizer (Lightwave Model 1000) de- 
signed specifically to stabilize the timing of mode-locked, 
solid-state lasers. A detailed description of the operation of 
the Lightwave stabilizer can be found in Ref. [6]. 

The oscillator timing jitter is measured by monitoring the 
laser output with a photodiode and a spectrum analyzer and 
measuring the relative powers of a high order (5-100) laser 
harmonic and its phase-noise sidebands; in the 81.25 MHz 
oscillator we measure a timing jitter of ^2 ps RMS. 

3.2.2 Amplification 

The multipass and 2-pass amplifiers were built and tested at 
FNAL during 1996-97. A train of 200 pulses at 0.5 MHz 
from the multipass is shown in Figure 2. The the glass 
and the mounting/cooling frame for the slab amplifier have 
been fabricated and assembled, and the 20 kJ, 1 Hz power 
supply for the four slab flashlamps is nearly complete. We 
expect to commission and test the slab amplifier during the 
summer of 1997. 

time [jis] 

Figure 2: 200 pulses at 0.5 MHz spacing extracted from the 
multipass amplifier after 24 passes. The total pulse train 
energy is 11.5mJ. 

The primary challenge in the laser system is in produc- 
ing uniform amplification for all pulses in the 800 /xs pulse 
train. The gain of each amplifier can vary substantially dur- 
ing the macropulse depending on the pump rate and the rate 
at which stored energy is extracted by amplifier action and 
spontaneous emission. An analysis of the time-dependent 
gain of the amplifier chain during the macropulse is given 
in Ref. [3]. 

In order to provide a flat-top macropulse laser energy 
profile, each of the laser amplifiers is driven by a custom 
designed power supply which provides nearly constant cur- 
rent discharge to the flashlamps for >800/is. 

An additional correction to the flatness of the macropulse 
envelope is made by pre-shaping the profile of the injected 
micropulses by means of an amplitude modulating Pockels 
cell. Preliminary results using a static correction pulse train 
shape have significantly improved the flatness of a train of 
600 pulses (Figure 3). Preshaping the input pulse changes 
the gain loading of the amplifiers, so the input shape must 
be iteratively corrected to produce a flat output. We are cur- 
rently working on an adaptive feedback system to monitor 
the the pulse train shape over several shots and produce a 
best-average-correction shape. 
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Figure 3: Amplified pulse train envelope with no preshap- 
ing (top), shaped input pulse train envelope (middle), and 
the resulting, amplified pulse train envelope (bottom). 

Because the amplifiers are not run to saturation, the am- 
plitude of the output is sensitive to small changes in the 
gain on a shot-to-shot basis. Consequently it is preferable 
to run with high gain and fewer passes in the multipass am- 
plifier to reduce amplitude fluctuations. The peak flash- 
lamp power required to achieve the necessary gain in the 
multipass amplifier limits the rep rate to < 1 Hz. 

Currently, the standard deviation of shot-to-shot pulse 
train energy is >40% of the average. We are working to 
improve the shot-to-shot variation by improving the optical 
alignment, designing resonator cavities for the oscillator 
and the multipass amplifier with increased mechanical sta- 
bility, and adding feedback systems to the flashlamp power 
supplies. 

3.2.3    Pulse Compression 

Short, high energy pulses are produced using the technique 
of chirped pulse amplification (CPA)[7]. In CPA, pulses 
from the oscillator are stretched in time and swept in fre- 
quency ("chirped") by propagation through an optical fiber. 
The long, chirped pulse is amplified at low peak intensity 
through the amplifier train. After amplification the chirp is 
reversed by the the negative group veleocity dispersion of 
a pair of parallel diffraction gratings to produce a 3-30 ps 
pulse. 

Each stage of frequency doubling reduces the FWHM of 
a gaussian pulse by a factor of y/2, so the IR pulse should 
be ~20ps to produce a 10 ps UV pulse. The Nd:glass am- 
plifiers in the laser system have a broad enough gain band- 
width to produce sub-picosecond pulses, so it is relatively 
easy to produce the 10 ps pulses required for the photoin- 
jector. 

The grating compressor is set for a particular frequency 
chirp, and variations in the pulse width or the bandwidth of 
the laser pulses will affect the compressed pulse width. We 
do not yet have an instrument to measure the pulse width 
on a single shot basis (such as a streak camera or single- 
shot autocorrelator), but the width can be measured over 
several shots with a scanning autocorrelator. On a shot-by- 
shot basis we infer the amplified width by compressing the 
oscillator output in a second pair of compression gratings 
and measuring the compressed pulse width in a rotating- 
mirror autocorrelator. 

3.2.4   Harmonic Generation 

The pulse train undergoes second harmonic generation 
(SHG) in a 5x5x 10mm BBO crystal and 4th harmonic 
generation (4HG) to the UV in a second 5 x 5 x 10mm BBO 
crystal. The conversion efficiency is a non-linear function 
of the intensity of the laser. With 200 /xJ/ IR pulses we have 
measured SHG efficiency as high as 50% and 4HG effi- 
ciency as high as 10%. With the higher pulse energy avail- 
able with the slab amplifier, we expect even higher overall 
conversion efficiency. 

4    CONCLUSIONS 

The laser system is currently capable of producing up to 
800 lMHz-spaced pulses amplified to 10/iJ/pulse with 
limited pulse-train flatness. The CPA technique enables us 
to produce IR pulses from 3-30 ps. Even at 20% of the de- 
sign energy, the 4HG efficiency is 10%. With the addition 
of the slab amplifier and the preshaping system, we will 
be able to produce a considerably flattened pulse train with 
1 mJ/pulse. Commissioning of these systems is expected in 
the summer of 1997. 

DC illumination tests of the Cs2Te photocathode show 
that the quantum efficiency is >10%[2]. Even if the QE 
degrades by a factor of 10 when exposed to the RF of the 
photoinjector, the laser system will still be able to deliver 
enough UV energy per pulse to extract 10nC/bunch. First 
tests of the photocathode in the photoinjector will begin 
in spring 1997 using the laser to produce a reduced (200 
pulse) pulse train. 
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CATHODELESS, HIGH BRIGHTNESS ELECTRON BEAM 
PRODUCTION BY MULTIPLE LASER BEAMS IN PLASMAS 

R.G. Hemker, K.-C. Tzeng, W.B. Mori, C.E. Clayton, UCLA, and T. Katsouleas, USC 

Abstract 

The use of two crossed laser pulses in a plasma for the 
cathodeless production of high current low emittance 
electron beams [1] is examined with fully relativistic 2- 
1/2D Particle-in-Cell (PIC) simulations. Estimates for the 
number of injected particles, their energy spread, and their 
emittance are given as functions of the amplitude and 
timing of the injection pulse relative to the drive pulse of 
the LWFA. The physical mechanism of the trapping of 
particles is examined based on single particle phase space 
trajectories in the self-consistent PIC simulations. 

1 INTRODUCTION 

Recently D. Umstadter et al.[l] proposed the use of 
two orthogonal laser pulses in a plasma to trap and 
accelerate an ultra-short bunch of electrons. As envisioned 
the first (or drive) pulse creates a plasma wave which is 
below its self-trapping or wavebreaking threshold. The 
transverse ponderomotive force of the second (or injection) 
pulse gives electrons an extra kick forward in the wake 
direction, enabling them to be trapped and accelerated in 
the wake of the drive pulse (fig. 1). Such a cathodeless 
injector is of interest for a wide variety of applications 
including as an injector for future linear accelerator 
technologies with short wavelength accelerating 
structures. The scheme also naturally overcomes problems 
of synchronizing the injector with a plasma based 
accelerator. 

In this article, we present results from a detailed 
two-dimensional (2D) PIC simulation analysis of this 
concept. We find that our results clearly support the 
feasibility of such a cathodeless injection scheme, but that 
the physical mechanism for the trapping is different from 
the one originally suggested at least for the parameter 
regime studied in this paper. We will show that the 
number of particles, emittance , and energy spread can all 
depend sensitively on the laser parameters and the 
injection phase. These results place constraints on the 
allowable shot to shot jitter of the injection laser. Last, 
based on the new insight into the trapping mechanism, 
we put forth additional geometries, e.g., co- and counter- 
propagating pulses, as well as related injection 

1 SIMULATION RESULTS 

The simulations are conducted with the single node 
version of the fully relativistic 2-1/2D PIC code 
Pegasus [2]. This code implements a moving simulation 

box that can follow the laser pulse for extended periods of 
time. Pegasus uses the charge conserving algorithm 
algorithm in ISIS and solves locally for E and B fields. 
Fig. 1 shows the basic set up of the simulations. 

(N 
X 

Plasma 

H 
1                  1 

Vacuum injection phase 

Fig. 1 35c/w„     XI 

Fig. 1. Geometry of the cathodeless injector 
concept. The injection phase of the injection pulse is 
defined by the distance between the trailing edge of the 
drive pulse and the center of the injection pulse when it 
crosses the drive pulse. 

In each of the simulations a drive pulse starts to 
move in the X! direction and at a later time an injection 
pulse is launched from a vacuum region at the side of the 
box propagating in the x2 direction as illustrated in fig. 1. 
The following parameters are valid for most of the 
simulations evaluated below and should be assumed for all 
of the results presented if not stated differently. The 
frequency ratio ©„/ftJ^  between the laser frequency and 

the plasma frequency is 5 for both; thus the simulations 
have fewer laser cycles than is typical in experiments. 
Both pulses have their polarization in the plane of the 
simulation. For the drive pulse the normalized vector 
potential is a = eAy/mc2 = 1.00. For the injection pulse 
the normalized vector potential is b = eAx /mc2 = 2.0 
unless stated otherwise. The transverse profile is given by 
a gaussian. Both the drive and the injection pulse have a 
spot size of 3 c/(0p. The pulse length, full width from 

zero to zero, is 2nc/(0p for the drive pulse and Kcj(Op for 

the injection pulse. We define the injection phase y/ to be 
the distance between the back of the drive pulse and the 
center of the injection pulse as it crosses the axis (fig. 1). 

The engineering results of the simulations are 
summarized in fig. 2. In order to convert the simulation 
results to physical units, we assume a plasma density of 
1016cm"3. Note that the number of electrons as well as the 
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normalized emittance both scale with n"I/2[3]. All 
quantities including the energy spread are calculated after 
the final timestep of the calculation. The energy of the 
trapped particles is around 10 MeV at that time (compared 
to a theoretical maximum value of about 25MeV for these 
simulations). 

2 10° 

1 10° 

5 10* 

Fig. 2. (a) The number of trapped electrons, the 
normalized emittance, and the energy spread of the trapped 
particles as a function of the injection phase. The 
injection amplitude b is 2.0. 

In fig. 2a we plot the number of trapped electrons, 
the normalized emittance, and the energy spread as a 
function of the injection phase for a fixed value of the 
injection amplitude. That value is b = 2.0. Note that 
negative values for yr mean that the center of the 

injection pulse crosses before the end of the drive pulse. 
The most notable feature of fig. 2a is the great variation 
of the three beam quantities as a function of \jf and 
especially the strong difference in the number of particles 
and their emittance between positive and negative 
injection phases. The direct overlap of the injection pulse 
with the drive pulse (i.e. negative injection phase) clearly 
yields the largest number of trapped particles. The 
maximum number of trapped electrons corresponds to 1.9 
x 109 at a plasma density of 1016cm"3 (or to 6 x 107 at a 
density of 1019cm"3). The number decreases by an order of 
magnitude for positive injection phases. The emittance on 
the other hand is smallest for the positive injection 
phases, corresponding to the smallest normalized value of 
16 7T mm mrad in a 1016 cm"3 density plasma (or 0.5 Tt 
mm mrad at 1019 cm"3). It increases by a factor of five for 
negative injection phases. We believe that the relatively 
larger emittance and number of particles at negative y/ are 

both due to stochastic motion of the plasma in the 
overlapping laser fields. The energy spread of the 
accelerated bunch does not vary as significantly as the 
particle number and emittance ; it is between 8% and 22% 
at a beam energy of 10 MeV and would be expected to 
scale as 1/y if the simulations with larger dephasing 

energies were done. There is an interesting periodicity to 
the curves in fig. 2a. The energy spread, and to some 
extend the number of particles, oscillate with a period of 
roughly 2 K, suggesting that they follow the periodicity 

of the accelerating plasma wave field. The emittance 
oscillates with a period of K which follows the 
periodicity of the magnitude of the focusing field of the 
accelerating wake. 

Although the simulations with b = 2.0 produce 
similar numbers of particles at iff = 1.3 7C or 1.8 TT, as 

can be seen from fig. 2a, for b =1.8 the number of 
particles changes from several 108 at y/ = 1.3 TT (see fig. 

2b) to nearly zero at y/ = 1.8 TT (data not shown in 

figures). The results of the simulations are therefore 
sensitive to these parameters and the curve found in fig. 
2a for the injection phase dependence at injection 
amplitudes of 2.0 is not readily applicable to other values 
of this parameter. 

_^_norm. Emittance I 
_ m- -dE/E [%] I I —»--# of in), electrons! 
1111111111 n i. ■ ■ i WTTTTTTTWJ e io- 

1.6 1.8 2 2.2 
Injaclion Amplitude [mc'/a] 

Fig. 2. (b) The number of trapped electrons, the 
normalized emittance, and the energy spread of the trapped 
particles as a function of the injection amplitude. The 
injection phase yr is 1.3 %. 

In fig. 2b we plot the same quantities as in fig. 2a 
but as a function of the injection amplitude for a fixed 
value of the injection phase yr. The value of y/ = 1.3 TT 
is chosen for the simulations of fig. 2b since it seems to 
be close to an optimal injection phase judging from the 
data of fig. 2a. As a function of the injection amplitude 
the normalized emittance and the energy spread do not 
seem to show any systematic behavior on the scale that is 
resolved by our simulations. The values of the energy 
spread vary between 8 % and 15 %, while most of the 
values for the emittance are between 20 % mm mrad and 
50 it mm mrad. In one case the emittance goes up to 106 
K mm mrad. This means that the beam quality is quite 
sensitive to variations in the injection amplitude. The 
number of trapped electrons on the other hand shows a 
systematic behavior. As should be expected the number of 
trapped particles first rises with increasing injection 
amplitude and then falls off. We explain this decrease with 
the increase in transverse momentum (p2) that is 
transferred to the particles by the injection pulse. At a 
certain value this transverse momentum becomes large 
enough to prevent the trapping of the particles. 
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The above results indicate that the properties of the 
electron bunches obtained in the simulation is promising. 
We give here the values for the simulation at Iff = 1.8 It 
with an injection amplitude of a = 2.0 interpreted at a 
density of n = 1016cm"3. The average current of a bunch is 
170 A. The normalized brightness is 6.8 x 101(l A/m2. 
The beam is not space charge dominated [4]. It is an 
approximately matched beam and its emittance is about 
10% of the acceptance of the plasma wave[3]. The beam 
density is 3xl014cm"3, 3% of plasma density. Note that 
the beam brightness and density increase linearly with the 
plasma density. 

To gain a deeper understanding of the process we 
follow the momentum of a single, typical, trapped 
particle as function of time in the 2D simulation. We 
consider a particle for the case of y/ = 1.3 Tt and b = 1.8. 

The data are shown in fig. 3. The initial momentum is 
zero since the simulation uses cold plasma. 

a    0.5 

Fig. 3. p, of a test particle as a function of time. 
The two curves are the results from simulations with 
(solid) and without (dashed) an injection pulse. \jf - \3K 
and b = 1.8 for the simulation with an injection pulse. 

The solid curve in fig. 3 shows the longitudinal 
momentum of the particle; the dotted curve shows p, for 
the same particle in a simulation were the injection pulse 
is not launched but that is otherwise identical. As 
expected, this particle simply oscillates in the wake of the 
drive pulse. In the full simulation we can see that the 
injection pulse has completely passed by the test particle 
at about the time t=31.7. Although the injection pulse 
has an impact on the particle, the really large changes 
occur later at a time when the injection pulse has already 
left the area of the test particle. This means that the 
particle gets the actual momentum needed for getting 
trapped not from any effect directly related to the laser 
pulses (since those have already left the area of the 
particle), but by effects related to the interaction of the 
two plasma wake fields created by these pulses. Note that 

the trapped particle goes through one full oscillation 
(accelerating, decelerating, and accelerating again) before it 
is trapped. This feature that the particles get accelerated 
above the trapping threshold in a multi-step process 
(acceleration-deceleration-acceleration) caused by the 
interaction of the wake fields is not unique to this 
particular simulation. Other simulations with different 
values for yr and b show the same process. 

1 CONCLUSIONS 

In this paper, we have found that the beam 
brightness and quality found in our simulations compares 
reasonably with that of electron bunches produced by 
other technologies. The mechanism for the trapping of 
particles is not the transverse ponderomotive force of the 
injection pulse, rather it comes from the interaction of the 
particles with the two plasma wakes. It should be noted 
however that this does not rule out the possibility that a 
different choice of parameters for the injection pulse 
might result in trapping due to a direct kick by the 
transverse ponderomotive force. The results of our 
research open up a number of possibilities for future 
investigations. 

Two important goals of future research would be to 
find an analytical model of the process that is able to 
predict the results seen in the simulations and to use 3D 
PIC simulations. This will facilitate optimizing 
parameters and determining what are the fundamental 
limits on beams produced by this scheme. Secondly 
additional geometries need to be investigated, such as co- 
and counter-propagating drive and injection lasers. The 
crucial idea here is that the Rayleigh length of the 
injection pulse is much shorter than the Rayleigh length 
of the drive pulse. This means that the injection pulse 
will interact significantly with the plasma only for a short 
distance. Our preliminary results show that the combined 
plasma wakes have an amplitude that is temporarily large 
enough to cause local wavebreaking. The fact that the 
plasma wave is responsible for the trapping of particles in 
our simulations suggests also to investigate other ways to 
excite this plasma wave that causes this trapping. If a 
method could be used that builds up the plasma wave 
gradually over time like a PBWA[5], then less powerful 
lasers would be required. 

This work was supported by  DOE  Grant   No.   DE-FG03- 
92ER40727 and LLNL. 
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EXPERIMENTAL TESTING OF THE TTF RF PHOTOINJECTOR 

E. Colby, M. Conde, J. Rosenzweig, University of California, Los Angeles 
P. Colestock, H. Edwards, K. Koepke, F. Nezrick, Fermi National Accelerator Laboratory* 

Abstract 

Results from the experimental testing of the prototype 
TESLA Test Facility (TTF) RF photoinjector are summa- 
rized. Preliminary measurements of the performance of the 
injector indicate that, with refinement, the design values for 
the transverse emittances (20 x 20TT mm-mr) are not unreal- 
istic, with uncompressed transverse emittances of AOir mm- 
mr having been obtained under somewhat less ideal cir- 
cumstances than those simulated. Preliminary pulse length 
measurements with and without the pulse compressor sug- 
gest pulse compression, but further study is required. 

1   INTRODUCTION 

The TTF linac is a 0.5 GeV super-conducting L-band ac- 
celerator designed to test engineering issues associated 
with constructing and maintaining a super-conducting lin- 
ear collider. Two injectors have been designed and built for 
beam tests of the linac[l], the first a low bunch charge (37 
pC) thermionic injector producing 8 mA average current to 
test the RF feedback, beam line and control systems, the 
second a high bunch charge (8 nC) RF photoinjector also 
producing 8 mA, but in 1 kA peak current bunches to probe 
wakefield losses at cryogenic temperatures. 

A prototype injector was built, similar in all respects 
to the planned TTF Injector except duty cycle, to test the 
single-bunch beam dynamics issues associated with pro- 
ducing reasonable quality high charge bunches with short 
pulse lengths (1 mm)[2]. Testing of the prototype injector 
occurred in two phases. The 1.625 cell RF gun was tested 
initially alone, with a short beamline with charge, profile, 
emittance and energy diagnostics. Studies of the gun under 
variations of the launch phase, bunch charge, and solenoid 
field were made to test the PARMELA model used to de- 
sign the injector. 

Once tests of the gun alone were completed, the 9-cell 
booster linac and pulse compressor were added. Charge, 
profile, emittance, energy and bunch length diagnostics 
were installed along the beamline to permit testing of crit- 
ical issues such as "freezing" of the transverse emittance 
at the space charge correlation corrected value, emittance 
preservation, and pulse compression. 

2    RF TESTS OF GUN AND LINAC 

Cold-test measurements of the gun have been presented 
elsewhere[3]. RF conditioning proceeded with the the Afis 
long RF pulses from the AWA RF system, with sample 

traces shown in figure 1 below. It is clear from the loop 
signals that the gun cavity is still filling when the RF pulse 
ends, with the result that the 0-mode of the cavity may 
well still be weakly excited when beam is launched, giving 
a field imbalance. 

Sample RFTraces During RF Gun Conditioning 

* Operated by the Universities Research Association, Inc., under con- 
tract for the U. S. Department of Energy 

Figure 1: RF Forward, reverse and loop traces from gun 
during conditioning. 

The booster linac was fabricated from a cold test model 
of the TTF super-conducting 9-cell cavity, made from cop- 
per rather than niobium. Cooling tubes were bonded to the 
cavities with thermally conductive epoxy, a high power in- 
put coupler was designed and mounted to the central (5'/i) 
cell, as opposed to the beam-tube coupling used in the 
super-conducting case. A clamping assembly was added 
to tune subgroups of the cells to achieve field balance. The 
opening in the central cell for power coupling drastically 
changed the field balance qualities of the structure, requir- 
ing significant retuning. The final field profile, coupler 
mounted and properly coupled, is shown in figure 2 below. 

The linac was conditioned to 10 MW (giving an esti- 
mated field of 15 MV/m) with 4jus pulses, again only very 
incompletely filling before the end of the RF pulse. The 
field imbalance present during the fill (and hence during 
beam) may well be the reason the beam energy was lower 
than expected (17 MeV measured, versus 19 MeV com- 
puted). 

3    GUN BEAM TESTS 

Gun beam tests were devoted to understanding the various 
technical issues associated with commissioning an injec- 
tor. Specifically, the alignment of the solenoids and the 
transverse effects of launch phase, gradient and solenoid 
focussing field. Measurements of the horizontal emittance 
as a function of solenoid strength are shown in figure 3 be- 
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Figure 2: Final field balance condition of 9-cell booster 
linac cavity. 

low. Poor laser spatial characteristics and wide laser am- 
plitude variations made measurements prone to substan- 
tial fluctuation. Attempts to gate data to a limited charge 
range around the target value of 8 (or 10) nC using charge 
data from a gun-mounted integrating current transformer 
helped, but could not eliminate the spatial profile problems. 

Eirrtlancfl vs. Scfenoid St/ength 

Solenoid Strength (f=1.6fc [rrfl 

Figure 3: Measured and calculated transverse emittances 
measured at 3.5 MeV 

It is suspected that the narrow acceptance of the 10/xm 
wide slits used in this emittance measurement scraped off 
the most divergent particles, resulting in potentially large 
underestimates of the emittance. Emittance slits were 
widened to 35/im on these grounds. 

Gun shunt impedance is estimated from beam energy 
measurements to be 19 Mf2/m, as compared with the Su- 
perfish calculated value of 24.6 Mfi/m, a discrepancy aris- 
ing from two factors: first, the calculated shunt impedance 
assumes ß = 1 throughout, whereas the electrons slip 
nearly A/8 against the RF wave as they accelerate, and sec- 
ond, imperfections in the cavity itself. 

4    INJECTOR BEAM TESTS 

The bunch energy spectrum was measured for a variety of 
gun and linac phasing conditions to establish correct phases 

for optimal energy operation and the correct offset phase 
for pulse compression to occur. Measured energy profile 
for the beam is shown in figure 4 for the case of maximum 
energy (beam uncompressed). Comparison of the calcu- 
lated (1.5%) and measured (1.5%) energy spreads shows 
good agreement. 
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Figure 4: Energy spectrum of uncompressed 8 nC bunch at 
end of injector. 

Transverse emittance was measured after the booster 
linac (before the pulse compressor) for several launch 
phases and several solenoid settings, with the results shown 
in figures 5 and 6. Again, wide fluctuations in initial beam 
parameters induced by laser fluctuations contributes to the 
substantial error bars on the measurement. 
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Figure 5: Emittance measured for several launch phases. 

The spatial uniformity of charge emission from the cath- 
ode was measured and discovered to be rather sharply 
peaked toward the center of the cathode. Rough patches 
were observed on the cathode surface suggesting arc dam- 
age, and occurring in a concentration close to center of the 
cathode, which prompted a careful polishing of the surface 
with O.Sfim alumina to obtain a smooth but optically poorly 
reflective surface for emission. Re-measure of the quantum 
efficiency after the polishing showed improved uniformity, 
and absence of the central peak. 

A novel Cerenkov emitter was tried and found to pro- 
duce excellent light output. A 3mm thick block of Aerojel, 
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Figure 6: Emittance measured for several solenoid field fo- 
cal lengths. 

mounted in a special pressure cell to prevent damage from 
the vacuum, was installed after the pulse compressor to per- 
mit measurement of compressed and uncompressed bunch 
lengths. Light from the radiator was transported some 15 
meters to a Hamamatsu streak camera with a nominal res- 
olution of 1 ps. Preliminary analysis of the data indicate 
pulse lengths on the order of 2 mm at best, with some evi- 
dence of pulse compression observed, but detailed analysis 
of the data remains. 

5   HIGH POWER TESTING AT FERMILAB 

Following decommissioning at Argonne, the injector was 
partially reassembled at Fermilab to enable continued test- 
ing until the high duty cycle gun is fabricated. Ultrahigh 
vacuum tests and long-pulse tests have been completed, 
with the gun attaining a resting vacuum in the upper 10-10 

Torr range, and a running vacuum in the mid 10-9 Ton- 
range with 50/xs pulses of 3.5 MW at 5 Hz. Gun Condi- 
tioning to RF pulse lengths as long as 400/xs at full power 
has been completed. Dark current is estimated to be ~ 4—6 
mA, with the specific source of the dark current still under 
investigation. 

the phase-energy correlation needed for pulse compression, 
with the gun and linac irises contributing the largest wake- 
field kicks of all the beamline components. A collimator, 
planned in the initial design, has been found in simulations 
to effectively double the entire longitudinal wake in the in- 
jector, prompting its removal. 

7 FUTURE EXPERIMENTS 

Re-commissioning of the old injector for continued testing 
at Fermilab will continue until the high duty factor gun is 
complete. Laser facilities[4] will be completed early this 
summer. Testing of the full injector under both single pulse 
and full macropulse conditions will be top priority through 
early 1998, with the commissioning of the high duty cy- 
cle RF photoinjector DESY occurring shortly thereafter. 
A second, similar photoinjector, being fabricated in par- 
allel with the first, will allow an advanced accelerator re- 
search and development program to continue after injector 
II ships to DESY. Thomson-scattering based picosecond x- 
ray source and plasma acceleration experiments will be- 
gin preparations for planned beam experiments to begin in 
earnest by late 1997 in the A0 building at Fermilab. 
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6   DESIGN IMPLICATIONS 

Several design concerns have been addressed with the high 
power, extended RF pulse operation for the Argonne gun, 
namely, the proof that water-turbulence induced wall vibra- 
tions within the RF cavity produce no measurable cavity 
phase shifts, and that excellent running vacuum, of partic- 
ular interest for operation with exotic photocathode materi- 
als such as Cs2Te, is attainable without modification of the 
gun. The suspected large dark current, however, may point 
to the need to redesign the cathode electrical contact alto- 
gether, with a resonant RF trap replacing the choke spring 
currently in use. 

Wakefield effects have recently been calculated using a 
modified version of PARMELA, with the results indicating 
that further advance of the phase of the linac is needed to 
overcome the short-range wakefield, which tends to cancel 
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OPTIMUM OPERATION OF SPLIT RF PHOTOINJECTORS 

L. Serafini$, J.B. Rosenzweig, 
Department of Physics and Astronomy, UCLA, Los Angeles, CA 90095 

Abstract 

We describe how to achieve minimum transverse 
emittance in RF photoinjectors by applying theoretical 
predictions from a fully analytical model of beam 
dynamics in a split injector. This device consists of a 
short two cell (full+partial) RF gun followed by a drift and 
a booster RF linac. Matching the beam in the booster to 
the invariant envelope, an equilibrium mode of laminar 
beam flow, is shown to be the basis of emittance 
correction. Analytical predictions are compared to 
numerical simulations, finding excellent agreement. We 
also show how a further improvement of the beam quality 
can be obtained by matching the beam out of the booster 
into a Brillouin flow with proper control of the envelope 
oscillations. If these are actually coherent plasma 
oscillations in the laminar regime, then the normalized 
rms transverse emittance can be even further reduced. 

I. THE INVARIANT ENVELOPE EQUILIBRIUM 
OF RELATIVISTIC LAMINAR BEAMS 

The beam dynamics in RF photoinjectors is mainly 
characterized by an rms beam envelope behavior which is 
almost insensitive to the initial temperature emittance 
enth - this is set up by the photoemission processes at the 
photo-cathode surface - but is mostly affected by the 
equilibrium set up by the space charge outward pressure on 
the beam and the counteracting combined focusing effects 
of the ponderomotive RF focusing, the external solenoid 
and the adiabatic damping caused by strong acceleration in 
the device. 

The resulting equilibrium represents a laminar beam 
flow described by an exact analytical solution of the rms 

envelope    equation     0" + a'I_ + jfa_ K^ _ e"'"   = o 
Y       r       073     03y2 

which has been recently derived - under the laminarity 
approximation enth = 0 - and called invariant envelope[l]: 

&=7J«/N^| (i) 

where y' is the accelerating gradient (Y = Y<+Y£)> 

/J\ is the rms beam current (/0 
= 17 kA for electrons), 

and Q. is the dimensionless focusing frequency. This is 
related   to    the   average   focusing   gradient    Kr    by 

K   = (Qr/'/y) ,   implying   a  second  order  focusing 

$ Perm, address: INFN , Via Celoria 16, 20133 Milano, 
Italy 
Work supported by US DOE grants DE-FG03-90ER40796 
and DE-FG03-92ER40693, and Sloan Foundation grant 
BR-3225 

channel made up by the combination of solenoid focusing 
and  ponderomotive  RF   focusing,   and   is   given   by 
Q,2=r\ß + b2, where b = cB0/E0 is the ratio 
between solenoid field and peak RF field, and T) depends 
on the space harmonics of the RF field - it is close to 1 
for standing wave structures in use for photoinjectors, 
while is almost vanishing in case of travelling wave 
structures [2]. 

The reason for the term invariant envelope (IE) is that 
this particular beam mode performs correction of the 
emittance growth[3] caused by linear space charge 
correlations. These are related to the dependence of space 
charge field on the longitudinal coordinate - the slice 
position C, - in the electron bunch, as shown by the beam 

perveance term K s (Q = Ig(Q/210 in the envelope 
equation - here / is the peak current in the bunch and 
g(Q is a geometrical factor describing the field 
distribution, which for a Gaussian bunch in the central 
region       (Id < (7 )       is       well       described       by 

g(0 = e*™ {l + A] [(1 - C2 K )(l/2 + In Ar) -1]| 
,   while   for   a   uniform   bunch   of   length    L    is 

gH„(Q = l-2Ar
2[l + 12(C/L)2

+80(C/L)4]- 
(Ar = ü/yGz is the bunch aspect ratio in its rest 

reference frame - for the uniform Ar = R/Ly). 
The emittance correction process is effective as long as 

the beam is in the laminar regime, so that it behaves like 
a cold plasma undergoing surface plasma oscillations. The 
validity of the laminarity assumption holds whenever the 

dimensionless parameter p = \(I)gQ/yEnlhI0y'^l + 4SI 

is much larger than 1, which is usually the case even up 
to 40 MeV for a typical photoinjector beam[4]. In this 
regime, since the incoherent betatron motion associated to 
the temperature emittance is negligible (by definition of 
laminarity), the emittance blow-up turns out to be a 
reversible effect which can be corrected by a proper control 
of the plasma oscillations. 

II. OPTIMUM RF GUN OPERATION 

The optimum operation of a split photoinjector is 
achieved when the RF gun setting is such as to match the 
beam onto the IE at injection into the booster linac. This 
requires not only that the beam rms size O" at the booster 
entrance should be as specified by Eq.l, but also that the 
beam must go through a waist with (7 = 0 at the same 
location, because the entrance focusing kick imposed by 
the conservation of canonical momentum when the 
particles enter the RF field is exactly equal to the negative 
beam divergence of the IE, which is Ö' = —y'c/2y . 
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In order to find the optimum setting for the six free 
parameters specifying the RF gun working condition, 
namely the bunch charge Q , the laser cathode spot size 
<7r and length Gz, the cathode peak field E0, the 

solenoid field amplitude B0 and the accelerating phase (p, 
we have to trace back the beam through the drift down to 
the gun exit by means of the rms envelope equation for 
laminar beams in drifts, which reads 

V ■ 1/v = 0 (2) 

where V = G/P and P - I/2I0 Jc is the beam 

perveance (Yc is the beam energy at the gun exit, 

typically   Jc ^6).   The general solution   of Eq.2  is 
v/V,. 

jdx/^v'2+2\nx = Az/vc which   allows   to 

express the beam spot Vw at the waist and its position 

Azw as functions of rms size Vc and divergence Vc at 
the gun exit: 

Azw=vc/(v;) ; vw=vce-v'*lz (3) 

where the function /«) =    jdx/^v'2+2\nx can 

be very well approximated in the range   V^| < 6 by the 

simple expression : 

g(Vc) = 1.09^/1.69 + Vc
2 + 0.423v^-°296v;2.    Since 

Eqs.3 are valid for any laminar space charge dominated 
beam they actually represent the generalization of a 
previous result derived by Reiser[5]. 

In order to finally link the beam conditions at the 
waist, which must be matched to the IE, with the beam 
conditions at the cathode we have to perform two 
transformations: 

1) from the 6D physical parameter space ( Q, Gr, 

G , EQ, B0 and (p ) to a 4D parameter space described 

by A = yAr,  a = eE0/2m(£)RFc,  b and the Cauchy 

current A = l/y'2G2
r. 

2) from the physical beam rms size Gc at the gun 
exit,    as    given    in    Ref.6,    to    the    dimensionless 

*c = <V/'VYC/K,(0- 
As a final result of imposing two conditions (beam size 
and divergence) on the set of four free parameters, we may 
specify what are the optimum values for A  and b in 
order to achieve emittance correction, once the aspect ratio 
A and the dimensionless field amplitude OC are fixed. We 
find 

A"'" [kA] = 57.3 - 12.4a + 2.63a2 + 
(4) 

26.2A-1.78aA + 1.86A2 

50CD       fixo       ran 
z(ram) 

Figure 1: Beam envelope G and associated normalized 
rms transverse emittance £„ in a typical L-band split 
Photoinjector, showing control of the emittance 
oscillations by matching to a Brillouin flow 

for the Cauchy current, while for the solenoid field 
amplitude b"1" = 1.49 +1.67/Vä - 2.07/a1 /4. 

We test these analytical predictions versus a CIC 
simulation performed with ITACA[7] of a typical L-band 
split photoinjector (1+1/2 cell) whose booster linac is a 9- 
cell superconducting TESLA cavity placed 1 m far from 
the photo-cathode plane and operated at 25 MV/m peak 
accelerating field. Choosing a = 1.8 and A = 1/2 we 

have E0 = 50 MV/m (at 1.3 GHz, y' = 49 m"1) and 

we find A"'" = 56 kA from Eq.4. From the definition of 
A and the peak current in a gaussian bunch 

I — QC/-\2KGZ we find the cathode spot size as a 

function      of      A,       Q      ,      A and      y',      i.e. 

Gr = VßcA/ÄAy'2 . 
Choosing for the bunch charge 0 = 1 nC, we find for 

the cathode spot size CTr = 0.76 mm, so the laser pulse 

length should be (from A = 1/2) Gz=1.5 mm. The 
predicted optimum value for the solenoid field amplitude 
is, from bopt = 0.94, B0 = 1.6 kG. 

The simulation result is presented in Fig.l, where the 
norm.     rms emittance, 

e„ s yV< r2 >< r'2>-< rr' >2/2, and the envelope are 
plotted: the actual laser intensity distribution has been 
taken uniform in time and radius with rms sizes equal to 
the ones listed above. 

As clearly visible, the beam follows closely the IE 
along the booster, achieving an effective emittance 
damping down to 0.8 mm-mrad at the minimum (Z = 3 
m), with an emittance behavior reproducing quite well the 
prediction from the model based on weak stable 
oscillations       around       the        IE:        this        gives 

JA. 
3/oY 

So +25a'^ 8a' -^-8o 
■Y 

^sin(\|/) cos(y) + 

where OCT- and 8<J; are the rms mismatches w.r.t. the IE 

at injection into the booster and \|/ = ln(y/yc)/2 is the 

2877 



phase advance. The emittance is therefore expected to be 

damped as I/A/Y , on average over a plasma wavelength 

Xp = -\/8/3 Tiy/y', with anharmonic oscillations whose 

periodicity is two times shorter than the period of the 
perturbations about the IE. 

in. EMITTANCE CONTROL IN LAMINAR 
BEAMS 

The property of the IE to make the beam exit the booster 
as a parallel beam ((j' = 0) makes possible to match the 
IE to a Brillouin flow in order to avoid a further emittance 
growth, as shown in Fig.l, after the laminar waist where 
the minimum emittance occurs. Since the equilibrium rms 
beam size G    in a Brillouin flow has the same scaling vs 

the current of the IE, Geq = ^jl/2I0y
3

fKr (yf being 

the exit energy), a uniform focusing channel of gradient 

K = (A/3/8y'/y f)   can Perform sucn a matching. In 

Fig.l a solenoid of field amplitude B0 = sj3/2mcy'/e 
has been used to keep the beam close to a Brillouin flow 
equilibrium: the weak envelope oscillations are clearly 
associated with emittance oscillations of twice the 
frequency. This somewhat unusual behavior of emittance 
scaling with the rms size is typical of a beam in the 
laminar space charge dominated regime: indeed, this 65 A 
beam, accelerated up to 19.8 MeV, still retains a large 
value for the parameter p , namely p = 80. 

This implies that the emittance can be even further 
reduced: indeed, the particle distribution plotted in Fig.2a 
(configuration space) and 2b (trace space), shows that the 
bunch tail and head behave like bifurcated parts, i.e. 
independent beams which have been overfocused since they 
were subject to a local space charge field weaker than in 
the bunch core (see previous expression for g(Q). These 
bifurcated tails usually go through a crossover thus 
producing a halo in trace space (see Fig.2b) which clearly 
contaminates the emittance correction process. By filtering 
the bifurcated tails only 10% of the bunch charge is lost 
but the emittance is reduced down to 0.5 mm-mrad. 

B   1 
E 

0.8 .v. 
■■r [ 

0.6 

0.4 
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■ •   i 
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*•   "X    " 1  ! "11 
1 i jS ' 

.0.2 

» wdfflyffl faß" 
2984 2986 
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We found that these bifurcated tails can be locally 
corrected by properly adjusting the matching from the IE 
to Brillouin flow into the solenoid field. With respect to 
the setting shown in Fig.l, we moved the solenoid further 
ahead and increased the solenoid field up to 1.9 kG. This 
makes the beam perform more gentle envelope 
oscillations: during the first one the bifurcated tails are 
overlapped in phase space to the beam core, producing a 
local minimum in the normalized rms emittance 
(calculated over all the particles) at an unprecedented ultra- 
low value of 0.3 mm-mrad . 
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Figure 2b: Particle distribution in transverse trace space 
(r,r') at the location of minimum emittance 

L-band  split-gun TTF-FEL like tlaser= 16 ps 

... en [mm-mrad] 

  a   [mm] 

Figure 2a: Particle distribution in the configuration space 
(r,z) at the location of minimum emittance 

1000     2000     3000     4000     5000     6000     7000 

z  [ran] 
Figure 3: Envelope and emittance behavior of a beam 

matched from the IE to Brillouin flow with 
local correction of bifurcated tails 
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PERFORMANCE OF THE LEP2 SRF SYSTEM 

D. Boussard, CERN, Switzerland 

Abstract 

In 1996, LEP2 operated at an energy of up to 86 GeV per 
beam using, in addition to the conventional RF system, 
176 newly installed superconducting (SC) cavities, which 
together provide up to 2 GV per turn at 352 MHz. 
Almost all SC cavities are of the niobium film on copper 
type; they ran at an average operating gradient of 
6 MV/m with a total beam current of up to 5.5 mA. The 
behaviour of SC cavities and couplers has been very 
satisfactory: only two cavities out of 176 were field 
limited; they have however been recovered in situ since. 
Small modifications in the liquid helium distribution 
reduced to a large extent turbulent phenomena and the 
associated microphonic effects. However the intrinsic 
electroacoustic instabilities (ponderomotive oscillations) 
remain the major concern for the operation of the RF 
system at high intensity. Their effect on the beam is 
minimized using RF feedback (on the vector sum of 
individual cavity signals); this also suppresses the 
intensity limitations due to beam loading instabilities. 
Installation, commissioning and operation of a huge new 
RF power plant (24 MW installed RF power) went as 
expected, despite a few weak points which are now being 
fixed. 

1 INTRODUCTION 

LEP, the largest particle accelerator in the world, is an 
electron-positron collider which started operation in 1989 
at a collision energy of 45 GeV (the Z0 energy) with a 
room-temperature RF system operationally capable of 
delivering up to 340 MV at 352 MHz. 

The so-called LEP2 programme started in 1991 was 
aimed at increasing LEP energy and reaching at least the 
energy of W pair production. It is essentially based on 
the superconducting (SC) cavity technology developed at 
CERN since 1979. 
The basic choices for the LEP SC cavities were made 
early in the project: 352 MHz frequency (for 
compatibility reasons and to minimize the critical 
transverse impedance of LEP), four-cell structure with 
couplers on the beam tubes, 4.5 K operating temperature, 
modular cryostat with easy access to the cavities and 
ancillary equipment, thermal and magnetostrictive tuners 
inside the cryostat. It was also decided that industrial 
firms would produce the SC cavity modules. The major 
difference, when compared to other large SC cavity 
projects (notably CEBAF) is that the cavities would be 
specified and accepted by CERN according to their RF 
performance (RF quality factor at the design accelerating 
field), as measured by CERN. 
After an intense period of development it was decided 
that the LEP2 programme would be based on the 
niobium copper (Nb/Cu) technology. The inherent 
advantages of Nb/Cu cavities - much better thermal 

stability against quenching, savings on Nb material, 
insensitivity to small magnetic fields, higher quality 
factor - turned out to be very welcome in the course of 
the project. 

2 SC CAVITY PERFORMANCE 

HOM-coupler outlet 

RF-power coupler_ 

vacuum manifold and safety valve 

He-gas collector 

electrical connections' port 

end ring 

HOM coupler 

tuning-rod support 

RF-power coupler cryogenic connections' dome 

He-safety valve and exhaust 

HOM-coupler outlet 

beam-vacuum valve 

tuning-rod support 

Fig. 1 The LEP2 SC cavity 

Fig. 1 shows the four cell LEP2 cavity in its cryostat. 
The cavity itself surrounded by its helium tank and its 
three tuner bars is suspended inside the cryostat. The 
length of the tuner bars is controlled by their thermal 
expansion and by the magnetostrictive effect. The 
cryostat, with its three wide-barrel staves provides easy 
access to the cavity as neither a magnetic shield nor an 
intermediate thermal shield is necessary. Thermal 
insulation is achieved with superinsulation mattresses 
only. Four cavities are assembled together in a common 
cryostat to form a cryomodule 12.5 m long, including the 
end elements [1] [2]. 

Table 1 shows the major parameters of the LEP2 
cavities, the most critical being the quality factor Q, at 
the operating field (6 MV/m). This is the parameter 
which is measured during the acceptance tests made at 
CERN of all cavities and modules produced by industry. 
Fig. 2 shows typical Q(E) curves of cavities fabricated by 
three different firms following the technique developed 
at CERN by which a copper cavity is coated inside with 
a thin niobium film (average thickness 1.5 |im) using a 
magnetron discharge. This measurement is no longer 
possible when the RF couplers are installed; however the 
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cryogenic losses of a cryomodule can be estimated 
directly from the cryoplant parameters. The results are 
coherent with previous RF measurements showing that 
there is no significant degradation of the cavity 
performance after mounting of RF couplers, transport 
and installation in the tunnel. 

Frequency 352.209 MHz 

Operating field 6MV/m 

Operating voltage 

Number of cells 

10.2 MV 

4 

Effective length (four cells) 1.702 m 

Modular length (between cryostat flanges) 2.553 m 
Diameter:                    equator 755 mm 

iris 241 mm 

Relative pass band 2(frf„)/(f+f„) 

EVE pk       att 

BVE pk      «x 

1.76% 

2.3 

3.9mT/(MV/m) 

R/Q (R=V2/2P) 232!/2 

Field flatness tolerancedE/<E> ±5% 

Tuning sensitivity +40 kHz/mm 

He pressure sensitivity <10Hz/mbar 

Tuning range:              slow 50 kHz 

fast 1.6 kHz 

Q„ at operating field (4.5K) >3.2 x 109 

Q„ at low field (4.5K) >6.4x 10" 
RF losses at 6 MV/m and 4.5K/cavity <70W 
Cryogenic standby losses per complete 
module 

<90W 

Qat of RF coupler (nominal) 2x10' 
Loss factor for a complete module (four 
cavities and two end tapers) at crz =10 mm: 

longitudinal 

transverse 
5V/pC 

8V/pC.m 

Table 1     LEP2 cavity parameters 

Ar^\    A ^Nfeft Nev UD"OJl 

H^A -U:&^ k^ ̂
 
*t**r- 

Accelerating Gradient [MV/m] 

Fig. 2 Best Q vs E curves from three manufacturers 

To reach the specified performance helium 
processing is often used during acceptance tests (without 
RF couplers). It has also been applied successfully on a 
defective   cavity   in   the   tunnel,   equipped   with   RF 

couplers. However, possible discharges, or even arcing 
in the coupler, are potential risks of this technique. 
Pulsed power processing (pulses a few ms long, peak 
fields up to about 8 MV/m) is used more commonly both 
in the power test bench and in the tunnel to reach 
maximum cavity performance. 

A vacuum accident occurred during the last LEP 
shutdown, where a complete warm module was rapidly 
vented with filtered nitrogen. Due to a very tight 
installation and testing schedule it was not possible to 
recheck the cavities until now. We are eagerly waiting 
for the new measurements of cavity performance to see 
whether this module can be recovered in situ or must be 
taken out of the tunnel for repair. Some years ago, a 
similar accident happened in the SPS: a cold cavity was 
slowly vented with unfiltered air; nevertheless, the cavity 
could still be operated afterwards. 

Fig. 3 shows typical radiation levels measured at the 
end of several modules 15 cm off axis. The sharp 
increase with accelerating field indicates a strong field 
emission. The measured spectrum of the field-emitted 
electrons extends up to the maximum accelerating 
voltage of the module (40 MeV) and in some cases leads 
to activation of elements. 
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/ 
/ r 

► 

Sfc^fWui 
Pi^ 

2       3       4       5 

field (MV/m) 

Fig. 3 Typical radiation levels of modules 

In the early phases of the project, the main cavity 
coupler was a very serious cause of concern. Recurrent 
multipacting discharges plagued the operation of the 
couplers when installed on the cavities. This is attributed 
to the strongly enhanced secondary electron emission 
coefficient of a cold surface if it becomes covered with 
adsorbed gases. Such a situation occurs on the cold part 
of the outer conductor of the coaxial coupler (Fig. 4). 
The problem is cured by baking the window (the source 
of gas molecules) in situ before cooling the outer 
conductor of the coaxial line (cooled last) and by 
applying DC bias (+ 2.5 kV) on the inner conductor, 
which completely prevents multipacting during operation 
[3]. 

LEP couplers, including their variable version have 
been extensively tested on a dedicated cold cavity, 
simulating the real operating conditions. An RF power 
of 300 kW has been transferred through the cavity during 
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long periods, limited only by the load on the output 
coupler. Short pulses of 500 kW, 1.5 ms duration have 
also been transmitted through the test cavity, in pure 
travelling-wave mode. 

Fig. 4 The LEP2 RF power coupler 

The production of cavities and modules by industry is 
by now almost complete. Table II shows the past and 
future steps in the installation programme [4]. 

June 
96 

Oct. 96 May 
97 

May 
98 

# Cu cav 120 120 84 48 

MVCu 300 300 215 130 

# Nb cav 4 12 16 16 

MVNb 34 102 136 136 

# Nb/Cu cav 140 160 224 256 

MV Nb/Cu 1434 1638 2294 2621 

X MV max 1768 2040 2645 2887 

2MVof 1600 1873 2478 2720 

E (GeV) 80.5 86 92 96 

Table 2 Number of cavities in LEP and available 
voltage 

3 MICROPHONICS 

Superconducting cavities, with their narrow bandwidth 
(±90 Hz for LEP2 cavities) are usually prone to 
microphonic effects. Indeed RF field fluctuations are 
normally observed on LEP2 cavities at frequencies 
corresponding to the first mechanical resonances 
(longitudinal) of the cavity, around 100 Hz. Transverse 
resonances, occurring at lower frequencies do not seem 
to be harmful. 

A source of mechanical vibration external to the 
cavity itself was identified and subsequently cured on 
most modules. It was due to fhermoacoustic oscillations 
occurring in the outlet gas helium connection to the 
transfer lines, which showed a reduced cross-section to 
the warming helium gas flow. The solution was to damp 
this oscillation with a thin kapton film wrapped around 
the inner tube. 

The other observed effect is intrinsic to the cavity 
itself and turned out to be more difficult to eliminate. It 
is a ponderomotive closed loop instability occurring 

when the cavity resonant frequency is shifted by the 
tuning system, to keep the load to the RF generator real, 
in the presence of beam loading [5]. In such a situation, 
any resonant frequency disturbance results in a 
disturbance on the field, which itself perturbs the cavity 
frequency due to radiation "pressure" on the walls. This 
results in a potentially unstable closed loop. The 
observed instabilities occur at the first longitudinal 
resonances of the cavity (- 100 Hz) unfortunately very 
close to the -3dB points (± 90 Hz) of the cavity 
bandwidth. They are strongly dependent on the cavity 
fields and on beam current (via the cavity detuning), and 
at present are a major limitation for LEP2. 

A study has been launched to actively damp the 
mechanical resonances of the cavity, acting on the fast 
magnetostrictive tuner. The difficulty here is to damp 
simultaneously two very close resonances (separated by 
about 5 to 10 Hz) with a robust enough system. The 
problem, in principle disappears if one keeps the cavity 
exactly on tune with the RF frequency, irrespective of 
beam loading. The additional RF power consumption in 
this case is perfectly acceptable (4.25 kW per cavity at 
90 GeV and 10 mA for the LEP2 parameters). However 
the RF field in the coupler increases significantly, but as 
explained before, a large safety margin is available in the 
couplers and this should not be a problem. 

Actually, by injecting a phase offset in the tuner 
phase detector, one can suppress the instability for a 
given voltage and current. However the cavity phasing 
errors, the dispersion in coupling factors and cavity fields 
makes it rather dificult to program the tuner offsets 
especially during ramping energy and field. In 
particular, a common offset cannot be simply applied to 
all eight cavities driven by the same klystron. Despite its 
limitations and difficulties, this is the technique presently 
used to avoid ponderomotive instabilities as much as 
possible. 

Another method is being actively tested where a 
cavity is excited mechanically, via the fast tuner, at a 
single frequency (at present 40 Hz). The 40 Hz cavity 
voltage modulation detected by a synchronous 
demodulator provides an error signal when the cavity is 
out of tune. This signal can replace the usual phase 
detector signal (phase between cavity field and klystron 
drive) to close the tuning servo loop. Such a system 
(already tested without beam) is independent of beam 
current and insensitive to phasing errors; it keeps the 
cavity always on tune. The cavities would be modulated 
by pairs, with opposite phases, to cancel out the residual 
phase modulation at 40 Hz (further reduced by the 
"vector sum feedback"). 

4 HIGHER ORDER MODES 

Each LEP2 cavity is equipped with two higher order 
mode (HOM) couplers. They are of the "hook" type 
where a series notch filter at the RF frequency is 
established with the inductance of the "hook" and its 
capacitance to the wall of the cavity port [6]. The 
connecting RF line between the cold coupler and the 
cryostat wall is a 25 £2 "rigid" coaxial line made of two 
thin stainless steel, copper plated tubes.  Finger contacts 
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at either end of the line allow some mechanical 
displacements during cool down. 

It has been demonstrated experimentally that more 
than 850 W can be transmitted through the HOM coupler 
and its line at 630 MHz (frequency of the dominant 
longitudinal HOM of the LEP2 cavity). This figure is 
beyond what is expected in LEP2 operation. However, it 
has been observed that many HOM loads failed during 
operation, due to transients. They are now being 
replaced by long, lossy RF cables. 

Initial measurements of power deposited by single 
bunches in the HOM coupler loads have confirmed the 
expected value of the loss factor of the cavities 
(0.44 V/pC at CTZ = 16 mm, excluding the fundamental). 

Above 2.2 GHz (cut-off frequency of the 10 cm 
diameter beam tube) HOM power may propagate outside 
the SC cavity module. Using calorimetric measurements 
on RF ferrite absorbers installed in the LEP vacuum 
chamber (one close to an SC module, one far away), the 
first experimental evidence of HOM power radiated 
outside the SC modules was obtained. 

During the last run of 1996, it was observed that the 
cryogenic consumption of the modules was increasing 
with higher beam current and shorter bunches, leading to 
the suspicion of HOM trapped inside the 4-cavity 
structure. A concomitant increase of the temperature of 
the cold intercavity bellows (copper plated stainless 
steel, diameter 20 cm) has also been observed and 
supports this hypothesis. An energy dependence of the 
power deposited in standard warm bellows outside the 
modules has also been noted, without any convincing 
explanation for the moment. Synchrotron radiation, as 
well as the radiation coming out of the modules as a 
result of field emission, has been considered, but 
obviously more measurements are needed to analyse 
these effects. 

5 RF POWER SYSTEM 

The LEP RF system is based on high power klystrons 
(1.3 MW), each feeding 8 SC cavities via a circulator 
and a series of symmetrical magic tee splitting stages [7]. 
The circulator is terminated on its third port by a 300 kW 
water load; each magic tee is terminated by a 100 kW 
load. To improve crosstalk between adjacent cavities, 
better matching of the 100 kW loads is required. The 
solution which is being implemented now is to dope the 
cooling water of the load with sodium nitrite (NaN02). 

The 24 klystrons of the SC units have so far 
accumulated between 1000 and 9000 operating hours, 
with an average of 3500 hours. The average lifetime of 
these high power klystrons is expected to be 18000 hours 
(DESY statistics); in the LEP copper RF system nine 
tubes reached more than 28000 hours. We therefore do 
not expect klystron problems in the near future. 

The reflected wave peak power from a SC cavity 
when the RF source is abruptly switched off amounts to 
four times the zero beam current forward power (1 MW 
in the LEP2 case). It was found that these high power 
bursts (duration in the ms range) can induce arcs in the 
line and RF transformer connecting the 300 kW load to 
the circulator.    The arcs eventually propagated to the 

circulator itself; two of them had to be changed. The 
solution is to replace the coaxial elbows and wave guide 
transformer between circulator and 300 kW load by 
waveguide components and to improve the klystron 
reflected power interlock. In addition, fast detuning of 
unused cavities is implemented to avoid strong beam 
induced power reaching the circulator. 

6 CONTROLS AND OPERATION 

In addition to the classical regulation circuits, notably the 
slow amplitude loop acting via the DC current and hence 
the RF gain, the LEP2 klystrons are now equipped with 
an RF "vector sum" feedback loop (Fig. 5). The total RF 
voltage seen by the beam when crossing the eight 
cavities driven by a common klystron is reconstructed 
from the fieldprobe signals of each cavity. Great care 
must be applied to the calibration of the probes and cable 
connections (in amplitude and phase) to ensure that the 
overall vector sum signal is a faithful representation of 
the RF voltage experienced by the beam. The "vector 
sum" signal is maintained equal to the demanded RF 
voltage by the action of the RF feedback loop. 

Global voltage control 

Fig. 5 Simplified block diagram of the vector-sum 
feedback 

The open loop gain of the vector sum feedback RF 
loop has been adjusted to 26 dB for a klystron current of 
10 A but it varies linearly with the klystron current. It is 
actually limited by the precision with which the vector 
sum can be constructed. 

The loop gain is sufficient to reduce the equivalent 
impedance of the SC cavities so that cavity coupling via 
the beam becomes negligible and the operating 
conditions of the RF system remain far from the 
Robinson threshold. The phase deviations of the cavities 
(either from residual microphonics or from various phase 
settings of the servo tuners) are corrected by the vector 
sum RF feedback, as well as the cavity overvoltage when 
the beam is suddenly lost. 
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The minimum attainable RF voltage, at the injection 
energy of 22 GeV is limited by the tuning loops of the 
cavities. These loops are sensitive to spurious signals 
from RF ripple, crosstalk between cavities, finite 
directivity of the directional couplers and to imperfect 
phasing of the cavities. The associated problems have 
been largely alleviated by running at a higher voltage 
(450 MV, Qs=0.14) at injection, with all cavities turned 
on. 

With the experience gained in running the RF system 
in 1996 it is now possible to envisage automation of 
certain procedures. Application software to perform 
automated checks of cavity tuning and unit phase could 
be provided, as could an automated procedure for 
optimising the tuner setpoints to suppress ponderomotive 
oscillations. The major candidate for automation from 
the operational point of view is, however, the automatic 
switch-on of tripped units. 

In 1996 it was standard procedure to stop the ramp a 
few GeV below physics energy. The RF voltage was 
then ramped to its operational maximum, any tripped RF 
units restarted and any ponderomotive oscillations 
controlled by means of tuner adjustments. Only when 
the RF system was stable was the machine ramped to 
physics energy. 

There is a significant spread in the voltages produced 
by the eight cavities driven by a common klystron. This 
indeed limits the maximum voltage available and is due 
to differences in cavity coupling factors (Qext) and 
possible asymmetries in the waveguide and magic tees 
distribution. A very simple X/4 transformer can be 
inserted in the waveguide to compensate for large 
variations of Qext (this has been successfully tested, even 
with beam). With high beam loading (especially at 
injection) additional cavity voltage dispersion results 
from differences in waveguide electrical length or 
longitudinal position of the cavities inside the cryostat. 
To correct all these effects will require tedious 
adjustments, which were not really possible during the 
last busy years. 

7 CONCLUSION 

The largest superconducting RF system in the world is 
now in operation. The energy of LEP has been pushed 
from 45 GeV up to 86 GeV and physics above the W pair 
production threshold has started. The SC cavities and 
couplers behaved in the machine as expected; no 
degradation of performance was recorded. Final 
adjustments of the RF system will be a tedious, but 
straightforward task, and it seems that the control of 
ponderomotive instabilities is within reach. Finally the 
overall performance of the RF system might be limited 
by the capacity of the cryoplants. Upgrading of the 
installed cooling capacity, which was anyhow planned 
for LHC, might therefore be implemented earlier than 
foreseen (hopefully in 1999) to the benefit of LEP2. 
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OVERVIEW OF ADVANCES IN THE BASIC UNDERSTANDING 
OF DARK CURRENT AND BREAKDOWN IN RF CAVITIES 

Hasan Padamsee+, Cornell University, Nuclear Studies, 
Newman Lab, Ithaca, NY 14853-5001 

Abstract 

In the last decade there have been substantial advances in 
understanding the nature of field emission through DC 
high voltage studies that locate emission sites, followed 
by electron microscopy studies to examine the sites. 
Emission sites have also been located in superconducting 
RF (SRF) cavities by temperature mapping. The sites 
found were also examined in an electron microscope after 
dissecting the cavities. In many RF tests, the emission 
current from individual sites was tracked with increasing 
field until a voltage breakdown occurred. The breakdown 
event was generally followed by decreased field emission. 
The RF test was stopped, the cavity dissected and the 
breakdown site analyzed by microscopy. Scanning 
electron microscopy, energy dispersive x-ray analysis, and 
Auger studies were used to obtain topographical and 
elemental information about the emission and breakdown 
sites. Although these studies were primarily motivated by 
the desire to reduce field emission in superconducting 
niobium cavities, the lessons learnt, and the models that 
have emerged, apply to all field emitting surfaces. 

1   INTRODUCTION 

The superconducting approach to the next linear collider 
aims for surface fields Epk >50 MV/m in ten thousand 
cavities. At these electric fields, an important limitation 
to the performance of superconducting cavities arises from 
the emission of electrons from high electric field regions. 
Power is absorbed by the electrons and deposited as heat 
when electrons impact the cavity walls. If the emission 
grows intense, it can even initiate thermal breakdown of 
superconductivity. In the normal conducting, high 
frequency approach to linear colliders the goal is to 
operate ten thousand copper structures at Epk between 
100-200 MV/m with klystrons that will supply 50-100 
MW of power. Field emission (dark current) is a major 
concern for the accelerating structures as well as for the 
output cavities of klystrons, which must operate at 
comparably high electric fields. Field emission electrons 
can be captured and accelerated along the structure. A high 
dark current in the structure may cause transverse 
wakefields, and spoil the emittance of the beam. It can 
present problems to various diagnostic equipment in the 
accelerator. 

One of the consequences of high field emission is 
electrical breakdown, or sparking. Voltage breakdown is 

found to be beneficial to rf cavities. In a process referred 
to as conditioning, after several breakdown events, the 
dark current decreases, and the field in a structure can be 
raised. However, excessive breakdown events can 
physically damage a klystron output cavity, changing its 
resonant frequency and destroying the klystron. There is a 
need to understand how field emission leads to breakdown 
and processing, so that the important parameters for 
conditioning can be identified, for e.g., power level, field 
level, pulse length. 

To address these issues, there have been extensive 
studies about the nature of field emission sites and the 
development of voltage breakdown. Based on the results 
from DC and RF studies, as well as from extensive DC 
breakdown studies in the literature, models have emerged 
that elucidate the nature of field emission as well as the 
nature of breakdown. These studies have stimulated the 
invention of techniques to avoid emission sites and to 
destroy them. 

2 DC   STUDIES   OF  EMISSION  SITES 

Using needle-shaped tungsten electrodes, cmr surface area 
samples were scanned for emission sites. Niobium, 
copper and gold cathodes were studied at Genevafl], 
Saclay[2] and Wuppertal[3]. The number of sites observed 
increased rapidly with increasing field. Artificial emission 
sites were also introduced and studied. 

Figure 1. Microparticle field emitters. Foreign elements 
found were (left, scale bar - 2 |im) C (right, scale bar = 5 
\xm) Si and O (Geneva and Saclay) 

Once individual sites were identified, they were 
examined by surface analytical instruments. In general no 
whiskers were found. However, if the surface was 
scratched, the projections at the edge of the scratch were 
strong field emitters. But scratches are rare on well 
prepared surfaces. Instead, the predominant emitters found 
were "metallic" microparticle contaminants. Fig. 1 shows 
electron microsocpe pictures of field emission sites found 

f Supported by the National Science Foundation. 

0-7803-4376-X/98/S10.00O1998  IEEE 2884 



in DC studies at Geneva and Saclay. The foreign elements 
found in these emitters are listed in the captions. After 
extensive studies, the following list of elements have 
been found in particulate emitters: Ag, Al, C, Ca, Cl, Cr, 
Cu, Cs, F, Fe, K, Mg, Mn, Na, Ni, O, S, Si, Ti, W, and 
Zn. 

3 EMISSION   SITES   IN   CAVITIES 

Individual field emission sites were located in single cell 
niobium superconducting cavities by temperature 
mapping. The heat deposited by the impacting electrons is 
detected by an array of thermometers placed on the outer 
wall of the cavity. The heating profile can be unfolded 
with the help of the calculated electron trajectories to yield 
the FN properties and the location of the emitting site to 
within a few mm. Occasionally it was even possible to 
detect the RF heating due to the emission site. 

By many tests on several cavities at CERN[4] and 
Cornell[5], the density of emission sites found in RF 
cavities is compared in Fig. 2 with the density of sites 
observed in DC studies. Note that the Geneva DC 
samples were exposed to ordinary room air and show a 
larger density of sites as compared to the Wuppertal 
samples which were prepared in a class 100 clean room. 
For emitters found in SRF cavities, the Fowler Nordheim 
(FN) ß values were between 100-700, and the emissive 

area values were between 10"" to 10"*" m^, in rough 
agreement with the range of FN emitter properties found 
in DC studies. 

Some of the emission sites found in the SRF 
cavities were subsequently examined in an electron 
microscope after dissecting the cavities. Fig. 3 shows two 
such emitting areas; one site consists of stainless steel 
particles[6], and the other site is an indium particle[7]. 
Note that there are small regions where the particles are 
melted. It is likely that the melting occurred due to the 
joule heating from the high field emission current density 
which, according to the measured ß values was estimated 

tobe 1011 to 1012 A/m2. 
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Figure 2. Density of field emission sites in DC and RF 
studies 

Figure 3. SEM micrograph of (left, scale bar = 20 mm) 
stainless steel particles found to be emitting and (right, 
scale bar = 5 mm) an indium metal flake field emitter. 
Small melted regions can be recognized by their spherical 
shape. 

So far, the range of FN properties, the typical 
morphology and the elemental composition of emitters in 
RF and DC studies are very similar. To test the exact 
same emitter under RF and DC conditions, iron particles 
were placed on a cathode and studied in a DC field 
emission microscope at Saclay[9]. Subsequently, the 
cathode (and the particles) were transferred into a copper 
RF cavity. In both DC and RF fields, the FN properties 
were found to be nearly the same. 

The only known difference between DC and RF field 
emission is the behavior of insulating particles. At 
Geneva[l], insulating particles, identified by their 
tendency to charge up during SEM examination, were 
found not to emit. In artificial contaminant studies at 
Saclay[9], insulating particles, such as A203 and Si02, 
when placed on a niobium or gold surface, did not emit in 
a DC field, but were found to emit when placed in a 
copper RF cavity. One possible explanation for the 
difference is that the theramally isolated and insulating 
particles heat up to high temperatures in RF fields, and 
become more conducting, due to excitation of electrons 
across the insulating band gap. Thus even insulating 
particles could behave "metallic" in RF fields. 

It is often found that emission switches on at a 
certain field level, and remains on when the field is 
lowered. Recent thermometry studies[10] with a niobium 
cavity showed that the switch-on is associated with the 
arrival of a particle, detected by the increased RF heating 
at the emission site. DC studies have also shown that 
particles in high electric field regions can tear away from 
the surface, thereby producing a mechanism for emitter 
switch-off[9]. 

4 NATURE   OF   FIELD   EMITTERS 

A remarkable finding from DC studies is that only 5-10% 
of the total number of foreign particles are emitters. What 
makes a micron-size particle into a field emitter? 

As already mentioned, if it is insulating it is not an 
emitter in a DC field. Another important distinguishing 
aspect between emitting and non-emitting particles is the 
jagged structure of emitting particles. In DC field 
emission studies conducted at Saclayfll] with artificially 
introduced particles, it was found that smooth, spherical 
iron or nickel particles do not emit, but jagged particles 
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emit strongly. In a simple geometrical interpretation, the 
particle as a whole enhances the field and smaller 
protrusions on the particle further enhance the field, so 
that the combined enhancement is sufficient to explain 
large ß values. 

This simple geometric explanation can only be part 
of the story, however. Not all irregular shape artificially 
introduced "metallic" particles of MoS2 were found to 
emit[l]. Results from DC field emission studies at 
Wuppertal[3] suggest that the interface between the 
particle and the substrate plays an important role. As 
shown in Fig. 5, heating a Nb surface and its emitting 
particles to 1400 C renders the surface emission free. 
Many emitting particles disappear with the heat treatment, 
but not all. One may argue that at 1400 C the jagged 
residual particles became smooth. However, as Fig. 5 also 
shows, re-heating a 1400 C heat-treated, emission-free Nb 
surface to 200 C converts residual non-emitting particles 
into emitters. It is unlikely that heating to 200 C will 
make a smooth particle into a jagged one. One possibility 
is that the interface between the particle and the 
underlying surface plays an important role, and is 
responsible for the changes in emission with heat 
treatment. 

Figure 4. SEM micrographs of nickel, (left) the jagged 
particle is emitting (right) the smooth particle is non- 
emitting up to 100 MV/m (Saclay) 

no Healing I400"C.30min 'AXrc.üOmtn 

Figure 5. DC field emission show peak areas of high 
emission, (left) Without heat treatment, (middle) An 
emission-free niobium surface obtained by heating to 
1400°C. (right) Reheating a 1400°C treated field 
emission-free surface to 200°C creates new emitters. 
(Wuppertal). 

Based on studies of emitted electron energy spectra, 
the Aston group [12] has proposed a Metal-Insulator-Metal 
model which involves an insulating interface between the 
emitter and the base metal. In the presence of a local field 
enhancement due to the metal particle, electrons tunnel 
into the insulator from the metal substrate. Here they 
acquire kinetic energy from the penetrating electric field 

and are "heated". The electron population at high energy is 
similar to that of a metal surface at a high temperature. 
Those electrons with enough energy to pass over the 
surface potential barrier are emitted into the vacuum as in 
a standard thermionic emission process. The detail nature 
of the insulating interface determines the surface potential 
barrier and therefore the magnitude of the emission 
current. Emitter switch-on mechanisms are also proposed 
based on the formation of conducting channels in the 
insulating interface. 

Another important factor that plays a role in whether 
a particle is a field emitter or not is the influence of 
condensed gas. There is substantial evidence to show that 
condensed gas can start field emission[13]. The emission 
landscape observed by temperature maps was found to 
change on warming a cavity to room temperature and re- 
cooling. New emission sites were activated when He and 
O2 were admitted into a cold cavity. These sites became 

dormant when the cavity was warmed up to room 
temperature. Re-admission of gas was found to activate 
the exact same sites. A theoretical model of resonant 
tunelling due to adsorbed atom states was proposed a long 
time ago[14]. Adsorption of hydrocarbons, on the other 
hand, was found to decrease emission, by raising the work 
function[15]. 

5  VOLTAGE   BREAKDOWN 

In many instances, during tests[7,10] on 1-cell 1.5 GHz 
and 3 GHz niobium cavities, increasing field emission 
current from individual sites was tracked with increasing 
field using temperature maps, until a processing event 
occurred. This event was recognized by decreased 
emission. After the event, the RF test was stopped, the 
cavity dissected and the breakdown site analyzed by 
electron microscopy. Sites such as those shown in Figs. 
6 were found at the processed emitter locations. They have 
a starburst shape with molten, crater-like core regions. In 
most cases the craters were molten niobium. Micron size 
molten particulate debris near the molten craters were 
analyzed by EDX to reveal contaminants, such as copper, 
indium, iron and titanium. Thin layers of foreign metals 
coating the craters were analyzed by the more surface 
sensitive Auger method to reveal foreign elements[16]. 

Figure 6. SEM pictures of a processed site found at the 
(left) Low magnification shows a starburst believed to be 
caused by a plasma, (right) High magnification SEM 
picture shows a central crater region within the starbursts, 
e.g. molten indium particles in a splash pattern. 
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After analysis of nearly 100 processed sites, the list 
of foreign elements found near exploded emitter craters is 
C, Ca, Cr, Cu, F, Fe, In, Mn, Ni, O, Si, Ti. This list 
has a substantial overlap with the list from DC studies. 

Studies of cathode spots from DC arcs[17] reveal 
many similarities to the results discussed here. 
Photographs show 100 |J.m luminous spots (plasma), and 
post-mortem pictures show molten crater areas. As in the 
cavities, individual craters found have a characteristic size 
on the order of microns. But the starburst features found 
in Nb cavities were never reported in DC studies. 
Pursuing these close similarities, experiments were carried 
out to look for the starbursts by initiating a spark with 
high DC voltage across a small gap between two Nb 
electrodes in UHV[18]. The Nb surface was prepared by 
the same treatment as cavity surfaces. SEM studies of the 
Nb cathode in the sparked area showed a starburst with 
molten cores. (Fig. 7), similar to those found in Nb 
cavities. It is therefore plausible to conclude that 
starbursts found in RF cavities also take place during a 
spark or discharge. 

Figure 7 (left) SEM micrograph of a starburst and central 
molten crater found on a Nb surface at the location of a 
DC spark at 100 MV/m. (right) Large molten iron drops 
found at the periphery of a starburst show high 
temperatures reached inside a starburst region. 

Further surface studies of starburst regions reveal 
much about the activities within the plasma. Auger 
studies[16] have shown that the surface within the dark 
starburst region is cleaner, i.e an absence of foreign 
elements. Occasionally (Fig. 7) large molten particles are 
found at the outer periphery of a starbusts, suggesting that 
the temperature of the starburst region exceeds 1000 C. 

Extensive tests have been carried out at SLAC [19] 
on 3 GHz and 11.4 GHz copper cavities using high power 
(50-100 MW) pulsed RF Olsec). Surface fields between 
200-600 MV/m were reached after many hours of spark 
conditioning which reduced the dark current by orders of 
magnitude. During the sparks the emitted current increased 

by a factor of 20-30 and the vacuum degraded from 10"° 

to 10"7 torr. The pressure bursts suggest gas evolution 
during sparks. Subsequent visual inspection of high field 
regions show numerous crater areas, with many 
overlapping craters. After processing to very high fields 
the entire iris is pock marked by overlapping craters. It 
would be interesting to conduct Auger studies of craters in 
copper cavities to reveal the foreign elements responsible. 

That the presence of gas is important to initiate a 
breakdown event was confirmed by a He processing 
experiment on a Nb cavity[6]. Temperature maps showed 
that at the maximum field level and available RF power a 
field emission site did not yield to RF processing. 
However, when He gas was admitted, the site processed 
immediately. After dissection, SEM pictures at the site 
showed the explosive event of Fig. 8. 

Recent DC high voltage studies show gas desorption 
plays an important role in the onset of voltage 
breakdown[15]. 

6 A MODEL  FOR  BREAKDOWN  AND 
PROCESSING 

We have seen in Fig. 3 that field emission is accompanied 
by partial melting of the site even before the site is 
processed and, from the He processing event, that the 
presence of gas is important for the breakdown event. The 
gas for the discharge could come from the metal vapors 
issuing from the molten regions, or from the evolution of 
surface-adsorbed gases. Additional heating due to ion 
bombardment may be responsible for further melting and 
gas evolution. The field emitted electrons ionize the gas 
forming a plasma. The activity in the plasma region 
leaves a clean starburst as a physical trace on the Nb 
surface or appears as a luminous spot reported in DC 
studies. 

Figure 8. (Left, scale = 200 |J,m) SEM picture of the 
helium-processed site showing (a) a starburst and (right, 
scale = 50 |Xm) molten craters in an expanded view. Note 
that (right) is rotated by about 60 degrees relative to (left). 

Recently, MASK simulations[10] have been carried 
out to study how the field emission current ionizes gases 
present in the vicinity of the emitter. These studies show 
that, since the ions move slowly relative to the electrons, 
a significant number of ions accumulate near the emitter, 
and lead to a substantial electric field enhancement. The 
ion enhanced fields can become very large. For example, 
if the peak RF applied field is 30 MV/m at an emitter 
with ß = 250 and area of 3xl0"14 m2, the ion enhanced 
field is 100 MV/m at 1 ^im from the original emission 
site, 200 MV/m at 0.5 (im and higher still closer to the 
emitter. When the field emission current starts to increase 
unstably, the simulation is stopped. We deduce that a 
discharge follows when the large number of ions produced 
nearby the site cause an instability in the field emission 
current. At the core of the spark the avalanche heating 
must be sufficiently intense to cause the melting and 

2887 



explosive cratering found. Unlike the original particle, 
which has jagged features, the crater and other melted 
particles do not emit because they are smooth particles. 
Foreign elements from the original emission site are left 
behind after the explosion as debris, or as a thin film over 
the melted region. Both types of debris have been 
identified. The enhanced fields from the slowly spreading 
ion cloud may also initiate multiple arcs between the ion 
cloud and the surface, resulting in multiple craters from an 
individual emission site. It is plausible that the ion 
enhanced fields stimulate emission from regions of the 
surface that have lower ß values. 

According to the MASK simulation, the number of 
ions produced and the associated field enhancement 
depends on the total current from the emitter. Previous 
estimates based on processed emitter data[7] have also 
indicated that it is necessary for the total current to 
approach a threshold level (= mA) in order for an emitter 
to process. 

7 IMPLICATIONS   &   CONCLUSIONS 

The DC and RF studies show that most emitters are 
micron-size contaminants that come from surface 
preparation, cavity assembly procedures and the vacuum 
apparatus. To minimize such contaminants it is important 
to assemble cavities in class 100, dust free clean rooms. 
However, even though clean room assembly is necessary, 
it is not enough to give field emission free cavities for 
Epk > 20 MV/m. Additional cleaning measures, or 
emitter destruction measures, are needed. High pressure 
(80-100 bar) water rinsing of the cavity surface has been 
found to provide field-emission-free surfaces to Epk = 60 

MV/m in superconducting cavities[20]. 
We have seen that individual emitters can be 

exploded during breakdown event. The model of 
breakdown suggests ways to improve processing of 
emission sites. For a site with a particular value of ß and 
Ae, the field must be increased to reach a ßE value 

corresponding to an emission current density of > 1011 

A/m^ to approach heating and melting at the site so that a 
sufficient gas density is created. But to process a site the 
total current must be increased to a threshold value 
approaching = mA. To reach the necessary field level, 
high RF power is required. Short pulses are sufficient, 
because the emitter explosion takes place very fast ( < 
|0.sec) when the conditions are ripe. MASK simulations 
and DC field emission studies using very short pulses 
show that spark formation times are between nsec to 
p.sec[21]. 

From systematic pulsed power conditioning 
experiments carried out[7,22] with 1-cell, 2-cell and 9-cell 
niobium cavities at 1.3 and 3 Ghz using pulsed power 
levels between 50 kW and 1 MW, and pulse length 
between 5 (Xsec and 0.5 msec, we find that the most 
important parameter for successful processing is the value 
of the surface field reached. To obtain field emission free 

behavior at a certain operating field level, experiments 
show that it is necessary to condition cavities to 
approximately twice the operating field. Conditioning for 
longer times at the same field level, or with longer pulses 
at the same field level did not help to reduce the dark 
current or to reach higher fields. 
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DESIGN OF 250-MW CW RF SYSTEM FOR APT* 

D. Rees, Los Alamos National Laboratory, PO Box 1663, Los Alamos, NM 87545 

Abstract 

The design for the RF systems for the APT (Accelerator 
Production of Tritium) proton linac will be presented. 
The linac produces a continuous beam power of 130 MW 
at 1300 MeV with the installed capability to produce up 
to a 170 MW beam at 1700 MeV. The linac is comprised 
of a 350 MHz RFQ to 7 MeV followed in sequence by a 
700 MHz coupled-cavity drift tube linac, coupled-cavity 
linac, and superconducting (SC) linac to 1700 MeV. At 
the 1700 MeV, 100 mA level the linac requires 213 MW 
of continuous-wave (CW) RF power. This power will be 
supplied by klystrons with a nominal output power of 1.0 
MW. 237 klystrons are required with all but three of 
these klystrons operating at 700 MHz. The klystron 
count includes redundancy provisions that will be 
described which allow the RF systems to meet an 
operational availability in excess of 95 percent. The 
approach to achieve this redundancy will be presented for 
both the normal conducting (NC) and SC accelerators. 
Because of the large amount of CW RF power required for 
the APT linac, efficiency is very important to minimize 
operating cost. Operation and the RF system design, 
including in-progress advanced technology developments 
which improve efficiency, will be discussed. RF system 
performance will also be predicted. Because of the 
simultaneous pressures to increase RF system reliability, 
reduce tunnel envelope, and minimize RF system cost, the 
design of the RF vacuum windows has become an 
important issue. The power from a klystron will be 
divided into four equal parts to minimize the stress on the 
RF vacuum windows. Even with this reduction, the RF 
power level at the window is at the upper boundary of the 
power levels employed at other CW accelerator facilities. 
The design of a 350 MHz, coaxial vacuum window will 
be presented as well as test results and high power 
conditioning profiles. The transmission of 950 kW, CW, 
power through this window has been demonstrated with 
only minimal high power conditioning. 

1 ACCELERATOR DESIGN 

The APT Linac design is based on copper, water-cooled, 
NC, accelerating cavities that accelerate the beam to an 
energy of 217 MeV and inject it into SC accelerating 
cavities. Final output energy can be varied from 1300 
MeV to 1700 MeV. This hybrid Linac architecture is 
illustrated in Figure 1. During operation, a 75-keV 
injector housing a microwave-driven ion source generates 
a continuous proton beam at 110 mA nominal current. 
From   this   input,    a   350-MHz,   8-m   radio-frequency 

quadrupole (RFQ) produces a CW 100-mA beam at 6.7 
MeV. The RFQ output beam is matched into a 700-MHz 
coupled-cavity drift-tube-Linac (CCDTL) that accelerates it 
to 100 MeV. Acceleration to an energy of 217 MeV takes 
place in a coupled cavity Linac (CCL) that uses 700-MHz 
side-coupled cavities. 

' Normal-Conducting 

350 MHz 

Superconducting 

3&K P = 0.64 | P = 0.82 

I  100 mA | 

75 keV 7 MeV 

I I «..„,„ I 4.3-6.4MV/m 
| | 5.4MV/m        [       Adjustable Gradient 

100 MeV 217 MeV 469 MeV 1700 MeV 

—1 luum/ 

Figure 1. APT Accelerator Schematic. 

The SC Linac is composed of cryomodules that 
contain 5-cell 700-MHz accelerating cavities. There are 
two kinds of cryomodules, each designed for efficient 
acceleration in a different proton energy range. Cavities in 
the medium-energy section, from 217 MeV to 469 MeV, 
are optimized at ß = 0.64, and in the high-energy section 
at ß = 0.82. 

The RF system requirements by section are presented 
below in Table 1. The justification for the generator 
selection and power capacity is presented in subsequent 
sections. The table serves to illustrate the scope of the 
APT RF system. 237 1-MW capacity klystrons are 
required for the desired level of Tritium production. 

Structur 
e 

Freq. 
(MHz) 

No. of 
RF 

Systems 

Total RF 
Required 

Klystron 
Size 

RFQ 350 3 2.3 MW 1.2 MW 
CCDTL 700 21 16.6 MW 1MW 

CCL 700 27 19.7 MW 1MW 
SC 

ß=0.64 
700 30 29.1 MW 1MW 

SC 
ß=0.82 

700 156 151 MW 1MW 

Totals 237 219 MW 
Table   1. 
structure. 

RF   system   requirements   by   accelerating 

2 RF SYSTEM DESIGN 

The magnitude of the RF system requirements result in 
the RF system being the one of the predominant cost 
factors for the APT facility. The RF system DC-to-RF 
conversion efficiency has a primary influence on the 
operating costs for the APT facility. The size of the APT 
RF system makes component failures a statistical 
certainty. The RF system must be designed to minimize 
the number of single point of failure components  to 
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insure high availability. An additional requirement 
imposed by the end user of the facility is that the RF 
system be based on existing, proven technology or low 
risk extensions of existing technology. 

2.1 RF System Cost and Generator Size 

The RF generator size has the single biggest influence on 
the RF system cost. The RF system cost increases by a 
factor equal to approximately the square root of the ratio 
of a 1 MW generator divided by the power capacity of the 
reduced generator size. This relationship was generated 
from point designs of RF system architectures based 
around different generator sizes spanning 125 kW to 1 
MW. The scaling relationship is qualitatively justified by 
considering how the costs of various RF system 
components scale with generator size. High voltage 
power supplies, power conditioning, crowbars, resonance 
control and RF window costs are weak functions of 
generator size. Waveguide, water load, fast RF controls, 
RF reference, computer interface, circulator, safety 
interlocks, klystron support electronics, and RF generator 
costs are strong functions of RF generator size. 
Based on this data, previous experience at CERN and 
KEK, and conversations with klystron vendors, 1.2 MW 
was selected as the generator size for the 350 MHz 
klystrons and 1.0 MW was selected as the generator size 
for the 700 MHz klystrons. Based experience at other CW 
accelerator facilities, klystrons with modulating anodes 
have been selected as the baseline approach. The 
operating parameters of these 350 MHz and 700 MHz 
klystrons are similar. Both klystrons have a saturated 
efficiency of 65 %, a maximum beam voltage of 95 kV, a 
gain of 40 dB, a modulating anode, and can take the full 
beam power in the collector and operate into a 1.2:1 
VSWR at any phase. The 350 MHz tube has a 
maximum output power capacity of 1.2 MW and 1 dB 
bandwidth of .1 MHz while the 700 MHz klystron has a 
maximum power capacity of 1.0 MW and a 1 dB 
bandwidth of 1.4 MHz. 
These klystrons have one additional requirement that 
differs from the historical requirement for this class of CW 
klystrons. The APT klystron collectors are required to 
dissipate the full klystron beam power for a duration in 
excess of one hour. This requirement is driven by the 
demand load that the APT RF system places on the local 
utility. The APT RF system AC demand is in excess of 
10% of the generating capacity of the local utility. At 
this fraction of the total system-wide AC demand, the 
turn-on and turn-off transients and resulting imbalance of 
supply and demand are not manageable without expensive 
infrastructure changes and energy storage additions to the 
local grid. The response rate of the local grid would also 
significantly impact recovery times from short duration 
faults (faults lasting 30 minutes or less). Consequently, if 
the full RF power is not required from the klystrons for 
intervals of up to one hour, the excess energy will be 

dissipated in the klystron collector. The 350 MHz 
klystron design has demonstrated during acceptance tests 
the ability of the collector to take the full beam power for 
more than two hours. Two of the 350 MHz klystrons 
have been tested and both have achieved all performance 
requirements. Two 700 MHz klystrons, one each from 
two vendors, are scheduled for test in June and July of 
1997. The 350 MHz klystrons are being supplied by 
English Electric Valve (EEV) and the 700 MHz klystrons 
are being supplied by EEV and Communication and 
Power Industries (CPI, formerly Varian Associates). 

2.2 Conversion Efficiency 

The required DC-to-RF conversion efficiency of the APT 
klystrons is 65%. This efficiency has been demonstrated 
in acceptance test for the 350 MHz klystron and has been 
predicted by large signal analysis for the 700 MHz 
klystron. However, klystron physics dictate that the high 
efficiency is only realized at the saturated output-power 
level. At any level below saturation, the efficiency is 
decreased proportionally to the reduced output power. In 
accelerator service, we must provide high bandwidth 
control of the accelerating-cavity-field amplitude and phase 
by modulation of the RF drive to the klystron. This 
forces us to operate below the saturated output level to 
allow margin for control. Control system modeling based 
on the expected cavity field perturbations indicates a 10% 
margin should be sufficient to provide this control. This 
results in a nominal operational efficiency of 58.5% for 
the klystrons. 

The high voltage DC power supply is required to 
provide an AC-to-DC conversion efficiency of 95 %. The 
design goal for the APT power supply is 97 %. 

The other source of inefficiency in the RF system is 
the insertion and return loss from the RF waveguide and 
waveguide components, including the RF window and 
coupler. The allocation for this loss is 7.5%. 
Combining these efficiency allocations the conversion 
efficiency of AC power from the grid to RF power to the 
beam and cavity is 51.4 %. This efficiency is also 
slightly reduced by the AC power required for the klystron 
support electronics. 

2.3 Availability 

The RF system is required to meet an 11 month 
availability of 95 %. Because of the size of the RF 
system and the number of RF systems required, it is 
impossible to achieve the availability requirement without 
installed redundancy. We have chosen to implement 
redundancy at the RF system level rather than designing 
redundancy into the RF component level to minimize 
cost. The NC and SC sections of the accelerator utilize 
different approaches to provide the redundancy. In the SC, 
higher-energy portion of the Linac, it is possible to detune 
cavities, disable the associated RF system, and coast the 
beam through the detuned cavity.    Five percent spare 
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cavities and RF stations are installed on the SC Linac. If a 
single cavity or a klystron that powers several cavities 
fails, the beam phase beyond the failure point will be 
different than what would have been otherwise provided 
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 ultimately lead to radial 
loss of beam. However, rephasing the linac beyond the 
point of failure is a simple operation where the RF phase 
in the SC cavities is shifted by calculable amounts, 
setting the new injection phases to the correct values. 

For NC accelerating structure the RF system is 
arranged into what we refer to as supermodules. The 
supermodule concept uses the accelerating cavity as the 
power combiner where, if n klystrons are required to meet 
the RF requirements of the accelerating cavity, then n+1 
klystrons are connected to the cavity, providing a readily 
available spare. During normal operation, the n+1 
klystrons are operated at an output power reduced by the 
fraction of n/(n+l). This operating scenario is 
recommended by tube vendors to increase the operational 
life of the klystrons. If a failure disables one of the n+1 
klystrons or associated klystron electronics, then the failed 
RF station is removed from the accelerating structure by a 
waveguide switch positioned to show the accelerating 
cavity an effective short circuit at the coupling point. The 
output power of the remaining klystrons is increased, and 
the supermodule still meets all operational requirements. 

The supermodule RF architecture is illustrated in 
Figure 2. The figure shows a supermodule where seven 
klystrons are connected to a CCDTL accelerating structure 
while only six of the klystrons are needed to meet the 
operational requirements. The klystrons are protected 
from high VSWR with Y-junction circulators. The power 
from each klystron is split before being delivered to the 
accelerating structure to minimize RF window stress and a 
waveguide switch is provided to take any of the seven RF 
systems off line in the event of a failure in one of the 
stations. The low level RF controls are not shown in the 
figure. 

There are two primary cost increases associated with 
the improved reliability of the supermodule concept. The 
most obvious increase is capital costs of the spare RF 
stations. There is also an impact on operating cost. 
When n+1 klystrons are operated at an output power 
reduced by the fraction of n/(n+l) an operational efficiency 
penalty must be paid. 

The supermodule size is limited to a maximum of 
200 accelerating cells to maintain stability within the 
levels required by the beam dynamics. Since the "real 
estate" gradient is fixed, where the cell sizes vary with 
energy, the number of klystrons per supermodule can vary 
with beam energy. There is also a practical upper limit 
on the supermodule size dictated by differential thermal 
expansion and alignment issues. Therefore some variation 
in  the  number  of  klystrons   per  supermodule   exists 

depending on energy.    The range spans four to seven 
klystrons per supermodule. 

Figure 2. RF Supermodule 

The RF windows pose a challenging reliability problem. 
In order to maximize window reliability a nominal power 
level of 210 kW has been selected for the CCDTL, CCL, 
and the high beta SC cavities, 140 kW for the medium 
beta SC cavities, and 250 kW for the RFQ. These power 
levels are marginally higher than the experience base at 
other high average power accelerators world wide. To 
complicate matters, APT requires over 1000 RF couplers. 
Even if the coupler windows have a very long life, the 
large number of windows results in a failure rate that is 
unacceptably high. To address this potential source of 
unavailability, we are implementing dual windows on the 
SC couplers that will allow the accelerator to continue to 
operate in the event of a window failure. With the dual 
SC windows the APT RF system can meet the 95 % 
availability requirement. 

3 ADVANCED DEVELOPMENT 

Although one of the APT RF system design requirements 
is that the RF technology be based on existing technology 
it is easy to justify advanced development activities which 
increase efficiency (reduce operating costs), decrease initial 
constructions costs, or insure high availability. Three 
such developments are discussed below. 

3.1 Advanced RF Generator Development 

Since the RF power required for APT is large and the AC 
power required from the grid to produce the RF power is 
the single largest component of the APT AC power 
demand, even small improvements in efficiency can have a 
significant effect on the operating cost for the APT 
accelerator. A reasonable estimate based on the 
operational availability and the cost of electricity suggests 
that the operating costs reduce by approximately $1 
million per year for each percentage point increase in RF 
generator DC-to-RF operating efficiency. 

Efficiency improvements can be realized in two ways: 
(1) by increasing saturated generator efficiency, and (2) by 
changing the saturation to eliminate the efficiency penalty 
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that must be paid with klystron technology to exercise 
accelerator field control. The inductive output tube (IOT) 
family of generators has demonstrated a soft saturation 
characteristic with a relatively constant efficiency over the 
upper 20% of output power. Demonstrated saturated 
efficiencies are on the order of 70 - 75%. Unfortunately, 
the current state of art in CW IOT generators is 250 kW at 
267 MHz. This device also has a very low perveance 
and correspondingly high beam voltage, a poor reliability 
record, and low gain. Los Alamos is funding CPI to 
develop a high order mode (HOM) IOT. The HOM-IOT is 
shown in Figure 3. 

The HOM-IOT is an annular beam device. The 
annular beam is formed by a number of segmented 
cathodes. The portions of the segmented cathode structure 
which do not contain active material allows for the 
inclusion of radial fins to support the interior structures of 
the device and to break up the propagation of any coaxial 
mode along the device longitudinal axis. The annular 
beam allows for a very low per unit perveance while 
achieving a very high device perveance and low operating 
voltage (-45 kV). The predicted gain of the device is 
moderately higher than the gain achieved in conventional 
IOTs (24 dB vs. 21 dB) and the predicted efficiency is 
comparable to the demonstrated efficiency in previous 
IOTs (73%). 

The operating parameters of the IOT as compared to 
the 700 MHz klystron under development for APT are 
shown in Table 2. From the table it is observed that the 
saturated and operational efficiency as well as the reduced 
beam voltage are the primary advantages while the reduced 
gain is the primary disadvantage. However, because of the 
substantial amount of RF power required for APT, the 
operational savings resulting from the improved efficiency 
dominate the economic tradeoff between a klystron and 
HOM-IOT with a high-power driver. The savings and 
reliability improvements from a lower voltage power 
supply are also substantial. 

3.2 Stacked Inverter Power Supply 

The baseline design for the APT accelerator is one, SCR 
regulated, 12 pulse power supply with crowbar per 
klystron. Operating several klystrons from a single 
supply has been considered and rejected because of the 
impact on operational flexibility and reliability. This 
baseline technology is currently under test at Maxwell 
Laboratories. An alternate technology is also under 
development at Continental Electronics. This technology 
utilizes series connected solid state modules which are 
switched on to provide the high voltage DC. The 
switching is accomplished with Insulated Gate Bipolar 
Transistors (IGBT). A low pass filter follows the series 
connected modules which remove the switching signals 
and allows the DC to pass to the RF amplifier. A 
schematic of the IGBT supply is shown in Figure 4. The 
topology in the figure results in a 24 pulse supply with 

Ion Pump 

Input Window 

Grid 
Cathode 

Output 
Cavity 

T-Bar Transition 

Figure 3. Cross-sectional view of HOM-IOT. 

Klystron IOT 
Efficiency at Saturation >65% >73% 
Efficiency at 90 % of 
Saturation 

> 58.5 % >73% 

Beam Voltage 95 kV 45 kV 
Beam Current 17 A 31 A 
Gain 40 dB 24 dB 
Filament Power <900W < 4000 W 
Magnet Power < 14.4 kW <10kW 
Collector Full   Beam 

Power 
40   %   Full 
Beam Power 

VSWR At Any Phase 1.2:1 1.2:1 
Table 2.    Comparison of 700 MHz HOM-IOT and 
klystron requirements, 

minimal stored energy in the output low pass filter.   This 
combined with the IGBT switching speed allows for the 
elimination of the crowbar while limiting energy delivered 
to a klystron arc to an acceptable value. 

The solid state module control circuitry allows for 
additional modules to be included in the design, and failed 
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modules can be switched off line. This feature provides 
for graceful degradation of the power supply. In addition, 
since most modules are either fully utilized or off for any 
voltage setting, the efficiency of the supply is very high 
(97 %) over a variable voltage range. Table 5 compares 
the baseline 12 pulse SCR power supply with the IGBT 
regulated power supply. Requirements not listed in the 
table are comparable for both power supply approaches. . 
Details of the solid state module design can be found in 
Reference [1]. 

3.3 RF Vacuum Windows 

The APT design is based around splitting the power from 
individual klystron 4 or 6 ways resulting in a required 
window power capacity spanning 140 to 250 kW. Since 
this power capacity is in excess of the conventional 
experience base at other CW accelerators of comparable 
frequency and extensive effort is under way to insure 
window reliability and design robustness. Our baseline 
approach is to utilize coaxial windows as illustrated in 
Figure 5. The window in Figure 5 has been tested to 950 
kW CW on a test stand with two windows in a back to 
back configuration separated by a vacuum region. Only 
20 hours of conditioning were required to achieve this 950 
kW of transmission. The details of this testing are 
described in Reference [2]. 

4 CONCLUSIONS 

An RF system design for the APT accelerator has been 
presented. The design basis was described. All major 
components of the baseline design are currently in test or 
have completed acceptance testing and the prototype RF 
system for APT will be operational at Los Alamos at the 
end of fiscal year 1997. Advanced developments for RF 
generators and power supplies were presented and 
discussed. These components will be considered for 
inclusion in the baseline once they demonstrate their 
capabilities and undergo long term testing on the Low 
Energy Demonstration Accelerator at Los Alamos. 
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Figure 4. Solid state power supply topology. 

SCR   Regulated 
Power Supply 

IGBT Regulated 
Power Supply 

Efficiency 97% 95% 
Power Factor .99 .93 
Crowbar 
Required 

Yes No 

Footprint Small Large 
HV Insulation Mostly Oil Mostly Air 
Normalized Cost 1.0 .5 

Table 4. Comparison of SCR regulated power supply and 
IGBT regulated power supply 

ALUMINA WINDOW 

VACUUM SIDE 

Figure 5. 350 MHz RF coaxial window. 
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DEVELOPMENT OF X-BAND KLYSTRON TECHNOLOGY AT SLAC 

George Caryotakis, Stanford Linear Accelerator Center 
P.O. Box 4349 Stanford, CA 94309 

Abstract * 

The SLAC design for a 1-TeV collider (NLC) 
requires klystrons with a performance which is well 
beyond the state-of-the-art for microwave tubes in the 
United States or abroad. 

The electrical specifications for the NLC 
klystrons are not fully established, but they are 
approximately as follows: 

Frequency: 
Peak Power: 

11.4 GHz 
75 MW 

Pulse Length: 
Repetition Rate: 
Gain: 

1.5 us 
180 Hz 
50 dB 

Efficiency: 
(including beam focusing)   50% 

SLAC is in the seventh year of a program to 
develop these klystrons. The choice of X-band as the 
operating frequency, along with the sheer size of the 
NLC, have resulted in some new, most demanding 
standards for the klystrons which may power this future 
machine. These are related to the overall efficiency 
required, to the high rf gradients that must be supported at 
the output circuit without vacuum breakdown, and to the 
manufacturing cost of the 5,000-10,000 klystrons needed 
for the collider. 

1. THE EARLY PROGRAM 

It is generally accepted that the manufacturing 
cost of two identical klystrons is higher than that of a 
single klystron at twice the power, provided that 
production yield is not compromised by the increased 
power. We have opted for the highest power output 
consistent with a reasonable life cycle cost for the tube. 
In the beginning of the development program this was 
100 MW per klystron. 

Several experimental klystrons were designed, 
constructed and tested in the early 90's to meet that 
objective. The results were disappointing, for two 
reasons: In order to use existing modulators, which were 
limited to about 450 kV, a relatively high beam current 
was chosen (Perveance of 1.8 x 10"6)1. This resulted in 
poor beam optics and some beam interception; the high 
perveance also limited klystron efficiency. 

The very first klystron in the XC series, (XC1), 
which was built with a conventional single-gap output 
cavity, produced 70 MW. However, this was only for 
pulses below 50 ns. At longer pulses, rf breakdown 
drastically limited peak power, with the result that, at the 
required 1.5 us pulse length, this tube could produce only 
20 MW. In further tests, it was found that the output 
cavity resonance was higher than the design frequency, 
because the cavity gap had been eroded by repeated 
discharges. After that, all subsequent XC klystrons were 
built with extended interaction cavities of one type or 
another, but the design eventually converged to a multi- 
gap, disc-loaded output cavity, operating in either a 
standing or a traveling-wave mode. These were the 
output circuits used for the 50-MW XL series klystrons. 

2. THE XL SERIES OF 50-MW KLYSTRONS 

It was decided to target the next series of tubes 
to 50 MW and to lower the perveance to 1.2xl0"6. The 
reduced perveance resulted in stable and more efficient 
XL-series klystrons. Five such tubes were built and 
tested. All produced the desired 50 MW at 1.5 us, within 
the 440 kV beam voltage. 

XL-1 and XL-2, employed standing-wave output 
circuits. XL-3 was a 4-gap traveling-wave output 
klystron and exhibited improved efficiency over the 
previous two tubes, although its output was conditionally 
stable, i.e. it was necessary to adjust the beam-confining 
magnetic field to eliminate parasitic oscillations. The 
next klystron, XL-4, built with the same output circuit, 
but with added loss, was stable and operated faultlessly 
up to 75 MW, where its efficiency was close to 50%. The 
design for these solenoid-focused tubes was frozen at that 
point. The next klystron, XL4-2, is identical to XL-4 and 
has been tested with identical results. 

The cavity arrangement used and the test results 
at the 75 MW level are shown in Figs 1 and 2. 

Input 
1.08cm   .cavity 

Disk-loaded 
traveling-wave 
output circuit 

Matched pair of 
output waveguides 

1 

Gain 
^?A94     cavities 

Buncher 
cavities 

1/ 
^Collector 

* Supported by Department of Energy contract 
DE-AC03-765SF00515 

1 Beam perveance is defined as Current/(Voltage) 

Figure 1 

A total of six conventional cavities are employed.   The 
first three "gain cavities" are of the reentrant type in order 
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to enhance R/Q and are stagger-tuned to obtain the 
bandwidth necessary for the pulse compressors used 
in the NLC, which require rapid 180° phase switching in 
the klystrons. The next three cavities are "pill-boxes" and 
are tuned well above the operating frequency to bunch the 
beam, while dividing the voltage among them to avoid rf 
breakdown. The output circuit is a 4-section, disk-loaded 
structure coupled symmetrically to two output 
waveguides, which are subsequently re-combined in a 
single guide leading to a mode transducer. 

Chi     10.0 V , 
Ch3     10.0 V        WE  39.8mV& 
Ref4 100mV 500ns+ 

Figure 2 

The output circuit deserves particular mention. 
As indicated above, the XL1 and XL2 output circuits 
were designed as standing-wave cavities. (Fig 3) They 
were 3-section, disc-loaded circuits operating in the n 
mode. The objective was to develop an rf voltage 
comparable to beam voltage across the three gaps, in 
phase with the beam. Thus the beam voltage and the 
cavity dimensions chosen for the 7i mode to be at 11.4 
GHz determined the spacing of the disks. The field 
strengths across the three gaps were made more or less 
equal, with adjustments made for end effects and for the 
two coupling irises. In the 7i-mode, the overall R/Q of 
this extended cavity was about 50 and the coupling 
coefficient about 0.8, these being conventional klystron 
definitions. The Qext was 60 and was chosen to produce a 
total voltage across the entire cavity approximately equal 
to the beam voltage. The goal was a lower maximum 
surface gradient in the cavity, compared to the gradient of 
a single-gap cavity at the same total decelerating voltage. 
The method succeeded, by a factor of approximately 2. A 
larger number of sections would have further reduced the 
surface gradient, but would have introduced the 
possibility of a monotron oscillation at the 0-mode. This 
actually occurred in the case of one of the XC klystrons, 
where a four-section output was employed. 

The foregoing is a description of ordinary 
klystron design. Although it resulted in two successful 
tubes, this method treats the output circuit as a single 
cavity. It does not take into account the fact that the beam 

slows down as it interacts with each gap; nor that the rf 
current flowing into each section increases at each step, 
since it is made up of current flow from previous sections 
and current coupled from the beam. Thus, two available 
degrees of freedom in the design are not utilized, if the 
klystron approach is taken. A design method based on 
traveling-wave tube theory can be more effective, and 
leads to both velocity and impedance tapering along the 
disk-loaded circuit. This is the method used in the XL3 
and XL4 klystrons, where the output circuit operates near 
the 7t/2 mode and has a total of four sections. Oscillations 
in the 0-mode are avoided because the coupling to the 
output waveguide is much tighter in the traveling-wave 
circuit, thanks to impedance tapering. Nevertheless, XL3 
exhibited some higher frequency instabilities, which were 
traced to the last two drift tunnels. In XL4 these were 
made of stainless, rather than copper, and the tube was 
unconditionally stable. 

XL1 AND XL2 CUTPUT CIRCJIT 

° 
XI.3 OUTPUT CIRCUIT 

Pv 

Figure 3 

The original XL4 has accumulated 500 or more 
hours of operation at rated pulse energy and at a repetition 
rate of 60 Hz. As indicated above it has been operated at 
75 MW and it is believed to be capable of even higher 
peak power. XL4-2 was tested up to 90 MW, at 100 ns 
pulse length. Two design changes since the XC series 
contributed significantly to the reliability of the tube. The 
first was the use of a TE0i window, rather than the 
traditional TEn design, in which rf current crosses the 
interface between the window and its copper casing. This 
required the use of a "flower-petal" mode converter 
within the klystron vacuum. The second change was to 
attach an ion pump directly to the electron gun, although 
this required floating it at beam voltage. The improved 
pumping speed shortened tube processing considerably. 
Window and gun ceramic failures at test were very 
frequent in the XC program. There were none in the five 
XL klystrons tested. 

Although the XL4 is not expected to be the rf 
source for the NLC, four more XL4's are currently being 
produced at SLAC for use in the NLC Test Accelerator 
and for experiments at KEK. A power-voltage plot of the 
first two XL4's is shown in Fig 4. Working drawings are 
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available to potential industrial manufacturers of NLC 
klystrons, to prepare them for an eventual procurement of 
final prototypes. 

Output Power vs. Beam Voltage 

100   1  
—•— XL4-2 (1.5 micro»«) 

♦    XL4-2(100nt.) 

BO 

60 

HB-XL4-1 (1.2 micro»»«.) /       _ y 
40 y           - 
20 y                       : 

jT 

/ 
y^        ,             * 

250       300       350       400       450       600 

Beam Voltage (KV) 

Figure 4 

3. PPM KLYSTRONS 

The NLC source cannot be a solenoid-focused 
klystron. The solenoid power is of the order of 20 kW, 
which is higher than the average power of the klystron 
and hence results in an unacceptable overall efficiency. 
Superconducting solenoids have always been a fallback 
option, but they present a considerable complication to 
the design of a machine with several thousand such 
devices. Periodic permanent magnet focusing (PPM) was 
more attractive, but although very common with 
traveling-wave tubes, relatively untried with klystrons. It 
was decided to further drop the klystron perveance for the 
PPM version. A new gun was designed with a 
microperveance of 0.6. It was felt that, although this 
would require a higher beam voltage, and a new 
modulator, it would probably also result in improved 
efficiency, and hence not quite as high a voltage. This 
indeed turned out to be the case. 

Figure 5 

The parameters of these X-band klystrons are 
very favorable to PPM focusing. The high voltage and 
low perveance resulted in a long space charge 
wavelength, and the small cavities allow short magnetic 
periods. The key to PPM focusing is a high ratio of beam 

plasma wavelength to magnetic period. There is a stop 
band in beam transmission at low voltages and the edge 
of the stop band is a function of this ratio. In helix 
TWT's a typical VL ratio is 2-5- In the NLC klystron it 
was possible to attain twice that ratio. 

urn 

Collector for 
'spent beam 

Flower-petal mode converter 
from TE,o rectangular wavegtMa 
to TEOJ rirrJilnr WAvannirfA 

- High voltage 
ceramic Insulator 

Figure 6 

The result was that the stop band was pushed 
down to a very low voltage. Fig 5 shows that that there is 
not even a slight ripple in the beam as a result of the 
periodic focusing. A low beam interception during the 
rise and fall of the beam pulse (as well as during the 
pulse) is essential to these klystrons, which carry an 
extremely high power density in the beam. 

50 MW PPM Klystron rf Output Structure Details 

Magnets (x5) 

Pole Pieces (x2) 

Figure 7 

A beam tester was first built to confirm 
simulations on gun optics and PPM focusing. The 
magnet material used was Samarium Cobalt with a peak 
field about 3000 Gauss. There were 20 magnetic periods, 
approximately the number the klystron would require, and 
the device was operated up to 550 kV. Beam 
transmission was found to be excellent (of the order of 
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99.9%). Furthermore, it was better than 99% down to 100 
kV, which was what was hoped for. 

An experimental klystron followed. It employed 
the same type and number of cavities as the XL4 but, 
because of the higher voltage and lower current, the 
output was a 5-section traveling-wave circuit. The gain 
and bunching cavities were nested between pole pieces 
(Fig 6) and larger magnets were used to provide a straight 
field at the output circuit. (Fig 7) Output power was 
taken in two waveguides and two TEoi windows. A 
number of small, low-power solenoids were used in the 
vicinity of the gun to control beam entrance conditions, 
but turned out to be unnecessary. Beam transmission was 
again excellent. 

Stanibid LüBirActdmlof Center 

50-MW X-Band PPM Klystron Simulation and Test Results 

Item Experiment Simulation Unit 
PeakRF Power Output 56 ,59 MW 
Peak Beam Power .93 91 MW 
RFEffieiency ;«r; 65: % 

: Gun Per»eance .0.66 : 0.60 M-K; 
Beam Voltage ,459 •465 kV 
Beam;0urrent 205 190: A 
Intercepted Beam Power 
ORateiRF Output 

.1 0.0 % 

Figure 8 

Test results compared to simulations are shown 
in Fig 8. Power output up to 60 MW was measured, at an 
efficiency of 60 per cent. Beam transmission at full power 
was lower (96%) but, apparently, the interception was of 
slow electrons, because there was no appreciable 
temperature increase at the output circuit at full 
saturation. The CONDOR simulation is shown in Fig 9 
and a picture of the tube is Fig 10. 

CONDOR Simulation at 465 kV and 57.8 MW 

A 

!: 4: /■;*'; 

I     |     I     I     I     I     |     I     I     I    ■     I     C     I     I     I     |     I     I     l     I     |     I 

3.H0 3.58 3.80 1.30 1.20 

Figure 9 

Current plans for the NLC call for 75-MW 
sources, with 1.1 us pulses. A new PPM klystron has 
been designed, this time at a microperveance of 0.75. It is 
expected to reach test in September.    It will be very 

similar to the experimental PPM klystron, but it will 
employ larger, stainless, drift tunnels. It is expected that 
this will be the prototypical electrical design for the NLC. 

Figure 10 

4. COST ISSUES 

Obviously, life cycle cost is a major 
consideration in designing these klystrons. It is a function 
of the acquisition cost, tube efficiency, and useful life of 
the klystrons. Acquisition cost has particular importance 
because of the number of klystrons in the collider and their 
impact on the total cost of the machine. There has never 
been comparable klystron procurement in the history of the 
microwave tube industry. Not only are the quantities very 
large, but the specifications will be much more difficult 
than those for any klystron now commercially available. 
For this reason, SLAC has initiated a separate program to 
design for manufacture the PPM 75-MW klystron now 
under development. The plan is to run the two programs in 
parallel, eventually producing several prototypes, which 
can be demonstrated to meet the final specifications for 
NLC klystrons. The cost in quantity of these prototypes 
will be estimated by using outside parts quotes and by 
amortizing the cost of the necessary production equipment 
and tooling over the quantity of tubes produced. The cost 
target for the 75-MW PPM klystrons is of the order of 
$30,000 each, in quantity 5000 and in 1997 dollars. The 
current scenario, if the NLC is funded, calls for supplying 
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industry with working drawings of the prototype klystron 
and inviting competitive bids. It is likely that at least two 
contract awards will be made to produce the initial 
complement of tubes, which will be near 5000 pieces. 

Figure 11 

A preliminary sketch of the proposed design for 
manufacturing is shown in Fig 11. It features a drastic 
reduction in the number of vacuum joints, by leaving the 
magnetic pole pieces and their spacers outside the vacuum. 
The output circuit will probably be assembled by diffusion 
bonding the diamond tool-machined copper parts, 
following the method now used in the fabrication of the 
NLCTA accelerator sections. Other tube subassemblies 
will be aggressively simplified. A great deal of emphasis 
is being placed in cost-reducing the gun, and the cathode in 
particular. In a separate program, partially funded by the 
Air Force Office of Scientific Research, we are 
investigating producing oxide cathodes by plasma 
deposition. 

In calculating the cost of the equipment 
necessary to produce the NLC klystrons, an important 
issue is the time necessary to pump and test a klystron, 
since that will determine the number of pump and test 
stations that must be purchased by the manufacturer. It 
will be assumed that potential manufacturers do not 
currently possess manifolded exhaust equipment, capable 
of processing 4-5 klystrons at a time, nor arrays of 500 kV 
automated modulators. This processing time is intimately 
associated with the gases, primarily hydrogen, that are 
evolved in bakeout or in tube test. SLAC is conducting 
experiments to establish processes, which either avoid 
hydrogen brazing of parts, or outgas them, without tying 
up expensive equipment. 

Another issue, and one that affects all rf 
components of the collider, is vacuum breakdown in the 
presence of high rf gradients in the klystron, or in 
waveguides, pulse compressors and the accelerator 
sections themselves. Rf processing time, for klystrons or rf 
components, can be a critical cost factor. The problem is 
being aggressively investigated at SLAC, along two fronts: 
Dark current emission from test surfaces is being studied in 

a resonant ring, with an embedded X-band cavity; X-ray 
imaging techniques will be used to determine emission 
sites, which can be subsequently studied with an Atomic 
Force Microscope. An electron microscope is also used to 
examine surfaces subjected to the treatment necessary for 
making rf parts in order to determine how these treatments 
must be modified to reduce or eliminate emission sites. 

The X-band klystron program at SLAC is now in 
its eighth year and is probably the most comprehensive 
project ever undertaken to develop a microwave tube. It is 
not completed as yet, but when it is, it should serve not 
only as the foundation for the industrial production of the 
NLC klystrons, but also as a valuable milestone in the 
state-of-the-art of all high-power microwave tubes. 
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A NEW GENERATION OF GRIDDED TUBES 
FOR HIGHER POWER AND HIGHER FREQUENCIES 

G. Clerc - JP Ichac - C. Robert 
Thomson Tubes Electroniques, 

18, avenue du Marechal Juin, 92366 Meudon-La-Foret (France) 

1 INTRODUCTION 

Until recently, triodes and conventional tetrodes have 
satisfied most of the requirements in accelerators 
applications. The present and future physicists 
specifications in this field, calling for increased duty factor, 
peak power, pulse length and reliability, reach or exceed the 
possibilities of such components. Power grid tubes 
technology must evolve to answer these demands. 

2 LIMITATIONS 

2.1 Triodes 

Triodes can reach very high peak power (3 to 5 MW). But 
for these ratings, the control grid current is very high and 
the dissipating power capability of the grid only authorizes 
very short pulse duration (« 1 ms) and very low duty factor 
(« 1/100). 

Operational examples : 
TH116:    2.2     MW   3/100    700 ms      200 MHz 
7835:        4        MW   6/100     2000 ms    250 MHz 

2.2 Tetrodes 

Tetrodes do not have the problem of excessive control grid 
current. Because of the positive screen grid voltage, high 
output power can be reached with a very low control grid 
current. With the other advantage of good efficiency, 
tetrodes have been developed for high average or cw power. 

Operational examples: 
TH526/TH525 
VSWR _ 1.5 / 2 MW / 30s /12.5% duty factor up to 80MHz 
VSWR _ 1.1 / 1.5 MW CW up to 60 MHz 
TH781 
VSWR _ 1.1 / 200 kW / 200 MHz / CW 
VSWR_l.l/300kW/110MHz/CW 
VSWR _ 1.1 / 400 kW / 200 MHz /1.4 ms / 120 Hz 
TH681 
VSWR _ 1.1 / 130 kW / 200 MHz / CW 
VSWR_l.l/200kW/110MHz/CW 

The TH 525 / TH 526 are operational in accelerators and 
fusion applications. The TH 681 and TH 781 are in use in 
industrial accelerators or for cavities testing. 

2.2.1 Limitations with the conventional tetrodes 

Tetrode in an amplifier is a part of the one quarter or three 
quarters wavelength resonant circuit. Also its geometrical 
dimensions act on and dictate the RF voltages and currents 
(left hand side of fig. 2). The power delivered by tetrodes 

is the product of the plate RF voltage by the fundamental 
anodic current. As explained below, the RF voltage is 
necessarily limited to 30 kV maximum; therefore, reaching 
high performances requires a large cathode area. This 
increase of the cathode area can be achieved in two ways: 

Cathode diameter 
Cathode diameter increase has two effects on the electrical 
parameters: 
- a lowering of the TE11 resonance mode frequency. If 

this frequency is too close to the nominal frequency or to 
the first harmonic, it will be difficult, if not impossible, to 
damp parasitic oscillations. 

- an increase of the tube end stray capacitance. 

Cathode height 
The rule of experience adopted by the tubes' manufacturers 
is: never exceed 1/16 of wavelength for the height of the 
cathode at the highest operation frequency when the tube 
works at high duty cycle. For example, at 80 MHz the 
maximum height would be 234 mm. 

This rule has to be interpreted and is dictated by the RF 
losses generated on the tube electrodes, in particular on the 
screen grid mesh. 

In the output circuit, in the space between screen-grid 
and anode, RF voltages and currents can be represented by 
these two equations: 

V(x) = Vmax .cosßc= -JPout. RL .cosßc 

,. ,    , Vmax  .   „ . ,    „    2n 
l(x)=J smpx with: p =— 

2c Z 
X       = distance from the top of the tube 
RL     = load impedance applied on the tube 
Vmax = voltage on the axis (at x = 0) 
Zc      = characteristic impedance of the anode-screen grid 

space. 

In the last cm of the screen-grid mesh, if R is the resistance 
of the screen-grid taking into consideration the skin effect, 
the RF losses P will be: 

P=R( 
Vmax 

~Zc~ 
■sin r If 1 = 31/16,   ßl = 22.5° 

Example: Vmax 
Zc 
R 

P(atx = A/16) 
P(at x = W32) 

:20kV 

: lmQ 
:915W 
: 238 W (see fig. 1) 
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Losses being proportional to the maximum anode voltage, 
this voltage must be relatively low, depending on the 
frequency, and in all cases not higher than 30 kV. 

These V(x) and I(x) equations clearly show that the 
distribution of voltage and current along the screen-grid to 
anode space is not uniform. Consequently, the power 
distribution is also not uniform, and power is higher at the 
top than at the bottom. We can see also that the power 
capability of the tube is depending on the frequency of 
operation. After analysis of these physical realities, 
THOMSON TUBES ELECTRONIQUES has developed the 
Diacrode to overcome the conventional tetrode limits. 

The Diacrode design combines in a tetrode the 
capabilities and advantages of an up-to-date technology 
with the concept which had been implemented by RCA 
long time ago in their very high peak power double ended 
triodes. 

RF LOSSES 
K 

915 

233 

■ \i: 12 \l 16 

^rc 

ßj. 

Fig. 1 RF losses versus screen grid length 

Fig. 2 Tetrode to diacrode evolution 

3.2 Results 

This principle has already been applied by THOMSON 
TUBES ELECTRONIQUES. 

In UHF TV (470-860 MHz) the most powerful tetrode 
was the TH 563 which can deliver 30 kW in combined 
amplification of vision and sound. 

The diacrode TH 680 with its double height cathode 
compared with the TH 563 can deliver 60 kW in combined 
amplification of vision and sound. A prototype of the 
diacrode TH 628 is now in testing phase. The measured 
results are compared below with those obtained with the 
tetrode TH 526 currently used in accelerators and in fusion 
Tokamaks. 

3 THE DIACRODE 

As discussed above, the tetrode main limitation is the length 
of the active part of the tube relative to the wavelength. 

3.1 Diacrode or double ended tetrode 

The losses variations are proportional to the square of the 
cathode height. So, the idea is to obtain the same 
equivalent height for the cathode by putting in parallel two 
half tetrodes. In this case, the connections are double and 
with a proper output circuit this device can be tuned in a 
half wavelength with the maximum anode voltage placed in 
the middle of the active part (fig. 2). With this conception, 
the voltage variation along the active part of the tube and 
the losses are minimized. So, with this kind of tube, the 
maximum acceptable length for the cathode is not 1/16 but 
1/8 and the power can be double, provided that the operating 
point is carefully chosen. 

2900 



TETRODE TH 526 / DIACRODE TH 628 
- RESULTS AT 200 MHZ - 

PULSED 
OPERATION 

TH526 TH628 

Pulse duration (ms) 1.2 2.5 

Peak output power (kW) 1600 3000 

Average output power(kW) 240 600 

Anode voltage (kV) 24 26 

Screen-grid voltage (kV) 1.5 1.6 

Control grid voltage (kV) -0.315 - 0.550 

Anode current (A) 124 164 

Screen-grid current (A) 3.6 5.1 

Control grid current (A) 4.5 3.6 

Peak input power (kW) 64.9 122.5 

Gain (dB) 13.9 13.9 

TETRODE TH 526 / DIACRODE TH 628 
- RESULTS AT 200 MHZ - 

CW 
OPERATION 

TH526 TH628 

Output power             (kW) 300 1000 

Anode voltage            (kV) 11.5 16 

Screen-grid voltage    (kV) 1.5 1.6 

Control grid voltage   (kV) -0.315 - 0.300 

Anode current            (A) 75 96 

Screen-grid current    (A) 0.8 2.97 

Control grid current   (A) 0.85 1.96 

Input power        (kW) 21 32 

Gain                    (dB) 11.5 15 

4 CONCLUSION 

Power grid tubes need a large cathode area to cope with the 
limitation brought by the maximum allowed anode voltage. 
Cathode diameter increase is limited by the TE11 parasitic 
oscillation frequency. Cathode length increase is limited by 
a poor utilization of this cathode, and by the excessive RF 
losses on the screen-grid (in its lower part mainly), resulting 
in unacceptable high temperatures inside the tube. This 
problem shows that the tetrode has some limitations which 
can not be overcome with the conventional tetrode design. 
These limitations can be circumvented by the use of the 
diacrode        concept. THOMSON        TUBES 
ELECTRONIQUES has demonstrated the validity of the 
Diacrode principle and design first with its TH 680 UHF 
TV Diacrode now in operational service in a number of 
commercial TV transmitters. In another frequency and 
power range, tests have been effected with the TH 628 on 
our own high power test facility in THONON. The results 
which were expected have been measured and are now a 
fact. At 200 MHz, the targets of 1 MW CW and 3 MW 
pulsed with high duty cycle have been achieved. The 
knowledge acquired by TTE with its family of Diacrodes 
allows to go further. Then, the next step for TTE is to 
develop a new diacrode for fusion application. The 
performance target of 3 MW CW on VSWR £ 1.1 at 70 
MHz can be considered as a realistic goal. 

DIACRODE TH 628 
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DEVELOPMENT OF HIGH-POWER ARES CAVITIES 

T. Kageyama, K. Akai, N. Akasaka, E. Ezura, H. Mizuno, F. Naito, 
H. Nakanishi, H. Sakai, Y. Takeuchi, Y. Yamazaki 

KEK, High Energy Accelerator Research Organization, 1-1 Oho, Tsukuba, 305 JAPAN 
T. Kobayashi 

Institute of Applied Physics, Tsukuba Univ., 1-1 Ten-nodai, Tsukuba, 305 JAPAN 

Abstract 

The ARES (Accelerator Resonantly coupled with Energy 
Storage) structure is a three-cavity system operated in 
the nil mode, where a HOM-damped accelerating cavity 
is coupled with an energy storage cavity via a coupling 
cavity equipped with a coaxial antenna damper to reduce 
the impedances of the parasitic 0 and 71 modes. Two high- 
power prototypes with different HOM-damping schemes 
have been developed, where one is with a quadrupole 
counter-mixing (QCM) choke structure and the other 
with grooved beam pipe one. Both prototypes have been 
tested with an electron beam of about 500 mA in the 
TRISTAN accumulation ring (AR). This paper reports 
their RF structures together with some results of the 
high-power and high-current beam tests. 

1   INTRODUCTION 
The operation of conventional copper cavities under 
heavy beam loading in KEKB will give rise to a serious 
instability problem. That is the longitudinal coupled 
bunch instability driven by the accelerating mode itself. 
The resonant frequency of the accelerating mode should 
be detuned from the RF frequency toward the lower side 
so as to compensate for the reactive component of the 
cavity voltage induced by the beam. In KEKB, the 
required detuning frequency will exceed the revolution 
frequency, leading to the large excitation of a coupled- 
bunch synchrotron oscillation. 

An RF structure named ARES [ 1 ] has been developed 
as a countermeasure against the above problem. In the 
ARES scheme, an accelerating cavity and an energy 
storage cavity operated in a high-Q mode (TE^) are 
resonantly coupled via a coupling cavity. The storage 
cavity is employed to reduce the required detuning fre- 
quency, which is inversely proportional to the ratio of the 
electromagnetic stored energy with respect to the reac- 
tive part of the beam-field interaction energy. Needless 
to say, the accelerating cavity itself must be a HOM- 
damped cavity in order to reduce the HOM impedances 
also driving coupled-bunch instabilities. 

The ARES structure operated in the nil mode em- 
ploying a coupling cavity has several advantages listed 
in Ref. [2] over a non-ARES one, where the accelerating 
and the storage cavities are directly coupled and operated 
in the n (or 0) mode. In addition, the coupling cavity 
functions as a kind of filter for some HOM's to isolate the 
accelerating cavity from the storage cavity. 

2   HIGH-POWER PROTOTYPES 
Two high-power ARES cavities with different HOM- 
damping schemes have been developed and constructed. 
The first one constructed in 1995 was named ARES95, 
and the second one ARES96. 

2.1ARES95 
The RF design and characteristics of ARES95 were 
reported in the previous conference in Europe [2]. The 
accelerating cavity of ARES95 employs a HOM-damp- 
ing scheme named Quadrupole Counter Mixing (QCM) 
choke structure [3]. The HOM characteristics of ARES95 
are reported in Ref. [4]. 

2.2 ARES96 
In parallel with the construction of ARES95, another 
prototype has been developed taking into account the 
cavity structure symmetry, the HOM-damping perform- 
ance, and the total cost including HOM loads. 

Figure 1 shows a schematic drawing of ARES96. 
Figure 2 is a photograph of ARES96 installed in the 
TRISTAN AR tunnel. The accelerating cavity has four 
rectangular waveguides brazed to the upper and lower 
sides in order to damp monopole and dipole (V) HOM's, 
where the capital V means deflecting the beam in the 
vertical direction. The waveguide width was chosen 240 
mm, which gives a cutoff frequency of 625 MHz for the 
dominant TE10 wave. As the HOM load, two bullet-shape 
SiC ceramic absorbers are inserted at the end of each 
waveguide. The absorber dimensions are 55 mm in diam- 
eter and 400 mm in length including a tapered section. 
Both beam pipes with an inner diameter of 150 mm are 
grooved at the upper and lower sides as shown in Fig. 1 
in order to damp dipole (H) HOM's deflecting the beam 
in the horizontal direction. The structure of grooved 
beam pipe [5] is effective to damp dipole HOM's in a 
cavity by selectively lowering the cutoff frequency of the 
TEj! wave for a circular beam pipe. The groove dimen- 
sions for ARES96 are 30 mm in width and 85-95 mm in 
depth, which lowers the TEn cutoff frequency below 650 
MHz. Eight SiC ceramic tiles are arranged in a line in 
each groove to absorb the HOM power. Details of the 
HOM loads for ARES96 are reported in Ref. [6]. 

The coupling cavity structure is almost the same as 
that of ARES95. A coaxial antenna coupler [7] is in- 
stalled into the central port of the coupling cavity. To 
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terminate the coupler, a water-cooled dummy load capa- 
ble of 40 kW of RF power (CW) was used in the high- 
power and beam tests. Figure 3 shows the 7t/2 accelerat- 
ing mode and the damped 0 and n modes measured for 
ARES96 with Q~ 55, where Qc is the loaded Q value of 
the coupling cavity and adjustable from 30 to 100 by 
changing the antenna insertion. A slight asymmetry of 
the 0 and n modes with respect to the n/2 mode came 
from a tuning error, where the coupling cavity frequency 
was lower than that of the accelerating mode by about 
300 kHz. The fixed tuner for the coupling cavity should 
have been inserted a little more. 

The storage cavity is also almost the same as that of 
ARES95, which is a large cylindrical cavity (1070 mm in 
diameter and 1190 mm in axial length) operated in the 
TE013 mode. The cavity is a steel structure whose inner 
surfaces are copper-plated. The storage and coupling 
cavities are mechanically connected with rectangular 
flanges, and vacuum seal is obtained by TIG-welding 
thin flange sleeves. 

3    HIGH-POWER TESTS 

Fundamental RF parameters for ARES95 and ARES96 
are listed in Table 1. The first high-power test of ARES95 
was carried out at an RF test hall in July 1996. After the 
test was completed, ARES95 was installed in the 
TRISTAN AR tunnel. On the other hand, ARES96 was 
directly installed in the tunnel, and the high-power test 
was started there about two weeks before the beam 
experiment scheduled in October 1996.. 

In high-power testing, the cavity was fully equipped 
with an input coupler [8], a coupling cavity damper, 
tuners, and HOM loads. ARES95 was tested up to the 
design RF power of 160 kW, which generates a cavity 
voltage of 0.5 MV. The cavity was stably operated for a 
long time at that power level. However, a slow vacuum 
pressure rise probably due to local heating was observed 
beyond ~ 180 kW. On the other hand, ARES96 was tested 
up to 240 kW without any problem. 

In high-power operation at 150 kW, the RF power 
leakage to the coupling cavity damper was measured 

Input Coupler Port 

Coupling Cavity Damper 
Figure 2: ARES96 installed in TRISTAN AR 

Two tiullet-shape SiC ceramic absorbers per HOM waveguide 

Tuner Port 

Half-cell Gmpling Cavity Gnxwed beam pipe 

^//T//////////7///77////T/////////////////T////7////////////, 
Figure 1: A schematic drawing of ARES96 
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Figure 3: The Jt/2 accelerating mode and the damped 
0 and n modes of ARES96 whenQc~ 55. 

Table 1: Fundamental RF parameters 
ARES95       ARES96 

Ua/Ut 1/8.9 1 / 8.3 
Rsh/Q (fl) 14.8 16.3 
Q 1.12x10s       1.17x10s 

-180 W, while a coupled resonator model predicts 150 
W. This power leakage is resulting from the energy flow 
from the storage cavity to the accelerating cavity. 

4    BEAM EXPERIMENTS 
Beam experiments were carried out for both of ARES95 
and ARES96 in TRISTAN AR. The major items were: 
• To check out whether the ARES scheme functions as 
expected. 
• To check out the performances of devices such as the 
tuners, the input coupler, the coupling cavity damper, 
and the HOM loads. 
• To survey HOM spectra excited by the beam for various 
conditions changing the tuner insertion and the beam 
position with respect to the cavity axis. 
Some results of the beam experiments are reported else- 
where [4], [9]. 

Figure 4 shows a HOM spectrum of ARES96 ob- 
served with a probe antenna at the endplate of the accel- 
erating cavity when a single bunch of 100 mA was 
circulating. A simulation with the MAFIA-T3 code (a 
time-domain simulation code for three-dimensional struc- 
tures) reproduced the observed spectrum shape well, 
including several sharp peaks in Fig. 4. According to 
further simulation, it was found that the longitudinal 
impedances of the two modes at 807 MHz and 1389 
MHz, indicated by Cl and C2 in Fig. 4, are critical and 
may possibly exceed the design threshold for the KEKB 
low-energy ring (LER). The modes C1 and C2 are trapped 
in the coupling cavity and have almost no fields in the 
accelerating cavity. The mode Cl has a TM,10-like field 
pattern in the coupling cavity and the mode C2 has a 
TEm-like pattern. These dipole modes in the coupling 
cavity can be damped by attaching a rectangular 
waveguide at the opposite side of the circular port for the 
coupling cavity damper. At present we are planning to 
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Figuire 4: HOM spectrum of ARES96 

2000 

make a rectangular spare port (240 mm by 28 mm) for the 
coupling cavity in order to damp the modes Cl and C2 if 
necessary. 

Similar sharp peaks were also observed for ARES95 
[4]. One of them is a TM110-like trapped mode in the 
coupling cavity and has almost the same frequency as the 
Cl mode of ARES96. That is because the coupling cavity 
structures of ARES95 and ARES96 are almost the same. 

4    SUMMARY 
Two high-power prototypes ARES95 and ARES96 with 
different HOM-damping schemes have been constructed 
and demonstrated in high-power and high-current beam 
experiments. Final design of the production cavity based 
on ARES96 is being in progress. 
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Abstract 

In a conceptual design of the accelerating systems for a 4- 
TeV |X+-|X" collider, three recirculating superconducting 
linacs (with energies reaching 70 GeV (with 350 MHz 
SRF), 250 GeV (800 MHz) and 2000 GeV (1300 GHz), 
respectively) are used. We briefly describe design 
concepts for the acceleration features, superconducting RF 
cavities, input couplers, RF control and the RF power 
systems. 

1 INTRODUCTION 

Muon colliders can provide strong potential advantages in 
high-energy physics, but also present serious technical 
challenges, as described in the Snowmass feasibility study 
[1]. In this paper, we explore the superconducting RF 
(SRF) components of a possible ^-acceleration system. 
The central difficulty in the \l+-\l~ collider is the muon's 
decay, with a lifetime of 2.2x10"^ s (where y^ = 
E^/m^c2) that implies a requirement for very rapid 
increases in muon energies. 

In an accelerator the decay and acceleration rates can 
be combined to obtain an expression for beam survival: 

~   „2 

Nfi„„ = N final initial 
■* initial 

' final 

Lm(dE/ds) 

where N, and E are the number and energy of muons 
before and after acceleration, L^ = 660 m is the |X decay 
length, and dE/ds is the acceleration gradient (including all 
lengths). Small decay loss requires dE/ds » m^cVL^ = 
0.16 MeV/m, which is relatively large, but can be reached 
in multipass systems with moderately high gradient. 

In the feasibility study, an acceleration scenario is 
presented which consists of an -1 GeV linac injecting 
into a sequence of four recirculating linacs (RLAs), each 
of which increases beam energy by ~ an order of 
magnitude, and which accelerates beam up to 2 TeV for 
injection into a collider ring. Figure 1 shows a 
conceptual overview of a 4-RLA system. 

The basic accelerating unit in this scenario is the 
RLA, which consists of two linacs with return arcs in a 
racetrack configuration. The beams are accelerated and 
returned for several passes in the same linacs, but with 
separate return arcs (9-16 turns). 

For high luminosity, the |X+-|i" collider will require a 
large charge per bunch of ~2xl012 in a 3 mm bunch, so 

decay throughout the system, producing electrons with a 
mean energy of 1/3 E^. The mean e-beam energy 
deposition is a constant: dE/ds = m^c2/(3LR) per u. (0.053 
MeV/m/(J.). Beam can be accelerated from 1 GeV to 2 TeV 
with <20% decay loss and <10% longitudinal phase-space 
dilution. [2] 

Figure 1. Overview of a u.+-|r collider system. 

There are many possible variations in RLA scenarios. 
The present case is simply an initial example, from which 
more detailed specifications of rf and transport systems 
may be developed, with eventual reoptimization. 

2 SRF ACCELERATION SYSTEMS 

2.1    Basic Design Considerations 

The RLA permits economic multipass acceleration, but 
the separate transport for each turn with cost and 
complexity considerations limits the number of turns to 
-10-20 per RLA, which is very compatible with the \i 
lifetime constraint. Counterrotating (X+ and \i~ bunches 
can be accelerated in the same RLAs. In the baseline 

Table 1. Parameters of a 4-RLA ^-accelerating system. 

Beam energy 
(GeV) 
RF frequency 
(MHz) 
N turns 
Vr/turn (GV) 
L,ufn(2Llinac+27iR) 
(km) 
Beam Survival 

ottom (cm) 
Temp. K 

RLA1 
l-»9.6 

100 

9 
1.0 
0.26 

91% 
8.3->4.8 

RLA 2 
9.6->70 

350 

11 
6 
0.95 

94.8% 
1.3 
4.2 

RLA 3 
70->250 

800 

12 
16 
2.32 

97.6% 
0.6 
2 

RLA 4 
250->2000 

1300 

16 
11.2 
12.6 

96.4% 
0.3 
2 

short-range  wake-field  effects 
(HOM) loads will be enlarged. 

and   higher-order   mode 
Also the |i-beam will 
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scenario, the RF frequency increases from RLA to RLA 
as the beam increases in energy, and the bunch length is 
correspondingly shortened to match final collider 
requirements. Table 1 displays system parameters. In this 
scenario, RF systems at 100, 350, 800 and 1300 MHz are 
needed. While Cu cavities are suitable for the -100 MHz 
RLA, the higher-energy RLAs require a relatively long 
multipass pulse and high efficiency. The relatively large 
apertures of SRF cavities can contain the large-emittance 
|j.-beams (with decay products) and reduce the wake-fields. 
Significant difficulties in the adaptation of SRF 
technology to |0.+-(a." acceleration exist. High-power HOM 
loads will be needed and the beam transport and SRF 
cavities must accommodate any spillage from |i-decay. 

If the total RF voltage and beam current are fixed, the 
total investment costs depend on three items: 1. total 
length L of the cavities and cryostat-'linear cost', 2. total 
RF power to be transferred to the beam, and 
3. total RF power dissipated in the SRF cavities: 
'cryogenic cost'. Also, we must take into account the 
five-year operational cost of RF generator power and 
cryogenic power. 

For a CW machine the cost minimum is located 
where the first item is equal to the third, but not the 
maximum attainable gradient. However, the use of pulsed 
RF can reduce the 'cryogenic cost' and allow for us to 
choose higher Eacc. The remaining issues for a 'pulsed' 
muon collider are: (1) should we cut the Linac length 
while keeping the same number of beam transport 
components in the arcs, or vice versa? And (2) what is 
the highest Eacc which we expect will be used in a pulsed 
operation in the future? 

2.2    1300 MHz (RLA4) SRF 

In RLA4, the muon energy increases from 250 GeV to 
2000 GeV. As a baseline design 25 MV/m (Q„=5 x 109) 
and 16 turns are chosen that need about 112 GV of 
cavities at 2 K, or 4.5 km active linac. Encouraged by 
the pulsed test results of the TESLA cavities, it is 
possible to use a higher Eai;c. If 35 MV/m becomes 
realistic, the linac could be reduced to 3.2 km. The HOM 
load requirements for the 1300 MHz SRF can be 
estimated using the formula: 

MTOM 
= ^HOMV frf 

With kH0M = 4 V/pC/m for li-TESLA cavities, Q is 
the charge per bunch (3 x 10"7C) and frf is the frequency of 
bunch passages through the cavity (15x4x16 =960). For 
16 passes, 4 bunches, 15 Hz cycles, we obtain -300 
W/m. This compares with the TESLA 1995 design 
HOM load of ~4.6W/m. Therefore a substantially 
different HOM coupling system should be developed, with 
-99% of the energy coupled out at higher temperatures. 
One alternative will be to enlarge the aperture of the 
cavity from existing 70 mm to 102 mm. That will help 
the HOM mode damping (reduce the kH0M by 50%). This 
change, of course, will cost the ratio of Epk/Eaa. (17%) and 

R/Q (-33%). Figure 2 shows a modified arrangement of 
the TESLA type cryomodule [3]. 

2.3   800 MHz (RLS3) & 350 MHz (RLA2) SRF 

Because of larger apertures and longer bunches, kH0M is 
expected to decrease as - 1M,RF

3 so HOM loads at 800 
MHz and 350 MHz should be much less (-60 W/m and 2 
W/m in this scenario). Decay losses at this intensity are 
-16 W/m; we require that the cryogenic system tolerate 
-10% of this at 2 K (1.6 W/m); the remainder would be 
absorbed at higher temperature. 

9-cell TELSA 
IC       HC       ICIC     HC cavity 

JUL JL Mi A Mi & jl 
M 

He gas return pipe 
(support girder)' 

^^mechanical support 

70 K thermal shield 

4.5 K thermal shield 

.70 K He - forward 

4.5 K He - forward 

1.8KLH0 

input coupler flange 

Figure 2. A cryomodule based on the TESLA cavities; 
input couplers - IC and HOM couplers - HC. 

The 800 MHz RLA3 requires 16 GV of SRF or 1.07 
km of linac at 15 MV/m (Q„=5 x 109) and 2 K. These are 
modeled on the LANL PILAC SRF test module which 
obtained 15 MV/m in a pulsed mode. 

The 350 MHz RLA2 requires 6 GV of SRF cavities, 
or 600 m at 10 MV/m. Our model for the 350 MHz RF 
system is the CERN cavity, which obtains 6 MV/m in 
Cw mode at 4 K [4]. An experiment was proposed for a 
CERN 350 MHz SRF cavity (Figure 3) to be operated in 
pulsed mode to determine its gradient limit (which will 
develop guidelines for the RLA2 SRF design). 
Preliminary tests of the pulsed behavior of a 350 MHz 
superconducting LEP cavity were conducted at CERN. 
The maximum peak RF power reached was 507 kW for a 
1 ms pulse. At that incident power a maximum field of 
7.9 MV/m could be reached without field degradation [5]. 

II L M I*** "»•» 

Figure 3. Cross-section of a CERN 350 MHz SRF cavity 
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2.4   Input Couplers Design Concepts 

RF input couplers and HOM couplers are very important 
components in the acceleration systems. Our strategy is 
to apply the experience obtained in development at the 
leading labs to the concept design shown in Fig. 4. The 
design features are (1) co-axial structure with two warm 
windows to isolate the cavity vacuum, (2) use of DC bias 
of the center conductor and proper dimensions of the co- 
axial structure to suppress multipacting, and (3) baking 
the assembly with ceramic windows. 

3 RF CONTROLS & RF SYSTEMS 

Important constraints on the RF system derive from the 
large charge per bunch. The voltage droop from a bunch 
passage could be as large as -10%, and that droop must be 
recovered before the next bunch passage. However uneven 
spacing of multiple bunches should be avoided, since the 
following bunch would not receive the same energy. 
Other problems may occur from uneven beam loading due 
to simultaneous acceleration of counterrotating u.+ and \i~ 
bunches, but this effect should average to zero. Other 
effects that must be considered are effects of momentum 
fluctuations on arrival time in each pass, bunch charge 
fluctuations from pulse to pulse, differential fluctuations 
for |i+ and \i~ bunches, microphonic effects, and control of 
multiple cavities by single klystrons. 

3.1 RF System Design 

The RF system (Figure 4) for the three multiturn RLAs 
must provide RF power for acceleration of the u.- and \l+ 
bunch and maintain constant energy at the output of each 
RLA from pulse to pulse. During the multiturn 
acceleration, a cavity voltage droop is acceptable but must 
well defined and controlled. Due to the large stored energy 
in the cavities it is possible to reduce the power 
requirements in all RLAs to 200 kW/m. A digital 
feedback system will sample the cavity field every bunch 
revolution period and provide (time-varying) gradient and 
phase control for consecutive bunch acceleration cycles. 
Differential bunch charge fluctuations are not controlled 
excessive power requirements. A worst case scenario of 
±10% bunch charge fluctuation will result in only 
±0.27% energy gain fluctuation in RLA2. 

3.2 RF Power Requirements 

The RF power requirement is dominated by the power 
needed for the acceleration of the beam. Additional power 
is required for RF control. The control power needed 
depends on the magnitude of perturbations to be 
controlled. 

vector modulator     |-Jdystron 

A     A 

I Ol I O I 

cavity digital IQ detection 

calculation of 
vectorsum and 
feedback algorithm 

HXHX^^^ 
KD00O -§>--fp> 

DSP 

KDCCO- 
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U-ny 

-§)--§*>— 
DC> 

Figure 4. RF system Design. 

A voltage droop during consecutive intra-pulse 
acceleration cycles of the |i- and \i+ bunch is permissible 
but must be reproducible from pulse to pulse. In the 
recirculating linacs RLA2 and RLA3 a considerable 
voltage droop of 8.6% and 11.9 % respectively is tolerated 
to reduce the power required for acceleration. S energy in 
the cavities is used for acceleration. In RLA4 the average 
current is sufficiently low (due to the large circumference 
of the accelerator) that a constant gradient can be 
maintained with moderate power. Table 2 presents some 
of the RF parameters. 

Table 2. RF System and RF Power 
RLA2 RLA3 RLA4 

RF pulse length, [is 35 84.2 672 
Loaded Q to min. P lx 106 1 x 106 lxlO6 

A Eacc / Eacc 
0.018 0.027 0.033 

Average I, mA 100 45.6 7.6 
Available RF Power, kW/m 200 200 200 
Voltage drop 0.086 0.12 0.00 
RF on - cryogenic loss, W/m 119 71 78 
Ave. wall power for RF, kW/m 5.2 2.6 5.25 
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Abstract 

After successful test of 500 mA (Max 573 mA) electron 
beam at TRISTAN Accumulation ring (AR) using a 
prototype superconducting cavity, more than 4 
superconducting cavities will be installed in high energy 
ring (HER) of KEK B-factory. The initial 4 
superconducting cavities are almost same as the prototype 
one. The tests and results of the critical components of 
superconducting cavity system is described. 

1   INTRODUCTION 

The development of Superconducting cavity for KEK 
B-factory (KEKB) has started since 1991[1] on the basis 
of the experiences in the construction and 7 years 
operation of the 32 TRISTAN Superconducting cavities. 
A single cell cavity with a cylindrical large beam pipe 

was designed to propagate HOMs toward the beam axis 
and damp them by ferrite absorbers bonded on inner 
surface of beam pipes[2].The absorber was made by 
HIP(Hot Isostatic Press) method and tested upto 15 kW 
RF power. For the feasibility study of the 
superconducting cavity for KEKB, a prototype module 
was constructed. This module was installed in AR and 
tested[3]. Fig 1 shows the prototype module installed in 
AR. Detailed discussion for high current beam test is 

ited on the other paper[4] in this conference 

Fig.l Prototype module for KEKB. 

2   CAVITY 

A single cell cavity was chosen to reduce the number of 
HOMs and to minimize the coupler power less than 500 
kW. The diameter of aperture of 220 mm was chosen to 
provide the desired coupling of the lowest monopole 
modes of TM-011 and TM-020. A large cylindrical beam 
pipe(LBP) of 300mm diameter was connected on one side 
to obtain a sufficient coupling of the lowest dipole modes 
of TE-111 and TM-110. The same cavity shape is used 
for the AR prototype cavity and the HER superconducting 
cavity. The cavity parameters of the accelerating mode are 
summarized in Table 1. 

Table 1: Cavity parameters of a HER Superconducting 
cavity. 

Frequency 508.8 MHz 
Gap length 243 mm 
Dia.of aperture 220 mm 
R/Q 93 Ohm 
Loss factor 0.074 V/pC 
Geometrical factor 251 Ohm 
Esp/Eacc 1.84 
Hsp/Eacc 40.3 Gauss/(MV/m) 

The prototype cavity was formed by spinning method of 
2.5 mm thick Nb sheet of RRR 200. The surface 
treatment process using electropolishing is almost same 
as TRISTAN cavities. For high current application like as 
B factory, more stable surface is desired,so hydropreoxide 
rinsing was replace by ozonized ultrapure water 
rinsing(OUR)[5]. The OUR treatment removes 
completely the carbon contamination on electropolished 
Nb surface. The tested 508 MHz Nb cavities for KEKB 
showed high Q„ values and the maximum accelerating 
field of 14.4 MV/m was obtained at 4.2K. Air exposures 
up to 4 days at 1 atm did not show degradations of cavity 
performances. The prototype cavity was rinsed by OUR 
and exposed to air for 2 days during full assembling in to 
the cryostat. In fully assembled cavity performance 
test,we call horizontal test, the field was improved by CW 
processing to 8 MV/m but standstill like a TRISTAN 
cavity. The pulse aging, in which the pulse power of 5% 
duty was added to the CW power[3] of just below the 
quench level, broke the deadlock and improved the field to 
11.4 MV/m. In the high current beam test in AR, cavity 
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performance was recovered by pulse aging from some 
degradation of field due to a large amount of condensed 
gas. The cavity performance was completely recovered by 
warming up to room temperature. One critical problem 
was frequent trips due to discharges in the superconducting 
cavity and the input coupler region. From the experience 
of TRISTAN operation, the trips were caursed by 
condensed gas on cold surface. In the first and second 
beam test at AR, the prototype cavity could not be 
operate stably due to frequent trips by arcing discharge 
interlock of the coupler. At that time vacuum condition 
was bad and a large amount gas condensed from both sides 
of the cavity. Before the third test (Oct.-Dec. 1996) the 
vacuum pump system of the beam ducts on both sides of 
the cavity were improved and the beam ducts were rinsed 
with OUR to reduce out gas rate. These were very 
effective to reduce the trip rate and the stable cavity 
operation continued for two weeks. The maximum beam 
current of 573 mA, which exceeded the world record of 
220 mA set by a CESR superconducting cavity tested in 
CESR at Cornell university in 1994[6], was stored at 1.2 
MV. A high current of 350 mA was also stored at 2.5 
MV(10 MV/m) .which is higher than the design voltage 
of 1.6 MV. The current limitations were not by cavity 
performances, but by the other things such as heating of 
ring components. For the beam ducts around the 
superconducting cavity of HER, we will use improved 
pump system like as improved AR one. 

Additional loss of the cavity related to the beam current 
was observed[3]. In the third beam test, more detailed 
measurements of additional loss were done. The additional 
loss has seams like linear dependence on beam current. So 
higher current of two times more will not be too much 
additional loss in HER. The reason of additional loss is 
not clear now. We observed low energy (few electron 
volts) electrons at both side of the cavity using pick up 
probes of HOM power at taper transition beam ducts. The 
low energy electron current of up-stream side (LBP side) 
showed nonlinear dependence on the beam current and 
about one tenth intensity of the down stream one. The 
low energy electron current of down stream side(SBP side) 
depend on the beam current linearly. The direct 
synchrotron light could not hit the pick up probes and the 
cavity, and the electron produced by direct synchrotron 
light was swept out by magnet, but scattered photons 
might hit both, and have linear dependence on beam 
current. The vacuum pressure of the cavity dependent on 
beam current nonlinearly. So up stream side might be 
shade of scatted photon and only collect ionized electron. 
These electrons may increase electron loading in 
superconducting cavity and this type electron loading is 
one of the candidate reason for the additional loss. 

3 HOM    DAMPER 

The loss parameter of the prototype module is 2.9V/pC 
for the designed bunch length of 4 mm. The main part of 

the loss comes from the tapers between the cell and beam 
ducts. Therefore, the loss parameters can be reduced to 
1.6 V/pC in HER of KEKB by using the beam ducts of 
larger diameter and longer tapers. The expected power 
dumped to the HOM load for HER is 5 kW per module. 
The HOM dampers were made by IB-004 ferrite using HIP 
method. The power test of the damper were made using 
coaxial line with 508 MHz klystron. The maximum 
power of 11.7 kW and 14.8 kW were given to the 220 
mm diameter and the 300 mm diameter damper. In the 
high current beam test in AR, the maximum HOM power 
of 4.2 kW was absorbed by the HOM dampers without 
any damage. 

4  INPUT    COUPLER 

The input coupler for KEKB superconducting cavity has 
almost same design as that used for TRISTAN 
superconducting cavities. The gap of 3 mm of choke 
structure was changed to 4 mm to reduce the field strength 
at ceramic disk. Three monitoring ports were set near the 
ceramic window to monitor vacuum pressure, electron and 
discharge light(arc sensor) for protection and diagnosis. 
The couplers tested up to 800 kW[7] by the traveling 
wave and 300 kW totally reflected standing wave, 
changing phase up to half wave (in short time 500 kW 
which equivalently corresponding 2 MW traveling wave). 
In the second beam test, frequent discharge around the 
coupler occurred and temperature changed by cool gas flow 
rate affect to this trip rate. So condensed gas affected the 
surface condition and multipacting of the coupler occurred. 
Before the third test we prepared a biased type doorknob 
transition which can supply a bias voltage to the inner 
conductor of the coaxial input coupler. The biased type 
doorknob transition was tested at the test bench up to 300 
kW standing wave changing phase of half wave length and 
traveling wave. Fig 2 shows the biased type doorknob 
transition for KEKB superconducting cavity. 
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Fig.2 Biased type doorknob transition for KEKB. 
Between  the   inner   conductor   and   the   doorknob,   a 
capacitance of 1520 pF  was inserted.  The insulating 
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material was two layer of polyimide(like as Kapton) films 
of 0.125 mm thick each. 
At the test bench ,the bias voltage of +/- 2000 volts range 
was tested.   The bias voltage of around -700 V is most 
stable.(Fig.3) 
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Fig. 3 Mapping of bias voltage for input coupler. 

the aging process precisely. The biased type doorknob 
transition will be used for HER modules. 
The construction of 4 superconducting cavities for HER 
have been started and they will be installed  in next year. 

6   ACKNOWLEDGEMENTS 

The authors would like to thank Prof. S.Kurokawa,Prof. 
E.Ezura and Prof. Emeritus Y.Kojima for their 
continuous encouragement and discussion. 

REFERENCES 
[1]   S.Mitsunobu,   et   al.,Proc.5th   SC-RF   Workshop, 

DESY.1991 
[2]  T.Takahashi,   et   al.,Proc.9th       Symposium    on 

Accelerator Scie. and Tech.,Tukuba,Japan,p327,1993 
[3]  T.Furuya,et    al.,Proc.     5th     European     Particle 

Accelerator      Conference,Sitges,Spain,June       10- 
14,1996. 

[4]  T.Furuya,et al., This conference 
[5]  K.Asano.et al.,Proc.  7th  SC-RF  Workshop.CEA- 

Saclay.France, 
[6]  H.Padamsee.et al.Proc.of  the   1995   Part.   Accel. 

Conf., Vol 3,P 1515. 
[7]  S.Mitunobu,et al.,Proc. 7th SC-RF Workshop CEA- 

Saclay,France,P.735,1995 

At third beam test the effect of the bias voltage was 
tested in short time of 2 hours to apply -700 V after 
frequent trip. After this test the cavity warmed up to room 
temperature for out gasing.and cool down again. The 
cavity was operated stably with and without the bias 
voltage in good vacuum condition for two weeks. 

5   SUMMARY 

Development of the critical components required for 
KEKB have been continued. The test results of the critical 
components of superconducting cavity for KEKB are 
summarized in Table 2. 

Table 2: Design and test results of the critical components 
of superconducting cavity for KEKB. 

design Bench test Beam test 
Cavity   Max 
Vc 

1.6 MV 3.3 MV 2.5 MV 
(2.9MV) 

Coupler 500 kW 800 kW 
(300 kW) 

160 kW 
(280 kW) 

HOM load 5kW 15 kW 4.2 kW 
We reached the design requirement but should continue 
detailed test for critical components. 
The improvement of the vacuum pumps and the surface 
treatment of vacuum ducts nearest to the superconducting 
cavity is essential for stable operation of superconducting 
cavity. For HER we will add NEG pumps on usual ion 
pumps and the OUR rinse will be used to clean up 
vacuum ducts. 

To apply bias voltage for the inner conductor of input 
coupler is effective to reduce multipacting and to improve 

2910 



DESIGN AND CONSTRUCTION OF A 500 KW CW, 400 MHZ 
KLYSTRON TO BE USED AS RF POWER SOURCE FOR LHC/RF 

COMPONENT TESTS 

H. Frischholz, CERN, Geneva, W.R. Fowkes and C. Pearson, SLAC, Stanford 

Abstract 

A 500 kW cw klystron operating at 400 MHz was 
developed and constructed jointly by CERN and SLAC for 
use as a high-power source at CERN for testing LHC/RF 
components such as circulators, RF absorbers and 
superconducting cavities with their input couplers. The 
design is a modification of the 353 MHz SLAC PEP-I 
klystron. More than 80% of the original PEP-I tube parts 
could thus be incorporated in the LHC test klystron which 
resulted in lower engineering costs as well as reduced 
development and construction time. The physical length 
between cathode plane and upper pole plate was kept 
unchanged so that a PEP-I tube focusing solenoid, 
available at CERN, could be re-used. With the aid of the 
klystron simulation codes JPNDISK and CONDOR, the 
design of the LHC tube was accomplished, which resulted 
in a tube with noticeably higher efficiency than its 
predecessor, the PEP-I klystron. The integrated cavities 
were redesigned using SUPERFISH and the output 
coupling circuit, which also required redesigning, was 
done with the aid of MAFIA. Details of the tube 
development and test results are presented. 

Figure I: 500 kW, 400 MHz LHC Klystron 

1   INTRODUCTION 

SLAC already constructed a 500 kW cw klystron for 
CERN in 1980. At that time this was a PEP-I tube with 
an operating frequency of 353.2 MHz, which at CERN 
was tuned to 352.2 MHz, the LEP/RF frequency. This 
klystron served for many years as RF power source, 
required for the conditioning of LEP RF cavities. 

Since a similar RF power source would be required in 
1997 for the testing of LHC/RF equipment, such as 
cavities, windows, couplers, circulators and absorbers, it 
was proposed by the first author, while on sabbatical leave 
at SLAC, to redesign the PEP-I klystron so that it could 
be operated at 400.8 MHz, the LHC/RF frequency. The 
redesigned PEP-I klystron, in the following referred to as 
LHC tube, was manufactured by SLAC and shipped to 
CERN in 1996. More than 80% of the original PEP-I 
tube parts could be incorporated, among them major 
components such as the collector with its water jacket, the 
electron gun assembly, parts of the five stainless steel RF 
cavities, and the coax-to-waveguide output transition with 
the cylindrical ceramic window. The first two 
components could be used without any modifications 
whereas the two latter ones had to be matched to the 
higher operating frequency. The re-use of auxiliary 
equipment of the PEP-I tube, still available at CERN, 
such as cathode oil tank with HV plug, beam focusing 
solenoid and main support girder, resulted in lower 
engineering costs too. 

Prior to shipment the LHC tube was high-power tested 
at SLAC. The test results were in good agreement with 
those obtained at CERN, where the high-power test was 
repeated. As predicted by computer simulations the DC-to- 
RF conversion efficiency of the LHC tube, an important 
parameter for high power sources, was measured and found 
to be noticeably higher than that of its predecessor. 

II   DESIGN 

As mentioned above, the PEP-I electron gun assembly and 
collector have been incorporated in the LHC tube without 
any modifications. The cathode is of the dispenser type 
which is less susceptible to poisoning by metal vapours 
and gases than an oxide one. 

With a cooling water flow > 400 1/min the collector 
can dissipate up to 770 kW. This corresponds to the DC 
input power required when the tube is operated at rated RF 
output (500 kW cw). Consequently there is no need to 
switch the HV off or to reduce it in case of an RF drive 
trip. 
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The output transition, consisting of a 56 £2 coaxial 
line, a cylindrical ceramic window, and a reduced-height 
WR 2100 waveguide, followed by a full-height one, had 
to be matched to the higher operating frequency. After 
having repositioned an existing inductive post in the full- 
height waveguide section and properly terminated both 
line ends, the input reflection (SI 1) of the assembly was 
measured to be -44 dB (VSWR = 1.01) at 400.8 MHz. 

Since the operating frequency of the LHC tube is only 
13.5% higher than that of its predecessor, the drift tube 
diameter of 7 cm could be maintained as well. At nominal 
operating voltage (Vj, =63 kV) and a focusing field of 
B = 210 Gauss, which is 2.7 times the Brillouin 
induction, the beam diameter is 4.5 cm, yielding a fill 
factor of 0.64 for both tubes. The normalized drift tube 
radii, the product of radial phase propagation constants,y, 
and drift tube radius, of the PEP-I and LHC tube, are 0.5 
and 0.57 radians respectively. Both values in combination 
with the given fill factor result in a high coupling 
coefficient between beam and cavity fields, a prerequisite 
for a good tube efficiency. 

The unusually short drift tube between anode housing 
and input cavity of the PEP-1 tube was replaced by a 
longer one in order to reduce the risk of RF leakage from 
the first cavity into the cathode region. A 34 mm longer 
input drift section, already incorporated for the same 
reason in the B-Factory prototype klystron [1], was 
chosen. In order to preserve, however, the above- 
mentioned interchangeability of the beam-focusing 
solenoid both tubes must exhibit the same physical length 
between cathode plane and upper pole plate. Therefore the 
section between input and output cavity gap, constituting 
the RF interaction space, had to be made shorter in the 
LHC tube. 

With the aid of the one-dimensional klystron 
simulation code JPNDISK and the two-dimensional 
CONDOR code the lengths of the drift sections between 
the five cavities and the cavity frequencies, required for 
optimum efficiency, were determined. The geometries of 
the cavities, which are all of the re-entrant type, were 
established by using SUPERFISH. It appeared that all 
but one of the cavity shells could be re-used without 
modifications; only the gap widths had to be widened by 
shortening one of the two drift tubes inside each cavity. 
In the penultimate cavity, however, the original gap was 
relatively wide and its width could not be further increased 
without sacrificing tube performance. Keeping the 
diameter of this cavity unchanged but reducing its length 
by 65.3 mm resulted in the desired gap transit angle of 
0.78 radians. 

For optimum efficiency all fundamental cavities have 
been tuned to frequencies which are higher than the tube 
operating frequency. The 2nd harmonic cavity, 
(cavity#3),however, had to be tuned 0.5% below the 
second harmonic of the operating frequency in order to 
achieve maximum tube efficiency.  JPNDISK predicted 

that the efficiency would drop from 70 to 45% when the 
resonant frequency of this cavity is increased by less than 
I % above its optimum value. Computer simulations also 
indicate that the 2nd harmonic cavity, when correctly 
tuned, contributes approximately 3% to the tube 
efficiency. 

The output cavity resonant frequency and external Q 
could not be directly determined using SUPERFISH. The 
resonant frequency is due to the presence of the PEP-I 
output coupling loop typically about 2.5% lower than 
that of an uncoupled cavity. This was taken into 
consideration when the output cavity frequency of the 
LHC tube was calculated. SUPERFISH calculations 
indicated that the gap width had to be increased by 
16 mm. Unfortunately,    when    the    PEP-I    loop 
configuration was kept unchanged, the measured Qext was 
then 123, much higher than the desired optimum of 83. 
At an external Q of 123 CONDOR simulations predicted 
an abundance of returning electrons from the output gap, a 
high electron interception by the output drift tube and an 
II % decrease of tube efficiency. 

It was decided that the so-called Kroll-Yu method [2] 
would be used to determine the required changes in the 
output loop configuration in order to achieve the desired 
external Q and resonant frequency. For this methode,the 
cavity with its coaxial output is shorted and modeled on 
MAFIA. The resonant frequencies of the cavity are 
calculated for several positions of the short. From these 
results the external Q and resonant frequency of the cavity, 
when terminated by a matched load, can be determined. 

The Kroll-Yu methode predicted an external Q of 83 
when the portion of the loop which is parallel to the tube 
axis is moved by 10 mm towards this axis. The output 
cavity was then built as modeled giving a measured Qext 

of 85, and the desired resonant frequency was obtained 
with a small change in the upper nose length. 

Table I: Main Design Parameters 

Operating Frequency, fy 400.8 MHz 
Beam Voltage, Vb 63        kV 
Beam Current, lb 11.8    A 
Beam Perveance, \ip 0.75 |nA/V3/2 
RF Output Power, Pout 506 kWcw 
Efficiency at rated Output Power, t| 0.68 
Saturation Gain, g 42       dB 
RF Drive Power, Pjn 20       W 
Focusing Magnetic Field, B 210   Gauss 
Reduced Plasma Wavelength, Xq 4.69      m 
Number of Cavities (incl. 2nd Harm.) 5 
RF Interaction Length 1.962   m 
Normalized Drift Tube Radius, ya 0.57    radians 
Normalized Beam Radius, 7b 0.37    radians 
Beam Fill Factor, b/a 0.64 

All design parameters, which are a compromise 
between using as many original tube parts as possible and 
yielding optimum tube performance, are listed in tables I 
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and II. When inserting these parameters the efficiency 
calculated by means of the JPNDISK code is 70% and by 
using CONDOR 61%. Both values are 1.13 times higher 
than the corresponding ones for the PEP-I tube. 
Consequently there was good reason to assume that an 
LHC tube efficiency of approximately 68% could be 
achieved, since that of the PEP-I tubes was 60% in 
average. 

Table II: Interaction Space Parameters 

Cavity 
No. 

Frequency 
(MHz) 

R/Q 
(Q) 

Qext Gap Transit 
Angles 
(Radians) 

Drift Lengths 
(m; ?iq 

angle) 

1 401.1 91 1000 0.47 
0.442; 34° 

2 402.4 103 CO 1.14 
0.142; 11° 

3 797.5 84 CO 1.27(@2f0) 
0.870; 67° 

4 407.9 100 oo 0.78 
0.508; 39° 

5 401.5 94 83 0.78 

III KLYSTRON   MANUFACTURING 

The LHC klystron incorporated many of the 
manufacturing practices used at SLAC in the manufacture 
of high peak power pulsed klystrons. The incorporation 
of some of these more stringent techniques has had a clear 
benefit on the tube performance. 

The SLAC klystron manufacturing philosophy is to 
obtain as high a vacuum as is economically achievable. 
Therefore, tube materials are carefully selected and tested, a 
high degree of cleanliness is maintained throughout the 
manufacturing process and the entire gun assembly is pre- 
processed at temperatures up to 1100°C by vacuum 
induction heating the assembly while simultaneously 
applying power to the cathode. This outgassing process 
takes approximately one week and removes the bulk of the 
gas load from the dispenser cathode assembly. The final 
processing of the assembled tube is at 550°C on a double 
vacuum bake station. A consequence of the relatively high 
bake temperature, combined with the ultra-high vacuum, 
is that high vapour pressure elements may coat surfaces in 
the tube. For this reason, silver, which is known to have 
a detrimental effect on cathode emission, and other high 
vapour pressure elements have been eliminated from 
materials used in the construction of klystrons at SLAC. 
Assembly brazing is therfore conducted in clean dry 
hydrogen furnaces by using only copper gold brazing 
alloys. 

Another feature is the application of anti-multipactor 
coatings on suspected surfaces inside the klystrons. In the 
case of the LHC tube a titanium nitride coating was 
applied by evaporation technique to the output window 
and electron gun ceramic. In addition, titanium coatings 
were applied to the input cavity with coupling loop, 
cavity 2, the output cavity and output coax areas. 

IV TEST    RESULTS 

The LHC tube was first high power tested at SLAC in 
June 1996. In less than three days of HV and RF 
conditioning an output power of 503 kW was achieved at 
an operating voltage of 65.5 kV and a beam current of 
11.9 A. 

From these values result a beam perveance and tube 
efficiency of 0.71 (i.A/V3/2 and 64.5% respectively. As 
both parameters were 5% below their design values a 
higher operating voltage than the design one was required 
at saturated output power. A tube gain of 42 dB was 
measured, which corresponds to the value predicted by the 
simulation codes. 

When the high-power tests were repeated at CERN a 
slightly higher efficiency, rj = 65%, was achieved by 
optimizing the focus coil currents. After about 100 hours 
of operation the beam perveance also increased slightly to 
0.72 |iA/V3/2 so that an output power of 504 kW was 
attained at Ub = 65 kV. The -1 dB output bandwidth 

was measured to be 650 kHz with the -1 dB frequency 
points situated at 250 kHz below and 400 kHz above the 
operating frequency. 

During high power tests at SLAC and at CERN no 
signs of instability were observed in the output signal. 
Possible causes of instabilities are returning electrons, 
which usually manifest in an amplitude modulation (side 
bands) of the output signal, and multipacting which 
results most likely in an unstable output amplitude. 

The absence of multipacting and the short time 
required for the high-power conditioning are very probably 
to be attributed to the stringent manufacturing techniques 
which were applied. 
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SUPERCONDUCTING CAVITIES FOR THE APT ACCELERATOR 
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Abstract 

The design of an Accelerator Production of Tritium (APT) 
facility being investigated at Los Alamos includes a lin- 
ear accelerator using superconducting rf-cavities for the 
acceleration of a high-current cw proton beam. For elec- 
tron accelerators with particles moving at the speed of light 
(/? « 1.0), resonators with a rounded shape, consisting of 
ellipsoidal and cylindrical sections, are well established. 
They are referred to as "elliptical" cavities. For the APT- 
design, this shape has been adapted for much slower proton 
beams with ß ranging from 0.60 to 0.94. This is a new en- 
ergy range, in which resonators of an elliptical type have 
never been used before. Simulations with the well-proven 
electromagnetic modeling tools MAFIA and SUPERFISH 
were performed. The structures have been optimized for 
their rf and mechanical properties as well as for beam dy- 
namics requirements. The TRAK.RF simulation code is 
used to investigate potential multipacting in these struc- 
tures. All the simulations will be put to a final test in exper- 
iments performed on single cell cavities that have started in 
our structures laboratory. 

1    THE CAVITY SHAPE 

Superconducting 5-cell cavities at a 7r-mode frequency of 
700 MHz will be used for the major part of the APT facility. 
Due to the large velocity acceptance of these cavities only 
structures for two values of ß (0.64 and 0.82) are needed 
[1]. For each value of ß two different cross-sections have 
been determined, one for the mid-cells and one for the end- 
cells, where compensation for field penetration into the at- 
tached beam-pipe is required. The choice of cavity shape 
made use of previous design experience at other labs, in- 
cluding Cornell, KEK and DESY [2]. Figure 1 shows the 
shape description for the chosen geometries. The shape of 
both the medium-/? (0.64) and the high-/? (0.82) cavities 
uses elliptically shaped noses, straight side walls and a cir- 
cular dome. The upright nose ellipses have an aspect ratio 
of 2:1. 

In a first step the shapes of the resonators were de- 
termined to minimize electric and magnetic peak surface 
fields as far as possible. The resulting cavity shapes turned 
out to lack sufficient mechanical stability. The medium- 
ß structure needed stiffener support to sustain the vac- 
uum load without yielding the material. Encouraged by 
recent cavity tests at JAERI for a ß = 0.5 superconduct- 
ing cavity at 500 MHz[3], we revisited the proposed cavity 
shapes and came up with an improved design that had less 
steep straight walls while maintaining good performance 
in terms of rf properties. Table 1 gives the relevant geo- 

Slope of Straight 

Major Ellipse Axis 

Aperture Radius 

Figure 1: The describing parameters for the elliptical cavity 
shapes 

metric parameters for all 4 shapes. The design procedure 
used fixed beam-pipe apertures based on beam-dynamics 
requirements, and fixed straight wall slopes (5 and 7 de- 
grees in the first design and 10 degrees for both ß values 
in the final design). The elliptical noses were varied to find 
shapes with good peak-fields. The equator radius has been 
used to tune the cavities to the proper frequency. All other 
parameters fell into place automatically, assuming smooth 
transitions between the different parts of the cavity shapes. 

ß 0.64 0.64 0.82 0.82 
cell-type mid end mid end 
aperture[cm] 6.5 6.5 8.0 8.0 
equatorfcm] 19.95 19.95 20.1 2 0.1 
major axis[cm] 10.00 12.00 14.00 17.80 
slopefdegree] 10.00 10.00 10.00 10.00 
domefcm] 3.233 2.811 4.969 4.167 
cell-length[cm] 13.71 13.71 17.56 17.56 

The end-cell geometries use inner half-cells identical to the 
mid-cells. The outer half-cell uses an equator radius and a 
cell length identical to the mid-cells, and the elliptical nose 
and the circular dome radii have been used to retune the 
cell to the desired 700 MHz. 

The simulations have been done on single cavity cells, us- 
ing 7r-mode boundary conditions at iris positions where 
neighboring cells exist. This was sufficient and more effi- 
cient in optimizing the cells for the accelerating mode. An 
investigation of the higher order mode (HOM) spectrum 
has been done for the full 5-cell geometry. These results 
will be reported in a separate contribution [4]. 
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2   PERFORMANCE DATA 

The electromagnetic design of the cavity-cells has been 
done with MAFIA [5] and SUPERFISH [6]. From the elec- 
tromagnetic fields, a set of secondary quantities has been 
derived that describe the rf performance of these structures 
and their interaction with the beam. Table 2 gives the num- 
bers for the most important quantities in a comparison of 
the mid-cells of the original design with the new shapes 
with larger side-wall slope. 

ß 0.64 0.64 0.82 0.82 
new old new old 

Qo [ioiU] 1.02 1.08 1.34 1.35 
Geometry Factor 162 177 213 215 
ZT2/Q [fi/m] 246 256 297 299 
Epk/Ea 2.94 2.96 2.48 2.50 
Hpk/Ea[G/5MY/m] 355 340 305 303 
Pcav [W] 8.13 7.32 9.25 9.16 

The unloaded Qo assumes a surface resistance (Rs) of 15.9 
nft, ZT2/Q is the ratio of effective shunt-impedance and 
Qo, Epk/Ea and Hpk/Ea give the ratio of peak surface- 
fields over accelerating gradient (Ea-E0T). Pcav is the 
power dissipated into the cavity by the accelerating mode. 
These power value reflect the dissipated power to achieve 
the average accelerating gradient (5.16 MV/m at /3=0.64 
and 5.92 MV/m at /3=0.82) for the TM010 7r-mode. The 
transit time factor (T) for a particle with the design-/? is 
0.78 for all mid-cells. 
In terms of the rf-parameters there is only a small difference 
in performance between both designs. The major driver for 
switching to the new shapes is the potential gain in struc- 
tural stability. The increase of power deposited into the 
medium-/? cavities by 10 % does not have a significant ef- 
fect, since most of the accelerator consists of high-/5 struc- 
tures. The results for the end-cells are very similar, the only 
major difference being the transit time factors that are only 
0.59 for the end-cells. This drop is partially compensated 
by a increase in E0, so that E0T is only about 10 % smaller 
than for the mid-cells. 

3   STRUCTURAL ANALYSIS 

Some preliminary structural analysis has been done on 2D 
models of the cavity shapes [7]. The shapes with the 10 de- 
gree slopes in the side-walls seem to be structurally more 
stable. Both shapes can withstand the vacuum loads with- 
out stiffening. The other consideration in applying stiffen- 
ers has to do with raising the resonant frequencies of the 
cavity mechanical modes to decrease the microphonic de- 
tuning sensitivity in operation. These studies are continu- 
ing. Even if these studies indicate that stiffeners are needed, 
they can probably be less complex than the conical stiffen- 
ers used for our first single-cell test cavity with the original 
steeper-sloped side-walls. 

The choice for a 10-degree slope came from the prelimi- 
nary 2D structural analysis. The medium-/3 cavity showed 

a clear minimum in von-Mises stresses for a shape with 
a straight wall slope around 10 degrees (with and with- 
out constrained iris). For the high-/3 cavity this minimum 
was not so clear, in fact even larger inclinations showed the 
sames stresses as the 10 degree slope did. But, for these 
larger inclinations the rf performance deteriorated strongly. 
The peak surface magnetic fields also increased, so did the 
frequency sensitivity with radius variations. 

4   MULTIPACTING 

Another concern is the potential for multipacting in these 
elliptical structures. So far experimental results for cavi- 
ties with ß « 0.85 at Cornell and SACLAY[8], as well as 
the above mentioned result from JAERI, indicate that there 
should be no principal problem for such geometries. A fi- 
nal resolution of the multipacting aspect will come from the 
laboratory tests on single-cell structures that is presently 
under way in Los Alamos. To support the experimental 
work, there is a numerical study under way at the Uni- 
versity of New Mexico [9]. The TRAKJRF code is being 
used to investigate the single-cell geometries of both cavity 
shapes for multipacting susceptibility. First simulations in- 
dicate possible multipacting for values of Ea between 2.8 
and 4.5 MV/m. 

5   SINGLE CELL CAVITY TEST 

Figure 2: The tested /3=0.64 single-cell cavity with stiff- 
ener 

In the LANL superconducting structures laboratory we 
have completed assembly of the equipment for a vertical 
test of superconducting cavities at 700 MHz under moder- 
ate rf power without beam. We are presently testing a single 
cell cavity at ß = 0.64 with the end-cell shape of the origi- 
nal choice of geometry. This is seen as a meaningful test of 
the operability of cavities as proposed for the APT facility, 
since it will provide data on the presence of multipacting in 
the medium-/3 structures and it will also provide some field 
performance data. The end-cell geometry of a multi-cell 
cavity is more critical in determining performance. This is 
due to a) the wider elliptical nose that brings the opposing 
cavity walls closer together than in the mid-cells, and b) 
the steeper sloped side-walls result in opposing walls that 
are closer to parallel walls, which increases the potential 
for two-point multipacting. The cavity uses niobium with a 
RRR=250 and material of a thickness of 1/8". These spec- 
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ifications are identical to the ones for the planned accelera- 
tor facility. 
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TEST RESULTS ON THE 9-CELL 1.3 GHZ SUPERCONDUCTING 
RF CAVITIES FOR THE TESLA TEST FACILITY LINAC 

M. Pekeler*, DESY, Notkestr. 85,22603 Hamburg, Germany 

Abstract 

The design goal for the TESLA Test Facility Linac is an 
accelerating gradient of 15 MV/m at a quality factor of 
Q = 3-109. In the linac the cavities are operated in pulsed 
mode (constant gradient for 800 /is with 10 Hz repetition 
rate). The majority of the first 17 industrially produced cav- 
ities exceeded the specification. Several cavities reached 
25 MV/m at Q > 1-1010. Due to cleaning by high pressure 
water rinsing most of the cavities showed no field emission 
loading; the major limitation was thermal instability. In 
cavities with poorer performance, two types of field limita- 
tions were identified by temperature mapping and further 
surface analysis: tantalum impurity in the bulk niobium 
and defects in the equator welds. Eight cavities, equipped 
with main power coupler, HOM couplers and tuning sys- 
tem have been successfully tested in a horizontal cryostat 
in pulsed mode. Also here the majority of the cavities ex- 
ceeded the design goal and gradients up to 25 MV/m could 
be achieved. 

1   INTRODUCTION 

TESLA (TeV Superconducting Linear Accelerator) is one 
of the proposed future TeV scale e+e~ linear colliders. It 
differs from other projects in its choice of superconducting 
accelerating structures and of low frequency (1.3 GHz). 

In order to prove the technical basis of TESLA the 
TESLA Test Facility (TTF) is under construction at DESY 
within the framework of an international collaboration. The 
aim is to show that accelerating gradients above 15 MV/m 
at quality factors above 3-109 are reproducibly achieved and 
can be maintained after assembly to the linac together with 
the necessary auxiliary system [1]. 

All together seventeen 9-cell cavities manufactured by 
three different companies have been tested in a verti- 
cal cryostat so far. In addition eight cavities were fully 
equipped with all components in a horizontal cryostat and 
tested. A summary and comparison of the vertical and hor- 
izontal tests are given in this paper. 

The first cryomodule of the TTF Linac containing eight 
superconducting 9-cell cavities has been assembled. First 
acceleration of the beam by this module is expected in 
June 97 [2]. 

2   CAVITY TEST PROCEDURE 

After delivery from industry, the cavities receive the fol- 
lowing treatment and test procedures: 

* for the TESLA Collaboration 

• Visual inspection and dimensional check; 
• Removal of the inner damage layer by 80 /mi buffered 

chemical polishing (BCP). This is done by a closed 
loop etching facility with active cooling in order to 
avoid heating of the acid to temperatures above 12°C. 

• Removal of 10 /zm from the outer surface by BCP; 
• Heat treatment with titanium getter at 1400°C for 4 

hours in order to raise the residual rest resistivity ratio 
(RRR) of the cavities from 300 to 500; 

• 80 /xm BCP from the inside in order to remove tita- 
nium from the superconducting surface. 30 /im BCP 
from outside in order to improve the Kapitza conduc- 
tance. 

• Field profile measurement and tuning to correct fre- 
quency; 

• Final inner BCP of 20/tm; 
• High pressure (100 bar) water rinsing (HPR) [3], dry- 

ing in air in a class 10 clean room; 
• Assembly, additional HPR, drying by pumping; 
• Acceptance test in a vertical cryostat including the 

possibility to apply high power processing (HPP) [4]; 
• Field profile check; 
• Welding of the He-vessel made out of titanium; 
• Inner BCP 20 /im, HPR, drying in a class 10 clean 

room; 
• Assembly of high power and HOM-couplers; 
• HPR and drying by pumping; 
• Assembly of the tuning mechanism and magnetic 

shielding; 
• Test in a horizontal cryostat including high power cou- 

pler processing; 
• Assembly of eight cavities in a cryomodule; 

3   VERTICAL TESTS 

Seventeen 9-cell cavities produced by three European com- 
panies have been tested so far in a vertical cryostat. The 
average gradient was 17.2 MV/m at Q values above 3-109. 
The main limitation of the cavities was thermal instability. 
Field emission could be strongly suppressed by means of 
careful high pressure water rinsing. 

Seven cavities showed gradients above 20 MV/m. Their 
Q(U)-behaviouris shown in figure 1. Two cavities reached 
25 MV/m at Q > 1010 without any field emission loading. 

In the linac the cavities are operated in the 7r-mode with 
equal gradients in all cells. By excitation of the other 
coupled modes a non-uniform field distribution can be 
achieved which allows to determine the high field perfor- 
mance of individual cells. In five cavities of lower gradi- 
ents a single cell was identified to be responsible for the 
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limitation while the other cells could be excited to much 
higher fields. 
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Figure 1: Q(E)-behaviour of TESLA 9-cell cavities which 
reached more than 20 MV/m. One cavity was limited by 
the available incident power, all others showed a thermal 
breakdown, some under field emission loading. 

3.1   Defects in the bulk niobium 

Three niobium cavities from one manufacturer, produced 
from the same ingot, showed quenches at gradients from 8 
to 14 MV/m. They also exhibited a so called "Q-switch", 
which is a sudden drop in quality factor with increasing 
incident power (see figure 2). Localized areas with exces- 
sive heating were found by temperature mapping. In one 
cavity the defective cell was cut out and investigated with 
X ray fluorescence spectroscopy. A tantalum grain close 
to the RF surface was found. A sensitive eddy current 
scanning system, developed at the Bundesanstalt für Ma- 
terialforschung, Berlin, was able to detect the inclusion. In 
the future this type of material defects will be excluded by 
eddy current scan of the niobium sheets. 5 % of recently 
produced niobium sheets had to be rejected. 

3.2   Defects in the equator welds 

All cavities produced by another manufacturer exhibited a 
thermal breakdown in the 11 to 15 MV/m regime combined 
with a so called "Q-slope", a continuous reduction of the 
quality factor from approximately 3-1010 at low gradient 
to about 1 • 1010 near the quench field (figure 3). No field 
emission was observed. 

Three of the cavities were investigated with temperature 
mapping. Several locations with field-dependent surface 
resistance were found in the equator welds which caused 
the Q-slope and also the quench. An analysis showed that 
the welding procedures at this company were not adequate 
for gradients in the 20-25 MV/m regime. 

A cavity with improved welding technique has recently 
been fabricated by this company. The preliminary test re- 
sult is shown in figure 4. A remarkable improvement is 
observed. The maximum gradient of 22 MV/m is not lim- 
ited by quench but by the available incident power. There 
is no Q-slope visible up to gradients of 16 MV/m, however 
field emission sets in at 16 MV/m. This cavity will be high 
pressure water rinsed soon and retested again. 
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Figure 3: Cavities showing a "Q-slope" and quench in the 
11-15 MV/m regime. There was no field emission present. 
All cavities were produced by the same manufacturer. 
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Figure 2: Q(-B)-behaviour of 9-cell cavities which showed 
a "Q-switch". All cavities were produced by one manu- 
facturer from the same ingot material. The Q-switches and 
quenches are probably caused by foreign material inclu- 
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Figure 4: Q(i?)-behaviour of a cavity produced with new 
welding technique. The cavity showed field emission 
above 16 MV/m. For comparison one of the previous cavi- 
ties (figure 3) is shown. 
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3.3   Test in pulsed mode 

A number of cavities were tested in the vertical cryostat 
also in the pulsed mode as foreseen in the linac operation. 
For this purpose the cavity was equipped with a high power 
coupler tunable from Qext = 1010 (needed in cw opera- 
tion) to 3-106 (needed in pulsed operation). In pulsed mode 
the gradient is kept constant for 800 /xs at a 10 Hz repetition 
rate. The gradients achieved in the pulsed mode are always 
higher than in cw operation (figure 5). 

W 

0     5     10    15    20   25    30   35 
E    [MV/m] 

cw 

Figure 5: Comparison of cw and pulsed operation of cavi- 
ties tested in the vertical cryostat. 

4   HORIZONTAL TESTS 

Eight cavities equipped with all auxiliary components 
(helium-vessel, high power coupler, HOM-couplers, tun- 
ing mechanism and magnetic shielding) were tested in a 
horizontal cryostat. Because of the low Qext of the high 
power input coupler only measurements in the pulse mode 
were possible. 

The cavities reached an average gradient of 17.5 MV/m 
at Q > 3 ■ 109 (see figure 6) compared to an average gradi- 
ent of 18.6 MV/m at Q > 3-109 in cw mode in the vertical 
test stand. In contrast to the vertical tests, field emission 
has been observed more frequently. The reason is probably 
particle contamination due to the more complicated assem- 
bly and to the processing of the main power coupler. The 
higher field emission loading is responsible for the slight 
degradation in performance. 

Cavities showing strong field emission can be further 
improved by applying high power processing (HPP) [4]. 
For this purpose, short pulses of high instantaneous power 
(« 400 /is, up to 1 MW) are applied to destroy field emit- 
ters. The power coupler has to be carefully processed up to 
1 MW, which may take several days. Due to a tight time- 
schedule HPP was not applied during the horizontal test. It 
still can be done after the installation of the cavities in the 
first cryomodule and in the linac. 

> 

w 
I   15 

20 25 
[MV/m] 

vertical test 

Figure 6: Comparison of the performance of cavities tested 
in the vertical cryostat in cw mode and in the horizontal test 
cryostat in the pulsed mode. 

5 CONCLUSION 

Most of the first TESLA 9-cell cavities for the TTF Linac 
exceeded the specifications of 15 MV/m at Q = 3 • 109. 
Seven cavities reached gradients above 20 MV/m, two 
reached 25 MV/m with Q > 1010. 

In cavities with poorer performance, two types of limita- 
tions were found: tantalum inclusion in the bulk niobium, 
and imperfect equator welds. 

Cures have been found for both types of imperfections. 
Using a dedicated eddy current scanning system defective 
niobium sheets will be rejected from the next cavity pro- 
duction. The second limitation has been overcome with a 
new welding technique. The first cavity built with this new 
welding procedure showed no quench at 22 MV/m. With 
better material control and better welding technique, gra- 
dients higher than 20 MV/m are expected to be routinely 
possible now. 

In the horizontal tests, a slight reduction in gradient 
caused by higher field emission loading compared to the 
vertical test is. Work is in progress to improve the cleaning 
and mounting procedures prior to the horizontal test. 
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ASTRID ELECTRON CAVITY STUDY 

S.P. M0ller and T. Korsbjerg 
Aarhus University, Aarhus, Denmark, 

E.N. Zaplatine,* DESY, Hamburg, Germany 

Abstract 

An accelerating cavity of ASTRID (Aarhus Univ.). Elec- 
tron Storage Ring[l] was studied. The cavity was sim- 
ulated with two 3D numerical codes MAFIA[2] and 
GdfidL[3]. The HOM influence on the cavity components 
was investigated. 

1   INTRODUCTION 

Some parameters of ASTRID Electron Storage Ring re- 
lated to RF system are presented in Table 1. The accel- 
erating cavity is a capacitively loaded coaxial TEM cavity 
(Fig. 1). 

Table 1: Some ASTRID Electron Synchrotron Parameters. 

Energy 100-600 MeV 
Circumference 40 m 
Revolution Frequency 7.4948 MHz 
RF Frequency 104.927 MHz 
Designed Ace. Voltage 50 kV 

Figure 1: Cavity Geometry. 

An electrical field is concentrated in the accelerating gap 
and a magnetic field is circulating around beam pipes in the 
same direction for the whole cavity length. Two plungers, 
placed symmetricaly to the midplane, are used for a mag- 
netic tuning to compensate a beam loading during a beam 
injection. 

RF-spring contacts are used electrical isolation of the 
plunger housing from the cavity [4]. 

2   3D CAVITY SIMULATION 

To simulate this cavity with the plunger structure two 3D 
MAFIA and GdfidL codes were used. On Fig. 1 a half 
part of the cavity geometry is shown as it was generated by 
MAFIA mesh generator. The results of 3D MAFIA simu- 
lation for two plunger positions are given in Table 2. The 
plunger position is measured from the cavity tank circum- 
ference. The modes 1 and 3 are essentially the fundamental 
and its second harmonic. The modes 2 and 4 are the first 
and second harmonics of the transverse mode. 

Table 2: 3D Cavity Simulation. 

xplunger = 0.0 mm 
mode fo/MHz Q Rsfc/Ohm 

1 
2 
3 
4 
5 
6 

102.5032654 
509.9479675 
546.9269409 
632.9127808 
689.9231567 
727.2523804 

20414 
18997 
40925 
28986 
54431 
37248 

1763470 
0 

64615 
0 
0 

7845 
xplunger = 98.0 mm 

1 
2 
3 
4 
5 
6 

103.4529190 
437.5782166 
526.5858154 
584.1299438 
658.9996948 
703.0874023 

19197 
24244 
22095 
25730 
38795 
32683 

1637202 
10936 
14694 
14325 

1145 
3833 

* Guest Scientist from JINR, Dubna, Russia 

2.1   Shunted Inductive Loop 

The plunger of the ASTRID electron cavity is moved in its 
full length (90-100 mm) during injection and acceleration 
of the beam. A plunger insertion changes field distribu- 
tion causing the HOM's B-field to circulate around it. It 
means that one of the possible solution to damp HOMs can 
be a shunted inductive loop (Fig. 2), installed close to the 
plunger body. The square of such loop should be parallel to 
the fundamental mode magnetic field and it will be perpen- 
dicular to HOM's magnetic fields. The result of such loop 
use is shown on Fig. 3. The shunting simulation can be 
done by an electrical conductivity change of a small part 
of the loop where it connects with the ground. Since we 
don't know the conductivity value to shunt resistance re- 
lationship the simulation has been done for a series of the 
conductivity values. 
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Figure 2: Cavity with Inductive Loop. 
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Figure 3: Cavity Shunt Impedance with Shunted Loop. 

2.2 Shunted Capacitive Load 

The only disadvantage of the proposed above inductive 
shunted loop is that in order to install it in the working 
cavity some additional holes should be made in the cavity 
walls. To avoid that we looked into the possibility of using 
already exsisting holes. There are some vacant holes in the 
cavity end flange. These holes can be used for the instal- 
lation of a capacitive load (Fig. 4) which in the simulation 
represents a rod with 20 x 10 mm2 cross section. 

The results of the cavity simulation with capacitive load 
are shown in Fig. 5. To provide an experimental test a 
10 mm diameter rod connected to a water cooled 50 Ohm 
load was installed. Experimental results are summarized in 
Table 3. 

2.3 Z- Plungers 

Considering the field distributions in the cavity, a plunger 
position in the end flange (Fig. 6) is preferable. Firstly, 
because the magnetic field strength is highest close to this 
wall and second, the magnetic field of the cavity transversal 
mode is parallel to the plunger which will not result in the 
current induction flowing along the plunger. 

Simulating with such z-plungers, keeping volumes un- 
changed and comparing to an x-plunger simulation, gives 

Figure 4: Cavity with Capacitive Load. 
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Figure 5: Cavity Shunt Resistance with Capacitive Load. 

the results shown in Figs. 7-8. As expected, the frequency 
change is much bigger now and if one stays with such struc- 
ture, the different working plunger position also results in 
a shunt resistance gain. 

3    CONCLUSIONS 

• The best solution for the higher order mode damping 
in this cavity is the shunted inductive loop. 

• The capacitive shunted load can be very practical op- 
tion for the HOM damping in this cavity in the sit- 
uation, when no big mechanical modifications in the 
cavity can be done. 

• Z-Plunger(s) are stronger in terms of the cavity 
frequency change and preferable compared to x- 
plungers. But the HOM damping system should be 
considered in this case, too. 
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Table 3: HOM Damping Results. 

mode f0/MHz Q Qi 
MHz 

1 105.027 6327 6484 
2 443.696 3872 — 
2-3 486.483 1986 231 
3 527.075 6230 663 
4 583.088 329 125 
5 654.985 4043 602 

Figure 6: Cavity with Z-Plungers. 

frequency (MHz) 
104.4 

x-plunger 

40 60 80 
xplunger (mm) 

100 

Q * 10-3 ; Rsh (MOhm) 
2.1 

1.9 - ^""^^T 
mode 1 tw5^ 

"i     r l 1 1 r 

0    10  20  30  40  50   60  70   80  90 100 
xplunger (mm) 

Figure 8: Cavity Parameters with Z-Plungers. 
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Figure 7:  Cavity Fundamental Mode Frequency with Z- 
Plungers. 
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SOLVING THE PROBLEM OF HEATING OF RF CONTACTS IN CAVITY 
TUNERS 

Yu. Senichev*, T. Korsbjerg, S. P. M0ller, Aarhus University, Aarhus, Denmark, 
E. N. Zaplatinet , DESY, Hamburg, Germany 

Abstract 

The accelerating cavity of the ASTRID Electron Syn- 
chrotron was studied. The cavity is a capacity loaded TEM 
cavity resonating at 104.95 MHz. Two plungers driven in 
parallel keep the cavity in tune, yielding a tuning range of 
about 0.8 MHz to compensate the beam loading. The RF 
spring contact liners placed on the entrance of the plunger 
housing are used to isolate the plunger housing from the RF 
field. The surface current flowing through the contacts lim- 
its the power in the cavity to less than 5 kW due to heating. 
We analyse the electrodynamics of the tuner and investigate 
two options of a new tuner geometry, one with contacts and 
one without contacts. The new design should remove the 
power limitation due to contact problems. 

1   INTRODUCTION 

There are many methods of RF cavity frequency adjust- 
ment. For accelerating cycles with a low repetition fre- 
quency a mechanical plunger moved in a housing is used to 
tune the cavity resonant frequency. Independent of method, 
the frequency is changed due to a redistribution of the elec- 
trical or magnetic component of the electromagnetic field. 
The frequency variation is proportional to the integral field 
perturbation. The behaviour of the fundamental and the 
HOM modes in the ASTRID cavity with the plunger po- 
sition has been investigated[l]. The necessary frequency 
change is set by the reactive beam loading. Conventionally 
the magnetic component is perturbed, since the electrical 
component is responsible for the acceleration. It is done by 
inserting the plunger in the maximum magnetic field. How- 
ever, the maximum magnetic component coincides with the 
maximum surface current, which causes a heating of the 
surface proportionally to H2. The electromagnetic field 
can penetrate inside the housing of the plunger and excite 
its eigenmodes. It causes heating of the bellow as well. To 
prevent the penetration of the electromagnetic field into the 
housing, sliding electrical contacts are used. This shielding 
of the housing helps to avoid heating of inside elements, but 
a problem of heating of contacts themselves arises. The 
transient resistance between the sliding contacts and the 
plunger surface is determined by the contact pressure, the 
cleanliness of the surfaces and the spotty wear. Moreover, 
the damage of the plunger surface by the sliding contacts 
looks as scratches perpendicular to the current direction on 
the plunger surface, leading to amplification of the heating 
effect. All these circumstances make the work with such 
plungers unreliable and restrict the power delivered to the 

* on leave from Institute for Nuclear Research, Moscow 
t guest scientist from JINR, Dubna, Russia 

cavity to a level less than around 5 kW. To find a solution 
to this problem we investigated the electrodynamics of the 
tuner. 

2   ELECTRODYNAMICS OF TUNER 

2.1   Antenna effect 

We observed experimentally that the maximum heating of 
the cavity takes place around each tuner housing entrance 
with two maxima located with 180° symmetry relative to 
the entrance and lying on the line joining the entrances. We 
have investigated the electrodynamics of the cavity together 
with the plunger and can explain the nature of this phenom- 
ena by two effects. The first one is due to the antenna effect. 
Figure 1 schematically shows the current construction of 
the cavity with plunger removed from the housing and the 
magnetic component distribution simulated by MAFIA. In 
the current construction the contacts are installed on the en- 
trance to the housing. The original (without plunger) mag- 
netic component distribution of the cavity TEM mode is 
inversely proportional to the radius H oc 1/r and it is dis- 
turbed by the plunger. The plunger is a good conductor and 
plays the role of an antenna with the length lant inserted in 
the cavity. It generates a mixing mode, which converts the 
cavity TEM mode into the coaxial TE11 "plunger-housing" 
mode. The mixing mode is distributed along the plunger 
without the 1/r damping and therefore the magnetic field is 
amplified on the surface of the cavity near the entrance with 
the factor oc R 

R™\—. Hence the heating power grows by 
the square of this value. Due to this effect the power dis- 
sipated on the surface around the tuner housing entrance is 
higher in comparison with other places and in our case this 
factor is about 1.5. 

Figure 1: The magnetic field distribution in the cavity with 
the plunger. 
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2.2    TE11 coaxial "plunger-housing" mode 

Obviously, if we place the contacts just at the entrance of 
the housing, we get the high current flowing through the 
contacts. So, we have to move the contacts deeper into the 
housing and the depth depends on how far the electromag- 
netic field penetrates. To answer this question we should 
know what modes are excited in the housing. Let us con- 
sider the electrodynamics of the system "cavity-plunger- 
housing". Since the slot between the plunger and the hous- 
ing could be considered as the coupling element between 
two resonant volumes, the cavity itself and the housing, the 
intensity of the mode excited in the housing is proportional 
to the integral: 

A, oc 
,,   <Vs Jslot 

EcE*-cjcHcH*)dv (1) 
Figure 2: Magnetic field inside cavity and housing. 

where E^,H^ are the eigenmode components of the hous- 
ing, EC,HC are the fundamental mode components of the 
cavity, Qs is the quality factor of S -th mode, 8w = ws - uc 

and u>s, u)c are the eigen frequencies of of S -th mode and 
the cavity fundamental mode correspondingly. From the 
distribution of the cavity fundamental mode (in this case 
TEM mode) we can conclude that the coaxial mode TE11 
with one variation along azimuth can be excited in the 
housing. The TE11 cut off frequency fcut is determined 
by the inside radius of the housing rh and the outside ra- 
dius of the plunger rp 

2f2 **f ■(rh + rp) 1 + 1 frh 

3 Vrfc +rP 
(2) 

For our case the cut off frequency equals 640 MHz. Thus, 
TE11 is beyond cut off frequency mode. But it penetrates 
into the housing with a length proportional to the damping 
decrement equal to T = 7 -r- 8 cm. Figure 2 shows the dis- 
tribution of the magnetic component inside the housing and 
around the plunger moved into the cavity. In this figure the 
vertical Z direction shows the value of the magnetic field in 
the XY plane passing through the centre of the cavity and 
the housing. 

The exponential decay and the decrement value corrob- 
orate that this mode is exactly the TE11 mode. If we want 
the flowing current through contacts reduced by a factor of 
ki=lO, the contacts have to be moved into the housing by 
I = 2.3T. Taking into account the antenna effect fc2=1.5 
and the reflection of the power from the contacts k3=2, the 
depth has to be I = 3 AT. Since the stroke of the plunger is 
10 cm, the plunger housing height has to be about 35 cm. 

the drift tube of the cavity and the plunger itself, the res- 
onant frequency of this mode can cross the working fre- 
quency of the cavity. The 3D MAFIA code simulation con- 
firms this assumption. Figure 3 shows the distribution of 
the TEM coaxial "plunger-housing" mode magnetic com- 
ponent. The electrical component has a small value, be- 
cause the capacity is located outside the housing. Since 
the TEH mode damps very fast, the residual field inside 
the housing is determined by the TEM coaxial "plunger- 
housing" mode. The change of magnetic component sym- 
metry corroborates that. To remove this mode from the 
working region we have to change the induction, which 
is proportional to the inside volume of the housing. Due 
to a necessity to damp TEH we are restricted to decrease 
the housing size and we can only decrease the resonant fre- 
quency of the plunger mode. We have developed two op- 
tions of new tuner design with and without contacts. 

2.3   TEM coaxial "plunger-housing" mode 

If the cavity TEM mode has a different value of the mag- 
netic component at opposite points relative to the entrance 
of the housing, the TEM coaxial "plunger-housing" mode 
can be excited as well. Owing to the big capacity between 

Figure 3: The TEM coaxial "plunger-housing". 
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3   TWO OPTIONS OF NEW TUNER DESIGN 

3.1    With contacts 

To increase the inside volume of the housing we use the 
idea of an enclosed coaxial. Figure 4 shows a quarter of 
the cavity geometry generated by MAFIA mesh generator. 
The plunger is made like an empty cup and the additional 
built-in cup is inserted into the plunger and is mounted on 
the upper flange of the housing. The contacts are installed 
on the second cup and they slide on the inside surface of the 
plunger. This construction decreases the plunger mode fre- 
quency and removes the contacts from the maximum mag- 
netic field. Unfortunately, the latter has little effect due to 
the small housing size to resonant wave length ratio. 

Figure 4: The tuner geometry. 

3.2    Without contacts 

In the first option the contacts play the role of bellow 
shielding. The bellow can be heated only by the TEM 
plunger mode if the TE11 mode is damped. But if we do 
not use contacts at all, the entrance inside the housing for 
electromagnetic field will be open, the induction will grow 
significantly and the plunger mode frequency will go down 
by a factor of two. The heating of the bellow has to de- 
crease inversely proportional to the detuning. So, the sec- 
ond option is characterised by the absence of contacts. Ac- 
tually, in this design we do not need the additional built-in 
cup from a electrodynamics point of view, but it increases 
the vacuum resistance between the bellow surface and the 
accelerating gap in the cavity. Figure 5 shows the drawing 
of the tuner port, which could be used in two options with 
and without contacts. To improve the cooling conditions of 
the bellow we moved it out from the housing. In both cases 
we cool the housing externally at the entrance as well as 
the plunger itself. 

Figure 5: The tuner design. 

• The antenna effect amplifies the magnetic field near 
the entrance inside the housing. 

• The beyond cut off coaxial mode TE11 penetrates in- 
side the gap "housing-plunger". 

• The TEM "plunger-housing" mode due to the signif- 
icant capacity between the plunger and the drift tube 
of the cavity has a resonant frequency in the working 
region of the fundamental mode. 

We have developed two options of a tuner design with 
and without contacts and both meet the required conditions 
for the tuner. Experimental verification will be made in 
1997. 
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A DIVIDE-DOWN RF SOURCE GENERATION SYSTEM FOR THE 
ADVANCED PHOTON SOURCE 

D. Horan, F. Lenkszus, R. Laird 
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9700 South Cass Avenue, Argonne, Illinois 60439 USA 

Abstract 

A divide-down rf source system has been designed 
and built at Argonne National Laboratory to provide har- 
monically-related and phase-locked rf source signals 
between the APS 352-MHz storage ring and booster syn- 
chrotron rf systems and the 9.77-MHz and 117-MHz 
positron accumulator ring rf systems. The design provides 
rapid switching capability back to individual rf synthesiz- 
ers for each one. The system also contains a digital bucket 
phase shifter for injection bucket selection. Input 352- 
MHz rf from a master synthesizer is supplied to a VXI- 
based ECL divider board which produces 117-MHz and 
9.77-MHz square-wave outputs. These outputs are passed 
through low-pass filters to produce pure signals at the 
required fundamental frequencies. These signals, plus sig- 
nals at the same frequencies from independent synthesiz- 
ers, are fed to an interface chassis where source selection 
is made via local/remote control of coaxial relays. This 
chassis also produces buffered outputs at each frequency 
for monitoring and synchronization of ancillary equip- 
ment. 

1 RF SOURCE SIGNAL REQUIREMENTS 

The APS positron accumulator ring (PAR) uses two rf 
systems, operating at 9.77 MHz and 117.30 MHz (12th 

harmonic). These frequencies must be phase-locked to 
themselves and to the booster-synchrotron frequency of 
351.930 MHz. For proper injection, maximum allowable 
jitter between the source frequencies is approximately 70 
ps p-p [1]. In the PAR low-level rf systems, the phase of 
both the 9.77-MHz and 117.30-MHz signals is shifted to 
enable bucket-selection in the booster synchrotron during 
the injection cycle. This phase shifting is achieved by 
using separate calibrated analog phase shifters in the low- 
level rf signal paths or by shifting the phase of the rf 
source driving each PAR rf system. These source signals 
can be generated either by separate rf synthesizers or by a 
divide-down rf source generator board which divides the 
351.93-MHz booster synchrotron source frequency into 
the two PAR frequencies and provides digitally-clocked 
phase shifting of the PAR frequencies. The separate rf 
synthesizers are supplied an external 10-MHz timebase 
signal distributed from a multiple-output master 10-MHz 
oven source. PAR rf source selection between the inde- 
pendent synthesizers and the divide-down generator board 
is provided by an interface chassis which uses coaxial 
relays for rf switching and also contains filtering and buff- 
ering for the divide-down generator outputs. 

2 DIVIDER BOARD DESIGN 

The divide-down rf source generator is a VXI-based 
ECL digital divider board (see Figure 1) which divides a 
351.93-MHz sinewave input signal into 117.30-MHz and 
9.77-MHz signals that are phase locked to each other and 
to the 351.93-MHz source. The board provides both CW 
and phase-shifted outputs at each PAR frequency and 
enables remote programming and control of the phase shift 
commands for storage ring bunch fill pattern control via 
the APS EPICS control system. 

A block diagram of the 
divide-down rf source gen- 
erator board is shown in 
Figure 2. The 351.93-MHz 
input signal is transformer- 
coupled to an ECL zero- 
crossing detector where it is 
converted to a 351.93-MHz 
square-wave. This signal is 
fanned-out and used as a 
timing clock to synchronize 
the digital phase shifters for 
each frequency and is also 
applied to the input of a pro- 
grammable binary counter 
that performs a divide-by- 
three function and produces 
a 117.30-MHz square-wave 
signal. This 117.30-MHz 
square wave is fed to the 
input of another program- 
mable   binary   counter   to 
divide the signal by 12 and produce the 9.77-MHz square- 
wave output. The 9.77-MHz and 117.30-MHz outputs of 
the dividers are fanned out to feed CW signals to the front 
panel connectors and to drive the input of a digital phase 
shifter for each frequency. 

The digital bucket phase shifters consist of indepen- 
dent clocked programmable shift registers that execute 
preprogrammed output phase shifts upon receipt of a "load 
phase" command. Using separate command steps, the 
phase-shift specification (bucket selection) is pre-loaded 
into the programming registers of the phase shifters, and 
then the phase shift is executed at the appropriate time dur- 
ing injection. The 117.30-MHz and 9.77-MHz phase 
shifters are capable of 3 and 36 possible output phase 
selections, respectively. At the present time during accel- 
erator operation, only 12 selections are used. 

Figure 1: Digital rf 
source generator VXI 
module. 
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Figure 2: Digital rf source generator board diagram. 

The CW and phase-shifted square-wave outputs at 
9.77 MHz and 117.30 MHz are passed through program- 
mable delay generators to provide in-phase signals at the 
board output connectors. The output signals are fed to the 
front panel connectors through buffers which provide NIM 
and AC-coupled 50-ohm outputs at each frequency. Cir- 
cuit board foil layouts use a combination of stripline and 
microstrip construction techniques to correct for propaga- 
tion delays which would introduce timing errors. 

3 SYSTEM INTEGRATION 

The divider board outputs are interfaced to the exist- 
ing PAR low-level rf systems by a chassis which provides 

essential filtering, amplification, and switching (see 
Figure 3). This enables operation of the PAR rf sys- 
tems using either the divide-down source generator 
or individual rf synthesizers as the rf source signals 
and either the analog or digital bucket phase shifters. 

The 9.77-MHz and 117.30-MHz square-wave rf 
source outputs of the divider board are low-pass fil- 
tered immediately upon entry to the interface chas- 
sis, using filters which have a minimum -60 dB 
rejection from 19.54 MHz and 234.4 MHz to 352 
MHz, respectively, to resolve the fundamental com- 
ponent of each signal. At both PAR frequencies a 
coaxial relay switches either the CW output, if the 
downstream analog bucket phase shifter is to be 
used, or the phase-shifted divide-down rf source out- 
put to the input of the PAR low-level rf system 
through a leveling amplifier to insure constant rf 
drive amplitude. Again, at both PAR frequencies, 

another coaxial relay allows a stand-alone rf synthesizer to 
supply rf drive to the low-level rf system. Cable lengths 
are adjusted and attenuators provided to minimize the 
phase shift between source and phase shifter selections. 
Buffer amplifier/splitter networks are provided to supply 
multiple isolated rf outputs at each PAR frequency for tim- 
ing and test purposes. Remote control and status readback 
of the interface chassis is provided. 

4 PERFORMANCE MEASUREMENTS 

The theoretical performance of the divide-down rf 
source in terms of relative phase jitter between the output 
signals and the 351.93-MHz input was expected to be on 
the order of 20 ps p-p. Such levels of phase jitter are 
below the capability of available measurement equipment 
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input signal 
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square-wave input signal 

9.77-MHz sine-wave signal 
from rf synthesizer 

9.77-MHz output to 
low-level rf system 
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filter 

X2 
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Figure 3: Rf source interface chassis diagram. 
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and are well under the accelerator specification. The 
divide-down source system was initially tested on the PAR 
rf systems under beam conditions in the summer of 1996. 
Accelerator operation during that test showed no degrada- 
tion in accelerator performance using the divide-down rf 
source. Measurement on the filtered rf output signals of 
the divide-down source system indicates the frequency 
division process contributes nothing significant to the 
overall phase noise level of the system (see Figures 4(a) 
and (b)). The estimated phase noise specification for ideal 
ECL dividers is approximately -148 dBC/Hz [2]. This is 
well below other unavoidable sources of phase noise in the 
rf systems, such as the 800-foot cable run and 20-dB trunk 
amplifier necessary to supply the booster synchrotron 
351.93-MHz source signal to the input of the divide-down 
board at an adequate level (see Figure 4(c)). As can be 
seen in Figure 4(a) and (b), low-pass filtering of the 9.77- 
MHz and 117.30-MHz divide-down board square-wave 
outputs proved adequate to attenuate harmonic compo- 
nents of the signals to acceptable levels. 

Using the digital bucket phase shifter for storage ring 
fill pattern control has resulted in more uniform bunch-to- 
bunch charge in the stored beam. Figures 5(a) and (b) 
show the bunch charge uniformity measurements made on 

CENTER FREQ = 351.93 
SPAN = 20 KHZ 

FREQ SWEEP 
5 MHz TO 100 MHz 

CENTER FREQ = 9.77 MHz 
SPAN = 20 KHZ 

FREQ SWEEP 
IOOMHZTOIGHZ 

CENTER FREQ =117 MHz 
SPAN = 20 KHZ 

Figure 4: (a) 351-MHz source, (b) and (c) 9.77-MHz 
filtered divide-down rf source signal, (d) and (e) 117- 
MHz filtered divide-down rf source signal. 

(a) 
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t  (no,los»c) 
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(b) 

> Csps.  32kpts 

Figure 5: Storage ring bunch charge uniformity (a) 
analog bucket phase shifter, and (b) digital bucket 
phase shifter. 

storage ring beam, using identical fill patterns. Figure 5(a) 
represents two separate storage ring fills where separate rf 
synthesizers were used for the PAR rf source signals, and 
downstream analog phase shifters were used for bucket 
selection during injection. Figure 5(b) is the same mea- 
surement on stored beam, using the same fill pattern, after 
using the divide-down rf source system and digital bucket 
phase shifters for bucket selection. 

5 CONCLUSION 

The PAR divide-down rf source system has logged 
approximately 1500 hours of on-line accelerator use and 
has contributed to improvements in injection efficiency 
and bunch fill pattern repeatability. It also improves the 
long-term stability between the APS injector and storage 
ring, reducing overall fill time. Future improvements to 
this system include efforts to further reduce phase noise in 
the 352-MHz divider input signal. 
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MECHANICAL DESIGN UPGRADE OF THE APS STORAGE RING RF 
CAVITY TUNER 
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Abstract 

The Advanced Photon Source (APS) storage ring (SR) 
if system employs four banks of four spherical, single-cell 
resonant cavities. Each cavity is tuned by varying the cav- 
ity volume through insertion/retraction of a copper piston 
located at the circumference of the cavity and oriented per- 
pendicular to the accelerator beam. During the commis- 
sioning of the APS SR, the tuners and cavity tuner ports 
were prone to extensive arcing and overheating. The exist- 
ing tuners were modified to eliminate the problems, and 
two new, redesigned tuners were installed. In both cases 
marked improvements were obtained in the tuner mechani- 
cal performance. As measured by tuner piston and flange 
surface temperatures, tuner heating has been reduced by a 
factor of five in the new version. Redesign considerations 
discussed include tuner piston-to-housing alignment, tuner 
piston and housing materials and cooling configurations, 
and tuner piston sliding electrical contacts. The tuner rede- 
sign is also distinguished by a modular, more maintainable 
assembly. 

1 INTRODUCTION 

The APS SR rf cavity tuners have been redesigned to 
improve mechanical and vacuum performance while main- 
taining consistent rf performance. The tuner consists of a 
moveable piston that is inserted/retracted into the 352- 
MHz spherical cavity, thus changing the volume and the 
frequency of the resonant cavity. The approximate size of 
the components are as follows: the rf cavity radius is 13 
inches, the tuner piston radius is 2.75 inches, and the over- 
all length of the tuner is 25 inches. The piston, housing, 
electrical contacts, bellows, and drive have all been rede- 
signed. The piston diameter and motorized drive perfor- 
mance have been maintained to allow consistent rf 
feedback and controls. Diagnostic thermocouples have 
been added to the tuner piston within the vacuum housing 
and to the exterior of the piston housing mounting flange 
to monitor tuner temperatures for interlock and perfor- 
mance logging purposes. Figure 1 is a section drawing of 
the tuner assembly highlighting major design features. The 
tuner piston is shown in the approximate cavity-tuned 
position. 
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WATER RETURN 

PISTON THERMOCOUPLES FEEDTHROUGH 

WATER RETUR1 

WATER SUPPLY 
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Figure 1: APS storage ring rf cavity tuner. 
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2 TUNER DESIGN DISCUSSION 

2.1 Tuner Piston 

The tuner piston consists of a one-piece, oxygen-free, 
high-conductivity (OFHC) copper cylinder hollowed out 
to include water cooling channels. The water channel is a 
spiral at the base of the piston and a helix on the circumfer- 
ential surface of the piston. The water flow inlet is at the 
center of the base of the piston; from there the water flows 
outward to the circumference of the piston and then 
upward toward the sliding electrical contacts. The cover- 
age area of the water channels has been increased toward 
the electrical contacts to more effectively cool the piston 
and sliding contacts as described in section 2.3. The inte- 
rior of the piston also includes the vacuum-to-air joint that 
consists of a standard Conflat-type flange joint (a policy of 
no vacuum-to-water joints has been maintained throughout 
the tuner assembly). One flange is brazed to the inner 
diameter of the piston, while the second flange is welded 
to a modular welded bellows. The piston itself is modular 
as the piston can be removed solely by unfastening the 
Conflat flange joint. In the current design only the copper 
sheath portion of the piston is exposed to cavity rf energy. 
All braze joints and stainless steel vacuum hardware is 
enclosed and protected. The piston is electrically shorted 
to the stainless steel vacuum housing via sliding electrical 
contacts. The contacts are attached to the piston with sil- 
ver-plated stainless steel pan head screws. The screws are 
fastened to a tapped retaining ring inserted into the piston 
body. The retaining ring interlocks with the piston vacuum 
flange and additionally functions as a redundant attach- 
ment of the piston to the flange. All braze joints are made 
using a copper-gold braze material. Finally, the cylindrical 
copper surface of the piston sheath is coated with titanium 
by a vacuum vapor deposition process to reduce secondary 
emission of electrons and potentially eliminate the prob- 
lem of multipactor. 

2.2 Piston Housing 

The piston housing functions as the tuner vacuum 
enclosure, the tuner-to-cavity mount, and the piston drive 
support. The housing is constructed as a 304 stainless steel 
tube within a tube welded to Conflat flanges at either end. 
The interior tube is machined with a helical cooling chan- 
nel groove that is enclosed by the outer tube. The flange 
surfaces are carefully maintained perpendicular to the 
housing bore as critical piston-to-housing alignment and 
ultimately piston-to-cavity alignment is set by these flange 
positions. The interior of the housing is exposed to cavity 
rf fields and currents and is the running surface of the slid- 
ing electrical contacts. To optimize the performance of this 
surface both surface finish and surface composition have 
been considered. The surface should be as fine as possible 
and free of all circumferential cracks and protuberances. 
As such, the surfaces are mechanically polished to an 8- 
microinch finish and then electropolished to remove any 
remaining surface burrs and contaminants. The surface is 

then gold plated 0.0002-0.0005 inch thick to reduce elec- 
trical resistance and sliding contact friction. 

2.3 Sliding Electrical Contacts 

The sliding electrical contacts are attached to the 
upper portion of the piston outer diameter. The fingers 
electrically short the piston to the piston housing and pro- 
tect the bellows from the cavity rf energy. The contacts are 
fabricated from 98% Cu-2% Be alloy spring finger stock 
[1]. The material is silver-plated 0.0002-0.0005 inch thick 
to reduce both surface and contact resistivities. Also, an 
additional 0.003 inch of silver is plated onto the sliding 
surface for contact lubrication. A primary goal of the 
improved cooling of the piston and housing is to reduce 
the operation temperature of the sliding contact fingers. 
Cooler finger temperature is expected to prolong the life- 
time of the fingers by slowing elevated temperature 
annealing and thermal set. Reduced spring force will 
increase electrical contact resistance and finger heating. 
The linear stroke of the piston has been extended to allow 
inspection and replacement of the finger components with- 
out additional disassembly of the tuner. The design incor- 
porates the location for an optional second set of contact 
fingers, but operational tests with only the primary set of 
fingers indicate that this redundancy is not necessary. 

2.4 Modular Bellows 

The linear motion of the tuner piston is accommo- 
dated by a welded bellows assembly. The bellows is modu- 
lar, terminating to Conflat flanges by interior weld joints. 
A modular bellows was developed to both facilitate bel- 
lows replacement and avoid final assembly welding pro- 
cesses in the tuner assembly. Previous experience has 
shown that welding of the bellows assembly to the tuner 
piston shaft results in distortion of the shaft and a corre- 
sponding loss of control of the piston orientation and 
alignment. The bellows is cooled by circulating air over 
the surface of the bellows. 

2.5 Tuner Drive 

The tuner drive is a modular linear motion system that 
is capable of delivering three inches of travel. The drive is 
compactly nested within and attached to the bellows upper 
flange. All drive components are accurately machined to 
eliminate angular misalignment of the piston. The tuner 
piston is supported by a stainless steel shaft bolted directly 
to the piston vacuum flange. To ensure piston alignment, 
the final machining of the piston is performed relative to 
the attached, pin-located shaft. In the final assembly the 
piston is aligned to the housing bore such that the piston 
axis is colinear to the housing bore axis to within 0.010 in. 
The alignment is verified by employing a coordinate mea- 
suring machine. Drive motion is powered by a stepper 
motor turning a pulley, timing belt, pulley, and lead screw 
system. 
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2.6 Tuner Piston Mechanical Analysis 

Cooling and stress analyses of the piston, electrical 
contact, and housing systems have been performed using 
the ANSYS finite element modeling system. The piston 
and housing water systems have been designed to accom- 
modate the 150 psi cooling water system. Thermal analy- 
ses of the electrical contact fingers have demonstrated that 
with the one-piece, copper piston sheath construction the 
fingers operate at a temperature of 77°C; the temperature 
rise is 50 percent of that of the original tuners. 

2.7 TunerRfAnalysis 

Computer analysis of the electromagnetic properties 
of the rf cavity and tuner piston was performed to estimate 
electrical power dissipation for cooling system design. 
Analysis is based on the tuner piston-to-cavity port radial 
gap being set at 2 mm. The gap size was developed to sup- 
port the piston-to-cavity port potential while minimizing 
finger contact heating. In the case of the piston aligned 
concentric to the cavity port, the power dissipated on the 
piston and housing surfaces is approximately 2 kW for a 
cavity input power of 100 kW. In the case of the piston 
misaligned to the housing and cavity port, the power dissi- 
pated in the tuner surfaces can increase to approximately 
4 kW for a similar 100 kW' of cavity input power; the 
power dissipated in the spring fingers also increases with 
the misalignment of the tuner piston. This result neglects 
the contribution of dissipated power due to arcing between 
the piston and the housing and/or cavity port. In fact, anal- 
ysis shows that the maximum electrical field strength sur- 
passes 1 MV/m when the piston is completely offset in the 
cavity port and arcing is a distinct possibility. 

2.8 Tuner Diagnostics 

The tuners were instrumented with K-type thermo- 
couples attached to the piston inside the vacuum enclosure 
and attached to the housing flange circumference. In vac- 
uum thermocouple wire is insulated with binderless fiber- 
glass braid sleeving. The piston thermocouples are screw 
clamped to the interior of the piston opposite the sliding 
contact fingers. Exterior thermocouples are clamped to the 
tuner mounting flange. The redesigned tuner operating 
temperatures have consistently proven to be significantly 
lower than any of the original tuners that were modified to 
include thermocouple instrumentation. Typical tempera- 
ture rises of 5°C on piston temperatures and 15°C on hous- 
ing flange temperatures are, respectively, 20% and 50% of 
the temperature rises for properly functioning, original 
tuners. Two thermocouples are also installed on the air side 
of the bellows to indirectly monitor the performance and 
condition of the sliding electrical contact finger. 

3 CONCLUSIONS 

As discussed, significant improvements have been 
made to the SR rf cavity tuners. The one-piece piston 
sheath design, improved piston cooling, and piston align- 

ment have reduced tuner operating temperatures by a fac- 
tor of five. Additionally the maintainability was improved 
with the increased accessibility of the system. 
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COAXIAL HIGHER-ORDER MODE DAMPER 
EMPLOYING A HIGH-PASS FILTER 
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Abstract 

Two different types of coaxial higher-order mode 
(HOM) dampers have been investigated for the Advanced 
Photon Source (APS) storage ring cavities: e-probe damp- 
ers and h-loop dampers. Realization of the h-loop dampers 
has been difficult because the loop antenna couples not 
only to the HOMs but also to the accelerating mode and 
results in loss of Q at the fundamental frequency. Previ- 
ously, a first-order fundamental rejection filter was tested 
with unsatisfactory rejection characteristics. This problem 
can be overcome by using a higher-order high-pass filter 
between the loop and the matched load. Prototype dampers 
have been fabricated and tested in a storage ring single-cell 
cavity and the damping characteristic was analyzed. 

1 INTRODUCTION 

The single-cell cavities being used in the APS storage 
ring are optimized spherical type cavities whose funda- 
mental accelerating mode frequency is 352 MHz. Each 
cavity frequency is adjusted with a mechanical plunger 
tuner. The cavities are manufactured to have a slight elon- 
gation with an increment in the lengths for a staggered fre- 
quency characteristic at the HOMs. The effect of the 
staggering cavity HOM frequencies was studied and the 
instability growth rates and the deQing requirement on 
higher-order modes of the APS storage ring were reported 
[1,2]. 

For the APS storage ring cavities, dampers with E- 
probe and H-loop couplers have been developed to damp 
HOMs in 352-MHz single-cell cavities for the storage ring 
of the APS. The H-loop dampers employ high-pass filters 
for fundamental frequency rejection. The fundamental fre- 
quency rejection filter has a very steep rejection response 
and minimum deQing at the fundamental frequency. A 
similar H-loop coupled coaxial damper with a higher-order 
high-pass filter has been used for 433-MHz cavities of an 
accelerator for free-electron laser application [3]. 

For HOM dampers, broadband damping and less fun- 
damental mode damping are important. In the waveguide 
dampers, the fundamental frequency rejection is achieved 
by the cutoff characteristic of the waveguide. For coaxial 
HOM dampers, a proper fundamental frequency rejection 
scheme must be implemented. E-probe dampers can be 
used in the cavity equatorial plane without the rejection fil- 
ter, since the radial component of the TM0I-like electric 
field is zero in the midplane. Since the H-loop dampers are 
used in the equatorial plane of the cavity, the loop plane 
must be perpendicular to the fundamental mode H-field to 
couple with the many transverse magnetic HOMs, and a 

fundamental frequency rejection filter is needed. Previ- 
ously, H-loop dampers with a half-wavelength short stub 
in parallel or a quarter-wavelength short stub in series have 
been tested [4]. The rejection characteristics of the single 
stub designs were poor and also rejected some HOM fre- 
quencies around the even and odd multiples of fundamen- 
tal frequency. Since the poor rejection characteristic 
increased the fundamental mode power loss, a damper 
with a better rejection filter has been investigated. 

2 LOOP COUPLED DAMPER 

Figure 1 shows the loop coupling coaxial damper 
assembly. The H-loops are used in the cavity midplane. 
The loop plane is perpendicular to the TM01 mode H-field. 
Two dampers are used to damp the dipole modes. Both the 
size of the loop and the location in the cavity determine the 
coupling to specific mode fields and thus the damping 
ratio. 

Figure 1: H-loop type coaxial damper with high-pass filter. 

2.1 Coupling Loop 

Two H-loop type dampers are used on the 6" ports in 
the cavity midplane with an angular separation of 90°. 
The loop plane in this position strongly couples to the 
TM01 mode field. Therefore, the measured input imped- 
ance of the coupling loop shows low impedance values for 
overcoupling. The coupling loop is made of 0.5"-diameter 
copper tube. 

Figure 2 shows the measured input impedance of the 
damper coupling loop of various sizes. The low impedance 
of the loop at a resonant frequency shows that the mode of 
the frequency can be damped by the resistive termination 
whose resistance value is greater than the input resistance. 
The different coupling gives varied damping at other mode 
frequencies. Greater loop sizes have lower loop input 
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resistance and provide greater damping due to greater 
over-coupling in general. However, the damping of the 
higher frequency HOMs are sensitive to the loop sizes, 
since the loop inductance may approach or exceed the 
quarter wavelength at these frequencies. For the higher fre- 
quency HOMs, the high loop input impedance may result 
in under-coupling which gives poor damping. For the low 
loop impedance, the fundamental frequency rejection filter 
needs to have low input resistance in order to have smaller 
fundamental frequency damping. From the measurement, 
it can be seen that 50-fi load resistance is adequate for 
damping the HOMs. 

CHI Els   1 U FS 

1: a.aas4 o  &-.847B o  2.sso nH 

Si 5.0B0B ft 2. GO 16 n 1.177 nH 
3; B.44H3 Q 16.021 a 7.2493 nH 

3B1.744 660 HHz 

CENTER  3S1.7SB 000 MHZ .000 000 MHz 

Figure 2: Input impedance of the coupling loop of various 
sizes: (1) 5 inch2, (2) 3.7 inch2, (3) 2.4 inch2. 

2.2 High-Pass Filter 

A fundamental frequency rejection is necessary to 
minimize the loss of the accelerating field using a band- 
stop or a high-pass filter. For the APS, an H-loop damper 
design employing a high-pass filter has been investigated 
to obtain a good fundamental frequency rejection. For the 
rejection at 352 MHz in a compact package, a 9-th order 
coaxial Chebyshev-type filter was chosen [5]. The filter 
has a 0.5-dB pass-band ripple and 70 dB rejection at 350 
MHz, and a corner frequency of 480 MHz. Figure 3 shows 
the measured frequency characteristics of the high-pass fil- 
ter. This frequency response is very close to the predicted 
response from calculation. The construction of the filter is 
shown in Figure 4. All coaxial transmission line sections 
have a 1" outer diameter and a 50-Q characteristic imped- 
ance. The crossed tuning stubs support the center conduc- 
tor of the filter which consists of four capacitors and five 
copper pieces. The capacitors are made with kapton 
dielectric and copper sheets around the dielectric. Sliding 
shorts are used on the stubs to adjust the stub inductances 
for the desired frequency response. The input and output 
impedances are chosen to be 50 Q. for simplified measure- 
ment and near optimum Q-factor of the transmission lines. 
The circuit component values of the filter elements are 
shown in Table 1. 

521 log ► AB SO 30/     F EF   -. ooo dB      a -70.2        dB 
•a 3S1. '77   SIB   MHZ 

Con 
MARKER 2 

1: -SB.; am dB 
H SB.4(7  MH* 

BO 351 .: 775 35   r- Hz 

55 

J 
{ 
i 

START 10. DOO   000   MHZ STOP a 300.000   OOO   MHZ 

Figure 3: Measured frequency response of the filter. 

Figure 4: Coaxial high-pass filter structure. 

2.3 Rf Absorber 

For the dampers, matched load terminations are used. 
The load must be able to dissipate a certain amount of 
power with good vacuum properties if no vacuum barrier 
is used. Water cooling is needed for the high-power cou- 
plers and the load. Since reliable water cooling with metal 
tubing always forms a short circuit for the rf signal, a lossy 
dielectric-type load is desirable unless a noninterfering 
water passage is provided. Therefore, in an E-probe 
damper with water cooling through the center conductor of 
the coaxial structures, an aluminum nitride (A1N) ceramic 
absorber was used. However, in the H-loop damper 
design, the center conductors of the coaxial stubs can pro- 
vide water passage, and so compact broadband, high 
power resistor-type rf loads can be used. This type of load 
is made of a carbon resistor on a beryllium oxide (BeO) 
ceramic substrate. The mechanical and electrical proper- 
ties of this termination are shown in Table 1. The measured 
frequency characteristic of the coaxial termination is 
shown in Figure 5. 

Table 1: Termination Specification 

Impedance 50 Q nominal 
Power handling capability 250 W CW, 1000W peak 
Thermal resistance 0.3° CAV 
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Figure 5: Frequency response of the 50-Q resistive 
termination. 

3 MEASUREMENT 

Each cavity will have two E-probe dampers and two 
H-loop dampers when the dampers are ready. In the 
present measurements, only two H-loop dampers with 9-th 
order Chebyshev high-pass filters have been used. The 
measured deQing ratios are shown in Table 2. The cou- 
pling loops have an area of 3.7 in2. The listed modes are 
the most dangerous HOMs in the single-cell cavity being 
used in the APS and can cause beam instability. Q-factors 
are measured using a vector network analyzer and com- 
pared with the computed results. In mode designation, 0 
and 1 denote the monopole modes and the dipole modes, 
respectively. M and E denote the boundary conditions with 
magnetic and electric walls in the cavity equatorial plane, 
respectively. The result shows that most dipole modes are 
damped effectively; the fundamental mode is damped little 
while the first dipole mode is damped significantly. Note 
that some monopole modes can also be damped with the 
H-loop dampers since the loop is offset from the cavity 
midplane. 

Table 2: Measured Q-factors for the Higher-Order Modes 
with Two Dampers with High-Pass Filters 

Mode 
Frequency 

(MHz) 
Unloaded Q Damped Q 

O-E-l 351.7 48,000 44,270 
O-M-l 535.7 43,610 306 
O-E-l 582.3 60,200 302 
O-E-2 742.6 57,760 455 
l-M-2 758.4 44,370 757 
O-E-3 916.6 82,920 688 
l-E-3 952.1 46,470 1,113 
l-M-4 1014.8 31,800 8,022 
l-E-5 1147.2 42,710 5,262 
O-E-6 1511.5 89,690 1,566 

4 DISCUSSION 

For the coaxial HOM dampers, it was desired to have 
lower deQing at the fundamental frequency while having 
higher damping at other harmful HOMs. The fundamental 
mode deQing is due to the finite Q of the input coupler and 
the high-pass filter at the frequency. Although the rejection 
ratio of the filter alone is measured to be ~70 dB which 
provides almost no power transmission, fundamental 
deQing still exists. Since the filter characteristic is mea- 
sured for a 50-Q system, the low resistance of the loop 
cannot have a high rejection ratio. The intrinsic resistance 
of the copper parts in the loop and the filter input contrib- 
ute to a loss that is not negligible. The next step is brazing 
an annular alumina ceramic window between the coupling 
loop and the filter input in order to eliminate the exposure 
of the filter circuit to the vacuum. High power testing of 
the dampers will be performed with the ceramic window. 

The measurements show that the coaxial dampers can 
provide good performance for the cavities without provi- 
sion for special waveguide-type damper ports. The mea- 
sured fundamental frequency deQing factor is about 9% 
with two dampers. This is a great improvement from previ- 
ous studies and may be one of the lowest values with the 
HOM damping. The dampers are compact and will dissi- 
pate low power at the fundamental frequency. Compared 
with the deQing requirement of the HOMs in the APS stor- 
age ring, the results of measurements show that many 
HOMs can be damped successfully with the coaxial damp- 
ers. This result is promising for use of the design in the 
storage ring of the APS. 
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RECONFIGURABLE HIGH-POWER RF SYSTEM IN THE APS 
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Abstract 

The 352-MHz high-power system for the Advanced 
Photon Source (APS) storage ring and booster synchrotron 
has been configured to allow two to four klystrons to 
power the storage ring and one klystron to power the 
booster. A quadrature hybrid combines two klystron out- 
puts with two 45° phase shifters at each output of the 
hybrid for proper phasing at the storage ring cavities for 
the selected mode. The phase shifters in the hybrid outputs 
and three waveguide switches are used to choose an opera- 
tion mode in any one of twelve possible configurations 
using three to five klystrons to power the storage ring and 
booster. The system can be configured to use one klystron 
as the power source of a test station. 

1 INTRODUCTION 

For reliable and continuous operation of the booster 
synchrotron and the storage ring of the APS, a reconfig- 
urable high-power rf system is needed. The goal is to have 
a system that is operational even with one or two klystrons 
turned off for maintenance or other tasks such as high- 
power conditioning or testing of other rf components.The 
APS high-power rf system consists of five rf stations: one 
for the booster and the other four for the storage ring. Each 
rf station consists of one 1.0-MW klystron and a 95-kV, 
20A DC power supply. The storage ring has four rf sectors 
and each sector has four uniformly spaced single-cell cavi- 
ties. All sixteen cavities in the storage ring need to be pow- 
ered for reliable beam quality. Therefore, a way of 
combining two or more klystron outputs and splitting the 
combined rf power to the sixteen cavities has been imple- 
mented. 

The design of the waveguide switching system for rf 
power distribution in the APS is shown in Figure 1. The 
90° quadrature hybrids and 45° phase shifters in the 
WR2300 waveguide are used as the elements for combin- 
ing and splitting the power. Other hybrids, such as 180° or 
magic tee types, have been used [1], but the availability of 
the hardware and lower phase shifting requirements made 
the present design attractive. 

The switching system is equipped with an equipment 
safety interlock system through an rf power monitoring 
system. The system is controlled by a programmable logic 
controller (PLC) unit independent from the main computer 
control system of the accelerators. The waveguide circuit 
has been completely installed and has powered the booster 
and storage ring systems successfully. 

2 OPERATION 

In Figure 1, klystron outputs of the RF1 and RF4 sta- 
tions are combined through a hybrid and feed cavities in 

sectors 38 and 40. Klystron outputs of RF2 and RF3 are 
combined through a hybrid and feed cavities in sectors 36 
and 37. The hybrid output feeds a sector with four single- 
cell cavities. The system includes all five klystrons (RF1- 
RF5) for the booster and storage ring of the APS. For the 
storage ring, one or more klystrons may be turned off, but 
not the two for one hybrid. For the booster, RF3 can be 
used when RF5 is not available. RF1 may be switched to 
the test station; RF4 alone feeds sectors 38 and 40. Each 
klystron output is connected to the hybrid through a 1MW, 
three-port ferrite circulator that is used as an isolator with a 
water load in the isolation port. Basic operation and con- 
struction of the waveguide system design are discussed 
below. 

836 

CAvnms 
837 838 840 

(X!    3-dBHybrid 

—   Water Load 

r^     WQSwuch -DPDT 

,-y   Adjustable Thiee-port 
yj    Phase Shifter {(MSdeg) 

@ 
Circulator 

Figure 1: Reconfigurable waveguide switching system. 

Figure 2 shows a part of Figure 1 where a 90° quadra- 
ture hybrid combines two inputs from two klystrons 
through circulators and splits into two outputs with two 
adjustable output phase shifters. For convenience, one 
phase shifter is shown in each output arm in Figure 2 
instead of two as in Figure 1. 
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* V1 

V2 

Figure 2: Two klystron-two sector feeding 
through a hybrid. 

With two input port voltages of the quadrature hybrid 
U, = V2aejtotand U2 = J2be.i<ä>, the combined hybrid 
output rf voltages through the phase shifters are superposi- 
tions of split outputs from each input and can be expressed 
as 

/ 

V, = 

;t\ 

= ce 

aeJ^ + beJ^e   2 

v J 

jCcot-^-G!) 

-J9i 

(1) 

V2 = 
-J 

\ 
aejcote    2 + bej cot 

V 

>-J62 

_ ceJ(wt-<t>2-e2) (2) 

2        2  1/2 
where c = (a +b ) and the phases <)>, = atan(b/a) 
and (t>2 = atan(a/b). For identical output phases, the 
phase difference between the two phase shifters is 
expressed as 

A(J) = <t>r - e2_0l (3) 

A(|> = atan(r) - atan - (4) 

where the power ratio r = b/a. The differential phase with 
respect to the input power imbalance is 

d(A4» = 

dr (1+r2) 
(5) 

where A(|> is shown with respect to the amplitude ratio r in 
Figure 3. Note that the abscissa is in logarithmic scale. 
Using Eq. (5), phase fluctuation between sectors is found 
as -0.671% amplitude difference between the two 
klystrons when a = b. 

In Figure 2, three configurations are possible; these 
cases can be compared in terms of the phase requirement 
at the hybrid outputs. The three cases are 1) both Kl and 
K2 are turned on, 2) only Kl is turned on, and 3) only K2 
is turned on. 

For delivery of rf power with specified phase relations 
at the cavities, the phase shifters must be adjusted prop- 
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Figure 3: Phase difference between two outputs 
vs. the input power imbalance. 

erly. The phase shift requirements for the three different 
cases described above are as follows: 

l.Ifa = b, 

V, = J2 ae 
(•t-J-e.) 

,    v, = 72 ae 
,(«,-!-( 

9j = G2 = 45° 

2.1fb = 0, 

V, = aej(ö,t-ei\       V, ae 
(«t- = -0: 

e, = 90°, e2 = o° 

3.1fa = 0, 

Vj = be 
(cot-l-e 

9j = 0° , 92 = 90° 

V2 = bej(cot-e2> 

Note that, if all cavities are matched, there is no reflected 
power. If any backward traveling wave exists due to cavity 
mismatch or coupled cavity higher-order modes, it can be 
absorbed by the loads on the isolation ports of circulators. 

3 CONFIGURATION 

Table 1 shows the possible configurations for the 
switching system. A minimum of two klystrons are used 
for supplying the needed rf power to the storage ring cavi- 
ties. However, for two-klystron operation, each hybrid 
must be powered by one klystron to feed all sixteen cavi- 
ties. The system is reconfigurable to one of the twelve 
modes by moving a key in a bank of keyswitches, which 
provides a mode change signal to the PLC. All waveguide 
switches, phase shifters, power monitors, and safety inter- 
locks are switched to position with a movement of the key. 

3.1 Waveguide Switch 

The waveguide switches are a motor-driven vane type 
with spring contacts between the vane and the waveguide 
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wall and limit-switches. These waveguide switches do not 
contribute to any phase shifting but direct the if power to 
other systems. The equipment safety interlock system 
assures that no hot switching is made while rf power is 
present in the waveguides. Directional couplers are placed 
on each arm of the switches to detect any rf signal above a 
threshold. 

Table 1: RF System Operation Switching Modes 

RF System Status 
Mode System Energized Down 

Storage Ring Booster Test 
Station 

1 RF1,RF2,RF3, 
RF4 

RF5 

2 RF2, RF3, RF4 RF5 RF1 RF1 
3 RF1,RF3,RF4 RF5 RF2 
4 RF1, RF2, RF4 RF5 RF3 

5 RF1, RF2, RF3 RF5 RF4 

6 RF1,RF2,RF4 RF3 RF5 

7 RF2, RF4 RF3 RF1 RF1, RF5 
8 RF1, RF2 RF3 RF4, RF5 
9 RF1, RF2 RF5 RF3, RF4 
10 RF3, RF4 RF5 RF1 RF2, RF1 

11 RF2, RF4 RF5 RF1 RF3, RF1 
12 RF1.RF3 RF5 RF2, RF4 

3.2 Phase Shifter 

The three cases for phasing shown in section 2 above 
can be achieved by using adjustable phase shifters. For the 
waveguide switching system, motorized three-post phase 
shifters have been used to properly phase the cavities in the 
four rf sectors. The three-post phase shifters are not expen- 
sive and are readily available from several vendors. How- 
ever, since the adjustable phase range of a single phase 
shifter is about 50°, two phase shifters must be connected 
in series to form a 90° phase shifter at each output of the 
hybrids. A total of eight 45° three-post waveguide phase 
shifters are used in the system. Micro-limit switches are 
preset for a 0°-45° shifting range. Again, the control inter- 
lock system assures no hot shifting is made while the rf 
power is present. 

4 DISCUSSION 

So far, the system has run in a few different two- 
klystron modes without problem. The klystron powers are 

-600 kW for a 100-mA beam current. With two klystrons 
in a hybrid, for the modes with three or four klystrons, the 
hybrid outputs need to be controlled to have a certain 
phase stability that can directly affect cavity rf phases and, 
therefore, the beam. The klystrons are being equipped with 
AC-coupled feedback loops for uniform power outputs to 
minimize the effect of amplitude-phase conversion and 
offset phase control to maintain proper inter-station phase 
when operating klystrons in parallel. This rf control is 
somewhat similar to the system implemented for the LEP 
system [2]. A test station is needed for various reasons and 
rf station RF1 can be used for this purpose. Other arrange- 
ments can be used for the phase shifting with fixed phase 
shifters. In this approach, each hybrid needs four fixed- 
length waveguide sections—two 0° and two 45°—and 
three double-pole waveguide switches. This method costs 
more since the waveguide switches are more expensive 
than the waveguide phase shifters. 

5 CONCLUSION 

The system has been completely tested for mode 
selection and interlocks and has been running in a few dif- 
ferent modes without problem. The need for feedback con- 
trol in the hybrid inputs raises the question of the system's 
stability and reliability. Since the rf signal input phases 
through the driver amplifiers to the klystrons can be tightly 
controlled, it is anticipated that the system can be made 
stable and reliable. Reliability of the high-power system 
has been improving steadily in the APS. Additionally, the 
maintainability has improved with the increased accessi- 
bility and flexibility of the system. Installation and testing 
of the klystron feedback control for the configurations with 
three or more klystrons remains to be done. 
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UPGRADED CAVITIES FOR THE POSITRON ACCUMULATOR RING 
OF THE APS 
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Abstract 

Upgraded versions of cavities for the APS positron 
accumulator ring (PAR) have been built and are being 
tested. Two cavities are in the PAR: a fundamental 9.8- 
MHz cavity and a twelfth harmonic 117.3-MHz cavity. 
Both cavities have been manufactured for higher voltage 
operation with improved Q-factors, reliability, and tuning 
capability. Both cavities employ current-controlled ferrite 
tuners for control of the resonant frequency. The harmonic 
cavity can be operated in either a pulsed mode or a CW 
mode. The rf properties of the cavities are presented. 

1 INTRODUCTION 

The APS PAR rf system employs two frequencies at 
9.8 MHz and 117.3 MHz for the fundamental and the 
twelfth harmonic subsystems, respectively. Each sub- 
system has an rf cavity for the frequency. The cavities now 
used in the system were made as prototypes and were 
installed for initial commissioning of the APS. They have 
been working all right for positron accumulation and 
bunch compression so far. However, for higher reliability 
and performance of the PAR, new cavities are needed. 
Problems observed in the fundamental frequency cavity so 
far are narrow frequency tuning range, lower gap voltage 
limit, and rf heating at the joint of the ceramic flange and 
the cavity center conductor that effect degradation of the 
cavity Q-factor. Since the cavity volume outside the 
beampipe is exposed to the room air in each cavity, some 
corrosion due to the water in the air has been considered 
responsible. The harmonic cavity was made with stainless 
steel for lower Q-factor, but it has shown an even lower Q- 
factor than originally planned. The harmonic system also 
needed an option for CW operation mode. Therefore, a set 
of new cavities has been made and tested for the PAR. 
These new upgraded cavities were designed to provide 
improved performance in the electronic tuning range, 
immunity to corrosion, and higher voltage capability. For 
the fundamental frequency cavity, the design goal was a 
40-kV accelerating gap voltage, a Q-factor of 6000, and an 
R/Q of 74 Q, for the accelerating mode. For the harmonic 
cavity, the goal was a 30-kV gap voltage, an R/Q of 41 Q 
and a Q-factor of 3000. The rf characteristics of both cav- 
ities were calculated using the URMEL-T computer codes. 

2 CAVITY DESIGNS 

The 9.8-MHz fundamental frequency coaxial cavity 
with capacitive loading plunger is shown in Figure 1. The 
fundamental cavity is a plunger-loaded reentrant coaxial 
structure [1] that can provide a low operating frequency in 

a specified volume with a moderately high Q-factor with- 
out using any dielectric or magnetic material inside. The 
end of the inner conductor near the ceramic window is a 
piston-shaped loading structure which consists of a circu- 
lar disk and a cylinder. Designing low-frequency tuned rf 
accelerating cavities for high-power operation with a cav- 
ity length much less than a quarter wavelength needs extra 
capacitive loading. The center conductor contributes 
mainly as the inductor and the gap between the outer and 
inner cylinders form a capacitor. 

Figure 1: Fundamental cavity structure. 

2. / Fundamental Frequency Cavity 

The cavity has a length of 1.6 m, a radius of 0.72 m, 
and an accelerating gap length of 13.0 cm. The voltage 
across the loading capacitor was found to be greater than 
90% of the gap voltage across the ceramic window [1]. 
The inner cylinder is supported with rexolite dielectric 
posts. The input coupler is placed in the back plate where 
the tuners are located. The input impedance of the coupler 
is matched for 50 ohms with a smaller loop area. There- 
fore, the coupler is moved closer to the center conductor 
where the magnetic field strength is greatest. The mea- 
sured frequency and Q of the cavity are shown in section 4 
below. 

The inner coaxial structure has a minimum of 12.5 cm 
of separation between conductors for reliable high voltage 
operation. The center conductor is made around the beam 
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pipe where the vacuum is maintained. Outside, an air 
blower fills the center conductor with air for additional 
cooling of the cylindrical shells. The center conductor is 
made of silver-plated copper with copper tubing under- 
neath for water cooling. 

2.2 Harmonic Frequency Cavity 

The harmonic frequency cavity is a reentrant type 
coaxial cavity as shown in Figure 2. The cavity is made of 
aluminum with a ceramic window at the center of the cav- 
ity inner conductor. During initial operation of the har- 
monic system, the automatic gain control loop developed 
oscillation problems that were caused by a multipactoring 
effect at the inner surface of the ceramic window. The 
ceramic window has been titanium coated from the inside 
surface that is in vacuum during operation. The cavity 
length is 60 cm, the outer conductor diameter is 1 m, and 
the inner conductor diameter is 30 cm. 

CERAMIC WINDOW 

Table 1: Ferrite Materials Specifications 

INNER CONDUCTOR 

Figure 2: Harmonic cavity structure. 

3 FERRITE TUNERS 

For both cavities, ferrite tuners are used for electronic 
tuning of the cavity resonant frequencies. Copper housings 
are used with toroidal ferrite cores. The windings are 
placed inside the coupling loop that provides complete 
shielding and also penetrates the cavity. For all tuners, 
250°C-rated high temperature wires were used. For CW 
operation in either system, the temperature in the tuners 
was measured at less than 55CC. These cavity tuners are 
needed for compensation of the resonant frequency drift of 
the cavity due to temperature change. The ferrite materials 
used for the tuners are shown in Table 1. 

Toshiba 
M4C21A 

Stackpole 
C/14 

0. D. (inches) 8.0 8.0 

I. D. (inches) 5.0 5.0 

Height (inches) 1.0 1.0 

Initial permeability 42 12.5 

Magnetic loss tangent 0.0085 

Curie temperature (°C) 340 510 

Saturation 
magnetization (gauss) 

2100 

Dielectric constant 13.0 @40MHz 10.5 

Dielectric loss tangent 0.0003 
@40MHz 

3.1 Fundamental Cavity 

Figure 3 shows the fundamental frequency cavity 
tuner. The coupling loop of the tuner needs to be placed 
near the cavity center conductor to permit greater coupling 
with the magnetic field with a minimum loop area. There- 
fore, the tuners are positioned in the back plate. Four tun- 
ers were needed to obtain the required frequency tuning 
range of 50 kHz. The control winding must be isolated 
from the rf field for better rf properties. The windings are 
put inside the coupling loop so that the winding can do its 
job without interfering with the rf field. Since the Toshiba 
material has low loss up to -50 MHz with a greater initial 
permeability, this material is used in the fundamental fre- 
quency tuners. Six toroids are stacked together in each 
tuner. 

Figure   3:   Ferrite   tuner   for   the   9.77-MHz 
fundamental frequency cavity. 

3.2 Harmonic Cavity 

Two different ferrite tuners have been tested for pulse 
mode and CW mode. For pulse mode operation, cavity 
deQing is desired for improved beam stability during 
accumulation with the fundamental cavity.   A detuned and 

2939 



damped cavity characteristic is obtained by a tuner using 
Toshiba material that is lossy for the frequency. However, 
for CW mode the cavity does not need to be damped but 
must be tunable with a stable, high Q-factor. For this pur- 
pose two separate tuners were built; and one tuner is used 
for each mode of operation. Two Stackpole toroids that 
have lower loss at higher frequency were used in the CW 
mode tuner. They can be mechanically switched for the 
two operation modes. Construction of the tuners is similar 
to the fundamental cavity tuners. 

4 MEASUREMENT 

Figure 4 shows the measured frequencies and Q-fac- 
tors of the fundamental cavity. The fundamental cavity 
showed virtually no change in the Q-factor with a chang- 
ing tuner control current. The measured frequencies 
agreed well with the simulation. The frequency tuning 
range of -50 kHz is sufficient for tuning the cavity from 
frequency drift caused by any change in the operating con- 
ditions. For the required accelerating voltage of 40 kV, the 
input power is estimated to be about 4 kW. 

6000 

1 
1  

tr 4BM 

s 
fr 
i r 
Li. 

9J7 
Legand 

-A-  F^   -•-- Q 
a.ee ' i              i              i I i            i            i 2000 

0 800 100O 1200 
Current (Amp-tums) 

Figure 4: Fundamental cavity Q and frequency 
tuning characteristic vs. tuner control current. 

Figure 5 shows the harmonic cavity Q and frequency 
tuning characteristic vs. tuner control current for pulse 
mode operation. Figure 6 shows the harmonic cavity Q and 
frequency tuning vs. the tuner control current for CW 
mode operation. 

The harmonic cavity Q-factor is deQed and the fre- 
quency is detuned for pulse mode operation. The Q is 
about 20% of the maximum value and the detuning is 
about -150 kHz at zero current. The ferrite material is 
lossy in the operating frequency range, and the varying 
magnetization changes the permeability of the material 
and thus the resonant frequency. The increased magnetiza- 
tion decreases the magnetic loss and the permeability in 
the ferrite; the frequency increases as the Q increases. The 
peak tuner current will be varied to stabilize the frequency. 
The CW mode tuner has low loss and the change in Q of 
the cavity is much less than the change with the pulse 
mode tuner. 

Current (Amp-tums) 

Figure 5: Harmonic cavity Q and frequency vs. 
tuner control current for pulse mode operation. 

5 CONCLUSION 

The loaded gap cavity is considered to be a good 
choice for the low frequency application. Comparing the 
simulation result with measurements for the above two 
cavities, it was found that they agree well. The ferrite tun- 
ers perform well and satisfy the system requirement. The 
upgraded cavities have improved if characteristics and can 
be used in the system. 
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Abstract 

The Advanced Photon Source (APS) is a 7-GeV full 
energy positron storage ring for generating synchrotron 
radiation with an injector. The booster synchrotron rf sys- 
tem consists of a single 1-MW klystron which drives four 
five-cell cavities at 352 MHz. The storage ring cavities 
consist of four groups of four single cells powered by two 
1-MW klystrons for 100-mA operation. An overview of the 
operation of the APS 352-MHz rf systems is presented. 

1 INTRODUCTION 

The Advanced Photon Source (APS) at Argonne 
National Laboratory is a national user facility for synchro- 
tron x-ray research constructed by the U. S. Department of 
Energy. It is a third-generation synchrotron radiation 
source specifically designed to accommodate insertion 
devices and operates beamlines from bending magnet radi- 
ation sources. The storage ring is designed to operate at 7 
GeV with a full energy positron injector. The injector 
booster synchrotron consists of a single 1-MW klystron 
which drives four five-cell cavities at 352 MHz. These cav- 
ities are identical to those used in the ESRF and LEP stor- 
age rings [1]. 

The rf transmitters in the storage ring are nearly identi- 
cal to those of the booster synchrotron. The storage ring 
cavities consist of four groups of four single cells, powered 
by two 1-MW klystrons for 100-mA operation. Two addi- 
tional 1-MW transmitters are added to the existing system 
to support the ultimate design goal of 300 mA at 7 GeV. At 
least three transmitters are needed for 300-mA operation, 
affording one hot spare for 300-mA operation. 

For reliable and continuous operation of the booster 
synchrotron and the storage ring rf systems, the five rf 
transmitters can be reconfigured to afford redundancy in 
operation using high-power WR-2300 waveguide switches 
[2]. An overview of the APS 352-MHz rf systems are pre- 
sented. 

2 BOOSTER SYNCHROTRON 

2.7 Overview 

Four LEP-type five cell cavities are powered by a sin- 
gle 1-MW klystron (Thomson 2089). The power is split by 
waveguide hybrids with terminations on the fourth port 
going into the 250-kW water-cooled resistive loads. The 
cavities are grouped in two pairs, each pair located sym- 
metrically on opposite sides of the booster synchrotron 
ring. Since the klystron for the booster is located near one 
pair of the cavities (on the extraction side of the synchro- 
tron ring), a motorized waveguide phase shifter is used in 
the 150-meter waveguide run to the cavities on the injec- 

tion side of the synchrotron ring. This phase shifter is used 
to compensate for any temperature-related changes in the 
length of the waveguide. The shunt impedance of each cav- 
ity is 55.3 MQ with peak fundamental mode cavity dissipa- 
tion of 475 kW. 

Injection rf voltage is about 100 kV, enough to capture 
the 450-MeV positron beam. Energy gain per turn is 16 
keV. At the extraction energy of 7 GeV, the synchrotron 
radiation is 6.38 MeV/turn and the rf voltage per turn is 
10.4 MV, requiring about 480 kW power from the klystron. 

2.2 Low-Level Rf 

The low-level system generates the rf signal to drive a 
klystron amplifier. The synchrotron signal generator is 
phase locked to the storage ring master oscillator. The stor- 
age ring rf signal is transmitted to the synchrotron signal 
generator over phase stabilized cable [3]. 

2.2.1 Tuners 

The second and fourth cells of each of the booster 5- 
cell cavities have piston-type tuners. The cavity tuner port 
has an 11.5-cm diameter and a 6.0-cm travel. This results 
in a frequency tuning range of 500 kHz to compensate for 
beam loading and temperature effects. By adjusting these 
two plungers both cavity tuning and amplitude balance in 
the cells are maintained. A feedback system monitors the 
phase difference in the cavity and adjusts the tuners in tan- 
dem to keep the cavity at the resonant frequency with 
±0.1° under rf heating. Also, the field amplitude in each of 
the two cells are detected and the tuners are adjusted defer- 
entially to balance the cell voltage to within + 1 dB. 

2.2.2 Timing and Phasing 

The cavities are not a multiple wavelength apart; 
therefore, the waveguide feed between each pair of cavities 
is adjusted to 144 degrees so the beam sees the correct 
accelerating voltage. The sum signal is phased by the 
opposite amount to ensure proper combining. The cavities 
on the symmetrically opposite sides of the synchrotron are 
adjusted to a multiple of an rf wavelength by the motorized 
waveguide phase shifter so that proper accelerating phase 
is maintained in all four cavities. 

2.3 Beam Loading 

The booster synchrotron accelerates a single bunch 
(natural bunch length at 7 GeV is 76 ps) of 4.7 mA (aver- 
age beam current). The beam-induced voltage in each cell 
is 47 kV or 940 kV induced in all four 5-cell cavities. At 
injection, the synchrotron radiation loss is small, and for an 
energy gain per turn of 16 keV, the synchronous phase 
angle is 9.2 degrees. For a 100-kV ring voltage, the detun- 
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ing angle is 83 degrees. In this case the cavity voltage can 
be increased to several hundred kilovolts to make the 
detuning and the beam injection tuning transient smaller. 
As the beam energy increases, radiation losses increase to 
6.38 MeV/turn at 7 GeV and the rf voltage increases to 
10.4 MV with a synchronous phase angle of 37.5 degrees. 

A set of measurements were made to characterize the 
effects of beam loading and other rf-related longitudinal 
beam instability in the booster synchrotron. The first mea- 
surement was made of the booster synchrotron tune as a 
function of time (using an HP vector signal analyzer to 
monitor the signal from a pickup electrode). A spec- 
trograph of this measurement is shown in Figure 1. 

Figure 1: Spectrograph of the booster synchrotron tune 
vs. time (energy) for a full ramp. The duration of the 

spectrograph extends over the entire 223 ms of the ramp 
from 400 MeV to 7 GeV. 

The splitting of the synchrotron tune line partly up the 
ramp is an indication of beam loading. A streak camera 
was also used to study the longitudinal bunch distribution 
as a function of time during the booster ramp cycle. An 
image of the longitudinal bunch distribution is shown in 
Figure 2. The time scale is 100 ms horizontal and 1.5 ns in 
the vertical directions. This clearly shows the beam blow 
up (splitting of the bunch) during a beam loading episode. 
This happened approximately at the same time as observed 
on the splitting of the tune line in Figure 1. 

The effect of beam loading was compensated by 
detuning all four cavities to about 20% of reflected power. 
Figure 3 shows the streak camera image of the longitudinal 
bunch distribution where the initial beam loading in the 
cavities is compensated. 

3  STORAGE RING RF 

3.1 Overview 

In the current 100-mA (positron beam) operation of 
the APS storage ring, two 1-MW klystrons (Thomson 
2089) are used to provide rf power to sixteen cavities. 

1.5 ns 

100 ms 

Figure 2: Longitudinal bunch distribution vs. time in the 
booster during a beam loading episode. 

1.5 ns 

100 ms 

Figure 3: Longitudinal bunch distribution vs. time 
(initial beam loading is compensated). 

Each klystron is powered and controlled by a 95-kV, 20-A 
DC power supply. These power supplies provide a high 
level of protection for the klystrons by using a combina- 
tion of fast and slow interlock circuits and a very fast 
crowbar switch. Each power supply has a remote interface 
over an IEEE 488 bus to a remote computer control. 

The sixteen cavities are divided into a group of four, 
with one group of cavities per rf sector. The cavities in 
each rf sector are uniformly spaced. 

3.2 Low-Level Rf 

The low-level rf system for the storage ring klystron 
consists of two phase loops, one nested within the other; 
an AGC loop to provide constant rf drive to the klystron; 
slow and fast interlock systems which disable rf drive in 
the event of a fault; and a 200-watt amplifier to drive the 
klystron. The internal phase loop removes phase jitter in 
the klystron output caused by high-voltage power supply 
(HVPS) ripple, and the second phase loop removes any 
residual phase jitter caused by the power supply and any 
phase distortion caused by other sources including beam- 
cavity interaction. The interlock system removes rf drive at 
the milliwatt level in the event of a fault occurrence such 
as incorrect cavity temperature or water flow, vacuum in 
the cavities, resistive water load temperature and flow, or 
arcs in the waveguide, particularly at the klystron and cav- 
ity windows. The cavity low-level rf system consists of a 
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phase loop around each cavity, maintaining proper phase 
between the forward power and field probe output. Phase 
errors are fed to the input of a stepping motor controller 
that moves a piston tuner to keep the cavity at resonance. 
Envelope detectors are used throughout the system to mea- 
sure rf power and to determine gap voltage. 

3.3 Rf Controllern 

To maintain the rf gap voltage in the cavities, a soft- 
ware feedback program for collecting and processing data 
is interfaced to hardware through EPICS [4]. The rf con- 
trollaw is an application of sddscontrollaw [5] which per- 
forms simple feedback on process variables (PVs). 
Basically, a set of readback process variables is regulated 
to a set of control process variables to maintain rf gap volt- 
age. In the present rf configuration each klystron powers a 
set of eight cavities in two separate rf sectors of the storage 
ring. There is one sddscontrollaw for each klystron. The 
output quantities are the probe power readbacks from the 
eight cavities. The control quantity for each sddscontrol- 
law process is the klystron mod anode voltage. Since there 
are eight output PVs and one control PV for each sddscon- 
trollaw process, the gain matrix is a 1 x 8 matrix. The 
readback PVs are the cavity probe power measurements. 
The sum of the probe powers is kept constant. The individ- 
ual probe power values are not mathematically constrained 
to be held constant; they may change individually due to 
sudden detuning of cavities or unequal coupling constants. 
The cavities probe powers are sampled as fast as possible. 
This allows faster response to beam loading transients 
when a beam dump occurs. The hardware interface to 
EPICS limits the probe powers reading to a 2-Hz rate. 

3.4 Reconfigurable High-Power Rf 

To improve system reliability and availability, the 
APS 352-MHz rf systems have been configured to allow 
two to four klystrons to power the storage ring and one 
klystron to power or allow operation of the booster with 
one of the storage ring klystrons using high-power WR- 
2300 waveguide switches. A quadrature hybrid combines 
two klystron outputs with two 45° phase shifters at each 
output of the hybrid. Phase shifters in the hybrid outputs 
and three waveguide switches are used to choose any one 
of the twelve possible configurations.This system has been 
tested for mode selection and interlocks [2]. 

3.5 Higher-Order Modes (HOMs) 

Longitudinal coupled-bunch (CB) instability was 
observed in the APS storage ring. This instability was 
found to depend on the bunch fill pattern as well as on the 
beam intensity. The beam spectrum exhibited a coupled- 
bunch signature for different symmetric bunch fill patterns 
with a nominal beam current of 100 mA. The beam fluctu- 
ations exhibited two periodicities, which were found to be 
correlated with the rf cavity temperatures. This intensity- 
dependent collective effect is driven by long-range wake- 

fields such as those produced in the excitation by the beam 
of high-Q HOMs in the rf accelerating cavities. To sup- 
press the CB instability, the cavity water supply tempera- 
tures were increased to shift HOMs out of resonance with 
the beam [6]. 

Measurements of the beam-excited rf cavity HOM 
spectra for different bunch patterns in the storage ring sug- 
gest that the 1210-MHz mode is involved in the observed 
CB instability. Spectra were measured using E-type probes 
in the rf cavities [7]. To damp the HOMs in the storage 
ring rf cavities, coaxial higher-order-mode dampers with 
high-pass filters are being designed and tested. These are 
E-type and H-type probe dampers with minimal deQing at 
the fundamental frequency [8]. 

3.6 Beam Loading 

Computer simulation of the storage ring rf system for 
the nominal 100 mA operation (assuming a total gap volt- 
age of 8 MV) with optimal detuned cavities (i.e., zero 
loading angle) shows that the Robinson stability criterion 
is satisfied. The Robinson stability criterion is met for the 
ultimate goal of 300 mA operation, with a total ring volt- 
age of 12 MV and a cavity detuning angle of -42 degrees 
[9]. For the APS storage ring cavity this amounts to a -17 
kHz detuning from the no-beam resonance condition to the 
fully loaded condition for the 300-mA beam operation. 
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Abstract 
The higher-order modes (HOMs) of APS storage ring (SR) 
rf cavities and waveguides were measured under various 
operating conditions. The HOMs of the 352-MHz rf cav- 
ity can be one of the major contributors to the coupled 
bunch (CB) instability. The distribution of HOMs under 
various conditions of beam current, cavity temperature, 
cavity tuning, single-bunch and multi-bunch operation, 
and fill patterns, are presented. The HOMs' shunt imped- 
ance of the loaded cavities were also measured. The effect 
of stagger tuning of the 16 cavities and their waveguide 
system is compared, and the HOM dampers are examined. 

1   INTRODUCTION 

To provide stable and useful x-rays from insertion 
devices such as undulators and wigglers from the APS, the 
main storage ring (SR) has to supply a positron beam of 
100 mA with a lifetime of at least 10 hours at the nomi- 
nal operation. Some CB-related APS SR parameters are 
found in Table 1. 

Table 1: Some CB-related APS/SR Parameters 

Beam Energy 7GeV 
Maximum Beam Current 300 mA 
Revolution Frequency 271.55 kHz 
Harmonic Number 1296 
RF Frequency 351.927 MHz 
Synchrotron Frequency 1.8 kHz 
Longitudinal Damping Rate 213 sec1 

Transverse Damping Rate 106 sec' 
Cavity Coupling Factor 2.5 

for nominal current (100mA) 
Cavity Tuning Range 3 MHz 
Cavity Water Temperature 75 to 95 ° F 

In previous work, calculations were performed to 
determine the deQing requirements of cavity HOMs to 
ensure that the growth rates for CB instabilities do not 
exceed the synchrotron radiation damping rate [1]. The 
results for the monopole modes are summarized in Table 
2, where the fundamental mode is included for compari- 
son. HOM dampers were designed, and bench measure- 
ments of their effectiveness were reported [2]. The HOM 
dampers are tested and will be installed in the SR in the 
near future [3]. 

Experimental observations show that for specific 
bunch fill patterns, a longitudinal CB instability is en- 

countered for beam currents around 100 mA [4]. The in- 
stability could be suppressed by changing the temperature 
of the rf cavities. Detailed measurements were performed 
on the rf cavities in situ in order to characterize the influ- 
ence of temperature and tuner position on the HOMs. The 
beam-HOM interaction was also studied in order to iden- 
tify the driving impedance for the instability. 

Table 2: Required Q for Frequency-Staggered Cavity 
HOMs (only monopole modes are shown) 

Monopole Q. Rs DeQing Calculated 
HOMs (1000) (MQ) Factor Staggering 
(MHz) QJQ (kHz/mm) 

352 49 5.60 * 5.1 
538 41 1.67 64 210. 
922 107 0.62 16 330. 
939 42 0.23 6.4 330. 
1172 44 0.18 6.4 390. 
1210 94 0.49 16 600. 
1509 88 0.40 16 810. 

2  HOM    MEASUREMENTS 

2.1 Measurement Setup 

The rf system consists of four power supplies, four 
klystrons, and four rf cavity sectors (S36, S37, S38, and 
S40). Each cavity sector has four single-cell cavities, each 
of which is connected to a WR2300 waveguide by an H- 
loop type of input coupler. Measurements were made on 
the cavities and waveguides in sectors 38 and 40. There are 
various types of field probes: H-loop for the low-level rf 
feedback, E/H-type HOM probes, E-detector probe for the 
electron-emission current, and the directional coupler in 
the waveguide. 

2.2 HOMs vs. Cavity Length-Staggering Effect 

The frequency, Q-values, and amplitudes of HOMs were 
measured for a total of ten cavities (eight from S38 and 
S40, and two spare cavities). Sample results for both un- 
loaded and loaded cavities are shown in Table 3. These are 
also compared with the URMEL calculations. Most of the 
HOMs do not appear to couple to the waveguide through 
the input coupler, except two monopoles at 922 and 1210 
MHz and one dipole at 1145 MHz. Due to the asymmetry 
of the cavity, one of the degenerate dipole modes was sig- 
nificantly deQed. When the frequencies of a typical HOM 
for eight cavities are plotted, one can see a staggering ef- 
fect, as shown in Fig. 1 for the 0-M-1 mode at 536 MHz. 
The frequency linearly decreases with the cavity center 
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length. There are some HOMs, however, for which the 
field configuration/strength is not simply correlated to the 
cavity center length. 

Table 3: Comparison of HOMs in Three Cases: URMEL 
Calculation, Unloaded Cavity, and Loaded Cavity 

Mode URMEL 
Calculation 

Spare(#4) 
201.88 mm 

S38 C3(#5) 
202.18 mm 

O-E-0 

f(MHz) 

353.6 
Qo 

49000 

f(MHz) 

351.93 
Qo 
47500 

f(MHz) 
351.93 

QL 

25900 

O-M-l 536.7 41000 539.23 37700 539.19 34600 

1-E-l 588.7 68000 582.09 55500 582.45 58500 

584.64 48200 584.24 51000 

O-E-2 744.9 43000 735.26 22500 735.26 22200 

l-M-2 761.1 53000 756.83 8700 756.49 6800 

O-E-3 922.5 10700 

761.67 

914.92 

too 
small 

51600 915.76 

too 
small 

21700 

O-M-2 939.0 42000 933.06 1200 931.29 600 

l-E-3 962.0 54000 955.71 34000 955.21 8600 

957.73 8600 957.01 16200 

l-M-4 1017 41000 1020.5 20000 1020.74 40300 

1020.90 17000 1021.31 10800 

l-E-5 1145.1 92000 1143.65 84000 1142.42 35900 

1144.79 61800 1143.16 too 
small 

57200 O-E-4 1173.2 44000 1166.82 61000 1166.76 

O-M-3 1210.8 94000 1205.86 31900 1207.14 26200 

l-E-6 1219.2 41000 1231.07 19000 1230.40 31100 

1231.30 28500 1231.00 41300 

O-E-6 1509.1 88000 1508.73 58800 1503.76 N/A 

Slope= -0.716894 MHz/mm 
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Figure 1: Cavity staggering effect at 536 MHz. 

2.3 HOMs vs. Cavity Temperature 

The S38 cavity water temperature was changed from 95° F 
to 73° F in 3-degree increments by mixing the cavity re- 
turn water with the chilled water. The frequencies of the 
HOMs shift due to the change of the cavity's volume. The 
cavity body temperatures follow the water temperature 
change, which includes fluctuation of the order of+/-1 C. 
The bunch current is constant at 0.8 mA. Figure 2 shows 
the beam-excited HOM amplitudes as a function of cavity 
temperature. The amplitude changes in most of the HOMs 
due to temperature variation appear to be significant, ex- 
cept at 744 and 1509 MHz. 
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Figure 2: Amplitude variation of the HOMs vs. S40 #2 
cavity temperature. 

2.4 HOMs vs. Cavity Detuning 

At a low bunch current (1 mA) the excitation of HOMs 
was measured while S38 cavities 1 and 2 were detuned, 
one at a time, by changing the tuner setpoint. There is a 
cavity temperature change associated with the cavity 
detuning, probably because the reflected power increases 
and less power is getting into the cavity. This may make 
the HOM amplitude results more difficult to interpret. 
These setpoint changes are rather large, resulting in phase 
shifts greater than 45° in the fundamental mode relative to 
the source frequency, and do not represent normal cavity 
operating points. Later, the threshold detuning on all the 
rf-sector cavities to sustain stability was carried out with a 
beam current of 100 mA. The beam spectrum center at an 
rf harmonic for the unstable case is shown in Fig. 3. 

-100 

-120 . 

-2 0 2 
FreqOffset (kHz) 

Figure 3: Beam spectrum from S35 BPM, while detuning 
the cavity; the solid line is the stable and the 
dotted line is the unstable beam. 

In this figure the beam spectrum from a dispersion 
BPM for an unstable beam is plotted with a spectrum for 
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a stable beam. The synchrotron frequency is about 1.7 
kHz. Both dipole and quadruple synchrotron sidebands 
appear in the unstable beam. 

3   DISCUSSION 

When the beam is unstable, it oscillates longitudinally at 
the synchrotron frequency, which modulates specific revo- 
lution harmonics in the spectrum corresponding to the 
specific CB mode. The resonant frequency of the driving 
HOM determines which CB mode is observed. For each 
unstable fill pattern, the same CB mode was observed in 
the beam, implying that the same HOM is responsible. 
Each particular bunch fill pattern has a characteristic set of 
revolution frequencies which are then detected by the cav- 
ity probes. Of interest are those frequencies which show 
an increased cavity response when the beam becomes un- 
stable. 

Presented first are measurements at a resolution 
bandwidth of 300 kHz to show a large frequency span. 
Figure 4 shows the spectrum in one cavity for four groups 
of 12 bunches when the beam is stable. In this case, the 
12 bunches are in a train of adjacent rf buckets, and the 
four groups are placed symmetrically around the ring. 
Figure 5 shows the cavity spectrum with the same bunch 
pattern, when the beam is unstable. The HOM near 1210 
MHz shows an increase. 
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Figure 4: RF cavity HOM spectrum for stable beam. 

300  1000  1200  1400  1600  1800 
f (MHz) 

Figure 5: RF cavity HOM spectrum for unstable beam. 

A narrowband measurement in Fig. 6 shows that the 
excitation occurs mainly in the upper synchrotron side- 
band. The two traces in the figure compare the cases for 
the unstable and stable beam, respectively. The single- 
sided response is as one would expect for a CB instability. 
Based on the measurement of the beam-induced power, one 

can calculate the shunt impedance of the cavity HOMs, 
which is summarized in Table 4. The equation used to 
calculated the shunt impedance is 

PHOM = Pc + Prad=2<Ib>
2(R/Q0)QL. 

where PH0M is the HOM power induced by the beam, Pc 

is the HOM power lost to the cavity wall, which the field 
probe sees, Prad is the HOM power radiated to the 
waveguide, Ib is the average beam current, R is the shunt 
impedance, Q0 is the unloaded Q, and QL is the loaded Q. 
There are some discrepancies between the measurement 
and the calculation, but they are of the same order of the 
magnitude. More analysis is required to understand the 
differences. 
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Figure 6: RF cavity signal centered on a revolution 
harmonic at 1214.64 MHz. 

Table 4: Shunt Impedance of the S38 C3 HOMs 

Freq 
(MHz) 

Power (W) Qo QL Coupling 
Factor 

Shunt 
Imp(MQ) 

351.75 24400 47500 18700 1.54 5.60 

536.00 85.63 37700 34600 0.10 0.21 

733.13 0.39 22500 22200 0.02 0.01 

912.28 0.26 51600 21700 0.38 0.01 

939.00 7.54 1200 600 1.00 0.33 

1173.20 0.30 44000 35900 0.23 0.02 

1210.80 7.16 31900 26200 0.22 0.62 

1505.93 4.71 58800 3300 16.8 0.82 
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MODIFYING CERN SPS CAVITIES AND 
AMPLIFIERS FOR USE IN RHIC 

R. Connolly, J. Aspenleiter, S. Kwiatkowski 
Brookhaven National Lab, Upton, New York 11973 

Abstract 

A system of ten rf cavities operating at 197 MHz 
will provide longitudinal focusing during beam storage in 
the Relativistic Heavy Ion Collider (RHIC). The cavities 
and tetrode amplifiers are from CERN where they had been 
used in the Super Proton Synchrotron to accelerate leptons 
for injection into LEP. The amplifier-cavity system had 
an impedance pole about 3 MHz below cavity resonance 
which was a possible source of oscillation with if 
feedback. This was not a problem at CERN because the 
cavities were operated without feedback. The impedance 
pole was moved lower in frequency by extending the 
length of the drive line. When this was done it was no 
longer possible to tune the amplifier to give a good match 
to the drive loop resulting in about 50% anode efficiency. 
In the class of operation we are using, an efficiency of 
65%-70% is expected. A good match was achieved by 
increasing the loop coupling from 16£2 to 19Q. 

1    INTRODUCTION 

The Relativistic Heavy Ion Collider (RHIC) at 
Brookhaven National Lab will accelerate and store beams 
ranging from protons to gold nuclei [1]. One system of 
four rf cavities operating at 28 MHz [2] accelerates the 
beam from injection energy to storage energy, and a 
system of ten cavities operating at 197 MHz provides 
longitudinal focusing during storage. The storage system 
cavities and tetrode amplifiers are from the Super Proton 

Synchrotron at CERN where they accelerated leptons for 
injection into LEP [3]. 

The amplifier-cavity system has an impedance pole 
about 3 MHz below cavity resonance which is a possible 
source of oscillation with rf feedback. At CERN the 
cavities were operated without feedback and care was taken 
to avoid external feedback, so the impedance pole was not 
a problem [4]. 

Experiments were conducted at RHIC to move this 
pole away from cavity resonance. We found that the pole 
could be moved lower in frequency by increasing the 
length of the final drive line. Evidently the drive line had 
been made quite short because of space limitations in the 
SPS tunnel. When the longer drive line was installed it 
was no longer possible to tune the amplifier to give the 
required impedance transformation, limiting the amplifier 
to about 50% anode efficiency. The efficiency was 
increased to about 70% by increasing the loop coupling 
from 16Q to 19Q. This paper describes these 
experiments and the performance results. 

2    IMPEDANCE POLE 

Figure 1 shows the 16£2 drive line with the base of 
the amplifier clamped to the flanges on the top of the 
coaxial elbow and the drive loop installed in the cavity. 
The line has forward- and reverse-power directional 
couplers and the cavity has small pickup loops. Two S21 

network analyzer traces, fig. 2, were made by driving the 
amplifier with the analyzer. 

Figure 1. The transmission line connecting the amplifier 
to the cavity. This figure is copied from 
reference 3. 
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Figure 2. Network analyzer traces showing the impedance 
pole and cavity resonance. Top trace is the 
signal from the forward-power coupler in the 
drive line, and the bottom trace is from a loop 
inside the cavity. The cavity was tuned to 196 
MHz when these measurements were made. 
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The top trace is the signal from the forward-power 
coupler in the drive line and the bottom trace is the signal 
from one pickup loop. In the cavity, the power received 
at the pole frequency is only 25 dB lower than at cavity 
resonance. With rf feedback this resonance can be the 
same or larger than the cavity resonance. 

The first experiment was to separate the amplifier 
from the drive line flange and to short the inner and outer 
conductors at the amplifier base with copper tape. A 
network analyzer and broad-band amplifier were used to 
drive the amplifier and the signal was picked up on a 
diagnostic probe at the base of the amplifier. The result, 
fig. 3, shows that the amplifier transforms an electrical 
short at its output to impedance poles which are 
symmetrical about 197 MHz. Since the drive loop is a 
short circuit off resonance this shows that the pole does 
not result from the impedance transformation in the 
amplifier. 

Next an adapter was placed on the drive line flange 
and an S11   measurement was made of the impedance 

presented to the amplifier. The network analyzer 
measurement showed the electrical length of the 
transmission line to be about 3/8 X giving an off- 
resonance impedance which is capacitive. By adding a 
phase offset equivalent to 19.4 cm of transmission line at 
197 MHz the transformed impedance presents an 
impedance zero off resonance. 

Reference 4 describes the impedance transformation 
within the amplifier as being approximately a X/4, 3£2 
transmission line in series with a X/4, 18.5£2 line. 
PSPICE was used to calculate the impedance of a short 
circuit transformed through a 3/8 X section of 16Q line in 
series with the two X/4 lines of the amplifier. This 
calculation gives poles at 197 and 232 MHz and both 
move lower in frequencies when the 16Q. line is 
lengthened. When the line is X/2 long the upper and 
lower poles are symmetric around 197 MHz. 
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Figure 3. Anode impedance as a function of frequency 
with an electrical short across the output of 
the amplifier. 

The drive-loop transmission line was lengthened by 
adding a 17.1cm insert in the coaxial elbow section. This 
insert initially was made 19.4 cm but measurements made 
before the pieces were welded indicated it was too long. 
With the longer line installed the impedance poles were 12 
MHz below and 18 MHz above resonance. The initial 
length of 19.4 cm would have placed them symmetrically 
about the resonance. 

3    AMPLIFIER EFFICIENCY 

After the drive line was extended it was no longer 
possible to get the required power from the tetrode without 
exceeding the tube specification for power dissipation on 
the screen. A storage cavity has a shunt impedance of 8.5 
MQ. and requires about 60 kW of rf power to produce 1 
MV in the gap. To deliver 60 kW without drawing 
excessive screen current requires the loop impedance be 
transformed to an anode impedance of about 625Q.. This 
transformation is accomplished by two sections of 
transmission line in the amplifier base which approximate 
X/4 transformers of 3Ü. and 18.5Q connected in series. 

The tetrode amplifier that drives the cavity is 
operated in class AB with the grid biased at -200 V, the 
screen at 900V and the anode at lOkV. At full power the 
conduction angle is 190° and the tetrode should give -70% 
efficiency. We measured 54% efficiency (see table) on a 
test stand consisting of a 50Q water-cooled load 
transformed to 16£J by a X/4 transformer of Zt=28.3£2. 

To increase the efficiency it was necessary to measure the 
loop-anode impedance transformation from the operating 
parameters of the tube. 

For small anode rf voltages the electron current in a 
tube varies with grid voltage approximately as, 

I(t) oc (VgO + Vgl cos cot) 1.5 (1) 
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Figure 4. Tube current form factors calculated by W. 
Pirkl. Bottom axis is conduction angle of tube. 
All measurements were made with an angle of 
190°-200°. 
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where VgO is the grid bias voltage and Vgl is the grid 
drive amplitude. This expression can be used to calculate 
the Fourier components of the current [5]. The dc and if 
fundamental components are, 

/o=±Jo
r/(0* = /,/o 

/, = \J I(t)cos((Ot)dt = lpfx 

(2) 

where In is the peak current during the rf cycle. These 
form factors, fio and fi, are plotted in fig. 4 together with 

a curve of quiescent current divided by anode current, Iq/Io 

We measured the ratio lJIo and read the conduction angle 

from the graph. The ratio fi/fo could then be determined 
from the graph and the rf current, Ii, calculated as the 

anode current times this ratio. The tube power and anode 
current were measured and the impedance calculated from 

P=Il2R/2. 
A series of measurements was made on the test stand 

in which output power was measured as both the 
frequency and the amplifier tuning position were varied. 
The tube socket can be raised and lowered for tuning and it 
was not known whether this changed only the frequency or 
both the frequency and transformed impedance. Figure 5 
shows the family of curves generated. For all of these 
measurements the anode current was 3.1 A and the 
quiescent current was 0.6A giving a ratio of fi/fo equal to 
1.52. All of the tuning curves peak at 6.1 kW showing 
the tuning changes only the frequency of the impedance 
transformation. A power of 6.1 kW with an rf current of 
4.7 A gives an impedance of 550Q. The same analysis 
on other data sets gave values in the range of 515Q-550Q. 
From these measurements we concluded that the amplifier 
transforms 16Q to about 525Q. 

The test stand presents an impedance to the amplifier 

equal to (Zt)^/50. The impedance of a coaxial line 
increases as the diameter of the center conductor decreases 
so we were able to increase the impedance presented to the 
amplifier in Iß steps by machining down the inner 
conductor of the 7JA transformer. The measured efficiency 
peaked at 20Q, however the screen current started to get 
very high. We chose a loop impedance of 19Q. 

4    CONCLUSION 

The loop was rotated to give 19S2 coupling and 
the drive-line extension was installed. The cavity was 
then conditioned to a peak gap voltage of 1.0 MV at 
which time the measurements in the third column of 
the table were made. These two modifications have 
increased the amplifier efficiency from about 50% to 
about 70% and have moved the impedance pole 12 
MHz away from the cavity resonance. 

Tuner Position (in) e 
Figure 5. Measured power as  a  function   of  tuner 

position for five frequencies.    Tuner changes the 
frequency of   maximum anode impedance but not 
the magnitude. 

Comparison of amplifier parameters reported by CERN 
[4], those measured at BNL on 16Q load, and those 
measured on cavity after modifications. The final 
efficiency of 73% is from a single measurement and is 
probably a little too high. 

CERN 16Q load Final 
Anode voltage 10 kV 10 kV 9.8 kV 
Anode quiescent current 0.5 A 0.5 A 0.5 A 
Anode current 9.4A 9.95 A 7.77 A 
Screen grid voltage 900 V 900 V 900 V 
Screen grid current 320 mA 405 mA 150 mA 
Control grid voltage -200 V -200 V -200 V 
RF output power 62 kW 53 kW 57 kW 
RF drive power 1.8 kW 1.75 kW 1.44 kW 
Gain 15.4 dB 14.8 dB 16.0 dB 
Anode efficiency 64% 54% 73% 
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FIRST OPERATION OF THE HAP/MOPA TRAVELING WAVE 
STRUCTURE AT BOEING FEL* 

A.M. Vetter, T.L. Buller, D.H. Dowell, and P.E. Johnson, Boeing D&SG 
P.O. Box 3999 M/S 2T-50, Seattle, WA 98124-2499 USA 

Abstract 

The first of six 1.3-GHz, 18-cell, constant impedance, 
traveling wave linac structures has been placed under RF 
power and used to accelerate an electron beam. The 
design of the structures and low power measurements of 
insertion loss and group delay are described. The 
observed voltage gain under high power is compared with 
predictions based on low power measurements and 
URMEL calculations for the accelerator mode in a single 
cell. 

1 INTRODUCTION 

A set of six 1.3-GHz traveling wave linac structures 
was partially fabricated in the late 1980's for an FEL 
accelerator project (known as HAP/MOPA) which was 
terminated before completion. These structures were left 
in varying stages of completion, only one being fully 
ready for operation. Under current plans to complete a 
kilowatt-capable, visible FEL [1]  at the Boeing FEL 

facility in Seattle, fabrication and tuning of these linac 
structures have been completed, and installation in the 
beam line is in progress. The sections, of which the first 
has been operated with electron beam under high RF 
power, will produce roughly 80% of the energy gain 
required for FEL operation in the visible spectrum. 

2 STRUCTURE DESIGN 

The linac structures, shown in Fig. 1, are of the 
traveling wave type, operating in the 37t/4 mode at a 
frequency of 1.3 GHz. The design is adapted from an 
earlier series of traveling wave linac sections built and 
operated for the Visible Oscillator FEL [2]. 

2.1 Design objectives 

Designed specifically for FEL applications which 
demand very low beam emittance with high peak current, 
these sections feature beam apertures which are very large 
(approximately 5 cm) for a structure operating at this 

BEAM PIPE FLANGE 

Figure 1. 18-cell constant impedance traveling wave linac section, shown without cooling water jacket. 

*Work supported by USA/SSDC under Contract DASG60-90-C-0106. 
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frequency in order to minimize emittance growth due to 
transverse wake fields. If the cells were of the 
conventional disk loaded geometry, such large apertures 
would produce excessive cell-to-cell coupling, so that the 
group velocity would be far too high to achieve 
reasonable gradients with the 10 MW of RF input power 
available. By introducing a modest nose cone around the 
aperture, the intercell coupling is brought down to the 
desired level while improving the R/Q ratio for the cell. 
Further improvement in shunt impedance is obtained by 
rounding the outside contour of the cell. Finally, the shift 
in operating mode from the typical disk loaded structure 
phase advance of 2n/3 to 3JC/4 provides a little more space 
into which to fit the noses and allows for a slight 
reduction in number of irises, which also improves the 
wake field performance of the section. 

The present structures, whose principal parameters 
appear in Table 1, retain the cell geometry and operating 
mode of the earlier structures. They differ from the 
earlier structures in being much shorter (18 cells vs. 35) 
and in being of constant impedance instead of constant 
gradient. They also feature extended coupler boxes with 
slotted pumping ports. These changes allowed for 
substantial reduction in fabrication costs, and are 
expected to yield improvements in operating vacuum and 
effort required to condition to high field, and in the 
sensitivity of the beam energy gained in the structure to 
fluctuations in cooling water temperature. There will be a 
slight penalty in the theoretical efficiency of the structure, 
but this will be offset by improvement in thermal 
sensitivity. 

PARAMETER VALUE 

Operating frequency /„ 1.3 GHz 
Number of cells N 18 
Electrical length L 1.56 m 
Cell-to-cell phase shift 3/4 n 
Normalized phase velocity vjc 1.0 
Normalized group velocity vjc .35 % 
Fill time T 1.5 us 
Field attenuation parameter a .192 neper/m 
Insertion loss (no beam) 2.6 dB 
Shunt impedance/unit length v;/pr 33 Mfl/m 
Wave impedance v>, 22.4 MQ 
Beam impedance -dVJdl,, 7.2 MQ 
Physical length 1.76 m 
Beam aperture (end-to-end) 5.56 cm 

Table 1. HAP/MOPA traveling wave linac section 
parameters. 

2.2 Mechanical design 

The present structures retain the fabrication approach, 
cooling and RF coupling concepts, RF window types, and 

numerous mechanical design features of the earlier 
structures. The interior cells are formed by brazing 
together stacks of solid OFHC Cu parts, each of which 
has the last half of one cell and the first half of the next 
cut into its top and bottom sides, respectively. All 
cooling occurs at the cylindrical outer surface of the cells, 
where de-ionized cooling water flows longitudinally 
along the structure in the ~ lA inch gap between the 
copper exterior cell surface and the stainless steel water 
jacket (not shown in Fig. 1) A fiberglass insulating 
jacket, also not shown in Fig. 1, covers the water jacket, 
providing thermal isolation between the structure and its 
cooling system (which is required to maintain the 
structure at 45 C, even when operating at negligible 
average power) and the surrounding air. 

The outer walls of the end cells are made thick enough 
(~ 1 inch) to allow for longitudinal holes to carry cooling 
water from the annular manifold cut into the stainless 
steel end plate brazed to the end wall, across the end cell, 
to the end of the water jacket which falls over the iris 
joining the end cell to its neighbor. Cooling water 
connections are made to stainless steel elbows welded 
into holes in the stainless end plates which lead to the 
annular manifolds cut into the back sides of the end 
plates. 

Conflat end flanges are welded onto stainless steel 
tubes brazed into the end walls of the structure. Conflat 
flanges are also brazed over the slotted pumping ports on 
the input and output coupler waveguide boxes to allow 
the attachment of cryopumps. Pumping speed through 
the coupling apertures will be greater than through the 
beam pipes, and moving the pumps to the couplers 
reduces congestion around the beam diagnostic boxes 
which attach to the ends of the linac sections. 

3 LOW POWER ELECTRICAL MEASUREMENTS 

At the operating frequency, the measured phase length 
of the 18-cell structure varies with frequency at the rate of 
525"/MHz, implying a normalized group velocity 

LL _ <t>  * 
c ~ fdf/df 

where 0 = 3it/4 is the phase advance per cell at the 
operating frequency. This is consistent with results of the 
cavity code URMEL [3], from which a normalized group 
velocity of .00351 is deduced based on the difference 
between the TM010 mode frequencies for electric and 
magnetic boundary conditions imposed in the center of 
the iris between cells (these boundary conditions 
correspond to the conditions in an infinite structure 
operating in the "zero" and n modes, respectively). 

The structure insertion loss at the operating frequency 
has been measured at 2.6 dB, or 0.144 dB/cell.   This is 
related to the cell quality factor Q0 through the relation 

AP, _ <t> 
P,  ~     Qoivjc) ' 

= .00356, 
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where Pf is the RF power flowing through the cell. The 
corresponding g„ is 19630, which is also consistent with 
the URMEL result (19990). 

4 PERFORMANCE PREDICTIONS 

A simple spread sheet calculation shows that the load 
line equation for the structure is 

VXh) = yfcP~-RbIb, 
where Rs = 22.4 MQ and Rh = 7.2 MQ (based on URMEL 
result RIQ = 71.75 Q for a single cell) and where P, is the 
input RF power and Ih is the beam current. 

5 HIGH POWER OPERATION 

The first of the traveling wave linac sections was 
installed in the beam line following the 433.3 MHz 
standing wave structures (Fig. 2). During the first day of 
operation, the structure was conditioned to accept 4 MW 
with a 30 |is RF pulse length at a repetition rate of 1 Hz. 
A few days later, the structure accepted 8 MW for a 100 
u.s pulse duration, still at 1 Hz prf, with a return loss 
slightly in excess of 20 dB. This being judged sufficient 
for the subsequent beam tests, further conditioning to 
higher power was deferred. 

For acceleration tests in early May, 1996, the beam 
was produced by illuminating a KjCsSb photocathode 
situated in the first cell of the 433.3 MHz accelerator with 
a mode-locked, frequency-doubled Nd:YLF laser running 
at a frequency of 108.3 MHz, with average beam current 
on the order of 10 mA. The beam energy at the entrance 
to the traveling wave linac structure was 20.7 MeV. With 
an RF input power of 6.3 MW to the traveling wave 

structure, the beam energy increased to 32.4 MeV, for an 
accelerating voltage of 11.7MV in the traveling wave 
structure. Both the RF power measurement and the 
energy gain have an estimated experimental error of at 
least ±5%. For 6.3 MW input power and .01 A beam 
current, the load line equation above predicts an 
accelerating voltage of 11.8 MV, well within the 
experimental error. 
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THE PS 40 MHZ BUNCHING CAVITY 

R. Garoby, D. Grier, E. Jensen, CERN, 1211 Geneva 23, Switzerland; 
A. Mitra, R. L. Poirier, TRIUMF 4004 Wesbrook Mall, Vancouver, B.C., Canada V6T 2A3 

Abstract 

A 40 MHz cavity has been designed and built at CERN as 
part of the preparation of the PS as injector for LHC. The 
cavity will provide the necessary bunch spacing of 25 ns 
prior to injection into SPS and subsequently LHC. The 
mechanical design of the copper coated steel cavity was 
dominated by space constraints in the PS tunnel and by 
vacuum requirements. The salient design features 
described are i) tight, multipactor-free, capacitive 
coupling from the power amplifier, ii) fast RF feedback, 
iii) inductively coupled tuners, iv) an efficient, 
pneumatically operated gap short-circuit. The operation 
cycle consists of an adiabatic capture up to 100 kV gap 
voltage, a non-adiabatic jump to 300 kV, and subsequent 
bunch rotation. The multipactor voltage level at the gap 
lies below the operating voltage range and is easily 
passed through. A fast RF feedback system with a total 
group delay of 220 ns copes with heavy beam loading 
(1011 protons/bunch) and prevents unwanted interaction 
with other beams in the PS. The cavity has recently been 
installed, the nominal gap voltage of 300 kV has been 
attained, and bunch lengths below 8 ns have been 
achieved in first tests at nominal intensity. Experimental 
results are reported. 

1 INTRODUCTION 

For the LHC era, the PS will have to provide a new 
type of beam [1] compatible with SPS injection, and in 
particular to cope with a fast growing microwave 
instability at the SPS injection front porch. The 3.8 ns 
length bunches, spaced at 25 ns, will have an intensity of 
up to 1.7 10" particles per bunch and a longitudinal emit- 
tance of 0.35 eVs (corresponding to Ap/p - 2.5 10'"). This 
bunch structure will be impressed on the beam in the PS 
at the end of the acceleration cycle, at 26.4 GeV/c 
momentum, by a new RF system consisting of one cavity 

producing a gap voltage of 300 kV at 40 MHz as de- 
scribed in this paper and a set of two 80 MHz cavities 
(under construction) with nominal gap voltage of 300 kV 
each. The design was strongly influenced by the severe 
space restrictions in the PS and the requirement not to de- 
teriorate the performance of other beams. 

1.1 Operation Cycle 

After acceleration on harmonic A=16, the beam is 
adiabatically debunched. The bunching process at 
40.055 MHz starts with a quasi-adiabatic compression 
from 4 to 100 kV, followed by a non-adiabatic (20 (is) 
rise to 300 kV. After 180 us (the synchrotron period is 
• 1 ms), when the bunch is tilted in phase space, the 
80 MHz cavities with 600 kV will be switched on. This 
further increases the bucket height, bunch rotation 
continues and the final 3.8 ns, 0.35 eVs will be attained 
110 us later. 

2 CAVITY DESIGN 

2.1 Choice of parameters 

In order to fit into a short section (1 m) of the PS the 
cavity has strong capacitive loading. As a compromise 
between power requirements and sensitivity to beam 
loading a moderate R/Q of 33 Q was chosen, which, with 
an unloaded Q of 12000 (measured), corresponds to the 
equivalent circuit parameters of Fig. 2. Approximately 
100 kW are needed to produce a gap voltage of 300 kV, 
with 5.4 J stored in the cavity. The instantaneous power 
required to fill the cavity to 300 kV during 25 us is 
300 kW. 

2.2 Cavity behavior under beam loading 

A reactive beam current IB is equivalent to a detuning of 

\_R_\h 
2Q V 

during the very fast non-adiabatic gap-voltage variations. 
In our case, V changes rapidly by a factor 3 during 20 (is 
while IB is virtually constant, leading to a rapidly varying 
and strongly reactive load on the power amplifier (PA). 
Fig. 2 b) and c) illustrate, in the complex plane, the 
conditions before (IGI) and after (1G2) this voltage step re- 
spectively. In order to minimize the maximum PA anode 
current, the cavity has to be pre-tuned such that l/c/l=l/C2l. 
The detuning angle is kept within acceptable limits by the 
moderate R/Q. 

the cavity by   
a 

—J-^-, which cannot be corrected 

Figure 1: Mounting the center electrode into the cavity. 

0-7803-4376-X/98/S10.00 © 1998 IEEE 2953 



PA 

I 
c= c L= T 120pFSl31nH 

R = 
4001Q 

lm{/} 

tuning 

lm{/} 

Re{/} Re{/} 
V/R 

a) reference: b) detuning 
compensated by       at loJ/} 

detuning: rf<eal 
Figure 2: Varying tuning angle with non-adiabatic varia- 
tion of the gap voltage. 

2.3 Higher order mode damping 

The strong capacitive loading (low R/Q) results in a 
cavity in which the main electric and magnetic field 
energies are stored at different locations in the cavity. As 
a result, the first higher order mode (HOM) appears more 
than 2 octaves above the fundamental which alleviates the 
problem of HOM damping. The higher order mode 
dampers are described elsewhere [2]. 

2.4 Coarse and servo tuners 

Although the cavity is designed to operate at a fixed 
frequency, it is nevertheless equipped with 2 types of 
tuners. These tuners are described in detail in [3]. 

2.5 Mechanical and vacuum aspects 

For mechanical stability and for good magnetic and 
vacuum characteristics, the cavity is manufactured from 
forged 316LN steel with an internal 40 (am copper plating 
(4 skin-depths). The accelerating gap of 50 mm is located 
close to the upstream end, which allows enough space for 
an efficient, pneumatically operated gap short-circuit. 

Four ion pumps of 400 1/s each and three sublimation 
pumps bring the vacuum to a level of below 10"9 mbar. 
The cavity is equipped with heating jackets for in-situ 
bake-out at 120 °C. 

3 GAP SHORT-CIRCUIT 

During normal operation, the cavity impedance seen 
by the beam is kept low by means of the fast RF 

feedback.    The   gap   is    otherwise    closed    by    the 
pneumatically operated short-circuit (S-C). 

The S-C consists of a tube which moves like a piston 
across the gap (stroke 78 mm). The tube has the diameter 

Beam of the vacuum chamber and is constrained by a cylindri- 
cal ball guide. RF contacts assure well defined current 
paths and two bellows assure vacuum tightness. The gap 
is opened or closed in 0.6 s by two pneumatic arms, and 
end-switches serve as indicators and interlocks. The S-C 
system has proven reliable. 

4 AMPLIFIER AND CAPACITIVE COUPLING 

The choice of power amplifier design was influenced 
by two major constraints : 
1. The need for a fast RF feedback loop with about 

40 dB loop gain. 
2. A reactive amplifier load with a varying impedance 

and phase angle due to strong beam loading . 
In a feedback loop such as shown in Fig. 3, a safe 
working value for the group delay Tg round the loop is 
approximately given by T=0.7-Qn/(Ao}0), which yields, 
for a loaded Q of 10000, about 280 ns. With the high gain 
40 kW RF driver amplifier chain occupying 160 ns, the 
power amplifier could have been conveniently sited 
beside the PS ring at about 10 m distance and coupled to 
the cavity with 50 Q cables. This solution was abandoned 
because of the difficulty of maintaining loop stability in 
the presence of intrinsic strong resonances in the plane of 
the anode at a few MHz from/0. 

20 kV DC 

^Re{/} 

c) 2 (pi s later 
detuning 
at hig&k 

Figure 3: Simplified block diagram of the amplifier/cavity 
feed-back system. 

With the power amplifier coupled to the cavity via a 
line of appropriate length («X/10) and Z0, the resonances 
close to/, are avoided. Care must be taken in the choice 
of the coupling impedance Zc and of ZQ under these 
conditions, such that the transformation, at the anode, of 
the off-resonance impedance of the cavity in series with 
Zc does not cause unacceptable distortion of the anode to 
gap step-up ratio when operating with beam loading. 

Since the form of the cavity gave a strong electric 
field in the vicinity of a convenient coupling port, 
capacitive coupling was adopted. The 18 kV peak RF 
envelope at the anode reduces to a low value at the 
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coupling window where the anode 20 kV DC (via a A./4- 
line) and cooling water enter. The tube is a Thompson 
type TH681 and delivers up to 400 kVA to the cavity 
during operation. 

Figure 4: The capacitive power coupler mounted inside 
the cavity. The form is adapted to the electrode, which is 
not mounted. 

The presence of the DC anode voltage on the coupler 
inside the cavity suppresses multipactor (MP) at the 
coupler window [4]. The value of Zc, which determines 
the anode/gap step-up ratio, is adjustable by rotation of 
the coupler around the axis of the window. 

Figure 5: The cavity installed in the PS tunnel. The 
400 kW final amplifier and the A./4-line for the HV supply 
are visible in the foreground. 

5 EXPERIMENTAL RESULTS 

The cavity was first installed and commissioned in the 
PS tunnel in October 1996. The required gap voltage 
range, rise time and stability were readily obtained. A 
loop gain of 43 dB was measured yielding an effective 
cavity Q of 72. 

A MP level at about 500 V gap voltage was identified 
as 2-point MP in the gap, but could easily be passed 
through without conditioning. Above a lower limit of 
1 kV no other MP levels were observed. The fringe field 
of the nearby main magnets (cf. Fig. 5) increases this 
lower limit to about 4 kV. 

It was observed that for beams of low intensity, the 
MP alone limits the induced gap voltage. For higher 
intensities this voltage breaks through the MP, but is sup- 
pressed by the RF feedback. 

With the appropriate RF programme, the PS beam 
was successfully rebunched on /i=84 with bunch lengths 
of «10 ns. Rotation of a single bunch [from h=20] is 
shown in Fig. 6. 

550.000   ns 

Y2C3 3 
YK 3 3 

DELTA  Y 

1.80525 
-562.500 
2.36875 

560.000   ns 
2.00   ns/DIU 

V X2C3 3 
mU X1C 3 3 
V DELTA X 

1/DELTA X 

570.000 ns 
REALTIME 

559.720 ns 
556.920 ns 
2.800   ns 

357.143 MH 

Figure 6: Single bunch rotation: bunch length « 5 ns 
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THE TUNING OF THE CAVITY OPTIONS FOR DIAMOND 

C.L. Dawson, D.M. Dykes and P.A. Mclntosh 
CLRC Daresbury Laboratory, Warrington, WA4 4AD, UK. 

Abstract 

The RF group is considering both normally conducting 
[1] and super-conducting [2] cavity systems for 
DIAMOND. This paper will discuss using temperature 
and longitudinal deformation as methods of tuning for a 
normally conducting cavity. The longitudinal deforma- 
tion of a super-conducting cavity is also discussed with 
its added technical difficulties of nanometer resolution 
and its cryogenic environment. Finite Element Analysis 
and URMEL-T [3] software has been used extensively to 
predict cavity geometry changes and the associated fre- 
quency shift. 

1 INTRODUCTION 

The current method of RF cavity frequency tuning on the 
SRS uses a non-contacting plunger. Recent experience at 
Daresbury has shown that normal plunger movement over 
a stored beam decay causes beam movement of >20um 
horizontally and >10um vertically. This movement is 
accommodated by the SRS, due to its relatively large 
source size, but must be avoided in DIAMOND. 

Superconducting and warm systems are currently 
being considered, as a result tuning techniques for both 
systems are being assessed. 

2 NORMAL CONDUCTING RF 

At present, the normal conducting RF system for 
DIAMOND has been based on a frequency of 500MHz. 
The storage ring RF system will consist of six 250 kW 
klystrons feeding six normal conducting cavities. 

2.1 The RF Cavity 

Following investigation and optimisation of the three 
most common geometry configurations (nose-cone, pill- 
box and bell-shaped) an optimised nose-cone cavity was 
selected for DIAMOND [4], shown in figure 1. The in- 
vestigation of a tuning mechanism for a normal conduct- 
ing system has been based on this geometry. 

2.2 Finite Element Analysis (FEA) 

FEA of the DIAMOND Cavity was performed using 
the Ansys™ Version 5.1 [5] Code. Cavity modelling is 
required to predict the dimensional changes that occur 
when the cavity temperature is changed, the force re- 
quired to axially deform the cavity and to determine the 
stresses in the cavity, due to tuning techniques. 

A 2-D axisymmetric model was constructed using 
Plane 55 thermal elements, which were switched to Plane 
42 structural elements for structural analyses. The cavity 

will be manufactured and installed at room temperature, 
therefore a reference temperature of 20°C has been as- 
sumed for thermal strain calculations. The distribution of 
the RF power fluxes was calculated using URMEL-T and 
applied to the model. Each cavity will be required to dis- 
sipate 105 kW of RF power. 

\; 0.001,m radius 

/ 

0.16139m 

/ 
/ 

0.0102m 
Jr       m 

0.025ml 

Figure 1. DIAMOND Cavity 

2.3 Tuning using Cooling Water Temperature Variation 

Operating the cavity at different temperatures changes the 
fundamental frequency of the cavity and the frequency of 
High Order Modes (HOM's). The temperature of the 
cavity can be changed by altering the temperature of its 
coolant. This technique has been used at many laborato- 
ries, including the SRS [6] and ELETTRA, to fight multi- 
bunch instabilities [7]. 

To confirm that the relationship between cavity ge- 
ometry and temperature is linear, three analyses have 
been carried out. Analyses were carried out for bulk tem- 
peratures of 40°C, 50°C and 70°C. A convection bound- 
ary condition was added to the model to simulate the wa- 
ter flow around the cavity with a film coefficient of 
0.02W/mm2/°C. A typical temperature contour result is 
shown in figure 2. 

DIMOWD Cavity 

PBB IS 1! 
09:13: S3 
PLOT HO. 
MODAL 

Figure 2. Temperature Contour Plot 
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The area of maximum temperature rise is indicated 
on the diagram. In all three analyses the minimum cavity 
body temperature is the same as the temperature of the 
coolant and the maximum temperature is equal to the 
coolant temperature +29°C. This large deviation between 
the minimum and maximum temperatures can be reduced 
by careful design of the cooling channels. 

Structural analyses were then carried out on each 
model to determine the cavity dimensional changes. 

Water 
Temp 

Max Cavity 
Temp 

Movement per nose-cone into 
the cavity 

40°C 
50°C 
70°C 

69.023°C 
79.023°C 
99.023°C 

41.7um 
69.9um 
99.5um 

It is clear that this is a linear relationship, for each 
1°C change in cavity temperature there is 1.92 um nose 
cone movement. Figure 3 shows typical cavity deforma- 
tion. 

basts s.i     : 
MAR     2   1991 
U\t1:ll 

OIJLMOHD Cavity 

Figure 3. Deformed Cavity Shape 

2.4 URMEL-TResults 

This information was inputted into URMEL-T. Due to the 
geometry of the nose-cone cavity, the most significant 
frequency shift is due to the movement of the nose-cones 
along the axis of the cavity. For 1°C rise in temperature 
the fundamental frequency shift of the cavity is 
6.824kHz. Using similar techniques to those used at other 
3rd generation sources, cavity temperature can be con- 
trolled to ±0.1 °C, giving a frequency resolution in the 
region of 682Hz. 

2.5 Tuning by Longitudinally Squeezing the Cavity 

If cavity temperature is used to prevent HOM instabili- 
ties, the fundamental frequency will also shift in addition 
to the troublesome HOM frequency. Therefore, a second 
tuning system is necessary to return the cavity to its fun- 
damental frequency. The technique of squeezing the cav- 
ity on axis is being investigated. To prevent any 
waveguide sealing problems due to the squeezing of the 
cavity it is essential that the cavity is designed with all 
ports on the cavity centre-line. From URMEL-T calcula- 

tions, a lum movement of the nose-cones corresponds to 
a frequency shift of 3.554kHz. The frequency range 
should be in the order of 200kHz. A closed loop controls 
system with a frequency resolution of 500Hz or better is 
required. 

It is desirable to restrict the cavity movement so that 
it remains within the elastic region of the material to pre- 
vent any work-hardening of the cavity, ultimately leading 
to fatigue failure. This is achievable in the DIAMOND 
nose-cone cavity, as frequency shifts are relatively large 
for small nose-cone movements, but this produces a 
challenging mechanical resolution for the mechanism. A 
mechanical resolution of 0.14um is required for a 500Hz 
frequency resolution. If the option to select a 100Hz fre- 
quency resolution is added, the mechanical resolution 
would need to be in the order of 28nm. 

Using the 2-D model, it is anticipated that the force 
required to deform the cavity ±40um on axis will be in 
the region of 2kN. The equivalent maximum stress in the 
cavity is 48.1MN/m2, just below the 0.1% Proof Stress of 
Oxygen Free High Conductivity (OFHC) Copper, which 
is given in most texts to be 49-78MN/m2. This will give a 
frequency range of 284.32kHz. 

Two methods of squeezing the cavity are currently 
being investigated, a hydraulic system and a left/right 
handed leadscrew system. 

Hydraulic drives can produce large forces for the size 
of actuator and have an excellent power to weight ratio. 
Actuators are available with a lOOum range and a resolu- 
tion of up to lnm. However, the unit required to generate 
the hydraulic pressure is large and expensive. It is also 
difficult to prevent the vibration from the equipment be- 
ing transmitted through the hydraulic fluid to the cavity 
[8]. 

Linear 
Guides 

Left hand 
thread 

Right hand 
thread 

Motor and 
Gearbox 

Figure 4. Leadscrew System 

The left/right handed leadscrew, as shown in figure 
4, is a relatively low cost solution, but there are some 
disadvantages. The use of a leadscrew of any description 
means that the system will display backlash and thermal 
properties are poor. Most of these problems can be over- 
come by careful design and choice of leadscrew. A ball 
screw has very low backlash and high accuracy, but due 
to its low friction motor brakes would need to be fitted to 
prevent the cavity reactive force winding the ballscrew 
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back. However, by deforming the cavity using frequency 
feedback, the accuracy of the leadscrew is less important 
and a conventional leadscrew could be used and the need 
for motor brakes eliminated. Thermal problems are not 
anticipated due to the environmental control of the 
DIAMOND tunnel. The main disadvantage with this 
system is the very high gear ratio required to obtain the 
specified resolution. 

3 SUPERCONDUCTING RF 

If superconducting technology is used, it is likely that 
DIAMOND will move to a 350MHz system, to take ad- 
vantage of the development work of other sources in this 
area. Work has recently started on the super-conducting 
system and the development of the tuning system is much 
less advanced. This section will describe some prelimi- 
nary thoughts on the subject. 

3.1 Additional Problems Associated with Tuning Super- 
conducting Cavities. 

There are more problems to be overcome when designing 
a tuning mechanism for a superconducting cavity. The 
cavity is housed in a helium cryostat and all components 
should be accessible for maintenance. Any mechanism 
used to modify the cavity geometry must make the tran- 
sition from atmospheric to cryogenic temperatures. The 
geometry deformations required for tuning are in the 
nanometer region and speed of response is critical as the 
system must be capable of combating the frequency shifts 
and oscillations which can occur, due to changes in pres- 
sure in the cryostat. 

3.2 Methods of Super-conducting Cavity Tuning 

Two methods of tuning are usually required, a coarse 
tuner with a range in the order of 500kHz and a fine tuner 
working over approximately 10kHz. There are several 
actuators available which are capable of nanometer 
resolution, three of the most common are discussed [9] 
here. 

Piezoelectric materials experience a dimensional 
change on application of an electrical potential. Devices 
based on these materials are commercially available, with 
a range/resolution ratio of 10,000:1 and are capable of 
high response speeds. However, they are prone to hys- 
teresis and creep, which limit the achievable accuracy. 
Actuators are available with a traverse of up to 100mm in 
step sizes of 2nm or less. However, in devices of this 
length, stiffness and response speed are compromised. 

Electrostrictive devices are very similar to the pie- 
zoelectric actuator. However they exhibit reduced hys- 

teresis and have a low thermal expansion coefficient 
making them ideal for high accuracy applications. Sim- 
pler electrical drives may make them cheaper than the 
equivalent piezoelectric system. The main disadvantage is 
they are distinctly non-linear, but this is readily overcome 
with modern computer controls. In many cases the range 
is compromised to remain in a relatively linear portion of 
the working range. Hysteresis increases rapidly when 
operated below 273K, making any benefit over piezoe- 
lectric materials negligible. 

Magnetostrictive devices are again very similar to 
piezoelectric actuators, but the strain is caused by the 
presence of a uniform magnetic field. The displacement 
per unit field is a linear relationship. They are ideal for 
heavy duty actuators working in the lOOum range. How- 
ever, they are subject to hysteresis and creep. 

4 FUTURE WORK 

Work is progressing steadily on both systems, but there is 
a significant amount of work to do before comprehensive 
design schemes are available. The majority of the work 
on the warm system has been based upon the results taken 
from a 2-D axisymmetric model. The results must be 
confirmed on a complete 3-D cavity. Preliminary calcu- 
lation work is to be started on the super-conducting cav- 
ity. 
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EFFECTIVE COMPACT ACCELERATING STRUCTURES FOR HEAVY 
IONS 

Valentin V. Paramonov 
Institute for Nuclear Research of the RAS, 117312, Moscow, Russia 

Abstract 

The well known interdigital IH structure is now widely 
used for acceleration of heavy ions in low ß range. Us- 
ing the main idea of the IH cavities - transformation of the 
transverse rf voltage into longitudinal accelerating one, but 
differing in realization of this principle, several rf structures 
are considered. 

In comparison with the IH cavities, the proposed ver- 
sions originally have practically uniform field distribution 
along beam axis and no problems with end walls. With the 
small outer tank diameter, the effective shunt impedance is 
high enough. The design of the structures and preliminary 
results of optimization are presented. 

1   INTRODUCTION 

For acceleration of charged particles in low velocity range 
(ß < 0.1) it is usually to apply InterDigital structures (ID). 
Let remember the main idea of the ID. There should be two 
conductors (electrodes) parallel to the beam axis. If one 
will supply rf voltage to these conductors, then rf electric 
field will be generated between electrodes, perpendicularly 
to the beam axis and no acceleration is possible. But, if drift 
tubes trough short stems will be connected to these con- 
ductors in turn, then rf voltage will be between drift tubes, 
generating longitudinal accelerating field. So, drift tubes 
convert 'perpendicular' rf field into 'longitudinal' one. 

Let remember the idea of another classical device - Ra- 
dio Frequency Quadrupol (RFQ). There should be four 
conductors (electrodes) parallel to the beam axis. To pro- 
vide quadrupol electric field distribution, one needs to sup- 
ply rf voltage with opposite signs to neighboring conduc- 
tors. 

In the complete device there should be not only conduc- 
tors, but also the resonant system to provide rf voltage be- 
tween conductors. RFQ and ID structures differ in the uti- 
lization of the rf voltage, but may be very similar in reso- 
nant system to provide it. At least, if there is the solution 
for RFQ cavity, one can easy adapt it to ID structure. 

Below options of cavities, known before for RFQ, are 
considered for ID applications. 

2   DIFFERENT RESONANT SYSTEMS 

This section comprises brief review of existing resonant 
systems, suitable for ID and RFQ structures, together with 
proposals given. The resonant systems both with dis- 
tributed electrodynamic parameters and with lumped ones 
may be used both for RFQ and ID realizations. 

Figure 1: The Split Ring Interdigital Structure. The outer 
cylindrical wall is not shown. 

3   H-TYPE CAVITIES 

H-type cavities are now well known both for RFQ and for 
ID (IH structure). The example of application practically 
the same (in design) cavity both for IH and for RFQ is given 
in [1]. 

H-cavity is the system with distributed parameters. In- 
stead of the electric field is strongly concentrated between 
conductors, the magnetic field is distributed more or less 
uniform in the remaining cavity volume. The original mode 
has longitudinal magnetic field and can not exist without 
variation along the cavity length (if one use simple end 
plates). To equalize field distribution, one should provide 
undercuts in vanes and girders near end plates. With mod- 
ern software the problem of design for end regions simpli- 
fies [2], but some times configuration of girders remains 
complicated. 

Another problems is also associated with end plates. 
For short cavities, when the cavity length is comparable 
with the cavity diameter, additional rf losses in end plates, 
where magnetic flux turns, lead to the reduction in shunt 
impedance. 

Nevertheless, IH structure is good investigated, devel- 
oped, there are solutions for problems and question is only 
price of solutions. 

4   SPLIT RING RESONANT SYSTEM 

Let consider resonant systems, which are more close to 
quaterwave oscillators. Both in RFQ and in ID conductors 
provide the capacitive part and one needs only add induc- 
tive part to complete the resonant circuit. Different solu- 
tions for inductive part are possible. 
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Figure 2: ZT
e of the SRIS. 1 - for ß < 0.03, 2a = 

1.0cm, ß < 0.05, 2a = 1.4cm, ß < 0.06, 2a = 1.6cm; 2 
- for 2a = 1.4cm, 2rt - 3.0cm, 2rc = 3.0cm 

The Split Ring RFQ cavity is now under development 
in TRIUMF [3]. We propose the Split Ring Interdigital 
Structure (SRIS), Fig. 1. 

Let define regular effective shunt impedance of the struc- 
ture Zr

t as the effective shunt impedance of uniform pe- 
riodical structure, consisting from similar modules. The 
length of the module Lm is the subject for choice and de- 
pends on tolerable tilt in difference of rf potential between 
electrodes. The potential difference between conductors is 
larger and the end of the module then in the middle, where 
conductors are connected to the ring. This tilt depends on 
Lm and capacitive loading due to drift tubes. The capaci- 
tive loading due to drift tubes depends on number of drift 
tubes per unit length and dimensions of drift tubes. The re- 
sults of numerical simulations with MAFIA shows, that for 
Lm « 0.06A, where A is the operating wavelength, this tilt 
is less than 2% for 0.015 < ß < 0.06 and any reasonable 
tube dimensions. With increasing Lm the tilt rise very fast, 
especially for higher ß (to 5% -=-15% for Lm « 0.12A), 
providing upper limit for Lm. 

The SRIS has high effective shunt impedance. The de- 
pendencies of Zr

e vs ß are shown in Fig. 2. All results of 
numerical simulation are given ( if it is not defined spe- 
cially) for operating frequency /o = 105MHz, Lm = 
0.06A, drift tube diameter 2rt =2a + 1.0cm, where 2a is 
aperture diameter and conductors diameter 2rc = 3.8cm. 

The SRIS cavity diameter 2RC slightly rise from 2RC = 
52cm, ß = 0.015 to 2RC = 62cm, ß = 0.06. 

5    POST RESONANT SYSTEM 

The Post RFQ cavity was realized [4] in Variable Energy 
RFQ option. With movable plate one can change effective 
length of the posts, changing the resonant frequency and, 
as the result, changing designed ß for the cavity. 

The Post Interdigital Structure (PIS), Fig. 3, also permits 
such option with the same question in rf contact between 
the plate and the posts. At the Fig. 3 one half of the struc- 
ture period (from the middle of one post to the middle of 

Figure 3: The Post Interdigital Structure. The outer cylin- 
drical wall is not shown. 

next) is shown. 
In comparison with SRIS, PIS has smaller cavity diam- 

eter (2RC = 40cm, ß = 0.02). Effective shunt impedance 
remains high (Zr

e = 687MQ/m, ß = 0.02, 2ra = 
1.0cm). 

6   SPIRAL RESONANT SYSTEM 

The spiral cavities for RFQ applications are considered 
in [5]. Following to our approach, the Spiral Interdigital 
Structure (SIS) may be developed. One can imagine trans- 
formation of all posts in PIS (Fig. 3) into spirals, resulting 
in spiral-type resonant system. This structure has smallest 
cavity diameter in comparison with SRIS and PIS. For op- 
erating frequency /o = 105MHz the cavity is diameter 
very small, providing difficulties with placement of con- 
ductors and drift tubes. For this structure frequency range 
20 4- 60MHz is more comfortable. In comparison with 
resonant systems "one turn of the spiral to one drift tube" 
[6], SIS has essentially higher shunt impedance, because 
one spiral serves for several drift tubes and total rf losses 
are associated mainly with rf losses in spirals. 

7   DISCUSSION 

All stuctures considered above have very high Zr
e. To 

get it, one should minimize capacitive load. In all cal- 
culations simple cylindrical drift tubes were considered 
with gap ration a = 0.5. In reality, the shape of the drift 
tube should be chosen as the compromise to minimize 
maximum electric field on the surface Es, to minimize 
capacitance (taking into account the stem for support) and 
to have large transit time factor T. Diameter of conductors 
should be as small as possible but providing possibility 
for cooling chanel inside. Distribution of rf losses at 
elements differs no so strong for different structures. For 
Lm = 0.06A rf losses at drift tubes (including short stems) 
are « (5% 4 8%), at conductors - « (20% + 28%), at the 
cylindrical wall - « (14% -=- 20%). Main part of rf losses 
takes place at the ring (SRIS), post (PIS) or spiral (SIS). 
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Figure 4: The SRIS short cavity. The outer cylindrical wall 
and front end one are not shown. 

It is not necessary to have complicated shape (with two 
radii) for ring or post. These elements with smooth shape 
provide practically the same value of ZT

e. 

All structures considered have their own particularities. 
The Split Ring Structure has very high shunt impedance. 
Because there no rf current along the supporting leg (Fig. 
1), there are no rigid requirements for rf contact between 
the leg and outer cavity wall. It simplifies procedure of the 
structure adjustment. 
By using Post Structure, variable energy structure may be 
developed. 
The Spiral Structure may be used for low frequency range. 
For all structures electric field is concentrated between drift 
tubes and magnetic field is concentrated near inductive el- 
ements. This case end walls of the cavity do not disturb 
parameters of the structure. 
Both short and long cavities may be with using SRIS. The 
example of short nine gap (8 total gaps and 2 reduced gaps 
near end walls) cavity with one ring is shown in Fig. 4, 
Lm = 0.1A,/3 = 0.02,2a = 1.0cm, 2rc = 2.0cm, Ze = 
756Mf2/m. This case reduction in ZT

e is associated mainly 
not with end walls, but with nonsymmetry. One conductor 
carries 5 drift tubes and another only 4. It provides non- 
symmetry in the distribution of magnetic field and addi- 
tional rf currents along the leg. The symmetrical ten gaps 
cavity has higher shunt impedance. 

Long cavity may have several modula (Fig. 5). Each 
module should be designed for his own average ß, because 
with increasing of ß capacitive load decreases and outer 
radius of the ring increases. Differing from RFQ cavity, 
it looks not reasonable to connect modula directly trough 
conductors. The coupling with longitudinal electric field 
is sufficient. Each module should be equipped with own 
tuner. With appropriate tuning of own frequency for each 
module (keeping the frequency of the cavity at the designed 
value), one can adjust increased rf voltage at modula with 
higher average ß. Because average (along structure period) 
electric field is inverse proportional to the period length (to 
/?), increased voltage at modula with higher ß leads to con- 

Figure 5: The SRIS module for long cavities. 

stant average electric field along the cavity. 

8   CONCLUSION 

In this paper, developing idea of interdigital line, several 
accelerating structures are considered. All this structures 
have high effective shunt impedance and small transverse 
dimensions. For every structure there is RFQ analog. It 
allows to provide 'uniform' accelerating system by using 
RFQ initially and ID as extension with the same type of the 
resonant system. Such approach allows to use similar sci- 
entific, technical and technological solutions both for RFQ 
and for ID part, leading to reduction in total costs for de- 
velopment and production of the system. 
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Abstract 

New accelerating structure for particles velocities 0.4 < 
ßp < 1.0 is proposed. The Cut Disk Structure (CDS) is the 
compensated one, has coupling coefficient to 30% without 
distortions in the dispersion curve and 3D calculated ef- 
fective shunt impedance not less than for another Coupled 
Cells Structures (CCS). There are no parasitic modes in the 
operating passband. The outer diameter is small enough 
(« 0.6A). Accelerating cells in CDS are open for effective 
cooling. The design of the structure provides simple man- 
ufacturing and tuning procedures. 
The philosophy of the structure, design, criteria of opti- 
mization and results are presented. 

1    INTRODUCTION 

Several compensated accelerating structures are now 
widely used for acceleration of charged particles for rel- 
ative velocities ßp > 0.4. 'Compensated' are named the 
structures in which at operating frequency coincide fre- 
quencies of two modes with differing parity of field dis- 
tribution (accelerating and coupling modes). Examples 
of compensated structures are well known Side-Coupled 
Structure (SCS) [1], On-axis Coupled Structure (OCS) [2], 
Annular-Coupled Structure (ACS) [3], Disk And Washer 
structure (DAW) [3], and so on. These structures com- 
bine high efficiency with high stability of the accelerating 
field distribution to deviations in cells parameters and beam 
loading. The value of the coupling coefficient kc defines 
this stability. 
Comparison and present state of art in the structures de- 
velopment are given in [4]. The structures, mentioned 
above, may be distinguished into two groups - structures 
with coupling slots - kc « 3% -=- 5% (SCS, ACS, OCS) and 
kc « 40% (DAW). In this paper new structure (CDS) [5], 
which combines the features of CCS with high coupling of 
DAW, is described. 

2   THEORETICAL BASIS 

From electrodinamic consideration of compensated struc- 
tures follows [6], that group velocity ßg (or coupling coef- 

ficient kr nßP 
) are: 

ßg_ _. IT Jv(eoEaEc - fJ-oHaHc)dv 

ßP 
H 

\2dv, 

VZWÖWc 

Wa,c = ^J \Ha„ (D 

Figure 1: One half of the Cut Disk Accelerating Structure 
(CDS) period, two windows option. 

netic field of the accelerating mode and coupling one. Tak- 
ing into account TMon-like field distributions and differ- 
ent parities, one can show e0  I  Jv(EaEc)dv  |<tc /xo  | 

Jv(HaHc)dv |. 
For structures with coupling slots, considering the slot as 
the part of transmission line, one can derive [7] estimation 
forfcc: 

lsAHasHcs 

tVWäwc ' (2) 

where V - the volume of one half of the structure pe- 
riod, Ea,Ha,Ec,Hc - distributions of electric and mag- 

where A and ls - are the width and the length of coupling 
slot, t - is the thickens of the web between cells, Has, Hcs 

- magnetic fields of accelerating mode and coupling one at 
the slot. 
For CCS there are no big reserve in kc increasing due to 
ls increasing, because all time it assists with reduction in 
effective shunt impedance Ze. The coupling slots provide 
perturbation for rf current distribution in accelerating cell. 
The maximum value of rf current density jmax takes place 
at the ends of slots, the minimum one jmin r in the middle. 
Strong dependence of kc and rf current redistribution from 
the ls increasing takes place due to resonant-like character 
of coupling with slots. 

Our investigations show [5] that SCS and ACS are lim- 
ited in kc increasing due to the design particularities. Bet- 
ter result (kc « 12% -=-15%, [8]) is for OCS with reduced 
thickens of the web between cells and optimization of cou- 
pling cells. 
Anyhow, if the structure has clearly distinguished cells, 
overlapping of Ha, Hc will be in restricted region near the 
slots and kc will be not big (1). For big coupling overlap- 
ping of Ha, Hc should be in total volume of the structure 
(like DAW). 
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Figure 2: The coupling coefficient vrs total opening and 
reduction in Z& for 2, 3 and 4 - windows options. 

3    THE STRUCTURE FORMATION 

Let suppose one has the set of half of drift tubes, placed 
in couples along the axis of the cylinder. The distance be- 
tween couples is la (accelerating gap in future), between 
half tubes in the couple - lc (coupling gap), lc <C la. There 
are also the disks in the middle of coupling gap perpen- 
dicularly to the axis and in radial direction from the radius 
of tubes rt to the radius of the cylinder Rc. Suppose, we 
excite TMon-like coupling mode, which must satisfy to 
'magnetic' boundary conditions in the middles of acceler- 
ating gaps. Electric field of such mode will be strongly 
concentrated in the coupling gap, because lc -C la, but 
magnetic one will be distributed outside tubes. The disks 
do not perturb these fields distributions. Then, we will Cut 
the Disks along radius from rt to rc,rt < rc < Rc in m 
petals, (m = 4,6,8...), and connect in turn petals to half of 
drift tubes. First petal connects to left half-tube, second to 
right one, third to left and so on. If at an angular position 
given at left side from coupling gap the petal is connected 
to left half-tube, at right side there is no connection, there 
is the window from coupling gap to right accelerating cell. 
Such alternating connection of petals to left and to right 
is essential to have big coupling. Finally, we decrease the 
thickness of petals (approximately to one half from the disk 
width) from the side of coupling gap. 
After this transformation of the disks we do not disturb 
strongly fields distributions of coupling mode, but the half 
of drift tubes are attached to the cylindrical wall and cells 
of the CDS structure (Fig. 1) are formed as follows: 

- accelerating cells of usual fi-shape with distributed 
electric and magnetic fields; 
- coupling cells, with electric field concentrated in the short 
space between half tubes, but main part of magnetic field 
is distributed in the volume of accelerating cell. 

For CDS radius of the windows is the radius of coupling 
cell. Extension of coupling cell beyond windows is not ne- 
sessary and may be only from technological or decorative 
purposes. The description of the CDS formation has only 
one purpose - to show this structure realizes another idea 
than OCS with coupling slots. The main principle and the 
difference of the CDS from structures with slots is non- 
resonant character of coupling. Instead of CDS is very 
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Figure 3: The operating part of the Brillouin diagram for 
CDS. ßp = 0.6, /o = 805MHz. 

similar to OCS outwardly (and formally speaking, CDS is 
the structure with On-axis Coupling, but with another real- 
ization of coupling), some time conclusions, based on ex- 
perience with coupling slots, are not correct for CDS. 

4   THE CDS PROPERTIES 

Below are results of 3D numerical simulations (using 
MAFIA) of CDS parameters. 
Main particularity of the CDS is big kc, because overlap- 
ping of magnetic fields Ha and Hc takes place in main 
part of accelerating cell and in the region (near drift tube), 
where | Ha | and | Hc | have maximal values. The plots of 
dependencies kc($w) are shown in Fig. 2(a) for two - (Fig. 
1) three - and four windows options. The total opening 
$w means the sum of opening of all windows at one side 
of the disk. One can see from Fig. 2(a), that dependence 
kc($w) do not satisfies to relation (2) and saturation take 
place. There are no, also, strong dependence of kc from the 
petal thickness. 
To tune coupling mode to operating frequency, one should 
match the window opening (f> and cut radius rc. Critical 
point in the choice of dimensions for coupling gap is the 
value of maximum electric field of coupling mode at the 
surface of the structure Ecsm, which is related to Wc. One 
should control Ecsm (by the choice of lc and rt) to avoid: 
- sparking in coupling cells during transient; 
- sparking in coupling cells in steady state regime; 
- multipactoring in coupling cells in steady state regime; 
Relations between requirements depend on regime of the 
accelerator and for different regimes one of these require- 
ments widd come in front. 

The shunt impedance Ze decreases with increasing of 
$u, (Fig. 2b). For small (j> values Ze > Z0, where ZQ is 
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effective shunt impedance of solid accelerating cell without 
any windows, because we remove a part of metal surface in 
the region of strong magnetic field Ha. With $w) increas- 
ing total angle opening of petals $p appropriately decreases 
and the density of rf currents along petals rises, leading 
to Ze reduction. For the accelerating mode magnetic field 
turns around petal. From this reason we consider preferable 
two windows option with $w « (200° 4- 220°). It pro- 
vides very good coupling (kc ~ 26%) and Z& « ZQ. This 
particularity of the CDS provides higher Ze in comparison 
with another structures. Really, the accelerating cell has the 
same shape as for another structures. It is known, that Ze 

of the CCS decreases with increasing of the web thickness 
between accelerating cells, but this decreasing is smooth 
and with reasonably thick web we have reduction in Ze not 
more than 5% -f- 10%. This reduction is the price for thick 
web, but there is no reduction in Ze due to coupling slots 
and finally 3D calculated Ze for CDS with kc « 25% is at 
5% 4 15% higher than for SCS with kc « 5%. The thick 
web allows to place cooling chanel (Fig.l, Fig. 4) not so 
far from drift tubes, providing (together with thick petals) 
good conditions for the structure cooling. 
Mutual orientation of windows at opposite sides of accel- 
erating cell is important not for kc value, but for pertur- 
bation of axial symmetry of accelerating field. Like slots, 
windows provide quadruple (m = 4), sextuple (m = 6) 
and so on, components in accelerating field. Because all 
CCS have 7r-type operating mode, perturbations from win- 
dows (slots) at opposite sides add if windows are rotated at 
the angle 27r/m and subtract if windows are placed face to 
face. 
As one can see (Fig. 1, Fig. 4), the design of the structure 
is very simple. Instead of high precision of mashinering 
must be done for windows and petals (to reduce frequency 
spread for coupling mode), it is no problem for modern 
Numerically Controlled equipment. To reduce Ec$m all 
sharp edges at petals, windows and coupling gap should 
be rounded. 
The structure is open from cylindrical wall for vacuum 
and cooling equipment. The outer diameter (for acceler- 
ating cell) 2RC « 0.6A and the structure has the small- 
est transverse dimensions in comparison with another CCS. 
This case we can consider 'low frequency' applications for 
CDS, because even for /o « 400MHz dimensions remain 
technologically reasonable (2RC « 45cm). 
For $w « 210°$™ > $p and one can look through the 
structure (it provides some improvement in the vacuum 
conductivity of the CDS). Nevertheless, CDS has 'ideal' 
spectral properties. The passbands of the Brillouin dia- 
gram for operating mode (calculated in 3D approximation 
by using MAFIA with Floquet boundary conditions) are 
shown in Fig. 3. Fitting with the standart five parameters 
lumped circuit model shows neighbor coupling coefficients 
fci and k2 being practically zero. Nearest high order modes 
TMiin-type are placed at frequencies « 1.5/o. 

Figure 4: The CDS for electron linac with heavy heat 
loading. ßp = 1.0, f0 = 2450MHz,kc = 25%, Ze = 
89MQ/m. 

5   CONCLUSION 

New accelerating structure for high energy linacs is de- 
scribed. Differing from known CCS, CDS realize idea of 
nonrezonant coupling. As the result, CDS combines: 
high coupling (kc « 25%); 
high effective shunt impedance; 
simple, mechanically strong design; 
small transverse dimensions. 
With the combinations of these parameters, CDS looks as 
very attractive candidate for proton and electron linacs both 
for fundamental investigations and for industrial applica- 
tions. 
Theoretical study of the structure continues and experimen- 
tal investigations are now under way. 
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Abstract 

Possibility of substantial reliability growth of high 
intensity linear ion accelerators, for solving of a number 
of nuclear power engineering problems is considered. A 
way of uninterrupted maintenance accelerating RF field 
in a Main Part of such Accelerators - MPA, where 
particles receive the main part of energy is suggested. If 
each section of MPA contains 1-3 accelerating gaps and 
is excited from separate RF channel, the failure of one or 
even several channels will not destroy the resonant 
acceleration. Besides of that it is easy to compensate the 
acceleration shortage (on time of channel repair) by small 
automatic increase of accelerating field strength in the 
rest operating sections. The great quantity of sections 
from a disadvantage is transformed into advantage 
because failure-free MPA operation can be maintained. In 
the report quantitative estimations for the method 
suggested and its comparison with variants of RF channel 
reserve are presented. 

1. INTRODUCTION 

A high power ion linear accelerator for a nuclear 
power engineering at a beam current in a range from 10 
up to 100 mA and more should have an increased 
reliability, that is mainly determined by its MPA RF 
system reliability [1], where particles acquire about 90 % 
of whole energy. In the offered projects of high-power 
accelerators the MPA consist of several thousands 
separate single-gap resonant cells, which are assembled in 
multigap resonator - section on RF field and channels of 
RF supply [2-5]. 

The rise of a reliability is promoted by use of high- 
performance components, reduced regime of operation, 
regularity of preventive maintenance, forecasting. 
However the key approach to solution of the problem is a 
reserve. We shall estimate its efficiency on an example of 
the MPA linac, offered by ITEP [5]. 

Several parameters of the MPA and of its RF system 
[5] are presented below. 
Particle energy 
at the MPA entrance and exit 
Beam current 
Cell number (n) 
Energy gain on one cell (AW1C) 
Cell efficiency 

* Work supported by the ISTC 

100 MeV -1 GeV 
100 mA 

2300 
390 keV 
0.72 

RF feeders efficiency 0.9 
Channel RF power reserve for control 15 % 
RF power for one cell 70 kW 
Total RF power of all output stages 160 MW 

2.   RF SYSTEM 
WITHOUT RESERVE CHANNELS 

At a steady state of long operation in absence of a re- 
serve (Fig. 1.1) relative idle time of the whole system-TD 

and the average time of its operation to a refusal - Tc is: 

TD = tR/(Tc + tR);       Tc = tF/N; 
where: 
^ -   average restoring time of a single RF channel 

serviceability; 
tp -   average operating time of single channel to a 

refusal; 
N  -  the number of working RF channels (each channel 
contains the whole equipment, ensuring exciting of RF 
power, including the rectifier as well as control, interlock 
and signalling systems) [6]. 
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Figure 1. The scheme of MPA RF power supply: 1 - 
without a reserve, 2 - at hot reservation, 3 - at individual 

excitation of cells. C - cell, S - section. 
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Let us P, =1 MW and t, = 1000 hours being the maxi- 
mum technically available RF power of the single channel 
and time of its operation to a refusal, respec-tively. By 
such channel it is possible to excite section, containing k 
= 14 cells. In the other limiting case, when each cell is 
energized individually (k = 1), channels on power of 70 
kW are required, for which we specify tF = 2000 hours. 
We evaluate restoring time ^ by the value of 2 hours for 
channels of any power. Then depending on cell number k 
per each section the parameters N, P, and TD will have 
values, shown on Fig.2. It is naturally that the use of RF 
channels with limiting power (P, = 1 MW, k = 14), when 
the idle times are minimum: TD = 25 %, Tc ~ 6 hours, is 
preferable. 
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Figure 2. The value N, P, and TD dependence on k, 
when no reserve channels. 

However the result is not satisfactory and the 
necessity of redundancy is well known. Rather small 
number of reserve channels (with respect to their total 
number) improves significantly the situation, but turns 
out the severe problem of RF power fast switching. 

3.   "HOT" RF CHANNEL RESERVATION 

Tending to full elimination of RF system refusals, we 
consider the "hot" reservation variant (Fig. 1.2), when two 
channels is simultaneously connected to one section and 
each of channels having hot filaments is capable to 
produce full power (redundancy 100 %). In case of 
working channel failure the ready reserve channel takes 
immediately a load per self. Leaving in the side all 
technical complexities of similar switching of power we 
shall consider such approach being allowable and 
acceptable. Setting the switching time onto a reserve 
channel is equal to zero, the relative value of idle times 
for the whole system will be determined by probable 
deficit of a reserve [6] and is estimated as follows: 

TD ~N(N/M+l)(tR/tF)
2 = 2N(tR/tF)

2; 
where M - reserve channel number 

(in considered case M = N). 
The softer mode is possible at simultaneous operation 

on each section both working and reserve channels when 
each of them returns only half power and is ready to 
return full power at a refusal of the adjacent channel. 

The designed values of TD in these variants are close 
and are represented on Fig.3. The "Hot" 100 % reserva- 
tion of RF channels reduces extremely relative value of 
idle times of the whole system to TD< 0.5 %, but does not 
eliminate idle time completely, requires double store 
installed RF power, double number of channels, operation 
expenses and power, consumed by filament supply 
chains. 
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Figure 3. (N+M), P,, TD  dependence on k 
at "hot" reservation of channels. 

4.   USE OF REDUNDANT POSSIBILITIES 
OF AN ACCELERATING CHANNEL 

Qualitatively new approach to the problem of a MPA 
reliability is opened, if we shall proceed from the support 
of RF channels serviceability to organization of 
accelerating process itself. In the case the reliability is 
determined by redundant possibilities of the whole 
accelerating channel. 

Such approach will be realized, if separate RF channel 
feeds each cell (Fig. 1.3) or section, consisting of a few 
cells, considering the chain like a unified circuit. When a 
RF channel failure has occurred all units of the given 
circuit, cell included, become disable but appropriate 
automatic increase of accelerating RF field strength or its 
phase adjustment in several circuits followed by the failed 
one fill the shortage of energy. After repair the failed 
channel is put into operation again, and strength or phase 
of accelerating field in all cells returns in the normal state. 

One can estimate efficiency of an offered way. During 
serviceability restoring of the first RF channel failed   t^ 
yet N' channels leave out of operation: 

N, = l,/Tc = tR-N/lP . 
Thus, during time tR in common N'+l channels will be 
under repair. At keeping of the time allotted to the 
channel  restoring  the  average  frequency  of repaired 
channels placing in service will be equal to average 
frequency of the RF system refusals occurred. 
Consequently, 

AN=l+tR-N/tF 

channels or 
An =AN-k 
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accelerating gaps will be continuously out of operation, in 
average, and the relative value of an additional energy 
gain 

w = AN/(N-AN) 

should be provided by gaps staying in operation. 
Because the most relative energy gain per one section 

AW1S/W takes place in the beginning of MPA, where the 
least value W= 100 MeV is, just here the section refusal 
can cause the greatest response in the beam longitudinal 
motion. Therefore, especially precise operation of the 
compensation shortage energy system is required. In this 
place the particle momentum spread is estimated by the 
value of Ap/p = (1-1.2) % or absolute energy spread 
makes AW = (2-2.4) MeV. 

The section refusal will effect on the beam dynamics 
to a lesser extent, and requirement to the electronic 
system of amplitude and phase tuning will be softer, at 
the condition 

AW1S« AW,   that is  AW1C • k « AW. 

Variants with k =1-3 cells per section can satisfy this 
condition, though our example [5], in which AW1S = AW1C 

= 390 keV, is oriented on k = 1 cavity. The failure-free 
(on RF field) acceleration regime of MPA operation [5] is 
presented in Table 1. 

Table 1. MPA parameters for failure-free (TD= 0) 
acceleration, suggested here. 

Cell number per section                    k 1 

Section number                               S 2300 

RF channel number                         N 2300 

Power per one RF channel       P (kW) 70 

Average time between consequent 
refusals of channels                     T (h) 0.87 
Number of channels repaired continuously 
N 3-4 

Energy increasing required for 
compensation                           w (%) 0.18 

Taking into account sluggishness of cavities and 
feedback channels, the time required for adjustment of 
field parameters in working sections can be estimated by 
the value of 30-50 (is. During this time particle energy at 
the section entrance followed by the failed one will be 0.4 
% less than nominal, and momentum - 0.2 %. That is why 
at a separatrix width of + 1.2 % there is no any 
substantial difficulties. Simultaneous failure of two 
adjacent channels can take place extremely seldom (once 
per many years at continuous operation) and is not 
disastrous (during 30-50 u.s the particle momentum will 
be shifted on 1/3 of a separatrix width). 

If a particle is given an energy shortage, for example, 
in the first 100 cells after failed, the field strength in them 
should be increased by 1% of nominal. At so small 
increase there is no necessity to make special reserves in 

electric strength of cells and RF power generators, and 
can be covered by usual technological tolerances. 
Therefore the function of a field parameter adjustment 
can be assigned to the standard control system, which 
should be intended for fast amplitude and phase 
adjustment in wide range, under the influence of the beam 
current instability as well as of a channel parameter or 
power supply line changes. 

5.   CONCLUSIONS 

1. If the RF channel reservation gives only reduction, 
though rather significant, of idle time of a high current 
accelerator, use of the whole accelerating MPA 
channel possibility allows to achieve failure-free its 
operation. 

2. Integrating on 1-3 cell in section powered from one 
RF channel, it is possible to compensate failure of 
several channels by small increase of regime strength 
in the rest channels during all the time for channels 
under repair restoring. 

3. Regime strength changes required are not out of usual 
technological tolerances (<1%) and add increase of 
RF channel power is not necessary. 

4. In the ITEP scheme MPA proposal there is no 
accelerator shut-down when small number of 
accelerating cells fail. Cell refusal is compensated by 
the rest working cells and repair can be set aside for a 
long time to the schedule shut-down. 

5. Note that cavities failed are excited by the beam 
resulting particle energy losses. However tested 
solution of fast electronic cavity tuning change [7] can 
be useful to displace cavity own resonant frequency 
out of the probable band of such excitement for all 
repair time. 

6. Detailed analysis of cell and section technique (as well 
as RF channel scheme, probable solutions of self- 
balancing system and RF equipment choice and 
common economics factors) influence upon beam 
dynamics should be fulfilled to chose the final 
solution on failure-free MPA RF power supply 
scheme for considered high current accelerator. 
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Abstract 

A 17.4 m circumference 200 MeV proton synchrotron, the 
Cooler Injector Synchrotron (CIS), is being commissioned 
at the Indiana University Cyclotron Facility. The compact 
synchrotron will be used as the injector for the electron- 
cooled IUCF Cooler Synchrotron. The RF system design 
uses digital signal processing (DSP) to directly modulate a 
digital rf synthesizer for beam feedback control. A wide 
band tunable rf cavity uses non-uniform ferrite biasing to 
achieve a 10:1 frequency coverage with good VSWR per- 
formance and low power requirement. 

1   INTRODUCTION 

The rf system[l] for the compact synchrotron[2] is de- 
signed to capture a 7 MeV proton beam from a two-stage 
linear accelerator consisting of an RFQ and a DTL or a 
3 MeV proton beam directly from the RFQ. The beam from 
the linac injector has 425 MHz bunch structures which will 
coalesce into a near DC beam during the H~ strip multi- 
turn injection. The ring rf system needs to adiabatically 
rebunch the beam into an h = 1 bucket and accelerate the 
beam to the desired extraction energy. The rf system sup- 
ports a synchrotron cycle rate up to 5 Hz. Once the beam is 
bunched, the phase and radial loop beam feedback is used 
to suppress longitudinal phase space oscillations and to au- 
tomatically center the beam orbit. For extraction, the rf sys- 
tem synchronizes and phase-locks the beam between the 
two synchrotrons to make bucket-to-bucket injection into 
the electron-cooled IUCF Cooler Synchrotron. 

2    LOW LEVEL SYSTEM DESIGN 

The low-level system design combines a digital signal pro- 
cessor with a direct digital rf synthesizer (DDS) for fre- 
quency ramp and beam feedback control. This results in 
a compact module that has powerful signal processing and 
interfacing capabilities. The DDS also has good frequency 
stability over the entire range of operating frequencies, 
making fixed intermediate frequency (IF) circuits and mix- 
ers unnecessary for the rf signal source. A block diagram 
of the beam control unit is shown in Figure 1. 

The single-chip DDS synthesizer Analog Devices 
AD7008 was chosen for its good spectrum purity and high 
integration. A numerically controlled oscillator (NCO), a 
10-bit high speed DAC, and phase and amplitude modula- 
tors have all been integrated in a single 44-pin PLCC. Our 

evaluation showed that the single chip integration technol- 
ogy achieved comparable specifications as separate NCO 
and DAC products. 

A Motorola MC56002 digital signal processor (DSP) is 
used to perform the DSP functions. A variety of interface 
ports and interrupt capabilities of the DSP chip are also 
used for communication with the control computer, inter- 
facing with the timing system, frequency ramp generation, 
and digital control of the rf synthesizer. 

The built-in asynchronous serial port of the MC56002 
down-loads commands and data directly from the control 
computer. The synchronization of command execution is 
accomplished via a hardware interrupt pin on MC56002. 
When a command that needs synchronization with the rest 
of the system, such as "start ramp" or "close loop", is re- 
ceived by the DSP, it is not immediately executed. Rather, 
the DSP waits for an appropriate interrupt signal provided 
by the timing system to start execution. Non-latency- 
critical commands (such as an operator manual change of 
rf frequency) are executed immediately upon reception by 
the DSP. 

The analog interface of the beam-control module to the rf 
and beam parameters is via a 4-channel multiplexed 10-bit 
ADC. Important parameters such as the beam phase error, 
radial error, B, etc. are processed by the DSP to generate 
feedback corrections to the frequency ramp-vectors. The 
beam feedback control is a digital implementation of "DC 
coupled VCO phase loop with radial correction ."[3] The 
combined control loop transfer functions are designed to 
achieve a beam response of: 

4>b 
l+TS (1) 

* Work supported in part by NSF Grant No. PHY-92-21402, PHY-93- 
14783 and PHY-23-42310. 

where (f>b is the beam phase, <j>r the rf phase, and r a time 
constant determined by the gain ratio between the phase 
and radial loops. It is desirable to set r such that it is much 
greater than the synchrotron period. Rf and dipole magnet 
transients are thus filtered by the low-pass transfer function 
and the beam moves adiabatically in the phase space[3]. 

The entire control and signal processing software is 
stored in a 32 kB flash EEPROM that can be updated in- 
circuit quickly. The rf synthesizer, DSP and the multi- 
plexed ADC are all housed in a single NIM module, mak- 
ing maintenance and repair relatively simple. 

During the ramp, the rf synthesizer is guided by the fre- 
quency versus time ramp-vectors defined by the operator. 
Because of the fast computation speed of the DSP, it is 
possible to perform "real time" function synthesis, i.e., the 
actual frequency values are computed in real-time by the 
DSP during the ramp by an interpolation algorithm instead 
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of being looked up from a memory based table. Only the 
end points of the ramp-vectors are down-loaded and stored 
in the DSP memory. The total length of frequency samples 
is thus essentially not limited by the DSP memory. With 
beam feedback, the interpolated frequency value is digi- 
tally corrected by the beam feedback loop using digitally 
processed beam radial and phase errors. 

The binary input format of AD7008 DDS is preferred 
because it is native to the calculations of the DSP. However, 
a binary synthesizer requires a special binary clock to keep 
the output frequency increments in integers. For AD7008, 
the synthesizer output frequency is determined by: 

/ 
A0 x fdk 

232 
(Hz) (2) 

where / is the synthesizer output frequency, A<f> an integer 
determining the synthesizer phase advance in a reference 
clock period, and fcik the reference clock frequency in Hz. 

A voltage controlled crystal oscillator (VCXO) is used 
to generate a 225 Hz clock that is locked to the 10 MHz 
laboratory time base. The phase locked loop uses a second 
binary DDS as a fractional frequency sealer. 

Extraction for CIS is designed with a period of constant 
"flat top" dipole field at 1 Hz operation mode. Bucket- 
to-bucket synchronization between the two synchrotrons is 
accomplished by replacing the beam radial feedback loop 
with an rf phase locked loop between the two rf systems. 
At higher operation rates without a field "flat top" period, 
phase matching can be achieved by precise frequency con- 
trol of the DDS just before extraction, steering the injector 
synchrotron rf phase toward that of the Cooler. To sequen- 
tially inject the Cooler Synchrotron rf buckets which op- 
erate at a harmonic five times the rf frequency of the CIS 
fundamental harmonic, a modulo-5 digital circuit is used 
to divide the Cooler rf reference to the same frequency as 
the CIS rf. For each extraction, the digital logic momentar- 
ily switches to modulo-6 and switches back to modulo-5, 
delaying exactly one Cooler rf bucket. 

timing signal 

control commands 
and data 

broadband amplifier can drive the cavity up to 500 V, which 
is more than enough to develop a required 0.015 eVs fun- 
damental harmonic stationary or accelerating rf bucket. 

The tuned cavity uses an external quadrupole biasing 
magnet design which places a magnet and the bias wind- 
ings outside the coaxial rf resonant structure. This avoids 
potential rf resonances and arcing of the biasing structure, 
especially when there are many turns of bias windings [4], 
With 40 to 50 turns on each quadrupole magnet tip coil, a 
compact power supply rated at 20 A can be used to achieve 
sufficient ampere-turns for ferrite ring biasing[5]. 

A common problem with driving a tuned ferrite cavity 
with a solid state amplifier is that it is difficult to achieve a 
low VSWR over a wide range of frequencies as the fer- 
rite loss is heavily frequency dependent. In the design 
of this cavity, the rf fj, of the ferrite rings enclosed by 
the driving loop is independently adjustable, varying the 
transformation ratio between the gap shunt impedance and 
the loop input impedance. This non-uniform biasing ap- 
proach achieves good impedance matching of the driving 
loop throughout the operating band and makes the reflected 
rf drive power insignificant[6]. 

Figure 2 is a mechanical illustration of the construction 
of the cavity. The quarter-wave-length coaxial rf cavity 
consists of a perforated inner conductor, an outer conduc- 
tor made of copper strips, and loading variable vacuum ca- 
pacitors. 10 Phillips 8C12 ferrite rings are stacked axially 
with spacings. Cooling air enters the cavity between the 
outer conductor copper strips, flows through the surface of 
the ferrite rings, and exits the cavity through the holes on 
the inner conductor. The biasing quadrupole magnet uses 
1 mm steel laminations and forms part of the rf shielding 
of the cavity. The laminations facing the two ferrite rings 
enclosed by the the driving loop are separated from the rest 
of the magnet by an aluminum spacer and its coils are also 
separate. The rf shield consisting of the magnet and alu- 
minum lids is pressurized by a fan for air-cooling. 

loop biasing 
magnet ferrite rings 

4 
main biasing 
magnet 

-A— 

inner 
conductorx 

Figure 1: CIS rf source and beam control unit block dia- 
gram. 

x ceramic 
gap 

3    HIGH LEVEL ELECTRONICS AND RF CAVITY 

A tuned ferrite cavity design is chosen for a higher gap 
impedance and smaller power requirement. An ENI A300 

Figure 2: Rf cavity for CIS. 

Figure 3 is a bias current versus frequency plot for the 
main and the driving loop biasing magnets for minimum 
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reflection (less than 5% of driver power is reflected in most 
frequencies). As the driving loop magnet current is almost 
always less than that of the main magnet, the two magnets 
can be connected in series using a single bias supply and 
power MOSFETs can be programmed to shunt a part of 
the current from the driving loop magnet to achieve good 
VSWR. 

Biasing Current versus Frequency 

4.5 6.5 
Frequency (MHz) 

Figure 3: Biasing current versus frequency for optimum 
VSWR. 

Figure 4 shows the shunt gap resistance of the cavity. 
The data were taken with 150 W of rf driving power. The 
loading capacitor was set at 570 pF to cover a frequency 
band of 1-10 MHz from zero to full bias. 
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Figure 4: Measured cavity shunt resistance with 150 W 
driving power. 

4   CONCLUSION 

Most of the hardware for the rf system has been built and 
bench-tested. At the time of writing, the IUCF CIS ring 
has achieved bunched circulating beam with the rf cavity 
installed. 
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RF STATIONS OF THE SPRING-8 STORAGE RING 

M. Hara, H. Ego, Y. Kawashima, Y. Ohashi, T. Ohshima and T. Takashima 
SPring-8, Kamigori, Ako-gun, Hyogo 678-12, Japan 

Abstract 

Construction of three RF stations in the SPring-8 
storage ring was completed. Twenty-four single-cell 
cavities were installed in the storage ring. Three klystrons 
and their power equipments were also installed. Low 
power control system such as tuner control, feedback 
control for phase lock loop and cavity voltage control was 
assembled and operated. High power test up to 800 kW 
was carried out in each RF station and verified to satisfy 
the designed specification. 

1 INTRODUCTION 

Low power and high power tests for twenty-four bell- 
shaped single cell cavities and input couplers were carried 
out at a test stand from January and completed in the end 
of September, 1996. There are three RF stations in the 
storage ring, named B, C, D stations. Installation of 
cavities, couplers, waveguides, vacuum components etc. 
was started in parallel with high power test from April in 
D-station and completed in November '96 in C-station. 
A klystron and its power equipment were installed in each 
RF station. Various kind of tests, in particular, interlock 
test for protection of a klystron were carefully done. After 
installation of waveguides, low power control system was 
assembled by using NIM modules. Then phase difference 

RF input coupler 

between each cavity was measured and adjusted with phase 
shifters of the waveguides. A measurement of attenuation 
of co-axial cables from pick-up ports on cavities and from 
directional couplers was done using a network analyzer. 
To check total system under high power operation, a 
program for computer control was prepared based on a 
prototype program which had been developed to test a 
cavity [1]. A final version in beam operation was 
developed through high power test. The high power test 
was started from July and completed in December. During 
high power test, water temperature of cavity inlet was 
stable within +0.15°C in the range of zero to 800 kW. 
Beam was injected into the storage ring in March, 1997. 
Three RF stations are being operated stably. Here, 
processes and results mentioned above are reported. 

2 INSTALLATION OF CAVITIES 

Figure 1 shows the cavity assembly in one of the 
stations. The assembly consists of the cavities, the 
vacuum equipments, waveguides, input couplers and 
frequency tuners and so on. The cavities are connected to 
each other with special vacuum vessels; three vacuum 
manifolds and four bellows made of stainless steel. Two 
cavities at both sides of one vacuum vessel are connected 
smoothly by the slit copper pipe fixed in the vessel so as 

Vacuum manifold Frequency tuner 

Tapered 
pipe 

Dry pump 

Turbo molecular pump Titanium getter pump 

Fig. 1 Cavity assembly of the SPring-8 storage ring. 
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to reduce the parasitic impedance. Rings made of 
beryllium-copper alloy or silver with a diameter of 100 
mm are used as an RF contact between a cavity and a 
vacuum vessel. The cavities at both ends of the assembly 
are connected to the vacuum chambers which are mounted 
in the quadrupole magnets with tapered ducts made of 
stainless steel and transforming the shape of cut-view with 
a diameter of 100 mm to the elliptical one with a semi- 
major radius of 50 mm and a semi-minor radius of 20 
mm. The cavities are evacuated through beam ports with a 
diameter of 100 mm connected to the manifolds. Cold 
cathode gauges, main vacuum pumps, sputter ion pumps ( 
pumping speed of 400 litters per second for N2 gas ) and 
titanium getter pumps ( pumping speed of 800 litters per 
second for N2 gas ), are attached to the ports of each 
manifold. A thermocouple gauge, an extractor ion gauge, 
a mass-spectrometer and a roughly pumping system are 
connected to the manifold in the center position of the 
assembly. The roughly pumping system consists of a 
turbo molecular pump ( pumping speed of 285 litters per 
second for N2 gas ) and a dry pump ( pumping speed of 
450 litters per second for N2 gas ). 

After the success of a helium-leak test, the assembly was 
evacuated to less than lxlO"5 Pa by the roughly pumping 
system and was baked at 150 °C for more than 100 hours. 
After completion of baking, we started to operate the main 
pumps. The attained value of pressure in the assembly 
was about lxlO"7 Pa. The mass-spectrometer showed that 
there was only H2 gas in the assembly after baking. 

3 LOW POWER CONTROL 

Reference RF signal of 508.58 MHz is distributed to 
three RF stations located at the storage ring and the 
synchrotron ring through optical fiber cables. The phase 
of a reference line is kept constant with the accuracy of 
±0.1" when phase lock loop ( PLL ) is on. Even if PLL is 
off, the phase difference is ±1*. This error is mainly due to 
temperature dependence of electric circuits and due not to 
the optical fiber cable [2]. 
Low power RF system in an RF station consists of (a) 

an automatic level control (ALC) and phase lock loop 
(PLL) of RF power, (b) a cavity tuning, (c) an anode 
modulation, (d) an interlock, and (e) various monitorings. 
Low power RF control diagram is shown in Fig. 2. A 
part (a) has a function to level klystron-out power and 
cavity voltage, and to lock klystron-out and cavity phase, 
respectively. A part (b) is to keep cavity resonating at 
508.58 MHz with slight detuning offset by using a 
movable tuner. A part (c) makes klystron power handling 
stable compared with cathode modulation (independent 
anode power supply is installed in two RF stations out of 
three). A part (d) is for protecting equipments from break 
down, beam abort, and radiation safety. A part (e) is to 
check running condition and to respond to system failure. 
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Fig. 2 Block diagram of low power system. 
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4 COMPUTER CONTROL OF RF SYSTEM 

We developed a control program for cavity conditioning 
based on a personal computer system [1]. Based on this 
experience, a computer control program has been 
developed for the operation of RF system of the storage 
ring under the frame of the SPring-8 control system. 

An operator uses a graphical user interface (GUI) to 
control RF system. A command is sent to a message 
server (MS) from GUI, then is sent to an access server 
(AS), and finally is reached to an equipment manager (EM) 
working on a VME. There the command is interpreted and 
is executed to control RF equipments through VME I/O 
modules. Control commands are sent in a text format. For 
example, to turn on the RF switch in B-station, a 
command of "put/sr_rf_rfsw_b/on" is sent to EM, then a 
digital pulse signal is sent to turn on the RF switch. As 
another example, to get the vacuum pressure in C-station, 
the command of "get/sr_rf_ccg_l_c/pressure" is sent to the 
EM, then an analog data of a cold cathode gauge is taken 
from an analog input board. The voltage is converted to 
the vacuum pressure using a conversion coefficient and the 
result is sent back to the GUI program. 
The RF control system consists of three kind of panels; a 

main panel, a control panel for klystron power equipments 
and a low level control panel for each RF station. 
Functions on a main panel are to set following data; total 
acceleration voltage, a phase of each RF station, frequency 
of a master synthesizer, present values of the acceleration 
voltage, phase and vacuum pressure in cavities of each RF 
station. The control panel for klystron power equipments 
is used to start up, to shut down and to monitor power 
supplies. The main roll of the low level control panel is 
to change the acceleration voltage and station phase. These 
values are stored in the parameter database written on the 
main panel. They are manually input on a low level 
control panel, too. Another roll of the panel is monitoring 
the status of each klystron and cavities such as sensing an 
occasional arcs in wageguides, reflection power from the 
cavities and vacuum pressure. These control panels are 
working well now. Updating of the program is continued. 

5  HIGH POWER TEST AS A TOTAL SYSTEM 

We conditioned the assembly in high and continuous 
wave RF power operation. RF power up to 90 kW was 
successfully put into each cavity with the power control 
system aided by a computer mentioned in section 4. 
Figure 3 shows the time chart of the output power from a 
klystron and the pressure in the assembly. The left vertical 
axis shows the RF power from the klystron. About 89 % 
of the power is consumed in the eight cavities. The rest of 
the power is reflected from the cavities because coupling 
coefficient between a cavity and an input coupler is 2.0. 
The right vertical axis shows the pressure in the manifold 
between the first cavity and the second cavity at the right- 

hand side shown in Fig. 1. In the beginning of feeding RF 
power into the cavities, the vacuum pressure increased 
over lxlO"-5 Pa at small RF power by the outgas from the 
inner surface of the cavities exposed to the excited electric 
field. The outgas was gradually reduced by the continuous 
exposure of the surface to the electric field. Finally the 
value of pressure reached to about 5xl0"7 Pa while the 
RF input power of 90 kW was put into all cavities. The 
value of pressure without feeding RF power was also 
improved to about 6xl0"8 Pa. Now, three RF stations are 
stably operated. 
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Conditioning Process of an RF Station 

Fig. 3 Result of the conditioning by feeding the RF 
power into the cavities. The thin dotted line shows 
the output power from a klystron. The thick solid 
line shows the pressure in the manifold at the 
right-hand side in Fig. 1. 
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Abstract 

Two types of ARES cavities were tested in the TRISTAN 
accumulation ring in KEK. In this paper, results relating 
to the fundamental mode in the accelerating cavity are 
reported. The status of the cavity, including the detuning 
frequency under beam loading and the output power from 
the coupling cavity damper, was measured at different 
beam current and with various bunch patterns. Its 
behavior agrees well with the calculation based on a 
coupled resonator model. 

1 INTRODUCTION 

The ARES cavity was developed to suppress multi-bunch 
instabilities induced by both fundamental and higher order 
modes (HOM) in KEKB [1]. It consists of three cavities: 
accelerating (a-), coupling (c-) and storage (s-) cavity. As a 
consequence of their coupling, the accelerating 7i/2-mode 
and parasitic 0- and 7t-modes are formed. The 
characteristics of ARES is: 

1. The a-cavity is a damped cavity. The instability due 
to HOMs in the a-cavity is suppressed. 

2. The R/Q of the accelerating mode is about 10 times 
lower than that of the a-cavity alone so that the 
resonant frequency of the accelerating mode do not 
cross integral multiples of the revolution frequency 
during the current build-up. 

Table 1 Parameters of the accelerating mode of ARESs. 

ARES95      ARES96 
Shunt Impedance/?sh 1.66 1.91    Mfl 

00 1.12xl05     1.17xl05 

Äsh/ß0 14.8 16.3    Q 

Table2   Machine   parameters   of   AR    high    current 
experiment. 

Beam Energy 2.5 GeV 
Radiation Loss 0.15 MeWIum 
Momentum Compaction 0.0129 
Long. Damping Time 21.6 ms 
Trans. Damping Time 43.1 ms 
RF Frequency 508.58 MHz 
Harmonic Number 640 

Two types of ARES cavity have been fabricated and 
tested under high RF power. They adopt different scheme 
of HOM damping for their a-cavity. The chokemode 
cavity [2] is used for the first ARES cavity (ARES95) 
[3]. The second ARES cavity (ARES96) is equipped with 
four rectangular waveguides and grooved beam pipes [4]. 
The parameters of their accelerating mode are listed in 
Tablel. 

These two ARES cavities were installed in the 
TRISTAN Accumulation Ring (AR) for preliminary 
testing under the electron beam current up to 570 mA. 
Main parameters of AR is listed in Table2. Principal aims 
of the test are: 

1. Confirm its basic function and performance. 
2. Study effects of HOMs on the beam. 
3.Establish the cavity control method. 

In this paper, the result of the first and third subjects 
above are reported. Effects of HOMs is reported 
elsewhere[5]. 

2 OPERATING ENVIRONMENT 

2.1 Power Feed 

The two ARES cavities were installed at one straight 
section in the TRISTAN AR ring. At another straight 
section, a superconducting cavity (SCC) and a choke 
mode cavity (CMC) were also installed. Only one ARES 
cavity was operated at a time while the other is detuned in 
order not to affect the beam stability. 

The input RF power is fed to the s-cavity through the 
input coupler with a disk-type ceramic window [6]. The 
cooling water flow is 4001/sec for each ARES cavity. 

2.2 Tuning of the A- and S-Cavities 

The frequencies of the a- and s-cavities were controlled 
automatically with movable tuners independently [7]. The 
tuner for s-cavity controlled the relative phase between the 
input RF field and the field inside s-cavity so that the 
input impedance be purely resistive as usual. On the other 
hand, the frequency of the a-cavity is controlled so that the 
phase between the a- and c-cavity is n/2. The field in the 
c-cavity is excited as a consequence of energy flow from 
the s-cavity to the a-cavity. 

0-7803-4376-X/98/S10.00© 1998 IEEE 2974 



3  RESULTS 

Mostly the study was concentrated on ARES96, which 
has been adopted as the normal conducting cavity for 
KEKB. It was operated for about 20 days while ARES95 
was about 2 days. The following results are about 
ARES96 except 3.4. 

3.1 Heavy Beam Loading 

The maximum current while the cavity is operating is 
500mA. No anomalous behavior was observed. 

In the case of KEKB LER, the ratio of the power 
consumed by the beam to that by the cavity wall will be 

A/,/2 = 
UaAfa + UxAfs 

fy     200 kW 

T. 
= 1.33. 

150 kW 
In order to simulate the operation under a large beam 
loading, Pc is lowered to 85kW (VC=0.4MV) and the 

relative phase between ARES and CMC was shifted to 
increase Pb in ARES. At the beam current of 300mA, the 

ratio was 
±h_ 
P 

75 kW 
= 0.9, 

85 kW 
and there was  no  anomalous behavior in  the  cavity 
control. 

3.2 Frequency Detuning 

The frequency detuning due to beam loading is expressed 
as 

A/ = - 
frf 3?L 

Q 
— sin0, 
V. (1) 

where Rsn and Q are the shunt impedance and Q value of 

the mode, and frp If,, Vc and </> are the RF frequency, 
beam current, cavity voltage and synchronous phase, 
respectively. In the scheme of ARES, the amount of 
frequency shift of the a-cavity is the same as in the case 
without the c- and s-cavities. However, the resonant 
frequency of the accelerating jt/2-mode changes by 
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Fig.l Frequency detuning of the a-cavity as a function of 
the beam current. The dots are measured value and the 
straight line is the expected value. 

u. + u, 
where A/n and Un are the frequency shift and stored energy 

of the n-cavity. The detuning of the 7i/2-mode is A/a/10 

since A/, is zero and Ua:Us=\:9. Thus in KEKB LER, 
the largest detuning frequency will be about 30kHz, which 
is well below the revolution frequency of 99kHz. 

The frequency detuning of the accelerating mode under 
beam loading could not be measured directly. It was 
estimated from the tuner positions of the a- and s-cavities. 
The frequency shift of the a-cavity is plotted as a function 
of the beam current in Fig.l. The total Vc was 1MV, 

which was the sum of 0.5MV of ARES96 and 0.5MV of 
CMC. The straight line in the figure is calculated from 
Eq.(l) with the a-cavity parameters Äsjj=4.8MQ  and 

00=3(104. The measurement agrees well with the 

calculation. On the other hand, the frequency of the s- 
cavity changed only slightly when the beam current 
changes. There was no frequency shift observed beyond 
random fluctuation when the beam current was kept 
constant. 

The above measurement of the tuner positions 
indicates that the frequency detuning of the accelerating 
7t/2-mode is in good agreement with the theory. 

3.3 Power Output from the C-Cavity Damper 

A coaxial waveguide is attached at the center of the c- 
cavity to damp the parasitic 0- and rc-modes. A water load 
is connected on the other end of the waveguide with a 
ceramic window [8] between them. Only a small output 
power (measured 180W and expected 150W at VC=0.5MV) 

flows out through the waveguide with no beam current. 
The output was observed with a peak power analyzer 
(HP8991A). 

3.3.1 Single Bunch 

Figure2(a) shows the output waveform with a current of 
100mA single bunch. The distance between the two large 
peaks is the revolution time of 1.26(J.s. The time 
difference between a large peak and the following small 
peak is about 150ns, which corresponds to the beat 
frequency of the 0- and 7t-modes separated by 6.6MHz. 
The computer simulation based on a coupled resonator 
model [7] is shown in Fig.2(b), which reproduces the 
measured waveform pretty well. Although their absolute 
value cannot be compared precisely due to possible errors 
in the calibration of the measurement system, their 
difference is within a factor of 2. 

3.3.2 Multiple Bunches 

With equally spaced 64 bunches, there was no prominent 
feature except small noises as expected. 
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Fig.2 Output of the c-cavity with a current of 100mA 
single bunch, (a) is the measurement and (b) is  the 
simulation. 

3.3.3 Multiple Bunches with a Gap 

When 8 consecutive bunches were removed from the 
equally spaced 64 bunches, a small hill emerges at the 
missing bunches (Fig.3(a)). Similar situation is expected 
in KEKB in order to avoid the instability due to ion 
trapping. The measured waveform is reproduced well by 
computer simulation as in the single bunch case. 

3.4 Cavity Start-up with a Circulating Current 

In KEKB, accelerating cavity may have to start up with 
its full circulating current. This is because the refilling of 
the beam would take much time. 

ARES95 was used for the start-up test. SCC provided 
the accelerating voltage while the input RF power was 
not fed into ARES95. Below 300mA, ARES95 started up 
without losing the beam. In some cases above 300mA, 
the beam was lost during the cavity startup. The beam 
loss occurred when the feedback changed from controlling 
the klystron output to controlling the cavity field. 
Although the effect of the start-up is smaller in KEKB 
because of the larger number of operating cavities, more 
sophisticated means of smooth feedback changing or a 
direct RF feedback system will be desirable. 

3.5 Absorbed Power into the HOM dampers 

There are several HOM dampers of SiC in ARES [9]. The 
maximum total power absorbed in one ARES was about 
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Fig.3 Output of the c-cavity when consecutive 56 buckets 
are filled out of equally spaced 64 buckets. The current 
was 164mA.  (a) is   the measurement and (b) is  the 
simulation. 

7kW. This value is not enough as a high power test for 
KEKB. They will be tested using a klystron up to higher 
power level. 

4 SUMMARY 

Two ARES cavities were tested under beam environment 
in TRISTAN AR. Their behavior agreed well with the 
prediction based on a coupled resonator model. 

[1] 

[2] 

[3] 

[4] 

[5] 
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[7] 
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Abstract 

The coaxial (WX120D) antenna damper has been 
developed for damping the parasitic 0 and n modes of the 
KEKB ARES cavity. It is installed in the coupling cavity 
of the ARES. The damper consists of a disk-type coaxial 
ceramic window and a cross stub angle. The damper has a 
broadband rf property in order to absorb the rf power of 
the parasitic modes. The cross angle is utilized for 
supplying the cooling water to the antenna. The damper 
was designed by using a computer simulation code 
without a cold model test. Finally the properties of the 
damper has been confirmed by the high-power and the 
beam test for the ARES cavity. 

1 INTRODUCTION 

Accelerator Resonantly coupled with Energy Storage 
(ARES) has been developed for the KEK B-factory [1,2]. 
The ARES is an effective countermeasure against the 
coupled-bunch instability due to the accelerating mode in 
KEK B-factory. It is composed of three cavities: an 
accelerating cavity, an energy storage cavity and a 
coupling cavity. Thus ARES has three modes: the 0, TC/2 

and 7i modes. The resonant frequencies of them are about 
505, 509 and 513 MHz respectively. The operation mode 
is the 7t/2 mode. The parasitic n and 0 modes must be 
damped, because they contribute to the longitudinal 
coupled bunch instability. For damping them, an antenna 
damper has been installed in the coupling cavity in which 
both TC and 0 modes have an rf-field but the 7t/2 mode has 
no field. The ARES with the coupling cavity damper is 
shown in Fig. 1 [3]. 

Our practical targets for the damper are as follows: 
(1) The damper reduces the loaded Q values of the n and 
0 modes. 
(2) The damper can handle the average rf power of a few 
kW [4]. 
The following rf property is required to achieve the 
targets described above; 
(3) the VSWR of each components of the damper is less 
than about 1.2 in the frequency range from 500 to 520 
MHz. 

The damper which fills our requirements is shown in 
Fig. 2. The dimensions of the damper is shown in Fig. 3. 
The damper is comprised of an antenna, an rf window 
and a cross stub angle. The rf properties of every 
components of the damper were calculated by using a 
computer simulation code (HFSS) [5]. The details of the 
design are reported in the following section. 

HOM damper 

view) 

'HOM damper 

(Side 
view) 

Figure 1: Schematic view of the ARES [3] 

Figure 2:   Photograph of the high-power model of the 
coupling cavity damper [2] 
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2 RF WINDOW 

The coaxial ceramic (95 % pure Alumina) disk is used for 
the rf window in the damper. The outer and the inner 
diameter of the window are 140 mm and 40 mm 
respectively. The thickness of the window is 8 mm. The 
surface of the vacuum side of the window has 10 nm thin 
TiN coating in order to reduce the electron emission 
coefficient of the ceramic surface. The impedance is 
matched by using an under- and an over-cut structure of 
the coaxial waveguide around the window. The under- 
and the over-cut window structure is also used in the 
input coupler of the ARES [6]. The values of S11 
calculated for the window by HFSS are plotted in Fig. 4. 
The Si i values are small enough around the operation 
frequency. 

Ceramic Window 

Teflon support disk 

(mm) II 
Cooling Water 

Figure 3: Schematic view of the coupling cavity damper 
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Figure 4: Calculated Sn for the ceramic window 

3 CROSS STUB ANGLE 

The damper is terminated by a coaxial dummy load in 
order to absorb the rf-power of the parasitic modes. 
Unfortunately we can not supply the cooling water to the 
antenna through the dummy load, because the water 
cooling system of the dummy load is closed itself. Thus 
we make use of a stub angle as a line of the cooling water 
of the antenna. Since the rf band width of the damper is 
chiefly limited by that of the stub, it is very important to 
find the broadband stub angle structure. 

The structure we finally chose is the cross stub angle 
shown in Fig. 3. The diameter of the inside cylinder of 
the coaxial waveguide near the angle is enlarged in order 
to get the desired broadband rf property [7]. The 
calculated results of Si i for the cross angle are shown in 
Fig. 5 with two parameters L and d which are seen in Fig. 
3. The values of L and d in the original design are 175 
mm and 35 mm respectively. The original value of d was 
increased by 15 mm to 50 mm during the production of 
the damper in order to solve an assembling problem. By 
the change of the dimension, the frequency of the Sn 
minimum point was shifted. It is shown by the dot line in 
Fig. 5. However the VSWR is still small enough in the 
desired frequency range. Thus the cross angle with these 
dimensions was used for the first high-power and the 
beam test. 

0.2 i—i—i—I—\—I—I—r I    '    '    '    '    I 
 L=175, d=35 
 - L=175, d=50 
 L=167, d=50 

0 I—i—i—'—I—1—i—■—i I I N/   i u-a I i I t i- 

400 450 500 550 600 

Frequency     (MHz) 

Figure 5: Calculated Sn parameter for the cross-stub 
L and d are shown in figure 3. 

Figure 5 shows one more line (d=167 mm, 1=50 mm) 
which has the almost same frequency dependence as that 
of the originally designed cross angle. We are going to 
use these values for the next coupling cavity damper of 
the ARES. 

Figure 6 shows the Sn values for the damper 
includes the rf window and the cross stub angle with a 
Teflon bead support. It shows that the VSWR of the 
damper is small enough in the very wide frequency range. 
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Figure 6: Calculated S\\ for the damper includes the 
ceramic window and the cross stub angle with the Teflon 
bead support. 

4 ANTENNA 

The external Q value (Qc) of the antenna to the coupling 
cavity has been estimated by the phase shift of the 
reflected RF wave from the coupling cavity. The phase 
shift values were calculated by HFSS as a function of the 
rf frequency. (The calculation method is described in the 
references [8,9].) The calculated Qc is about 56 on the 
condition that the insertion length of the antenna into 
coupling cavity is 10 mm from the wall of the coupling 
cavity. 

The equivalent circuit analysis shows that the loaded 
Q value (QL) of the n and 0 modes are approximately 
two times of the Qc [1]. Thus the expected QL is about 

112 for the n and the 0 modes. 
If the QL values are too large to suppress the 

contribution from the parasitic modes to the longitudinal 
coupled instability, we can easily increase the insertion 
length more in order to reduce the QL values of n and 0 
modes. 

5 EXPERIMENTAL RESULTS 

The TI/2 mode and damped n and 0 modes of ARES are 
shown in Fig. 7 which was measured for the high-power 
ARES cavity with the coupling cavity damper [2]. The 
measured QL values of the it and the 0 modes are about 
100. The measured QL values are consistent with the 
calculated values described in the previous section. 

During the high-current beam experiment by the 
accumulator ring (AR) in TRISTAN, the measured power 
flow from the damper was about 1 kW for the 100 mA 
single-bunch beam. Although it is very preliminary result, 
it does not contradict with the estimation [3,10]. 

495       500 505       510 

frequency /MHz 

515       520 

Figure 7: The 7i/2 mode and the damped 0 and n modes 
measured for the high-power ARES cavity [2]. 

6 CONCLUSION 

The coaxial (WX120D) antenna damper with the ceramic 
window and the cross stub angle has been developed in 
order to damp the parasitic 0 and n modes of the KEKB 
ARES cavity. The damper was installed in the coupling 
cavity of the high-power ARES cavity and it has been 
tested by the high-current beam experiment in the AR of 
the TRISTAN. Measured properties for the damper are 
consistent with the estimated values. 
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Abstract 

A 714-MHz RF system for the Accelerator Test 
Facility (ATF) damping ring has been constructed and 
commissioned. The RF system comprises two higher- 
order-mode (HOM) damped cavities, a 50-kW klystron, a 
WR-1150 waveguide network and low-level RF 
electronics. By using HOM-damped cavities, longitudinal 
and transverse coupled-bunch instabilities can be avoided 
even at a maximum beam current of 600mA. A low-level 
control scheme, which can manage heavy transient beam 
loading, was designed, and a subset of the system was 
implemented. We report in this paper the construction and 
commissioning of this RF system. 

1   INTRODUCTION 

The KEK-ATF is a dedicated test facility for 
accelerator study concerning future e+e" linear colliders [1]. 
It comprises a 1.54-GeV electron damping ring and a full- 
energy injector linac. Design parameters of the damping 
ring are given in Table 1. Beams consisting of 10-60 
bunch bunch-trains are injected. During the short store 
time (-200 msec), the beam emittance will be radiation 
damped to about 1 nm-rad. It will be most challenging to 
obtain the very-low emittance beams with sufficient 
stability under high-intensity and multibunch conditions. 

The RF system of the ATF damping ring (DR) is 
required to provide a sufficient cavity voltage to obtain a 
short bunch length (less than 5 mm) and to compensate 
for synchrotron radiation losses (155 keV/turn). At the 
same time, it must lower the higher-order-mode 
impedance of the accelerating cavities in order to avoid 
coupled-bunch instabilities. In addition, transient beam- 
loading effects at injection should be well regulated by the 
low-level system. 

A 714-MHz RF system, which will meet these 
requirements, was designed [2] using 714-MHz HOM- 
damped cavities, which were developed at KEK. The 
original RF system was designed to use four cavities 
driven by a 250-kW klystron. We have so far constructed 
a subset of the system which used two cavities driven by 
a 50-kW klystron, due to limited funds. The ATF DR 
started commissioning using this RF system. With this 
system our temporary goal is to circulate a 100 mA beam 
with a total gap voltage of 0.5 MV. In the future, the RF 
system will be extended to the full system, which will 
allow us to attain the design beam current of 600 mA. 

Table 1. Design parameters of the ATF damping ring. 

Beam energy: 1.54 GeV Circumference: 138.6 m 
RF frequency: 714 MHz RF voltage: 1 (0.5)f MV 
Number of bunch trains: 5 - 2   Bunches/train: 10 - 60 
Particles/bunch: 1-3 xlO10 

Horizontal beam emittance: 1.4 nm-rad 
Vertical beam emittance: 0.01 nm-rad 
Maximum beam current: 600 (100)* mA  

f Parameters in parentheses indicate temporary target. 

2 HOM-DAMPED    CAVITY 

Each cavity has four waveguide ports to extract HOM 
power, and additional HOM absorbers in the beam pipe. 
This scheme significantly reduces the longitudinal and 
transverse HOM impedances [3]. Cavity fabrication 
techniques were established through the construction of a 
prototype cavity [4], This cavity was successfully tested 
under a dissipated power of up to 50 kW which is about 
three times higher than required. 

With the same design, two cavities were manufactured 
by Toshiba corporation in fiscal year 1995. The Q-value 
of the cavities obtained was about 23,000, and the 
coupling coefficient was set to 2.3. Each cavity was 
conditioned on a test bench up to an input power of 44 
kW for about 50 hours. The base pressures before and 
after the conditioning were about lxlO"7 and 2xl0"8 Torr, 
respectively. These cavities were then installed in the 

Fig. 1.   The 714 MHz HOM-damped cavity installed in 
the ATF damping ring. 
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Fig. 2. Cross section of one cavity unit. 

damping ring during October to December, 1996. They 
were further conditioned in the ring, which resulted in the 
base pressure of lxlO"8 Torr before the commissioning. 
Figure 1 shows the cavity as installed. 

Figure 2 shows a layout of one cavity unit. Two 
beam-pipe HOM absorbers were installed next to the 
cavity. Each cavity was evacuated by a turbo-molecular 
pump (300 1/s) and a sputter ion pump (200 1/s) which 
were connected to the rectangular pump chamber. Inside 
the pump chamber, a smooth passage for wall currents 
was provided using an inner duct of 6 mm thickness with 
thirty pumping azimuthal slots (105x5 mm2). Effective 
cavity pumping speeds were approximately 50 1/s (turbo 
pump) and 801/s (ion pump). The vacuum duct in the RF 
section was connected to the ring through taper-bellows 
assemblies. Each bellows was screened from the beam by 
beryllium-copper fingers, which are very similar in design 
as those used at the KEKB [5]. In order to arrange a 
smooth inner wall, a metal C-ring was installed between 
the conflat flanges used on the beamline. 

3  HOM    ABSORBERS 

For the beam-pipe HOM absorbers, we adopted a 
shrink-fit technique, as was reported in ref. [6], with a 
small modification on its design. We first prepared a 
copper-duct assembly (a copper duct with both cooling- 
water pipe and stainless-steel collars brazed), and a duct of 
silicon-carbide (SiC) used for the microwave absorber. 
While heating the copper-duct to ~200°C in an inert-gas 
atmosphere, the SiC duct was inserted into the copper 
duct. After they were cooled to room temperature, the SiC 
was tightly fit in the copper duct (shrink-fit). Finally, 
vacuum flanges were TIG welded to the collars. In this 
way, five absorbers were manufactured, four of which 
were installed in the ring. 

As the absorbing material, we investigated a special 
SiC material which has a conductivity of about 100 
Siemens/m (about 20 times larger than the popular SiC 

material) in the frequency range of about 2-10 GHz. As 
reported in ref. [6], we first succeeded to produce a suitable 
SiC material by increasing the carbon amount contained 
in the SiC, but we could not obtain reproducible products 
at the second manufacturing attempt. We then tried 
another SiC material containing about 700 ppm of 
aluminum (higher than the regular product) after 
consulting with Toshiba Ceramics corporation. Through 
trial productions, we obtained reproducible SiC samples 
which have an effective conductivity of -110 S/m at 3 
GHz and of 57-68 S/m at 5-7 GHz. We therefore decided 
to use this type of SiC material. The effective 
conductivity of the four SiC absorbers, installed in the 
ring, were 65-90 S/m (at 3 GHz). 

We have also developed waveguide HOM loads for 
termination of the HOM ports. The development of the 
load is described in an accompanying paper [7]. The 
cavities were initially commissioned without attaching 
any loads due to some delay in fabrication. At present, 
nine HOM loads have been completed, and eight of them 
will be installed during summer shutdown in 1997. 

4 RF   POWER   SOURCE 

A block diagram of the RF system is shown in Fig. 
3. A commercial TV klystron, YK1265 from Phillips, 
was used as a power source. It can deliver the maximum 
RF power of 50 kW in CW mode. A power supply for 
the klystron was purchased from NEC corp. The power 
from the klystron is delivered to the cavities through a 
WR-1150 waveguide network. A newly developed 100- 
kW circulator was used to isolate the klystron from the 
cavities. The performance of the circulator include an 
input VSWR of less than 1.2, an insertion loss of less 
than 0.2 dB and an isolation of larger than 20 dB in the 
frequency range of 714+2 MHz. Waveguide components, 
such as E- and H- corner bends and a coaxial-waveguide 
transformer, were newly designed using a computer code 
HFSS [8]. 
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Fig. 3. Block diagram of the damping ring RF system. 

Fig. 4. Signal of the wall current 
monitor showing first stored beam in 
the ATF DR. Abscissa: time (100 msec 
full scale), ordinate: voltage (200 mV 
full scale). 

5     LOW-LEVEL  RF  SYSTEM 

The low-level RF system is required to minimize both 
steady-state and transient beam loading effects in 
accelerating cavities. In particular, a sudden change in the 
beam current at injection, which amounts to 120 mA per 
train, should be managed. Based on numerical 
simulations, we designed a low-level control scheme [9] 
that fulfills these requirements. Both cavity pre-detuning 
and phase jump at injection will be used. Direct feedback 
will be used to avoid the beam loading limit for 
experiments requiring high beam currents and low cavity 
voltages. 

At present, the control scheme for the heavy transient 
beam loading has not been implemented, however will be 
installed in the near future. The current system is similar 
to that of TRISTAN [10], and many electronics modules 
for the TRISTAN were adapted. Some narrow-band 
modules, such as the phase shifter and the RF modulator, 
were newly developed. 

In the main RF line (see Fig. 3), there are four 
feedback loops, referred as Vc PLL, Vc ALC, Pg PLL and 
Pg ALC. The first two loops regulate the phase and 
amplitude of the total accelerating voltage which is 
monitored by a vector sum of signals from the cavity 
pick-up probes. The other two are auxiliary loops to 
suppress both phase and amplitude fluctuations of the 
klystron output. Tuning of each cavity is controlled by 
another phase-lock loop. 

6   COMMISSIONING 

The ATF damping ring started commissioning on 
January 22, 1997, with a single-bunch beam of about 1 
GeV. On January 30, the beam was successfully circulated 
in the ring for over 500 turns with RF turned off. Then, 
we applied an RF voltage of 180 kV, and succeeded to 
store the beam on January 31. Figure 4 shows the signal 
from the wall current monitor, which shows the first 
stored beam in the damping ring. Commissioning and 
tuning operations are currently underway. Multibunch 
operations will be started in autumn of 1997. 

7   CONCLUSIONS 

The damping ring RF system was designed and 
constructed. The damping ring started commissioning 
using this RF system, and we obtained the first stored 
beam in January, 1997. Tuning operations of the ring are 
underway to obtain the full specification of the beam 
parameters. The present RF system is a subset of the full 
RF system, which allows for a straight extension of thr 
system in future. 
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Abstract 

A 714-MHz higher-order-mode (HOM) damped cavity 
was developed at KEK, and two cavities of this design ate 
under operation in the Accelerator Test Facility (ATF) 
damping ring. Each cavity is equipped with four 
waveguide ports to extract HOM power. In order to 
achieve the very low HOM impedance required for the 
damping ring, each waveguide port should be terminated 
by a broadband, low-reflection load. We have developed a 
broadband HOM load for this purpose. We describe the 
design, construction and RF characteristics of the HOM 
load. 

1   INTRODUCTION 

For RF acceleration in the ATF damping ring [1], a 
714-MHz HOM-damped cavity has been developed at 
KEK. After a successful test of the prototype cavity under 
high-power operation, two cavities were manufactured and 
installed [2] in the damping ring. Each cavity is equipped 
with four rectangular waveguide ports to damp higher- 
order-modes [3]. In order to attain the very-low HOM 
impedance, that is required for the damping ring, each 
HOM port should be terminated by a broadband, low- 
reflection load. Incoming power to the load is excited by 
an interaction between the beam and the cavity HOM 
impedance. The spectrum of the HOM power will spread 
over a wide frequency range of about 1-10 GHz, which 
comes from the short bunch length (5 mm) and narrow 
beam pipe (24 mm in diameter) of the ring. The total 

power to the load will be less than 500 W, which was 
estimated using a parasitic-mode loss parameter of 1.0 
V/pC/cavity. 

As the starting point, a preceding design of the HOM 
load [4] for the PEP-II cavity was very helpful. We have 
also decided to install a microwave absorber inside the 
vacuum, since this can eliminate a potential source of 
reflection due to the vacuum window. To operate the 
cavity under a ultra-high vacuum, the load should have a 
low outgassing rate, and should be bakable up to a 
temperature of about 150°C. 

2     DESIGN   AND   FABRICATION 

The waveguide HOM load is required to have a low- 
reflection rate over a very-wide frequency range of 1-10 
GHz. We set a practical design goal to achieve an input 
VSWR of less than 1.5 over a frequency range from 0.95 
to 4 GHz. The specification of the HOM load is 
summarized in Table 1. For the microwave absorber, we 
have chosen silicon-carbide (SiC), which is a lossy 
dielectric material, because of its high loss-tangent, high 
thermal conductivity (170 W/m/K) and low outgassing 
rate. 

Table 1. Specifications of the broadband HOM load. 
Working frequency:        0.95 - 4 (0.95 - 10)+ GHz 
Waveguide dimensions: 170x20 mm2 (corner:R5 mm) 
Cutoff frequency: 887.3 MHz      Input VSWR: < 1.5 
Maximum input power: 500 W (t Final target) 

INPUT PORT . 

Fig. 1. A simulation model of the 
HOM load. Only one half of the 
structure was modeled. 

BRAZED EBW       CR0SS SECTION at A-A 

SQUARE 
COPPER 
PIPE 

" FLANGE       COOLING WATER PIPE 

Fig. 2. Design of the HOM load. 

CROSS SECTION 
atB-B 
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The basic design was made using computer codes. We 
mainly used the MAFIA code [5], and sometimes verified 
the result using the HFSS code [6]. An example of the 
simulation model is shown in Fig. 1. In parallel with the 
simulations, we carried out R&D on brazing SiC tiles to 
a copper plate (used for the wall). The R&D results were 
then fed back to the basic design. 

Figure 2 shows our final design. Several SiC tiles, 
separated by a gap of ~1.5 mm, were arranged to form two 
taper wedges. The SiC tiles were brazed on a wider side of 
the waveguide wall; cooling-water pipes were arranged at 
the side wall. The dimensions of each SiC taper are 400 
mm in length, 12 mm in thickness and 10-81 mm in 
width. The thickness of the taper was optimized to obtain 
as low a reflection as possible for a given taper length. 

During brazing the SiC tiles to the copper wall, a 
large thermal-stress arises due to the considerable 
difference in the thermal-expansion coefficient between 
them. In order to effectively ease this stress, we adopted a 
square copper-pipe (6mmx6mm, 1-mm thick) as a strain 
buffer (see Fig. 2). Although this causes a certain 
reduction in the thermal conductance, this is quite 
acceptable (see Section 5). An active joining material 
(Ag-Cu-Ti-In alloy) was used for the brazing. The 
optimum brazing conditions, such as a temperature and 
forced pressure, were established through R&D. 

A prototype HOM load was manufactured by the 
following process. The main body of the load was first 
machined from an OFHC copper plate; then, a stainless- 
steel vacuum flange and cooling-water pipes were brazed. 
Each SiC taper was sintered by two pieces, 200-mm long 
each. These tapers were cut to several pieces, and a groove 
for the brazing was cut in each tile. After the SiC tiles 
were brazed on a copper-plate, this plate assembly was 
electron-beam welded to the main body, like a lid. To 
relax thermal stress due to the welding, we arranged a lip 
structure along the welding line. 

3 DIELECTRIC   CONSTANT   OF  THE  SIC 

In order to obtain low-reflection characteristics in the 
mass-production stage, it is very important to reproduce 
the dielectric constant of the SiC, which was obtained 
previously. We used an SiC product, named CERASIC-B, 
from Toshiba Ceramics corporation. In collaboration with 
industry, we produced SiC samples, and measured their 
complex dielectric constant using an HP85070A dielectric 
probe and an HP8510C network analyzer. After carrying 
out production several times, we have almost established 
reproducibility. The SiC tiles used for the load were then 
manufactured. 

Figure 3 shows the measured dielectric constant of the 
SiC tiles which were used for the prototype load. At this 
time, we obtained an unforeseen result: two kinds of SiC 
tiles were produced in the same batch. About half of the 
tiles (referred as type A) had a permittivity close to that of 
the previous samples; the other half (type B) had a quite 
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Fig. 3. Measured dielectric constant of SiC tiles used 
for the prototype load. The real and imaginary parts of 
the dielectric constant are shown for two different types 
of SiC tiles produced (for type A (regular) and type B 
(irregular)). 

larger permittivity. It was found out that a large number 
of tiles had become warped due to a manufacturing error; 
these tiles had to be sintered once more to correct the 
warp. It was guessed that the irregular type-B dielectric 
property would be caused by this second sintering. 

Fortunately, most of the irregular tiles were those used 
for the latter half of the taper. It was shown from a 
simulation that the reflection rate would be well within 
our specifications if we use irregular tiles only at the 
latter half of the taper. Therefore, we decided to use them 
for the prototype load as well as for mass-production. 

4  RF    CHARACTERISTICS 

After successful fabrication, the reflection coefficient 
of the prototype HOM load was measured using an 
HP8510C network analyzer. We prepared four pairs of 
coaxial-waveguide transformers which, in combination, 
covered the frequency range of 0.95-4 GHz. In the 
measurement setup, the network analyzer was connected 
to a regular coaxial-waveguide transformer, and then 
transformed to the flat waveguide using a taper. Figure 4 
shows the prototype HOM load being measured. Before 
the measurement in each frequency band, we carried out a 
full two-port TRL (Thru/Reflect/Line) calibration at the 
output ports of the tapers. The calibration was verified 
using an offset short and a sliding load. 

Fig. 4. Broadband HOM load under measurement. 
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Fig. 5. Measured return loss of the prototype HOM 
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results. 

Figure 5 shows the results of the measurement and a 
simulation. The obtained return loss was less than -18 dB 
in the frequency range 1-4 GHz, which corresponds to a 
VSWR of less than 1.3. Even at the lowest frequency of 
0.95 GHz, only 1.07-times the cutoff frequency, we 
obtained a return loss of -15.5 dB (VSWR: 1.4), which 

was sufficiently small. 
The simulation result, indicated by open circles, was 

obtained from seven MAFIA runs. Each run covered a 
frequency span of about 0.5 GHz; we used the measured 
permittivity of the SiC at the center frequency of the 
span. There was a fairly good agreement between the 
measured and simulation results. 

For the measurement in the frequency range 2.55-4 
GHz, we used an Sn 1-port calibration rather than the 
TRL calibration, by using a flash and offset shorts as well 
as a sliding load. In this case, we obtained a better (but 
not sufficiently good) result when the calibration was 
verified using another offset short. This certain difficulty 
in the calibration would come from a possible mode 
conversion between the TE10 and TE30 modes, since the 
cutoff frequency (2.66 GHz) of TE3„ mode lies in this 

range. 

5  THERMAL    ANALYSIS 

Figure 6 shows a time-averaged power-loss 
distribution in the SiC tiles calculated with the MAFIA 
code. A monochromatic input wave of 1 GHz, with a 
total power of 500 W per load, was assumed in this 
simulation, although an actual incoming wave would 
have a broadband spectrum. It can be seen that there are 

4.5W/cm*3 

0.14 POWER LOSS DENSITY (W/cm*3) 4.54 

Fig. 6.   Power-loss density in the SiC absorber on the 
median (half of the thickness) plane. 

TEMPERATURE 
31.9*C 

44*C 40'G 

Fig. 7. Temperature distribution on a plane cut at -230 
mm away from the tip of the taper, which was calculated 
using the ANSYS [7] code. We assumed a film 
coefficient of 1.4 W/cm2/K and a bulk temperature of 
30°C for the cooling water. 

two locations (about 110 and 230 mm apart from the tip 
of the taper) where the power-loss density obtains a 
maximum of about 4.5 W/cm3. 

Figure 7 shows the result of a thermal analysis at the 
location where the maximum power is deposited. We 
assumed a longitudinally-uniform model and a rough 
power distribution. The maximum temperature in the SiC 
was expected to be about 50°C, or even lower, by 
considering that the power density at other longitudinal 
location was smaller. The strain-buffer pipe caused the 
temperature difference of about 4°C between the opposite 
sides, which is quite acceptable. 

6   CONCLUSIONS 

A broadband HOM load was designed based on 
computer simulations and R&D on fabrication techniques. 
A prototype load was then fabricated and measured under 
low power. It was shown that the load had excellent low- 
reflection characteristics. The VSWR of the load was less 
than 1.3 in the frequency range of 1 - 4 GHz. 

With the same design, we have completed eight 
additional HOM loads. These loads will be installed in the 
damping ring during the summer shutdown of 1997. 
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Abstract 

Two types of sintered SiC (silicon carbide) ceramics 
has been developed and applied as the HOM absorbers 
for the second prototype ARES cavity (ARES96). One is 
bullet-shape SiC ceramics and the other is a tile one. The 
prototype cavity equipped with these absorbers was 
successfully tested with an electron beam in the 
TRISTAN accumulation ring. High power tests of these 
absorbers were carried out using an L-band RF power 
source. The HOM absorber designs and the results of the 
tests are discussed. 

1 INTRODUCTION 

A second prototype of ARES cavity (ARES96) for 
KEKB was built[l]. Figure 1 shows a schematic drawing 
of the accelerator cavity of ARES96. The accelerator 
cavity has four rectangular waveguides, in each of which 
two bullet-shape SiC ceramics are inserted at the end as 
the HOM absorbers. Two grooved beam pipes with 32 
SiC tiles are connected to the accelerator cavity to absorb 
dipole modes of the HOMs. 

The HOM power (at frequencies above 0.7 GHz) to 
be handled will be on the order of -10 kW per cavity, 
corresponding to -1.25 kW per bullet-shape absorber. 

On the other hand, the design value of the maximum 
RF power (at frequencies above 0.7 GHz) absorbed by 
the SiC tiles in the grooved beam pipes is about 400 W 
per cavity, corresponding to -100 W per eight tiles in the 
groove. 

■Bullet-shape SiC ceramics 

ARES96 which equipped with these absorbers was 
successfully tested with an electron beam (-500 mA) in 
the TRISTAN accumulation ring. The maximum HOM 
powers absorbed by the waveguide HOM loads and the 
SiC tiles in the grooved beam pipe were 0.8 kW and 120 
W. These values were not enough as high power tests for 
KEKB. Therefore high power tests were carried out using 
an L-band RF power source to verify the performance as 
the HOM loads. 

2 BULLET-SHAPE SiC ABSORBER 

2.1 Design 

The first prototype of the ARES cavity (ARES95) 
adoped sixteen bullet-shape SiC absorbers (diamiter 40 
mm, effective length 400 mm)[2]. Using the results[3][4], 
a new bullet-shape SiC absorber was designed for 
ARES96. The absober dimensions are 55 mm in 
diameter, and 400mm in total effective length including a 
150mm nosecone section. The SiC absorber has a cooling 
water channel which is bored inside and led near the 
nosecone tip. The distance between the nosecone tip and 
the water channel is 30 mm. 

Figure 2 shows the dielectlic constant s'r and loss 
tangent of the SiC ceramics, measured using a dielectric 
probe kit (HP85070B). Figure 3 shows the frequency 
response of the reflection (Sn) from the HOM waveguide 
including the E-bend and taper waveguide, which was 
simulated with hfss[5]. The TE10 mode in the waveguide 
was assumed in this simulation. The absorption under 

^ 

>-• 
Loss tan ent 

^ 

Frequency (GHz) 

Figure  1:  A schematic drawing of the accelerator 
cavity of ARES96. 

Figure 2: The dielectric constant and loss tangent of 
the SiC ceramics are plotted as a function of frequency. 
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Figure 3: The frequency response of the reflection 
(S„) from the HOM waveguide including the E-bend 
and taper waveguide. 

1GHz was improved by adopting thicker SiC than that of 
ARES95. The RF characteristics of this type absober 
were precisely analized [4]. 

2.1 High power test 

Figure 4 shows a layout of the high power test. The 
SiC absorber was inserted from the end of an L-band 
rectangular waveguide (WR650). The standing-wave 
ratio VSWR was measured -1.14. The high power test 
was carried out using a CW klystron (f = 1296 MHz) up 
to a power of -3.3 kW. Temperature at the position P of 
the SiC absorber was monitored using a infrared 
thermometer. The SiC absorber functioned normally 
without any vacuum, thermal, or discharge trouble up to 
3.3 kW of RF power. Figure 5 shows the temperature rise 
at the position P and the vacuum pressure corresponding 
to the RF power loss in SiC. After this test, we also 
measured temperatures at the position A~G in figure 4 
using thermosensitive labels, which indicate the 
maximum temperature by changing their colors. The 
maximum temperature rise is about 33-38 deg. at the 
position C when the RF power loss was 1.25 kW. 

This SiC absorber satisfies our specification enough 
and would handle much higher power than 3.3 kW. 
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Figure 5: The temperature rise at the position P and 
the vacuum pressuer corresponding to the RF power 
loss in SiC. 

3 SiC ABSOBERS IN THE GROOVED BEAM 
PIPES 

3.1 Design 

Two grooved beam pipes with 32 (8x4) SiC tiles 
were connected to the accelerator cavity of ARES96 to 
absorb dipole modes of the HOMs. Two tiles (48 x 48 x 
10 mm3) and 6 tiles (48 x 48 x 20 mm3) were fastened 
with stainless steel bolts (M6, tightening torque 150 
kgf-cm) on the stainless steel plate in the groove. And the 
plate was cooled by water. Gold foil (0.05 mm thickness) 
was sandwiched between the SiC tiles and the stainless 
steel plate to make a better thermal contact. 

1 1.5 
Frequency (GHz) 

Figure 6: The frequency response of the dielectlic 
constant e'r and loss tangent of the SiC ceramic tile. 

Figure 6 shows the frequency response of the 
dielectlic constant e'r and loss tangent of the SiC 
ceramics. We adopted a SiC ceramics which has 
relatively large dielectric constant and loss tangent at the 
frequencies under 1 GHz in order to design a compact 
load. Figure 7 shows the frequency response of the 
reflection (S„) from the grooved beam pipe with the SiC 
tiles, which was simulated with hfss. The TEn mode in 
the beampipe was assumed in this simulation. 

Figure 4: A layout of the high power test. 
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Figure 7: The frequency response of the reflection 
(S„) from the grooved beam pipe with the SiC tiles. 

3.2 High power test 

Eight SiC tiles with gold foil fastened on the cooling 
plate with bolts (M8) were tested using the same test 
waveguide set shown in figure 4. Figure 8 shows a 
schematic drawing of the test sample. The SiC tiles on the 
cooling plate was put in the waveguide from the end 
plate. The temperature of the #4 SiC tile was monitored 
by the infrared themometer. And the temperature of each 
SiC tile was measured by using termosensitive labels. 

Figure 9 shows the temerature rise of the #4 SiC tile 
with different tightening torques. The open circles in 
figure 9 show the teperature rise of the SiC tile in the air. 
The temperature rise of the tile in the air increase linearly 
with the power loss. On the other hand, the temperature 
rise in a vacuum does not. It was considered that the 
thermal coductivitiy under vacuum between the SiC tile 
and the cooling plate depend on the temperature rise. The 
tensile stress in the bolt decreases as the temperatures of 
the SiC tile and bolt increase, because the coefficient of 
thermal expansion of the SiC ceramics (4.5x1c6 /K) is 
smaller than that of the stainless steel (17xl06 /K). The 
tension in a stainless steel bolt (M8, degreased) is about 
500 kgf at a tightening truque of 150 kgf-cm. If we 
assume that the temperatures of the SiC tile and the bolt 
tightened with the toruqe of 150 kgf-cm are equarl, then 
the tension in the bolt becomes 0 when temperature rise is 
about 55 deg.. Therefore we have to pay attention to the 
temperature rise of the SiC tiles and the tension in the 
bolts. We are planning to test using coned disk springs to 
keep the tension in the bolt. Titanium bolts, which has the 

■^    RF power from 
~^~   L-band CW klystron 

olt (M8, sus304) 

iC tile 

. 
0   Tcrque: 100 kgf-cm (i a a vacuum! 
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Figure 9: The temerature rise of the #4 SiC tile with 
different tightening torques in a vaccum. The open 
circles shows the teperature rise of the #4 SiC tile in 
the air. 

smaller coefficient of thermal expansion than stainless 
steel, will be tested. 

The maximum temperature rise in the SiC tiles 
(tightening torque 225 kgf-cm) was measured about 
20-25 deg. on the #3 SiC tile when the RF power loss 
was 100 W. Since the temperature rise is small enough at 
100 W of RF power, we will apply this simple cooling 
scheme of fastening SiC tiles with bolts to the ARES 
cavity for KEKB. 

4 CONCLUSION 

Two types of sintered SiC ceramics has been 
developed and applied as the HOM absorbers for the 
second prototype ARES cavity (ARES96). One is bullet- 
shape SiC ceramics and the other is a tile one. ARES96 
was successfully tested with an electron beam (-500 mA) 
in the TRISTAN accumulation ring. Furthermore, high 
power tests of these absorbers were carried out using an 
L-band RF power source. These HOM absorbers were 
demonstrated to be capable of the RF power 
specifications. Based on these studies, designing the 
HOM absorbers for the production cavity is in progress. 
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Figure 8: The schematic drawing of the test sample. 
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FACTORY STORAGE RING 

M. Izawa, S. Sakanaka, S. Tokumoto and T. Takahashi, Photon Factory, KEK, Tsukuba-shi, 
IBARAKI, 305, Japan and 

T. Koseki, Y. Kamiya, Institute for Solid State Physics, The University of Tokyu, Minato-ku, 
Tokyo,Japan 

Abstract 

We have developed a new 500 MHz damped cavity[1-6], 
the feature of which is that the beam ducts with large 
diameter are attached to the cavity and that a part of the 
beam ducts is made of SiC[7,8]. The higher-order-modes 
(HOM's), which propagate out from the cavity through 
the beam duct, are damped by the SiC parts. The low 
power measurement using a cold model and the high 
power test[9] using a prototype model had been already 
done. In the autumn of 1996, two damped cavities were 
installed in the PF ring and operated in the scheduled user 
run for about two months. The operation of these new 
cavities was quite successful. On the last day of the 
scheduled user run before long shut down, we tried very 
high current beam and succeeded to store the current of 
773 mA, the new record in the PF ring. 

1   INTRODUCTION 

The Photon Factory storage ring is a 2.5 GeV electron 
/ positron ring dedicated for synchrotron radiation 
experiments. The ring is now being remodeled to provide 
a lower emittance beam. The reconstruction started in the 
beginning of this year (1997). The new damped cavity 
was designed for this new high brilliant configuration 
ring. Ahead of remodeling of the ring, two of four cavities 
working in the PF ring were replaced by new damped 
cavities. These new damped cavities together with two old 
ones were operated in the last scheduled user run. 

The high current storage was also tried on the last day 
of the scheduled user run before the start of reconstruction 
of the ring. 

Figure 1 shows a schematic view of the damped 
cavity. The cavity has a beam ducts with somewhat large 
diameter. HOM's whose frequencies are above the cutoff 
frequency of the duct propagate out to the beam duct and 
are absorbed by SiC. HOM's below the cutoff frequency 
of the beam duct still remain in the cavity, however, these 
can be detuned not to introduce the coupled-bunch 
instability by the frequency shift method using two fixed 
tunerflO]. 

Unloaded Q of the accelerating mode was 39500 with 
two fixed tuners, a movable tuner and an input coupler 
attached. The shunt impedance of the accelerating mode is 
estimated to be 6.9 MQ. The SiC is a kind of sintered 
SiC and has the dimension of the inner diameter of 140 
mm, the outer diameter of 160 mm and of the length of 
150 mm. The resistivity of the SiC was about 50 £Scm 
in the frequency range of 1~5 GHz. The SiC is fixed 
inside of the copper duct by shrink fit. The copper duct 
has a water-cooling channel on the outer surface. The SiC 
has good thermal conductivity, therefore, the rise of 
temperature of the SiC duct is negligible in the usual 
operation of the PF ring. 

The conditioning of the cavity was carried out in 
both CW and pulse mode. The power of up to 90 
kW(CW) and 120 kW(pulse) was input to the cavity 
during the conditioning. 

Cavity 

260 1 i SiC absorber 

750" 

Figure: 1 Schematic view of the damped cavity 
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2   INSTALLATION 

Figure 2 shows two damped cavities installed in the ring. 
The input coupler is attached to the upper part of the 
cavity. The movable tuner is set in the side port of the 
cavity. Two fixed tuners are set in the bottom and the 
other side port. In the figure, a part of wave guide is 
removed. Between two cavities, an evacuation chamber is 
placed which has two 400 1/s ion sputter pumps, two 
Titanium sublimension pumps, a vacuum gauge and a 
quadruple residual gas analyzer. The base pressure was in 
the range of 10 "10 Torr after baking. 

3  BEAM    TEST 

Figure 3 shows the vacuum pressure together 
with the output power of the klystron. Data were taken 
when the beam was at first stored. Each cavity has one 
klystron as a power source. Therefore the output power 
in the figure shows the generator power for each cavity. 
The stored current is also printed in the figure. The range 
of vacuum pressure is 10"8 Torr before the elapsed time of 
about 5 hours and 10"7 Torr after that time. As seen in 
the figure, the vacuum pressure became higher and higher 
with the increase of the stored current, however, gradually 
lowered. Apart from such slow change of the vacuum 
pressure, there exist burst outgassing. The worst one 
among such burst outgassing took place at the elapsed 
time of about 3.5 hours, however, the peak pressure did 
not exceeded the range of 10"7 Torr. About 10 hours after 
the first beam injection, the stored current of more than 
400 mA was attained without any serious rf and vacuum 
problem. 

The conditioning using beam continued for 4 days with 
the maximum stored current of 500 mA. After the 
conditioning, the base pressure decreased to the range of 
10"9 ~10"10 Torr at the stored current of 350 mA. No burst 

Figure: 2   The damped cavities installed in the ring 

Elapsed time (hour; 

Figure: 3 Change of the vacuum pressure at first storage 
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Figure :4 Change of vacuum pressure at high store current. 

outgassing was observed in the usual operation after the 
conditioning. 

The detuning of HOM's was quite successful. 
We could not find out any transverse coupled bunch 
instability. The longitudinal coupled bunch instability 
was still observed. However, it is considered to be due to 
old type cavities since the frequency of the beam spectrum 
was different from the resonance frequency of HOM's in 
the new cavities. 

4 HIGH  CURRENT  BEAM  TEST 

In the end of the scheduled user run in 1996, we 
tried to store the electron beam as much as possible. The 
record of the stored current in the PF ring was around 500 
mA. Figure 4 shows the new record was achieved. As 
mentioned in section 1, CW conditioning was made 
below the power of 90 kW. The vacuum pressure began 
to rise when the cavity input power exceeded 90 kW. 
Although the rise of the pressure was not so large, the 
data in figure 4 suggest the outgassing come from the 
input coupler. Though the beam was down at 743 mA in 
the figure, the maximum stored current was 773 mA, the 
new record in the PF ring. The transverse coupled bunch 
instability was not observed up to the maximum current. 
The longitudinal instability was clearly seen on the 
spectrum analyzer, however, it was not so harmful since 
the injection rate did not decreased drastically. We could 
not find out any difficulties to operate the ring at such 
high current except for the lifetime of the beam, which 

would be overcome by conditioning using beam to get the 
low vacuum pressure around the ring. 
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Abstract 

Magnetic cores suited for the RF cavities of JHF (Japanese 
Hadron Facility) synchrotrons have been studied. The 
shunt impedance of the cavity is required about 2kCl/m 
because of the high acceleration voltage of more than 
10kV/m. The permeability of the core should meet with 
the RF frequencies of the 3GeV booster and the 50GeV 
ring. Characteristics of several ferrites and a Fe-based soft 
magnetic alloy composed of amorphous and ultra-fine grain 
structure have been measured with a test bench. The shunt 
impedance of the soft magnetic core named "FINEMET" is 
high enough. It is stable when input RF power is increased, 
while those of samples of ferrites drop rapidly. The perme- 
ability of "FINEMET" strongly depends on the bias cur- 
rent. Because of its low Q value, the bias current is not nec- 
essary for its new material. "FINEMET" is considered as 
one of the most probable candidate for JHF synchrotrons. 

1    INTRODUCTION 

The main parameters of the two synchrotrons for the JHF 
(Japanese Hadron Facility) are given in Table 1. 

Table 1 : Main parameters 
3GeV booster 50GeV ring 

average 
beam current 200/iA. 9.6^A 

average 
circulating current 7A 7A 

repetition rate 25or50Hz 0.3Hz 
accelerating voltage 420kV 270kV 
RF frequency 2~3.4MHz 3.4~3.5MHz 

Because of the space limit for the RF apparatus, we need 
the voltage of more than 10kV/m. For stable acceleration 
under high beam current, the shunt impedance seen by 
beam of more than lkQ/m is necessary. Taking into 
account the RF amplifier, we need more than 2kfi/m 
for the real shunt impedance of the cavity. If about 20 
cores can be loaded in one meter, we require maximum 
accelerating voltage more than 500V and shunt impedance 
more than 100S1 per one core consequently. 

In order to shift RF frequency tuned to momentum of 
proton, bias current is supplied. The permeability of core 

has to vary according to bias current quickly. 
Consequently the required characteristics of a core are 
shown as follows: 
• shunt impedance ~ lOOfi 
• quick response for bias current 

The measurements for searching cores satisfying above 
requirements was performed. This paper presents the 
results of their RF characteristics for 4 ferrites and one soft 
magnetic core, particularly about their permeability and 
shunt impedance. 

2   MEASUREMENT APPARATUS 

2.1    Components of the test bench 

The measurements every one core were done with the test 
bench. The cross section of the test bench is shown in Fig- 
ure 1. 
The inner diameter of cavity was 732mm and its height was 
255mm. The magnetic core was put on between two cool- 
ing plates. It was held by a stainless steel plate and adhered 
to the cooling plates. The RF power was supplied through 
the RF feeder and flowed to the earth through the variable 
vacuum capacitors and inside of the cavity. The bias cur- 
rent up to 1000A was able to be supplied. 

Fixed  vacuum condenser     jr-Blas  current  feeder 

Varlable 
vacuum condenser 

-Coollng plate 

High voltagB plat«     L-Ferrlt.e 

* also : Nuclear Science Research Facility.Institute for Chemical Re- 
search, Kyoto University, Gokanosho, Uji, Kyoto 611, JAPAN 

t also : TOSHIBA Co. 

Figure 1: Cross section of the test bench. 
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2.2   Equivalent circuit 

Figure 2 shows the equivalent circuit including the RF am- 
plifier and the bias current supply. The output impedance 
of the RF amplifier was 50fi. But the shunt impedance 
of the cavity was not usually 50Q. So the impedance 
matching circuit was incorporated between cavity and 
power supply. 

The waveforms of the voltage and current detected by 
a probe and a current transformer were monitored by an 
oscilloscope. Then their maximum value Vmax, Imax and 
phase difference were measured and the impedance was 
calculated. The inductance was obtained from the resonant 
frequency and the value of the variable capacitors. The 
complex permeability and quality factor of the core were 
evaluated from the impedance and inductance. 

pi) wer meter 

i—HSl- 

6 

\tf- 

matching circuit test cavity bias power supply 
with low pass filter 

3.2   permeability 

The bias current dependence of the permeability and 
shunt impedance were measured. We fixed RF frequency 
at 3.0MHz and changed dc bias current from 0A to 
1000A. With changing the value of variable capacitors, 
the resonant condition was achieved. Figure 3 shows 
the bias current dependence of SY2 and FT3M. In the 
3GeV booster, the RF frequency has to vary from 2MHz 
to 3.4MHz. The permeability of All the samples varied 
enough within bias current of 1000A FT3M was more 
sensitive for bias current than SY2. We do not have to 
supply bias current because the Q value of FT3M is so low 
that FT3M keeps high impedance over the wide frequency 
range. 

Figure 2: Equivalent circuit of the test bench. 
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3   MEASUREMENTS 

3.1    Magnetic cores 

We show the list of cores selected in Table 2. 

Table 2: List of cores 
Name I.D. [mm] O.D.[mm] fiv at 3MHz 

N5C 260.0 635.0 225 
FT3M 320.0 579.0 2821 
4M2-302 200.0 500.0 39.5 
4M2-303 250.0 500.0 58.1 
SY2 299.8 500.1 181 

I.D. and O.D. mean inner and outer diameter, respec- 
tively. The real permeability p,p at 3MHz is shown in the 
third column of Table 2. All the cores have one inch thick- 
ness. The cores except FT3M are Ni-Zn ferrites. N5C 
and SY2 have lower Q value and 4M2-302 and 4M2-303 
have higher one than usual ferrites. FT3M is one of the 
soft magnetic cores named "FINEMET". This is a Fe-based 
soft magnetic alloy composed of amorphous and ultra-fine 
grain. This complex permeability is about (fip,fip) = 
(1000,1000) around 4MHz and the Curie temperature is 
570°C. 

Figure 3: Bias current dependence of SY2 and FT3M. 

3.3   Shunt impedance 

Shunt impedance is given from the following formula. 

In this paper, npQf which is independent of size of core 
shows shunt impedance. BRF stands for RF flux density 
and it is written as : BRF — ^§-- VRF and S mean input 
RF voltage and cut surface area, respectively. If the acceler- 
ating voltage of 500V per one core is replaced with BRF, it 
becomes about 80~100 gauss at 2MHz. The increment of 
accelerating voltage as 2 times in the future is considered. 
Therefore the range of BRF applied for a core becomes 
about from 80 to 200 gauss. The shunt impedance and 
the Q value of ferrite are decreasing as the input RF power 
is increased. The temperature rise of core causes this and 
leads to reduce its shunt impedance. We have to apply more 
RF power to keep a constant voltage consequently. The 
core is desired to maintain a regular impedance for RF flux 
density. Figure 4 shows the change in shunt impedance for 
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increase of RF flux density with dc bias current at 2MHz. 
The data of 4M2 was measured at 2.7MHz. 
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Figure 4: Change in shunt impedance for RF flux density. 

Here the inner and outer diameter of FT3M(small) were 
32mm and 70mm, respectively. 4M2 had the highest shunt 
impedance. However it caused High Loss Effect(HLE) be- 
yond about 60 gauss. Its shunt impedance was decreased 
suddenly, while FT3M kept stable impedance for BRF- 

The ferrites except 4M2 had much higher impedance than 
FT3M up to about 70 gauss. But FT3M showed higher 
impedance in the practical range of BRF- 

In a proton synchrotron, RF frequency must be tuned as the 
revolution frequency of protons. Bias current is varied as 
rapid as the repetition rate of accelerator in order to shift RF 
frequency. The fast repetition occurs that the RF character- 
istics of magnetic cores become worse. So the test with 
varying ac bias frequency was performed. The result at 
the RF frequency of 2MHz and bias frequency of 50Hz are 
shown in Figure 5. All ferrites had less shunt impedance 
than the results at the constant bias current. 

3.4    Others 

Temperature rise of FT3M was measured. Surface temper- 
atures of FT3M were monitored with thermocouples. The 
temperature reached 140°C after 8 hours with RF power of 
500W. FT3M did not show any variation of the character- 
istics. 
FT3M has much higher Curie temperature than ferrites, as 
570°C. The cooling system of cores will be easy accord- 
ingly. 
The RF cavity with "FINEMET" core will have low Q 
value. If the Q value of RF cavity is enough low to make 
beam instability dumped quickly, instabilities do not matter 
for high intensity proton synchrotrons. 

-SY2 
-N5C 
-AMI 303 
•4M2 302 
-FT3M 

Figure 5: Shunt impedance for RF flux density with ac bias 
frequency of 50Hz. 

4   CONCLUSION AND PERSPECTIVE 

We studied characteristics of magnetic cores for JHF. The 
frequency and bias current dependences were measured. 
FT3M satisfies our required terms for both synchrotrons. 
The shunt impedance of FT3M is independent of RF flux 
density and very stable. It is not necessary for FT3M to 
be supplied bias current, for the Q value of FT3M is low 
enough. 4M2 seems to be suitable to 3GeV booster, but it 
cannot be used for 50GeV ring because of HLE. 
Taking account of present results, we have developed a test 
RF cavity with FT3M cores. FT3M has very low Q value. 
The beam instability may be reduced by inserting FT3M to 
a RF cavity accordingly. But it is unknown how the beam 
loading is in case that the Q value is less than 1.0. The 
power test, temperature test and impedance measurement 
have been done for this cavity. The beam loading will be 
studied with electron gun and this cavity. 
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Abstract 

Thirty kilo watt "wide band" cavity has been developed for 
a test cavity of Japanese Hadron Facility(JHF). A new 
material, "FINEMET" which has very broad band 
impedance for the RF frequency, high permeability and 
large shunt impedance is used for the magnetic core of the 
cavity. Acceleration voltage of 10.4 kV which is larger 
than the designed value has been obtained. The 
characteristics of the core are also suitable to generate 
isolated RF pulses for the barrier bucket. The results for 
the barrier bucket are described. 

1   INTRODUCTION 

Accelerator complex of JHF[1, 2, 3] consists of 200 
MeV linac, 3 GeV booster and 50 GeV main ring. The 
accelerators will be constructed at the north end of the 
KEK site. The booster is a rapid cycling proton 
synchrotron with a repetition rate of 25Hz. The required 
voltage for the acceleration is 420 kV and the frequency 
range is 2 to 3.4 MHz[4]. The voltage and frequency range 
for the main ring are 270 kV and 3.4 to 3.5 MHz, 
respectively. The expected beam intensity in the booster 
is 5xl013ppp (protons per pulse). The designed beam 
intensity in the main ring is 2x10 ppp. Circulating 
currents of both synchrotrons are about 7 A. Because of 
the very high beam currents, the cure of the space charge 
effects[5], the beam loading effects and some instabilities 
is essential. One of the most significant instabilities is 
the coupled bunch instability [6] because the harmonic 
numbers are 4 for the booster and 17 for the main ring. In 
order to cure these problems, a wide band radio frequency 
(RF) cavity is considered. It is expected that the wakefield 
which causes the coupled bunch instability is damped very 
quickly because of the low Q value. 

1.1   Requirements 

The requirements for the JHF cavity are following: 
• Because of the limited space for the accelerating 

cavity, the RF voltage of more than 10 kV/m is 
necessary for the main ring. And about 13 kV/m is 
required for the booster. 

• In order to satisfy the stability condition for the beam 
loading, the impedance seen by the beam should be 
about 1 kQ/m. 

• As the growth rate of the coupled bunch instability is 
very fast for the high-Q parasitic resonance, there 
should not be any high Q parasitic one. 

1.2   Characteristics of FINEMET 

The wide band cavity , in which the ring cores of a new 
material are loaded, has been developed in order to prove 
these advantages of the wide band cavity. The material, 
"FT3M(FINEMET)", is made with the thin tape of the 
Fe-based alloy which consists of amorphous and crystal 
with the size of nano-meter. The tape is coated with silica 
for insulation. It has a very high permeability and a low 
Q factor. Typical parameters of the core are tabulated in 
Table 1. Characteristics of the core have been measured 
by another ferrite test cavity[7,8] which has been 
developed for the measurements of magnetic cores in order 
to find the most suitable magnetic material for the RF 
cavities of the JHF synchrotrons. The amorphous cores 
have been measured. However, the FT3M core was the 
most suitable material for the wide band cavity at this 
moment. Other characteristics of the core are summarized 
as following: 
• Shunt impedance is independent of the RF voltage. 
• Characteristics of the core are stable for high 

temperature more than 150 °C because of very high 
Curie temperature (about 600 "C). 

• It is technically possible to make a large core because 
it is not necessary to press the core with a heavy 
weight. 

Table 1. Parameters of the core 
Diameters 67 cm(O.D), 30cm(I.D) 
Thickness 2.5 cm 
Permeability @ 3.4MHz 1550 
Q@3.4MHz 0.63 
R@3.4MHz 830hm 

1.2   The aims of the test cavity 

The aim of the 30 kW test cavity is  to  prove the 
following: 
• The required accelerating voltage of 10 kV/m can be 

obtained. 
• The isolated pulse for the barrier bucket can be 

generated. 

Also Institute for Chemical Research, Kyoto University. 
2 Also Hitachi Co. Ltd. 
3 Also Toshiba Co. Ltd. 
4 Also Research Center for Nuclear Physics, Osaka University. 
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• The frequency of the parasitic resonance is very high 
and/or the quality factor is low enough to avoid the 
dangerous growths of the instabilities. 

• The beam loading and transient beam loading effects 
are controllable. 

2  RF    CAVITY 

Figure 1 shows the test cavity and the 30 kW RF 
amplifier. Behind the cavity, there is a high voltage 
station and a power supply for an electron gun which will 
be used for the experiments on the beam loading effects. 
A tetrode, 4CM30,000A is employed to drive. The cavity 
has two acceleration gaps which are connected by bus 
bars. Figure 2 shows the schematic diagram of the cavity 
and amplifier. The RF excitation is provided inductively 
through a loop around 6 cores in the cavity without any 
direct DC connection to the cavity. The two turn loop 
between the plate of the tube and the plate power supply 
was employed to increase the impedance which the 
amplifier sees. 

Figure: 1 The test cavity and amplifier. 

MXM 

+HV6.8kV 

l.OkV     G: 

Figure:   2  The schematic diagram of the  cavity   and 
amplifier 

3    IMPEDANCE   MEASUREMENTS 

The impedance of the cavity was measured by a network 
analyzer. No dangerous parasitic resonance which may 
excite the coupled bunch instability has not been observed 
up to 30 MHz by the measurement at the acceleration 
gap. Figure 3 shows the impedance curve obtained. The 
peak impedance is consistent with the measurement for 
each core by the ferrite test cavity. Each cell of the cavity 
has 12 cores and the total impedance of the cores is about 
900 Q. at the resonant frequency. As the each cell is 
connected as a parallel circuit, the peak impedance 
becomes about 450 Q. 

1000 

0 10 20 
Frequency (MHz) 

Figure: 3 The impedance of the cavity. 

4    RF  VOLTAGE 

The RF voltage of the cavity was measured by the high 
voltage probe of 1000:1. The driving RF current wass 
also observed by a current transformer(CT). Figure 4 
shows the typical RF voltage when the amplifier was 
operated in class AB operation. Because of the class AB, 
the distortion of the RF voltage by the higher harmonics 
was small. However, it became larger in the class B 
operation. The modification of the amplifier to the push- 
pull one by two tetrodes is being planed. Figure 5 shows 
the gap voltage respect to the observed RF current where 
Ip means the direct current from the plate power supply. 
The maximum voltage obtained in the safe operation 
condition was 10.4 kV per cavity and it is larger than 
required voltage for the main ring. The tetrode was driven 
by the class B operation. The impedance of the cavity 
calculated by this figure was 450 Q. and it was consistent 
with the impedance measured by the network analyzer. 
The maximum voltage obtained was limited by the 
available power of the amplifier and the plate voltage. It 
is expected that higher power amplifier can excite higher 
voltage because the impedance of the cavity is constant. 

In order to obtain the higher voltage, the 
development of a new material has been started. The 
measurement for a small core of the material, FT3L, 
shows that it has higher Q-value and larger impedance 
than FT3M. The perpendicular magnetic field more than 3 
kG is required during the heat treatment to make the core. 
We are designing the special high temperature oven and 
large aperture magnet. 
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Figure 4: The typical RF voltage signal in the class AB 
operation. 

12 

Figure: 5 The gap voltage (solid line) and RF current 
observed by the CT (dashed line) respect to the plate 
current. 

The frequency sweep was performed with no bias 
condition. As shown in Fig. 3, the impedance was almost 
constant for the frequency range of 2 to 3.4 MHz. 
Although there is no tuning system, the RF voltage was 
very stable for the frequency sweep from 2 to 3.4 MHz as 
shown in Fie. 6. 

Figure 6: The RF voltage for the frequency sweep of the 
range of 2 to 3.4 MHz. The repetition rate is 1 Hz. 

5    BARRIER  BUCKET 

Another advantage of the wide band cavity is that it is 
suitable for the barrier bucket. The brier bucket requires an 
isolated pulse. Figure 7 shows the typical RF voltage 
obtained in the class AB operation. The gap voltage was 

twice of the voltage measured. The maximum gap voltage 
of about 11.3 kV was obtained by the class B operation of 
the tube, increment of the plate voltage and modification 
of the cavity into one gap structure by removing the bus 
bars which is connecting with another cell. By this 
modification, the cavity impedance became twice and was 
suitable for the high voltage operation. However, the 
distortion of the voltage is not negligible as the operation 
of the tube was class B. This distortion will be cured by 
the modification of the amplifier into a push-pull 
amplifier by two tetrode tubes. 

2   200    v/ - 
o.ooooo  v I 

-1.3000 us 1.2000 us 3. ?. 

500 ns/div repe 
y2( 2) -362.500 V x2( 2) 200.000 ns 
y n 2 ) 400.000 V xK 2) -I7J 000 ns 

Oel ta u. -762.500 V delta x J7J 000 "5 

Figure 7: The typical barrier bucket voltage signal in the 
class AB operation. 

CONCLUSIONS 

The test cavity using a new material has been developed. 
The voltage more than the designed value has been 
obtained. In order to achieve the higher voltage, a new 
material is being developed. The impedance measurement 
shows that the cavity has no dangerous parasitic 
resonance. An isolated pulse for the barrier bucket was 
generated and the maximum voltage of 11.3 kV was 
obtained. However, the distortion of RF voltage was not 
small because of the class B operation of the single tube. 
It is expected that the distortion will be improved by the 
planned modification of the amplifier to a push-pull 
amplifier. 
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PLUNGER FREQUENCY CONTROL OF THE SIDE COUPLED 
ACCELERATING STRUCTURE FOR THE IFUSP MICROTRON 

J. Takahashi, M.N. Martins, J.A. de Lima, A.A. Malafronte, L. Portante, M.T.F. da Cruz, P.R. Pascholati 
Laboratörio do Acelerador Linear, Institute de Fisica da Universidade de Säo Paulo 

Caixa Postal 66318,  05315-970,  Säo Paulo, SP, Brazil 

Abstract 

A ß = 1 accelerating structure for the IFUSP Microtron 
has been built. The 17-cavity structure and the tuning 
plungers placed at both ends of the structure are de- 
scribed. Details from some of the processes, like ma- 
chining and pre-tuning of the cavities, brazing of the 
pieces and the final tuning of the whole structure are 
given. The final results obtained for the structure are 
presented and the dynamic tuning system based on 
moving plungers described. 

1 INTRODUCTION 

The Instituto de Fisica da Universidade de Säo Paulo 
(IFUSP) is building a 31 MeV cw racetrack mictrotron 
(RTM). This is a two-stage microtron that includes a 

1.93 MeV injector linac feeding a five-turn microtron 
booster (RTM-1). After 28 turns, the main microtron 
(RTM-2) delivers a 31 MeV continuous electron beam. 
The injector linac consists of a 0.97 m long capture sec- 
tion and a 1.35 m long pre-accelerator. The whole accel- 
erator uses only 38 kW of RF power, provided by a sin- 
gle 50 kW cw klystron, operating at 2.450 MHz. The 
100 keV injection beam line, the end magnets for the 
microtron booster and the ß = 1 accelerating section for 
the main microtron have been assembled. The fabrica- 
tion of the other 3 RF sections is under way. 

2 THE ß=l IFUSP STRUCTURE 

The 1.04 m long ß = 1 structure for the main microtron 
is composed of 17 accelerating cells (AC) and 16 cou- 
pling cells (CC) brazed together as showed in Fig. 1. The 

1,10m £L 
3        C I 

step 
motor 

Figure 1: Schematic drawing of the ß=l structure 
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engineering project is a side coupled design (SCS) de- 
veloped at Los Alamos National Laboratory [1]. We 
chose the side coupled design because the vacuum prop- 
erties are better and the power flow droop is lower than 
those of the coaxially coupled design, and it presents a 
shunt impedance better than 81 MQ/m with a coupling 
factor between 3 to 5 %. 
Two tuning plungers located at both end cells of the ac- 
celerating section compensate automatically for the 
resonance frequency variations caused by eventual 
changes in the structure temperature. The tuning plunger 
design (see Fig. 2) is based on the one used in the Mainz 
Microtron [2]. The plunger is moved whenever a phase 
difference between the RF input and one of the structure 
cavities is detected. The position of the plungers was 
chosen by practical considerations (see Fig. 1). Each 
section carries three 50 dB diagnostic probes, two with 
the same phase difference relative to the RF input. 

Figure 2: Schematic drawing of the plunger 

3 FABRICATION 

3.1 Machining 

The segments were rough machined to 0.2 mm, annealed 
under vacuum for 4 hours at 600°C and then fine ma- 
chined for their final dimensions, except for the lengths 
of the nose cone of the accelerating cavity and the cylin- 
drical nozzle of the coupling cavity, that were kept 

longer by 1 mm and 0.5 mm, respectively. Then, instead 
of trying to determine the nose cone length with the re- 
quired mechanical accuracy for the tuning, the nose cone 
was machined to its final dimension by measuring the 
resonance frequency of the cavity with it still fastened to 
the lathe. During this procedure the temperature of the 
cavity was kept constant. An analogous procedure was 
adopted for the coupling cavities. The quality factor, Q, 
of the accelerating cavities was rather sensitive to the 
finishing of the surface. The finishing was performed 
with a diamond tool with a 0.5 mm radius semicircle 
profile. A surface roughness of 0.3 \un (RMS) was 
measured. 
The final step before brazing was the machining and 
tuning of the cavity with the wave guide coupling, to be 
placed in the midst of the structure. The dimensions of 
the opening slot (8.8x33.4 mm2) were determined em- 
pirically to give a slightly overcritical coupling. The 
SWR is 1.18 without beam loading and 1.05 with a beam 
loading of 10% (corresponding to a 50 |JA current). 

3.2 Brazing 

Due to the complex shape of the side coupled structure, 
the brazing of its several components could not be done 
in a single step. The number of steps was reduced to 
three by the use of special supports and dynamic guides 
developed in order to allow the brazing of pieces in both 
horizontal and vertical positions s imultaneously. 
The following brazing alloys were used: for cop- 
per/copper-joints the eutectic Ag/Cu (Cusil, 780°C), for 
stainless steel/copper-joints Ag/Cu/Pd (Palcusil 10, 832- 
853CC), and for the wave guide and the wave guide cou- 
pling cavity joints, Ag/Cu/Pd (Palcusil 15, 853-900°C). 
All brazings were done in a vacuum furnace (made in 
the lab) with molybdenum heating elements and, there- 
fore, a highly oxygen free vacuum (~5xl 0'6 torr at 
850°C). Thus, nickel plating of the stainless steel pieces 
was not necessary. Due to the extreme care taken to ma- 
chine and braze the cavities and to the excellent charac- 
teristics of the vacuum furnace, no vacuum leaks were 
detected in any of the 64 junctions of the structure. 

3.3 Final Tuning 

During the brazing procedure, small changes in the ge- 
ometry of the cavities may happen, due to the thickness 
of the filling alloy. They affect the frequency of the 
cavities, thus changing the resonance frequency of the 
structure. Four methods were developed in order to al- 
low changing the frequency either up or down on both 
accelerating and coupling cavities [3]. Those methods 
allow corrections of ± 2 MHz in the frequencies. Every 
cavity was tuned to within ± 10 kHz of the nominal fre- 
quency. Fig. 3 shows the accelerating field distribution 
after the tuning, measured by the bead pull method. 
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Figure 3: Accelerating field distribution 

4 RESULTS 

After the brazing and the final tuning of the structure, its 
parameters were measured in order to have an accurate 
description of its performance. Table 1 shows the pa- 
rameters that were directly measured, while Table 2 pre- 
sents the parameters that were derived from those meas- 
ured. 

TABLE 1. Parameters of the structure (measured) 

Parameter Value 
Resonance frequency 2,450,000(5) kHz 
Ratio Zel/Q„ 5,580(36) Q/m 
Quality factor 16,000 
SWR (standing wave ratio) <1.18 
SWR with a 10% beam loading <1.05 

TABLE 2. Parameters of the structure (derived) 

Parameter Value 
Frequency of accelerating cavity 2,458.31 MHz 
Frequency of coupling cavity 2,444.67 MHz 
Nearest   neighbor   coupling   con- 
stant, k 

3.2% 

Direct coupling between acceler- 
ating cells, k, 

-0.68% 

Direct coupling between coupling 
cells, k„ 

0.46% 

Stop band width 510 kHz 

5 DYNAMIC TUNING 

The accelerating field amplitude is controlled by the RF 
power injected in the structure and also by the resonance 
frequency of the structure. There are two ways to control 

the resonance frequency: controlling the temperature of 
the structure or de-tuning the frequency of some of the 
cavities. The second method can be achieved by the use 
of moving plungers that change the geometry, and thus 
de-tune the frequency, of the two extreme accelerating 
cavities. A de-tuning of the two end cavities by 425 kHz 
produces a change of 50 kHz in the resonance frequency 
of the structure. Frequency changes of that order can be 
made very fast through the plungers and are very slow 
through the temperature. The accelerating field distribu- 
tion was measured along the structure for several posi- 
tions of the plungers. We noticed that changes of up to 
80 kHz (~2°C) in the structure frequency can be made 
without any noticeable change in the structure parame- 
ters. We developed an automatic system, using a Double 
Balanced Mixer to probe the structure frequency, to 
control the step motor that move the plungers. With this 
system we managed to keep the frequency tuned and the 
accelerating field stable within 0.15%, with the tem- 
perature of the structure kept within ± 2°C. 

6 CONCLUSION 

The accelerating structure built at IFUSP has been 
tested, showing excellent parameters. The effective 
shunt impedance is 10% higher than expected, which is 
very promising, since this will allow us to operate the 
RTM using -9% less RF power than initially planned. 
The dynamic tuning system that uses moving plungers in 
the extreme cavities, developed at IFUSP, proved to be 
very efficient and fast in keeping the structure tuned, 
even when submitted to conditions worse than the ex- 
pected to occur during normal operation. 
The machining and brazing of the pieces that compose 
the structure, which were done at the lab, proved to be of 
excellent quality, since the structure performance was 
higher than the expectations. 
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MEASUREMENT AND IDENTIFICATION OF HOM'S IN RF 
CAVITIES 

D.A. Goldberg and R. A. Rimmer, LBNL, 1 Cyclotron Road, Berkeley, CA 94720, USA 

Abstract 

One of the major sources of beam impedance in 
accelerators is the higher-order modes (HOM's) of the RF 
cavities. We report here on a number of techniques for 
the identification of HOM's and measurement of their 
properties. Central to these techniques is the application 
of symmetry principles and the effects of symmetry- 
breaking perturbations (including mode-mixing) to the 
"standard" techniques of spectrum measurements and bead 
pulls. A fuller report is being prepared for publication[l]. 

INTRODUCTION 

In the course of a recent study, involving the RF 
cavities for the PEP-II B-factory,[2] we have developed a 
number of techniques for the identification and measure- 
ment of HOM's. In the belief that others working on 
similar problems might benefit from our experience, we 
offer the present summary of those techniques. 

Throughout the discussion it will be assumed that 
the cavity can be approximately characterized by some 
symmetry for which a classifiable set of excitation modes 
exist (e.g., multipoles, for a figure of revolution). We 
further assume a one-to-one correspondence between these 
idealized modes and the modes of the actual cavity, 

although we will point out instances where this latter 
assumption may break down. 

To illustrate for the non-specialist the complexity of 
the problem, we present in Fig. 1 a portion of the spec- 
trum of the prototype PEP-II cavity. The dashed curve 
shows the spectrum obtained when the asymmetries in 
the cavity are "removed" by masking the various apertures 
to make it into a figure of revolution; the solid curve 
shows the spectrum for the cavity with all symmetry- 
breaking apertures open, but with the HOM-damping 
loads absent. 

FUNDAMENTALS 

Tools and Methods 

Experimental Tools: The techniques described here 
involve transmission (S21) measurement of the frequency 
spectra of the cavity: A signal is injected by an antenna 
at one end of the cavity and detected by an antenna at the 
other. Since only TM modes are of interest, our 
antennas take the form of electric probes which are 
oriented parallel to the longitudinal axis of the cavity at 
the inner radius of the beam tube aperture (see Fig. 2). 
Their mounting structure permits both longitudinal and 
angular positioning of the probes. 

device under test 

1.4 1.5 1.6 

Frequency (GHz) 

FIG. 1. Partial spectra of the "bare" cavity (offset by 20 dB 
for clarity) and the cavity with all symmetry-breaking ports 
open. The bare-cavity peaks are labelled with the mode 
designation obtained from the modelling code URMEL (see 
text). 

*This work was supported by the U.S. Department of Energy 
under contracts DE-AC03-76SF00098 (LBNL), DE-AC03- 
76SF00515 (SLAC) 

FIG. 2. The prototype PEP-II RF cavity mounted in the bead 
puller (see text); the "bead" used in the work described here is 
actually in the shape of a needle. The S21 measurements are 
made by connecting the ports of a network analyzer to the 
two rotatable antennas. 

We also make measurements of the shift of the 
spectrum resulting from the introduction of a perturbing 
object, a technique known generically as a "bead pull".[2] 
The method makes use of the fact that the introduction of 
a perturbing object produces a frequency shift which is 
proportional to the square of the local electric and 
magnetic fields at the location of the object (the 
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"bead").[3] For TM fields, a needle probe oriented parallel 
to the longitudinal axis responds almost exclusively to 
the longitudinal electric field. Measuring the frequency 
shift as a function of the axial position of the needle 
permits one to map the axial distribution of the 
longitudinal electric field and, in turn, to calculate 
longitudinal beam impedance (see Ref. 3). A series of 
longitudinal bead pulls with the bead offset at different 
transverse positions (a "transverse scan") permits 
calculation of transverse impedance. Independent control 
of the x- and y- transverse positions permits moving the 
bead along a circular path in the transverse plane, 
enabling measurement of the angular variation of the 
longitudinal field ("angular scan"). 

Analytical Tools: The principal tool is a 2-D simula- 
tion code, such as URMEL [4],which provides a 
catalogue of the modes of an idealized (symmetrical) 
model of the cavity, and identifies the modes by their 
multipolarity and longitudinal parity (see below). While 
a 3-D numerical field solver can, in principle, predict 
frequencies exactly, it does not provide such identifica- 
tion, and in practice is generally limited by computer 
memory size as to the accuracy and/or the number of the 
modes it can calculate. 

Also useful is an impedance-calculating routine 
which can obtain the multipolarity of a given mode from 
transverse-scan data. Finally, we utilize a curve-fitting 
routine, which helps determine (relative) longitudinal 
parity, and measure Q-values for highly damped modes 
(needed for impedance determination), and can also 
determine the mixture of multipoles from angular scans. 

Symmetry Considerations 

Longitudinal Parity- For a cavity which exhibits reflec- 
tion symmetry about the longitudinal midplane, the 
modes can be classified according to whether the longitud- 
inal electric field is symmetric or anti-symmetric about 
the symmetry plane. In URMEL parlance, such modes 
are classified as E and M modes respectively, referring to 
whether the boundary conditions at the longitudinal 
midplane are "electric" (the electric field is normal to the 
midplane) or "magnetic" (the magnetic field is normal to 
the midplane). Since for E modes Ez (-z) = Ez(z), the E 
fields of these modes are said to be of even parity, and 
those of the M modes, odd. Using the same convention, 
for any TMmnq mode, the parity is even for even q; odd, 
for odd q. 

Transverse Parity - For a cavity with rotational symmetry 
or with a plane of transverse reflection symmetry, modes 
can be classified according to their transverse reflection 
symmetry. Modes other than monopoles occur in pairs, 
e.g., for a cavity with (a possibly broken) rotational sym- 
metry, these are in pairs of 2n poles. For odd n (e.g., 
dipoles), one member will exhibit odd parity with respect 

to reflection in the symmetry plane and even parity with 
respect to the orthogonal plane, and the other member the 
opposite parities; for even n, the one member will exhibit 
both parities to be even, and the other, both odd (e.g., the 
normal and skew quadrupole pair, respectively). 

Mode Mixing and Mode Anchoring 

Attempts at mode identification applying the above 
principles in an overly simplistic way can be confounded 
by the phenomenon of mode mixing. [5] The presence of 
perturbing objects can couple not only modes which 
were degenerate in the absence of the perturbation, but 
even modes which were not. 

The most obvious adverse consequence of mode 
mixing is simply that one fails to account for it and 
assumes that the modes of the unperturbed, symmetric 
cavity retain their identities in the presence of perturba- 
tions such as dampers, couplers, etc., and overlooks the 
the fact that if, for example, a nearby monopole and di- 
pole mix, to assess their effect on the beam, one must 
take into account the monopole impedance of both the 
resulting modes, as well as the dipole impedance of both. 
A more subtle problem occurs when one attempts to iden- 
tify the modes of the unperturbed cavity by measuring the 
spectrum with the insertions removed and the ports cov- 
ered over. In that highly symmetric configuration, the 
measuring probes themselves become the symmetry- 
defining objects. Hence if one wishes to use a probe- 
positioning technique to identify the modes, it is gen- 
erally necessary to deliberately include some symmetry- 
breaking perturbation in order to "anchor" the modes so 
that their orientation is unaffected by the probe postions. 

EXPERIMENTAL   TECHNIQUES 

Probe Positioning 

Effect of Probe Angles on Peak Selectivity 

**Y 
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FIG. 3.    Effect of probe angle on relative amplitudes of 
members of the 1M3 dipole pair. 

3002 



For multipoles whose components are suitably 
anchored, selective suppression of the components can 
be achieved as the probe angles are varied relative to the 
anchoring axes, and multipole identification can be made 
based on periodicity of suppression. This is illustrated in 
Fig. 3. for the case of the 1M3 dipole pair. Note that 
with probes at a relative angle of 90° (it would be 45° for 
quadrupoles, etc.), and one of them aligned with the 
anchoring axis, probe 2 is insensitive to the dipole 
component excited by probe 1. 

(Longitudinal) Parity Signature 

One can identify the (relative) longitudinal parities 
of adjacent modes according to whether the region 
between them is characterized by a notch in the amplitude 
and a discontinuity of n in the phase (like parity) or their 
absence (opposite parity). The case of modes of like 
parity is illustrated in Fig. 4. Note that the more well- 
separated the peaks are (relative to their respective Q- 
values) the more closely their interfering amplitudes 
approach a relative phase of it, and hence the more nearly 
complete the cancellation (the deeper the notch). The 
smooth transition between peaks of opposite parity can 
be seen in Fig 1, in the region between the 1M4 and 1E4 
peaks. 

1.585 

frequency (GHz) 

FIG. 4.   Characteristic notches between adjacent peaks of like 
longitudinal parity, accompanied by an abrupt phase jump of 
~n. 

Bead Pulls 

Longitudinal scans, primarily intended for measuring 
longitudinal shunt impedance, can assist in mode identifi- 
cation by enabling one to compare the longitudinal field 
distribution with URMEL predictions. Transverse scans 
(for unmixed, or non-overlapping modes) permit quantita- 
tive determination of multipolarity and transverse 
impedance by plotting the longitudinal shunt impedance 
vs transverse displacement. Angular scans principally 
aid in determining the multipole mixture for cases of 
overlapping modes or mode mixing. This is shown in 
Fig.5 for the case of the 1E6 dipole, which, in the 

presence of damping, experiences overlap with the nearby 
2M4 quadrupole and 0M3 monopole. A similar scan 
taken 10 cm downstream of the midplane shows a reversal 
of the dipole phase relative to that of the monopole and 
quadrupole, consistent with the latter two having 
longitudinal parity opposite that of the 1M3. 

TTk 

 Data   : 
 Fill   ! 

4 I 
Amplitude Phase 

Monopole:    1.13 
Dipole:         10.7 -133 
Quadrupole: 3.59 -47.6 
Sextupole:    0.343 -121 
Ootupole:     0.276 -127 

Data Offset: 22 kHz 

\rigular Distribution of 1E6 Dirio^ 
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Angle (deg) 

FIG. 5. Angular scan of the 1E6 dipole in the presence of 
damping. 

CONCLUSION 

A fairly complete characterization of an RF cavity is 
possible with a few basic tools and concepts including 
movable antennas, bead pulls on and off axis, signatures 
arising from mode parity and angular distribution, in 
addition to a catalog of the unperturbed modes of the 
system. 
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Abstract 

We describe the process of conditioning and high-power 
testing of RF cavities for PEP-II. Procedures for vacuum 
assembly, bakeout and automated processing are 
described. Interlocks and safety precautions for protection 
of equipment and personnel are discussed and performance 
data of tested cavity assemblies are reported. Performance 
of ancillary components such as windows, couplers and 
tuners is also discussed. Comments are included on 
handling, alignment, installation and commissioning 
issues where appropriate. 

1  INTRODUCTION 

The RF system for the PEP-II asymmetric B factory 
[1] uses 26 copper accelerating cavities to replenish the 
energy lost by the beams as they circulate in the highl- 
and low-energy storage rings. The high-energy ring 
(HER), requires 20 cavities powered by five 1.2 MW 
klystrons. The low-energy ring (LER), which requires 
less voltage but more beam current, uses 6 cavities and 3 
klystrons. Each cavity is installed on a raft along with all 
of the ancillary components, window, coupler, tuner, 
HOM loads, etc., and each completed assembly is 
individually power tested and conditioned in a dedicated 
test stand before installation in the tunnel. This reveals 
any possible faults before installation and greatly 
simplifies station commissioning in the rings because the 
pre-conditioned cavities can be brought back up to 
operating power in a short time. 

2  CAVITY  PREPARATION 

Each cavity is cleaned for UHV operation, including 
a final mild chromic acid etch, and delivered to the 
assembly clean room filled with dry nitrogen to minimize 
reoxidization of the surface. Care is taken in the cleaning 
process to remove any particulates, high-points and 
evaporated coating from the final e-beam welding 
processes, which take place inside the cavity. 

Vacuum assembly takes place in a class 100 clean 
room with a constant nitrogen purge through the chamber 
and care is taken to minimize the ingress of dust or 
contaminants. All openings are flanged off or covered 
with clean aluminum foil unless otherwise required for 

assembly. The HOM loads, tuners, coupler, window, ion 
pump, vacuum gauge, pick-up loop and view-port flanges 
are all fitted at this stage, see figure 1, and the assembly 
is leak-checked with helium before moving to the bake- 
out oven. 

window 

*This work was supported by the U.S. Department of Energy 
under contracts DE-AC03-76SF00098 (LBNL), DE-AC03- 
76SF00515 (SLAC) 

tuner 

Figure 1. HER cavity raft assembly. 

The completed raft assembly is installed in a panel 
oven with radiant heater elements that are shielded to 
prevent direct illumination of the cavity. The hot air is 
circulated with a fan to minimize temperature gradients 
within the cavity assembly and reduce the chance of 
vacuum leaks due to differential expansion of flanges. The 
oven follows a programmed ramp up to 155°C at 
5°C/hour or slower if the vacuum pressure exceeds 2xl0"6 

Torr, see figure 2. 
The temperature is held until the pressure stabilizes 

at less than 5xl0-7 Torr and then ramps down at 
5°C/hour. The base pressure at room temperature after 
bakeout is usually less than 5xl0~9 Torr. The window and 
coupler flanges are retorqued after baking. 

3 RF CONDITIONING 

The baked cavity assembly is then made ready for 
high-power testing by fitting the water pipes, 
thermocouples and tuner actuator. The raft is installed in 
the test bunker and hooked up to the deionized water 
supply, which is stabilized at 35°C. The bunker is a 
concrete vault with a lead lined door and safety interlocks, 
including a search sequence, to prevent possible exposure 

0-7803-4376-X/98/$10.0O©1998 IEEE 3004 



of personnel to radiation during processing (the cavity 
produces low-levels of X-rays during processing and 
significant radiation from dark current at high fields). The 
power source for RF processing is a 500 kW PEP-I type 
klystron, rebuilt and retuned to operate at 476 MHz, and 
protected by a circulator. Processing of the cavities is 
controlled   by   a   Macintosh™   computer   running 
Labview™ software. Fast interlocks for vacuum pressure, 
klystron reflected power and arc detectors (window and 
cavity) are hard-wired into the test stand "crowbar" circuit, 
along with those interlocks required to protect the 
klystron and the Personnel Protection System (PPS) 
interlocks from the bunker. 
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Figure 2. Typical cavity bakeout profile 
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The computer can control the RF drive level to the 
klystron and monitors the cavity vacuum, cell voltage, 
forward and reflected power, window and body 
temperatures and turns off the drive if they go outside of 
acceptable ranges. It also registers which interlock signal 
triggered first in the event of a station trip. The interlock 
status can be reset from the computer but this is not done 
automatically for safety reasons. The RF source is a 
signal generator that can be operated in continuous wave 
(CW) or frequency modulated (FM) modes. The test stand 
can be operated manually from the computer interface or 
the cavities can be processed automatically by the control 
program. The computer interface can be monitored or 
controlled remotely (with password protection). 

The initial conditioning of the cavity is done with 
FM sweeping about the cavity resonant frequency. This 
allows controlled outgassing of the cavity and processing 
through various multipactor levels with less risk of 
breakdown than in CW operation. FM sweeping achieves 
similar results to amplitude modulation (AM) with low 
duty factor, but is easier on the klystron since it produces 
a constant output. The power reflected from the cavity off 
resonance ends up in the circulator water load. Most FM 
processing is done with a 320 kHz frequency deviation at 
a 1 kHz sweep rate, although a 640 kHz deviation, 400 
Hz rate is sometimes used to scrub out residual gas (this 

covers a wider range of voltages and moves slightly more 
slowly through resonance giving a longer pulse length). 
The vacuum interlock is set to trip the station off at 
5xl0"7 Torr to prevent operation at high power with bad 
vacuum, which may be hazardous to the window. The 
automated processing algorithm slowly ramps up the 
drive power while keeping the vacuum pressure below a 
pre-set threshold, usually on the low 10-8 Torr scale. The 
gas is typically evolved in small bursts and by using a 
suitably slow ramp rate these can usually be kept below 
the trip level. If the vacuum goes above the user set-point 
the drive level ramps down and the vacuum quickly 
recovers. Once the pressure is good again the upward 
ramp resumes. Occasionally a larger gas burst or other 
fault will trip off the station and this must be manually 
reset by the operator. 

Once the cavity has been conditioned through the 
low-voltage regime, where a lot of multipactor-induced 
outgassing occurs, the amplitude will usually increase 
more quickly until the maximum cell voltage required is 
attained. This is generally set a little higher than the 
desired CW operating voltage. This maximum FM 
amplitude is maintained until the vacuum pressure drops 
to a suitably low level, usually on the mid 10'9 Torr 
range. The base pressure without power at this stage is 
usually on the low 10~9 Torr scale. 

Once FM processing is complete the source is 
switched to CW at 476 MHz and the auto processing loop 
ramps up as before. The vacuum threshold is usually set 
lower in this case (e.g.: lxlO"8 Torr), because of the 
increased power available in case of breakdown. A tuner 
feedback loop keeps the cavity on resonance. 

During CW processing at high power there is 
occasional arcing in the cavity or the coupler which is 
picked up by photo-diode detectors which trip the RF 
power off within 15 u.s to prevent damage. Occasional 
arcing appears to be a normal part of high-power 
conditioning as small surface imperfections or dust 
particles are burned off and the frequency of arcs should 
decrease with processing. Persistent arcs in the cavity 
may indicate a more serious problem and repeated arcs or 
glowing at the window may indicate a defective or 
contaminated window coating. 

A TV camera is used in the bunker to observe the 
movable tuner through a small viewport in the cavity. 
Occasionally some glowing in the tuner gap, outgassing 
with tuner movement or small incandescent sites on the 
wall of the cavity are observed during processing [2]. 
These generally diminish or disappear with time and do 
not appear to limit cavity performance. 

Once full operating power has been achieved this 
level is held constant while the vacuum improves. 
Occasional arcs or gas bursts may trip off the station but 
the cavity can usually be brought back to full power very 
quickly, and the frequency of such trips generally 
decreases with running time. The cavities are processed in 
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the test stand until they can run for at least 24 hours 
without tripping. Reliability is expected to continue to 
improve with operation in the accelerator. Figure 3 shows 
the conditioning history for a typical HER cavity. 
Because of time lost to trips etc., the conditioning 
process usually takes about a week. 
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Figure 3. Typical HER cavity processing history 

4 CAVITY  PERFORMANCE 

All of the 12 cavities tested so far have been 
successfully processed to the HER commissioning 
voltage of 800 kV (about 86 kW wall dissipation), or 
above in a reasonable time. About 700 kV per cavity will 
be required for normal HER operation. Some cavities 
have been processed up to LER voltage (850 kV, 103 
kW), which takes a little longer but otherwise appears to 
be straightforward. The cavities were designed for a 
maximum of 1 MV at 150 kW dissipation. 

The windows have all performed well, with 
temperature rises in the ceramic of 17 to 24 °C at HER 
power levels. One cavity assembly exhibited some air- 
side window arcing, possibly due to charging of the 
ceramic, but this conditioned away with further FM 
processing. All of the tuners have behaved well at full 
operating power with no sparking at the spring-finger 
contacts. 

5 TUNNEL  INSTALLATION 

The tested RF cavity raft assemblies are delivered to 
the tunnel under vacuum, installed in the straight- 
sections, connected to the waveguides and the water 
supply and aligned using a six-strut support system. The 
cells are continuously purged with dry nitrogen while the 
connections are made to the neighboring vacuum 
chambers. 

The cavity pick-up loops are connected to the low- 
level RF electronics upstairs via calibrated low-loss 
cables and the length of each arm of the waveguide 
network is adjusted to achieve the correct phases at the 
cavities. 

6  STATION  COMMISSIONING 

Once the PPS interlocks for the tunnel are made up 
the RF cavities can be energized. The high-voltage power 
supplies are previously tested up to full power with the 
klystron output going into water loads. Once the stations 
are connected to the cavities a processing algorithm 
similar to that used in the test bunker is used to bring 
them back up to operating power levels. So far the first 
two HER stations (8 cavities) have been successfully 
commissioned. In the normal case of a controlled vent for 
installation this happens quickly, however if the cavities 
are accidentally exposed to tunnel air then several days of 
re-processing are required. The cavities appear to recover 
completely from such exposure although the long term 
effects, if any, on the cavity or window performance are 
not yet known. 

7   CONCLUSIONS 

The processes for cavity cleaning, bakeout and 
automated conditioning have been shown to be effective 
in achieving operational levels of performance in a 
reasonable time. Testing, installation and commissioning 
of high-energy ring cavities is proceeding smoothly and 
production of the remaining HER and LER raft 
assemblies is expected to continue in this vein. Careful 
bakeout following a prescribed temperature profile and 
with a sustained hold at greater than 150°C has proven 
valuable in speeding conditioning time compared to 
previous unbaked examples [3], especially with regards to 
window performance. Processing with FM sweeping to 
peak voltages above those required for operation allows 
for the controlled evolution of gas with minimal 
breakdown and safe window operation and permits rapid 
processing in CW mode with good vacuum. 
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Abstract 

This paper presents the major steps used in the fabrication 
of the 26 RF Cavities required for the PEP-II B-factory. 
Several unique applications of conventional processes 
have been developed and successfully implemented: 
electron beam welding (EBW), with minimal porosity, of 
.75 inch (19 mm) copper cross-sections; extensive 5-axis 
milling of water channels; electroplating of .37 inch (10 
mm) thick OFE copper; tuning of the cavity by profiling 
beam noses prior to final joining with the cavity body; 
and machining of the cavity interior, are described here. 

1   INTRODUCTION 

"Rarely [have we] faced so complex a manufacturing task 
as the cavities" [1]. To present all of the interactions, 
dependencies, and processes among the different 
disciplines and organizations involved in the 1700 labor 
hour effort to produce a single RF Cavity is difficult. 
This paper is therefore divided into major subsets of the 
process. 

2 CAVITY   BODY   FABRICATION 

2.1 Fabricating Copper Bowls 

The fabrication process begins with a class 2 [2] OFHC 
copper plate of 1.5 inch (38 mm) thickness and 39 inch (1 
m) diameter. The thickness is reduced to 1.25 inch (32 
mm) by diamond fly-cutting an equal amount of stock 
from each side. This removes any subsurface 
contaminants that may have been imbedded during the 
rolling process at the mill. Relief of skin stresses is an 
additional benefit of this procedure. 
The desired shape is obtained by forcing the stock plate 
through a 21.75 inch (552 mm) diameter ring with a 
mandrel. This operation is performed at room temperature. 
The mandrel's shape is a slightly undersized version of the 
cavity's inner contour. 

2.2 Equatorial Electron Beam Weld Preparation 

A numerically controlled lathe is used to machine the 
inner contour of the bowls, leaving .08 inch (2 mm) 
stock material for removal after subsequent processing. 
We allowed .02 inch (.5 mm) on the face of the bowls to 
compensate for shrinkage during the welding together of 

the two halves. The outer contour is machined to final 
size at this point. Datum features, used until late in the 
fabrication process, are cut into the bowl halves at this 
time 

2.3 Electron Beam Welding the Equatorial Joint 

For the prototype cavity we developed EBW parameters 
that would bury the root porosity in a 0.5" (12.5 mm) 
thick sacrificial backing-bar located on the exit side of the 
weld joint. The backing-bar was removed during a 
subsequent machining operation. For the production 
cavities we adapted the "over penetration" technique used 
for the equatorial ports, thus eliminating the backing bar. 
We effectively mitigated problems with porosity in the 
weld taper-off by centering a port penetration over the 
taper off area. Distortion due to welding proves to be 
negligible; therefore, we are not forced to reestablish 
datum surfaces following this welding operation. 

nose-cone RF iris coup electroformed copper 

body with 
cooling 

channels 

* This work was supported by the US Department of Energy 
under contracts W-7405-ENG-48 (LLNL) DE-AC03- 
76SF00098 (LBNL), DE-AC03-76SF00515 (SLAC) 

fixed-tuner 
port 

pick-up loop/view port 

Figure 1: An exploded view of a PEP-II RF cavity, body 
cooling channels on one half (exposed), equatorial and 
HOM port inserts, nose-cones and "lid" section. 

2.4 5-Axis Milling of Water Channels 

The cavity body contains six discrete cooling circuits 
totaling approximately 780 inches (20 m) in combined 
length, figure 1. The intricate geometry was electronically 
transferred from the designer's computer to the 
manufacturer's programming system. The water channels 
were cut into an epoxy model, then inspected to verify the 
accuracy of the machine tool program before proceeding 
on   the   copper   cavity   body.   A   reference   hole   is 
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incorporated to establish a clocking orientation for the 
water channel and port penetration. 

2.5 Electroplating ofOFE Copper 

A machinable wax is placed into the water channels. This 
serves as a space holder during the electroplating operation 
that generates the covering for the channels. Silver powder 
is burnished into the wax to provide a conducting surface. 
The activation procedure removes excess silver and any 
other residues from the copper body to ensure proper 
adhesion between the plating and the cavity body. 
The cavity is rotated at 5 RPM while fully submerged in 
an acid sulfate chemistry. An intermediate machining of 
the outer contour is required prior to achieving the final 
plating thickness of .4 inch (10 mm). 

2.6 Water Channel I/O Location and Port Penetrations 

Referencing the clocking hole allows us to locate the inlet 
and outlet points of each cooling channel after they have 
been covered by the electroplating. We place a pipe 
threaded hole at each end of the cooling channels to ensure 
a positive joint during the dewaxing procedure. These 
holes are reworked in a future operation to accept welded 
fittings. 
We cut the port penetrations into the body leaving them 
.08 inch (2 mm) undersize to avoid damaging the final 
penetrations during dewaxing. The precise location of the 
port penetrations ensures the proper relationship between 
cooling water and port bodies. This is crucial due to the 
high body temperature predicted by computer models 
during the design phase [3]. 

2.7 De-Waxing of Water Channels 

The cavity body is heated to approximately 100 °C with a 
hot air gun to soften the wax. The viscous wax is forced 
from the water channels with 90 psi (620 kPa) of air 
pressure. Once an air passage is established teflon hoses 
are attached and perchloroethylene is pumped through the 
cooling channels for 30 minutes to remove the remaining 
wax. A final rinse with clean solvent is done to ensure the 
wax is cleared from the water channels. A 15 minute 
hydrostatic test at 300 psi (2 MPa) is performed to ensure 
the integrity of the bond between the electroplated copper 
and the parent material. 

2.8 Finishing of Port Penetrations 

The nine port penetrations are finished to a tolerance of 
.002 inch (.05 mm) to help ensure successful EBW of 
ports to the cavity body. The electroplated copper is 
relieved from the weld joint area so that the EB weld is 
only in the parent metal, thus avoiding potential water to 
vacuum leak paths. 
The cavity body is degreased, deoxidized, and etched in a 
chromic acid bright dip, removing approximately .0002 
inch (.005 mm) to provide a clean part for EBW. The 
cavity is then wrapped in lint free paper and aluminum 
foil for shipping to the welding vendor. 

3 PORT   AND   LID   FABRICATION 

The 11 ports welded to the cavity consist of five 
styles — Iris, Tuner, Observation, HOM, and Beam nose - 
- performing different functions, yet all using similar 
fabrication techniques. 

3.1 Fabrication of Ports 

The ports are fabricated as piece parts; the copper 
components are assembled by hydrogen furnace brazing 
with a 35Au65Cu alloy. The features that mate with the 
cavity body are then machined to final specification. The 
beam nose ports retain .4 inch (10 mm) stock material in 
length during this fabrication stage, allowing for the 
tuning process. 
The HOM port fabrication process incorporates the 
stainless steel vacuum flange blank during brazing. The 
vacuum and RF sealing surfaces of the flange are 
machined after this brazing to avoid the distortion due to 
welding processes typically used for this type of 
component. The features that mate with the cavity are 
then finalized. 

3.2 Lid Fabrication 

The cavity lid is fabricated from a 16 inch (406 mm) 
diameter by 2 inch (50 mm) thick plate of OFHC copper. 
The lids are processed similarly to the cavity bodies, 
namely, water channel formation by plating, and EBW 
joining of a port. The lid/beam nose sub assembly is 
machined after welding to generate precise locating 
features that mate with the cavity body. The beam nose is 
machined to its final length prior to being joined to the 
cavity body. 

4 ELECTRON   BEAM   WELD   ASSEMBLY 
OF CAVITY AND PORTS  [4] 

The cavity body and nine ports are joined with EBW 
technology. We developed several different techniques to 
ensure we met the vacuum, structural, and electrical 
criteria for the PEP-II RF Cavity. At this stage the 
mounting pads are also EB welded to the cavity body. 

4.1 Two Stage Welding of HOM Ports 

Three HOM ports are welded into the cavity body from 
the inside using a 75% penetration structural weld 
followed by a cosmetic wash-weld. The wash-weld uses a 
very diffuse beam that gently "stirs" the weld pool, 
resulting in a smooth, uniform surface. No porosity is 
visible in the weld taper-off area after finish machining. 

4.2 Over Penetration Welding of Equatorial Ports 

We theorized that the root porosity could be "blown 
through" the weld joint from the outside when attaching 
the six equatorial ports. This process requires the beam to 
over penetrate the joint, necessitating a beam stop. We 
anticipated small porosities in the weld taper-off area 
when we machine the surface final RF;  therefore, the 
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taper-off area is positioned so EB wash welding is 
possible for repairs. 

5 FINAL  MACHINING  OF  THE  CAVITY 

5.1 Datum Transfer 

We transfer the original datum to surfaces on the 
mounting pads using a horizontal spindle CNC milling 
machine. This transfer is required since the original datum 
must now be removed. This operation enables us to 
mount the cavity in a fixture that will be used for all 
subsequent operations, thus ensuring the proper 
relationship among the final features. Mounting holes and 
fiducial locations are precisely located for attaching and 
aligning the cavity in its raft assembly. 

5.2 Final Machining ofRF Surface 

The openings for the lid sub assembly and its opposing 
beam nose are machined on a CNC vertical turning lathe. 
This joint is for EBW; therefore, tolerances of .002 inch 
(.05 mm) are held. 
The final machining of the RF surface is also performed 
at this step. Using the lid opening for access, the tungsten 
carbide tool shaves away the .08 inch (2 mm) stock that 
was left in the initial processing of the bowls. The final 
RF surface is a 40 |Xinch (1 (im) Ra finish and is within 
.005 inch (.012 mm) of the nominal profile. 
This operation reveals any pits we will see in the weld 
taper-off area of the equatorial port welds. These voids are 
sealed with EBW, leaving smooth repaired spots which 
are preferable to the pits. 

5.3 Electron Beam Welding of Lid to Cavity Body 

The lid subassembly is EB welded to the cavity body in a 
two stage process. The initial weld, a 75% penetration 
structural and vacuum weld is made from the outside of 
the cavity. This is followed by a cosmetic wash weld on 
the inside surface. The smooth undulations of the internal 
weld bead do not significantly affect the operation of the 
cavity. The internal welds do however result in the 
deposition of a copper foil on the RF surface which must 
be removed during the cleaning procedure. 

5.4 TIG Brazing of Water fittings 

Stainless steel water fittings are attached to the 
electroplated copper of the cavity using a conventional 
TIG torch and 72Ag28Cu braze alloy. Weld prep grooves 
are needed to thermally isolate the weld area, as the heat 
otherwise dissipates throughout the cavity too rapidly. 

6 TUNING  AND   FINAL  FABRICATION 
PROCESSES 

6.1  Tuning 

A beam nose, precut to leave .1 inch (2.5 mm), is 
temporarily installed into the cavity. The frequency is 

measured and a determination made as to how much 
material to remove from the beam nose in order to attain 
the target frequency. After this material is removed the 
beam nose is cleaned and reinstalled for verification prior 
to final EB welding. 

6.2 Electron Beam Welding of Nose 

The beam nose is EB welded to the cavity body in a 
fashion similar to the lid/cavity EBW. As with the lid 
weld, the minor undulations of the internal weld bead do 
not significantly affect the operation of the cavity. Final 
frequency and vacuum integrity verifications are made. 

6.3 Cleaning 

The finished cavity is cleaned according to an approved 
process. An alkaline cleaner is used to remove extraneous 
dirt followed by a deoxidizer to remove the surface 
oxidation. The copper residue from the EB welding is 
removed using 600 grit aluminum oxide paper followed 
by a white abrasive pad. We repeat this process until a 
visual inspection of the cavity shows that the foil is 
removed. A chromic acid bright dip bath is used to 
remove approximately .0002 inch (.005 mm) of copper 
and any embedded abrasive material. This leaves the RF 
surface with a 24 flinch (.6 |0.m) Ra or better finish. 
The cavity is rinsed in deionized water and then blown dry 
with bottled nitrogen, then all openings are covered with 
foil for transporting to the assembly area. A nitrogen 
purge is maintained while the flanges are blanked off and a 
nitrogen atmosphere of 2 psig (14 kPa) is left in the 
cavity to prevent reoxidation of the inner surfaces. The 
cavity is then mounted in its installation raft and cooling 
lines attached prior to shipment [5]. 
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Abstract 

The LNLS storage ring RF system operates at 476 
MHz and delivers up to 60 kW CW into a single RF 
cavity. Injection and accumulation in the storage ring are 
done at low energy after which the beam energy is 
ramped up to 1.37 GeV. Correspondingly the RF power 
changes from a very low initial value up to a high power 
determined by the amount of stored current. Several 
temperature and mechanical tuning control systems 
operate during ramping and steady state to keep the cavity 
tuned and away from instabilities. In this paper we 
discuss the results and experience obtained after more 
than one year of operation of the system. 

1 INTRODUCTION 

The light source of the Laboratörio Nacional de Luz 
Sincrotron (LNLS) Campinas, SP Brazil has been in 
operation for over one year. It includes an electron linear 
accelerator (linac), a transport line and a booster-storage 
ring [1]. 

The storage ring has a single cell, 476 MHz RF cavity. 
The adjustable cavity coupling has been set at ß= 1.35. 
The RF transmitter uses a Philips YK 2065 klystron 
which can deliver 60 kW CW power into the cavity. The 
main RF parameters of the LNLS storage ring are listed in 
table 1 

Frequency: 476.076 MHz 
Cavity: Single cell bell shaped built by Sincrotrone 

Trieste. 
Effective shunt impedance: 3.4 MQ (P=V2/2R) 
Unloaded Q: 41.000 
Coupling: ß=1.35 
RF power: 60 kW CW 
Effective cavity voltage: 480 kV 
Revolution frequency: 3.216 MHz 
Harmonic number: 148 

Table 1 Storage ring RF parameters 

Temperature of the cavity walls is controlled by water 
flowing through 14 parallel circuits. The water 
temperature is controlled by a combination of a 17 kW 
heater, located together with the cavity in the secondary 
circuit of a heat exchanger. The heat exchanger primary 
flow is adjusted with a controlled 3-way valve. The 

maximum flow in the primary is 300 1/min. and the 
temperature is 32 + 0.1 °C. The water system has been 
designed in order to permit the cavity temperature to be 
adjusted between 45 and 60 °C with a thermal load of 35 
kW. According to calculations, this temperature range is 
available for operation free of HOM instabilities, with 
beam currents up to 200 mA. Figure 1 shows the cavity 
mounted in straight section 5 of the storage ring. On the 
top to the left is the coaxial feed through with the 
adjustable coupling loop. The mechanical plunger can be 
seen on the right hand side of the picture and, next to it, 
part of the motor-driven mechanism that produces the 
tuning of the cavity frequency by means of longitudinal 
deformations of the cavity. The plunger, together with the 
longitudinal deformation of the cavity permits a 500 kHz 
tune range. Also visible are the input and output water 
pipes, part of the temperature control system and cooling 
system of the cavity. The beam entrance port is on the 
lower part of the picture. 

Figure 1: the cavity mounted on the storage ring 
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The different parts that comprise the RF system have 
been described elsewhere [2]. In this paper, we will 
discuss the operation of the system, in particular those 
aspects related to low energy accumulation in the storage 
ring followed by energy ramping. 

2 OPERATION 

The RF system can be controlled and supervised from 
the control room during normal operations and for test 
purposes, from a local computer next to the transmitter 
area. This allows to turn on and off the different sub- 
systems including the high voltage power supply, adjust 
gap voltage and cavity to transmitter frequency difference 
(detune angle) and provides on-line information on 
interlocks and status, including cavity temperature, 
pressure and RF power values at 6 different locations 
along the transmission line: power input and output in the 
klystron, incident and reflected power in the circulator, 
incident and reflected power in the cavity and cavity gap 
voltage. Figure 2 shows the transmitter in the center of 
the ring. To the left is the rack with the low power RF 
electronics, tuning drivers, interlocks and computer 
interface systems. The cabinet on the right encloses the 
high-power klystron and auxiliary systems. 

achieved. These relativily large pulses detune the cavity 
and drive the cavity towards the generator frequency. To 
avoid Robinson's instability, the cavity is detuned by 
several kHz during accumulation. At low energy, the 
cavity pressure stays in the upper 1040 mbar range. 

Once the low energy equilibrium current is attained, 
the storage ring magnets and RF power are ramped. The 
speed at which the gap voltage can increase is determined 
by 2 factors: the mechanical tuning mechanisms (axial 
mechanical deformation of the cavity and mechanical 
plunger) and the cooling capacity of the water system. 
Several options have been tested for the RF control 
method during ramping in order to rapidly increase the 
gap voltage, reduce the cavity temperature variations and 
limit the cavity detuning. Figure 3 shows the evolution of 
the gap voltage after a sudden variation in the voltage 
reference with the gap voltage feedback loop turned off. 

Figure 2: the RF panel. 

The energy of the stored electron current in the LNLS 
storage ring varies from 120 MeV at injection up to 1.37 
GeV. The operating conditions of the cavity and cooling 
system are very different along this large energy range. 
During accumulation at low energy, synchrotron radiation 
is negligible, beam current is rapidly varying and the 
beam is subjected to large synchrotron and betatron 
oscillations. The RF cavity parameters during 
accumulation are determined empirically, so as to 
maximize the accumulation rate. Typically, the power in 
the cavity is about 400 W and the effective gap voltage is 
55 kV. Very little power is dissipated in the cavity walls 
during this phase. Thus, in order to keep the wall 
temperature at the set value, the temperature stabilizing 
system must supply 17 kW of heat to the water that flows 
around the cavity. Injection from the linac proceeds at 
about 8-10 mA per pulse until the equilibrium current is 
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As can be seen, the cavity response is slow, about 2 
minutes and lags behind the applied reference. In this 
case, a gap voltage of 200 kV is attained when the beam 
energy is in the 620 MeV range. The gap voltage is 
maximum when the energy reaches 1.1 GeV, wich is 
when synchrotron radiation becomes significant. 

A different ramping set up is shown in figure 4. In this 
case, the gap control loop is on. The gap voltage 
reference is varied in smaller steps along the ramp and the 
gap voltage tracks the reference closely. Inspite of the 
advantage of ramping with closed loop control of the gap 
voltage, it is observed that low energy accumulation is 
more efficient when the gap voltage feedback loop is off. 
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Figure 4: cavity parameter changes with feedback 
loop on. 

At 1.37 GeV synchrotron radiation in the bending 
magnets amounts to 11 kW for every 100 mA. The high 
energy gap voltage is set at 450 kV. With this value, the 

beam life time is limited at present by the vacuum 
chamber pressure. With 50 mA of stored current, the 
cavity pressure stays in the high 10"' level. Also at high 
energy, the detuning of the cavity is reduced from a large 
value, needed during accumulation down to 2 kHz, so 
that the reflected power stays low. 

3 CONCLUSIONS 

The LNLS storage ring RF system has been in 
operation for over 1 year. We have learned the operating 
conditions for the different beam situations: low energy 
injection and accumulation, RF ramping and steady final 
energy operation. The system has proven flexible, reliable 
and adequate for the machine. 
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ON THE LIMITATIONS OF ACCELERATING GRADIENT IN 
LINEAR COLLIDERS DUE TO THE PULSE HEATING 

O.A.Nezhevenko*, Omega-P, Inc., 202008 Yale Station, New Haven, CT 06520 

Abstract 

In this work, we consider the limitation of the maximal 
accelerating gradient in linear colliders due to the pulse 
heating by the RF magnetic field at the cavity walls. 
Heating of the thin surface layer creates pulse mechanical 
stresses which may cause destruction of the inner surface 
of the cavities within a limited period of time. Because of 
this limitation the accelerating gradient can't exceed 300 
MV/m even for frequences over 40 GHz, despite the fact 
that other factors allow to reach substantially higher 
gradients. 

1. INTRODUCTION 

In the longer-range future electron-positron linear 
colliders with 5-15 TeV center of mass energy will be in 
growing demand for high energy physics studies. A high 
accelerating gradient will be required to maintain a 
reasonable overall length of this collider. 

The accelerating gradient is strongly correlated with 
the operating frequency - the energy stored per meter of 
accelerating structure varies approximately as (G0X.), 
where G0 is the unloaded gradient and X is the RF 
wavelength. Hence, it is possible to design high energy 
colliders keeping the length and AC power within a 
reasonable bounds by operating at higher frequences [1]. 

Several factors must be taken into account in scaling 
a linear collider to higher frequences. Basic factors are a 
breakdown threshold, "dark current" capture threshold and 
problems caused by pulse heating by the magnetic fields 
at the accelerating cell walls. As for the breakdown and 
"dark current" capture thresholds, these factors make it 
possible to increase the gradient up to 250 MV/m for a 
frequency 34.3 GHz or up to 500-600 MV/m for a 91.4 
GHz frequency [1]. At the same time a strong magnetic 
field on the cell walls causes the temperature increase by 
110-510 °C in a pulse. Pulse heating of the thin surface 
layer creates pulse mechanical stresses which may result 
in destruction of the inner surface of the accelerating 
cavities within a limited period of time. 

It will be shown below that the life time of the 
accelerating structure i.e. the number of pulses the 
structure can sustain without surface destruction appears 
acceptable only if the pulse heating does not exceed -150 
°C. 

2. PULSE HEATING AND MECHANICAL 
STRESSES 

A high frequency magnetic field on the cavity walls 
causes pulse heating. The temperature rise at the end of a 
pulse of duration Tp is [1] 

AT 
K 

p 

Dr (1) 

Here R5 is the surface resistance, K is the thermal 
conductivity and D is the thermal diffusivity, given by 
D=K/Csp, where Cs is the specific heat, p is the density 
(D=1.15 cm /sec and K=3.95 W/cm/ °C for copper). ZH is 
an impedance defined as ZH =G„/HS, where Hs is the peak 
surface magnetic field. Formula (1) is derived on the 
assumptions that Rs> D, Cs and p do not change with 
temperature and the depth of thermal diffusion is far 
bigger than skin depth. The latter is valid for the range of 
parameters which is of interest (f= 11.4-91.4 GHz, Tp=12- 
250 ns) where the skin depth is 0.2-0.6 urn and thermal 
diffusion depth is 3.5 - 17 urn. 

Mechanical stresses appears in the thin (3 - 17 urn) 
surface layer of metal due to the pulse heating. When the 
rise in temperature is above a "safe" value (ATS), the 
mechanical stress grows large enough to create 
microscopic damages in the metal. The damage 
accumulates with each suceeding pulse and the cavity 
surface is destroyed after the certain number of pulses (n). 
It is possible to define ATS and n from the theory 
developed in the 70's by researches in the USSR to 
investigate the distruction of collectors and other parts of 
the microwave tubes resulting from the pulse heating by 
an electron beam [2-4]. 

In practice, the destruction of the metal surface 
occures when the mechanical stress exceeds its elastic 
limit. From this, the approximate value of the "safe" 
temperature rise can be written as [2] 

A7. = *£. 0) 
aE 

where a is an elastic limit, a is coefficient of linear 
expansion  and E  is  Young's  modulus.     For  copper 
a=16.5-10YC, a= 1.2104 N/cm2 , E=1.31-107 N/cm2 and 
a "safe" pulse heating is only Ts ~110 °C ! 

Once the pulse heating exceeds this limit, plastic 
deformation   occurs   in   the   metal,   which   leads   to 
accumulation of defects causing destruction of the heated 
surface after n pulses [3,4], given approximately by [2] 

" Permanent address: Budker INP, 630090 Novosibirsk, Russia 
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TABLE 1 

Frequency 
(GHz) 

,-,           5/6 

(MV/m) 

-1.5 
T„~C0 

(ns) 
AT~co142 

(°C) 
T0 = 27 °C 

n         and    life 
T0 = 77 °C 

n         and    life 

11.424 100 250 23 
22.848 180 90 61 
34.272 250 50 112 
45.696 320 30 165 3.6-10'" 14   years 2.5-10* 1      year 
57.120 380 22 225 1.5-10' 3500 hours 1.8-10" 420 hours 
68.544 440 17 290 110s 230  hours 1.8-107 42   hours 
79.968 500 14 370 9.8-10* 23     hours 2.6-10" 6     hours 
91.392 560 11 440 1.4-10" 3       hours 4.7-105 1      hour 
102.816 620 9 520 2.6-105 36    min l-10s 14   min 
114.240 680 8 600 6-104 8      min 3104 4     min 

U - 50Tn 
-•exp 

U (3) 
16.7U LV6(T0+AT), 

where U is heat of evaporation of the material (76320 
cal/mole for copper), T0 is the temperature before the 
pulse start (°K). 

3. RESULTS 

The calculations made are for NLC - like TW accelerating 
structure with ZH = Go/H=307 Ohms [1] for frequences 
from 11.424 GHz (NLC) to 114.24 GHz (lOxNLC). The 
increase in surface resistance due to the temperature rise 
and the accumulation of microdamages [5] was not taken 
into account. 

To consider the influence of temperature before the 
pulse start, the exact value of which depends upon the 
design, the calculations were made for two values of T0 - 
300 °K (27 °C) and 350 °K (77 °C). Keeping in mind that 
the life time of the collider must be about 20 years at a 
repetition rate of 120 pulse/sec and for 6000 hours of 
operation per year, the requirement is that the accelerating 
structure should at least stand the number of pulses n 
~5-10'° without destruction. 

The results of the calculations are shown in TABLE 
1. 

One can see from the Table that the temperature rise 
at the end of the pulse should not exceed, say, AT~150 °C, 
than G() -300 MV/m at a frequency of 40 GHz. It can be 
shown that for fixed AT, the gradient will increase with 
frequency as G„ ~ oo"8. G0 can not exceed 330 MV/m at 
91.4 GHz. It is obvious, that pulse heating limits the 
maximum value of RF fields in the cavities of microwave 
sources   at   a   level   lower   than   that   in   accelerating 

structures, because the pulse duration in the former is 4-16 
fold as long. 

4. CONCLUSION 

The surface destruction of accelerating cells due to the 
pulse heating limits the gradient to about 300 MV/m and, 
consequently, decreases the attractiveness of linear 
colliders with a frequency substantially higher than 34.3 
GHz. 

More accurate experimental measurements of the 
maximal acceptable pulse heating for different materials 
may possibly be made at the NLC frequency (11.4 GHz) 
where the 50 MW klystrons with a pulse of 1.5 us are 
available. 
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OPERATIONAL CHARACTERISTICS OF RF SYSTEM 
AFFECTING PLS BEAM STABILITY 
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Pohang Accelerator Laboratory, POSTECH, Pohang 790-784 Korea 

Abstract 

The fourth RF station was installed to the Pohang Light 
Source (PLS), whereas its station consists of a 60 kW 
klystron amplifier and a nose cone type cavity connected by 
a coaxial transmission line. Total 240 kW RF power is 
available for storing electrons up to 400-mA at 2-GeV and 
200-mA at 2.5-GeV of beam energy. During the normal 
operation, some dangerous higher order modes (HOMs) 
induced by cavities have been identified. Making an effort to 
suppress instabilities caused by HOMs has been started by 
enhancing the capability of cavity cooling temperature con- 
trol and adding the transverse and longitudinal feedback 
systems. Besides these efforts, characterizations of the beam 
loss transient due to RF have been underway. A modulation 
experiment of the accelerating voltage is also planned using 
the fourth cavity. We present performance test results with 
newly installed low level system. 

1   INTRODUCTION 

The PLS is a third generation storage ring which has twelve- 
period TBA lattice with 5 meter long straight sections. The 
nominal operation beam current during the user shift is 120 
- 150 mA with over twelve hours of lifetime. Currently six 
beamlines (VUV, X-ray scattering, NIM, EXAFS, Lithogra- 
phy, and Microprobe) are operational and two more beamlines 
are under construction. The first undulator, U7, is ready for 
installation this summer and the dedicated beamline by the 
end of next year. A typical operation parameters of PLS RF 
system are shown in Table 1. The RF system consists of four 
cavities independently powered by four TV-klystrons. The 
fourth station was added last summer. The accelerating 
voltage is maintained at 0.4 MV/cavity and the required RF 
power is 20 kW each[l]. 

Table 1: Parameters of the PLS RF System 

Beam Energy 
Number of Station 
Momentum Compaction Factor 
RF Frequency 
Revolution Frequency 
Harmonic Number 
Accelerating Voltage 
Synchrotron Frequency 
Tune(n_x/ n_y /n_z) 

2.0 GeV 
4 
0.00181 
500.082 MHz 
1.068 MHz 
468 
1.6 MV 
11.5 kHz 
14.28/8.18/0.013 

2  PERFORMANCE WITH FOUR SYSTEMS 

During the summer shut down period in 1996, the fourth RF 
station was added to the PLS storage ring. The total available 
RF power increases to 240 kW and total accelerating voltage 
becomes 1.6 MV, which increases the RF bucket height to 
2.2%. For 2 GeV operation, 400 mA of beam current can be 
stored with enough margin, while it would be around 200 
mA at 2.5 GeV. The maximum current achieved so far is 375 
mA at 2 GeV, and 100 mA at 2.5 GeV. Fig. 1 shows the 
operation window of the PLS RF system in terms of the 
stored beam current for different beam energies and accel- 
erating voltages. The newly installed cavity is located at the 
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Figure 1: PLS operation window as a function of the beam 
energy and the current. 

upstream in the RF straight section, 43 cm away from the 
next one. A refurbished version of the low level system was 
also installed. In the new system, various new and enhanced 
features are included. For higher reliability and stable opera- 
tion, filter stages are added and dynamic ranges of the RF 
detection circuits are extended. For better isolation from 
outer noise, housings for RF parts are separated and multi- 
shot circuit is added to the trip signal processor. Also system 
installation and wiring are simplified to ease the mainte- 
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nance, test and measurements. 
During the normal beam operation of the ring, beam losses 

with unknown causes occurred and RF system trips were 
accompanied in most time. To monitor these transients, a 
relatively fast data acquisition system was installed to moni- 
tor RF parameters with pre-triggering. RF system trip signal 
triggers the acquisition system with preset pre-triggering 
time. It is observed that most of the beam loss with unknown 
causes force the RF system to be tripped by high reflection 
power or high vacuum pressure. However, what causes to 
increase the reflect power or the vacuum pressure is still not 
clear. Sometimes beam is lost owing to the instabilities. In 
Fig. 2, a periodic oscillation of the reflected power signal is 
observed just before the beam loss. The frequency of the 
periodic oscillation happens to be similar to the one of the 
low frequency oscillation[2]. 
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Figure 2: Behaviors of the vacuum pressure and RF reflected 
power signals at a beam loss transient. 

pattern, since HOMs appeared at different aliased frequen- 
cies, the reliability of a specific mode identification in- 
creases. The most dangerous two modes were found to be 
758 MHz, and 1,707 MHz HOMs, identified by comparing 
with the calculation. 

To check the stability of the photon beam, a photodiode is 
placed at the focal point of the VUV beamline, measuring the 
oscillation frequency of the photon beam. At certain condi- 
tion, the time signal shows a discrete frequency component, 
which is turned out to be the synchrotron oscillation fre- 
quency. By changing conditions such as cavity temperature, 
this apparent oscillation has disappeared. A sampling data 
from the stripline signal shows that the phase between 
bunches are oscillating(phase jittering). 

The limit was relieved somehow as the cooling path of the 
cavity #2 was modified. With a narrow controllable range 
(~4°) of the cavity temeperature control system, the maxi- 
mum quiescently stored current is extended to 180 mA. 
Adding one more station, however, a severe dipole mode 
was observed at 62 mA, which is not possible to remove by 
the present cavity temperature control system. Fig. 3 shows 
the beam shape just before and after the threshold current. 

3 EFFECTS ON THE BEAM STABILITY 

With three cavities, at the level of beam current of 120 mA, 
collective effects can predominantly limit the maximum 
stored beam current in the storage ring for the user opeartions. 
The HOMs in the cavity #2 was found to be the major source 
to invoke the collective instabilities. 

For studying longitudinal instabilities, mode identification 
experiments have been performed[2]. Using the normal 
mode method with a uniform fill pattern, HOMs invoking 
coupled bunch instabilities can be identified. Using the sum 
signal from the four BPM buttons, the beam current spec- 
trum has frequency components at multiples of the bunch 
frequency and the oscillations of individual unstable modes 
appear as sidebands about the bunch harmonics. The oscil- 
lation amplitude of unstable modes can be determined from 
the ratio of the sideband to the carrier. By changing fill 

Figure 3 : The electron beam cross section monitored from 
the diagnostic beam line before (top) and after (bottom) 
when the stored beam passes the threshold current for the 
cavity 1. 

In Fig. 4, it is illustrated how the cavity temperature 
sensitively affects the beam qualities. A small variation of 
the cavity temperature forces to change the lifetime when it 
is set near a 'critical' temperature. As the temperature de- 
creases below this 'critical' value, a dipole longitudinal mode 
is invoked, forcing the beam unstable to reduce the lifetime. 
The stored beam current was above the threshold. When the 
beam current is above the threshold for a transverse mode, 
however, the lifetime increases as the temperature passes the 
'critical' range invoking the instability. This reverse phe- 
nomenon occurs owing to the emittance growth, which 
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Figure 4: The correlation of the stored beam lifetime with the 
variation of the cavity cooling temperature in the PLS 
storage ring 

increases the damping time. 

ordered and a kicker for this is under development. All these 
systems should be working by the middle of the year 1998. 

A new disk type input coupler is developed which inher- 
ently has better damping capability of HOMs than the 
present tube-type one. Upon using this coupler with proper 
HOM absorbing technique, it will also help lessen the 
harmful effects of HOMs. 

5  SUMMARY 

Longitudinal and transverse coupled bunch instabilities were 
observed and some strong modes were identified by the 
normal mode method. Though cavity temperature change is 
effective to some extent to suppress these modes, with the 
present narrow range system it is difficult to remove all the 
dangerous HOMs. A plan for upgrade is underway. 

The fourth RF station was added to the PLS RF system. It 
will improve the power requirement for high current opera- 
tion. However, to utilize its full function, the cavity tempera- 
ture control system should be improved. In the mean time, 
the cavity 1 is used as a modulating Landau cavity. 

Unknown beam loss transient was closely monitored by 
fast sampling, which provides informations how RF param- 
eters are altering during the transient and clues what causes 
the beam loss. 

4 EFFORTS TO PROVIDE HIGH CURRENT 
QUIESCENT PHOTON BEAM 

In the previous section, it is shown that the cavity tempera- 
ture affects the beam stability sensitively, and the present 
temperature control system has very limited capability, not 
suitable for wide varieties of temperature setting. Now a 
plan for upgrading the cavity temperature control system is 
underway, in which a wide range of temperature variation 
(30 °) and precise regulation (0.2°) will be achieved. When 
this will be finished, it is expected to lower the impedances 
of the HOMs substantially, which will also save the power 
requirement of the longitudinal feedback system to be men- 
tioned below. 

The gap voltage modulation technique was also performed 
using the cavity 1. Without modulation, as mentioned be- 
fore, above 62 mA the beam size increased with a strong 
dipole instability mode. This limit was extended to 90 mA 
when a modulation was given to the input RF signal of cavity 
1. The modulation frequency was varied and it was observed 
that a best result was obtained with harmonics of the syn- 
chrotron oscillation frequency. The modulation amplitude 
of the RF level was kept less than 10% of the total input 
power. 

The most important effort of all should be the development 
of the longitudinal and transverse feedback systems. The 
transverse feedback system is installed and being tested[3]. 
A PEP-II-type longitudinal feedback system was being 
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DESIGN AND OPERATION OF PET RADIO FREQUENCY 
QUADRUPOLES 

D. Sun, P. Young, Science Applications International Corporation 
A. Moretti, J. Dey, Fermi National Accelerator Laboratory 

Abstract 

The PET isotope production accelerator built by a 
collaboration of BRF, FNAL, SAIC, and UW consists of 
four RFQ's to accelerate 3He2+ ions to 10.5 MeV for 
production of radioactive 18F, "C, 150 and "N isotopes. 
The design, tuning, and operational results are presented. 

1 STATUS OF PET RFQ'S 

The PET (Positron Emission Tomography) accelerator 
has been built to accelerate 3He2+ ions for production of 
radioactive "F, "Cll, I50 and 13N isotopes. The 
accelerator consists of an ion source, four RFQ's, a 
charge stripper, and beam transport system (Figure 1) [1]. 
The ion source generates 20 keV 3He+ ions. The 3He+ ions 
are accelerated to 1 MeV through the first RFQ (pre- 
stripper RFQ) operating at 212.5 MHz. After exiting the 
first RFQ, 3He+ ions are stripped off the second electrons 
by a charge stripper. Then 3He2+ ions go through the 
MEBT transport system (consisting of two 270 degree 
bending magnets and five quadrupole magnets) to enter a 
three RFQ string (post-stripper RFQ's) operating at 425 
MHz. 3He2+ ions are accelerated from 1 MeV to 10.54 
MeV by these RFQ's (5.05 MeV at the end of RFQ A, 
8.025 MeV at the end of RFQ B and 10.54 MeV at the 
end of RFQ C.) 

This accelerator was originally designed and built by 
SAIC to accelerate 3He2+ to 8 MeV using three RFQ's 
(one pre-stripper and two post-stripper RFQ's) The 
accelerator was operated by SAIC and delivered 2.5 mA 
3He2+ current at 1 % duty factor before the project stopped 
in 1992 [2]. 

In 1995, the project was re-started. The designed 
final energy has been increased to 10.5 MeV. At higher 
energy, the beam loss is less when 3He2+ ions passing 
through a thin foil window in the target area and the yield 
of isotope production is higher. A new post-stripper RFQ 
(RFQ C) has been added to the previous RFQ's to 
accelerate 3He2+ from 8 MeV to 10.5 MeV. Water leaks 
caused by corrosion in cooling channels of vanes were 
found in all previous RFQ's. Therefore vanes of the two 
existing post-stripper RFQ's have been replaced with new 
ones and have been re-tuned. The whole pre-stripper 
RFQ will be replaced later with a new one. All cooling 

channels are now coated with a thin layer of Teflon to 
prevent corrosion. 

2 DESIGN PARAMETERS 

The design of pre-stripper RFQ has been reported 
before [3]. It is a segmented four vane structure with a 
rectangular "window" cut out in the middle of each vane. 
This structure reduces the dimensional requirement of 
resonant frequency of quadrupole mode and move it to 
below both dipole modes. Recent simulation showed that 
transmission of this RFQ is -60-65% for input current of 
20-25 mA. So the contour of new vanes of pre-stripper 
RFQ has been modified to improve the transmission to 
80-85%. The three post-stripper RFQ's are all traditional 
four vane RFQ's (not segmented) and have acceleration 
section only. The transverse curvature of vane tip is 
constant. There is no rf tuner in the cavity since the 
designed tuning method dose not require any extra tuner. 
Computer codes MAFIA and SUPERFISH are used to 
calculate the theoretical Q, power and other rf properties. 
The basic parameters are listed in Table 1. Since RFQ B 
and C are similar to A, only parameters of pre-stripper 
RFQ and post-stripper RFQ A are listed in Table 1. 

Table 1. Design Parameters of PET RFQ's 

pre- 
stripper 

post- 
stripper A 

Particle 3He+ 3He++ 

f„(MHz) 212.5 425 
Aperture (cm) 0.25 0.18 

Modulation 1.78 2.1 
Input energy (MeV) 0.02 1.0 
Output Energy (MeV) 1.0 5.05 

Voltage (kV) 57.0 58.4 

Max. Field (MV/m) 32.2 39.9 

Q„ (MAFIA) 7600 9500 

Power (kW) 59.0 63.0 

Pulse Width (us) 70 70 
Rep. Rate (Hz) 360 360 
Inject Current (mA) 25 28 
Transmission 80% 90% 
Length (cm) 103.9 137.1 
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Figure 1 PET ACCELERATOR 

3. SIMULATION RESULTS 

Simulation of particle transport through pre-stripper 
RFQ and three post-stripper RFQ's are performed using 
PARMTEQ. The results are listed in Table 2 and 3. Two 
versions of PARMTEQ were used: SAIC version 
(denoted as SAIC in Table 2 and 3) and the version used 
in ANL (originally written at Chalk River Laboratory ) 
which has the option to use 2 or 8 potential terms 
(denoted as ANL (2-term) or ANL (8-term) in Table 2 
and 3.) 

Shown in Table 2 is the simulation results of particles 
through pre-stripper RFQ which is performed separately 
from other three post-stripper RFQ's. 

Transport of particles through the string of three 
post-stripper RFQ's is simulated from entrance of RFQ A 
to the end of RFQ C (end to end simulation.) There is a 
plate with aperture of 0.635 cm between each RFQ, so 
the RFQ's are not coupled. This plate and the space 
between the end of vanes and this plate create a gap of 
1.16 cm long between each RFQ. In end to end 
simulation, a drift space of 2.16 cm between each RFQ 
was used which represents the above mentioned 1.16 cm 
gap as well as other end effect of each RFQ. Simulation 
results show that beam loss in RFQ B and C is mainly 
due to this 2.16 cm drift space between each RFQ since 
beam becomes mismatched to next RFQ after such a drift 
space. Shown in Figure 2 is the total transmission at the 
end of RFQ C versus length of drift spaces between each 
two RFQ's. One can see the beam loss in RFQ B and C is 
small if there is no drift space in between. 

Although the design for post-stripper RFQ's is based 
on the transverse emittance of 0.0019 n cm-rad, 
simulations are also done with various transverse 
emittance, currents and number of particles. Shown in 
Figure 3 is the total transmission at the end of RFQ C 
versus various transverse emittance. 

Table 2. Simulation Result of Transmission of 212.5 
MHz RFQ (input current 25 mA, transverse emittance: 
0.016 (x), 0.016 (y) n cm-rad) 

existing pre- 
striper rfq 

modified pre- 
stripper rfq 

SAIC 0.59 0.80 

ANL (2-term) 0.66 0.87 

ANL (8-term) 0.32 0.65 

Table 3. Simulation Results of Total Transmission of 
RFQ A, B and C (input current 28 mA, emittance: 
0.0019 (x), 0.0019 (y), 0.0091 (z) 7icm-rad and 65° phase 
spread) 

End of A End of B End of C 

SAIC 0.865 0.655 0.600 

ANL (2-term) 0.990 0.518 0.333 

ANL (8-term) 0.960 0.545 0.485 

4. EXPERIMENTAL DATA AND OPERATIONAL 
RESULTS 

4.1 Tuning 

All RFQ's were tuned by mechanically adjusting each 
vane using equally spaced screws. For three recent-tuned 
post-stripper RFQ's, the final field balance is tuned to a 
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level that the average dipole components is less than 2% 
for RFQ A and B, and less than 1% for RFQ C. Resonant 
frequency of these RFQ's are tuned to -425.3 MHz at 
room temperature. The operating frequency of 425 MHz 
is achieved by controlling the differential temperature 
between vanes and cavity. 

The unloaded Q's of RFQ's are: 6100 (pre-stripper 
RFQ), 7667 (RFQ A), 8900 (RFQ B), and 8900 (RFQ C) 
while the unloaded Q's given by MAFIA code is 7300 
(pre-stripper RFQ) and 9500 (post-stripper RFQ's). 

There are 12 rf pickup loops in each of post-stripper 
RFQ's. In each quadrant there are three of them: one is at 
middle of the RFQ, other two are at -15 cm from each 
end of the RFQ. They can be used to monitor the field 
unbalance which may occur during operation or other 
problems such as electrical breakdown. So far we have 
used these probes to check if the field balance changed 
after the vane is heated and the frequency is adjusted to 
425.0 MHz. No significant change of field balance has 
been observed. 

4.2 Operational Results 

There are four RF power amplifier systems, one for 
each RFQ. Each amplifier system consists of a solid state 
amplifier with maximum power of 850 W, a Burle 7651 
tube amplifier with maximum power of 4 kW and a Burle 
4616 tube amplifier with maximum power of 200 kW. 

The pre-stripper RFQ has been operated for a long 
time (even with small leaks in water cooling channels of 
vanes.) This RFQ was run (without beam) up to power 
level of 135 kW without sparking problem. Higher power 
levels are possible but were not tried, since 135 kW is 
already more than needed. This RFQ is normally operated 
at 100-110 kW level with beam load of 20-24 kW. The 
threshold of power level to accelerate beam is about 80 
kW. The emittance at entrance of this RFQ is 0.024 - 0.03 
7i cm-rad which is larger than the value used to guide the 
design. So far output current of 16 mA has been measured 
while the current out of ion-source is 24 mA. This result is 
in agreement with recent results of PARMTEQ 
simulation. 

RFQ A, B and C are still being commissioned. Output 
current of 12 mA at the end of RFQ A and 6 mA at end of 
RFQ C have been measured while the input current at the 
entrance of RFQ A is about 20 mA (measured at the exit 
of MEBT system.). This result is close to the transmission 
predicted by PARMTEQ simulation for a beam with 
emittance of 0.0030 n cm-rad. The measured emittance of 
input beam at entrance of RFQ A is indeed 0.0030-0.0040 
Tc cm-rad which is larger than the value (0.0019 n cm-rad) 
used to guide the design. To get the above mentioned 
output current, RFQ A is operated at power level of 100- 
110 kW while RFQ B and C are operated at power level 
of 80-90 kW. These power levels are also in agreement 
with results of PARMTEQ and MAFIA simulation. 
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SLC INTERFEROMETER SYSTEM AND PHASE DISTRIBUTION 
UPGRADES 

R. Akre, F.J. Decker, R.K. Jobe, R. Koontz, M. Mitchell, R. Strozinsky 
Stanford Linear Accelerator Center1, Stanford University, Stanford, CA 94305,USA 

Abstract 

Many of the components used in the Stanford Linear 
Collider (SLC) phasing system date back 30 years to the 
construction of SLAC. At the start of SLC the phase 
reference system was upgraded with many of the original 
components remaining. The R.F. drive system phase 
stability requirements became tighter with operation and 
optimization of the SLC. This paper describes analysis 
done on the R.F. drive system and interferometer system 
during the 1996 run and down time, modifications to the 
systems during the 1996-97 down time, and the 
improvements in stability from the modifications. 

1 INTRODUCTION 

The sun coming up in the morning on a beautiful 
sunny day for someone in Stanford, California is not 
such a nice experience if one is an operator of the 
Stanford Linear Collider (SLC) trying to maintain 
luminosity. The improvements on the SLC the past 
decade have decreased the emittance of the beam to a 
point where the existing phase variations in the RF, due 
to diurnal temperature changes, significantly effect 
luminosity. The effects are greatest at sunrise when the 
temperature gradient with respect to time is the largest. 

During the 1996-97 down time the front end phase 
distribution system was reconfigured. The phase critical 
path was moved from the low level RF system before the 
high powered amplifier which drives the Main Drive 
Line (MDL) to the front of the MDL. The phase 
distribution system is described in reference [1]. Time 
Delay Reflectometry (TDR) measurements on the MDL 
showed problem areas which were rebuilt. 

2 FRONT END PHASING CHANGES 

The front end phase distribution of the SLC has been 
upgraded to move temperature sensitive devices out of 
the phase critical path. The phase critical path begins 
where the RF reference signal is first split to feed more 
than one device of which relative phase is critical. 
Figure 1 shows that the point at which the phase from 
the master oscillator splits to feed different areas was in 
the distribution chassis. RF outputs of this chassis feed 
Sector 0 and 1, CID and Damping Rings, and the Linac. 
The items of interest to remove from the phase critical 
path were the Master Amplifiers and Switch, the Fiducial 

Generator, and about 60 feet of cable. The Master 
Amplifiers are used to increase the RF power level to 30 
watts. The Fiducial Generator puts a 120 watt 1/2 cycle 
timing pulse on the RF before it is sent into the MDL for 
distribution of RF, timing and phase information in the 
linac. 

START OF PHASE 
'CRITICAL PATH 

P XH» SECTOR 1 

xh- SECTOR 0 

DISTRIBUnON 
CHASSIS MDL    |6X | 

SECTOR 2 
& LINAC 

Figure: 1 SLC Old Front End Phase Distribution 

2.1 Motivation for Changes 

Operators constantly adjust phase to maintain 
luminosity during times of large outside temperature 
changes. The most common adjustments are the injection 
phase from the damping rings to the linac and injection 
phase of positrons entering sector 1. 

In order to verify that the suspected area of RF phase 
shifts was the section from the distribution chassis to the 
MDL, an 80k BTU heater was placed in the sector 0 
alcove where these electronics and cables are located. 
The heater was turned on at 04:20AM on June 20, 1996 
to simulate the sun coming up. The temperature in the 
rear of the RF components rack rose from 65 °F to 87°F 
at 06:00AM at which time the heater was turned off. 
Figure 2 is a plot of the phase difference between sector 2 
in the linac and sector 1 from 18-June-1996 at 01:20 to 
20-June-1996 at 07:20. 

2    a    B    g    S    3 
1B-JUN-1996 01:20 to 20-JUN-1996 07:20 

Figure: 2 Sector 1 to Sector 2 Phase Variations 

f Work Supported by the Department of Energy, Contract DE-AC03-76F00515 

0-7803-4376-X/98/$10.00© 1998 IEEE 3021 



The sharp rise and fall at the end of the graph is the 
heater turning on and then off. Normal diurnal phase 
variations are about 15° @ 2856 MHz with outside 
temperature changes of 30° F. With the injection phase 
tolerance into the linac being much less than 1° @ 2856 
MHz, the phase variations observed in the RF would 
cause difficulty in maintaining luminosity. 

2.2 Changes to the SLC Front End Phase Distribution 

The phase distribution system was changed to the 
configuration shown in figure 3. 

OLD START OF PHASE 
CRTnCALPATH 

OSC 1 -i 

4M 
DSC 2 H     ! T 
t-—3| j 

SWITCH 

OLD DISTRIBUTION 
CHASSIS 

ÜFIDOGEN 

SWITCH 

INTERFEROMETER 

NEW START OF 
. PHASE CRITICAL 

PATH AT START 
OF MDL 

- SECTOR 1 

. SECTOR 0 

-CID&DR 

-TTMINO 

SECTOR 2 
& LINAC 

NEW DISTRIBUTION CHASSIS 

Figure 3. SLC Front End RF Distribution 

The phase critical path now starts after the old 
distribution chassis, the power amplifiers, the power 
amplifier switch, the fiducial generator and many 
connectors and cables. The phase critical path now starts 
at the front of the MDL where the distribution chassis is 
a 6 foot Heliax cable away. The distribution chassis 
contains on a single FR4 circuit board the phase sensitive 
interferometer components and amplifier, two wide band 
tuning diode phase shifters, splitters and amplifiers, re- 
type connectors mount to an aluminum housing which 
supports the board. The aluminum housing is then 
mounted on a water temperature stabilized plate. A 
5.25-19 inch rack mount chassis, 8 inches deep, houses 
the unit, figure 4. 

-If- if 

2.3 Diode Delay Line Phase Shifters 

In order to make the changes to the front end phasing 
it was necessary to develop a wide band phase shifter 
which would be able to shift the phase of the 476MHz by 
60° which shifts the 2856MHz by 360°. The phase 
shifter would need to change and stabilize phase between 
pulses, at 120 rep rate, within 8mS. The phase shifter 
must also be able to transmit the timing pulse which 
contains components much higher in frequency. A series 
of tuning diodes was connected to a microstrip structure 
in a three layer FR4 board. Figure 5 is a scope image of 
the timing pulse into and out of the phase shifter. The 
pulse out has been scaled to the same height as the pulse 
in, to better see any distortion. Loss through the phase 
shifter is 6dB. 
TeK Stop: so.OGS/s ET     49986 Acqs 

Figure 4. RF Distribution Chassis 

150mV/div InS/div 

Figure 5. Fiducial Pulse Through the Phase Shifter. 

2.4 Phase Variations After Changes 

The variation in phase as seen by the sector 2 to 
sector 1 phase monitor has significantly decreased since 
the upgrade. Diurnal variations which would cause 15° 
phase variation at 2856MHz now only cause 3° phase 
variation. 

3 INTERFEROMETER UPGRADES 

The interferometer system is used to measure the 
electrical length of the MDL. Variations in the electrical 
length of the MDL to each sector from sector 2 are 
calculated assuming that the variation is distributed 
uniformly. The calculated phase variation is then used to 
correct the phase of the sector. 

3.1 Interferometer System 

The interferometer system, figure 6, uses a dual 
directional coupler at the front of the MDL to measure 
RF into and out of the MDL. At sector 30, about 9700 ft 
later, the RF is coupled off, phase modulated by 180° at 
750Hz, run through a nulling phase shifter, amplified 
and sent back through the MDL to the front.   A vector 
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sum of the modulated 750Hz signal from sector 30 and 
the forward RF into the MDL is run through a 750Hz 
bandpass filter and feedback amplifiers. The output is 
used to adjust the nulling phase shifter in sector 30. The 
variation in MDL phase is measured by 1/2 the amount 
the nulling phase shifter must move to adjust for the 
electrical length of the RF path up and back the MDL. 

RFIn MDL /vU 

750HzOsc. [ 
L Null FB 

k^HH^ 

Sector 0 Sector 30 
i 1 

Figure 6 Interferometer System 

Matches throughout the system are critical if phase 
errors are to be kept to levels of 1° 2856MHz or 0.17° 
476MHz. The amount of power required to change the 
phase of an RF signal by 0.17° is -50dB relative to the 
RF signal, if the phase is off by 90°. A fixed reflection 
would just add an offset and not effect the relative phase 
measurement, but in a system which is changing up to 4° 
diurnally a reflection of -14dB could cause a phase 
change of 0.17°, which would be 1° of the frequency 
multiplied by 6. 

To reduce some errors in the interferometer system, 
the MDL input dual coupler and phase sensitive 
electronics were moved from the sector 0 alcove, about 
50 feet of Heliax away to the input of the MDL. The 
phase sensitive electronics were made part of the 
temperature stable CID RF Distribution chassis. 

3.2 Main Drive Line Maintenance 

The MDL is almost about the same as it was 30 years 
ago as described in reference [2]. Figure 7 shows a TDR 
measurement from sector 30 to sector 21. The TDR was 
done using an HP 215A pulse generator with a 60nS 
wide, 10 volt, 0.5nS rise and fall time pulse. The scope 
used to collect the data was a Tektronix 544A, 1GS/Sec, 
500MHz, 64kB buffer. The expansion joints and 
couplers stand out in the measurement. The center 
conductor of the expansion joints at sector 24 and sector 
22 appear at 4.2u.S and 5.5|iS respectively. 

»M«" l| t»'i ' » Y|T>* I »'.»»p«*»»»»m I —wsl->* •■ 

6uS 

These expansion joints when examined were found to 
have a reversed center conductor. The outer diameter of 
the center conductor is matched to the inner diameter of 
the outer conductor to maintain a 50 ohm line. Figure 8 
shows the construction of the expansion joint. The joints 
exhibited reflection of -lldB when tested on the bench. 
With the expansion joints expanding and contracting 
about 1 cm diurnally, the phase of the reflection could 
change by 10°. This could cause a 4° phase change at 
2856MHz. Expansion joints in sectors 2 to 9, 17, 21, 
22, and 24 were rebuilt during the down time. 

Figure 8. SLC MDL Expansion Joint. 

4 PROSPECTS 

Beam based phase measurements showed signs of 
phase variation in the phase reference system, reference 
[3]. With refinement of beam based phase 
measurements, locations of phase instabilities may 
become more apparent. The work done so far should 
increase stability and will be most noticed with the 
startup of SLC in June of 1997. We expect to see 
significant improvements in the positron injection phase 
stability. 
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CALIBRATION SYSTEM FOR SLC 476MHZ TO 2856MHZ MULTIPLIERS 

R. Akre, G. Barillas, M. Mitchell 
Stanford Linear Accelerator Centert,Stanford University, Stanford, CA 94309 USA 

Abstract 

The two mile long Main Drive Line (MDL) distributes 
476MHz at each of the 31 sectors along its length. Each 
of the 31 sectors has a six times multiplier which drives 
the 2856MHz phase reference system for that sector. 
This system is used to set and maintain phase of the 
accelerator structures over time. During previous runs 
significant down time resulted from sector phasing 
which was required after multiplier replacement. A 
system was designed to calibrate the phase of the 
476MHz input to the phase of the 2856MHz output of 
the multiplier units. This enabled multipliers to be 
replaced without rephasing sectors. 

1 INTRODUCTION 

The phase distribution system of the 2 mile long 
Stanford Linear Accelerator consist of a Main Drive 
Line (MDL) which distributes 476MHz to each of 31 
subbooster stations, reference [1]. At each subbooster 
station there is a 19 inch rack mount chassis which takes 
the 476MHz from the MDL multiplies it by 6 to 
2856MHz. The chassis is referred to as the SubBooster 
Drive Unit (SBDU). The 2856MHz in the SBDU is 
amplified and split to drive the Phase Reference Line 
(PRL) and the subbooster klystron. Electronics for 
control of the phase and amplitude of the subbooster 
klystron are also in this chassis. The SBDU is 
temperature controlled by a water regulated mounting 
plate. 

The phase of each of the klystrons in a sector is set 
based on the phase of the PRL. During the 1994 to 1995 
Stanford Linear Collider (SLC) run several SBDU were 
replaced for various modes of failure. The replacement 
of the unit takes about 1 hour but setting the phase of the 
8 klystron sector had taken significantly more time. This 
recovery time was a significant portion of RF related 
down time. It was desired by the Accelerator Operations 
Department that the units all have the same phase length 
for the phase reference system output. This would allow 
the unit to be replaced without having to rephase a 
sector. Since the unit multiplies the RF from 476MHz to 
2856MHz the calibration could not be easily done with 
standard test equipment. 

'Work Supported by the Department of Energy 
Contract DE-AC03-76SF00515 

2 CALIBRATION SYSTEM 

In order to calibrate the phase of the SBDU's a 
calibration unit was built figure 1. With this unit all 
SBDU were calibrated to the same phase length from the 
-0.2dbm of 476 MHz in to the 1.3W of 2856MHz out to 
drive the Phase Reference Line (PRL). 

The SubBooster Drive Calibration Unit (SBDCU) 
consist of a 3 dB hybrid to split the 476MHz input 
power. One side of the hybrid output goes to the DUT 
and the other side goes to a six times multiplier. The 
output of the multiplier, 2856MHz, is passed through a 
phase trimmer, used for calibration of the unit, an 
isolator, and then into the LO port of a mixer used as a 
phase monitor. The PRL output of the DUT goes to into 
20 dB coupler with a termination. The -20dB coupled 
out is further attenuated, passed through a phase trimmer 
and isolator, and into the RF port of the phase monitor 
mixer. The output of the phase monitor mixer is on a 
front panel BNC for viewing with a DVM. All internal 
phase critical units are mounted to a temperature 
stabilized plate. The controller with temperature readout 
is on the front panel. 

SUBBOOSTER DRIVE UNIT CALIBRATION UNIT 

, Output to DUT 
N-f Bulkhead 

476 Mhz, 
INPUT 

50 Ohm 
10 Watt 

P<H LOW PASS —    6 X Mult 

3db HY Phase 
Trim 

1 -6 dB 
Mixer 

Input  From 
DUT 

Phase 
Trim Phase        Calibraton 

Zero Point 
BNC SMA f<m 

Figure: 1   SubBooster Drive Unit Calibration Unit 

2.1 Calibration of the Calibration Unit 

Since the SBDU were calibrated against the SBDCU, 
the SBDCU needed to be calibrated. Calibration of the 
unit was done in two steps. 

Step 1 calibrates the phase of the 476 MHz on the 
output port to the DUT, to the phase of the 2856 MHz on 
the SMA male connector to the mixer. The calibration 
uses a HP54120A    20Ghz sampling scope, a    phase 

O-7803-4376-X/98/S10.OO © 1998    IEEE 3024 



shifter, a 476 MHz phase stable source, a 476 MHz lOdB 
directional coupler, power meter, the calibration adapter 
(N-male to SMA-male) and RF test cables. The only 
above item which directly effects calibration is the 
calibration adapter. The same adapter is used for all 
calibrations of this unit and is stored inside the SBDCU. 
The channels of the scope are first cross calibrated using 
the phase shifter to make sure the phase delay from the 
input of the cables to the scope screen is the same for 
channel 1 and 2. Since the phase through a step 
recovery diode multiplier is power dependent all 
measurements must be done at the operational power 
levels. The positive going zero crossings of the 476MHz 
from the DUT output port to the 2856MHz mixer input 
is lined up to within lpicosecond using the phase 
trimmer. 

Step 2 of the calibration consists of zeroing the mixer 
when the phase at the Input from DUT port is equal to 
the phase at the input to the mixer on the 6 x multiplier 
output side. Equipment used is a network analyzer, 10 
dB directional coupler, 33dB - 2W amp with isolator at 
output, 30dB directional coupler with 10 watt load at 
output used as high powered 30dB attenuator, power 
meter, phase shifter, calibration adapter (N-male to 
SMA-female), DVM, and test cables. The calibration 
adapter used effects calibration. The adapter used is 
stored inside the SBDCU. The power from the analyzer 
is split and one side amplified. The two cables, one with 
1.3 Watts and the other with 3mW, are adjusted to the 
same phase length and then used to zero the mixer, see 
figure 2. 
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2.2 SBDU Calibration 

The calibration setup requires a 476 MHz phase 
stable source, a phase shifter, a network analyzer, power 
meter, the SubBooster Drive Calibration Unit (SBDCU), 
three N type test cables and a temperature stabilized 
water system. Temperature stability is reached in the 
SBDCU about an hour after turn on. The SBDU is 
turned on with water temperature stabilized flow for 1/2 
hour before measurement. 

The phase length of the external phase shifter with a 
cable on each end is matched to the third cable on a 
network analyzer. The phase shifter and cable assembly 
connects the SBDCU output to the SBDU 476MHz 
input, figure 3. The remaining cable connects the 
2856MHz 1.3Watt PRL output of the SBDU to the input 
of the SBDCU. A phase trimmer installed in the SBDU 
is then adjusted to zero the mixer, aligning the phase. 

476MHz 
SOURCE 

I 
476 Mhz 
INPUT 

SBDCU 

pC-[LPF W h$h 

 1 !'. 

Input From 
OUT DVM 

PHASE 
ZERO PHASE 

SHIFTER 

PRL OUT 
2856MHz 

SBDU 476MHz 
IN 

6X 

PHAS CAL 

-äs- 
Figure 3 Calibration of Subbooster Drive Unit 

3 CALIBRATION PERFORMANCE 

Since the upgrade several units have been replaced with 
no time lost due to rephasing sectors. Figure 4 is a graph 
of a phase monitor of which the SBDU in sector 19 is in 
its phase loop. On the 23 of September, 1995, the SBDU 
was replaced. The spike in the plot is due to RF being 
removed during replacement. After replacement the 
phase returned to within 1° @ 2856MHz. 

Figure 2   SubBooster Drive Calibration Unit Cal. 
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Figure 4 Phase of Sector 19 PRL 

3.1 SBDU Calibration Data 

During calibration of the SBDU, data was taken on the 
effects of temperature and amplitude on phase length. A 
summary of the results are given in Table 1. Phase is 
measured in °S which is degrees at 2856MHz. 

MIN 
MAX 
AVG 
STD 

°S/dB 
-9.98 
4.71 
-2.39 
2.92 

°S/°C 
-2.71 
4.17 
-2.71 
4.17 

Table 1. SBDU Phase Characteristic 

The temperature of the SBDUs are held to within ±1°C 
and in most cases is within +0.5°C. The 476MHz drive 
amplitude varies diurnally with temperature of the Main 
Drive Line. At Sector 30 where the variations are the 
greatest the power levels stay within ±0.5dB. 

4 COMMENTS 

The calibration of the SBDUs will save many hours of 
beam time in phasing of sectors. The data collected on 
the SBDUs will also help in understanding diurnal 
variations in the linac. 

5 ACKNOWLEDGMENTS 

We would like to thank K. Jobe, R. Koontz, M. Ross, 
and H. Schwarz for the fruitful discussions and support 
of this project. 

REFERENCES 
[1] SRF Phase Distribution Systems at the SLC, R.K. Jobe and H. D. 

Schwarz, Stanford Linear Accelerator Center, Stanford University, 
Stanford, CA 94309, USA. SLAC-PUB-4893 April 1989 

3026 



LOW-LEVEL RF SIGNAL PROCESSING FOR THE 
NEXT LINEAR COLLIDER TEST ACCELERATOR 

S. Holmes, C. Ziomek, C. Adolphsen, R. Akre, S. Allison, S. Clark, T. Dean, R. W. Fuller, 
S. Gold, R.K. Jobe, R. Koontz, T.L. Lavine, C. Nantista, Z. Wilson, A. Young, 

Stanford Linear Accelerator Center, CA 94309 

Abstract 

In the X-band accelerator system for the Next Linear 
Collider Test Accelerator (NLCTA), the Low Level RF 
(LLRF) drive system must be very phase stable, but 
concurrently, be very phase agile. Phase agility is needed 
to make the Stanford Linear Energy Doubler (SLED) 
power multiplier systems work and to shape the RF 
waveforms to compensate beam loading in the accelerator 
sections. Similarly, precision fast phase and amplitude 
monitors are required to view, track, and feed back on RF 
signals at various locations throughout the system. The 
LLRF is composed of several subsystems: the RF 
Reference System generates and distributes a reference 
11.424GHz signal to all of the RF stations, the Signal 
Processing Chassis creates the RF waveforms with the 
appropriate phase modulation, and the Phase Detector 
Assembly measures the amplitude and phase of 
monitored RF signals. The LLRF is run via VXI 
instrumentation. These instruments are controlled using 
HP VEE graphical programming software. Programs 
have been developed to shape the RF waveform, calibrate 
the phase modulators and demodulators, and display the 
measured waveforms. This paper describes these and 
other components of the LLRF system. 

1 INTRODUCTION 

The Next Linear Collider Test Accelerator (NLCTA) is 
an experimental high-gradient X-band linac at SLAC 
designed to integrate the technologies of X-band 
accelerators, klystrons, and RF pulse compression 
systems. The NLCTA will serve as a test bed as the 
design of the Next Linear Collider (NLC) evolves. The 
Low-Level RF (LLRF) Signal Processing System was 
designed to produce and monitor the highly phase agile 
RF drive to achieve the small (= .1%) bunch-to-bunch 
energy spread required for the NLC [1]. 

2 11.424GHZ RF REFERENCE SYSTEM 

A single RF Drive System supplies RF to all of the 
NLCTA high-power RF stations [2]. This RF drive 
system is derived from a 476MHz drive-line signal. The 
476MHz CW signal is processed through a train of 
preamps, level-set attenuators, and mixers to produce 
signals at 2856-MHz and 11.424GHz, in the power range 
of 10 to 20dBm. The 2856MHz signal is used for phase- 

reference purposes. The 11.424GHz signal is transmitted 
to each Signal Processing Chassis where it is phase 
modulated, and to each Phase Detector Assembly where 
it is a reference signal that is used to precisely measure 
the amplitude and phase of several RF monitoring points 
in the RF system. After further amplification, the 
modulated 11.424GHz signal is transmitted to the 
klystrons. 

3 SIGNAL PROCESSING CHASSIS 

RF phase and amplitude are coded as two orthogonal 
components: I (in phase) and Q (in quadrature), where 
phase is arctan(Q/I) and amplitude is (I2 + Q2)1'2. A signal 
processing chassis for each NLCTA RF Station contains 
the low-level microwave electronics needed to create an 
RF output with arbitrary phase modulation. An I/Q 
modulator in the signal processing chassis up-converts 
baseband I and Q signals into an appropriately phase 
modulated, 10mW RF signal for driving the TWT that 
drives a 50MW klystron at X-band. Because the klystron 
is operated in saturation, the I/Q modulator is used as a 
fast phase shifter only, with its RF output kept at a 
constant power level [3]. Figure 1 shows the HP VEE 
graphical interface used to calibrate the phase modulators. 

teasaJ 

I    OtlaC*   "1 |     mat    "j 

>=■       «■ 

I'll      r» Nl      m 

Figure 1. Phase Modulator Calibration Software 

Calibrations are done to characterize the I/Q modulator 
accurately at a single RF output level. On-line 
calibrations (using a designated detector in the Phase 
Detector Chassis) must be done everyday to correct for 
changes in the modulator characteristics. 
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3.1 Phase Profiles 

Two programmable Arbitrary Function Generators 
(AFG's) produce the I and Q waveforms that are used by 
the Signal Processing Chassis to modulate the phase of 
the RF that drives a saturated TWT (and klystron) [4]. 
The phase modulation is eventually converted, by a high- 
power pulse compression system (SLED-II, described by 
Tantawi et al., in these proceedings [5]) to amplitude 
modulation which compensates for transient beam 
loading in the accelerator (see Adolphsen et al., in these 
proceedings [6]). Figure 2 shows an example of a phase 
profile and the predicted RF amplitude waveform that 
results after high-power RF pulse compression. 

Figure 2. Example of a Phase Profile produced with the 
AFG's and the SLED Waveform it is predicted to generate. 

3.2 Station Phase 

Real-time adjustments of the station phase is provided to 
compensate for phase drifts and drifts caused by thermal 
expansion. In order to accomplish this, the station phase 
adjustment has been divided into two hardware devices: a 
fixed phase setpoint incorporated in the AFG waveform 
and an analog phase shifter that allows +/-180 degrees of 
phase adjustments to be performed in real time. The 
fixed phase setpoint incorporated into the AFG is 
accomplished through software during initial turn-on and 
remains fixed thereafter. Real-time adjustments of+/-180 
degrees around the station phase setpoints are 
accomplished with an analog phase shifter that is driven 
by a VXI module. This analog phase shifter allows an 
operator to adjust a knob and see phase changes occur in 
real-time. 

4 PHASE DETECTOR ASSEMBLY 

There is one Phase Detector Assembly per NLCTA RF 
Station, consisting of eight I/Q demodulators. These I/Q 
demodulators are used to downconvert RF signals for 
precision amplitude and phase measurements. The RF 
signals that are measured are from various monitor points 
in the RF system. (E.g., Vector Modulator Output, TWT 
Output, Klystron Output, Accelerator Input). The pairs of 
downconverted I/Q signals from one Phase Detector 

Chassis Assembly are multiplexed into two digitizer 
channels and simultaneously sampled at 1GHz. 

4.1 Software Calibrations 

The Calibrations of both the Modulator and 
Demodulators are done through HP VEE software. The 
software operations performed upon the I/Q data include 
data correction, data conversion, and data display. Figure 
3 shows the software algorithm for the I/Q demodulator. 
The data correction step consists of four multiply and two 
add operations. The six constants used in this correction 
(II, QI, IQ, QQ, Ioffset, and Qoffset) are determined by a 
calibration algorithm that is described below. The data 
conversion step performs the non-linear operations that 
convert I/Q to amplitude/phase. The algorithm in Figure 
3 is performed upon each measured I and Q in the data 
sample. 

I 

Q. 

CORRECTION 

^ [&]=[£ 
Qi 1 r i+ioff I 

Jx[Q + QoffJ IQ QQ 

CONVERSION 

A=y<i2+ Q2) (♦A 

Qc 
_»-U - atan(Q/I) U A 

Figure 3. Software algorithm for the I/Q Demodulators 

To measure the six calibration constants of a demodulator 
an 11.414-GHz source switched into the RF input of the 
demodulator. The calibration signal is offset by 10-MHz 
from the RF center frequency, resulting in 10-MHz 
sinusoids on the output I and Q signals from the I/Q 
demodulator. The calibration signal is digitized over 
three complete cycles of the 10 MHz sinusoids. This data 
is then analyzed to find the six constants in Figure 3 that 
make Ic and Qc orthoginal sinusoids of equal amplitude 
and zero offset. 

5 VXI INSTRUMENTATION 

Each NLCTA RF Station consists of a VXI Crate 
containing one GPIB controlled command module, two 
analog multiplexers (MUX's), one Digitizing Ocilloscope, 
and two Arbitrary Function Generator's (AFG's). An 
additional VXI Crate, which is used for other purposes, 
contains a HPUX processor that is used to control the RF 
VXI Crates via GPIB and HP's VEE graphical interface 
software. The AFG's are programmed to output user- 
defined arbitrary waveforms which go into the Signal 
Processing Chassis Phase Modulator. The I (in-phase) 
and Q (quadrature) waveforms from the Phase Detector 
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Assembly are multiplexed using the MUX's. Figure 4 is 
display of the amplitude and phase for one of the 
demodulator channels. These waveforms were acquired 
with the digitizing scope. 

|ü^-|  EB aay"| i   ■   a    n. ma», M«i erg r~-* 
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Figure 4. Output display of one I/Q Phase Demodulator 

5.1 Timing 

There is one Camac Simple Timing Buffer (STB) card 
per RF station that provides the NIM-level triggers used 
for synchronization of the LLRF system [7]. The VXI 
scope trigger starts the digitizer data acquisition cycle at 
the normal machine repetition rate. The Calibration 
trigger enables the on-line calibration of the I/Q 
demodulators by switching on a calibration source. The 
ARB Trigger initiates the AFG's waveform outputs. The 
LLRF Trigger is used by the RF Trigger Chassis to create 

the RF Gate pulse. This RF Gate is used by the RF Signal 
Processing Chassis to pulse modulate the LLRF output. 

6 CONCLUSIONS 

The design of the LLRF Signal Processing system for the 
Next Linear Collider will be based heavily on experience 
gained from existing systems developed for the NLCTA. 
The experimental program of the LLRF system for 
NLCTA has been successful in acheiving the ability to 
make RF phase and amplitude measurements with time 
resolutions comparable to the NLC bunch spacing 
(1.4ns). Upon completion of the NLCTA the design of 
the NLC will progress with a better understanding of X- 
band LLRF Signal Processing systems. 
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Abstract 

A method is proposed for using adjustable, waveguide 
stub-line tuners to match the load impedance of the cavity 
plus beam to the power source, without the need to detune 
the cavity. Adjustable stub-line tuners are shown to be 
able to completely match the resistive and reactive parts of 
the load impedance to a generator under all conditions of 
beam loading, ensuring optimum power transfer between 
generator and cavity. This technique may have advantages 
in high-current storage rings such as the SLC damping 
rings and the new PEP II storage rings. The coupled- 
bunch instability driven by the fundamental mode of the 
cavity is re-appraised in this coupling scheme in which the 
cavity is no longer detuned. The consequences of this 
matching scheme are also considered for the beam loading 
stability limit. 

1 INTRODUCTION 

The beam in an RF cavity is seen by the generator (klys- 
tron) as a complex load impedance. The reactive compo- 
nent of this beam load impedance is determined by the 
synchronous phase angle, fa of the beam and conse- 
quently held fixed by other parameters of the accelerator. 
In high-current storage rings it is necessary to fully match 
this complex load to the generator to ensure efficient 
transfer of power. 

In a typical storage ring cavity this is done in two steps 
by matching the real, or resistive, part with the coupling 
ratio at the cavity port and secondly detuning the cavity to 
match the imaginary, or real, part of the load. The resis- 
tive component of the match is not typically adjustable 
and is fixed by the geometry of the cavity coupler. In such 
cases the matching is only optimized for one design beam 
intensity. The reactive matching through cavity detuning 
can be achieved with a mechanical tuner and adjusted 
according to the average beam current. 

The impedance seen by the generator determines the 
power transfer efficiency to the beam, but the impedance 
seen by the beam determines the stability of the beam. In 
high-current, multiple bunch "factory" machines the cost 
and feasibility of feedback systems to damp these insta- 
bilities must be weighed against the cost of the installed 
RF power. Coupled bunch instabilities are driven by the 
asymmetric impedance at the betatron sideband frequen- 
cies which is a direct consequence of detuning the cav- 
ity[l]. The beam loading stability threshold is also low- 
ered as the cavity is detuned to obtain efficient matching. 

(b) 

Figure 1: a. Adjustable stub lines perpendicular to the waveguide be- 
tween the cavity and klystron, b. an equivalent alternative using adjust- 
able posts in the waveguide. 

As the cavity impedance angle is increased with the beam 
intensity the generator component, VG, of the cavity volt- 
age becomes increasingly out of phase with the total cav- 
ity voltage, Va until the Robinson limit is reached where 
VG is 180° out of phase to the beam current, IB, and no lon- 
gitudinal focusing remains[2,3]. 

The load matching discussed in this paper utilizes ad- 
justable stub lines placed in the waveguide between the 
cavity and the klystron. Rather than adjusting the cavity 
parameters to match the generator, the stub lines add an 
extra degree of freedom to transform an unmatched load 
to its source. Once the new matching conditions have been 
established with the stub lines the impedance, seen by the 
beam, of the cavity plus the generator is analyzed and the 
conditions for beam stability described. 

The stub line matching of the load impedance to its 
power source does appear to have the advantage of pro- 
viding all of the adjustment outside of the cavity vacuum. 
Furthermore, the matching for both the resistive and reac- 
tive components can be adjusted for any beam intensity. 
In the conventional coupling scheme only the reactive 
matching is adjustable. The capability to vary the resistive 
component of the match becomes more critical for ma- 
chines where the synchronous phase is large. 

2 THE BEAM AND CAVITY LOAD 
The equivalent circuit model of the cavity resonator cou- 
pled by a transmission line to a generator such as a klys- 
tron, shown in figure 2, has been described in detail by 
Wilson [4]. In this model the fundamental mode of the 

Klystron Output Transmission FFC&vlty 
Cavity Line 

Figure 2: Equivalent circuit model of klystron, transmission line and 
cavity (after Wilson [4]). 

* 'Work supported by Department of Energy Contract DE-AC03-76SF00515. 
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cavity is represented  by a parallel RLC circuit [5]. The 
3x 

beam current   IB=2I0e ^°"+^B\ where   <J>B = ~T-<I>, 5' 

can be represented as a load admittance, YB, with real and 
imaginary components 

Re(rB): Re 
/, 
V v'c/ 

sin ^5 

Im(yß) = Im 
KVC; 

(1) 

cos^s 

The total current in the cavity, Ic, is the vector sum of the 
generator and beam currents, Ic = IG +IB. The com- 
bined impedance contributions from the beam and the 
cavity gives a total real and imaginary admittance of 

Re(yr)= Re] -^1 = -Ü1 +\MR^ sin^„ 

(i \ 

Im(FG)=Im 
\*cJ 

1 j. \lE \ i = tan®7 + -*- cos®? 

(2) 

Matching of the load to the generator for optimum power 
transfer is done in two independent steps. To match the 
real part of the impedance requires finding ßc such that 
the admittance in equation (2), when transformed to the 
generator side of the transformer, becomes equal to the 
characteristic line admittance. This gives 

ßc = l + h. ̂ ftSin^ (3) 

In order to match the imaginary part of the impedance 
we find that the beam has introduced a reactive term that 
in present designs is compensated by reactive tuning of 
the cavity [6, 7]. The cavity has a non-zero imaginary 
admittance when tuned away from its resonant frequency, 

:—-(l-y'tan^z) Yc(co). 
Rsh 

where tan <0Z = -Q, 
a> —^-20,^ 

cocon a>„ 

(4) 

(5) 

The condition for making the total imaginary component 
of the impedance, as given in equation (2), zero is 

tan ^z = h. RLcos0s (6) 

3 TRANSMISSION LINE MATCHING 

When a mismatch occurs because the load impedance is 
not equal to the characteristic impedance of the transmis- 
sion line, some of the wave is reflected. The reflection 
coefficient is defined as the ratio of the amplitudes of the 
forward and backward wave, 

T = ' 
Z' ~ A» Z,-l 

V 
L* 

ZL+R0     ZL + l 
<1 (7) 

where ZL = —L, is the normalized load impedance. Su- 
Zo 

perposition of the forward and reflected waves leads to a 

B-1.5       B-1 

Figure 3: Smith chart representation of the reflection coefficient from a 
load with mismatched admittance at point 1. A length of waveguide, d, 
transforms it on a circle to point 2 where a stub of length d, transforms it 
along a line of constant conductance to a match at 3. 

standing wave pattern. A quantity that can actually be 
measured is the voltage standing wave ratio (VSWR), S, 
that is related to the reflection coefficient by 

s = - i+|r| 
i-in (8) 

The impedance properties of a transmission line can 
also be represented graphically on a Smith chart. At the 
load, the reflection coefficient will be designated FL, so 
that at a distance / from the load 

In 
r(0 = |rje ^, ß = (9) 

Equation (7) may now be rearranged to give the nor- 
malized input admittance, located at a distance / from the 
load, 

% 
^-G + fB (10) 

i + r(0 

where G is the normalized input conductance and B is 
the normalized input susceptance. The load admittance as 
defined by equation (2) can be represented as a point on 
the Smith chart in figure 3, for a given waveguide imped- 
ance Z0. 

Moving away from the load a distance I toward the 
generator is equivalent to a clockwise rotation of a point 
on the chart through an angle 2ßl at a constant radius, 
allowing the transformed resistance and reactance of the 
load to simply read off the graph. Adding a length, d, of 
shorted line which is terminated in zero resistance has the 
effect of adding an admittance 

-     Y, j 
(11) 

JQ tan ßd 

which is equivalent to moving along a circular contour of 
constant conductance on the Smith chart. In the next sec- 
tion we will use this graphical technique to illustrate the 
use of stub lines for matching a complex load impedance, 
like a beam loaded cavity, to a generator. Note that a 
matched load impedance is equivalent to a normalized 
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Figure 4: Single (left) and double stub matching(right). 

resistance of 1 and zero reactance, corresponding to a 
point at the origin of the Smith chart. 

3.1 Single stub matching 

The principle of matching with a single stub lies in 
choosing the length, dp of the stub and its distance, d, 
from the load such that the reflected wave from the stub 
just cancels the reflected wave from the load, as shown in 
figure 4a. The procedure for choosing d and d, was shown 
graphically in figure 3. Alternatively, if the VSWR from 
the load is measured before the addition of the stub line 
the values for d and d, can be determined from S, 

—7=-,   tan/&m=±Vs 
** (12) 

where dm is now the distance of the stub line measured 
toward the generator from the position of the voltage 
maximum. The positive square root sign is used for 
0<dm<\/4 and is negative for X/4< dm<X/2. 

3.1 Double stub matching 

It is usually not possible to vary the distance of the stub 
line from the load to compensate for load impedance 
changes. This difficulty can be overcome by using two 
adjustable stub lines of length dx and d2 as the two vari- 
ables, at an arbitrary distance from the load but separated 
by a distance d ±1/2 from each other, as shown in figure 
4b. The distance of the first stub from the load is com- 
pletely arbitrary as the transformed load impedance at that 
location is now taken as the new load impedance to be 
matched. 

The matching procedure is shown graphically in figure 
5, where point 1 represents the normalized load admit- 
tance at the junction of the stub d2. The stub line of length 
d2 adds susceptance only, so_the_locus moves to point 2 
along a contour of constant G-GL. The length of trans- 

mission  line d be- 
v 

tween the two stubs 
transforms point 2 
through an angle 
2ßd where it inter- 
cepts the circle 
G = 1 at point 3. 
The stub line d, adds 
susceptance to move 
the point along the 
contour G = 1 until 
it meets the origin at 
point 4. 

Figure 5: Smith chart representation of 
double stub matching. 

As with the single stub, the matching conditions can be 
expressed in terms of the measured VSWR, so that in the 
example for d-X/4: 

i  -/s~^T 
cot/?4 =±VS-1,   cot/y2=±——        (13) 

If the range of load impedances to be matched is unusu- 
ally large, or if it is physically difficult to make d small 
enough to accommodate the range of impedances, then a 
third adjustable stub can be added. Adding a third degree 
of freedom in a triple stub matching arrangement is suffi- 
cient to ensure all load conditions can be matched. 

4 BEAM STABILITY 

At first sight it might appear that not detuning the cavity 
would be advantageous for the driving terms of the cou- 
pled bunch instability. However, the beam sees both the 
cavity and generator impedance in parallel and the gen- 
erator now appears as a reactive impedance when trans- 
formed through the stub line. In fact, the beam must see 
exactly the same reactive impedance component as the 
conventionally detuned cavity. The main advantage re- 
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Figure 6: Equivalent circuit (a) with stub line matching and the phasors 
(b) including the stub line current. Beam loading limit (right) as a func- 
tion of impedance angle and loading angle. 

mains the practical aspect of placing the moveable tuning 
element outside of the vacuum system in the waveguide. 

Similarly, the Robinson beam loading limit, accord- 
ing to 

2sinfo -tanfr+rcos. 
•»max -    .    - ,    i    tan fL - ,     „   .    , sin 2ipz 1 - / sin <pB 

appears to increase when ^=0, as in fig. 6. However, sta- 
bility is now lost when VL is 180° out of phase with IB, 
even though VG is in phase with Vc, so the beam loading 
limit is the same as for conventional matching. 
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HOM POWER PROPAGATION AND ATTENUATION 
IN PEP-IIB-FACTORY * 

Xintian E. Lin, C.-K. Ng and K. Ko 
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Abstract 

Most of the higher-order-mode (HOM) power that propa- 
gates in the PEP-II rings is generated in the RF cavities 
but its content in terms of TE and TM components has 
not been accurately determined. For purpose of shielding 
beamline components such as bellows and BPMs from TE 
power penetration and determining the heating on the cav- 
ity HOM absorber, this HOM power content and its dis- 
tribution profile around the rings are needed. This paper 
calculates the TE and TM contributions of the RF cavities 
to the circulating HOM power and their transmission prop- 
erties at another cavity downstream. By considering both 
the generation in, and scattering by the cavities, as well as 
the attenuation along the vacuum chamber, a complete dis- 
tribution profile for the TE and TM HOM power can be 
obtained. 

1   HOM POWER GENERATION IN PEP-II 

The PEP-II B-factory is a high current machine that gener- 
ates enormous amount of RF energy in the vacuum cham- 
ber. The total HOM power for all beamline elements is 
estimated to be Po = 200 Kilowatts[l]. Assuming that the 
HOM power is uniformly generated around a storage ring 
and the attenuation length I is constant for all the propagat- 
ing modes of the vacuum chamber, the HOM power P at 
any location of the ring is given by the equilibrium condi- 
tion 

dP/dz + P0/L = -P/l + Po/L = 0, (1) 

where L, the PEP-II ring circumference, is 2200 m. The 
straight sections of the PEP-II rings consist of stainless 
steel pipes with a diameter of 9.525 cm. The attenuation 
length of the TM0i mode in these pipes is about 60 m at 
5 GHz, the roll-off frequency of the PEP-II nominal 1 cm 
bunch. Thus the resulting HOM power at any ring location 
is roughly given by 

1 

P=-P0 = 5.5 KW. 

2   MULTIPLE REFLECTIONS 

(2) 

The above calculation assumes no reflections by beamline 
elements. On the contrary, multiple reflections may hap- 
pen even in a two-element network. To illustrate the signif- 
icance of multiple reflections, we study the cascade of two 
simple 2-port elements as shown in Fig. 1. Here, S rep- 
resents the scattering matrix of the two identical elements, 

*Work supported by U.S. Department of Energy, contract DE-AC03- 
76SF00515 

Rt 

>ia 

Figure 1: Cascade two 2-port elements with one unit of 
power incident from left. 

and e%a indicates the propagation through the beampipe be- 
tween the two elements. The amplitudes of the right-going 
and left-going waves between the two elements are repre- 
sented by a and b, respectively. We parameterize the S- 
matrix in the form of 

iy/T 
i\J\ — r2 (3) 

where r represents the reflection coefficient. The particu- 
lar form is chosen to satisfy symmetry and unitarity. With 
one unit of power incident from the left, the total transmis- 
sion Tt is obtained by summing over all the reflections as 
follows: 

Tt = TeiaT{l + reiareia{l + reiareia{l + ...))),   (4) 

where T = S12 = i-\A — r2. The first term is the di- 
rect transmission, and the second term has two extra reflec- 
tions on the network interfaces and two extra phase propa- 
gations. Summing the geometric series, we obtain 

Tt -(1-r2) 
1 

Following the same procedure, we also have 

1 - e2ia 

Rt   = 1 _ j.2g2ia 

iy/1 — r2 

b   =   reiaa. 

(5) 

(6) 

(7) 

(8) 

In Fig. 2, the transmission coefficient and amplitudes a 
and b are plotted as a function of the phase a. One promi- 
nent consequence of multiple reflections is the power en- 
hancement with respect to the input power at certain a. 
It can be seen that resonant transmissions are evident at 
a = 0°, 180°, 360°. At resonance, due to coherent ad- 
dition, the amplitudes a and b can be substantially higher 
than the input amplitude. For example, for r = 0.8, as 
much as a2 + b2 = 4.56 times of the input power flows in 
the beampipe between the elements at resonance. 
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Figure 2: Amplitude Tt (upper figure), a and b (lower fig- 
ure) as a function of a. The r is 0.8. 

3    APPLICATIONS TO PEP-II 

Several factors need to be considered in applying the sim- 
ple two 2-port elements model to the PEP-II rings. First, 
the power generation in a PEP-II ring is not uniform. The 
layout of the PEP-II rings is illustrated in Fig. 3. There are 
6 straight and 6 bending regions numbered according to the 
clock face. The HOM power is mainly generated by the RF 
cavities which are located in some of the straight sections. 
For the High Energy Ring (HER), the RF cavities are lo- 
cated in Region 8 and Region 12. Currently 8 cavities have 
been installed in Region 12 as shown in Fig. 4. 

Second, the model described above is for simple two- 
port elements with only one propagating mode. The RF 
cavity has 6 external ports, namely, the upstream and down- 
stream beampipes, three HOM damping waveguides and an 
iris coupler. At a moderately small frequency of 2.856 GHz 
compared with the beam roll-off frequency, all the ports 
have more than one propagating modes. Thus a multi-mode 
S-matrix for a multi-port network needs to be calculated. 

Third, the stainless steel beampipe connecting the cavi- 
ties is lossy. Therefore, the phase delay a also has an imag- 
inary part to account for the attenuation. 

Last, the beam excites a broad frequency spectrum. For 
a 1 cm beam, the frequency spectrum extends to about 
10 GHz. Thus, HOM power can propagate in the frequency 
range between the beampipe cutoff of 1.85 GHz to 10 GHz. 
However, the periodic nature of the bunch train in PEP-II 

HER Injectioi 
LER Tune 

HER RF 
HER Tune 
LER Injection 

Figure 3: PEP-II ring layout. 

suppresses all frequency contents except multiples of 238 
MHz1. Therefore, about ^"^g5 = 34 beam harmonics in 
the frequency spectrum need to be considered 

Region 12 RF layout 
A ^ A- £L 

/T~I\        XLZN        /XZ3\        <^P^S 

^cci 

15 

8.75 X        i 
5.51im      ! 

20 Z(m) 

Figure 4: RF Cavity layout in Region 12. 

4   HOM POWER DISTRIBUTION IN PEP-II 

In this paper, we present the multiple reflection calculation 
at Region 12 only. Eight cavities and the stainless steel 
beampipes in between them are taken into account. Tak- 
ing advantage of symmetry, we modeled half of the cavity 
(Fig. 5) by MAFIA. There are 2 beampipe ports (one is in- 
visible in Fig. 5), 2 HOM ports and a coupler port on the 
top. MAFIA time domain simulations are used to calculate 
the S-parameters and the HOM power generated by a Gaus- 
sian charged beam. A couple of assumptions were made in 
the analysis. First, the HOM power generated by the cav- 
ity is assumed to propagate equally in the upstream and 
downstream beampipes in the form of TM0i mode. This 
is justified as the asymmetry of the cavity only generates 
a relatively small portion of TE power. Second, for sim- 

'The 5% ion clearance gap is ignored here for simplicity. Because its 
contribution to the current at other frequency is less than 5%, the power 
induced by such current is negligible 
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We also obtained the HOM power going to the cav- 
ity load (Fig. 7).    Without the coupler port, the three 

Figure 5: MAFIA model of RF cavity. 

plicity, the S-parameter calculations are carried out for the 
TEii and TM0i modes of the beampipe at 2856 MHz by 
allocating all the HOM power to this frequency. 

The equilibrium distribution of the HOM power propa- 
gating in the beampipes is plotted in Fig. 6 as a function 
of longitudinal location in Region 12. Each discontinuity 

~l_ 

Figure 6: HOM power propagating in the beam pipe, nor- 
malized to one cavity HOM output(4 KW) 

of the curve represents the location of a cavity. Generally, 
TMoi mode dominates in the beampipe. But in particular 
locations, for instance, between cavities 3 and 4, 5 and 6, 
TEii power is high (~ 10 KW). 

HOM power, in particular TE power, can penetrate 
through openings in beamline components. It was esti- 
mated that 0.01% of the TE power can penetrate through 
the bellow shield fingers[2]. This means that about 1 W is 
deposited in a bellows in the proximity of a cavity and this 
is small compared with 100 W design spec. For the BPM 
at the downstream of a cavity, about 0.12% for TEn mode 
and 0.05% for TM0i mode couple to the buttons. The total 
power into the cable is therefore 14 watts maximum, which 
is well under 100 W designed for the BPM electronics. 

Figure 7: Power going into upper and lower HOM ports of 
each cavity, normalized to one cavity HOM output(4 KW) 

HOM ports are symmetrically placed around the beam 
pipe. Therefore, with the beam on axis, each port will re- 
ceive equal amount of HOM power. Since we only mod- 
eled half of the upper port, ideally, there are half as much 
power going into upper port as that going into lower port. 
But the coupler port breaks the symmetry, and Fig. 7 shows 
that the ratio of power going into half of the upper port and 
that into the lower port is 0.69:1 instead of 0.5:1. The total 
heating of upper port is still less than the designed 10 KW 
cooling capacity. 

5 CONCLUSION 

Multiple scattering of HOM by the beam line elements 
can substantially increase the local power density. Further- 
more, TM to TE conversion is enhanced at particular loca- 
tions, resulting in as much as 10 KW of TE power. The 
bellow heating and HOM power penetration through BPM 
cable turn out to be acceptable due to very small absorption 
coefficients. 

This method can be scaled to the whole ring easily if 
S-matrix of other beam line elements are available. The 
resulting HOM profile is extremely useful in engineering 
design. 
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EXPERIMENTAL STUDY OF PULSED HEATING OF 
ELECTROMAGNETIC CAVITIES 
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Abstract 

An experiment to study the effects of pulsed heating in 
electromagnetic cavities will be performed. Pulsed 
heating is believed to be the limiting mechanism of high 
acceleration gradients at short wavelengths. A cylindrical 
cavity operated in the TE0n mode at a frequency of 
11.424 GHz will be used. A klystron will be used to 
supply a peak input power of 20 MW with a pulse length 
of 1.5 [is. The temperature response of the cavity will be 
measured by a second waveguide designed to excite a 
TE012 mode in the cavity with a low-power CW signal at a 
frequency of 17.8 GHz. The relevant theory of pulsed 
heating will be discussed and the results from cold-testing 
the structure will be presented. 

1 INTRODUCTION 

Pulsed heating will place a limit on the surface 
magnetic field in electromagnetic cavities due to thermal 
stress and through it a constraint on the maximum 
acceleration gradient possible for future linear colliders. 
A similar limitation has been encountered in optics for 
short pulse C02 lasers[l], and based on these results we 
expect the essential problem to be the low yield strength 
of materials such as fully annealed OFE copper. 
Different materials such as glidcop® with much higher 
yield strengths must be investigated. The purpose of the 
proposed experiment is to test several different materials 
under high power RF. The first set of experiments will 
test OFE copper. 

2 BACKGROUND 

Pulsed heating arises from the instantaneous local 
power dissipation at the surface of the metal due to the 
surface magnetic field and the surface resistance of the 
material. Ignoring radiation effects, the heat deposited at 
the surface of the metal must flow into the material 
inducing stress in the lateral dimensions through thermal 
expansion. Heat flow is governed by the heat diffusion 
equation knowing the metal's specific heat and thermal 
conductivity. It is found that the maximum temperature 
rise occurs at the surface of the metal. 

The temperature rise scales as 

AT' 

+ Work supported by Department of Energy contract DE- 
AC03-76SF00515 
n Work supported in part by U.S. DOE SBIR grant number 

DE-FG03-96ER82213 

f?r 
\GcEk 

where f is the RF frequency, Tp is the RF pulse length, o~ 
is the electrical conductivity, c£ is the specific heat at 
constant strain and k is the thermal conductivity. 

Based on the considerations of thermal stress due to 
pulsed heating, the threshold for plastic deformation is[l] 

A7\, 
aE 

where v is Poisson's ratio, Y is the yield strength, a is the 
coefficient of linear expansion, and E is Young's 
modulus. Surface roughening and fatigue cracks are 
expected to appear for temperature rises of AT > 2ATy[l]. 
For fully annealed OFE copper this temperature rise 
corresponds to 40 °K and for glidcop 240 °K. However, 
there have been reports of substantially higher 
temperature rises in RF cavities [2] which suggest that this 
surface damage does not affect RF performance. 

Fig. 1: Picture of test cavity with the endcaps outside. 
The actual length of the cavity is pictured. The water 
tubes can be seen at the end of the cylinders. 

3 EXPERIMENTAL SETUP 

The experiment will consist of two cylindrical 
cavities connected to a 50 MW X-band klystron through 
an asymmetric magic tee. The cavities will be operated 
under high power in the TE0n mode at 11.424 GHz. Each 

0-7803-4376-X798/$10.00 © 1998 IEEE 3036 



cavity has a radius of 2.21 cm and an axial length of 1.9 
cm. These dimensions were chosen to maximize the 
heating at the endcaps while keeping the heating along 
the cylindrical wall as small as possible. The endcaps are 
designed to be removable so that different materials may 
be used in future experiments. This design also allows 
the use of optical and electron microscopes to examine 
the surface. An annular gap of 1.0 mm exists between the 
endcaps and the cylindrical wall to remove the 
degeneracy of the TMm mode and to facilitate vacuum 
pumping. One such cavity is shown in Fig. 1. 

The copper endcaps are brazed onto long cylinders 
because the width of the WR-90 coupling waveguide is 
longer than the axial length of the cavity. Since the 
endcaps will receive the most heating, the cylinders were 
made hollow to allow water-cooling. 

In this particular experiment the local temperature 
rise will be inferred by measuring the change in the wall 
Q of the cavity as well as the change in its resonant 
frequency during the length of a pulse. A second port 
designed to perform this measurement will excite a 
steady-state TE012 mode in the cavity at 17.8 GHz. The 
waveguide at the second port near the cavity has a width 
of a WR-42 waveguide and a height of a WR-62 
waveguide. At this point the waveguide is cutoff from 
11.4 GHz and no power will propagate from the TEon 
mode. The waveguide is tapered to a full WR-62 after a 
length of 10 cm in which 11.4 GHz is attenuated by 150 
dB. The taper is required to allow the use of available 
vacuum windows for WR-62 at 17.8 GHz. A schematic 
of the diagnostic setup is shown in Fig. 2. In the future a 
more direct way of measuring the local temperature rise 
along the surface of the endcaps will be devised. 

A third cavity will function as a control that will not 
receive high power. After a high power run is performed 
with the other two cavities, the endcaps will be removed 
and tested in the third cavity. This test will isolate the RF 
properties of the endcaps. 

references[3],[4].    Hence, an integral equation for the 
local temperature rise at the surface is developed 

dt'    R^ATte.frt'.AT)!2 

ArW-   v        1     f    dt'    JSv* 
AT(x, t) = —==■   -== -. 

:(AT)k(AT) 

where x is the position along the surface of the cavity, p is 
the density and Rs is the surface resistance. The specific 
heat at constant strain is approximated as the specific heat 
at constant volume. The surface magnetic field is found 
from a differential equation that governs a cavity- 
waveguide coupled system. The result for the 
temperature distribution along the surface of the cavity at 
the end of a pulse is given in Fig. 3. The maximum 
temperature rise in the cavity is predicted to be 
approximately 350°K. The time evolution of the 
maximum temperature rise over the course of a pulse is 
shown in Fig. 4. 

o - distribution along endcap 
x - distribution along cylinder wall 

*£ 

Fig. 3: Instantaneous temperature along the surface of the 
cavity after a 1.5 us, 20 MW pulse 

LEAD SHIELD 

Fig. 2: Diagram of diagnostic setup 

4 THEORY 

A realistic assessment of pulsed temperature rise 
requires the temperature dependence of the specific heat, 
thermal conductivity and surface resistance of the 
material.    For pure copper, this data can be found in 

Fig. 4: The point of maximum temperature rise on endcap 
over the course of a pulse for 20 MW incident power 

Since the surface resistance changes with 
temperature, the wall Q of the cavity will also be 
temperature dependent. A measurement of the wall Q 
will provide information on the global temperature rise in 
the cavity. The global temperature rise is just the 
weighted average of the local temperature changes over 
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the surface of the cavity. The temperature rise at a local 
point will be inferred by comparison with theory. 

It is necessary to measure the Q as a function of 
time during a high-power pulse. The measurement 
becomes complicated if it is conducted on the same high 
power line at the fundamental mode frequency. For this 
reason a steady-state TE012 mode will be driven by a CW 
low-power source. Refer to Fig. 2. The coupling of this 
measurement port will change as the wall Q of the cavity 
changes. The amplitude and phase of the reflected power 
will be measured. Initially the port will be matched to the 
cavity and there will be no reflected power. A phase shift 
will occur due to the change in resonant frequency of the 
cavity during a pulse. Fig. 5 shows the expected amount 
of reflected power over time and Fig. 6 shows the 
expected phase shift over time. There are plans to 
calibrate this measurement. 

The equation for the temperature rise in the cavity is 
based on a one-dimensional analysis. This equation does 
not account for structure in the lateral dimensions. This 
equation also does not take into account the effect of 
acoustic waves. Acoustic waves set up in the metal by 
pulsed heating can lead to damage even at low 
temperature rises[5]. More study of this part of the 
phenomenon of pulsed heating needs to be done. 

Fig. 5: Reflected power for TE012 mode over the course of 
a pulse 

5 RESULTS OF COLD-TEST 

The cavities were designed with an axial length 
shorter than necessary so that they may be tuned by 
machining the endcaps. The sensitivity of the TEon mode 
for these cavities is 7 MHz for every 25 |^m that is 
machined off an endcap. The bandwidth of these cavities 
is approximately 1 MHz, so the final tuning procedure 
will involve varying how much the copper gaskets in the 
vacuum flanges will be crushed. Vacuum loading and 
water pressure from cooling must also be taken into 
account and is found to increase the frequency of the 
TEon mode by approximately 10 MHz. 

The coupling of the WR-90 waveguide to the TE0n 
mode is close to the design value of ß=1.2 chosen to 
optimize the heating in the cavity. While determining the 
coupling to the TE012 mode, it was discovered that a 
coaxial mode was set up in the long gaps between the 
cylinders and the cavity inner surface. This coaxial mode 
caused a low-Q mode to overlap the high-Q TE012 mode. 
This problem has been solved using finger stock on the 
long cylinder to short out the coaxial mode. Since the 
TE012 mode is operated under low power, a slide-screw 
tuner will be used to match the WR-42/WR-62 waveguide 
to the cavity. 

6 STATUS AND FUTURE PLANS 

The cold-test measurements on the structures are 
almost complete. We expect to run at high power within 
a month. 
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Abstract 

A 10 cm diameter by 5 cm travel plunger tuner was 
developed for the PEP-II RF copper cavity system. The 
single cell cavity including the tuner is designed to operate 
up to 150 kW of dissipated RF power. Spring finger 
contacts to protect the bellows from RF power ate 
specially placed 8.5 cm away from the inside wall of the 
cavity to avoid fundamental and higher order mode 
resonances. The spring fingers are made of dispersion- 
strengthened copper to accommodate relatively high 
heating. The design, alignment, testing and performance 
of the tuner is described. 

INTRODUCTION 

The PEP-II B-Factory uses 26 copper cavities which are 
designed to dissipate 150 kW of RF power at 476 MHz to 
produce a gap voltage of 1 MV each [1]. Beam currents of 
up to 3 A are anticipated causing excitation of higher order 
mode resonances. 

A movable frequency tuner was developed for these 
cavities (Fig. 2) in form of a 9.2 cm diameter copper 
plunger which is used to compensate for temperature 
related frequency changes and beam caused reactive 
detuning. The total tuning range is mostly determined by 
the detuning of ± 340 kHz required to park pairs of 
cavities, when they are not energized. To cover these 
requirements a total tuner range of 1 MHz was specified 
which can be realized by a tuner movement from 2 cm 
outside the cavity wall to 3 cm penetration into the cavity 
(see Fig. 6). 

The tuner uses bellows as a vacuum barrier to 
translate the tuner movement into the vacuum envelop and 
spring fingers are used to prevent fundamental and higher 
order mode RF currents from reaching the bellows. 

Tests of the tuner assembly were performed in cavities 
operating at power levels below the design level of 150 
kW because presently planned cavity operating levels for 
the PEP-II rings are lower. 

TUNER DESIGN 

The plunger design was optimized using a surface mesh 
model of the cavity and tuner created in the mechanical 
stress analysis code ANSYS [2]. This model was the basis 
for calculating the RF power dissipation using a Boundary- 
Integral Method Code developed at Chalk River Labs in 
Canada [3]. Once the power dissipation was established 
the ANSYS code could then predict temperature rise and 
stress and allow optimization of the plunger shape and 
cooling. 

The corner of the tuner plunger penetrating into the 
cavity is radiused to 1/2 inch to minimize current 
concentration (Fig. 2).   The power dissipated in the tuner 

plunger for operation at 150 kW dissipation in the cavity 
was calculated to be 5.1 kW at full insertion into the 
cavity and 2.5 kW at the nominal insertion point. 
Average surface power dissipation on the flat part of the 
plunger at full insertion is 28 W/cm2 with a peak of 36 
W/cm2 at the radius. 

Figure 1:   Tuner Assembly showing Plunger and 
Mounting Flange with Spring Fingers. 

The gap between the tuner plunger and the tuner port 
was originally planned to be 1 mm to stay below 
multipactor threshold but was increased to 4 mm when it 
was found that alignment and arcing in the gap were a 
problem. Surface currents in the gap did not change 
significantly for the different gap widths as calculated by 
MAFIA [4] simulations. 

The placement of the fingers is determined by two 
conflicting requirements: 

1) The fingers should be placed far away from the high 
field area of the cavity to reduce fundamental mode currents 
and power dissipation. With only rapidly decaying 
evanescent waveguide modes launched into the gap 
between the tuner plunger and the tuner port of the cavity, 
placement of the spring fingers in the gap about 10 cm 
away from the cavity wall would make the dissipated 
power manageable. 

2) The fingers should be placed in the tuner gap close 
to the cavity wall to avoid 1/4 or 3/4 wavelength 
resonances in the gap at the fundamental cavity resonance 
and higher order modes which can be excited by the 
multibunch beam. The lowest two longitudinal cavity 
modes at 750 MHz and at 1300 MHz are of particular 
concern since they are likely to be excited by the multi- 
bunch beam even though they are damped to a Q of 70 or 
500 respectively by the higher-order-mode loading of the 
cavity. An optimum position for the fingers was 
determined to be 8.5 cm back from the cavity wall, placing 
the 1/4 wavelength resonance of the gap between these two 
higher order modes. The 1/4 wavelength resonance in the 
tuner gap was simulated with MAFIA to move with tuner 
position between 780 MHz and 1100 MHz. 
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Tuner Plunger 

Stepping Motor 

Location of Spring Fingers 

Figure 2. Tuner Cross-Section with Stepping Motor Drive. 

The 8.5 cm finger location was adopted with the 
fingers fixed to the tuner port flange (Fig. 4.). The 
fundamental mode wall currents in this finger position 
were calculated to 26.5 A/cm peak and the related power 
dissipation is 2 W/cm2 for the tuner at a nominal position 
of 10 mm insertion and 150 kW power loss in the cavity. 

R.06 

.095 

.036 

1.023 

.286 

Ft.048 

Figure 3. Spring finger Dimensions in Inches. 

This relatively high power dissipation led to the design of 
spring fingers made of dispersion-strengthened copper or 
GlidCop® [5] after tests with beryllium copper alloy 
fingers had failed. The advantage of the GlidCop is its 
high thermal conductivity similar to that of copper 
compared to beryllium-copper alloys with 25% the 
conductivity of copper. The stress relaxation temperature 
for GlidCop is 350 °C compared to 150 °C for commercial 
beryllium copper alloy spring fingers. 

SPRING FINGER DESIGN 

GlidCop spring fingers were designed using the grade AL- 
25 (0.46% A1203). Since no fingers of this material were 
available commercially the fingers were fabricated by a 
photo-etching process and then bent to the right shape 

(Fig. 3). The GlidCop fingers are electron beam welded 
(Fig. 4) into the tuner flange which is used to mount the 
tuner onto the tuner port of the cavity. 

Dissipation of the calculated RF power of 2 W/cm2 

would cause the tip of the fingers to experience a 
temperature rise of 40°C. Additional heating comes from 
the electrical resistance at the contact point which is not 
well known. To facilitate a good contact under ultra-high 
vacuum condition it was decided to silver plate the finger 
tips (0.0004 inch Ag) and plate the polished sliding 
surface on the tuner plunger with rhodium (0.0002 inch 
Rh). In order to assure good alignment and uniform 
contact pressure of 113 grams per finger it was necessary 
to use a linear bearing at the shaft of the tuner. 

Figure 4. Spring Fingers as welded into Mounting 

TUNER TEST RESULTS 

The spring fingers were tested for mechanical life in a test 
fixture which in a vacuum of 4xl0"7 Torr moves a flat 
sample of the fingers with the nominal contact pressure 
over a rhodium-plated plate. The test ran for 90,000 
cycles with a stroke of 4 mm simulating the tuner 
movement associated with a beam fill one an hour over 
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the period of 10 years. At the end of the test most of the 
silver plating on the finger contact area was transferred to 
the rhodium-plated surface, a result of normal contact wear 
(Fig. 5). Some small pieces of silver were actually 
broken off at later tests seen as glowing spots in the 
cavity. Overall the test shows that the fingers sliding on 
the hard rhodium surface can withstand the rigors of 24 
cycles a day for a 10 year total life of the tuners. 

compared to the calculated plunger loss of 2,5 kW at 
nominal position and 150 kW wall dissipation. This 
increase in loss is partially attributed to the higher 
resistivity of the rhodium plating on the skirt of the 
copper plunger. The tuning curve for the tuner showing 
its range of 1.2 MHz is shown in figure 6. 

476.75    -r 

Figure 5. Electron microscope picture of spring finger 
contact area showing wear after 90,000 cycles on silver 
plating and silver chips. 

The spring fingers were also tested as part of a 
prototype tuner in the RF environment of the prototype 
cavity and were operated at 120 kW cavity wall power, 
20% above the highest power needed for the low energy 
ring. The source frequency was swept and a tuner feedback 
loop kept the cavity in tune forcing the tuner to follow 
the swept frequency. This test assembly operated 
successfully for 17,000 cycles over a stroke of 9 mm. 
Again the test showed that some small amount of silver 
had transferred from the fingers to the rhodium plated 
surface of the tuning plunger and some silver chips had 
separated. Although the test had to be terminated for 
reasons not related to the tuner it appears there was 
considerable life left on the spring finger contacts. 

Tuners have since been installed and operated in 12 
production cavities. Each cavity is processed in a test 
stand [6] up to the operating level of the high energy ring 
(85 kW wall dissipation) and several cavities have been 
processed higher to the low energy ring level (103 kW 
wall dissipation). The cavities are first processed in a 
pulse mode by sweeping the frequency of the source with 
a fixed tuner position and then reprocessed CW keeping 
the vacuum in the 10"8 Torr range. A video camera is 
trained on the tuner through a window on the opposite 
wall of the cavity. No arcing was observed but at 1 kW 
power level occasionally some glow from multipactor is 
seen. Another observable phenomenon is the bright glow 
of some silver chip removed from the spring fingers being 
heated up by the RF power. No deleterious effect of this 
glow was ever noticed. The measured power dissipation 
in the tuner plunger is 1.85 kW at nominal position and a 
cavity power of 85 kW. This indicates a 30% higher loss 
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gure 6. Cavity frequency versus tuner insertion. 

CONCLUSION 

A tuner plunger was developed which incorporates a 
rugged finger contact design capable of operating in the 
ultra high vacuum and high power environment of the 
PEP-II RF cavities. Many years of operation with tuner 
movements several times a day are predicted by the tests. 
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Abstract 

This paper describes an X-Band RF system for the Next 
Linear Collider Test Accelerator. [1] The RF system con- 
sists of a 90 MeV injector and a 540 MeV linac. The main 
components of the injector are two low-Q single-cavity 
prebunchers and two 0.9-m-long detuned accelerator sec- 
tions. The linac system consists of six 1.8-m-long detuned 
and damped detuned accelerator sections powered in pairs. 
The rf power generation, compression, delivery, distribu- 
tion and measurement systems consist of klystrons, SLED- 
II energy compression systems, rectangular waveguides, 
magic-T's, and directional couplers. The phase and am- 
plitude for each prebuncher is adjusted via a magic-T type 
phase shifter/attenuator. Correct phasing between the two 
0.9 m accelerator sections is obtained by properly aligning 
the sections and adjusting two squeeze type phase shifters. 
Bunch phase and bunch length can be monitored with spe- 
cial microwave cavities and measurement systems. The 
design, fabrication, microwave measurement, calibration, 
and operation of the sub-systems and their components are 
briefly presented. 

1    INTRODUCTION 

There are four RF stations in the first stage of the NLCTA 
project. One station is dedicated to the injector. Each of 
three stations feeds a pair of 1.8 m accelerator sections. 
This paper will focus mainly on the injector RF system 
since it is more complex than other three, using both gen- 
eral and special microwave components. The injector RF 
system is comprised of the following components: 

• An RF pulse compression system. 
• Two X-Band prebunchers for velocity modulation. 
• A 0.9 m detuned accelerator section with capture cav- 

ities in its front end. 
• A 0.9 m detuned accelerator section. 
• Two magic-T type phase shifter/attenuators for RF 

feeds of the prebunchers. 
• Two squeeze type phase shifters for RF feed of the 

second 0.9 m accelerator section. 
• A bunch length monitor for injector tuning. 
• A beam phase monitor for beam phase analysis. 
Fig. 1 shows schematically the RF system for the injec- 

tor. An XL-4 75 MW X-Band klystron is used as a single 
source to power the system. All components are monitored 

* Work supported by the Department of Energy, contract DE-AC03- 
76SF00515 

or controlled in a nearby control room. The system has 
been successfully operating since the summer of 1996. 

2   RF PULSE COMPRESSION SYSTEM 

The RF source for each RF system is a 75 MW klystron. 
Each klystron feeds a SLED-II RF pulse compression 
system, [2] which compresses the 50 MW, 1.5 (is klystron 
pulse by a factor of six in time and multiplies the peak 
power by factor of four. The 200 MW output of the SLED- 
II pulse compressor is transmitted in low-loss oversized cir- 
cular waveguides, which enter a shielded accelerator vault, 
structures. The overall efficiency of the operating RF sys- 
tems exceeded our expectation. 

3   ACCELERATOR STRUCTURES 

In order to achieve the desired luminosity and suppress 
the long range transverse wakefields for multi-bunches, we 
have developed several types accelerator structures.[3] The 
two 0.9 m injector structures were constructed by using 
even number cells (for 1st section) and odd number cells 
(for 2nd section) of the 1.8 m detuned structure. The first 
three cavities of the first section have an RF phase velocity 
of 0.6c, 0.7c and 0.9c respectively. This design preserves 
the detuning characteristics for HOM (High Order Modes) 
and has a flat accelerating field distribution along the axis 
while beam loading is present. Two all-metal RF loads, ca- 
pable of handling 100 MW RF power are connected to each 
accelerator output coupler. [4] 

4   PREBUNCHERS AND BEAM PHASE MONITOR 

The two standing wave single-cavity type prebunchers re- 
quire 0.25 KW and 4 KW respectively, for optimum bunch- 
ing. The second prebuncher is driven by the output from a 
25 db coupler in the WR 90 feed line to the first 0.9 m 
section. The first prebuncher is driven by the output of 
the 10 db coupler in the WR 90 feed line of the second 
prebuncher. In order to reduce the transient beam load- 
ing effect on bunching, both prebunchers were designed to 
be over-coupled with a coupling coefficient ß ~100 and 
time constant ~1.1 ns. Each prebuncher cavity consists of 
a copper body with two nose-pieces and a WR 90 feed (see 
Fig 2). The drift distance between the second prebuncher 
and the bunching section in the front of the first 0.9 m sec- 
tion is 5.9 cm. This minimizes the debunching due to space 
charge effects. This small distance required the second pre- 
buncher to be an integrated part of the second 0.9 m ac- 
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Figure 1: NLCTA Injector RF System Layout. 

celerator section. The beam phase monitor uses the same 
design as the first prebuncher assembly. The beam excited 
signal is sent to an HP VEE (Virtual Engineering Environ- 
ment) system for data analysis. 

5    MAGIC-T TYPE PHASE 
SHIFTER/ATTENUATOR 

Electrons from a 150 KeV thermionic-cathode gun are ve- 
locity modulated in each prebuncher. These are followed 
by drift sections in which the bunching occurs. In order 
to obtain the best bunching, both the RF phase and ampli- 
tude of each prebuncher need to be accurately and inde- 
pendently adjusted. To accomplish this we have inserted 
a magic-T type phase shifter/attenuator in each RF feed. 
As shown in Fig 3, this device has non-contacting movable 
shorts on two collinear arms which are driven by mover 
mechanisms. The two remaining arms are input and out- 
put ports. Keeping the RF amplitude of the output port 
constant, the RF phase can be changed by moving both 
shorts equal distances either toward or away from the junc- 
tion. Keeping the RF phase of the output port constant, 
the RF amplitude can be changed by moving the shorts 
equal distances, but opposite in direction relative to the 
junction. Microwave measurements show the orthogonal- 
ity of the RF phase and amplitude adjustments. The top 
plot of Fig 3 shows that the RF phase can be changed 
360° without changing the amplitude by more than 0.05 db. 
The bottom plot of Fig 3 shows that the RF amplitude 

can be changed by -40 db without changing the phase by 
more than 5°. Precision linear actuators are attached to the 
movable shorts, and LVDT's (Linear-Variable Differential 
Transformer) give signals for RF phase and amplitude cal- 
ibration. 

6    SQUEEZE TYPE PHASE SHIFTER 

Two squeeze type phase shifters[5] allow us to optimize the 
beam RF phase for the second 0.9 m accelerator section in 
order to obtain the minimum energy spread within the in- 
dividual bunches. They have 18 in. long slots centered in 
the broad wall of copper WR 90 waveguide, with vacuum 
pumping on both sides of each slot. The slotted vacuum 
chambers are designed so that they are anti-resonant to un- 
wanted RF coupled through the slots. The slot width is ad- 
justed using a stepper motor driven differential screw sys- 
tem, and its position is monitored with an LVDT The slot 
width is adjustable from 0.030 in to 0.090 in. and results in 
a phase change over a range of ±30°. 

7   BUNCH LENGTH MONITOR 

The principle of non-intercepting RF bunch length mea- 
surement was proposed and experimentally tested at 
SLAC.[6],[7] As shown in Fig. 1, a bunch length moni- 
tor cavity is installed adjacent to the beam line between the 
two injector sections. The fields radiated from the beam 
traversing a ceramic gap enter the bunch length monitor 
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Figure 2: Prebunchers and Front End of 1st 0.9 m Acceler- 
ator Section. 

cavity and excite a resonant mode. The radiated power is 
proportional to exp(—w2az

2/c2), where az is the standard 
deviation for a Gaussian bunch. Fig. 4 shows the theoret- 
ical beam power spectra for three different bunch lengths 
withcr2 equal to 0.5 mm, 1.0 mm, and 1.5 mm respectively. 
For the first stage of the NLCTA project, the injector de- 
livers a 140 ns pulsed beam, consisting of bunch trains of 
1600 micro-bunches. They are 0.4 mm (RMS) in length 
and 88 ps apart. A TM020 mode cylindrical copper cavity 
was designed to resonate at 34.272 GHz, the 3rd harmonic 
of the micro-bunch frequency. The cavity signal is trans- 
mitted through WR 22 rectangular waveguide to a crystal 
detector and an amplifier. In the NLCTA control room a 
600 mV signal was observed for 0.5 A accelerating cur- 
rents. The bunch length monitor has been a powerful tool 
for injector tuning. 
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Abstract 

RF breakdown studies are presently being carried out at 
SLAC with klystron cavities in a traveling wave resonator 
(TWR). Different kinds of fabrication methods and 
several kinds of semiconducting and insulating coatings 
have been applied to X-Band TM0I0 cavities. RF 
breakdown thresholds up to 250 MV/m have been 
obtained. Dark current levels were found to be depressed 
in TiN-coated and single-point diamond turned cavities. 
A new TM020 cavity with demountable electrodes has 
been designed and will be used to test a variety of 
materials, coatings, and processes. Recent tests of 
klystron output windows at 119 MW are also presented in 
this paper. 

1 INTRODUCTION 

RF breakdown is a critical issue in the development of 
high power microwave sources and next generation linear 
accelerators since it limits the output power of the 
microwave sources and the accelerating gradient of the 
linacs. The motivation of the RF breakdown study is to 
determine the maximum electrical field gradient that can 
be used safely in klystrons and next generation 
accelerator structures, find better materials and surface 
treatments that can raise the field limit, reduce the dark 
current, and to contribute to the basic understanding of 
the RF breakdown phenomenon. 

The development of high power microwave sources 
to the performance levels required by future linear 
colliders has been limited by RF breakdown in the output 
resonator. Raising the breakdown threshold could 
increase the peak output power capability of the X-band 
klystrons for the next linear collider. Lowering the field 
emission for a given electric field would improve 
klystron and linac performance. Furthermore, the next 
generation of linear colliders will have to reach the TeV 
energy range, and the accelerating gradient will be one of 
the crucial parameters affecting their design, construction 
and cost. For a specified total energy, the gradient sets the 
accelerator length, and once the RF structure, frequency 
and pulse repetition rate are selected, it also determines 
the peak and average power consumption. Recent overall 
parameter studies for a 1 TeV linear collider indicate that 
accelerating gradients approching 100 MV/m are 
desirable. 

Considerable research has been done on RF 
breakdown phenomenon in vacuum structures[ 1,2,3]. 
However, no coherent picture of the mechanism of the 
RF breakdown has been obtained due to the large number 
of variables  and  the  range  of parameters  involved. 

Consequently, more systematic work is needed to gain 
further understanding into the underlying physics, to 
determine if the required output power is obtainable in 
the X-band klystron and the acceleration gradient is 
achievable in long and complicated structures. We also 
wish to verify that the dark currents which can absorb RF 
energy, cause parasitic wakefields and spurious x-rays 
along the RF structures are tolerable. 

2 EXPERIMENTAL SETUP 

The experiments are carried out by putting a field 
enhancing cavity into a traveling wave resonant ring 
(TWR) as shown in Fig.l. The power source is an X-band 
klystron (XC-2) with a frequency of 11.426 GHz, peak 
output power of 30 MW and pulse width of 1.5 us. The 
power multiplication in the resonant ring is obtained by 
wrapping a WR-90 waveguide around into a ring 
configuration and recombining it with a 10 dB bridge 
coupler. A precision variable phase shifter and 6-element 
tuner, both designed to withstand extremely high RF 
electric fields, are put into the ring in order to achieve the 
resonant condition and also to tune out the small residual 
reflections. All RF conducting surfaces are OFC copper 
or copper plated stainless steel. No organic vacuum seal 
is used. A stored RF traveling wave that is 10 times 
greater in power than the input can be obtained [4]. 

Fig. 1. Experimental setup 

The parameters of the TWR are shown in Table 1. 
The test cavity is a symmetrical transmission type with 
reentrant noses, and is coupled to two waveguides 
through a pair of inductive irises (Fig.2). The cavity is 
designed by SUPERFISH and is capable of producing an 
electric field surface gradient as high as 600 MV/m. The 
maximum surface electrical field gradient is given by 

Es=425^~ (1) 

where E. is in MV/m and P, Ring 

Ring 

is in MW. 

0-7803-4376-X/98/$10.00 © 1998 IEEE 3045 



Table 1. TWR Parameters 
Highest TWR Power               300 MW, 800 nsec, 60 pps 
Maximum Available Source Power   30 MW 
Resonant Loop Length 340 cm 
Number of Guide Wavelengths 106 @ 11.424 GHz 
Input Bridge Coupler Ratio 10.1 dB 
Separation Between Resonance 71.5 MHz 
High Power Gain 10.6 dB 
One-Way Loss in Loop 0.354 dB 
Variable Phase Shifter Range ±30" (±6 MHz) 
6-Element Tuner Range < 0.10 @ any frequency 
Loaded Q 5500 
RF Voltage Time Constant 153 nsec 
Input Coupling Coefficient 1.23 

Table 2. Test results of TM„,„ cavities 

Coupling Iris 

Fig. 2. TM0I0 RF breakdown test cavity geometry with 
field enhancing noses. 

3 RESULTS OF TM010 CAVITY TEST 

Five TM010 cavities have been tested in the traveling wave 
resonant ring, each with a different combination of 
surface polish, coating. As shown in Fig. 1, a scintillator 
and photomultiplier were mounted beside the test cavity 
to measure the x-ray level from the cavity to characterize 
the breakdown process. A video camera was used to 
monitor sparks in the test cavity during RF processing. 
The tests were performed starting from low RF power for 
about 80 hours for each cavity. The onset of breakdown 
was pushed up to 250 MV/m in a 12 uinch surface finish 
cavity with TiN(100Ä) coating and a single-point 
diamond turned cavity with less than 1 uinch surface 
finish, as shown in Table 2. Although the two uncoated 
cavities were fabricated by different methods with 
different surface finish, the breakdown threshold of these 
two cavities was the same, 210 MV/m. A 1 uinch surface 
finish with TiN(600Ä) coated cavity was also processed 
to 210 MV/m but the breakdown threshold of the cavity 
was not reached due to a vacuum leak from the top of this 
cavity. The amplitude of field emission currents from the 
tested cavity surface as a function of peak surface 
electrical field is shown in Fig. 3 taking the observed 
scintillator voltage Vsdnt an indicator of the field emission 
current. The lowest dark current was obtained with the 
single-point diamond turned cavity. The TiN coating was 
very helpful for depressing the field emission. 

Fabrication 
Method 

Surface Finish 
(•inch) 

Coating RF Breakdown 
Threshold 

Mechanical 12 None 210 (MV/m) 
Polish 

Mechanical 12 TiN(lOOÄ) 250 (MV/m) 
Polish 

Diamond Polish 1 None 210 (MV/m) 
Diamond Polish 1 TiN(600Ä) 220 (MV/m) 
Single-Point <1 None 250 (MV/m) 
Diamond Turning 

 uncoated-12 microlnch 
finish 

- •- • uncoatsd-1 microinch 
finish 

-K— TiN 100 Angstrons 
costing 

•    TiN 600 Angstrons 
coating 

140    160    180   200   220   240   260 

Peak Surface Electric Field (MV/m) 

Fig. 3. Scintillator voltage as a function of peak electric 
field in the test cavities. 

4 TM0M CAVITY DESIGN 

It was quite difficult to make various coatings on the 
noses of the TM010 cavities because of the very small gap 
between the nose tips. The TMOI0 cavities must be cut 
apart in order to make surface analysis. Furthermore, the 
irises are very close to the reentrant noses of the TM,,, 
cavities and perturb the electrical field distribution in the 
cavities. This may cause the local surface electrical field 
gradient in the cavity to be much higher than that 
calculated from Eq. (1). 

A TM020 cavity with replaceable cavity noses has 
been designed, and a sketch of the cavity is shown in Fig. 
4. The irises are far from the nose tips. The high field 
surfaces on the two cavity noses can be coated more 
easily, and some coating techniques such as sputtering, 
ion bombardment can be used. This demountable device 
not only simplies the surface analysis of the nose surfaces 
before and after the high power RF test, but also makes it 
possible to evaluate surface damage nondestructively. 

A large number of different materials, coatings and 
surface finishes will be performed on the TM020 cavity 
noses. The materials that will be tested are Glidcop, 
copper-zirconium, HIP (hot isostatic pressed) copper, 
single crystal copper, tungsten, stainless steel and Monel. 
There is some evidence that surface roughness, surface 
contamination and surface treatment are directly related 
to the RF breakdown. It is also shown in our experiments 
that better surface finish can decrease the field emission 
current. Consequently, wire electrodischarge machining, 
precision diamond grinding, single-point diamond turning 
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and elastic emission machining together with surface 
treatments such as electropolish and high pressure water 
rinse will be applied to the cavity noses to get a very 
clean surface with a surface finish up to 2 nm. 

In order to get real-time x-ray image from the cavity 
noses using a CCD camera, a tungsten pinhole (0.005") 
with a beryllium window is designed in the cavity. A 
germanium gamma-ray detector will be used to measure 
the spectrum of x-rays, and an optical port in the cavity 
back wall will be used to measure infrared output from 
the field emission sites on the electrode surfaces. 

DemountaWs 
Eleelrodes 

Fig. 4. TM020 RF breakdown test cavity assembly 

5 X-BAND KLYSTRON OUTPUT WINDOW TEST 

Another very important component in a high power 
klystron is its output window. Because very high RF 
powers must be transmitted through the output window, 
there are several different types of breakdown phenomena 
of concern, e.g. multipactor and puncture. Many studies 
and tests have been performed to investigate the 
breakdown mechanism and to find a window design with 
a high probability of long life [5]. The X-band ceramic 
output window is shown in Fig.5. The window is 0.086" 
thick, and the window material is 99.7% alumina (NTK- 
HA-997) with TiN(lOÄ) coating in order to avoid the 
buildup of surface charge and to reduce secondary 
electron emission. 

Ceramic Window 
1.7% «,0,, 0.086") 

Fig. 5. Output ceramic window. 

The window was tested in the traveling wave resonant 
ring at a frequency of 11.425 GHz with a pulse width of 
1.5 us and pulse repetition rate of 60 pps. The RF power 
was coupled in and out of the window through two 
TE10/TE01 flower petal mode transducers [6]. The window 

was processed carefully for more than 150 hours, the 
highest stable operating power obtained to date was 119 
MW. X-ray levels from the window were very low 
implying that there was no breakdown at the window. 
This result was limited by the performance of our Test 
Stand not by the window itself. The window has been 
taken off and checked, no obvious damage has been 
found. 

6 SUMMARY 

Different kinds of fabrication methods and several kinds 
of semiconducting and insulating coatings have been 
applied to the X-band TM010 cavities. RF breakdown 
thresholds up to 250 MV/m (pulse width: 1.5 (as, pulse 
repetition: 60pps) have been obtained. Dark current levels 
from the TiN-coated and single-point diamond turned 
cavities are far less than those from traditionally 
machined cavities. A new TM020 cavity with demountable 
electrodes will be used to test a variety of materials, 
coatings and processes. The real-time x-rays output from 
the electrodes will be detected to get more information 
about the RF breakdown phenomenon. The spectrum of 
x-rays will be measured to calibrate the surface electrical 
field gradient in the TM020 cavity, and the temperature of 
the electrodes will be measured to clarify the relationship 
between the field emission and the surface temperature. 
The peak power of 119 MW (pulse width: 1.5 us, pulse 
repetition: 60 pps) through the X-band klystron output 
window has been obtained, and the tests suggest that 
higher output power is possible. 
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Abstract 

To achieve the goals in the TLS storage ring 
performance upgrade plan, the necessity of adding the 
third rf station to the storage ring for radiation loss 
compensation at 1.5 GeV/350 mA operation and 
lifetime improvement are analyzed. We estimated the rf 
power required to compensate the radiation losses by 
bending magnets and various insertion devices. Effects 
of the proposed passive Landau cavity on power 
consumption is also studied. 

1 INTRODUCTION 

TLS has been operating smoothly for years. Efforts 
have been made by SRRC staff to ramp the beam energy 
up to 1.5 GeV with improved beam stability at 240 mA. 
The W20 wiggler has also been operating routinely 
during during user shifts. In the near future, undulators 
such as U5, U9 and EPU will be installed and serve for 
the users. Superconducting wiggler has been proposed to 
push the spectrum up to X-ray regime. In order to 
achieve the goal of operating the storage ring at 1.5 
GeV/350 mA, the necessity of adding the third 60 kW, 
500 MHz rf station to the storage ring for radiation loss 
compensation as well as Toushcek lifetime elongation 
has been thoroughly discussed and studied in the light 
source division. In this report, we summarize the 
findings of our studied and hopefully would help 
decision making on whether the third rf station should 
be built in the following years. 

Assuming the superconducting wiggler will be 
installed, the rf power required to compensate the 
radiation losses of electron beam due to bending 
magnets and various insertion devices are estimated. To 
ensure the stability of rf system operation under beam 
loading, the stored beam current cannot exceed certain 
limit for a given acceleration voltage. The maximum 
stored beam currents at different gap voltages for an rf 
system with two and three cavities are also estimated. 
The increase of lifetime by increasing rf gap voltage was 
experimentally tested in the multibunch mode up to 950 
kV. From this simple experiment, we can have a picture 
of how lifetime improves by pursuing higher gap 
voltages. On the other hand, the passive Landau cavity 
project has been proposed also to improve beam 
Touschek lifetime. Extra power consumed by the 
Landau cavity should also be taken into account. 

Addition of the third cavity will complicate the 
impedance (especially the narrow band impedance) of 

the storage ring. Coupled-bunch instabilities excited in 
the stored beam may spoil the emittance. The 
degradation effects due to coupled-bunch instabilities 
are difficult to predict and are not considered here due to 
the fact that consistent ongoing plans have already 
existed to cure these instabilities. These plans include rf 
cavities operated with two tuners [1], transverse and 
longitudinal dampers [2] and addition a third harmonics 
passive Landau cavity in the storage ring [3]. A Landau 
cavity will simultaneously increase beam lifetime if the 
mcahine is Tousheck effect dominated. 

2 POWER CONSUMPTION AND BEAM 
CURRENT LIMITATION 

The energy loss of the electron beam due to 
synchrotron radiation is compensated by the 
electromagnetic wave energy supplied by the rf system. 
It is essential to have enough power from the rf system 
to compensate this loss. Since the energy loss of an 
electron for each turn due to radiation from dipole 
magnets is proportional to the fourth power of electron 
energy, it has a 80 % increase of energy loss as electron 
energy increases from 1.3 to 1.5 GeV. On the other 
hand, we are targeting a stored beam current of more 
than 350 mA at 1.5 GeV in the future operation. Hence, 
the expected radiation power loss by the electron beam 
is at least 3 times more than the original value at 1.3 
GeV. However, for a more precise estimation, one 
should consider also the radiation losses by insertion 
devices, the cavity parasitic mode dissipation and the 
transmission circuit loss.The results of these estimations 
are organized in Table 1. 

In Table 1, the operation mode #1 indicated that 
the rf power required per station is 38 kW. This value is 
in good agreement with our operation experiences in 
spite of the fact that some of the insertion devices do not 
exist at this time. The required rf power per station in 
operation mode #2 is only 9% smaller. From power 
consumption point of view, very little benefit is gained 
from adding the third rf station and operating the ring at 
1.3 GeV/200 mA. However, in the 1.5 GeV/350 mA 
operation modes, rf power required per station will be 
reduced by 17% for the three stations case (mode #4) in 
comparison with to the two stations case (mode #3). One 
may notice also that the power delivered to the cavity by 
each station in mode # 3 is very close to the station 
power limit that is 60 kW. Although we may still have a 
chance to achieve 350 mA, each rf station has to be 
operated at its full power. In mode #3, the rf power lost 

0-7803-4376-X/98/$10.00©1998 IEEE 3048 



to beam is close to the rf power dissipated on the 
cavities. According to the beam loading theory, the 
beam will be unstable longitudinally or even lost. 
Hence, mode #3 represents a marginal operation 
condition. The machine will become touchy as the 
current approaches this limiting current which is 350 
mA. Although operation at 1.5 GeV with beam current 
close to or beyond 350 mA is still possible by means of 
cavity detuning for Robinson damping or direct rf 
feedback, however, the available rf power from the rf 
system becomes another limiting factor. For operation 
beyond 350 mA at 1.5 GeV, the third rf station is 
absolutely necessary. Even in the three rf stations case 
(mode #4), the operational beam current is only -20 % 
lower than the theoretical limit. This implies beam 
loading of rf system is still heavy. Further increase of 
gap voltage, detuning cavities for Robinson damping or 
rf feedback should be employed to stabilize the beam. 
And extra rf power is essential to implement any one of 
these schemes. 

Operation Modes #1 #2 #3 #4 
Beam Energy (GeV) 1.3 1.5 
Beam Current (mA) 200 350 
Total Gap Voltage (kV) 800 1200 800 1200 
Number of Cavities 2 3 2 3 
Radiation Loss per Electron 
per Turn (keV): 

dipoles 72.28 128.12 
W20(1.8T) 73.15 129.18 
U5 74.39 130.51 
U9U.25T, 4.5m) 75.09 131.11 
EPU(0.67T, 4.0m) 76.93 132.57 
SW(6.0T, 0.2m) 77.70 133.25 
Total 100.54 165.74 

Power     Dissipation     per 
Station (kW): 

Fundamental Mode 26.7 26.7 
Parasitic Modes 27.053 0.162 
Citcuit Loss (minimum) 28.5 1.5 
Total 28.25 28.36 

Total RF Power Required 76.62 104.8 114.7 143.1 
(kW) 
RF   Power   Required   per 38.31 34.96 57.37 47.70 
Station (kW) 

Table 1. Estimations of Power Required from the RF 
System Under Various Operation Modes 

It is important to note that rf power will be 
consumed by the passive Landau cavity to build up the 
necessary gap voltage at the third rf frequency 
harmonics. The effect will be discussed separately in 
section 4. 

3 POSSIBILITY OF TOUSCHEK LIFETIME 
ELONGATION BY INCREASING GAP VOLTAGE 

In order to find out whether one could expect an 
increase in beam lifetime by using a third rf system to 
increase the gap voltage Vg [9]. Assuming that the total 
beam lifetime is dominated by the Touschek effect [10] 
which is given by 

V = (r0
2cN/87tfo'.tf.o.a,) {F(8)/5} (3) 

where ax. is the rms of the beam divergence, 8 is defined 
as 

5={(Ap/p)/yo,}2 (4) 

where  Ap/p  is  the  momentum  acceptance   of  the 
machine. The function F(8) is given by 

F(8) = -In (Y.8) - 3/2 (5) 

for 8 < or = 10"2 and yc ~ 1.78 is the Euler's constant. 
From the above equations, we can calculate 

Touschek lifetime at different gap voltages (Figure 1). 
Figure 1 shows a linear dependence between Touschek 
lifetime and total gap voltage. One might expect an 
increase of beam lifetime as gap voltage increases. 

Touschek lifetime versus gap voltage 

400 600 BOO 
total gap voltage (kV) 

1200 

Figure 1. Calculated Touschek Lifetime vs. Gap Voltage 

To check this expectation, a measurement of the 
lifetime was done under machine conditions typical for 
user operation, with wiggler gap opened, making sure 
that the average ring vacuum and the beam current did 
not vary by more than 10 %. As shown in Figure 2, the 
lifetime increases with gap voltage up to voltages of 
about 800 kV and then saturates. This means that at 
higher cavity voltages the lifetime is dominated by other 
effects than energy acceptance limited Touschek 
scattering. At low gap voltage, the lifetime drops 
dramatically because the stored beam current exceeded 
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the beam loading current limits. These measurements 
were repeated, with wiggler gap closed and transverse 
feedback turned on, at 1.5 GeV/190 mA. The result 
shows the same trend. 

800 
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Beam Energy 1.5 GeV; Wiggler Gap Opened; Transverse Feedback ON 

B c 
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1600 • 
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Total Cavity Gap Voltage (kV) 

Figure 2. Lifetime vs. Gap Voltage ( Wiggler Gap 
Opened) 

4 EFFECTS OF THE PASSIVE LANDAU CAVITY 

Theoretically, passive Landau cavity has no effect 
on bunch length at low beam current since the induced 
voltage across the cavity gap approaches to zero and 
therefore no power will be dissipated on the cavity. The 
gap voltage induced by the beam across the Landau 
cavity will depends on the tuning angle at higher beam 
current. The effects of the passive Landau cavity on 
bunch length and Touschek lifetime will therefore 
depend on the cavity tuning angle. 

Beam Energy (GeV) 1.5 
Total Gap Voltage (kV) 800 1200 
Number of Cavities 2 3 
Available RF Power per Station (kW) 60 60 
Total Available RF Power (kW) 120 180 
Total Radiation Loss per Electron for 
Each Turn (keV) 

165.74 

Maximum Power Loss  on  Passive 
Landau Cavity (kW) 

20 

Power Dissipation per Station (kW): 
Fundamental Modes 
Circuit Loss 
Total 

26.7 
1.5 

28.2 
Maximum Beam Current (mA) 260        450 

1, there will be an extra power required for each station 
by 17.4% (i.e., 67.37 kW). This value already exceeded 
the norminal available power for each rf station. For 
operation mode #4, we need 14 % more rf power with 
Landau cavity than the case without. Since we have 
three cavities, the required rf power per station is about 
51 kW that is within our capability. In Table 2, we set 
the available power for each station at 60 kW to deduce 
the maximum stored currents in the cases with two 
cavities and three cavities (assume the gap voltages for 
each cavity are set at 400 kV) at 1.5 GeV. Since the 
HOM parasitic loss per cavity depends on beam current 
and is small in comparison with other kinds of power 
losses, we ignored here for simplicity. The last row of 
the Table shows the maximum stored beam current in 
the two cavities case is only 260 mA. In the three 
cavities case is 450 mA. 

5 SUMMARY 

According to the above analysis, we summarize our 
findings for 1.5 GeV operation as follows. Based on 
theoretical calculations, one might expect a linear 
increase of Touschek lifetime at higher gap voltages. 
From the experiments we described in section 3 and 
assuming that the essence of these observations can be 
confirmed by further experiments, however, it is likely 
that a third 500 MHz rf system will not help to improve 
the beam lifetime for the machine status. The 
mechanism(s) that limits beam lifetime at higher gap 
voltage is still unclear and further study is needed. 
Without Landau cavity, the maximum beam current the 
storage ring can stored for an rf system with two rf 
stations is limited to 350 mA at 800 kV. By increasing 
the total gap voltage with three rf stations to 1200 kV, 
the storage ring has a beam current limit of about 480 
mA. In operation with the passive Landau cavity, two rf 
stations have a current limit of 260 mA at 800 kV. The 
three station case has a current limit of 450 mA at 1200 
kV gap voltage. 
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Table 2. Maximum Beam Current of TLS Storage Ring 
with Power Loss on Landau Cavity Included. 

In analysis of power consumption, we assume the 
Landau cavity has a rated power of 20 kW. This loss has 
to be compensated by the 500 MHz rf system. Adding 
this power consumption to operation mode #3 of Table 
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Abstract 

We present here our design of the SRRC third-harmonic 
Landau cavity to be operated on the first stage in a passive 
mode for bunch lengthening so as to increase the Touschek 
life-time. Its implementation will also be helpful for sup- 
pression of the longitudinal coupled-bunch instabilities ob- 
served in the storage ring of SRRC. The cavity profile was 
optimized with the 2D code URMEL with the following 
criteria: (1) maximization of the shunt impedance; ^min- 
imization of the maximal power flow density on the cavity 
surface; (3) feasibility of the mechanical constructions. A 
prototype is now under construction. 

1   INTRODUCTION 

The storage ring of SRRC, as one of the third generation 
synchrotron light sources, has routinely operated at 1.3- 
1.5 GeV since 1993. The beam current lifetime is about 5 
hours at 200 mA when the 1.8 Tesla wiggler and the trans- 
verse feedback system are on. Such short beam life-time 
is mainly limited by the Touschek scatteringfl]. This lim- 
itation can be released by the implementation of a Landau 
cavity[2], cooperated with the 500 MHz storage ring main 
RF cavities, to provide a flat profile of the accelerating gap 
voltage. It can lengthen the bunch and therefore increase 
the Touschek life-time. Moreover, the Landau damping can 
be enhanced with Landau cavity. This will be helpful for 
the suppression of the longitudinal coupled-bunch instabili- 
ties observed in the storage ring of SRRC. Here, we present 
our design of the SRRC third harmonic Landau cavity. A 
prototype is being constructed. 

2   DESIGN CONSIDERATIONS 

The SRRC Landau cavity will be operated in the third 
harmonic after we considered among the following factors: 
the percentage of bunch lengthening[3], the feasibility of 
cooling capability[4], the constraint on the cavity length 
(for available length of 260 mm), and the availability of 
the RF source for active operation in the future. The cavity 
profile was optimized with the 2D code URMEL[5] by 
the maximization of the shunt impedance Rs as well as 
by the minimization of the maximal power flow density 
Pmax on the cavity surface subject to the feasibility of the 
mechanical constructions. We used the definition of shunt 
impedance Rs = V?/2PC. Here Pc is the power dissipated 
on the cavity surface; Vc is the effective voltage seen by 
the electron beam as it travels through the cavity gap, i.e., 
the gap voltage. The power flow density psur, in terms of 
Watt/m2, is given by psur = \RsurH^an, where Rsur is 

the surface resistivity expressed as Rsur = -i/w/i/2cr and 
is O.OlOm for the oxygen-free copper (OFC) at 1498.98 
MHzat27°C. 

2.1  Maximization  of the  shunt  impedance:     The 
optimization of the cavity profiles began from a pill-box 
cavity with a beam pipe radius of 40 mm. The SRRC 
standard aluminum vacuum chamber has an elliptical 
cross-section with a horizontal full axis of 2x40 mm 
as well as vertical full axis of 2x19 mm. The shunt- 
impedance Rs is inverse proportional to the radius of the 
cavity beam pipe. Moreover, the larger the beam pipe 
radius, the longer the copper beam pipe is to be required 
to minimize the reduction of cavity shunt impedance due 
to field penetration in the aluminum vacuum chamber. A 
neck with 60 mm diameter for the Landau cavity was then 
selected in order to compromise between the acceptance 
reduction and the shunt impedance increment. 

A taper of 65 mm was selected for smooth transition 
of the beam pipe cross-section from a circular one (the 
neck) with radius of 30 mm to the SRRC standard elliptical 
vacuum chamber. Such taper has a slope similar to that of 
the wiggler chamber, and its contribution to the broad-band 
impedance can be ignored, based on our wiggler expe- 
rience. With such design, not only the constraint of the 
available cavity length is fulfilled, but also the fundamental 
mode of the Landau cavity is fully concentrated in the 
available longitudinal length of 260 mm. 

For simplicity, we assumed that the cavity has a round 
beam pipe with diameter varied from 60 mm to 80 mm in 
our 2D modeling. Two optimized cavity profiles are finally 
available: bell-shape one with and without nose-cone, as 
shown in Fig. 1 and 2. 

The fundamental frequency of the Landau cavity 
was adjusted to be closed to three times of the storage 
ring accelerating frequency, i.e., 499.660-499.666 MHz, 
by slight variation of the cavity height. The profile 
of the cavity shape with nose-cone shows a decrease 
of the resonance frequency of the TMoio-like funda- 
mental modes. An increment of the shunt impedance 
of 15% is achieved for the cavity with nose-cone. A 
simple bell-shape cavity was selected for our application 
because technicalwise it is more or less easier to construct. 

As mentioned above, the cavity taper sections have a 
full 3D structure, as shown in Fig. 3, which was modeled 
by the 3D code SOPRANO/OPERA[6]. Because the cavity 
higher order modes are beyond the cut-off frequency of 
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Table 1: Calculated results for the proposed cavities with 
and without nose-cone. The maximal surface power flow 
density pSUrtmax and total dissipated power Pc are at the 
gap voltage of 250 kV. 3D results for the cavity without 
nose cone calculated by the code SOPRANO are shows a 
good agreement with the 2D URMEL results. The simpli- 
fication of the elliptical taper section (3D-e) by a circular 
taper section (3D-c) seems to be reasonable. 

nose 
cone 

freq Rs Psur,max Pc 
[MHz] [Mfi] [w/cma] [kW] 

with 1499.88 1.62 41.50 19.32 
without 1499.78 1.41 36.15 22.22 

(3D-c) 1504.76 1.37 37.95 22.81 
(3D-e) 1504.01 1.38 37.45 22.58 

Figure 2: The optimized profile of a 1.5 GHz Landau cavity 
(without nose cone). The field pattern of the TMoio-like 
mode calculated by the 2D code URMEL is given. 
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Figure 1: The optimized profile of a 1.5 GHz Landau cavity 
(with nose-cone). The field pattern of the TMoio-like mode 
is calculated by the 2D code URMEL. 

the SRRC standard vacuum chamber, it HOM effects on 
the beam dynamics may be neglected. In Table 1, the 
calculated results for the proposed cavities are listed. 

2.2 Mechanical tuners: The tuning range should be 
large enough to compensate the following factors: the fre- 
quency shift due to the modeling uncertainty, mechanical 
tolerance, cavity temperature variation, structure deforma- 
tion from the vacuum pressure, 3D structure beam pipe, 
coupling network, pick-up probes, etc. On the other hand, 
the tuning resolution should be fine enough for the selec- 
tion of the optimal cavity tuning angle so as to optimize the 
bunch lengthening percentage. Therefore, two cylindrical 
mechanical tuners will be implemented, as shown in Fig. 3. 
For simplicity of numerical modeling, only one tuner was 
modeled. One of the tuners will be driven by the micro- 
stepping motor, and the other is adjusted manually. The 
motorized tuner will have a small diameter such that the 
tuning resolution can be improved in a range of 2x500 kHz. 

Figure 3: A 3D schematic drawing for the 1.5 GHz Landau 
cavity 

The other tuner will have a larger diameter to guarantee 
a reasonable tuning range for different modes of operation. 

The 2D code URMEL was first applied for a rough 
estimation of the required tuner diameters, in which the 
cylindrical tuner was assumed in the simulation with a 
ring disk of same volume. However, the 3D code predicts 
that as the tuner pulls out from the cavity surface, its 
effects on the frequency shift decay quickly. The modeling 
uncertainty will be compared with the measured data later, 
and the tuner final dimensions will be directly determined 
by the cold test of the prototype for the practical reasons. 
It is expected to be no fatal consequence by simplifying 
the tuner circuit without chock structure. Nevertheless, a 
careful numerical study will be performed in next step. 

2.3 Thermal loading: Setting the Landau cavity gap 
voltage at 250 kV, the corresponding maximal power 
flow densities on the thermal spot are 41.50 and 36.15 
W/cm2 for the copper cavity with and without nose-cone, 
respectively. Such thermal spot is compatible for the RF 
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cavities for the B-Factory with a maximum power flow 
density of 33 W/cm2 and with 150 kW dissipation power 
load[8]. For such a thermal loading, the mechanical design 
as well as construction for the cavity cooling channels 
is obviously quite challenging. A numerical connection 
between the code URMEL and the finite element code 
ANSYS[7] has been established to verify the feasibility of 
the mechanical design[4]. 

2.4 Multipactoring: In addition to the built-in tem- 
perature sensors, ion gauges will be mounted on the 
cavity beam pipes to serve as interlock units to avoid any 
unexpected break-down or damage of the Landau cavity. 
The ion gauge is one of the most sensitive detectors to 
reflect any abnormal operation conditions of the cavity. 
Such a interlock signal will electronically directly connect 
to the low-level systems of the main RF systems for the 
storage ring. 

However, an unfavorable situation might be involved 
due to multipactoring which resulting in a higher vacuum 
pressure. Basically, the multipactoring may be finally 
depressed by long-term RF power conditioning. However, 
the SRRC third harmonic Landau cavity will be first 
operated in a passive mode. An off-line RF conditioning 
will be impossible. It will be inconvenient, if there is 
any multipactoring in between the operating gap voltage 
range of the Landau cavity up to 250 kV[3]. To be more 
conservative, a coating of about 100 Angstroms titanium 
on the cavity inner surface will be applied to decrease the 
coefficient of secondary electron emission. Besides, it will 
also decrease the shunt impedance. About 16% of extra 
reduction on the shunt impedance (1.2 Mf2) was assumed 
for estimation on the bunch length performance. A setup 
and procedure for the titanium coating, similar to the one 
developed by Wisconsin Synchrotron Laboratory, will be 
adopted[9]. A numerical simulation by using the code 
TW-TRAJ[10] to predict the possibility of multipactoring 
is in progress. 

2.5 Coupling network: There are some intrinsic dis- 
advantages, if the Landau cavity is operated in the passive 
mode[ll]. Therefore, the Landau cavity will be operated 
in an active mode in the next step. To avoid long term 
interference to the machine normal operation, the cavity is 
designed to be suitable for the operation of both modes. A 
coupling port will be reserved and terminated by a flange 
during the period of passive operation. A hole coupler 
will be selected for the sake of mechanical simplicity. 
The final size of the coupling hole will be determined 
experimentally. 

2.6 External circuit: Suitable klystrons are available 
for active operation of the Landau cavity. Either of the 
Varian tube VKL-7811W with transmitter of VKL-7811W 
or Thomson tube TH2466 with transmitter of H20424 
provides a 1.5 GHz, 5 kW, CW RF source with bandwidth 

of few MHz. Moreover, the Varian tube VKL-7811ST with 
transmitter VKL-7811ST, original designed for operation 
at the central frequency of 1.3 GHz, is possible to be 
modified for the operation at the central frequency of 1.5 
GHz with 10 kW, CW output. The RF power will be 
transported by wave-guide WR650.' 

3   DISCUSSION 

The construction of a prototype third harmonic Landau 
cavity is in progress at SRRC. Its photograph can be 
found elsewhere[4]. The cold test measurements for the 
prototype will be started soon. The Landau cavity is 
planned to be installed in the summer next year. 
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ON THE MECHANICAL DESIGN OF A 1.5 GHz LANDAU CAVITY 

T.T. Yang, M.C. Lin, Ch. Wang, L.H. Chang, S.S. Chang, W.K. Lau, C.C. Kuo 
Synchrotron Radiation Research Center, Hsinchu 300, Taiwan 

Abstract 

A third harmonic Landau cavity with the fundamental 
mode of about 1.5 GHz is under development at SRRC. 
The cavity consists of inner copper layer and outer stain- 
less steel layer. The vacuum-brazing process is adopted for 
cavity construction. The maximal power flow density on 
the cavity surface will be about 52.19 W/cm2, as the total 
thermal loading of 32 kW. To verify the cooling capacity, 
the finite element method is adopted to perform the ther- 
mal and stress analyses. Under 15 m3/hr water flow rate, 
the temperature rise on the cavity body will be less than 14 
°C. And the maximal equivalent stress on the copper layer 
of 29.75 N/mm2(MPa) is achieved, which is much less 
than the yielding stress of copper. 

1    INTRODUCTION 

A third harmonic Landau cavity with the fundamen- 
tal mode of about 1.5 GHz is under development at 
SRRC[1, 2]. The inner profile of the cavity is of bell-shape 
without nose cone. The cavity body is consisted of inner 
copper layer and outer stainless steel layer. During normal 
operation, the total thermal loading on the inner surface of 
the cavity will not exceed 32 kW, and the corresponding 
maximal surface power flow density is 52.19 W/cm2[l]. 
Obviously, a suitable cooling system is necessary for such 
a high power loading. The cooling design is to make the 
the temperature rise so low that the thermal stress is lower 
than the materials' yielding stress. 

The 3D finite element models have been established to 
estimate the temperature rise and the stress distribution on 
the Landau cavity, and then the improvements on the cavity 
stucture and cooling system were progressed[3]. The com- 
mercially available finite element codes ANSYS[4] and 
P3/PATRAN[5] were used in our calculations. A prototype 
cavity has been constructed based on these optimal results. 
The mechanical design and machining process of the 
1.5 GHz Landau cavity, and some analytical results are 
described in this article. 

2   MECHANICAL DESIGN 

The prototype Landau cavity at SRRC consists of two 
metallic layers. The inner layer will be fabricated from 
oxygen-free electrical (OFE) copper C10100, while the 
outer one is made of stainless steel. The mechanical 
drawing of the cavity body is shown in Fig. 1. The strength 
and stiffness of stainless steel are much better than those 
of OFE copper.    Moreover, the coefficient of thermal 

expansion of stainless steel, 17 x 10~6/°C, is close to the 
one of copper, 16.6 x 10~6/°C. Therefore, the stainless 
steel is chosen as the material of the outer layer of the 
Landau cavity to protect the cavity and to increase its 
rigidity. 

As shown in Fig. 1, most of the cooling channels are 
located at the inner copper layer for better cooling effi- 
ciency. For the same reason, some cooling channels are 
directly cut on the cavity body instead of buring the cool- 
ing pipes. On each curved part of the cavity, the cooling 
channels are distributed as seven rings. These ring-typed 
channels are connected in serial by additional shortcut 
channels to produce single-directional water flow. The 
water inlets and the corresponding outlets are expressed 
by arrows in Fig. 1. On the central cylindrical part of the 
cavity, the cooling channels, locating on the copper layer, 
are straight and parallel to the beam-flying direction (Z- 
axis). Total thirty-two straight cooling channels are equally 
distributed around the circumference. Moreover, there are 
some connecting shortcut channels on the stainless steel 
layer to make the cooling water flow serially along the 
straight cooling channels. These straight parallel cooling 
channels are divided into two groups, sixteen channels for 
each group with individual inlet and outlet, so that each 
group cools half of the central cavity body. 

Figure 1: Cross section of the 1.5 GHz Landau cavity in 
SRRC 
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For easy machining, both the OFE copper and stain- 
less steel layers will be fabricated in four sections: two 
end sections and two symmetric sections for the main 
body. These sections are lathed first to get the desired 
shape. The ring-typed cooling channels and welding slots 
are also machined by a lathe. The inner copper layer of 
the prototype of the Landau cavity after this manufacture 
process is shown in Fig. 2. 

Figure 2: The OFE copper layer of the Landau cavity with 
the ring-typed cooling channels finished 

Notice that the straight parallel cooling channels have 
not been made yet. 

Secondly, every corresponding copper section and 
steel section are put into a vacuum-brazing machine to 
be precisely brazed together with the help of the Au-Cu 
solder under the temperature of about 1010 °C. As the 
central copper and steel sections are brazed together, 
the straight parallel cooling channels will be made by a 
boring machine. Then, the vacuum-brazing operations are 
proceeded again and again to construct the whole cavity. 
Obviously, the vacuum-brazing process is quite a complex 
and time-consuming work. 

To compensate the resonant frequency shift due to 
the mechanical tolerance, the modeling uncertainty, the 
operation requirement, the structure deformation from 
thermal expansion, etc., two mechanical plunger turners 
will be installed on the cavity. In addition, the RF-power 
will be inputted through a hole coupler as the cavity to be 
operated in the active mode in the future. The turners and 
the coupling network are all located at the middle plane 
of the cavity, as shown in Fig. 1. A boring machine is 
used to dig three holes on the brazed cavity body for the 
connecting rings of the turners and the coupling network. 
The outer stainless steel layer is now very useful to prevent 
the cavity from the damaged defromation during the dig- 
ging process. However, the diameters of these three holes 
are larger than the distatnce between two straight parallel 
cooling channels, the cooling channels are discontinuous 
now. So the corresponding cooling channels are cut on the 
connecting rings for the turners and the coupling network 

to maintain the cooling water flow. 

3 THERMAL LOADING AND COOLING 

Under the estimation of 300 kV gap voltage, the calcu- 
lation on the power flow density distribution[l] shows 
that the total RF power dissipation on the inner surface of 
the Landau cavity is about 32 kW with a maximal local 
power flow density of 52.19 W/cm2. The power density 
distribution is applied to the finite element models as the 
applied surface heat flux. Because the applied thermal 
loading on a single element surface must be the same for 
the ANSYS thermal element "SOLID 90", the power flow 
density distribution is transferred to an equivalent heat 
flux. 

The heat transfer between a moving fluid and a solid 
face can be simply expressed as: 

q" = h(Ts - Tm) (1) 

in which q" is the heat flow per unit area, h the surface 
heat transfer coefficient, and Ts and Tm the solid surface 
temperature and bulk fluid temperature, respectively. The 
formulas used in this work for heat transfer can be found 
elsewhere[6]. 

In the finite element anslysis, the surface heat trans- 
fer coefficient h has to be assigned on the surfaces of the 
channels as boundary conditions. However, this coefficient 
depends on the cross-section of cooling channels which 
affects the mean fluid velocity um- For our cooling channel 
design, the cross-sections of the cooling channels are not 
identical, so a complete spreadsheet calculation for h on 
every cooling channel is necessary. It is clear from Eq. 
(1) that, under the same heat flow density q and bulk 
fluid temperature Tm, the larger the surface heat transfer 
coefficient h, the lower the solid surface temperature Ts 

will be. Therefore, the larger h means a better cooling 
efficiency. 

As the mean fluid velocity um increases, so does h. 
But it will also increase the pressure difference between 
the corresponding inlet and outlet of the cooling water. 
Restricted to the pumping capacity, the overall pressure 
difference is expected to be less than 5 kgw/cm2 for every 
serial cooling channel group. The spreadsheet calculations 
show that the optimum water flow rates for the ring-typed 
cooling channels and the straight parallel ones are 3.5 
m3/hr and 4.0 m3 /hr, respectively. The surface heat 
transfer coefficient h will then distribute between 3.471 
and 5.745 W/cm2°C. The pressure differences for the 
ring-typed cooling channels and the straight parallel ones 
are 4.8 and 4.6 kgw/cm2, respectively. Under the 32 kW 
thermal loading and the 15 m3/hr cooling water flow rate, 
the water temperature rise of less than 1.9 °C is deduced 
for steady state. 
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4     FINITE ELEMENT ANALYSIS 

In our numerical study, the thermal analysis is first per- 
formed to obtain the nodal temperature solution. Then 
the nodal temperatures are applied as body loads to a 
compatible structure model in the subsequent stress anal- 
ysis. The compatible 20-node solid elements "SOLID90" 
and "SOLID95", provided by ANSYS, were adopted in 
the thermal and stress analyses, respectively. Both the 
elements have 3 nodes for single edge and are well suited 
to model curved boundaries. 

Beause there are three holes on the middle circum- 
ference of the cavity for the turners and the coupling 
network, the cavity is asymmetric. The special conditions 
around these three holes were neglected, so the cavity was 
treated as a symmetric structure and only one sixteenth 
of the cavity body was modeled for the simplicity of the 
numerical modeling. There are 7344 elements and 37552 
nodes for this model. The material constants adopted in 
analyses are listed in Table 1. 

The analytical results show that the maximal temper- 
ature rise is 13.99 °C, which is located at the central 
cylindrical part of the cavity. In the subsequent stress 
analysis the nodal temperatures were applied as body 
loads, while the reference temperature was set to zero. 
The surface pressure of 1 kgw/cm2 was applied on the 
outer surface of the cavity to simulate the vacuum effect, 
while a pressure of 5 kgw/cm2 was applied on the surface 
of cooling channels to simulate the water pressure. The 
equivalent stress, ae, i.e., Von-Mises stress, was adopted to 
check the thermal stress. This equivalent stress is defined 
as: 

CTe = "T^VVl -CT2)
2 + ((T2 •<T3)

2 + (<r3-^i)2   (2) 

Here o\, a^, and 03 are three principal stresses. The 
calculated equivalent stress is shown in Fig. 3. It can be 
seen that the maximal equivalent stress is 29.75 MPa, 
and the high stress region locates at the central cylindrical 
part of the cooper layer. Notice that the yielding stress for 
anneal copper is 55 MPa, i.e., the safety factor for stress 
is 1.85. 

The temperature rise will also bulk up the cavity. 
This will change the resonant frequency of the cavity. 

Table 1: Summary of the material constants used in the 
finite element analysis of the Landau cavitay. 

Copper Steel 
Young's modulus (kN/mrri2) 110 200 
Poisson's ratio 0.33 0.3 
coefficient of thermal 
conductivity (W/m°C) 

401 14.9 

coefficient of thermal 
expansion (xlO-6/°C) 

16.6 17 

According to the FEM results, the maximal expansion will 
happen at the central part due to the thermal effect. The 
maximal radial deflection is 5.7 (im. The elongation on 
the longitudinal direction is also in the same order as the 
radial deflection. The bellows in connection between the 
cavity and the vacuum chambers can take this longitudinal 
elongation. However, such effect is so small that the bulk 
can be easily compensated by movement of the turners 
installed on the cavity body. 

(N/mm2) 
29.75 m 
27.761 

„A      25.781 
1             23.80 S 

> 21.81 M 
19.83 1 

...-''         17.851 

EH ""                 15.87 ■ 

rw> 
13.881 
11.901 
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'. 5.950 1 
3.9671 
1.984 I 
0.001 "H 

Figure 3: The equivalent stress of the cavity body under 32 
kW thermal loading. 

5 CONCLUSION 

The 3D finite element thermal and stress analysis is use- 
ful not only to improve the mechanical structure of the 1.5 
GHz Landau cavity, but also to verify the capability of the 
cooling channels. Both the water flow rate and the cooling 
channels were optimized to reduce the thermal effects. The 
manufacture of the cavity is very complicated, in particular 
in the complex vacuum-brazing process. 
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SAWTOOTH WAVE GENERATION FOR 
PRE-BUNCHER CAVITY IN ISAC 

K. Fong, M. Laverty, S. Fang and W. Uzat 
TRIUMF 4004 Wesbrook Mall, Vancouver, B.C., Canada V6T 2A3 

Abstract 

Two phase-locked loops operating with a reference 
frequency of 11.667 MHz are used to generate the Fourier 
components for a sawtooth waveform with a repetition 
frequency of 11.667 MHz. These frequencies are 
combined at signal level, amplified and used to power a 
set of parallel plates inside the pre-buncher cavity up to 
600 Vp.p. The resultant sawtooth waveform is feedback 
regulated by I/Q regulation of its individual Fourier 
components. 

1 INTRODUCTION 

A pre-buncher cavity is used in the ISAC low energy 
beam transport line to increase the energy acceptancefl]. 
This cavity consists of a set of parallel plates that is 
driven bv a 600 V    sawtooth waveform at 11.667 MHz. 

J p-p 

The sawtooth waveform is synthesized by summing the 
fundamental to 4th harmonics Fourier components. Two 
phase-locked loop frequency synthesizers are used to 
generate these frequency components. The In-phase and 
Quadrature phase of each frequency component are 
individually regulated by a digital signal processor to 
produce a stable sawtooth waveform at the cavity. These 
frequency components are summed together at signal 
level.   The summed output is predistorted, compensating 

Feedback 
Control 

46MHz 

for the group dispersion and nonlinearity caused by the 
components downstream, to obtain a sawtooth waveform 
at the cavity. A single 125 W MOSFET if power 
amplifier is used to raise the combined signal to 220 V 
at 50 £2. Coaxial cable transmits the rf power to the 
cavity. The rf is then stepped up to 600 V at 450 Q. 
with a 1:9 balun mounted on the outside of the cavity. 
The unbalanced-to-balanced transformation also allows the 
rf power to be fed effectively into a set of parallel plates 
inside the cavity. The sawtooth voltage is feedback 
regulated. Pickup probes at each plate monitor the 
waveform at the cavity. A digital signal processor 
regulates the In-phase and Quadrature-phase components of 
each of the Fourier frequencies of the sawtooth waveform, 
which are obtained by a set of 4 bandpass filters. 

Modular design is used in the hardware architecture. 
Circuits for different functions are housed in separated 
modules. All the signal level modules, including the 
waveform synthesizer, the feedback controller, safety 
interlocks and local supervisory controller, are housed in 
a VXI mainframe. The rf power amplifier, due to its 
different power requirements, is housed in another chassis 
with its own power supplies. The pre-buncher cavity 
with its impedance matching balun/transformer, is located 
in the beam line 10 m away. 

Cavity 

Figure 1. Block diagram of sawtooth wave generator 
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2 WAVEFORM SYNTHESIZER 

The waveform synthesizer occupies two VXI 
modules. One module houses two analogue phase-locked 
loops. With an input reference of 11.667 MHz, one loop 
produces the 2nd and the 4lh harmonics frequencies of 
23.334 MHz and 46.667 MHz, while the other loop 
produces the 3rd harmonic frequency of 35.000 MHz. 
Small scale integration and medium scale integration 
emitter-coupled logic circuits are used in the digital part of 
the loops. In particular, synchronous counters are used in 
frequency division to reduce phase jitter. The phase 
comparator is a type 4 Phase-Frequency detector[2]. First 
order loop filters are used for both loops, and the 
bandwidths of the filters are 2 kHz. The loop filter 
circuitry has a special feature which prevents large 
frequency excursions during locking and unlocking of the 
loop. Figure 1 shows a simplified schematic of one of 
the loop filters. An analogue-to-digital converter 
controlled by a microcontroller continuously duplicates 
the output of the loop filter at a digital-to-analogue 
converter. A pulse detector, not shown in the figure, 
detects the presence of the reference signal. A level 
detector monitors the pump-up/pump-down signal from 
the frequency-phase detector. When the reference input 
pulse detector cannot detect the presence of the reference 
signal, the voltage oscillator circuit is biased by the 
output of the digital-to-analogue converter, whose voltage 
is the last VCO control voltage before the reference is 
lost. Transition into this operating mode is glitchless 

ADC 

fron 
Phase          
Comparator 

ref 
on loop 

filter 

ref   off 

DAC 

_^ To   VCD 

Figure 2. Phase-locked loop bumpless switching block 
diagram 

since the output of the digital-to-analogue converter has 
been tracking the output of the loop filter. Furthermore, 
the loop filter capacitor remains in the circuit to achieve 
bumpless switching when switching back to the phase 
locked mode. Upon reacquisition of the reference, the 
reference frequency is usually far enough from the VCO 
frequency that the Phase-Frequency detector operates in the 
frequency mode. The microcontroller monitors the 
difference in frequency via a second detector.   The VCO 

bias is stepped up or down by the microcontroller until 
the frequency error from the phase comparator is smaller 
than a prescribed value. The error voltage from the phase 
comparator again becomes input to the loop filter, and the 
output frequency is allowed to lock the reference. The 
output is cleaned up by a combination of a second order 
bandpass and a third order lowpass filters. Low power rf 
amplifier modules isolate the output from the phase 
locked loops and provide output levels of 6 dBm. 

Another VXI module has four manually adjustable 
delay lines, operating on the four frequency components 
from the previous module, and combines them after the 
delay lines. Electronic modulators located in the In-phase 
and the Quadrature-phase path will fine tune the amplitude 
and phase of each frequency component to obtain the 
desired sawtooth wave shape. Figure 3 shows the 
frequency spectrum of the composed sawtooth waveform. 
It shows the individual frequency components and their 
relative magnitude. Figure 4 uses an expanded frequency 
scale and shows the spectral purity of the 3rd harmonics 
alone. The desired frequency component appears as a sharp 
peak at 35 MHz. The frequency stability of this peak is 
better than the resolution (10 Hz) of the spectrum analyzer 
used. Two broad noise bands at -60 dBc extending to 25 
kHz on either side of the central peak are results of the 
phase detector and loop filter noises. Thermal noise is the 
main contributor to these noises. At frequency offsets 
beyond the unity gain bandwidth of the phase-locked loop 
the VCO noise shows the expected 1/f2 dependence. 

2 POWER AMPLIFIER AND BALUN 

Since the pre-buncher operates from 11.667 MHz to 
46.667 MHz, wide band designs are necessary in the 
power amplifier and the cavity termination. The power 
amplifier is a 2 stage, transformer coupled wide band solid 

M« 11.71 ««i 
t.ia it» 

Figure 3. Frequency spectrum of sawtooth waveform 
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Figure 4. 3rd harmonic output from frequency synthesizer 

state amplifier. Each stage consists of a pair of 
MOSFETs operating class AB in push-pull mode. Overall 
power gain from 10 MHz to 30 MHz is 38 dB, and the 
gain reduces at higher frequencies. Although the 3rd and 
the 4th harmonics lie outside this range, the power 
requirements for 3rd are 16 dB down from the fundamental, 
and 4th harmonic is 25 dB down. Their reduced power 
requirement is low enough such that this power amplifier 
can still have sufficient gain in order to produce a 
sawtooth waveform. Overall power output capability is 
125 W. A temperature sensor and VSWR monitor protect 
the power transistors by removing the power supply in 
abnormal conditions. Since the cavity is located 10m 
from the amplifier, coaxial cable is used to transfer the 
power from the amplifier to the cavity. In order to 
develop 500 Vp-p at the cavity plates, a 1:9 impedance 
transformer/balun is used to step up the voltage and to 
provide unbalanced-to-balance transformation. The balun 
is constructed from three ferrite loaded X/4 transmission 
lines. A 200W, 500 Q resistor provides termination for 
the proper operation of the balun. The balun and the 
resistor are mounted on a large heat sink and cooled by 
forced air. The top trace of Figure 5 shows the resultant 
summed sawtooth waveform at the input of the power 
amplifier. The trace is a distorted sawtooth, but has been 
adjusted to give an undistorted sawtooth at the cavity 
plate. This signal level waveform has been predistorted to 
allow for the group dispersion characteristics of the balun 
and the cavity plates, as well as for the nonlinearity of the 
power amplifier. The bottom trace of Figure 5 shows the 
amplified voltage at one of the plates in the pre-buncher 
cavity, where the trace has good resemblance to a 
sawtooth waveform. The actual voltage across the two 
plates in the pre-buncher cavity would be twice the 
voltage as shown in the figure. 

0.3V/« liv ■ 

1 
.. . -II 

JM y'M 
• f.,.»... 

\ 

■m 
i . 

l.... 
20ps/#iv 

SOV/d iv | 
i 

••   /v' .... 

i f 

1- . j 

-i i jp --»+•» +• L^. .+-*+- r4--4-* + - ,     (    -    ! 

M 

■--•— 

V ^k 

::.l^..l:._ 
20 ns/i Jiv 

'  

Figure 5. Top trace shows the predistorted waveform at 
the input of the power amplifier. Bottom trace shows the 
voltage at one of the plates in the pre-buncher cavity 

3 CONCLUSION 
There are numerous ways to generate a 400 Vp.p sawtooth 
waveform. In order to achieve an undistorted sawtooth 
waveform at the cavity one has to pre-distort the 
waveform at the input of the power amplifier. For ease of 
tuning we have chosen to synthesize the sawtooth 
waveform from its Fourier components, and maintain 
control on the shape of the final waveform by adjustments 
of the amplitude and phase of the component frequencies. 
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COARSE AND FINE TUNERS FOR THE CERN PS 40 MHZ BUNCHER 
CAVITY 

A.K. Mitra, R.L. Poirier, TRIUMF 4004 Wesbrook Mall, Vancouver, B.C., Canada V6T 2A3 and 
E.  Jensen, CERN, 1211 Geneva 23, Switzerland 

Abstract 

A 40 MHz cavity has been constructed at CERN as part of 
the PS upgrade program for injection into LHC. To 
compensate for the variable capacitive power coupling 
and mechanical tolerance during fabrication, a coarse 
tuner has been envisaged to correct the resonant frequency 
of the PS 40 MHz cavity. This consists of a shorted loop 
inside the cavity and by rotating the loop, the magnetic 
coupling to the cavity can be varied and hence a coarse 
tuning is obtained. The coarse tuner can not be changed 
when the cavity is in vacuum. The fine tuner is to 
compensate for slow variation of resonant frequency of 
the cavity due to temperature and pressure variation. The 
tuner employs a variable capacitor as the tuning element. 
It is connected to a loop inside the cavity via a ceramic 
window and a rigid transmission line of suitable length. 
The desired tuning range of the coarse tuner is 1% and the 
fine tuner is 0.5 %. The coarse tuner has been designed 
and tested at TRIUMF on a full scale wooden model of 
the CERN cavity. The fine tuner was designed using 
PSPICE with the same loop as the coarse tuner. This 
tuner has been constructed at CERN and also installed in 
the cavity. Excellent agreement was found between the 
predicted and the measured tuning ranges of both the 
tuners on the 40 MHz CERN cavity. 

1 INTRODUCTION 

A 40 MHz cavity has been built at CERN for LHC 
injection. The cavity has been recently installed in the PS 
and a nominal gap voltage of 300 kV has been attained 
[1]. The cavity is equipped with inductively coupled 
tuners to provide coarse ana fine tuning. A coarse tuner is 
required to compensate for the mechanical tolerance 
during fabrication and the capacitive loading of the power 
coupler. The fine tuner is in the form of a mechanical 
servo tuner for correcting the slow varying frequency 
change of the 40 MHz cavity due to temperature and 
pressure variation. The coarse tuner was designed at 
TRIUMF on a full scale copper lined wooden model of 
the CERN cavity [2]. The fine tuner was designed with 
PSPICE and built at CERN. 

2 THEORY 

The de-tuning of a resonant cavity with a coupled loop 
is outlined in the following section. In figure 1, the 
resonant cavity is represented in a series equivalent 
circuit, where L2 and C2 are the equivalent inductance and 

the capacitance of a resonant cavity and r2 is the series 
equivalent resistance. If Li is the self inductance of the 
loop coupled to the cavity and Z is a load terminating the 
loop, as shown in figure 1, then the impedance coupled to 
the cavity [3], is given by 
Zc=((oM)2/(Zi+j(öL1) 

where M = mutual inductance and is related to the 
coupling coefficient k by : M = W( Li L2) 

The resonant frequency coc and quality factor Qc of the 
coupled circuit is given by 
coc = l/V(LefA) and Qc = cocLcff/ r2 

where Leff=L2(l- k
2/(l+Z,/ja> L,)) 

This   equation   becomes   the   basis   of  the   tuners 
discussed in this paper. 

Figure   1: 
system. 

Equivalent  circuit   of  cavity-loop   coupled 

case 1: when Zj= 0 i.e. the loop Li is short circuited 
Leff = L2(l-k

2) 
case 2: when Zi= oc i.e. the loop is open circuited 

Leff = L2 

If Af is the frequency shift from open loop to short- 
circuited loop 
then Af/f= 1/2 k2 

It can be also shown that AQ/Q = k2 

where AQ is the change in Q value from open loop to 
short-circuited loop 

case 3: If Z = -jcoLi (i.e. the loop is terminated with a 
capacitance whose value C = l/co2Li) then the cavity 
resonance is destroyed due to series resonance of C and 
LI. This case must be avoided for any tuner design. It is 
obvious that a short circuited loop increases the resonant 
frequency of the cavity and decreases Q of the cavity. 

3 COARSE TUNER 

A short circuited loop placed inside the magnetic field 
of 40 MHz cavity de-tunes the cavity resonant frequency. 
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If the loop with an area A is located at a radius r0 inside 
the cavity, the mutual inductance M=UoA/(27i r0) 
where |u0=47r.l0"7 henry/m 
Hence k=UoA/(27t r0)/ V( U L2) 
Since Af is proportional to k2, for a given cavity and loop 
position, Af can be maximized by increasing the loop area 
or decreasing the self inductance. The position of the loop 
inside the CERN cavity was optimized with MAFIA. 

Table 1: Measurements of Lseifi Af and AQ for different 
types of loops. 

Type of loop Loop 
Area 
cm2 

Lself 
uH 

Af 
kHz 

AQ 
% 

circular loop, 
34cm (b 
2.1 mm <b tube 

907 1.16 152 16.2 

circular loop, 
34cm (b 

6.35 mm <b tube 

907 0.870 194 8.5 

octagonal loop 
30 cm mean <b 
33 mm (b tube 

710 0.48 240 7.0 

rectangular loop, 
25.4 mm width 
strip 

1100 0.79 285 10.5 

Different loops were installed on the TRIUMF 
wooden model at the same position as mentioned above 
and self inductance, Af and AQ were measured. Table 1 
shows the results of such measurements. The loop was 
shorted and rotated to produce variable coupling. The 
variation of cavity resonant frequency and Q with loop 
rotated through 90 degree is shown in figure 2. 90 degree 
represents maximum coupling and 0 degree represents 
minimum coupling of magnetic flux. 

30 cm octagonal loop with 3.34 cm diam. tube 

10500 

10000 a 

9500 

18 36 54 72 
position of loop/degree 

Figure 2: Variation of fand Q with coupling coefficient k 

A circular loop was easier to construct than a 
rectangular loop and gave better mechanical stability. A 
circular loop of 30.5 cm diameter was constructed at 
CERN from   a copper tube with an outer diameter 3.34 

cm and was installed on the CERN cavity. It was 
estimated to have a self inductance of 0.44 uH and 
produce Af of 0.62 % and AQ of 11 % for the CERN 
cavity. Measurement showed that with minimum coupling, 
the resonant frequency and Q was 39.051 MHz and 19200 
respectively. With maximum coupling of the loop, the 
resonant frequency of the cavity changed to 39.358 MHz 
and Q changed to 16300. Hence frequency de-tuning was 
0.78 % with a loss of Q of 15 %. This showed an 
excellent agreement between the measured and the 
expected values of the de-tuning and Q . 

4 SERVO TUNER 

Instead of shorting the loop inside the cavity as in the 
case of the coarse tuner, if a variable reactance is 
connected to the loop, a fine tuner can be obtained. A 
transmission line with suitable length and a variable 
capacitor forms the reactance. Figure 3 shows such a 
scheme of a servo tuner which has been employed for the 
CERN 40 MHz cavity. The rigid transmission line is 650 
mm long with a characteristic impedance of 120 Q. The 
loop is the similar to the one used for the coarse tuner. 
The ceramic window uses an existing CERN window 

Tonsmlsslon  line , cerornlc 
, window 

Mil      ") ,•         u   .       , 

C   ; * 

■.PS.          f 
air               \    vocuum 

Figure 3 : Schematic of servo tuner. 

which had to be modified to withstand high voltages. The 
variable capacitor is a COMET CV7W 300F/90 whose 
capacitance varies from 20 pF to 300 pF. PSPICE was 
used to evaluate the performance of this servo tuner [4]. 
Voltages at the ceramic window, and capacitor, and the 
associated circulating currents were calculated with a 
cavity gap voltage of 300 kV and is shown in figures 4 
and 5. The cavity parameters are L2=0.132 uH, C2=121.3 
pF, Rshunt=640 kQ, Q= 19400 and f=39.76 MHz. The 
frequency offset is 170 kHz when the capacitor is 300 pF 
and the tuning range is 160 kHz as the capacitor is varied 
from 300 pF to 20 pF. The maximum voltage across the 
capacitor is 55 kV. Since the voltage gradient on the air 
side of the window is > 30 kV/cm, the window and the 
rigid transmission line are pressurized to cope with the 
high electric gradient. The detail design and fabrication of 
the servo tuner was implemented at CERN on the basis of 
the design outlined in this section. Measurements on the 
servo tuner is shown in figure 6. The tuning range is large, 
and it has been limited by mechanical stops to use only 
the range where the Q is high and the window voltage is 
low. 
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Servo Tun« With Variable Capacitor 

-1 win/A 
- (cap/A 

Delta F/KHz 

100 
Capacttor/pF 

Figure 4: Current and Af with capacitance variation 

Servo Tuner With Variable Capacitor 

Delta f-I60kH* 

fofTset-l70kHz 

100 

Cap*cltor/pF 

Figure5. Voltage and Af with capacitance variation. 
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Abstract 

The RF system of the CERN PS is being upgraded to 
bunch a beam that can be captured by the SPS 200 MHz 
RF system for injection into LHC. Two identical 80 MHz 
cavities are part of this PS upgrade program. At CERN, 
the cavity has been designed using SUPERF1SH and 
MAFIA concerning its shape, tuning devices and 
amplifier coupling loop. TRIUMF has built a simplified 
full-scale, copper-lined, wooden model, designed such 
that the field patterns of the fundamental accelerating 
mode and the longitudinal modes agree closely to CERN 
cavity ones. The aim of constructing the wooden model 
was primarily to check the design of the capacitive tuners, 
the power coupling loop and the HOM dampers for the 
longitudinal modes up to 1 GHz. The results of the 
measurements were used to define the parameters of the 
tuners and a reliable model to describe the interaction of 
the coupling loop with the fundamental mode of the final 
CERN cavity. Four quarter-wave antennae are adequate to 
damp the first fifteen longitudinal modes. In order not to 
decrease the shunt impedance of the fundamental mode by 
more than 5%, three-element filters have been used with 
the antenna which damps the longitudinal mode at 256 
MHz, 336 MHz and 912 MHz. 

1 INTRODUCTION 

The upgrade program of the CERN PS for the injection 
to LHC foresees the installation of some new RF system 
in the PS ring. A 40 MHz cavity has already been installed 
[1] and provides a beam with the required bunch spacing 
of 25 ns with a bunch length of about 8 ns. To match the 
SPS RF bucket dimensions the length of the bunch must 
be reduced to less than 5 ns. To achieve this aim two 
identical 80 MHz cavities will be installed in the PS in 
1998. The bunch length reduction will be obtained with a 
90° rotation of the bunch in the phase space. 

The cavity is water cooled since it is operated nearly at 
CW (70 % duty cycle) due to the lepton cycle of the PS. 
Also, a heavy transient beam loading will take place 
during the LHC cycle and its dynamics will be too fast to 
be compensated by fast feedback or de-tuning method. A 
strongly over-coupled amplifier-coupling loop system was 
designed with PSPICE to cope up with the beam loading 
and to provide a consistent voltage step-up ratio between 
the amplifier anode and the cavity gap in a wide band 
around the cavity resonance. The value of the self 
inductance of the coupling loop and the voltage step-up 
ratio between the loop and the cavity gap was difficult to 

be evaluated reliably from MAFIA and SUPERFISH 
calculations. 

In the frame of the collaboration between CERN and 
TRIUMF for LHC, a full scale cold model of the 80 MHz 
cavity has been built at TRIUMF to verify the design of 
the coupling loop and to develop a set of Higher Order 
Modes (HOM) dampers based on the quarter wave 
antennae as already done for the PS 40 MHz cavity [2]. 
To prevent the antennae from damping the fundamental 
mode, a coaxial three-element filter was developed to 
maintain the Q-factor loss within 5 %. 

Two capacitive tuners are also foreseen to compensate 
atmospheric variation and deformation due to heating of 
the cavity walls during the start-up. The achievable tuning 
range has been measured. Figure 1 shows the shape of the 
CERN cavity with coupling loop and capacitive tuner. 

Figure 1. The CERN PS 80 MHz cavity shape (dashed 
line) and the TRIUMF wooden model with the coupling 
loop and the capacitive tuner. 

2 AMPLIFIER COUPLING LOOP DESIGN AND 
MEASUREMENT RESULTS 

Because of the proposed strongly over-coupled 
amplifier to deal with heavy transient beam loading, the 
amplifier coupling loop has to fulfill two requirements: 
voltage set-up ratio between the loop and the cavity gap 
close to ten, and a self inductance of the loop in the range 
of 130 - 160 nH. An approximate shape for the loop was 
found using MAFIA postprocessing capabilities, 
integrating the electric field along some different paths 
and relating the result to the integral on the cavity gap. 
The value for the self inductance was determined by 
measurements on different loops mounted on the 
TRIUMF model. The conclusion is that the cavity loop- 
system can be described by the circuit shown in figure 2, 
where the transmission line T2 represents the self 
inductance of the loop, and the Network Analyzer 
represents a current source shunted by a 50Q load. The 
input impedance measurements on the TRIUMF wooden 
model is shown in figure 3. The error on the frequencies 
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of the resonances between the PSPICE simulation of the 
circuit in figure 2 and the measurements is less than 0.2 
%. 

l-HWr- 

i 
LI VALUE=1.002a U VAtUB=U5.822n 

Figure 2. The equivalent circuit of the cavity-loop system 
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Figure 3. Input impedance measurement. 

With the help of the measurements, an analogy 
between the loop and a strip line [3] was established 
which allows the dimensions of the loop to be determined. 
The difficulties in simulating such geometry with MAFIA 
or similar programs is thus bypassed. 

3 CAPACITTVE TUNERS 

Using MAFIA to design the capacitive tuners is also 
difficult to achieve because of the non symmetrical 
geometry and the dimensions of the tuners. The tuning 
range measured on the cold model was ±0.4 % for the 80 
mm nominal stroke, which is about the half the value 
calculated by MAFIA. The error is essentially due to mesh 
problems.. It is interesting to note that the capacitive tuner 
stores essentially electrical energy. Thus, high voltage and 
low current associated with the tuners lead to two 
advantages : they are protected against multipactor 
problems and do not increase the ohmic losses. 

4 HIGHER ORDER MODE DAMPERS 

The wooden model built at TRIUMF was extensively 
used to design the higher-order-mode dampers for the 
longitudinal modes up to 1 GHz [4]. The physical 
location of the ports where dampers could be installed was 

predetermined from SUPERFISH and MAFIA 
calculations of the electric field configuration of the 
modes for the CERN 80 MHz cavity. Four loosely 
coupled capacitive probes (two at each side of the gap and 
90 degree apart) at the gap in conjunction with in-phase 
combiners, provided a clear spectrum of the longitudinal 
modes and rejected most of the dipole modes. The Q of a 
particular mode was obtained by S2i measurement on a 
Network Analyzer. Four A/4 antennae were constructed 
from standard 3/8" O.D ( 10.0mm ) copper pipe and their 
position and length was optimized to provide the lowest Q 
for the modes under investigation. Although each antenna 
was optimized for a specific mode, it also damped other 
modes which had strong E-field in the close vicinity of the 
antenna. Table 1 shows the four antennae with their length 
and frequency of the principal mode being damped. All 
dampers were terminated with a 50 Q load . 

Table 1 : Antennae profile 

antenna 
number 

length 
cm 

reference mode 
MHz 

#1 28.0 255 
#2 23.5 436 
#3 16.5 538 
#4 21.0 912 

A 3-element high-pass filter was attached to antenna#l 
because of substantial coupling to the fundamental mode 
at 79.64 MHz. The damping of the fifteen longitudinal 
modes up to 1 GHz by the four antenna is shown in figure 
4. Antenna#2 required an angled flange to improve 
coupling to the fourth mode (436 MHz). Antenna#3 had 
improved coupling on the twelfth harmonic (910 MHz) by 
a 25 mm offset on the flange. It can be seen from figure 4 
that the damping is very effective up to 800 MHz. Since, 
the field patterns of the fundamental accelerating mode 
and the longitudinal modes for both wooden model and 
CERN cavity were in close agreement, the loaded shunt 
impedance values for the CERN cavity could be scaled 
from the measurements. High-pass filters with an 
attenuation of >20 dB at 80 MHz will be used for 
antennael,2 and 4 in order to keep loss of Q below 5% for 
the fundamental accelerating mode due to the antennae. 
All the four antennae will be water cooled since estimated 
maximum copper loss is 7 W (for a cavity gap voltage of 
200 kV) for antenna#l and consequently smaller for the 
other three. 

5 TRANSMISSION LINE HIGH-PASS FILTER 

The high-pass filter was designed with transmission 
line components instead of lumped capacitors or 
inductors. A prototype filter was successfully simulated on 
PSPICE and then constructed and tested by using the 
capacitive and the inductive characteristics of an open and 
shorted       transmission       line       respectively       [4]. 
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Figure 4. Frequency spectrum of the model cavity with (bottom trace) and without (top trace) HOM dampers 

model was successfully developed to describe the cavity- 
loop system. The higher-order modes up to 810 MHz was 
effectively damped by the four X/4 antennae. The desired 
value of loaded shunt impedance of 1 kQ was achieved 
for most of the higher order modes. Also, the transmission 
line high-pass filter has been used for three antennae to 
reject the fundamental mode and thus maintained the Q 
loss below 5%. 

7 ACKNOWLEDGMENTS 

Figure 5. Transmission line design of filter 

Figure 5 shows the prototype high-pass filter being built. 
The overall length of the filter is 30 cm and diameter is 8 
cm. It is designed to withstand at least 7 kV at the input of 
the filter. The transmission line prototype provided an 
attenuation of 21 dB at 80 MHz . The insertion loss was 
more than 1.0 dB beyond 760 MHz. This was mainly due 
to poor rf connection of the input and the output flanges to 
the outer casing in the prototype. 

6 CONCLUSION 

The measurements done at TRIUMF on the wooden 
model has achieved the desired results. The capacitive 
tuner has been defined from model measurements. The 
voltage step up ratio of the coupling loop and the cavity 
gap, the shape and dimensions of the loop, and a PSPICE 
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Abstract 

This paper describes the recent results of high power test 
of the damped cavity which has been developed at ISSP, 
the University of Tokyo and KEK-PF. We have fabricated 
four damped cavities to install at the Photon Factory (PF) 
storage ring with high brilliance configuration. High 
power conditioning of all four cavities has been carried 
out successfully. The temperature rise and thermal 
deformation of the cavity were understood by the thermal 
structure analysis. 

1 INTRODUCTION 

We have developed an RF cavity which has SiC beam 
ducts for damping the higher-order mode (HOM's) [1, 2]. 
Figure 1 shows the cross sectional view of the cavity. 
The cavity aims at being installed in two low emittance 
electron/positron storage rings. One is a third-generation 
VUV and SX synchrotron radiation source, the VSX 
storage ring, and the other is a high brilliance 
configuration of the Photon Factory storage ring at KEK. 

Coupler pott 

budget for preliminary study of the facility in the fiscal 
year 1997. 
The reconstruction for the emittance upgrade of the PF 
storage ring is now in progress. The beam emittance will 
be reduced from 130 nm-rad to 27 nm-rad by doubling the 
number of the quadrupole magnets in the FODO cells [5]. 
All of existing four cavities will be replaced with the new 
damped cavities described here. The commissioning with 
high brilliance configuration of the PF ring will be started 
in October 1997. 

2 DAMPED CAVITY 

The design parameters of the damped cavity are 
summarized in Table 1. The nominal RF voltage of the 
cavity system is 1.7 MV for the PF ring and 1.5 MV for 
the VSX ring. The numbers of the cavities to be installed 
are four (PF) and three (VSX). For the VSX ring, the 
nominal RF voltage per cavity is 0.5 MV which requires 
the power of about 33 kW to be dissipated in the cavity. 
Therefore, the design of 150 kW wall loss has large safety 
margin and operational flexibility. 

Table 1: Parameters of the cavity. 

RF frequency 
Shunt impedance 
Unloaded Q 
RF voltage / cavity 
Maximum wall loss 
Coupling coefficient 
Number of cavities 

500.1 MHz 
7.68 Mfi 

44000 
0.50 (VSX), 0.43 (PF) 

150 kW 
1.9 (VSX), 2.3 (PF) 

3 (VSX), 4 (PF) 

Figure 1: The cross sectional view of the damped cavity 

The VSX storage ring is a future project of the University 
of Tokyo. The ring has a beam energy of 2.0 GeV, a 
circumference of about 400 m, an emittance less than 5 
nm-rad, four 14-m long straight sections and twelve 7-m 
semi-long straight sections for extensive use of insertion 
devices [3,4]. Three RF cavities will be installed at one of 
the semi-long straight sections. The proposal for 
constructing the VSX facility was submitted to Japanese 
government in 1996, and the government decided to give a 

The high power model of the cavity was fabricated in 
1995. The high power test of the cavity was carried out 
successfully. The input power of 150 kW was achieved 
without any severe problem [6]. 
From 1996 to 1997, we have fabricated four cavities for 
the PF ring. The design of the cavities are same as the 
model fabricated in 1995. They were manufactured at 
Keihin Product Operations of Toshiba Corporation. The 
main parts of the cavities are made of class 1-OFHC 
copper which has been treated with Hot Isostatic Press 
(HIP) before. After fabrications, the cavities were pre- 
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baked  at   150 
Operations. 

"C   for  24   hours   at   Keihin   Product 

3   HIGH POWER TEST 

3.1 setup 

The high power conditioning has been performed on the 
high power test bench at the Photon Factory (Fig. 2). An 
RF power was supplied by 500.1 MHz, 180 kW klystron 
(Toshiba E3774). A 250 kW circulator of Y-junction type 
was used to protect the klystron against the reflection 
wave from the cavity. Reflected power was dissipated in a 
50 kW dummy load. 
The cavity was cooled by water; the flow of cooling water 
was about 150 //min and the inlet temperature was kept at 
23±1°C. A 300 //sec turbo molecular pump was attached 
to the cavity, and an ionization gauge and a quadrupole 
mass filter were placed between the beam port and the 
turbo pump. 
The reflected power signal was used as an interlock 
trigger. A thermal detuning of the cavity was compensated 
by the tuning plunger. The conditioning data, input 
power, vacuum pressure and residual gas spectrum were 
recorded every 20 seconds by a personal computer. The 
temperature distribution of the outside wall of the cavity 
was monitored by eight thermocouples. 

Figure 2: The cavity on the test bench. 

3.2 High Power Conditioning 

We have carried out conditioning for all four cavities. In 
order to generate the nominal gap voltage of 0.43 
MV/cavity, a dissipated power of about 24 kW is needed. 
On the other hand, if the PF ring is operated with three 

cavities, the required RF voltage and the dissipated power 
per cavity are 0.57 MV and 42 kW, respectively. In 
general, large safety margin for the RF system is 
necessary to secure a stable operation of the ring and to 
avoid a long shutdown caused by a trouble of RF power 
source. The goal of the conditioning was, then, set to 
achieve the input power of 80 kW, about two times 
higher than 42 kW. 
Figure 3 shows a whole process of the conditioning for 
one cavity. In this case, the vacuum pressure of the cavity 
before applying RF power was less than 1x10"' Torr. The 
conditioning started with an input power of a few 
hundreds watt. The power level was slowly increased, so 
that the vacuum pressure was kept below 5xl0"6 Torr. 
The input power of 80 kW was attained after 4.2 hours 
without any severe trouble. 

2 '3 4 

Elapsed time (hours] 

Figure 3: An example of cavity conditioning. 
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Figure 4: Residual gas spectrum. 

The residual gas spectrum measured by the quadrupole 
mass filter is shown in Fig. 4. The dotted line and the 
solid line are the mass spectra before conditioning and 
during conditioning, respectively. The data of solid line 
was taken for an input power of 10 kW after about 1 hour 
conditioning. Before the conditioning, partial pressure of 
H20 was much higher than those of the other gases. On 
the   other  hand,   during  the   conditioning,   the   main 
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components of outgas from cavity wall were not only 
H20 but also H2 ,CO and C02. At the beginning, the 
levels of CO and C02 were higher than that of H2. After 
the conditioning progressed, however, H2 became most 
dominant among all components of outgases from cavity 
wall. 

3.3 Thermal analysis 

We carried out the thermal structure analysis of a two- 
dimensional cavity model using the ANSYS code. The 
analysis assumed the water flow of 140 Z/min and the 
inlet water temperature 22 °C. For 80 kW total power 
dissipation, the peak power density around the nose cone 
is calculated to be 15 W/cm2 by the SUPERFISH code. 
Figure 5 shows the temperature distribution calculated by 
ANSYS. The inner surface of the cavity becomes 37 - 50 
°C and the edge of the nose cone has the maximum 
temperature. The calculated temperature of the outer wall 
is 27 - 34 °C, while the measured one is 33 - 37 °C. 
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TEMP 
TEPC=2.92 
SMH -26.513 
SMX =49.067 
^ 26.513 
9 29.022 

HS 31.53 
34.038 
36.546 
39.054 
41.562 
44.071 
46.579 

**** iil' 49,08? 

jKWOinp 

Figure 5: Temperature distribution of the cavity for 80 
kW total power dissipation. 

Thermal deformation of the cavity was also calculated by 
ANSYS. The thermal deformation for 80 kW total power 
dissipation is shown in Figure 6. From the result, the 
frequency shift caused by the thermal expansion is found 
to be -130 kHz for the fundamental mode. 
In the high power conditioning, the frequency shift due to 
thermal expansion can be estimated by measuring the 
position movement of the tuning plunger. The frequency 
shift was about -150 kHz for input power of 80 kW. 

4   SUMMARY 

We have fabricated four damped cavities for the PF ring 
with high brilliance configuration. High power 
conditioning of all four cavities has been already carried 
out. The temperature rise and thermal deformation were 
well understood by the thermal structure analysis with a 
two-dimensional model. 
In 1996 summer, the two damped cavities were installed 

in the PF ring to replace two of four old cavities. The 
beam test of the new cavities was carried out successfully 
[7]. The remaining two cavities were then replaced by new 
ones in 1997 spring. 
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Abstract 

The ARES (Accelerator Resonantly coupled with an 
Energy Storage) cavity, which consists of three cells, has 
been developed for the KEK B-Factory, and two types of 
the ARES cavity have been constructed for the beam test. 
Both the types were installed in the KEK TRISTAN 
Accumulation Ring and beam-tested. The accelerating cell 
of the ARES has a HOM-damped structure to lower the 
impedance of HOM's in order to store a high current 
beam. The spectra excited by the beam (single bunch, 
100mA) were measured for both the cavities with 
scanning of the resonant frequency. Basically these results 
are consistent with those of calculations. The HOM's 
appear to be damped as expected. But the actual spectra for 
three cells are more complicated than only the accelerating 
cell. During this experiment, however, any beam 
instabilities due to the impedance of the cavities were not 
observed. This paper describes only the "ARES95"- one 
of the two types of the ARES. 

Figure 1 : A schematic drawing of the "ARES95." 

1   INTRODUCTION 

A new system of a normal conducting RF cavity , called 
"ARES[1]"; has been developed for KEKB accelerator 
which has to store high current beam. This cavity 
system(See Fig.l), which consists of three cells of an 
accelerating cavity(A-cavity), a coupling cavity(C-cavity) 
and a storage cavity(S-cavity), suppresses the coupled- 
bunch instability associated with the accelerating mode. 
The accelerating mode is operated in the n/2 mode of the 
three cells at 508MHz. The 0 and n modes are damped 
with a "coupling cavity damper[2]" which has a choke 

filter to block the n/2 mode. For more details of the 
ARES system, refer to Ref.[l], and for more of the 
accelerating mode, refer to Ref.[3]. 

Last year, two types of the ARES, which are named 
"ARES95" and "ARES96[4]" respectively, have been 
designed and constructed. The difference between the two 
types is the structure to damp the HOM's of the 
accelerating cavity. For the "ARES95", the accelerating 
cavity is loaded with a coaxial waveguide, which is 
equipped with a notch filter of a radial-waveguide 
type(Fig.l). The filter reflects back the TEM wave 
coupled with the accelerating mode, the frequency of 
which is located at the first stop frequency of the filter. 
The RF waves passing through the filter are absorbed by 
sixteen bullet-shape sintered SiC absorbers inserted from 
the waveguide end[5]. Both the types were installed in the 
TRISTAN Accumulation Ring(AR) and beam-tested. This 
paper describes the HOM's of the "ARES95". For the 
details of the "ARES96", refer to Ref. [4]. 

2 HOM    CHARACTERISTICS 

The system of the A-cavity(without C,S-cavity) has been 
already beam-tested, and its HOM characteristics were 
reported in Ref.[6]. Basically the three-cell system, 
ARES95, has similar HOM characteristics as those of the 
A-Cavity, but it has more complicated HOM's with the 
S,C-cavity. Table 1 summarizes the HOM's, which has 
been observed only in the "ARES95." Figure 2 shows the 
HOM spectra which were measured at the AR beam-test. 
The longitudinal coupling impedance and the HOM 
spectrum calculated by using the electromagnetic field 
simulation code "MAFIA [7]", are shown in Figure 3 and 
4 respectively. The low power measurement was 
performed for the distinguished peaks in the HOM spectra. 

2.1  AR Beam Test 

The two types of the ARES, high-power tested and beam- 
tested were installed in the AR(See Table 2 for the 
machine parameters). These cavities were placed in the 
straight section, the beam-bore diameter of which is 
150mm. Both ends of the straight section are tapered 
down to the standard vacuum chamber. The HOM's that 
propagate through the beam pipe are damped by the 
cylindrical SiC absorbers attached to the walls of the 
vacuum chamber of both sides of the cavity. 

In the beam test, the HOM spectra which were 
excited by the beam(single bunch, 100mA) in the cavity 
were measured with scanning of the resonant frequency of 
the accelerating mode by moving the tuner of the S and 
A-cavity. The results superimposed for four tuner 
positions are shown in Figure 2. The accelerating mode 
resonant frequency at each tuner position is separated by 

O-7803-4376-X/98/$10.0O©1998   IEEE 3069 



300 kHz from the other. Among various peaks, two high 
peaks around 3.4GHz are distinguished. A mode at 
807MHz has been only observed in the ARES (not in the 
A-cavity only). 

e 
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Figure 2: The HOM spectra excited by the beam (single 
bunch, 100mA) in the "ARES95." 

2.2 Calculation 

The HOM properties were calculated by using the 
"MAFIA" 3D time domain solver (MAFIA-T3). Figure 3 
shows the structure used for the calculation. This structure 
includes only the A and C-cavity(and the counter balance). 

MAFIA 
«.    r.               --«-...»».■                       wc.m„ „„« 

"*™ 

P--:3.22 Accelerating Carity             Notch Filter 
•3DPCOT 

r "is"-Ha 

y 
Coupling Cavity            Bullet Shape Abaorher 

Figure   3:The structure of the "ARES95"   used for the 
calculation of the wake potential. 

Figure 4 shows the longitudinal coupling impedance 
obtained by the Fourier transformation of the wake 
potential which was calculated for the bunched beam 
passing through the cavity along the beam axis. The 
curve in Figure 4 represents the threshold impedance per 
cavity for the instability. The spectrum shown in Figure 
5 is the Fourier transformation of the calculated time- 
dependent field at the position of the antenna used in the 
beam-test measurement. This spectrum corresponds to 
Figure 2. See Ref. [6] for the details of the calculations. 

t_ Cut Off Frequecy of Beam PJpefTMOI) 

Frequency [GHz] 

Figure 4: The longitudinal coupling impedance obtained 
by the Fourier transformation of the wake potential 
(0<s<132m) calculated by using the MAFIA-T3. 

Frequency [GHz] 

Figure 5: The HOM spectrum calculated by using 
MAFIA-T3. 

2.3 Low Power Measurement 

For the distinguished peaks obtained by the beam-test, the 
low    power   measurement was    performed.    The 
transmission spectrum was measured by using the 
network analyzer. The shunt impedance of the 807MHz 
could be measured with bead measurement method[8]. The 
results are also shown in Table 1. 

3  RESULT   AND   DISCUSSION 

During the beam test any beam instabilities due to the 
impedance of the cavity were not observed even in the 
case of the multi-bunch, 700mA beam. The summary of 
the HOM's which only appeared in the "ARES95" is 
shown in Table 2. For most of the modes, the Q-values 
obtained by the beam-test, by the calculation and by the 
low power measurement are largely different from each 
other. In the beam test the frequency resolution is limited 
by the revolution frequency of the beam, while in the 
calculation it is limited by the time duration of the wake 
potential calculation. Therefore, the results of the low 
power measurement are most reliable for high Q-value 
modes. 
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The peak at 807MHz was observed in both the 
spectra of the two types of the ARES - "ARES95" and 
"ARES96", although their A-cavities are different. This is 
a dipole mode of the C-cavity, being coupled with the 
counter balance in the rc/2 mode. The magnetic filed 
pattern calculated by using the MAFIA eigen mode solver 
(MAFIA-E) is shown in Figure 6. It can not be damped 
by the "coupling cavity damper," which needs 
longitudinal electric field there. The coupling impedance 
of this mode was about 500Q (=R/Q x Q / 2) as 
determined by the bead-pull measurement. However, this 
impedance is not dangerously high in comparison with 
the threshold in Figure 4. Since we could not exclude the 
possibility that the similar modes can have a higher 
impedance at higher frequencies, we are improving the 
"coupling cavity damper" in order to damp this kind of 
mode[4]. The improvement is also necessary in order to 
damp the two peaks at 1.3GHz and 1.4GHz, which are 
located at the second stop band of the choke filter of the 
"coupling cavity damper." 

4   SUMMARY 

During the beam-test any beam instabilities due to the 
impedance of the cavity were not observed. The HOM 
spectra excited by the beam were measured. Basically 
these results are consistent with those of calculations 
which exclude the Storage cavity. The HOM's appear to 
be damped as expected. Since we cannot exclude the 
possibility that the beam is strongly coupled with a 
special kind of C-cavity mode, it is preferable to further 
improve the "coupling cavity damper". The two high 
peaks around 3.4GHz and the peak at 1.67GHz require 
further investigation. 

Figure 6: The magnetic field pattern of the mode at the 
807MHz 

Two more high peaks are seen in Figure 2 around 
3.4GHz, where no high peak was found in the calculation 
without the S-cavity. Thus it is natural to assume that 
they are associated with the S-cavity. However, no 
distinguished peaks were observed in the low power 
measurement either. 

The calculated impedance in Figure 4 has a higher 
peak than the threshold at 1.65GHz which corresponds to 
1.67GHz in Figure 2. This mode is located at the second 
stop band of the notch filter of the A-cavity [6]. The 
calculation of the wake potential with the longer time 
duration makes this peak higher. This indicates that it has 
actually even higher Q-value or that the calculation is not 
accurate (already two times as high as measured), because 
it is located in the vicinity of the cut-off frequency of the 
beam pipe. So further investigation is needed. 

The transverse impedance modes are not observed 
partly because they are hard to distinguish on account of 
the complication of the HOM spectrum of the three-cell 
system, and partly because the threshold impedance for the 
transverse instability of the AR is about ten times as 
large as that of the KEKB. 

Beam Test i   Calculated(MAFIA) Lütt : >cnver Measurement 
Spectrum % (3DTD, s< 132m) (Be id Measurement) 

Fiuq. Q, 1 Freq. Q VQ Freq QL RVQ 
[MHz] I [MHz] [Ql [MHz] [Q] 

807 700 1   800 320 807 10000 0.1 
1300 30 I 1304 50 1300 50 
1400 50 $ 1384 60 1400 100 
1523 250 1 1531 850 •    ■?'-'.' 

1670  ' 700 1 1645 400 1670 200 
1773 4.50 1 1728 600 1773 2500 
2050 500 12037 200 2054 8700 
3373 600 13360 1000 7 

3452 500 :   ? IlJIIJIl 

Table 1 : The summary of the HOM's peculiar to the 
"ARES95." For definition of the shunt impedance, see 
Ref.[8]. 

RF Frequency | 508.5808 MHz 
Harmonic Number (h) .  640 
Revolution Frequency 1 794.6575 kHz 
Beam Energy 1 2.5 GeV 
RF Voltage 1 0.4-2.0MV 
Momentum Compaction factor (a) I 0.01250 
Tune (H.V ) | 10.14,10.25 
Synchronen Tune 1 0.017-0.032 

Table   2:  The machine parameters of the TRISTAN 
Accumulation Ring (AR) 
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Abstract 

This paper reports the completion of development of a 97 
MHz niobium coaxial quarter-wave cavity to be used in a 
booster linac for the New Delhi 16UD pellatron 
electrostatic accelerator. A prototype cavity, which 
incorporates a niobium-bellows tuning device, has been 
completed and operated at 4.2 K at accelerating gradients 
above 4 MV/m for extended periods of time. 

1 INTRODUCTION 

Several recent heavy-ion booster linac projects employ 
superconducting quarter-wave coaxial-line (QWCL) 
resonant cavities [1 - 5]. The QWCL geometry is 
characterized by excellent mechanical stability and broad 
velocity acceptance. Also, QWCL resonators made with 
superconducting niobium have achieved high accelerating 
gradients [3]. The present project is aimed at developing 
a high-performance structure based on the QWCL 
geometry, with the design focussed on reducing 
construction costs and maximizing operational simplicity 
and stability. The superconducting accelerating structure 
discussed here is to be employed in a heavy-ion booster 
linac for the 16UD pelletron electrostatic accelerator at 
the Nuclear Science Center in New Delhi, India [6,7].. 

1.1 Cavity Design 

Figure 1 shows the 100 MHz, two-gap resonant 
cavity which is optimized for particle velocity ä = v/c = 
.08, but has a broad enough velocity acceptance that a 
single resonator geometry can be used for the entire 
booster linac, as presently envisioned [7]. 

The cavity is formed entirely of niobium, rather than 
bonded niobium-copper composite as is used in the 
ATLAS linac and several other accelerators. This choice 
was taken both because of the cost of forming and 
welding the composite material, and also because this 
cost is further increased by the relatively large number of 
two-gap cavities required. 

The high-voltage end of the coaxial line consists of 
a relatively large diameter section which capacitively 
loads the quarter-wave line and shortens the cavity nearly 
20 cm. By using a cylindrically symmetric drift tube, 
large capacitive loading can be obtained while keeping 

the peak surface electric field low. This both reduces the 
size of the resonant cavity and improves mechanical 
stability, which decreases rapidly with increasing length 
of the coaxial line. The niobium cavity is closely jacketed 
in an outer vacuum vessel of stainless steel, which 
contains the liquid helium required to cool the 
superconducting structure. This design permits an array 
of cavities to operate in a cryostat with the beam-line 
vacuum and cryogenic vacuum being one common 
system. Such an arrangement is almost universally used 
in superconducting heavy-ion linacs, because it facilitates 
the large number of connections to room temperature 
required to operate an array of short, 

STAINLESS STEEL 
HOUSING 

10 
_l 
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Figure: 1   Schematic figure showing the primary features 
of the 97 MHz, beta = 0.08 coaxial-line cavity. 
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Figure 2: Major components of the niobium quarter-wave 
coaxial-line cavity prior to final weldment. Elements 
shown are the quarter-wave line and drift-tube, the 6.5 
inch OD niobium outer housing and the 7.5 inch OD 
stainless-steel outer jacket 

independently-phased resonant cavities. Where the outer 
jacket and niobium resonator join, i.e. at all beam ports 
and coupling ports, a flange made of explosively-bonded 
niobium and stainless steel is used to provide a welding 
transition between the two materials. 

A pneumatic tuner, shown in Figure 3, is 
incorporated into the bottom end face of the resonant 
cavity and consists of a two-section niobium bellows. 
The end face moves about 2 mm with 1 atm of internal 
pressure, and provides a tuning range of approximately 
70 KHz. 

Resonator parameters (at an accelerating gradient 
of 1 MV/m) are: 

Resonant Frequency 97.0 MHz 
Synchronous Velocity 0.08 c 
Drift Tube Voltage 85 KV 
Energy content .131 
Peak Magnetic Field 100 G 
Peak Electric Field 3.6 MV/m 
Geometric factor QRs 17.3 
Active Length 15.9 cm 

2 EXPERIMENTAL RESULTS 

Extensive cold tests have been performed on a final 
prototype cavity, which performs as shown in Figure 4. 
The minimum performance goal of 3 MV/m with 4 watts 
of rf input at 4.2 K has been substantially exceeded. 

Multipacting in the cylindrically symmetric 
structure, although more severe than in the niobium split- 
ring and interdigital cavities employed in the current 
ATLAS accelerator, does not present any novel problems. 
The multipacting behaviour has been very repeatable. On 
repeated and numerous cool-downs, the cavity has 
required rf conditioning, with typically 1 watt of rf input, 
for a period of 14 to 18 hours in order to completely 
eliminate multipacting barriers. Under similar conditions, 
the split-ring and interdigital superconducting cavities 
employed in the ATLAS accelerator typically require one 
to five hours of rf conditioning. Although multipacting in 
the present cylindrically symmetric geometry is 
appreciably more severe, as manifested by the increased 
conditioning time, the multipacting does not reappear as 
long as the cavity temperature is kept below 100 K. 

The cavity has been continuously operated at an 
accelerating gradient of at least 4 MV/m for a period of 
more than one week and exhibited no appreciable 
recurrance of multipacting. 

The slow tuner bellows assembly has been tested at 
low temperatures and performs satisfactorily, providing 
the expected range of motion and causing no observable 
performance degradation at high field levels. The 
thermal stability of the slow tuner is excellent, even 
though it is cooled only by conduction to the main 
resonator   body 

Figure 3: Niobium bellows tuner assembly. The tuner 
can be pressurized with helium gas and provides a two 
millimeter range of motion with 0 - 1 atmosphere internal 
pressure. A 70 kHz tuning range results. 
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Figure 4: Resonator Q as a function of accelerating 
gradient at 4.2 k. 

Rapidly filling the slow tuner with room temperature 
helium, a more severe test than would occur in normal 
operation, caused warming of the bellows above 9.1 K, 
the niobium transition temerature, for only a few seconds. 
Within 10-15 seconds the system entirely recovers. 

3 CONCLUSIONS 

cavities has been initiated, with completion of the initial 
group expected within two years. 
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development process for the New Delhi linac cavity. 
Production of an initial ten of an eventual thirty-two 
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Abstract 

After the successful CESR beam test of August 1994 
the continued development of a superconducting RF 
system for the CESR Luminosity Upgrade is in 
progress at the Laboratory of Nuclear Studies, Cornell 
University. The system description as well as recent 
results are presented. 

1 INTRODUCTION 

The Phase III of the CESR Luminosity Upgrade Plan 
[1] demands higher total beam current (up to 1 A in 
two beams) in order to achieve luminosity of 1033 

cm_2sec_1. The present RF system, consisting of four 
5-cell normal conducting copper cavities, can not cope 
with such a big current. In fact, one of the limiting 
factors for further increasing CESR luminosity is 
longitudinal multi-bunch instability due to the beam- 
cavity interaction [2,3]. 

Single-cell superconducting RF (SRF) cavities 
are called upon to overcome this limitation. There are 
two factors which achieve this goal: i) the use of 
superconducting cavities allows one to operate at 
higher gradient in each cell and therefore to use fewer 
accelerating cells; ii) the shape of the Cornell BB1 
cell with attached beam tubes of a big diameter 
provides an opportunity to strongly damp higher-order 
modes (HOMs) and hence to decrease an impedance 
of the RF cavity. Thus, we have 1) lesser impedance 
per cell, and 2) fewer number of RF cells in the 
storage ring. 

The detailed information about the cavity, the 
beam test of the cavity/cryostat module prototype, and 
the new RF system one can find elsewhere [4,5,6]. In 
this paper we describe the recent results in 
development of the system components. 

2 SYSTEM AND COMPONENTS 

The SRF system will consists of four single-cell 
niobium cavities [6]. Each cavity has its individual 
cryostat, input coupler and RF window, two ferrite 
HOM loads, taper transition(s) to the adjacent CESR 
beam tube, and some other beam-line components. 
New software is being developed to incorporate the 
SRF system into the CESR control system and to 
display the current status of the SRF system on the 
screen of X-terminal. 

2.1 BB1 500 MHz Superconducting Cavity 

Two cavities, BB1-1 and BB1-2, have been 
manufactured to date by Dornier and ACCEL 
correspondingly. Three more cavities are on order 
from ACCEL. The BB1-2 cavity has been tested in 
vertical cryostat up to design accelerating field of 6 
MV/m. The preparation procedure now includes a new 
step: rinsing the cavity with high pressure water. 

2.2 MARKII Cryostat 

This new cryostat [7] has been manufactured and 
tested with the full size copper cavity model at Meyer 
Tool and Mfg. Presently the cryostat (Figures 1 and 2) 
has been assembled with the BB1-2 cavity at Cornell 
and is being tested. 

* Work supported by the National Science Foundation, with 
supplementary support under the U.S.-Japan Agreement 
t On leave from Budker Institute of Nuclear Physics, 630090 
Novosibirsk, Russia 
-f Presently at Fermilab, Batavia, IL 60510 Figure: 1  MARK II cryostat: round beam tube end. 
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2.3 Refrigeration and Distribution 

We have ordered a dedicated refrigerator system for 
the CESR Phase III. The first 600 W unit has been 
installed and tested and another 600 W system is 
presently being installed in parallel for the CLEO 
solenoid and the superconducting quadrupoles to be 
added near the interaction point in Phase III. Details 
of the refrigerator system are reported elsewhere [6]. 

The 2000 liter storage dewar, refrigerator output 
lines, transfer lines, and satellite distribution valve box 
for the RF processing area were installed and tested. 
The main and two tunnel satellite distribution valve 
boxes are on order and will be installed this summer. 

2.4 RF Window 

We have previously reported the test of the new high 
power RF vacuum window manufactured by Thomson 
[8], Since that time we received and tested two more 
windows from Thomson. The new windows have been 
tested up to 450 kW CW (limited by the available RF 
power) and 520 kW pulsed at 25% duty cycle. One of 
the windows is used on the MARK II/BB1-2 
cryostat/cavity module. 

A study has been performed in collaboration with 
Northrop Grumman Corp. to design a waveguide 
vacuum window capable of propagating more than 
1 MW of average RF power. Results are presented in 
a separate paper [9]. 

Figure: 2 MARK II cryostat: fluted beam tube end. 

Figure: 3 BB1-2 cavity on high pressure water rinsing 
system. 

2.5 Other Components 

Following encouraging results from the TJNAF 
(formerly CEBAF) [10] and other labs, we developed a 
high pressure rinsing system as an additional step in 
cavity preparation. We designed our high pressure 
rinsing system basing on the TJNAF design. It 
provides 1000-1200 psi rinsing water. Qualifying tests 
with 1.5 and 1.3 GHz Nb cavities have been performed 
prior to the rinsing of the BB1-2 cavity (Figure 3). 

The tuner mechanism has been changed due to 
the height restrictions in the tunnel. Essentially the 
same scheme [11] is used but with a folded, double 
lever arm to conserve space. The CESR III 
cavity/cryostat module exhibits a resonant frequency 
sensitivity to the helium vessel pressure of 325 
kHz/Bar which is quite high value. A special pressure 
compensation scheme has been developed in order to 
decrease the sensitivity. 

There will be only one cavity in the first 
installation so two taper transitions to the adjacent 
CESR beam pipes will be placed on the both sides of 
it. In the consequent installations, when cavities will 
be grouped in pairs, there will be no taper in between 
the cavities. The stainless steel tapers have water 
cooled copper synchrotron radiation absorbers welded 
to them. 
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Figure: 4 Beam line assembly: HOM load, taper, gate 
valve and sliding joint. 

3 INTERACTION WITH BEAM 

At present the maximum beam current at CESR is 
limited by the multi-bunch beam instability [2]. 
Measurements [3] and calculations indicate that the 
higher-order modes (HOMs) in the present CESR 5- 
cell RF cavities are responsible for that. 

In order to evaluate the threshold current of 
coupled-bunch instabilities due to the SRF cavities, 
the HOM spectrum of the SRF cavity assembly has 
been calculated [12] and a study of the stability of 
multi-bunch longitudinal oscillations in CESR has 
been started using the computer code MBI [13]. 
Preliminary results indicate that the threshold current 
of the instabilities is much higher than the CESR III 
goal. 

4 SUMMARY 
The first of the five cavity/cryostat systems has been 
assembled and is being tested now at Cornell. This 
module is scheduled for installation in CESR in July 
1997 to replace one of the present 5-cell cavities. 

All components for the rest four modules are on 
hands or order. We anticipate to have all components 
manufactured by late '97. 
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Abstract 

The proposed UK Light Source DIAMOND has an 
operating energy of 3 GeV, with a current of 300 mA. 
With the full complement of insertion devices the energy 
loss per turn is greater than 2.25 MeV, and the required 
RF energy acceptance is greater than 3 %, consequently 
an accelerating voltage of 5.1 MV is needed. 
Investigations using a warm cavity system for 
DIAMOND have been reported elsewhere [1], this paper 
discusses the advantages of using a superconducting RF 
system, and outlines a possible system arrangement that 
fulfils the requirements. 

1 INTRODUCTION 

During the feasibility study for the proposed UK 
Light Source DIAMOND, the reference RF system 
design was based on normal conducting (or warm) 
technology. This paper briefly reviews this reference 
design, and suggests possible alternatives using 
superconducting technology. Table 1 below summarises 
the basic DIAMOND parameters used to design this 
reference system. 

with the full complement of insertion devices (increasing 
the radiation damping), 52 of these modes are potentially 
unstable. 

Beam Energy 3 GeV 
Beam Current 300 mA 
Magnet Bending Radius 7.128 m 
No Multipole Wiggler Magnets 9 
No of Superconducting Dipoles 4 
Momentum Compaction 0.000849 
RF Acceptance 3 % 
Energy Loss per Turn 2.25 MeV 
Overvoltage 2.35 
Beam Power 653 kW 
Required Peak Voltage 5.1 MV 

Table 1. DIAMOND Parameters. 

2 REFERENCE DESIGN 

Assuming an effective shunt impedance of 4 MQ per 
cavity, (taking into account the various losses due to 
beam ports, tuner port, coupling port and changes in the 
material conductance due to high power loading, etc.), six 
normal conducting cavities are used. As can be seen from 
figure 1 there are 3 cavities located in two straights, and 
there is one klystron feeding each cavity. An RF power of 
540 kW is required to produce the accelerating voltage. 

The reference 500 MHz cavity [2] has 109 higher 
order modes (HOM's) below the beam tube cut off, and 

Figure 1.   Layout of DIAMOND Storage Ring showing 
RF System Configuration. 

HOM's can be eliminated or suppressed in a number 
of ways: during the design stage damping waveguides 
can be added to the cavity - this along with longitudinal 
and transverse beam feedback is being used at the SLAC 
B Factory [3]. At Elettra [4] the modes are avoided by the 
use of accurate temperature control of the cavity and 
fixed HOM phase shifters in the cavity - but this is only 
effective with a small number of modes and a large orbit 
frequency. Other methods would include harmonic 
separation of one or more cavities, using gapped beam to 
increase Landau damping or damping wigglers. The latter 
would of course increase the required RF power. 

3 SUPERCONDUCTING RF SYSTEM 

Until recently superconducting RF systems for light 
sources have rarely been considered. They were regarded 
as too complex and costly, however the use of a 
superconducting system gives the ability to damp all the 
monopole modes and the significant dipole modes. With 
the development of superconducting RF for other 
accelerators   the   capital   costs   for   both   warm   and 

0-7803-4376-X/98/$10.00© 1998 IEEE 3078 



superconducting systems have become comparable. The 
performance already achieved at Cornell [5] is that 
required for DIAMOND. Recent CERN experience has 
shown that the fault time with superconducting systems is 
no greater than equivalent warm systems. 

Using the same parameters as in table 1 above, but 
now assuming an effective shunt impedance of 4000 
MQ, only 3 superconducting cavities, with a much 
simpler geometry (with an R/Q of 40, say) are required. 
The number of possible HOM's is drastically reduced, 
and they can be damped, either with ferrite dampers in 
the beam tube [5] or with HOM couplers as at CERN. 
Table 2 compares the RF parameters for both options. 

'WARM' 'COLD' 

Beam Power 653 kW 653 kW 
Cavity Power 541 kW 86 W 
No. Cavities 6 3 
Window Power 199 kW 217 kW 
No. Klystrons 6 3 
Klystron Power 250 kW 250 kW 
Total RF Power 1314 kW 718 kW 

Table 2.   Comparison of RF Parameters for Warm and 
Cold Systems. 

As can be seen the total RF power needed for the 
superconducting case is approximately half that required 
for the normal case. Also the number of RF systems is 
halved, however two straights of the ring are still 
required. Figure 2 is a representation of a possible 350 
MHz superconducting cavity, based on the CERN design 
for LHC, and figure 3 shows the proposed DIAMOND 
layout. 

There are , of course, disadvantages as well: 
1. The enormous beam power compared to the cavity 

power results in the necessity to provide complex 
feedback systems to prevent system instability. 

2. The development of superconducting RF systems for 
a relatively low number of cavities, particularly if the 
Laboratory has no relevant expertise, is expensive. 

3. The recovery time from a cryogenic incident can be 
long. 

cavities with a low number of HOM's, which could be 
controlled by temperature compensation, and then use 
two idle superconducting cavities to provide the potential 
well to give a longer beam lifetime and the associated 
energy acceptance. 

..In .iiJi.i 

Figure 2. 350 MHz Superconducting Cavity in Cryostat 

Figure 3.   Layout of DIAMOND Storage Ring showing 
Superconducting Cavity Option. 

4 HYBRID RF SYSTEM 

A third option is to use a combination of normal 
conducting cavities to provide the beam power and 
accelerating voltage, then to use an idle superconducting 
system to provide the required overvoltage. Such a 
system was proposed by Marchand for the CERN/PSI B- 
factory project [6] and more recently to improve the 
energy acceptance in the SLS storage ring [7]. 

For DIAMOND the beam power and acceleration 
voltage  could  be  supplied  by   3   normal  conducting 
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As derived by Marchand [7] when a cavity is 
detuned far from resonance (8f » fr/Q), the voltage 
induced by the beam passing through is given by: 

V ~ lb (R/Q) fr/Sf 

Where      V is the induced voltage in the idle cavity 
lb is the beam current 
fr is the RF frequency 
8f is detuned frequency 

and Q is the cavity quality factor 

As this formula shows, the induced RF voltage can 
be controlled by frequency tuning the cavity. For a 
superconducting cavity the Q is very high (~ 109), and the 
R/Q is typically 40 Q, so an induced voltage of 1.5 MV is 
easily achievable. The power lost by the beam as it passes 
through the cavity is less than 300 watts. 

The RF parameters for a hybrid system for 
DIAMOND are given in table 3. 

Beam Current 300 mA 
Energy Loss per Turn 2.25 MeV 
No 'Warm' Cavities 3 
No 'Cold' Cavities 2 
Peak Voltage 5.35 MV 
Energy Acceptance 3.2 % 
Beam Power 654 kW 
'Warm' Cavity Power 230 kW 
'Cold' Cavity Power 570 W 
Total RF Power 970 kW 

Table 3.  RF Parameters for DIAMOND Using a Hybrid 
RF System. 

The hybrid system has the advantage of using 
normal conducting cavities, which have fewer HOM's 
than the case for the reference design, and then uses 
superconducting cavities with no external feed, where the 
HOM's will be suppressed using couplers in the beam 
pipe. 

The superconducting cavity system will be 
relatively simple, as there is no external feed. The cavity 
will consist of the basic cavity, with a tuning system, in a 
cryostat: no input couplers. 

5 SUMMARY 

There are 3 possible options for the DIAMOND RF 
system: 
1. Normal conducting cavities: would require 6 cavities 

each with 52 potentially dangerous HOM's. The total 
RF power required is 1314 kW. 

2. Superconducting cavities: would require 3 cavities, 
modes could be damped using HOM couplers. 
Daresbury has no superconducting RF experience. 
The total RF power required is 718 kW. 

3. Hybrid system: Requires 3 normal conducting 
cavities, with few HOM's and 2 superconducting 
cavities with no external feed. The total RF power 
required is 970 kW. 
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NOTE ON THE SC LINEAR COLLIDER TESLA CAVITY DESIGN 

J. Sekutowicz, D. Proch, C. Tang , DESY-MHF, 22603 Hamburg, FRG 

Abstract 

The experience we have gained over the last few years 
from experiments with superconducting cavities for the 
TESLA test facility, justifies a revision of the design 
proposed almost five years ago [1,2]. The proposed new 
design, presented here, takes the advantage of the high 
quality factor Q0 >1010 and low electron emission at the 
specified accelerating field of 25 MV/m, as demonstra- 
ted by some tested cavities. The main aim of the design 
is to simplify production and preparation of supercondu- 
cting (sc) cavities and thus to reduce the cost of the 
linear collider. The new cavity shape has an enlarged iris 
diameter with the following advantages: significantly 
lower loss factors, a simplified and less expensive 
scheme for the HOM damping and the suitability of 
hydroforming and higher stability of the field profile. 

1 INTRODUCTION 

The quality factor, Q0, vs. E^ of two 1.3 GHz, 9-cell 
TESLA cavities is shown in Fig. 1. The Q0 reaches a 
very high value ~ 5-1010 at low field region and stays 
above 1.71010 for one cavity and above 3-1010 for the 
second one, for the accelerating field of Eacc=25 MV/m, 
the specified value for the sc linear collider [3]. The 
power dissipated in the cavity wall P^ , cooled by 2 K 

10 E ^ 

ij^mnf^KKWa^a*^^ +Q c ^^ 

Qo 
,10n [10 

0.1 

-QT 

; TESLA 

10 30 Eacc     20 
[MV/m] 

Fig. 1   Qo vs. Eaoo as measured in a vertical cryostat 

LHe, is inverse proportional to (R/Q)-Q0 , where (R/Q) 
is the characteristic impedance of a cavity. For cavities 
with quality factors depicted in Fig. 1, the Pdks at 25 
MV/m is 3.4 and 6 times respectively, lower than for a 
cavity with the specified value of Qo=5 109 [3]. The 
small slope of both curves demonstrates the important 
feature that cavities have low electron emission. It 
results from careful cleaning during the cavity 
preparation and the low field enhancement factor 
Epeak/Eaoo- The shape of the TESLA structure, proposed 
almost five years ago, has been chosen to minimize: 
Epea^Eacc to keep electron emission loading low and 
Hpeak/Eaoo to shift quench level towards higher E^ and to 

maximize (R/Q) to provide low cryogenic load. Final 
values of these parameters (see Table 1) have been 
achieved by means of a small iris diameter, but there are 
few negative consequences of the small aperture. 

2   WEAK POINTS OF THE CURRENT DESIGN 

The error of the field amplitude in an individual cell for 
the accelerating n mode is proportional to (N)2/k, where 
N is the number of cells in the structure and k is the 
coupling. Since the cell-to-cell coupling k is small, the 
profile of the accelerating field is sensitive to the freque- 
ncy perturbation of an individual cell. Any mechanical, 
chemical or thermal preparation of TESLA structures 
causes a perturbation of the field configuration. Many 
TTF cavities from the first production had to be re-tuned 
several times to keep the field unflatness below the 
specified level of 5 %. Since tuning had to be performed 
outside the clean room, each re-tuning required that the 
cavity must be re-cleaned. This makes the preparation 
more expensive and more time-consuming to an unac- 
ceptable level for 20000 sc cavities. After the helium 
vessel is welded, no access to the cells is possible and 
therefore re-tuning, even when necessary, is impossible. 
Field unflatness decreases the effective accelerating 
field. Since the energy of colliding beams has been 
fixed, a compensation must be made for the lower 
effective gradient, either with additional length of the 
collider or by an operation of some cavities at Eü«, 

above 25 MV/m. This requires only negligible additional 
RF power but the operation at a higher gradient may lead 
to an increased y-radiation and a higher probability of 
quenches. 
The second complication coming from the field unflat- 
ness is a difference in Qext- The acceleration process in 
the TESLA collider is performed during the transient. 
This requires all cavities to be at 25 MV/m at the same 
time, 533 us after the RF pulse is switched on. As the 
cavity fill time depends on the loaded Q (in case of sc 
cavities mainly on Qext) differences in Qext yield to 
differences in the accelerating gradient during accelera- 
tion. This means that the energy gain, in cavities with 
non nominal Qext, changes from the beginning to the end 
of the pulse. To avoid this source of energy spread two 
adjustable fundamental mode (fm) coupler designs, 
based on a coaxial line technique, have been proposed 
[4,5]. In both designs, the adjustment of Qext is perfor- 
med by a change of penetration of the inner conductor in 
the beam tube. The adjustment unfortunately makes the 
design more complicated and expensive. Additionally, a 
fast voltage control loop will be used to reduce the 
energy spread, but this will require more RF power. 
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A third problem resulting from the field unflatness is an 
increase of characteristic impedance of other modes, 
belonging to the fm passband. If the cavity is well tuned, 
then the characteristic impedances of these modes are 
negligible. Perturbation of an individual cell causes that 
especially the impedance of the mode 8TC/9 increases. 
The damping of these parasitic modes is possible only by 
fm coupler. So, it is expected that the external Q's of 
these modes are in the range of the nominal value of 
Qext of the fm. A typically observed field unflatness of 
15 % increases (R/Q) of the 8Tü/9 mode from almost 0 
to 5 Cl. In this case the impedance of this mode is 15 
MQ, as high as the impedance of monopole modes from 
the TMon passband with the highest (R/Q) =150 Q. 
In the present design, neighboring cavities in a cryomo- 
dule are separated by a 3/2 X long beam tube. Therefore 
the ratio of the active length to the total length of the 
TESLA structure is only 0.75. Thus one quarter of both 
linacs length, 7 km, is not used for the acceleration. The 
effective average accelerating field is then reduced from 
25 MV/m to almost 19 MV/m. One can improve the fill 
factor by increasing the number of cells per cavity and 
by shortening the interconnections between the cavities. 
Since the field profile of the present TESLA structures 
is already sensitive to frequency errors, an increase of N 
is impossible, so only interconnections could be made 
shorter to improve the fill factor. 
The cost of the electron beam welding is a significant 
part of the cavity fabrication cost. Eighteen half cells 
and two beam tubes per cavity must be specially 
prepared to provide nineteen high quality welds. 
Alternative fabrication methods are under consideration 
to lower the production costs. Two of them 
hydroforming [6] and spinning [7], show a strong 
potential. The hydroforming of Nb cavities needs still 
more R&D, but the experience with Cu cavities proofs 
that the required shape can be obtained with high 
precision and good reproducibility. The hydroforming 
process becomes simpler when the ratio of the maximum 
radius (equator) to the minimum radius (iris) of a cavity 
is 2 or less. In the current design this ratio is almost 
equal to 3. The shape of the cavity plays also an 
important role. Also here, the tests performed on copper 
cavities showed that any narrow or small curvature, 
especially in the iris region, makes hydroforming more 
complicated. Unfortunately this is the case for the 
current cavity design. 
The very high intensity FEL (\= 1 Ä) is one of the pro- 
posed new applications of the 3 km part of the TESLA 
e-linac. This operation requires very short bunches with 
oz = 25 urn, which can excite wake fields to the THz 
region. Since the longitudinal loss factor ky and thus the 
energy loss scale approximately with (aj"2, the total 
energy deposited by single bunch will be big. This will 
influence the beam. Additionally, the high energy 
photons may brake Cooper pairs in the superconducting 

material and increase the wall losses of the fm. As a 
remedy, to keep the energy deposition low, one can 
decrease ky by enlarging the iris opening. 

3   NEW SHAPE 

We expect that the improved cavity shape should : 
-increase cell-to-cell coupling, 
-simplify hydroforming or spinning of the structure, 
-reduce the loss factor ky 
-simplify HOM mode damping, 
- simplify the design of the fm coupler (not variable), 
-increase the ratio of the active length to the total length. 
Besides, the new design should keep, as much as possi- 
ble, the advantages of the current shape. These advant- 
ages are parameters like: (R/Q), Epeai/Eaco and Hpeak/Eacc- 
Some of the disadvantages we have pointed out can be 
overcome with an increase of the iris diameter [2]. The 
proposed new shape (Fig. 2) has an iris aperture of 102 
mm The iris is circularly formed with r = 17 mm. The 
parameters of  the old and the new shape are listed in 
Table 1. 

new shape 

old shape 

Figure 2   The new and the old shape of the inner cell 
(not in scale) 

Table 1 Parameters of the old and the new cavity shape 
Parameter Old New Change \%) 

(R/Q)            mi 1035 695 -33 

k                  r%i 1.84 5.51 200 
-E'peak'-E'acc 2.0 2.34 17.0 
IWE^   [Oe/(MV/m)l 42.6 50.2 17.8 
ki(a=lmm) rV/(pCm)l 18 6.7 -63 

ky (a=lmm)       [V/pCl 8.7 5.5 -37 
iris diameter        [mm] 70 102 46 
iris shape 
h./v. axis, radius   [mm] 

ellip. 
12/19 

circle 
17 

fequ/firis   inner /end cell 3/2.7 2/1.9 - 29 / -27 

4   DISCUSSION 
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The cell-to-cell coupling increased by a factor of three as 
compared to the current design. This makes the structure 
less sensitive to any machining tolerances and provides 
room to increase the number of cells per cavity. The new 
geometry is more suitable for hydroforming or spinning. 
The ratio of the equator radius to the iris radius is near 2 
for the inner cell and even below 2 for the end cell. The 
iris region is now wider and the wall can be made 
thicker in this region. Hereby stiffening rings, used in the 
current design to reduce the Lorentz force detuning, 
can be avoided [6]. 
The loss factors of the new geometry are significantly 
lower. The single passage deposited energy is reduced 
by 37 % for the monopole modes and by 63 % for the 
dipole modes. The decrease of the loss factors indicates 
a decrease of HOMs characteristic impedances, too. 
Therefore the energy deposited in the resonantly excited 
parasitic modes will be reduced. This gives more relaxed 
requirements for the damping of these modes. 
The enlarged iris of the new end cell enables an increase 
in diameter of the beam tube. We have fixed this 
diameter to 0.11 m. It is the smallest size that allows 
propagation of all monopole modes in the tube. The first 
eight dipole modes stay under cutoff but their field in 
the beam tube seems to be high enough for damping to 
the BBU limit. Two HOM couplers shifted angularly by 
90° and attached at every second beam tube may be used 
for the damping of parasitic modes excited in two 
neighboring cavities. This damping scheme requires only 
one HOM coupler per cavity. Due to the HOM propa- 
gation the distance between HOM coupler and end cells 
can be much larger than for the current design. Since the 
fundamental mode is under cutoff and the distance to 
end cells is large, a very little fm rejection, achievable 
without any additional filter, is needed to prevent output 
cables and feedthroughs from overheating. This simpli- 
fies the design of the HOM coupler. 
As the field pattern is stable, variable couplers are not 
necessary. If operation of the collider should differ from 
the nominal one, Qe^ can be changed by means of a 3- 
stub waveguide transformer installed in the input line of 
each cavity. The transformer also makes the RF distri- 
bution system more flexible for phase adjustment and 
gives more freedom in the length of intersections. 
There are mainly two negative consequences of the lar- 
ger iris aperture. As predicted, a larger aperture lowers 
(R/Q) of the fm. The reduction is compensated by a high 
Q0 and finally the cryogenic loss is smaller. In order to 
keep cavities matched for the nominal operation: U=26 
MV/cavity and the Ib=8 mA, Qext should be increased by 
33 %, and fill time will therefore be longer by 240 us. 
When Qext has still its previous nominal value, 2 % of 
the RF power will be reflected but fill time will be 
longer by 180 us. This problem should be investigated in 
more detail. The ratios of Epeak/Eacc and Hpeak/Eaco have 
increased by 17 %. This means more y-radiation at the 

specified Ea^ and higher quench probability. Surface 
cleaning methods (BCP, high pressure water rinsing) 
and assembling methods are still in an optimization 
phase. Also inspection methods of the Nb material, 
which help to eliminate Nb sheets with defects leading 
to quenches, are under development. It is the hope that 
further progress in the fabrication, the assembly and the 
cleaning methods can compensate for the increase of 
these parameters. 

5    CONCLUSION 

Table 2 Summary of features of the new shape 
k , cell-to-cell coupling + 
ky , longitudinal loss factor + 
ki   , transversal loss factor + 
reou/fira    inner cell and end cell + 
fill factor of both linacs + 
simplified scheme for HOM damping + 
simplified fm coupler + 
(R/Q)  fm characteristic impedance - 
MKak'-kacc    >  "ceak'-^aco - 

A summary of the positive and the negative features of 
the new cavity shape is given in Table 2. We plan to 
build copper models of the new structure to prove 
experimentally the stability of the accelerating field, the 
proposed scheme of the HOM damping and the coupling 
between structures for the fm and the HOMs. As a next 
step, Nb prototypes should be fabricated to investigate 
the hydroforming method, the Lorentz detuning and to 
check new limitations in the accelerating field. 
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MECHANICAL STABILISATION OF SUPERCONDUCTING 
QUARTER WAVE RESONATORS 

A. Facco, INFN- Laboratori Nazionali di Legnaro, via Romea 4, 35020 Legnaro (Padova) Italy; 
V. Zviagintsev, ITEP, B. Cheremushkinskaya 25, Moscow,! 17259, Russia. 

Abstract 

A device which is capable to reduce significantly the 
amplitude of mechanical vibrations in superconducting 
quarter wave resonators was designed, constructed and 
tested. This device can eliminate the necessity of fast 
tuners and related electronics in many superconducting 
cavities, resulting in a significant cost saving both in the 
construction and in the operation of superconducting low 
beta linacs. 

1 INTRODUCTION 

Mechanical stability is a very important requirement in 
superconducting cavities; their very small rf bandwidth, a 
consequence of their very high quality factor, makes very 
difficult to lock them to an external frequency, requiring 
a very accurate tuning. The resonator eigenfrequency can 
be modified by mechanical deformations, caused mainly 
by mechanical noise in the environment and by liquid 
helium pressure fluctuations. In some cases frequency 
shifts are caused also by radiation pressure [1]. Different 
resonators have different response to these external 
solicitations; while usually slow frequency changes can 
be compensated by slow mechanical tuning, fast 
vibrations, particularly when they act close to a 
mechanical eigenfrequency of a resonator, can cause very 
wide frequency changes, making the phase-lock to an 
external reference impossible. Overcoupling allow to 
increase the effective bandwidth; however, it requires an 
increase of the power flow through the rf lines and, 
consequently, larger rf power sources and more liquid 
helium consumption. This solution is often not sufficient 
and a fast tuning device, either an electronic or a 
mechanical one, is needed, at the price of a higher 
complexity of the system and of an increase in liquid 
helium dissipation [2]. 

2 THE LNL, LOW ß CAVITIES APPROACH 

The LNL low beta quarter wave resonators [3] are 
cylindrical coaxial cavities with very good rf 
performance; they have only one dangerous mechanical 
resonance at 42 Hz, related to the oscillation of the inner 
conductor with respect to the outer one. The mechanical 
quality factor QM of this mode is about 2000 (decay time: 
~8 s). The effect of this resonance can be observed by 
looking at the phase error signal when the resonator is 
phase-locked at 80 MHz: hitting cryostat can induce an 
oscillation which persists for many seconds. The high 
mechanical QM prevents a fast setting up of the oscillation 

in the case of white noise; on the other hand, when a 42 
Hz mechanical vibration is applied for a long enough 
time, the frequency error can reach such an amplitude 
that the phase-lock system capabilities are exceeded. In 
the ALPI linac cryostats this condition can appear, for a 
few minutes, almost everyday; this could make the 
operation of many resonators at the same time 
problematic. We have exploited a new approach to this 
problem: we have added to the resonator a mechanical 
dissipator, capable to absorb energy from the dangerous 
mechanical mode and, consequently, to reduce its 
amplitude. One problem in this approach is the difficulty 
of building a device with a linear, or at least smooth, 
response at liquid helium temperature; another problem is 
that new resonant modes could be easily introduced by 
adding to the resonator new parts. To be acceptable, the 
dissipator must fulfill also the following requirements: it 
must damp efficiently even very small oscillations, it 
must be simple and reliable, it must not affect the good rf 
performance of the resonator; moreover, it should be 
possible to add the dissipator to the existing resonators 
without modifying them. 

3 DISSIPATOR DESIGN 

The dissipator that we have developed consists of two 
main parts: an enforcing tube, welded to the stainless 
steel flange connected to the top of the resonator, 
protruding inside the inner conductor and terminated with 
a disk, and a load which is tightly connected to the inner 
conductor and oscillates together with it. Load and disk 
are in contact and any oscillation of the inner conductor 
make them slide with respect to each other (see figure 
n.l). The device can be mounted and dismounted without 
any difficulty. 

3.1 The enforcing tube. The enforcing tube, a stainless 
steel cylinder, must be as rigid as possible and its lower 
resonance must be higher than 150 Hz which is believed 
to be a tolerable frequency ; its length and its outer 
diameter (48 mm) result from a compromise which 
guarantees a high enough resonant frequency and proper 
cooling of the inner conductor. Holes along the tube 
allow liquid and gas helium flow. The bottom disk can be 
made of different shapes and materials; after examining 
the the static and the dynamic friction coefficients for 
different coupling materials our choice was a flat, brass 
disk. 

3.2 The load. The load is made of stainless steel parts; it 
is designed to sit automatically in the right position, 
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move together with the inner conductor and slide over the 
bottom disk. The lower surface of the load is of 40 mm 
radius spherical, convex shape. Three pins are pushed by 
the load onto the inner conductor in order to provide the 
contact. Due to the low temperature, it is impossible to 
use springs and any contact at a desired pressure must be 
provided by gravity. 

Fig. 1. Schematic of the mechanical damper inserted in a quarter 
wave resonator 

3.3 Theory. A simple model allows us to calculate the 
main parameters of the device. We will assume that the 
inner conductor (of length lc and mass Mc ) and the 
enforcing tube (of length lT and mass MT ) are connected 

to the same rigid plane (see fig. 1). The mechanical 
eigenfrequency of the inner conductor without dissipator 
is coc= Vfe/m,,), where fcc=('S/5)£'c/c/c//7.'' , E is the Young 
modulus of the material, / is the geometrical moment of 
inertia of the tube and mc=(l/5)Mc(lJlT)

4. The dissipator 
load of mass mD is located at the end of the enforcing tube 
and slides over the brass disk when the inner conductor 
oscillates. The load mass will change this frequency to 
coCD=V(k(/(mc+mD)). In a similar way we can calculate the 
enforcing tube eigenfrequency: cOf=V(k/mT) where 
kT-(8/5) Ejlj/lj? and mT=(l/5)MT . For very small 
oscillations the two tubes will move together, coupled by 
the static friction force between load and disk, at a 
frequency QCM= V{(kc+kT)/(mc+mD+mT)}. If the oscillation 
amplitude at the top of the inner conductor , x„, is 
sufficient to overcome the static coupling force, i.e. if 

x,=fmDgs/(atr
2-a>c

2)}{(mc+mD+mT)/[(mc +mD)mT]}(lJlTf, 

the two tubes will oscillate independently and the 
dissipator will slide on the brass disk; assuming a rigid 
enforcing tube the power dissipated will then be 

P={(mc+mD)coCD'/(2QJ}(l7/lc)4x*+{2coCDmDdg/7r}(l7/lc)2x0 

where g=9.8 ms~2, QM is the mechanical quality factor of 
the mode in absence of dissipator and s, d are the static 
and the dynamic friction coefficients between brass and 
stainless steel. For small oscillations the rf frequency 
error induced by this deformation is proportional to the 
displacement of the top of the inner conductor: 8f=t| x0. 
These formulas allow us to choose the main parameters 
of the device. 

4 CONSTRUCTION AND MEASUREMENTS 

We have built a few prototypes: the main differences 
were the length of the enforcing tubes (36 and 50 cm), the 
shape of the bottom disk (flat or spherical) and the disk 
material. For our particular case a flat disk is sufficient; 
however, a parabolic surface y=ca would introduce an 
additional term P={8cocjnIflga/(37t)}(l./lcfxl' in the power 
dissipation formula which would damp strongly at higher 
amplitudes. Measurements were done at room temperature to 
compare various prototypes; a test was done also at liquid 
helium temperature to verify that the device would not affect 
the resonator performance. 

We have connected to the resonator a mechanical vibrator 
(Briier & Kjaer mod. 4808) driven by a spectrum analyser 
HP 4195 A which was reading at the same time the phase 
error signal, proportional to the frequency error for small 
oscillations, of the resonator locked to an external reference. 
We have calibrated our system in order to have a frequency 
error signal of 1 mV/Hz. We have verified the linearity 
between the applied vibration and the the frequency error up 
to about 200 Hz; then we have connected the dissipator and 
measured its effects. We have detected the peaks of the 
common mode oscillation resonance and explored their 
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evolution at different vibrator amplitudes. We have done our 
test sweeping the frequency of the vibrator and in steady state 
mode. The test in superconductive regime was done after 
mounting a 50 cm long enforcing tube with a spherical 
surface stainless steel disk. 

5 EXPERIMENTAL RESULTS 

The results of our test are summarised in fig.2, where the 
maximum frequency error versus the vibrator input 
power is plotted in three different cases: for the resonator 
without dissipator, for the short and for the long tube 
dissipator, respectively. In the absence of dissipator the 
frequency error at the mechanical resonance is 
proportional to the square root of the vibrator power, as 
expected: this means both that our vibrator is linear and 
that the frequency error is proportional to the amplitude 
of the inner conductor oscillation. 

was present but it seemed always to be well within the rf 
controller capabilities. 
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Fig. 2. Frequency error vs. vibrator input power. 

The effects of dissipators are rather strong; the best 
results were obtained with a 36 cm long enforcing tube 
and a brass disk: this configuration starts working well 
even at very low level of external vibration and its 
response is very smooth. No new strong resonances were 
introduced, except for the expected common mode 
vibration at about 48 Hz, very weak in comparison with 
the original 42 Hz one. The attenuation of the frequency 
error is very significant and increasing with the external 
vibration amplitude; instead of being proportional to the 
frequency error amplitude, the power losses seem to 
increase with the fourth power of it. This means that other 
dissipation mechanisms are active in addition to the load 
sliding. At the maximum vibration level the frequency 
error, originally at 400 Hz, is being attenuated down to 20 
Hz. We have mounted a dissipator with a spherical 
surface stainless steel disk and a 50 cm enforcing tube 
inside a low beta niobium resonator of the ALPI type. 
During this test we have verified that the good resonator 
performance were preserved by this addition and that the 
resonator could be locked to an external reference in the 
presence of vibratior noise. However, during the 
measurement we could not disconnect the dissipator for a 
comparative measurement. The common mode vibration 
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with long tube dissipator 
stainless steel spherical disk 
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Fig. 3. Quality factor vs. accelerating field measured in the 
cavity equipped by a dissipator. 

6 CONCLUSIONS 

Mechanical dissipators appear to be an interesting 
alternative to electronic fast tuners in superconductive 
quarter wave resonators; they can attenuate the frequency 
error induced by environmental vibration by at least one 
order of magnitude and they seem not to present 
drawbacks. Their construction cost is very modest and 
they have no operation cost; it seems reasonable to install 
them even in resonators equipped with a fast tuner: the 
effective tuning range of the system would be increased 
significantly or, in alternative, the original fast tuner 
could be changed with a less demanding one. In our 
resonator, which is supposed to work with a 8 Hz 
bandwidth, the dissipator that we have tested is 
equivalent to a 100 Hz fast tuner. Particular attention 
must be paid to the design parameters in order to avoid 
the introduction of new mechanical resonances or setting 
up of high Qu common mode oscillations; other models 
using the same principles could be developed for 
superconducting resonators of different geometries. 
Further developments are foreseen in the next future at 
LNL to optimise the dissipator characteristics and to 
verify the behaviour at 4.2 K; we planned to equip all low 
beta cavities with these devices. 

7 ACKNOWLEDGMENTS 

We are grateful to L. Bertazzo and A. Dainese of the 
LNL mechanical workshop for their excellent work in 
developing the prototypes. 

REFERENCES 
[1] H. Lengeler, "Superconductive cavities", Proc. of the CERN 

Accelerator School Superconductivity in Part. Ace, internal 
report CERN 89-04, edited by S. Turner, Geneva 1989, p.214. 

[2] N. Added, B.E. Clifft and K.W. Shepard, Proc. Of the 16* Int. 
Linear Ace. Conf., 1992, Ottawa, Ontario. 

[3] A. Facco and J.S. Sokolowski, Proc. of the 4'" European Part. Ace. 
Conf., London 1994, World Scientific Publishing, p. 2054. 

3086 



BEAM TEST OF A SUPERCONDUCTING DAMPED CAVITY 
FOR KERB 

T. Furuya, K. Akai, K. Asano, E. Ezura, K. Hara, K. Hosoyama, A. Kabe, Y. Kojima, 
S. Mitsunobu, Y. Morita, H. Nakai, H. Nakanishi, T. Tajima, T. Takahashi, S. Yoshimoto, 

KEK, 1-1 Oho, Tsukuba, Ibaraki 305, Japan, 
S. Zhao, IHEP, Beijing, 

Y. Ishi, Y. Kijima, T. Murai, Mitsubishi Electric Co., 
and K. Sennyu, Mitsubishi Heavy Industries, Ltd. 

Abstract 

For the feasibility study of a superconducting damped 
cavity for KEK B-factory, a prototype module was 
constructed and tested in TRISTAN Accumulation Ring. 
This module accelerated the beam current of 500mA with 
the cavity voltage of 1 - 2MV, and 350mA with 2.5MV 
(10.3MV/m). These currents were limited by heating up 
of other ring components. The peak current of 573mA 
was achieved in 16 bunches with 1.2MV. 

1   INTRODUCTION 
Because of a heavy beam loading of KEKB, a new RF 
system which has sufficiently damped higher order 
modes(HOMs) is required to avoid beam instabilities. The 
desired RF voltages in a high luminosity operation are 5- 
10MV for the positron ring (LER) and 8-16MV for the 
electron ring(HER) under the beam currents of 2.6A and 
1.1 A, respectively. The maximum RF power transferred 
to the beam is estimated as 4MW in both ringsfl]. For 
these requirements, the development on both 
superconducting (SC) and normal conducting damped 
cavities is in progress. 

The SC damped cavity has a single cell structure 
with large-aperture beam pipes on both ends so that the 
HOMs can propagate out of the cavity and be damped by 
ferrite absorbers bonded on the inner surface of beam 
pipes [2]. Therefore, damping characteristics of the HOM 
dampers under high beam currents are the important factor 
as well as the cavity voltage and the input coupler power. 
A prototype cryomodule of the SC cavity was completed 
and cooled at a test stand in 1995. The field gradient of 
11.4MV/m was obtained after several hours processing[3]. 

In 1996 the cavity was installed in the east RF 
section of TRISTAN Accumulation Ring(AR). The total 
beam injection extended for more than lOOOhours and the 
SC cavity accelerated the beam for the half of the period. 
In this paper the summary of the test will be described. 

2   CRYOMODULE 
Before assembling the cavity was tested to 3.2MV 
(13MV/m) in a vertical cryostat. The gradient of 12MV/m 
in AR test is comparable but not continuously, because of 

a large amount of LHe consumption due to the cavity loss 
of more than 250W. 

A coaxial antenna coupler was used as the input 
coupler. The length of the inner conductor was designed to 
obtain the coupling Q of 1 x 105. The aging to 430kW 
had been given at a test stand. 

Table: 1   Parameters of the module. 

R/Q of ace. mode 93         ohm/cavity 
module    total length 

gap length 
3158      mm 
243         mm 

loaded 0 8.9 x 104 

tuner stroke (motor tuner) 
(piezo tuner) 

508.48-508.88 MHz 
6.7         kHz 

cryostat  LHe volume 
static loss 

290       liter 
30        Watts 

HOM damper 
for LBP 
for SBP 

ferrite(IB-004) size 
4t x 300(() x 150mm 
4t x 2200 x 120mm 

max. ace. voltage 2.9MV (12MV/m) 

A pair of ferrite dampers was fabricated by the 
HIPping method. The RF power tests of 12kW and 15kW 
were made to the 220<|) damper(SBP) and the 300<J> 
damper(LBP), respectively. Further, the 300<(> damper was 

DOOR KNOB TRANSFORMER 
CERAMIC WINDOW 

INPUT COUPLER 

GATE VALVE 

HOM DAMPER 

Figure 1: A sketch of the SC cavity module. 
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Table 2. The outline of the AR Beam Test. 

period beam total     beam by SC remarks 

1st stage      Mar.28 - Apr.2       80 hours 30 hours 

2nd stage       Jul.l-Jul.22       340 hours       200 hours 

3rd stage      Oct.l7-Dec.2      600 hours       290 hours 

system tuning 
single bunch study up to 110mA(a=8-9cm) 
multi bunch study to 500mA in 16 bunches 
acceleration to 3.5GeV 
frequent RF trips due to coupler arc 
improvement of dust vacuum on both side 
changing a door-knob transformer to a biased-type 
Max. current of 573mA with Vc=1.2MV 

500mA with 1- 2MV (4.1 - 8.2MV/m) 
350mA with 2.5MV (10.3MV/m) 

Max. HOM power absorbed by dampers was 4.2kW. 

exposed to the beam of TRISTAN Main Ring before 
assembling[4]. During the beam test in AR, absorbed 
HOM power was monitored by the temperature rise and 
the flow rate of cooling water for each damper. The cavity 
was equipped with an ion pump of 300 1/sec on each side 
and evacuated to 2 x 10"9Torr before cooling. Figure 1 is a 
sketch of the cryomodule and the parameters of the module 
are listed in Table 1. 

3   RESULTS OF BEAM TEST 

3.1 Summary of the Figures 

The outline of the beam test is in Table 2. The 1st stage 
was spent mainly for the system tuning and the HOM 
study using a single bunch beam. The maximum current 
of 110mA was limited not by the cavity performance but 
by heating of HOM dampers of the normal conducting 
APS cavities in the west RF section. These APS cavities 
were removed before the 2nd stage. 

In the 2nd stage, a beam of 500mA in 16 bunches 
was stored. The beam intensity was determined by the rate 
of injection and the loss due to the residual gas in the 
ring. As the vacuum pressure improved, the beam current 
increased and reached to the limitation set by heating up of 
the ring components. The maximum RF power transferred 
to the beam was 160kW which was obtained by 
accelerating the beam of 280mA to 3.5GeV. In the 1st and 
2nd stage, the cavity was suffered from frequent RF trips 
due to vacuum bursts and arcs near the RF window. To 
continue the test, warming up to 85K or frequent aging 
processes had to be given to the cavity and coupler. A 
large quantity of gas came out from the cavity by the 
warming up. This suggested that the coupler arc was 
caused by the condensed gas around the coupler. 

Before the 3rd stage, the improvement of vacuum 
circumstances was made on both neighboring beam ducts 
by increasing the number of pumping units and replacing 
the ducts to new ones which were chemically polished and 
rinsed with ozonized ultra-pure water[5]. These efforts 
improved the vacuum pressure near the cavity by a factor 

of ten and eliminated the arc trips except for a few trips at 
the beginning of the 3rd stage. The door-knob transformer 
of the coupler was replaced to a new bias-type which could 
supply a DC voltage to the inner conductor, however, the 
effect of the bias voltage was not verified because of few 
arc trips. The figures obtained at the beam test are as 
follows; 
• the maximum of 110mA in single bunch(1.4 x 10"7 

C/bunch) and 573 mA in 16 bunches; 
• accelerating voltage of 2.5MV for 350mA and 1- 2MV 

for 500mA; 
• current limitation was set by other ring components; 
• RF power transferred to the beam was 160kW; 
• absorbed HOM power of 4.2kW. 

3.2  Cavity Loss 

Cavity loss was estimated from a LHe consumption rate. 
The loss related to a beam intensity was observed as 
shown in Figure 2. Therefore, the cavity loss under 
various conditions were compared. 
• beam acceleration (from 2.5GeV to 3.5GeV). 
• change the bunch configuration (8,16,24 bunches). 
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Figure 2: Additional loss related to beam currents. 
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• deflection of photo electrons by using small coils 
located on the beam ducts. 

• supply a DC bias voltage to the input coupler. 
• cavity detuning to change the input RF power. 
These studies showed no difference of the additional loss. 
Though the mechanism of this loss is still not clear, it 
seems not to be a serious problem for 1.1 A of HER. The 
Q-values in every steps are compared in Figure 3. 

Loss factors measured in various bunch 
configurations are summarized in Figure 4. The results are 
agree with the calculated ones which contains the loss of 
ferrites as well as that of the cavity shape. The bunch 
length was obtained from the beam profiles measured by a 
streak camera. 
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Figure 4: Loss factor vs. bunch length. 

4    CONCLUSION 
Stable operation of the cavity voltage up to 2MV with a 
500mA beam and at 2.5MV with 350mA was obtained. 
The current limitation was not set by the SC cavity. 

The HOM modes were damped sufficiently. No beam 
instability was induced  by scanning the cavity frequency 

by 400kHz or deflecting the beam position by +10mm in 
horizontal and +4mm in vertical. The HOM power 
absorbed by a pair of dampers reached to 4.2kW. The 
surface temperature of the ferrite was estimated as 50°C 
for the tested water flow rate of 2 1/min. In the designed 
flow rate of 5 1/min, this temperature rise corresponds to 
that for the total absorbed power of 8kW. Because of a 
large aperture of vacuum ducts in KEKB, a loss factor of 
the HER cavity is smaller than that of this test module. 
The beam of 1.1 A with the bunch length of 4mm will 
induce the HOMs of 5-6kW for each cryomodule in 
HER, which is within reach of the dampers . The details 
of the damper tests will be described in Reference[6]. 

The coupler power of 280kW and the beam 
transferred power of 160kW are almost half the powers 
required in HER. The most serious problem is the RF trip 
due to coupler arcing. The trip was suppressed drastically 
by the improvement of vacuum pressure around the SC 
cavity( 1 x 10"9 Torr). The bias-voltage of the coupler was 
tested with and without beams. The vacuum pressure at 
the ceramic window was measured as the cavity voltage, 
cavity tuning angle and the bias voltage. The best bias 
voltage of -500V was found, where the pressure was not 
influenced by other parameters. However, the effect did 
not confirmed because the trips have already been 
suppressed by the vacuum improvement. The tests on the 
coupler will be reported in Reference[7] 

The results of the AR beam test verify the 
application of the SC cavities to high current 
accelerators. The Machine Advisory Committee of KEKB 
has recommended the use of SC cavities in HER. Four 
modules will be installed together with the normal 
conducting ARES cavities for the commissioning of 
1998. The HER module has the same cavity shape except 
for the longer taper connections to the beam ducts for the 
reduction of the loss factor. The construction of the 
cavities is in progress. 
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Abstract 

A series of beam tests using TRISTAN Accumulation 
Ring (AR) was dedicated to verify the feasibility of RF 
system and other components planned for KEKB, B 
Factory project at KEK. In this paper, we describe the 
results on Higher Order Mode (HOM) absorbers used for 
Superconducting Cavities (SCC). The absorber was 
manufactured by HIPping of ferrite powder onto copper 
tube. The SCC system was operated stably with HOM's 
being damped, and up to total of 4.2 kW was absorbed 
through the absorber without any problem. 

1   INTRODUCTION 

HOM absorbers made of ferrite have been developed 
for SCC's to be used for KEKB High Energy Ring (HER) 
[1,2]. To check the validity of our manufacturing 
technique using Hot Isostatic Press (HIP) of pre-sintered 
ferrite powder, a full-size absorber alone was beam tested 
in TRISTAN MR [3]. Finally, a SCC with two 
absorbers was beam tested three times in 1996 in 
TRISTAN Accumulation Ring (AR). This paper presents 
a summary of these tests mainly concerning HOM 
absorbers. 

2  INSTRUMENTATION 

Installation process of the absorbers and preparation for 
the tests will be described below in terms of hardware and 
software. 

2.1 Hardware 

Figure 1 shows the full set up of the system with detailed 
dimensions of absorbers on each side. Hardware consists 
of a SCC, a cryostat, an input coupler, two HOM 
absorbers, two tapers with ducts and ports for gauges, two 
270 L/s ion pumps and two gate valves. 

2.1.1 Assembly of absorbers 

Absorbers were degreased and rinsed with ethanol using a 
closed system with ultrasonic agitation. Then they were 
assembled with tapers, bellows and gate valves. Before 
installing to SCC, up-stream and down-stream sets were 
connected together and baked at about 120 °C for a few 
days. Finally, after venting with filtered pure nitrogen 
gas, they were attached to SCC in a clean hut of class 
-1000. 

2.1.2 Installation of sensors 

Two cold cathode gauges were set on both up-stream and 
down-stream tapers. To analyze gas species, a Quadrupole 
mass analyzer was set on the duct attached to up-stream 
taper. 2 rows of 8 azimuthally distributed thermo-couples 
were taped on the outer surface of absorbers. Moreover, 
two sets of Pt thermometers were inserted in the inlet and 
outlet of the copper cooling pipes as well as a digital flow 
rate meter for precise calorimetric measurements of 
absorbed power. Also, 3 RF pick up antennas were set at 
0,45 and 90 degrees from top of each taper. 
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2.2 Software 

Software consists of GP-IB based data acquisition system 
operated with a software named Labview. Total of about 
130 data were taken and stored in a MO disk every 30 sec. 
These data were retrieved with another application 
software named Kaleida Graph for further analyses. 

3   RESULTS 

The beam tests ended with successful results after 
strengthening the pumping power of the neighboring 
ducts [4,5]. The pumping power and the amount of the 
gas entering the SCC are estimated to be 3 times stronger 
and 1/10, respectively [6]. This fact reconfirmed the 
importance of keeping the SCC clean against gases. The 
number of trips decreased drastically and stable operation 
was possible. Below are the summary of HOM 
absorbers.   
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Figure: 2 Absorbed power as a function of beam current 
at different cavity accelerating fields.   "L" and "S" denote 
Large and Small absorber, respectively. 

3.1 HOM Damping 

HOM's were searched with a spectrum analyzer. With our 
tuner, up to 400 kHz of fundamental mode could be 
searched and no significant increase of HOM were found, 
confirming the capability of damping. 

3.2 Power Handling 

The maximum power absorbed went up to 4.2 kW in 
total. Figure 2 shows a typical absorbed power as a 
function of beam current at Eacc = 4.1 and 6.2 MV/m. 
The cavity voltage can be obtained by multiplying the 
gap length of 0.243 m with Eacc. As one can see, the 
absorbed power did not increase quadratically because the 
bunch length got elongated with higher currents, resulting 
in the decrease of loss factor as shown below. The 
uncertainty of the absorbed power was mainly due to the 
fluctuation of inlet water temperature caused by regulated 
cooling system. 
No symptom of degradation on the absorbers were 
observed during the tests. 

3.3 Loss Factor 

As mentioned above, bunch length changed with beam 
current and cavity voltage. Figure 3 shows the bunch 
length measured with a streak camera. As one can see, 
increasing cavity voltage could make the bunch length 
shorter, but not much.   Also, the bunch length became 
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Figure: 3   Bunch length as a function of total current at 
various cavity voltages.   4x4 bunches.  Data were taken 
with a streak camera. 

longer with beam current. 
To obtain the bunch lengths as short as possible with 
absorbed power large enough to measure loss factor 
precisely, we used 50 bunches with feedback on [7]. As 
shown in Fig. 4, we could get as short as 1.5 cm, which 
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is still far from KEKB design value, 0.4 cm, though. 
The calculation in Fig. 4 is the sum of ABCI calculations 
without absorbers and analytic calculations of absorber 
themselves. Neither entering nor outgoing power from 
SCC were considered. The measured data were close to 
the calculation at shorter bunches and lower at longer 
bunches as shown in Fig. 4. 

K96112902-2 

Bunch length (cm) 
Figure: 4   Comparison of the measured loss factor with 
calculation. 

3.4 Outgas 

As mentioned earlier, drastic decrease of trip rate of SCC 
after strengthening the pumping power of the neighboring 
ducts made it clear that the entering gas from outside had 
caused most trips. Also, it suggests that, if the 
integration of outgas from absorbers at high losses 
exceeds a certain amount, it might cause trips in the 
future. The threshold roughly estimated from obtained data 
is about 1 Torr liter, though we could not reach this level 
at the last test in which the amount of gas from absorbers 
seems to have been comparable or larger than the gas 
entering from outside. 

3.4.1 Gas species detected with a mass analyzer 

As shown in Fig. 1, quadrupole mass analyzer was set on 
a duct at up-stream taper. The most gas detected was 
hydrogen. A summary of the analyses is as follows. 
• For some reason, back ground level of mass analyzer 

increases with cavity fields higher than ~6 MV/m. 
• The amount of hydrogen increases with beam 

currents. 
• It also increases during aging of the input coupler. 
• At 8.3 MV/m and 400 mA with SCC on, the 

amount of hydrogen is much higher (~x3<), 
compared to the operation (450-500 mA) with SCC 
off. 

• Apart from hydrogen, the observed mass numbers 
during warm-up are 18, 16, 12, 28, although they 
were much less than hydrogen. 

4   DISCUSSION 

On the mass analyses, though the detected gas was chiefly 
hydrogen, we are not 100 % sure that the contamination 
or condensation on SCC that cause the trips can be 
attributed to hydrogen alone because the other gases 
condense on the surface of SCC more easily than 
hydrogen and they might not have been detected well with 
the mass analyzer. 

On the loss factor, it seems to get higher than present 
prediction at 4 mm. It will be important to clarify the 
sources for additional losses and estimate the loss factor at 
KEKB HER more accurately. 

5   CONCLUSION 

Beam tests of SCC with HOM absorbers made of 
HIPped ferrite were performed using TRISTAN AR. The 
SCC was operated stably with HOM's being damped 
especially after the reduction of gas condensation on its 
surface. 

The power absorbed through absorbers went up to 4.2 
kW at maximum and 2 to 3 kW for more than 120 hours. 
No symptom of degradation was observed on the 
absorbers. Loss factor at 1.5 to 2.5 cm agreed well with 
calculation but was lower than calculation at longer 
bunches. 

Since we did not face many trips at the last beam test 
in which we could estimate the amount of the condensed 
gas more accurately than the previous tests, we cannot 
conclude on the threshold level of the amount of 
condensed gases at which trips start occuring. However, 
from previous tests our rough estimate is about 1 Torr 
liter. To avoid this problem in the future, the outgas rate 
of absorbers should be reduced further along with the 
efforts to minimize the amount of gases that enter from 
outside. 
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HIGHER ORDER MODE ANALYSIS OF THE APT SUPERCONDUCTING 
CAVITIES 
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Abstract 

In another contribution to this conference [1] the design 
of superconducting cavities for low velocity proton beams 
will be reported. Besides an optimization of the rf prop- 
erties of the accelerating 7r-mode, other modes, possibly 
excited by the traversing proton beam, need to be regarded. 
The full spectrum of modes in ß = 0.64 and ß = 0.82 
5- cell cavities, as proposed for the Accelerator Produc- 
tion of Tritium (APT) facility [4], has been calculated up to 
frequencies higher than 2.0 GHz. These have been evalu- 
ated for their potential to affect the beam. The presence of 
"trapped" modes has also been investigated. In addition to 
the specific mode spectrum, the total power deposited into 
the cavities by the beam has been determined from the in- 
duced wake-fields. Due to the operation with beams below 
the velocity of light, extreme care was required to prevent 
incorrect results by wave reflections from the boundaries 
of the calculation volume. The simulations indicate that a 
power deposition of up to 17 W per cavity can be expected 
in the worst case. This power might have to be removed by 
higher order mode couplers, which is a technically feasible 
task. Transporting this power out to a room temperature 
dump does not even noticeably increase the requirements 
to the cryogenic system. Also for the prevention of beam 
break-up effects and for suppression of resonant excitation 
of specific higher order modes (HOMs) it is of interest to 
investigate the removal of this HOM-power. Different ap- 
proaches to implement this removal technically are enter- 
tained. 

1    INTRODUCTION 

The HOM spectrum, which includes modes with frequen- 
cies above and below the accelerating TM010 7r-mode, has 
been calculated with the MAFIA rf-solver[3]. The simu- 
lations have been done for the monopole modes that can 
deposit energy into the cavity and can change the energy 
of the traversing bunches. Also the dipole modes that can 
cause beam deflection have been investigated. The simu- 
lations for both ßs have been done in an axisymmetric 2d 
model of a full five-cell cavity. 

9.975E-02    . 1' ^*.-w !;::::   ::::r ~:::v._ :rz; 
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2   THE HIGHER ORDER MONOPOLE MODE 
SPECTRUM FOR THE ß = 0.64 CAVITY 

The monopole spectrum of the medium-/3 cavity has been 
calculated up to a frequency of about 2.8 GHz. The two 
lowest mode bands (TM010 and TM020) and some of their 
properties are presented in the following Table: 

Mode A$/cell Frequency "-loss R/Q 
Order [MHz] [V/pC] [ft] 
TM010 0 681.59 0.0001 0.105 
TM010 2TT/5 686.54 0.0015 1.396 
TM010 3TT/5 692.64 0.0011 1.014 
TM010 4.7T/5 697.56 0.0041 3.733 
TM010 TT 699.53 0.2033 185.00 
TM020 0 1396.82 0.0023 1.034 
TM020 2TT/5 1410.73 0.0045 2.049 
TM020 3TT/5 1432.74 0.0002 0.106 
TM020 4TT/5 1458.80 0.0059 2.595 
TM020 7T 1481.02 0.0004 0.172 

Figure 1: The /3=0.64 five-cell cavity with the accelerating 
mode. 

The modes of the TM010 band are not equally spaced, this 
indicates that the coupling between cells is determined by 
next-neighbor and second-neighbor coupling. This behav- 
ior is due to the large pipe and iris size of 6.5 cm. All modes 
in the bands given in Table 1 are below the pipe cut-off and 
need to be considered for a potential deposit of power into 
the cavity, if excited by the traversing bunches. The po- 
tentially most dangerous mode is the TM020 "zero" mode. 
Its frequency is close to a multiple of the bunch repetition 
frequency of 350 MHz. We are looking into a slight modifi- 
cation of the end-cell geometry, to remove this multiplicity. 
All other monopole modes are above pipe cut-off. They can 
travel out of the cavities and pose a lower risk for dangerous 
bunch interaction or increasing the cryogenic load. Their 
only danger could be, if they are structure modes, whose 
significant field-amplitudes could be trapped in the inner 
cells of a cavity. The spectrum, up to the limit it was calcu- 
lated, did not indicate any such modes. These results have 
been obtained using an average pipe-length between neigh- 
boring cavities. A detailed study using all distinct cavity 
distances present in the design, is under way to rule out any 
mode trapping for certain cavity arrangements. It should 
be mentioned that the loss-factors listed above are valid for 
particles at ,3=1.0. The loss-factors at the velocities seen 
in the actual accelerator are lower. See also the section on 
wake fields. 
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3    THE HIGHER ORDER MONOPOLE MODE 
SPECTRUM FOR THE ß = 0.82 CAVITY 

The monopole spectrum of the high-/? cavity has been cal- 
culated up to a frequency of about 2.3 GHz. The two lowest 
mode bands (TM010 and TM020) and some of their prop- 
erties are presented in the following Table: 

Mode A$/cell Frequency "'loss R/Q 

Order [MHz] [V/pC] [fi] 
TM010 0 674.20 0.0001 0.049 

TM010 2TT/5 681.16 0.0018 1.666 

TM010 3TT/5 689.94 0.0006 0.577 

TM010 4TT/5 697.19 0.0047 4.381 

TM010 ■K 699.92 0.3161 287.38 

TM020 0 1357.69 0.0009 0.415 

TM020 2TT/5 1367.65 0.0100 4.671 

TM020 3TT/5 1384.50 0.0018 0.830 

TM020 4TT/5 1409.56 0.0227 10.252 

TM020 7T 1439.37 0.0016 0.727 

Also for the high-/3 cavity the cell-to-cell coupling is in- 
fluenced by second neighbor coupling. The modes of the 
TM010 and the lowest four modes of the TM020 band are 
below the pipe cut-off. The TM020 7r-mode and all other 
monopole modes are above cut-off. Up to approximately 
2.3 GHz no mode has been found close to a multiple of the 
bunch repetition frequency of 350 MHz. So resonant exci- 
tation is not expected. A further investigation of the higher 
modes indicates a potentially trapped mode at 1.944 GHz. 
Also, a recalculation with explicit pipe length instead of the 
average pipe length needs to be done. 

4   DIPOLE MODES FOR THE ß = 0.64 AND 
ß = 0.82 CAVITIES 

Dipole modes in the cavities of the APT linac could cause 
deflections of the proton beams. Bob Gluckstern, in an 
analysis independent of the specific mode spectrum, looked 
at the most important issues for beam break-up (BBU) for 
the APT accelerator [2]. His findings indicate that BBU is 
not an issue for several reasons: 

• Presence of substantial external transverse focusing 
(estimate based on [5]). BBU forces act like small 
perturbations on the coherent motion of the beam un- 
der the focusing forces. 

• Fabrication variations in the APT cavities (approxi- 
mately 400 are in the accelerator) result in a distribu- 
tion of frequencies of the deflecting modes along the 
linac. This lowers the effective Q of these modes sig- 
nificantly (estimate based on [6]). 

These estimates do not depend on a Q reduction by the 
presence of HOM couplers. Further investigations of these 
estimates using the explicit mode spectrum are under way. 

The next two tables give the lowest dipole mode-bands 
and their R/Q values. 

ß = 0.64 Mode A$/cell Frequency R/Q 
Order [MHz] [fi/m] 

TM110 7T 924.60 0.0003 
TM110 4?r/5 929.66 0.017 
TM110 3TT/5 938.45 0.003 
TM110 2TT/5 950.87 0.090 
TM110 0 963.42 0.018 

TE111 0 1072.50 0.003 
TE111 2?r/5 1124.77 0.058 

TE111 3TT/5 1196.22 0.060 
TE111 4TT/5 1277.79 0.727 
TE111 7T 1359.41 0.861 
TE111 6TT/5 1412.15 0.027 

The TE111 modes above the n mode are above cut-off. 
The higher part of the mode band is affected by the pipe 
between neighboring cavities. Thus there are more than 5 
modes in this band. Only the lowest 6 modes are listed 
here. No mode is close to a multiple of 350 MHz. 

ß = 0.82 Mode A$/cell Frequency R/Q 

Order [MHz] [fi/m] 

TE111 0 860.16 0.035 

TE111 2TT/5 876.25 0.495 

TE111 3?r/5 890.63 0.015 

TE111 4TT/5 898.01 0.016 

TE111 ■K 939.59 0.145 

TM111 0 976.07 0.069 
TM111 2TT/5 1007.21 0.357 

TM111 3TT/5 1054.47 0.804 

TM111 4TT/5 1104.96 0.866 

TM111 ■K 1125.50 0.040 

TM111 6TT/5 1192.00 0.001 

The TM111 modes above the 37r/5 mode are above cut- 
off. The higher part of the mode spectrum is determined 
by pipe and cavities. Thus there are more than 5 modes in 
this band. Only the lowest 6 modes are listed here. The 
3-7r/5-mode is close to a multiple of 350 MHz and needs a 
closer look, to evaluate its danger for BBU. 

5    WAKE FIELD SIMULATIONS 

Wake-field calculations give an estimate of the integrated 
power deposited into HOMs by bunches traversing a cavity. 
So far the power deposition into the monopole modes has 
been calculated with the MAFIA T2 solver. The difficulty 
in these simulations is the velocity of the bunches. The 
wake excitation is strongly /3-dependent. Modern wake- 
simulation codes have formulations for open boundary con- 
ditions. These can simulate beam pipes that have no re- 
flection for out-going waves. Unfortunately these formu- 
lations depend on moving charges with ß = 1.0. For 
slower bunches closed boundary conditions have to be cho- 
sen. These result in reflection of the outgoing waves that 
move faster than the bunches. The reflections can act back 
on the bunch and change the wake potentials. Thus these 
simulations have to be set up carefully to minimize these 
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effects. I have used long beam-pipes that were tapered off 
at the ends. This increased the time needed for waves to 
travel between the boundaries. Also, their velocity is arti- 
ficially reduced by enforcing multiple reflections between 
the pipe walls. All wake-functions have been inspected vi- 
sually to rule out the possibility that the bunch saw the large 
excursions of the artificially added reflected waves. 

6.00000E+11 

4.00000E411 

2.00000E+11 

-2.00000E+11 

-4.00000E+11 

-6.00000E*11 

Figure 2: A typical wake function for a low-/3 simulation. 
At the left end of the plot you see an overlap of the calcu- 
lated wake and the charge distribution in a bunch, assumed 
to be Gaussian. The choice of calculation volume has to 
make sure that the large wake excursions due to the artifi- 
cial reflections occur outside of the bunch-frame. 

ß koss [v/pC] az [mm] PHOM [W] 
0.64 
0.82 

0.204 
0.584 

3.5 
4.0 

5-6 
7-17 

1.00 9.0 1.0 - 

Table 5 gives the loss factors for the design-/?s of both the 
medium and high-/3 sections. These have been calculated 
for bunch-lengths derived from the beam-dynamics simu- 
lations for the linac. The simulations have been done for 
the full range of ßs the bunches have in each of the linac 
sections. From these ranges the actual HOM power for a 
5-cell-cavity has been derived. The power data assume: 

• a 100 mA beam with a bunch repetition rate of 350 
MHz, 

• all excited power would go into the structure. 

The latter assumption is an overestimate. A major part 
of the HOM spectrum goes into modes above pipe cut- 
off. These modes can leave the structure without adding 
to the cryogenic load of the cavity. Their power could be 
removed in a warm part of a beam-pipe. Also most modes 
are not at multiples of the bunch repetition frequency. Their 
HOM power is out of phase with the traversing bunches 
and some of the power could on average go back into suc- 
ceeding bunches of the beam. We are working on a less 
conservative estimate of HOM power to be removed. It 
should also be mentioned that the wake simulations have 
been done for a single-cell cavity. The 5-cell cavity value 
has been assumed to be five times this value. The validity 
of this approach has been tested for a ß = 1.0 beam. For 
comparison also some numbers for an electron linac have 

been added to the table to demonstrate the strong variation 
with ß and bunch-length, that both work in advantage of 
the proton linac. 

6   HIGHER ORDER MODE COUPLERS 

HOM power needs to be considered for two different rea- 
sons. First, the power deposited into the cavities can add 
significantly to the cryogenic load of the system. The worst 
case estimate done in the previous section indicates that 
the HOM power can be of the same order as the rf-losses 
from the accelerating mode itself. Second, HOM modes 
can have an adverse effect on the beam-dynamics if sin- 
gle modes act on the bunch to cause deflection or emit- 
tance growth. Since the APT facility needs to run very 
reliable for a long time without a long start-up time, it 
was decided to add HOM coupling as a safety measure. 
There are two venues investigated right now. The first is 
to add dedicated HOM couplers at both ends of each cav- 
ity. For this approach we look at loop-coupler geometries. 
These coaxial type couplers have a broad band capability 
to remove unwanted modes without affecting the acceler- 
ating mode strongly. A second path is to investigate the 
main-coupler potential to remove HOM power. In partic- 
ular, all TMonfc-type modes will couple strongly to this 
coupler. If all modes that need to be considered show a 
sufficiently strong coupling to this coupler, and if we find 
a setup that allows to remove this power before it would 
reach the coupler window, we will try to avoid additional 
dedicated HOM couplers. 
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Abstract 

The Accelerator Production of Tritium (APT) Project is 
investigating using a superconducting linac for the high- 
energy portion of the accelerator. As this accelerator 
would be used to accelerate a high-current (100-mA) CW 
proton beam up to 1700 MeV, it is important to determine 
the effects of stray-beam impingement on the 
superconducting properties of 700-MHz niobium cavities. 
To accomplish this, two 3000-MHz elliptical niobium 
cavities were placed in a cryostat, cooled to nominally 2 K 
in sub-atmospheric liquid helium, and irradiated with 798- 
MeV protons at up to 490-nA average current. The 
elliptically shaped beam passed through the equatorial 
regions of both cavities in order to maximize sensitivity to 
any changes in the superconducting surface resistance. 
Over the course of the experiment, 6xl016 protons were 
passed through the cavities. After irradiation, the cavities 
were warmed to 250 K, then recooled to investigate the 
effects of a room-temperature annealing cycle on the 
superconducting properties of the irradiated cavities. A 
detailed description of the experiment and the results shall 
be presented. These results are important to employing 
superconducting RF technology to future high-intensity 
proton accelerators for use in research and transmutation 
technologies. 

1 INTRODUCTION 
A significant driver for the APT conceptual design is the 
minimization of beam loss through the accelerator, which 
would allow hands-on maintenance. Extensive steering 
error and beam halo studies have been used to keep stray 
beam to a maximum of 0.2 nA/m in the overall design. 
However, even at this low level, the question remained as 
what effect this amount of lost beam might have on the 
superconducting properties of a niobium accelerator 
cavity. 

In a previously published paper [1], an experiment was 
done where a superconducting cavity was irradiated and 
measured under cryogenic conditions. The results of the 
experiment indicated a deleterious effect on the cavity Q0 

at a proton fluence comparable to the 0.2 nA/m figure 
calculated for APT. While the experiment was done over 
25 years ago and many things in superconducting cavity 
technology have changed since these early days, the 
reported change in the Q0 was enough to motivate further 
investigation. 

Work supported by the US Department of Energy 

2 EXPERIMENTAL APPROACH 
The intent of the experiment was to evaluate, in a 
timely manner, if there was an observable effect on the 
superconducting properties of a niobium cavity that 
was exposed to a relatively large fluence of high 
energy protons. Given the constraints on beam 
availability, cost, and schedule, the experiment was 
designed to look for an overall effect, instead of trying 
to closely emulate the actual "spilled beam" 
configuration a real accelerating cavity may see. This 
was seen as a way of bounding the problem. 

The approach was to measure the cavity Q0 as a 
function of fluence. Changes in the Q0 would indicate 
a change in the surface resistance (Rs). To see subtle 
changes in the Q0, the cavities were operated between 
1.8 and 2.2 K. 

To increase sensitivity further, the cavities were 
irradiated on their equators with an elliptical beam 
profile of 1x3 cm to achieve the largest practical 
radiation-affected zone relative to the active cavity 
area. Irradiating the cavities while immersed in liquid 
helium was done to mimic the actual environment of 
the cavities in a working accelerator. This also 
allowed us to evaluate what effect room-temperature 
annealing had on the superconducting electrical 
properties due to healing radiation damage, in the 
event changes were observed. 
To do this, the assembly was warmed to 250 K, then 
recooled to 2 K and measured before the cavities were 
physically moved, in order to minimize possible 
contamination. A schematic layout of the 
configuration is shown in Figure 1. 

phosphors 
beam stop 

/ 

liquid 

Figure 1. Schematic of the experimental set up, 
showing the beam going through a current toroid, the 
phosphors, the cryostat, the two 3 GHz cavities, and 
stopping in the beam stop. 
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3 BEAM DELIVERY 
The cavity and cryostat assembly was irradiated using the 
LANSCE accelerator in an area called the Blue Room. 
The Blue Room is a shielded area that can be configured 
for direct access to 798-MeV protons with average 
currents up to 500 nA. 

Since a major goal of the experiment was to measure the 
cavity properties as a function of proton fluence, accurate 
beam measurements were important. Beam current was 
directly measured using a beamline toroid upstream of the 
Blue Room. The measurement was corroborated using an 
additional toroid before the cryostat. 

Phosphors were used primarily for profiling the beam 
going into and coming out of the cryostat. They also 
served to give another corroboration of the overall beam 
current profile by looking at the digitized light intensity 
from the phosphors. 

Finally, induced-activity dosimetry was done on the 
cavities and confirmed the cavities did indeed have the 
beam delivered on the equator. 

During the actual measurement, the beam was run for 
prescribed amounts of time at increasing average current 
levels. RF measurements of the cavities were done both 
while the beam was on and when it was off between 
irradiations. There was no observed difference in the 
measured values between beam on and beam off, 
indicating beam-induced secondaries were not a problem. 
The cumulative profile of the fluence achieved is shown in 
Figure 2. 

Achieving a fluence of 5xl015 p/cm2, which corresponds to 
a beam loss of 0.2 nA/m, was the minimum goal. In the 
actual experiment, we achieved fluences in excess of 
1.5xl016 p/cm2, which was a factor of 3 greater than the 
expected worst-case lifetime beam-loss fluence for APT. 
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Figure 2. Plot showing proton fluence as a function of 
time in arbitrary units. The horizontal line shows the 
expected 40 year lifetime fluence for APT. 

4 LOW-POWER MEASUREMENTS 
Irradiating two cavities was done primarily for 
redundancy, in the event one leaked. However, since 
neither cavity leaked, having two cavities allowed 
running one at low power until the end of the 
experiment. This was desirable as it was a way to 
eliminate the changes in the Q0 that could occur due to 
RF conditioning at higher fields. 

The first cavity in the beam was run only at low power 
levels, less than 50 mW, throughout the run. With 
E0T field levels in the cavity held consistently around 
4-5 MV/m, conditioning-related changes in Q0 were 
kept to a minimum. Only after the low power data 
was obtained was the power level in this cavity 
increased to determine its field performance at full 
fluence. Low power points from the second cavity 
were also examined for corroborative purposes. The 
low power data for both cavities is shown in Figure 3. 
Within experimental accuracy, there was no 
observable change in the Q0 with increased fluence. 

1.E+10 

1.E+09 4- 

0.E+00     2.E+16     4.E+16      6.E+16 

fluence (protons) 

8.E+16 

Figure 3. Plot showing the low-power unloaded Q0 of 
both cavities as a function of proton fluence. Data 
normalized to 2.0 K. 

5 HIGH-POWER MEASUREMENTS 
The second cavity in the beam path was swept in 
power after each incremental increase in the fluence. 
The intent was to look for degradation in performance 
as a function of increased radiation damage. As 
shown in Figure 4, a variation in the Q0 as a function 
of power was observed for increasing fluence that is 
attributed primarily to uncertainties in the temperature 
normalization and errors in the measurement of the Q0. 
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Figure 4. Variation of the Q0 related to the peak surface 
electric field. The different curves represent different 
fluence levels. The downward trend did not consistently 
correlate with increased fluence. Data normalized to 1.8 
K. 

For the quench field level, a mild downward trend of 
approximately 15 % was observed in the second cavity up 
to a fluence of 4.3xl016 protons, as shown in Figure 5. 
Above this level, mechanical problems necessitated 
running the cavity at a higher temperature (2.0-2.2 K), and 
the resultant larger temperature normalization as well as 
changes in the niobium thermal conductivity are seen as 
contributing to the observed recovery in the quench field 
level to pre-irradiation levels. 

A downward trend of approximately 15% in the cavity 
quench field was also observed, but for the modest 
gradients needed for APT, this is not a concern. 
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Figure 5. Peak electric fields obtained in multiple power 
sweeps as a function of fluence. 

In general, no significant degradation in Q0 was observed 
with increased radiation damage, and a mild downward 
trend in the quench field was observed. As the field levels 
for the APT cavities are conservative, i.e., not near the 
quench limit, this magnitude of change in quench field is 
not a concern. 

6 CONCLUSION 
The objective of this experiment was to evaluate the effect 
proton irradiation had on the superconducting properties 
of cryogenic niobium cavities. To a fluence level of 
6.2xl016 protons (1.6xl016 p/cm2) at 798 MeV, there was 
no significant degradation observed in the Q0. After the 
250 K anneal, changes of less than 13% in the low-power 
cavity Qo were observed. 
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SUPERCONDUCTING CAVITIES FOR THE REDUCED-BETA SECTION 
OF A PROTON LINAC 

C. Pasotti, P. Pittana and M. Svandrlik, 
Sincrotrone Trieste, S. S. 14 per Basovizza, km 163.5, 34012 Trieste, Italy 

Abstract 

A proton linear accelerator with energies beyond 1.0 
GeV has been proposed in [1] where the LEP2 
superconducting ( SC ) cavities are to be used after 
decommissioning of LEP, in the high energy part of the 
linac. Energies ranging from 100 MeV to 1.0 GeV will 
be covered by superconducting cavities designed to 
accelerate protons with reduced value of beta. The basic 
idea is to keep the shape of the spherical LEP cavities 
for ß = 1.0 and to adjust their length, for ß < 1.0 in order 
to get an optimal acceleration for low energy protons. 
Three different values of ß allow to cover the required 
range with a reasonable acceleration efficiency. The 
design of superconducting cavities for ß = 0.50, 0.625 
and 0.80 is presented here. In particular the choice of an 
elliptic iris profile is discussed. 

1 CAVITY DESIGN 

All the LEP2 radiofrequency equipment, such as the 
RF plants and HOM couplers could be used in a lower 
energy range, i.e. 100 MeV up to 1 GeV, if new SC 
accelerating cavities with the same resonant frequency 
of 352 MHz can accelerate the beam with an acceptable 
efficiency. Three reduced-ß SC cavities have to be 
designed with axial length Lcej]=ßX/2. 

A simple linear scaling [2] of the already existing 
LEP2 cavity [3] has shown a remarkable deterioration of 
the cavity electromagnetic (EM) parameters with respect 
to the LEP2 due to the smaller volume and the electric 
field density decrease along the cavity axis. For the 
cavity with ß = 0.5 the ratio between the peak surface 
electric field and the accelerating electric field Esp/Ea is 

doubled with respect to LEP2. This ratio is one of the 
most important parameter for the SC Nb/Cu cavity since 
it is related to the field emission limitation and to the 
maximum gradient that the cavity can substain. An 
improvement of the cavity shape is then required. 

The cavity profile should be optimized according to 
fixed design constraints coming from the SC design 
technique and the manifacturing experience. The door- 
bell geometry of the LEP2 cavities should be maintained 
to minimize the multipacting risk. In order to utilize the 
CERN equipment the external cavity diameter should be 
close to that of LEP2 cavities. Flat cell side walls should 
be avoided for mechanical stability reasons, their 
inclination should be > 8°- 10°.The cell to cell coupling 
factor K should be kept sufficiently high to achieve 

acceptable field flatness, so the iris beam tube radius can 
not be decreased too much. The Higher Order Modes 
should not be trapped in the cavity, and this also limits 
the size of the beam tube radius. 

All the simulations have been performed with the 
computer code OSCAR2D [4] and the EM cavity 
parameters have been calculated for normal conducting 
copper at room temperature. 

1.1 The reduced-beta cell with an Elliptic Iris Shape 

The design of the lowest ß = 0.5 cavity is the more 
troublesome to perform. This cavity is the smallest one 
with an axial length half of the LEP2 cavity. 

Figure 1: Sketch showing the elliptical iris shape. When 
the eccentricity is changed, the tangency condition to the 
side wall should be matched. The inclination of the side 
walls is kept constant. 

A cavity with circular iris shape tailored for particles 
with ß = 0.48 has been presented in [5] and [6]. Starting 
from these shapes and taking into account the design 
specifications, the optimization of two cavity size 
parameters, the beam tube radius and the iris shape have 
been done to improve the EM cavity parameters. This 
optimization should take into account that these two 
parameters are strongly correlated. In fact, once the 
cavity side wall inclination has been fixed, the 
decreasing of the iris beam tube radius leads to the 
decreasing of the circular iris radius tangent to the side 
wall, as shown in figure 1. The basic idea is to replace 
the circular iris radius with an elliptic shape and to 
investigate the behavior of main EM cavity parameters 
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as a function of the elliptic sizes. It should be noted that 
the design guidelines do not allow to modify other cavity 
dimensions. In addition, when the beam iris radius is 
changed some adjustments of the cell diameter are 
required to tune the resonant frequency. 

The variation of the Esp as a function of the ellipse 

eccentricity b/a is shown in figure 2 for different beam 
tube radii. 

Esp (Ea = 1.0 MV/m) 

-80 mm 
-90 mm 

-100 mm 
-110mm 

0.6   0.8    1.0    1.2    1.4    1.6    1.8   2.0    2.2   2.4 

b/a 

Figure 2: The Esp as a function of b/a. 

The results show that the minimum values occur far 
from the circular profile. Lessening the beam tube radius 
the Ecn becomes smaller. ay 

The Esp value as a function of the ellipse's vertical 

axis b is sketched in figure 3 for different beam tube 
radii. 

Esp (Ea = 1.0 MV/m) 

-80 mm 
-90 mm 
-100 mm 
-110mm 

10.0   15.0  20.0   25.0   30.0  35.0   40.0 45.0   50.0 

b, mm 

Figure 3: The Esp as a function of b. 

The requested reduction of the Esp with respect to 

the circular iris profile ranges from -4.6% ( r = 100 mm) 
to -7.2% ( r = 80 mm). The other EM cavity parameters 
are not influenced by this elliptic profile. The elliptical 
shape of the iris seems to be a good alternative that 
matches the SC design specifications. 

1.2 The EA-1 cell design for ß = 0.5 

The present choice of ß = 0.5 for the first 
accelerating structure allows a more comfortable design, 
since the cavity axial length is increased. All the 
previous results on the elliptical iris profile still hold. 

Due to the increased sizes, another cavity shape 
parameter can be further optimized, the hat radius R. 
Preliminary studies suggest to keep R > 50 mm. Once 
the elliptical iris profile is optimized the Esp value for 

both hat radius R = 55 mm and R = 50 mm does not 
change. But a big difference is found in the shunt 
impedance value, which is 30 % greater for R = 55 mm. 
The choice of which profile is better depends on the 
possibility to use the existing CERN manifacturing tools 
or on the possibility to save the 30% of the refrigerator 
power. Figure 4 shows one of the optimized profile and 
table 1 the TMQIQ rc-mode for both the shapes. 

Figure 4: The EA-1 cell final shape. 

R=55mm R=50mm LEP2 
Fr, MHz 352.2 352.2 352.0 
K, % 1.55 1.92 1.76 

^sp^a 3.29 3.33 2.35 
Hcn/E. Gauss/MV/m 62.4 71.2 39.1 
Z,MQ 0.47 0.37 3.51 

Q 29400 27800 57600 
Table 1: Parameters of the TMQIO rc-mode for both the 

two EA-1 cells and the LEP2 cell, as a reference values. 

1.3 The EA2 cell design for ß = 0.625 

The increase of the axial cell length also enlarge the hat 
radius. 

It has been shown that the Esp does not change once 

the elliptical profile has been chosen. This result allows 
to start the design with a cell shape that matches the 
requested specifications and then to optimize the 
elliptical iris profile. 

To keep the K value greater than 1.5%, the hat radius 
for the EA-2 cell should be greater than 70 mm. Better 
values of the peak surface magnetic field and shunt 
impedance are found for R = 80 mm and beam tube 
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radius r = 100 mm. Starting with these dimensions the 
elliptic iris shape is optimized. The minimum value of 
Esp is reached for an ellipsis axis b = 48 mm and 

b/a=1.59. Table 2 shows the cavity EM parameters. 

1.4 The EA3 cell design for ß = 0.80 

This is the last and less difficult cavity to design, since, 
due to its axial length, the hat radius R ranges from 51.0 
mm to 65.0 mm. 

Trying to increase the shunt impedance with a larger 
value of R and smaller value of r leads to an increase of 
the peak surface electric field. A good compromise is 
reached with R = 120 mm and r = 110 mm. The 
miminum value of Esp is found as before, for an elliptic 

axis b = 58 - 60 mm and an eccentricity b/a=1.6. 

EA-2 EA-3 LEP2 
FrMHz 
K % 

^sp 'Ea 
HL/E. Gauss/MV/m sp    tl 

Z,Mfi 
0 

352.2 
1.57 
2.65 

54.1 
0.94 
36900 

352.2 
1.58 
2.27 

45.2 
1.95 
47000 

352.0 
1.76 
2.35 

39.1 
3.51 
57600 

Table 2: EA-2 and EA-3 optimized cavity parameters. 

2 MULTICELL DESIGN 

The full cavity is made up of four cell structure. This 
number seems to be a good compromise between a 
cavity with a larger number of cells, which has more 
fabrication drawbacks and a smaller acceptance range in 
ß, and a cavity with fewer cells, which has lower 
accelerating voltage for similar costs. 

R=44.5        ,        R=50 

In all cavities the external cell has been adjusted to 
get an acceptable field flatness for the operating TMoiO 

7t-mode. To compensate this mode the cell hat radius of 
the external half-cell has been changed. The side wall 
inclination and the length of the axes of the ellipse have 
been kept constant by adjusting correspondingly the 
axial length of the external half-cell. In this way the 
peak electric field behaviour in the external cell iris 
region is similar to the one found for the single cell. The 
beam tube radius has been left untouched as well. Figure 
5 shows the final result for the EA-1 cavity. Similar 
considerations hold for the EA-2 and EA-3 multicell 
design. 

The acceleration efficiency r| of each cavity for all 
proton energies in consideration has been evaluated. Due 
to the tail behavior of the end cell electric field the r\ 
reaches the peak value for a particle speed that is slightly 
higher than the ß =ßg value. 

Cavity 
Input Energy, MeV 
r| at Input Energy 
Output Energy, MeV 
r| at Output Energy 
Number of cavity 

EA-1     EA-2     EA-3 
100 
0.64 
209 
1.09 
32 

209 
0.86 
411 
1.04 
36 

411 
0.83 
997 
1.03 
80 

Figure 5: Half of theEA-1 cavity. 

Table 3: Energy range, efficiency and number of cavities 
of the Linac sections. The r\ normalization has been 
done for ß = ßo ■ 
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NEW WINDOW DESIGN OPTIONS FOR CEBAF ENERGY UPGRADE 

L. Phillips, J. Mammosser, and V. Nguyen, Thomas Jefferson National Accelerator Facility, 
12000 Jefferson Avenue, Newport News, VA 23606 USA 

Abstract 

As the Jefferson Laboratory upgrades the existing CEBAF 
electron accelerator to operate at higher energies, the 
fundamental power coupler windows will be required to 
operate with lower RF dissipation and increased immunity 
to radiation from cavity field emission. New designs and 
modifications to existing designs which can achieve these 
goals are described. 

1    INTRODUCTION 

The Continuous Electron Beam Accelerator Facility 
(CEBAF) located at Thomas Jefferson National 
Accelerator Facility, in Newport News, Virginia is fully 
operational. The accelerator consists of 165 hermetically 
sealed cavity pairs, each providing 5 MeV energy gain per 
pass for the machine. RF power from a 5 KW klystron, 
coupled through two RF windows, drives each cavity 
independently to accelerating gradients in excess of 5 
MV/m. One of these windows is made of ceramic and, 
attached to the cavity, operates at 2 K (fig 1). The history 
and performance of this cold window, a discussion of 
needs for new designs for the machine energy upgrade and 
the concepts being developed at Jefferson Lab will be 
discussed. 

SEE OETM. A 

Figure 1 

2    ORIGINAL  DESIGN 

The original input coupler for the CEBAF accelerator 
includes two windows in series (Fig. 2). This design 
attempts to minimize the contamination of the cavity 
pairs by hermetically sealing the cavity pair early in the 
assembly process. A ceramic window, indium seals and 
gate valves at the ends of the pair provide the hermiticity. 
The design requirements for the cold window were: low 
voltage standing wave ratio (VSWR) at the fundamental 
frequency, propagation of the certain higher order modes 
(HOM) which are not adequately damped by the HOM 
absorbers, and a cryogenically compatible metal-ceramic 
design with low particulate generation. The window 
design (Fig. 1) consists of a thin ceramic with small 
compensating irises to minimize VSWR both at the 
fundamental and HOM frequencies. The resulting VSWR 
is 1.1 at 1500 MHz and 1.3 at 1800 MHz. 

., vEsm w.u.-,    . s! 

T F 
ijö j fn 

1        Q      II - IXT^ 

Figure 2 

3 PERFORMANCE OF CEBAF WINDOW 

The most serious performance limitation experienced with 
the CEBAF cold window is its contribution to machine 
interlock trips [1,2,3]. The fundamental power coupler, 
consisting of a cold window separated from a warm 
window by an evacuated waveguide, is protected by two 
primary interlocks. One interlock is a photomultiplier 
tube viewing the waveguide region between windows that 
shuts off RF klystron power if light appears. A second 
interlock shuts off RF power if the pressure in the 
waveguide rises above 1 x 10"7 Torr. These interlocks 
protect both windows from damage due to sustained RF 
discharge. There are two types of coupler related interlock 
trips which are not distinguishable in operation as to 
cause. 

A pressure burst in the waveguide vacuum space 
can occur from an RF transient or phase glitch which 
rapidly alters the thermal profile of the waveguide 
releasing hydrogen, for example, from the cold end of the 
waveguide where the thermal time constant is short. 
Such transients are known to occur when RF power is 
switched off to an entire cryomodule at once, tripping all 
cavities in the cryomodule. A pressure burst can cause a 
gas discharge producing both a light trip and a vacuum 
trip. 

Surface flashover on the window will also produce a 
light trip and initiates gas desorption, producing a vacuum 
trip as well. This leaves some ambiguity with respect to 
the cause of a trip. 

Cavities tripping at regular intervals however 
indicate that perhaps 90% of the coupler-related interlock 
trips in CEBAF are due to surface flashover on the 
ceramic [2] resulting from a charging process. 

A number of studies have shown that the ceramic 
window becomes charged from electronic activity in the 
RF cavity in the presence of field emission. Ultimately, 
the surface charge builds to some threshold and is relieved 
by surface flashover. The RF fields alone at the window 
are not sufficient to induce surface flashover in the 
absence of surface charge. This charging effect followed 
by a discharge leads to a periodicity in the interlock trips 
for a given cavity operated with field emission at a fixed 
gradient. The period is observed to decrease with 
increasing RF power dissipated in field emission in a test 
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cavity, consistent with a model of surface charging and 
breakdown threshold. 

For these reasons it is necessary to eliminate surface 
charging of the RF windows in order to take advantage of 
higher gradients with reduced interlock trip rate. Some 
smaller percentage of trips could be eliminated by 
improving the waveguide vacuum stability. 

A second performance issue with the cold ceramic 
window is heat load and economics. The ceramic window 
loss at 5 MV/m is about 0.5 watts but at 10 MV/m it 
would be 2.0 watts. At 2 K this represents an 
objectionably high power cost. 

Sources of loss for this window were examined 
through a series of waveguide resonator tests. A window 
model with various interchangeable parts was tested at 2 
K by measuring the g of the resonator under differing test 
conditions. Different ceramic materials were compared as 
well as ceramic metallization and position of the window 
in the resonator standing wave pattern. 

In general, very-high-purity ceramics such as 
sapphire and pure polycrystalline aluminas have lower 
loss than glass-bearing ceramics. Ceramic metallization 
was the dominant source of heat, and total loss was 
highest when the window was placed in an electric field 
maximum. 

3.1   Punctures 

Very small window punctures are also related to the 
presence of field emission in the cavity. These are very 
small leaks, invisible to the naked eye and induced by 
window charging/discharging [1]. Several such leaks are 
know to exist in the accelerator. Their impact on 
machine operation is difficult to assess since the primary 
purpose of the cold window is to reduce paniculate 
contamination of the cavity during initial assembly and 
installation in the cryomodule. Once a vacuum is 
maintained on both sides of the window it continues to 
serve this function even with a puncture. The major risk 
might be the possibility of shedding small particulates of 
ceramic from the puncturing process which could end up 
in the cavity. 

4    LIMITATIONS OF CEBAF WINDOW FOR 
ENERGY  UPGRADE 

The current machine energy upgrade plan requires each 
cavity to operate at an accelerating gradient around 10 

MV/m at ß-value of 5X109. With 60% of the cavities 
limited by field emission in vertical test at gradients of 7- 
8 MV/m, the cavities for upgrade will most likely need to 
operate with some field emission, and this could produce 
an objectionable machine trip rate if modifications are not 
implemented. In order to reduce this trip rate, the window 
ceramic will have to be shielded from electron spray and 
radiation. Currently 153 cavities in the accelerator are 
gradient-limited by arcing [5]. At present, care has been 
taken in understanding each cavity trip limitation,  and 

gradient settings are administratively controlled to 
minimize the impact on machine performance. 

A second performance issue with the ceramic 
window is one of economics. The ceramic window adds to 
the power dissipated in the 2K bath during operation and 
any reduction of this power could be a cost savings. The 
loss generated by the ceramic window has two 
components, the metallization of the ceramic which is the 
dominant loss and dielectric loss of the ceramic. Design 
for higher-energy operation must address this heat load. 

Cold window punctures are a product of field 
emission in the cavity. There are certain cavities which 
have repeatedly punctured replacement windows. Figure 3 
shows cavity IA174 RF performance in a vertical test that 
resulted in a punctured window. This was typical of the 
type of performance that resulted in a ceramic puncture, 
with heavy field emission at low accelerating gradient. In 
this particular case, the puncture was located in the radius 
where the ceramic is ground from 6mm to 1mm and 4.3 
cm from the end. Punctures typically were located at this 
ground radius. The circumstances producing punctures are 
now sufficiently understood that we can expect this 
problem to disappear when surface charging of the 
window ceramic is eliminated. 

2.0E+10 

1.0E+10 

2-°E+8
0""2       4       6 8      10     12 

Eacc (MV/m) 
Figure 3    IA174 vertical test data that resulted in  a 
ceramic puncture. 

5    DESIGN MODIFICATIONS FOR THE 
ENERGY  UPGRADE 

5.1   2K Heat Load 

RF loss occurs primarily in the ceramic braze 
metallization, and its reduction could be accomplished 
several ways. 

One is to reduce the total area of metallized ceramic 
exposed to RF current. Test windows have been 
constructed with braze areas reduced to one half of the 
original production value without sacrificing seal 
integrity. Using this technique window loss, as measured 
in a waveguide resonator, has been reduced to less than 
half the production value. 

Another opportunity presently being explored is to 
shield the seal area, where possible, from RF currents. 
This is not as easy to do for current crossing the seal as 
for current in the direction of the seal.   An ideal location 
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for this is at the iris protruding from the short wall of the 
waveguide. RF current is concentrated on the iris, 
running along the iris at the midplane of the guide. 
Extending the metallization into the heavy niobium 
portion of the iris transfers this current to the niobium 
and away from the braze metallization. MAFIA studies 
and infrared thermal imaging have shown that most of the 
loss occurs at the iris. 

5.2   Interlock Trips 

Currently, interlock trips are not expected to be a serious 
limitation to the operation of CEBAF at energies up to 5 
GeV [4]. In going to significantly higher energies, 
interlock trips would be the chief constraint on the energy 
reach of the machine using the current coupler 
configuration. The simplest approach is to remove the 
window from a position of exposure to the electron and x- 
ray flux from the cavity. Consequently, prototypes were 
built incorporating the window into the end of a 
waveguide extension which joins the cavity to the wall of 
the 2 K cryostat vessel. This extension moves the 
window about 15 cm from its original position at the 
cavity FPC waveguide flange. It can still view the 
cavity, but the solid angle is reduced. Extended windows 
of this style were installed on four cavities in the 
accelerator but interlock trips were reduced not eliminated 
[6]. 

Another extension window design, the "dogleg 
coupler", shields the ceramic from direct view of the 
cavity using an opaque undulation of the waveguide. 
Direct electron paths are eliminated and the undulation is 
deep enough to allow external lead shielding interrupting 
direct x-ray paths as well. The VSWR of the undulation 
is 1.06 at 1.5 GHz and 1.013 at 2 GHz. 

A prototype of this design was tested in a vertical 
dewar with interlock circuitry attached and the window 
electrically isolated such that window charging could be 
monitored with an electrometer. The cavity was first 
tested with a production window in the normal machine 
configuration but also electrically isolated. This window 
produced 7 interlock trips in 5 hours of operation with 11 
watts of RF power dissipated in field emission. Window 
current varies from 1 to 20 nanoamperes. 

A dogleg coupler was installed on the same cavity 
and run for 10 hours with no interlock trips. Window 
current was approximately 3 x 10" amperes with 17 
watts of RF power in field emission. Further tests are 
planned (Figure 4). 

- COLD WINDOW 

Figure 4 Dogleg Fundamental Power Coupler 

The remaining issue of waveguide vacuum stability 
can be eliminated by using a waveguide choke joint. One 
side of the choke joint would be superconducting and the 
other side at the heat shield gas temperature. A bellows 
spanning the choke joint would experience a continuous 
thermal transition but no RF current. The thermal profile 
would be constant in this arrangement for all portions of 
the coupler below the radiation shield intercept at 50 K. 

In addition to improved pressure stability in the 
waveguide vacuum space, a choke joint provides the 
additional benefit of eliminating both RF and conduction 
heat loads from the waveguide into the 2 K bath. The 
design issues which must be satisfied are: 1.) adequate 
damping of higher order modes which are only damped 
through the input coupler, 2.) absence of multipacting 
within the choke joint, and 3.) no significant energy 
density within the bellows. This option is currently 
being explored. 

6    CONCLUSION 

Interlock trips, 2 K heat load, and punctures are currently 
limiting features of the CEBAF cold RF window design. 
These limitations do not significantly limit machine 
performance up to 5 GeV. In order to reach higher 
energies for the CEBAF upgrade, new window designs are 
required. Several modifications to the window design 
have been identified to accomplish this. No interlock 
trips have been observed in preliminary tests of a dogleg 
coupler design. Lower loss design options are being 
studied and some significant heat load reduction has been 
achieved. 
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IMPROVEMENT OF THE OPERATIONAL PERFORMANCE OF 
SRF CAVITIES VIA IN SITU HELIUM PROCESSING AND 

WAVEGUIDE VACUUM PROCESSING 
C. E. Reece, M. Drury, M. G. Rao, and V. Nguyen-Tuong 

Thomas Jefferson National Accelerator Facility 
12000 Jefferson Avenue, Newport News, VA, 23602 USA 

Abstract 

The useful performance range of the superconducting rf 
(SRF) cavities in the CEBAF accelerator at Jefferson Lab is 
frequently limited by electron field emission and derived 
phenomena. Improvements are required to support future 
operation of the accelerator at higher than 5 GeV. Twelve 
operational cryomodules have been successfully processed to 
higher useful operating gradients via rf-helium processing. 
Progress against field emission was evidenced by improved 
high-field Q, reduced x-ray production and greatly reduced 
incidence of arcing at the cold ceramic window. There was 
no difficulty reestablishing beamline vacuum following the 
processing. Cavities previously limited to 4-6 MV/m are 
now operating stably at 6-9 MV/m. By applying a pulsed-rf 
processing technique, we have also improved the pressure 
stability of the thermal transition region of the input 
waveguide for several cavities. [1] 

1  INTRODUCTION 

The CEBAF accelerator at Jefferson Lab was designed and 
constructed to provide 200 ^A, 4 GeV CW electron beams 
for physics research. Some portions of the acceleration 
system significantly exceeded the specifications and provide 
a good basis for extending the energy reach of the 
machine. [2] In addition, we have begun exploring means of 
obtaining incremental performance gains via in situ 
processing techniques. We intend to exhaust the 
opportunities for such gains as a first step toward significant 
upgrades of the machine into the 6-8 GeV region. 

The 330 SRF cavities in CEBAF are individually 
powered by 5 kW klystrons. The principal limitation of the 
installed cavities is electron field emission and associated 
phenomena, such as x-ray production, charging and arcing 
at the cold ceramic rf window, and anomalous 2 K heat 
load. In addition, some cavities are constrained by the 
stability of the vacuum in the region between the 2 K and 
300 K rf windows. Present capabilities project to possible 
operation of CEBAF at 5.5 GeV. 

1.1 Motivation 

Based on progress to date, it appears a reasonable goal to 
make 6.0 GeV operation possible using existing 
cryomodules by gaining the additional 10% through in situ 
processing. If achieved, this would be the most economical 
route to 6.0 GeV. 

As CEBAF has entered the mode of sustained beam 
delivery for physics experiments, opportunities for in situ 

processing are infrequent. Thus, we pursue effective 
methods which minimize the preclusion of beam operations 
and dove-tail with regular machine maintenance. 

1.2 Background 

Helium processing of SRF cavities has been an established 
technique for many years, even though the exact mechanism 
by which it effects change remains unclear. [3] It is used to 
reduce electron field emission in a cavity. Helium is 
admitted inside the cavity to a pressure just below that 
suitable for rf discharge, and the cavity is operated at high 
stored energy with active field emission. Typically, a gradual 
weakening of the field emission is observed, although 
processing by events have been reported. It has been 
variously suggested that the FE current locally ionizes the 
helium gas, forming a local plasma which heats and melts 
the emission source, provides microscopically directed 
helium ion bombardment of the source, or enhances the 
local field to the point of drawing out current densities 
sufficient to explode the emitter. [4] 

1.3 Cavity limitations 

The CEBAF cavities, though performing substantially better 
than initial specifications, are predominately limited in 
performance by field emission. Arcs at the cold ceramic rf 
window are strongly correlated with field emission in the 
associated cavity. Though some uncertainty remains, the 
arcs are understood as the discharge of charge accumulated 
on the ceramic due to either a shower of secondary electrons 
produced by impingement of primary FE electrons on the 
waveguide/beampipe region and/or photoelectric charging 
by low-energy x-rays.[5] The extremely high bulk resistivity 
of the 2 K ceramic produces long relaxation times, with the 
result that different cavities can be made to arc with periods 
that range from a few minutes to several hours, depending 
upon at what operating gradient they are set. Of the 330 SRF 
cavities, 153 are now limited in usable gradient by this 
arcing phenomenon. 

2  METHODS 

2.1 Instrumentation 

To accomplish the processing in the CEBAF tunnel, helium 
gas was supplied to a cryomodule through a port in a 
beamline ion pump. The attached manifold provided a 
turbomolecular pump and an RGA. A fixed volume of -0.5 L 
was precharged with high-purity helium and connected to the 
manifold through a 0.2 micron particle filter and a remotely 
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controlled needle valve. The quantity of helium admitted 
was measured by the reduction of pressure in the reservoir 
volume (typically ~ 5 standard torr-liters). 

Ten cryomodules were processed in pairs supplied with 
helium from the warm girder between them. The beamline 
gate valves bracketing the cryomodule(s) to be processed 
were closed for the duration of the activity. 

Rf drive for the klystron was provided by a VCO phase- 
locked-loop (PLL) rather than the standard CEBAF fixed- 
frequency rf controller. Standard system interlocks, except 
for beamline vacuum, were required to provide a permissive 
to the VCO system output. 

2.2 Radiation measurements 

The best indicator of progress against field emission is an 
increased g0 

at high gradient. Unfortunately, measurements 
of QQ on the cavities in CEBAF implies time-consuming 
calorimetric methods incompatible with beam operations. 
With very limited amount of time available for processing 
activities, we chose to use the x-radiation produced by a 
cavity as its signature of field emission. 

Six Geiger-Müller tubes were placed around the 
cryomodule under test, one between each pair of rf warm 
windows and one on the beamline at each end of the 
module. The response of the G-M tubes was measured for 
each cavity, both before and after processing. 

For the first cryomodule processed, we took the time to 
measure <20 before and after processing. These data 
correlated well with the radiation measurements. 

2.3 RF controls for processing 

In the interest of enabling parallel processing, we attempted 
to develop a scheme for He processing using the standard rf 
control system. This proved unsuccessful. The CEBAF SRF 
cavity geometry is such that there exist, somewhere in the 
structure, conditions suitable for a multipacting (MP) 
barrier at a stored energy corresponding to Eacc -0.7 MV/m. 

Although this barrier was occasionally observed in 
vertical testing during construction, it always processed 
away and has presented no operational problems. With the 
introduction of helium into the cavities, however, the 
situation changed. With only a few exceptions, the barrier 
was always present and when present, never processed. The 
helium effectively amplified the secondary electron yield, 
producing a hard barrier. The multi-bandwidth reactive 
tuning produced by the multipacting process made fixed- 
frequency operation impossible. 

Although the MP barrier was encountered while using 
the VCO systems, we developed a technique which 
routinely bypassed the barrier so that helium-rf processing 
could proceed at high gradients. Noting that the MP always 
shifted the frequency higher, we found that if one detuned 
the VCO high, and slowly approached the upper limit of the 
capture range of the PLL, one could immediately bypass the 
MP barrier. The need to use a VCO PLL has thus far limited 
us to processing only two cavities at a time. 

2.4 Thermal cycle 

A critical part of applying in situ helium processing is fully 
removing the supplied helium from the beamline to support 
beam operations. For this purpose, we have found that a 
warmup to 20 K is quite adequate for removal of the helium. 
Limiting the warmup to this range allows us to avoid 
mechanical stresses and also minimize the total time 
required. 

Following the completion of the helium processing, 
the inlet JT valve of each cryomodule was closed and 
140-250 W supplied through resistive heaters. The valve 
to the low pressure (40 mbar) return header remained 
fully open. This heat reduced the 2 K liquid helium level 
to -5% in 6-10 hours. The balance of the helium was 
boiled off with 60 W and the helium vessel and cavities 
warmed to ~20 K, as measured by diode thermometers 
mounted on the cavity assemblies. 

During this warmup the turbopump was allowed to 
pump on the beamline to remove the helium, and also 
whatever hydrogen was liberated. After a dwell time of 
approximately 1 hour at 20 K, with beamline pressure now 
in the 10 torr range, refill of the module began. Typically, a 
module refilled in 6-10 hours, at which time it was ready 
for rf testing. In one case, the cavities were tuned up and 
immediately applied to beam operations, with post- 
processing characterization deferred for several days. 

3   GAS DYNAMICS 

We established the target He pressure to be 4xl0"4 torr as 
measured by an RGA at ambient temperature. Equilibration 
times for 2 K helium at these pressures was observed to be 
at least several hours. Operation of the rf during the addition 
of the helium seemed to speed gas migration to the far end 
of the cryomodule. 

Each of the 90 cavities processed was operated at 
elevated field levels for 20-60 minutes. Frequently, the 
applied rf power was limited by instabilities in the vacuum 
between the cold and warm rf windows. After the 20 K 
warmup, we noticed improved stability of this vacuum, 
which prompts us to plan future helium processing efforts to 
include both a before and after cryocycle. 

There were no difficulties reestablishing beamline 
vacuum due to residual helium. In a few instances, there 
was a slow recovery of the hydrogen partial pressure in the 
10" torr range that caused some concern. A similar 
response was observed following a thermal excursion of the 
50 K heat shield circuit of the accelerator, suggesting that 
the phenomenon was due to redistribution of adsorbed 
hydrogen in the thermal transition regions. 

4  RESULTS 

To date, we have applied helium-rf processing at 2 K to 90 
cavities in 12 of the 41 installed CEBAF cryomodules. We 
have also applied pulsed-rf processing to condition the input 
waveguide region in 10 cryomodules. 
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4.1 Reduced radiation production 

Progress against field emission was observed by the 
reduction of x-radiation produced by the field-emitted 
electrons. Figure 1 illustrates this shift as measured by the 
G-M tubes outside the cryomodule. 

2 160 

11 12 6 7 8 9 10 
Cavity Accelerating Gradient (MV/m) 

Figure 1. Radiation reduction with He processing. 

4.2 Reduced arcing and higher gradients 

Many of the cavities subjected to helium processing were 
previously limited by arcing at the cold window. Following 
processing, the cavities could be operated stably at higher 
gradients. Figure 2 shows the distribution of maximum 
gradients for the processed cavities according to their 
performance-limiting constraint. 

25n 
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Figure 2. Cavity improvements with helium processing. 

During the last year, we have recalibrated the cavity 
accelerating gradients based on actual beam acceleration. 
Following this, the helium processing effort also permitted 
us to reestablish the operational limits for some cavities. 

4.4 Waveguide vacuum processing 

The waveguide vacuum in 10 cryomodules was conditioned 
by applying low duty cycle rf pulses to each cavity, first 
detuned, and then tuned. The forward power was gradually 
increased to 4-5 kW, subject to maintaining the waveguide 
vacuum better than lxlO"7 torr. The process requires 
~4 hours. In many cases, the vacuum stability improved 
markedly. This stability reduces a complication that arises 
when a cavity is slightly mistuned. The relative merits of 
this compared with a thermal cycle to 20 K or higher remain 
an open question. 

5  SUMMARY AND PROSPECTS 

Helium processing and requalification of cavities have 
increased the installed CEBAF voltage by 63 MV, 
corresponding to an added 315 MeV for 5-pass beam. This 
improvement made possible the 1.12 GeV single-pass test 
run completed in April 1997. At this rate we project an 
additional 135 MV gain from processing the balance of the 
machine, which could be adequate for extending the energy 
reach of CEBAF to 6 GeV. Figure 3 presents the present 
voltage capacities of the CEBAF cryomodules. 

Maximum SRF Cavity Voltage per Cryomodule in CEBAF 
April 1997 

■ Maximum cryomodule voltage prior to helium processing 

■ Net gain from requalifying cavities and reducing margin 
gj Gain from helium processing 
□ Potential additional capacity with relaxed limits: FE loading and quench margin 
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Figure 3. Maximum cryomodule voltages in CEBAF 
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4.3 Q improvements 

Careful measurements were made of the unloaded g-factor 
for cavities in the first cryomodule processed. All FE- 
limited cavities showed improvement. 

Cavity # in 
NL03 

F 
^acc 

(MV/m) 
ßo(xl09) 

Before After 

2 7.7 1.5 3.3 

4 8.7 2.5 4.1 

6 6.8 2.1 >5.3 

8 8.8 2.85 4.7 
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Abstract 

The Infrared Free Electron Laser being constructed at the 
Thomas Jefferson National Accelerator Facility will 
require a 42 MeV, 5 mA electron accelerator. The 
accelerator design requires a 10 MeV injector and a two 
pass 32 MeV linac, one pass for acceleration and one pass 
for energy recovery. In order to minimize the cost of the 
linac, standard CEBAF 1497 MHz Superconducting 
Radio Frequency cavities and cryomodules are being used 
with minimal changes. Two SRF cavities, housed in a 
quarter cryomodule, operate at a nominal 10 MV/m to 
provide the injector energy. The linac is composed of one 
cryomodule, housing eight SRF cavities operating at an 
average gradient of 8 MV/m. The modifications to the 
cryomodule are being made to handle the higher beam 
current, to improve RF control, and to increase machine 
reliability. The modifications to the higher order mode 
(HOM) loads, cavity tuners, cavity beam line, warm and 
cold RF windows, and cryogenic shield are described. 
Test results from the injector quarter cryomodule are also 
presented. 

1 INTRODUCTION 

The Infrared Free Electron Laser currently being 
constructed at the Thomas Jefferson National Accelerator 
Facility (Jefferson Lab) is to serve as a research tool for 
both the DOD and industry [1]. This facility will deliver 
up to 1 kW of 1 to 3 micron IR light to one of six user 
laboratories. A photocathode electron gun produces a 
500 keV, 5 mA beam which is boosted to 10 MeV by a 
Continuous Electron Beam Accelerator Facility style 
quarter cryomodule containing two 1497 MHz 
Superconducting Radio Frequency cavities before 
injection into the main accelerator ring. The accelerator 
linac boosts the electron energy to 42 MeV via a 
cryomodule containing eight SRF cavities. The beam 
then passes through the IR wiggler magnet which 
generates the IR light. The electron beam is then 
recirculated back through the cryomodule, where the 
electron energy is recovered before being dumped at 10 
MeV. The photocathode electron gun and the quarter 
cryomodule for the injector have already been built and 
are currently being tested at Jefferson Lab. 

The higher beam current, 5 mA vs. CEBAF's 200 uA, 
required that certain modifications be done to the standard 
CEBAF cryomodule. The design changes for the 
cryomodule are compatible with the requirements for a 
possible upgrade of the 42 MeV IR FEL accelerator to a 

Injector Quarter linac 
Crvomodule Crvomodule 

10 9 3x10 9 

1.3 xlO11 

1.3to4.4xl06 

8   9 
3x10 9 

5.2xlOu 

3.3 to 6.6x10 
3.8 W 7.5 W 

30 kW 2.5 kW 

200 MeV UV FEL accelerator. Other changes have also 
been incorporated to improve machine reliability and 
operability. 

2 SRF REQUIREMENTS AND TEST RESULTS 

The FEL requirements for the SRF cavities are given 
in Table 1. The energy requirements chosen were based 
on the average CEBAF cavity results and RF control 
requirements for the FEL. Changes have been made to 
several of the cavity peripherals with no changes to the 
CEBAF 1497 MHz SRF cavities themselves. New higher 
order mode assemblies have been developed to route the 
HOM energy to the cryomodule's 50 K thermal shield. 

TABLE 1. IR FEL SRF Cavity Requirements. 

Avg. Gradient (MV/m) 
Qo at Avg. Gradient 
Qext (+/- 20%) 

Qfpc 
HOM Power/Load 
RF Power/Cavity 

The cavities chosen for the injector quarter 
cryomodule have undergone extensive testing and special 
processing including heat treatment before being selected 
for use in the FEL [2]. The cavity pair has been tested 
four times, twice in the vertical test area and twice since 
being assembled into the quarter cryomodule. Cavity IA 
362 exceeds the design requirements while cavity IA 328 
is limited by Q0 degradation to 9 MV/m. The required 
injection energy of 10 MeV can be met by running the 
cavities at 11 and 9 MV/m respectively. 

3 HOM LOADS, HEAT SINKS, AND THERMAL 
SHIELD 

The design changes for the HOM loads, heat sinks and 
thermal shields meet the requirements of a possible 
upgrade to a 200 MeV UV FEL accelerator. For the UV 
linac, the higher order mode power per load is presently 
15 W, or 240 W per cryomodule. Design changes were 
made to the HOM assemblies and cryostat in order to heat 
sink this power to the 50 K thermal shield where it is 
more efficiently dissipated (FIGURE 1). Each heat sink 
and the thermal shield was designed to dissipate 30 W of 
power per load. 

Each HOM load assembly now consists of a ceramic 
load, a copper base and heat sink rod, and a stainless steel 
flange with a pant leg thermal stand off to limit the total 
static and dynamic heat load to 2 K to less than 1 W. For 
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the quarter cryomodule, ceramic loads [3] were used and 
brazed to the copper base. This assembly required 
expensive machining of the copper base and proved 
difficult to produce a reliable ceramic to copper braze 
joint. In addition, the glassy carbon ceramic originally 
used in CEBAF because of its 2 K RF absorption 
characteristics, is difficult to produce to the required 
specifications. For these reasons, the design for the 
cryomodule has been changed. The ceramic load for the 
cryomodule will be a silicon carbide ceramic which has 
adequate RF absorption for the FEL at temperatures 
above 40 K. The ceramic to copper base has also been 
changed to a bolted joint with an indium gasket. This 
design has proven to be more reliable and much more cost 
effective to produce (FIGURE 2). 

FIGURE 1.    FEL cryomodule cross section showing 
modifications and test instrumentation. 

The rest of the heat sink design consists of a copper 
braid assembly which is bolted to both the HOM 
assembly heat sink rod and to the 50 K thermal shield. 
Copper braids were used to provide flexibility in the 
design to allow for assembly, mechanical tuning of the 
SRF cavities, cooldown mechanical contractions, and to 
mitigate microphonic coupling to the cavities from the 
thermal shield. The 50 K thermal shield was also 
modified in order to route the helium process lines as 
close to the HOM loads as possible and to provide 
adequate thermal area for convective cooling of the 
localized HOM heat loads. The process line was also 
enlarged to accommodate higher helium flow rates and to 
reduce flow induced vibration effects. 

COPPER HOLDER 

H.O.M. ABSORBER 
SST PANT LEG   > 

COPPER ROD- 

FIGURE 2. FEL HOM load and heat sink design. 

Provisions for testing the heat sink design were made 
in the quarter cryomodule before beginning cyromodule 
production. Thirty watt strip heaters were mounted on the 
copper heat sink rods near the HOM loads and diodes 
were mounted along the heat sinks as shown in FIGURE 
1. Test results during the quarter commissioning showed 
good agreement with the design values. The heat strap 
connection from the HOM loads to the shield for the 
production cryomodule has been modified slightly to 
make assembly of the cryomodules easier with only a 
small reduction in thermal performance. Microphonic 
effects on the SRF cavities from the heat sink design and 
increased shield flow were also tested with no measurable 
effects. 

4 MAGNETOSTRICTIVE TUNER 

The FEL will use energy recovery to reduce the RF 
power needed, thereby improving the overall efficiency of 
the machine, and to reduce the beam power deposited in 
the dumps. To ease the demands on the RF controls, a 
magnetostrictive tuner has been added to the existing 
CEBAF mechanical tuner. The magnetostrictive tuner is 
designed to deliver +/- 250 Hz of mechanical tuning on a 
1 second time frame and will be used during machine 
operations. The CEBAF mechanical tuner delivers +/- 
200 kHz of tuning, but is slow and is only used during 
machine setup. The magnetostrictive tuner is a 200 alloy 
nickel tube surrounded by a 2.5 kgauss superconducting 
solenoid. An iron sheath is used to concentrate the 
magnetic fields. Two layers of Mu metal provide 
magnetic shielding for the cavities prior to cooldown and 
one layer of Nb is used to provide shielding at 2 K during 
operation. The design and early test results are better 
described elsewhere [4]. 

5 QUARTER CRYOMODULE WARM RF 
WINDOWS AND VACUUM RF WAVEGUIDE 

In the injector quarter cryomodule, 30 kW of RF 
power is used to accelerate the 5 mA beam in each cavity. 
This is ten times the power used in the CEBAF and FEL 
linacs. In order to handle this power, the polyethylene 
window used in the linacs has been replaced with a 
ceramic window and additional heat intercepts have been 
added to the vacuum RF waveguide to prevent thermal 
runaway and improve vacuum stability in the waveguide. 
The warm ceramic window is the same ceramic and 
essentially the same design used for the cold RF windows 
in CEBAF. The window is vacuum brazed into a 0.25 
cm thick nickel eyelet and then electron beam welded into 
a stainless steel flange. The flange is copper plated to 
reduce RF heating around the window. A Helicoflex seal 
is used to complete the vacuum/RF seal with the existing 
waveguide. The windows will be qualified with 50 kW of 
RF power prior to use on the quarter cryomodule. 

The thermal effects of the additional RF power in the 
CEBAF RF waveguide were studied using a finite 
difference program [5]. These results indicated a possible 
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thermal runaway condition in the existing CEBAF 
waveguide. Two additional thermal intercepts were 
added and their location optimized to minimize the static 
and dynamic heat loads to both the thermal shield and the 
2 K bath (FIGURE 3). Additionally, active cooling will 
be used at the room temperature end of the waveguide to 
both stabilize the waveguide, and to prevent undue 
heating of the warm RF window. 

WU PLM TIM 

FIGURE 3. FEL quarter cryomodule showing waveguide 
modifications. 

The FEL quarter cryomodule has recently undergone 
two different cold tests. The static thermal profile in the 
waveguide agrees quite nicely with the predicted results. 
The warm window and waveguide have been tested off 
resonance for extended periods with up to 15 kW of 
forward power and for short periods with up to 19 kW of 
RF power. The thermal profiles in the waveguide are in 
general agreement with those predicted (FIGURE 4) with 
no thermal runaway. There has been some difficulty in 
producing reliable warm ceramic windows. Several 
different materials and assembly techniques have been 
tried. Several failures have occurred during testing and 
more work is required before a window is available that 
will be considered ready for machine operation. 

6 CRYOMODULE BEAM LINE 

The FEL's 5 mA beam and recirculation for energy 
recovery require two changes in the cryomodule stainless 
and Nb beam line. First, in order to reduce the beam 
impedance effects and RF induced heating to 2 K, RF 
shielding has been employed on all cold stainless steel 
bellows in both the quarter and full cryomodule. RF 
shielding was also employed on the 2.8 cm gate valves on 
the quarter cryomodule and on the beam line pump drops 
for the linac cryomodule. The second change was made 
in order to increase beam transmission through the 
cryomodule during energy recovery. The Nb spool pieces 
between the cavities were increased from 3.5 cm to 4.8 
cm. The spool piece diameter was not increased further 
due to RF crosstalk concerns between the cavities. The 
stainless steel beam pipe into and out of the cryomodules 
were similarly increased. An economical 5 cm RF 
shielded gate valve was not readily available to replace 

the eight gate valves inside the cryomodule, so the three 
sections of stainless steel beam pipe between the cavity 
pairs were increased to 7 cm ID and unshielded gate 
valves were used. 
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FIGURE 4.  Predicted temperature profile in the vacuum 
waveguide. 

7 SUMMARY 

The prototypical quarter cryomodule has been built for 
the FEL injector with a cavity pair meeting the design 
goal for gradient and Q0. The majority of changes in the 
CEBAF cryomodules necessitated for the Jefferson Lab 
FEL project have been incorporated into, and tested in a 
quarter cryomodule. The remaining changes are presently 
being assembled into the first linac cryomodule, which is 
scheduled for completion this summer. The changes 
tested so far in the quarter cryomodule have mostly met 
their design goals, and a few minor changes are being 
incorporated in the cryomodule as a result of lessons 
learned. Testing and development of reliable warm RF 
windows is ongoing. 
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Abstract 

Phase loop bandwidth tests were performed on the 
Advanced Photon Source storage ring 352-MHz rf sys- 
tems. These measurements were made using the HP3563A 
Control Systems Analyzer, with the rf systems running at 
30 kilowatts into each of the storage ring cavities, without 
stored beam. An electronic phase shifter was used to 
inject approximately 14 degrees of stimulated phase shift 
into the low-level rf system, which produced measurable 
response voltage in the feedback loops without upsetting 
normal rf system operation. With the PID (proportional- 
integral-differential) amplifier settings at the values used 
during accelerator operation, the measurement data 
revealed that the 3-dB response for the cavity sum and 
klystron power-phase loops is approximately 7 kHz and 45 
kHz, respectively, with the cavities the primary bandwidth- 
limiting factor in the cavity-sum loop. Data were taken at 
various PID settings until the loops became unstable. 
Crosstalk between the two phase loops was measured. 

1 RF SYSTEM OVERVIEW 

The Advanced Photon Source has four identical 1- 
megawatt klystron rf systems dedicated to supplying 
power to 16 storage-ring single-cell cavities, arranged four 
cavities to a sector. The present operational mode uses two 
klystrons, each supplying power to eight cavities (two sec- 
tors, four cavities per sector) through a series of 3-dB 
hybrids to divide the klystron rf output by eight. 

A single-line schematic of an APS rf system is shown 
in Figure 1. Two phase control loops, one nested within 
the other, are used to stabilize the phase of the rf voltage in 
the cavities. The power-phase loop closes around he 
klystron, 100-watt driver amplifier, and klystron driver 
AGC loop. This loop removes phase noise caused by the 
ripple on the DC output of the klystron high-voltage power 
supply (HVPS) and changes in rf modulator output due to 
the AGC loop action. The cavity-sum phase loop closes 
around the entire rf station and maintains phase stability 
between the input rf source signal and the cavity sum sig- 
nal, which is composed of the vector sum of the field probe 
outputs of all eight cavities (two sectors combined) fed by 
the klystron. This loop removes remaining HVPS ripple- 
induced phase shift in the klystron output and any phase 
noise generated in the cavity. Measurements have shown 
that the combined performance of the two phase control 
loops reduces the phase jitter in the cavity rf signal to less 
than 1 degree peak-to-peak. 
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Figure  1:  The rf system layout and closed-loop 
response measurement setup. 

Each of the storage ring cavities is tuned by a motor- 
driven piston tuner that is controlled by a phase loop 
around the cavity, comparing the phase of cavity forward 
power to the phase of the cavity field probe output signal. 
The phase error signal is amplified and conditioned by a 
PID controller that supplies an input signal to the tuner 
drive stepping motor, moving the tuner piston in the direc- 
tion of cavity resonance. The low-level rf system utilized 
for cavity tuning is physically located a distance from the 
klystron low-level rf system and operates totally indepen- 
dent of the klystron system. 

The low-level rf hardware is packaged in VXI mod- 
ules which house analog rf modules digitally interfaced to 
the APS EPICS (Experimental Physics and Industrial Con- 
trol System) [1] system for remote control and monitor 
functions. The 100-watt klystron driver amplifier is 
located in the same equipment rack as the klystron low- 
level rf VXI crate, all of which is located approximately 30 
feet from the klystron. 

2 MEASUREMENT SETUP 

Initial closed-loop phase loop response measurements 
were performed on the RF#1 and RF#2 stations in the fall 
of 1996, and the test results showed little difference in per- 
formance between them. Similar testing at the RF#4 sta- 
tion indicated performance very close to the other stations. 
Since it was the most mature system of the three at that 
time, RF#4 was selected as the subject of extensive 
response tests. Two basic types of measurements were 
made: real-time, closed-loop response with the stimulus 
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injected in the rf domain and open-loop characteristics 
with the loops closed using a summing junction for injec- 
tion of the stimulus signal into the PID controller output. 
During both measurements, the rf system under test was 
operating at approximately 30-kilowatts per cavity, with 
the klystron operating at 85 kV and 10.0 amps of beam 
current. No stored beam was present in the machine. 

Closed-loop measurements of the phase loop fre- 
quency response were made on our RF#4 station using a 
direct method of phase noise injection using an electronic 
rf phase shifter, an even wavelength long, inserted into the 
rf system at points within each phase loop (see Figure 1). 
These measurements were made at different PID gain set- 
tings to determine the maximum loop gain allowable for 
stable rf system operation. The stimulus rf phase shifter 
was driven with a swept-frequency sinusoidal AC control 
signal, a 1-volt peak AC component superimposed on a 
+l-volt offset, to produce rf phase stimulation within the 
loop. The +l-volt offset was necessary for this test, as the 
phase shifter response becomes very nonlinear with a neg- 
ative-going control voltage. The phase shifter has a fre- 
quency response of +/-1.6 dB from 100 Hz to 100 kHz. 
This control voltage produced approximately 14 degrees 
peak-to-peak of rf phase shift at 351.93 MHz. The output 
amplitude of the PID amplifier in each phase loop was then 
measured to determine the loop response and the amount 
of crosstalk between the loops. The HP3563 Control Sys- 
tems Analyzer was used to generate the stimulus signal 
that drove the rf phase shifter and also to measure the PID 
output signal amplitude relative to the stimulus signal. 

Making true open-loop measurements of these phase 
loops is impossible. The DC gain of the PID amplifier is 
immense, and breaking the loop causes the PID output to 
saturate at one of its output limits. Measurements of open- 
loop characteristics with the loop closed were made by 
using a unity-gain summing junction for injection of the 
stimulus signal into the PID amplifier output, while mea- 
suring the output amplitude of the PID amplifier at a point 
before the summing junction [2]. This measurement setup 
is detailed in the partial system schematic shown in Figure 
2. These measurements were made using two different 
methods, swept Fourier transform (SFT) and fast Fourier 
transform (FFT). In the SFT tests, the stimulus signal con- 
sisted of a 500-mV peak sine-wave slowly swept in fre- 
quency from 100 Hz to 100 kHz. In the FFT tests, the 
stimulus signal was a 500-mV peak broadband noise 
source. Both stimulus signals were generated by the con- 
trol system analyzer. The PID amplifier gains were set to 
unity (P=l, 1=1, D=l) for these tests. 

3 LOOP RESPONSE DATA 

The closed-loop response tests were performed with 
the PID amplifier AC gains set at the normal values for 
accelerator operation (see Figures 3(a) and (b)). The 
power-phase loop was tested with the PID gain set to 4, 
and exhibits a response that is essentially flat within 3 dB 
to approximately 10 kHz. It has an apparent gain margin of 

16 dB. The cavity-sum phase loop was tested with the PID 
P-gain set to 1.56; it has flat response to 3 kHz and is down 
20 dB at 10kHz, with an apparent gain margin of over 28 
dB. The more narrow response of the cavity sum loop is 
due to the effect of the 7-kHz bandwidth of the storage 
ring cavities on the field probe signals. 

H^n 
control system 

analyzer 

Figure 2: Setup for measuring open-loop 
characteristics. 
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Figure 3: (a) Power-phase closed-loop response 
test—PID GAIN = 4; (b) cavity-sum phase closed- 
loop response test —PID GAIN = 1.56. 
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Figure 4: (a) Power-phase loop open-loop characteristics using SFT method; (b) power-phase loop open-loop 
characteristics using FFT method; (c) cavity-sum phase loop open-loop characteristics using SFT method; 
(d) cavity-sum phase loop open-loop characteristics using FFT method. 

The open-loop characteristic data are shown in Fig- 
ures 4(a) through (d). These measurements were made 
with the PID amplifier AC gains set to unity in both loops. 
The SFT tests on the power-phase loop indicate gain and 
phase margins of approximately 25 dB and 270 degrees, 
respectively. The conclusions are closely matched by data 
obtained using the FFT method. The SFT tests on the cav- 
ity-sum loop indicate gain and phase margins of approxi- 
mately 75 dB and 270 degrees, respectively, again with the 
cavity bandwidth increasing the gain margin significantly. 
The FFT tests on the cavity-sum loop were performed 
from DC to 20 kHz only, as the signal level back from the 
cavities at test frequencies greater than 20 kHz was very 
low. Test results here indicate that in the operating band- 
width of the field probe signal, there is no evidence of 180- 
degree phase shift to invite instability. The fluctuations in 
all of the data at 60, 120, and 360 Hz are due to the loops 
actively working to reduce phase shift caused by power 
supply ripple on the klystron cathode voltage, resulting in 
distortions in the data at these frequencies. 

Power-phase to cavity-sum crosstalk was measured at 
-26 dB between 100 Hz and 1 kHz, rising to -16 dB at 5 
kHz and falling to -42 dB at 100 kHz. Cavity-sum to 
power-phase crosstalk was found to be between -50 dB 
and -60 dB down from 100 Hz to 100 kHz. There mea- 
surements were made at the RF#1 station, with the PID AC 
gains set at the normal operating values mentioned. 

4 CONCLUSION 

These response measurements show that rf system 
operation with phase loop PID amplifier P-gains of 1.56 
and 4 provides adequate performance with comfortable 
gain and phase margins at a storage ring current of 100 
mA. Crosstalk between the loops is within acceptable lim- 
its and does not contribute to performance degradation. 
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Abstract 

The report presents new experimental results obtained on 
7 GHz pusled magnicon amplifier. In 1996, the follow- 
ing parameters were achieved: maximum output power of 
46 MW, efficiency of 49%. We relate the further magnicon 
parameters improving with elimination of electromagnetic 
fields disturbing in the output cavity induced by the large 
coupling holes with the loads. 

1   INTRODUCTION 

7 GHz pulsed magnicon has been designed at INP as an al- 
ternative microwave power source for linear colliders. This 
device is the result of extended work on a new class of high 
power microwave sources development for accelerator ap- 
plication [1, 2, 3]. This class of microwave sources has 
been developed at Institute (INP) since 1967. The main dif- 
ference of these devices from others is the method of beam 
modulation which is provided by the relativistic electron 
beam circular deflection. This paper presents the new ex- 
perimental results and the study of the magnicon operation 
features. 

2   THE MAGNICON DESIGN 

A diagram of the experimental magnicon system is shown 
in Fig.l. The magnicon consists of: an electron source 
(diode gun), RF and magnetic systems, and collector. RF 
system cosists of the deflection system for beam modula- 
tion and output cavity for conversion of the beam energy 
into the RF oscillations. The tube is an amplifier operat- 
ing in frequency-doubling mode. So in all deflection cav- 
ities the circular-polarized TMIJQ mode is excited at the 
frequency of 3.5 GHz. In the output cavity the modu- 
lated beam excites the TM210 mode with the frequency of 
7 GHz. The angular frequency of this mode is equal to the 
drive signal frequency. All the cavities are located inside 
the solenoid producing a longitudinal magnetic field with 
the required field distribution. 

This tube design is the result of numerical simulations 
and experimental study of the various versions of the de- 
vice (see [4, 5]). Beam dynamics simulation and magnicon 
components optimization (the electron gun, RF cavities, 
magnetic system) were carried out with the special com- 
puter codes SAM and SuperLANS [6, 7]. Also the com- 
puter codes were used for simulation of steady-state and 
time-dependent magnicon operating conditions [8]. 

Bz.T 

Figure 1: Sketch of the magnicon: 1 - electron source; 2 
- vacuum valve; 3 - drive cavity; 4 - gain cavities; 5 - 
penultimate cavity; 6 - output cavity; 7 - waveguide (*2); 
8 - solenoid; 9 - collector 

3    THE MAGNICON STUDY AND THE 
ACHIEVED PARAMETERS 

The previous experiments with the device have shown that 
its parameters are limited mostly by the deficient match- 
ing the electron source optics with the magnicon magnetic 
system as well as RF field distorsion in the output cavity 
[4]. 

The deficient matching between the gun optics and mag- 
netic system led to strong electron beam transverse size 
scalloping. In 1996, the electron gun was improved in order 
to eliminate this problem. Experiments proved that pulsing 
decreased, and the maximum beam diameter within the op- 
erating range of the accompanying magnetic field has de- 
creased from 4 mm to less than 3 mm. 

By the time of the new gun testing it was also found that 
during the device conditioning self-excitation in the out- 
put cavity arose and after a time disappeared at various 
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frequencies [5]. Note, that the self-excitation frequencies 
were not the drive signal harmonics. One of possible rea- 
sons for them could be the bad vacuum. 

The magnicon RF system consists of separated copper 
parts connected with one another by indium seals. This 
design allows to change the RF systems part operatively 
but does not allow to bake-out cavities up to high tem- 
peratures. This leads to long condition times for the cav- 
ities. In the decribed experiments the RF cavities were 
previously heated and then the whole magnicon quick- 
assembling were carried out. Moreover, the waveguide 
sections forming a single vacuum chamber with the out- 
put cavity and loads (there are no ceramic windows) were 
provided by the additional pumping system. Further exper- 
iments shown that these provisions have reduced the de- 
vice conditioning time and eliminated the self-excitation. 
Present-time magnicon parameters are listed in the table 
below, which also contains the calculated values. 

Magnicon parameters 

Operating frequency, GHz 
Drive frequency, GHz 
Output power, MW 
Gain, dB 
Efficiency, % 
Pulse duration, (is 
Beam voltage, kV 
Beam current, A 
Repetition rate, pps 

achieved    design 

7.002 
3.501 
46 
62 
49 
1.0 
405 
230 
3 

7.000 
3.500 
55 
55 
56 
1.3 
420 
240 
5 

The oscillograms presented in Fig.2 are: beam voltage 
(U), signal from the drive cavity (DC), signal from the first 
gain cavity (GC), signal from the penultimate cavity (PC), 
and output signal (OUTC). The output peak power calibra- 
tion was carried out by the calorimetric measurements of 
the average RF power. 

0 2 4 
Time   (/zs) 

Figure 2: The oscillograms. 

Figure 3 represents the measured dependencies of the ef- 

ficiency versus: a) the drive signal; b) the drive frequency; 
c) the accompanying magnetic field; d) the electron beam 
power (2 - calculated curve). 
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Figure 3: Experimental curves. 

Strong output power dependence on the beam power and 
thus on the beam voltage (diode gun) explaines the decreas- 
ing of the output signal pulse duration. Numerical simula- 
tions show that for a given voltage pulse profile at the elec- 
tron gun the ouput signal duration cannot exceed 1.3 |J.s at 
half-power level. 

By this means the measured tube efficiency comprises 
89% from the predicted value that results mainly from lon- 
gitudinal and azimuthal inhomogeneity of the RF fields in 
the output cavity because of presence of the coupling win- 
dows with waveguides [9]. An azimuthal non-uniformity 
leads to a difference between the loaded Q-factors for or- 
thogonal TM210 modes, superposition of which defines the 
RF fields distribution in the output cavity. 

The calculated curve of efficiency versus the output cav- 
ity loaded Q-factor is shown on Fig.4. Numerical simula- 
tions show that the difference between Q-factors also leads 
to the output signal duration decreasing. 

To compensate the azimuthal disturbance in that exper- 
iment the output cavity with two protrusions was used 
(see Fig.5a). However, 2D-simulations shown that this is 
not enough. The problem, can be solved by increasing 
the number of protrusions as shown in Fig. 5b. But 2D- 
simulation and model tests show that this action leads to 
a major distorsion of the RF fields longitudinal distribu- 
tion (Fig.6b). The distorsion decreases the efficiency of the 
given magnicon design considerably. To eliminate this ef- 
fect the compensating local increasings of the output cavity 
diameter were made near the upper and lower cavity faces 
(Fig.6c). These local increasings are azimuthal homoge- 
neous and do not give rise to an azimuthal non-uniformity. 

3115 



200 300 400 
Q-factor 

Figure 4: Efficiency versus loaded Q-factor. 
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Figure 5: Output cavity design. 

4   SUMMARY 

In the course of 7 GHz frequency-doubling magnicon am- 
plifier investigation the peak power of 46 MW and effi- 
ciency of 49% has been achived. The measured parameters 
are 89% of the calculated values. This allows to consider 
the magnicon as an attractive candidate for linear colider 
applications. The improved version of the output cavity has 
been produced and installed into the magnicon. The tube is 
under putting into operation now and we hope to obtain the 
design parameters in the nearest future. 
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Abstract 

We report on a research program to increase the efficiency 
of relativistic traveling wave amplifiers to > 50%. The 
two stage amplifier consists of a bunching periodic struc- 
ture with phase velocity significantly higher than the beam 
velocity and a decelerating section with phase velocity sig- 
nificantly lower than the beam velocity. The position of 
the decelerating stage with respect to the bunching stage 
is chosen such that the narrowest bunches are sustained in 
the decelerating field for the longest possible time before 
significant debunching occurs. Two schemes are under in- 
vestigation. In the first scheme, a resistive sever is placed 
between the two stages to suppress temporal phenomena. 
In the second scheme, the bunching and deceleration stages 
merge into each other by a gradual change in the iris radius 
over a wavelength. An absorbing section in this case is 
placed before the start of the bunching stage. Coaxial ex- 
traction geometry [1] is used in both schemes. Efficiencies 
obtained from MAGIC simulations are comparable to those 
obtained in high efficiency klystrons [2] (50-60%) but carry 
the important advantage of broad-bandwidth, low sensitiv- 
ity on dimensions, low surface fields, and simplicity of de- 
sign. 

1   INTRODUCTION 

The TWT is a potentially viable ultra-high power mi- 
crowave source for various applications if the beam-to- 
electromagnetic energy conversion efficiency can be raised 
to over 50%. Specific advantages offered by the TWT, over 
other sources, include low surface electric fields, broad 
bandwidth, and low sensitivity to dimensions and beam 
quality. In this paper, we present a simple design of a high 
efficiency TWT based on a traveling wave bunching section 
merging into a traveling wave deceleration section. 

The efficiency of a TWT is limited by inefficiencies in 
the bunching process, spatial and momentum spread of the 
bunches, and the entry of the bunches into the accelerating 
phase of the RF field. The usual technique suggested for in- 
creasing the efficiency involves tapering of the wave phase 
velocity so that the decelerated bunches remain within the 
decelerating phase of the wave. 

The electric field in the amplifier arises from the quasi- 
static fields of bunches and the radiation field from decel- 
erated electrons. The spatial position of bunches with re- 
spect to the wave can be changed by changing the local 
phase velocity in the slow-wave structure. This fact will 
be used in the design described here. However, the forces 

* Work supported by U.S. D.O.E. & AFOSR MURI Program 

due to the collective effect of space charge strongly deter- 
mine the spatial spreading of the bunch. Hence both the 
position and size of the bunch with respect to the radia- 
tion wave need to be considered for designing an efficient 
amplifier. Single particle or rigid bunch models which are 
often used the design of high efficiency devices, frequently 
neglect the effects of the quasi-static bunch forces on the 
electron dynamics. These fields are frequently comparable 
to the radiation fields in TWT's operating at a few 100 kV 
and few 100 A's, In order to design a high efficiency and 
high power TWT, it is necessary to use a fully non-linear 
and self-consistent analysis. This is best achieved by the 
use of PIC codes. 

2   CONCEPTUAL ILLUSTRATION 

In a traveling wave tube the electron beam bunches gradu- 
ally accumulate in the decelerating phase as a result of in- 
teraction with the co-propagating structure wave. Uniform 
structure TWTs are usually operated such that the beam 
velocity is equal to or greater than the cold phase velocity 
in the supporting slow-wave structure. Typical efficiencies 
for synchronous structures are about 25%, which can be in- 
creased to 30-35% by use of a structure with a lower phase 
velocity. We propose to use a structure with phase velocity 
faster than that of the beam electrons to produce efficient 
bunching followed by a lower phase velocity region to ex- 
tract bunch energy into RF field. 

To illustrate the effect of different phase velocities on 
bunching and the self-consistent generation of rf power 
from bunch deceleration, we consider three PIC simula- 
tions performed with MAGIC code. For ease of presen- 
tation, we use a dielectric slow-wave structure. A uniform 
circular waveguide of radius 15.5 mm lined with a dielec- 
tric of radius 6 mm, and operated at 9 GHz. The system 
ends with a non-reflecting termination. A 700 kV, 500 A, 
3 mm radius pencil beam is chosen for all simulations. In 
Fig. 1 a,b and c, the axial electric field and the instantaneous 
beam current are shown, from simulations corresponding 
to cold wave phase velocities of 1.01c, 0.90c and 0.82c re- 
spectively. (er of the dielectric = 1.8, 2.1, and 2.4 respec- 
tively). Consider Fig.la, corresponding to the 'fast wave' 
case. Even though the radiation wave grows at phase ve- 
locity < c, the the bunches lag the wave more than in the 
other two cases. This causes reduction in growth rate and 
a slow spatial rise in current. However, the peak current in 
the fast-wave case exceeds the peak current achieved in the 
synchronous and slow-wave cases. Because Ez for a given 
rf current is the least in this case, the bunch energy spread 
as well as its average energy drop (and hence rf power) is 
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Figure 1: Current (top curve) and Ez (bottom curve) pro- 
files for cases with cold phase velocities (a) vp = 1.01c (b) 
vp = 0.9c, and (c) vp = 0.82c, indicating highest bunching 
level and lowest E, for the 'fast-wave' case. 

also the lowest for the fast-wave case. These conditions 
are desirable for a good buncher, but not for extraction of 
bunch energy into the electromagnetic field. As expected, 
the initial growth rate is highest for the synchronous case 
(Fig. lb) and the saturation power is highest for the low- 
est phase velocity case (Fig. lc). The latter result follows 
since the bunches are taken to lower velocities before they 
enter the accelerating phase of the wave. 

We conclude that the amplifier in Fig. la is an efficient 
beam buncher and the amplifier in Fig. lc is an efficient 
decelerator (hence rf converter). A combination of the two 
may be expected to result in a high efficiency amplifier. To 
make use of the bunching in Fig. la, a change in phase 
velocity in the slow-wave structure is needed close to the 
point where the bunches are beginning to enter the accel- 
erating phase (z ~ 42 cm). At this point we use a 4 cm 
long transition to a region with vph = 0.82c. This transi- 
tion and its corresponding effect on the amplifier dynamics 
is illustrated in Fig. 2. The narrow bunch from around 
z ~ 40 cm slips back into the center of the decelerating 
field within the transition region and rapidly loses energy 
to the electromagnetic field. This yields over 50% effi- 
ciency. Note that when the bunch has spread to a width 
that is comparable to a half-wavelength, then no real ad- 
vantage is gained by further lowering the phase velocity 
since part of the bunch has inevitably entered the accelerat- 
ing phase. Power should therefore be extracted close to the 
E-field maximum in Fig.2. 

0.8 

cold phase velocity 

\. 

Figure 2: (c) Phase velocity = 0.90c for z < 42cm and 0.82 
for z > 46cm 
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3   EXPERIMENTAL IMPLEMENTATION I 

The two-phase velocity concept is implemented with an 
iris-loaded waveguide periodic structure. The change in 
cold phase velocity from 1.2 c to 0.75 c is produced by 
changing the iris aperture while keeping the outer wall ra- 
dius constant (Fig.3 top). The tapering at the ends is done 
to reduce reflections. An coaxial inner conductor placed 
in the output tapered section is used to shield the particles 
from the wave close to the power maximum, so that no re- 
acceleration occurs and hence the peak power is extracted. 
The coaxial extraction scheme, described previously [1], 
provides a broad-band, low-reflection coupling of peak rf 
power into a TEM coaxial mode. A SiC absorber is also 
placed at the input end of the amplifier to further absorb 
any residual reflections from the output of the system. At 
present, a short traveling wave section is used to provide 
a few percent initial modulation to the system. A MAGIC 
simulation with this structure demonstrates 200 MW power 
at 9 GHz into the coaxial guide, when a 700 kV, 500 A 
beam is launched into the system. This corresponds to 57% 
efficiency. The amplifier described has been fabricated and 
tests are presently in progress to check the validity of the 
design. 
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absorber 
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TEM mode 
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Figure 3: Experimental Implementation I (top) and II (bot- 
tom) 

4   EXPERIMENTAL IMPLEMENTATION II 

Fig.3 (bottom) shows a variation of the above idea. In this 
case, a SiC sever is placed between the TWT bunching 
and deceleration sections. The rf power obtained in the 
first stage is dumped into the absorber while the bunched 
beam traverses the sever and excites the required electro- 
magnetic mode in the 2nd stage. The radiation field recon- 
structs from zero such that the bunches automatically lie 
in the decelerating phase of the electric field. This results 
in rapid growth of the rf field. The size of the first stage 
and the length of the sever are optimized via simulation to 
minimize the phase angle spread of the bunches entering 
the 2nd stage. The extraction section in this case is also 
enlarged to reduce the risk of rf breakdown. This also pro- 
vides greater flexibility in the choice of radius and position 
of the inner conductor. Fig. 4 shows initial experimental 
measurements of the output power from the device. The 

-4.0 

Jk *it<U#**t*,im*'** i**\ 

^^ywy^*"i»wi^^*»»'»'^«q 

50       100      150      200 
Time (ns) 

Figure 4: (Top) Beam current (Bottom) Output RF 

upper part of the figure shows the beam current and the 
lower part the output rf envelope detected by an Er probe, 
mounted in the side wall of the coaxial output section. The 
power level at the end of the first stage is a few MW with a 
single frequency output. The pulse is phase stable to ±3.5°, 
which lies within error range of the diagnostic. At present 
the peak output power is found to be 45 MW for beam in- 
put of 800 kV at 300 A. Simulation done with 1000 kV, 
500 A beams indicates an rf conversion efficiency of 50% 
with output power of 250 MW. Experiments are underway 
to change the modulator output voltage and current closer 
to the intended design. 

5 CONCLUSION 

We have proposed TWT configurations based on a two 
section slow-wave structure, such that the first section op- 
timally bunches the beam, while the second section effi- 
ciently decelerates the bunches. The bunching and deceler- 
ation aspects of the problem are therefore treated on equal 
footing in order to maximize efficiency. MAGIC simula- 
tions indicate that 50-60% beam-to-electromagnetic effi- 
ciency can be achieved in both experimental designs de- 
scribed. Because of the pure traveling-wave nature of the 
interaction, the designs are not sensitive to input frequency 
or system dimensions. For example, a few centimeters 
change in the transition point of the structure only alters 
the efficiency by a few percent. Also a wide range of phase 
velocities can be chosen for the design of the two sections. 
The simplicity of the design, combined with all the de- 
sirable properties of the traveling wave interaction could 
could make this scheme a viable and efficient ultra high 
power microwave source in X-band. Design studies have 
also indicated that similar designs at 35 GHz are experi- 
mentally feasible and should yield efficiencies of > 40%. 
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MICROWAVE COLD TESTS OF PLANAR RF CAVITIES* 
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Abstract 

The RF cavities for a sheet-beam klystron [1] are de- 
signed for a strip electron beam interacting with the elec- 
tromagnetic fields. The axial electric field for these cavi- 
ties is constant over the width of the beam. The cavity 
design can be adapted as a basic cell structure for high- 
frequency, traveling-wave, planar accelerators. We report 
here rf measurement results on the field uniformity, iso- 
lation between cavities and other pertinent characteristics 
of the cavities at a scaled frequency of 11.4 GHz. Com- 
parisons are made with MAFIA simulations. 

INTRODUCTION 

Recent interest in planar rf cavities has stemmed from 
two developments. First, it has been found that a sheet 
electron beam with a large aspect ratio can be used in a 
high power klystron to avoid many of the shortcomings of 
a conventional round beam klystron. A sheet beam klys- 
tron with a low perveance per square is capable of high rf 
conversion efficiency. Yu et al [1] have designed a 200- 
MW X band sheet beam klystron with an efficiency of 
over 65%, using a flat beam of dimensions 0.5 cm x 16 
cm, at a beam current of 770 A and a beam voltage of 400 
kV. The sheet beam klystron is particularly suited to op- 
erate at high frequencies (up to 100 GHz), because its 
output power scales linearly with wavelength, rather than 
quadratically as in the case of a round beam klystron. 
The sheet beam klystron cavities have a planar, barbell- 
like geometry providing a flat axial field in the region 
through which the beam traverses [2]. A schematic of a 
barbell cavity is shown in Figure 1. 

Figure 1 Schematic of a Planar Barbell Cavity 

Another recent development for which planar cavities 
would be useful is high-frequency rf accelerators [3]. 
High gradient acceleration requires operation at high fre- 
quencies. At high frequencies (e.g. > 50 GHz), it is al- 
most certain that the tolerance requirements of a cylindri- 
cal, disk-loaded structure of a conventional design cannot 
be met by traditional manufacturing techniques, i.e. preci- 
sion machining and brazing.    Modern microfabrication 

techniques [4] such as LIGA or wire EDM, on the other 
hand, are particularly suitable for planar structures. A 
planar traveling wave accelerating structure may consist 
of a series of barbell-like planar cavities, or variants 
thereof, connected by short rectangular beam pipes [5] as 
shown below. 

T :£> 

Figure 2 Schematic of a Planar Tugboat Traveling-Wave 
Structure (3 cells illustrated) 

Planar accelerators and sheet beam klystrons using flat 
field cavities can in principle be mass produced with new 
microfabrication techniques. 

DESIGN AND FABRICATION OF THE BARBELL 
CAVITY 

Traditional cylindrical pillbox rf cavities have axial elec- 
tric fields quite uniform near the axis in both magnitude 
and phase, at any given instant of time, along the trans- 
verse dimensions. This important feature has been ex- 
ploited in many klystron and accelerator applications in 
which the electromagnetic field in the cavity interacts 
with a bunched beam of finite size. The accelerating 
fields should be constant in the region traversed by the 
beam as it goes through betatron motion in an external 
axial magnetic field. 

The axial electric field (Ez) in a rectangular cavity of 
width L and height H assumes a profile of 
sin(mnx/L)sin(nny/H), where m and n = 1,2,3... Thus, 
rectangular cavities (including the so-called muffin tin 
[5]), unlike their cylindrical counterparts, have a sine-like 
accelerating field along the transverse direction of the 
cavity. For the lowest order mode, the field exhibits a 
maximum at the center and vanishes at the walls. 

The barbell cavity features a constant axial electric 
field along the transverse direction near the beam axis. 
Flat field is important for acceleration of a flat beam, ei- 
ther in a klystron or in an accelerator. Even if a round 
beam is used in a planar structure, the field should be flat 
at least within the betatron radius. The design principle 
of a planar barbell cavity is that the resonant frequency of 
the central section of the cavity is at or near cutoff for rf 

* Work supported by DOE SBIR Grant No. DE-FG03-96-ER82213. 
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propagation in the transverse direction, while the two 
ends of the cavity are below cutoff, thus producing a flat 
electric field in the central region of the cavity. Figure 3 
shows a MAFIA axial field plot of the fundamental TM 
mode of our first X band barbell cavity. 
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Figure 3 MAFIA Axial Electric Field Plots of a Barbell 
Cavity, a. Arrow plot b. Line plot 

The flat surfaces defining the boundaries of the barbell 
cavity, or variants thereof such as the "Tugboat" and "H- 
block" cavities [6], can be etched using deep x-ray lithog- 
raphy techniques. Alternately, they can be cut with wire 
EDM techniques, and different layers of the structure can 
be bonded together using diffusion bonding techniques. 
These manufacturing techniques are particularly useful at 
high frequencies, at which the structures become in- 
creasingly miniaturized. At frequencies below 30 GHz, 
these structures can still be made with conventional ma- 
chining and brazing techniques. 

As a first experiment to demonstrate the rf properties 
of the planar flat-field structure and to verify the MAFIA 
simulations, we designed a barbell cavity at 11.4 GHz. 
The properties of the cavity are calculated with MAFIA. 
The electric field for the fundamental TM mode, shown 
in Figure 3, is constant over a wide aperture of 8.8 cm. 
The calculated Q of this mode is 6800. The frequencies 
of the higher order TM modes are listed in Table 1. 

Table 1 Resonant Frequencies (MHz) of TM Modes of an 
X-Band Barbell Cavity 

MAFIA Measured 
11420 11498 
11491 11547 
11695 11734 
12026 12060 
12474 12508 
13026 13038 
13669 13747 

If two barbell cavities are connected by a rectangular 
beam pipe, it is possible to couple the fundamental TM 
mode of two adjacent cavities through a propagating TE 
mode in the beam pipe connecting them, provided there is 
any asymmetry due to fabrication imperfection, or if the 
beam is off axis. 
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Figure 4 TM Modes frequency Spectrum of a Barbell Cavity 
as Measured with a HP8510C Network Analyzer 

COLD TEST RESULTS 

A structure consisting of two identical barbell cavities 
connected by a short beam pipe was fabricated by ANL 
using design drawings provided by DULY Research. We 
performed cold tests for these cavities on a HP8510C 
Network Analyzer. Test data were displayed and stored 
on a PC using LABVIEW4. To measure the frequencies 
of the cavity, a small current loop was inserted through a 
hole on the cavity end wall to excite the magnetic fields 
of the cavity modes. Depending on the orientation of the 
current loop with respect to the beam axis, TM or TE 
modes of the cavity would be excited. After properly 
calibrating the network analyzer for the frequency range 
of interest, we measured in a straightforward way the 
frequencies of the modes excited by the current loop. The 
measured and calculated resonant frequencies of the first 
few TM modes of the barbell cavity are shown in Table 1 
and Figure 4. The Q of each mode was measured directly 
from the half width of the resonance. To measure the 
transmission through the beam pipe, a small current loop 
is inserted through a hole in a first cavity, and another 
loop is inserted through a small hole on the side wall of a 
second cavity, connected to the first by a beam pipe. The 
cold measurements confirmed the modal frequencies pre- 
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dieted by MAFIA, and the large coupling between the 
TM modes of the cavities. 

In a cavity with a wide transverse dimension, spuri- 
ous higher order TM modes may exist. However, if there 
is sufficient frequency separation between the funda- 
mental and higher order modes, and if the Q values of the 
modes are high, then the existence of the higher order TM 
modes need not adversely affect the beam acceleration 
which occurs in the narrowband fundamental TM mode. 

The cavities fabricated by ANL unfortunately were 
welded rather than brazed as specified in the drawings. 
The measured Q for the fundamental TM mode was 1100, 
compared with a calculated Q of about 6800. Because of 
the lower Qs resulting from fabrication imperfection, the 
separation between the fundamental mode and the first 
higher order TM mode was not as clean as it could be. 
Consequently, measurement of the electric field of the 
fundamental mode alone was difficult. A bead pull 
measurement confirmed that there was considerable 
mixing between the first two TM modes. 

In order to improve the results, we have designed an- 
other cavity by shortening the transverse dimension by 
one-third, thus increasing the frequency separation be- 
tween the fundamental and the first higher order TM 
modes from 60 MHz to 170 MHz. The calculated fre- 
quencies for the TM and TE modes of the shortened cav- 
ity are shown in Table 2. The new cavity has now been 
fabricated in a precision machine shop at Los Angeles 
and is being brazed together for final test. We expect that 
the larger modal separation, combined with higher Q val- 
ues, should enable measurements to confirm the flat field 
predicted by MAFIA. 

Table 2 TE and TM Modes of a Shortened Barbell Cavity 
TM modes TE modes 
11439.3 5992.38 
11608.5 7100.01 
12058.7 8197.42 
12733.8 8629.78 
13713.1 9053.06 
14829.8 10388.2 
16077.0 11859.9 
17407.8 11859.9 

1   17844.9 12264.0   ! 

We  thank  A.   Menegat  (SLAC) 
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Abstract 

The 101 MHz rf amplifiers for a RFQ, an IH-structure 
and two bunchers for the CERN Lead Injector were pro- 
vided by GSI Darmstadt. The accelerating structures re- 
quired amplifiers up to 400 kW while the bunchers 
needed about 2 kW, both with a pulse length of 1 ms at a 
repetition rate of 10 Hz. The special properties of the 
amplifiers, technical difficulties and their cure in respect 
of rf-circuits, output coupling, parasitic oscillations of the 
final stage and fulfillment of the new CE-Standards are 
reported. A second part of the report describes the low 
level rf-circuits which were built by CERN. 

1 INTRODUCTION 

The CERN LINAC 3 (Pb-Linac) consists of a RFQ, an 
IH-structure and two bunchers at 101,28 MHz and two 
IH -structures at 202,56 MHz [1]. 
The three IH-structures and the rf power for all 101 MHz 
cavities were supplied by GSI Darmstadt. 
The 2.5 kW transistor amplifiers for buncher and de- 
buncher were specified at GSI and developed and deliv- 
ered by Dressier as reported earlier[2]. 

This paper mainly describes the special features of the 
two 101 MHz / 400 kW amplifiers, and the low level rf- 
system. The amplifiers were specified in detail by GSI 
and CERN and ordered from BERTRONIX, Munich, 
while the work on the low level rf was done by the CERN 
PS RF-staff. Fig. 1 shows a picture of one of the 400 kW 
amplifiers installed at CERN while table 1 gives data at 
full power operation at BERTRONIX. 

CERN 400 KW 
101.28 MHz 

DRIVER 
STAGE 

FINAL 
STAGE 

Ufil/V 8.7 14.2 
Ifil/A 107 172 
Ugl/V 130 200 
Igl/mA 5 1600 
Ua/kV 9 18 
la/A 3.6 38 
Ug2/V 900 1150 
Ig2/mA 70 1200 
Pforw/kW 19 400 
Prefl/kW 0.4 3.5 

fig.l   One of the 400 kW amplifiers installed at CERN 

table 1 Data for maximum output power 

2  AMPLIFIER DESIGN 

The 400 kW amplifiers consist of three rf-stages. 
The predriver, a 400 W transistor amplifier, uses the 
Valvo transistors BLF278. It was built by Dressler[2] and 
adapted to the system by BERTRONIX. 
The 20 kW driver is a new development of 
BERTRONIX. It is equipped with the new long-life 
Siemens tetrode RS2068CL. This tube has been devel- 
oped for 20 kW FM-transmitters and is operated cathode 
driven with a kapton capacitor between gl and g2. The 
output circuit is a coaxial 7JA resonator with a disk kapton 
dc-blocking capacitor around the anode. One characteris- 
tic of the amplifier design is that the coaxial resonators 
anode-g2 and gl-cathode are going straight down from 
the tube connector-rings, thus guaranteeing optimum 
access to the tube. The input-coupling and the input 7JA 
resonance can be adjusted as well as the output resona- 
tor's frequency and the mixed galvanic/inductive output- 
coupling by motordriven plungers with a digital position- 
readout. 
The final 400 kW amplifier uses the same design except 
the gl-g2 circuit, built here by a short-circuited X/2 coax. 
The schematic design of this stage is shown in fig.2. The 
chosen Siemens tetrode RS2054SK is a very slim tube 
with long internal supports to its active system. Conse- 
quently, this results in a high inductance in the screengrid 
area of the output-resonator which made it nearly impos- 
sible to bring its resonance frequency to the required 
101 MHz in a X/4 resonator. 
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fig.2 Principal drawing of the final amplifier 

The X/4 resonance of the anode-screengrid area of the 
tube itself, measured with a tin foil short-circuiting 
closely the anode-screengrid ceramic was already 
135 MHz. So an extremely small space was left for suffi- 
cient output coupling and for the needed 20 kV bypass 
capacitor in the external part of the anode resonator at 
101 MHz. For the shortest cylindrical coaxial circuit, a 
SuperCompactR simulation, made by GSI, gave a maxi- 
mum frequency of 92 MHz. To reach the proper fre- 
quency with the required low loaded Q-factor of the an- 
ode circuit, three sophisticated measures had to be intro- 
duced to the amplifier design: 
First, the output coupling was arranged partly penetrating 
the outer cylindrical wall of the anode circuit, which by 
that led to the shape given in fig.3. 

fig.3 Picture of the asymmetric output coupling 

This so called key-hole circuit gives a characteristic im- 
pedance  as  low  as  possible  with  nevertheless  good 

voltage capability and effective coupling. Its disadvan- 
tage is the complicated and expensive production of the 
resonator-shape and the movable short-circuit-plane. 
Second, another low impedance part was introduced into 
the anode circuit to increase the resonance frequency. 
This so called „bottle-neck" is shown as part A in fig.2.. 
A SuperCompact" simulation of the anode resonator with 
this device gave the required frequency and agreed well 
with a model made out of aluminum-sheet-covered poly- 
foam. The A/4 resonance of the circuit simulation and the 
model-measurement was within 1%, while the calculated 
3/4 X resonance of about 570 MHz was measured to be 
590 MHz. The separation of the 3/4 A. resonance from the 
third harmonic promised the low harmonic spectrum later 
reached in operation. 
The third measure was a transformation of the 50 Q load 
of the cavity (or a dummy load) to about 25 Q at the out- 
put-coupling-loop by adjusting the location of a polyeth- 
ylene filled part of the output coaxline. 

3  POWER-SUPPLIES 

All the controllable output power supplies for the two 
tetrodes , filament, gl, anode and g2 were built using 
primary variable-ratio transformers. Apart from the high- 
current filament transformers and the anode power-part, 
all other supplies were housed in modular plug-in units. 
The gl voltages of driver and final stage are switched 
between two sources from a C working point to A/A-B 
during the rf-pulse by a high voltage power-mosfet tran- 
sistor, while another one acts as an electronic load for the 
gl-current. 
The crowbar system of the anode supplies is a modified 
fail-save GSI development which fires the ignitron at a 
preset anode-current without any electronic-circuit[3]. 

4   CONTROL AND MEASUREMENT EQUIPMENT 

A programmable SIMATIC (SPS 105U) controls all the 
necessary command, status and interlock signals with 320 
possible inputs and outputs. It stores all errors and also 
acts as an interface to the CERN remote-control. 
A local alphanumeric read-out (COROS), connected to 
the SIMATIC, gives the present status and the last error- 
codes and can be used for statistic records. 
The main-software for the SIMATIC was written by GSI 
while the COROS program was provided by 
BERTRONIX. 
The transmission of more than 20 analogue signals is 
made via optical-fiber, digitized with a sampling rate of 
250 kHz, to a separate plug-in, where video signals of all 
pulsed currents and rf-powers are provided. 
This plug-in also limits all directly measured and derived 
values to their allowed levels, partly by analog feedback 
to the amplitude-regulator, partly by a reduction of the 
pulse-length and with the help of the SIMATIC. 
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5   PARASITIC MODES AND EMC 

One main problem was to get rid of a parasitic mode at 
1050 MHz, which the RS2054SK produced in the final 
stage's geometry. It was probably the „bottle-neck", fac- 
ing closely the anode-screengrid-ceramic which prohib- 
ited sufficient radiation out of the tube at this frequency. 
By this the Q-value of an internal circumference reso- 
nance increased, producing self oscillations at higher 
anode dc-currents, especially, when the tube was pulsed 
to the A-working point without rf-drive. About twenty 
different measures were tried to damp these oscillations. 
Resonant loaded loops were integrated in the anode cir- 
cuit, the „bottle-neck" was partly filled with ferrites, us- 
ing the design of an earlier GSI-patent (fig.4), ferrites 
were located between gl and g2 and polyethylene rings 
with different ferrite mixtures were mounted between 
anode-ceramic and the „bottle-neck" at different dis- 
tances. One of the last measures produced the highest 
damping and together with a timed dc-gridpulse in rela- 
tion to the rf-drive, trouble-free operation was obtained. 

from 108.4 MHz UNILAC single-gap-cavities, modified 
to 101.28 MHz. Along with modified driver- and final- 
anode-power supplies these units were sent to CERN 
within about three months. They were assembled by 
CERN and GSI personnel and operated satisfactorily until 
the last BERTRONIX amplifier was installed and all 
spare units of the new amplifiers were tested successfully. 

7 LOW LEVEL RF AND CONTROL CIRCUITS 

The low level rf was based on the existing system of the 
CERN LINAC 2, modified for 101 MHz (fig. 5). 
The fundamental frequency of 101.28 MHz is distributed 
by equal length, minimum phase drift coaxial cable to the 
low level equipment of each rf chain. The return tank 
signal is carried by the same type and length of cable to 
keep temperature dependence as low as possible (calcu- 
lated phase drift for the linac length has been estimated as 
< 0.1° per °C). The very stringent 0.3° phase-stability 
specification imposed by the use of the IH structures 
required the development of a new high- resolution elec- 
tronic phase shifter in the reference line of each rf chain. 
The final design is adjustable in 0.1° steps and has an 
overall stability of < 0.3°. 

fig.4 Ferrite loaded „bottle-neck" 

As these procedures were very time consuming, the rf- 
radiation of the amplifier in respect of the new EMC- 
standards was measured in parallel. The limits of the 
allowed radiation levels were reduced by about 20 dB 
during the project lifetime. Standard EMC-racks were no 
longer sufficient. Many parts had to be connected by 
additionally welding and sealing. Also the anode-voltage 
filter of the final stage had to be redesigned to meet the 
new requirements besides several smaller improvements. 
The final result regarding EMC was that measurements, 
done by an external „competent body" could not identify 
the radiation of the amplifier at 10 meter distance from 
the building at a total distance of about 16 meters. 

6   TEMPORARY LOAN AMPLIFIERS BY GSI 

All the described additional necessary work led to a sig- 
nificant delivery delay. To avoid an unacceptable delay to 
the beginning of the operation of the otherwise completed 
LINAC 3, GSI provided temporarily two amplifier-chains 

fig 5. RF control layout 

Each amplifier chain is remotely controlled by means of a 
local G64 rf chassis linked to a VME Device Stub Con- 
troller. This chassis contains analogue and digital inter- 
face cards and also some local intelligence. Its main 
functions are to supply and acquire the cavity reference 
voltage, its reference phase and to interface to the 
SIMATIC SPS 105U. Additional sampled analogue sig- 
nals allow the rf performance of each amplifier stage to 
be monitored. This immediately highlights any perform- 
ance degradation due to failing tubes etc.. 
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Abstract 

It has been reported at EPAC-96 Conference on success- 
ful experimental results on achievement of 100 MW out- 
put rf power in a wide aperture, 15 mm, high gain, 80 dB, 
14 GHz VLEPP klystron with distributed suppression of 
parasitic oscillations [1]. This report presents design of an 
electrodynamic structure of the X-band klystron for linear 
collider with a higher efficiency up to 54 % to be achieved 
at the same parameters of the electron beam (U = 1 MeV, 
/ = 250 A, emittance 0.05-7T cm-rad). Design rf output 
power of the klystron is equal to 135 MW. 

1    INTRODUCTION 

The cost of RF power system will constitute significant 
fraction of the total cost of future linear collider. Appro- 
priate design of the klystron can reduce this cost. The fo- 
cusing system of the klystron should be based on perma- 
nent magnets to reduce operational cost. The power gain 
of the klystron should be high enough to provide an op- 
portunity of using cheap semiconductor devices as master 
amplifiers. The requirements to the quality of the driving 
electron beam should also be reduced in order to simplify 
the design of the gun and the modulator. 

2    PARAMETERS OF THE KLYSTRON 

A prototype of a high efficiency and low cost X-band 
klystron is developed by the collaboration of the BINP 
(Protvino) and JINR (Dubna). Parameters of the klystron 
are presented in Table 1. Frequency and amplitude char- 
acteristics of the klystron are presented in Figs. 1 and 2. 
Design output rf power is equal to 135 MW. High gain of 
the klystron, 83 dB at saturation, will allow to use low pow- 
erful, 0.6 W, semiconductor master amplifier. The klystron 
has large aperture of drift tubes, 15 mm (a/A = 0.7) which 
will allow to use relatively low quality driving electron 
beam from a gridded electron gun. 

Focusing system of the klystron is designed on the base 
of permanent magnets. Output rf system of the klystron is 
designed to obtain maximal efficiency at reduced value of 
maximal surface electric field. 

3   BUNCHER 

3.1    The choice of the aperture 

An increase of the drift tube diameter simplifies the prob- 
lem of beam transport. On the other hand, a risk of self- 

Table 1: Parameters of 135 MW VLEPP klystron 

General parameters 
Beam voltage lMeV 
Beam current 250 A 
RF frequency 14.0 GHz 
Power gain 83 dB 
RF peak output power 135 MW 
Efficiency 54% 

Focusing system 
Type of magnets Permanent 
Max. magnetic field 0.4 T 
rms magnetic field 0.28 T 
Period 64 mm 
Number of periods 14.5 
Acceptance 0.17T cm-rad 

Buncher 
Drift tube diameter 15 mm 
Length of drift section 52 mm 
Number of drift sections 10 
Length of cavity 12 mm 
Number of cavities 11 
Mode of operation IX 

Q-factor of loaded cavity 830 
Max. surface field strength 300kV/cm 

Output structure 
Design expanded conic 
Mode of operation 7T/2 

Number of cells 22 
Length 110 mm 
Aperture 15 mm to 20 mm 
Max. surface field strength 700 kV/cm 
# of power outputs 2 

excitation of the system is increased. From this point of 
view, several cases can be identified. 

1. The diameter is smaller than the cut-off value for the 
modes with frequencies less than the double operating 
frequency. This diameter is a standard choice. At the 
frequency of 14 GHz the diameter should be less than 
6.28 mm. 

2. The diameter is less than the cut-off value for the op- 
erating frequency. At the frequency of 14 GHz the 
diameter should be less than 12.56 mm. The diameter 
of the klystron under development at BINP is equal to 
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11 mm [2, 4]. In this device the self-excitation occurs 
at frequencies higher than 16 GHz when the beam cur- 
rent is higher than 100 A. 

3. The diameter is larger than the cut-off value for TE- 
modes (overmoded channel) and less than the cut-off 
value for TM-modes. At the frequency of 14 GHz 
the drift tube diameter should be in the range from 
12.56 mm to 16.4 mm. The klystron described in this 
paper belongs to this range. 

Positive feedback for TEn leads to the self-excitation of 
parasitic oscillations near the operating frequency when 
the drift tube diameter is larger than the critical value for 
TE-modes. Another mechanism of self-excitation is con- 
nected with the synchronous interaction between the elec- 
tron beam and TEn mode field (beam velocity is approx- 
imately equal to a phase velocity of a wave). At the fre- 
quencies higher than the critical value for TM-modes there 
is a risk to get an additional excitation due to these modes. 

3.2   The choice of the cavity parameters 

The choice of the cavity parameters has been defined by the 
following suggestions: 

1. At a low beam microperveance of 0.25, the Q-factor 
of loaded cavity is still high, Q = 830. To provide 
amplification bandwidth up to 40 MHz, it is necessary 
to have several intentionally detuned cavities. 

2. A low beam perveance, a large diameter of the channel 
and large transit time factor reduce amplification in the 
cavity. Due to these reasons the number of the buncher 
cavities should be larger than six. 

3. To maintain optimized beam bunching at the beam 
voltage of 1000 kV, the bunching field should be dis- 
tributed over several cavities. The requirement to 
keep the field strength on the cavity surface below 
300 kV/cm threshold requires to have at least 3 out- 
put cavities. 

4. An optimal length of the klystron is about 100 cm. On 
the other hand numerical simulations shows that an 
increase of the klystron length from 70 cm to 100 cm 
leads to the efficiency increase less than 5 %. 

Due to these reasons the bunching unit length in our 
klystron is equal to 70 cm and the number of the cavities is 
equal to 11. 

To improve the bunching characteristics of the klystron 
the cavities of the wide aperture buncher are designed as 
two-gap 7r-mode cavities which provide better transit time 
factor. 

One more detrimental factor of the larger diameter of the 
drift tube is the dependence of the bunching properties of 
the cavity on the radius of the electron beam. This circum- 
stance might have a strong effect in the case of a nonrela- 
tivistic beam. In our case, however, the dependence on the 

_b.O -1Ö.0    0.0      10.0    20.0    30.0     40.0     50.0 
DF=Foperct-14000,   MHz 

Figure 1: Frequency characteristic of the klystron. 

0.0      0.2       0.4      0.6      0.8       1.0       1.2       1.4       1.6 
Input Power. W 

Figure 2: Amplitude characteristic of the klystron. 

radius is reduces significantly because of using relativistic 
beam [6]. 

4   FOCUSING SYSTEM 

Focusing system of the klystron is designed on the base 
of permanent magnets. The magnetic field has been calcu- 
lated with two-dimensional codes and measured afterwards 
in a real device. The electron beam transport through such 
a system has been optimized using numerical simulations 
taking into account angular spread of the electron velocities 
and the space charge fields. The results of these simulations 
are presented in Fig. 3. 

5   OUTPUT STRUCTURE 

The design of the output system has changed with respect 
to previous one [3]. At present it is manufactured in a 
form of a segment of expanding conic diaphragm waveg- 
uide with the mode of oscillations close to 7r/2. The aper- 
ture of the output structure is increased from 15 mm at the 
entrance up to 20 mm at the exit. Such a design correspond 
to higher impedance and higher efficiency, up to 54 % (pre- 
vious design provided efficiency of 44 % [3]). 
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Figure 3: Magnetic field of the klystron and numerical sim- 
ulations of the electron beam transport. 

Symmetrical design of two rf power outputs improves 
conversion efficiency of operating TM-mode of the output 
structure into TE-mode of the output waveguide. To pre- 
vent penetration of the if field to the electron beam collec- 
tor, the transit section between the power output and the 
collector is installed. It has appearance of a segment of an 
irregular diaphragm waveguide with the suppression band 
of the filter at the frequency of 14 GHz (plug-type filter). 

To increase the reliability of the klystron, the elements 
of the output structure where the electric field strength ex- 
ceeds 300 kV/cm are manufactured of stainless steel. The 
surfaces of the stainless steel insertions are strengthened 
mechanically and shined. We suppose that such a technol- 
ogy will provide a safe margin of operation up to maximal 
electrical field strength on the surface of 700 kV/cm. 

6    SUPPRESSION OF PARASITIC OSCILLATIONS 

To suppress parasitic oscillations we use the technique of 
RF absorbing insertions installed inside the drift tubes [4, 
7]. We have studied several methods to obtain absorbing 
materials. Investigations have shown that glass-carbon and 
"SiC" materials are more suitable for this applications. 

Such a distributed suppression filter provides significant 
attenuation of the parasitic modes and does not perturb the 
klystron operating mode (see Fig.4). Operating experience 
has shown that materials do not affect vacuum conditions 
and are stable to the heat and radiation load. Investigations 
of the beam dynamics have not shown any evidence of re- 
sistive instabilities of the beam [8]. 
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Figure 4: Integral frequency characteristic of the dis- 
tributed suppression filter composed of ten RF absorbing 
drift tubes (1 - Hn-mode and 2 - Eoi-mode). 
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LARGE-SIGNAL KLYSTRON SIMULATIONS USING KLSC 
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Abstract 

We describe large-signal klystron simulations using the 
particle-in-cell code KLSC. This code uses the induced- 
current model to describe the steady-state cavity 
modulations and resulting rf fields, and advances the 
space-charge fields through Maxwell's equations. In this 
paper, an eight-cavity, high-power S-band klystron 
simulation is used to highlight various aspects of this 
simulation technique. In particular, there are specific 
issues associated with modeling the input cavity, the gain 
circuit, and the large-signal circuit (including the output 
cavities), that have to be treated carefully. 

1 INTRODUCTION 

We have recently developed a new large-signal klystron 
simulation code, KLSC. KLSC is a particle-in-cell code, 
and represents a significant advance over previously 
available simulation tools [1,2], which tended to use 
point-by-point space-charge forces, and were thus limited 
to less than a hundred simulation particles. In addition to 
the limitation on the number of particles, these codes also 
assumed that the space-charge fields could be solved 
electrostatically in some beam frame of reference, which 
is certainly not true when the beam is in the output cavity 
and there is a large energy spread. KLSC uses a uniform, 
rectangular mesh to calculate the space-charge fields, and 
advances the fields according to the Maxwell curl 
equations [3]. Particles travel along this mesh, being 
pushed by the Lorentz force equation. A charge- 
conserving algorithm is used to evolve the space-charge 
fields, where the current is determined from the particles' 
motion on the mesh. The cavity rf fields are 
superimposed on this mesh (the field distribution is 
provided by the code SUPERFISH), and superposition of 
both the space-charge and rf fields is used to determine 
the particle motion. This separation of the rf and space- 
charge fields is allowable; the only approximation that 
arises is that the boundary condition on the space-charge 
mesh does not include the cavity gaps and shapes around 
the cavity noses. The particle motion is used to calculate 
the driven modulation of the rf cavities. An iteration 
scheme is then used to converge on an rf field amplitude 
that leads to a self-consistent particle motion. 

There are three separate regimes of large-signal 
klystron simulation, each with distinct simulation issues. 
These are the input cavity, the gain circuit (the cavities 
providing the gain from the small-signal amplitude in the 
input   cavity   to   the   large-signal   amplitude   in   the 

penultimate and output cavities), and the large-signal 
circuit  (the  penultimate   and   output cavities). 

TABLE 1: Operating Parameters 

Operating frequency 3 GHz 
Beam current 796 A 
Beam voltage 720 kV 
Input power 3.5 watt 
Output power 310 MW 
Efficiency 54% 

The difficulties in the input cavity and the gain circuit are 
due to numerical stability of the iteration procedure. The 
iteration scheme is more straightforward for the large- 
signal circuit, and the issue here is the self-consistent 
simulation of multiple coupled output cavities. 

In the next section, we will describe the induced 
current model used as a basis for the self-consistent 
calculation of the rf cavity field amplitudes, and the 
iteration schemes available for determining the self- 
consistent parameters. Following that, we will use a 
simulation of a high-power, S-band klystron, designed by 
MDS Company, to describe features of the simulation 
technique. First, we will present the model describing the 
input cavity's interaction with both the external drive and 
the electron beam, including the required input power as 
a function of input cavity loaded and unloaded Q and 
resonant frequency. Then, we will describe the 
calculation of the gain circuit, comparing the cavity 
modulation to that predicted by using the beam 
impedance in parallel to the cavity impedance. Finally, 
we will demonstrate the code's ability to handle multiple 
penultimate and output cavities, with three penultimate 
and two coupled output cavities. The nominal beam and 
cavity parameters are shown in Tables 1 and 2. 

TABLE 2: Cavity Parameters 

Cavity Resonant 
Frequency 

Shunt 
Impedance 

R/Q Voltage 

1 3015 MHz 351 kQ 124 Q 709.3 V 
2 2991 351 117 18.4 kV 
3 3009 351 115 195 
4 3330 432 144 182 
5 3350 435 145 265 
6 3420 450 150 310 
7 894 
8 1211 
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The first cavity is the input cavity. Cavities two and 
three are for gain and constitute the gain circuit. Cavities 
four through six are penultimate cavities, and, along with 
cavities seven and eight (the output cavities), make up the 
output circuit. Cavities seven and eight are coupled, with 
impedances Z„ = (14.1+/569) Q, Z78 = Z87= (175-;5.3) Q, 
andZ„=(2315-;'67.2)Q. 

2 CAVITY/BEAM-INTERACTION MODEL 

In Fig. 1 we see the circuit model for a cavity. The cavity 
impedance, Zcav, is given in terms of the cavity shunt 

impedance R, the cavity resonant frequency     /0, the 

operating frequency / , and the cavity RIQ factor by 

1 1     . 

/o f. 
1 

R/Q 

There can also be some coupling to an external drive, 
which is not shown. The gap voltage is given by 

•gap : ^cavh 

where I, is the current in the cavity circuit due to the 

beam, usually known as the fundamental component of 
the beam induced current. The instantaneous induced 
current iind (t) is given by Ramo's theorem [4], 

J(t)-E(t)dV 

Hnd(t) = - 
'gap (0 

where the space-charge current is given by J , the electric 

field E is only from the cavity rf fields, and the integral 
is taken over the entire cavity volume V. The 
fundamental component of the induced current is defined 
by the expansion 

iind (t) = i0 + i, cos(of + fa) + i2 cos(2fitf + ^)+... 

This set of equations (along with the Lorentz force 
equation for the particle motion due to the rf cavity 
fields) fully represent the self-consistent solution to the 
cavity excitation. The iteration scheme in KLSC is based 
on guessing a cavity voltage, pushing the electrons for an 
rf period, evaluating the fundamental component of the 
induced current, and re-evaluating the cavity voltage. 
If the re-evaluated cavity voltage is sufficiently close to 
the guess, the solution is considered to be self-consistent. 
If not, this procedure is iterated, typically using a 
weighted average of the newly calculated cavity voltage 
and the original guess as the guess for the next iteration, 
until a self-consistent solution is reached. The weighting 
factor is called the relaxation factor. 

Figure 1. Beam/cavity interaction circuit 

3 INPUT CAVITY 

For the input cavity, we wish to calculate the input power 
drive required to establish a certain field amplitude. We 
could use the iterative procedure outlined above to find 
the effect of the induced current in the input cavity, but it 
does not typically converge (because the induced current 
counters nearly all of the input drive and thus small errors 
in the cavity voltage guess will lead to very large 
fluctuations in the re-evaluated cavity voltage). 
However, the procedure to find a self-consistent solution 
is straightforward for this cavity. The effect of the 
induced current is to establish an effective beam 
impedance, Zbeam, which acts in parallel with the cavity 

impedance. This beam impedance can be found by 
numerically calculating the induced current for a given 
cavity modulation - the induced current only depends on 
the cavity modulation and not on the cavity impedance 
itself. The beam impedance is then given by the cavity 
voltage divided by the fundamental component of the 
induced current [5]. The power required from the 
generator is 

I |2 

■>* 

WP\ 

KM i- 
V + ß)Zbeam 

where the cavity-input waveguide coupling is given by 
ß=Z0Zcav/(2rf)2 M2, and where   Z0   is the input 

waveguide characteristic impedance and M is the mutual 
inductance between the waveguide and the cavity. The 
cavity Q loaded by the input waveguide is given in terms 
by the coupling and the unloaded cavity Q,   Q0, by 

Ö; = Qn 7~v • If the cavity is matched (no reflected 
'    ^l + Re^) 

power), the power from the generator is given by 

P;„ = gap 

''beam 

7     7 cav    beam 

The input is matched if the cavity detuning is 

fo-f        R/Q 
—J = - ~Y~Im(1' Zbeam ) 

and the externally loaded cavity Q is 
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Q, = fio ■ /, 
l + Re -'beam 

\ -'beam 

4 GAIN CIRCUIT 

The relaxation iteration scheme outlined in Section 2 also 
does not work well for the high gain cavities, for the 
same reason as for the input cavity. However, we cannot 
now simply use the beam impedance in parallel with the 
cavity impedance to find the cavity modulation - the 
cavity modulation directly affects the current modulation 
driving the cavity. For this case, the particles' motion 
must be simulated through the cavity and the induced 
current calculated. Instead of using relaxation to 
determine a new guess for the cavity voltage, the 
derivatives of the voltage equal to the induced current 
times the cavity impedance with respect to both the real 
and imaginary part of the guess voltage is found, and a 
new voltage is predicted. This two-dimensional Newton- 
Raphson approach is needed because the function defined 
by the induced current times the cavity impedance is not 
analytic. 

The resulting self-consistent cavity voltage is 
somewhat different than would be found by simply 
assuming that the cavity and beam impedances were 
driven by the input current modulation. For the second 
cavity in this example, the self-consistent voltage is 18.35 
kV, with a phase of 2.73 radians. Using the simple beam 
impedance approximation (and the induced current in the 
second cavity due only to the fields in the first cavity), 
one would have guessed that the cavity voltage should be 
22.6 kV, with a phase of 2.96 radians. The error in the 
magnitude is from correlations between the induced 
current arising from the two cavities, and the error in 
phase is from the fact that there is no external drive 
power and the power in the cavity must come from the 
beam itself. 

5 OUTPUT CIRCUIT 

The output circuit, defined by the penultimate and output 
cavities, is comparatively simple to simulate. The 
relaxation iteration scheme works well for these cavities 
(the induced current is not drastically modified by the 
fields within the cavities themselves). 

In Fig. 2, we plot the axial electric field at the center 
of the beam as a function of time at an axial location 
roughly between the output cavities. We see the axial 
field has reached steady-state after about 40 rf cycles, and 
that the higher harmonic fields are slipping in phase 
relative to the fundamental, due to the relatively large 
beam pipe. In Fig. 3, we plot the instantaneous current as 
a function of time at the same axial location. The beam is 
clearly well-bunched (the induced current in the output 
cavities is about 80% of the average beam current). The 

gentle exponential rise of the current is also evident at the 
beginning of the plot. In Fig. 4, we plot the particles' 
yßz  as a function of axial position, at the end of the 

simulation. For this simulation, the first output cavity is 
centered at 1.1 m and the second at 1.14 m. The 
bunching and energy extraction is clear in this plot. 

Figure 2. Axial electric field versus time in the output circuit. 

. ^ >.*.-.' -. \.vvvvVcvVvv^v\ 

Figure 3. Current modulation versus time in the output circuit. 

Figure 4.   Particle yßz versus axial position at the end of the 

simulation. 
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RIPPLED-BEAM FREE-ELECTRON LASER 
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Abstract 

We describe a new microwave generation mechanism 
involving a scalloping annular electron beam. The beam 
interacts with the axial electric field of a TM„n mode in a 
smooth circular waveguide through the axial free-electron 
laser interaction, in which the beam ripple period is 
synchronous with the phase slippage of the rf mode 
relative to the electron beam. Due to nonlinearities in the 
orbit equation, the interaction can be made autoresonant, 
where the phase and amplitude of the gain is independent 
of the beam energy. 

1 INTRODUCTION 

In this paper, we will introduce a new amplifier 
interaction mechanism between an annular electron beam 
and a fast-wave rf mode in a smooth waveguide, in which 
the electron beam is radially rippled to establish 
synchronism. There is a uniform, axial magnetic field, 
and the beam ripple is caused by injecting the beam either 
displaced from its equilibrium position or with some 
initial radial velocity. The rf mode profile is unperturbed 
in the interaction region, leading to a smooth transition 
between the input signal and the growing mode and also 
between the growing mode and the output signal. The 
beam interacts with the axial electric field of a mode with 
a phase velocity greater than the speed of light and is 
bunched axially, and thus this interaction is in the class of 
the axial free-electron laser. We demonstrate this 
interaction in Fig. 1, where a TM02 mode is used and the 
beam oscillates about the radius where there is a null in 
the axial electric field. Assume that the axial electric 
field opposes the electronic motion at position A, where 
the electron is at a radius greater than the null of the axial 
field. As the electron travels to the right, the rf phase 
slips by because the phase velocity is greater than the 
speed of light. At position B, the electron is now at a 
radius less than the null of the axial field. If exactly one- 
half of an rf wavelength has slipped by the electron, the 
axial field at this location will also oppose the electronic 
motion, and a synchronous interaction between the 
electron and the rf will be established. The single-particle 
synchronism equation, 

^. (1) 

position A 
axial electric field null 

CO CO 

Cßz 

is exactly the same as for all FEL interactions (where a 
is the radian mode frequency, c is the speed of light, ßz 

is the electron's axial velocity normalized to the speed of 
light, v   is the phase velocity of the rf mode, and Ar is 

position B 

orientation of the electric field 

Figure 1. Rippled beam interaction, showing single 
electron synchronism. 

the period between ripples). The resonant axial electric 
field seen by an electron at an arbitrary phase is given by 

Ez = AkcKJl (kcr0) cos(krz) cos(krz + $)    ,   (2) 

where the mode has a maximum on-axis axial field 
strength of A, kc is the mode's radial wavenumber, tc is 

the maximum ripple amplitude,   r0   is the equilibrium 

annulus    radius,     kr     is    the    ripple    wavenumber 

(kr =2KI Xr), and ^ is the relative phase between the rf 

and the electron. For an intense electron beam, Eqn. (1) 
is somewhat modified by the effects of the axial space- 
charge forces between particles; we will derive the more 
general dispersion relation in Section 3, which we will 
then use to numerically calculate the growth rate of the 
mode in Section 4. Note that this interaction vanishes on 
axis, and is only suitable for an annular electron beam. 
This interaction shares some features with the cyclotron 
autoresonance maser (CARM) interaction [1]. In 
particular, we will see that due to the inherent 
nonlinearities in the orbit equation, the rippled beam 
interaction can stay in resonance as either the axial 
magnetic field or the beam energy is changed, 
demonstrating autoresonance characteristics. 

2 ORBIT EQUATIONS 

The radial equation of motion of the center of an annular 
beam in a uniform axial magnetic field is 

m—yr = e 
dt' V 

-eveB + ym— (3) 

where  a dot refers  to  a time derivative,   y   is  the 

relativistic mass factor, m and e are the electronic mass 
and charge, respectively,  Er is the radial space-charge 

force at that point, y * is the effective relativistic mass 

factor     from     the     beam's     axial     velocity     only 
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Y* = (l -ß2)      ) > ve is the azimuthal velocity of the 

center of the annulus, B is the total axial magnetic field. 
We assume that the radius of the annulus center is very 
close to an equilibrium radius r0 , and can be written as 

r = r„ + or. 

After reducing Eqn. (3) [2], the equation for the 
equilibrium radius becomes 

>+JiF+ A?" 

the waveguide times $, and ß2 is the square of the 

reduced plasma wavenumber, given by 

1 AY PZ       » 
(10) 

where rw is the wall radius, Xo is me geometrical factor 

I0 (hr0 )(K0 (hr0 )I0 (hrw) - K0 (hrw)I0 (hr0)) /10 (hrw) In y 

2      7,2 (4)      and/zz=OT)z-/c'. 

where IA = Ansmc* I e ,  f  is the injection radius, and 

b = (ycm/eB)2411I Ayy *2 ßz.  The radial displacement 

from the equilibrium orbit is then to lowest order 

j 

Sr = Ke 

'*$ +r\i2 
ymr0 

(5) 

where K is the maximum orbit displacement and <j> is the 

phase of the oscillation. The ripple period is given by 

Xr = 2neßzymr2 I eB^{r* + r4)/2 . The average axial 

velocity is 
1        ~2      02 

Y 
where the rms azimuthal velocity is 

-       eB 
ße = cmy 

and the rms radial velocity is 

K\ —+ COS2(^) 

1/2 

-       eB       1 
ßr= 

K
~JT cmy    V2 

(6) 

(7) 

(8) 

3 SINGLE MODE DISPERSION RELATION 

We can use standard techniques to derive the single mode 
dispersion relation [2,3,4], which becomes 

{(ße+jr)2
+(r>+k%>X(r-jkr)

2
+ß?) 

+ 2ß?C3 
(k2+T2) ,   (9) 

= 0 

where C is Pierce's gain parameter, defined by 

C3 = Kße 12R0ß\, T is the exponential growth rate of 

the mode (all rf terms vary as e~Tz), ße=a>/cßz, 

k=colc,    ßx=colvp,    kc    is   the   mode's   cutoff 

wavenumber, R„ =2y3m(cßz)
2 lei, K is the peak 

magnitude of the synchronous electric field (Eqn. (2)) 
squared divided by the product of four times the power in 

4 NUMERICAL EXAMPLES 

In this section, we present some examples in which we 
numerically solve Eqn. (9) along with the orbit equations. 
For our nominal case, we will assume a 4.5-kA, 650-keV 
electron beam with an annulus radius of 2.9 cm in a 
waveguide with radius 3.37 cm. A 17-GHz rf signal in 
the TM02 mode will have a cutoff wavenumber of 

kc = 163.8 m"1 in this waveguide, with an axial 

wavenumber of ß = 316.4 m"1. We will additionally 

assume that there is an inner conductor in the waveguide, 
located at the radius of the first axial electric field null of 
the TM02 mode (at 1.47 cm), which will not affect the 
mode pattern, but will reduce the power required for a 
given field strength. For a TM02 mode with on-axis 
amplitude A, the power required in the mode is 

Pre   = A26.43(l0~7) watts.  The space charge term used 

in the dispersion relation is ß2 = 0.00358 / ßz. 

Our nominal case will be a 10% ripple with a period 
of 5.19 cm (an axial field of 0.40 T). This ripple period 
and ripple amplitude leads to a gain of about 26 dB per 
meter of interaction.   We plot the normalized electronic 

admittance    {itfC* I((& + ;T)2 +(r2 + k2)ß2^)     in 

Fig. 2, along with the normalized circuit admittance 

[-(ir-jkrf+ß2\2/(k2+T2)), as a function of 

jT (the dashed line is the circuit admittance and the solid 

line is the electronic admittance). The dispersion relation 
is satisfied where these two curves meet, in which case T 
is purely imaginary (there is no gain). Since the 
dispersion relation is quartic, there will always be four 
roots, and in order to have gain, there must be only two 
intersections between these two curves (as in Fig. 2). In 
order to have a root with gain, as the circuit admittance 
crosses the jF axis, it must pass through the left gap 

where the electronic admittance separates due to the slow 
space-charge wave [3]. With small ripple amplitudes, we 
can change the detuning by varying the axial magnetic 
field; by increasing the magnetic field, the ripple 
period 
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Figure 2. Normalized electronic admittance (solid line) 
and normalized circuit admittance (dashed line) as a 
function of jT. 

decreases, and the ripple wavenumber  kr   increases, 

making the detuning more negative and shifting the 
circuit admittance curve more to the left. As the 
magnetic field is increased, the average axial velocity 

also drops, making both ße and ßq larger, and moving 

the slow space-charge wave gap in the electronic 
admittance also to the left. For large ripple amplitudes, 
the movement in the electronic admittance is larger than 
the movement in the circuit admittance, and for 
sufficiently large amplitudes, the slow space-charge wave 
gap is always further to the left than the lowest zero- 
crossing of the circuit admittance, and there is no 
resonance. Because the amount of space-charge 
determines the separation between the slow and fast 
space-charge wave gaps, this effect increases as the beam 
current is increased. 

There is a peculiar regime in between these 
extremes where the movements are matched, and there is 
resonance for a very large range of axial magnetic fields 
and resulting ripple periods, and where a beam will stay 
in resonance as it loses energy to the rf field. 

In Fig. 3, we plot the gain per meter of interaction 
length as a function of the applied axial magnetic field, 
for a 10% ripple amplitude. There are two regions of 
gain - one with a field ranging from 0.38-0.42 T, and a 
second, more narrow region at a field of about 1.05 T. 
Resonance is established in the first region with a fairly 
high ßz, where the axial field effectively only modifies 

the ripple period. Resonance is established in the second 
region with a relatively low  ßz   (< 0.5), where the 

increasing axial field mostly increases the space-charge 

wavenumber ßq . 

At 22 kA (Fig. 4), the zero-crossing of the electronic 
admittance and the gap in the electronic admittance due 
to the slow space-charge wave are cotangent at a 
magnetic field of about 0.7 T.   This is the condition of 

auto-stable resonance, and the first derivative of the phase 
and of the amplitude of the gain with respect to energy 
vanish here. 
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Figure 3.   Gain of nominal case as a function of axial 
magnetic field, 10% beam ripple. 
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ANNULAR-BEAM, 17GHz FREE-ELECTRON MASER EXPERIMENT 
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Abstract 

Experiments have been conducted on a 15-17 GHz 
free electron maser (FEM) for producing a 500 MW 
output pulse with a phase stability appropriate for linear 
collider applications. The electron beam source is a 1 us, 
800 kV, 5 kA, 6-cm-dia annular electron beam machine 
called BANSHEE. The beam interactes with the TM02and 
TM03 mode Raman FEM amplifier in a corrugated 
cylindrical waveguide where the beam runs close to the 
interaction device walls to reduce the power density in 
the fields. This greatly reduces the kinetic energy loss 
caused by the beam potential depression associated with 
the space charge which is a significant advantage in 
comparison with conventional solid beam microwave 
tubes at the same beam current. The experiment operates 
in a single shot mode with a large number of diagnostics 
to measure power, frequency and energy. 

1 INTRODUCTION 

Future linear colliders require microwave power 
sources in the 10-30 GHz frequency range with output 
powers of at least several hundred megawatts. The 
klystron has historically been the source of choice for 
accelerator applications. For output power levels above 
several hundred megawatts, new approaches are needed 
for microwave power generation. One example is a 
microwave tube based on a large diameter annular 
electron beam instead of the small diameter solid beam 
used in a klystron [1]. More power can be transported in 
an annular beam because the space charge limiting 
current in an annular beam is higher than in a solid beam 
of the same voltage and current. Free-electron lasers and 
FEMs have demonstrated high peak power and extraction 
efficiencies. An FEL or FEM offers the possibility of a 
way to avoid this fundamental power density limitation 
by operating in a higher-order mode in a large microwave 
structure. In 1992, Conde and Bekefi tested an FEM that 
produced 61 MW at 33 GHz at 27% efficiency [2]. This 
tube was driven by a 750 kV, 300 A, 30 ns, solid electron 
beam. FEM phase stability has been examined in detail 
by Carlsten [3] for an axial interaction FEM with an 
annular beam operating in the exponential growth regime. 
Fazio presented a background description of the 
development of the Los Alamos FEM [4]. 

2 EXPERIMENTAL SETUP 

The FEM experimental configuration is shown in 
Fig. 1. The FEM is run on the BANSHEE pulsed power 
electron beam machine which produces the 500-800 kV 
annular electron beam with a stainless steel field-emission 
cathode. The beam has a nominal 2.8 cm radius with a 
thickness of 4 mm. The beam drift pipe has a 3.6 cm 
mean radius. The input microwave pulse to this amplifier 
is supplied by a surplus military magnetron. The input 
pulse is adjustable from 0.3 to 3 (is at a peak power of 
100 kW. The magnetron frequency can be varied from 
15.5 to 17.5 GHz. The magnetron output is coupled from 
WR-62 rectangular waveguide through a six-way power 
divider and fed symmetrically into the circular 
waveguide. This waveguide feed was designed to reduce 
the number of higher order modes which could couple 
into the FEM circular waveguide input section. The input 
section is followed by the rippled wall structure with 15 
ripple periods. The ripple wavelength is 3.5 cm with a 7% 
ripple modulation. After the ripple wall structure is a 
section of cylindrical waveguide which acts as the beam 
dump. A pulsed solenoidal magnet operating at 0.5 T is 
used to confine the beam from the cathode to 10 cm 
beyond the end of the rippled structure. The electrons 
spread after the end of the solenoid and are absorbed on 
the waveguide walls over an area large enough to avoid 
damage. A permanent magnet dipole is located another 
10 cm downstream to prevent any electrons from 
reaching the diagnostics. Two types of diagnostics are 
located in the circular waveguide after the beam dump 
section. The directional couplers are used to measure the 
pulse shape, power and frequency while a calorimeter 
acts as a waveguide load and energy measuring device. 

3 DIAGNOSTICS DESCRIPTION 

Diagnostics were developed for this experiment to 
operate in circular waveguide with a diameter of 7.2 cm 
for frequencies between 12 and 18 GHz. The energy of 
each FEM pulse was measured using a five channel 
circular waveguide calorimeter. Similar calorimeters have 
been developed [5,6] for previous intense pulse 
microwave sources. A cross sectional view of the 
calorimeter is shown in Fig. 2. A novel multi-layer 
absorber for the calorimeter was developed using Contex 
textile sheets from Milliken [7]. An optimized multi-layer 
absorber has an S„ of -20 dB when measured with an 
HP8510   network   analyzer.   The   Contex   sheets   are 
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available in a large range of resitivities  from a few Q/D 
to hundreds of kQ/D. 

The multi-layer absorber was an excellent match 
over a broad frequency range since most of the modes of 
interest had characteristic impedance greater than 300 Q 
which varied slowly with frequency since most modes 
were far from cutoff. The first several sheets are high 
resistivity to reduce reflections. The resistivity is then 
lowered for each sheet. Table 1 shows the resistivities for 
the sheets in the final design of the calorimeter. 

Absorber number Resistivity 

1,2 28 kQ/D 
3,4 16 kQ/G 
5,6 8.5 kQ/D 

7-10 500Q/D 
11,12 70Q/G 

Table    1.    Calorimeter    load    absorbing 
resistivities in order from the input of the device. 

sheet 

The calorimeter contains a sealed air cell with one 
Lucite window for the vacuum on the input side and 
another window seal for the air on the back side. A Setra 
model 239 pressure gauge measures the rise in cell 
pressure due to the increase in temperature of the 
absorbing sheets. The sensitivity of the pressure 
calorimeter was 70 mV/J for a volume of 200 cm3. 

Most of the energy that is deposited on the 
absorbing sheets is located near the thermistors for the 
TM02 and TM03 modes. More than 50% of the energy is 
absorbed by the last two sheets. The last sheet is 
thermally isolated from the rest by a foam insulator. 
Thermistors are placed on the last sheet only. Four 
thermistors located every 90° around the azimuth of the 
absorbing sheet, measure the temperature rise of the 
microwave absorber. The final design of the absorbing 
load used twelve sheets. The thermistors are connected to 
a bridge circuit which provides an output voltage 
proportional to the microwave energy of the FEM. The 
four channel thermistor calorimeter had a sensitivity of 
20 mV/J. 

The pulse characteristics of the FEM were measured 
using three circular waveguide loop directional couplers 
[8]. Each loop directional coupler was optimized for a 
particular mode either TM01, TM02 or TMor The measured 
signals from each of the loop couplers were divided into 
several paths. One path was sent to a crystal detector, 

another path went through a bandpass filter to a crystal 
detector and the third path went to a heterodyne 
frequency measuring circuit. In this way signals from 
different modes and frequencies could be measured 
separately. 

The beam current was measured at the diode and at 
three locations along the beam path using Rogowski 
coils. The magnetron output signal was measured prior to 
the six way divider input section. Three B-dots measure 
microwave signals in the circular waveguide before and 
after the rippled wall section. 

All circular waveguide diagnostics were tested and 
calibrated using a gated 100 W traveling wave tube 
(TWT). A circular waveguide test bed was constructed 
for these calibrations. Various modes could be launched 
in the test bed to measure the diagnostics response. All 
modes were verified using the liquid crystal sheets. 
Power coupled from the TWT into the circular waveguide 
was monitored with conventional microwave directional 
couplers. 

4 EXPERIMENTAL RESULTS 

The FEM experiment has been operated in the 
beam OFF condition to determine a baseline for the 
diagnostics. Both the calorimeter and loop coupler 
measure the coupled power from the magnetron into the 
circular waveguide. The coupled power varies with 
frequency and mode. The six way coupler can excite both 
TM02 and TM03 modes from 15.5 to 17.5 GHz. Power 
coupled into the FEM structure varied with frequency 
from 2 to 25 kW. The drive mode was measured by 
removing the calorimeter and allowing energy to radiate 
out the open waveguide. Liquid crystal sheets with thick 
film carbon absorbers attached, monitor the radiated 
mode pattern in the waveguide. In this way we were able 
to photograph the mode pattern at a given frequency and 
measure the signal from the loop coupler to determine 
power. The mode pattern on the liquid crystal sheet 
displayed the J, Bessel function for a given TM mode. 
The response of the carbon absorber on the liquid crystal 
sheet was power density, which corresponds to E2. Then, 
by installing the calorimeter we could measure the pulse 
energy of the magnetron for approximately 100 pulses 
and determine the peak power. Thus, we were very 
confident of our mode and power level of the drive signal 
to the FEM. 

Initial results from this FEM experiment indicate 
that the amplified signal is concealed by oscillations 
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Figure 1. Cross sectional view of the FEM 
experimental configuration. 

with a larger generated power. Measurements show 
oscillations at 11.2 and 16.4 GHz at power level of a 
few megawatts. Our amplifier would need a minimum 
of 20 dB of gain for the output signal to equal the 
oscillator peak power. We are currently working to 
increase the coupled power from our magnetron which 
would increase the amplifier drive. 

The signals from the calorimeter five channels 
agree within 20%. The measured pulse energies were 
less than 1 J and the resolution for the calorimeter was 
approximately 50 mJ. 
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40 kW. The unwanted oscillations should be reduced 
to the point that amplification can be measured. In 
addition we will explore both TM^ and TMW modes to 
determine mode growth rates. Once we clearly 
measure amplification in the desired mode, we will 
explore parameters to optimize the FEM interaction. 
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Figure 2. Cross sectional view of circular waveguide 

calorimeter. 

5 CONCLUSION 

The initial FEM experiments have been 
completed. The measurements from the diagnostics are 
excellent. We have not been able to measure the 
amplification process due to unwanted oscillations. 

Our plans include reducing the beam current 
below 1 kA and increasing our coupled drive power to 
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Abstract 

The National Spallation Neutron Source (NSNS) system 
has been proposed to dramatically improve the neutron 
capabilities for science applications in the US. The NSNS 
is a fast pulse neutron source that would consist of a 1000 
MeV H- linac, an accumulator ring, a neutron target, and 
an experimental area. Although the NSNS is to be built at 
Oak Ridge, the design responsibility is delegated to five 
US national laboratories, and the Los Alamos National 
Laboratory is responsible for the linac portion of this 
machine, from the output of the radio frequency 
quadrupole (RFQ) accelerator, to the entrance to the 
accumulator ring. In the baseline design, a total of fifty- 
nine klystrons are used to provide the rf power for a 1- 
MW average power beam in the accumulator ring, and a 
1.04 ms pulse length, 6.24% duty factor beam in the 
linac. The frequencies chosen are 402.5 MHz for the RFQ 
and drift tube linac (DTL) portions of the machine, and 
805 MHz for the coupled-cavity DTL (CCDTL) and 
coupled cavity (CCL) portions of the linac. The baseline 
805 MHz klystron is capable of 2.5-MW peak power into 
a flat load, and it contains a modulating anode. The 
backup 805 MHz klystron is cathode pulsed, and has a 5- 
MW peak output power. The modulators for these two 
klystrons are vastly different. The challenges and 
compromises for the two klystrons and their associated 
modulators and RF systems are discussed. The baseline 
design RF system is presented in detail. 

INTRODUCTION 

The klystron is used in most high-power high-energy 
proton accelerators, and so it was the logical choice as the 
RF generator for the NSNS project, which requires over 
104 MW of peak power for 1.04 ms H pulses at a beam 
duty factor of 6.24%. We must add at least 70 (is to fill 
the standing-wave accelerator structures and to lock the 
control loops for the fields in the accelerator. Thus the rf 
power is applied for about 1.1 ms, and the rf duty factor 
is 6.6%. 

A schematic drawing of the 1-MW accelerator 1] is 
shown in Fig. 1, along with a schematic of the 4-MW 
upgrade. 

Layout of the 1 and 2 MW linac 
402.5 MHz 805 MHz 

n- RFQ        -   DTL 

35 keV 2.5 MeV 

J02-5MH; 

Coupled-Cavity Linac 

l 
1000 MeV 

Layout of the 4 MW linac 

805 MHz 

CCDTL    p  Coupled-Cavity Linac \~ 

I 
MeV 1000 MeV 

Figure 1. Layout of the accelerator structures for the 1-, 
2-, and 4-MW NSNS linacs. 

The power applied to the klystron has 100 us rise and fall 
times. Thus, the pulse of power through the klystron will 
be about 1.25 ms long, and the klystrons will have a 7.5% 
video duty factor. This accelerator is to be comprised of 
an RFQ and DTL, operating at a low frequency, and then 
a CCDTL and CCL at an integer multiple of the base 
frequency. NSNS is to be upgradeable, to both 2 MW and 
4 MW of beam power, with a funnel and two parallel 
402.5-MHz front ends for the final upgrade to 4 MW. 
The frequencies chosen are 402.5 MHz for the RFQ and 
DTL portions of the accelerator, up to 20 MeV. From 20 
to 93 MeV, the accelerator is a CCDTL, and from 93 to 
1000 MeV, the linac is a CCL. Both the CCDTL and 
CCL operate at 805 MHz. The amplifier size was chosen 
as 2.5 MW, the maximum power for a long-pulse 
klystron with a modulation anode[2], to minimize the cost 
and maximize the reliability of the rf system. Two 
klystrons will be placed in each modulator, and Fig. 2 is a 
schematic diagram of a dual-klystron-modulator rf 
system at 805 MHz. The schematic diagram for the 
402.5-MHz system is identical, except that only two 
modulators and four klystrons are used for the 1-and 2- 
MW linacs. 

' This research is sponsored by the Division of Materials 
Sciences, DOE, under contract DE-AC05-OR22464 with 
Lockheed Martin Energy Research Corp. 
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Figure 2. Schematic of the RF system with the dual- 
klystron modulator. 

Although Fig. 2 is just a schematic, notice that only one 
switch tube is used. This reduces the capital cost, and 
increases the reliability of the modulator, at the expense 
of a somewhat longer fall time of the cathode current 
pulse, and therefore yields a slightly higher operating 
cost. 

TECHNOLOGY CHOICES 

We have chosen the high main frequency of 805 MHz for 
this project to keep the sizes of the accelerator structures 
as small as possible, consistent with enough stored energy 
in the RF structure. The large cw linacs being proposed 
for tritium production use 700 MHz for their high 
frequency[3], and the Japanese waste-transmutation 
prototype accelerator is proposing[4] 600 MHz for the 
high frequency part of that accelerator. Both machines are 
proton linacs. Klystron vendors indicated that many 
technical solutions are possible for the NSNS project, 
including the conventional klystron, the multiple beam 
klystron (MBK), and higher-order mode inductive output 
tube (HOM-IOT). Only the conventional klystron has 
been used in accelerator work to date, so it was chosen as 
the baseline RF amplifier. Even with the conventional 
klystron, the vendors were not in agreement about the 
most economical and maintainable solution for this 
project. The frequencies of the linac were chosen at 402.5 
and 805 MHz, although it is expected that the minimum 
cost is almost independent of frequency over a wide 
range[5]. The frequency of 805 MHz has been used for 
several pulsed proton linacs, which have used very long- 
lived klystrons. The LANSCE klystrons, at 1 ms, 120 Hz, 
and 1.25 MW have a life of over 80,000 hours, and the 
FermiLab 100-us, 10-Hz, 12-MW klystrons also appear 
to have an excellent life of over 30,000 hours. For 
klystrons with a modulating anode, the opinion is that a 
2.5-MW output power should result in a good rf system 
design. The cathode pulsed klystron, without a 
modulation anode, could be made to much higher power, 
and 5 MW was chosen as a reasonable limit for this 
project[2]. Higher peak powers at this pulse length may 

be possible, but the klystron would require development, 
and this means risk to the program. With the lower power 
klystron, it is entirely feasible to put two klystrons into 
one modulator, but it is much more difficult to do this 
with the 5-MW cathode-pulsed klystron. A schematic 
diagram of a dual 2.5-MW klystron rf system was shown 
in Fig. 2, and the corresponding diagram for a single 5- 
MW klystron is shown in Fig. 3. Both systems can drive 
the same two accelerator modules. The main switching 
element in the 5-MW modulator is a solid state assembly 
made of a series connection of insulated-gate bipolar 
transistors (IGBT), and only the crowbar is a classic 
electron tube. 

Another advantage of the configuration shown in Fig. 3 is 
that all the electronics, except the pulse transformer and 
klystron socket, are in air-insulated enclosures, so the 
amount of insulating oil is greatly reduced compared to 
the circuit in Fig. 2. This has fire safety, cost, and 
maintenance advantages. The capacitor bank in Fig. 3 
stores only about 25% of the energy per peak MW of 
output power, compared to the energy stored per MW in 
the Fig. 2 circuit. The lower stored energy would cause 
much more distortion in the output pulse of the 
modulator, but the bouncer circuit, which contains 
another capacitor and inductor, is triggered so that its 
voltage changes during the pulse, to compensate for the 
capacitor drop. 

Accelerator Section Accelerator Section 
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Figure 3. The solid-state modulator with a 5-MW 
klystron and waveguide splitter system. 

The 5-MW-klystron system has the potential to reduce 
costs, since the 5-MW klystron is much less expensive 
than two 2.5-MW klystrons. However, the 2.5-MW 
klystron would operate at a much lower beam voltage of 
about 110 kV for a 60% efficiency. This klystron voltage 
is in the optimum range for a modulation anode floating 
deck modulator. The 5-MW klystron would operate at 
155 kV for the same perveance and efficiency, and this 
voltage makes it very difficult to make a floating-deck 
modulator. The fields inside the electron guns for the two 
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klystrons are also different, with the higher fields in the 
higher power klystron. The higher-power klystron 
therefore requires a series-type or transformer-type 
modulator, in which the switch transmits the entire pulse 
power. In the floating-deck modulator (in Fig. 2), the 
switch only has to transmit a fraction of the pulse power, 
since only the capacity of the modulation anode is being 
charged and discharged. With the 5-MW klystron, the 
reflected power levels are at a damaging level due to the 
higher forward power, so the system requires a circulator. 
The single klystron would drive two accelerator modules, 
and we feel that since the beam loading will be different 
in each module, we will also require a high-power 
variable-ratio power splitter and phase shifter with the 5- 
MW klystron. With this type of modulator, a single 
power supply is used for each klystron, and this raises the 
capital costs. 

A cost study has given the preliminary results that a 10% 
savings in the rf system are possible with the 5- MW 
klystron, but the modulator is so large that it must be 
repaired in situ, which reduces the availability of the rf 
system. 

SYSTEM DETAILS 

The baseline system has fifty-six 2.5-MW peak, 805- 
MHz klystrons and three active plus one spare 1.25-MW 
peak, 402.5-MHz klystrons for the 1-MW beam. The 
system is easily upgradeable by adding more modulators 
and power supplies for both 2- and 4-MW beams. In the 
latter case, there are six 402-5 MHz and eighty-four 805- 
MHz klystrons required. The pulsed power system is a 
major cost of a pulsed rf system, so two klystrons are 
placed in each modulator. Thus, the baseline 1-MW 
system has two 402.5-MHz modulators and twenty-eight 
805-MHz modulators. All the klystrons have modulation 
anodes, and the modulators are the floating deck type, in 
which only the potential of the modulation anode varies 
to pulse the rf system. Figure 2 shows a schematic 
diagram of this type of modulator, with the two klystrons 
installed. This modulator is small and simple, but heavy 
and oil-filled. Whenever the klystrons or modulator needs 
repair, the entire unit is removed by fork lift and replaced. 

The repair is then done off line. The power supplies for 
the klystrons also can be expensive, and to minimize this 
cost, eight klystrons are to be driven by a single power 
supply, capacitor bank, and crowbar for the 805-MHz rf 
system, and a single supply, crowbar, and capacitor bank 
is to be used for the 402.5- MHz system. The 805-MHz 
klystrons will have a saturated efficiency of 60%, and 
operate at HOkV. 

Since the system is pulsed, the control margin allowance 
is 20% of the rf power, so each klystron will deliver a 
maximum of 2.0 MW to the accelerator module. Methods 
of using adaptive feed forward techniques to reduce this 
margin are being studied. 

FUTURE WORK 

The baseline rf system and the system with the 5-MW 
klystrons will both be designed in more detail so that 
more accurate cost and reliability data can be assembled. 
Early next year, the 805-MHz development effort will 
begin on the baseline 2.5-MW klystrons and their 
modulators. A development contract for an advanced rf 
generator (such as the multiple-beam klystron) will be 
placed. 
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Abstract 

A new scheme of a symmetrically powered relativistic 
magnetron and several methods of localized electron flow 
forming in an interaction region are proposed to increase 
the efficiency of relativistic magnetrons (RM). 

As was reported for many experiments, the efficiency of 
RM is about 10 — 30% and considerably lower than that of 
> 70% for the classic magnetrons. A very important rea- 
son is the effect of nonsymmetric feeding of power from 
one side of a magnetron, which is typical for experiments. 
One-sided powering leads to the axial drift of electrons, to 
the transformation of transverse velocities of electrons to a 
longitudinal one and to the generation of a parasitic elec- 
tron beam which does not take part in energy exchange be- 
tween electrons and waves at all. 

A special driver was designed for double-sided powering 
of RM. The proposed system is compact, rigid and capable 
of reliable operation at high repetition rates, which is ad- 
vantageous for many applications. 

Several smooth-bore magnetrons were tested by means 
of computer simulations using PIC code KARAT. The re- 
sults showed a difference between the dynamics of electron 
flow for one- and two-sided power feeding of the structure 
under test. It was shown that all electrons emitted from the 
cathode are captured inside the interaction region under the 
condition of proper choice of the electrostatic and/or exter- 
nal magnetic field distributions. This situation is practically 
impossible for a one-sided magnetron. 

Design of a driver and computer simulation results are 
presented. 

1    INTRODUCTION 

The high efficiency of "ordinary" classic magnetrons has 
been achieved as a result of intense experimental and theo- 
retical investigations [1]. Relativistic magnetrons, in spite 
of a 20-year history of development, are in an "initial" 
stage. The main purpose of experimental investigations 
was the demonstration of achievement of extremely high 
RF-power [2], [3]. Note that most results were obtained 
using high-current accelerators in existence as drivers, but 
not specialized drivers. 

Actually RM generators were adapted for use with those 
drivers and looked like an additional part to alien drivers. 
However, achieved levels of pulsed power exceeding sev- 
eral GW are attractive, though the efficiency of RM is low 
as compared with low voltage classic magnetrons. 

It appears that one way of increasing the efficiency of 
RM is symmetric powering of RM that suppresses para- 
sitic beam current in the longitudinal direction, i.e., the 

construction of a specialized driver for this purpose. 

2   COMPUTER SIMULATION 

The main idea of symmetric powering is rather clear and 
will not be discussed here. Calculations of beam dynam- 
ics inside a simple model of a smooth-bore RM were car- 
ried out with 2.5-D electromagnetic PIC-code KARAT [4]. 
In Fig. 1 configurations of electron flows inside a coaxial 

SLirple, syimetric time=   2.0 ns 

15.0 

15.0 

Figure 1: Configurations of electron flows for double-sided 
(above) and one-sided powering (below). 

diode with an insertion are presented under conditions of 
symmetric and nonsymmetric powering. In the latter case 
a TEM-wave is launched through the left side of the diode. 
The diode is embedded in a longitudinal magnetic field of 8 
kGs. A maximum voltage of 500 kV and maximum emis- 
sion current of 10 kA were taken in the calculations. 

Fig. 2 illustrates two possible methods of localizing elec- 
tron flow within the interaction region: use of symmetric 

0-7803-4376-X/98 /S10.00 © 1998 IEEE 3141 



sirnple,  si/metr LC,  B-txjnps [ime=    2.0 ns HF output 

0.0 5.0 10.0 
z,   cm beam 

sinple,  st/wnetnc,  E-burps ume=    Z D ns 

15.0 

10.0 
beam 

15.0 

Figure 2: Configurations of electron flows for double-sided 
powering with magnetic bumps (above) and electrostatic 
bumps (below). 

magnetic bumps or electrostatic mirrors on both sides of 
the diode, under condition of symmetric powering. In the 
latter case electrostatic mirrors are formed by curved coax- 
ial electrodes embedded in a longitudinal magnetic field. 

Variation of magnetic field distribution and/or form of 
electrodes permit to form a desirable geometry of elec- 
tron flow. Comparison of characteristics of flows inside 
diodes with magnetic and electrostatic bumps shows that 
the scheme with electrostatic bumps is preferable for RM. 

3   DRIVER 

From our point of view a symmetric induction driver cor- 
respondes to a certain extent the idea of two-sided pow- 
ering of RM. Fig. 3 shows the scheme of such a driver 
integrated with a magnetron. The driver consists of two 
identical sections of LIA (areas 1 and 2 in Fig.3) placed 
symmetrically relative to the magnetron (area 3) and con- 
nected with a magnetron by a common central electrode — 
the voltage adder. Both ends of the central electrode join 
to flanges which are at ground potential. The central part 
of the electrode performs as the RM cathode. Merits of the 
driver are the merits of LIA with a voltage adder. Such a 

magnetic field coils 

Jl I J| 

-I—|- 

1 YlTThr m HH 
I 

Figure 3: Schematic of a driver with a magnetron. 

scheme are broadly used in modern high-current accelera- 
tors (HERMES-III, COBRA etc.). 

RF-power is led out through slots in resonators of the 
magnetron to radial waveguides followed by short match- 
ing sections — transformers of impedance. This scheme 
has been successfully used in experiments with pulsed high 
powerRM[2],[3]. 

4   MELF PROJECT 

To realize the idea of two-sided powering of RM we have 
developed a project of an multipurpose experimental labo- 
ratory facility (MELF) with the following parameters: 

• maximum voltage of 250 kV on a load of 25 
Ohm; 

50 

• pulse duration of 80 ns; 

• 5 induction cells per section; 

• maximum voltage of 50 kV for exciting induction cell. 

4.1    Sections of LIA 

Fig. 4 shows the design of a LIA section. The section con- 

l I      from pulser J 

Figure 4: Section of LIA. 

sists of 5 inductions cells, a short transition section to a 
magnetron region and a mechanism for fastening and align- 
ing the voltage adder. 

Each inductor cell contains two high quality magnetic 
cores made of metglass with a polymer interlayer insula- 
tion of 12-cm inner diameter, 22-cm external diameter and 
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2-cm thickness. With the project parameters given above 
maximum alteration of magnetic induction is as little as 
2.4 T. 

Cores and high voltage inputs are embedded in trans- 
former oil. All metallic parts of the inductor cell are made 
of aluminium. Parts of the transition section to the mag- 
netron region are made of stainless steel to reduce distor- 
tion of pulsed magnetic field. 

4.2   High voltage generator 

As the first step we plan to modify one of the existing 
modulators at the base of a water-insulated, coaxial pulse- 
forming line with a gas switch. 

We have developed and later we are going to construct a 
new compact high voltage generator with a repetition rate 
of several Hz. The key elements of the generator are fast 
capacitors with internal circuits forming quasirectangular 
pulses of ns-duration. We have chosen the following pa- 
rameters of industrially produced capacitor-shaper: 

• 80-kV charge voltage; 

• 1.7-Ohm impedance; 

• 80-ns duration of output pulse; 

• 28-nF overall capacitance. 

Fig. 5 shows the scheme of the generator. This approach 

10 coax cable out 
trig in 

10 coax cable out 
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Figure 5: Scheme of high voltage generator. 

simplifies the construction of generator and decreases its 
dimensions. Successful operation of a compact 400-kV 
generator was reported in [5]. 

Work supported in part by RFFI under grant 96-02- 
19215a. 
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Abstract 

A wide bandwidth, high average power W-band 
gyroklystron amplifier is currently under cooperative 
development by NRL, Litton Electron Devices, and 
Communication and Power Industries. The amplifier 
circuit is comprised of 4 stagger-tuned cavities operating 
in the fundamental TE()11 circular cavity mode. The input 
coupler is the first cavity of the circuit and must exhibit 
reasonable coupling strength between the TE10 mode in 
rectangular waveguide and the desired TE011 circular cavity 
mode over a better than 600 MHz bandwidth centered at 
93.4 GHz, with high TE0I mode purity. A single WR-8 
rectangular waveguide drives a combined 
coaxial/cylindrical cavity system. The coaxial cavity 
resonating in the TE411 mode is tightly coupled to the 
cylindrical cavity, excited to resonate in the TE0I1 mode. 
The rf magnetic field couples the cavities through 4 
azimuthally spaced apertures. 

1   INTRODUCTION 

Single aperture excitation of the TE01 mode with 
high mode purity is difficult in a low Q cylindrical 
cavity. The logical step of splitting the excitation into 
several azimuthally separated apertures introduces a 
'plumbing' complexity to precisely split the source 
power with the appropriate amplitude and phase. 
However, the amplitude and phase splitting can be 
accomplished via an intermediate coaxial cavity [1,2]. In 
the design discussed below, this coaxial cavity resonates 
in the TE4U mode, and is tightly magnetically coupled to 
the cylindrical cavity via 4 rectangular apertures, equally 
spaced azimuthally. The coupling apertures are oriented 
45° with respect to the single WR-8 rectangular drive 
waveguide. A schematic of the field solution region for 
the coupler is shown in Fig. 1, including the gun taper 
and a dielectric ring isolating Cavity 1 (the input coupler) 
and Cavity 2. 

Figure 1: Schematic of input coupler geometry, including gun taper and drift tube dielectric. Vacuum/dielectric regions 
are shown. 

Generally, a reduced geometry utilizing symmetry 
considerations, without taper and drift tube dielectric was 
modeled (see Fig. 2). Modeling tools include HFSS 
(High Frequency Structures Simulator) from HP [3] and 
ARGUS from SAIC [4]. HFSS is a finite element code 
that computes field distributions and S-parameters for 
passive 3D structures at a driven frequency. Material 

properties can be included. ARGUS is a 3D, volumetric 
simulation model for systems involving electric and 
magnetic fields and charged particles, including the 
capability to embed materials in the simulation region, 
with either time- or frequency-domain operation. 

The  cylindrical  cavity  radius  and  length  are 
approximately   set   by   gyroklystron   performance 
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calculations that determine the resonant frequency and Q 
of all cavities. Additionally, the wall thickness between 
the cylindrical and coaxial cavities is fixed at 10 mils for 
mechanical strength. This sets the inner radius of the 
coaxial cavity. For the initial simulation, the remaining 
coaxial cavity dimensions are chosen so that the 
unperturbed resonant frequency is the desired resonant 
frequency. The aperture width and height, coax cavity 
length and outer radius are adjusted to achieve the desired 
(cold) frequency and Qext, 93.4 GHz and 150, 
respectively, with better than 90% TE01 mode purity. 
Large apertures are used in this design for tight coupling 
between the cylindrical and coaxial cavities. They are 
rectangular for simulation and fabrication convenience. 

Figure 2: Input coupler simulation geometry for one 
quarter of the cavity. 

2  SIMULATION   METHODOLOGY 

Both HFSS and ARGUS were used with various 
methods of solution to model many issues concerning the 
input coupler, including resonant frequencies, modes, Q's, 
resistive loading, mode purity, parameterization, and 
manufacturing tolerance. In particular, ARGUS and 
HFSS were used to model the Q and resonant frequency 
for the operating mode of the input coupler, as a means of 
benchmarking code performance for the coupler 
simulations. Excellent agreement was achieved between 
the two codes, where accuracy exceeding 0.1% was 
predicted. 

Several techniques were employed with HFSS to 
determine the resonant frequency and Q of the TE01 mode 
in the cylindrical cavity. As a first approximation, the 
stored electric field energy (proportional to IE I ) was 
integrated over the cavity and drift tube volumes when 
driven through the drive port at several frequencies. 
Frequency and Q, are determined from the peak and 'half- 
energy' points. A second method 'de-embeds' Sn at the 
drive port to find the 'detuned short' position. The 
resonant frequency and Q are calculated from the phase of 
the reflection coefficient. HFSS has also been used to 
model a 'transmission' measurement by launching the 
TE01 mode in the cylindrical cavity by evanescent 
coupling through the drift tube and 'receiving' at the 
rectangular port. 

Resonant frequencies and Q's in ARGUS are 
determined from a variation of the 'detuned short' method 
due to Kroll and Yu [5,6]. Also, both HFSS and ARGUS 
were used to estimate the mode purity of the TE011 

circular cavity mode [7]. 

3  SIMULATION    RESULTS 

Performance of the input coupler is found using 
both HFSS and ARGUS to be quite sensitive to 
dimensions. The sensitivity of/and Q to slot dimensions 
and cylindrical cavity radius is shown in Figs. 3 & 4, 
respectively. Note that a 0.0006 cm change in radius 
shifts the resonant frequency by -200 MHz. It is 
important that the slot angular orientation be within -1° 
of 45° with respect to the input waveguide. A 1° slot 
rotation increases/by ~ 20 MHz and reduces Q by 3%. A 
5° slot rotation increases/by ~ 36 MHz and reduces Q by 
30%. A frequency and Q within +/- 100 MHz and +/- 50, 
respectively, of the design values are acceptable from 
overall circuit performance considerations. 
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Figure 3: Resonant frequency change vs. dimensional 
change for a) slot axial size, b) slot azimuthal size, and c) 
cylinder radius. 
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Figure 4: Qext change vs. dimensional change for a) slot 
axial size, b) slot azimuthal size, and c) cylinder radius. 

For the final design, the best compromise between 
coupling strength and bandwidth was achieved by 'stagger 
tuning' the cylindrical and coaxial cavities. The resonant 
frequency of the coaxial cavity was sufficiently higher 
than the cylindrical cavity that only ~ 10% of the 
combined stored energy is in the coaxial cavity over the 
nominal operating frequency range. For the final cavity 
dimensions, including stagger tuning, HFSS and ARGUS 
are in close agreement, as shown in Table 1. 
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Simulation Resonant 
frequency Q 

HFSS (base case) 93.468 GHz 149 
HFSS (w/taper, dielectric) 93.467 GHz 136 
ARGUS  (base case) 93.477 GHz 157 

Table 1. Resonant frequency and Qext simulation results. 

The calculated TE(11 mode purity is shown from both 
codes to be greater than 96% over a 600 MHz bandwidth. 
A color intensity plot of IEI through axial and transverse 
planes is shown in Fig. 5. The ohmic Q for the coupler 
is about 715, using 7.6e5 S/m for the conductivity of 
stainless steel in W-band. This conductivity is based on 
cold tests of simple cavities. 

Figure 5. Intensity plot of IEI for transverse and axial cutplanes at 93.1 GHz. 

4  COLD   TEST   RESULTS SUMMARY 

A prototype input coupler was constructed for 
testing. For the dimensions of this coupler, the calculated 
/and Qcxt are approximately 93.14 GHz and 110 GHz, 
respectively, without wall resistivity. Based on other 
simulations with resistivity included, we expect/ and Qexl 

to be 93.1 GHz and 95, respectively. Note that not all 
dimensions were available for simulation purposes, so 
that there is some uncertainty in these values. 

The resonant frequency measured with a HP 85IOC 
network analyzer, is 92.98 GHz in transmission mode and 
92.96 GHz in reflection mode, in good agreement with 
predictions, although the test set-up is less than ideal. 
Power is injected into the drive port and a fraction of the 
power radiated from the drift tube is sampled with a WR8 
waveguide for transmission mode measurements. Qtl,ta, 
measured in transmission mode is 117, which implies 
Qcxl - 140 if Qohm is 715. More accurate comparisons 
between simulation and measurement will be made 
following modifications in the measurement hardware. 
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Abstract* 

This paper considers an electron beam whose energy and 
current are simultaneously premodulated at the injection 
point of a drift tube. A theoretical model is developed for 
the subsequent current and energy modulations which 
propagate downstream. A closed integrodifferential 
equation for the normalized beam current is obtained in 
terms of time and propagation distance. To make the 
nonlinear current modulation analytically tractable, a small 
signal theory is introduced into the modulation calculation. 
The current modulation in the linear regime is a linear 
combination of the forward and backward waves of the 
initial current and energy modulations. The downstream 
energy modulation is also expressed by a linear 
combination of the forward and backward waves of the 
initial current and energy modulations. It is shown that the 
initial energy modulation is a very effective means for 
downstream current modulation. Numerical data even for 
a large initial current and energy modulations agree 
reasonably well with analytical results predicted by the 
linear theory. 

I INTRODUCTION 

Prebunched charged particle beams have been investigated 
for various applications, including accelerator physics1'7 and 
high-power traveling wave tubes (TWT).8'' Prebunched 
beams may make possible compact traveling wave tubes, 
eliminating the amplification regions. The recent 
experiment8'9 on micro-field-emission gates indicates a 
strong possibility of the prebunched beams in near future. 
Unlike klystron amplifiers,10'14 initiated by energy 

modulation at the input cavity, the prebunched TWT is 
operated by a premodulated electron beam, where the initial 
current modulation is a driving factor. A large initial 
current-modulation may considerably reduce size of the 
amplification region in TWT. In this context, a nonlinear 
theory of a prebunched electron beam propagating through 
a drift tube has been reported in a previous paper." When 
the prebunched electron beam enters the drift tube, the 
initial electron current of the beam is modulated according 
to a prescribed current profile f(cot0), where co is the 
bunching frequency of the beam and t0 is the entering time 
of each beam slice. In addition to initial current 
modulation, we may also modulate the beam energy at the 
beginning. In reality, energy of the beam electrons" in the 
klystron amplifiers is modulated at the injection point by 
the input cavity without the current modulation. It is useful 
to investigate the influence of the initial energy modulation 

* This work was supported by IR Fund at NSWC 

on the prebunched beam current during propagation. This 
article develops a theoretical model describing the current 
and energy modulations of an electron beam propagating 
downstream, when the beam's energy and current are 
simultaneously premodulated at the injection point. 

II PROPAGATION THEORY OF AN ELECTRON 
BEAM 

A premodulated electron beam enters a drift tube at z = 0. 
The electron beam is radially confined by a strong 
magnetic field. For simplicity in the subsequent analysis, 
we assume that the electron beam current at z = 0 is 
premodulated according to a periodic function f(6). Here, 
the normalized timeG = cot0 represents the time t„ at which 
the beam segment labeled by t„ enters the drift tube and the 
parameter co is the modulation frequency. The function f(0) 
can be an arbitrary function that represents the initial 
current modulation. For example, the function f(8) = 1 - 
hcos(G) shows a sinusoidal current modulation with the 
strength of h. Electron beam energy is also premodulated 
according to 

ro(0)=rb + 8(0), (i) 

where y0 and y„ are the relativistic mass factor at z = 0 and 
its average value over one period of the energy modulation 
function g(G). The propagation distance z is related to the 
present time t and the injection time t„ by making use of the 
velocity definition dz/dt = ßc. Defining 8 = cot,, and cp = cot, 
we obtain 

<P UC r 
4r 

(2) 

where C, is the normalized propagation distance defined by 
C, = coz/c and y(C,6) = (1 - ß2)'"2 is the instantaneous 
relativistic mass factor of the beam segment labeled by 0. 
The present time cp is uniquely described by the injection 

time G and propagation distance C,. 
The self-electric field E, which exerts in the beam 

segment G is calculated to be13 

E(£,0)=2G(Rb) 
co 

ß2Y2c2  d<P  z 
(3) 

where the geometrical factor G is determined in terms of 
system configuration. For convenience in the subsequent 
analysis, we define the normalized current F(^,G) by 
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F(c,oy- 
h 

(4) 

where I„ is the average beam current in one period of the 
current modulation at the injection point and the normalized 
distance C, is defined by C, = coz/c. Velocity modulation of 
the beam segment labeled by 0 is obtained from 

mc-—y = eE(z,6), 
dz 

(5) 

with the initial condition y = yo(0) at the entrance point z = 
0 of the beam segment G. Substituting Eq. (3) into Eq. (5), 
we obtain 

d£   3 d(p h (6) 

where the self-potential depression K is defined by16 K = 
2I„G/IA and IA = 17 kA is the Alfven current. Carrying out 
the integration of Eq. (6) and making use of the initial 
condition, we obtain 

£.r.Z^.r,„trJf«7£v (7) 

where the initial beam energy yo(0) is determined from Eq. 
(1). Once the current modulation F is known, the energy 
modulation   y(£,0)   is   also   known   from   Eq.   (7). 
Differentiating Eq. (7) with respect to 0, we obtain 

dy 

~d~6 

Yo   -Idg 
y2  -  1 dO 

K 

7 I 
\Uc( d2F 

80 dy )c (8) 

where g(0) is the energy modulation function defined in Eq. 

(1). 
It is useful in subsequent analysis to obtain 

8<p _ 

~80 <**    1     >o,__ 2 
dC 

3/2 &)r ■(y< - 1)»<    80 

from Eq. (2). Substituting Eq. (8) into Eq. (9) gives 

(9) 

,8<p 

DO (-^k- 2     l)d8[<        dC 
d0'U (y2 - 1 ) 5/2 

*fo,    2dC^sa\UC( 
(7-1) 

d2F 

80 8<p 

(10) 

)r- 

Note that the derivative 3q>/90 in Eq. (10) is uniquely 
described by the history of the current modulation F until 
the present time in which the beam segment labeled by 0 
arrives at the distance z. 

The beam segment t0 passes the injection point at time 
t = t0. When this segment arrives at z in time t, it is 
stretched by a factor of dt/dt,,. Thus, the beam current of the 
segment t,, at z is proportional to (d0/dq>)f(0). In this regard, 

the normalized current ratio F(C;,0) in Eq. (4) is expressed 
as 

N(Oß0) 
F(£,0)=- 

\d<p/d0\ 
(11) 

where the normalization constant N(Q. After carrying out 
a straightforward calculation, we obtain the nonlinear 
integrodifferential equation 

..NKLf(0)=u.(rg2 
F(t,ey ' ja'O , 

dc 

dc 
2"'(r2 

dc 
1}sa ><>   N(f)do   f(0)    80 

d0'"(r2-i)s/2 

i      dF 2 

(12) 

[- 

where use has been made of the relation 90/9cp = F/Nf(0). 
The term that is proportional to dg/d0 in Eq. (12) originates 
from the initial energy modulation at the injection. The 
initial condition of the integrodifferential equation (12) is 
F(O,0) = f(0). Equations (7) and (12) are two principal 
results in this article, and can be used to find the nonlinear 
current evolution as the premodulated beam propagates 
downstream. The numerical calculation of Eq. (12) is not 
so simple. The main difficulty in numerical calculation of 
Eq. (12) is the double integration of C, in the right-hand side, 
which requires a long computer time. 

Ill SMALL SIGNAL THEORY 

In order to find a scaling law, we linearize Eq. (12), 
assuming a small level of modulation. Therefore, the initial 
and later current modulations are expressed as 

f(0)=l + Sf(0), 

F(C,0)=1 + SF(C,0), 

(13) 

where the amplitudes of 8f and 5F are much less than unity. 
We also assume that the initial energy modulation g(0) is 
much less than the mean value yb of the relativistic mass 
factor. A previous study13 indicates that results from the 
small signal theory in the subsequent analysis agree 
remarkably well with results from numerical solution of Eq. 
(13), even when the modulation amplitude is close to unity. 
The function 8f(0) in Eq. (13) is a periodic function with a 

periodicity of 2TI. The initial current f(0) and energy g(0) 
profiles must satisfy the normalization condition that the 
average values of the functions 8f(0) and g(0) must be zero 
over one period. Substituting Eq. (13) into Eq. (12) and 
linearizing, we find 

SF(C,0)=Sf(0) + ^ — g(0) 
d0 

+ Tj2tidy\>dx[-^-SF(x,0)]x 
0 0 

(14) 

where the frequency r\ of the amplitude oscillation is 
defined by 
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2_ K 
*1 ,2       , | 5/2 { = 

£ 
,2       j ,3/2 ' 
(Yb - 1) 

(15) 

and the normalization constant N(Q in Eq. (12) has been 
approximated by N(Q = 1 for small oscillations. 

Differentiating both sides of Eq. (14) by £, we obtain 

combination of the initial energy and current modulations. 
Substituting Eq. (22) into Eq. (7) and carrying out the 

linearization, we obtain the downstream energy modulation 

r(C.0)=rb+ ^[g(8-nC) + g(8 + TiC)i 

4^(v2 - i)m 

+ -^ —I5f(6 + ?]£)- Sf(0 -TIC)]. 

■SF(^,8)=TJ
2
^-1SF(^,0), 

d£2 de2 (16) 

which is a typical equation for wave propagation.   The 
physically acceptable solution to Eq. (16) is 

SF(C,0)=A(0 + TIC)+ B(O-TJC), (17) 

where the functions A and B must satisfy the boundary 
conditions 

A(0) + B(0)=Sf(0) (18) 

and 

,dA .dB l ,dg wd4 
(Jfk-o-   (■ük-o'J-fiK-fi) (19) 

at the injection point C, = 0. Equation (19) is equivalently 
expressed as 

A(0)- B(0)= g(0) 

^ (Yb   - 1) 
1/4 : (20) 

where the definitions in Eq. (15) have been used.   The 
functions A(8) and B(0) are determined to be 

A(0)=l-[Sf(0)+   j-   g[9) 

2 ^(rb
2-i) 1/4 ], 

(21) 

B(0) = -[Sf(0) g(0) 

^(r2-Dm- 

from Eqs. (18) and (20).   The solution in Eq. (17) is 
therefore given by 

SF(£,0) = ±[3f(0 + vC) + Sf(0 - TJC)] 

2^(y2-l)1M 
[g(0 + TIO- g(B-rj()l, 

(22) 

which is expressed by a combination of the initial energy 
and current modulations. We thus conclude that the 
downstream current modulation is described by a linear 

The current modulation F(C|,6) in the linear regime is a 
linear combination [Eq. (22)] of the forward and backward 
waves of the initial current and energy modulations (f and 
g). Properties of the current and energy modulations were 
numerically investigated from the integrodifferential 
equation (12) for a broad range of system parameters. 
Magnitudes of the energy and current modulations were 
determined in terms of the modulation frequency, initial 
energy g(9) and current f(9) profiles, geometrical 
configuration, beam intensity and initial kinetic energy of 
the beam. Numerical data from Eq. (12), even for large 
initial current and energy modulations, agree reasonably 
well with analytical results predicted by the linear theory. 
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Abstract 

A four cavity W-band gyroklystron amplifier experiment 
is currently underway at the Naval Research Laboratory. 
The gyroklystron has produced 67 kW peak output power 
and 28% efficiency in the TE0I1 mode with a 55 kV, 4.3 A 
annular electron beam. The full width half maximum 
(FWHM) bandwidth is greater than 460 MHz. Small 
signal and saturated gains of 36 dB and 29 dB, 
respectively, have been observed. The amplifier is zero 
drive stable and the limiting oscillation is the TE011 

operating mode in the output cavity. Experimental results 
are in good agreement with theoretical predictions. 

1 INTRODUCTION 

The continuing need for high power sources of millimeter 
wave radiation for such varied applications as high 
resolution radars, linear accelerators, and 
communications, has led to extensive research on 
gyroklystron amplifiers. Much like a conventional 
klystron, the gyroklystron consists of several resonant 
cavities separated by drift sections cut-off to the operating 
mode. As evidenced in numerous experiments, the 
interaction of the beam with the trapped mode in the 
cavity, based on the electron cyclotron maser instability, 
can reliably and efficiently generate high power, 
moderate bandwidth electromagnetic radiation at 
microwave and millimeter wave frequencies. For 
example, a three cavity C-band gyroklystron amplifier 
produced 54 kW peak output power and 30% efficiency 
in the TE101 at 4.5 GHz [1]. The saturated gain was 30 dB 
and the FWHM bandwidth was 0.4%. A three cavity X- 
band gyroklystron achieved 16 kW peak output power 
45% efficiency with a 1% bandwidth [2]. Fundamental 
and second harmonic two cavity gyroklystron amplifiers 
at 9.87 GHz and 19.7 GHz, designed as drivers for linear 
colliders, achieved peak output powers of 20 MW and 30 
MW, respectively, with efficiencies near 30% [3,4]. A 
two cavity Ka-band gyroklystron, developed for radar 
applications, produced 750 kW at 35 GHz in the TE021 

mode at 24 % efficiency [5]. In W-band, a pulsed four 
cavity gyroklystron amplifier achieved 65 kW peak 
output power at 26% efficiency with 300 MHz bandwidth 
[6]. A continuous wave version of the device 
demonstrated 2.5 kW average output power. The goal of 
the present work is to enhance the bandwidth of the W- 
band gyroklystron amplifier while maintaining high 
efficiency, peak output power, and gain. 

2 THEORY AND DESIGN 

This paper presents an experimental study of a four cavity 
W-band gyroklystron amplifier operating in the TEon 

mode near the fundamental cyclotron frequency. The 
circuit consists of a drive cavity, two idler cavities, and an 
output cavity. The circuit was designed with a time- 
dependent version of the non-linear code MAGYKL [7]. 
The wave equation solved in MAGYKL is given by 

da 
dt + (*+iA>=-^y^ 

v      E e 
perp    c 

where a is the complex amplitude of the fields, 
Am=Q{Re{coc}-co}/co is the normalized frequency shift, Q 
is the quality factor of the cavity, co is the drive 
frequency, co,. is the cold resonant frequency, Ih is the 
beam current, WEM is the stored energy, c is the speed of 
light, v tr and vz are the perpendicular and axial electron 
velocities, Ec is ite cold cavity electric field, and / is the 
normalized time co/ß. 

In the formulation, the cavities are modeled by a 
series of straight uniform sections with abrupt 
discontinuities at the boundaries. The fields in each 
section, expanded as a radial series of TE, TM, and TEM 
modes, are determined through a scattering matrix 
solution [8]. Theoretical studies have shown that it is 
necessary to include many modes in the field description 
to correctly predict the resonant frequency of the cavity. 
In order to accurately predict the bandwidth of the 
amplifier, the formulation detailed in reference [7] was 
modified to include a frequency dependent drive power, 
as dictated by the resonant frequency and Q of in input 
cavity. The theoretical model was used to design the 
interaction circuit and determine the parameters of each 
cavity, which are summarized in Table 1. 

Design Cold Test 

L(cm) f„(GHz) Q f„(GHz)        Q 

cavity 1 0.43 93.00 125 - 

cavity 2 0.50 93.52 175 93.56         130 

cavity 3 0.50 92.89 175 93.02         128 

cavity 4 0.80 93.18 300 93.21         299 

Table 1 Summary of cavity parameters. 
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The drive power is coupled into the circuit 
through a coaxial cavity [9]. A single cylindrical 
waveguide excites the TE411 mode of the outer cavity. 
Power is then coupled from the TE411 mode in the outer 
cavity to the TE011 mode in the inner cavity through four 
slots positioned symmetrically around the azimuth of the 
cavity. The coaxial cavity was analyzed with the High 
Frequency Structure Simulator (HFSS) and found to have 
a resonant frequency of 93.0 GHz and a diffractive Q of 
150. HFSS simulations also show that 75% of the energy 
is stored in the TE411 mode and 25% is stored in the TE011 

inner cavity mode. Thus, 6 dB of drive power arriving at 
the input cavity is stored in the outer cavity and is not 
available for interaction. 

Because the second and third cavities are 
terminated by drift sections that are cut-off for the TE011 

mode at 93 GHz, the diffractive Q's are quite large. The 
design Q's of 175 are achieved through dielectric loading 
of the cavities. The output cavity consists of a 0.8 cm 
straight section, followed by an iris which is cutoff to the 
TEon mode at 93 GHz, and a 5 degree linear uptaper to 
the collector radius. The wave is coupled out diffractively 
and there is no ceramic loading the output cavity. The 
first and second cut-off drift lengths are loaded only by 
the dielectrics on the upstream walls of the idler cavities, 
and the drift length separating the penultimate cavity and 
output cavity is unloaded. 

(dashed-dot line), cavity 3 (dashed line) and cavity 4 
(solid line). 

Upon completion of the cold test, the circuit was 
installed in the test stand. Figure 2 shows a schematic of 
the gyroklystron amplifier experiment. A 4 A, 55 kV 
annular electron beam is produced by a double anode 
magnetron injection gun. The magnetic field at the 
cathode, which is nominally 1.5 kG, can be varied to 
control the beam velocity ratio, a. The beam is 
adiabatically compressed as it enters the region of high 
magnetic field generated by the 4 T superconducting 
magnet. The four cavities of the gyroklystron circuit are 
positioned in a region of constant magnetic field. The 
output cavity tapers up to the collector, which is followed 
by a quartz vacuum window. A conically shaped, water 
backed teflon load is positioned on the atmosphere side of 
the vacuum window. The temperature rise of the water is 
used to measure the average rf power. The frequency of 
the input and output rf signals are measured with a 
spectrum analyzer. The drive power is supplied by a 1 
kW peak power EIO, which is mechanically tunable from 
approximately 92.5 GHz to 95.5 GHz. The EIO provides 
pulses up to 2 microseconds in duration with a duty cycle 
up to 1%. The beam and EIO are typically pulsed at 250 
Hz for an rf duty cycle of 0.05%. 

3 EXPERIMENTAL RESULTS 

The circuit was built and cold tested on a vector network 
analyzer. The cavities were excited and sampled through 
two 0.075 cm diameter holes positioned 180 degrees 
apart in the side wall. The transmission spectra for the 
idler and output cavities are shown in Fig. 1 and the 
measured resonant frequencies and Q's are summarized 
in Table 1. 

-34 

-36 

-38 

9 
M   -40 

-42 

-44 

91     91.5     92     92.5     93     93.5     94     94.5     95 

Frequency (GHz) 

Figure 1    Cold test transmission spectra for cavity 2 

magnetron 
injection      1^^^; 

water load 

gun superconducting 
coil magnet 

Figure 2 Schematic of the experimental test stand. 

Figure 3 shows the measured and predicted output 
power and efficiency as a function of frequency for the 
amplified TE0I1 mode. A peak saturated output power of 
67 kW, corresponding to 28% efficiency, was achieved 
with a 55 kV, 4.3 A electron beam. The FWHM 
bandwidth is greater than 460 MHz. The input power, 
measured at the output of the EIO, was 87 W, which 
gives 29 dB saturated gain. For the theory curve in Fig. 3, 
the experimentally determined values of cold resonant 
frequencies and Q's for the idler and output cavities were 
used. The HFSS predictions of the drive cavity resonant 
frequency and Q were assumed. The experimental values 
of beam voltage, beam current, and magnetic field in the 

3151 



interaction circuit were used. The beam a was taken to 
be 1.5, and the perpendicular velocity spread was 
assumed to be 9%, values that were obtained through a 
combination of modeling and empirical determination. 
As shown in Fig. 3, the theoretical predictions are in good 
agreement with experimental data. 

if3 

a 
% 

92.8 93 93.2      93.4     93.6      93.8 

Frequency (GHz) 

Figure 3 Measured values (filled circles) and theoretical 
predictions (solid curve) of peak output power and 
efficiency. 

The limiting oscillation in the circuit was found to 
be the TE011 operating mode in the output cavity. The 
start oscillation current was measured and the results are 
shown in Fig. 4. 

The measured data points, indicated by the filled 
circles, are compared with the theoretical start 
current, 
shown with the solid line. In the theory, the measured 
values of beam current, cold resonant frequency, and cold 
cavity Q were used. The beam a was taken to be 1.5, 
and the perpendicular velocity spread was assumed to be 
9%. As shown in Fig. 4, the experimental data and 
theoretical predictions are in good agreement. 

4 SUMMARY 

In summary, a four cavity W-band gyroklystron 
amplifier circuit was designed, built, and tested. Peak 
output powers of 67 kW, corresponding to 28% 
efficiency, were achieved in the TE0I1 mode with a 55 kV, 
4.3 A electron beam. The FWHM bandwidth is greater 
than 460 MHz. The small signal and saturated gains are 
36 dB and 29 dB, respectively. The circuit is zero drive 
stable and the limiting oscillation is the TEon operating 
mode in the output cavity. The experimental data is in 
good agreement with predictions of theory using 
calculated values of beam velocity ratio and velocity 
spread. Future experiments will focus on increasing 
bandwidth through more aggressive stagger tuning and 
reduced output cavity Q. 
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theoretical prediction (solid curve) for start oscillation 
current of the TE011 mode in the output cavity. 
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Abstract 

The magnicon is a scanning-beam microwave amplifier 
that is being developed as a high power, highly efficient 
microwave source for use in powering the next genera- 
tion of high gradient electron linear accelerators. In this 
paper, we present a progress report on a new thermionic 
magnicon experiment designed to produce more than 50 
MW at 11.4 GHz, using a 210 A, 500 kV beam from an 
ultrahigh convergence thermionic electron gun driven by 
a rep-rated modulator. This new design has a predicted 
efficiency in excess of 60%. 

1 INTRODUCTION 

The magnicon [1] is a scanning-beam microwave ampli- 
fier tube that is under development as a radio-frequency 
(RF) source to power future high gradient electron accel- 
erators such as the proposed TeV Next Linear Collider 
(NLC). The magnicon uses rotating TM modes to spin 
up a pencil electron beam to high transverse momentum 
in a series of deflection cavities, the first externally 
driven, and then a synchronously rotating RF mode of 
the output cavity is used to extract the transverse mo- 
mentum as microwave power at the drive frequency or 
one of its harmonics. 

The Naval Research Laboratory (NRL) has been in- 
vestigating magnicon physics for the past five years 
with the goal of building a high power 11.4 GHz mag- 
nicon tube. We published a design study for a 50 MW, 
50% efficient frequency-doubling 11.4 GHz magnicon 
employing a 500 kV, -170 A, 2-mm-diam. electron 
beam from an advanced thermionic electron gun [2], and 
then designed and built an initial magnicon experiment 
using a cold-cathode diode on the NRL Long Pulse Ac- 
celerator Facility. However, the experiment employed a 
5.5-mm-diam. beam, for which the predicted efficiency 
falls to -20%. The experiment demonstrated high power 

operation (14 MW ±3 dB) at -10% efficiency in the syn- 
chronous magnicon mode at 11.120 GHz, but a plasma 
loading problem restricted operation to parameters for 
which the final deflection cavity (the penultimate cavity) 
was unstable. Nevertheless, good agreement was found 
with predictions of a simulation based on the actual ex- 
perimental parameters [3,4]. 

The Budker Institute of Nuclear Physics (INP) is 
carrying out thermionic magnicon experiments at 7 GHz 
[5]. They recently reported 46 MW at 49% efficiency in 
a 1 (isec pulse. Some members of the INP magnicon 
team are collaborators in the present work. 

In this paper, we present a progress report on a new 
thermionic magnicon amplifier (see Fig. 1) that is under 
construction at NRL in collaboration with Omega-P, 
Inc. The design has been optimized for the parameters of 
a new ultrahigh convergence 500 kV, 210 A thermionic 
electron gun, and incorporates improvements that should 
raise the efficiency while reducing the possibility of RF 
breakdown. The predicted efficiency is greater than 60%. 

The essential components of a high power 
thermionic magnicon experiment are a high power mod- 

^ Collector 
=Hl_Output 
^^ Cavity 

} Deflection 
Cavities 

High 
Convergence 

Pierce Gun 

Figure 1: Schematic of the high efficiency thermionic 
magnicon amplifier. 

V = 500 kV 
1 = 210A 
rb 

~ 0.75 mm 
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ulator, an ultrahigh convergence electron gun, a matched 
magnet system, and a set of cavities designed for high 
vacuum, high temperature bakeout, and high efficiency 
operation. In the next sections, we discuss the design of 
a novel high convergence electron gun to produce a 500 
kV, 210 A, <2-mm-diam. beam, and the redesign of the 
magnicon circuit to optimize the efficiency, to lower the 
peak surface RF fields, and to side-couple the microwave 
power from the output cavity into X-band waveguide. 

2 THE ELECTRON GUN 

The point design for the 11.424 GHz magnicon ampli- 
fier uses a 500 kV, 210 A, 1.5-mm-diam. electron beam, 
with a 1.5 p.sec pulse width and a 10 Hz repetition rate. 
It should be noted that the Brillouin diameter is -1.3 
mm at 6.5 kG. The electron gun is a novel high con- 
vergence relativistic Pierce gun using a dispenser cath- 
ode. The gun design and beam matching into the mag- 
netic field were carried out using the codes DEMEOS 
[6], SAM [7], and SUPERSAM [8]. Beam compression 
in the gun must be high in order to limit the field gradi- 
ent at the focus electrode and to limit cathode loading. A 
7.5-cm-diam., 30°-half-angle cathode was used, implying 
an overall compression ratio of 2500:1 and a mean cath- 
ode loading of 4.5 A/cm2. The gun design is shown in 
Fig. 2, and its properties are summarized in Table I. A 
key feature of the gun is an electrically isolated focus 
electrode next to the cathode. This electrode is biased 
negatively by a few hundred volts with respect to the 
cathode in order to control the beam edge discharge angle 
and to eliminate emission from the outer cathode cylin- 
der, both of which can give rise to unwanted halo elec- 
trons. This gun is being built by Litton Systems, Inc., 
with delivery expected in July of this year, and a match- 
ing magnet has been built by the INP. 

3 THE MAGNICON CIRCUIT 

The new magnicon circuit consists of a drive cavity, 
three gain cavities, a penultimate cavity, and an output 
cavity, as illustrated in Fig. 1. The drive and gain cavi- 
ties are similar to those in the previous NRL design [2]. 

TABLE! Electron gun des ign parameters 

Current 210 A 
Voltage 500 kV 
Microperveance 
Cathode radius 

0.59 
3.77 cm 

Beam radius 0.75 mm 
Compression ratio 
Current density 
Maximum field on focusing 
Mean cathode loading 

electrodes 

2500:1 
12 kA/cm2 

186kV/cm 
4.5 A/cm2 

Pulse duration 1.5 p.sec 

Figure 2: Design for the 500 kV, 210A magnicon elec- 
tron gun, showing electrode geometry, selected electron 
trajectories and equipotentials. 

In the following subsections, we discuss the redesign of 
the penultimate and output cavities, and the simulation 
of the entire magnicon circuit. 

3.1 The penultimate cavity 

The penultimate cavity is an iris-coupled TMno n- 
mode two-section cavity that carries out the final stage 
of beam spin up. As a result, it contains very high RF 
fields, creating the danger of RF breakdown. The objec- 
tive of the new design was to optimize the beam spin- 
up, while minimizing the surface RF fields. The re- 
design involved adjusting the beam pipe diameter, round- 
ing of the beam tunnel and the iris, and reducing the 
length of the first cavity section. For the new penulti- 
mate cavity, the combination of reduced field enhance- 
ments, and of more effective beam spin-up due to short- 
ening the first cavity section, reduced the maximum sur- 
face electric field from 670 kV/cm in the original design 
to 572 kV/cm, comparable to values employed in high 
power X-band klystrons at SLAC. The maximum elec- 
tric field on the iris aperture is 472 kV/cm. 

3.2 The output cavity 

In order to improve the efficiency and lower the rf fields, 
the output cavity was also redesigned, reducing the beam 
tunnel diameter, increasing the rounding of the beam 
tunnel apertures, and shortening the cavity from 5 cm to 
4 cm. This is discussed in greater detail in Ref. 9. As a 
result, the maximum surface rf field in the output cavity 
was reduced from 830 kV/cm to 520 kV/cm. The second 
goal is to redesign the cavity for side coupling rather 
than end coupling, in order to extract the output power 
directly into X-band waveguide, rather than through a 
circular pipe that must also serve as the beam collector. 
The INP 7 GHz magnicon employs two rectangular 
waveguides separated by 135° to couple out both non-ro- 
tating components, and uses additional wall perturba- 
tions to restore the quadrupole symmetry [5]. This is 
the approach that we have adopted. 

Figure 3 shows a cross section of the new magnicon 
circuit, and shows the ten magnet coils and a portion of 
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Figure 3: Cross-section of the magnicon circuit, show- 
ing the axial magnetic field. 

the iron yoke and pole pieces. The new circuit consists 
of a drive cavity, three simple gain cavities, and a re- 
designed penultimate cavity, all operating in the TMno 
mode at 5.712 GHz, followed by a new output cavity 
operating in the TM210 mode at 11.424 GHz. The addi- 
tion of a gain cavity has increased the gain to 58 dB, re- 
ducing the drive power for a 66 MW device to approxi- 
mately 100 W at 5.712 GHz. This gain is consistent 
with values used at SLAC in the design of X-band 
klystrons for the NLC. Figure 3 also shows the calcu- 
lated on-axis magnetic field. The magnetic field is de- 
creased in the vicinity of the penultimate and output cav- 
ities by lowering the current through the sixth coil, in 
order to stabilize the penultimate cavity against oscilla- 
tion and to increase the output efficiency. 

3.3 The complete circuit 

Figure 4 shows a simulation of the complete mag- 
nicon circuit for a 1.5-mm-diam. electron beam, show- 
ing the trajectories and the spatial evolution of the elec- 
tron energy through the asymptotic if fields from a com- 
plete time-dependent simulation. The transverse dimen- 
sion is stretched in order to show details of the orbits. 
The beam scalloping that is evident results from simu- 
lating a zero canonical momentum beam without space 
charge. Notice that energy spreads and large energy ex- 

TABLEII. Thermionic magnicon design parameters 

Frequency 
Power 
Efficiency 
Pulse width 
Repetition rate 
Drive frequency 
Drive power 
Gain 

11.424 GHz 
66 MW 
63% 
1.5 (Asec 
10 Hz 
5.712 GHz 
100 W 
58 dB 

g 
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Figure 4: Steady-state simulation of the thermionic 
magnicon design for a 1.5-mm-diam. beam. 

cursions occur in the region of the penultimate cavity, 
but that the energy loss in the output cavity is remark- 
ably uniform. The result is 66 MW at 63% efficiency. 
The magnicon design parameters are shown in Table II. 
Our simulations show a loss in efficiency of only a few 
percent at beam diameters up to 2.5 mm. 

4 SUMMARY 

We have designed an electron gun and circuit for a high 
gain, high efficiency 11.424 GHz frequency-doubling 
magnicon amplifier. The beam parameters are 500 kV, 
210 A, and 1.5-mm beam diameter. The electron gun 
will be driven by a 1.5 |J.sec, 10 Hz modulator. The pre- 
dicted power is 66 MW at 63% efficiency. The maxi- 
mum surface electric field is approximately 570 kV/cm, 
a value that is consistent with 1.5 |xsec pulse widths. 
This design is the basis of a new thermionic magnicon 
experiment, which we plan to assemble and test in 1997. 
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34-GHz PULSED MAGNICON FOR LINEAR COLLIDER APPLICATION 
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Abstract 

The feasibility of a third harmonic magnicon amplifier at 
34.272 GHz as a RF source for future multi-TeV e+-e" 
linear collider is examined. A third harmonic operation of 
the magnicon is necessary to stay within the constraints 
imposed by cathode loading, breakdown field and pulse 
heating of the conductive walls. A low emittance 500 
keV, 200A pencil electron beam interacts with the 
cylindrical TMi io mode in the deflection system and the 
cylindrical TM310 mode in the output cavity. The drive 
signal is at 11.424 GHz. Preliminary calculations show an 
efficiency of about 42% with output power in excess of 
42 MW. The surface RF field in the cavities is in the 
range of 700 - 900 kV/cm which is below the breakdown 
level at 34 GHz for 1 (is pulse length. The maximal 
cathode loading does not exceed 15 A/cm . 

1 INTRODUCTION 

Recently there is a great deal of interest in developing 
electron-positron multi-TeV colliders. The next linear 
colliders (NLC) have been designed in the 0.5 Tev - 1.0 
TeV center of mass energy (cm.) range[l]. The RF 
operating frequencies for these accelerators range from 
1.3 GHz to 30 GHz and the beam-loaded accelerating 
gradients range from 25 MV/m to 90 MV/m. 
Considerations are being given to future linear colliders 
in the 5 - 15 TeV cm. energy range[2]. High accelerating 
gradients will be required to keep a reasonable over-all 
length for these high energy colliders. As a result, the 
accelerating structure will require high peak power per 
unit length and a high peak power per RF source. The 
accelerating gradient is strongly correlated to the 
operating frequency. At a constant stored energy per unit 
length in the accelerating structures, the gradient 
increases linearly with frequency. Hence, it is possible to 
design high energy colliders keeping the active length 
and ac power within reasonable limits (L^ ~ 30 km and 
P ~ 200 - 300 MW) by operating at higher frequencies. 
The scaling relations for the variation of RF power with 
frequency and gradient has been investigated by 
Wilson[2] and design parameters are provided in the 1 - 
15 TeV cm. energy range. The parameters for 5 TeV 
linear colliders are: f = 34.272 GHz (12 times SLC 
frequency of 2.856 GHZ and 3 times NLC frequency of 
11.424 GHz), LA = 30 km, Pac = 300 MW, peakpower 
per meter, Pm = 825 MW/m, unloaded accelerating 
gradient,  EQ =  250 MV/m  and pulse length  at the 

structure, T = 50 ns. A repetition rate of 120 Hz is 
assumed in the designs. The accelerating gradient is 
limited by the breakdown threshold, dark current capture 
threshold and the rise in temperature due to pulse heating 
of the walls. The high peak power at the accelerating 
structure may be obtained by pulse compression 
techniques. New pulse compressors, e.g. [3], are being 
developed to have a compression ratio of 32 with an 
efficiency of 78% and a power gain of about 25. Thus, 
for an output pulse length of 50 ns, the RF source pulse 
length is 1.6us. If two 0.6m structures[2] are fed from 
each compression unit, the required RF power is ( 825 
MW/m x 1.2)/25 = 39.6 MW/source. A magnicon 
amplifier[4] will be a suitable RF source to meet these 
requirements. 

In scaling magnicon amplifiers to higher frequencies 
(consequently, smaller physical dimensions), a few 
design problems will arise at high power due to the 
limitations imposed by cathode loading, breakdown field 
and pulse heating of the cavity walls. The concept of a 
third harmonic magnicon amplifier is introduced to 
overcome these problems. It is possible to design electron 
gun and microwave circuits satisfying the restrictions on 
current density, electric field and cooling. Fundamental or 
second harmonic operation of the output cavity is not 
possible at the frequency and power of interest. At the 
fundamental frequency, the Larmor diameter will be large 
and the beam tunnel will not be cut-off to the operating 
mode of the output cavity. For the second harmonic, the 
RF fields will exceed the breakdown limit in the 
penultimate cavity. Of course, it is possible to use 
harmonics higher than third, but the efficiency will be 
lower at higher harmonics. 

2 THIRD HARMONIC MAGNICON 

The magnicon amplifier at 34.272 GHz will operate with 
a 500 kV, 200 A electron beam to produce about 40 MW 
output power with 1.5 us pulse duration. The drive 
frequency is 11.424 GHz in the TMIIQ mode and the 

output cavity will operate in the TMgin mode at the third 

harmonic of the drive frequency. A schematic of the 
magnetic and RF systems are shown in Fig. 1. For 
efficient interaction in the output cavity, the beam 
diameter should be less than 1 mm, i.e., one-eight of the 
radiation wavelength. Hence, the electron gun is to be 
designed to produce a 200A beam with a diameter of 0.8 
mm  at the  entrance  to  the  drive  cavity.   Since  the 

" Permanent address: Budker INP, Novosibirsk 630090, Russia 
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maximum cathode loading is 15 A/cm2, a cathode 
diameter of 4.4 cm is chosen. Therefore, a beam area 
compression ratio of 3000:1 will be required. The total 
compression will be achieved through a 630:1 
electrostatic compression and a 4.8:1 magnetic 
compression. An electrostatic compression of 630 is 
necessary to obtain a maximum dc electric field on the 
electrostatic focusing electrode of about 265 kV/cm 
which is acceptable[5] at 1.5 (is pulse duration. The gun 
layout is shown in Fig. 2. The shape of the electrodes are 
optimized to produce the required perveance, beam 
compression and the electric field strength. This design is 
based on an electron gun [6] already in operation at INP 
with an area compression ratio of 2400:1. 

Careful design of the output and penultimate 
cavities are necessary to minimize the RF field without 
sacrificing the efficiency. Due to perturbations of the 
beam opening, the oscillations in the output cavity are 

LrixinrLrn—J- 
-2.(55 5.530 13.71ZICH) 

Fig.l Magnetic field profile in Gauss vs coordinate in cm 
(top); and layout of coils, cavities (bottom) for 34.272 
GHz magnicon. 

Fig.   2.   The   electron   gun   layout   and   the   electron 
trajectories 

not pure TM310 mode but has some admixture of the 
TETJ2 mode which depend on the length of the cavity 
and the shape of the beam tunnel opening. The maximum 
value of E at the cavity surface as a function of the cavity 
length is shown in Fig. 3 for different beam openings. 
The surface electric field is an oscillatory function of the 
cavity length. The output cavity length and the radius of 

the beam opening are chosen to produce a maximum 
electric field of about 860 kV/cm in the output cavity. 
The penultimate cavity is formed as a double-gap 
structure where the maximum electric field is 730 kV/cm. 

The deflection system consisting of a drive cavity, 
three passive cavities and a penultimate cavity is placed 

Fig.3. Dependence of surface electric field on cavity 
length. Beam opening radius of curvature r = 5.0 mm 
(upper curve) and r =3.0 mm (lower curve). 

inside a superconducting solenoid providing a magnetic 
field of 13 kG (i.e.,Q/co«1.45). The relativistic cyclotron 
frequency is denoted by W. All cavities of the deflection 
system are 1.3 cm long with a diameter of 3.2 cm. The 
penultimate cavity is made up of two such cavities. The 
diameter of all deflection cavity apertures is 0.5 cm 
except the output aperture of the penultimate cavity 
which has a diameter of 0.7 cm to match the aperture of 
the output cavity. The electrons exiting the penultimate 
cavity have a deflection angle of about 39 degrees. The 
deflection angle is further increased to about 50 degrees 
as the electrons pass through an uptapered magnetic field 
in the drift region between the penultimate and the output 
cavities. The output cavity (length = 3.5 cm, diameter = 
1.75 cm) is placed inside the second part of the 
superconducting solenoid giving a magnetic field of 22 
kG (i.e.,Q2/3co«0.9). Efficient interaction occurs when the 
cyclotron frequency is close the operating frequency. The 
applied magnetic fields in the deflection system and the 
output cavity are different, but there is no field reversal. 
The axial magnetic field profile is also shown in Fig. 1 

The simulation results for the beam propagation 
during deflection and deceleration shown in Fig. 4 are 
based on the numerical code developed at INP, 
Novosibirisk. The physical and numerical models in the 
code are described in ref. [7]. The physical model 
considers finite transverse beam size, spatial distribution 
of dc magnetic fields, and actual rf fields of the cavities. 
The numerical model is based on macro particle method. 
The space charge effects and the finite beam emittance 
are neglected in the numerical code. The evolution of the 
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electron trajectories and the rf fields are done self- 
consistently. Both steady state and time dependent 
simulations were done. Steady state calculations are used 

Table I 

1.440 9.(523 13.71ZICM) 

Fig. 4. Simulation results for 34.272 GHz magnicon. 
Shown is an outline of the RF cavities, energy and 
radial coordinates of beam electrons as functions of 
coordinate along the axis. 

for magnicon optimization and stability analysis. The 
time dependent code is applied for investigation of 
transient processes. The results of the preliminary 
optimization are given in table I. The results in the table 
are obtained with an electron beam 0.8 mm in diameter 

and a cathode loading of 15 A/cm2. The efficiency of a 
magnicon amplifier decreases with increase in the beam 
diameter. The calculated efficiency of the 3rd harmonic 
amplifier drops to 34% as the beam diameter is increased 
to 1.2 mm. The cathode loading for this beam is 6.7 

A/cm2 assuming the same beam area compression of 
3000:1. The magnicon amplifier can be operated with a 

cathode loading lower than 10 A/cm2 with only a 
moderate decrease in efficiency. 

Ill CONCLUSIONS 

Design parameters have been obtained for a 34.272 GHz 
third harmonic magnicon amplifier for powering a 5 TeV 
cm. energy electron-positron linear collider. The 
calculated efficiency is 42% with a peak power of 42 
MW in a pulse of 1.5 us duration. The drive frequency is 
11.424 GHz and the gain is 51 dB. The design takes into 
consideration the limitations imposed by cathode loading, 
breakdown field and pulse heating of the conductive 
walls. The cavities have been carefully designed to avoid 
self excitation and spurious harmonics generation. 

Operating frequency 34.272 Ghz 
Output power 42.0 MW 
Pulse duration 1.5 US 

Repetition rate 10.0 Hz 
RF energy 60.0 J/pulse 
Efficiency 42.0 % 
Drive frequency 11.424 Ghz 
Drive power 300.0 W 
Gain 51 dB 
Output cavity Emax 860 kV/cm 
Output cavity Emax/Hmax 240 Ohm 
Temperature rise 

(Output cavity) 120° C 
Penultimate cavity Emax 730 kV/cm 
Penultimate cavity Emax/Hraax 250 Ohm 
Temperature rise 

(Penultimate cavity) 45° C 
Beam voltage 500.0 kV 
Beam current 200.0 A 
Microperveance 0.56 
Beam diameter 0.8 mm 
Cathode diameter 4.4 cm 
Total Area compression 3000 
Electrostatic compression 630 
Maximum cathode loading 15 A/sq.cm 
Emax (focusing electrode) 265 kV/cm 
Beam emittance (thermal) 7t mrad-cm 
Beam emittance (geometric) 0.157T mrad-cm 
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Abstract 

High power coherent radiation sources at 35GHz are 
attractive for high gradient, compact particle accelerators 
and next generation high resolution millimeter wave 
radar/communications. A multi-cavity gyroklystron 
amplifier is considered a promising candidate for high 
power millimeter wave generation. Experiments on two- 
cavity and three-cavity gyroklystron amplifiers are 
underway to demonstrate 140kW, 35GHz coherent 
radiation amplification. Initial experiments show an 
efficiency of 32%, a bandwidth of 0.4%, and a saturated 
gain of 22dB which corresponds to peak power of 130kW. 
Experimental results are moderately in agreement with 
large signal simulations. Calculations also show that a 
stagger tuned three cavity circuit increases the bandwidth 
to more than 0.7%. 

1. TWO-CAVITY GYROKLYSTRON AMPLIFIER 

1.1 Design and Experimental Arrangement 

35GHz gyroklystron amplifier experiments are 
currently underway to demonstrate peak radiation power of 
140kW and bandwidth > 0.5%. An experimental layout is 
depicted in Figure 1. A high power electron beam is 
produced from magnetron-injection-gun (CPI) which is 
optimally designed for TEoi cylindrical cavity mode 
coupling at fundamental beam cyclotron mode. The 
gyrating electron beam is adiabatically compressed 
through a high magnetic field of 13.2kG which is 
powered by a 14 coil superconducting magnet. An 
electron trajectory code, EGUN predicts an axial velocity 
spread of 10% at 60kV, 6.72A, and oc=1.5. A capacitive 
probe is placed directly before the input cavity to measure 
the beam velocity ratio. 

The two-cavity gyroklystron amplifier is designed 
using large signal non-linear time-dependent gyroklystron 
codes [1] Cavity dimensions of input and output cavities 
and drift tube length are optimized for maximum 
efficiency at a beam axial velocity spread of 15%. For 
the two-cavity circuit, the resonant frequency of the input 
cavity is same as that of the output cavity. An operating 
cavity mode (TEon) is chosen which has low ohmic 
power dissipation at high average power operation. All 
the tube components are relevant to 10% duty operation. 

An input drive signal for beam modulation is 
injected through a coaxial coupler [2], The TE01 mode 
purity is more than 99% in the central cavity. The 
coaxial input coupler is also attractive because of a single 

port excitation through a rectangular TEio mode. By the 
use of a 3-D finite element code, HFSS [3], the coaxial 
input coupler is designed and fabricated. Cold-test shows 
Q of 188 and resonant frequency of 34.89GHz. 

The output cavity, as shown in Figure 1, has a 
small radial step to control cavity external Q and is 
followed by a non-linear uptaper section which guides the 
amplified TEoi mode to 1.5" diameter circular waveguide 
with minimum mode conversion. The output cavity 
length {2.15X) is optimized for maximum efficiency and 
gain while ensuring that the cavity is not self-oscillating. 
The non-linear uptaper has a Dolph-Chevychev profile [4] 
which has a minimum mode conversion to other TE()n 
modes. Calculation predicts less than -30dB mode 
conversion into a TE02 mode. 

A TEoi output vacuum window is designed using 
HFSS. An 1.5" diameter, half-wavelength thick BeO 
window which is brazed directly into the conflat flange 
shows a good rf match better than -25dB over 3.7% 
bandwidth (34.3-35.6GHz). The measured data is in good 
agreement with the HFSS prediction. The input 
waveguide vacuum window is a pillbox window which is 
that used in CPI coupled cavity tubes. 

Lossy ceramic rings (80% BeO, 20% SiC) with 
different radii are inserted in the drift tube between the 
input cavity and the output cavity in order to avoid 
oscillations. CASCADE code [1] predicts high 
attenuation (<-20dB) of TEn mode in the drift tube filled 
with the lossy ceramic rings. In addition, a beam tunnel 
between the input cavity and electron gun is filled with 
lossy ceramics. Ceramic thickness varies along the beam 
tunnel so that all the TE modes crossing a beam 
cyclotron line have a maximum attenuation. The 
clearance between the gyrating beam and the drift tube is 
designed at 30mils, which permits high average power 
operation of the amplifier. A water-cooled beam collector 
(1.5" diameter and 15" long) is made of copper for good 
heat conduction. With a careful magnetic field tapering, 
an average power density of the electron beam dissipated 
on the collector is estimated less than 0.5kW/cm^ at 10% 
duty operation. 

A high average power calorimeter is designed and 
fabricated to measure the gyroklystron output power. In 
order to have a good rf match, teflon with a 20 degree 
cone angle is chosen. Cold-test shows rf match better than 
-20dB over the entire operating frequency range. Two 
different power calibrations are performed; DC heater 
power and RF power driven by a conventional TWT and a 
high power EIO. The power calculations obtained from 
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the temperature difference between inlet and outlet 
thermistors submerged in octanol agree within ± 5% for 
both calibration methods. 

A simple thin circular hole on the waveguide is used 
to sample rf signal for frequency measurement and 
monitoring rf pulse shapes. 

1.2 Experiment Results 

Typical experimental beam parameters are V=60kV, 
I=6.72A, oc=1.5, and B=13.2kG. Maximum power is 
obtained with -0.7% downtaper of the magnetic field in 
the output cavity region. Figure 2 shows a drive curve, 
efficiency as a function of input drive power at 
34.942GHz. This result is compared with non-linear code 
simulations for various beam axial velocities. The 
maximum efficiency is measured at 32±2%, 
corresponding to amplified radiation power of 130kW. 
This is the highest power at 35GHz ever reported in US 
power tube amplifiers. 

Instantaneous bandwidth is measured and compared 
with theory as shown in Figure 3. Although the peak 
efficiency is lower than the predicted value, the measured 
bandwidth of 0.4% agrees very well with simulations. 
The discrepancy between the experiments and theory is 
maybe due to the lack of self-consistent calculation of 
output cavity field when beam is present and improper 
modeling of a beam velocity distribution function. The 
present code assumes a flat-top velocity distribution. The 
beam loaded frequency upshift is also observed as shown 
in Figure 3. There is a 70MHz upshift (0.2%) with 
respect to the cold resonance frequency, which is in good 
agreement with code prediction. 

Rf oscillations in the output cavity are observed 
when beam current exceeds a threshold current. Figure 4 
shows start oscillation current as a function of magnetic 
field. Measured oscillation frequency is near 34.93GHz 
which indicates that the oscillation originates from a 
TEon cavity mode. Maximum efficiency is achieved 
just below the starting oscillation point which is in the 
region of negative beam loading in the cavity. It is also 
plotted with calculated starting oscillation curves for 
various beam a  and spreads.    From this  comparison, 

beam a is estimated to be 1.5, which is consistent with 
the value obtained from EGUN code simulation. 

MAGIC [5] is used to examine transient behavior of 
the two-cavity gyroklystron. As shown in Figure 5, 
when the phase of input drive frequency instantaneously 
changes by n, a 13nsec delay is observed in the output 
cavity. Further investigation will be performed with 
experiments. 

2. THREE-CAVITY GYROKLYSTRON 
AMPLIFIER 

In order to enhance gain and bandwidth, a stagger 
tuned three-cavity gyroklystron is designed using the non- 
linear codes and the stability code. The best design 
parameters are 30% efficiency, 35dB saturated gain and 
0.7% bandwidth at Avz/vz=15%, Q(l)=130, Q(2)=150, 
and Q(3)=175. The bandwidth increases nearly by a factor 
of 2 compared with that of the two-cavity gyroklystron. 
Further increase of gain and bandwidth is possible by 
adding more buncher cavities at the expense of lower 
efficiency. 

3. ACKNOWLEDGMENTS 

The work is supported by the Office of Naval Research. 
The authors would like to acknowledge technical and 
engineering support from G. Longrie, B. Myers, L. 
Malsawma, F. Robertson, and B. Sobocinski. 

REFERENCES 

[1] 

[2] 

[3] 

P. Latham, W. Lawson, and V. Irwin, IEEE Trans. 
Plasma Sc. 22, p. 804, 1994. 
A. H. McCurdy, J. J. Choi, and W. Manheimer, Int. 
Conf. Plasma Sei., 1997 
HP High Frequency Structure Simulator,   Version 
4.01, Hewlett Packard Co. and Ansoft Co. 

[4] W. G. Lawson, IEEE TRans. MTT, 38(11), pp. 1617- 
1622, 1990. 

[5] B. Goplen, L. Ludeking, D. Smithe, and G. Warren,, 
MAGIC User's Manual (MRC),  Newington,  VA, 
1993. 

Figure 1. Two-cavity gyroklystron amplifier 
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Simulation curves are Avz=10%, 15%, 17%, and 20%. 
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FEASIBILITY STUDY OF A HOMIOT FOR TESLA 
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Abstract 

For the TESLA linear collider 1.3 GHz RF sources with 10 
MW peak power and about 70% efficiency are needed. As 
an alternative to the development of a Multibeam-Klystron, 
we investigate the feasibility of an IOT (Inductive Output 
Tube). This is a very compact RF source: The time struc- 
ture of the beam is produced by a gated emission cathode 
and the output cavity is directly adjacent to the anode. Un- 
like IOTs, conventional klystrons lose some of their de- 
sign efficiency when they are operated below saturation, 
because only the RF component of the beam is reduced and 
not the DC beam current. In contrast to this the cathode 
current of an IOT is controlled by the drive power. In order 
to keep the gun voltage low, we plan to investigate a device 
with a hollow beam where the output cavity is excited in 
a higher order mode (HOM), as was recently suggested by 
CPI[1]. 

Computer simulations are carried out with the CAD- 
system MAFIA. First, an existing Klystrode™ IOT built 
by CPI is analysed. Simulation results will be shown and 
compared to experimental data. Based upon this experi- 
ence, a design strategy is discussed for the HOM IOT. 

1    INTRODUCTION 

The "TeV Superconducting Linear Accelerator" (TESLA) 
requires 1.3 ms long RF pulses at the operating frequency 
1.3 GHz. The state of the art of klystrons for such long 
pulses is represented by the TH 2104 Diode-Klystron built 
by Thomson which can deliver up to 5 MW RF pulses of 
2 ms length at a rep. rate of 10 Hz. The efficiency is 45 %, 
the gun voltage 130 kV. 

In view of the estimated 30 MW average RF power con- 
sumption of the linear collider efficiency is a major issue. A 
contract with industry has been signed for the development 
of an 1.3 GHz 10 MW multibeam klystron with 1.7 ms 
pulse length and an efficiency of more than 70 %. But even 
if this challenging goal is reached, the efficiency will be de- 
creased in practical use, since for the operation of the linac, 
a variation of the output power of at least 10 % must be 
possible. But reducing the RF drive power has no influence 
on the average dc electron beam current and hence more 
energy is wasted in the collector. 

In the medium power UHF regime, a new design of RF 
sources has been successfull which overcomes this draw- 
back. The goal of our investigations is to analyse whether 
this IOT concept can be applied to the high power L-Band 
requirements of TESLA. 

/. 1    The IOT (Inductive Output Tube) 

IOT's have been used successfully for more than 10 years 
for TV service at operating frequencies in the UHF regime 
[2]. The operating principle is briefly described in this sec- 
tion (see Figure 1). The basic components are: 

• a gated-emission gun 
• a resonator (output cavity) 
• and a collector for the spent beam 

MEDIUM  POWER  iOT 
(schrmotic) 

Figure 1: Schematic view of a medium power IOT. 

The gun consists of a spherical cathode and a closely 
spaced spherical grid. The grid support together with the 
cathode forms a resonant coaxial input cavity which can 
be used to generate RF voltage at the operating frequency 
between grid and cathode. A DC bias voltage on the grid 
shuts off the electrons between bunches and controls the 
bunch length. The bunched electrons are then accelerated 
in the anode potential. As they traverse the output resonator 
gap, they excite the resonator RF and lose energy. The 
spent beam then enters the collector where the remaining 
kinetic energy is converted to thermal energy in the collec- 
tor walls. 

Thus, the main advantages as compared to a klystron are 

• The beam current is a function of the RF drive. There- 
fore only as much beam current is produced as is 
needed to reach the desired output power. 

• Since the beam is already bunched at the cathode, the 
overall design can be very compact. 

• Magnetic field requirements are lower, since the beam 
only travels a short distance. 

A disadvantage of the IOT is the relatively low gain of 
less than 30 dB. 
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1.2 TheHOMIOT 

The IOT concept cannot simply be upgraded to TESLA re- 
quirements by adjusting the frequency and increasing beam 
current and gun voltage. Limiting factors are 

• breakdown of the gun voltage 
• space charge density 
• emission density at the cathode 
• power density in the output cavity 
• thermal stress in the collector 

Thus we investigate an IOT with a hollow beam that does 
not excite the fundamental but a higher order mode (HOM) 
in the output cavity[3, 1]. 

1.3 Design Tools 

Existing design tools including fast-running, one- 
dimensional optimizing codes, cannot simply be employed 
to study the HOM IOT. Although they are well tested for 
existing IOTs, they are based on approximations which are 
valid only near the beam axis for solid beams. 

We plan to use the MAFIA[4, 5] package for our analy- 
sis. This package offers modules for the RF investigation 
of the resonant cavities as well as PIC modules for the self- 
consistent calculation of the electron motion. It has been 
used successfully for klystron design[6] before. 

2    SIMULATION 

In a first step, we used MAFIA to analyse an existing 
medium power Klystrode™ IOT. The working frequency 
for the analysis was chosen to be 700 MHz, the design out- 
put power is 60 kW. 

2.1    Parameters and Assumptions 

The whole device is rotationally symmetric and can be sim- 
ulated in r^-Geometry. In practice, the RF power is ex- 
tracted through a cavity coupling loop. In order to main- 
tain the rotational symmetry, this was replaced by a layer of 
lossy material at the outer boundary of the cavity. The ge- 
ometry of the cavity and material constants of this artificial 
load were chosen such that the impedance R and the qual- 
ity factor Q correspond to experimental data: #=12.8 kfi, 
R/Q=95.4n,Q=l34. 

For the HOM IOT, the output cavity will be designed 
using 3D resonator codes which include waveguide bound- 
aries to simulate the RF extraction. 2D resonator as well 
as time domain codes will be used to investigate the input 
circuit and determine the bunch shape. 

For the analysis of the existing IOT, we assumed that the 
gridded gun workes perfectly and yields a bunched electron 
beam with the time structure shown in figure 2. The gun 
voltage was 32 kV and the corresponding electrostatic field 
was also calculated in MAFIA. Whereas for a beam current 
of 1 A no magnetic field is necessary to focus the beam, for 
higher currents we assumed a solenoid field of 250 Gauss 

CURRENT AS EJECTED FROM GRID SURFACE 

Figure 2: Time structure of the current. This pattern repeats 
every 1.43 ns. 

between the flanges and less than 15 Gauss at the cathode 
surface. 

2.2   Typical Results 

Some simulation results are shown in figures 3 and 4. 
Due to the high quality factor <Q=134 of the output cav- 

ity the time to reach the steady state of the excitated mode 
amounts to a few hundred RF-periods. It is not possible 
to simulate the complete build-up process until the system 
reaches steady state, because it would take too much CPU- 
time and noise would increase to intolarable values. The 
port approximation[7] cannot be used for the HOM case. 
Therefore we calculate the mode pattern and preload the 
cavity with the excited mode. A good guess for the ampli- 
tude and phase can be drawn from a simulation of the first 
20 RF-periods of the build-up process. 

In steady state, the RF output power is replaced by the 
beam in every period. The rest energy of the beam is dis- 
sipated in the collector walls a few periods later. Thus, 
steady state can be identified through the fact, that the av- 
erage beam energy loss is equal to the RF power loss in 
the artificial load. The efficiency is determined in different 
ways which agree only in steady state (see table 1). 

Initial 
RF power 
32.5 kW 
40.0 kW 
42.0 kW 

Efficiency calculated from 
RF cavity field    dissipated power 

51.4% 
57.3 % 
57.3 % 

55.6 % 
57.9 % 
56.4 % 

Table 1: Identification of steady state. Average beam cur- 
rent 2 A, bunch length 180°. The efficiency in steady state 
is 57.3 %. 

For three different cases, we compared our results for the 
efficiency with the results of a simple one-dimensional pro- 
gram which usually yields good results for medium power 
IOT's but cannot be extended for the calculation of the 
HOM IOT (see table 2). 

Both calculations show that the efficiency rj increases for 
higher output power even for gap voltages well above the 
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Figure 3: Typical simulation output. Electrons move from left to right. They are emitted from the surface of the grid and 
accelerated in a static electric field. Passing the output cavity, electron bunches excite an RF field. The spent beam is 
dumped into the collector. 

PHASE SPACE PHASE SPACE 

.400  y 

.300 f / ,.•' 
i 

j / .>■ ■ 

.200 

0. 

: ■'"']',. "■■' 

10.00 15.00 

LENGTH  /  CM       —> 

Reference results MAFIA results 

lave 1_AJ 2.93 2.03 1.10 2.93 2.03     1.10 

-imax L^J 11.36 7.89 4.32 8.79 6.09     3.30 
Pout [kW] 61.0 29.7 8.7 65.0 36.7     11.1 
vi%] 64.9 45.7 24.8 69.3 56.5     31.5 
Vgap [kV] 37.0 25.6 13.9 40.8 30.7     16.9 

Figure 4: The momentum ßz * 7 is plotted against the longitudinal position for t = t0, and t = t0 + T/2 . The average 
beam current is Iave =2.93 A, the gap voltage is Vgap =40.8 kV. 

4    REFERENCES 

[1] E.Lien, H.Bohlen, US Patent Application Serial No. 
08/413,034 

[2] D.H. Preist, M.B. Shrader, The Klystwde™ —An unusual 
transmitting tube with potential for UHF-TV Proc. IEEE 70 
(1982) 

[3] H. Bohlen, F. Friedlander, E. Lien HOM-Klystrons, a possi- 
ble "low-voltage " solution for high-power pulse applications 
contrib. RF 96, Shonan Village, Japan, April 1996 

[4] T. Weiland, On the Numerical Solution of Maxwell's Equa- 
tions and Applications in the Field of Accelerator Physics, 
Particle Accelerators, 1984, Vol. 15, S, 245-292 

[5] The MAFIA collaboration, User's Guide MAFIA Version 
4.00, CST GmbH, Lauteschlägerstr. 8, D-64289 Darmstadt, 
Germany 

[6] U. Becker, M. Dohlus, S. Lütgert, D. Sprehn, T. Weiland 
Comparison of CONDOR, FCI, and MAFIA Calculations for 
a 150 MW S-Band Klystron with Measurements, Proc. of the 
PAC'95, Dallas, Vol. 4, p. 2190-2192 

[7] U. Becker, M. Dohlus, T. Weiland Three Dimensional 
Klystron Simulation, Particle Accelerators, 1995, Vol. 51, 
pp. 135-154 

Table 2: Comparison of Results to a Reference Calculation 

gun voltage Vgun =32 kV. Figure 4 shows that even for this 
case no particles move back to the gun region. 

MAFIA yields higher absolute values for the efficiency 
because of the higher harmonic content of the simplified 
bunch shape used (see figure 2). We expect lower values 
for 77 when the realistic bunch shape is considered. 
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OPERATING EXPERIENCE AND RELIABILITY IMPROVEMENTS ON 
THE 5 KW CW KLYSTRON AT JEFFERSON LAB 

R. Nelson, S. Holben, Thomas Jefferson National Accelerator Facility, 12000 Jefferson Avenue, 
Newport News VA USA 23606 

Abstract 

With substantial operating hours on the RF system, 
considerable information on reliability of the 5 kW CW 
klystrons has been obtained. High early failure rates led 
to examination of the operating conditions and failure 
modes. Internal ceramic contamination caused 
premature failure of gun potting material and ultimate 
tube demise through arcing or ceramic fracture. A 
planned course of repotting and reconditioning of 
approximately 300 klystrons, plus careful attention to 
operating conditions and periodic analysis of operational 
data, has substantially reduced the failure rate. It is 
anticipated that implementation of planned supplemental 
monitoring systems for the klystrons will allow most 
catastrophic failures to be avoided. By predicting end of 
life, tubes can be changed out before they fail, thus 
minimizing unplanned downtime. Initial tests have also 
been conducted on this same klystron operated at higher 
voltages with resultant higher output power. The 
outcome of these tests will provide information to be 
considered for future upgrades to the accelerator. 

1  BACKGROUND 

2      KLYSTRON FAILURES 

2.1    Failure Rates 

As could be expected, klystrons failed. To date, some 
83 have died. As tubes failed, the few spares originally 
purchased dwindled and additional tubes were purchased 
to supplement the 350 originals. Concurrent with the 
purchase of spares, a vendor was also selected to repair 
and rebuild the failed klystrons. Both contracts were the 
result of a competitive bid process. New tubes would be 
supplied by Litton Electron Devices, while a startup 
company, Pendulum Electromagnetics (PendEl) in 
Raleigh NC, would handle all the repairs and 
rebuilding. 

The spec requested tubes with at least 20-25k hours 
life. Overall, even with a high number of early failures, 
the MTBF was around 22k hours by 1994. Currently, the 
hours/failures ratio shows about 90K hours of filament 
operation and 67k hours of HV operation average. None 
of the failures so far has been from normal wear out, that 
is, cathode depletion. Instead, catastrophic failures have 
ranged from open heaters to external arcing. 

1.1   Number & Type 

An original purchase of 350 klystrons was made over a 
three year period. 

Beam voltage 11.6 kV 
Beam current 1.3 Amps 
P  5 kW 

P.. 2 watts (max) 
Frequency 1497 MHz 
Bandwidth 6 MHz 
Heater voltage 7.3 Volts dc 
Heater current 4.3 Amps (typ.) 
Magnetics PM 
Cooling water (LCW) 35° C 

Table 1 - Varian VKL8711W Parameters [1] 

The contract was awarded to a single vendor, Varian 
Associates (now Communications & Power Industries - 
CPI). 
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Figure 1 - Klystron Failures by Month 

The high voltage power supplies each feed eight 
klystrons and did not arrive with a crowbar. A crowbar 
was later added but is not used because of nuisance trips 
and other issues. Though the power supply turned off 
when a tube arced, operators usually made several 
attempts to restart the zone before technicians were 
called.  By that time, if the tube had arced, there was a 
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substantial track across the ceramic and the tube would 
be dead. 

Partly because full RF power wouldn't be required 
for awhile, and partly to try and reduce the rising rate of 
failures, the klystron's operating voltage was lowered. 
This seemed to give some relief for a time, but failures 
continued. 

2.2   Failure Modes 

The largest number of failures were the result of external 
arcs across the ceramic of the gun assembly. The gun 
assembly is potted with a silicone RTV to prevent 
problems with dust and humidity. In many cases, the 
RTV closest to the gun reverted to either a thick soup of 
silicone oil and solids or a dry and crumbling material. 
While the RTV was rated at 250 °C [2] and measured 
surface temperatures according to data provided were 
well below that point, silicone supplier GE Silicone felt 
the material was being exposed to temperatures too high. 
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Figure 2 - Gun assembly showing degraded potting 

Besides obvious interruptions to machine operation, 
most of the failures also made repairs more difficult 
since tubes typically went to air with resultant internal 
contamination from silicone oil being sucked in. If 
catastrophic failures couldn't be prevented completely, it 
seemed prudent to try and remove suspect tubes from 
service before they took the machine down. 

2.3   Locating the Bad Actors 

We felt that the decay of the RTV was contributing to 
the arcing across the ceramic so methods of determining 
the condition of the potting were examined. 

The RTV should have a good bond to the ceramic 
and metal and be free from voids, so all potting was 
checked for voids using ultrasound measuring 
techniques. When a tube failed, the test results of the 
ultrasound were checked. There didn't seem to be any 
obvious correlation between the test results and tube 
failure. 

A second tactile test was also used, wherein the 
potting was squeezed and twisted lightly to determine 
whether it was still solid and well attached. This picked 

up on some bad RTV but once again didn't reliably 
allow us to spot potential candidates for failure. 

2.4 Repotting 

Recognizing that we couldn't consistently spot bad 
potting or predict failures, a decision was made to repot 
all the tubes in the machine. This time the RTV was 
Stycast 5952 from Emerson & Cuming., a product with 
higher thermal conductivity [3] and one that didn't 
require stage curing. 

Tubes were swapped out with spares and those 
tubes were then repotted. The old RTV had to be 
removed first. In many cases it turned out to be still 
perfectly intact, in which case it was difficult to remove. 
The material was cut, pried , scraped, and wiped off, and 
then abrasive blasted with aluminum oxide and liquid 
washed to insure clean surfaces. New leads were 
attached and a primer coat was applied to help the RTV 
bond. A three piece clamshell mold was placed over the 
gun assembly, the RTV mixed, de-aired, poured, and 
cured with the aid of a heat tape wrapped around the 
mold. After the mold was removed the leads were cut 
and terminated and the tube put on the test stand for a 
full battery of tests. The results of these tests have been 
put in a database to allow comparison, both among the 
group, and against itself in the future if it is retested. 

2.5 A Different Failure 

Failures continued among tubes with original potting, 
and eventually, one of the repotted tubes failed. The gun 
ceramic fractured and took the tube up to air. This time 
the potting closest to the ceramic appeared dry, gritty 
and hard. A potting sample submitted to Emerson & 
Cuming came back with a suggestion that the apparent 
reason for failure was high temperature. So we looked 
for other heat sources. 

Hipotting the tubes had shown that some tubes had 
a voltage at which the tube didn't break down 
completely, but where leakage current started to climb 
rapidly. These breakpoints, or knees, were determined 
to be related to field emission. Internal ceramic 
contamination caused a different, more linear resistance. 
Again, hipotting didn't reliably predict life or death for 
all tubes, but it was a good indicator for certain 
problems. Also, hipotting was done on a cold tube and 
couldn't be continuously monitored. 

3      HEAT SOURCES 

3.1   Mod Anode Intercept 

Measuring operating temperatures on a potted and 
operating gun was difficult because of the high voltage 
on the gun. Thermocouples placed in the potting had 
measured temperatures with only heater power applied, 
and those temperatures were satisfactory. We presently 
monitored and could log, cathode and body currents, but 
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not mod anode current. As a test, a metering panel was 
assembled on a clear acrylic panel and mounted in spare 
rack space on the HPA. As predicted, we found that a 
few tubes had higher than normal mod anode current. 

installed on all klystron positions. This parameter is 
now remotely monitored, and can be logged or trip the 
power supply if a preset threshold is exceeded. 
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Figure 3 - Mod Anode Current Distribution 

Original specs required mod anode intercept to be < 
1% of beam current, which equated to <13 mA. 
Assuming that most of the current intercepted by the 
modulating anode was dissipated by the metal and 
ceramic through the potting material, we simulated 
additional heat on our thermocouple equipped tube by 
increasing heater power. The temperature reached 250 
°C with another 30 watts input. So while 12 mA of 
intercept would fall within the specs, it would also 
generate 139 watts of heat. The gun would fracture well 
before that point. In fact, at least three tubes have 
suffered that fate, so it's convincing that excessive mod 
anode current was probably a major contributor to 
potting failures. 

3.2   Controlling Mod Anode Current 

We had lowered the cathode voltage but kept the heater 
setting at the nameplate value. Running a curve of 
cathode emission vs. filament voltage, we found that 
most tubes would operate satisfactorily with about 75% 
of the rated voltage. Running cathodes hot had resulted 
in excessive barium boil off and internal contamination. 
Since resetting individual filament voltages based on 
emission curves, the failure rate has dropped noticeably. 

Even though heater power was lowered, those tubes 
with high mod anode current and a sharp breakdown 
knee still had problems. We found that the knee could, 
in most cases, be raised beyond our operating voltage 
and the tube recovered. Reconditioning was 
accomplished either with multiple hits from a capacitor 
discharge setup or by slowly raising cathode voltage 
while insuring mod anode current didn't exceed about 
2.5 mA. 

Because mod anode current was found to be a 
critical measure of the tube's health and an indicator of 
impending   failure,   permanent   monitoring   has   been 

MORE RF POWER 

4.1   The Future 

While present RF capacity may accommodate a machine 
upgrade to 6 GeV, more power will be required to reach 
8 GeV. A Free Electron Laser project (FEL) presently in 
the construction phase also requires higher RF power for 
its superconducting cavities. 

4.2 Options 

Three options for generating more RF power include 
replacing the present klystrons and their power supplies, 
replacing the current klystron with a higher efficiency 
unit and possibly retaining the existing power supplies, 
and operating the present klystrons at higher voltage by 
replacing the present power supplies. The latter will be 
used to meet short term FEL requirements. 

4.3 5 kW Klystrons Running at 8 kW 

Increasing the cathode voltage to 14 kV scales the output 
power to 8 kW. DC input power rises a similar 
percentage so cooling is increased to maintain tube 
temperatures at approximately the same point. 

Some of our present tubes have been run at various 
voltages from the nominal 11.6 kV up to 14 kV. The 
original Varian tube had a robust collector. With 
increased cooling it has easily accommodated the 60% 
additional beam power. The primary concerns dealt 
with body and mod anode currents. Body current can be 
tweaked if necessary by placement of magnetic shunts 
inside the bowl magnets. 

Tubes from all three sources, Varian, Litton and 
PendEl have been run at 14 kV and delivered 8 kW. It 
should be noted, though, that some will require 
conditioning to run reliably at 14 kV. Some, with 
excessive leakage due to barium deposits on the ceramic, 
may not be suitable for 8 kW service at all. 
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Abstract 

We describe results from the initial operation of our 
coaxial gyroklystron experiment, which is being 
evaluated as a potential driver for future linear colliders. 
The interaction is designed to occur between a 500 kV, 
500 - 700 A beam and a series of coaxial TE0|]1 

microwave cavities. Output powers in excess of 100 MW 
at 8.568 GHz are expected with an efficiency of about 
40% [1]. We detail performance of our single anode 
magnetron injection gun in addition to the stability and 
amplification properties of our preliminary microwave 
circuit. We also discuss our designs of near-term future 
tubes which are expected to have comparable 
performance at 17.136 GHz. 

1 INTRODUCTION 

At the University of Maryland, we have been running a 
comprehensive program to study the suitability of 
gyroklystrons as drivers for linear collider applications 
[1]. We have previously reported a variety of 
experimental results, all of which were achieved on a test 
bed which produced a small-orbit beam with a nominal 
voltage and current of 450 kV and 200 A, respectively. 
Published accounts of our effort include an amplified 
power level of 27 MW at 32% efficiency in a three-cavity 
first harmonic gyroklystron near 10 GHz [2] and 32 MW 
at 29% efficiency in a two-cavity second harmonic 
gyroklystron near 20 GHz [3]. 

In this paper we present the design details of two 
coaxial gyroklystron tubes which are predicted to produce 
at least 100 MW of output power with an efficiency of 
nearly 40%. These tubes utilize a fundamental mode TEon 

input cavity which is driven by a 150 kW magnetron at 
8.568 GHz. The first tube also has an 8.568 GHz TE011 

output cavity, whereas the second tube has 17.136 GHz 
TE021 buncher and output cavities. We present details of 
all system aspects, including the test bed modifications 
required to produce the enhanced beam characteristics, 
simulated beam properties, and simulated circuit 
interactions. Cold and hot test results of the first 
experimental tube are discussed before the project status 
and a description of our future plans are summarized. 

2 TEST BED MODIFICATIONS 

We have just completed an upgrade of our facility which 
should enable us to produce amplified microwave powers 
in excess of 100 MW (see Fig. 1). Our modulator voltage 
and current have been increased to 500 kV and 800 A, 
respectively. We have designed, installed, and completed 
acceptance testing of a single-anode Magnetron Injection 
Gun (MIG) which is capable of producing a 480 - 720 A 
rotating electron beam at the nominal beam voltage with 
an axial velocity spread less than 7%. The simulated 
space-charge-limited perveance of 5.5 iiP was in good 
agreement with the measured result. The maximum 
current produced in the acceptance test was limited by 
our modulator (due to an applied voltage which was 
lower than the nominal operating voltage) to 670 A. 

The original water-cooled magnets have been used, 
but a larger power supply for the gun coil was required 
because of a decrease in the magnetic compression. We 
reduced our drive frequency from 10 GHz to exactly 
three times the current SLAC frequency, so a new coaxial 
magnetron and a modified input waveguide were 
required. The output waveguide (uptapers, beam dump, 
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Fig. 1. The gyroklystron test bed. 
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window, kicker magnet, pumping cross) was totally 
rebuilt to accommodate the expected larger peak powers. 
The anechoic chamber was modified to accommodate the 
new output waveguide and the directional coupler 
diagnostic was completely redesigned. 

3 THEORETICAL CIRCUIT PERFORMANCE 

A detailed design analysis has been carried out on a 
number of coaxial, two- and three-cavity gyroklystron 
systems with the aid of our partially self-consistent 
nonlinear code. The input cavity in all tubes is in 
resonance with the signal frequency at 8.568 GHz and the 
output cavity is resonant with either the first (8.568 GHz) 
or the second harmonic (17.136 GHz) frequency. In a 
three-cavity system, an additional buncher cavity is 
introduced which is resonant at either the first or second 
harmonic frequency. In the following sections, we 
describe only the first harmonic tube which has been hot- 
tested and the second harmonic tube which is scheduled 
to undergo hot testing in the near future. 

3.1 Two-Cavity First Harmonic Tube 

The first harmonic tube consists of an input cavity and an 
output cavity separated by a drift section. The input 
cavity is defined by a decrease in the inner conductor 
radius only and the quality factor is brought down to Q = 
70 by loading the cavity with a thin ring of carbonized 
aluminum-silicate placed at one end of the cavity. The 
inner radius is 1.05 cm and the length is 2.29 cm. Power 
is injected through two radial coupling ports which are 
separated by 180° and excited in phase. Our start- 
oscillation code predicts that the input cavity is 
completely stable up to a current of 800 A. 

The drift section has inner and outer radii of 1.825 cm 
and 3.325 cm, respectively. The inner conductor is 
required so that the drift tube is cutoff to the operating 
mode. The regions adjacent to each cavity are made of 
copper, but lossy ceramics line the majority of the drift 
tube to eliminate spurious modes. The total length of the 
drift region is 9.1 cm. Lossy ceramics are also used in the 
downtaper between the gun and the input cavity. 

The output cavity is defined by changes in both radii 
and has a length of 1.70 cm. Power is extracted axially 
into the output waveguide via a coupling aperture. The 
aperture has the same radii as the drift tube and has a 
length of 0.9 cm. The diffractive quality factor is about 
122. The start-oscillation code also predicts the output 
cavity to be stable at the nominal current, which is given 
in the middle column of Table 1 along with the other 
operating parameters. The efficiency is nearly 40% and 
the output power is about 95 MW. The dependence of 
tube efficiency on axial velocity spread is plotted in Fig. 
2 with the solid line. The simulated velocity spread of the 
electron gun is 6.4 % at the nominal current. The curve 
shows a slow but steady decrease in efficiency with 
increasing spread and indicates that an efficiency of 37% 

is still possible if the spread is as high as 10%. A 
simplified schematic of the tube dimensions along with 
the optimal axial magnetic field profile is indicated in 
Fig. 3. 
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Fig. 2. Efficiency of the first (solid line) and second harmonic 
(dashed line) tubes vs. velocity spread. 
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Fig. 3. The first-harmonic two-cavity tube and the optimal 
magnetic field profile. 

3.2 Three-Cavity Second Harmonic Tube 

The second harmonic design which we intend to test is a 
three-cavity system. The buncher cavity operates at the 
second harmonic and is formed with non-adiabatic radial 
wall transitions. Mode conversion from the TE02 mode to 
the TE01 is estimated to be about -40 dB. Dielectric 
loading of the cavity is used in order to obtain a Q of 389 
and is achieved by reducing the thickness of the copper 
sections that separate the cavity from the drift tube 
dielectrics. The linear start oscillation code indicates that 
the buncher cavity is stable to beam currents below about 
1000 A at the design value of the magnetic field (B0 = 
4.81 kG). The output cavity is also designed with non- 
adiabatic radial wall transitions. The scattering matrix 
code estimates the purity of the TE02 operation in the 
output cavity to be 97%. The ratio of the power flowing 
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into the drift tube to the power flowing into the output 
waveguide is better than -24 dB. Furthermore, the lossy 
dielectric loading in the drift tube, which will have a 
minimum effect on the Q-value of the operating mode, 
will suppress the excitation of the spurious modes and 
reduce the cross-talk. 

TABLE 1. Comparison of the lsl and 2nd harmonic designs. 

Parameters Inharmonic 2nd harmonic 
Voltage 500 kV 500 kV 
Current 480 A 770 A 
Velocity ratio 1.508 1.508 
Input Cavity Q 50 50 
Buncher Cavity Q - 389 
Output Cavity Q 122 320 
Gain 21 dB 49 dB 
Efficiency 39.4% 41.1 % 
Output Power 94.6 MW 158.2 MW 

The simulated results at the nominal operating point 
are indicated in the final column of Table 1. The optimal 
current according to the simulations is 770 A and the 
estimated peak output power is over 150 MW. The 
corresponding gain and efficiency are 49 dB and 41%, 
respectively. The dependence of efficiency on velocity 
spread is shown as the dashed line in Fig. 2. Note that the 
efficiency begins to drop off fairly rapidly for spreads 
above 7%. However, these simulations are not re- 
optimized with respect to magnetic field profile, etc., at 
each point, and additional investigations indicate that 
higher efficiencies can be achieved if the velocity spread 
is higher than expected. 

4 COLD AND HOT TEST RESULTS 

The construction, cold testing, and hot testing of the first 
experimental tube has been completed. Cold-testing 
yielded the final dimensions of the input cavity required 
to achieve the frequency of 8.568 GHz and a quality 
factor of 70. They are quite near the theoretical estimates 
given in the previous section. Cold-test drift tube 
attenuation measurements have indicated adequate 
isolation. The results for the output cavity were also quite 
close to the predicted values. 

The performance of the microwave amplification 
experiment was limited by an input power coupling 
problem that developed after the tube was installed on the 
test bed. The net result was that we were only able to 
inject about 5 kW of power into the input cavity. The two 
cavity system had a predicted gain slightly above 20 dB, 
so the tube was severly gain limited. The best 
amplification results yielded a peak power of about 600 
kW with a pulse width of over 1.5 (is at a beam voltage of 
270 kV and a current of 290 A. The performance at this 
reduced operating point was consistant with our 
simulations. While some instabilities were observed in 
the output waveguide, performance of the tube at these 
beam parameters was not limited by spurious modes. 

5 PROJECT STATUS AND FUTURE PLANS 

We have nearly completed a rebuild of the first harmonic 
tube which incorporates two major changes. First we 
have added a third port on the vacuum jacket at the input 
cavity so that we can use transmission measurements to 
characterize the input cavity parameters in situ. Second 
have have lenghtened the overall system in order to add a 
buncher cavity so that the tube should not be gain limited. 
The buncher cavity is nearly identical in shape to the 
drive cavity and has the same resonant frequency and Q. 
We expect this tube to go on-line early in June 1997. 

We continue to work on improving our simulation 
capabilities. Time-dependent capability has been added to 
our nonlinear (single-mode) code by researchers from the 
Naval Research Laboratory and initial results have 
confirmed the steady-state code predictions. We hope in 
the future to add multi-mode capability to our time 
dependent code. 

We are also looking at advanced cavity concepts for 
future tubes. For the input cavity, we are using the High 
Frequency Structure Simulator code HFSS to simulate a 
single waveguide injection scheme which couples to the 
input cavity via an outer coaxial cavity. Furthermore, we 
are investigating an output cavity which couples through 
the inner radial wall to a circular waveguide, thereby 
decoupling the microwaves and the beam beyond the 
output cavity and enabling the use of additional tube 
stabilization schemes. Preliminary HFSS simulations of 
this output cavity scheme have been successful. Both 
concepts promise to improve performance of the 
gyroklystron tubes beyond the current predictions. 

Finally, we are beginning to look at the application of 
gyroklystron circuits to Ka-band and beyond. 
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Abstract 

The TE12 mode in cylindrical waveguide has its group 
velocity nearly equal to that of the TEn mode when the 
operating frequency of the former is seven times of that of 
the latter. Thus the two modes have almost the same 
resonant magnetic field, and coherent radiation can be 
generated at the 7th harmonic when the fundamental 
energizes a gyrating electron beam by the cyclotron 
autoresonance interaction. It is shown analytically that 
the electron's gyration radius, normalized to waveguide 
radius, must be less than 0.5431 in the cyclotron 
autoresonance interaction. This analytical prediction is 
well confirmed by computer simulations. For a 300 kV, 
30 A warm beam driven by 20 MW rf power at 2.856 
GHz, simulations indicate that 7th harmonic power of up 
to 16 MW at 20 GHz can be obtained. 

1    INTRODUCTION 

Gyroharmonic conversion as a process for efficient 
production of high-power radiation has been investigated 
and analyzed in a number of prior publications [1-4]. 
Gyroharmonic conversion is a frequency-multipler 
concept, for which two approaches have been proposed. 
In the first [1,2], low frequency rf drive power is used to 
accelerate an electron beam using the TEn mode by 
CARA (cyclotron autoresonance acceleration) [5-8], and 
the beam is then allowed to selectively emit coherent 
radiation at a harmonic of the drive frequency in a 
converter section. To cause the accelerated beam from 
CARA to fulfill both synchronous and grazing conditions 
in the converter, a drift region is inserted [6], and the 
harmonic index is specified by proper choice of converter 
circuit parameters. The second approach to gyroharmonic 
conversion is co-generation [4], where the lowest mode 
with almost the same required resonant magnetic field as 
that of TEl i at the drive frequency is the TE12 at the 7th 
harmonic, and transfer of drive power and generation of 
harmonic power occur in the self-same structure. The 
harmonic index is selected by the interaction mechanism, 
instead of only by circuit parameters. Because no drift 
region is needed in co-generation, strong rf trapping is 
always present and preserves good gyrophase coherence 
among the beam particles, resulting in better beam quality 
and higher interaction efficiency. 

2    PRINCIPLES OF CO-GENERATION AND 
MAXIMUM  GYRATION  RADIUS 

Co-generation can be understood by examining the 
cyclotron autoresonance condition that maintains electron 
synchronism with rf electric fields. The resonance 
condition for TEsl mode at the sth harmonic is 

s(0 = s&.QlY+ckzslßz or  Q.Q = ay[\-nsißz),    (1) 

where a is the drive frequency, c is the light speed in 
free space, y and ßz are the electron's relativistic energy 
factor and normalized axial velocity, the refractive index or 
normalized group velocity for TEsl mode is 
nsl = *z, W® w*m k

z,sl the axia' wave numrjer> and the 
rest gyration frequency is £l0=eB0/mo wil^ e tne 

electron's charge, m0 the electron's rest mass, and B0 the 
axial magnetic field. For a waveguide radius of 3.3 cm 
and fundamental operation at 2.856 GHz, the refractive 
index nu is 0.3605 and n12 is 0.3521, these differ by 
only 2.3%. From Eq. (1) we find the resonance magnetic 
fields for TEU and TE12 modes are nearly identical, with 
difference of less than 1.3% for ^z =0.99, 0.5% for 
ßz = 0.5, and 0.3% for ßz = 0.3. Calculations indicates 
that 7E13j3, TE245, and TE306 are also of near- 
degenerate [4]. 

When an electron beam is pumped by drive power in the 
TEn mode, all electrons rapidly get phase-trapped and 
accelerated synchronously. At the same time, the beam 
begins to emit coherent radiation preferably into TE12 

mode, although TEn3, TE24<5, and TE306 modes also 
have nearly equal resonant magnetic fields. This is 
because the larger the azimuthal mode index, the more the 
electric field distribution is concentrated in the region 
close to the waveguide wall. Radiation into higher modes 
decreases with increase in mode index. Moreover, higher 
harmonics are more sensitive to beam phase spread. 

A larger gyration radius is preferred for interaction with 
high harmonics, since high-order mode field distributions 
are closer to the waveguide wall. However, the gyration 
radius is constrained by the synchronous condition Eq. (1), 
resulting in 

l-"n 
\-{nnßf 

1/2 

< 0.5431, (2) 

* The work was supported by the U. S. Department of Energy, 
Division of High Energy Physics. 

where rL is the gyration radius, Rw is the waveguide 
radius, j{x =1.841184 is the first root of the derivative of 
Bessel function Jx(%), and  ß = (l-l/y2)"1/2   is  the 
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normalized total electron's velocity. Eq. (2), which is in 
good agreement with computer simulation, states that the 
normalized gyration radius must be less than 0.5431 
regardless of the beam's energy and waveguide radius in 
CARA. 

3    RESULTS  OF SIMULATION 

Simulation results are presented here for co-generation 
with parameters given in Table I. For all examples, a 
single-energy injected electron beam with a guiding center 
spread of 10% and an rms axial velocity spread of 0.02% 
is assumed. This velocity spread value is scaled from that 
for the Litton K = 1 x lO^A - V"3/2 100 kV gun now 
in operation in the Yale/Omega-P 4th harmonic converter 
experiment. 512 computational particles are taken, with 8 
values of velocity spread, 8 values of phase spread, and 8 
values of guiding center spread. 

TABLE I: Parameters in simulation of co-generation. 

Injection gun voltage 
Injector gun perveance 
Beam current 
rms axial velocity spread 
Beam guiding center spread 
Waveguide radius 
Refractive index (TE\ j mode) 
Refractive index (7E72 mode) 
rf drive frequency 
rf drive power 
Output frequency 
Guide magnetic field  

300 kV 
0.18xl0_6A-V_3/2 

30 A 
0.02% 
10% 
3.3 cm 
0.3605 
0.3522 
2.856 GHz 
20 MW 
19.992 GHz 
< 2.4 kG 

To measure performance of co-generation, one can 
define a direct efficiency, given by 

Idü 
P72 (QUO 

/'11(in) + />
72(in) + Pbeam(in)' 

(3) 

where P?;(in) is the TEsi mode input power, Z'beamO11) 
is the input beam power, and /^(out) is the TEj2 
output power. Fig. 1 shows the results for a co-generator 
with an optimized detuning of A = -0.02. Detuning, 
defined as A = Q.0/(co< yxßz>)+nn-l/<ßz>, 
measures how much the magnetic field profile deviates 
from exact resonanance; introduction of detuning reduces 
impairment of beam quality caused by initial velocity 
spread. In this case, at z = 83.8 cm, output power at the 
7th harmonic is seen to be 5.52 MW, at the fundamental 
to be 10.45 MW, and at the 13th harmonic to be 
0.04 MW. Possible competing modes 7E13 3, TE^2 

and TE$2 are seen to have only a minuscule influence on 
7th harmonic co-generation. The direct efficiency is 
5.52/(20+9) = 19.03%. The failure of normalized average 
gyration radius < rL/Rw > to fall below 0.3 indicates that 
particles have lost good phase synchronism with the TEn 
mode, and thus can not give up more than a limited 
amount of transverse momentum. 
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Figure 1: Dependence of rf power P and normalized 
gyration radius < rL/Rw > on axial distance z. TEn and 
TEj2 modes always coexist and a detuned resonant 
magnetic field profile is used. Peak value of 7th harmonic 
power at 20 GHz is 5.52 MW at z = 83.8 cm. 

To increase efficiency, one can kill the TE\ j mode after 
drive power is depleted, using a selective absorber. It is 
found that use of a segmented straight-line magnetic 
profile beyond the power-depleted point can also increase 
7th harmonic power. As shown in Fig. 2, 7th harmonic 
output is seen to rise to 10.20 MW at z = 99 cm, and the 
direct efficiency is increased to 35.17%. Comparing Fig. 
2 with Fig. 1, we find that mode suppression and 
adjustment of magnetic profile has considerably improved 
direct efficiency, but the circuit becomes longer and 
somewhat more complicated. 
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Figure 2: Dependence of rf power P and normalized 
gyration radius < rL/Rw > on axial distance z. TEU 

mode is killed and segmented straight-line magnetic field 
profile is employed after TEn mode is depleted. 7th 
harmonic 20 GHz power is 10.20 MW at z = 99 cm. 

It is found by simulations that injection of a portion of 
7th harmonic power with proper phase can effectively 
reduce gyrophase spread. Fig. 3 shows results with a 7th 
harmonic injection power of 2.0 MW, but with other 
parameters the same as in Fig. 1. Now it is seen that the 
7th harmonic output at z = 86.5 cm is 12.11 MW, 
indicating a net gain of 10.11 MW, as compared with 
5.52 MW output without injection. Fundamental power 
at z = 86.5 cm is 9.27 MW. The significant increase in 
7th harmonic output results from much better particle 
trapping when injection is employed. Now the direct 
efficiency is 12.11/(9+2+20) = 39.06%. 
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Figure 3: Dependence of rf power P and normalized 
gyration radius <ri/Rw> on axial distance z. An 
injection power of 2.0 MW at 20 GHz is used, with other 
parameters the same as in Fig. 1. 7th harmonic power at 
20 GHz is 12.11 MWat z = 86.5 cm. 
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Figure 4: Dependence of rf power P and normalized 
gyration radius <rL/Rw> on axial distance z. An 
injection power of 2.0 MW at 20 GHz is used, with other 
parameters the same as in Fig. 2. 7th harmonic power at 
20 GHz is 15.96 MW at  z = 87.5cm. 

Harmonic injection also benefits co-generation for the 
Fig. 2 case where TEX j mode is killed beyond its power- 
depleted point. Fig. 4 shows results with a 7th harmonic 
injection power of 2.0 MW, but with other parameters the 
same as in Fig. 2. It is seen that 7th harmonic power 
grows to 15.96 MW at z = 87.5 cm, corresponding to a 
direct efficiency of 51.48%. 

In a configuration requiring a large number of sources, 
such as a high energy electron-positron collider, one could 
interconnect neighboring sources in tandem, so that any 
2.856 GHz output of one source would partially feed the 
next source; in that case the "makeup" power required for 
each source (except for the first one) would be reduced. In 
this case, one can define the output efficiency of a single 
co-generator in the tandem sequence as 

= ^72(0"t)  
,output     />! j (makeup) + P12 (in) + Pbeam (in)' 

(4) 

A higher efficiency can be achieved through recovery of 
spent beam energy if a depressed collector is employed [9]. 
Inclusion of beam energy recovery leads to a definition of 
an enhanced efficiency, defined as 

= P72(°ut)+T?tecpbeam(°ut) (5) 
/enhanced      />ll(makeup) + p72(in) + i>beam(in) ' 

where T]rec is the efficiency for recovery of spent beam 
power, and Pbeam(out) is me beam power at the end of 
the co-generator. For an ideal collector, the recovery 
efficiency is given by 7]rec = (7min -l)/(< 7>-!)> 
where ym;n is the minimum relativistic energy factor in 
the spent beam. Table II shows comparison for the four 
configurations of co-generation discussed above. Effects 
of power injection on co-generation can be found by 
comparing the Fig. 1 and Fig. 2 cases with the Fig. 3 and 
Fig. 4 cases respectively; effects of beam energy recovery 
on co-generation can be found by comparing the output 
efficiency 77output with the enhanced efficiency J7enhanced • 

TABLE II: Comparison for four configurations of 7th 
harmonic co-generation at 20 GHz. 

f72-out 
(MW) 

^direct 
(%) 

woutput 
(%) 

^rec 
(%) 

'/enhanced 
(%) 

Fig. 1 5.52 19.03 29.75 69.1 77.6 

FiR. 2 10.20 35.17 35.17 78.6 85.4 

Fig. 3 12.11 39.06 55.73 94.4 96.5 

Fig. 4 15.96 51.48 51.48 90.2 94.4 

4     CONCLUSIONS 

Co-generation is a novel means for efficient gyro- 
harmonic conversion. By injection of harmonic power to 
improve particle trapping and recovery of spent beam 
energy to enhance efficiency, simulations have shown that 
an overall 7th harmonic efficiency of over 90% can be 
achieved for a 16 MW 20 GHz co-generators with a 300 
kV, 30 A electron beam pumped by 20 MW power at 
2.856 GHz. 
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Abstract 

The injector and source of particles for the Advanced 
Photon Source (APS) is a 2856-MHz S-band electron- 
positron linear accelerator (linac) which produces elec- 
trons with energies up to 650 MeV or positrons with ener- 
gies up to 450 MeV. To improve the linac rf system 
availability, an additional modulator-klystron subsystem is 
being constructed to provide a switchable hot spare unit 
for each of the five existing S-band transmitters. The 
switching of the transmitters will require the use of SF6- 
pressurized waveguide switches at a peak operating power 
of 35 MW. A test stand was set up at the Stanford Linear 
Accelerator Center (SLAC) Klystron-Microwave labora- 
tory to conduct tests characterizing the power handling 
capability of these waveguide switches. Test results are 
presented. 

1   INTRODUCTION 

The APS linac structures are powered by five 35-MW 
klystrons, two for the electron linac and three for the 
positron linac. The upstream accelerating structure in each 
linac is directly powered by a klystron, while the remain- 
ing 12 structures are powered in groups of four by a 
klystron and a SLED [1]. 

To improve the overall availability of the linac rf sys- 
tem to deliver beam to the APS storage ring, a sixth rf sta- 
tion comprised of a modulator and a klystron has been 
added to the five existing rf transmitters. This system is 
currently under construction and high-voltage power sup- 
ply testing [2]. Once on-line, this rf station will serve as a 
hot spare unit for any of the five on-line S-band transmit- 
ters through a suitable and reliable SF6-pressurized 
waveguide switching system. 

Currently, rf waveguide switches in pressurized sys- 
tems are used in routine operation of S-band linacs at other 
accelerator facilities. For example, the 295-MeV S-band 
injector linac for the Duke University storage ring uses 
aluminum WR-284 waveguide pressurized with 26 PSIG 
of sulfur hexafluoride (SF6) throughout the entire system. 
Commercially available waveguide switches have been 
incorporated into the pressurized waveguide system to pro- 
vide rf power switching capability. This pressurized 
waveguide switching system has been operating reliably at 
a peak rf power of less than 30 MW, an rf macropulse 
length of 2 \x.s, and a repetition rate of 2 Hz without signif- 
icant arcing or rf breakdown. The pressurized SF6 in this 
system circulates through a dryer to remove moisture and 
other contaminants [3]. 

The pressurized waveguide switches to be used in 
conjunction with the APS linac hot spare transmitter must 

be capable of handling a peak rf power of 35 MW at a 
maximum repetition rate of 60 Hz and an rf pulse width of 
5 us. No S-band pressurized waveguide switches are cur- 
rently being operated at this power level. To investigate the 
operational reliability of these pressurized switches under 
high peak rf power, an experimental rf setup was assem- 
bled at the SLAC Klystron and Microwave Test Labora- 
tory as described below. 

2 EXPERIMENTAL SET-UP 

Two types of commercially available waveguide 
switches were tested. In the first setup, two WR-284 
switches (from two different vendors) were configured as 
shown schematically in Figure 1. The layout is comprised 
of a bi-directional coupler downstream of the klystron out- 
put to monitor forward and reflected power, and two rf 
windows (before the switch and upstream of the water 
load) to separate the pressurized section of the waveguide 
from the vacuum side. In the second setup, the WR-284 
switch was replaced by a WR-340 switch. There were 
matching tapered transitions between the two waveguide 
sizes, and WR-340 windows were used instead of WR-284 
windows. 

Coupler 

RF switch SF6 

>^fcfclHHH© 
J J       □ Window U—pi 
'TT     Pump I 

SLAC 
klystron 

Window 

Pump 

SLAC 
water 
load UO&P 

Figure 1: Schematic layout of the rf pressurized 
waveguide switch test. 

Rf power for the test setup was provided by a SLAC 
type 5045 klystron operating at 2856 MHz with a nominal 
beam voltage of 350 kV and 393 A of beam current. The 
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Figure 2: Waveguide switch test set-up. 

peak rf power was 40 MW, with a 3.5 (is rf pulse width and 
a 60-Hz repetition rate. A photograph of the test set-up is 
shown in Figure 2. Vendor 1 's WR-284 waveguide switch 
is pictured in Figure 3 and Vendor 2's WR-340 waveguide 
switch is pictured in Figure 4. 

For each test set-up, the appropriate waveguide-switch 
section was pressurized with SF6, and the rf power was 
gradually increased until an arc or other operational prob- 
lem occurred. The klystron forward and reflected power 
were monitored at the bi-directional coupler at the output 
port of the klystron using a peak power analyzer. Forward 
rf power through the switch was calculated from water 
load calorimetric measurements. 

3 TEST RESULTS 

3.1   The WR-340 Switch 

With the waveguide-switch section pressurized to 30 
PSIG, rf power from the klystron was gradually increased. 
Arcing occurred at about 5 MW peak rf power. The rf 
power could not be increased due to persistent arcing and 
eventual SF6 breakdown. After purging and refilling with 
fresh SF6, rf power was again applied and the power level 
was gradually increased to 10 MW. Within a short time, 

arcing occurred in the straight waveguide section approxi- 
mately six inches upstream of the switch. A few more 
attempts were made, but the rf power could not be 
increased above 10 MW due to continuous waveguide arc- 
ing and rf trips on klystron reflected power. 

3.2   WR-284 Switches 

The rotatable blades in both of the WR-284 switches 
became permanently stuck in position after a short period 
of operation at 30-MW peak power. 

The WR-284 switch from vendor 1 was tested first, 
and was initially pressurized to 30 PSIG with SF6. With an 
rf pulse width of 3.5 |is and a 60-Hz repetition rate, the rf 
peak power was gradually increased to 40 MW. At 25 MW, 
some arcs occurred inside the pressurized waveguide 
upstream of the input port of the switch. It was necessary 
to purge the contaminated SF6 and refill, and we then 
reached 40 MW peak power at 30 PSIG of SF6 with no 
arcs. The rf match between the switch and the waveguide 
was quite poor. The measured return loss was 17 dB, and 
the klystron experienced a few reflected power trips as a 
result of the poor match. 

Figure 3: Vendor 2's WR-340 waveguide switch. 

Figure 4: Vendor l's WR-284 waveguide switch. 

Next, vendor 2's WR-284 switch was installed into the 
test setup and the waveguide was again pressurized to 30 
PSIG with SF6. Rf power was applied and increased to 30 
MW. Aside from occasional vacuum bursts, there was no 
sign of arcing in the pressurized section. The rf power was 
kept at 30 MW for one hour and was then increased to 40 
MW in 1-MW steps. The setup also ran well at 40 MW 
with no rf breakdown. The rf match for vendor 2's WR- 
284 waveguide switch was significantly better than for 
vendor l's WR-284 switch in the same setup. The mea- 
sured return loss for vendor 2's switch was 22 dB. Figure 5 
shows a typical oscilloscope waveform indicating, with 
different vertical scales, the signals for forward and 
reflected rf power. 

4 NETWORK ANALYZER CHECKS 

To determine possible causes of the failure of the WR- 
340 switch, various configurations of the switch with and 
without the tapered transitions were bench tested using a 
network analyzer, as shown in Figure 6. Return losses 
were checked in an attempt to explain the observed break- 
down at relatively low peak power (~5 MW). The low peak 
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power breakdown could have been caused by standing 
waves in the WR-340 waveguide system. All bench mea- 
surements indicated that the transitions had the smallest 
return losses of any components, but losses were at least 
22 dB for all transitions. 
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Figure 5: Oscilloscope waveforms showing: (1) 
forward power, (2) reflected power with a pulse width 

of 3.3 (is. Vertical scales are different in (1) and (2). 

Figure 6: Network analyzer measurements of the WR- 
340 switch and tapered transitions. 

5 DISCUSSION 

One goal of these measurements was to find the 
dependence of peak rf power on SF6 pressure in the 
waveguide switches at peak power levels of 35 MW. The 
measurements were not possible for the WR-340 switch 
due to breakdown problems, however some data were 
obtained for the WR-284 switches. In all cases, the rf pulse 
width was 3.5 |J.s, and the repetition rate was 60 Hz. At a 
given SF6 pressure, the klystron output power was 
increased until an arc occurred, at which time the SF6 
pressure was increased. The procedure was repeated until a 
maximum peak power of 40 MW was achieved. Although 
both WR-284 switches were tested to a peak power of 40 
MW, there were rf breakdowns that required purging and 
refilling the SF6. Both WR-284 switches malfunctioned 
mechanically above 30 MW, causing the rotating mecha- 
nism inside the switch to get stuck. The rf match of vendor 

2's switch was about 5dB better than that of vendor l's 
switch in this setup. Visual inspection of both WR-284 
switches after the high power tests showed evidence of 
arcing inside the switch. 

6 CONCLUSIONS 

There were indications from these tests that 35 PSIG 
may be a desirable operating pressure for the high-power 
SF6 waveguide components. There was a an observable 
inflection point at 35 PSIG, corresponding to the end of the 
linear relationship between pressure and breakdown 
power. 

Commercially available WR-284 waveguide switches 
are not likely to operate reliably under the APS conditions 
of 35-MW peak power, 5-)J.s pulse width, and 60-Hz repe- 
tition rate without modification or development. Peak and 
average power levels, and number of joules per pulse are 
greater than is the case for other pressurized waveguide 
switches currently in operation at other facilities. 

The WR-340 results cannot be understood without 
further high power tests. Scaling suggests that this 
waveguide should be able to handle the 35-MW peak 
power without arcing when pressurized with SF6. Low 
power inspection and post-testing did not reveal any rea- 
son for the failure at low rf peak power. 
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DESIGN OF A HIGH AVERAGE POWER WAVEGUIDE WINDOW 
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Abstract 

A study has been performed to design a waveguide 
vacuum window capable of propagating >1 MW 
average power operating at 500 MHz. This would 
extend current technology by about a factor of 2 in 
average power for stand-alone windows, made possible 
by advances in available ceramic size and quality. 
The work to be presented comprises of RF design and 
corresponding thermo-mechanical analysis. 

1 INTRODUCTION 

A facet common to many current and proposed 
accelerator projects is extremely high luminosity, 
demanding ever increasing beam current, one 
consequence of which is the need to transfer high 
average power to the beam. One component in the 
chain of power transfer is an RF vacuum window. 

For frequencies around 500 MHz, at least two 
rectangular waveguide window designs have been 
successfully tested at 500 kWCW. One is 
manufactured by Thomson Tubes for the CESR III 
upgrade [1] and the other is an in-house design for the 
PEP-II B Factory [2]. Cornell's testing of the Thomson 
window indicates that it has the potential to operate at 
the 1 MWCW level from a thermal point of view if the 
Titanium anti-multipactor coating on the ceramic is 
sufficiently thin. But this comes at the expense of 
lengthy RF conditioning and greater potential of 
troublesome operation when attached to an accelerator 
cavity. A coaxial window designed by KEK for their B 
Factory has been tested at 850 kWCW [3], which 
certainly exceeds expectations for a coaxial geometry. 

Factors that limit RF window performance are: 
1) heating    of   the    vacuum   barrier    (ceramic), 
2) multipactor discharge, and 3) violent arcing. High 
average-power windows are most susceptible to the 
first two items. Multipactor discharge is a precarious 
phenomenon, and in the end usually addressed by 
applying a sufficiently thick anti-multipactor coating, 
such as Titanium or Titanium Nitride, to trouble spots. 
This coating, though, is RF lossy and contributes to 
the other problem encountered in high average-power 
windows, heating of the ceramic. 

In addition to surface heating by the anti- 
multipactor coating, bulk heating of the ceramic 
occurs due to its non-zero dielectric loss tangent. 
Typically, the perimeter of the ceramic disk is held at 
a fixed temperature by a cooling water interface, and 
the thermal gradient of the disk interior induces 
mechanical stress which will cause fracture of the 
ceramic at sufficiently high gradient. 

It is mainly the problem of heating of the ceramic 
and induced mechanical stress which will be 
addressed in this paper.   In Section 2 is the RF design 

of two types of windows, in Section 3 thermo- 
mechanical analyses corresponding to the RF designs, 
and in Section 4 comparison of designs. 

2 RF DESIGN 

A survey was taken among ceramic manufacturers to 
determine what sizes, shapes, and materials are 
readily available with low dielectric loss tangent (ö ~ 
10"4). Besides the well-known Alumina, plates of low- 
loss Beryllia may be available in sizes up to 18" x 9" 
x 1/2" [4], Beryllia is an attractive choice since it has 
a high thermal conductivity, resulting in lower thermal 
gradients, although the material has a lower tensile 
strength than Alumina. Thus, the two ceramics 
considered here are Alumina and Beryllia. 

The 3D computer code MAFIA with its s- 
parameter macro was used for RF designs. A 
satisfactory degree of confidence exists in MAFIA's 
accuracy given comparisons of computations to 
measurements performed on Cornell's Thomson 
window. Ultimate fine tuning of a prototype, though, 
will always be in order. 

Two different waveguide window geometries were 
considered. The first type utilizes posts in the 
waveguide to compensate the mismatch of the 
ceramic vacuum barrier and the second is a self- 
matched design. 

2.1 Tuning-Post Matching 

The geometry of a quarter section of a tuning-post 
matched window is shown in Fig. 1. For such a 
window, MAFIA is first used to generate curves of 
scattering parameters (mainly s\\) of only the 
symmetric pair of tuning posts in waveguide, where 
the RF reference plane is at the center of the posts. 
Sample curves are shown in Fig. 2. Next, MAFIA is 
used to determine the scattering parameters of only the 
ceramic disk embedded in the metal frame in 
waveguide, again with the RF reference plane at the 
center of the ceramic. Then a curve as in Fig. 2 is 
used to determine displacement of the posts from x=0 
to match the amplitude of si I for the ceramic. Given 
the phase of ill for this post displacement, the posts 
are then translated toward the RF generator from the 
center of the ceramic to a plane where the phase of 
the ceramic's transformed ill is the negative of the 
post's si 1 phase. With this positioning, the 
impedances of the ceramic and tuning-post obstacles 
are complex conjugate at the post's reference plane 
and the assembly is RF matched. The physical 
distance translated toward the generator is simply the 
fraction of a guide half-wavelength represented by the 
phase difference in sll of the individual obstacles, 

A0     Ap 
= 360' 2 

(1) 

0-7803-4376-X/98/S10.00© 1998 IEEE 3177 



MAFIA 

U 
Figure 1.   MAFIA-generated plot of a quarter section 
of a tuning-post matched window, utilizing symmetries 
to reduce computation volume. The reduction in 
waveguide height and width after the ceramic is 
peculiar to a Cornell application. 

In the long run, this matching technique saves much 
effort over the trial-and-error method of tuning-post 
placement. 

In this design, the tuning posts reside in what will 
be the air side of the vacuum barrier. This is so that 
the standing wave set up between the posts and the 
ceramic will not exist in the vacuum region where 
multipactor and general arcing are most susceptible. 

2.2 Self Matching 

The geometry of a quarter section of a self-matched 
window is shown in Fig. 3. Matching such a window is 
a straightforward trial-and-error process where the 
width of the iris (and consequently ceramic) is 
adjusted until RF reflection is minimized. In 
performing this adjustment, the enhanced capacitance 
of the obstacle due to the dielectric is balanced by the 
enhanced inductance due to the iris, providing a wave 
impedance V Lie equal to that of the surrounding 
waveguide. Fine tuning can also be performed by 
adjusting the ceramic thickness and iris thickness. 

2.3 Design Subtleties 

It is worth mentioning a couple of design features 
adhered to in consideration of sound practice for both 
window types discussed above. 

First, at the ceramic-metal-vacuum boundary (so- 
called triple point), no corners, not even rounded, were 
allowed on the metal, only on the ceramic. A metallic 
corner abutting a dielectric is the focus of electric 
field enhancement exceeding that of a metal corner 
alone. 

Second, the shape of the perimeter of the ceramic 
plate was kept circular or elliptical, no "flats". This is 
to facilitate brazing of the ceramic into a metal 
sleeve, allowing the sleeve to maintain close contact 
with the ceramic during brazing, similar to the fit of 
hoops on a wine barrel. The perimeter of the ceramic 
and sleeve could also be tapered longitudinally to 
mimic a press fit. 

3 4 5 6 
x [inches] 

Figure 2. Computed phase and amplitude of s 11 at 
500 MHz for a pair of 1.5" diameter posts 
symmetrically located about the x=0 plane in WR1800 
waveguide. 

MAFIA 

H 
u. 
7igure 3.   MAFIA-generated plot of a quarter section 
of a self-matched window. 

3 THERMO-MECHANICAL ANALYSIS 

Once the RF design is settled, a perturbation 
calculation can be performed in MAFIA to give the 
power density dissipated in each mesh cell of the 
ceramic due to a non-zero loss tangent. This data 
table can then be manipulated and read into the 3D 
thermo-mechanical computer code ANSYS. ANSYS 
is then used to compute the thermal profile of the 
ceramic and the resultant stresses, where in this study 
the perimeter of the ceramic is held at a fixed 
temperature and a 15 psi pressure differential exists 
across the ceramic. 

The location and magnitude of peak stress within 
the ceramic is closely coupled to how the component 
is mechanically constrained. For this study, the 
perimeter of the ceramic was taken to be attached at 
the center of a 1/8" thick copper sleeve about twice as 
long as the ceramic. The very ends of the copper 
sleeve were then taken to be immobile. This is close 
to what is intended in the final mechanical design 
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Table 1.  Results of ANSYS thermo-mechanical analysis for 1 MWCW propagating at 500 MHz and S= 3x10~4. 

Ceramic Waveguide Configuration Ceramic 
Perimeter 

Ceramic 
Thickness 

AT [°C] Center 
to Perimeter 

Max Principal Stress 
% of Tensile Strength 

Beryllia self-matched red hgt elliptical uniform 4.2 2.8 

Beryllia posts, full hgt - red hgt circular uniform 5.3 6.8 

Beryllia self-matched red hgt elliptical tapered 2.8 8.6 

Beryllia posts, full hgt - red hgt circular tapered 4.8 12.7 

Beryllia self-matched full hgt elliptical uniform 5.8 14.1 

Alumina self-matched red hgt elliptical tapered 51.4 14.7 

Alumina posts, full hgt - red hgt circular tapered 105.0 32.1 

Alumina posts, full hgt - red hgt circular uniform 130.0 58.1 

Alumina self-matched red hgt elliptical uniform 111.0 60.8 

where the copper sleeve is part of a cooling water 
circuit. 

It is a matter of interesting discussion as to which 
type of stress in which ceramic fracture scenario is 
most important to consider. But to have a common 
parameter by which different window designs can be 
compared, the maximum principal stress was chosen 
as the parameter to be minimized. And as a 
conservative limit, during window operation this stress 
should not be allowed to exceed 25% of the ceramic's 
tensile stress. 

An interesting feature explored in this study was 
to taper the thickness of the ceramic, making it thin at 
the center and thick at the perimeter. If the cooling 
circuit is at the ceramic perimeter (fixed temperature), 
tapering the thickness will result in a lower thermal 
gradient than uniform thickness. This is since at any 
radius, the tapered ceramic will have a larger area 
through which to conduct heat from a smaller bulk- 
heated volume than if the thickness were uniform. 

Table 1 lists the results of ANSYS computations 
for several window configurations to be discussed next. 

4 COMPARISON OF DESIGNS 

The results shown in Table 1 are for 1 MWCW 
propagating at 500 MHz. The effective loss tangent of 
all ceramics is taken to be 3x10~4. Alumina's actual 
loss tangent tends to be much smaller, but experience 
with four Thomson windows at Cornell indicates that 
the contribution of the anti-multipactor coating can be 
random and significant, and in the end a coating 
resulting in 8 ~ 3xl0"4 is just about right. It is hoped 
that industry can fabricate large plates of Beryllia that 
do not exceed this loss tangent. 

From Table 1 it is seen that tapering the ceramic 
thickness does indeed result in a lower operating 
temperature. However, for Beryllia, the lower 
temperature did not translate into lower peak stress 
since the tapered thickness also altered mechanical 
loading. For Alumina, the reduction in stress from 
tapering the ceramic is large enough in only one case 
to justify the added complexity and cost of ceramic 
fabrication: the self-matched ellipse in reduced-height 

waveguide. (The case of a self-matched Alumina 
ellipse in full-height waveguide had such high 
temperature and stress, it was dropped early in the 
study). 

The design in Table 1 that shows the greatest 
promise is the first listed, a self-matched Beryllia 
ellipse of uniform thickness in reduced-height 
waveguide. This is the window shown in Fig. 3. This 
design's peak stress being only 2.8% of Beryllia's 
tensile strength leaves great margin for error in many 
fabrication parameters. The only concern is the 
enhanced electric field in reduced-height waveguide 
making this design more susceptible to multipactoring. 
Many MAFIA runs were performed for this window 
design to map dimensional and material property 
sensitivity, the result of which showed no drastic 
dependence within expected tolerances. It is hoped 
that a prototype of this design will be built and tested. 

As fallback positions, the cases of a tuning-post 
matched Beryllia disk of uniform thickness and a self- 
matched Beryllia ellipse of uniform thickness in full- 
height waveguide are quite promising. And finally, the 
first Alumina case listed in Table 1, a self-matched 
ellipse of tapered thickness in reduced-height 
waveguide, may still be considered if Beryllia doesn't 
prove out in loss tangent or ease of brazing. This is 
similar to the window shown in Fig. 3. 
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Abstract 

This paper presents the electrical design of the 
magnetron injection gun and collector for high average 
power TE01 gyro-amplifiers. Both the gun and collector 
are currently under construction. 

1 INTRODUCTION 

The development of high-average power w-band gyro- 
amplifiers is currently being pursued by the Naval 
Research Laboratory, together with Litton Electron 
Devices and Communication & Power Industries as 
industrial partners. In addition to interaction circuit 
design aspects [1], key issues include the design of a 
high-quality electron gun and a collector capable of high 
average power operation. The gun and collector 
electrical designs were performed with the EGUN code 
[2], and were independently confirmed with the 
deformable-mesh gun code, DEMEOS [3]. Excellent 
agreement between the two codes has been realized. 

The magnetron injection gun (MIG) design employs an 
optimized double-anode geometry and a radical cathode 
angle of 50° to achieve superior beam optics that are 
relatively insensitive to electrode misalignments and field 
errors. Perp. velocity spread of 1.6% at a velocity ratio of 
1.52 is obtained for a 6 A, 65 kV beam. The design 
objective of the collector, which also serves as the output 
waveguide, is to minimize the required collector length 
while avoiding hot spots on the collector surface. 
Average power density of < 350 W/cm2 on a 1.28" 
diameter collector is achieved for 59 kW average beam 
power. 

2   94-GHZ MAGNETRON INJECTION GUN 
DESIGN 

Efficient operation of gyro-devices depends critically on 
the quality of the electron beam. Consequently, for the 
current design, special emphasis has been placed not only 
in obtaining the best point design which exceeds all the 

requirements of the interaction circuit, but also in 
identifying and evaluating all factors which may 
contribute to the beam velocity spreads. Such factors 
include cathode surface roughness, electrode 
misalignments, and fabrication tolerances. 

Specifically, the MIG design is subjected to the following 
RF circuit requirements: 

Beam Current 5-7 Amperes 
Beam Voltage 65 - 70 kV 
Velocity Ratio 1.3-1.8 
Perp. Vel. spread 2.5% 
Max.Beam Radius 1.25 mm 
Guiding Radius 0.8-1.1 mm 
Oper. Magn. Field 36 - 38 kG 

In addition, practical considerations dictate the need to 
maintain cathode loading, J^, below 8 A/cm2 for 
reasonable cathode lifetime, peak electric field, Emtt, well 
below 100 kV/cm to avoid arcing, and gun magnetic 
compression ratio, B/B0, at or below 25 to minimize 
electron reflection and beam alignment problems. 
Moreover, since the gun will be operating at high- 
repetion rate, the modulating voltage required for beam 
pulsing must be minimized to avoid stressing the voltage 
modulator. It is due in part to this last requirement that 
the present gun design employs the double-anode 
geometry. The other key advantage of this geometry is 
the ability to adjust the beam perpendicular to axial 
velocity ratio, a, independent of the magnetic field 
profile. 

Shown in Figure 1 is the MIG geometry and beam 
trajectory. It is essentially comprised of three regions: the 
cathode-mod-anode region, the mod-anode-anode 
region, and the beam tunnel or adiabatic compression 
region (partly shown). In performing the design, care has 
been taken to ensure to the largest extent possible that 
each region will perform mainly one key function. Such 
modular approach allows a much more rapid convergence 
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Figure 1: Geometry and beam trajectory of the 94 GHz magnetron injection gun point design 

to the final design. Consequently, in the design, the initial 
beam perpendicular velocity is controlled mainly by the 
geometry and voltage of the cathode-mod-anode region, 
the mod-anode-anode region provides mainly axial 
acceleration to bring the beam up to full potential, and the 
beam is adiabatically compressed in the beam tunnel 
region to the final beam velocity ratio. An additional 
advantage of the modular approach is the ability to 
locally pinpoint and control beam velocity spread. For 
instance, the transverse beam spread can be minimized by 
shaping the cathode and mod-anode geometries. 

Key elements of the design include a cathode well- 
recessed under the mod-anode shroud, a relatively large 
cathode angle of 50°, and relatively parallel potential 
contours in the mod-anode-anode region. We shall 
discuss these key elements in turns. 

The recessed cathode is critical for three reasons. First, by 
recessing the cathode deep inside the mod-cathode 
shroud, we essentially shield the cathode from the high 
anode potential (-65 kV relative to cathode). This design 
choice reduces the maximum electric field on the cathode 
tip to less than 67 kV/cm (This value has also been 
independently confirmed with ANSYS [4] ), well below 
the dc breakdown threshold. Second, it allows for the 
relatively independent control of the beam initial 
transverse velocity (E/BJ with just the voltage and 
geometry of the cathode - mod-anode region. Finally, it 
minimizes the leakage electric field (i.e., when V^^,^ = 
V^taJ on the thermionic emitting strip from the anode 
voltage. This reduces the required negative mod-anode 
voltage swing relative to the cathode for complete beam 
shutoff (i.e., less stress on the modulator). For this design, 
this is-1.7 kV. 

The relatively large cathode angle of 50° is a consequence 
of trading off between various conflicting requirements. 
Chief among these is the need to maintain the overall 
coherency of the cyclotron phase for all beam electrons at 
least until the electric field is primarily axial. This is 
important because to the lowest order unless all beam 
electrons picks up the same amount of transverse energy, 
in their cycloidal motion through the region of 

substantial radial electric field, serious beam spread will 
result. For this design, because of the small mean radius 
of the emitter strip, the relatively high beam current, and 
cathode loading considerations, the emitter strip width is 
a substantial fraction of the cyclotron period; thus, the 
need for large cathode angle to compensate. 

In the relatively long region between the mod-anode and 
anode, it is critical that the electric field is primarily axial. 
Even though, in principle, for a fixed set of operating 
parameters, one can shape the potential contours in this 
region to greatly correct for any initial beam spread. 
However, due to the fact that the beam can perform more 
than two cycloidal orbits in this region, any deviation 
from the operating parameters will also greatly degrade 
the beam quality; hence, reducing flexibility. 
Consequently, it is more advantageous to ensure that 
mainly axial acceleration is performed in this region, 
consistent with the modular design methodology. 

The optimized point design parameters are shown in the 
table below. Agreement between EGUN and DEMEOS is 
excellent in terms of beam velocity ratio, velocity 
spreads, position, and size. 

Anode Voltage 65 kV 
Mod-anode Voltage 17 kV 
Beam Current 6.0 A 
Velocity Ratio 1.5 
Perp. Velocity Sprd. 1.6% 
Max. Beam Radius 1.25 mm 
Beam Guiding Center 0.82 mm 
Circuit Magnetic Fid. 36 kG 
Mag. Comp. Ratio 25 
Cathode Loading 6.76 A/cm2 

Additionally, simulations have been performed to explore 
the gun performance under various operating parameter 
ranges, i.e., mod-anode voltage, beam current, and beam 
voltage. This study indicates that the perpendicular 
velocity spread does not exceed 2% within the operating 
range required by the interacting circuit, and that the 
design is indeed optimized. This is exemplified by Figure 
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2 which shows the beam velocity and perpendicular 
velocity spread as a function of mod-anode voltage. 
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Figure 2: Beam velocity ratio and perp. velocity spread 
versus mod-anode voltage. 

Of the 1.6% final perpendicular velocity spread in the 
point design, 0.6% of which is a direct result of electron 
phase-mixing in the present of the beam space-charge in 
the adiabatic compression region. This is independently 
confirmed with the Univ. Of Maryland code MAGUN 
[5]. 

We have also investigated the impact of cathode surface 
roughness on beam spread [6-7]. Our results indicate an 
additional 0.7% beam transverse velocity spread can be 
expected from bumps of 1 microns in height and width. 

In addition, an exhaustive study of the resulting beam 
quality sensitivity with respect to misalignments, 
fabrication tolerances, and geometric deviations from the 
design has been performed. Within the fabrication 
tolerance and alignment specifications, the study 
indicates that the beam perp. velocity spread does not 
exceed 2%. 

Shown in Figure 3 are the EGUN beam trajectory plot in 
the collector for a 6 A, 65 kV beam from the MIG point 
design. Good agreement between EGUN and DEMEOS 
has also been obtained as illustrated by Figure 4. A 
sensitivity study of the collector power loading with 
respect to the magnetic field profile has also been 
performed. It indicates that the peak power loading (but 
not necessarily the profile) on the collector remains 
relatively constant if the current in each of the four 
collector coils can be maintained within +1-5% of the 
design value. 

Axial distance -170 (mm) 

Figure 3: Beam trajajectory in the 1.28" collector 
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Figure 3: Comparison of average power loading on 
collector wall between EGUN and DEMEOS. 

3 COLLECTOR DESIGN 

The design requirements for the collector of the 94-GHz 
gyroklystron call for: no voltage depression, the ability to 
handle up to 91 kW average beam power (7A, 65kV, 
20% duty), collector loading below 750 Watts/cm2 

desirable (1.0 kW/cm2 is hard limit), collector compatible 
with RF output requirements, and no sweeping of 
collector magnetic field. Numerous collector sizes and 
magnetic profiles were evaluated for various beam 
parameters from the MIG design. The final collector 
design employed a 1.28" diameter pipe with 4 collector 
magnet coils. The resulting peak loading of 600 W/cm2 

for a 7A, 65kV beam at 20% duty is well within the 
cooling limit. 
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Abstract 

Radio frequency (RF) windows are historically a point 
where failure occurs in input power couplers for 
accelerators. To obtain a reliable, high-power, 350 MHz 
RF window for the Low Energy Demonstration 
Accelerator (LEDA) project of the Accelerator Production 
of Tritium program, RF window prototypes from 
different vendors were tested. Experiments were performed 
to evaluate the RF windows by the vendors to select a 
window for the LEDA project. The Communications and 
Power Industies, Inc. (CPI) windows were conditioned to 
445 kW in roughly 15 hours. At 445 kW a window failed, 
and the cause of the failure will be presented. The EEV 
windows were conditioned to 944 kW in 26 hours and 
then tested at 944 kW for 4 hours with no indication of 
problems. 

1 INRODUCTION 

For the LEDA project, the radio frequency quadrupole 
(RFQ) requires 2.1 MW of RF power. This power is 
supplied by three 1.2 MW continuous wave (CW) 
klystrons in a redundant configuration. The power from 
each klystron is divided into four equal parts to minimize 
the window stress. Under typical operating conditions, 
each window is designed to transmit up to 300 kW of CW 
RF power. The goals of these experiments are to select a 
reliable window, to determine what diagnostic equipment 
is needed to ensure window reliability, to develop a 
conditioning routine, and to increase the durability of RF 
windows by better understanding the failure mechanism of 
windows. 

2 EXPERIMENTAL APPARATUS AND 
PROCEDURE 

2.1 Window Geometry 

The RF window prototypes from CPI and EEV are both 
coaxial windows and are illustrated in Fig. 1 and Fig. 2, 
respectively. The cross section of the EEV window is 
shown in Fig. 3. Both windows used half-height WR 
2300 waveguide and AL995 alumina ceramic. For both 

prototypes the waveguide transition on the vacuum side 
was copper plated stainless steel waveguide, and on the air 
side it was aluminum. 

Figure: 1 CPI RF Window 

Figure: 2 EEV RF Window 

2.2 Test Stand Description 

An experimental test stand was designed and built to test 
the windows to 1.0 MW of CW RF power. The test 
stand includes diagnostic equipment to test, condition, and 

"Work supported by U.S. Department of Energy. 
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evaluate the RF window prototypes. The power was 
transmitted from the klystron through a circulator to the 
experimental test section, and finally into a water load 
where it was absorbed. The experimental test section 
includes an RF window, vacuum waveguide, and a second 
RF window in a back-to-back configuration. Thus, the 
vacuum section was bounded by the two windows. Each 
window has a four-inch pump port and the vacuum 
waveguide between the windows included an eleven-inch 
pump port. The vacuum was obtained by using three CT- 
8 Cryo-pumps. STABIL-ION gages, calibrated to a 2% 
accuracy, were used to monitor the vacuum pressure. 
Saito, et. al. have found that for the dominant method of 
coaxial window failure is thermal fracture[l], therefore, 
infrared imaging of the ceramics windows was used as a 
diagnostic tool. PRISM DS infrared imaging cameras by 
Flir Systems (320 x 244 pixels) were used to monitor the 
temperature of the ceramic during conditioning and 
testing. The infrared cameras were connected to a VCR to 
record video footage. Images could also be stored on a PC 
card which could be downloaded for further data analysis. 
On the CPI windows, a special port was dedicated for 
infrared imaging. NaCl windows, which have a high 
transmission in the IR range, were used for thermal 
imaging. These windows could be interchanged with a 
Lexan lens. On the EEV windows, a port with a 
sapphire lens was used which could mount either an arc 
detector or be used for infrared imaging. Both window 
prototypes had arc detectors which were interlocked to the 
RF drive power. Dual directional couplers were used to 
measure the forward and reflected power both before and 
after the test section. Resistive Thermal Devices (RTD) 
were attached 

AIR SIDE 

ALUMINA WINDOW 

LL_ll 

VACUUM SIDE 

Figure: 3   Sketch of the EEV window 

to the outside surface of the coaxial window near the 
alumina ceramic to measure the surface temperature. Both 
windows were air and water cooled. The air and water 
supply and return temperatures and flow rates were also 
monitored.   An X-ray detector was used to detect X-rays 

near the vacuum section as a multipactor diagnostic. A 
Lab VIEW program recorded the forward and reflected 
power on the three directional couplers, the coaxial surface 
temperatures near the ceramic, the air and water supply and 
return temperatures, and the vacuum pressure. The arc 
detector and vacuum pressure were interlocked to the RF 
power, and the interlock set points could be varied. 

2.3 Test Parameters 

Half-height WR 2300 waveguide was used to join the 
RF window prototypes to the test stand and to the vacuum 
section between them. For the rest of the test stand, full- 
height WR 2300 waveguide was used. The power was 
generated by a Thomson klystron capable of producing 1.3 
MW CW RF power at 351.93 MHz; however, the power 
was limited to the 1.0 MW because of the power 
limitation of the water load. 

3 EXPERIMENTAL RESULTS 

3.1 CPIRF Window Test Results 

A low temperature bakeout was performed for 8 hours at 
roughly 130 °C on the CPI windows. Before conditioning 
began, the air flow was measured as 85 cfm through one 
window and 95 cfm through the second window. The 
water flow rate was set to 3 gpm. The CPI window was 
conditioned with pulsed RF power. The RF "Tickle" 
method of processing (a short pulse on top of a pulse), 
was used[2]. However, the benefit was not quantifiable. 
The approach was to start with a short pulse width and 
then increase the pulse width with time. During 
conditioning the vacuum pressure was allowed to rise to a 
maximum of 5E-8 Torr while maintaining the RF power 
level. Once the vacuum pressure decreased to 
approximately 2E-8 Torr, the RF power was increased. 
The windows were conditioned for approximately 15 hours 
to 445 kW CW power before failure. On one CPI 
window, excessive heating was observed using the IR 
camera in the center conductor region. It was first 
attributed to multipactor; however, we later learned this to 
be incorrect and now believe that the failure mechanism 
described below led to a source of molten copper being 
available which was deposited onto the window ceramic 
by a subsequent arc. After the arc occurred, no significant 
CW power could be transmitted through the window 
because of excess heating in the window; nevertheless, the 
window did maintain the vacuum seal. The testing was 
discontinued and the window was shipped to CPI for 
analysis. The analysis showed that a bolted connection 
close to the ceramic window was made from a 
inappropriately soft material. Due to thermal cycling a 
gap opened in the connection, resulting in a plasma and an 
arc. This led to localized ceramic melting and the 
deposition of evaporated materials on the ceramic surface. 
CPI decided to do some minor modifications to the design 
of the window, and both  windows  were rebuilt.  The 
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redesigned windows have not yet undergone high-power 
testing. 

3.2 EEV RF Window Test Results 

The air flow rates were measured as 80 cfm and 100 cfrn 
through the two windows. The water flow rate was set to 
4.5 gpm on each window. No bakeout was conducted on 
the EEV window, and it was conditioned using only CW 
power. The EEV window was conditioned to 950 kW in 
approximately 26 hours, as illustrated in Fig. 4. At low 
power levels, the arc detectors would occasionally trip and 
a corresponding increase in gas pressure was observed. 
These trips were suspected as being caused by a 
fluorescence due to multipactor, which was not seen at 
higher power levels. Saito, et. al. have observed a 
fluorescence with a monochrometer on a test window and 
correlated it with multipacting associated with the 
impurities in alumina ceramic [3]. The vacuum pressure 
interlock was set to 5E-7 Torr. Slight increases in the gas 
pressure over 5E-7 Torr lead to a "run away" in the 
pressure, thus the gas pressure was carefully controlled by 
reducing the RF power when necessary. The high-power 
acceptance test for the EEV windows consisted of running 
the EEV windows at approximately 950 kW for 4 hours. 
During this time, there were no indications of any 
problems. The EEV window had both air and vacuum 
region arc detector viewports. After the high-power 
acceptance tests, the air 
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Figure: 4 EEV Forward Power vs Time 

side arc detector was replaced by an IR camera. The IR 
imaging on the EEV window showed no indications of 
any problems or hot spots during operation. Another test 
conducted on the EEV windows was to use the windows 
in a degraded vacuum environment. Two of the three Cryo 
pumps were shut off, and the vacuum pressure was 
increased to 3.9E-6 Torr. There were no indications of any 
problems after running one hour at full power. The EEV 
windows were also tested using a reduced air flow rate of 
25 cfm as opposed to the 80 cfm to 100 cfm used during 
the conditioning and acceptance tests. At full power, there 

was no noticeable increase in the water cooling 
temperature, but the vacuum pressure did increase by half 
an order of magnitude. The temperature of the ceramic 
increased by approximately 10 °C; nevertheless, the 
temperature gradient across the window remained small. 

4 DISCUSSION 

Monitoring the power during the pulsed conditioning 
method was more difficult than the CW conditioning 
method. Since there was no quantifiable benefit observed 
for pulsed conditioning, future windows will be 
conditioned CW. The IR camera is an invaluable 
diagnostic tool to observe the temperature profile on the 
ceramic window, especially during conditioning, to detect 
any indications of failure. For example, the IR camera 
showed an elevated temperature on the CPI window before 
the failure. The benefit of the X-ray detector as a 
diagnostic was not evident, as during the entire 
conditioning and test procedure, no X-rays were detected. 

5 CONCLUSIONS 

Los Alamos National Laboratory has ordered an 
additional 15 windows from EEV for the RFQ on LEDA. 
There seems to be no indication of any problems with the 
EEV windows. We realize that testing the windows into a 
matched load is not the same environment as passing RF 
power through the windows into an accelerator cavity with 
beam. Our future tests include testing the EEV windows 
passing power into RF cavities, as well as retesting the 
modified CPI windows, and finally testing the EEV 
windows to destruction by increasing the voltage standing 
wave ratio (VSWR). 
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ELECTRON GUN FOR A HIGH-POWER X-BAND 
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Abstract 

This paper presents a high-power, high brightness gun 
design for an 11.4 GHz magnicon amplifier. Results of 
gun geometry optimization, and gun matching to the 
magnetic system, are described. A method to eliminate 
beam halo, decrease beam emittance, and reduce the effect 
of gun tolerances, is proposed. 

I. INTRODUCTION. 

The magnicon is a new RF source with circular beam 
deflection invented in the 1980's at BudkerlNP [1,2]. An 
11.4 GHz magnicon [3] is being developed jointly by 
Omega-P, NRL, and Litton as a potential very high 
efficiency RF source for future supercolliders. The 
magnicon under development is a second-harmonic 
amplifier designed to provide 60 MW 1.5 (isec pulses at a 
repetition rate of 10 pps. This paper describes a 500 kV, 
210 amp (0.59 microperv) gun and beam focusing system 
design for this RF source 
Accordng to [1] and investigations reported in [4], the 
focused beam diameter in a magnicon magnetic system 
must be small in order to achieve high efficiency. Small 
beam diameter requires that the gun be carefully matched to 
the main magnetic field. In the magnicon under 
development, the main field of 6.5 kG is capable of 
focusing an idealized beam of about 1.3 mm (the Brillouin 
diameter). We have achieved a diameter close to the 
Brillouin limit (1.5 mm) which is quite acceptable for 
achievement of the magnicon perfonriance goals stated 
above. 
A 7.5 cm diameter, 30 degree half-angle cathocE is used in 
this gun. The peak current density in this case is less than 5 
A/cm2 which is consistent with very long dispenser cathocfe 
life. The beam area compression ratio is 2500:1. 
A unique feature of the gun is use of an electrically isolated 
focus electrode biased negative with respect to cathocfe [5]. 
This serves to reduce or eliminate beam halo, decrease beam 
emittance, helps to overcome the effect of gun tolerances, 
and, thus, helps in the achievement of high beam 
compression and intensity. 
Our level of confidence is high in achieving all of the goals 
reported herein in view of the fact that a 100 MW gun with 
high beam compression has been built for the Novosibirsk 
7 GHz magnicon and is working successfully. This gun has 

a measured beam compression ratio of 2300:1 at a 
microperveance level of 0.83 [6]. The present gun design is 
based partly on this experience. 

II. GENERAL 

The gun layout is presented in Fig. 1. In the design, the 
shape of the electrodes was optimized to achieve the required 
perveance, beam compression, and acceptable electrostatic 
field gradient levels. 

RlCfll 

7.2008 

14.480    Z(CM) 

Fig. 1. The gun layout and electron trajectories 

1. The initial design was developed using DEMEOS [5] (a 
finite element method (FEM) code utilizing six linear 
triangle elements [7]). The final design optimization was 
carried out using SUPERSAM (a FEM code which uses 
secondorder quadrangle elements [8]). Both codes use a 
relativistic beam model and agreement of the results is 
excellent. To simulate gun matching to the magnicon 
magnetic system taking into account thermal emittance, 
PIC code BEAM [6] was used. Beam dynamics were 
simulated in a realistic magnetic field obtained from the 
SAM code [9]. 
2. The following  physical   factors  may   increase  the 
equilibrium beam diameter in the magnetic system: 
-residual cathode magnetic field; 
-geometrical aberration; 
-thermal emittance. 
The equilibrium beam radius r„  in the uniform magnetic 
field may be estimated by the formula [6], which may be 
obtained from Vladimirsky-Kapchinsky equation: 

(rb
2 a + (rb

4 /4 + rh
4 + rra

4 )"2) (1) 

is "thermal" equilibrium 
radius (i.e., the beam radius of a beam emitted from a 
where rb is Brillouin radius, 
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perfectly shielded cathode without taking into account 
space charge), and rm is "magnetic" equilibrium radius 
(i.e.,the minimal equilibrium radius of a beam with zero 
emittance without taking into account the space charge). 
According (1), to get a beam diameter of 15% greater than 
Brillouin, it is necessary to have a residual cathode 
magnetic field not greater than 1.2 G, and a total effective 
transverse emittance not greater than 2.5rc mrad-cm. 
Effective emittance is determined by thermal emittance and 
geometrical aberrations. The gun geometry is chosen to 
compensate the anode aberration by the "near-cathode" one 
[6]. 
3. The aberration caused by the gap between the focus 
electrode and the cathode is compensated in general by 
applying a negative potential of few hundred volts (with 
respect to cathode) to the focusing electrode. This 
potential not only improves the beam optics near the 
cathode edge, it also eliminates emission from the side of 
the cathode which is often the major ultimate origin of 
beam halo. The beam thermal emittance is about l.6n 
mrad-cm which does not significantly influence the beam 
diameter in the magnetic system. 
4. The following method is used to match the gun to the 
magnicon magnetic system. First, the input pole piece of 
the magnetic system is placed in the plane of the beam 
minimum without any magnetic field. Next, the gun 
optics are chosen such a way that the minimal value of 
beam radius rmin is located on the magnetic force line, 
which coincides in the magnetic system with the 
equilibrium beam envelope having radius of r,„ i.e., 
rmin=r0V2. Finally, the radius of the hole in the input pole 
piece is chosen to match the magnetic force lines and 
beam trajectories before the magnetic system entrance [6]. 
Calculations show that it is possible to achieve good 
matching this way. 
5. The electric field gradient off the main focus electrode 
must be low enough to avoid high voltage breakdown in 
the gun. Empirical relationships and data on high voltage 
breakdown are given in [7,10]. Based upon these works, 
the tolerable gradient level for reliable operation even at 2 
\isec is approximately 200 kV/cm. In the magnicon gun 
the shape of the focus electrode is optimized such that the 
peak negative surface gradient is 186 kV/cm, which 
should be quite safe. 

III. THE RESULTS OF SIMULATIONS 

1. The optimized gun geometry with electron trajectories is 
presented in Fig. 1. Calculated beam effective emittance 
(caused by geometrical aberrations only) is less than 0.5n 
mrad-cm. The beam minimum radius without magnetic 
field is 0.92mm. Inhomogeneity of emission is not greater 
than 1.3:1 excluding the cathode edge. 2. Fig.2 shows 
equipotentials and trajectories for the case of optimal 
negative voltage on the focus electrode (-400V with respect 
to the cathode). The equipotential lines are almost parallel 
to the cathode surface in the gap between the cathode and 

focus electrode. We made more detailed investigations of 
the electron flow near the cathode edge. Its real shape was 
simulated by a round edge of 50(im radius. 

i.ieae      uMe1.300a  zicm 
Fig. 2. Equipotentials and trajectories near a gap between 

the cathode and the focus electrode. 

Fig. 3. Some equipotentials and trajectories near the 
cathode edge. 

The size of area with distorted optics is about the round 
radius, i.e., 50um (see Fig.3). The total current emitted 
from the edge is about 1 A. It gives a very small 
contribution to the beam emittance compared to another 
sources. 
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Fig. 4. Magnetic system layout. 
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3. The magnetic focusing system layout and axial 
magnetic field distribution are shown in Fig.4, and Fig.5 
presents optimized beam envelopes in this magnetic 
system containing different fractions of the total current. 
The thermal emittance was not taken into account. The 
amplitude of beam scalloping is not greater than 5%. 
Thermal spread of velocities gives the halo which contains 
3% of the beam current. 97% of the beam current lies 
within a radius of 0.75 mm. This gives a beam current 
density of 12 kA/cm2, a pulse power density of 6 GW/cm2 

and an energy density of 9 kJ/cm2 for a pulse duration of 
1.5 |J.sec. 

Fig. 5. The beam envelopes containing 6%, 25%, 56%, 
95%, 100% of total current, respectively. 

4. As was mentioned above, the electrically isolated focus 
electrode provides the ability to compensate for positional 
differences between the cathode and focus electrode via 
adjustment of the focus electrode voltage. This reduces the 
tolerance which must be held between the cathode and 
focus electrode. Figure 6 shows plots of maximal beam 
radius in the magnetic system versus cathode position for 
zero voltage, and optimal negative voltage applied to the 
focus electrode. These data indicate that spacing differences 
of ±0.2 mm are quite acceptable for the optimal negative 
voltage case. 

IV. SUMMARY 

The gun design parameters are: 
Beam current, A 
Beam voltage, kV 
Microperveance 

Pulse duration, u,sec 

Repetition rate, pps 
Cathode radius, mm 
Beam radius in magnetic system, mm 
Beam compression 
Maximal electric field on the focus electrode, kV/cm 
Maximal electric field on the anode, kV/cm 

Beam transverse emittance, mrad-cm 

Beam current density, kA/cm2 

Beam power density, GW/cm2 

Beam energy density,  kJ/cm2 
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AN ALL-METAL HIGH POWER CIRCULARLY POLARIZED 
X-BAND RF LOAD* 

W. R. Fowkes, E. N. Jongewaard, R. J. Loewen, S. G.Tantawi and A. E. Vlieks 
Stanford Linear Accelerator Center, Stanford University, Stanford CA 94309 USA 

Abstract 

A compact rf load has been designed using a cascaded 
array of lossy radial rf chokes to dissipate 100 MW peak 
and 8 kW average power uniformly along the length of the 
load. Operation in the circularly polarized TEn mode 
assures uniform dissipation azimuthally as well. 

INTRODUCTION 

The usual high power termination used for klystron 
testing at SLAC is the so-called SLAC "grapefruit load" 
because of its compact size and shape. Both X and S band 
versions have been designed [1]. These designs consist 
basically of a circular quarter wave ceramic window 
separating a water chamber from the waveguide vacuum. 
A circular to rectangular transition and an inductive post 
provide a sufficiently broadband match. The X band design 
uses a circular taper as well. 

The accelerator community has always steered clear 
of any components where there is even the remotest 
possibility of water entering the accelerator vacuum due to 
the failure of a non-metal seal such as the ceramic window 
in the grapefruit load. All-metal loads with lossy 
conducting surfaces such as Kanthal have been used in 
both the long taper and disk loaded waveguide form. 
Kanthal coated surfaces are usually rough and can absorb 
large amounts of gas and water vapor when exposed to air 

resulting in prolonged outgassing and lengthy rf 
conditioning. Field emmission and multipactor can 
impede operation. Loads using lossy ceramic tiles have 
been used successfully at some laboratories but they also 
have outgassing problems and there are difficulties 
bonding the ceramics to a metal substrate, usually copper, 
for thermal conductivity reasons. 

Tapered X-band loads made from type 430 magnetic 
stainless steel have been used at SLAC with limited 
success because of the inherent low pumping speed of the 
small cross-section taper and the ever-present liklihood of 
multipactor in a tapered structure. 

ALL-METAL RADIAL CHOKE LOAD 

Design 

The theoretical design of the load described in this 
paper appears in an earlier paper [2]. It was designed with 
the following requirements in mind: 

1. All-metal, ultra-clean, high vacuum 
2. Uniform    power    dissipation    both    axially    and 

azimuthally. 
3. Resistant to RF breakdown and multipactor 
4. Good heat transfer to water cooling passages. 
5. No weld or braze joints  separating water cooling 

passages and the internal vacuum. 

COOLING  PASSAGES 

PUMPOUT  SCREEN 

HIGH  POWER   WR-90 
WAVEGUIDE  FLANGE 

Fig. 1. 11 cell Radial Choke load operating in circularly polarized TE11 mode at 11.424 Ghz 

Work supported by Department of Energy contract DE-AC03-76SF00515 
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The first version of this type of load consisted of 
five lossy modules, each absorbing 20% of the input 
power thereby requiring the attenuation in each successive 
module to increase in the direction of power flow. The rf 
fields and the heat load per module is this design turned 
out to be excessive for most of the needed applications. 

An improved version is being built that will handle 
twice the power of the unit described above. It contains 11 
cells with approximately 10% of the input power being 
dissipated in each of the first 9 cells and the remainder in 
the final 2 cells at the design frequency. The two way 
attenualtion is about 32 dB. 

The load operates in a circularly polarized TEn 
mode in 25.4 mm diameter magnetic stainless steel 
waveguide. The circular polarization offers two advantages 
over the normal TEH mode operation. First, the power 
dissipation is approximately uniform azimuthally. 
Second, the peak rf electric field is lower by the square 
root of 2. The polarizer, to be described later, is at the 
front end of the load following a rectangular to circular 
waveguide transition. 

Each module or cell consists of a pair of self- 
matching radial chokes made from type 430 magnetic 
stainless steel. The radial extent and axial length of the 
choke slots determine the loss. The spacing between 
choke slots is critical for a good match. All of these 
dimensions are dependent upon frequency. The design of 
the choke slots was done using MLEGO which was 
developed at SLAC for accurately computing the 
scattering coefficients of circularly symmetric elements in 
circular waveguide. The details of the choke pair 
design is described in reference [2]. To discourage 
breakdown, the edges of the choke slots are radiused, the 
effect of which cannot be modeled accurately using 
MLEGO and had to be determined experimentally. The 
effect of the radius is to raise the frequency at which the 
maximum loss occurs. A cutaway view of one of the 
choke-pair cells is shown in figure 4. 

Cooling Design 

The load material, 430 stainless steel was chosen for 
its high RF loss characteristics at x-band. Unfortunately 
this material also exhibits poor thermal conductivity, 
limiting the average power handling capability of loads 
fabricated from this material. To allow operation at 
reasonable average power levels, cooling channels are 
placed as close as possible to the lossy surfaces of the load 
to minimize the conductive path through the stainless 
steel load material. These cooling channels are formed by 
circumferential grooves machined into the outer diameter 
of each load subassembly and an outer sleeve brazed over 
the load subassembly. This construction method provides 
cooling close to the load choke surfaces while eliminating 
any potential leak paths from water to vacuum joints. 
With this design we see a maximum temperature in the 
inner web between chokes of approximately 150 °C at an 
average power of 600 W per choke pair (6 kW total load 
power). The peak surface temperature at the end of an RF 
pulse may reach 500°C or more depending on the peak RF 
power and pulse length. 

Circular Polarizer 

The polarizer section consists of a pair of inductive 
posts, each having a normalized susceptance of -J2.0, and 
are spaced 3/8 Xg apart. The 2.3 mm diameter posts are 
oriented at an angle of 45* with respect to incident rf 
electric polarization in the TEn mode. This incident wave 
can be considered as the superposition of two orthogonal, 
in-phase, TEn waves, one of which is normal to the posts 
and is relatively unaffected by their presence. The other 
component undergoes a phase shift that differs by 90° 
from its partner. The two components, orthogonal to one 
another and 90* apart in time, recombine as a circularly 
polarized wave emerging from the post pair region. The 
result is a rotating vector at any cross section beyond the 
polarizing section. 

Fig 3a. Plot of surface temperature of load choke 
without circular polarization. The temperature at the 
"hot spot" reaches 227 °C with 600 watts dissipated in 
each cell. 

Fig 3b. Plot of surface temperature of load choke with 
circular polarization. At the same power level as Fig. 
3a, the maximum surface temperature is 148 °C. 
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SUMMARY 

Although the 11 cell load has not yet been high 
power tested, it is expected perform comfortably up to 150 
MW peak and 6 KW average power based on design 
calculations. 
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Fig. 4 Choke-pair cell in position 8. 
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Abstract 

The overmoded rf transmission and pulsed power 
compression system for SLAC's Next Linear Collider 
(NLC) program requires a high degree of transmission 
efficiency and mode purity to be economically feasible. 
To this end, a number of new, high power components 
and systems have been developed at X-band, which 
transmit rf power in the low loss, circular TE01 mode 
with negligible mode conversion. In addition, a highly 
efficient SLED-II* pulse compressor has been developed 
and successfully tested at high power. The system 
produced a 200 MW, 250 ns wide pulse with a near-perfect 
flat-top. In this paper we describe the design and test 
results of the high power pulse compression system using 
SLED-II. 

1 INTRODUCTION 

The NLC rf systems use low loss highly over-moded 
circular waveguides operating in the TE„, mode. The 
efficiency of the systems is sensitive to the mode purity of 
the mode excited inside these guides. We used the so called 
flower petal mode transducer [2] to excite the TE01 mode. 
This type of mode transducer is efficient, compact and 
capable of handling high levels of power. 

To make more efficient systems, we modified this 
device by adding several mode selective chokes to act as 
mode purifiers. To manipulate the rf signals we used these 
modified mode converters to convert back and forth 
between over-moded circular waveguides and single-moded 
WR90 rectangular waveguides. Then, we used the 
relatively simple rectangular waveguide components to do 
the actual manipulation of rf signals. For example, two 
mode transducers and a mitered rectangular waveguide bend 
comprise a 90 degree bend. Also, a magic tee and four 
mode transducers would comprise a four-port-hybrid, etc. 
We will discuss the efficiency of an rf transport system 
based on the above methodology. 

We also used this methodology in building the SLED- 
II pulse compression system. At SLAC we built 4 of 
these pulse systems. In this paper we describe the SLED- 
II system and compare the performance of these 4 systems 
at SLAC. We report the experimental procedures used to 
measure their performance as well as the results of high 
power tests. 

2 CHOKED MODE CONVERTER 

The flower petal mode converter is described in details 
in [2]. The measured level of power in spurious TE modes 
is -0.5%. Simulations show similar levels of 
contamination due to TM modes. Although these levels of 
contamination are small, experimental measurements 
observed in a transmission line composed of a 7.442 cm 
diameter waveguide surrounded by two mode converters are 
high. 

These losses are due to the mode conversion- 
reconversion phenomenon observed in over-moded 
waveguides used in communication systems[3]. Since the 
mode converter is efficient, for a spurious mode the 
circular waveguide with the two mode converters 
represents a high quality factor cavity. Because the line is 
large compared to the wavelength, there is a large number 
of resonating modes in the frequency band of interest. 
These resonant modes are coupled to the input signal 
because of the small mode contamination produced by the 
mode converters. 

We basically have two choices in order to reduce the 
mode conversion losses. We can either reduce the coupling 
to spurious modes by improving the mode converter or 
reduce the quality factors of these resonating modes by 
inserting mode filters. Vacuum compatible mode filters are 
expensive and hard to make. We therefore tried to improve 
the performance of the mode converter by using mode 
selective chokes. 

According to [2] the modes TE,,, TE41, and TMU 

represent the main components of the mode contamination 
produced by the flower petal. The output waveguide of the 
mode converter has a diameter of 4.737 cm. Except for the 
TE4i mode this guide size will not allow TE4n modes to 
propagate. Hence, a single choke designed to reflect TE41 

mode at the operating frequency of 11.424 GHz will 
greatly reduce the contamination from this mode. Also, if 
the choke width along the waveguide axis is less than the 
free space half wavelength it will not affect the TE01 mode. 
Since the modes TE,,, TM,,, and TE,2 have the same 
azimuthal variations, any choke, designed to reflect any of 
them, will produce some mode conversion to the other 
modes. However, several chokes, properly spaced, can act 
as an effective reflector for all modes. 

We added three chokes to the flower petal mode 
converter, one for the TE4, and two for the TM,, and TE,, 
modes. This reduced the number and depth of these 
resonant modes. 
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3 IMPLEMENTATION OF SLED II 

Figure 1 shows the pulse compression system. It uses 
two 35.35 to 37.5-meter long cylindrical copper 
waveguides as delay lines, each 12.065 cm in diameter and 
operating in the TE01 mode. In theory, these over-moded 
delay lines can form a storage cavity with a quality factor 
Q > lxlO6. Each of the delay lines is terminated by a 
shorting plate whose axial position is controllable to 
within +12 |im by a DC motor with a position-monitor 
feed back system. The input of the line is tapered down to 
a 4.737 cm diameter waveguide at which the mode TE02 is 
cut-off; hence, the   circular  irises   that   determine  the 

— Adjustable 
Shorts 

coupling to the lines do not excite higher order modes 
provided that they are perfectly concentric with the 
waveguide axis. A choked mode converter excites the TE(11 

mode just before each iris. Both mode converters are 
connected to the coplanar arms of a high-power WR90 
magic tee. The arms differ in length by a quarter 
wavelength at the operating frequency of 11.424 GHz. 
Therefore, the reflection from the lines exits through the 
H-arm when the input to the lines enters from the E-arm. 
The distance from the irises to the center of the magic tee 
has been adjusted to within ±13 u.m to maximize this 
transmission. 

Input 
E-Plane 

Vacuum 
Pump 

Flower 
Petal 

Output 
H-Plane 

Taper' .,...._     _ _    WR90 

Magic Tee 
Vacuum 
Pump 

Figure 1. SLED-II Layout. It has two 12.065 cm diameter waveguides, 35.35 m in length (223 nS round-trip time.) 

3-95 
7892A1 Iris 

4 MEASUREMENTS 

All measurements were performed using an HP8510C 
network analyzer with the results examined in the time 
domain using a PC. The frequency domain measurements 
were transferred to the PC via a GPIB link and multiplied 
by the FFT of a maximally flat pulse modulating an 
11.424 GHz signal. This pulse has a limited frequency 
response that is smaller than the measurement's frequency 
span. 

The time domain output is produced by taking the 
IFFT of this frequency domain product. Note that once we 
obtain the frequency characteristics of the system from the 
network analyzer, we can calculate the time domain 
response for any arbitrary input pulse. Furthermore, the 
phase reversed pulse required for SLED II can be sensitized 
by linear addition of two maximally flat pulses. 

5 EXPERIMENTAL RESULTS 

5.1 Transmission Line Measurements 

The transmission line that connects the output of the 
first pulse compressor in the NLCTA to the injector 
section of the accelerator is 19.86 meters long. It contains 
two 90 degree bends and two mode converters, one at each 
end. To measure the performance of that line one end was 
shorted. We measured the response of this system with the 
technique described in the above section. Figure 2 shows 
the reflected pulse after a round trip through the line. The 
one way theoretical power loss through the line due to 
the circular waveguide, which has a 7.442 cm diameter, is 
1.4%. Then from the measurements the one way losses of 
the line is 5.82%. Hence, because the system contains 6 
mode converters, an upper limit for the losses per mode 
converter can be set to 0.74%. 
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Figure 2. Performance of the transmission line that 
connects the pulse compressor to the accelerator. 

5.2 SLED II Measurements 

Figure 3 shows the response of the NLCTA injector 
system to a 1.338 U.S pulse. The last 223 nS of the pulse 
have 180 degree phase shift. (A compression ratio of 6). 
The measured efficiency of the system is 67.5%. It also 
compares the high power measurements to the cold test 
results. 
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Figure 3. Measured Output of the NLCTA's First RF 
Pulse Compressor. 

The power gain was measured for a series of 
compression factors. A least-squares fitting of these 
measurements to theoretical response [4] is shown in 
Figure 4. The round trip power loss was found to be 
1.51%, indicating an intrinsic Q for the lines of 1.05xl06. 
The theoretical value for the round trip losses is 1.15%. 
This low level of losses in the lines indicates that an 
extremely pure TE()1 mode is being excited in these lines. 
The external losses are 6.89%, and the iris reflection 
coefficient is 0.70. The iris was designed using a mode 
matching code to have a reflection coefficient of 0.685, the 
optimum value for a compression ratio of 6. 

R U'W (Design V*hc=OMS) 

Round 'ih[i l.iiSlüs i.M'.t.CUi«wl:iMlViitu<^l.lS!S-! 
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Compression Ratio 

Figure 4 The points are measured power gains. The above 
table shows the fitting parameters. 

This procedure was repeated for all 4 systems built at 
SLAC. Table I shows a comparison between all these 
systems. 

Test Lab 
SLED II 

NLCTA 
Station #0 

NLCTA 
Station #1 

NLCTA 
Station#2 

Compression 
Ratio 

8 6 6 6 

Pulse width (nS) 150 223 245 245 
Delay Line 

Losses/lOOnS 
(%) 

1.63 0.68 0.52 0.59 

Intrinsic Q 4.3x10' 1.05x10° 1.37x10° 1.21x10° 
Total Delay Line 

Losses (%) 
5.05 3.63 2.34 2.39 

External Losses 
(%) 

4.85 6.89 6.36 5.26 

Total Efficiency 
(%) 

58.6 67.5 68.6 69.3 

Table I. Comparison Between the 4 SLED II Systems at SLAC 

6 CONCLUSION 

We have demonstrated efficient transport and pulse 
compression if systems suitable for the NLC program. 
These systems are based on an efficient and compact mode 
transducer. The implemented systems approached the 
theoretical design values. We also demonstrated 
measurement techniques capable of measuring rf systems 
with very small losses. 
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Abstract 

In the Next Linear Collider (NLC) it is expected that the 
high power rf components be able to handle peak power 
levels in excess of 400 MW. We present recent results of 
high power tests designed to investigate the RF breakdown 
limits of the X-band pulse compression system used at 
SLAC. (SLED-II). Results of these tests show that both 
the TE01-TE10 mode converter and the 4-port hybrid have a 
maximum useful power limit of 220-250 MW. Based on 
these tests, modifications of these components have been 
undertaken to improve their peak field handling capability. 
Results of these modifications will be presented. 

1 INTRODUCTION 

As part of an international effort to develop a new 0.5-1.5 
TeV electron-positron linear collider for the 21st century, 
SLAC has been working towards a design, referred to as 
"The Next Linear Collider" (NLC), which will operate at 
11.424 GHz and utilize 50 -75 MW klystrons as rf power 
sources. One of the major challenges in this design, or 
any other design, is how to generate and efficiently 
transport extremely high rf power from a source to an 
accelerator structure. SLAC has been investigating 
various methods of "pulse compressing" a relatively wide 
rf pulse (> 1 us) from a klystron into a narrower, but more 
intense, pulse. Currently a SLED-II pulse compression 
scheme [1] is being used at SLAC in the NLC Test 
Accelerator (NLCTA) and in the Accelerator Structures 
Test Area (ASTA) to provide high rf power for 
accelerator and component testing. In ASTA, a 1.05 \xs 
pulse from a 50 MW klystron was successfully pulse 
compressed to 205 MW with a pulse width of 150 ns. 

Since operation in NLC will require generating and 
transporting rf power in excess of 400 MW it was decided 
to test the breakdown limits of the SLED-II rf 
components in ASTA with rf power up to the maximum 
available of 400 MW. This required the combining of 
power from two 50 MW klystrons and feeding the 
summed power into the SLED-II pulse compressor. 
Results from this experiment demonstrated that two of the 
key components of SLED-II; the Magic Tee and the 
"Flower Petal" mode converter (converts between TE10 

rectangular and TE01 circular modes), were not robust 
enough at higher power levels. Because of this, a major 
effort is underway to upgrade the existing devices to 

operate stably at the higher power levels, and also to 
investigate new components, which have inherently low 
field enhancement in their design and therefore more 
robust. 

2 DUAL KLYSTRON TEST 

In order to have sufficient rf power to stress the critical 
components beyond that of earlier tests it was necessary 
to combine the power of two 50 MW klystrons using a 3- 
dB hybrid (Magic Tee). The drive signals to the two 
klystrons were phased so that the unused, terminated arm 
of the hybrid had a minimal signal. The combined power 
was then fed into the SLED-II 3-dB hybrid as shown in 
figure 1. 

Dual  Klystron/SLED-ll SYSTEM 

Load Assy. 

Klystron 
(XL-3) 

Klystron 
(XL-2) Circular Waveguide 

WR-90 Waveguide 

Figure!. Dual Klystron Test Setup 

In order to absorb the total power from SLED-II, the 
output power was split equally into four all-metal choke 
loads [2] using three Magic Tees operating in parallel. 
Three water-cooled "grapefruit" loads [3] were used to 
terminate the unused arm of each Magic Tee. Forward 
and reflected rf power was measured at the input and 
output of SLED-II with side-coupled directional couplers 
and an HP-8990A Peak Power Analyzer. In order to 
minimize rf losses (and improve vacuum pumping 
efficiency), the rf was transported through overmoded 
circular waveguide in the TE01 low loss mode. Conversion 
between the circular and rectangular waveguides was 
accomplished by "Flower Petal" TE10-TE01 mode 
converters. 

RF conditioning was initially rather slow because of 
outgassing in the long lengths of new waveguide, mode 

' Work supported by Department of Energy contract DE-AC03-76SF00515. 
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Converters and combiner added upstream of the SLED-II 
Magic Tee. It required approximately 5 weeks of 
conditioning to reach 180 MW. In order to separate the 
conditioning of the new components from the high power 
testing of SLED-II, the 180° phase switching (PSK) of the 
klystron input signal was initially not used. In this way 
the output power of SLED-II was kept low (power gain of 
~2) while the klystrons were brought up to full power, (a 
combined power of «90 MW). Once this section of the 
system was conditioned and operated stably, the klystron 
power was lowered, the PSK was made operatonal and 
the SLED-II system was operated at its normal 4:1 power 
gain. At this point essentially all vacuum and rf break- 
down activity occurred at the SLED-II output mode 
converter and Magic Tee. Radiation levels at this mode 
converter exceeded 10 mR/hr for output SLED-II power 
levels of 225 MW and became higher as the power was 
raised further. After two additional weeks of 
conditioning, peak power levels of up to 300 MW were 
measured at pulse repetition rates of 10 pps. (see fig. 2.) 

Dual Klystron Conditioning 
(initial series) 

-SLED P_oul (PSK) 

Figure 2. Initial System Conditioning 

These power levels, however, could not be 
maintained for more than a few seconds at a time before 
rf breakdown occurred. At power levels of 275 MW the 
system could operate for minutes at a time and below 
250 MW the system operated stably. Since most of the 
breakdown occurred at the output mode converter it was 
decided to open up the system and investigate the 
condition of this component. Damage to the device was 
obvious on initial inspection. The end of the bifurcation 
in the rectangular guide was severely eroded as was the 
opposing wall. Since this mode converter was an early 
model which had no deliberate radius at the bifurcation 
tip, it was decided to replace the component with a new 
model which had a 0.8 mm radiused edge. Testing was 
then resumed. Progress was rapid until power levels of 
220 MW was reached. Above this level, breakdown in 
the new mode converter limited progress and the peak 
power level attained was «280 MW. Completely stable 
operation was only possible at 220-250 MW. After 
reopening the system, the new mode converter showed 

damage similar to the first one. In order to test other 
components in the system it was decided to eliminate the 
mode converters and connect the load assembly directly 
to the SLED-II Magic Tee. Repeating the experiment 
showed that the Magic Tee became the dominant source 
of breakdown. Surprisingly, the limiting power level was 
near the other previous values. «265 MW. At this point 
the experiment was concluded and the entire SLED-II 
system was inspected. It was found that the SLED-II 
Magic Tee was badly eroded in two trouble spots; the 
sharp corners on three sides of the opening into the E arm 
and the rounded tip of the single ended matching post in 
the throat of the four-port junction. No other component 
showed severe erosion or damage. 

3 HIGH POWER COMPONENTS 

Results of these tests clearly showed a need for improved 
component performance at the power levels required by 
NLC. Accordingly, efforts are underway at SLAC to 
improve the performance of some of the existing key 
components and to develop new components for NLC 
which are inherently robust at high peak fields. 

3.1 Modified Components: 

We have developed modifications to the Magic Tee and 
Flower Petal mode converters, based on the damage 
observed from tests and from HFSS computer simulations, 
which have reduced field levels at critical locations. Figure 
3 shows a model of the new Magic Tee design. 

Figure 3. Modified Magic Tee Design 

Magic Tee simulations using HFSS [4] indicate that a 
"fat" fin in the throat and an inductive element in the E- 
arm would result in a reduction in rf electric field by 
approximately a factor of two below the original SLAC 
design. A 1.2 mm radius was machined on three sides of 
the waveguide opening into the E-arm reducing the local 
surface electric field at this other trouble spot. The new 
Flower Petal mode converter design also has lower fields 
than the original design, and the region of high field is 

3196 



much reduced. The reduction is not as significant as for 
the Magic Tee, however. The exact breakdown 
mechanism in the mode converter is not as clear as for the 
Magic Tee since, even in the original design, the rf 
electric field enhancement at the erosion locations does 
not appear particularly high according to HFSS 
simulatons. It is speculated that poor vacuum and perhaps 
a multipactor phenomenon involving forward scattered 
electrons may be taking place but no conclusive analysis 
has been performed. This new design also improves the 
vacuum pumping in the critical areas. Cold-testing of the 
new design has been completed. 

3.2 New Components: 

New, planar devices (H-plane) are also being investigated 
to provide components with minimum field enhancement. 
These include a short-slot hybrid (see figure 4) and an 
array of H-plane three port junctions specially matched to 
form a planar bridge structure. 

The Riblet short slot hybrid has low maximum RF 
electric field for a given power compared with other four- 
port hybrid designs. The theory for this device is well 
documented [5]. High directivity and equal power 
division have been very difficult to achieve in the past 
because of critical dimensional tolerances. Precise 
optimization relied ultimately on cut-and-try machining 
and the addition of a matching element in the slot region. 
The success of the design depends on simultaneously 
controlling the phase advance and match of both the TE10 

and TE20 modes in the slot region. The phase advance of 
these two modes, including the reverse shift due to the 
slot end effects, must differ by exactly 90° to give equal 
power split. At the same time the slot length is very 
critical to achieve a good match and hence directivity. In 

Figure 4. High Power Short Slot Hybrid design 

addition, the slot region width must necessarily be 
narrower than twice the single waveguide width to avoid 
exciting the TE30 mode. 

Today using codes such as HFSS and MAFIA very 
good directivity, match and power division can be 
modeled and optimized before cutting any metal. A paper 
design for a 3 dB short slot hybrid that requires no 
matching elements has been completed. See figure 4. 

The maximum RF electric field is somewhat higher 
than the field in the waveguide ports feeding the device. 

A new "wrap-around" mode converter [6] (see figure 
5) has also been designed with 40% lower peak electric 
fields than the original "Flower Petal". Recent cold-test 

L. Ay. 

Figure 5. "Wrap Around"Mode Converter 

results show excellent performance and also in complete 
agreement with calculation. 

4 CONCLUSION 

We have designed and are building new high power rf 
components which, according to simulation, will have 
lower peak electric field than their existing counterparts 
in NLCTA and ASTA. These new components are direct 
replacement parts and should permit higher power 
operation for these facilities. In addition, we are 
completing the design of a new family of components 
which will have intrinsically, the lowest field 
enhancement possible for a given rectangular waveguide 
dimension. They will find their application in the NLC. 
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MULTIPACTOR DISCHARGE ON A DIELECTRIC 

R. A. Kishek and Y. Y. Lau, Department of Nuclear Engineering and Radiological Sciences, 
University of Michigan, Ann Arbor, MI 48109-2104 

Abstract 

This paper proposes a novel theory of a single-surface 
multipactor discharge on a dielectric, such as an rf 
window. Using a Monte Carlo simulation, we obtain the 
susceptibility diagram, applicable to a wide range of 
materials, in terms of the rf electric field and of the DC 
electric field that may result from dielectric charging. 
The electron multiplication mechanism assumes realistic 
yield curves of secondary electrons, including 
distributions of emission velocities and angles for these 
electrons. The susceptibility diagram thus constructed 
allows an immediate assessment of the range of rf power 
over which multipactor may be expected to occur. A 
simple analytic theory which corroborates the simulation 
results is presented. 

Multipactor discharge is an ubiquitous phenomenon 
observed in a multitude of devices that employ 
microwaves [1]. In the worst scenario, its presence leads 
to destruction of ceramic rf windows [1-2], erosion of 
metallic structures, melting of internal components, and 
perforation of vacuum walls [1]. Multipactor may occur 
when a metallic gap or a dielectric surface is exposed to 
an AC electric field under some favorable conditions, and 
its avoidance has been a major concern among workers on 
high power microwave sources, rf accelerators, and space- 
based communication systems [3]. 

In this paper, we present a theory of single-surface 
multipactor discharge on a dielectric, significantly 
extending the only existing theoretical treatment [2] on 
this subject known to us. We shall evaluate the combined 
action of an rf electric field that is parallel to the dielectric 
surface, and of a DC electric field normal to the surface 
that is assumed to be present as a result of dielectric 
charging. This surface charging has been experimentally 
verified, with the resulting electric field measured to be as 
high as 4 kV/cm [1-2]. We shall compute the multipactor 
growth, using realistic yield curves of secondary electron 
emission. A Monte Carlo simulation is performed to 
account for the distributions of the emission velocities and 
emission angles of the secondary electrons. We ignore 
the space charge effects, rf loading by the multipactor, 
and the saturation mechanism (if any). 

The geometry for this type of single-surface 
multipactor is shown in Fig. 1. Electrons emitted with a 
random velocity, v0, and a random angle, ((), with respect 
to the positive y-axis, are subjected to forces imposed by 
the electric fields. The rf electric field, of magnitude Erfo 

and frequency co, acts only in the y-direction and imparts 
energy to the multipactor electrons,  as well as translates 

them along the y-axis. The DC electric field, E^,, does 
not impart any energy to the electrons. An electron 
emitted from the surface with a non-zero emission 
velocity is bent back by the restoring DC electric field and 
strikes the surface at a later time. During its transit, the 
electron gains energy only from the rf electric field, in a 
direction parallel to the surface. Thus upon impact, the 
electron strikes with much larger energy, and therefore 
emits a number of secondary electrons. This process 
repeats and, eventually, a large amount of energy gained 
from the rf electric field will be deposited on the surface, 
possibly leading to surface damage or breakdown. 

E, ■DC 

■*• 

Erf = Erfo sin((Bt + 9) 

&£ 
+ + + + + +  + + + + + y 

Fig. 1      Model of a single-surface multipactor in a 
parallel rf and normal DC electric fields. 

The secondary electron yield, 8, is a function of the 
impact energy of the primary electron, E,, and the angle to 
the normal, %, at which it strikes the surface. For the 
dependence of yield on impact energy, we will adopt 
Vaughan's empirical formula [4] which is characterized 
by two material-dependent parameters: the maximum 
yield, 8maiI, and the energy at which it occurs, Em„. Two 
values of impact energy, termed the first and second 
crossover points, E, and E2 respectively, result in a yield 
of 1, while 5 > 1 in between. 

For impact at an angle, the parameters Em„ and 8max 

are adjusted in calculating the yield, according to the 
following equations [4]: 

_ rj 
max     '-'maxO 

max     ° max 0 

1 + ksS 2^1 

1 + Kk 2\ 
(1) 

271 

Here Emax0 and 8max0 are the parameters for an impact angle 
of 0° (i.e. normal to the surface), and ks is a surface 
smoothness factor ranging from 0 for a rough surface to 2 
for a polished surface. In this paper we set ks = 1, 
representing a typical dull surface [4]. It is worth noting 
that in this situation, since the electrons gain their energy 
from the parallel rf, most impacts will be at almost 
grazing incidence (£ = TC/2). 
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In the following analysis we shall use the following 
normalization scales: 1/co for time, Emax0 for energies, u = 

VEmaxo/m for velocities, and F = (co / e)^JmEmax0 for 

electric fields, where e = 1.602 x 4"19 C and m is the 
electron mass. Consider an electron launched at t = 0 
from the surface at y = 0. It experiences a force due to the 
rf electric field, Erf0 sin((at + 0), which has a phase 0 at the 
time of launch. The emission velocity, v0, and angle from 
positive y-axis, <|>, are assumed to be random. Solving the 
equations of motion for the electron gives an expression 
for the impact energy: 

Eix=iv2sin2(t) 

F-   = My 
Erfo COS 

2v0sin(j) 
• + 0 

iDC 
■cosl (0) + 

v0cos<j> 

Jrfo 

(2) 

where Eix and Eiy are the x and y components, 
respectively, of the impact energy. The impact angle is 
then: 

\ = arctan (3) 

Given   the   impact   energy   and   angle,   the   yield   is 
determined. 

To estimate the growth rate of the multipactor 
discharge, we follow the trajectory of a weighted 
macroparticle over a large number of impacts in a Monte 
Carlo simulation. The initial rf phase, 0, is uniformly 
distributed over 0 < 0 <2n. Each time a macroparticle 
leaves the surface, we assign it a random initial energy 

E(, = j\l and angle <(>, according to the following 

distributions: 

f(Eo) = 

g((j)) = -i-sin(|), 

(4a) 

(4b) 

region. 

§!> 
So 

W 2 

Q 

where Eom is the peak of the distribution of emission 
energies [note that the expected value of E„ is 2E„m, and 

that Jg(<t>)d<t> = 1 over0<<|><7t]. 

Substituting the random values of initial energy 
(velocity) and angle into Eqs. (2) and (3), we obtain the 
impact energy and, hence, the secondary electron yield for 
that transit. We use this value of the yield to adjust the 
charge on the macroparticle, then emit it again with a 
random velocity. Observing the time evolution of the 
charge on the macroparticle over a sufficiently long time, 
we can see either an exponentially growing or an 
exponentially decaying trend, depending on the external 
parameters chosen (E^, Erf„, and 5max0. A growth rate of 
zero identifies a point on the boundary of the multipactor 

x 

T 

EDC[MV/m] *Ui)' 
1 ( E     Y 
\400eV; 

Fig. 2 Composite plot . of multipactor region 
boundaries in the plane of (E^, Erfo) for 
various values of 8mm0 [from the innermost 
boundaries, Sm„0 = L5, 2.0, 2.5, 3.0, 6.0, and 
9.0], assuming Eom / Em„„ = 0.005. 

Figure 2 shows the boundary regions for selected 
values of 8maj0, corresponding to typical materials used in 
rf windows [see Table 1]. This susceptibility curve can be 
quite useful. A glance at Figure 2 indicates the range of rf 
power over which the window may be subject to 
multipactor. If the design parameters lie within the 
multipactor boundaries (positive growth rate) then 
multipactor is possible and the design needs to be 
modified. This can be done, for example, by changing the 
rf level, or by adding a slightly conductive coating to the 
window to reduce the static charge accumulation and the 
resulting DC field. Alternatively, the window may be 
coated with a material having low 8max0 (e.g., TiN). These 
measures have been employed in practice [1-2], although 
perhaps not systematically but rather by trial and error. 

Table 1 Typical secondary electron emission 
parameters for materials commonly used in 
rf windows [adapted from ref. 5]. 

Material 5   „_ E   n(eV) E /E   „        E./Erl 

(grazing incidence) 

A1203 (alumina) 1.5-9 350-1300 0.23-0.011     10.2-24.5 

Quartz-glass 2.9 420 0.072             15.6 

Pyrex 2.3 340-400 0.107             13.7 

Technical glasses 2-3 300-420 0.136-0.068    12.6-15.9 

SiO, (quartz) 2.4 400 0.099             14.1 

Following is the physical explanation for the 
shape of the susceptibility curves [Fig. 2]. For any given 
values of the fields, the growth rate is determined by the 
average value of the secondary electron yield, averaged 
over the random emission energy and angle distributions 
[Eqs. (4a) and (4b)].   Changing the magnitude of the rf 
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electric field changes the amount of energy the electron 
gains. Changing the DC field changes the amount of time 
spent in flight, and hence also the amount of energy 
gained. Since the secondary electron yield is above unity 
only for impact energies in between the two crossover 
points, if the rf electric field is too high or too low, then 
the amount of energy gained will vary accordingly, and 
thus the impact energy will fall outside of this region, 
where 5 < 1. This explains the existence of upper and 
lower boundaries. Now if the DC field is increased, the 
electron spends less time in flight, and so the rf electric 
field must be increased to maintain the same impact 
energy and yield. Preist and Talcott mention 
experimental evidence for the existence of the lower 
bound (Erfmln) and predict the existence of an upper bound 
(ErfraJ [2]. 

The preceding physical understanding of the 
phenomenon is useful in constructing an analytic solution 
for the susceptibility curve boundaries. First, we assume 
that all electrons are emitted normal to the surface, with 
an energy equal to the average energy of the emission 
energy distribution (E() = 2 E<im). As will be seen, this 
assumption does not qualitatively change the solution. 
Hence, substituting E0 = 2 El)m and § = 90° into Eq. (2), 
averaging over 9, and setting the resulting average impact 
energy equal to E,, then E2, we obtain the following 
equations for the lower and upper boundaries, 
respectively: 

2E, 
Jrf min 

^rf max 

.-COS^^E^/EDC) 

2E2 

I-COS^E^/EDC) 

(5a) 

(5b) 

I  

LÜ   ° 

X 

IT 
> 

,0 

MMY/mK^-rt F        1 ■ inaxo 

4ÖÖeV 

These boundaries are compared in Figure 3 to the ones 
obtained from Monte Carlo simulations.  We assume E om 

= 0.005. As can be seen, the agreement is reasonably 
good, considering all the approximations involved. The 
slopes of the curves in Fig. 3, in the limit of large EDC, are 

2-v^1'2/ om ' as eas^y deduced from Eqs. (5a) and 

(5b). Since impact is close to grazing, \ = n/2, the values 
of E, and E2 for grazing incidence should be used in Eqs. 
(5a) and (5b) [these values are listed for some materials in 
Table 1]. 

Finally, we note some differences between 
multipactor on a dielectric and on a metal surface. Since 
the impact angles of multipactor electrons on a dielectric 
are close to the grazing angle, the secondary electron 
yield would always be higher than that on a metal surface. 
In the steady state, multipactor on a metal surface has a 
secondary yield hovering around unity at the first cross- 
over point E, [3]. Our simulations so far cannot predict 
whether multipactor on a dielectric would saturate, but 
they seem to indicate that as the multipactor grows, the 
impact energies tend to prefer Emai, at which 8 is 
maximum. Moreover, single-surface multipactor on a 
dielectric is less sensitive to the resonance condition that 
characterizes the 2-surface multipactor; it can therefore 
occur over a wider range of rf electric fields and phases. 
All of these, together with the poor heat conduction on a 
dielectric, perhaps partially explain the well-known 
vulnerability of ceramic windows to rf breakdown. 
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OVERVIEW OF HOT TOPICS IN INSERTION DEVICE DESIGN 

Kern E. Robinson, STI Optronics, Inc., 2755 Northup Way, Bellevue, Washington 98004, USA 

Abstract 

Emphasis in insertion devices (undulators and wigglers) is 
evolving. Conventional designs account for the majority 
of devices in use as synchrotron radiation (SR) or free- 
electron laser (FEL) sources, but more is being demanded 
with each succeeding application. Totally passive field 
compensation, gap independence, and the perfecting of 
phase and spectral properties are areas of major interest. 
However, the shift toward specialty designs is 
increasingly important. Designs are tailored to achieve 
specific radiation characteristics. These range from SR 
sources with time-dependent polarization capabilities to 
long devices optimized for FEL operation in the X-ray 
regime. Strong focusing and other beam dynamics related 
characteristics are becoming extremely important for the 
next generation of FEL devices. As electron beam quality 
continues to increase, small-gap, small period, and 
unconventional field profiles are becoming necessary for 
compact sources. These areas of increased interest are 
examined. 

1 INTRODUCTION 

Since the last Particle Accelerator Conference in 1995 
more than 140 papers concerning insertion device 
technology have been published [1]. As the recent 
literature is examined in detail, emphasis in insertion 
device work can be grouped into two broad categories. 
The areas can be referred to as conventional devices and 
specialty devices. This paper, being part of the section on 
magnet technology, will stress those devices that fall into 
this technology area. Wigglers and undulators based on 
plasma waves [2], electromagnetic waves including lasers 
[3], etc., are beyond the scope of this paper and will not 
be discussed. 

2 CONVENTIONAL DEVICES 

Conventional devices can be defined as those whose 
technology and geometry have been previously 
demonstrated and consistently implemented. Recent work 
in this area has emphasized improved performance 
characteristics from both spectral and beam dynamics 
aspects. There are three general technology areas that fall 
into this category: permanent magnet (PM), 
superconducting (SC), and electromagnet (EM) 
technologies. 

PM technology has become the "workhorse" of 
insertion devices and accounts for the vast majority of 
devices being integrated at this time. Both pure-PM [4] 
and hybrid [5] (containing soft permeable material) are 

being regularly used. Improvement of spectral properties 
has been a major concern as more operational experience 
at major synchrotron radiation facilities continues [6-10]. 
Delivery of undulators with 1-2 degrees of optical phase 
error are becoming standard [11]. Passive compensation 
of undulators has become a major topic with an emphasis 
on gap independence while preserving good-field region. 
Illustrative of this is work done recently at STI [12]. 
Whereas, powered electromagnet coils were often used in 
the past, work has progressed so that by adjusting the final 
two magnets in a hybrid device a trajectory with near zero 
displacement from the axis results from entrance and exit 
field contributions. This has been achieved without loss 
of periods contributing to useful radiation or FEL 
interaction. Figure 1 plots the measured second integral 
of the field (proportional to the trajectory) of several gaps 
showing the lack of displacement from the axis over a 
wide range of gaps. The undulator is the APS U55#13, a 
55-mm period hybrid device. By contrast, an "ideal 
undulator," one with a perfect sine wave and half 
amplitude first kick, produces an entrance offset 
proportional to 80% of the wiggle amplitude. Such 
enhancements simplify the integration of insertion devices 
for both SR and FEL applications. 

Figure 1: Entrance trajectories measured at several gaps 
for the APS U55#13 showing the gap independent zero- 
displacement configuration. 

Another area that has received attention during the 
interim between conferences is the effect of ambient 
fields on performance. Magnetic performance has 
improved to the point that ambient field interaction is now 
a consideration. Pure rare-earth permanent magnet 
(REPM) devices are essentially transparent to ambient 
fields as the differential permeability of fully polarized 
REPM is only u = 1.05. The presence of highly 
permeable material in hybrid devices, on the other hand, 
changes the characteristics of the ambient field as the gap 
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is changed. The poles enhance the component of the 
ambient field that is in the principal field direction. The 
poles effectively shunt the ambient cross-field component. 
Figure 2 plots the relative enhancement of gap 
dependence of the change in the ambient field caused by a 
hybrid device. At minimum gap, the principal moment is 
increased by a factor of -1.8 and the cross-field 
component is effectively shunted to zero. In addition to 
measurements this behavior has been confirmed in 
operational experience at APS and ESRF [13]. 

— >" i 

 I i "I |  

Magnetic gap (mm) 

Figure 2: Plot of the relative enhancement for principal 
and shunting of skew ambient fields in a hybrid undulator. 

In PM technology, additional work has been done in 
the phasing of multiple short devices mounted on the 
same straight section [14]. 

Superconducting devices are of interest in two major 
areas. They have proven useful as wavelength shifters in 
order to produce substantial quantities of hard x-rays on 
lower energy synchrotron radiation storage rings [15-17]. 
In FELs, small period superconducting undulators are 
being implemented to allow access into field regimes not 
well served at present by PM technology [18,19]. 

Additional aspects relating to conventional devices is 
the push toward small gap devices and very long straight 
sections for synchrotron radiation applications [20-23] 

One application of undulators that have received 
more attention recently is their use as beam diagnostic 
devices. The magnetic performance has improved to the 
point that devices are being built and installed which are 
specifically dedicated for this purpose [24,25]. 

3 SPECIALTY DEVICES 

Though progress and achievements in performance of 
conventional devices has been notable, activities in 
specialty devices have increased dramatically. These 
devices are optimized and designed for specific spectral or 
interaction characteristics. Three main areas appear 
among these devices: elliptical polarization devices for SR 
sources, devices optimized for self amplified spontaneous 

emission (SASE) FELs and compact source undulators for 
both FEL and SR sources. 

Elliptical polarization devices have dramatically 
increased in number and application. These include pure 
REPM systems [26,27] which provide continuous or near 
CW elliptical polarization and electromagnet and hybrid 
combinations that are capable of polarization modulation 
of order 100 Hz or better [28-30]. 

SASE FEL undulators are another hot topic in 
insertion device technology. These devices are 
characteristically long, approaching 100 meters in length 
[31,32]. The issues associated with long undulators were 
first explored in the context of high power FEL oscillators 
and amplifiers [33,34]. Issues identified in that context 
remain significant concerns. Diagnostics that ensure tight 
overlap between the electron and photon beam are 
essential. If such diagnostics cannot simultaneously 
measure both photon and electron beams, alignment 
tolerances become extremely tight. The long undulators 
must provide, or allow, strong focusing to maintain 
interaction strength. This focusing is provided within the 
undulator structure or with external quadrupoles. External 
quadrupoles can either superimpose the focusing, in the 
case of pure-REPM designs, or be provided in 
longitudinal gaps in the undulator. Such gaps, whether for 
focusing, diagnostics, or vacuum pumping are a source of 
concern in SASE FEL design [35,36]. Focusing can also 
be provided by either arrangements of magnets within the 
undulator or the shaping of poles either longitudinally or 
transversely [37-41]. 

Another topic of interest is the push toward compact 
sources. Two areas of the many being explored for 
compact sources are micro-undulators and optical mode 
tapering. Micro-undulators are loosely defined as those 
devices with a period less than 10 mm. Activity in this 
area has extended over several years. Several approaches 
have been pursued including the use of LIGA technology 
[42-44]. 

Optical mode tapering is a specific application of 
constant resonant-energy tapering [45]. In normal 
tapering of undulators and wigglers the period and/or field 
is adjusted to change the resonant photon wavelength or 
electron energy subject to the resonance equation: 

2y2Arj ■K^ + K2 ll) (1) 

In constant resonant-energy (CRE) tapering the 
period, \, and magnetic field, B, of the wiggler, (K = 
eBXw/2jtmc) are adjusted in order to maintain the product 
of the square of the electron energy, y, and optical 
wavelength, A,p, constant. This formulation of the 
resonance equation assumes an essentially constant period 
undulator. If one examines the general wiggler field and 
particle motion equations and maximizes the on-axis 
spontaneous emission, there is a modification of the 
wiggler parameter K, 
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lit dz 
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This divides constant resonant energy tapers into two 
broad categories: one where the changes in B and A,w are 
small within a wiggler period (and the derivative term can 
be ignored), and the other where changes are large within 
a wiggler period. 

Optical mode tapering (OMT) is a specific 
application of CRE to address two problems related to the 
operation of compact FELs. The gap of the undulator 
used in an FEL is often limited by the size of the optical 
beam at the ends of the undulator. The length of the 
optical cavity is often dictated by matching to the 
undulator and maintaining a large spot size on the 
resonator mirrors to limit damage. By adjusting the 
undulator gap throughout its length to be as small as 
permitted by the optical mode the interaction strength and 
number of periods in an undulator can be maximized. 
The variation in period and field needed to maintain 
resonance is not significant until the Rayleigh range is on 
the order of the undulator length or smaller. 

To illustrate the types of performance enhancement 
that can be achieved with OMT, it is useful to examine an 
analytical system with a nominal values: 1 meter 
undulator length, Lw, a photon wavelength, \ = 10 u.m, an 
electron beam energy y. - 50, and a mode limitation that 
the local gap must not be less than 4 times the optical 
mode radius. For illustration the system is assumed to 
have low gain and the mode is described by a TEM^, 
mode. With this example system, one can examine two 
regimes: the Rayleigh range for a fixed undulator length, 
and the undulator length for a fixed Rayleigh range. 
Figure 3 is a plot comparing the small signal gain of the 
fixed 1-meter OMT undulator and the equivalent-length 
uniform-gap device. The optimum Rayleigh range for the 
uniform gap device is ~LJ3 whereas the OMT optimizes 
at ~Ly5. The maximum gain of the OMT is 40% higher 
than that of the uniform gap and the Rayleigh range can 
be shortened by more than a factor of 3 without losing 
gain compared to the maximum for the uniform gap 
device. Figure 4 plots the small signal gain for a fixed 
Rayleigh range = 0.5 meter for both the OMT and 
uniform-gap undulators. With the uniform-gap device as 
periods are added the K must decrease to accommodate 
the optical mode. The loss of the wiggler length 
eventually exceeds the benefit of the additional periods. 
For the OMT as periods are added the interaction strength 
of the central periods are not diminished and a stronger 
interaction is maintained so gain is enhanced for a 
significantly longer undulator. This continues until the 
additional periods have such a weak field that they no 
longer contribute to the gain. 

a 
■a     4 

E 
to 

Cptical-Mode 
Tapered 
Undulator 

0.1 1 

Optical Beam Rayleigh Range (L^/Z,) 

Figure 3: Small signal gain for OMT and uniform 
undulator for a 1-meter wiggler for various Rayleigh 
ranges. 
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Figure 4: Small signal gain as a function of undulator 
length for the OMT and uniform undulator for a fixed 
Rayleigh range of 0.5 m. 

4 CONCLUSION AND ACKNOWLEDGMENTS 

From an examination of the activities in undulators and 
wigglers it is clear that it is an area still alive with interest 
and a great deal of potential for progress in providing 
radiation sources and diagnostics with improved 
characteristics. The technology has advanced and the 
variety of approaches increased that devices specialized 
for specific characteristics are becoming more 
commonplace. One area that is also important to gauging 
the success of an insertion device is the development of 
precise measurements that accurately determine its optical 
characteristics [46]. 

This paper can only scratch the surface of the 
activity and the works cited are illustrative only and must 
not be viewed as all encompassing. The absence of a 
citation in no way indicates the author's opinion of its 
significance to the field. 
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EXPERIMENTS AND CYCLING 
AT THE LHC PROTOTYPE HALF-CELL 

R. Saban, J. Casas-Cubillos, P. Collier, P. Cruikshank, K. Dahlerup-Petersen, B. Desforges, 
B. Hilbert, G. Krainz, F. Momal, A. Rijllart, F. Rodriguez-Mateos, R. Schmidt, L. Serio, 

CERN, Geneva, Switzerland 

1 INTRODUCTION 

The first version of the LHC Prototype Half-Cell [1,2] has 
been in operation since February 1995. It consists of one 
quadrupole and three 10-m twin aperture dipole magnets 
which operate at 1.9 K. One electrical circuit powers all 
the magnets in series. This experimental set-up has been 
used to observe and study phenomena which appear when 
the systems are assembled in one unit and therefore 
influence one another. 

2 EXPERIMENTS 

Two experimental runs have been performed in the two 
years since commissioning began in December 1994 [2]. 
RUN2 started with the addition of a third dipole and a 
structural modification to the cryogenic system [3]. The 
LHC half-cell systems, the experiments and their results 
have been described and reported in detail in specialized 
conferences [4,5,6]: what follows is a concise report of 
the experiments carried-out with the facility. 

The 1.9 K superfluid helium cooling scheme was 
experimentally validated in steady state conditions and 
during transients [7]. The thermohydraulic effects of a 
resistive transition of a string of magnets have been 
investigated. A model was developped and was 
extrapolated to a full-cell of LHC [8]; this allowed the 
reduction the number of valves and definition of their 
technical characteristics. Heat loads on the cryogenic 
system have been measured in steady state and with 
degraded insulation vacuum [9]. They confirmed the 
calculated heat loads and in some cases highlighted 
possible improvements. 

The quench detection and magnet protection system 
[10,11] was experimentally validated. Quench 
propagation between magnets has been studied by 
provoking a quench in the quadrupole and observing its 
propagation to the adjacent dipole [12]. 

Experiments to determine the upper limit on pressure 
in the insulation vacuum enclosure prior to cool-down 
have confirmed that positive displacement pumps 
achieving a pressure of 1 Pa are sufficient [13]. The 
limited propagation speed of a helium leak along a 
cryogenically cooled tube has been measured on the 
1.9 K cold bore beam tube [14] showing agreement 
within 20% of the theoretical model. Accidental loss of 
insulation vacuum has been studied by venting the cold 
LHC Prototype Half-Cell to atmospheric pressure. 

The displacements of the magnet cold masses relative 
to their cryostats, for long term stability measurements, 
during quenches and during electrical cycles were 
monitored [15]. 

3 THE CYCLING EXPERIMENT 

The cycling experiment was performed in order to 
reveal eventual flaws of components of the half-cell 
which could only be seen after some time of operation of 
the collider. 

After 18 months of routine current ramping to 12.5 
and 13.1 kA, the half-cell was electrically cycled from 
800 A to 12.5 kA repeatedly in a cycle that lasted 
approximately 43 minutes. The ramp rates (10 A/s) were 
similar to those which will be experienced by the magnets 
during the acceleration phase. Assuming 200 days of 
operation per year and one injection per day, the 
experiment simulated 10 years of operation of the 
collider. 

5S 

Figure 1: Current and temperature stability 

3.1 Conditions of the experiment 

The experiment was conducted from the accelerator 
control room under the supervision of the operators who 
are involved in the running of SPS and LEP. Therefore, 
the procedures for cycling the LHC Prototype Half-Cell 
had to be simple, secure and efficient to be executed by 
non-specialised personnel. 

The area was closed with fences and video cameras 
were installed for remote visual inspection of the site. 
Two X-terminals were used to monitor the cryogenics, 
the vacuum and the power converter. Only limited control 
of the cryogenics system was available to prepare for 
cycling or put the cryogenic system in stand-by mode. 
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The program controlling the power converter allowed the 
operator to start, stop or interrupt the continuous cycling. 
A completely linear downwards ramp at -lOA/s was 
achieved despite the inverse voltage limitation set by the 
free-wheeling diodes of the power converter. 
Authorization for powering was granted only by the 
magnet protection team at the beginning of a cycling 
period or after the interlocks had been broken. 

All the systems (vacuum, cryogenic, magnet 
protection, power converter, general mains) were 
hardware interlocked. Depending on the gravity of a 
failure of any of the systems, the string was either slowly 
discharged or the magnets were quenched by firing the 
protection heaters. 

The experiment, which lasted eleven weeks, was 
conducted 24 hours a day and seven days a week; it was 
only interrupted by access requirements to the restricted 
area of the LHC Prototype Half-Cell or the unavailability 
of peripheral systems (e.g. central refrigeration plant). 
The access procedure was remotely controlled by the 
accelerator control room operators: it mainly involved the 
lowering of the current to 50 A. The power converter was 
rarely turned-off because the operation would break the 
interlock chain. 

3.2 Incidents 

Although a number of minor incidents occurred during 
the cycling experiment, all were adequately handled 
either by the emergency systems which had been 
engineered for this purpose, or by the control room 
operators. 

3.2.1 Interruption of the Cryogenic Supply 

On several occasions, the liquid helium level in the main 
dewar supplying the LHC Prototype Half-Cell among 
other users, fell below a threshold. The operators were 
informed by an alarm signal and were advised to stop 
cycling in order to avoid quenching the magnets due to 
loss of nominal cryogenic conditions. 

3.2.2 Quench Heater Power Supply Failure 

Capacitor banks which are discharged in the protection 
heaters when a quench occurrs are continuously 
monitored. Two different internal power supplies failed 
on two occasions when the magnets were at 12.5 kA and 
1.8 kA. As a result, the interlock chain was broken and 
the magnets slowly discharged. 

3.2.3 Mains Failure 

A mains failure on the electricity grid occurred during the 
falling phase of the cycle when the magnets were excited 
at 9.8 kA. The protection heaters were fired and the 
magnets were quenched. The emergency procedure 
during the cycling experiment foresees this in order to 
simplify the recovery. 

3.3 Observations 

Before the experiment started, the highest current level 
attained without quenching any of the magnets on two 
occasions was 13.5 kA. A number of cycles were 
executed and then the current raised to the same value: if 
a magnet quenched before 13.5 kA, a degradation of the 
quenching magnet was assumed. 

After a relatively low number of cycles (184), the 13.5 
kA limit could not be attained; the third dipole quenched 
just below 13.5 kA. Instead of trying to confirm this 
quench level, it was decided to double the number of 
cycles (300) before the second dipole was quenched at 
13.2 kA. The number of cycles were increased first to 500 
then to 1000 before the test quench. They all confirmed a 
degradation in the quench level of the second dipole. The 
cycling experiment was ended after 2152 cycles. 
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Figure 2 : Quench Current and Number of Cycles versus 
time 

The degradation of the second dipole was investigated 
by repeatedly pushing the LHC Prototype Half-Cell to its 
highest natural quench. All the quenches which were 
observed during this campaign occurred in the first pole 
of the first aperture of the second dipole. The most salient 
pattern is the erratic quench behaviour characterized by 
quenches approaching the highest limit (13.2 kA) 
followed by quenches at much lower level (11.7 kA). In 
some cases, during the raising phase, intermediate higher 
current levels were attained; this wrongly suggested a 
retraining of the dipole (see Figure 3). The highest 
difference in current for two consecutive quenches was 
1.6 kA. In total 10 natural quenches were caused during 
this campaign. 

In the course of the campaign it was suggested that the 
quenches might be caused by a non-uniform current 
distribution in the superconducting cable [16]; this would 
start a persistent current loop which could saturate one of 
the strands and cause the quench. A number of attempts 
to highlight this effect were made, but all failed. 
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Figure 3 : Quench pattern after the cycling experiment 

It was decided to remove the second dipole from the 
LHC Prototype Half-Cell during the shutdown following 
the cycling experiment. The dipole (MBL1A2) was 
exchanged with a spare (MBL1N1) which had been 
recently re-assembled and measured on the LHC Magnet 
Test Bench. 

MBL1A2 has been since then measured on the LHC 
Magnet Test Bench [17]. Preliminary data, which has not 
yet been thoroughly analyzed, confirm what has been 
observed after the cycling experiment: the quenches are 
almost always localized to the same region of pole 1. Any 
attempt to identify the effects of cycling on MBL1A2 
remains, so far, speculative. 

Other than the degradation of the second dipole, no 
other effect of the cycling experiment has been identified. 
In the coming run, cycling will be resumed both to 
continue the artificial ageing of the components and, to 
eventually reveal other effects which might be hiding 
behind the degradation of the second dipole. 

It is worthwhile mentioning that 85 natural or 
provoked quenches were performed during the two 
experimental runs: 45 of these were at nominal current or 
above. Another 15 quenches at nominal current or above 
were experienced by the magnets of the LHC Magnet 
Test Bench. This is far more than any dipole is expected 
to experience in the lifetime of LHC. 

4 RUN3A 

RUN3A will start in early June 1997. Following the 
shutdown which lasted five months, the LHC Prototype 
Half-Cell is now equipped with additional cryogenic 
instrumentation: wetting indicators in the longitudinal 
heat exchanger, level meter in the phase separator, flow 
meters in the discharge line and additional thermometers. 
The first beam screen [1] has been installed in the third 
dipole. The installation of diode directly on the bus-bars 
entering the third dipole will permit investigation of 
quench propagation between dipoles. 

facility will commence beginning 1999. It will include the 
separate cryogenic supply line and new generation 15-m 
dipoles with all the corrector magnets. For the year 2000 
it is planned to start experimenting with a full 106-m 
LHC cell including three 12.5 kA circuits: one for the 
main dipoles, one for the focussing quadrupoles and one 
for the defocussing quadrupoles. Twelve additional 600 A 
circuits will power the multipole corrector and lattice 
magnets attached to the main magnets of the regular cell 
of an LHC arc. 
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5 THE SECOND GENERATION TEST FACILITY 

After   RUN3,   the   present   LHC   half-cell   will   be 
dismantled. The construction of a second generation test 
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Abstract 

As part of the LHC magnet development program, CERN 
in collaboration with Oxford Instruments has designed, 
built and tested a one metre model of a 70 mm aperture 
low-/? quadrupole. The magnet features a four layer coil, 
and is designed for 250 T/m at 1.9 K. We review the results 
of the magnet training and quench propagation studies per- 
formed at 4.3 K and 1.9 K, and report on the magnetic field 
measurements. 

1   INTRODUCTION 

As part of the LHC magnet development program, CERN 
in collaboration with Oxford Instruments, England, has de- 
signed built and tested a one metre model of a 70 mm aper- 
ture quadrupole for the LHC low-/? triplets. The magnet [1] 
has a four layer coil wound from two 8.2 mm wide NbTi 
cables. Two layers are wound and cured at a time, with the 
transition between the two cable types in the middle of the 
second layer. The magnet is assembled using 10 mm wide 
stainless steel collars and a four-piece yoke, which trans- 
mits the compression from a set of aluminium force rings 
with stainless stell collets. 

During the first test in March 1995 [2], the magnet 
reached a maximum current of 3780 A at 4.3 K, after which 
the performance became erratic and it was not possible to 
train further. All quenches occurred in layers 3 and 4 of one 
quadrant, but the instrumentation was insufficient to locate 
the quenches more precisely. After the disassembly of the 
magnet a multi-turn short was found, caused by scissoring 
in the ramp between layers. The size and location of the 
short precluded repair and a replacement coil was wound 
with a modified layer ramp. This modification was also 
made to all the other coils to prevent similar damage. Due 
to availability of material, the rewound coil incorporated an 
insulation system which was 9 pm thicker per turn than in 
the other coils. To compensate for the increased thickness 
the size of the copper wedges at the pole was reduced. The 
magnet was rebuilt with a modified set of voltage taps and 
all the ground plane insulation replaced. In all other ways 
the magnet was identical to the first build. 

After the rebuild the magnet was tested on two occa- 
sions, in January and October 1996, when it was trained 
to 4920 A at 1.8 K, and a field gradient of 238 T/m mea- 
sured. In this paper we summarise the results of the magnet 

5000 " 

4.3 K 

I 

1.9 K 

■  ■ ■ 

4.3 K 1.9K 

4000 ' A 
A   A   A 

A 

A 

■ 

A 

A 

f   : 
Operating current 

ofMQX 

-■ 

3000 • 

/ 
Operating Current 

ofMQY 
-■ 

2000 " 

inm 

Test Series 3 

 1  

Warm 

 1  

-up Test Series 4 

 1  

250 

230 

210 

190 

170 o 

150 & 

130 

110 

90 

70 

5        10 
Quench number 

20 

Figure 1: Training history of the model magnet. 

training and quench propagation studies, and report on the 
transfer function and field multipole measurements. 

2   TRAINING HISTORY 

The training history is displayed in Figure 1. The maxi- 
mum operating gradient of the low-/? quadrupole (MQX) 
of 215 T/m at 1.9 K is also shown, as well as the required 
gradient of 160 T/m at 4.3 K of the two-in-one quadrupole 
(MQY), which uses the same coil and is installed in the 
injection and dump insertions. 

In the January 1996 test (Test 3) the magnet was ini- 
tially trained at 4.3 K. The first quench occurred at 3400 A, 
and in the next three quenches it passed the plateau of the 
March 1995 test. In view of possible conductor limita- 
tion, the magnet was pumped to 4.0 K and energised with a 
quench at 3860 A, less than the expected gain by cooling. 
In the next two quenches it reached 3960 A, corresponding 
to 98% of the short sample limit. Throughout this stage 
quenches occurred in all the coils except in the rebuilt coil. 

The first quench at 1.9 K occurred at 4440 A, and the 
next two recorded at 4745 A, with a change in quench 
location.   Subsequently, the quench current increased to 
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Figure 2: Quench velocity for spot heater induced quenches 
at 4.3 K (open symbols) and 1.9 K (full symbols). The 
estimated conductor limits are 4000 A at 4.3 K and 5400 A 
at 1.9K. 

over 4850 A, indicating that the magnet has not reached 
a plateau. The test was discontinued in order to install the 
field measurement coils, and the training of the magnet re- 
sumed in October 1996 (Test 4). 

A total of six training quenches were performed at 1.9 K 
during Test 4. The first quench current was close to that of 
the last quench of Test 3. All others showed a gradual in- 
crease of the current, the final quench recorded at 4920 A, 
corresponding to 91 % of the short sample limit. In the mid- 
dle of the quench series the magnet had to be warmed up to 
about 90 K, to unblock a faulty needle valve. A slight de- 
crease in quench current followed, confirming the tendency 
of the magnet to detrain on warm up, a feature that was also 
noted after a long period at room temperature between Jan- 
uary and October 1996. 

At both test temperatures, the magnet has achieved a 
gradient above the the nominal values required for the 
LHC. The last quench at each temperature was in layer 2, 
where conductor limited quenches are expected to occur, 
but the instrumentation was insufficient to determine if 
these quenches occurred at the high field point. 

3    QUENCH PROPAGATION STUDIES 

An important objective of the tests was to measure the de- 
pendence of the quench velocity vq and of the peak conduc- 
tor temperature Tpeak on the magnet current Iq, in order to 
help design a quench protection system for the full-length 
magnet. For these studies a special spot heater was used, 
located in the second layer near the high field point. A 
set of voltage taps defined two measurement sections. The 
first one, 125 mm long with the spot heater in the centre, 

Figure  3:     Peak  conductor  temperature  for  induced 
quenches at 4.3 K (open symbols) and 1.9 K (full symbols). 

was used for resistance measurements. The other, 585 mm 
away from the spot heater, was used for time of flight mea- 
surements. 

The quench velocity vq for induced quenches measured 
by time of flight is shown in Figure 2 as function of quench 
current normalised to the conductor short sample limit. For 
both 4.3 K and 1.9 K, vq grows from about 5 m/s at low 
currents to 15 m/s at 85% of the conductor limit. For spon- 
taneous quenches, the quench heater used for these mea- 
surements was still triggered as part of the protection sys- 
tem. The quench velocities obtained from these quenches 
display the same trend as in Figure 2, with the quench ve- 
locity approaching 65 m/s for highest currents. For both 
temperatures the relative increase of the quench velocity is 
well explained by the adiabatic theory. However, the mea- 
sured quench velocities are systematically a factor of three 
smaller than predicted. A possible explanation may be in 
the fact that the all-polyimide insulation used in the coil 
construction is highly permeable, and that the assumption 
of adiabatic quench propagation is not fulfilled. 

Quench velocities were also independently measured 
on the basis of the initial resistance growth dR/dt in the 
125 mm section. These measurements relate to quench 
development over the first 10 ms, while those based on 
the time of flight give an average velocity over the time 
needed for the quench to propagate over 585 mm, typi- 
cally 30-40 ms. The two methods agree well for low ve- 
locities. However, systematic differences were observed 
at higher fields, suggesting possible acceleration of the 
quench front at 4.3 K and deceleration at 1.9 K. These indi- 
cations will be further investigated on the next quadrupole 
model, presently under construction. 

Figure 3 shows the TPeak for induced quenches mea- 
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Figure 4: Measured and calculated transfer function in the 
body of the quadrupole at 1.9 K. 

sured without energy extraction, obtained by measuring the 
final resistance of the 125 mm cable section. At 4.3 K, 
Tpeak has a maximum of about 250 K which occurs at 75% 
of the conductor limit. At 1.9 K, Tpeak steadily rises and 
reaches 430 K at 85% of the conductor limit, with an in- 
dication that a point of inflexion has been reached. This 
agrees well with the 465 ±40 K calculated on the basis of 
/ I2dt, where the error includes uncertainties in the start 
time and in the value of B at the quench location. For these 
conditions the magnet absorbs safely its own energy. 

4   MAGNETIC FIELD MEASUREMENTS 

The magnetic field of the quadrupole was measured using 
a harmonic coil system developed at CERN [3], consist- 
ing of four sets of compensated coils covering the straight 
section and the end regions of the magnet. The measure- 
ments were done at 4.3 K and 1.9 K, but runs were also 
performed at room temperature and 90 K. The measured 
transfer function in the body of the magnet is shown in 
Figure 4. The measurements performed at different tem- 
peratures agree well, and are well reproduced by the calcu- 
lations which take into account coil deformation. 

The measured relative field errors, given in Table I, 
are dominated by the low order multipoles. As remarked 
above, a 10% thicker insulation system was used for the re- 
placed coil, and as a consequence, the perfect quadrupole 
symmetry of the magnet has been partially lost. The ex- 
pected multipoles that take into account the larger size of 
the replaced coil are also given in Table I. They are im- 
portant for all normal and skew terms up to the dode- 
capole and are comparable to the measurements. Higher 

Multipole Measured Expected 
K an K an 

3 -0.278 0.492 0.126 0.126 
4 -0.393 0.598 0. 0.197 
5 0.647 0.071 -0.041 0.041 
6 -0.463 -0.028 -0.414 0. 
7 -0.009 -0.002 -0.001 -0.001 
8 -0.002 -0.008 0. 0. 
9 0.001 0.005 0. 0. 
10 -0.006 -0.001 -0.006 0. 

order multipoles are relatively insensitive to individual coil 
size and block positioning. The relative bio multipole of 
—0.006 units was consistently measured at all temperatures 
and currents, and is in very good agreement with the design 
value. 

The difference between the measured and expected mul- 
tipoles may be attributed to the errors in positioning of the 
coil blocks. As the coil sensitivity matrix is known, the ra- 
dial and angular block displacements which reproduce the 
residual multipoles could be determined. It was found that 
the displacements follow a normal distribution, indicating 
that the residual multipoles are due to random errors in po- 
sitioning of the coil blocks. The rms errors of coil posi- 
tioning are 0.02 mm and 0.04 mm for the radial and az- 
imuthal directions respectively, and confirm the validity of 
the winding and curing techniques employed in the con- 
struction of the magnet. 

5    CONCLUSIONS 

The first one metre model of the 70 mm aperture low- 
ß quadrupole was trained to 193 T/m at 4.3 K and 238 T/m 
at 1.9 K, in excess of the operating current required for the 
LHC. Quench velocities and peak conductor temperatures 
have been measured, confirming that the magnet safely ab- 
sorbs its energy. The measured transfer function and field 
harmonics are in very good correspondence with the design 
values, confirming the coil construction technique. 

6   REFERENCES 

[1] R. Ostojic T.M. Taylor and G.A. Kirby, "Design and Con- 
struction of a One-Metre Model of the 70 mm Aperture 
Quadrupole for the LHC Low-/3 Insertions", IEEE Trans. 
Magn. 30 pp 1750-1753, 1994. 

[2] S.R. Milward et al., "Progress in the Development of the 1- 
m Model of the 70 mm Aperture Quadrupole for the LHC 
Low-/? Insertions" Proc. 1996 Appl. Superconductivity Conf, 
August 1996, Pittsburgh, USA, LHC Project Report 68. 

[3] I. Billan et al., "Design and Test of the Benches for the Mag- 
netic Measurements of the LHC Prototype Dipoles", IEEE 
Trans. Magn. 30 pp 2658-2661, 1994. 

3211 



TEST RESULTS FOR A HIGH FIELD (13T) Nb3Sn DIPOLE 

A.D. Mclnturff, R.Benjegerdes, P. Bish, S. Caspi, K.Chow, D. Dell'Orco, D. Dietderich, R. 
Hannaford, W. Harnden, H. Higley, A. Lietzke, L. Morrison, M. Morrison, 

R. Scanlan, J. Smithwick, C. Taylor, and J. van Oort 
Lawrence Berkeley National Laboratory, Berkeley, California 94720 

Abstract 

A Nb3Sn dipole magnet (D20) has been designed, 
constructed, and tested at LBNL. Previously, we had 
reported [1] test results from a hybrid design dipole which 
contained a similar inner Nb3Sn and outer NbTi winding. 
This paper presents the final assembly characteristics and 
parameters which will be compared with those of the 
original magnet design [2]. The actual winding size was 
determined and a secondary calibration of the assembly 
pre-load was done by pressure sensitive film. The actual 
azimuthal and radial D20 pre-loading was accomplished by 
a very controllable novel stretched wire technique. D20 
reached 12.8T(4.4K) and 13.5T(1.8K) the highest dipole 
magnetic fields obtained to date in the world. 

I. INTRODUCTION 
The LBNL "Advancement of Accelerator Magnet 
Technology" program has concentrated on development of 
magnet construction techniques applicable to brittle 
superconductors. Nb3Sn was chosen as the typical brittle 
superconductor due to its more extensive data base, and 
because presently it is the only superconductor with 
practical current density(Jc) in the field range of 11T to 
16T. This paper will compare important design 
parameters previously published [2] with those achieved 
so far by a development Nb3Sn dipole "D20". The dipole 
testing has produced several surprises which summarized 
were a) excellent ramp rate quench performance, b) 
excellent thermal stability (>20 watts; 12T), and c) the 
magnet trained up to much higher fields in contrast with 
earlier Nb3Sn dipole test histories [3, 4, 5]. The dipole 
had good high field performance 12.8T(4.4K) and 
13.5T(1.8K), but at 1.8K was clearly not limited by it's 
critical current performance. The previous high field 
dipole record by Twente University group was 11.03T 
reached by an LHC model "MSUT" magnet [4]. The 
highly interdependent coil fabrication steps of Nb3Sn 
require a more integrated approach to cabling, insulating, 
stepped multi-phased heat treatment, similar expansion 
and contraction materials, protection heaters, epoxy 
impregnation, assembly, and pre-loading due to the larger 
temperature range that the winding must operate compared 
to NbTi. There is a large body of Nb3Sn data that 
indicates a substantial Jc loss with increasing 
perpendicular strain, which up to fields of 13.5T did not 
appear to be the limit in the present configuration of D20. 

Manuscript received May 16, 1997. 
The work is supported under contract # DE-AD03-76SF00098 
by Director, Office of Energy Research, Office of High 
Energy Physics, US Dept. of Energy. 

II. DESIGN 
D20 is a four layer graded cable cosine 0 winding 
distribution 50mm bore dipole. The inner two layers 
(1&2) used one size cable (37-0.75mm dia strands) with a 
1.57mm (1.65mm-meas.) thickness and a 14.66mm 
(14.66mm-meas.) width under a load of 34.5 MPa. These 
cable strands were made by two different manufacturers- 
Teledyne Wah Chang and Intermagnetics General. The 
outer two layers (3&4) use another size cable (47-0.48mm 
dia strands) with a 1.12mm (1.30mm-meas.) thickness 
and a 11.89mm (11.91mm-meas.) width under a load of 
34.5MPa. These cable strands were manufactured by 
Teledyne Wah Chang. All of the cabling was done at the 
LBNL cabling facility. The coil design numbers as well 
as the maximum values attained to date are given in Table 
I and II. 

D20 Design@4.35K 
Central 

Field (T) 
1. Layer 
Field (T) 

O. Layer 
Field (T) 

(S4ÖÖ A 13 13.3 10.45 
7000 A Short Sample (SS) 14. 14.4 Ü.2 
mi A <s> 4.5 K 
SS-11% (Degrad 140 MPa) = 6525 A 

13.2 13.5 10.6 

D2Ö (s> 4.5 K Reached 6300 A 12.8 13.1 10.29 
&i.& K Reached 6712 A 13.5 13.8 10.75 

Table I Magnetic Field versus Ic or Iq 

D20 @ 13T 
6400 A 

Inner Cable 1GC Outer Cable TWCA 

Design Reached Design Reached 
J,.„(A/mm') 1302 1367 1462 1535.1 
J„n,(A/mm') 559 587 1550 1627.5 
JL,,»„(A/mrrO 276 290 479 503 

Table II Current Densities 

Cable insulation is composed of single glass sleeve 
0.12mm thick in the straight sections and then wrapped 
with extra glass tape 0.28mm thick around the ends to 
prevent shorts. The original fiberglass sizing is evaporated 
off the fabric before being replaced with the special 
palmitic acid and ethanol sizing and then drawn over the 
unreacted cable in preparation for winding. Wedges, pole 
pieces and end pieces are coated with alumina (0.13mm 
thick) for extra insulation. The training results indicate 
the pole surfaces are a problem. Due to the locations and 
sequence of the first quench set we conclude that an 
excellent insulation with a weak shear strength is 
needed(i.e. mica) between conductor and pole. There is a 
layer of fiberglass tape between the mandrel and the inner 
coil heater/ voltage tap kapton/stainless steel (ss) 
composite plane. There is a second layer of glass tape 
between coil layers 1 and 2, then the coil layer 2 
heater/voltage tap kapton / ss composite plane outside 
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layer 2. The final layer of the double winding package is 
a layer of fiber glass cloth. During the heat treatment, the 
heater/voltage tap composite space is occupied by an ss 
shim. The special sizing is evaporated before the start of 
the bronze/Nb3Sn formation heat treatment sequence. The 
process was repeated for each of the double winding 
packages. Each of these reacted double winding packages 
had both Nb3Sn/NbTi splices fabricated in the reaction 
fixture prior to voltage tap connection and the transfer to 
the potting fixture. The various electrical splices were 
monitored during the performance testing and the results 
are given in Table III. 

Average of the layers 

Location Type of Joint R(nanoohms) 

Top/Mid NbTi/NbTi 1.0 
Mid Magnet NbTi/NbTi 0.5 
Bottom/Mid NbTi/NbTi 1.0 
T-4 NbTi/Nb,Sn 0.7 
B-3 NbTi/Nb,Sn 0.8 
T-3 NbTi/Nb,Sn 0.9 
T-2 NbTi/Nb,Sn 0.5 
T-l NbTi/Nb,Sn 0.7 
B-4 NbTi/Nb,Sn 0.8 

Table III Joint Resistances 

After potting, the four double winding packages were 
placed back into the potting fixture with a pressure 
sensitive film replacing one or more insulation layers on 
the appropriate loading surfaces. These fixtures were then 
loaded to moderate levels(few MPa) to determine the 
surface profiles as well as the size of the packages. This 
sizing information along with design numbers and 
component measurements were used to make an assembly 
of the entire magnet exclusive of the yokes and structure 
located radially outside them. In this assembly once again 
a pressure sensitive film replaced insulation layers on 
appropriate surfaces to check for the appropriate fit and to 
allow an independent check of the maximum load applied. 
All of the pole strain gauges were monitored and the 
bronze collared coil structure was wrapped with ss wire at 
the calculated tension up to about half the desired preload. 
The final wrap was 304 stainless steel 3mm x 1mm round 
edge wire 14 kilometers long in 18 layers(actual space for 
25 layers) at a tension of 850N. These results then lead 
to the loading numbers of the final assembly within the 
yokes. See figure 1 for the final preload for D20. End 
plates held the magnet winding in axial compression up 
to 30% of the total Lorentz force (820 kN). Ten end 
loading bolts had strain gauges on them which were pre- 
calibrated and eight were monitored throughout the 
assembly and during testing. 

III. EXPERIMENTAL RESULTS 
The principal goals of the four layer Nb3Sn dipole were: 
a) explore the 12T-14T range, b) validate the technology 
required at these field levels, and c) provide a test facility 
to test insertion coils made with higher current density 
conductor or newer conductors and winding geometries in 
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this field range. D20 was protected by heaters with a 
photo-etched geometry so that coil voltages would be 
minimum, and temperature increases be as uniform as 
possible. After the magnet reached LHe temperatures a 
series of protection heater tests were performed to measure 
their effectiveness similar to those reported earlier [6] 
except each layer was checked independently at 3.5T. The 
time delay after firing the heaters and the onset of 
resistance was 20 to 30 ms at 3.5T and <10 ms above 
12.0T. The peak adiabatic heater temperature was 
285K(layer 1) and 170K for the others with a peak surface 
power of 75 w/cm2 and 26.5w/cm2 respectively. The 
highest average winding temperatures after quench were in 
the outer layers(between 182K-203K). When the quench 
originated in an outer turn the highest hot spot estimate 
was 264K. By comparison, the inner two layers averaged 
120K - 132K and if the quench originated there the 
highest temperature estimate was 168K. The maximum 
number of Miits(Million-ampere squared - seconds) 
absorbed during a quench during the test was 7.6. This 
maximum however did not occur at the highest field but 
was 12T - 13T. After nominal heater parameters were 
established, the actual spontaneous quench testing started. 
Figure 2 shows the quench history of D20. 

14 

13  J- 

D20: Training History 

^J2 
(9 

111 

»10 .? 

9 .. 

„V* 
it 2fc 3fc 4t~ 

Training #B(Tesla) 

3* 

1S14.4K 

.1st UK 

IU14.4K 

-2nd 1.8K 

111 World 
Record 

Figure 2. D20 Quench History 

3213 



Unlike previous Nb3Sn dipoles (3,4,5) D20 has trained to 
date 25% higher than the initial quench. The rate at 
which D20 trained was temperature dependent. The 
present training at 1.8K is in a length of conductor going 
to an outer layer lead splice in a low field region. Usually 
when warmed up (>4K) after low temperature (1.8K) 
training the coil's 4K performance has increased 
substantially. A full warm up/cool down cycle has yet to 
be completed to room temperature. D20 displayed 
reasonable heat input tolerance for a completely 
impregnated structure. When using the inner protection 
heater as a source it required more than 20 watts to quench 
the magnet at 12T(2K). D20 appears to be presently 
operating near its short sample at 4.5K, and it is 
quenching in the ramp between the pole turns of the inner 
coil pair. The ramp rate dependence of the quench current 
at 4.4K was excellent and is shown in Figure 3, compared 
with existing or proposed accelerators. 
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The thermal margin of D20 was determined by ramping to 
a field level, holding, then rapidly ramping at (Eddy 
Current heating) 100 to 200 A/sec(12T~24T/min) and 
ploting the current change. The intercept of the zero 
current increase indicates that at least a few(0.4-»0.8T) 
tenths of a tesla margin remains in the thermally quenched 
areas. However, within a millisecond most of a given 
layer turns are quenching together during these tests. The 
plot is shown in figure 4. 
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Magnetic field (6400 amps ~ 13T) 

Therefore, either the cable is damaged or the pole turn is 
separating from the post along the 1st layer to 2nd layer 
transition and the coil will have to be trained further. 
Afterwards, D20 should transition at the high field point. 
The reasons for the superfluid low field lead quench may 
be related to the change in geometry of that particular 
lead. Due to a splice box misalignment, the distance of 
the copper splice block and the straight section had to be 
made shorter. This shortening causes the splice block to 
end right at the edge of the end shoe. This produces a 
radial plane in that area such that the cable is not rigidly 
supported across that boundary with the metal filler pieces 
as is the normal case. 

IV. CONCLUSIONS 
The operation of D20 up to fields of 13.5 T certainly 
indicates that the strain limitations of the Nb3Sn 
conductor up to this point have not been a limiting factor. 
Apparently the mechanical structure is adequate for this 
field range. There is still reasonable doubt that there was 
enough prestress once the magnet was cold. The excellent 
ramp rate behavior of the magnet has put added pressure to 
measure field quality, harmonics as function of time, as 
well as quantity which is planned in the next operational 
period. The D20 cryostat is presently being modified for 
extra current leads for sample coils. There is also a re- 
entrant cryostat (warm bore tube) being fabricated for the 
harmonic analysis equipment. Certainly it appears that 
fields up to 13.5 T and above are within reach. So far 
most of the ramp rate problems with the previous dipoles 
are not present in D20. This means strand to strand 
coupling is low. The application of high field Nb3Sn 
dipole looks very promising. 
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Table I: Dual-bore quadrupole requirements 

Parameter Requirement 
Length 380 mm 
Field gradient 10 Tirr1 

Good field diameter 54 mm 
Field quality @ r=27 mm <4xl0   , all harmonics 
Bore-to-bore separation 81 mm 

2.2 Conductor and coil 

The conductor parameters are given in Table II. 

LOW FIELD MAGNETS WITH HIGH TEMPERATURE 
SUPERCONDUCTORS FOR AN UPGRADE OF CESR* 

G. Dugan, J. Rogers, Laboratory of Nuclear Studies, Cornell University, Ithaca, NY 14853 

Abstract 

An upgrade to the CESR electron-positron storage 
ring is being considered in which the single ring machine 
is replaced with two rings capable of storing high currents 
to provide high luminosity symmetric electron-positron 
collisions. This paper considers the implementation of the 
two rings using dual bore quadrupoles fabricated with high 
temperature superconductors (HTS). The use of HTS 
provides the required high current density needed to 
achieve the small (81 mm) inter-beam spacing, with a 
simpler and more efficient cryogenic system than would 
be required with conventional low-temperature 
superconductors. Concepts for the quadrupole magnetic 
and cryostat design are discussed. A concept for dipole 
magnets using Nb3Sn, integrated with a warm beam tube 

vacuum system, is also discussed. 

1 MOTIVATION FOR THE DUAL-BORE 
SUPERCONDUCTING QUADRUPOLE 

The requirement for closely-spaced dual bore 
quadrupoles in the two ring symmetric collider[l] arises 
from the desire to minimize, as much as possible, the 
separation of the beams in the two rings. In the current 
design , the two beams share all the dipoles in the ring. 
The width of the dipoles, and consequently their cost and 
complexity, is thus minimized by keeping the beam 
centerlines relatively close together. The limited space 
available in the existing tunnel for the new rings provides 
an additional motivation to keep the overall dipole and 
quadrupole cross section small. Furthermore, the 
difficulties of beam separation as the beams emerge from 
the interaction region is minimized with a small beam 
separation. The goal for the beam-to-beam separation in 
the current ring design, 81 mm, requires a sufficiently 
high current density that a normal-conducting solution 
would have prohibitively large operating costs. Thus a 
superconducting coil design is the only practical and 
affordable choice. 

2 DUAL-BORE QUADRUPOLE DESIGN 

2.1. Requirements 

Table I presents the general requirements. Fig. 1 
shows a layout of a design of a dual-bore quadrupole 
which satisfies these requirements, using a high 
temperature superconducting coil. 

Table II: Quadrupole conductor parameters 

Parameter Requirement 
Conductor material BSCCO 2223 or 2212 
Coil inner diameter 70 mm 
Coil cross section 4mm x 16mm 
Engineering current density 8500 A cm"2 

Operating temperature 25-30° K 
Peak field in coil in "bad" 0.34 T 
direction 
Tolerance  on   coil   cross +/- 0.1 mm 
section dimensions 

The conductor material is currently available in the form 
of tapes, roughly 3-4 mm wide by 0.1-0.2 mm thick. The 
tapes would be wound into a coil of the shape shown in 
Fig. 1. The operating temperature is chosen to place the 
peak field below the irreversibility line for BSCCO, so 
that sufficient critical current density is assured. In order 
to satisfy the field quality requirements, the coil must be 
of the saddle-coil form. Extensive studies were made of 
the possibility of using a flat racetrack coil, but no 
solution was found which satisfied both the geometric 
constraints associated with the 81 mm bore-to-bore 
separation, and the field quality requirement. 

The principal issue in the fabrication of a saddle coil 
is related to the strain produced while winding the coil 
ends. The bending radius in the end is about 20 mm; in 
addition, there is a strain produced by the twist required to 
form a saddle coil. Tapes made from the oxide 
superconductors degrade rapidly with bending strains in 
excess of a few tenths of a percent. For this reason, it 
will probably be necessary to fabricate the coils using a 
wind-and-react approach. If sufficiently thin 
multifilamentary tape is available, a react-and-wind coil 
would be possible. 

*Supported by the National Science Foundation 
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cryostat 

GHe cooling channel 

MLI 

water cooling channel 
superconductor 

Fig. 1: Layout of the dual-bore superconducting quadrupole 

2.3 Iron design 

The pole tip shape shown in Fig. 1 is hyperbolic. 
The combination of a rectangular coil, and a hyperbolic 
iron pole tip, produces excellent field quality [2]. The 
outer radius of the iron, 50 mm, is chosen to ensure that 
the iron is not driven into saturation. 

The septum between the two quadrupole bores is 2 
mm thick. This is sufficient to allow the quadrupoles to 
be operated with up to 10% difference in current, without 
affecting the field quality (within the specifications). 

2.4. Cryostat 

The cryostat is illustrated in Fig. 1. The 54 mm 
diameter copper beam vacuum tube is warm and water- 
cooled, to handle the synchrotron radiation from the beam. 
Within the cryovacuum, the superconductor is thermally 
shielded from the inner bore of the cryostat with 3 mm of 
standard multilayer insulation. The superconductor is 
conduction cooled, using gaseous helium at 25°K which 
passes through a plenum around the outside of the cold 
iron. Between this plenum and the outer housing of the 
cryostat, there is another layer of multilayer insulation, 6 
mm in thickness. No nitrogen shields are foreseen. The 
magnet is supported near both ends with two low-heat- 
leak supports, as shown in Fig. 1 The total heat leak for 
the quadrupole from 25°K to room temperature is 
estimated at about 1.6 W. 

3 DIPOLE DESIGN 

3.1 Requirements 

Table III presents the general requirements for the 
dipole. Fig. 2 shows a layout of the design of a warm iron 
dipole which satisfies these requirements, using a NbßSn 
single-turn superconducting coil. 

Table III: Dipole requirements 

Parameter Requirement 
Length 3200 mm 
Field 0.24T 
Good field diameter 54 mm 
Field quality @ r=27 mm <4xl0"4, all harmonics 
Gap dimensions 70mm x 281mm 

3.2 Conductor, coil and cryostat 

The conductor parameters are given in Table IV. 
Table TV: Dipole conductor parameters 

Parameter Requirement 
Conductor material Nb3Sn 
Coil width 270 mm 
Coil cross section 8mm x 8mm 
Engineering current density 11,700 A cm"2 

Operating temperature 10-15° K 
Peak field in coil 0.42 T 
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iron yoke MLI    cryostat 

distributei 

titanium sublimation pump 

Fig. 2: Layout of the superconducting dipole 

The choice of Nb3Sn for the conductor is motivated by 
several considerations. This material is (currently) 
considerably less expensive than BSCCO. Although it 
must be operated at a lower temperature than BSCCO, it 
is still substantially more cryogenically efficient than 
NbTi. 

As shown in Fig. 2, the conductors are of the cable- 
in-conduit form, with each conductor encased in its own 
mini-cryostat. The cables carry 7500 A in a single turn. 
The conduits are envisioned to run in series from one 
dipole to the next, carrying both current and GHe cooling. 
Within each cryostat, the single conductor, encased in a 
sheath to contain the GHe cooling, is surrounded by 4 
mm of MLI and supported from the cryostat walls with 
ceramic spacers. The total heat leak is estimated to be 
about 4 W per dipole. 

At the ends of each magnet, the cryostats carrying 
opposite currents must be brought together, to limit stray 
fields, and routed past the quadrupoles. Since the bending 
radius required is quite large, issues related to the strain 
sensitivity of M>3Sn should not be serious. 

The pole tips are shaped to achieve the required field 
uniformity specified in Table III. The width of the return 
yoke iron is 20 mm; this is sufficient to prevent 
saturation. 

3.4 Beam vacuum 

Fig. 2 shows a possible design for a vacuum 
chamber. The circular cross section required in the dual 
aperture quadrupoles is maintained in the dipole magnets 
to minimize the coupling impedance. To maintain a 
beam-gas lifetime of 3 hours at an ultimate 
photodesorption coefficient of 2xl0"6, the average linear 
pumping speed in the storage ring arcs must be 230 1 s" 
m"1. Pumping is provided by a distributed sputter ion 
pump, and by a distributed Ti sublimation pump which 

provides faster pumping at low pressures. The 
conductance of the pump slots is well in excess of that 
needed to maintain the necessary linear pumping speed. 

An alternative pumping scheme is the use of a linear 
cryopump, consisting of a pipe containing He liquid or 
gas at a temperature near or less than 10 K, surrounded by 
several layers of slotted radiation shields. One such design 
has a calculated speed of 560 1 s" m" (pump only) and a 
heat leak of 0.125 W m"1. A practical difficulty with such 
a cryopump is the release of adsorbed gases should it 
become necessary to allow the cryopump to warm for 
maintenance or repair. 

4 CONCLUSION 

Two superconducting magnet concepts have been 
described. These concepts are options for main arc 
quadrupoles and dipoles for a new two ring symmetric 5.2 
GeV electron-positron collider. The quadrupole magnet 
utilizes currently available high temperature 
superconducting tape (BSCCO), and has a relatively 
simple cryostat. The dipole magnet is driven by small 
cross   section   Nb3Sn   cable-in-conduit,   and   has   an 
integrated distributed pumping system to handle the 
photodesorbed gas from the beam's synchrotron radiation. 
Both magnets use gaseous helium cooling, and can 
operate at temperatures well above 4°K, offering the 
promise of a relatively simple and inexpensive cryogenic 
system for the whole machine. 

5 REFERENCES 
[1], D. Rubin, G. Dugan, A. Mikhailichenko, J. Rogers, "Dual Aperture 

High Luminosity Collider at Cornell", contribution 6B10 to this 
conference 

[2]. A. Mikhailichenko, D. Rubin, "Concentric Ring Colliding Beam 
Machine   with  Dual   Aperture   Quadrupoles",   CLNS   96/420 
(Cornell University) 

3217 



VIBRATING WIRE FIELD-MEASURING TECHNIQUE 

Alexander Temnykh t 
Laboratory of Nuclear Studies, Cornell University, Ithaca NY, USA 

The Vibrating wire field-measuring technique presented 
here is dedicated to the problem of alignment of quadrupole 
magnets and is based on the following principle. The 
stretched wire has vibrational modes consisting of the fun- 
damental mode and higher harmonics. The half wave 
length of the fundamental mode is equal to the length of 
the wire. Suppose there is a transverse magnetic field sur- 
rounding wire. If the frequency of the current in the wire 
is an eigenmode frequency of wire vibration, it will excite 
a corresponding harmonic. The strength and phase of exci- 
tation will depend on the field distribution along the wire. 
Using various frequencies and measuring amplitudes and 
phases of the resulting vibrations, one can extract informa- 
tion about the field distribution in order to reconstruct it. 
The field in turn shows the misalignment of quadrupoles. 

In comparison with the pulsed-wire method, see [1]- 
[4], the vibrating wire technique does not require the wire 
length to be longer than the length of the test region, and 
due to its extraordinary sensitivity it does not require the 
higher voltage for the long wire scheme. Therefore, it may 
be more appropriate for some projects. 

1    THEORY 

Figure 1 displays the setup used in experiments and in cal- 
culations below. A wire with tension T and length I has the 
fixed ends at x — 0 and x = I. The current, I(t), in the wire, 
i.e., driving current, depends on time as I(t) = Ioexp(iwt). 
The wire crosses a region with horizontal magnetic field, 
By(x), which is zero at the ends, By(0) = By{l) = 0. 
Consider the vertical plane. There are two forces affecting 
the wire. They are gravity g ■ ß, where \x is mass of wire 
per unit of length, and the Lorentz force By(x) ■ I(t). 

The equation for vertical wire position, U(x, t), will be: 

ß- 
d2U 

= T- 
d2U      dU 

■7- dt2 dx2      ' dt 

With boundary condition: 

U(t,0) = U(t,l) 

fig + By{x) ■ I0exp(iuJt) (1) 

(2) 

Figure 1: Scheme of vibrating wire experiments. 

Ug(x) 
2T 

x(x — I) (4) 

Note that at the point x = 1/2 function Ug(x) reaches its 
minimum which is the sag, S. 

M£,2 
8T 

(5) 

Function Ub(x), determined by magnetic field, may be 
found in the following way. As Ub (x) satisfies the con- 
dition Ub(0) = Ub(l) = 0, it can be represented by Fourier 
sine series: 

oo 

Ub(x) = ^2un sin (—z) (6) 
n=l 

The magnetic field By(x), with similar boundary condi- 
tions, may be represented in the same way: 

oo 
Bv(x) = YlBn sin (T1) (7) 

71 = 1 

Substituting 3,4,6 and 7 into equation 1 we set: 

Here term 7^ describes damping. A general solution 
may be written in the form: 

U(x,t) = Ug(x) + Ud(x,t) 
Ud(x,t) = Ub(x) ■ exp(iu>t) (3) 

Where Ug(x) is the gravity term and Ud(x, t) is the dy- 
namic term caused by the interaction between the magnetic 
field and the driving current. An approximate expression 
for Ug(x) is: 

* Work supported by the National Science Foundation 
t On leave from BINP, Novisibirsk 

5>-0 
n=X 

9 0        .       N    .     /7T71    \ 
to  - un 4- t7wj sin ( —x I 

EhBn   .   (im 
 sin I   

n=l     r (T*) = Y^--^m^[^x) (8) 

Lon = 2TT (9) 

Combining expression 9 with the formula for sag, 
(see 5), one can find a simple relation between sag and the 
fundamental mode frequency: 

0-7803-4376-X/98/S10.00© 1998 IEEE 3218 



s = 27rV 
32 V^iJ 

(10) 

This means that to obtain the sag we only need 
to measure the fundamental frequency and using g = 
9.80665 m/sec2 we can precisely calculate the sag. 

By comparing the right and left sides of equation 8 one 
can find a connection between coefficients Un and Bn and 
write the dynamic part of the general solution of equation 1 
as: 

£/d(x,t) = S 
Bnsm(i 

£j (w2 ~U)n+ *7W) 
Ioexp(iiot)       (11) 

Consider how to obtain coefficients Bn of expansion 7 
and reconstruct the magnetic field knowing the wire motion 
at the sensor location. Suppose the wire position sensor is 
located at the point x = xs. Let us construct the function 
F{w) which is the time average of the product of wire po- 
sition, Ud(xs,t), and driving current, I(t): 

1    rT °° 
T{w) = ±\    Ud(xs,t)I(t)dt = Y,Fn(u)      (12) 

1    JO n=1 

•FnM 
BnI

2   .   (im (u) - un) 
4UJ(U — tün)2 + wy2 (13) 

Note that due to weak damping the wire motion has a high 
quality factor Q. It causes strong resonance amplification, 
and if the frequency of driving current is near un, i.e., 
u w un, the resonance term Tn in equation 12 will domi- 
nate over the rest, i.e. , T{w) « Tn{u). Suppose we scan 
the driving current frequency through one of resonance fre- 
quencies, u>n. By recording both the driving current and 
signal from wire position sensor and doing numerical inte- 
gration, (see formula 12), we can measure function !Fn{u)- 
Then we have to fit this measurement with the formula: 

fnH = «n 
{u> - bn) 

4CJ(UJ - bn)2 + UJC
2 (14) 

where an, bn, c„ are free parameters. Component Bn is 
obtained from an as: 

£>n — On 

1 2/i 

sin (ifx,) II 
(15) 

Repeating this procedure for various un, and using equa- 
tion 7, we will reconstruct the magnetic field profile along 
the wire. Note that the resolution of reconstruction will 
depend on how many harmonics will be used and will be 
approximately equal to the shortest wavelength of the ex- 
cited modes. Motion in the horizontal plane does not dif- 
fer from vertical motion except for the gravity term. The 
next sections describe model measurements and the practi- 
cal application of the vibrating wire technique. 

n = l 

F(a>) 1 

f 
•■—*—• 

\l W IN, —[Hz 

F(a\       \   "j i  n = i 

, i . , . i ,»„.„■.,- 

Har# a(n) Bin) 
1 6.76E+02 3.45E+03 
2 9.08E+02 2.36E+03 
3 -8.08E + 02 -1.45E+03 
4 -2.25E+03 -3.16E+03 
5 -8.94E + 02 -1.07E+03 
6 1.82E+03 1.96E+03 
7 1.98E+03 2.01E+03 
a -1.16E + 02 -1.16E+02 
9 -1.79E + 03 -1.83E+03 
10 -7.66E + 02 -8.33E+02 
11 4.83E+02 5.S5E+02 
12 7.13E+02 1.02E+03 
13 7.62E+01 1.40E+02 

Figure 2: Measured function T(u>) and coefficients an ob- 
tained from fitting. Points show measurements, lines are 
fits with formula Tn{w) = an MJ^'fe^a 

2   MEASUREMENT 

Wire used in the experiments was 100 ßm diameter made 
with alloy of copper-beryllium. A phototransistor-LED as- 
sembly, (Motorola H21A1), was deployed as a wire posi- 
tion monitor. This kind of device was widely used in pre- 
vious work, (see for example [2] and [4]). Note that the as- 
sembly may be oriented in such way that it will effectively 
sense wire motion in one plane, in horizontal or in verti- 
cal . To detect motion in other plane the assembly must be 
rotated by 90 degrees. Macintosh Quadra 800 with Lab- 
NB Interface Board provided almost all needs of the mea- 
surements. An application program created in Lab VIEW 
scanned the driving current frequency, recorded and ma- 
nipulated signals, made fits and etc. The final output yields 
the magnetic field measured along wire. 

A one meter long wire was used in the first modeling 
measurement. The wire motion detector was placed 7.5 cm 
from one of the ends. A small permanent magnet placed 
along the wire created a magnetic field for testing. The 
strength of the field was controlled by the distance between 
magnet and wire. 

Figures 2 and 3 illustrate the description given in the pre- 
vious section. Plots in figure 2 show the results of excita- 
tion of the first three harmonics out of thirteen which were 
used in the measurement. Points show the measured func- 
tion !F{u) defined in the theoretical section. A line is fit to 
formula 1. There is a good agreement between the mea- 
surement and fitting in all cases. The table on figure 2 
shows the parameters a„ obtained from fitting all 13 har- 
monics, and coefficients Bn calculated from an. The field 
distribution reconstructed by equation 7 is plotted in fig- 
ure 3. It shows a very clear signal from the magnetic field. 
Note that the width of the signal, ~ 10 cm, is determined 
by the shortest harmonic wavelength used in the measure- 
ment. 

The next experiment was to find the magnetic center of 
permanent magnet quad using a longer wire. Available 
setup space allowed use of wire of 3m length.  The test 
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Figure 3: Components Bn, (see plot a), calculated from 
coefficients an and reconstructed magnetic field, (see plot 
b). Dotted lines show the first 5 harmonics corresponding 
toB„. 
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Figure 4: Horizontal magnetic field along wire after con- 
ventional alignment, (see dotted line), and after vertical 
alignment with vibrating wire technique, (see solid line). 

permanent magnet quad was 30 cm long with a 14.8 T/m 
gradient. 

In the beginning, the mechanical center of quad was ad- 
justed to the wire position with traditional measuring tools, 
i.e., using rulers. The precision of this alignment was ap- 
proximately 0.1 mm. Note that magnetic center of the quad 
may differ from its mechanical center. 

The vibrating wire measurement gave the horizontal 
field distribution shown by the dotted line in figure 4. The 
square at the bottom shows the location and size of the test 
magnet. In the measurement 30 harmonics were used, with 
shortest wavelength equal to 20 cm. This wavelength is 
1.5 times shorter than the length of the test magnet and al- 
lowed us to see details of the field generated by magnet. 
This plot shows two unequal maxima of different polarities 
which correspond to the magnet ends. This kind of field 
distribution is due to a combination of tilt and shift of mag- 
netic axes in the vertical plane relative to the wire. The 
solid line on figure 4 shows the final field distribution after 
a few iterations of measurement and adjustment of vertical 
quad position. The maximum amplitude is approximately 
10 times less than it was in the beginning. 

After the quad's magnetic center was adjusted to the wire 
position in the vertical and horizontal plane, using high 
precision optical instruments it was found that the mis- 
alignment between geometrical and magnetic center was 

in range between 125 prni and 500 yum. 

3   DISCUSSION AND CONCLUSION 

Consider the time needed for measurement. The weak 
damping of wire vibration which gives the enormous sen- 
sitivity of the technique slows the process of measurement. 
After each frequency change one must wait for about 3- 
5 seconds to reach equilibrium of wire motion and then 
record signals. Due to this delay the measurement consist- 
ing of many harmonics may take a relatively long time. For 
example, the time for measurement consisting of 13 har- 
monics with 11 steps of frequency scan for each of them, 
(see figure 3), was about 10 minutes. Another example, 
(figure 4), consisting of the analysis of 30 harmonics re- 
quired 25 minutes. However the magnet alignment de- 
scribed above, did not require analysis of so many harmon- 
ics. Only two of them, most sensitive to the magnet shift 
and tilt, were used during this procedure. The full mea- 
surements, i.e. using 30 harmonics, were done just in the 
beginning and at the end to verify final result. 

The another aspect is the effect of non-zero field at one 
of the ends of wire. One can suspect that this field may 
have propagated an effect along wire. This arrangement 
has been simulated with software "Mathematica" for Mac- 
intosh and two important conclusions have been derived. 
The difference between "real" and "measured" field pro- 
files is localized around the wire end in a length of region 
approximately equal to that of the shortest wave length and 
a non-zero field at the wire end does not have an effect on 
the determination of the field profile away from this end. 

Theoretical consideration and experiments reported 
above demonstrate that the vibrating wire technique is a 
convenient method for the precise alignment of magnetic 
centers of a series magnetic elements. It has enormous sen- 
sitivity and does not require any special equipment. 

In comparison with the pulsed-wire technique it does not 
need more space than the length of the test region and does 
not require generating very high voltage pulses on a long 
wire. 
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THE ADVANCED LIGHT SOURCE 
ELLIPTICALLY POLARIZING UNDULATOR 

S.  Marks, C. Cortopassi, J. DeVries, E. Hoyer, R. Leinbach, Y. Minamihara, H. Padmore, 
P. Pipersky, D. Plate, R. Schlueter, A. Young, Lawrence Berkeley Laboratory, Berkeley, California 

Abstract 

An elliptically polarizing undulator (EPU) for the 
Advanced Light Source (ALS) has been designed and is 
curently under construction. The magnetic design is a 
moveable quadrant pure permanent magnet structure 
featuring adjustable magnets to correct phase errors and 
on-axis field integrals. The device is designed with a 5.0 
cm period and will produce variably polarized light of 
any ellipticity, including pure circular and linear. The 
spectral range at 1.9 GeV for typical elliptical 
polarization with a degree of circular polarization greater 
than 0.8 will be from 100 eV to 1500 eV, using the first, 
third, and fifth harmonics. The device will be switchable 
between left and right circular modes at a frequency of up 
to 0.1 Hz. The 1.95 m long overall length will allow two 
such devices in a single ALS straight sector. 

1 INTRODUCTION 

A facility dedicated for magnetic microscopy and 
spectroscopy at the ALS [1] will eventually include a 
complement of three EPU's of the type first proposed by 
Sasaki [2]. The first of these (EPU5.0) is a 1.95 m long 
device, with 37.5 periods of 5.0 cm [3]. The EPU5.0 is 
designed to produce very bright photon beams with 
variable polarization in the spectral range of 100 eV to 
1500 eV. The EPU facility will eventually include a 
second EPU5.0 and an EPU8.0 to access lower photon 
energies. The device length is chosen to allow two 
insertion devices to be placed in tandem in a single 
straight. The third device is accommodated by use of a 
transverse stage on which one of the EPU 5.0's will be 
mounted along with the longer period device. This 
arrangement will allow users to switch between the 
sources. A three magnet chicane system will separate the 
photon beams from the two in-line insertion device 
stations by 2.53 mrad. 

2 PRINCILE OF OPERATION 

The magnetic structure consists of four identical 
quadrants as shown schematically in Figure 1. Ql and Q3 
are fixed; Q2 and Q4 are allowed to translate parallel to 
the magnetic axis. The relative translation, called the 
quadrant phase, %, of the magnetic quadrants changes the 
strength of the vertical and horizontal magnetic field 
components, Bx and By. This changes the ellipticity of 

an electron orbit passing through the device,, and thus the 
polarization of the emitted radiation. When % = 0, the 
magnetic structure is equivalent to a standard linear 
undulator, with By the only on axis component, and the 

radiation is linearly polarized in the horizontal plane. 
When % = ?J2, where A is the undulator period, only Bx 

is produced on axis, and radiation is linearly polarized in 
the vertical plane. When % has any other value both Bx 

and   By   are produced on axis,  and the radiation is 

elliptically    polarized.    When Bx = By,    radiation    is 

circularly polarized. 

Figure 1: Four quadrant schematic of EPU. 

3 SPECTRAL PROPERTIES 

The EPU 5.0 will operate in various polarization modes: 
horizontal and vertical linear polarization, circular and 
elliptical polarization. The design energy ranges for these 
modes are summarized in Table 1 below. To achieve 
acceptable performance at 1500 eV for elliptical, 
horizontal, and vertical polarization modes, the EPU has 
to produce a high degree of circular polarization and high 
brightness in the 5th spectral harmonic. 

Table 1 

Polarization Mode 
Circular 
Elliptical 
Horizontal 
Vertical 

Energy Range 
130-600 eV 
100 - 1500 eV 
90 - 1500 eV 
170- 1500 eV 
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Figure 2 shows the merit function brightness, Mb, 

for elliptical and circular polarization modes as a function 
of photon energy. Merit function brightness is defined as 
Mb - BPC

2, where B is the spectral brightness, and Pc is 

the degree of circular polarization. 
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Figure 2: Merit Function Brightness for EPU. 

4 MAGNETIC STRUCTURE 

The four magnetic quadrants are attached to separate 
backing beams which allow Q2 and Q4 to translate 
axially relative to Ql and Q3, which are fixed. Each 
quadrant has a magnetic structure length of 1.95 m, 
including 37.5 full magnetic periods, the ends for 
achieving a gap-independent steering and displacement 
free entrance and exit, and magnetic trim sections for 
correction of integrated multipoles. 

Module Mount 

Figure 3: EPU periodic module structure. 

Within each quadrant, the basic assembly unit is a 
four block, one period, module. Figure 3 shows an 
exploded view of a four block and keeper module and its 
interface to the backing beam. Each block within the 
module is bonded to an aluminum keeper. The set of four 
blocks and keepers are held together with a tie rod. A 
keeper's vertical position is held with two bolts. The 
horizontal position is held with a shim plate that is bolted 

to each keeper and to the backing beam. Each keeper's 
vertical and horizontal position can be adjusted with the 
use of shims between the keeper and module and the 
keeper and the shim plate, respectively. The design 
allows for a total adjustment range of ±0.25 mm. One of 
the four keepers in each module is keyed with a pin 
which, in combination with a slot in the backing beam, 
provides longitudinal registration of the module. The tie 
rod and shim plate holds the four keepers within a 
module together to allow individual modules to be 
removed from the magnetic structure for adjustment or 
for swapping with other modules. Field errors may be 
first minimized by vertical and horizontal shimming. 
Optical phase errors may be further reduced by module 
swapping. 

5 SUPPORT STRUCTURE AND DRIVE SYSTEM 

Figure 4, an elevation and side view of the EPU structure, 
illustrates the support structure and drive systems. The 
support structure is an "I" frame design. Two vertical 
columns are mounted to a common base with two 
horizontal members connecting them. The vertical 
columns support two roller screw assemblies, each 
assembly includes one right hand and one left hand roller 
screw coupled together at the midplane. Each roller screw 
has a 2 mm pitch thereby providing 4 mm of total gap 
movement per roller screw revolution. The roller screws 
are chosen to also act as a guide shaft with linear/rotary 
bearings mounted to the upper and lower backing beams 
via a vertical gap drive support. The vertical gap drive 
support is fastened to the stationary upper and lower 
backing beams which are at opposite quadrants (Q2 and 
Q4) of the magnetic structure. The stationary backing 
beam also supports the moving backing beams via a set 
of crossed roller slides. This allows the backing beams in 
Ql and Q3 to move relative to the backing beams in Q2 
and Q4. 

The vertical gap is moved via a chain drive system 
connecting a 25:1 wormgear reduction box and servo- 
motor to the two roller screw assemblies. A glass 
engraved linear encoder is mounted to the magnetic 
structure to provide direct feedback to the vertical gap 
drive system. The longitudinal drive system is a similar 
system using a smaller roller screw with a 2 mm pitch 
directly coupled via a 3:1 planetary gear box and servo- 
motor. There will be two longitudinal drive systems: one 
for the upper magnetic structure and one for the lower 
magnetic structure. The motor/gear box and roller screw 
will be mounted to the stationary backing beams in Q2 
and Q4. The roller screw nut will be mounted to the 
movable backing beams in Ql and Q3. A linear encoder 
will be mounted to each backing beam to provide positive 
feedback as to the offset of the different quadrants. 
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Figure 4: EPU elevation and side view. 

6 VACUUM SYSTEM 

The vacuum systemconsists of two 2.1 m long EPU 
chambers, machined in two halves out of 5083-H321 
aluminum and welded together, and three smaller 
transition chambers to accomodate the chicane system. 
The EPU chambers are machined to achieve a nominal 
9.4 mm vertical aperture and a 1.3 mm wall thickness. 
This leaves 2.5 mm for fabrication and alignment 
tolerances and magnetic adjustments to achieve a 
14.5 mm minimum magnetic gap. A water cooled photon 
absorber is located in the upstream chamber to absorb 
radiation from the upstream bend magnet and to protect 
the downstream chamber. A 60 1/s ion pump and 600 1/s 
titanium sublimation pump combination is located at the 
ends of each chamber. Calculations for the vacuum 
configuration predict an average pressure of less than 
3xl0'9 Torr after 40 A-hrs of operation in the storage ring. 

7 CHICANE SYSTEM 

A three magnet chicane system is used to steer the 
electron beam through two EPU's with orbit correction 
and to provide an angular seperation in the two photon 
beams. The first magnet steers the electron beam from the 
straight sector centerline inward 1.25 mrad, the second 
magnet steers the electron beam outward 2.53 mrad and 
the third magnet steers the electron beam 1.28 mrad back 
onto the centerline of the straight sector. Inward beam 
displacement is 3.05 mm at the center magnet. Vertical 
steering capability of each magnet is +/-0.20 mrad. 

The magnets are conventional with water cooled 
coils designed to carry 80 A. Peak horizontal and vertical 
field integrals for the central magnet are 0.0158 T-m and 
0.0079 T-m respectively. The designs are identical for the 
three magnets except that the central magnet has four 
horizontal steering coils wrapped around its poles 
whereas the end magnets have just two coils each. The 

vertical coils cover the pole faces, are inside the 
horizontal coils and wrap around the top and bottom of 
the yoke. Coils are wound from 1/8" OD x 1/16" ID 
copper tubing; they are insulated with fiberglass and 
impregnated with epoxy. Core construction is with C- 
shaped laminations of 1.6 mm thickness that are bonded 
together with epoxy. To control the magnet fringe fields, 
field clamps are provided on both the entrance and exit 
ends of the magnet. Overall magnet length is 0.15 m. 
Magnet support and adjustment is proviced by 6 strut 
assemblies mounted onto tubular pedestals. Each magnet 
is powered with two bi-polar power supplies; current 
regulation is 1 part in 103. 

11 ACKNOWLEDGEMENTS 

This work was supported by the Director, Office of 
Energy Research, Office of Basic Energy Sciences 
Division, U. S. Department of Energy, under Contract 
No. DE-A03-76SF00098. 

REFERENCES 
[1] A. Young, E.H. Hoyer, S. Marks, V. Martynov, H.A. 

Padmore, D. Plate, R. Schlueter, "Elliptically 
polarizing undulator beamlines at the Advanced 
Light Source", Rev. Sei. Instrum., 67 (1996) 3372. 

[2] S. Sasaki: 'Analyses for a planar variably-polarizing 
undulator',Nucl. Instr. And Meth. A 347 (1994) 83. 

[3] 'EPU5.0 Elliptical Polarization Undulator 
Conceptual Design Report', to be published. 

3223 



MAGNETIC PERFORMANCE OF INSERTION DEVICES AT THE 
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Abstract 

The insertion devices (IDs) at the Advanced Photon 
Source have been magnetically tuned to minimize the 
integrals of the field through the devices and to minimize 
the variation of those integrals with gap, with a goal of 
not perturbing the stored particle beam. Measurements of 
the particle beam motion as the ID gap was changed found 
that the closed-orbit distortion was better than the 
requirement and agreed well with predictions based on 
magnetic measurement results. Another goal of the 
magnetic tuning is to ensure high brilliance in the low- 
order harmonics by keeping the rms phase error small. 

1 INSERTION DEVICES AT THE APS 

The Advanced Photon Source (APS) has 23 insertion 
devices (IDs), of which 18 are installed on the storage 
ring. Thirteen of the installed devices are 33-mm-period 
undulators. Other installed undulators have periods of 27 
mm, 55 mm, and 18 mm; an 85-mm-period wiggler and 
an elliptical wiggler with a 160 mm period complete the 
list of installed devices. The elliptical wiggler was built 
jointly by the Budker Institute of Nuclear Physics 
(Novosibirsk, Russia) and APS; all the rest of the IDs 
were built and tuned to demanding specifications by STI 
Optronics (Bellevue, WA). The IDs have undergone 
further refinement of their magnetic field at APS since 
their delivery. The straight sections where the IDs are 
installed are long enough to accommodate two standard- 
length (2.4-meter) IDs, but only the sector that is 
occupied by the 55 mm and a 33 mm undulator has more 
than one ID installed at present. 

An early conceptual version of the 33-mm-period un- 
dulators was intended to have a minimum gap of 11.5 
mm. The tuning curve for this undulator, however, 
predicted a decrease in brilliance of about a factor of 3 
when moving at constant photon energy from the third 
harmonic at closed gap to the first harmonic at a more 
open gap. The users preferred not to have such a large 
discontinuity in brilliance as the photon energy was 
scanned. In order to eliminate this jump, two things were 
done: the undulator magnetic design was changed to 
increase the magnetic field so the third harmonic would 
extend to lower energy, and tighter tolerances were placed 
on the straightness of the vacuum chamber so that the 
undulator would be able to go to smaller gap. The 
undulators currently installed can all go to a minimum 
gap of 10.5 mm. 

2 MEASUREMENTS OF THE FIRST AND 
SECOND FIELD INTEGRALS 

It is important that the integrals of the field through 
the ID not change by much as the ID gap is changed, so 
that the net effect of a gap change on the particle-beam 
closed orbit is small. The first and second field integrals 
of both the horizontal and vertical components of the 
magnetic field must be small enough to meet the APS 
requirement that the particle beam be stable to within 
10% of its emittance. If compensation by local storage- 
ring steering correctors is relied upon, this translates into 
first field integral changes of no more than 100 G-cm and 
second field integral changes of no more than 100000 G- 
cm2 [1]. Without compensation, the requirement is a 
vertical first field integral change less than 26.5 G-cm, a 
horizontal first field integral change less than 11.2 G-cm, 
a vertical second field integral change less than 37400 G- 
cm2, and a horizontal second field integral change less 
than 11200 G-cm2. 

Measurements of the first and second integrals of the 
vertical and horizontal components of the magnetic field 
through each ID were made as a function of gap; one goal 
of the magnetic field refining was to minimize the 
changes in these integrals. The development of magnetic 
tuning techniques is an ongoing process at APS. New 
techniques are applied to IDs that are subsequently tuned 
or retuned. The total range spanned by the field integrals 
as the gap is changed is shown in Fig. 1 for the APS IDs 
as they are presently configured. 

Changes in the field integrals as measured in the mag- 
netic measurement facility may differ from the changes 
when the ID is installed in the storage ring, however, due 
to different environmental magnetic fields [2]. The vana- 
dium permendur poles in these hybrid IDs can serve as 
field shunts, either removing horizontal components of 
the environmental field at small gap or focusing a vertical 
environmental field across the gap at small gap. 

Measurements of changes in the first and second field 
integrals, and of changes in the tune, were also made 
using the particle beam in the storage ring. These 
measurements are complicated by other sources of orbit 
and tune motion, particularly because the gap change is 
relatively slow (approx. 1 min.) and the undulator-induced 
orbit and tune changes are quite small. To deal with this, 
we measure the difference in orbit and tune between two 
states of an undulator: "large" gap, typically 45 mm, and 
"small" gap, typically 11 mm. We take, typically, 10 
measurements per state,  alternating randomly  between 
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Figure: 1 First and second integrals of the vertical and horizontal components of the magnetic field through each of 
the IDs, as measured in the APS magnetic measurement facility. 

states to reduce the effect of drifts. These two gaps were 
chosen because the extrema in field integrals as measured 
in the lab often occur at these gaps. Each measurement 
consists of acquiring the orbit (heavily averaged to reduce 
electronic noise and fast beam motion) and the spectrum 
around the vertical tune line (which is easier to measure 
precisely than the horizontal tune). 

The orbit difference is determined after processing the 
orbits for each state to remove spikes that sometimes 
occur due to malfunctioning beam position monitors [3]. 
The undulator error field is modeled in the accelerator 
simulation program ELEGANT using two angle kicks per 
plane of beam motion, one at each end of the ID. The 
first integral is related to the sum of the kicks for a single 
plane, while the second integral is related to the value of 
the upstream kick. This provides exact modeling of the 
first and second integrals by giving the simulation control 
of the change in slope and angle due to passage through 

0 200       400       600       800      1000 
s  (m) 

Figure: 2 Difference in vertical orbit for two different ID 
gaps, as a function of position around the ring.    The 
points are the measured displacement values, and the line 
is the fit from the simulation. The ID is located at about 
25 m. 

the device. Fig. 2 shows a typical result for displacement 
in the vertical plane, along with the fit from the 
simulation. 

While orbit displacement data can be measured easily 
and accurately, the small tune changes that result from 
changing an ID gap are not readily measured. We have 
found that in general the vertical tune change is less than 
0.001, which is close to the limit of our ability to 
measure. 

Measurements of the changes in the first and second 
integrals made using this beam-based technique agree with 
the results of magnetic measurements of the IDs that were 
carried out before the ID was installed on the storage ring. 

3 PHASE ERRORS 

Phase errors are another measure of the quality of an 
undulator magnetic field. A small rms phase error is 
needed in order to produce high-brilliance peaks in the 
undulator spectrum, although the effect of a large rms 
phase error is greater for high harmonics than for low 
ones. The IDs undergo tuning to decrease the phase 
errors, and, as with the field integrals, progressively better 
results are being achieved. The phase errors for all the 3.3 
cm undulators are shown in Fig. 3. The phase is tuned 
primarily by placing shims on top of the magnets on the 
undulators. The magnets are recessed slightly (<0.5 mm) 
as compared to the poles in these hybrid IDs, so there is 
space to place shims without affecting the minimum gap. 
It has proved very useful in the tuning of these devices to 
have shims that are near-pure, i.e., that affect only the 
phase or only the trajectory. A standard trajectory shim 
would be one that covers half of the magnet in the beam 
direction and the whole magnet in the transverse direction. 
(Four of these would commonly be used together: one on 
each side of each of the two poles that face one another 
across the gap.) This shim serves to weaken the kick 
given by the pole and thereby changes the angle of a 
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Figure: 3 Rms phase errors of all the APS 33 mm 
undulators, at a gap of 11.5 mm. 

particle's trajectory through the ID. This shim, however, 
also has a strong direct effect on the phase, as can be seen 
by placing two such shims adjacent to one another with 
the opposite correction. The net effect on the phase will 
be large, particularly for IDs that have small magnet 
recesses, whereas there will be no net effect on the 
trajectory angle. If the length of the shim in the beam 
direction is made shorter, however, the direct effect on the 
phase will be much smaller compared to the effect on the 
trajectory [4]. For many of the undulators, it was found 
that there was no need to separately adjust the phase. 
Once the trajectory was corrected using the non-phase- 
altering trajectory shims, the rms phase error was already 
adequately small (less than 4 degrees). 

Calculations have been made to predict the effect of 
the remaining phase errors on the spectral quality of the 
emitted photon beam, and to determine what the effect 
would be of making further improvements in the phase. 
The on-axis brilliance was calculated for the undulator 
with the smallest rms phase error (2.5 degrees) and for an 
undulator with a large rms phase error (4.6 degrees). The 
calculations are for an undulator gap of 11.5 mm and 
include representative values for the APS beam emittance 
and energy spread, and a coupling of 4.4%. The ratios of 
the intensities for the first, third, and fifth harmonics are 

1, 0.98, and 0.90, respectively. The effect on higher 
harmonics is more pronounced, as can be seen in Fig. 4. 
The present phase errors meet the original design 
intention for the standard 33-mm-period undulator because 
they were intended to be used in the 1st, 3rd, and 
occasionally 5th harmonics. Should a user want to use 
higher harmonics, however, an undulator with a smaller 
rms phase error would be advantageous. 

4 SUMMARY 

The IDs at the APS more than meet the requirements for 
magnetic field quality, so that users are now allowed to 
change their gaps freely. The requirements will become 
more demanding in the future as the quality of the stored 
beam is improved or as users do more work at higher en- 
ergy. We are developing techniques and applying them to 
IDs to further refine the magnetic field quality. The long- 
term magnetic performance of the IDs may be affected by 
radiation damage, though no effect has been seen yet. 
This is under experimental investigation [5]. 
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Figure: 4 Calculated on-axis brilliance, beginning at the 6th harmonic. The solid line is for the 33-mm-period 
undulator with the smallest rms phase error (2.5 degrees), and the dotted line is for an undulator with an rms phase 
error of 4.6 degrees, at 11.5 mm gap. The brilliance above 50 keV has been multiplied by a factor of 4 for clarity. 
While this difference in rms phase error has no effect at lower energies, it would affect the brilliance at higher energy. 
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Abstract 

Permanent magnet blocks of NdFeB have a relatively high 
maximum energy product. Because of its relatively low 
Curie temperature, however, NdFeB has a large 
temperature coefficient for its residual induction. The 
temperature coefficients of the relative magnetic fields 
(AB/B)/AT in the air gap of NdFeB dipole magnets were 
reduced from -1.1 x 10"3/°C to less than 2 x 10"5/°C under 
operating temperatures of ± 6°C. This was achieved 
passively by using 1.25-mm-thick strips of 30%-Ni-Fe 
alloy as flux shunts for the NdFeB blocks. The magnets 
with soft-steel poles and flux-return yokes were assembled 
and measured in a temperature-controlled environment. 

1 INTRODUCTION 

Stable permanent magnets could be used for charged- 
beam storage rings and for other new magnetic devices 
which require system reliability and lower construction 
and operation costs. One drawback of permanent magnets 
for these types of applications, however, is maintaining 
the required magnetic field when the residual induction 
and coersive forces change due to the ambient temperature 
variation. 

The bulk magnetization of a permanent magnet is the 
result of a collective alignment of atomic spins within 
magnetic domains. As the temperature increases, thermal 
fluctuations induce random variations in individual atomic 
spin orientations. At Curie temperature Tc, all the spins 
are randomly oriented and the bulk magnetization 
disappears. Therefore, at ambient temperature, a 
permanent magnet with higher Tc has a lower temperature 
coefficient for the variation of the magnetization. 

Permanent magnet blocks of neodymium-iron-boron 
(NdFeB) have relatively high maximum energy-product in 
the demagnetizing quadrant compared to other permanent 
magnets such as Alnico, ferrite, and rare-earth cobalt [1]. 
Because of its relatively low Curie temperature of 
approximately 300°C, NdFeB has a high temperature 
coefficient for its residual induction. 

The purpose of this work is to reduce the temperature 
coefficient of the magnetic fields of NdFeB permanent 
magnets better than 10" /°C within the range of an 
operation temperature using parallel flux-shunts. At lower 
temperatures the shunt permeability increases, enabling 
the shunt to carry or divert more flux from the air gap of 
the magnet. At higher temperatures, the reverse condition 
exists: the shunt permeability decreases and less air-gap 
flux is diverted. In order to have higher temperature 

sensitivity, the shunt material should have a Curie point 
close to ambient temperature. Shunt materials made of 
Curie alloys (30-32% Ni-Fe) and Montel alloys (67% Ni- 
Cu-Fe) have relatively low Curie temperatures of less than 
100°C. Temperature compensations for ferrite permanent 
magnets have been extensively studied at Fermilab for use 
at relatively low magnetic field [2]. 

(a) 

| Steel 

IINIIII III Compensation Strips 

UJHUJiJl NbFeB Magnet 

Figure 1: (a) Symmetrical cross section of a quadrant of a 
dipole magnet with a soft-steel pole and flux-return yoke. 
The NdFeB block is magnetized in the vertical direction, 
(b) Top view for the arrangement of the permanent 
magnet blocks and the temperature compensation strips 
inserted between the blocks. 

2 TEMPERATURE COMPENSATION 

The symmetrical cross section of a quadrant of a typical 
dipole magnet used for this study is shown in Fig. 1. The 
major components of the magnets are NdFeB permanent 
magnet blocks, magnetic flux shunts for temperature 
compensation, flux-return yokes, and soft-steel poles for 
field-shaping. The NdFeB blocks have a cross section of 
25.4 x 25.4 and a thickness in the magnetized direction of 
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12.7 mm. The residual induction and coercive force of the 
blocks were approximately 1.1 T and 10.5 kOe, 
respectively. For the temperature compensation flux 
shunts, 1.27-mm-thick and 25-mm-wide strips of 30%-Ni- 
Fe alloy were used. The alloy has a Curie temperature of 
60°C and saturation induction of 0.22-0.1 T at 20-45°C. 

First a dipole magnet without temperature compensators 
was put in a temperature-controlled incubator and its 
temperature and the magnetic field in the air gap were 
measured. The magnet was assembled using six NdFeB 
blocks in each of the top and bottom poles. Figure 2 
shows that the temperature coefficient for the relative 
magnetic field (AB/B)/AT in the air gap was 
-1.1 x 10"3/°C in the temperature range of 25-45°C. The 
Hall probes used for the magnetic field measurements 
were calibrated to ±10" of reading/°C with a resolution of 
0.2 G. The temperature measurement has an absolute 
accuracy of 0.5°C with a resolution of 0.1 °C. 

30 35 40 

Temperature [C] 

Figure 2: Magnetic field data under a slow thermal cycle 
for a NdFeB permanent dipole magnet. Temperature 
coefficient for the relative magnetic field in the air gap 
was (AB/B)/AT: 
of25-35°C. 

-1.1 x 10 /°C in the temperature range 

The data shown in Fig. 3 are measurements of a magnet 
with an optimum number of temperature compensation 
strips. The volume ratio of the strip/NdFeB for the magnet 
was 20%. In this magnet the compensation strips were 
inserted between the gaps of the NdFeB blocks as shown 
the top view in Fig 1(b). The strips cannot be distributed 
uniformly, but the magnetic field distribution in the air 
gap can be adjusted by the geometry of the magnet poles. 
The measured data show that within the relative field 
variation of 2 x 10 , the temperature coefficient was less 

than 2 x 10"5/°C in the temperature range of 31 ± 6°C. 
(For better control of the temperature inside the incubator, 
the temperature at the compensation field was set higher 
than the room temperature.) In the whole range of the 

_4 
thermal cycle the coefficient was less than 1 x 10 /°C. 

During measurement the temperature was controlled at a 
rate of approximately 0.8°C/hr to ensure the uniformity of 
the magnet temperature. 

Ideally the magnetic field in the air gap can be 
calculated from the magnetomotive force of the NdFeB 
blocks as well as the reluctances of the air gap and the 
compensation strips. Because of the nonlinear magnetic 
properties of the strips, however, the temperature range 
for a fully compensated field is limited. The relative 
magnetic permeability of the strips in the magnet was 
calculated to be less than 5. 

Figures 4(a) and (b) show the effects of consecutive 
thermal cycles on the compensated field and temperature. 
The temperature of the magnet was controlled rather 
slowly at a rate of only 0.15°C/h. The compensated 
relative magnetic field increased by approximately 

1 x 10"4 (0.5 G) for the first to the third cycle. On the 
other hand, the temperature at the compensated field 
decreased approximately 1°C. After an additional seven 
thermal cycles, the compensated fields and temperatures 
remained within 0.1 G and 0.5 °C, respectively. 

30 35 40 
Temperature [C] 

(a) 

Figure 3: Temperature compensation of a dipole magnet 
with a volume ratio of the compensation strip/NdFeB of 
20%, the temperature coefficient was 1.7 x 10"5 in the 
temperature range of 31 ± 6°C. (a) AB/B vs. temperature 
and (b) AB/B and temperature vs. time. 
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3 SUMMARY 

The temperature coefficients of NdFeB permanent 
magnets were reduced from -1.1x10 /°C to less than 2 x 
10"5/°C under operating temperatures of ± 6°C by 
passively using Ni-Fe alloy as flux shunts for the NdFeB 
blocks. After the initial increase of the compensated field 
by 1 x 10" in the first three thermal cycles, the field 

remained within 2x10" after an additional seven thermal 
cycles. The effects of thermal cycles, aging, and radiation 
have to be investigated further. 
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Figure 4: Three thermal cycles of a compensated dipole 
magnet at a thermal cycle rate of 0.15°C/h (a) AB/B vs. 
temperature and (b) AB/B and temperature vs. time. 
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Abstract 

The RHIC (Relativistic Heavy Ion Collider) Accelerator 
currently under construction at Brookhaven National 
Laboratory will have large detectors at two of its six 
intersection regions. One of these detectors, known as 
STAR (Solenoidal Tracker At RHIC), weighs 1100 tons 
and is being built around a large solenoid magnet. The 
magnet is 7.32 m in diameter, 7.25 m long and utilizes 
three different sizes of room temperature aluminum 
coils. The magnet will operate with a field set from 
0.25 T to 0.5 T and have a field uniformity of better 
than 1000 ppm over a portion of its interior region. 
This paper describes the magnet design, fabrication and 
assembly requirements and presents the current 
construction status. 

-Uninet Colls 
— Uognet Iren 

Silicon Vertex Tracker 
Time Projection Chamber 

Vertex Foiltlon Detector 

Figure 1 

1 INTRODUCTION 

The Solenoidal Tracker At RHIC (STAR) will search 
for signatures of quark-gluon plasma (QGP) formation 
and investigate the behavior of strongly interacting matter 
at high energy density. To accomplish this, a flexible 
detection system that can simultaneously measure many 

experimental observables is being constructed. The 
system contains several subsystems such as the Time 
Projection Chamber (TPC), Silicon Vertex Tracker 
(SVT), Forward Time Projection Chamber (FTPC) and 
the Electro-Magnetic Calorimeter (EMC) as shown in 
Figure 1. These subsystems operate in a magnetic field 
generated by the Magnet subsystem (MAG) which is an 
iron dominated, conventional (room temperature) 
solenoid magnet. The field can be varied from 0.25 T to 
0.5 T with a uniformity better than 1000 ppm over the 
entire TPC volume. 

2 PHYSICS REQUIREMENTS & COMPUTER 
SIMULATION 

The momentum resolution requirements of STAR 
dictate that everywhere in the TPC volume 

*.J. B, [z Be dzS7.0mm,     3e=J ~jr « —linn H dz < 2.5 mm J z=2100 Bz 

(r,e,z) €    0<r<2000mm,   O<0<2jt,   0<|z|< 2100mm 

The magnet must provide a uniform magnetic field over 
its operating range 0.25 < Bz < 0.50 T, while 
simultaneously minimizing radiation length to and 
providing structural support for the electro-magnetic 
calorimeter, provide a hole in the end poles at 
pseudorapidity 77 - 2.0 to allow particle transmission to 
external detectors, accommodate EMC fiber bundle 
routing to external electronics, and, most importantly, 
minimize STAR'S capital cost. A cross section of the 
quasi-axisymmetric magnet is shown in Figure 2. 

The magnetic design achieves a 0.5 T field with 
uniformity characterized by: 3r < 2.3 mm and 3g< 1.0 
mm over the entire TPC volume by using a combination 
of a Poletip Trim and Space Trim coils to appropriately 
compensate and straighten field lines. 

Radiation lengths to the EMC are minimized by 
positioning the coils radially outside the calorimeter, 
though at the expense of additional iron and conductor 
weight. The regularly spaced pancake coil design allows 

This research was supported by the U.S. 
Department of Energy under Contract Nos. DE- 
AC02-76CH00016. 
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for both calorimeter support to backlegs and EMC fiber 
bundle routes to external electronics. An end cap gap 
allows fiber bundle extraction through the ends. Flux 
density is B < 1.4 T everywhere at full coil energization, 
resulting in an excitation independent field uniformity. 

Figure 2    Magnet Quarter Section 

Using poletip trim coils instead of shaping the poletip 
enables attainment of much better TPC field uniformity 
(3r I max = 2.3 mm), well worth the additional coils and 
power supplies. The additional desirable feature of a flat 
machined poletip, with an unobtrusive trim coil recessed 
into the iron pole face, is incorporated into the design 
without impacting the attainable field uniformity. 

Code calculations indicate that this robust design is 
capable of maintaining field uniformity even in the event 
of coil mispositionings by adjusting Poletip Trim and 
Space Trim coil settings. Current plans are to adapt the 
field mapping apparatus used to map the Aleph magnet at 
CERN. STAR and Aleph are similar in size and shape, 
therefore adapting the existing apparatus to the STAR 
geometry is not judged to require much effort. 

3 MAGNET STEEL DESIGN 

The Solenoidal Magnet steel is a cylindrical structure 
weighing 1,100 tons on axis with the collider beam and 
consisting of 30 flux return bars (backlegs), four end 
rings, two pole pieces, and support structures. The 6.85 
m long flux return bars are trapezoidal in cross-section, 
and weigh 18 tons each. They form the outer cylinder 
wall encompassing the main and space trim excitation 
coils and are attached to an inner and outer end ring pair 
at each end of the magnet. The inner rings have a 5.27 m 
I.D. with thirty chord surfaces on the 6.28 m O.D. to 
control the azimuth location of each flux return bar, with 
an axial thickness of 285 mm, weighing 25 ton each. The 
outer rings are the structural connection between the ends 
of the flux return bars and the outer face of each inner 
ring and have the same I.D. as the inner rings with a 7.32 
m O.D. and 203 mm axial thickness, weighing 35 ton 
each. Each pole piece weighs 73 ton and is on axis with, 
and supported by, the end rings and has a conical I.D. at f] 
= 2 with a 525 mm axial thickness a 5.06 m O.D. and a 

counter bore on the inner face for the pole tip trim 
excitation coil. A 107 mm annular gap exists between end 
ring I.D. and pole piece O.D. for utility routing to internal 
detector elements. 

The main support structure consists of two cradles 
weighing 36 tons each supporting the lower nine flux 
return bars of the magnet cylindrical yoke. The main 
support structure is on Hillman Roller systems and 
hydraulic jacks and is supported and guided on two rails 
embedded into the floor, thus allowing the magnet to be 
moved via hydraulic jacks between experimental hall and 
assembly building as required. In addition to the main 
support structure there are two external pole piece support 
structures weighing 100 tons each that permit removal of 
the pole pieces for installation or maintenance of internal 
detector elements. All magnet yoke material was 
specified as AISI 1008 killed steel that is vacuum 
degassed with a fully annealed heat treatment allowing for 
a minimum yield strength of 172 MPa; while the support 
structure material was specified as ASTM A36. 

The magnetic field quality required that deflections in the 
magnet structure be minimized to less than 1 mm. This was 
accomplished with precise fabrication of magnet 
components and the use of high strength bolted and pinned 
connections between mating components. The prime 
contractor for fabricating the magnet steel was Precision 
Components Corp., York, PA., and materials for the 
magnet yoke were procured from Creusot-Marrel, France, 
for the flux return bars and end rings and Japan Steel 
Works, Japan, for the pole pieces. All components were 
provided as one piece forging except for the outer rings 
which were formed from four flame-cut arcs of flat rolled 
steel electroslag welded together to form each ring. Final 
fabrication of each component was performed either at 
PCC or their subcontractor Gee Alsthom, Canada. End ring 
pairs were aligned and match pinned to insure accurate 
assembly and structural integrity. High strength threaded 
inserts were used in this low yield strength material along 
with Expansion Bolts, Torque Bolts, and Mechanical 
Tensioners from Superbolt Corp., Carnegie PA. The use of 
these high strength fasteners allowed us to achieve the fixed 
end bolted connections needed to minimize deflection of 
the steel structure with accurate bolt tension using standard 
hand held torque wrenches. This also eliminated the need 
for anchor points in the steel to support much heavier 
mechanical or hydraulic torque wrenches used on standard 
hex-head fasteners. 

4 COIL DESIGN 

The magnet contains three separate designs of coils each 
wound using aluminum conductor and insulated with 
fiberglass cloth vacuum impregnated with epoxy. 
Main and Space Trim coils - These coils are built up from 
two layer pancakes wound two-in-hand (bifilar) fashion 
containing 13 turns. The pancakes are wound in both a 
"right-hand thread" and a "left-hand thread" manner and 
are assembled in an alternating thread manner to cancel out 
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undesired field components from the layer-to-layer winding 
transitions. The conductor used in the pancakes measures 
53.9 mm by 47.5 mm with a 16.8 mm diameter central 
water hole. Each pancake contains two parallel water 
circuits measuring approximately 120 m in length. 

The magnet contains ten Main coils, each with four 
pancakes, and two Space Trim coils containing two 
pancakes each. These coils are all connected in series 
electrically, however all the water circuits (88) are in 
parallel. At the nominal 0.5 T magnet field, the current 
through these coils is 4744 amps with an additional 10% 
current through the Space Trim coils. 

The nominal dimensions for these coils are as follows: 
5.3 m I.D. by 6.0 m O.D. with an axial thickness of 0.45 m 
for the Main coils and 0.23 m for the Space Trim coils. 
Weights are approximately 6.8 tons for the main and 3.4 
tons for the Space Trim coils. These coils have been 
fabricated by Tesla Engineering, Ltd. of Storrington, 
England. 
Poletip Trim coils - Each poletip requires a trim coil to 
help preserve magnetic field uniformity. These coils 
contain six layers and are wound three-in-hand (trifilar) 
fashion giving 118 turns per coil. Each two layers contains 
three separate water circuits giving a total of nine circuits 
per coil. Water circuits are approximately 95 m long. The 
conductor measures 22.2 mm square with a 12.3 mm 
diameter central water hole. 

Each coil is 1.8 m I.D. by 2.8 m O.D., has an axial 
thickness of 0.14 m and weighs about 1.2 tons. At the 
nominal 0.5 T magnet field, current through the Poletip 
coils will be 1441 amp. A vendor for these coils has not 
yet been chosen. 

5 ASSEMBLY 

The 6 o'clock experimental hall at RHIC has an 
Assembly Building (AB) in which the detector will be 
assembled and tested prior to rolling into the experimental 
hall. Assembly began with the installation of the base 
rails in a 1 m thick reinforced concrete floor running from 
the AB to the experimental hall. The two main support 
cradles were set atop the rails with one cradle being 
guided and the other as the follower. The lower nine flux 
return bars were installed, aligned, and welded to the main 
support cradles to form a monolithic support for the 
remaining magnet yoke and detector elements. Each end 
ring pair was then installed by first setting the inner ring 
in the cradle formed by the nine chord surfaces of each 
flux return bar. Then the outer ring was lifted and locked 
to the inner ring using taper pins and expansion bolts, and, 
to the ends of the lower nine flux return bars, using 
Torque Bolts. With end rings in place an additional six 
flux return bars were installed to mid-plane to form the 
lower half of the magnet yoke cylinder. The main and 
space trim excitation coils are then installed into the lower 
magnet yoke half starting from each end ring and finishing 
at the axial mid-point of the magnet. When the coils have 

been aligned and locked into place, the remaining fifteen 
upper flux return bars are installed to complete the 
assembly of the magnet core. The two pole pieces will be 
individually installed to complete the magnet assembly. 

6 POWER SUPPLIES 

There are 5 separate power supplies required for proper 
magnetic field shaping as shown in Figure 3. Due to the 
balanced nature of the power supply loads, ground 
potential on the main supply will be midway between the 
output terminal voltages. Power supplies (except for the 
booster) are separated into two parts, transformers, from 
NWL, Inc., Boardentown, NJ and rectifier control 
sections from Macroamp, Ukiah, CA. 

Poletip Trim 
Power Supply 

140 yolt 
1600 amp 

Poletip Trim 
Power Supply 

140 volt 
1600 amp 

Poletip Trim Coil Virtual Ground 

Main  Coil  Package 

Booster 
Power 
Supply 
50 volt 

600 amp 

1 
I 

Space Trim  Coil 

1 1 
Main Coil Package 

Main  Coil  Package 1 

Main 
Power 
Supply 

825 volt 
5300  amp 

Main Coil Package 

Main Coil Package 

Main Coil Package 

Main Coil  Package 

Booster 
Power 
Supply 
50 volt 

600  amp 

Space Trim  Coil 

Main Coil  Package 

1 

Poletip Trim Coil 

Figure 3     STAR Electrical Connections. 

7 CURRENT STATUS 

The magnet subsystem is 75% complete with the 
remainder to be completed in FY98. Both Main & Space 
Trim coil procurements are completed and the Pole Tip 
Trim coils are due for delivery the first quarter of FY98. 
All magnet steel fabrication is complete except fabrication 
of the pole tip supports and delivery to BNL is planned 
for the second quarter of FY98. Delivery of the Power 
Supply System of transformers and rectifiers is expected 
in the first quarter of FY98. 
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MAGNETS FOR THE NATIONAL SPALLATION NEUTRON SOURCE 
ACCUMULATOR RING 

J. Tuozzolo*, J. Brodowski, G. Danby, J. Jackson, W. Meng 
Brookhaven National Laboratory, Upton, New York 11973 

Abstract 

The National Spallation Neutron Source Accumulator 
Ring1 will require large aperture dipole magnets, strong 
focusing quadrupole magnets, and smaller low field 
dipole, quadrupole, and sextupole correcting magnets. 
All of the magnets will provide a fixed magnetic field 
throughout the accumulator's fill/storage/extraction cycle. 
Similar fixed field magnets will also be provided for the 
beam transport systems. Because of the high intensity in 
the accumulator, the magnets must be designed with high 
tolerances for optimum field quality and for the high 
radiation environment which may be present at the 
injection/extraction areas, near the collimators, and near 
the target area. Field specifications and field plots are 
presented as well as planned fabrication methods and 
procedures, cooling system design, support, and 
installation. 

1 INTRODUCTION 

The performance requirements for the magnets have been 
defined and the magnet cross sections have been 
designed. Table 1 provides a listing of the DC magnets 
required for the ring, the high energy beam transport 
(HEBT) line from the Linac to the ring, and ring to target 
transport (RTBT) line from the ring to the target. 
Wherever possible magnets will be shared between the 
three different systems. The cross-sections for the major 
magnets are shown in figure 1. 

MAGNET 
TYPE 

Location Aperture 
x Length 

Field 
kG 

Qty. 

Dipole Ring 17x45x150 7.1 32 
Dipole HEBT 8x30x250 3.0 13 
Dipole RTBT 17x45x250 7.1 1 
Quad. H&L 12x50 2.7 25 
Quad. Linac 12x50 2.7 2 

Quad. R, H, RT 20x50 3.4 77 

L. Quad. Ring 30x50 4.5 8 
VL. Quad. RTBT 36x80 3.6 2 
Corrector HEBT 12x12x20 0.3 27 
Correctors R, H, RT 20x20x30 0.2 77 

Table 1 

*Work   performed   under   the   auspices   of  the   U.S. 
Department of Energy. 
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Figure 1: Major Magnet Cross Sections 

Preliminary studies of the magnetic field3 in the gaps have 
been completed. All of the magnets are conservatively 
designed to achieve the required field accuracy without 
expensive machining, special quality steel, or heat 
treating of the steel after fabrication. The magnet pole 
tips will have to be machined to a tolerance of + .05 mm. 
The mating pieces in the magnet must be within + .05 
mm. 1006 steel will be used throughout the core 
including the pole tips. Figures 2 and 3 are field plots for 
the ring dipole and standard ring 20 cm. quadrapole. 

PROB. HAKE = NSHS OUAO 4/97 

Figure 2: Ring 20cm Quadrupole Field Plot 
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PROB. HP-P.E = NSHS RIHS DIPOLE  «/97 

Figure 3: Ring Dipole Magnet Field Plot 

1.1 Magnet Core Design 

The magnetic cores must be accurate, inexpensive, 
reliable in a high radiation environment and easy to 
maintain. Low carbon steel cores manufactured from 
solid plate will meet these requirements. This method 
was used to fabricate the large core for the G-2 
experiment superconducting magnet and is used 
throughout the AGS for the DC magnets used in the beam 
transfer lines. With computer numerically controlled 
machine tools the steel cores can be machined to high 
accuracy and repeatability. The solid cores are rigid 
requiring minimum stiffening from the support structure. 
The magnets will be built so they can be "split" for easy 
installation of the coils and vacuum chambers. This will 
allow the chambers to be built in separate clean rooms 
with no welding required after magnet assembly. The 
coils and heater blankets will also be accessible should 
they fail during initial testing. 

For the small quantities required for the various sizes and 
shapes in the accumulator the solid core is significantly 
less expensive then a laminated core magnet. The RHIC 
injection transfer line magnets were built with 1.1 x 106 

lbs. of steel laminated cores which cost $2.75/lb in 1990. 
The G-2 ring which contains 1.6 x 106 lbs. of solid steel 
block of various sizes and shapes was built for $ 1.75/lb at 
the same time. The magnets in the accumulator rings and 
transfer lines will require -1.4 x 10\lbs. of steel. 

1.2 Magnet Coil Design 

The magnets will be designed with low current density 
(>350 amps/cm2) copper coils wherever possible. The 
low current density will reduce the resistive energy loss 
in the coils and keep the voltage drop across the magnets 
low. This will reduce the possibility of turn to turn shorts 
occurring in the coil should the insulation be damaged by 
radiation. The low current density will also reduce the 
resistive heat loss in the magnet system. This will lower 
the power consumption of the accumulator and will 

reduce the load on the water cooling systems. All of the 
coils will have a single pass water cooling passage which 
will reduce the number of water fittings which can leak or 
fail to a minimum. The exception to this rule will be the 
high field quadrupoles. Space limitations at the ends 
require current densities of up to 450 amps/cm2 but these 
magnets will be sized for single pass coils. 

The coils will use a modified epoxy/glass insulation 
which is used on AGS magnets in high radiation areas. 
Radiation protection will be provided by wrapping the 
coils with the glass tape which has a KaptonR layer. 
Manufactured by August Krempel Co. Stuttgart, 
Germany, this material provides the radiation protection 
of KaptonR with the bonding ability of glass fiber and 
epoxy. Because the manufacturing method for this 
insulating material is the same as a standard glass wrap 
insulation the increase in the coil costs will be small. 

Magnesium Oxide mineral insulation has been used for 
very high radiation resistant coils in special areas4. The 
most common commercial use for this type of cable 
material is high temperature resistant heaters but it is sold 
with copper conductors. The coil material is expensive 
and it must be carefully formed with large radius bends to 
prevent damage to the insulation. The mineral insulating 
materials are very hydroscopic and will break down if 
exposed to humid air for extended lengths of time. The 
cable comes with a grounded metal cover which must be 
terminated with a brazed ceramic feedthrough to keep the 
coil insulation sealed. Because of the complexity of this 
type of coil it will only be used in areas where high dose 
rates are expected such as the last focusing magnets in the 
RTBT transfer line near the spallation target. 

2 THE CORRECTOR MAGNETS 

The corrector magnets are based on the new low field 
magnets used in both the AGS and the AGS Booster5. 
They will be air cooled window frame magnets. KaptonR 

coated wire will be wrapped around the steel leg of box 
or diamond shaped magnets. Each magnet will provide 
either horizontal or vertical dipole correction. In 
addition, the correctors in the accumulator ring will be 
wound to provide quadrapole, skew quadrapole, or 
sextupole correction. 

3 WATER COOLING REQUIREMENTS 

For radiation resistance and reliability, metal fittings and 
tubing will be used to carry the cooling water to and from 
the coils. The coil water lines will be mounted on 
insulated stand-offs and routed to a common water 
manifold on the magnet stand which will have an 
insulated ceramic break. The integrity of the water 
system will be monitored by klixon temperature sensors 
on each coil and flow switches on each of the return lines 
on the manifold. 
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All of the magnets will be cooled by the closed loop ring 
water system. This system will also provide cooling for 
the RF cavities, special injection magnets, and special 
extraction magnets. The water system will only see 
copper coils, copper cooling plates in the RF cavities, and 
stainless steel water pipe so corrosion in the system 
should not be a problem. The collimators and beam 
dumps which contain steel and much higher activation 
products will be on a separate systems. The pumps, heat 
exchangers, and other ancillary equipment for the ring 
water systems will be located in a separate water services 
building outside of the tunnels. Activated water from the 
ring will be kept in the tunnel or the service building 
during normal operation. 

4 MAGNET MEASUREMENT 

In addition to detailed field mapping of the first article 
magnets, all of the magnets built for the NSNS magnet 
systems be field tested after final assembly. This will 
serve as a final check on the quality of all aspects of the 
magnet assembly: the coils, the steel core, and the correct 
connection of the leads. 

5 STANDS AND INSTALLATION 

The magnets will be installed on the support frames 
outside of the accumulator ring. In the 90" bends each 
large dipole bending magnet will be mounted with the 
corrector magnet and a quadrapole. In the straight areas 
the quadrapole will be mounted with a corrector magnet. 
This assembly will allow installation of a single vacuum 
chamber within all of the magnets without unnecessary 
flange joints. All of the magnets can be aligned on the 
support frame with the vacuum chamber and the 
associated beam position monitors outside of the ring. 
All of the magnets on an individual frame will be 
plumbed onto a single water manifold on the support 
frame, all of the coil heat sensors will be wired into a 
common wiring block, and the radiation monitors will be 
installed on the frame assembly as well. The completed 
frame assemblies with magnets and instrumentation can 
then be transported to the tunnel and moved around the 
tunnel to their final position using the tunnel crane. The 
frames will be placed on positioning jack stands and then 
surveyed into final position. All of the magnets for the 
Accumulator System will use similar frames for 
installation and support as shown in figure 4. 

RING QUADRAPOLE 
AND CORRECTOR 
(OR30, CR30) 

HEBT DIPOLE, QUADRAPOLE 
AND CORRECTOR 

(DH8, QH20, CH20) 

RING DIPOLE, QUADRAPOLE 
AND CORRECTOR 

(DRI7, QR20, CR20) 

Figure 4. Magnets and Stand Assemblies 

6 CONCLUSIONS 

The magnets for the NSNS accumulator will be 
conservativily designed for reliability in a high radiation 
environment and ease of maintenance based on 
experience gained during the AGS Booster construction 
and upgrades to the AGS facility. 
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PERMANENT MAGNET QUADRUPOLES FOR CESR PHASE-III 
UPGRADE * 

W. Lou, D. Hartill, D. Rice, D. Rubin, J. Welch 
Lab of Nuclear Studies, Cornell University, Ithaca, NY 14853 

Abstract 

The CESR Phase-III upgrade plan includes very strong per- 
manent magnet quadrupoles in front of the cryostat for 
the superconducting quadrupoles and physically as close as 
possible to the interaction point. Together with the super- 
conducting quadrupoles, they provide tighter vertical fo- 
cusing at the interaction point. The quadrupoles are built 
with Neodymium Iron Boron (NdFeB) material and op- 
erate inside the 15 kG solenoid field. Requirements on 
the field quality and stability of these quadrupoles are dis- 
cussed and test results are presented. 

1    INTRODUCTION 

The Cornell Electron Storage Ring (CESR) phase-Ill lumi- 
nosity upgrade plan includes very high gradient, 27.6 cm 
long permanent magnet quadrupoles (PMQ's) followed by 
a pair of superconducting quadrupoles[l]. These perma- 
nent quadrupoles are located 33.7 cm away from the inter- 
action point. This quadrupole scheme of the interaction 
region permits reduction of beta function at the interac- 
tion point ß* to 1 cm or less and also helps to reduce the 
vertical beta function at the first parasitic interaction point 
which occurs 2.1 m from the IP, as well as the peak verti- 
cal beta which reduces aperture requirements and vertical 
chromaticity. By reducing the effects of parasitic cross- 
ings adjacent to the interaction point, it allows the oper- 
ation with bunch spacing of 14 ns. The luminosity after 
the upgrade will be increased dramatically due to the extra 
beam current implied by 9 x 5 bunches made possible by 
reducing the bunch spacing and the tighter vertical focus- 
ing at the interaction point. Although it is designed for flat- 
beam crossing angle collision operation, the phase-Ill IR 
quadrupole scheme is compatible with the possible round 
beam configuration^]. 

2    PERMANENT MAGNET QUADRUPOLE 
CONSTRUCTION 

The permanent magnet quadrupole is made of three 9.2 cm 
long sections which are assembled individually, then bolted 
together for the full quad. The whole assembly is mounted 
to the drift chamber of the CLEO detector. The cross- 
section view of the quadrupole assembly sketch is shown 
in Fig. 1 

The permanent magnet quadrupoles extend from 337 to 
616 mm from the interaction point, have a constant inner 

* WORK SUPPORTED BY THE NATIONAL SCIENCE FOUNDA- 
TION 

Figure 1: Phase-Ill Permanent Magnet Cross-section view. 

radius of 3.35 cm and a two-step outer radius. The dimen- 
sion of the quadrupole is designed in such a way that the 
strength of the PMQ is as strong as possible and physically 
as close as possible to the interaction point in the limited 
space available for the PMQs. They will operate inside the 
15 kG solenoid field of the experimental detector. They are 
built with Neodymium Iron Boron (NdFeB) material be- 
cause of its cheaper price, higher commercially available 
remnant field Br and intrinsic coercivity Hci comparing 
with Samarium Cobalt (SmCo) material. The quadrupoles 
are built with sixteen azimuthal segments. 

Magnet pole-pieces were ordered with 3 easy-axis orien- 
tations (0,45, and 90°) and magnetized as shown in Fig. 1. 
The focusing strength of a permanent magnet quad is influ- 
enced by remnant field (Br), inner "pole-tip" radius (n), 
and the ratio of outer to inner radius (r0/ri). This last pa- 
rameter, r0/rit must be limited to avoid subjecting parts 
of the magnetic material to excessive demagnetizing fields, 
which could seriously degrade field quality. According to 
the numerical analysis with the Pandira code and reverse 
magnetic field knock-down test with the magnet material, 
it is found that the r0 /r» of 2.1 is appropriate to the magnet 
material with Hci of 21 kOe and Br of 12 kG. 

The magnet pole-pieces were supplied by Magnet Sales 
and Manufacturing Inc. The material is Shin-Etsu 36SH 
Neodymium Iron Boron. The typical magnetic and me- 
chanical characteristics of this material is listed in Table. 1 

The mechanical assembly of the quadrupole is similar 
to the existing REC quads operating in the storage ring 
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Remnant Field Br 12.2 kG 
Coercive Force Hc 11.7kOe 

Intrinsic Coercive Force Hci 23kOe 
Maximum Energy 36 MGOe 

Recoil Permeability 1.05 
Density 7.5 g/cm3 

Electric Resistivity 2.0 x 10~4ft • cm 
Temp coefficient of Br -0.1 %/°C 

Curie Temperature 310°C 

Table 1: Typical characteristic forNdFeB 36SH. 

cm cm 
Pole Field 

kG 
k 

m * 
Front Section 
Outer Section 

3.35 
3.35 

6.40 
7.04 

9.7 
10.7 

1.64 
1.81 

Table 2: Quadrupole magnetic strength. 

[3, 4, 5]. The permanent magnet pole-pieces are affixed 
to a stainless backing plate using high temperature adhe- 
sive and covered by a stainless steel skin spot welded to the 
backing plate for extra protection. The backing plate with 
magnet was then screwed fast to the support shell. The 
weight of each quadrupole assembly is about 100 pounds. 
At 5.289 GeV, the predicted quadrupole strength is listed in 
Table. 2. 

3    FIELD QUALITY AND STABILITY 

The interaction region quadrupole requires extremely pre- 
cise control of magnetic field so the magnet field quality 
and stability requirements are especially severe. The per- 
manent magnet must maintain a constant flux output over a 
long period of time during the operation. Many factors can 
affect the magnet and tend to alter the magnet flux which 
would change the field quality and quadrupole strength in 
our application. These influences have been studied and 
the flux change of the magnet have been predicted. The 
change of the magnetization of the magnet during the op- 
eration could be minimized by exposing the magnet to in- 
fluence in advance and rendering the magnet insensitive to 
subsequent change in service. 

3.1   Resistance to the Irreversible Demagnetization 

The permanent magnet maintains its magnet flux because 
there are lots of small magnet domains aligned by crys- 
tal anisotropy. A very high external magnetic field tends 
to disturb the domain alignment. When the magnet pole- 
pieces are assembled into the quadrupole, some regions of 
the magnet material operate in a very strong anti-parallel 
magnet field. For the case of our design, it is found that 
this anti-parallel magnet field could be as high as 13 kG 

0 5 10 15 20 25 
Reverse Demagnetization Field (kG) 

Figure 2: Knock-down ratio vs the applied external reversal 
field for several magnet pieces. 

according the Pandira simulation. Several different magnet 
samples were tested for the knock-down ratio of the rem- 
nant field Br with the applied reverse external field. The 
knock-down ratio was defined as the ratio of the magneti- 
zation change before and after the exposure of the exter- 
nal field over its original magnetization. It was found that 
the intrinsic coercivity of 21 kOe was sufficient to limit the 
amount of demagnetization to a few percent with 13 kG 
reverse external field. Fig.2 shows the the amount of de- 
magnetization vs the reverse external field for the NdFeB 
36SH material we used. It was found that the material we 
are using could sustain to 15 kG of the reversal external 
field. 

The quadrupole magnet will operate immersed in a 
15 kG axial solenoid field (perpendicular to the NdFeB 
permanent magnet easy axes) of the experimental detector. 
Several magnet pole-piece were exposed to external 20 kG 
perpendicular field, no demagnetization was found after the 
exposure. 

3.2    Temperature Stability 

The properties of the magnet material changes with tem- 
perature and time. The magnet can be stabilized by heating 
it to the temperature well above the operating temperature. 
This process speeds up the initial aging and slows down the 
rate of change thereafter. 

All magnet pole-pieces were thermally stabilized for 
three hours at 100 °C, which was the maximum temper- 
ature without the irreversible loss of coercive force. The 
losses of the magnetization during this procedure were 
measured to be less than 1% of the original magnet mo- 
ment.   Several thermal stabilized magnet sample pieces 
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were remeasured after being stored on self for eight months 
and no magnetization changes were found. 

It is also important that heat stabilization be performed 
when the magnets are in a field similar to that which they 
will see during operation. We will do the temperature sta- 
bilization process for the assembled quadrupole. Since the 
quadrupole is operated at the room temperature, it is rea- 
sonable to do the temperature stabilization process for the 
quadrupole assembly at 60-70 °C for one or two hours. The 
quadrupole strength will be decreased very slightly (less 
than 0.5% since the magnet material has very high intrinsic 
coercivity and all the magnet pieces have been heat stabi- 
lized to 100 °C. 

Since the the Curie temperature of the NdFeB material 
is much lower than the SmCo material used in the CESR's 
present IR quads, the temperature coefficient of Br was 
measured to be almost three times higher. This means the 
quadrupole strength is also almost three times more sen- 
sitive to the temperature. Fortunately, the Phase III quads 
focal length is longer (weaker focusing) due to its shorter 
physical length and the beta functions are lower, making 
the machine optics much less sensitive to changes in quad 
strength. It was estimated that the quadrupole temperature 
should be controlled to within 0.2 °C to limit the storage 
ring vertical tune shift within 0.0005 integer. The tempera- 
ture of the quadrupole will be controlled by running coolant 
through a 1/4 inch tubing on the out shell to remove heat 
from the silicon detector electronics. 

3.3    Corrosion and Surface Oxidation 

NdFeB material is more subject to oxidation and corrosion 
than the SmCo material. All surfaces of the magnet piece 
were coated with Cadmium Chromate coating for corrosion 
and oxidation resistance. 

3.4   Radiation Damage 

There are several reported studies about the radiation dam- 
age due to the neutrons and photons (7 and X-rays)[6, 7, 
8, 9]. Those data suggested that the integrated neutron flu- 
ences of 5 x 1014 n/cm2 and 50 MR of bremsstrahlung radi- 
ation is needed to show sizeable damage to the NdFeB ma- 
terial. The radiation level in the electron/positron storage 
rings is mainly due to the gamma bremsstrahlung and the 
synchrotron radiation. For CESR, it is estimated that the 
integrated dose of photons in the interaction region where 
the PMQs are located is a few MR for 5 years of opera- 
tion. The present CESR neutron level is measured at about 
2 x 109 n/cm2 a year. Both neutron and photos radiation 
level for the 5 years of CESR phase-Ill operation are esti- 
mated much lower than the threshold level to show signifi- 
cant radiation damage. Several magnet sample pieces were 
exposed to a dose of 6 MR of gamma radiation in a Cobalt- 
60 chamber and no magnetization change were found after 
the exposure. 

3.5   Field Quality 

The effect of nonlinearities in the permanent magnet 
quadrupoles is evaluated by a tracking study. The dynamic 
aperture is computed for trajectories with initial energy off- 
set 0, 5, and 10 GE/E for both the error free machine and 
a machine with errors. It is found that a field error of less 
than 1 x 10~3 at a radius 3 cm is required. 

The multipole field could be caused by magnet piece to 
piece variations in magnetization, errors in positioning the 
magnet and the anti-parallel demagnetization by the local 
field observed by some of the magnet pieces when the mag- 
net are assembled into the quadrupole. 

The variation of Br and magnetization angle error of all 
the magnet pieces were measured. It was found the the Br 

variation is less than ±2% and the angle error of the easy 
axis is within 2°. The field error will be reduced by match- 
ing magnets with similar properties and a tuning procedure 
to adjust a small amount of radial motion of each magnet 
piece to cancel the measured multipole field. A rotating 
coil measurement system was built to measure the multi- 
pole field to the accuracy of 1 part in 104 of quadrupole 
field at radius of 3 cm. It is expected that quadrupole with 
5 x 10~4 of multipole field error at 3 cm radius will be 
achieved. 
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Abstract 

The end magnets of the race-track microtron booster [1], 
which is the second stage of the 30.0 MeV cw electron 
accelerator under construction at IFUSP, play a 
fundamental role in terms of the beam quality. The use of 
correcting coils, based on the inhomogeneities of the 
magnetic field and attached to the pole faces, assured 
uniformity of 10"5. We present the performance of these 
coils when operating the end magnets with currents that 
differ in ±10% from the one used in the mappings that 
originated the coils copper leads. For one of the magnets, 
adjusting conveniently the current of the correcting coils, 
made it possible to homogenize field distributions of 
different intensities, once their shapes are practically 
identical to those that originated the coils. For the other 
one, the shapes are changed and the coils are less 
efficient. This is related to intrinsic factors that 
determine the inhomogeneities. However, in both cases 
we obtained uniformity of 10 "5 , much better than 
necessary. 

1 INTRODUCTION 

The end magnets of the IFUSP race-track microtron 
booster were designed, with the aid of numerical field 
computations (Poisson code) and of ray-tracing 
calculations (Ptrace code), to deflect an electron beam of 
5.1 MeV in a semicircular trajectory of about 36.0 cm 
diameter. They incorporate active field clamps [2] that 
avoid the vertical defocusing and the radial displacement 
of the beam. The method of correction employed [3,4] to 
homogenize the IFUSP race-track microtron booster 
accelerator magnets assured uniformity of 10 "5 in an 
average field of 0.1 T, over an area of 700 cm2. Several 
tests were done to investigate the behavior of these 
inhomogeneities and the performance of the correcting 
coils when the magnets are operated with currents that 
differ in ±10% from the one (27.4 A) that was used in the 
mappings that originated them. 

2 EXPERIMENTAL PROCEDURE 

The magnetic field measurements were done with 
differential Hall probes connected to a gaussmeter 
(F.W.Bell model 640) with resolution given by ±1.5|iT. 
The magnets were submitted to a well defined cycling 
procedure, empirically determined. This cycle provided 
reproducibility of 10 "5 for a magnetic field distribution 
of about 0.1 T. Stability of the same order was obtained. 

For each magnet, the correcting coils were obtained by 
the arithmetic mean of four field maps taken in different 
planes, two situated 12 mm above and two 12 mm bellow 
the middle plane [1] and with 27.4 A for the current of 
operation. The coils were made of etched printed circuit 
boards and the copper leads (4x10 "5 m thickness) were 
shaped like the lines of equal magnetic field separated by 
a distance of 7.4^T. Two identical double sided etched 
circuits, done for each magnet, were placed at their pole 
faces. In each point of the coils, an adequate current 
density provided tangential magnetic field components, 
identical to those that have to be compensated. Figures 1 
and 2 show the two magnets correcting coils. 

Figure 1 - The correcting coils used for the first magnet. 
The interval between the copper leads is 7.4uT. 

Figure 2 - The correcting coils used for the second 
magnet. The interval between the copper leads is 7.4uT. 

3 THE PERFORMANCE OF THE CORRECTING 
COILS 

Figures 3 and 4 show field distributions in the middle 
plane between the pole faces of the magnets operated at 
27.4 A (the points indicate the coordinates, in millimeter, 
of each magnetic field difference measurement). The 
magnets exhibit differences in terms of the shape and 
magnitude of their inhomogeneities. In the first one, 
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AB / B = ± 1.4x10 and in the other AB / B = ± 6X10" . 
The optimal currents for the correcting coils of each 
magnet, 122.2 mA for one of them and 115.7 mA for the 
other one, were found empirically and are in good 
agreement with the theoretical value (117.8 mA). 
The standard deviation, 65.1uT, for the field distribution 
shown in figure 3, becomes 1.8uT (figure 5a) using for 
the correcting coils the optimal current value, 122.2 mA . 
Although the shape of the inhomogeneity changes almost 
nothing when the current of operation is altered, there is 
variation in its intensity. Then we adjusted conveniently 
the current of the correcting coils in order to obtain field 
distributions as uniform as the one for 27.4 A . 
When the current of operation is raised from 27.4 A up 
to 30.0 A, the correction done by 122.2 mA current 
becomes increasingly excessive as can be seen by the 
growth of the standard deviations (figure 6). Then we 
used for the correcting coils currents successively smaller 
and always lower than 122.2 mA (figures 7). On the 
other hand, when the current of operation is raised from 
24.7 A up to 27.4 A, the correction performed by 
122.2 mA current becomes decreasingly insufficient, as 
shown by the lessening of the standard deviations (figure 
6), and what explains the need for currents successively 
smaller but always higher than 122.2 mA (figure 7) to 
compensate this effect. The results obtained for this 
magnet lead us to conclude that the field distributions, 
before the corrections, for currents of operation higher 

than 27.4 A are closer to those that originated the 
correcting coils and of smaller variation. Figure 6 reveals 
the performance of the coils in the situations exposed and 
uniformity of 10 "5 for all the cases as the standard 
deviation does not exceed 3.1uT. 
Figure 4 shows the field distribution in the middle plane 
of the second magnet operated at 27.4 A , in which the 
standard deviation, 17.8uT, becomes 2.5uT (figure 5b), 
using the optimal value 115.7 mA for the correcting 
coils. When the current of operation is altered the shape 
of the inhomogeneity is changed, specially for currents 
smaller than 27.4 A . Even so, we adjusted the current of 
the correcting coils. Nevertheless we found few 
differences between the results (figure 8) mainly for 
currents smaller than 27.4 A, where the standard 
deviations are practically superimposed. When the 
magnet is operated with currents greater than 27.4 A the 
distributions of the difference field measurements are 
more similar to those that originated the correcting coils 
but of greater variation. This explains the achievement of 
the best corrections revealed by the standard deviations 
and the need to increase the correcting coils current in 
this interval of operation (figure 9). Contrarily to the 
other magnet, in this case, the shape of the correcting 
coils copper leads does not exactly correspond to the 
inhomogeneity that has to be compensated and that is 
why the correction performed by the coils is less efficient. 
However, the uniformity obtained is of about 10 "5. 

Figure 3 - Field distribution in the middle plane of the 
first magnet. Difference between two lines is lOuT. 

Figure 4 - Field distribution in the middle plane of the 
second magnet. Difference between two lines is lOuT. 

Figure 5a - Field distribution in the middle plane of 
the first magnet using for the correcting coils the 
optimal current (122.2 mA). Difference between two 
lines is 2uT. 

Figure 5b - Field distribution in the middle plane of 
the second magnet using for the correcting coils the 
optimal current (115.7 mA). Difference between two 
lines is 2uT. 
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4 CONCLUSIONS 

The magnets present inhomogeneities that differ in terms 
of their shapes and strenghts what lead them to behave 
differently when the current of operation is altered. 
Through the results obtained we come to the conclusion 
that the success of the method of correction employed is 
related to the fact that the correcting coils must represent 
copies of the inhomogeneities. Once the shape of the 
inhomogeneities is not altered, intensity changes can be 
compensated adjusting conveniently the correcting coils 
current as it was done for the first magnet. For the 
second magnet the change in the inhomogeneity shape 
compromises the performance of the correcting coils. 
Besides, we should add that the first magnet, with a well 
defined inhomogeneity, in spite of being initially less 
uniform, is more susceptible to the correction but less to 
changes in the shape of the field distribution. This 
suggests that a greater uniformity represents a tendency 
of a less stable field distribution. These effects are related 
to intrinsic factors that determine the inhomogeneities. 
However both of the recirculating magnets present 
uniformity of 10 "5 when operated in the interval studied. 
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Figure 7 - Correcting coils currents for 
different currents of operation (first magnet). 

Figure 9 - Correcting coils currents for 
different currents of operation (second magnet). 
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Abstract 

The Fermilab Main Injector (MI) will accelerate (deceler- 
ate) protons and anti-protons from 8.9 GeV/c to 150 GeV/c 
(150 GeV/c to 8.9 GeV/c). To achieve high intensity sta- 
ble beam in the MI throughout the acceleration or decel- 
eration mode, two families of chromaticity compensation 
sextupole magnets are planned. The operating schemes for 
the chromaticity compensation systems will be different for 
the two modes because of the hysteresis of the sextupole 
magnets and the changed sign of the sextupole field com- 
ponent from beam tube eddy currents in the dipoles. Hence 
we have carried out detailed magnetic field measurements 
on some sextupole magnets. Here we present the results of 
the measurements and their implications on the accelera- 
tion and the deceleration cycles of the MI. 

1    INTRODUCTION 

High quality performance of the Main Injector (MI) is im- 
portant for the success of high energy pp collider physics 
programs at the Fermilab Tevatron and for several pro- 
posed fixed target experiments using the Main Injector 
beam[l]. The Main Injector is primarily used to accelerate 
high intensity protons and anti-protons (p) from 8.9 GeV 
to 150 GeV for Tevatron injection and protons to 120 GeV 
for p production. Recently we have decided to use MI to 
decelerate the un-used ps from the Tevatron and store them 
in the Recycler Ring[2] at 8.9 GeV/c. The mode of opera- 
tion for acceleration and the deceleration of the beams will 
be significantly different because of the hysteresis of the 
magnets. 

The natural chromaticity of the MI is about -33 units in 
both horizontal and vertical planes. Particle tracking stud- 
ies carried out in the MI at 8.9 GeV(injection energy) and 
at 120 GeV[l] showed that a tune spread Au <0.0075 is 
acceptable for stable operation of the beam. The -^ of 
the beam at injection from the Fermilab Booster is about 
1.5 x 10~3. Then the chromaticity requirement 

A AP 
V 

where x is the chromaticity, implies that x <5. Similar 
value of chromaticity is suggested by the head-tail insta- 
bility growth rate. To achieve the required chromaticity, 
two sets of 54 sextupole magnets[l],[3] will be inserted in 
the MI lattice. Also, to avoid head-tail instability after the 

transition energy of 20.49 GeV, a chromaticity jump is in- 
troduced. A model of chromaticity compensation scheme 
in the presence of beam-pipe eddy current, dipole satura- 
tion and static sextupole field have been developed[4] and 
subsequent improvements[5] have been made to include 
remnant fields of the sextupole magnets for different op- 
erating scenarios. Implementation of the fast ramps with 
7 «267 sec-1 near transition, has resulted in dominance 
of the eddy current contribution to sextupole components 
at low momenta. Some of our studies indicate that below 
transition the focusing set of sextupole magnets may have 
to run in bi-polar mode (Fig. 1(a)) i.e., at 8.9 GeV the sex- 
tupole current will be positive and for a short time during 
acceleration the sextupole current need to be negative to 
compensate for the large positive eddy current contribution 
to the sextupole field (Fig. 1(b)). Hence it is essential to 
study the low momentum behaviour of the MI chromaticity 
correction system. 

Figure 1 shows a comparison between sextupole strength 
requirements for acceleration and a deceleration cycle up to 
45 GeV/c. The cases shown here have slight differences in 
their 7 near transition, viz., 7= 267 sec-1 for the acceler- 
ation cycle and 7= -250 sec-1 for the deceleration cycle. 
However, it is evident that the eddy current contributions 
have opposite signs in these two cases. 
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Figure 1: Main Injector sextupole current ramps as a func- 
tion of the momentum for acceleration "a" and decelera- 
tion "c" cases. The sextupole contributions from the dipole 
magnets and contributions arising from the beam pipe eddy 
currents are shown in "b" and "d". 

Figure 2 illustrates the sensitivity of the chromaticity as a 
function of the sextupole current. We notice that for focus- 
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ing sets of sextupole magnets a current change of 1 A will 
introduce «4.5 units of chromaticity change at 8.9 GeV. So, 
if the chromaticity needs to be controlled to better than one 
unit then sextupole strength error should be less than 0.2 
Tm/m2. This would be difficult because of the non-linear 
component of the sextupole field in the sextupole magnets. 

To understand the low field behavior of the MI sex- 
tupole magnets extensive measurements have been under- 
taken at the Fermilab Magnet Test Facility (MTF). This 
paper presents data on the low field measurements of ran- 
domly selected sextupole magnets. 

Sensitivity of the Chromaticity as a function 
Sextupole Magnet Current for Ml operating Scenario 

Study of the Sextupole Magnet ISA061 

3 Focusing Loop 
»Defocusing Loop 

y=1/0.025'p 

50.0 100.0 
p, Momentum (GeV/c) 

Figure 2: Sensitivity of the horizontal and vertical chro- 
maticity as a function of the momentum. 
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Figure 3: Remnant field as a function of sextupole current. 

full strength up and down in about two to three seconds. 
Depending upon the details of the Fermilab accelerator "su- 
per cycle", the operating field strengths of the magnets will 
correspond to either 120 GeV or 150 GeV. However, the 
time required for each measurement with the rotating coil 
system mentioned above is about 0.5 min. Hence mea- 
surements under exact conditions are not possible. At low 
fields, measurements are carried out in the range of —40 A 
to 20 A in steps of 1 A. To understand the hysteresis effects 
at low fields we ramped the magnets to different maximum 
currents. 

2   MEASUREMENTS AND RESULTS 

2.1 Power Supply 

A special purpose power supply has been built to make 
detailed magnetic field measurements of the MI sextupole 
magnets at the MTF. The power supply is capable of pro- 
viding -40 A to 350 A current with a maximum error of 
100 mA below 10 A and 1% current regulation in the re- 
maining current range. The power supply was built with 
two 20 V/250 A power supplies connected in master-slave 
configuration to supply forward current up to 350 A. The 
reverse current is supplied by another 30 V/65 A power 
supply with summing power diodes. The maximum voltage 
swing of the test power supply is ± 15 V and the maximum 
current slew rate is set at 400 A per second. 

2.2 Field Measurements 

The magnets are measured at MTF using a rotating Morgan 
coil with the data base-controlled software[6]. The coil is 
rotated at the center of the magnet at a constant current. 
Sextupole field measurements are performed under differ- 
ent conditions of Main Injector operating scenarios except 
for the rate of change of field. Since the dipole satura- 
tion at high field provides as high as 60 units of negative 
chromaticity in horizontal plane, the measurement scheme 
also emphasizes the high field characteristics of the dipoles. 
During MI operation the magnets have to be ramped to their 

2.3   Results of Data Analysis 

The magnetic field data analysis done here is based upon 
the formalism described in Refs. [7]. There are mainly two 
steps involved in the data analysis. In the first step, three 
data sets corresponding to sextupole currents below 100 A 
are used to determine the true magnetic aperture A of the 
sextupole magnets. They are found to vary within 0.06% 
for the magnets studied here. In the second step, the non- 
linear components of the magnetic field is determined ac- 
cording to, 

B„ = B„ 
ßpZNLeffl 

2A3      ' (1) 

where Bmeas is the measured integrated sextupole strength, 
N = 24 is number of coil turns driving gap, I is the current, 
Leff is the effective length of the magnet. 

Some typical results of measurements are shown in 
Figs. 3 to 6. Figure 3 displays non-linear components of 
the sextupole magnets for five different maximum currents, 
viz., 125, 175, 250, 300 and 350 A. In all these cases the 
ramps start at 0.0 A. We find that the paths followed during 
up-ramp is the same within 0.025 Tm/m2 for all maximum 
current, while during down-ramps they differ significantly. 
The addition of the deceleration cycles of p to the MI oper- 
ating scenarios suggests the necessity of use of these data 
(or fitted curve to these data) in the MI sextupole magnets 
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Figure 4: Remanent field for different maximum sextupole 
magnet current. 

Study of the Sextupole Magnet ISA010 
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Figure 5: Remanent field for different bi-polar operation. 

power supply control system[8]. In Fig. 4, the remanent 
field as a function of maximum ramp current is shown. The 
maximum deviation is about 0.005 Tm/m2 which will not 
have any noticeable effect on the chromaticity. The data 
taken for negative currents are shown in Fig. 5. The open 
triangles showing - 10 A to 350 A data and filled trian- 
gles showing - 10 A to 125 A data follow almost identi- 
cal paths during up-ramp, while they follow quite different 
paths during down ramps. This feature is very similar to the 
data shown in Fig. 3 where the minimum current is 0.0 A. 

Data taken in a sequence where current is changed from 
(i) 10 A to 0 A to 20 A and, (ii) 10 A to - 10 A to 20 A 
are shown in Fig. 6. This data is very crucial in estab- 
lishing the performance of the chromaticity correction in 
the energy range 10 GeV/c to 21 GeV/c because the sex- 
tupole strength versus momentum response curve shown in 
Fig. 1(a) (Focusing) has negative slope. 

Figure 6: Remanent field for (BIO) 10 A to 0 A to 20 A 
and, (Bl 1) 10 A to -10 A to 20 A. 

stand the non-linear behavior of these magnets at low mag- 
netic fields. Since the chromaticity of the MI beam has to 
be controlled within a few units these data (or a fitted curve 
to these data) will be down-loaded to MI control system. 

Authors would like to thank the MTF personnel for their 
help during the magnet measurements. 
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3   SUMMARY 

We have carried out detailed measurements on several 
chromaticity compensation sextupole magnets to under- 
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integrate through the dipoles along a complete circumfer- 
ence C around the ring, the momentum, p, of the particles 
is 

e 

2TT 

Although the dominant fields in accelerator electromagnets 
are proportional to the excitation current, precise control 
of accelerator parameters requires a detailed understand- 
ing of the fields in Main Injector[l][2]magnets including 
contribution from eddy currents, magnet saturation, and 
hysteresis. Operation for decelerating beam makes such 
considerations particularly significant. Analysis of mag- 
net measurements and design of control system software 
is presented. Field saturation and its effects on low field 
hysteresis are accounted for in specifying the field ramps 
for dipole, quadrupole and sextupole magnets. Some sim- 
plifying assumptions are made which are accepted as limi- 
tations on the required ramp sequences. Specifications are 
provided for relating desired field ramps to required current 
ramps for the momentum, tune, and chromaticity control. 

1   INTRODUCTION 

Control of the momentum (p), tune (ux, vy) and chromatic- 
ity (£x, £y) of the accelerated beam is maintained through 
the interaction of several power supply systems and the 
rf system. Within the controls systems one must describe 
these variables as well as the currents and perhaps the volt- 
ages in the power supply loops. To simplify the interac- 
tions among these systems, we will rely on the beam vari- 
ables rather than such secondary properties as the magnet 
currents or rf phases. This should allow us to deal with 
subtleties, such as the history dependent hysteresis of the 
magnets, in only one place. 

We will relate these parameters to the fields of the pri- 
mary magnet systems, ignoring contributions from correc- 
tion and specialty magnets. The magnet systems[2]which 
must be considered in this context include the main dipole 
(IDA, IDB, IDC and IDD) system, the focusing and defo- 
cusing main quadrupole (IQB, IQC, IQD) systems, and the 
chromaticity sextupole (ISA) system which also has two 
families of sextupoles. We reference IDA, IQB and ISA 
magnet properties and design effective length ratios to pre- 
scribe the accelerator properties. The measured properties 
will be used to establish these parameters using suitable av- 
erages over all of the magnets in each circuit. 

2   EQUATIONS 

The equations will apply to particles on the design orbit 
which we will assume passes through the transverse cen- 
ters of the dipole, quadrupole and sextupole magnets. If we 

P- L By ds = e(Bp) (1) 

* Work supported by the U.S. Department of Energy under contract 
number DE-AC02-76CH03000. 

where e is the elementary charge, and By is the vertical 
component of the magnetic field. This expression defines 
Bp where p is a characteristic bending radius. We have 
p = (e/0D)BiLeff for an IDA dipole which bends by 
6D = 27r/(3011/3), 

The lattice design programs (such as MAD[3])describe 
the focusing properties of the lattice in terms of 
momentum-normalized gradients, fci, and effective 
lengths, Leff of the quadrupoles. If we take fci/(/cid) 
as the gradient in an IQB quadrupole on the focusing 
(defocusing) magnet circuit, we find the design betatron 
tunes (i/x, vy) are given by 

Qn    Qn 
Q21    Q22 

kif (2) 

where kif(kid) is the design gradient for focusing (defo- 
cusing) IQB quadrupoles. We write this more compactly as 
v_ = Q fa. The similar description of the chromaticity [4],%, 
must include not only the sextupole magnets but also the 
sextupole fields in the dipole magnets. We describe this us- 
ing the normalized sextupole &2 as x = XO + ^D^D + Sfe 
or 

XxO + SDX 

SDV/ 

k2D + 
'S11 
S21 

Si 2 
S22, k2d 

(3) 

Xo is the natural chromaticity of the lattice, /c2/(&2d) is the 
sextupole focusing near focusing (defocusing) quadrupole 
locations in the lattice, k^D is the dipole contribution to 
sextupole expressed as the contribution of an IDA dipole. 
The column vector SJJ, and the matrices Q and S char- 
acterize the design lattice and are determined from lattice 
design programs. 

For the quadrupoles, the relation between tune and fo- 
cusing is not linear. Perturbations about the design y_ will 
require a different set of coefficients which can also be cal- 
culated from lattice simulations. We will therefore supple- 
ment y_ = Qhy with 8v_ — SQSki. 5v is the (time de- 
pendent) difference between the tune specified in the base 
design and the tune desired by the machine operators, 5k_i_ 
is the required change in the magnet focusing, and 5Q_ ex- 
presses the coefficients for this differential change1. 

'We also expect that the real machine will imperfectly match the sim- 
ulations and may also express the measured tune vs. current differentials 
with an additional such equation. 

0-7803-4376-X/98/S10.00 © 1998 IEEE 3245 



Non-linear Portion of Dipole Field Strength 
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Non-linear Portion of Sextupole Field Strength 
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Magnet Current (A) 
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Magnet Current (A) 

Figure 1: Nonlinear portion of integrated dipole strength 
for 6-m Main Injector dipole as measured by the Harmonics 
measuring system. 

The focusing functions are defined in terms of the 
fields2; 

kN-lLeff 
(N-l)fBNds 

(BP) 
(4) 

The integrals are over a path along the transverse centerline 
and integrate through the length of the magnet. For the 
sextupole contribution of the dipole we have 

k2DLo 
2 / B3D ds _      fB1Dds 

(BP) 
263

; 

(BpW 
263%.    (5) 

where the final expression employs the normalized sex- 
tupole harmonic to describe these fields. 

Since we seek to specify the desired machine parameters 
and derive the required fields, we must invert these rela- 
tions. 

jfei + Ski = Q~xy + SQ-^E- (6) 

k2 = S-1(x-Xo-SD2b3 
0D 

—      LDa2 

3    SEXTUPOLE FROM DIPOLE MAGNETS 

(7) 

We neglect field errors (harmonics) except for the sextupole 
in the dipole magnets, described as 63 = bfatic + 63d y. 

The static sextupole field of the dipole magnets (mea- 
sured at fixed current) is governed by a combination of the 
pole shape and contributions due to the iron. Measured 
hysteresis is negligible. b3 measurements are obtained with 
two complimentary systems on each dipole[6].The contri- 
bution can be described either with a fitted function or a 
simple lookup table. 

2Harmonic quadrupole fields, Bi, and sextupole fields, B3 are de- 
fined following Glass[5].The factor of N - 1 in the numerator is because 
MAD considers field derivatives rather than field harmonics as its basis of 
description. 

Figure 2: Nonlinear integral sextupole strength. Symbols 
represent measured data with a variety of ramps. Lines are 
analytic representations where rampBLN is represented by 
a 4th order polynomial and transBLN = {dnBLN -"*> 
BLN)EXP(-\I - Ireset\/Ichar) with the up-down differ- 
ence evaluated at the reset current. Ichar is 20 A for up 
ramp transitions and 45 A for downramp transitions. 

The significant term due to eddy currents is cre- 
ated in the dipole beam pipe. Calculations[7]and 
measurements[8]have been carried out with rectangular 
shapes and with the actual beam pipe. Good agreement has 
been achieved. In the case of a rectangular approximation, 
the sextupole term is independent of the width of the pipe 
and the normalized sextupole harmonic is given by 

heddy Hocrta2 B _ B 
~~g~B ~   eddyB 

(8) 

where p,Q and a are the permeability and conductivity of the 
beam pipe material, t is the beam pipe thickness and g is 
the dipole gap height. B is the time derivative of the dipole 
field B. We use Peddy to account for small corrections due 
the actual geometry. 

4    CALCULATION OF REQUIRED FIELDS 

Field integrals of a multipole electromagnet are given[9]by 

BNLeff = 
poNNgLeffl     NCLeff 

2AN 2AN ß0 < Hsteel  > 

(9) 
where N is the harmonic number (1 for dipole), Ng is the 
number of turns per gap in the coil, A the pole tip radius 
(g/2 for a dipole), £ is the length of a flux line in iron 
with average H along the path of <Jtsteei>- I is the cur- 
rent through the coil. We note that the first term is propor- 
tional to / and it represents the field created in idealized 
iron by the magnet current. The second term describes the 
field lost in driving the iron. All saturation and hysteretic 
terms due to iron remanence are described by <Hsteei>- In 
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Figs. 1 and 2 we show this quantity for the Main Injector 
dipole[9]and sextupole[10]magnets, respectively. Describ- 
ing how these fields depend upon magnet excitation and 
excitation history is required to enable one to control the 
fields in situations where a variety of magnet ramp cycles 
are required. 

These figures suggest that the iron can be driven to an 
up ramp (lower B field) hysteresis state or a down ramp 
(higher B field) hysteresis state. Reversing the sign of B 
by reversing 7 will begin a transition from one hysteretic 
state to the other. In accordance with Equation 9 we define 
the non-linear field integral, (B^L)^, by 

l-D    r       \ NCLeff 
{BNLeff)nl = 2AN~l ^° <      steel > 

--ramP BLN{I)-transBLN(I 'Irevi *T' 

(10) 

u)      (ID 

where the first term takes values of UP
BLN (I) and 

dnBL,N (I) for up ramp and down ramp segments, 
trans

BLN (I — Irev, Irev) describes the transition between 
the two hysteretic states, and Irev is the current of the most 
recent reversal of j. To describe the I required to produce 
a given B requires knowledge of the previous direction of 
the current ramp and the current level at which the most 
recent change of ramp direction occurred. These functions 
also have a weak dependence on the maximum and mini- 
mum currents in recent ramp cycles. In Fig. 2 we illustrate 
hysteresis curves using polynomial for the ramp state term 
and exponentials for the transition term. 

5    RAMP CONTROL ISSUES 

For the Fermilab Main Ring, one assumed that the mo- 
mentum was proportional to the dipole current. Magnetic 
fields are scaled by momentum to set tune and chromatic- 
ity, while all the fields experience saturation and hysteresis. 
The addition of anti-proton deceleration cycles to the reper- 
toire of the Main Injector makes hysteresis considerations 
especially significant and saturation at high fields is greater 
for Main Injector operation. Precise control of beam pa- 
rameters requires a comprehensive new strategy. 

Since the hysteresis effects depend on details of the ramp 
cycles, power supply control will be carried out by specify- 
ing the desired momentum (p), tune (yx, vy) and chromatic- 
ity (£x,£y) of the accelerated beam for a given operating 
mode, calculating the required fields, and determining cur- 
rent ramps in the 5 main current buses which achieve the re- 
quired fields whenever beam is present. These calculations 
will be most effectively carried out in a single application 
which can then download the required current ramps to the 
real time power supply control system. In this fashion, the 
description of the hysteretic state is localized to an applica- 
tion program and is recalculated only when the operational 
requirements change. One may utilize special 'reset' ramp 
segments to establish a hysteretic state of magnets which 
simplifies efforts to match requirements over the balance 
of the cycle. Since we expect a mixture of 120 GeV and 
150 GeV operating modes to be required in succession, we 

are concerned that a given mode may depend upon what 
current ramp was used in the previous mode. We will pro- 
vide for a special reset segment at the end of each ramp cy- 
cle where each current bus can be required to execute some 
current changes which produce an approximately consis- 
tent magnetic state at the end of any magnet ramp. 

6   LIMITATIONS AND ASSUMPTIONS 

This model for power supply control assumes that the crit- 
ical fields are controlled by these five magnet current sys- 
tems and that the requirements depend only upon the spec- 
ified beam quantities. It is known that the coherent Laslett 
tune shift[ll]depends, instead, on the accelerated current 
in the ring. The tune control system will have to account 
for this in real time. Another exception is tune control for 
resonant extraction. But these need not upset the control of 
the hysteretic state which this system will achieve. 

Other systems could affect the momentum, tune, and 
chromaticity. We assume that either by design or by 
operational control the dipole correctors and harmonic 
quadrupole correctors will not create net changes of p or 
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Abstract 

A collaboration involving the Biomedical Research 
Foundation, Science Applications International 
Corporation, Fermi National Accelerator Laboratory, 
and the University of Washington is developing an 
accelerator for producing isotopes for Positron Emission 
Tomography (PET) scans. The Medium Energy Beam 
Transport (MEBT) section of this accelerator takes a 
small beam from a first RFQ acceleration device and 
matches it into a small 3D-acceptance at a second RFQ 
section. The beam transport system was designed to 
prevent beam losses due to emittance growth. The 
system includes two bending dipoles and seven 
quadrupoles of three different types. 

This report contains a brief description of the 
MEBT magnets and their electric, magnetic and thermal 
properties. The magnet measurements show that each of 
the magnets meets the system requirements. 

1   INTRODUCTION 

The alternative method of isotope production for PET 
scans uses Radio-Frequency Sections to accelerate 
3He** particles up to 10.5 MeV [1]. The linac transport 
system consists of low energy, medium energy, and 
high energy parts. One 1 MeV, 212.5 MHz RFQ section 
and three 425 MHz RFQ sections bring the beam energy 
up to the target 10.5 MeV value. The MEBT, medium 
energy part of the accelerator (figure 1), is designed 

IBM OUADRUPOLE102 

OUW OLE 04 

(XMRUPOLE 05 

Figure 1. PET MEBT layout. 

to accept the beam from the first RFQ section and 
insure proper beam transverse size and desired bunch 
longitudinal size at the entrance aperture of the second 
RFQ section. System requirements and space limitations 
resulted in a specific design for the bending dipoles and 
for each of the three quadrupole types used in the 
MEBT. 

2  BENDING GRADIENT DIPOLES 

Two 270° gradient dipoles were inserted into the 
MEBT to allow magnetic rebunching between the first 
and the second RFQ sections, and to reduce the 
accelerator length. The dipoles have a central line 
radius R = 304.8 mm, a pole width w = 158.75 mm, and 
a central line pole gap g = 30.48 mm. The central line, 
central plane (plane of symmetry) magnetic field 
required for the transportation of 1.0 MeV 3HC** 
particles is B0 = 4101 G, but the dipoles were designed 
to allow B0 = 8202 G to have a possibility for 3He+ ion 
transportation through the MEBT channel. The 
magnetic field has to be a linear function of radius with 
field index n at central line (R = R0) 

n = -^.^ = 0.53 
B0  dR 

The magnet pole ends were shaped for additional 
focusing to reduce the number of required additional 
focusing devices. The two magnets used in the MEBT 
system are identical except for their mirror symmetry. 
The magnet main parameters are listed below: 

diameter and height - 00.96 m x 0.33 m; 
weight - 1400 kg; 
wire used - 5.79 mm square wire with 0 3.2 mm 

hole for cooling water; 
total number of turns per magnet -112; 
maximum current - 180 A (B0 = 8202 G); 
nominal wire resistance at 20° C - 0.270 Ohm; 
calculated low-frequency inductance - 0.12 H; 
maximum power losses at 180 A - 9300 W; 
water temperature rise at 180 A - 30° C; 
minimum water flow required at 180 A - 4.6 1/min.; 
number of parallel water circuits per magnet - 8; 

For proper system operation, only +3.2 G difference is 
allowed between the real and ideal magnetic field in a 

* Operated by Universities Research Association Inc. under contract 
with the U.S. Department of Energy. 
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region 254 mm < R < 355 mm at nominal field 
strength. 

A tolerance analysis made using the OPERA-2D 
program has shown that in order to meet this 
requirement, it is necessary to machine the magnet pole 
surfaces with an accuracy of about 10 urn. Figure 2 
shows the difference between the measured (or 
calculated) and ideal magnetic field that is plotted 
against the radial position. Calculations were based on 
the measured pole profile. 
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Figure 2. The Dipole Field Quality. B0=8200 G. 

The dipole excitation curve is practically a linear 
function of current, but about 100 G magnetic field 
hysteresis exists. 

3   QUADRUPOLES 

The MEBT quadrupoles focus the beam transverse 
dimensions inside an allowed range at the entrance into 
the dipole Dl and into the RFQ-2 (figure 1). Five main 
and two trim quadrupoles are installed in the MEBT 
beam-line. Table 1 below shows the required integrated 
strength for the main quadrupoles. 

Table 1 

01 02 03 04 05 
G*L (T) 0.72 0.66 0.15 0.92 1.28 

All quadrupoles should have an aperture R>38 mm. 
The length of the main quadrupoles must be less than 
125 mm. The width of Ql, Q2, Q4, and Q5 can't be 
larger than 400 mm; the width of Q3 should be less than 
300 mm. Trim quadrupoles should have minimum 
integrated strength G*L = 0.04 T, their length should 
not exceed 50 mm and width - 150 mm. Because of the 
relatively large integrated strength of Ql, Q2, Q4, and 
Q5, only water-cooled coils can be used. Trim 
quadrupoles and Q3 were made with air-cooled coils. 

3.1 Water-cooled quadrupoles 

The cores for the Ql, Q2, Q4, and Q5 quadrupoles 
were made from the laminations that were used for the 
Fermilab 3Q-120 quadrupole production in the 1980's. 

To meet the integrated strength requirements the core 
length was chosen equal to 50 mm. 

The main water-cooled quadrupole parameters are 
listed below: 

wire used - 5.79 mm square wire with 0 3.2 mm 
hole for cooling water; 

number of turns per pole - 48; 
nominal quadrupole resistance - 0.04675 Ohm; 
low-frequency magnet inductance - 7 mH; 
power losses at integrated strength 1.3 T - 5000 W; 
minimum water flow required - 1.2 liter/min. 
temperature rise at minimum water flow - 60° C; 
number of parallel water circuits per magnet - 2. 

Figure 3 shows the difference between the 
calculated and ideal magnetic field, which is a linear 
function of X, for the gradient G = 2000 G/cm 
corresponding to the integrated strength required for the 
Q5 quadrupole. 

dB(G) 

Figure 3. Water-cooled quadrupole field quality. 

As the quadrupole excitation curve (figure 4) 
shows, the current required to achieve the Q5 maximum 
integrated strength (table 1) is about 1.7 times larger 
than that for the quadrupole with an ideal core. 
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Figure 4. Q5 quadrupole excitation curve. 

2D magnetic modeling can explain only 30% of the 
current rise due to the steel nonlinearity. This difference 
originates from the very short length of the quadrupole: 
the end flux of the quadrupole becomes comparable 
with the useful flux. The problem can be corrected by 
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making the pole tip length as large as possible within 
the allowed quadrupole total length limit. 

3.2 Air-cooled quadrupoles 

Except for required maximum field strength and 
dimensions, Q3 and the trim quadrupoles have a similar 
design (figure 5). 

ß ^ 

Figure 5. Air-cooled Quadrupole. 

To make air-cooling possible, the pole length was 
made as large as the space limitation allowed. Poles 
were manufactured from solid steel; flux returns were 
assembled from two halves to allow quadrupole 
mounting around the PET beam-pipe. Coils were wound 
on cylindrical bobbins using solid round insulated 
copper wire. Coil-pole assemblies were mounted into a 
flux return frame using assembly tooling that insured 
proper pole positioning. The main design parameters for 
the trim quadrupoles are listed below: 

wire - film coated 0 0.7 mm round copper wire; 
number of turns per coil - 315; 
quadrupole resistance - 7.0 Ohm; 
nominal current - 1.1 A; 
quadrupole low-frequency inductance - 0.2 H; 
power losses at nominal current - 9.0 W; 
maximum coil current allowed - 3.0 A; 
surface temperature at maximum current - 95° C. 

Figure 6 shows the excitation properties of the trim 
quadrupole. Analysis of this excitation curve reveals a 
significant reserve in the integrated strength, but this 
reserve is too small to use a trim quadrupole instead of 
Q3. The Q3 quadrupole has a larger length and steel 
cross-section in order to meet the integrated strength 
requirement. The design parameters for Q3 are listed 
below: 

wire - film coated 01.15 mm round copper wire; 
number of turns per coil - 1190; 
quadrupole resistance - 19.1 Ohm; 
nominal current - 0.64 A; 
quadrupole low-frequency inductance - 6.7 H; 
power losses at nominal current - 8.0 W; 
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maximum coil current allowed - 4.0 A; 
surface temperature at maximum current - 95° C 

The excitation curve for Q3 is shown in figure 7. 
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Figure 6. Trim quadrupole excitation curve. 
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Figure 7. Q3 quadrupole excitation curve. 

4 CONCLUSION 

A set of magnetic devices was designed, 
manufactured and tested at Fermilab for the PET 
Medium Energy Beam Transport System. The magnets' 
properties are close to what was expected. The recent 
PET accelerator beam experiments [2] have shown that 
the MEBT meets the system requirements. 
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ANALYSIS AND MEASUREMENTS OF EDDY CURRENT EFFECTS OF 
A BEAM TUBE IN A PULSED MAGNET 

S. Fang and W. Chou 
Fermi National Accelerator Laboratory 

P.O. Box 500 
Batavia, Illinois 60510, USA 

Abstract 

The power supply design of the yt- jump system in 

FNAL Main Injector uses a resonant circuitfl]. A critical 
design parameter is the ac losses of the beam tube in a 
pulsed quadrupole. This paper gives an analysis to this 
problem. An equivalent circuit model based on the 
impedance measurement was established. The measured 
and calculated losses are in agreement. Another effect of 
the eddy current is the distortion of the magnetic field 
inside the beam tube. A Morgan coil was used for field 
measurements up to 10 KHz. These results are presented 
in this paper. 

I INTRODUCTION 

The power supply of FNAL Main Injector /, - jump 

system requires a pulsed magnet string as part of its 
resonant circuit. The total ac losses of magnet string is 
critical on designing the power supply. The ac losses 
come from coil winding resistance, laminations and beam 
tube due to eddy current effects. The transfer function of 
magnetic field and magnet current is no longer a constant. 
Magnetic field attenuation inside of the beam tube and 
the time delay between the field and current increase as 
frequency increases. The ac losses of the beam tube and 
the associated effects on magnetic field are the focus of 
this paper. 

II BEAM TUBE AC LOSSES 

In order to study the AC losses of a beam tube in a 
pulsed magnet, an air core quadrupole magnet called 
QXR with a circular stainless steel beam tube was used 
for analysis and measurements. The core losses from this 
air core quadrupole magnet are very small and can be 
neglected. The sources of the ac losses come from the 
beam tube due to eddy current effect and winding dc 
resistance. 

The first approach for estimating the ac losses of a 
beam tube is the electrical equivalent circuit based on 
impedance measurement. 

Figure 1 shows a circuit basic model for a magnet 
with a beam tube. The degree of the circuit complexity is 
dependent on the impedance measurement data. The 
values of the frequency independent circuit elements are 
selected such that the basic model matches the impedance 
measurement data both in magnitude and phase. The 
resulting basic circuit model can be converted and 
simplified to the circuit model shown in figure 4. The 
R  represents the winding dc resistance of the magnet. 

L(f) is the equivalent inductance of the magnet 

and R(f) represents the beam tube ac losses due to eddy 

current. The L(/)and /?(/)are frequency dependent 

variables and they are determined by the impedance of 
the magnet. 

Uf) = 

*(/) = 

4n2f2L. 2,R   2 
'eq   "r'v<y 

4x2f2L. 'eq 

.2 *l r2 A^rUjq+Rel 
R. 

(1) 

(2) 
eq 

where   Rg   =Re(Z)-/?w,   Leq = Im(Z) / 2nf .  Perform 

simple circuit analysis on the circuit in figure 4, the 
power dissipated in R(f), which represents the beam tube 
ac losses, is obtained by 

"BeamTuhe 
4x2f2L(f)2 

R(f) 
I   2 
'mag 

and the power dissipated in Rw is 

Winding :,   =[1 + 
2*PW   ,2R  j      2 

R(f)       w mag 

(3) 

(4) 

where /„™ is the magnet inductance current and it is 

directly related to the magnetic field inside the beam tube. 
The impedance data taken from the measurement for 

the QXR magnet are shown in figure 2. The measured 
Rwis 140mQ. The frequency independent circuit 

elements in figure 1 were selected such that the basic 
circuit model matches the data (R1=8Q, R2=400Q, 
R3=20Q , Ll=420 pH , L2=230//tf , L3=230 juH ). The 

Operated by the University Research Association Inc., 
Under contract number DE-AC02-76CH03000 with the 
U.S. Department of Energy. 

0-7803-4376-X/98/$10.00©1998 IEEE 3251 



basic circuit model is then converted to the simplified 
model as shown in figure 4. The L{f) is plotted in figure 

5 by using equation (1). Figure 5 shows the QXR 
inductance decreases as frequency increases. This is 
because the flux is reduced by the eddy current induced B 
field. The ac losses of the beam tube is generated by 
equation (3) in figure 3 with beam tube ac losses in watts 
per ampere squared as function of frequency. As seen in 
figure 3, the beam tube ac losses rise linearly as a 

function of/  below 2 KHz. There is a fall off from this 

linear relationship above 2 KHz. This is partly due to the 
decrease of L(f)  as frequency increases as explained 

above. 
The second approach for estimating the ac losses of 

the beam tube is theoretical calculation based on the 
quadrupole field and the properties of the beam tube. 
When a circular beam tube is placed in a varying 
quadrupole field, the eddy current induced field is 

1 dB' 
Bed = T Mo —r-v t r 2 at (5) 

The ac losses due to the eddy current is 
1 

Peä=- dt tube (6) 
where //„is the permeability of air, B' is quadrupole 

field gradient, a is the conductivity of tube material, / is 
the thickness of the tube, and ; , is the length of the tube. 

tube 

The field gradient of an air core quadrupole is: 

D,      1 Mo'"*mag 
t>   = ^  

2      A2 (7) 
where N is number of turns per gap which is twice the 
number of turns per pole, A is the radius of inscribed 
circle of the magnet poles. The inductance is 

L = \   WoN\ mag (8) 
where /      is the length of the magnet. From equation 

(6), (7), and (8), one gets the beam tube ac losses due to 
eddy current: 

mag 
mag (9) 

Equation (9) uses the fact that A is about the same as r in 
the measurement. For a given set of beam tube data and 
the measured magnet inductance, the calculated ac losses 
of the beam tube is obtained by equation (9) and the 
result is plotted in figure 3. It is seen that the results from 
the two different approaches agree with each other up to 
2 KHz. 

Ill MAGNETIC FIELD DISTORTION 

In order to understand the possible associated 
distortion of the quadrupole field, a Morgan coil is placed 
inside the stainless steel beam tube of the QXR magnet. 
The coil has a set of pickups that can probe various 
multiple components of a varying field, including dipole, 
normal quadrupole, skew quadrupole, sextupole, 
octupole, decapole,12-pole and 20-pole. 

The coil is positioned manually at the center of the 
beam tube such that the normal quad signal reaches 
maximum while the dipole and skew quad signals 
minimum with a sinusoidal excitation current at 130 Hz. 
The measurement was carried out in the frequency range 
from 130 Hz to 10 KHz. The results are shown in figure 
6. In an ideal situation, the normalized ratio of magnetic 
field and current B/I, which is proportional to the ratio of 
pickup signal to time derivative of magnetic field, should 
be a constant as frequency increases. The actual decline 
of B/I is believed to be the result of the eddy current in 
the beam tube. 

Almost all the error field signals remain to be small 
(< 3%) in this frequency ranges shown in figure 7. These 
error fields are probably mainly due to the position error 
of the coil rather than from the eddy current effect. One 
exception is the 12-pole. This is the first allowed (by 
symmetry) error field. It reaches about 12% of the normal 
quad field at 10 KHz. 

IV CONCLUSION 

The ac losses of the beam tube due to eddy current 
has been analyzed by using impedance measurements and 
theoretical calculations. The agreement between these 
two approaches below 2 KHz gives us confident on 
estimating beam tube ac losses as functions of current and 
frequency for the yt - jump system design. The magnetic 

field distortion due to eddy current effect on a stainless 
steel beam tube is small. 
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EXPERIENCE WITH THE PROCUREMENT OF FERRITE AND 
TEMPERATURE COMPENSATOR FOR PERMANENT MAGNETS FOR 

ACCELERATORS 

William B.Fowler, Bruce Brown, and James Volk, Fermi National Accelerator Laboratory* *, P.O. Box 500 Batavia, IL 

60510 

Abstract 

The use of permanent magnets for transporting the 8 GeV 
proton beam from the Fermilab Booster to the new 
Fermilab Main Injector accelerator has been implemented 
and the magnets for a new 8 GeV ring to be installed in 
the Main Injector tunnel for increasing the luminosity of 
pbar/p collisions in the Tevatron are about to start being 
produced. Strontium oxide ferrite was selected for the 
magnets due to it's low cost and satisfactory magnetic 
properties for the 1.5 kilogauss fields required in the 2- 
inch gap magnets. Fermilab has received 96,000 pounds 
of ferrite and by working with the Vendor (HITACHI, 
Edmore, MI) improved uniformity of Residual Induction 
(Br) has reached 3905 gauss ±0.65%. Further details are 
given in the paper. Overcoming the magnetic field 
variation when the temperature of the magnets changes is 
accomplished by incorporation of approximately 30% 
nickel steel alloy. The ferrite changes approximately - 
o.2% per degree C, which is compensated for by the 13% 
by volume of compensator alloy incorporated in the 
magnet. Fourteen thousand (14,000) pounds of this 
material has been received and in order to obtain sufficient 
uniformity we mixed equal amounts from each batch into 
each magnet. Results of this process are given in the 
paper. 

1 INTRODUCTION 

Fermilab has added to the Main Injector Project a fixed 8 
GeV storage ring called the Recycler. It is to be located in 
the Main Injector tunnel directly above the Main Injector 
magnets near the ceiling of the tunnel. The construction 
schedule calls for the installation of the Recycler ring 
during the completion of the Main Injector. This is made 
possible by the use of permanent magnets. The primary 
benefits of the Recycler are: 
1) Facilitates the attainment of Tevatron collider goals 

by relieving the Antiproton Source of the 
responsibility for maintaining high stacking rates at 
high stacks. 

2) Provides potential for a factor of two in Tevatron 
Luminosity by allowing recovery of unspent 
antiprotons at the end of stores. 

Since there was very little experience in the use of 
permanent magnets at Fermilab it was decided to convert 
the 8 GeV beam transport line from the Booster to the 
Main Injector from electro magnets to permanent magnets 
similar to those required by the Recycler. The 8 GeV line 
of about 100 magnets required 80,000 pounds of Ferrite. 

2 FERRITE 

Type 8 Strontium Ferrite was chosen based on cost, 
availability and stability. There are three major 
manufactures of Strontium Ferrite in the United States 
each with a capacity of several million pounds per year. 
The Material is used in automobiles, speakers and lifting 
devices. Recently it has been used in permanent magnet 
magnetic imaging applications. A standard brick size was 
selected and in order to incorporate the bricks into the 
Recycler magnet design attention was given to 
dimensional tolerances. Fig. 1 shows the variation of the 
six inch length dimension of a brick in a typical sample 
of 40 bricks. Fig. 2 shows the variation in the four inch 
width dimension in the same sample of 40 bricks and Fig. 
3 the variation of the one inch thickness dimension. 

Length 

0) 
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Fig. 1 Variation in Brick length for 40 Bricks 
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Fig. 2 Variation in Brick width for 40 Bricks 
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Fig, 3 Variation in Brick thickness for 40 Bricks 

Table I presents this data in comparison with the 
specification. In order to achieve the smallest possible 
dimensional variation a three cavity die was constructed by 
the successful Vendor, HITACHI METALS(Edmore, MI) 
and all of the Strontium Ferrite bricks for Fermilab are 
produced with this die. Of interest to note is that the 
production rate with this three cavity die is three bricks 
every two minutes and 15 seconds. This yields about 1600 
bricks per 20 hour day. 

Table 1: Specification vs. Measurements 
Brick Dimensions in inches 

Specifications 

Length 6.000 +.090 

-.090 

Width 4.000 +.060 

-.060 
Thickness 1.000 +.005 

-.005 

40 Brick Measurements 

Length 6.000 +.070 

-.000 
Width 4.000 +.030 

-.015 

Thickness 1.000 +.002 

-.002 

This then overcomes the inherent variation in Ferrite 
magnetic properties. However in order to minimize the 
magnitude of the trimming operation it is beneficial to 
reduce the Ferrite brick differences in Br and Hci to the 
extent possible. Type 8 Ferrite nominal Br is 3850 Gauss 
with 3050 Gauss for Hci. The accepted tolerance on Br is 
±5% and ±8% on Hci. By restricting the brick processing 
to the more uniform temperature portion of the kiln during 
the Sintering operation the variation in Br has been reduced 
to ±0.65%. Of interest is the tracking studies that Fermilab 
has carried out from batch to batch of Ferrite received. 
Fig.'s 4 and 5 summarize magnetic tests performed by the 
Vendor on a randomly selected brick from each 400 bricks 
shipped. Five shipments are shown. The two earliest 
consisted of 10 tests from a total of 4000 bricks each. The 
three latest shipments contained 6000 bricks with 15 tests 
each. 

4050 

One note of caution in using the tighter tolerances as 
determined from the 40 brick data should be expressed. This 
restricted set of bricks did not include the entire range of 
possible dimensions over the production run of 70,000 
bricks so it may not correspond to the maximum variation 
one might encounter. However the important conclusion is 
that it is probably not necessary to use the range of the 
generally accepted specification if a single die is used and 
by measuring the total range of brick dimensions a tighter 
tolerance can be used for the permanent magnet design. 

Recycler magnets are required to have an integrated field 
strength accuracy that can only be achieved by adjusting the 
amount of Ferrite in each magnet after it is constructed. 

.£ 3900 
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Fig. 4 Trend Analysis of Ferrite Bricks Received by 
Fermilab (Br) 
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Fig. 5 Trend Analysis of Ferrite Bricks Received by 
Fermilab (Hci) 

3 COMPENSATOR 

Overcoming the Recycler magnets change in magnetic 
field due to unavoidable tunnel temperature changes is 
accomplished by incorporating 13% by volume of 30% 
nickel steel alloy. Recent measurements of the 
temperature coefficient of three separate Ferrite bricks 
showed -0.187%,0.184% and -0.189% per degree C. 
Therefore some of the magnetic field change can come 
from variation in the Ferrite properties. Compensator 
alloy measurements supplied by the Vendor (TELCON, 
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Crawley, England) show a variation of AB/AT of 61 to 78 
Gauss/degree C. These measurements are at 50 Gauss. 
Recent measurements at 1500 Gauss, the field that the 
Recycler magnets operate at were similar. The variation 
seems to depend on the work hardening that occurs after a 
final heat treatment. We have avoided the complication of 
the need to change the percentage of compensator in each 
magnet by mixing compensator batches, the mixing 
included mixing different melts of material and also 
mixing compensator from the ends and middle of a roll of 
material. For instance some measurements from the two 
ends of a roll are identical while in other cases the 
measurement from the two ends of a roll vary by 10%. 

The Recycler permanent magnets are primarily combined 
function magnets, that is they combine a dipole field and a 
quadrupole field by using tapered pole tips. The 
compensator is incorporated as two inch wide by six inch 
long strips each 50 mils thick. Per four inch brick there 
are ten compensator strips. Since these packets of 
compensator are assembled into the magnet as it is 
constructed it is important to not have to adjust the 
number of strips. To do so requires the magnet to be taken 
apart. Investigations are continuing to be sure that our 
mixing procedure avoids this complication even though 
during the last stages of 8GeV beam line magnet 
production     no     magnets     had     to     be     redone. 
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Type mag 

(m) 
jBdl (T-m) igdl(T) N 

Horizontal 2.464 0.56953 0 45 
bend 
Vertical 3.556 0.8220 0 4 
bend 
Gradient 4.00 0.56953 1.851 65 
Quadrupole 0.508 0 1.481 9 

PERMANENT DIPOLE MAGNETS FOR THE 8 GEV TRANSFER LINE AT 
FNAL 

H.D. Glass\ B.C. Brown, G.W. Foster, W.B. Fowler, J.E. Haggard, DJ. Harding, G.P. Jackson, 
M.P. May, T.H. Nicol, J.F. Ostiguy, P. Schlabach, G.A. Smith, J.T. Volk, Fermi National 

Accelerator Laboratory, Batavia, IL 60510 

Abstract 

The transfer line that will serve to transport 8 GeV 
protons from the Booster to the new Fermilab Main 
Injector has been built using permanent magnets. A total 
of 46 horizontal bend dipoles and 5 vertical bend dipoles 
were built for this beamline; 67 gradient magnets [1] 
were also built. The magnets were built using magnetized 
strontium ferrite bricks. Thermal compensation of these 
bricks was effected by use of a nickel-iron alloy. The 
dipole magnets were built with a mean integrated strength 
of 0.56954 T-m, and an rms spread of 0.06%. The 
magnets were thermally cycled from 20°C to 0°C to 
condition the ferrite against irreversible thermal losses, 
and the compensation was measured with a flipcoil. The 
magnet strength was adjusted by varying the number of 
bricks installed at the magnet ends. Details of the 
assembly process and a summary of magnetic 
measurements are presented here. 

1 THE 8 GEV TRANSFER LINE 

The design of the Fermilab Main Injector (FMI) calls 
for protons to be extracted from the existing Boster at 8 
GeV and transported 756 m for injection into the FMI [1]. 
This transfer line is comprised of three major sections; 
the long central section, consisting of a long string of 
periodic FODO cells, is made entirely of permanent 
magnet dipoles, quadrupoles, and gradient magnets. The 
motivation for employing permanent magnets wherever 
possible in the line was primarily to acquire the 
manufacturing and operating experience necessary to 
ensure the success of the future Recycler Ring [2]. 

1.1 8 GeV beamline permanent magnets 

The 8 GeV line uses four types of permanent magnets: a 
gradient (combined function) dipole [3] used in the 
normal arc cells, a normal quadrupole [4] used in the 
reverse bend cells near the beginning of the line, a short 
dipole used for horizontal bends in the arc cells, and a 
vertical bend dipole used to pitch the beam down coming 
out of the Booster. The horizontal and vertical bends are 
very similar in design, and are the focus of this paper. 

12  Permanent magnet design 

We have elected to use "hybrid" permanent magnets in 
the 8 GeV line; in this type of design, the field is driven 
by permanent magnet material and the field shape is 
determined by the geometry of steel pole pieces. For 
reasons of stability and cost, we use strontium ferrite as 
the permanent magnet material. A drawing of the double 
dipole (horizontal bend) magnet end view is shown in 
Fig. 1; the permanent magnet bricks drive flux into the 
pole tips from the top and sides. 

The pole tips are supported by an aluminum spacer 
which determines the height of the magnetic gap. The 
pole assembly plus bricks are contained in a flux return 
shell that is 1.91 cm thick. We use solid bar stock 
components for the poles and flux returns rather than 
laminations. The pole tip steel is 1008 low carbon steel. A 
NiFe temperature compensation alloy is used for 
cancellation of the -0.2%/C temperature coefficient of the 
ferrite, and in the dipole magnets is inserted into the sides 
of the magnet aperture. 

In order to limit stray flux from leaking out, the end 
fields of the magnet are terminated by flux clamp / end 
plate assemblies which are magnetically connected to the 
flux return shell. An aluminum retainer plate 
immobolizes the beam tube and protects the magentic 
pole tips from magnetic debris. The end plates are 
removable to permit access to the ends of the pole pieces 
for shimming operations. The flux return extends 5.08 cm 
past the ends of the pole pieces at each end; the end plates 
are 1.27 cm thick; therefore, the mechanical length of 
these magnets are 12.7 cm longer than the magnetic (pole 
piece) length. 

* Work suported by the U.S. Department of Energy under 
contract number DE-AC02-76CH03000. 
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The magnets are designed to fit around an elliptcial 
beam pipe with inner dimensions under vacuum of 
approximately 4.57 cm (vertical) x 9.91 cm (horizontal). 
A transition to a 10.16 cm round pipe has been provided 
on all magnets. 

i 

I 

Figure 1. Cross section of the vertical bend dipole. 

2 MAGNET ASSEMBLY 

2.1 Magnetization of bricks 

Ferrite bricks are shipped unmagnetized from the foundry 
and are magnetized shortly before assembly using a 2 T 
electromagnet. The ferrite is purchased in standard size 
I"x4"x6" bricks, with the 1" dimension ground to 
±0.005" flatness and the 4"x6" dimensions left at a 
tolerance of ±0.060". The dipole side bricks are cut in 
half before magnetization. In the early stage of the 
production run, the magnetic strengths of the bricks were 
individually measured; this measurement became 
superfluous as the production line became more efficient. 

2.2 Mechanical assembly 

The assembly process begins with the machining of the 
pole tips from solid bar stock. The pole tip spacing is set 
by bolting them down against aluminum pole tip supports 
at either edge. Magnetized bricks are then glued with 
epoxy to the flux return plates. Both the vertical and 
horizontal bends employ a "double-dipole" design in that 
two layers of bricks are used behind each pole, providing 
5.08 cm total thickness of magnetic material. A double 
layer of bricks are also glued onto the side flux return 

plates. The flux return plates are then lowered carefully 
onto the pole tip assembly using mechanical fixturing to 
control the magnetic forces [6]. A steel end plate is bolted 
onto each end of the magnet to terminate the flux lines. 

2.3 Strength trimming 

The magnet is designed so that a fully-loaded magnet 
having bricks of nominal strength will be 3-5% stronger 
than required. Dummy bricks, fractional bricks, and 
spacers are used to control the total strength and to 
correct for brick-to-brick and lot-to-lot variations. A final 
strength trim was performed at the magnet factory using a 
flip coil system to measure the integrated strength. 
Trimming is accomplished by removing or adding bricks 
or partial bricks to the magnet ends as required. The 
trimming tolerance, as measured with the flip coil, was 
0.1% for the dipole magnets. The strength measurements 
were independently verified using a rotating harmonics 
coil at the Fermilab Magnet Test Facility. 

3    DIPOLE MAGNET DESIGN 

The horizontal and vertical bend dipoles are identical in 
cross section but differ in length and integrated strength. 
A cross section of the magnet is shown in Fig. 1. The 
horizontal dipoles (PDD) provide a 20 mrad bend and a 
nominal bend field of 0.23 T. This higher strength is 
achieved by stacking the ferrite bricks two deep behind 
the poles and at the sides of the magnet. The vertical 
bends (PVB) are longer versions of the PDDs, which are 
mounted on their sides to provide the bends in the vertical 
drop region of the 8 GeV line. 

The dipoles use a flat pole tip fabricated from a 
single piece of Blanchard-ground bar stock. No edge 
shims are needed on the pole face to provide adequate 
field quality because of the field shaping provided by the 
side bricks. This represented a significant cost savings 
over a custom ground pole profile. 

A significant design choice for the dipoles was the 
placement of the compensator material at the edges of the 
magnet gap region. This is in contrast to the interspersed 
method used with the gradient magnets. The advantages 
of the gap comepnsator are 1) the design is more 
magnetically efficient, since none of the ferrite space 
behind the pole tip is wasted, 2) less total compensator is 
used since it only spans the 1" half-gap of the magnet, 
and 3) the compensator strips run longitudinally and can 
easily be replaced after magnet assembly. The 
disadvantage of the gap compensator is a slight sensitivity 
of the field shape to both compensator placement and 
temperature. Both effects are accepatble for the 8 GeV 
line but undesirable for the more stringent requirements 
of the Recycler. 
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Figure 2. Histogram of dipole strengths as measured 
bv 3 different probes. 

4    THERMAL CYCLING AND COMPENSATION 

4.1 Freezing to condition against irreversible losses 

Strontium ferrite can be demagnetized by exposure to low 
temperatures, due to the positive value of dH/dT. This is 
a one-time loss which depends only on the lowest 
temperature to which the magnet has been exposed. 
Typical demagnetizations are 0.1% at 0°C and 0.2% at - 

20°C. There is a lot-to-lot variation of ±10% in Ht. For 
these reasons we froze each magnet to 0°C in a custom 
built refrigerator in the magnet factory prior to final 
trimming. The refrigerator was large enough to freeze up 
to 18 magnets overnight. Magnets were measured for 
strength at room temperature prior to freezing, and were 
measured again immediately after being removed from 
the freezer. They were remeasured one last time after they 
had warmed up to room temperature. The strength losses 
from freezing were typically 0.1% as expected, and no 
anomalous strength losses were noted. We warmed a 
sample of magnets using heating blankets up to 40°C, and 
as expected, observed no irreversible losses on the 
magnets. 

4.2 Temperature compensation 

The intrinsic thermal coefficient of strontium ferrite, 
-0.2%/°C, is reduced to nearly zero by inserting a 
compensating NiFe alloy (-30% Ni) in the vicinity of the 
ferrite. This alloy is characterized by a low Curie 
temperature (~50-70°C), and therefore the permeability is 

a strong function of temperature. The alloy shunts flux 
away from the magnet aperture in a temperature 
dependent manner, and by adjusting the proportion of 
ferrite to compensator, one can null out the overall 
thermal dependence of the field strength. The degree of 
temperature compensation is linearly related to the 
amount of compensator material in the magnet. By 
adjusting the number of compensator strips, we were able 

to reduce the temperature coefficient to <0.01%/°C. 
The thermal coefficient of all the magnets was 

measured at the magnet factory by comparing the 
strength at 0°C and after warmup to room temperature. 
We also measured this coefficient on -20% of the 
magnets by heating and measuring the change in strength 
with a rotating coil. 

The observed variation in the temperature 
dependence of the permeability of the NiFe alloy as 
received from the vendor was ±10%. This made it 
necessary to iterate the temperature compensation in 
production. In the dipoles, the compensator strips run 
longitudinally in the magnet gap, and it was 
straightforward to adjust the number of strips after initial 
assembly. This procedure converged in most cases 
immediately, requiring only an additional cooldown cycle 
to verify the compensation 

4.3 Transient thermal effects 

A rapid thermal transient (e.g., condensation from 
exposure of a frozen magnet to a warm, humid 
environment) is observed to produce a large strength 
transient in the magnet (see Fig. 2). This is most probably 
due to a temporary mismatch between ferrite and 
compensator temperatures. The thermal transients that 
produce these effects are much larger than one expects in 
the 8 GeV tunnel, and is not likely to be an operational 
difficulty. 
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STABILITY TESTS OF PERMANENT MAGNETS BUILT WITH 
STRONTIUM FERRITE 

H.D. Glass, BC. Brown, G.W. Foster, W.B. Fowler, R. Gustafson, G.P. Jackson, J.-F. Ostiguy, and 
J.T. Volk, Fermi National Accelerator Laboratory, P.O. Box 500, Batavia, IL 60510 

Abstract 

Permanent magnets built using strontium ferrite bricks 
have been tested for stability against demagnetization. 
Ten test dipoles were built to monitor ferrite behavior 
under a variety of stressing conditions, including 
irradiation, mechanical shock, extreme thermal 
excursions, and long term magnetization stability. The 
test magnets were geometrically similar to, but much 
shorter than, the magnets built for the 8 GeV transfer line 
at FNAL. No loss of magnetization was observed for 
bricks exposed to a proton beam, and a magnet exposed 
to several Gigarads of Co60 gamma radiation suffered no 
measurable demagnetization. The magnet strength was 
observed to decrease logarithmically with time, consistent 
with the expected effect of thermal fluctuations. 
Irreversible demagnetization of -0.1% was seen in 
cooling magnets to 0°C, and the loss was -0.2% for 
magnets cooled to -20°C. No additional demagnetization 
was seen on subsequent cycling to 0°C. Finally, one of 
the long dipoles built for the 8 GeV line was periodically 
tested over the course of 3 months, and showed no 
measurable demagnetization. 

1 MAGNETS FOR THE 8 GEV LINE 

The new Fermilab 8 GeV transfer line connecting the 
Booster to the Main Injector has been built using hybrid 
permanent magnets [1,2]. This beamline is designed to 
have an operating lifetime of 30 years. The magnets will 
be operated at an ambient tunnel temeparture between 
20°C and 35°C. They must also be capable of storage 
between 5°C and 50°C. We also require that the magnets 
be resistant (AB/B < 0.05%) to shock and vibration under 
normal handling. We also impose a reasonable 
requirement for radiation resistance, demanding that 
AB/B < 1% for an exposure of 1 GigaRad. Finally, a long 
operational lifetime imposes a temporal stability 
requirement of AB/B < 0.02% per year, measured from 
the first month after initial magnetization. 

1.1 Permanent magnet material 

We chose Type 8 Strontium Ferrite as the material to be 
used for making our permanent magnets [3]. This choice 
was driven by low cost, consideration of stability over 
time, temperature, and radiation. Strontium ferrite is the 
material of choice in automotive and other industrial 
applications, and is available from vendors in standard 
grades and sizes. 

2 THEORY 

The phenomenon of decrease in magnetization with 
time, often and incorrectly referred to as aging (it has 
nothing to do with long term chemical or structural 
changes in the material) is qualitatively well understood. 
The theory was developed by Louis Neel [4] and by 
Street and Wooley [5]. It was initially applied to Alnico 
magnets, but was later shown to apply to ferrites as well 
[6]. 

Hard ferrites are composed of small ferromagnetic 
regions or "grains" generally about 1 urn in size, closely 
packed and separated by non-ferromagnetic media. Each 
grain is constituted at most of a few domains whose walls 
are pinned by various imperfections. Thermal fluctuations 
induce local strain variations and changes in the magnetic 
anisotropy constant resulting in wall nucleation and 
changes in the net magnetization of the grains. Regardless 
of the exact nature of the mechanism, the energy required 
to irreversibly change the magnetization can be seen as 
the activation energy for the grain. 

It is supposed that at some time t = t0, a certain 

number of grains have their net magnetization vector in 
metastable orientations and fluctuations in thermal energy 
induce irreversible magnetization rotation in small 
volumes of the material. 

Consider the number N of domains characterized by 
activation energies between E and E+dE at the time t 

N(E,t)=f(E,t)dE (1) 

The rate of change of N due to thermal activation a 
temperature T is 

dN 
dt 

= -Cf(E,t)e-*""dE (2) 

where C is a constant which depends on the material and 
/ is a distribution function. Equation 2 is satisfied by 

N(t)   =   f(E,t0)e-ME)'dE 

=     f0(E)e-«E),dE 

where 

A(E) = Ce -ElkT 

(3) 

(4) 
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If each activation contributes an average amount m to 
the magnetization, then the activation of dN regions 
results in a mean decrease of the magnetization M 

dM = -mCf0 (£)<rV£/ kTdEdt (5) 

Integrating over all values of the activation energy 

■ =-mC ]f0(E)e Xte 
Eo 

■At   -ElkT 

dt 
dE (6) 

In practice, the detail of the distribution f0(E) and the 
limits E„ and Em are not known, but it is reasonable to 
assume that f„(E) should vanish beyond a maximum 
energy Em. 

For a simple impulse distribution at E=Em one obtains 
after integrating, 

AM = -mN0[l-e-"m,'\ 

where 

1 -EmlkT 

(7) 

It (8) 

For a more realistic rectangular distribution where all 
activation energies are between E0 and Em 

kT 
AM = -mN, 

°(Em-E0) 
log--A0(t-t0) 

In 

for AQ(t-t0)«l       (9) 

= -mNn 
kT 

\pm      ^o) 
log— 

'0 J 

forA0(t-f0)»l      (10) 

Thus, the theory predicts that after a brief more or less 
linear drop, the magnetization decays logarithmically 
with time. 

3 STABILITY TEST MAGNETS 

To study the long term behavior of magnets built with 
strontium ferrite, we built a set of 0.5 m long dipoles 
having a cross section similar to the design used for the 
production 8 GeV magnets. In Table 1 we list a 
description of the properties and testing history of each 
magnet. Magnets were built from strontium ferrite bricks 
supplied by several vendors, including Hitachi and 
Crucible. The magnets were thermally compensated using 
NiFe alloys obtained from vendors Telcon and Carpenter. 
All magnets listed in the table were made using Hitachi 
bricks and Carpenter compensator , unless otherwise 
noted. The bricks were fully magnetized (100% 
saturation), except for magnet 5. 

magnet description 
1 standard reference 
2 same as #1 
3 Crucible bricks 
4 Telcon compensator 
5 bricks @ 95% saturation 
6 cooled to -20°C 
7 heated to 45°C 
8 Co-60 irradiation 
9 identical to #1 
10 no side bricks 

Table 1. Properties of the 10 stability test magnets. 

All of magnets were built using a single layer of full- 
size bricks (4" x 6") on the top and bottom poles, and 
using half-size bricks (4" x 3") on the sides, with the 
exception of magnet #10. For this magnet, we left out the 
side bricks in order to study whether these bricks aged at 
a different rate than the top/bottom bricks. 

4 AGING RESULTS 

All of the magnets showed a slight degree of aging 
consistent with the logarithmic model discussed above. 
The main loss of magnetization, generally around the 
level of 0.1%, occurred within the first few weeks after 
magnetization. After that period of time, very little 
additional loss was observed. Some examples of the 
decrease in magnet strength vs time are shown in the 
accompanying figures. All of the observations are within 
the allowable limits for operation of the 8 GeV beamline 
and Recycler. No significant differences were seen in the 
behavior of ferrite or compensator from different 
vendors. 

PST002-0, corrected strength vs log(age) 

Figure 1. Stability of test magnet #2 as a function of the 
log of its age. The magnetic strength loss is 0.02% per 
"decade". 
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In Fig. 1, a fit is shown for (dB/B)/d(log t) vs log(t), 
where time is measured in days. The interpretation of the 
result is that the magnet is observed to lose 0.02% in 
strength after its first 10 days of existence (after 
magnetization); a subsequent loss of 0.02% after the next 
100 days; and an extrapolation that over the next 1000 
days, the loss will be an estimated 0.02% additional loss. 
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Figure 2. Stability of test magnet #3 as a function of both 
temperature and time. This fitting accounts for thermal 
effects due to imperfect temperature compensation. 

A slight complication in the analysis of the aging of the 
magnets was to properly account for temperature effects. 
In constructing these magnets, we attempted to correctly 
balance the compensator to ferrite ratio so that there was 
a minimal temperature dependence to the magnet 
strength. Compensation was not perfect (although 
generally less than 0.01%/C), and could provide an 
important source of systematic error in the measurement 
of aging. Figure 3 shows the result of fitting the magnetic 
strength to a functional form dB/B = kl*T + k2*log(t). 
The fitting for temperature and temporal effects 
simultaneously are shown in the figure. 

4.1 Other stability results 

Magnet #8 was exposed to several gigarads of gamma 
radiation from a Cobalt-60 source. The magnet strength 
was monitored with an NMR probe over the course of the 
exposure, which lasted several months. There was no 
observed loss of strength that could have been attributed 
to radiation damage; i.e., the observed losses were 
consistent with aging with log(t). 

Magnet #7 was heated to 45 C. As with other magnets 
which we have heated, only reversible changes in 
strength with temperature are observed. Magnet #6, on 
the other hand, was cooled first to 0 C, and we observed a 
strength loss of 0.1%. A second cycle down to 0 C saw no 
additional loss. This was followed by a cooling down to a 
temperature of 20 C, and the loss was 0.2% from the 

original strength. A second cooldown to 20 C saw no 
further loss. This series of tests led us to cool all our 
production magnets for the 8 GeV line to 0 C as a 
conditioning against thermal losses. 

CONCLUSION 

We have studied the temporal stability of a number of 
model magnets over an 8 month period. These data are 
consistent with logarithmic aging at a level of 2x10"* / 
decade. This corresponds to a field degradation of 0.06% 
between 10 days and 30 years after initial magnetization. 
Aging at this level can be easily accomodated by 
occasional recentering of the gradient magnets over the 
lifetime of the 8 GeV line. 
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PERMANENT GRADIENT MAGNETS FOR THE 8 GeV TRANSFER LINE 
AT FNAL 
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Abstract 

The 8 GeV transfer line feeding protons into the new 
Fermilab Main Injector has been built using strontium 
ferrite permanent magnets. This article addresses the 
design and manufacture of the 67 combined function 
magnets; permanent horizontal and vertical bend dipoles 
[1] and quadrupoles were also built. The combined 
function magnets were built with a mean integrated 
strength at midaperture of 0.56953 T-m (central field 
nominally 0.15 T), and a gradient of 3.23% per cm 
relative to the dipole strength (nominal gradient = 0.48 
T/m). Thermal compensation of these bricks was 
effected by use of a nickel-iron alloy. The magnets were 
thermally cycled from 20°C to 0°C to condition the ferrite 
against irreversible thermal losses; the compensation was 
measured with a flipcoil and verified with a rotating 
harmonics coil. We present details of the magnet 
assembly process and also summarize the magnetic 
measurements. 

1     GRADIENT MAGNET DESIGN 

An overview of the 8 GeV transfer is described elsewhere 
at this conference [1], and details regarding the general 
permanent magnet design strategy is discussed in [2]. In 
this article we focus our attention on the gradient, or 
combined function, magnets. The basic design of the 
gradient magnet is a 0.16 T gradient dipole with a vertical 
gap of 5.08 cm and an 8.89 cm good-field aperture in the 
bend direction (physical horizontal aperture is 13.97 cm). 
Overall dimensions are 19.1 cm high by 24.1 cm wide by 
4.10 m long. The weight is 910 kg. The magnets are 
straight, and the sagitta of the beam inside the magnet is 1 
cm. 

1.1 Side bricks 

A significant design decision made in the 8 GeV line 
magnets was to include side bricks which drive flux into 
the pole tips from the sides. These provide a more 
magnetically efficient design than one without side 
bricks, since the field strength drops -40% when they are 
removed. This compact design provides the 0.15 T 
average bend field needed to follow the 8 GeV line 
tunnel. The side bricks also provide field shaping at the 
edges of the aperture. 

While the side brick design proved economical and 
more than adequate for meeting the 8 GeV line field 
quality requirements, a number of design and production 
issues have since arisen which argue against the use of 
side bricks in higher-quality storage ring magnets (e.g., 
the Recycler Ring [3]). 

One difficulty observed with the side brick design 
was the magnet-to-magnet variation in the field shaping 
due to small variations in the side brick positions. 
Another difficulty was that some multipoles (especially 
the normal 6-pole) exhibited an undesirable temperature 
dependence. This is caused by the placement of the 
compensator, which is interspersed with the top and 
bottom bricks but not the side bricks, with the result that 
the field shaping from the side bricks has a temperature 
dependence. 

2    MAGNETIC MEASUREMENTS 

2.1 Thermal measurements 

Thermal measurements were made on every magnet 
using a flip coil to measure the change in strength 
between 0°C and room temperature. Figure 1 shows the 
distribution in relative strength change with temperature 
(dB/B)/dT in units of 104 /°C. We attempted to adjust the 
amount of compensator to limit the maximum variation to 
±1.0 units/°C, but some magnets were allowed to go 
beyond this limit. 
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Figure  1.    Histogram of thermal coefficients for the 
gradient magnets. 
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2.2 Strength measurements 

The magnet strength was measured using two different 
instruments. We first used a flipcoil to measure the 
integrated dipole strength; this information was then used 
to trim the amount of ferrite needed to bring the magnet 
strength within 0.01% of the target value (0.56953 T-m). 
The magnet was then measured again, this time using a 
rotating Morgan coil. This coil not only gave us the 
strength, but also the low order harmonics up to 14-pole. 
Figure 2 shows the distribution in magnet strength, and 
the agreement between the two different probes is 
satisfactory. Most of the magnets fall within the desired 
strength tolerance. 
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Figure 2. Strength histogram of the gradient magnets. 

2.3 Harmonics measurements 

The field quality specification for 8 GeV beamline 
dipoles and gradient magnets was set to 10 units (0.10%) 
of the total measured By vs. x along the midplane as 
measured by a rotating Morgan probe placed at the center 
of the aperture. Since the observed field defect is 
dominantly a gradient error arising from non-parallelism 
of the pole tips, this scales roughly to AB/B = 0.2% over 
the good field region (4.45 cm vertical x 8.89 cm 
horizontal). This specification represents a compromise 
between the minimum field quality required for adequate 
performance of a transfer line (where -0.5% would be 
adequate) and the Recycler permanent magnet field 
quality [3], which must be in the range of l-2xl0'4 over a 
2.54 cm aperture. 

Table 1 shows the systematic and random harmonics 
for the ensemble of gradient magnets. Figure 3 shows the 
typical field shape along the midplane (reconstructed 
from harmonics b3 - b7); also shown are the best and 
worst cases among all the magnets. Even the magnet with 
the worst field shape is within the 8 GeV tolerance. A 
histogram of the normal gradient (b2) is shown in Fig. 4. 

PGD 
harmonics 

mean std deviation 
b2 8.23E-02 4.32E-04 

b3 2.39E-04 1.60E-04 

b4 -3.89E-04 1.65E-04 

b5 -1.24E-04 1.51E-04 

b6 3.62E-04 1.44E-04 

b7 -5.10E-05 1.60E-04 

a2 6.73E-05 2.55E-04 

a3 3.78E-05 1.59E-04 

a4 -3.04E-05 9.31 E-05 

a5 -1.70E-05 8.55E-05 

a6 -5.90E-06 7.13E-05 

a7 -2.59E-08 6.33E-05 

Table 1. harmonic coefficients through 
14-pole for the 68 PGD magnets. 
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Figure 3. Field shapes of typical and extreme cases in the 
gradient magnets. 

Our basic manufacturing strategy was to specify 
machining tolerances of typically 75 urn for the steel pole 
tips, which is sufficient to obtain roughly 0.1% field 
defect over the aperture. The dominant source of field 
error arose from assembly tolerances in the parallelism of 
the pole tips, producing a gradient error of roughly lxlO"4 

for a mismatch of 25 urn between the two pole tip side 
supports. 
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Figure 4. Histogram of normal quadrupole (gradient) for 
the PGD magnets. 

2.4 Longitudinal bend centers 

Some care had to be taken during magnet assembly to 
insure that the longitudinal bend center of the magnet was 
near the physical center. In the early stages of production, 
as experienced with the double dipoles [2], bricks were 
laid down on the pole tip beginning at one end, and 
proceeding down the length to the other end. This 
sometimes resulted in a longitudinal gradient (dB/dz 
nonzero). To avoid this phenomenon, we modified the 
assembly procedure for the gradients so that we first laid 
bricks down in the center of the pole tip, and then 
proceeded outward towards both ends. This resulted in a 
more uniform distribution of B(z). We mapped the 
longitudinal profile of each magnet with a Hall probe, 
and used these data to determine a bend center relative to 
the physical center. The distribution is shown in Figure 5. 

The requirement was to keep the bend center within 1 cm 
of the physical center, and the figure shows that this was 
achieved for nearly all of the magnets. 
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Figure 5. Distribution of longitudinal bend center for the 
gradient magnets. 
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AUTOMATED PERMANENT MAGNET MAGNETIZATION SYSTEM 
FOR 8 GEV TRANSFER LINE AND 

RECYCLER RING PRODUCTION AT FERMILAB* 
Eric Haggard, Fermi National Accelerator Lab, Batavia, Illinois 60510 

Abstract 

The Recycler antiproton storage ring and the 8 GeV beam 
transfer line between the Fermilab Booster and the Main 
Injector are constructed using permanent magnet ferrite 
bricks surrounding a steel pole and housed inside a steel 
flux return shell. The transfer line consists of 51 dipoles, 
67 gradient magnets, and 8 quadrupoles. The Recycler 
ring consists of approximately 350 gradient magnets and 
60 quadrupoles. These magnet assemblies are being 
produced at Fermilab currently and as a part of the tooling 
required to produce these assemblies we have designed, 
built and put into production an automated permanent 
magnet magnetization system. The system includes a 
conventional B-2 type dipole, a Programmable Logic 
Controller (PLC) controlled brick mover, a hall-probe 
measurement station and an IBM Compatible P.C. for 
data acquisition. The system has been used in the 
production of the 8 GeV beam transfer line magnet 
assemblies each requiring several hundred individual 
permanent magnets. This paper describes and illustrates 
the design of the automated system, the data acquisition, 
use of FEA analysis in the design, and the experience we 
have had using this production system. 

1   INTRODUCTION 

The Fermilab Permanent Magnet Magnetizer System was 
developed to produce saturated permanent magnet bricks to 
be used in the construction of permanent magnet 
assemblies for the 8 GeV Line and the Recycler Ring for 
the Main Injector Project. The new system replaces an 
existing manual system for the saturation and 
measurement of YBM-2b Permanent Magnet Bricks. 
There are several sizes of bricks used in the construction 
of the magnet assemblies, namely 4" x 6" x 1", 3" x 4" x 
1" and 2" x 6" x 1". The magnetizer system is designed 
to shuttle an unsaturated permanent magnet brick into the 
aperture of a conventional dipole, energize the dipole, 
saturate the brick, shuttle the brick to a measurement 
fixture, and record the field measurement. The system 
also provides operator feedback to sort acceptable bricks 
from those which lie outside the required field strength 
range. The Fermilab Permanent Magnet Magnetizer 
System was put into operation on July, 30th 1996 and 
has been useful in magnetizing all the bricks used in the 8 
GeV Transfer Line which operated successfully at 
Fermilab on February 20th, 1997. 

FIGURE  1. MAGNETIZATION SYSTEM AT FERMILAB 

Operated by Universities Research Association, Inc. under contract with the U.S. Department of Energy 
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2 THE   CONTROL   SYSTEM 

The automatic control of the mechanism is accomplished 
using a GE-Fanuc Series 90-30 programmable logic 
controller (PLC). The system also has a Personal 
computer for data logging. We have used an IBM 386 
clone in this case. The PLC has an ASCII BASIC 
module which runs a small basic language program to 
supply the Hall probe readings to the PLC registers. The 
PC runs a program written in MS-Quick Basic which 
communicates with the registers of the PLC to read and 
record the current hall probe measurements. The PC has 
several programs written in MS-BASIC which run the 
machine in automatic mode for saturation, automatic 
mode for measurement only and a small program to 
toggle the PLC run states. The small program to toggle 
the PLC from Stop/Outputs Disabled mode to 
Run/Outputs Enabled is used if the PLC shut down on an 
interlock violation. A conceptual drawing of the control 
system follows as figure 2. 

3  THE    MECHANISM 

The brick shuttle mechanism includes a half horsepower 
DC motor which drives a timing belt to which is attached 

an aluminum carriage running on aluminum rails. The 
carriage contains the permanent magnet brick and has a 
sliding cover which captures the brick in its entirety. The 
cycle starts with the brick holder carriage at its home 
position where a brick is loaded into the carriage and the 
cover closed. After the cover is closed, the operator hits 
the cycle start buttons and the carriage begins to travel 
into the dipole aperture. The carriage moves at a high rate 
of speed until it hits a downslope switch which sets a 
lower speed and slows the carriage down to a soft stop at 
the end of travel micro switch. The conventional dipole 
is energized automatically and the brick is saturated. After 
a short time, the carriage is driven to the measurement 
fixture where a Hall probe measures the field strength and 
this data is sent to the PLC. The data is then logged to a 
PC from the PLC, the carriage returns to the home 
position using the same high speed-low speed method 
used at the dipole position where the operator then 
unloads the saturated brick and inserts an unsaturated 
brick. And the cycle begins again. The current cycle 
time excluding brick handling time is 13 seconds per 
brick. 

RUNS PLC PROGRAMMING SOFTWARE 

AND BASC PROGRAM USED FOR DATA 
COLLECTION OF FIELD VALUES 

FIGURE  2.  MAGNETIZATION CONTROL SYSTEM  CONCEPTUAL LAYOUT 
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4  MAGNETIC    MEASUREMENTS 

Finite Element Analysis (Ansys) was employed to aid in 
the design of the measurement fixture. The flux return for 
the measurement fixture was made out of conventional 
Main Injector ring dipole lamination steel. The steel was 
plentiful at Fermilab and its magnetic properties were 
well understood. The original pole piece for the fixture 
was a laminated design which was discovered to have a 
positional sensitivity of 20 gauss per inch of carriage 
travel due to the fact that air between lamination layers 
has the effect of bunching the flux in the center of the 
fixture and no hard stops are employed to stop the brick 
holder carriage precisely at the measurement fixture. The 
measurement fixture pole piece was replaced with a solid 
steel pole which distributed the flux more uniformly but 
also had the effect of lowering the magnitude of the 
average magnetic flux density measurement from 920 
gauss to 813 gauss. The position sensitivity went from 
20 gauss per inch to 2.5 gauss per inch or less than 1% 

error due to positional inaccuracies. Finite element 
analysis was also used to verify that the magnitude of the 
magnetic flux density measurement was reasonable. The 
magnetic inductance was found by analysis to be 813 
gauss and the average measured at the Fermilab production 
facility was 786 gauss which is within 3.5%. 

5 FUTURE   DIRECTION 

This system works well and was used in the production of 
the saturated permanent magnet bricks for use in the 8 
GeV line permanent magnet assemblies. These magnet 
assemblies were produced at the rate of 2 magnets per day 
and required about 200 bricks per magnet. Fermilab is 
currently designing a higher capacity production system 
which is based upon this design without measurement 
capability for the Recycler Ring bricks. The carriage in 
this particular version will be designed to carry 4 bricks 
into the dipole aperture. The new system is scheduled to 
be completed in July of 1997. 
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Injection 
from 

Booster 

FMI Fixed 
Target and 

P-Bar 
Production 

Extraction 
to 

Tevatron 

Momentum 8.9 GeV/c 120 GeV/c 150 GeV/c 
Gradient 1.20 T/m 16.15 T/m 20.19 T/m 
B at pole 0.0500 0.6744 T 0.8430 T 
Current (A) 207 2830 3560 

MAGNETIC FIELD STRENGTH AND SHAPE MEASUREMENTS OF 
THE FERMILAB MAIN INJECTOR QUADRUPOLES 

D.J. Harding, B.C. Brown, J. DiMarco, H.D. Glass, T.K. Kroc, 
P.S. Martin, C.S. Mishra, D.G.C. Walbridge, E.G. Pewitt, Fermilab*, 

P.O. Box 500, Batavia, IL 60510 USA 
Abstract 

All of the new quadrupoles for the Fermilab Main 
Injector ring have been built and measured. The 
magnets are 2.95 m and 2.54 m in length with a 
41.7 mm bore. In operation, the magnets run from 
1.61 T/m at 8.9GeV/c to 15.7 T/m at 120GeV/c and 
19.6 T/m at 150GeV/c. These points correspond to 
injection, Main Injector fixed target physics and 
antiproton production, and extraction for transfer to the 
Tevatron. Good field uniformity is required to ensure a 
stable beam over the whole acceleration cycle. A 
significant octupole is included to assist in resonant 
extraction. The performance of these quadrupoles, in 
both integrated strength and field uniformity, is 
presented. All magnets produced meet the accelerator 
requirements. 

1 MAGNETIC REQUIREMENTS 

The Fermilab Main Injector is a new proton and 
antiproton accelerator currently under construction at 
Fermi National Accelerator Laboratory [1]. It will 
replace the existing Main Ring in all functions. While 
many of the quadrupoles used in the Main Injector will 
be reused from the Main Ring, the lattice requires 
some new quadrupoles of the same design but different 
lengths to run on the same busses. Some key design 
parameters are shown in Tables 1 through 3. The 
performance requirements of the quadrupoles have 
been studied extensively [2] [3] [4]. The two 
significant areas of magnetic performance are the 
magnet-to-magnet variation in the integrated magnetic 
field ("strength") and the variation of the strength as a 
function of transverse position ("shape"). These are 
discussed here separately. 

Table 3:  FMI quadrupole strengths. 

1.1 Strength 

We define the strength to be   I    (dBy I dx)dz      The 

integral is taken at the center of the aperture. When 
discussing relative strengths we quote fractional 
differences in "units" of parts in 104. The majority of 
our tracking studies have assumed a root mean square 
deviation of the strength of 24 units. 

A systematic difference from nominal in the ratio 
of IQD strength to IQC strength of 25 units produces a 
negligible beta wave, and up to 50 units would be 
tolerable. 

1.2 Shape 

We define the shape to be the variation in the strength 
as a function of position. We characterize the field by 
its harmonic decomposition. The normal component of 
a quadrupole's field can be reconstructed as 

B(x) = Bx{b, +l(-)1 + b3(-)
2 + b,{-f +...), 

ro '0 ro 

Parameter Value 
Pole Radius 41.68 mm 
Number turns / pole 4 

Table 1:   Basic Main Injector maj met parameters. 

Magnet Type IQB IQD IQD 
Steel length (m) 2.134 2.540 2.946 
Effective length (m) 2.118 2.522 2.930 
Number in Ring 128 32 48 

Table   2:       Lengths    of   Fermilab    Main    Injector 
quadrupoles. 

where B, is the quadrupole strength, bn are the normal 
harmonic components.   We quote the components at 
r„=25.4 mm and in "units" of parts in 104.    Properly 
centered, the dipole component b, is zero. 

From the symmetry of the magnet design we 
expect the field to have significant quadrupole, 
octupole, and twelve-pole components. For our 
tracking studies we have assumed distributions of the 
forbidden components that are consistent with the 
measured spread in values. 

Given the known octupole component in the 
existing Main Ring quadrupoles, we chose the 
octupole of the new quads to meet the beam dynamics 
needs. The octupole has two demands placed upon it. 
One need is that the dynamic aperture be large enough 
to  meet   the   accelerator   requirements.     The  beam 

Work supported  by  the United   States   Department   of 
Energy under contract No. DE-AC02-76CH0300 

0-7803-4376-X/98/S10.00© 1998 IEEE 3269 



should not fall out of the machine on its own. The 
other need is that the beam be close enough to the 
edge of stability so that the existing trim octupoles can 
bring the beam to the point of slow extraction. Based 
on simulations, an average of 4 to 8 units appears to 
satisfy     both     requirements. Magnet-to-magnet 
variations are not significant dynamically. 

The tracking studies assume 12-pole components 
based on old measurements of a sample of Main Ring 
quadrupoles. The simulation uses -1.49 +0.63 units at 
8.9 GeV/c and -1.86 ±0.16 at 120 GeV/c. 

2   MEASUREMENT SYSTEMS 

All magnets were measured with a rotating Morgan- 
style coil, and most were also measured with a single 
wire stretched wire system to provide redundancy and 
a better absolute calibration. 

The Morgan coil extends through the length of 
the magnet. The probe has two orthogonal dipole 
coils, two orthogonal quadrupole coils, and one each 
sextupole, octupole, decapole, 12-pole, and 20-pole 
coils. One quadrupole coil is used to measure the 
strength of the magnet. The other coils measure the 
harmonic components while suppressing the signal 
from the quadrupole field. The rotating coil 
measurements are performed at multiple currents on 
every magnet, measuring on both the up ramp and the 
down ramp. 

The single stretched wire system moved a single 
wire to multiple positions in the magnetic field. The 
field was measured at a limited number of currents for 
each magnet, providing a constant cross-check of the 
rotating coil data. 

3  MEASUREMENT DATA 

We present data on the IQC and IQD magnets. The 
IQB magnets, the 84 inch Main Ring Quadrupoles, are 
still in use in the Main Ring. All of the quadrupoles 
that will be used in the Main Injector will be measured 
after they have been removed from the tunnel and 
refurbished. 

3.1 Strength 

We have averaged the strength over all magnets of 
each type, excluding only the first seven IQC's. There 
are slightly larger strength variations among those 
magnets due to experimental modifications to the 
laminations. The mean can be compared to a strength 
calculated assuming infinite permeability. These 
differences are plotted in Figures 1 and 2. We also 
calculated the RMS deviation from the mean of the 
magnets of each type and display the results in the 
same figures. This spread in strengths is well within 
the acceptable range. 
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Figure 1. IQC strength. 
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Figure 2. IQD strength. 

We write the fractional difference between  the 
design strength ratio and the measured strength ratio: 

/, A 
JIQC 

fi \ 

\   IQL> ymeasurei) 

JIQC 

f< 
V    "Q0 /nominal     i Q4 

JIQC 

V°IQDynomina1 

This quantity is plotted in Figure 3. It is everywhere 
well under the specified 25 unit threshhold for paying 
attention to it. 

1000 2000 

Current (A) 

3000 4000 

Figure 3.    Fractional   difference   between   measured 
IQC/IQD ratio and nominal. 
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3.2 Shape 

Figure 4 shows the mean octupole component of the 
newly constructed quadrupoles as a function of current. 
The value falls comfortably in the allowed range. The 
sigma of the distribution is everywhere less than the 
value used in the tracking studies. 

1000 2000 

Current 

3000 4000 

Figure 4. Octupole component of quadrupoles. 

Figure 5 shows the mean 12-pole component of 
the newly constructed quadrupoles as a function of 
current. The mean value at injection is slightly higher 
than has been used in the tracking studies, but the 
spread in values is much tighter. Further studies will 
be required. 

0.24 

-0.01 
0 1000      2000      3000      4000 

Current   (A) 

Figure 5.   12-Pole component of quadrupoles. 

3.3 Hysteresis 

In general we want to be able to run an arbitrary mix of 
accelerator cycles, intermingling ramps to 120 GeV/c 
and 150 GeV/c. At injection the magnets are at a low 
enough field (pole tip field 0.0500 T) that hysteretic 
effects can be noticeable, so we must pay attention to 
the history of the magnet. At the end of each ramp 
cycle we expect to lower the current below the 
injection level to a "reset level", then return to the 
injection level. The further below the injection 
excitation we make the reset level, the less memory 
the magnet has of the maximum excitation level on 
the previous ramp cycle when we return to the 
injection level. 

To study this effect we have measured the 
strength of a quadrupole at the injection excitation 
after   each   of   several   ramp   cycles    to   different 

maximum excitation and with different reset levels. 
This is not a perfect measurement, because the power 
supplies currently in use at the Fermilab Magnet Test 
Facility do not "invert", or generate a negative voltage 
to drive the current down as fast as the FMI ramp will 
run. None the less, we believe that in these magnets 
the effect of overshoot due to eddy currents in the 
laminations is small. 

Figure 6 demonstrates that at injection we are 
insensitive to the energy of the previous ramp cycle 
even if we do not use a reset level below the injection 
field. Each data point was taken at 200 A, 
approximately the 8.9 GeV/c injection current, after 
running the magnet up to a maximum current Imax then 
down to reset current Imin. For each reset current five 
cycles to the 120 GeV/c level were followed by five 
cycles to the 150 GeV/c level. We are sensitive to the 
reset level used, and must control this carefully to 
maintain a stable tune at injection. The effect of 
running the current to OA before each super-cycle is 
clearly seen in the first data point at each Imin. 
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Figure 6. IQD052-0, Jgdl at 200 A. 

4 CONCLUSIONS 

We have constructed and measured all of the new 
quadrupoles that we will build for the Fermilab Main 
Injector Ring. They meet our expectations and do not 
appear to offer any serious problems to the operation of 
the Main Injector. 

REFERENCES 
[1] S.D. Holmes, et. al. "Status of the Main Injector 

and Recycler," these proceedings. 
[2] C.S. Mishra P.S. Martin D.J. Harding, H.D. Glass 

and B.C. Brown. Fermilab Main Injector Magnet 
Acceptance Criteria," Proceedings of the Particle 
Accelerator Conference (1995). 

[3] C.S. Mishra. "Requirement of the Fermilab Main 
Injector Quadrupole Strength Matching," 
Proceedings of the Particle Accelerator 
Conference (1995). 

[4] C.S. Mishra. "Fermilab Main Injector Quadrupole 
Placement Scheme," Proceedings of the Particle 
Accelerator Conference (1995). 

[5] J.W. Sim, et. al. "Software for a Database- 
Controlled Measurement System at the Fermilab 
Magnet Test Facility," Proceedings of the 
Particle Accelerator Conference (1995). 

3271 



DESIGN AND MAGNETIC MEASUREMENTS 
OF THE FERMILAB MAIN INJECTOR LAMBERTSON 

D.E. Johnson, J.E. DiMarco, DJ. Harding, P.S. Martin, J.-F. Ostiguy, D.G.C. Walbridge, R. Baiod 
Fermi National Accelerator Laboratory*, P.O. Box 500, Batavia, IL 60510 

Abstract 

A new 1.1 Tesla Lambertson for Main Injector injec- 
tion/extraction and Tevatron injection has been designed 
and the magnetic properties of the first production mag- 
net have been measured. The Main Injector Lambertsons 
will be used for injection of 8.9 GeV/c antiprotons from 
the Antiproton Source and 150 GeV/c antiprotons recycled 
from the Tevatron, and the extraction of 120 GeV/c protons 
for antiproton production, 150 GeV/c protons for Tevatron 
Injection, 120 GeV/c resonant extraction, and the Main In- 
jector abort. This magnet must accommodate Main Injector 
and Tevatron circulating beam in its field free region while 
the field region is at all excitation levels with minimal im- 
pact on the circulating beam. The design specifications and 
results of magnetic measurements in both the field region 
and field free region for the first production magnet are dis- 
cussed. 

1    MAGNET GEOMETRY AND MAGNETIC 
REQUIREMENTS 

The Lambertson has a ±8 inch field region with a 2 inch 
gap. The field free region is 2.5 inches wide with a 78 de- 
gree opening. The septa thickness is 0.157 inch and has a 
0.2 inch radius. The magnet is composed of 4 quarter cores: 
2 inner cores (which are encased in a stainless steel vacuum 
skin, one with a field free region and the other without) and 
2 outer cores which make up the return yoke. The inner 
core assembly extends approximately 4.3 inches beyond 
the outer core. The last 4.3 inches of the inner quarter core 
without the field free region is made with non magnetic 
material (stainless steel laminations and end plate) and has 
a magnetic length the same as the outer core. This pro- 
duces an inner quarter core with the field free region which 
a magnetic length of 8.6 inches longer that the other inner 
quarter.The outer core length is 110.25 inches (2.8 meters) 
and the complete magnet has a flange to flange length of 
128.375 inches. A 3 inch magnetic mirror plate is located 
between the end of the inner core assembly and the vacuum 
flange. The magnet is powered by a 24-turn single saddle 
coil. A nominal current of 2000 Amp. produces the re- 
quired integrated field of 3.0 T-m. Figure 1 shows a cross 
section and longitudinal end view. 

The magnetic requirements of a Lambertson septa for 
use in the Main Injector project have been presented else- 
where. [3] The first three requirements pertain to the bend- 
ing field and effects either the extracted or injected beam. 

Z=4.85 

2-9.1' 
VIEW 

Figure 1: Geometry of the Lambertson 

The last three requirements impact the behavior or the cir- 
culating beam in both the Tevatron and Main Injector. The 
final specifications used to build the production magnet are 
listed in Table 1. 

TABLE 1: Magnetic Specifications 
Nominal field 1.072 Tesla 
Good field height ±6 inches 
Field Uniformity <0.28 percent 
Leakage Field < 0.0114 T-m 
Leakage Gradient <.l Tesla-m/m 
Leakage Sextupole <9 Tesla-m/m2 

»Present address: AT&T Corp., Middletown, NJ. 
t Operated by the Universities Research Association under contract 

with the U. S. Department of Energy 

2   MAGNETIC MODEL 

2.1 Two Dimensional Model 

Magnetic 2-D modeling, with OPERA 2-D [1] was used to 
determine the detailed geometry of the Lambertson (i.e. the 
opening angle and radius of curvature of the field free re- 
gion septum, the septum thickness, the pole tip shim in the 
dipole region, the height of the dipole region, and the place- 
ment of the stainless steel skin and tie bars) to minimize the 
leakage of the field from the steel into the field free region 
and maintain a high uniformity in the field region. 

2.2 Three Dimensional Model 

Early in the design of the end geometry of the Lambertson 
a 3D finite element code, TOSCA [1], was used to guide 
the end extension/mirror plate design. [5] A three foot pro- 
totype Lambertsons was constructed to test the magnetic 
design. The model was able to successfully predict the re- 
sults of magnetic measurements from various end configu- 
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rations of the prototype and allow a better understanding of 
the the saturation effects in the end plate. 

Subsequently, the 3D finite element model was updated 
to reflect the exact geometry of the production Lambertson 
including a realistic description of the permeability of the 
steel components. This model was used to calculate the 
dipole field (and its integral) through the end of the magnet 
for comparison with measured data. 

3   MAGNET MEASUREMENTS 

The Lambertson was oriented on the test stand at the Mag- 
net Test Facility in orientation shown in Figure 1 such that 
a positive current produced a positive By. The coordi- 
nate system was defined such that x,y=0 is in the center 
of the bend region and z=0 is at the face of the vacuum 
flange (positive z is inside the magnet). Various measure- 
ment techniques were used to measure the fields in both 
the bending and field free region to confirm the design and 
compare with the 2-D and 3-D models. 

4   FIELD REGION MEASUREMENTS 

The field in the bending region was characterized using 
several methods to measure the integrated field, the field 
uniformity, and longitudinal extent of the dipole field over 
a 0 to 2500 A range. The dipole field in the bend region 
showed a 10 % falloff over the last 2 inches of the outer 
core and was down by a factor of 100 at the outside face of 
the mirror plate. 

4.1 Strength and Hysteresis 

The excitation curve for the Lambertson was measured to 
2500 A after a set of hysteresis ramps to the same maxi- 
mum current. The field is quite linear up to 1500 A which 
corresponds to an integrated field of 2.4 T-m. The design 
integrated field of 3.0 T-m is achieved at 2000 A and de- 
viates from the linear by roughly 6%. The maximum in- 
tegrated field measured was 3.5 T-m at 2500 A. The inte- 
grated remnant field after the 2500 A hysteresis ramp is 42 
Gauss-meter. 

4.2 Field Uniformity 

The field uniformity along the x direction in the bending re- 
gion was measured over ±7 inches at y = 0 and 0.5 inches 
using a 2-Wire Stretched Wire (2WSW) system which has 
a wire loop, separated by precision quartz rods at each end, 
stretched within the magnet aperture. Since the width of 
the wire loop is constant, the change in flux as the loop 
moves across the magnet aperture measures the variation 
in field strength as a function of position (field uniformity). 
The field at y = 0 inches (not shown) is uniform to within 
0.05% over the full ±7 inches for all currents up to 2500A. 
Figure 2 shows the measured uniformity over the region 
from x=0 to +8 inches for y=0.5 inches, since it is symmet- 
ric in x. Here the field is uniform to within 0.1% out to ±6 
inches for all currents up to 2500 A, well within the spec- 
ification. These measurements include both body and end 

contribution to the integral. The predictions from the 2-D 
model include only the body field at 2000 A. 

ILA001 -0, 2wsw measurement 
segmented drift correction, y=0.5in. 

Figure 2: Comparison of the measured and 2D model field 
uniformity in the bend region at y=0.5 inches. 

5   FIELD FREE REGION 

The fields in the field free region impact the circulating 
beam and therefore must be controlled. Contributions from 
both the body and the ends must be taken into account. 
By minimizing the integrated dipole, other harmonic terms 
will be minimized as well. 

5. /    End Field Shape 

The magnitude of the dipole field on axis (x=0) at approx- 
imately .35" from the septum was measured with a hall 
probe as a function of longitudinal position z. The probe 
consists of a Hall element and readout device which was 
operated under computer control. The readout device was 
programmed to read field values in Tesla using a full range 
of 3 Tesla. These probes have a precision of ±0.006% of 
full range, and a resolution of ±0.5 gauss on the 3 Tesla 
range. Positioning the probe was accomplished through the 
use of x and y stages. Probe motion was automated in the z 
direction. 

The dipole field was measured using the hall probe at 1/2 
inch intervals from a value of z= -8 inches outside the end 
of the vacuum flange to z=+14 inches, about 5 inches inside 
the body of the magnet. Measurements were taken at var- 
ious excitations bracketing the expected operating range. 
Figure 3 displays the measured end field shape at 500 A, 
compares the measured end field shape with the prediction 
of the 3D model at 2000 A, and shows the integration of the 
2000 A data from -8 inches to +9.1 inches. The effect of 
the mirror plate can be seen in the region between 4.35 and 
4.85 inches, the gap between the end of the field free inner 
core and the steel mirror plate. Instead of jumping to the 
opposite pole, the leakage flux is channeled into the mirror 
plate around the field free hole and returned to the oppo- 
site pole. In this 1/2 inch region, the field has a transverse 
component (as seen by the large negative and positive fields 
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at the two surfaces, but the integrated effect cancels due to 
symmetry. Provided the plate remains out of saturation, the 
plate surface remains at a constant magnetic potential, and 
there should be no field outside the plate. 
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Figure 3: Comparison between the measured end dipole 
field and the predictions of the 3-D magnetic model as a 
function of z in the field free region at x=0,y=1.5. The z 
dimensions may be referenced to the orientation in figure 
1. 

two different days, reflect a systematic uncertainty in the 
measured value. The third set of data was obtained by inte- 
grating the dipole field using a rotating coil over each half 
of the magnet and summing the result. This data shows the 
effect of the hysteresis on the leakage between the up and 
down ramp. The up ramp data agrees well with the point 
scan data (taken at increasing currents). 
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5.2    Integrated Dipole 

The integrated dipole in the field free region of the first 
production magnet was measured using several techniques. 
Figure 4 shows a comparison between the measured dipole 
field integral as a function of current for the various mea- 
surements and the predictions of the end field from the 3-D 
model. The first set of data shows the results of integrating 
the point scan data (in figure 3) through the magnet. The 
contribution to the total integral (2*end+body) from the 
body and the end are displayed. The agreement between 
the measured end contribution (boxes) and the predictions 
from the 3D model is quite good with values between 5 and 
7 G-m at 2000A. Both show a linear dependence. Uncom- 
pensated, the contribution to the dipole field integral from 
the magnet end surpassed 300 G-m. [5] Note that the ma- 
jor contribution to the total integral at the higher currents 
comes from the body field leakage and not the end field. 

The next two sets of data were measured using a single 
stretched wire at the approximate the same location at point 
scan data. The Single Stretched Wire (SSW) system con- 
sists of moving a single wire stretched through the magnet 
aperture using high precision x-y stages while measuring 
the integrated voltage induced in the wire (flux). The re- 
turn wire which completes the 'loop' is held fixed external 
to the magnet. Since the magnetic vector potential depends 
only on the wire position within the magnet, the change in 
flux through the loop only depends on the motion of the 
wire. The distance the stages move are measured to 1 mi- 
cron accuracy by linear encoders, and so the absolute accu- 
racy of the measured integrated field strength is a few times 
10-4. This system was used to map the integrated field due 
to both the body and ends as a function of x and y inside the 
notch. The difference between the two data sets, taken on 

Figure 4: Comparisons between various measurements of 
the integrated dipole (at x=0,y=1.5 inches) and the predic- 
tion of the 3-D model. 

5.3    Harmonic Analysis 

The harmonic content in the field free region was measured 
on axis, x=0, at three different values of y using a rotat- 
ing coil. These measurements were done using a tangential 
coil probe with coil radii of 0.01219 meters and a length 
of 2.286 meters. This probe uses a dipole Morgan coil to 
measure the dipole integrated strength. Higher order har- 
monic components were obtained by monitoring the sig- 
nal from a dipole bucked tangential coil. [4] The induced 
voltage in the coil was integrated for all coil configurations 
by a precision digital integrator. Data were captured over 
two complete probe rotations at 256 readings/rotation. The 
results to the rotating coil measurements showed the inte- 
grated harmonics for normal and skew quad and sextupole 
were well within the required specifications. 
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VARIATIONS IN THE STEEL PROPERTIES AND THE EXCITATION 
CHARACTERISTICS OF FERMILAB MAIN INJECTOR DIPOLES 
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Abstract 

The Fermilab Main Injector project is building 344 
dipoles, for which over 7000 tons of steel are required. 
Budgetary and logistic constraints prevented purchasing all 
of the steel required prior to production. Run to run 
variations in the magnetic properties of the steel have 
produced variations in the excitation curves of the dipoles. 
The variations in the B(H) curves for the steel as a 
function of run number, and the excitation characterisitics 
of the dipoles, are discussed. 

1  INTRODUCTION 

The Main Injector accelerator [1] will be constructed 
using new conventional dipole magnets [2-3]. An 
extensive R&D program was carried out [4] to assure the 
quality of the magnets and to determine the desired end 
geometry to minimize the effective length variation with 
excitation and the sextupole content of the ends. Twelve 
full-length, pre-production dipoles (six six-meter and six 
four-meter dipoles) were then built and measured. The 
FMI project was then ready to begin fabrication of the 
production magnets, and a contract was awarded for 
approximately fourteen million pounds of steel. This 
contract consisted of a (i) base quantity of 3,339,000 
pounds to be delivered at a rate of 556,500 pounds per 
month over six months during calendar year 1993; (ii) an 
option for 7,813,000 pounds for delivery over twelve 
months spanning most of 1994: and (iii) an option for 
3,562,000 pounds for delivery over eight months in 1995. 
The delivery schedule in the procurement contract was 
necessitated both by a lack of funding and by a lack of 
storage space for the steel. 

The steel specification included two aspects regarding 
the magnetic properties: the coercive force was specified to 
be less than 1.0 oersted and to fall within a range relative 
to the running average of all previous batches, and the 
permeability at 100 Oe was specified to be between 176 
and 181. The steel specifications were written with the 
goal of producing magnets with strength variations over 
the production which would be a random distribution with 
a root mean square deviation of less than 0.1%. 

*Work supported by the U.S. Department of Energy under contract 
number DE-AC02-76CH03000. 

All of the steel that was received was within our 
specification. There were, however, some changes in the 
characteristics of the B(H) curves of the steel during the 
production runs which will be described below. 

2 STEEL PRODUCTION 

The steel, a standard low-silicon electrical steel, was 
produced by LTV Steel Company at their Cleveland 
Works. The steel was produced in a total of thirteen 
"runs" over the course of three years. Each run involves 
the consecutive processing of a number of coils through 
their Continuous Anneal Line (CAL). The number of 
coils processed at a time ranged from 8 to 86. These coils 
in turn came from a number of "heats", with a given heat 
having a particular chemistry and producing seven to ten 
coils. Coils from a given heat were generally, but not 
always, processed during a single run. LTV demonstrated 
very good control over the chemistry throughout the 
production. Between the melting and casting and the CAL 
runs, the steel is hot- and cold-rolled to the final 
thickness. Subsequent to the CAL, the master coils are 
coated, slit into five strips the proper width for stamping 
with minimum waste, and then shipped to the lamination 
stamper (under separate contract to Fermilab). 

The CAL consists of seven stages: direct-fired furnace, 
radiant tube heater, radiant tube soak, gas jet cooling, 
over-aging furnace, final jet cooling, and final water cool. 
An eighth stage, the roll quench, was not used for 
processing our steel. Prior to processing any steel for the 
FMI project, the CAL processed transition coils until the 
desired temperatures were attained. The temperatures at 
the various points in the CAL were also controlled very 
well. As the coils were exiting the CAL, samples of steel 
were taken from the head and tail of each coil and 
longitudinal and transverse specimens were prepared 
according to ASTM A343. These were measured by LTV 
Steel at their Technical Center in Independence, OH, and 
then forwarded to Fermilab where the samples were 
remeasured. The Fermilab measurement results were 
forwarded to the accelerator physics group which was 
responsible for the assignment of the "recipes". The 
recipe assignment [6] used both the magnetic information 
and measurements which were made of the gap as the 
laminations were being stamped. The recipes were 
formulated for half-cores, with the intention to be able to 
mix any pair of half-cores together during the final 
assembly.   Only in a few cases were two specific half- 
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cores assigned for assembly within a given dipole, and 
this was driven by the desire to investigate some property 
of the steel rather than from some limitation in the ability 
to formulate recipes. 

Given the production schedule outlined above, and the 
project schedule requirements which required us to 
commence production as early as possible, the first 13 
magnets assembled at Fermilab used steel exclusively 
from Run 1. After that, steel from different runs was 
generally mixed together within half-cores, although 
again, there were instances where dipoles were 
intentionally fabricated containing steel from only one 
run. 

3 DIPOLE STRENGTH COMPARISONS 

The first twenty-five to thirty magnets demonstrated a 
very narrow spread in their integrated strengths at all 
excitations. The rms of the distribution was about 
0.03%. These magnets were all composed of steel from 
runs 1-3, although very little from run 2. (Run 2 steel 
was primarily used for the quadrupoles for the FMI 
project.) As steel from run 4 began being used in 
magnets, the strength of the dipoles began increasing, and 
the difference in strength was approximately proportional 
to the fraction of run 4 steel in the magnet. The strength 
variation was current-dependent, indicating a difference in 
magnetic properties of the steel, as opposed to a geometric 
effect which should be current independent. The change in 
strength peaked at about 13.8 kG, with a maximum 
change of about 0.5% being observed; this is shown in 
Figure 1.  
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Figure 1. Strength variation vs. excitation for two 
dipoles, one early and one later in production. 

In this figure, the relative strengths of two dipoles are 
plotted as a function of current, where the strength is 

relative to the later "production average". As production 
continued, it became evident that the later steel runs were 
the normal ones, and steel from the first three runs 
produced magnets which were anomalously weak. 
Figure 2 shows the strength at 13.8 kG of the early 
magnets produced using LTV Steel; data on all magnets 
produced to date can be found elsewhere [6]. Up through 
the first fifty or so magnets, the production of the magnet 
half-cores and the final assembly of the magnets (and their 
subsequent magnetic measurements) proceeded together as 
a well-matched chain of parallel processes. After the first 
fifty magnets, with the half-core stacking proceeding more 
rapidly, the correlation between production date and the 
run number of the steel used in the half-cores became less 
distinct as half-cores were used randomly rather than in 
order of their production (which would have required 
additional handling.) Records on what steel was used in 
each magnet are maintained. 
These magnet-strength variations led to numerous, 
lengthy discussions between Fermilab and LTV Steel to 
better understand the production process and its influence 
on the magnetic properties of the steel. A consultant was 
hired to assist Fermilab and he was present at many of the 
discussions and witnessed several of the subsequent runs 
through the CAL; he provided reports [7] of his 
observations both to Fermilab and to LTV Steel. Much 
of the information on temperature control in the CAL 
discussed in section 2 above is derived from our 
consultant's reports. One result of these discussions was 
that all subsequent steel production had a minimum as 
well as a maximum speed specified during the CAL 
processing. Although an explanation for the difference in 
steel properties exists, namely differences in residual strain 
in the steel, there is no clear understanding of where in the 

Figure 2. Relative strength at 13.8 kG for the dipoles for 
the early dipoles, in order of production. The two dipoles 

shown in Figure 1 are denoted with different symbols. 
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processing of the steel these differences arise. Much of 
the discussion between Fermilab and LTV Steel focussed 
on our desire to have the remaining steel as uniform as 
possible. To a very large extent, that desire was realized. 

During the period these discussions were taking place, 
much effort at Fermilab was also being devoted to 
understanding the phenomenon through magnetic field 
calculations. The measurements of the steel samples from 
each coil are maintained in a database so the information 
is readily available for analysis. The variations between all 
the coils within a run exhibit a spread on the order of 
±200 Gauss at H > 20 Oe, which is larger than the 
differences from run to run, for runs 4 through 13. Plots 
of the average B(H) curve for each of the thirteen runs are 
shown in Figure 3; an analytic function was fit to the data 
for run 6, and subtracted from each of the other runs to 
make the differences between runs more visible. The 
difference between the first three runs and the remaining 
runs is significant, particularly in the region H < 40 Oe. 
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came from the edges of the master coil. Although the 
magnitude of the effect was small, all subsequent recipes 
were formulated with the goal of maintaining 20-60% 
edge-slit laminations. Packing factor, i.e. the density of 
the half-core relative to the maximum obtainable, was 
measured for about 10% of the magnets. The correlation 
between strength and packing factor is small: a 1% change 
in packing factor is expected to produce roughly a 0.1% 
change in magnetic strength. The packing factor of the 
half-cores did increase somewhat as the vendor fabricating 
them gained experience, but the change was less than 
0.5%. 

The Main Injector lattice has a phase-advance per cell 
of nearly ninety degrees, which allows using anomalously 
strong (or weak) dipoles in pairs, producing only a local 
closed orbit distortion. By assigning magnets, the 
strength differences described above are expected to have 
only minimal impact upon the Main Injector closed orbit, 
as discussed more fully in reference 6. 

It should be stressed that all the steel which LTV Steel 
produced was within our specification, and exhibited 
excellent magnetic and mechanical properties. The 
Fermilab Main Injector project management would like to 
acknowledge the dedication of the LTV Steel Company, 
and of R. Blotzer in particular, to producing a high-quality 
steel for use in our magnets, and the cooperative spirit of 
the LTV Steel personnel in our extensive discussions with 
them. Our consultant, E. W. Collings of Ohio State 
University, provided much valuable guidance during our 
discussions. The authors would also like to acknowledge 
the many contributors who were essential to this effort, 
including G. Kobliska and W. Pritchard in the Fermilab 
Technical Division, J.-F. Ostiguy and B.C. Brown in the 
Beams Division, and many others too numerous to 
acknowledge individually. 

Figure 3. B(H) curves averages for each of the thirteen 
runs of steel, relative to a fit to run 6. 

Using the averages (over each run) of the measured 
B(H) curves for run 1 and run 4 steel as input to the 
magnetic field calculation program OPERA2D predicts 
differences in dipole strength that are very similar to what 
we observe. It is perhaps of interest to note that the 
differences in the B(H) curves that contribute most to the 
strength differences are in the vicinity of 15 Oe, around 
the "knee" of the B(H) curve, and that in order to achieve 
uniform magnet strengths one would have to specify the 
B(H) curve in this range as well. Specifying only the 
high and low ends is insufficient. 

A number of other aspects of the production process 
were also studied. A measurable correlation is observed 
between magnet strength and the fraction of steel which 
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Abstract 

Twelve dipole magnets were built under the R&D 
phase of the Fermilab Main Injector project using steel 
from a different vendor than the production vendor. These 
dipoles exhibited an excitation-dependent difference in 
strength relative to the production magnets, with a 
maximum difference of about 1 % observed at high field. 
This difference was too large to allow them to be used in 
the project. From calculations based on the differences in 
the B(H) curves of the two types of steel, the high-field 
strength of the twelve R&D dipoles was reduced by 
machining the back-legs of the cores. The machining 
technique will be described, and excitation curves before 
and after machining will be compared. 

1   INTRODUCTION 

The Main Injector accelerator [1] will be constructed 
using 344 new conventional dipole magnets [2-3]. An 
extensive R&D program was carried out [4] to assure the 
quality of the magnets and to determine the desired end 
geometry to minimize the effective length variation with 
excitation and the sextupole content of the ends. Twelve 
full-length, pre-production dipoles (six six-meter and six 
four-meter dipoles) were built using steel supplied by 
Armco. When the FMI project was ready to begin 
fabrication of the production magnets, LTV Steel 
submitted the low bid and was awarded the production 
contract for approximately fourteen million pounds. The 
steel specification is discussed elsewhere [5]. 

2   STRENGTH   COMPARISONS 

The twelve pre-production dipoles were quite uniform 
in strength. The six, 6-m dipoles had a full width of 
about 0.14% at 1.38 T, while the spread in strengths of 
the 4-m dipoles was even less. There was, however, a 
difference at all fields of about 0.08% between the average 
of the 6-m dipoles and one and one-half times the average 
of the 4-m dipoles. This effect was corrected in the 
production magnets by reducing the stacking length of the 
4-m dipoles by about 3 mm. However, compared to the 
production dipoles, the pre-production ones were stronger 
by as much as 0.9%, in a current-dependent manner. The 

f Present address AT&T Corp., Middletown, NJ 
*Work supported by the U.S. Department of Energy under contract 
number DE-AC02-76CH03000. 

averages of the strengths of the 6-m and the 4-m dipoles, 
relative to the strength of the production magnets, are 
shown in Figure 1; the upper two curves in that figure 
show the dipole strengths before the modifications which 
are discussed below. The impact on the closed orbit 
distortion in the Main Injector ring was determined to be 
too large to allow using these magnets. 

Since the strength deviation is a function of current, 
the cause is a difference in the magnetic properties of the 
steel as opposed to a geometrical difference. The 
permeability of the Armco steel was somewhat higher 
than the LTV steel at all values of H. Based on this 
difference, it was plausable to try to reduce the strength of 
the pre-production dipoles by removing steel. 

Although several locations on the cores were 
candidates, the easiest location to access while still 
maintaining symmetry was the backleg at the parting 
plane. According to Ampere's law, the field in the gap is 

gap 
given by: B gap- nl- .^BsteddL 

bsteel 

where the integral is over the steel along a flux line. We 
can manipulate the value of B in the gap by changing B in 
a section of steel with length L: 

AB gap' -L A Bsteel 

gap f1steel. 

Modifying the cross-section of the backleg such that 
Bsteelx (backleg width) ~ Bgap x (poletip width/2) 

( flux conservation) we obtain a variation of B in the gap 
that depends upon the length of the section of backleg 
which is reduced in width. Also, one sees that at low 
excitation, where u. is large the change in B is small, but 
that as the excitation increases the effect increases. 

The above equations suggest the starting point. It was 
determined through OPERA2D calculations that removing 
a rectangular region 2.69 cm wide by 5.08 cm high on 
each backleg (see Figure 2) should reduce the field at 1.38 
T by the desired amount. The width of the flux-carrying 
region in the steel in the backleg, taking into account the 
keyway on the parting plane, was reduced from 13.0 cm to 
10.3 cm. Removing steel from a rectangular region was 
done for simplicity of machining. While the height of the 
cut determines the absolute change in strength and mostly 
shifts the strength curve vertically, the depth of the cut 
controls its general shape, i.e. the level of current at 
which saturation effects become important. 
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Figure 1. Dipoles strengths, relative to production magnets, for the pre-production magnets before and after machining. 

The method chosen for removing the steel in the 
backleg was to remove twenty-six of the thirty tie plates 
which join the half-cores together (sixteen of twenty for 
the 4-m dipoles), leaving one tie plate in each of the four 
corners. After machining, the magnet was reclamped in 
the assembly press and stainless steel tie plates were 
welded to fasten the half-core together. It was verified 
during the modification of the first dipole that if the tie 
plates are replaced with steel tie plates after machining, 
the reduction in field in the gap is much smaller than 
expected; i.e. the presence of a parallel flux path 
drastically diminishes the reduction in field. However, 
simply replacing the tie plates on a dipole which has not 
yet been machined has almost no effect on the field. 
Leaving the corner tie plates in place allowed shipping the 
magnet with the coils still intact. The machining was 
done by outside firms at a total cost of less than 5% of the 
value of the magnet, including Fermilab labor. 

S < 

Figure 2. Cross-section of machined dipole. For scale, 
the lamination is 78.1 cm x 26.7 cm. 

The procedure was first tested on one of the two 
prototype dipoles which were totally unsuitable for use in 
the ring: the endpacks were bolted on rather than being an 

integral part of the cores, and had the wrong profiles; the 
coils were not of the final configuration, and their 
impregnation was inferior. They were, however, 
fabricated from the same steel as the twelve pre-production 
dipoles. When this test proved to be successful, the same 
procedure was done to one of the pre-production dipoles. 
In both cases, the machining was done as a series of 
straight cuts which approximated the 15 mm sagitta of the 
dipole in 3 mm steps. For the remaining eleven pre- 
production dipoles, a different vendor was found who had 
larger capacity, and whose machines could follow the 
sagitta precisely. In both cases, the machining was done 
over the length of the cores except for the last 24 cm on 
each end where the tie plates were still in place. 

Figure 1 also shows the strength deviation as a 
function of excitation for the machined dipoles, again 
relative to the production dipoles. The dipoles were 
reduced in strength very close to the desired amount. 
The residual strength variation is not a problem: by 
placing them in pairs the local closed orbit distortion is 
about 2 mm, which is less than the expected errors due to 
misalignment, and is within the range of the individually- 
powered correction dipole system to correct. 
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THE DESIGN AND CONSTRUCTION OF THE PERMANENT 
MAGNET LAMBERTSON FOR THE RECYCLER RING AT 

FERMILAB 
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Abstract 

This paper will show and discuss the simple design 
of a permanent magnet Lambertson used to extract and 
inject 8 GeV. beam from the Fermilab Main Injector 
Ring to the Recycler Ring, and from the Recycler Ring to 
the Main Injector. Pictures will show how four different 
magnets used to form the injection and extraction double 
dog legs are made from one universal design. Detailed 
assembly drawings will illustrate the construction 
techniques using solid pieces of steel instead of 
laminations. The field strength in both the bending 
region and the field free region will be discussed along 
with temperature compensation of the strontium ferrite 
magnetic bricks. 

1 INTRODUCTION 

The idea of using permanent magnet Lambertsons 
for injection and extraction from the Main Injector ring to 
the Recycler ring was an extension of the idea to use 
permanent magnets wherever we have a fixed energy of 8 
GeV. The Recycler storage ring will be installed in the 
Main Injector ring at a nominal height of 84 inches from 
the floor. The Main Injector ring is at 27 inches from the 
floor. 

The Recycler ring was the first large scale machine 
built with permanent magnets. We built a couple of 
successful prototypes for the Recycler ring and concluded 
that it would be a good idea to use as many permanent 
magnets as seemed reasonable in our 8 GeV transfer line 
which runs from the Booster ring to the Main Injector 
ring. The permanent magnets that were constructed for the 
8 GeV transfer line and the Recycler ring have strengths 
which range from 1.5 to 2.0 Kg-m. The more permanent 
magnets we built, the wiser we became in the methods of 
building these types of magnets, and from this the 
permanent magnet Lambertson evolved. 

147 

2  THE PERMANENT MAGNET LAMBERTSON 

The permanent magnet Lambertson is unique in that 
it uses solid bar stock and plates for its construction. The 
field free region is constructed using a gun boring 
technique. In laminated magnet construction, the field 
free region is located at a fixed point in relation to the 
bending region, and the bending region has to be designed 
with a wide enough aperture to bend the beam in the good 
field region. Having the field free region made in a 
separate piece of steel allows the bending region to be 
positioned bending upward or downward in relation to the 
field free region. Since we are able to angle the bending 
region in the direction of the bend, the width of the 
bending region is greatly reduced. 

Having this mechanical capability of bending up or 
down, the permanent magnet bricks can be arranged such 
that the field direction of all the bricks is pointing in the 
direction of the center poll piece or away from the center 
pole piece. Thus, with one mechanical design, four 
different Lambertson configurations can be constructed. 
The specifications of the permanent magnet Lambertson 
are as follows: The pole tip length is 160 inches. The 
base plate length is 168 inches. The bending angle is 
22mr, and the field strength is l,607kg-m. The field free 
region has a 3 inch OD X .049 wall 
steel vacuum tube, and the bending region has a 2 X 2 X 
.065 wall stainless steel vacuum tube. (See the 
illustrations of the four types of magnets.) 
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3  LAMBERTSON ASSEMBLY SEQUENCE 

The sequence for assembling a permanent magnet 
Lambertson goes in the following manner: 

1. The 1X4X6 strontium ferrite bricks are fully 
magnetized. 

2. The type of Lambertson to be constructed is selected: 
Extracting protons or anti-protons. Bending up or 
bending down. 

3. The center pole piece and the side plates are 
assembled to the base plate which has the field free 
region in it, in the appropriate bending direction. 

CENTER STEEL SECTION 

SIDE 
PIAIE 

ALUM. 
PACER 

4. 

•FIELD FREE REGION 
BASEPLATE 

The side bricks are slid into the magnet between the 
side plates and the center pole piece, working equally 
on both sides and starting at one end of the magnet. 

SIDE 
HRICKB 

The top plate is a sub-assembly which is constructed 
on a separate table. The magnetized bricks are glued 
to each other and then glued to the top plate. They 
are located on the steel top plate by aluminum bars 
which run down the length of the top plate. 

TOP PLATE 

ALUMINUM 
SUPPORT 

TOP 
BRICKS 

TOP PLATE W/ BRICKS 

6. The top plate is rotated 180 degrees, and lowered on 
to the magnet sub-assembly. Guide rods are used to 
keep the top plate centered as it is forced into its final 
position. There is a very strong repulsion force until 
the top plate and the side plates get close enough to 
make magnetic contact. At this point the magnetic 
circuit is completed and the force becomes one of 
attraction. 

ADD SIDE BRICK5 
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7.    The magnetic compensation strips are now installed, 
and the end plates are added. 

ADD COMPENSATION 
STRIPS 

The magnet is now magnetically measured for field 
strength using a flip coil. After measurements, the 
magnet is place in a freezer where it's temperature is 
lowered to 32 degrees F. The magnet is again 
measured at this temperature to insure that the correct 
amount of temperature compensating material has 
been added to the magnet. Once the magnet has 
warmed up to room temperature, another set of 
measurements are again taken to finalize the magnet 
strength and temperature compensation of the 
magnet. 
The magnet is now ready for a final painting and the 
vacuum beam pipes are installed. 

BEAM 
TUBE 

UPSTREAM V\EW 
W/ COVER 
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DESIGN AND FABRICATION OF AN ACHROMATIC BEND FOR 
MEDIUM ENERGY ELECTRON COOLING AT FERMILAB 

M.W. McGee, P.G. Hurh and K.J. Bertsche* 
Fermi National Accelerator Laboratory, Batavia, Illinois 60510t 

Abstract 

The use of an achromatic bend for a medium energy 
electron cooling beamline in the new Recycler Ring at 
Fermilab is required to ensure a stable beam position. 
This first order 180° achromat consists of two 90° dipoles 
with a 61 cm bend radius and a central dispersion- 
suppressing quadrupole flanked symmetrically by a weak 
solenoid and an air-core cos(20) quadrupole. The 
mechanical design and technique of fabrication for each 
bend component is discussed. Each of the air cooled 
mechanical designs are simple yet precise in terms of 
construction technique. The results of magnetic field 
measurements are also presented. 

1   INTRODUCTION 

Medium energy electron cooling for the Recycler Ring 
requires a highly parallel electron beam with less than 20 
|irad divergence. The beam transport system must be 
carefully designed and constructed to preserve these 
parameters. Achromatic bends have been adopted, and 
these are designed so that components and beam profiles 
are symmetric about the midpoint. 

A simple first-order achromatic bend is achieved by 
splitting the bend equally in two bend magnets and 
placing a quadrupole lens between them[l]. The 
quadrupole cancels dispersion by imaging the center of the 
first bend magnet onto the center of the second. This 
places the two bend magnets 180° apart in horizontal 
betatron phase and causes particles of different energies to 
emerge at the same point and with the same angle, to first 
order. 

Achromatic bends not only stabilize the trajectory 
against energy spreads or energy fluctuations in the beam, 
they also stabilize the trajectory against power supply 
fluctuations (assuming magnets separated by 180° are 
operated on common supplies). For a relativistic beam, 
achromatic transport is also isochronous. This is essential 
for electron cooling if a recirculating electrostatic 
accelerator is used. Otherwise, energy fluctuations would 
affect the timing and modulate the instantaneous beam 
current, tending to destabilize the system. 

For beam symmetry about the midpoint of the 
system, there should be a vertical waist at the center of 
the central quadrupole. Most of the vertical focusing to 
accomplish this comes from the edges of the dipole 
magnets. Additional small adjustments of vertical and 
horizontal focusing are provided at each end of the 
achromat. Because of the small lens strength required, 

weak solenoid lenses and cos(29) quadrupoles are used. 
Figure 1 displays the layout for the achromat. 

"Currently with Siemens Medical Systems, Concord, California 94520. 
'Work supported by the US Department of Energy under contract 
number DE-AC02-76CHO3000. 

Figure 1. Top view of achromat. 

2  MECHANICAL    DESIGN 

2.1 90" Dipoles 

The 90° dipoles are designed to satisfy several 
magnetic and geometric criteria. For a bend radius of 61 
cm and a 5 MeV electron beam, a 300 Gauss field is 
required. In addition, in order to counter the strong 
horizontal focusing associated with a 90° dipole, the use 
of edge angles on the pole ends is desired. For a total 
beam separation of 1.8 m between the entry and exit 
beam lines, a 15° edge angle provides nearly enough 
focusing to focus the beam both vertically and 
horizontally at the center of the dispersion-suppressing 
central quadrupole. The body field of each dipole is desired 
to be as uniform as practically possible (less than +0.5% 
variation) and the beam trajectory field integral of both 
dipoles are desired to match each other within +0.1% to 
ensure symmetry of the bend when dipoles are run in 
series on the same power supply. 

To accommodate electron cooling in the Recycler 
Ring, the vacuum chambers in the dipoles must allow for 
a 15.2 cm diameter aperture. This sets the dipoles' pole 
tip gap at 16.5 cm (allowing for vacuum chamber wall 
thickness). In addition the vacuum chambers must 
provide an entrance/exit path for the cooled ion beam. 
This requires a large opening in the flux return steel of 
the dipoles. 

Figure 2 shows an end view of a dipole magnet. The 
90° dipoles are designed with a simple, bolted together 
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construction method using solid steel (1010) plates rather 
than laminations. The pole pieces are 5.1 cm thick and 
flux return pieces are 1.9 cm thick. All pieces are ground 
flat to 50 |J.m where they mate together and on the pole 
faces. The pole plates are spaced apart with precisely 
machined brass blocks featuring dowel pins to align the 
pole pieces to each other within 100 (im. The ends of the 
magnet feature field clamps to control the field fall-off 
and removable steel pieces which may be re-machined to 
eliminate some of the second order aberration terms. 
Small field shim strips are also added to the edges of the 
pole pieces to ensure flat field across the aperture. 

30.7 cm 

Figure 2. End view of 90° dipole magnet. 

Coils are constructed of 119 turns of #6 magnet wire 
layered with epoxy resin tape. They were cured at 149° C 
for several hours and then wrapped with glass fiber tape 
and painted with room temperature curing epoxy. The 
coils fit tightly around the pole pieces and are secured in 
place with several brass brackets. 

The completed dipole pole faces were mechanically 
measured using a coordinate axes measurement machine 
and found to be parallel to each other within 180 |0.m in 
the worst case. This is equivalent to 0.1% of the magnet 
aperture. 

The field variation across the aperture of the dipoles 
was measured using a conventional hall probe. Figure 3 
shows the variation at the centers of the magnets to be 
less than 0.14% ±0.12% of the full field (303 Gauss at 
17.36 A). Figure 4 shows a typical field fall-off for a 
magnet end along the beam trajectory. Using the 
measured field integrals along the beam trajectory, the 
effective lengths of the magnets are found to differ by 
0.38%. This difference can be reduced in practice by using 
a shunt to regulate the current in one of the dipoles. 

-ECD001 

-ECD002 

-7.62 -5.08 -2.54 0 2.54 5.08 7.62 

Location in Aperture   (cm) 

Figure 3. Field versus transverse position at dipole center. 

Location  from pole  end   (cm) 

Figure 4. Typical field fall-off for 90° dipole magnet. 

2.2 Central Quadrupole 

Due to space constraints, the central quadrupole is 
very short, with a ratio of bore diameter to iron of 1.22. 
A pole tip field strength of 400 Gauss is required, which 
corresponds to a gradient of 0.469 T/m. The steel 
structure of the quadrupole consists of 4 yoke plates and 
pole pieces made of (1018) and (1008) steel, respectively. 
The pole tips have a circular cross-section, with a 
diameter 1.15 times the aperture diameter to eliminate 
the 12-pole component of the body field[2]. Figure 5 
shows a combined cross-section and end view of the 
central quadrupole. 

33 cm 

Figure. 5 End view of central quadrupole. 

To eliminate the 12-pole component of the end fields, 
each pole was corrected with a 45° chamfer as described 
by Hassenzahl[3]. The integrated multipole fields were 
measured with a Morgan coil before trimming, after 
trimming one end, and finally after the other end was 
trimmed. The second measurement confirmed the 
correctness of the chamfer depth. The chamfer chord 
length divided by bore diameter was 0.097. 

Stainless steel alignment plates located on each end 
ensured the repeatability of quadrupole assembly. The 
placement of each pole piece was indexed from one 
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reference dowel pin location with respect to the bore 
center. The dual alignment plate feature of the mechanical 
design allowed for an iterative process of pole trimming 
described above. An alignment mandrel was placed in the 
center to ensure relative pole positioning during initial 
assembly and assist in pole end trimming. 

Each pole piece was ground flat on five surfaces and 
each pole radius was cut using an electrodischarge 
machining (EDM) process with a 250 (im diameter wire. 
The yoke and alignment plates were also ground to 
flatness within 25 |J.m. 

Each coil consists of 225 turns of #12 solid square 
conductor. Between each layer an epoxy resin filled tape 
provides added insulation. The coils were cured over a 
duration of three hours in a 177° C oven. The design 
gradient was obtained with 4.5 A. 

The mechanical design could be improved by 
increasing the thickness of each alignment plate to 
maintain dimensional stability. The results of the 
magnetic measurements of the integrated fields at 25 mm 
provided in Table 1 show the virtual elimination of the 
12-pole component B6. The sextuple A3 is higher than 
anticipated but adequate for present needs; the source is 
presumably effects of an asymmetric support stand which 
uses some ferromagnetic steel. 

Table 1. Results of quadrupole magnetic measurement. 

0 19.1 cm 

N = JBidl[T] 6.545e-2 

JAic!l/N[l/m] -3.920e-4 

JBcdU N[\lm'] -5.282e-5 

2.3 cos(29) Quadrupole 

Weak quadrupoles in the non-dispersive region outside 
the bend are required to provide some focus adjustment 
both vertically and horizontally. The effective pole tip 
field for these quads is so weak (20 Gauss) that remnant 
fields in the iron of traditionally designed quadrupoles 
could be problematic. Thus the outer quadrupoles are 
constructed without iron pole tips using wire conductors 
alone lying on a circular cross-section with a cos(20) 
density distribution. 

Figure 6 shows an end view of the weak quadrupole 
design. Wire conductors (#12 magnet wire) are pressed 
into grooves in the outer surface of a precision machined 
nylon tube. The wires are arranged into 4 coils of 6 turns 
each on a diameter of 16.5 cm. The act of pressing the 
wire into the grooves actually straightens the relatively 
thin conductor to within ±30 p:m. The assembled coils 
are inserted into a steel shielding tube (30.5 cm long by 
0.5 cm wall thickness), and the coil ends are wrapped 
back over the edges of the steel to shield the aperture 
from the coil end effects. Alignment fiducials are attached 
to the outside of the steel shielding tube for use in 
aligning the quads to the beam line. For a magnet of this 
design, an excitation current of 12 A should develop a 
gradient of 0.024 T/m. 

0 15.9 cm 

#12 copper 
conductors 

Nylon wire 
guide 

Figure 6. End view of cos(28) weak quadrupole. 

Two weak quadrupoles of this design have been 
constructed and are currently undergoing magnetic 
measurements. It should be noted that because of the very 
weak nature of the desired gradient, stray fields are very 
problematic. 

2.4 Weak Solenoid 

The weak solenoid's bore diameter is 17.2 cm and 7.6 
cm in length, enclosed by 6 mm thick permeable iron. 
The solenoid coil is made of #14 square conductor with 
300 turns. This design will provide a focal length of 100 
m when excited with 5A. 

3   CONCLUSIONS 

The magnetic measurement results to date indicate the 
design success of those components tested. Also, the 
sensitivity of the magnetic tests to the surrounding 
environment demonstrates that great care in shielding the 
beam line and all components will be required. This bend 
is designed for medium energy electron cooling at 
Fermilab and will be tested using a proton analog beam 
during September of 1997. 
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HYBRID PERMANENT QUADRUPOLES FOR THE 8 GEV TRANSFER 
LINE AT FERMILAB 

S.M. Pruss, B.C. Brown, G.W. Foster, H.D. Glass, DJ. Harding, G.P. Jackson, M.P. May, 
J.-F. Ostiguy, J.T. Volk (Fermilab) 

Abstract 

Hybrid Permanent Magnet Quadrupoles for specialized 
portions of the 8 GeV transfer line from the Fermilab 
Booster to the new Main Injector have been built, tested 
and installed. These magnets use a 0.635 m long iron 
shell and provide an integrated gradient of 1.48 T-m/m 
with an iron pole tip radius of 0.0416 m. and pole length 
of 0.508 m. Bricks of 0.0254 m thick strontium ferrite 
supply the flux to the back of the pole to produce the 
desired 2.91 T/m gradient. For temperature compensation, 
Ni-Fe alloy strips are interspersed between ferrite bricks to 
subtract flux in a temperature dependent fashion. 
Adjustments of the permeance of each pole using iron 
between the pole and the flux return shell permits the 
matching of pole potentials. Magnetic potentials of the 
poles are measured with a Rogowski coil and adjusted to 
the desired value to achieve the prescribed strength and 
field uniformity. After these adjustments, the magnets are 
measured using a rotating coil to determine the integral 
gradient and the harmonics. These measurements are used 
to calibrate the production Rogowski coil measurements. 
Similar quadrupoles are included in the design of the 
Fermilab Recycler. 

1    MAGNET DESIGN 

These magnets serve both as necessary components 
of the 8 Gev transfer line and as production prototypes for 
the quadrupoles needed for the Fermilab Recycler. All the 
of Fermilab permanent magnets are of the "hybrid" type 
in which the field is driven by permanent magnet bricks 
and the field shape is determined mainly by iron pole 
pieces [1]. The advantage of this design is low cost due 
to the use of the same type of permanent magnet material 
(Type 8 Strontium Ferrite) as many automotive and other 
commercial applications. The magnets made in this way 
are also very stable over long time periods and are not 
affected by radiation. The disadvantage is the brick to 
brick strength variation which must be tuned out of each 
magnet based on measurements of assembled magnets. 
The intrinsic temperature coefficient of the Ferrite 
material (-0.18% / °C) is canceled by interspersing a 
"compensator alloy" between the ferrite bricks. In this 
application an amount of compensator about 14% of the 
brick in volume is required. 

2    MAGNET ASSEMBLY 

Assembly of these magnets from purchased parts is 
straightforward and requires two technicians for only two 

hours. The four precision pole pieces are assembled to 
two precision stainless steel end spacers and four 
aluminum spacer bars. The ferrite bricks and compensator 
strips are inserted along one side with one channel length 
having its field pointing into a pole and the other with its 
field pointing out of the adjecent pole. A steel flux return 
side is layed over the bricks and the assembly rolled 90°. 
This procedure is repeated for the remaining three sides, 
taking care to maintain the proper brick polarity. The 
four sides are bolted together but are not attached to the 
pole assembly. The flux return end pieces are installed 
and bolted to the sides, but again not to the pole 
assembly. The magnetic forces hold the pole assembly 
strongly to the flux return shell and prevent it from 
moving longitudinally. Nevertheless, we plan to have 
retainer spacers between the flux return end pieces and the 
pole assembly in the Recycler quadrupoles to prevent 
movement if the magnet is mishandled. A total of ten 
magnets were built, nine used in the beamline and one 
prototype/spare. 

Figure 1 Magnet Cross Section, ferrite bricks are dotted. 

3    ROGOWSKI MEASUREMENTS AND 
TRIMMING 

After each magnet is assembled, the magnetic 
potential is measured at both ends of all four poles with a 
Rogowski coil [2,3]. The magnet is then put in a freezer 
overnight and cooled to 0° C. The magnet is removed 
from the freezer, wrapped in a thermal blanket in such a 
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way that the ends are accessable, and the magnet 
temperature and the magnetic potential is quickly 
remeasured. After the magnet has completely returned to 
room temperature, the temperature and magnetic potential 
are remeasured. The freezing typically causes a very small 
increase in strength (-0.05%) in these magnets. While 
other types of hybrid permanent magnets have had seen 
variability of the temperature compensator material, 
because all the material for these magnets was from one 
lot, no variation was seen and all the magnets were stable 
over the temperature range. 

In order to qualify the Rogowski measurement 
technique, a prototype magnet was measured 22 times 
over a one month period. The strength of the magnet, 
averaged over the eight points measured, had an RMS 
variation of 0.018% even though the RMS variation of 
the eight individual points was 0.18%. If this were a 
statistical error problem, one would expect the error of the 
average of eight measurements to be a factor of square 
root of 8 (= 2.8) smaller than the error of the individual 
measurements. The greater variation of the individual 
points suggests some slow variation with time in the 
distribution of flux lines within the magnet leaving the 
overall strength relatively more stable. However, this 
variation is small enought to allow use of this quick and 
simple measurement technique for trimming the 
individual pole variations. This was believed to be 
necessary to reduce the field errors which give higher order 
multipole components, especially sextupole and skew 
sextupole. The magnets were built with enought ferrite 
to give -2.7% more integrated gradient than we calculated 
would be required to allow for brick variation. In fact, the 
brick variation was quite small and the actual magnet 
RMS variation before trimming was 0.17%. The 
trimming was done by loading steel washers onto 
stainless steel threaded rods and inserting these rods into 
the stainless steel tubes in the four corners of the magnet. 
Varying the number of washers changed the amount of 
flux shunted out the back corner of the pole into the flux 
return. One washer in one corner reduced the total magnet 
strength by about 0.007%, a quite reasonable least 
change. Of course the pole that the washer was behind 
was reduced more than four times that while adjacent 
poles were strengthened slightly. After a sufficient 
distribution of washers had been added to the magnets to 
produce the desired Rogowski readings, the magnet was 
shipped to the Fermilab Magnet Test Facility where a 
full length rotating harmonic coil was used to measure the 
integrated gradient and the higher order harmonics[4]. 
Only after this process had been performed on several 
prototype magnets did we determine the appropriate 
Rogowski readings to aim for. The average of the six 
magnets built to that aiming point were 0.1% stronger 
than desired as measured by the harmonic coil. They had 
an RMS variation of 0.06% in strength. The average 
sextupole component (normalized to the quad at 0.0254m) 
was 2e-5 for the normal component and 3.8e-4 for the 
skew with an RMS of 6e-4 for both normal and skew. 

Because the poles are cut off squarely at the ends with no 
chamfer, the magnets have an average 12-pole of -7.9e-4, 
again normalized to the quadrupole at 0.0254m. The 
RMS of this 12-pole is 2.7e-5. This can be fixed for the 
Recycler Ring magnets either by a small chamfer or by 
adding two small screws with a few washers to each pole. 
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SELECTING MAGNET LAMINATIONS RECIPES USING THE 
METHOD OF SIMULATED ANNEALING 

A. D. Russell, R. Baiod*, B. C. Brown, D. J. Harding, P. S. Martin 
Fermi National Accelerator Laboratory *, Batavia, IL 60510-0500 

Abstract 

The Fermilab Main Injector project is building 344 dipoles 
using more than 7000 tons of steel. There were signifi- 
cant run-to-run variations in the magnetic properties of the 
steel. Differences in stress relief in the steel after stamping 
resulted in variations of gap height. To minimize magnet- 
to-magnet strength and field shape variations the lamina- 
tions were shuffled based on the available magnetic and 
mechanical data and assigned to magnets using a com- 
puter program based on the method of simulated annealing. 
The lamination sets selected by the program have produced 
magnets which easily satisfy the design requirements. This 
paper discusses observed gap variations, the program struc- 
ture and the strength uniformity results for the magnets pro- 
duced. 

1    INTRODUCTION 

The Main Injector [1] is a high performance 150 GeV syn- 
chrotron which is being built at Fermilab to provide high 
quality, high intensity beams. Design studies [2] from 
which requirements were established, assumed a magnet- 
to-magnet uniformity of the bend strength of 10-3. Efforts 
to improve on that minimum goal have been directed to- 
ward minimizing commissioning and operating efforts by 
reducing the use of correction magnets. 

The bend strength of a dipole may be characterized [3] 
by 

I      C      |      D      | 
CROSS SECTION SHOWING CROWN IN STEEL 

BL, eff I Byds = ^ha{NgI. C{H))     (1) 

where / is the current (per turn) in the coil, Ng is the num- 
ber of turns linked by a flux line which crosses the gap in 
the good field aperture, g is the gap height, C is the length 
of the flux path in the core, Le// is the effective length of 
the magnet, and (H) is the average of H along the flux line 
in iron. The parameters which can be controlled during 
manufacture are the (effective) length, the gap, and (H). 

The steel received from the manufacturer, LTV Steel, 
was of high quality and met all contract specifications. 
Nonetheless, there were run to run variations [4] in the 
properties of the sheet steel which resulted in variations in 
the gaps of the stamped laminations and in the magnetic 
properties at high fields. 

To produce the half cores, laminations from different 
production heats and runs were mixed taking into account 

* Current address: AT&T Corp., Middletown, NJ 07748-4801 
t Work suported by the U.S. Department of Energy under contract 

number DE-AC02-76CH03000. 

MASTER COIL SLITTING, 
LAMINATION STAMPING, 
ORIENTATION AND LABELING. 

Figure 1: Master coil and slit structure. 

their magnetic properties, their average gap height and their 
transverse taper, Figure 1. Control of Leff was obtained 
by stacking laminations to a fixed length with a minimum 
pressure which was sufficient to flatten the laminations. 
The half cores produced had sufficiently uniform magnetic 
and mechanical properties that matching of half cores was 
not required. 

2   STEEL AND LAMINATION PROPERTIES 

The 55" wide steel master coils, Figure 1, were cut into 5 
10% " slit coils to minimize waste during stamping. Each 
slit coil yielded about 800 laminations. It was necessary, 
because of the crown in the master coils, to balance the 
amounts of A and E slits and B and D slits in each half core 
to insure that the core ends were sufficiently parallel. 

The lamination shape is shown in Figure 2. The shape 
of the pole sets the high order field properties of the mag- 
net and is quite reproducible across all steel lots. The 
half height of the gap is the distance of the pole feature 
from a reference line across the backleg features on each 

Figure 2: Main Injector dipole lamination. 
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Figure 3: Measured gap (half) height distributions, (a) All measured laminations, (b) Averaged over slit coils, (c) Average 
gaps for half core recipes. 

side. However, the half gap height created in the lamina- 
tion stamping die is modified by stress relieving deforma- 
tions which vary from coil to coil. Occasional die adjust- 
ments were required to maintain the required gap height by 
compensating for die wear. 

The lamination shape was monitored by measuring a 
0.2% sample of the laminations with a coordinate measur- 
ing machine (CMM) and a 2% sample with a gap moni- 
toring system. The CMM confirmed in detail the shape of 
the laminations. The gap monitoring system used three me- 
chanical sensors1 to measure the pole position at the center 
and 2.00" to either side of center. The selected lamination 
was placed with a reference surface supporting the back 
legs and the three distances to the pole were recorded. 

The target range for the average gap of a half core was 
1.0002" to 1.0003". Figures 3a and 3b show the measure- 
ment data for the laminations. The standard deviations 
of the distributions are 0.00048" (12/xm) and 0.00034" 
(8.6/xm) respectively, significantly larger than the target 
range. Figure 3c shows the gap distribution for a set of half 
core recipes generated by the simulated anneal program, 
some of which were eliminated on other grounds. Figure 4 
shows the time sequence of the average gaps for this set of 
half core recipes. 

3   SIMULATED ANNEALING PROGRAM 

To meet the required magnet specifications it was neces- 
sary to control the average gap and average Hc for each 
half core. The spread in the distribution of each was sev- 
eral times greater than allowed. (Pre-production, it was an- 
ticipated that the spreads would be even larger than was 
actually realized.) As noted above, it was also necessary 
to compensate for the taper of the slits used to make the 
laminations. 

A program based on the simulated annealing [5], [6] 
method was used to generate the lamination recipes from 
which the half cores were assembled. The recipes were 
computed in batches, typically of 20-80, depending on the 

inventory of laminations available. Simulated annealing is 
based on the observation that when a metal is heated and 
cooled slowly (annealed), the resulting solid is highly or- 
dered. We can think of the available energy states in the 
metal as obeying a Boltzman distribution, e~ElkT. The 
probability that a state with energy E, will change to a state 
with energy Ej is P^ = e-

{E'-Ei)/kT if Ej > Ei and 
Pij = 1 if Ej < Et. The important observation is that 
there is a non-zero probability that the final state will have 
higher energy than the initial. The system can escape from 
a local energy minimum. 

The simulated anneal program adjusted 4 parameters for 
each half core: the total number of laminations, the A-E 
and B-D slit imbalance, the average gap, and the average 
Hc. Each box of laminations was characterized by its slit 
type, A-E, the number of laminations (typically between 
350 and 450), N, the average gap, g, and the average co- 
ercive force, Hc- The optimization specified tolerances on 
the total number of laminations in the half core, on the slit- 
type imbalance, and the deviations of g and Hc from the 
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'Mitutoya Digamatic Indicator Model IDC112C. The sensor has a res- 
olution of 0.0001" (2.5 ßm) with an accuracy of 0.00015" (3.8 pm). 

Figure 4: Time evolution of the average gaps for the same 
set of 6 meter half core recipes. This plot shows the im- 
provement obtained as the cooling program was refined. 

3289 



inventory averages. The "energy" for a half core recipe is 

E = 
J2N(n)-Nn 

5N 
+ 

Sb 
+ 

fT,9(n)-9o\2 |  fJ2Hc(n)-Hc0
s 

Sg SHK 

where the sums run over the boxes of laminations included 
in the recipe. Nnom is the target number of laminations 
and J2 Kn) is me total slit-type imbalance. The quantities 
g~0 Hc0 are the average gap and Hc for the total inventory 
from which the half cores are being selected. The "cool- 
ing" is achieved by slowly reducing the denominators in 
each term while shuffling the box assignments to produce 
half cores which meet the criteria. (Before starting the pro- 
gram, the inventory is adjusted to ensure that the slit bal- 
ance, the average gap and the average coercive force will 
allow the specifications to be met. Over- and undersized 
laminations were used to make the end packs. This helped 
us maintain the average gap of the pool in the target range 
without significant waste.) 

4    MAGNET PROPERTIES OBTAINED 

The magnet fabrication system has been monitored by a 
program of mechanical and magnetic measurements. The 
results are recorded in, and easily retrieved from, a compre- 
hensive relational database. The 1.5 mm lamination thick- 
ness provides a least step size in the magnet length. Me- 
chanical measurements of the half core lengths are consis- 
tent with having this as the dominant limitation on length 
uniformity. As we see in Equation 1, the strength varia- 
tion due to geometry is governed by Leff/g. To evaluate 
this we fit the low field (below 0.8 T) downramp excita- 
tion curve [3] to a linear function and multiply the inverse 
slope by noNg to determine g/Leff. The correction for 
finite fidr is expected to be less than 0.5% and nearly inde- 
pendent of the steel sample involved. Results are shown in 
Figure 5. We note that the initial production of 6 m dipoles 
had a larger and less uniform gap, but the late 6 m dipoles 
and the full production run of 4 m dipoles had remarkable 
uniformity. Statistics are shown in Table 1. 

Series (g/Leff) a ^l(glLeff) 
IDA all 0.008349 3.859e-06 4.622e-4 
IDB all 0.008347 3.476e-06 4.614e-4 
IDC all 0.012520 2.572e-06 2.054e-4 
IDD all 0.012519 2.920e-06 2.333e-4 

IDA early 0.008354 2.602e-06 3.114e-4 
IDA late 0.008347 1.544e-06 1.850e-4 
IDB early 0.008353 2.632e-06 3.152e-4 
IDB late 0.008352 2.632e-06 3.152e-4 

Table 1: Average g/Leff, a, the rms spread, and the ratio 
for the different magnet populations shown in Figure 5. 

0.00834 
40 60 80 

Dipole Serial Number 

Figure 5: g/Leff for 6 m (below) and 4 m (above) dipoles 
vs. production serial number. The apparent change after 
IDA028 and IDB025 and the subsequent improved unifor- 
mity is believed to be due to several improvements in the 
half core manufacture and magnet assembly procedures. 
The relative change in g/Leff is « 10~3. 

5   SUMMARY 

In the face of significant materials variations we have pro- 
duces a remarkably uniform set of magnets. The simu- 
lated annealing method provided a very robust and efficient 
tool to assign laminations to magnets to obtain desired and 
tightly controlled properties, 
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AIR-COOLED TRIM DIPOLES FOR THE FERMILAB MAIN INJECTOR 
8 D.J. Harding, J.A. Carson, N.S. Chester, J.D. Garvey, 

G.E. Krafczyk, A. Makarov, I. Terechkine, VA.Yarba. 
Fermi National Accelerator Laboratory * 

Abstract 

New horizontal and vertical trim dipoles have been 
designed for the Fermilab Main Injector (FMI) and are 
being assembled in the Fermilab Technical Division. 
Magnets are 42.6 cm in length (30.5 cm steel length) 
and have similar cross-section dimensions. The 
horizontal (vertical) magnet gap is 50.8 mm (127 mm) 
and the target integrated strength is 0.072 T*m (0.029 
T*m). The major design effort lay in making air cooling 
possible for these magnets. 

This report presents the magnets' thermal and 
magnetic properties and discusses the limitation on 
excitation current. 

1  INTRODUCTION 

The FMI lattice includes 104 horizontal and 104 
vertical trim dipoles that perform fine close orbit 
correction [1]. The accelerator operation with 120 GeV 
energy requires 0.072 T*m integrated strength for the 
horizontal trim dipole and 0.029 T*m for the vertical 
one, but the dipoles must generate larger magnetic 
strength for 150 GeV operation, which will last about 10 
minutes a day. The current duty factor, which is the 
ratio of the r.m.s. current to the maximum one, is 0.7. 

The magnets must be less than 0.43 m long to allow 
their fitting into the space between the FMI dipoles and 
quadrupoles. 

To simplify the mounting procedure and to increase 
reliability, the magnets were made air cooled. 
Maximum core temperature of 50° C was accepted to 
meet the safety requirements. 

For air-cooled magnets, the surface temperature is a 
result of a balance between the coil power consumption 
and the power lost from the surface by radiation and 
convection. A simple estimate shows that if a magnet 
design uses traditional surface shaping, the coil total 
copper wire cross-section and the magnet core 
dimensions must be unreasonably high to meet the 
temperature specification. 

2  THE DESIGN PRINCIPLES 

The most obvious way to reduce the dipole coil 
cross-section is to increase significantly the magnet core 
surface. This was done by building the cores from E- 
shaped laminations with different width of flux return 
legs.   The  dipole  half-cores   were   assembled  from 

lamination packs. Each pack is 15 mm in thickness and 
contains 24 laminations die-stamped from 0.625 mm 
M15 ARMCO silicon steel sheets with two-side type C3 
insulating coating. When being stacked together in a 
stacking fixture, alternating lamination packs were 
turned around the pole axis of symmetry. Due to the 
different widths of the flux return legs, this procedure 
resulted in half-cores with increased vertical surface. 
Prior to stacking, each lamination was coated with a 
thin epoxy layer. Curing in an oven in a stacking fixture 
with pressure applied to the whole assembly produced 
solid half-cores that were ready for the final assembly. 

The coil has a simple racetrack configuration, 
rectangular 8x4 cm2 cross-section, and is wound using 
ML-coated 6.56 mm2 square copper wire. The coil leads 
are made using flexible insulated wires. After the coil 
was wound, it was ground insulated, vacuum 
impregnated with epoxy, and cured in an oven in a 
curing fixture. To avoid any air layers between the coil 
and the core, coils are glued into the core using room- 
cure epoxy. Figures 1 and 2 show the dipoles after final 
assembly. 

Figure 1: Horizontal Trim Dipole 

* Operated by the Universities Research Association Inc. under contract 
with the U.S. Department of Energy. 

Figure 2: Vertical Trim Dipole 
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The  table 
parameters. 

1   below  presents  the  dipoles  main 

Table 1 
Feature Description Horizontal 

Dipole 
Vertical 
Dipole 

Magnet size: (mm) 
length 
width 
height 

426 
295 
280 

426 
380 
305 

Core length (mm) 305 305 
Magnet weight (kg) 180 220 

Coil cross-section (mm) 
width 
height 

40 
80 

40 
80 

Average wire turn length (m) 1.02 1.12 
Number of turns per magnet 812 812 

Total copper weight (kg) 50 55 
Magnet resistance (Ohm) 2.2 2.4 
Magnet inductance (H) 1.1 0.9 

Nominal power (W) 180 200 
Cooling surface area (cm2) 8200 9300 

3  MAGNETIC PROPERTIES 

Figures 3 and 4 show the relative magnetic field 
distribution in a transverse (X, Y) plane for the 
horizontal and vertical trim dipoles found using the 
OPERA-2D magnetic modeling program. The 
integrated field measurement performed using a rotation 
coil have shown that the magnet end field adds some 
negative sextupole to the body field harmonic content. 
It makes the integrated field distribution differ slightly 
from the body field distribution. Nevertheless (and 
partly due to this effect), for both dipoles, the magnetic 
field meets the field quality requirement. Due to 
relatively low field level, the magnets do not have 
saturation problems. 
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Figure 4 Vertical trim dipole magnetic field. 

4  STATIC THERMAL PROPERTIES 

The factor that can put a natural limit to the magnet 
strength is the coil temperature. The normal regime 
current density for both of the magnets is approximately 
1.8 A/mm2, so it is necessary to insure proper coil 
cooling to avoid overheating. The maximum 
temperature inside the coil 

(1) T   =T + £^.[_5_ + _S_lf 
2      keff     kins 

where p (W/m3) is the coil power consumption; a (m) is 
the coil thickness; g (m) is the gap between the coil and 
the core, filled with a material with a thermal 
conductivity klns ; k^ is the effective thermal 
conductivity of the coil. Calculating the power 
consumption, one should apply all the coil power to the 
coil volume inside the core, because thermal 
conductivity of the coil along wire layers is much larger 
than that across the coil. For the dipoles' normal 
operation, the coil power consumption p = 41000 W/m3. 
The effective thermal conductivity k^ can be found if 
we know thickness d and thermal conductivity k of 
copper and insulating layers: 

dCu    .   depoxy        dML (2) dCu+depoxy
+dML 

eff Cu epoxy ML 

Table 2 lists the thermal conductivity values 
for the materials used in the coil [2]: 

Table 2 

0      5     10    15    20    25    30    35    40    45    50 

Figure 3 Horizontal trim dipole magnetic field. 

Material Units Value 
Copper W/(m*°C) 386 
Dupont Pyre-M.L. W/(m*°C) 0.155 
Epoxy W/(m*°C) 0.65 
Air W/(m*°C) 0.024 
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The average epoxy layer thickness can be calculated 
using the data from Table  1: dep„ = 0.45 mm. The 
thickness of the wire insulation dML = 0.1 mm. Then, the 
estimate of the coil effective thermal conductivity 

keff=1.6W/(m*°C). 
It is relevant to say that for an epoxy-impregnated 

coil, the wire film insulation has two times larger 
thermal resistance than the epoxy filled gap between the 
wires. If we do not use epoxy to fill the gaps, the air 
layers will dramatically increase the coil thermal 
resistance. With no epoxy inside the coil, we would have 
a maximum coil temperature of about 300°C, which is 
not acceptable from the point of view of the wire 
insulation reliability .The same effect will take place if 
we leave air gaps between the coil and the core after the 
coil is installed into the core. Assuming that these gaps 
are equally distributed and filled with epoxy (gav= 2.3 
mm), using (1), we can estimate the coil temperature rise 
as AT = 23°C. So, using the epoxy impregnation 
technique, and eliminating any air gaps between the coil 
and the core, we can eliminate the problem of coil 
overheating. 

To evaluate the magnet static thermal properties, 
measurements were performed at different current levels 
for the Horizontal and Vertical trim dipoles. The 
measurement results are in a reasonably good agreement 
with predicted numbers. The table 3 below compares the 
measured and calculated coil and core temperatures for 
the Horizontal trim dipole tested using 15 A D.C. 
excitation current. The coil power consumption in this 
case was almost 4 times larger than the magnets nominal 
power. The measured average coil temperature in the 
table was calculated based on the measured rise of the 
coil resistance. Surface-to-air heat transmission 
coefficient a = 13 W/(m2 °C) was used for the core 
surface temperature rise calculation [3]. 

Table 3 
Feature Calcul. Measured 

Power consumption at 15 A. 714 W 720 W 
Core surface temp, rise 
(above ambient) 

64°C 62°C 

Core surface temperature 84°C 82°C 
Maximum coil temperature 148°C — 

Average coil temperature 127°C 105°C 

As it is possible to see from the table 3, the core 
temperature is the main component contributing to the 
coil maximum temperature. The magnet design and 
manufacturing technology helped to reduce the problem 
of coil overheating. On the other hand, as it was 
mentioned earlier, the yoke cross-section, which was 
chosen to insure the magnet rigity, can tolerate much 
more magnetic flux without saturation. It provides a 
significant reserve for the magnets integrated strength 
increase. By accepting higher core surface temperature, 
or by using forced air flow or water for additional core 

cooling, we can significantly increase the average 
current before degradation to the magnet would occur. 

5 DYNAMIC THERMAL PROPERTIES 

The dynamic thermal properties of the magnets can 
be described by the heating characteristic time index x, 
which provides a scale to the exponential temperature 
change, according to the expression 

t 

AT(t) = AT0-(l-e~), (3) 

where AT0 is the maximum temperature rise. For the 
coil, which mainly releases deposited energy into the 
core, the estimate that takes into the account the numbers 
from the table 2 gives for both magnets Tcoil= 25 min. For 
the steel core, xs = 130 min. Because xC()ll« TSl, we can 
expect that the coil maximum temperature will follow 
the core temperature after about 25 minutes of a magnet 
operation. The core temperature after t minutes of the 
magnet operation with the increased current can be 
found from the expression: 

AT(t) = ATm, 
I2 -I2 

m nom t (4) 
I nom ^St 

where Ill()m and Im are nominal and increased current 
values, and ATnom - the core temperature rise at nominal 
current. Calculation gives AT(10 min)=0.73°C. 

Dynamic temperature measurements performed with 
the Horizontal Trim Dipole gave the results that are in 
very good agreement with the calculated predictions. 
Measured coil-core characteristic time was about 25 
minutes, core heating time - 2 hours; core temperature 
rise after 10 minutes of operation with the increased 
current was less than 1°C. 

6   CONCLUSION. 

A strict limit on the magnet core temperature forced 
us to increase the magnet's cooling surface, arranging 
vertical air passages along the core sides. Using epoxy 
for the coil impregnation and gluing the coil into the 
core nest with epoxy compound helped to keep 
maximum wire temperature at a reasonable low level. 
The dipole cores saturation properties allow operation at 
more then twice the nominal field. The 15 A DC 
horizontal dipole operation with the power consumption 
almost 4 times as larger than at the nominal 12 A 
maximum current (0.7 duty factor) operation has 
confirmed the magnet reliability. 
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A COMBINED FUNCTION MAGNET FOR A COMPACT SYNCHROTRON 
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Abstract 

At Kyoto University, a compact proton synchrotron 
with combined function lattice has been proposed for 
cancer therapy facility, KUMPF (Kyoto University 
Medical Proton Facility). KUMPF provides proton beam 
in the energy range of 70-250 MeV with average current 
of about 10 nA. The synchrotron consists of six 
identical combined function magnets, each of which 
deflects the proton beam 60 degrees. The magnet has an 
FDF structure where focusing (F) and defocusing (D) 
sectors deflect the beam 15 and 30 degrees, respectively. 
In order to realize the tune value of (1.75, 1.75 ), n-values 
of -5.856 and 6.164 are required for F and D sectors, 
respectively. In the present paper, the detailed design of 
the combined function magnet will be presented. 

1.    INTRODUCTION 

At present, a particle therapy using protons and 
heavy ions has been recognized as a powerful tool to treat 
malignant tumor due to the Bragg peak effect which 
serves a sharp dose distribution in human body. From 
this effect, the particle therapy is also expected to satisfy 
the requirement for keeping the shape and function of the 
human body from the point of view of the QOL(Quality 
Of Life) of the patients. A medical accelerator, however, 
system should be able to be operated easily and acceptable 
in size in public hospitals. 

Based on this conditions, a compact proton 
synchrotron dedicated for medical use composed of 
combined function magnets with circumference of about 
23m had been proposed for KUMPF(Kyoto University 
Medical Proton Facility) [1][2]. To realize clinical beam 
energy from 70 to 250MeV for therapy in compact size, 
the bending field is required from 0.2 to 1.28T and the 
necessary focus and defocus quadrupole field are 1.71 and 
-1.62(l/m2) at 1.28T, respectively. Construction of 
such a combined function magnet with high K-values are 
not so easy. A new design method to introduce vacant 
portions in the magnet core so as to improve a shape of 
the magnetic field in the combined function bending 
magnet has been developed. An outline of the compact 
synchrotron for KUMPF and a design principle of the 
combined function bending magnet are described in 
section 2 and 3, respectively. 

2. OUTLINE OF THE COMPACT 
SYNCHROTRON 

Figure 1 shows the compact synchrotron with 
combined function lattice in KUMPF. And typical 
operation parameters are shown in Table 1. 

PRMESI^InJection 

BMy (wJ—£3P^vBM 

EX-RF 

BM 

BMPi 

ESD 

SM2     Extraction 

BM : Combined Function Bending Magnet 
BMP: Bump Magnet 
ESD : Electrostatic Deflector 
ESI: Electrostatic Inflector 
EX-RF : RF Electrode for Extraction 
Qtr: Trim Quadrupole Magnet 
PRM: Profile Monitor 
RF-CAV :Untuned type RF Cavity 
SM1,SM2: Septum Magnets 
Sx : Resonance Exciter Sextupole Magnet 

Fig.l Structure of the Combined-Function Synchrotron 

A proton beam is injected from a linac with 7MeV. 
The injection energy was chosen to reduce an effect of the 
space charge force. The proton beam is accelerated up to 
70-250MeV and extracted to the treatment room. This 
operation is conducted in repetition rate of 0.5 Hz. The 
mean radius and the circumference of the synchrotron are 
3.8m, 23.9m, respectively. The combined function 
magnet consisting of an FDF structure was adopted for 
the merit of easy operation. Especially no need of 
tracking procedure between dipole and quadrupole magnets 
is a large merit. In this structure, F and D denote focus 
and defocus sectors in horizontal direction, respectively. 

0-7803-4376-X/98/S 10.00 ©1998 IEEE 3294 



The radius of curvature and the bending angle of the 
combined function bending magnet is 1.9m, and 60 
degrees, respectively. The maximum field is 1.28T at the 
central orbit. 

Moreover, an untuned type RF cavity using ferro- 
magnetic material named FINEMET with multiple power 
feeding[3] and the constant separatrix extraction with 
broad band RF noise are also adopted in this compact 
synchrotron[4]. 

Table 1 Kyoto University synchrotron 
 operation parameters  

particle 
Beam Energy (MeV) 

Injection 
Extraction  

Repetition Rate (Hz) 
Dose Rate (Maximum) 
Circumference (m) 
Tune 

horizontal   "üx 
vertical       t)y 

proton 

7 
70-250 

0.5 
5 Gy per min 

23.9 

1.75 
1.75 

air slots in the magnet pole are also effective for the 
control of the magnetic field distribution in the usual 
dipole bending magnet as well as the combined function 
magnets. An intensive study to apply this effect to a 
conventional type bending magnet is now carried out. 

Defocus Sector 
r rj ]   Transition Sector 

(Correction Coil Space) 
30deg—-_^ Focus Sector 

15deg    [F] 

Transition 
Focus Sector Sector 

[F] 
15de; 

3. THE COMBINED FUNCTION BENDING 
MAGNET 

Figure 2 shows the schematic view of the combined 
function bending magnet for KUMPF. The present 
bending magnet is an FDF type. The deflection angles of 
F and D sections are 15 and 30 degrees, respectively. 
The curvature radius is 1.9m. Then, the maximum 
magnetic field on the design orbit is 1.28T for 250MeV. 
Figure 3 and 4 show the cross sectional view of the 
magnet poles of the F and D regions, respectively. As 
shown in the figures, the gap height of both the sections 
is 67mm on the design orbit. This value has been 
determined based on the analysis of the beam size in 
the synchrotron. The n-values of the F and D regions are 
-5.865 and 6.1641, respectively. The specifications of the 
present bending magnet are listed in Table 2. In order to 
adjust the field gradient integrated along the design orbit, 
the one turn correction coil with air cooling is applied. 
This correction coil is twisted in the transition regions 
between the F and D sectors. A few percents of the 
integrated field gradient can be tuned by using the present 
correction coil. 

The present bending magnet is designed in such a 
way as there are some vacant portions, hereafter called the 
air slots, in the magnet poles. The magnetic 
susceptibility of the air slots in the magnet poles is much 
lower than that of the iron core. This results in an 
increase of the magnetic flux in the iron region. In the 
present combined function bending magnet, the air slots 
in the larger gap section makes the magnetic flux in the 
larger gap region increase and the characteristics of the 
magnetic field distribution is improved. Accordingly, by 
adjusting the position, shape and volume of the air slots, 
the maximum magnetic field , that is, the beam energy 
range of the synchrotron is increased with keeping the 
size of the synchrotron constant.    It is expected that the 

Central Orbit 

Fig.2 Top View of the Unit Magnet 

970 

Correction Coil Main Coil 

Fig.3 Cross-sectional View of the Focus Sector 

970 
R1340 

Fig.4 Cross-sectional View of the Defocus Sector 

The shape of the magnet pole has been determined by 
the following equation. 

y(i+b ix)-g1fy3=yor5-pLy2     (1) 

bi : quadrupole component (1/m) 
p    : curvature radius(m) 

y0 : half gap height on the design orbit(m) 
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Table 2 Specifications for the Bending Magnet 
Bending Angle 60deg 

(15degrFl-30degfDl-15degrFl) 
Radius of Curvature 1.9m 
Center Gap Height 67mm 
Magnetic Field Strength 
(at the central orbit) 

0.2T (7MeV) to 
1.28T(250MeV) 

n-value  D sector 
F sector 

6.1641 
-5.8560 

Figure 5 shows the two dimensional magnetic field 
distribution obtained by numerical analysis. The 
horizontal axis shows the radial distance from the design 
orbit and the vertical axis shows the deviation of the 
magnetic field strength from the design value. As shown 
in the figure, the difference between the calculated and 
design values is smaller than 0.02% at even the magnetic 
field of 1.35T for the horizontal width of 120mm. Since 
the curvature radius of the present bending magnet is 
1.9m, the proton beam can be accelerated up to about 
275 MeV. 

For the comparison, the two dimensional magnetic 
field distribution of the conventional combined function 
magnet without air slots is shown in Fig. 6. 

Fig.5 Two dimensional magnetic field distribution 
of the present combined function magnet. (D Sector) 

In the conventional combined function bending 
magnet, the saturation effect of the magnet pole in the 
narrower gap region deforms the magnetic filed 
distribution. This effect limits the maximum magnetic 
field used in the synchrotron. As shown in the figure, 
although the good field region of 120mm width is 
obtained up to the magnetic field of 0.8T, the widths of 
the good field region are rapidly decreases to 40mm for 
LIT and to about 20mm for 1.2T. 

4.     CONCLUSION 

The combined function bending magnet for the 
proton synchrotron of KUMPF has been presented. The 
circumference of the synchrotron is 23.9m. The 
acceleration of the proton beam to 250 MeV requires the 
maximum magnetic field and n-values to be 1.28T and 
-5.8560 for F, 6.1641 for D sectors respectively. A new 
magnet pole in which there are some vacant portions has 
been applied to realize the needed n-values up to the 
designed magnetic field. The results of the numerical 
analysis showed that the sufficiently good field region is 
obtained at 1.28T and the present bending magnet can be 
applied to the magnetic field up to 1.35T. 
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Abstract 

The field measurement of 209 dipoles and 320 quadrupoles 
for PEP-II LER will be finished at IHEP in June 1997. This 
paper covers the details of the magnetic measurement de- 
vices developed to measure these magnets as well as the 
results of the measurements. 

1   INTRODUCTION 

Four individual measurement devices have been developed 
at IHEP with the aim to perform precise, fast and reli- 
able measurement of production dipoles (63.5 mm gap 
height and 45 cm effective length), production quadrupoles 
(50 mm bore radius and 43 cm effective length) and their 
prototype magnets for PEP-II LER. The field properties in- 
cluding transfer fuction and line integral uniformity for 140 
dipoles, multipole error contents and offset of magnetic 
center for 280 quadrupoles as well as magnet-to-magnet 
reproducibility have been measured by now. 

2   FIELD MEASUREMENT OF DIPOLES 

Two separate measurement devices were made for field 
measurement of dipoles. 

2.1 Hall probe mapping device 

It is used for mapping field distribution of prototype magnet 
and calibration of long coil probes. This device consists of 
a Digital Teslameter (DTM-141) and a positioning mech- 
anism used to move the Hall probe in three directions, the 
precision of the positioning is ±0.01 mm, ± 0.02 mm and 
±0.025 mm along x, y and z axis respectively, by means of 
the digital controller and servomotors. The measurement 
precision of magnetic field with this device is better than 
2 x 10-4. 

2.2 Ramp (or step) current method 

(1) Magnet-to magnet reproducibility 
The measurement principle and procedure are described as 
follows: 
• Choosing one magnet as bucking magnet(B-magnet) and 
another one as reference magnet(R-magnet), and others as 
testing magnet(T-magnet). 
• Two pickup long-coil of 90cm long with about 400 turns 
each are connected in bucked configuration, one coil is 
fixed on the horizontal center plane of B- magnet and the 
another one into R- magnet. B-magnet and R-magnet are 

connected in series and powered by ramp (or step) excit- 
ing current. The relative deviation of line integral between 
B-magnet and R-magnet can be written as follows: 

AfB(0)dlR-B _ J B(0)dtR - f B(0)dlB 

jB(Q)dlR     ~ fB(0)dlR 
(1) 

where A / B(0)dlR-B and / B(0)dlR can be measured 
separately. 
• In the same way, all T-magnets are measured in turn, so 
we can also obtain 

AjB{0)-dlT-B 
jB(0)-dlR 

(2) 

Based on above, the relative deviation of all T-magnets 
from the R-magnet can be calculated .  In addition , the 
effect of remanent field can be extra added. 
(2) Line integral uniformity 
In practice, it is much the same way that two pickup long- 
coil as above are connected in bucked configuration , one 
coil is fixed on the horizontal center plane of B-magnet and 
the other one into T-magnet, B-magnet and T-magnet are 
connected in series and powered by ramp (or step) exciting 
current. When the T- magnet is moved laterally at different 
positions the induced signals from two pickup long-coil are 
fed to PDI5025 Digital Integrater and then process data by 
microcomputer via RS232 and GPIB interface. The trans- 
verse distribution of line integral field can be obtained. 

3   FIELD MEASUREMENT OF QUADRUPOLES 

3.1   Harmonic Measurement System 

The measurement system is based on the harmonic coil 
method. It consists of rotating long coil assembly, step mo- 
tor controller and data aquisition system. While the coil 
assembly rotates in the aperture of the magnet, the induced 
voltage in coils is digitally integrated over equally spaced 
angular intervals by using a digital integrator. IBM com- 
puter controls the measurement procedure and performs the 
FFT analysis. Some of its features are as the follows : 
• Measurement coil assembly is made with high bucking 
ratio(>300) in order to get a high sensitivity for higher har- 
monics. It is wound with adequate number of turns such 
that the voltage signals anticipated in both configurations, 
unbucked and bucked, are large compared to the ambi- 
ent electrical noise and insensitive to both the dipole and 
quadrupole components of the measured field in bucked 
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configuration. The rotating coil assembly consists of a sup- 
port structure made of G10 and two measurement coils, 
main coil (r=40 mm, r=-30 mm and N =200turns) and 
bucking coil (r=22.5 mm, r=-12.51 mm and N =400 turns). 
• The barrel construction for the measurement coil assem- 
bly is chosen for positioning it in aperture of magnet easily 
and rapidly. 
• Higher resolution and accuracy of measurement are ob- 
tained by using a precision Digital Integrator (PDI 5025), 
an Angular Encoder(5VN278AZ, 14Bit) and the slow ro- 
tating long coil assembly (0.5 sec/rev). 
• A switch box is used to change the coil configurations 
and improve the bucking ratio by the precision potential- 
meters. The induced voltage signals to be collected with a 
permanently connected wire rather than a brush and a slip 
ring are drift corrected and then analyzed through FFT. 
• A cycle of the measurement including data acquisition 
and processing can be finished automatically in only a few 
minutes. 

3.2   Step current measurement device 

The relative deviation of transfer function of the produc- 
tion quadrupoles from reference magnet that are excited in 
series by the step current is measured by using the same 
method as that in the dipole measurements. Instead of long- 
coils there are two long coil pairs to be used. It is simpler 
in match of the measurement coils and rapid to obtain the 
measurement results. 

4   MEASUREMENT RESULTS OF DIPOLES 

4.1    The line integral uniformity 

The line integral uniformity at mid-current of 578.9 Amps 
for 140 dipoles is below the limit of of the central field for 
—4.5 cm < X < 4.5 cm. The average curves for different 
group A, B and C are shown in Fig. 1, and the results show 
that their standared deviations are less than 1 x 10~4. 
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4.2   Magnet-to-Magnet Repwducibility 

The integral field dispersion relative to the reference mag- 
net for 140 dipoles is shown in Fig. 2, and its standard de- 
viation is 1 x 10~4. After shimming the magnet to magnet 
the reproducibility of 137 dipoles is < 1 x 10-3. The rela- 
tionship between integral field and the ratio of core length 
to the gap height is shown in Fig. 3. 
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Figure 2: Integral field dipersion of 140 dipoles. 
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Figure 1: Average curve of field uniformity. 
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Figure 3: Integral field with core length/gap width. 

5   MEASUREMENT RESULTS OF 
QUADRUPOLES 

5.1   Magnet Field Quality 

The average values of relative multipole error contents of 
150 quadrupoles with 15-turn aluminum coil at mid current 
of 355 A are summarized in Table 1, and their spectrogram 
is shown in Fig. 4. It is shown that the standard deviations 
of high harmonics are less than 1 x 10-4. Systematic and 
random multipole error contents for 280 quadrupoles are 
below the limit of 1 x 10-3 and 5 x 10-4 of the fundamental 
field respectively. 
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(Bn/B2)ave S.D. 
B1/B2 3.775E-04 1.723E-04 

B2/B2 1 0 
B3/B2 7.656E-05 4.48E-05 
B4/B2 1.74E-04 7.61E-05 
B5/B2 1.902E-05 1.08E-05 
B6/B2 5.797E-04 1.86E-05 
B7/B2 8.531E-06 4.72E-06 
B8/B2 1.062E-05 5.6E-06 
B9/B2 5.271E-06 2.89E-06 
B10/B2 3.386E-04 3.91E-06 
B11/B2 4.999E-06 3E-06 
B12/B2 5.537E-05 7.84E-06 
B13/B2 1.173E-05 7.12E-06 

1 B14/B2 6.31E-05   1    9.2E-06 

Table 1: Average values of spectrum of 150 quads. 
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Figure 4: Spectrogram of 150 quads. 

5.2 Magnet-to-Magnet Reproducibility 

The integral field gradient dispersion of 150 quadrupoles 
with 15 turn aluminum coil at 355 A is shown in Fig. 5. The 
standard deviation is 4.12 x 10_4.The magnet-to-magnet 
reproducibility of 280 quadrupoles is < 1 x 10~3. 

5.3 Displacement of Magnetic Center 

The radial displacements of magnetic center Ar of 280 
magnets are below the limit of 0.05 mm, and their average 
value is 0.022 mm and the standard deviation is 0.01 mm. 

6   CONCLUSION 

The field performance of all magnets clearly met the 
specification requirement for PEP-II LER dipoles and 
quadrupoles except for several dipoles which are slightly 
out of reproducibility of 1 x 10"3. Corrections of these 
magnets, shorter or longer, were made by changing the 
shims located at the matching surfaces in between the two 

Figure 5: Integral field gradient dispersion of 150 quads. 

half cores. The measurement results show that the relative 
accuracy of four sets of measurement devices is better than 
2 x 10-4. 
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THE FABRICATION OF QUADRUPOLE MAGNETS FOR PEP-II LER 

Fuhe Huang, Yaolin Sun, Xiaoping Wang, Dunan Zhang, Bingsong Huang, Lan Dong 
(IHEP, Beijing, China) 

Abstract 

There are eight types of precision quadrupole 
magnets, total 320 for the PEP-II Low Energy Ring 
(LER) of SLAC B factory project. For this job, IHEP 
utilized some special technical measures, fabricated more 
than 40 types (about 70 sets) of precision technical 
equipment, fixtures and specially tooling. A high- 
precision die-set has been made which punched 560 
thousand of laminations successfully. By the end of April 
of 1997 309 qualified quadrupole magnets have been 
completed. 

1 INTRODUCTION 

A total of 320 PEP-II LER quadrupole magnets 
which are designed by LBNL in collaboration with IHEP 
are being fabricated by the IHEP machine-shop. The 
fabrication began in December, 1994, and the prototype 
magnet was finished in July 1995. Currently, 309 
quadrupole magnets have been completed; 261 of them 
have been shipped from IHEP to LBNL. The magnetic 
measurement of all magnets is carried out by IHEP, and 
some measurements are repeated by LBNL. The results 
show that all magnets satisfy the prescribed specifications. 

The LER Quadrupoles are divided among eight types 
(Table 1); they have the same contour size: 
461mmx646mmx617 mm, and the weight of each is 
about 1,200kg. 

Table 1. Quantity of Each Type of Magnet 

Type QTY QF QD A B C D 

Q43-15-A1-1 150 77 73 77 73 

Q43-58-A1-1 4 2 2 2 2 

Q43-58-A1-2 16 6 10 4 8 4 

Q43-58-A1-4 87 44 43 3 1 70 13 

Q43-58-Cu-2 13 8 5 13 

Q43-58-Cu-4 18 7 11 18 

Q43-52-A1-4 12 120 12 

Q43-52-AL-8 20 8 12 20 

TOTAL 320 164 156 80 80 80 80 

The fabrication precision requirements are very high. 
The gap requirement between the adjacent pole tips is 
34.88+/-0.05mm; the deviation of the magnetic center 
with respect to the mechanical center must be less than 
0.05 mm; the dispersion of the effective length between 
magnets must be less than or equal to 1 x 10"3. Details of 
the quadrupole magnets design are reviewed in an earlier 
paper [1]. 

To fulfill this mission in high quality and speed 
professionally, IHEP machine shop set up a production 
line and laid down a technological process which was 
approved by LBNL; meticulously designed and fabricated a 
variety of tooling; set up a Quality Control and Quality 
Assurance system according to ISO 9000 standard. 

2 TOOLING 

To assure the production quality and consistency, 40 
types (about 70 sets) of precision technical equipment, 
fixtures and tooling were designed and fabricated including 
punching die-set for core laminations, core lamination 
stacking fixtures, coil epoxy potting molds, end-pack 
stacking & curing fixtures, pole tip chamfer machining 
fixtures, end plate machining fixture, drilling fixtures, 
welding fixtures, bussing bending fixtures, lifting tooling 
for core handling and so on. The production practice 
shows that all these tooling components play very 
important roles in QA and QC. It is worth mentioning 
that the punching die set has a high precision and long 
life. The total 560,000 laminations for the 320 magnets 
have been punched with one set of punching die set. All 
the laminations satisfy the uniformity requirement 0.02 
mm and the burr requirement 0.03 mm (Fig.l). This is 
the first time for IHEP to have made this kind of 
punching die set that has such a long life in practice. 

3 CORE FABRICATION 

The shuffling process is a very important program 
to assure the reproducibility of magnets. The method we 
adopt is to distribute the laminations punched from 
different packets of steel sheet with different magnetic 
properties to each half core and to distribute the 
laminations punched early and late to each half core. 

Stacking is a key process. We control the half core 
weight difference among magnets in the range not to 
exceed the weight of one lamination (= 500g). Stacking 
pressure is more than 3kg/cm2. Stacking factor is more 
than 97.5%. The geometrical sizes of every half core are 
controlled strictly. For instance, the flatness of yoke and 
pole is less than 0.03 mm (the design requirement is 
0.05mm). The length deviation of half core is within the 
range of+0.25mm to -0.13mm (the design requirement is 
+/- 0.50 mm). 

Welding the core is the last key process for the half 
core fabrication. We adopt a reasonable welding standard, 
and the welding deformation is less than 0.02mm. 
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Until  now,  among the 638  half cores (for  319 
magnets) the rate of finished products is 100%. 

4 COIL FABRICATION 

The coil fabrication is very complicated. Among 
the procedures, the vacuum impregnation procedures are 
the most important and key ones. For the LER 
Quadrupoles, we adopt the potting procedures which were 
used for BEPC project in 1980's. The production practice 
shows that the procedures can satisfy the requirements 
well. The main difference of these procedures from the 
procedures which were used by LBNL, is the different 
potting mold design. Our mold design uses the mold 
itself as the vacuum sealing container; LBNL's mold was 
placed separately into a big vacuum tank. 

There are four kinds of coils; they are as follows: 

Material Cross Sec. W Channel Turns W Circuits 

(inch) (ID inch) 

Al 0.5x0.5 0.25 15 1 

Al .25x.25 0.124 58 1,2,4 

Al .25X.25 0.124 52 4,8 

Cu .25x.25 0.124 58 2,4 

During the fabrication of coils, some coil cracking 
occurred. After we found the causes we have solved the 
problem. There are several main causes that made some 
coils crack. 

1. The thickness of epoxy at the root of the coil lead 
is too thick. When we open the mold after potting and 
curing, the outer force makes the thick epoxy at the lead 
root crack. 

2. The contour size of the wound coil is too big, and 
it caused difficulty in putting the coil into mold. After we 
forced the coil into the mold, the coil accumulated some 
stress. When the potted coil was taken out of the mold, 
the stress releases caused the epoxy to crack. 

5 MAGNET ASSEMBLY 

The gaps between the pole tips of upper half core and 
low half core are adjustable with shims. 

When we carry out the pre-assembly, we chose two 
half cores which have similar lengths, adjust the gaps 
within the tolerance (+/- 0.04 mm), and ensure the clamp 
torque of the two half cores is identical with others. 

Last, we assemble all the parts including the four 
coils, bussing, water hose, and so on, and remeasure the 
gaps precision as mentioned above. 

So far, all the quadruple magnets we produced 
satisfy the specifications [ see Figure 2, 3, 4 and 5]. 
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3D DESIGN, CONSTRUCTION, AND FIELD ANALYSIS 
OF CIS MAIN DIPOLE MAGNETS 

G. P. A. Berg, W. Fox, D. L. Friesel, and T. Rinckel 
Indiana University Cyclotron Facility, 2401 Milo B. Sampson Lane, Bloomington, IN 47405 

Abstract 

Four normal conducting main dipole magnets were de- 
signed and built for the Cooler Injector Synchrotron CIS al- 
lowing proton acceleration up to 220 MeV with a magnetic 
field of Bmax « 1.78 T. Field calculations in two (2D) and 
three (3D) dimensions were used to optimize magnet lami- 
nations and end packs. Endpacks are designed to determine 
edge angle, effective field length (EFL) and to compensate 
hexapole components. The magnets are assembled of ma- 
chined laminated wedges to accommodate the strong cur- 
vature. Field maps were performed in the range of B = 
0.25 T - 1.8 T. The magnet parameters are well within ex- 
pected specifications and initial tests at injection energy of 
CIS were conducted successfully. 

1   INTRODUCTION 

The main objective of CIS [1] is to replace the present Cy- 
clotron injection to fill the IUCF Cooler up to about 1011 

protons within a few seconds. The CIS circumference of 
17.384 m allows bucket-to-bucket injection into the Cooler. 
The lattice for CIS requires four laminated 90° main dipole 
magnets with bending radius p = 1.273 m, EFL = 2 m, and 
edge angles of 12°. Initial operation of 1 Hz, with later 
upgrade to 5 Hz is planned and eddy current effects were 
taken into account. 

With the availability of improved finite element electro- 
magnet design programs [2] with 3D capability, faster com- 
puters and new materials for magnet construction it has 
become feasible to design magnets optimized for special 
purposes without costly and time consuming prototyping. 
This has allowed us to design high field dipole magnets for 
a very compact and cost efficient synchrotron. Despite the 
best field calculations there are remaining uncertainties in 
the produced magnets resulting from uncertainties in ma- 
terials, fabrication, construction details and other approx- 
imations which cannot be or which are impractical to be 
modeled in the calculations. 

We adopted the following guide lines for the design. 
1) Consider and determine construction methods. 
2) Calculate axisymmetric radial sections to determine 

the laminations and to evaluate higher order components 
inside the magnet. Evaluation of dynamical aperture for 
magnet without end effects. 

3) Study end block parameters using 2D calculations. 
4) Compensate hexapole components developing along 

the magnet and at the ends by designing final end blocks 
using 3D calculations. 

5) Model complete magnet in 3D and verify dynamical 
aperture using field integrals / Bdl along beam rays. 

Figure 1: Isometric plot of CIS dipole magnet assembly. For 
better viewing one wedge is moved up and the coil is removed. 

2   MAGNET DESIGN AND CONSTRUCTION 

For cycling rates up to 5 Hz lamination thickness of 1.519 
mm was found to be sufficient. The large bend of 90° pre- 
vented application of usual stacking methods. We decided 
to stack and cure lamination blocks and machine appropri- 
ate wedges, assembled as shown in Fig. 1. This was pos- 
sible because of the availability of B-stage epoxy, which is 
dry and allows stacking of large blocks which is not possi- 
ble using the wet-laying method. Bonding of the B-stage 
epoxy is done subsequently by curing at 150°. The elec- 
trical insulation is also provided by the epoxy. We decided 
to build C-magnets because of several potential problems 
with H-frame magnets in this design, e.g. field distortions 
from lamination severely cut at the thin side of the wedge. 

The magnet consists of five machined wedges and two 
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Units in cm 

Figure 2: Upper half of CIS lamination and coil cross section. 

end blocks. The pole piece ends show a Rogowsky pro- 
file in the center and extrusions ( "noses" ) at the sides. 
Plates and U-shaped brackets were welded on the bocks 
for mechanical stability. While the five inner wedges are 
welded together at the joining brackets, the end blocks are 
bolted to the assembly for easy removal if necessary. Not 
shown in Fig. 1 is the strong support to which all block 
are bolted. No prototyping was done except for one ini- 
tial end block which was slightly remachined with simple 
cuts at the "noses" for optimization. A low carbon soft 
steel with B = 1.8 T at H = 72 Oe was chosen to provide 
a high saturation limit. The coercive force of about 3.1 Oe 
was acceptable for our application with hysteresis losses 
below approximately 1 kW per magnet for the acceleration 
of protons up to 220 MeV at 5 Hz. The steel was cold 
rolled in a continuous process and came from a single steel 
ingot. This eliminated otherwise necessary randomization 
of laminations during stacking. 

In the final calculations we used a B(H) curve deduced 
from measurements with an Epstein facility for the actual 
material purchased. Fig. 2 shows the lamination geometry. 
Also shown are cross sections of the coils which consist of 
two pancakes with 6 windings in two layers. The pancakes 
fit through the vertical gap of g = 5.82 cm for assembly. 
Maximum current is 4.2 kA. 

3   AXISYMMETRIC FIELD CALCULATIONS 

The lamination geometry was optimized using axisymmet- 
rical field calculations with the finite element code MagNet 
which solves the Laplace equation in 2D and 3D geome- 
tries. We optimized the size of the return, inner and out 
radii of the sides of the pole pieces R = 6.35 cm and 7.11 
cm, respectively and the location of the coils slightly above 
the midplane to avoid eddy current effects from fringe 
fields in the coil conductor. We compared the circular pole 
edges and a Rogowsky profile and found that in saturation 
the circular profile provides a 1 - 2 cm wider good-field re- 
gion. Shims on the pole pieces in the gap were found to be 
inefficient at high fields and are therefore not used. 

Calculations were performed in the field range from B 
= 0.34 - 1.78 T. The field as function of the radius p in 
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Figure 3: Axisymmetrical field calculation at high field and fit. 

the midplane was fitted by the lower terms of a Taylor se- 
ries B(x) = Bo + Bi(x-xo) + l/2B2(x-x0)2 + l/6B3(x-x0)3. 
Field calculation and fit at a high excitation are shown in 
Fig. 3. The range of 9 cm from radius p = 1.245 m to 1.335 
m was used in the fit. The fitting results are xo = 1.291 m, 
B0 = 1.7833 and B2 = -1.22277 T/m2 

No improvement of the %2 could be achieved by includ- 
ing quadrupole Bi and octupole B3 components except for 
a small Bi < 0.00035 T/m for the lowest fields. Therefore 
these terms where omitted in all fits. Also the inclusion of 
a B4-term and higher order terms was not necessary in the 
fitted range of 9 cm. 

The fitting results of k2 = B2/B/9 for all calculations are 
summarized below in Fig. 6 denoted by the label "Ax- 
isym". The hexapole component k2 is negative and quite 
constant up to about 1.5 T when saturation effects set in as 
visible in Fig. 3. 

4   2D AND 3D ENDPACK CALCULATIONS 

The end blocks of the magnet assembly are parallel blocks 
of bonded laminations but required machining of the pole 
piece ends to adjust EFL, edge angle and hexapole compo- 
nent. Around the central ray a Rogowsky profile in beam 
direction (see Fig. 1) was chosen to provide an effective 
field boundary EFB close to the mechanical length of the 
pole pieces. The effect of the "noses" were studied in 3D 
calculations and edge angle and hexapole components were 
optimized. The f Bdl is the field quantity which deter- 
mines the path of the circulating particles. We analyzed the 
calculated 3D field in the midplane of the magnet and cal- 
culated f Bdl(p) as function of radius p. The calculated 
f Bdl(p) values were compared to the same quantity of an 

ideal magnet with a constant field within the EFB and zero 
field outside. This allowed us to define the average quan- 
tities of hexapole, EFL and edge angle shown in Figs. 4,5, 
and 6. 

The average hexapole k2 calculated in this way is plotted 
in Fig. 4 as solid line and labeled "Endpack". The effect 
of the hexapole component "Axisym" inside the magnet is 
compensated to better than |k2| < 0.1 m-3 up to a field of 
about 1.4 T Then k2 becomes more negative due to satura- 
tion effects and is about k2 = - 0.55 m-3 at 1.8 T field. 
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Figure 4: Hexapole component as function of field B. 
Figure 6: Edge angle as function of magnetic field B. 

5   FIELD MEASUREMENTS AND ANALYSIS 

The fields of all four dipole magnets were mapped with a 
16 Hall probe array mounted on the arm of a large x-y ta- 
ble. All Hall probes were calibrated relative to each other 
within about 10-4 precision. Absolute calibration was es- 
tablished by comparison to NMR probe measurements to 
similar precision. Midplane measurements were taken on 
a 1.27 cm Cartesian grid inside the gap and about 40 cm 
outside in beam direction for several excitations. Analy- 
sis of relevant parameters from the data are performed in 
the same way as for the calculations. Results for dipoles 
Dl-4 are shown in Figs.  4 - 6.  All measured quantities 
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Figure 5: Effective field length as function of magnetic field B. 

show some deviation which can be expected from uncer- 
tainties in the manufacturing process. The calculated and 
measured hexapole component shown in Fig. 4 agrees well 
within manufacturing uncertainties except for a rise of k2 
« 0.1 m~3 at or slightly below injection field. The effect 
of the end pack compensation is clearly visible at fields up 
to 1.5 T. The EFL shown in Fig. 5 agrees within the thick- 
ness of one lamination well with the design value of 200.0 
cm up to a field of about 1.2 T. For higher fields the EFL 
decreases by about 1 cm for the highest field of 1.8 T 

In Fig. 6 the edge angle is shown. The average value is 
about 12.25° slightly higher than the design value of 12° 
for fields higher that 0.35 T This could be corrected in the 
magnet design but was not done because it can be com- 
pensated easily with the trim quadrupoles, as mentioned 
before. An increase at lower fields is observed and several 
measurements were taken below injection field to study this 
effect, the nature of which is not understood. 

6   CONCLUSIONS AND SUMMARY 

The four normal conducting CIS main dipoles with several 
new design and construction methods perform as designed 
and were tested at injection energy for CIS. Detailed field 
measurements and analysis show that these magnets will 
enable the synchrotron to operate up to about 220 MeV just 
below the transition energy of the present lattice design. 
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MAGNETS AND THEIR POWER SUPPLIES OF 
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Abstract 

The JHF 50-GeV Synchrotron [1], high intensity proton 
synchrotron, consists of 96 bending magnets, 176 
quadrupole magnets and 48 sextupole magnets. The 
design study of the magnets is now in progress. Also, 
the conceptual design study of the power supply system 
has been started. The bending magnet is of a modified 
window frame type, 6.2 m in length and 1.8 T in 
magnetic field in peak. Field gradient of the quadrupole 
magnet is 20 T/m in peak and the bore radius is 66 mm. 
The total active power of bending and quadrupole magnets 
is estimated to be 80 MW in peak. 

Recent results of the design studies of magnets and 
power supply system are described in this paper. 

1 MAGNET DESIGN 

The JHF 50-GeV synchrotron ring consists of 96 
bending magnets, 176 quadrupole magnets and 48 
sextupole magnets. Main parameters for magnet design 
of the bending and quadrupole magnets are summarized in 
Table 1. Based on these requirements, the bending 
magnet and the quadrupole magnet have been designed. 

Table 1. Main Parameters for Design of 50 GeV 
Synchrotron Magnets 

Injection 3 GeV 
Maximum 50 GeV 
Circumference 1442 m 
Repetition Rate 0.29 Hz (~3 Hz in future) 

Bending Magnet 
Magnetic Rigidity      12.76 - 170 Tm 
Field 0.135 T (for 3 GeV) 

1.8 T (for 50 GeV) 
Length 6.2 m 
Number 96 

Quadrupole Magnet 
Max. Field Gradient           20 T/m 
Length 1.5-2m 
Total Number (8 families) 176 

Magnet Aperture (full width) 

B-Magnet 106 mmh 

(x 106w for useful) 

Q-Magnet 132 mm* 

/./ Bending Magnet 

Figure 1 shows a cross sectional view of the bending 
magnet. The side slopes of the pole are determined 
carefully to avoid partial magnetic saturation in the pole. 
In order to reduce a magnet size and an excitation power 
requirement, the bending magnet is designed as to be of a 
sector type one. 

28.0cm 

i 
9 

; 
i 
8 

JHPSfrCEVRtoQBW-IMB       CYCLE-   0 

Fig. 1. Cross sectional view of the bending magnet 

Figure 2 shows field distributions at the field level 
of 0.135, 0.5, 1.0, 1.5 and 1.8 T calculated with the 
program code of Poisson. Vertical beam sizes in the 
bending magnet at the energy of 3 GeV and 50 GeV is 
estimated to be about 50 mm and 18 mm in half, 
respectively. In these regions, the field distortion is 
suppressed to the level of +- 0.02 % or less as be seen in 
the figure. The main parameters of the bending magnet 
are listed in Table 2. 

Field Distribution 
BM-13-06   (50RM600, mod) 

Fig. 2.    Field distributions of the bending magnet 
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Table 2. Main Parameters of Bending Magnet 

Magnet Size 
Length 
Width (iron yoke) 
Height (iron yoke) 

Coil 
Weight 
Excitation Current 

Injection (3 GeV) 
Maximum (50 GeV) 

Power 
Active Peak Power 
Dissipation Power 

Cooling Water  

6.2 m 
93 cm 
56 cm 
17 turns x 2 
25 ton 

336 A 
4978 A 

54.0 MW 
12.0 MW 
8.5 ton/min. 

Maximum (50 GeV) 
Power 

Active Peak Power 
Dissipation Power 

Cooling Water  

48430 AT 

24.0 MW 
7.0 MW 
5.0 ton/min. 

Field Gradient 
QM-15-06   (50RM600-mod) 

1.2 Quadrupole Magnet 

Figure 3 shows a cross sectional view of the quadrupole 
magnet and figure 4 shows a distributions of calculated 
field gradient at the excitation level of 0.15, 1.0, 1.5, 1.8 
and 2.0 T/m. Some quadrupole magnets in the section of 
a slow extraction straight are designed separately, because 
the extraction orbit will be sfifted from the center and 
beams go through the region of coil and/or return yoke of 
the normal design. 

The main parameters of normal bending magnet are 
listed in Table 3. 

x p 
CD 
■a 

Fig. 4. Distributions of field gradient view of the 
quadrupole magnet 

2 POWER SUPPLIES 

Figure 5 shows an example of an excitation pattern of the 
bending magnet operated up to the peak energy of 50 
GeV. 

Excitation 
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/ ' A : 
/ \ ; 

.. y 7 \ 

/ \     ; 
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Fig. 3. Cross sectional view of the quadrupole magnet 

Table 3. Main Parameters of Quadrupole Magnet 
z 

Magnet Size 
Length 
Width (iron yoke) 
Height (iron yoke) 

Weight 
Excitation Current 

1.5 and 2.0 m 
82 cm 
82 cm 
6.7 ton 

u 
J 
o a. 

Fig. 5. 

Injection (3 GeV) 2630 AT 
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-60 1 
Time      (sec) 

Fig. 5. An example of an excitation pattern of the 
bending magnet 
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As seen in Tables 2 and 3, the total peak active- 
power becomes about 80 MW. In a case of a power 
supply like this, a SCR system is generally used to 
convert electric power from AC to DC and to generate 
trapezoidal wave form current. However, as well known, 
it makes very large reactive peak power and significant 
higher-order AC current, and as a result, it gives rise to a 
problem of serious voltage fluctuation in an external AC 
line. In our case, a voltage fluctuation has been estimated 
to become about 8 - 10 %, which exceeds an allowable 
level. Therefore, in order to connect a power supply with 
a large SCR system to an external AC line directly, a 
very large reactive power compensator and many filters to 
reduce higher-order current components in the AC line are 
required inevitably. 

On the other hand, the 50 GeV synchrotron is to be 
constructed in the KEK campus in which there exist some 
big accelerators, namely the 2.5 GeV electron linac, the 
PF ring and, in near future, KEK-B. From this 
circumstances, it is strongly expected to smooth the 
variation of active power itself as long as possible. 

To resolve these difficulties, a power supply system 
shown in the figure 6 is investigated optionally as a 
power supply for the bending magnet of the JHF 50-GeV 
synchrotron ring. By using a rotating machine between 
an external AC line and a SCR system, problems of the 
very large reactive power and higher order AC current in 
the AC line are removed perfectly and, furthermore, the 
variation of active power is smoothed significantly. 

AC line 

rolle r 
"O"" 

ator 

Cont 
|         |FW 

itor 

A""" 
Exc 

%J 
Quadrupole 

magnet 
Bending magnet 

The principal parameters of the rotating machine are 
listed in Table 4. 

Table 4. Principal Parameters of Rotating Machine 
Induction Motor 

Input Power 17 MW 
Voltage 6.6 kV 

Generator 
Output Power 70 MVA 
Voltage 6.6 kV 

Rotating Frequency 600 Hz +- 5 % 
Total Weight 200 ton 

On the other hand, for the quadrupole magnet, it is 
studied to use IGBT (Insulated Gate Bipolar Transistor) as 
an element of power converter from AC to DC of a power 
supply and connect it to the external AC line directly. By 
using IGBT, it becomes possible to construct a power 
supply which generate no reactive power in spite of 
forming a trapezoidal wave-form current. If using a SCR 
for this case, a reactive peak power is estimated to become 
about 20 Mvar with corresponding to the active peak 
power of 24 MW (total of 8 families, see Tables 1 and 3). 

Eight power supplies using IGBT will be installed 
because the 176 quadrupole magnets are divided into 8 
groups (families). In which, the largest power rate of 
active peak power is about 5 MW. 

By employing a rotating machine and IGBT power 
supplies, the voltage fluctuation of the external AC line 
is finally expected to be suppressed to the level of about 1 
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MAGNETIC DESIGN AND MEASUREMENT OF NONLINEAR 
MULTIPOLE MAGNETS FOR THE APT BEAM EXPANDER SYSTEM* 

D. Barlow, R. Shafer, R. Martinez, Los Alamos National Laboratory, Los Alamos, NM 87545 
P. Walstrom, Northrop Grumman Corp. 

S. Kahn, A. Jain, P. Wanderer, Brookhaven National Laboratory 

Abstract 

Two prototype nonlinear multipole magnets have been 
designed for use in the 800-MeV beam test of the APT 
beam-expansion concept at LANSCE. The iron-dominated 
magnets each consist of three independent coils, two for 
producing a predominately octupole field with a tunable 
duodecapole component, and one for canceling the residual 
quadrupole field. Two such magnets, one for shaping each 
transverse plane, are required to produce a rectangular, 
uniform beam current density distribution with sharp 
edges on the APT target. This report will describe the 
magnetic design of these magnets, along with field meas- 
urements, and a comparison to the magnetic design. 

1    INTRODUCTION 

Static beam-expansion systems made up of a combination 
of linear and nonlinear magnets have been proposed for 
various accelerator-driven neutron sources such as the 
Accelerator Production of Tritium (APT) facility [1]. The 
static beam-expansion system proposed for APT accepts a 
nearly round Gaussian beam with a mean radius of a few 
millimeters and produces a 0.16 m by 1.6 m rectangular 
beam distribution on the target. Inside the rectangle, the 
current density is nearly constant, while outside, the 
current density drops off sharply to essentially zero. The 
nonlinear expansion is accomplished in a two-stage 
process. Quadrupoles and drifts are first used to produce a 
beam that is highly elongated in the y direction, with a 
waist in the x-z plane. The first nonlinear magnet is 
placed at this waist. The leading term in the multipole 
expansion for the central field of this magnet is an 
octupole term; the higher terms that are present modify 
the octupole behavior at larger distances from the axis. 
The effect of the first nonlinear magnet is to fold in the 
tails of the distribution in y-y' phase space, while leaving 
the x phase-space distribution substantially unchanged. 
The first nonlinear magnet is followed by quadrupoles and 
drifts that produce a beam that is elongated in the x-x' 
phase space, with a waist in the y-z plane. A nonlinear 
magnet at the second waist that is similar to the first one, 
but somewhat larger and rotated 90°, folds in the tails of 
the x-x' phase-space distribution. Finally, quadrupoles and 
drifts are used to produce the desired expanded beam size 
on the target. 

As a test of this concept, two nonlinear magnets have 
been designed and built for use in a beam-expansion 
experiment using the 800-MeV proton beam of LANSCE. 

2    FIELD DESCRIPTION 

In initial particle-tracking simulations of the beam 
expander, the fields of the nonlinear magnets were 
described by truncated multipole expansions with a leading 
octupole term followed by higher order terms, i.e., 

B* = BX- iBy = -ig8z3 (1 + az2 + bzA + cz6),    (1) 

where z=x+iy, gs is the octupole gradient, a adds a duode- 
capole component, etc[2]. The coordinates in Eq. 1 refer 
to the local magnet coordinates; they are the same as the 
beamline coordinates for the second nonlinear magnet and 
are rotated 90° for the first nonlinear magnet. Typical 
values of the parameters for the two magnets that gave 
good results for particle-tracking simulations of the 
800 MeV beam expansion experiment at LANSCE are 
listed in Table I, along with the magnet lengths and clear 
beam apertures. Since the magnets are long in comparison 
to their apertures, a two-dimensional field description is 
entirely adequate for simulation purposes. The nonlinear 
magnets built for the experiment at LANSCE and planned 
for APT are variable-profile magnets for which Eq. 1 can 
be only an approximate description of the various possible 
field profiles. Indeed, apart from the leading octupole 
behavior and the fact that the field strength levels off to a 
value lower than a pure octupole field at larger x, there is 
nothing fundamental about the form of Eq. 1. From the 
point of view of the present beam-expansion scheme it is 
merely a convenient form to use for field-profile optimiza- 
tion. For the parameter values of both the LANSCE 
experiment and the APT design, contours of constant flux- 
density around the axis for the two magnets are oval- 
shaped and elongated in the same direction as the beam 
cross section. It would not be feasible to produce these 
fields with round-aperture magnets. Fortunately this is not 
necessary in view of the elongated beam profiles. Since 
the magnets have an aperture with a large width-to-height 
ratio, a single power-series expansion, e.g. Eq. 1, cannot 

Table I 
Field shape parameters, dimensions of the beam 
envelope, and length of the two nonlinear magnets. 

*Work supported by the US Department of Energy 

Magnet 
88 

a 
b 
c 

First 
6.498xl04T/m3 

-1.847xl03 1/m2 

1.279xl06 1/m4 

-3.936xl08 1/m6 

Second 
1.979xl04T/m3 

-7.072xl02 1/m2 

1.876xl05 1/m4 

-2.21 lxlO7 1/m6 

beam height 
beam width 

3 mm 
25 mm 

5 mm 
40 mm 

length 500 mm 500 mm 
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be used to describe the field over the entire volume occu- 
pied by the beam because the radius of convergence is 
limited to the distance from the origin to the nearest iron. 
Accordingly, a more sophisticated field description has 
been developed to parameterize the two-dimensional field 
in a way that can be used in particle-tracking simula- 
tions[3]. This field description uses a set of overlapping 
triangular dipole density distributions uniformly distrib- 
uted on the surface of fictitious poles. The poles are 
planes of infinite extent and permeability and are located 
outside the beam envelope, but not substantially more 
than the minimum magnet gap. Weights for the triangle 
source elements are found by a least-squares fit to the field 
data. 

3    MAGNETIC DESIGN 

It is possible to design iron pole-piece magnets that 
produce a field that closely approximates the truncated 
power series of Eq. 1. for fixed parameter values gg, a, b, 
and c. The design approach is based on the fact that high- 
permeability pole pieces are very nearly contours of 
constant scalar magnetic potential. The scalar magnetic 
potential is the real part of the complex potential obtained 
by integrating Eq. 1, i.e., 

9 4 fi 

58      4 6 8 10 
(2) 

Pole-tip profiles are obtained by choosing contours of 
constant real scalar potential that clear the beam pipe. 
Although the full plot of the scalar potential of Eq. 2 has 
20 lobes, in practice only 8 lobes (two per quadrant) are 
needed for a practical magnet, since distant lobes affect the 
field inside the beam envelope negligibly. The ampere- 
turns required to excite the poles are obtained by dividing 
the respective scalar potentials by the permeability of free 
space. Unfortunately, an eight-fixed-pole magnet cannot 
be used if the parameters of Eq. 1 (or other field descrip- 
tions) are to be substantially varied by varying only the 
currents, since the constant-potential contours for one set 
of parameters do not coincide with the contours for 
another set of parameters. In order to allow field-profile 
variation, we have adopted a different design approach, 
employing twelve poles instead of eight in a variable- 
profile magnet that provides a range of leading octupole 
strengths and varying rates of departure from the octupole 
field at larger x. In the design of the 12-pole magnet, 
contours of constant scalar potential for the limits of 
parameter variation of Eq. 1 were plotted and initial pole- 
piece shapes that could, when appropriately energized, 
approximate the limiting contours were found. Flat pole- 
tip surfaces were used to simplify the modeling and fabri- 
cation of the magnet. The inner, middle, and outer poles 
were energized by inner, middle, and outer windings 
respectively. In finding the final pole-piece shapes, the 
midplane field was calculated for various combinations of 
currents with a two-dimensional finite-element code and 
compared with the desired range of field profiles. Since the 

quadrupole component of field at the origin is supposed to 
be zero in the present expansion scheme, there are 
effectively two degrees of freedom in varying the field 
profile. The current in the inner winding required to null 
out the quadrupole field is very nearly a constant times the 
current in the middle winding and almost independent of 
the current in the outer winding. Incremental changes were 
made to the pole tip shapes until the difference between 
the desired and calculated fields was minimized over the 
width of the beam. The resulting cross section for the first 
magnet, including the conductors, is shown in Fig. 1. A 
comparison of the midplane field for the first magnet 
calculated with a finite-element code and the fields from 
Eq. 1 using the parameter values of Table I is shown in 
Fig. 2. 

Inner I Middle I Outer 

Fig. 1  Cross section of the first nonlinear magnet show- 
ing the inner, middle, and outer windings. 
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Fig. 2 Comparison of the desired and calculated midplane 
fields of the first nonlinear magnet for the nominal setting 
(solid curve and solid points respectively). Also shown are 
the desired and calculated midplane fields at the limits of 
the field profile variation (dashed curves and open points 
respectively). The normal field component (By) is 
antisymmetric in x. 
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The desired field shape of the second magnet was 
similar enough to that of the first that its pole-tip profile 
was simply a scaled-up version of that of the first magnet. 

4    MECHANICAL DESIGN AND 
FABRICATION 

Both the nonlinear magnets were built with the same 
mechanical design and fabrication procedures. The pole tip 
profile was machined by electron-discharge machining 
(EDM) followed by a light grinding of the pole tips and 
other critical dimensions to achieve the desired tolerance 
on the pole tip profile and spacing. Due to limitations in 
the EDM machining the 50 cm-long iron core was 
machined in two 25 cm-long segments. After machining, 
the two segments were aligned and held together by 
stainless steel strongbacks. Iron yokes on either side 
maintained the spacing between the top and bottom halves 
of the magnets. As shown in Fig. 1 the first nonlinear 
magnet was wound with just 1, 3, and 1 turns of hollow- 
core copper conductor for the inner, middle, and outer 
windings respectively. The larger size of the second 
nonlinear magnet made it possible to quadruple the 
number of turns per winding. The windings were formed 
on a mandrel, fit into their respective spaces, and potted 
with epoxy. The corresponding windings in each quadrant 
were connected in series allowing the magnet to be 
energized by three independent power supplies. 

5    MAGNETIC MEASUREMENTS 

The central field of the first nonlinear magnet was meas- 
ured at the Los Alamos National Laboratory (LANL) 
using a small calibrated Hall probe mounted on a three- 
axis measuring machine. Measurements were made of the 
normal field component in the midplane at the center of 
the magnet for the three windings energized separately as 
well as simultaneously. Some typical measurement 
results for the first nonlinear magnet are shown in Fig. 3. 
Also included in Fig. 3 are the results of the two-dimen- 
sional field calculations for the nominal current settings. 
The fields from the three windings energized separately 
were found to vary linearly with current. This linearity 
implies that, to a good approximation, the field with all 
three windings energized simultaneously equals the sum of 
the fields with the windings energized separately. Hence it 
is sufficient to characterize the field for the windings 
energized separately. In addition to the Hall probe 
measurements, the integral field of the first nonlinear 
magnet was measured at the Brookhaven National 
Laboratory (BNL) using a rotating coil system. The 
rotating coil was wound with tangential windings at a 
radius of 7.4 mm from the axis of rotation. The rotating 
coil measured the integral field as it was stepped in 3 mm 
intervals across the width of the magnet. These 
measurements provided a harmonic description of the 
magnetic field, from which both the integral of the normal 
and transverse field components could be calculated at any 
point of interest over the area measured. As shown in 
Fig. 4 the rotating coil measurements are in good 
agreement with the two-dimensional field calculations on 
and above the midplane. 

pa 

-0.4 

Fig. 3 Calculated and measured midplane field at the 
center of the first nonlinear magnet for all three windings 
at their nominal values (solid curve and solid points 
respectively). Also shown are the midplane fields 
measured at the limits of the current range of the outer 
winding, (open points). 
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Fig. 4 Results of the rotating coil measurements of the 
first nonlinear magnet showing the integral field 5 mm 
above as well as on the midplane for a typical current 
setting (open and solid points respectively). Also shown 
are the integral fields for the same conditions estimated 
from the two-dimensional field calculations (curves). The 
integral fields were estimated from the two-dimensional 
results by multiplying by the 0.5 m length of the magnet. 

The second nonlinear magnet was measured at LANL 
with a Hall probe and three-axis measurement machine 
with similar agreement between the measured and calcu- 
lated fields. 

6     CONCLUSIONS 

Two nonlinear multipole magnets have been designed, 
fabricated and measured. The calculated and measured fields 
for both magnets were found to be in good agreement. The 
magnets are presently being installed in the first experi- 
ment at LANSCE. 
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OPTIMIZATION OF THE PEP-II LOW-ENERGY RING DIPOLES 
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Abstract 

The PEP-II Project [1], a collaboration of SLAC, LBNL, 
and LLNL, began construction in January 1994. Dipoles 
for the PEP-II Low-Energy Ring (LER) are being 
fabricated in China in collaboration with the Institute of 
High Energy Physics (IHEP) in Beijing. The LER design 
calls for short dipoles (7eff = 450 mm) with a 63.5 mm 
gap. As a result, magnetic properties are dominated by 
end effects and a proper end chamfer must be developed. 
Magnetic measurements using both integral coil and 
rotating coil techniques were carried out at LBNL on an 
early dipole prototype to determine the sensitivity of 
various allowed multipoles to the end chamfer shape. 
Dynamic aperture studies were carried out in parallel to 
explore the sensitivity of the lattice to these multipoles. 
By interpreting the measurement results in terms of 
differences from the baseline chamfer, a prescription was 
developed to "transfer" the results to another prototype 
dipole more representative of the production magnets. 
The optimized end chamfer shape was validated with a pre- 
production dipole and full production is under way. 

1.     INTRODUCTION 

The design for the LER arc dipoles was developed [2] in 
collaboration with IHEP and these magnets are now being 
fabricated in Shanghai, China. Main parameters for the 
dipole are given in Table I. Although the LER circumfer- 
ence is 2200 m, the desire for enhanced radiation damping 
led to the use of short, high-field dipoles (see Fig. 1). 
For a short dipole having a large gap, the magnetic 
properties are heavily influenced by the end fields. 

Table I. PEP-II LER dipole parameters. 
Nominal energy [GeV] 3.1 
Energy range [GeV] 2.4-3.5 
Effective length [m] 0.45 
Bend radius [m] 13.75 
Gap [mm] 63.5 
Nominal field [T] 0.752 
Core length [m] 0.382 
Nominal current [A] 580 
Magnet power [kW] 4.5 
RMS strength variation, AB/B 0.001 
Allowed multipoles, bjbx@ 30 mm <1 x 1Q-4 

Supported by the U.S. Department of Energy under contract 
DE-AC03-76SF00098. 

Fig. 1. LER dipole being measured at IHEP. 

Measurements of two early prototypes (the first with 
removable end chamfer inserts) indicated that the multi- 
pole content was somewhat too high; this was confirmed 
by tracking studies of the LER dynamic aperture. Dipole 
field optimization required development of a chamfer to 
reduce these unwanted field components, particularly the 
sextupole (n=3) contribution. Though we did carry out 
some 3-D magnetic analyses [3], the development work 
consisted mainly of shimming the end chamfers to 
determine empirically the changes in multipole content of 
the first prototype magnet. Measured differences were 
then applied as adjustments to the second magnet. We 
were guided in the shimming by Halbach's analytical 
approach [4], which permits exploring the problem of 
canceling more than one multipole with the end chamfer. 

2.     PROTOTYPE RESULTS 

Integral-coil measurements made at LBNL on the first 
prototype dipole (Fig. 2), fabricated by an initial 
industrial partner of IHEP, showed marginally satisfactory 
multipole content with the baseline chamfer obtained 
from 3-D calculations with the AMPERES code [5]. 

After IHEP transferred dipole production activities to 
Kelin Company, an industrial partner in Shanghai, a 
second prototype was produced, measured at IHEP, and 
sent to LBNL for verification. Though the second magnet 
was nominally identical to the first, it showed (Fig. 3) 
more pronounced field dependence and higher multipole 
content. Laminations for the two dipoles were from the 
same batch, and were punched with the same die, so the 
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Fig. 2. Prototype 1 integral-coil results. 
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Fig. 3. Prototype 2 integral-coil results. 

difference between magnets could only be attributable to 
the solid steel end plates. 

Comparing Figs. 2 and 3, it appears that the original 
magnet shows saturation effects. Subsequent investiga- 
tion showed that the steel used in the end plates of the 
original prototype had lower magnetic quality than that 
used in the second magnet, consistent with our 
observations. 

Although the first magnet was built with removable 
inserts for the end chamfer—which proved invaluable in 
the optimization work described below—the second and 
subsequent dipoles had a fixed chamfer. For this reason, 
we made many of the measurements with modified 
chamfers only on the original prototype. 

3.     MEASUREMENT APPROACH 

Measurements on both prototypes were initially carried 
out at IHEP using a long coil to measure Jßdl across the 
mid-plane of the dipole. After air shipment to LBNL, 
equivalent measurements were repeated with a finer grid. 
Both sets of measurements gave consistent results. 
Multipole coefficients were extracted from the long coil 
results by fitting a polynomial to the data. (Though this 
is straightforward in principle, care was taken to avoid 
numerical problems that appeared in several fitting 
routines we tried.) Unfortunately, it is difficult in practice 
to reliably measure a sextupole coefficient of b^lb] < 1 x 

10-4 by this technique, as the changes in integral field 
close to the magnetic axis (x=0) are very small. 

To determine the multipole content of the magnet 
reliably, we resorted to a technique not commonly applied 
to dipoles—rotating coil measurements. A bucked 
"quadrupole" measurement coil with a length of 0.75 m 
and a radius of 25 mm was employed. The data reduction 
routine was suitably modified to produce coefficients 
normalized to the dipole, rather than the quadrupole, term. 

Because the coil was slightly too short to give a 
reliable integral measurement, all measurements were 
performed by inserting the coil from each end of the 
dipole to the longitudinal center and then combining the 
results vectorially. It was observed that there was a 
significant difference in the harmonic content of the 
magnet at the lead end and the non-lead end. We have not 
studied this aspect in detail, but there is some evidence 
that the longitudinal asymmetry is due to different 
coupling between core and coil associated with the coil 
crossover geometry. 

As a verification of our rotating coil measurements, 
the multipoles so obtained were used to reconstruct the 
integral coil measurements by means of Eq. (1). 

AByl, yl*ff _ Y 

«=3^ b\ Blleff 

bn \ 

nj 

n-l 

(1) 

The comparison clearly demonstrated that the two 
techniques produce equivalent results, giving us 
confidence that we are accurately determining the low- 
order multipoles with the rotating coil. 

4.     MEASUREMENT RESULTS 

Based on the rotating-coil data, we proceeded to modify 
the chamfer to reduce the multipole content. In view of 
the strong field dependence visible in Fig. 3, our focus 
was on the intermediate case of 580 A, corresponding to 
nominal 3.1 GeV operation of the LER. It is clear from 
inspection of Fig. 3 that the original chamfer was too 
deep in the center, so magnetic material had to be added in 
this region. To determine the sensitivity, thin steel 
shims of different thickness were glued in turn to the end 
plate chamfers and measurements made with the rotating 
coil to see the effects on the n=3,5,7 components. We 
verified experimentally that identical shims on the two 
dipoles modified the allowed multipoles (n=3,5,7) in a 
similar fashion, that is, the change in, say, the «=3 
multipole was the same when the same shims were added 
to either dipole, though the starting points were different 
in the two cases. Thus, we predicted multipoles for the 
second prototype from Eq. (2) 

bn 

h /2,mod 2,nom 

bn 

^1 Amod v£l/l,nom 
(2) 

3313 



where the subscripts 1 and 2 denote the first and second 
prototype, respectively, "nom" denotes the nominal 
baseline chamfer, and "mod" denotes a modified chamfer, 
either shimmed or machined. 

Our main goal was to reduce the sextupole 
component to bo,lbx ~ -0.5 x 10~4. The preference for a 
slightly negative bj, coefficient comes from the tracking 
results [6]. It is related to the fact that, in the nominal 
lattice, the SD sextupole families are stronger than the SF 
families. A positive &3 in the dipoles further increases 
the required strength of the SD families and reduces the 
dynamic aperture margin. A negative b3 produces the 
opposite effect and results in a larger dynamic aperture. 

With regard to the n=5 and 7 components, we found 
that the chamfer depth had little effect on either. Using 
Halbach's approach, we used "split" shims (two shims on 
each end plate with a gap between, see Fig. 4) to attack 
the two higher terms. We found that we were able to 
affect the n=5 and 7 terms independently of the sextupole 
term, but the shims essentially traded n=5 for n=l. We 
could interchange the two strengths, or find shims that 
made both terms the same. Because tracking results [6] 
showed no strong sensitivity to any of the configurations, 
we ultimately chose to avoid the complication of the split 
shim configuration for the production magnets. 

We took advantage of the removable end chamfers on 
the first dipole to confirm the results from the shims by 
fabricating new inserts on an NC milling machine. A 
comparison of the original and modified profile are shown 
in Fig. 5. Note that the change in the chamfer depth to 
give the desired result was only about 0.5 mm. 

5.     PRODUCTION  STATUS 

Dipole magnet production is in full swing, at a rate of 30 
magnets per month. Each dipole is characterized 
magnetically at IHEP prior to shipment to LBNL. To 
date, coil fabrication is completed and about 150 dipoles 
have been produced, of which 67 have been received at 
LBNL, another 40 have been measured at IHEP and await 
shipment, and the remainder are awaiting measurement. 
To fully characterize their multipole content, some of the 
magnets are being remeasured at LBNL with the rotating 
coil system. Thus far, the measured fc3 coefficient is 
small and slightly negative, as desired. 

The integrated strength of each dipole with respect to 
an arbitrarily chosen "reference" magnet is also measured 

24.4' y 
8mm- 

Vm z,m. 

12 mm 

/ shim 

W977} 
91  62 6.35 cm/2 = 3.175 cm 

 t  

Fig. 5. Depth of original chamfer and modified 
version adopted for production dipoles. 

at IHEP. With half of the dipoles measured, almost all 
magnets are within the strength tolerance specified in 
Table I. For the magnets on the extremes of the 
distribution, a sorting procedure has been defined to 
minimize the resultant orbit distortion. A few magnets 
have been determined to be beyond tolerance, and these 
will be reshimmed at IHEP to adjust their gap to bring 
the strength within specification. 
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Fig. 4.   Dipole chamfer geometry for the split shim case. 

3314 



HARMONIC CORRECTION RINGS FOR THE PEP-II I.R. QUADRUPOLE 
MAGNETS 

D. Humphries, R. Schlueter, Lawrence Berkeley National Laboratory1 

Abstract 

Two harmonic corrector ring magnet designs have been 
developed to correct field error harmonics generated by 
quadrupole magnets in the interaction region of PEP-II 
[1]. They consist of circular arrays of cylindrical 
permanent magnet pairs which can be both arbitrarily 
oriented and counter-rotated for strength. This 
arrangement allows the correctors to be tuned to generate 
a correction field with arbitrarily selected combinations of 
harmonics. These correctors are designed such that they 
can be pre-fabricated and then tuned after the quadrupole 
magnets have been built and their residual harmonic error 
content ascertained. The correctors can thus be used to 
cancel any residual combination of error harmonics in the 
completed quadrupoles. 

1. GENERAL 

The theory of harmonic corrector rings (HCRs) is a recent 
development which is described in mathematical detail in 
reference [2]. Harmonic correctors are an outgrowth of 
permanent magnet (PM) multipole theory which 
describes pure permanent magnet multipole magnets, 
usually constructed of fixed trapezoidal elements, with 
orientations which give the particular desired multipole 
field. [3] 

These magnets are generally constructed from "analytic" 
material, i.e. samarium cobalt or neodymium- iron boron 
which is linear in the second quadrant of the B-H curve 
with n,sl. These structures can be immersed in high 
fields from adjacent magnets without being significantly 
affected. When combined with other PM structures, their 
fields superimpose nearly linearly. 

While it is possible to utilize a series of multipole 
magnets to correct integrated multipole errors, it is 
expensive and the mix of multipoles in need of correction 
cannot generally be ascertained until the magnetic system 
to be corrected is built and measured. 

2. A PRACTICAL APPROACH 

To achieve a more practical mechanism, we use 
cylindrical magnet elements rather than the usual fixed 
trapezoidal segments of the standard PM multipole 
magnet. This immediately allows us to tune the magnet 
array to any harmonic N up to N=M/2 where M is the 

number of cylindrical elements. The magnitude of the 
generated harmonic depends on the number of elements 
M, the length of the elements L, the radius of the circular 
magnet array R and the radius of the individual 
cylindrical elements rc. 

PM 
Element 

Beam Centerline 

Fig. 1. Corrector array primary geometric variables. 

We could now fix M, R and rc and create a series of 
multipole corrector magnets whose strengths vary by the 
length of their respective elements. These arrays could be 
stacked together to produce a given desired corrector 
field. Since M, R and rc are the same, at each element 
position we have a superimposed set of magnetic vectors 
which are equivalent to a single cylindrical PM element 
with a resultant orientation vector and a length which is in 
general not equal to the sum of the individual element 
lengths. 

NON MACNETIC 
BRASS OR SST 

1/2-20 SOCKET 
SET SCR 

LOCK SHOE 

CORRECTOR 
'MAGNET 0 .747 

tWork supported in part by the US Department of Energy under 
contract number DE-AC03-76SF00098. 

Fig. 2. One quadrant of Ql HCR showing housing and 
locking mechanism. Dimensions are in inches. 

Thus the stacked arrays could be replaced with a single 
array of unequal length PM cylinders having the same M, 
R and ^ as the original arrays. The final step in achieving 
a practical system is to now replace the unequal length 
single cylinder array with an array of pairs of same length 
cylinders. The two cylinders of each pair are placed end 
to end and counter-rotated to achieve the same integrated 
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multipole field as the unequal length single cylinder 
array. 

We now have a system that can be designed and built to 
accommodate the expected approx. error range of the 
field we desire to correct. The length of the corrector 
pairs can be fixed to provide a reasonable total harmonic 
capacity and the HCR can be tuned to provide the exact 
harmonic content required to correct the error fields 
immediately after magnetic measurements are performed. 

Other practical geometries ( e.g., with coaxial inner PM 
cylinders and outer PM annuli) are described in [2]. 

3. APPLICATIONS 

Ql Harmonic Corrector 

In the B-Factory interaction region, harmonic correctors 
are applied to both the Ql and the Q2 quadrupoles [4],[5]. 
The Ql magnets are pure permanent magnet structures 
that reside in the solenoid field of the Babar detector. 
These are 24 element HCRs with an array radius R of 8.7 
cm, an element radius rc of 1.0 cm and a magnetic length 
of 6 cm. 

The integrated correction capacity of this configuration is 
given in the graph of figure 3. This graph gives integrated 
capacity per harmonic per unit length of corrector 
element. To determine the total required corrector length 
for multiple error harmonics we add the lengths required 
to correct maximum expected individual harmonics. This 
graphical approach to capacity allows us to easily 
calculate the total required corrector length for any 
combination of error harmonics. 

Correction  Capacity per Harmonic  per Unit 
Length   of  Corrector 

2500.00 -p- 

500.00 

0.00 
lO       CO       h-       CD        <J>      O cvl     <n     *t     co 

Harmonic  Number 

Fig. 3. Ql HCR integrated correction capacity curve. 

Feed-Down Harmonics 

In the course of generating a corrector field, the harmonic 
corrector will also generate higher order feed-down 
harmonics. These are shown in figure 4 for the Ql HCR 
configuration. They are represented in similar fashion to 
the corrector capacities, i.e., they are given as a function 
of generator harmonic per unit length of corrector. 

The lowest order feed-down harmonic is the number of 
the lowest order corrector harmonic plus M, the number 
of elements in the corrector array. Thus for the Ql HCR 
which has 24 elements, the lowest order feed-down 
harmonic possible is N=25. As is shown in figure 4, these 
feed-down harmonics are small and decay rapidly as rp, 
the calculation radius, is reduced. 
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Integrated   Feed-Down   Harmonics 
per cm  of Corrector Length 

1 I 
: 

^»-Calc. Rad = 6.0 cm] 
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CMCO^-lOCDr^COOlOT-CNIO 

Generator   Harmonic 

Fig. 4. Ql HCR integrated feed-down harmonics. 

Q2 Harmonic Corrector 

The Q2 quadrupoles reside in the interaction region 
outboard of the Ql quads. They are conventional 
electromagnets with rigorous field quality requirements. 
These magnets span the two converging beams of the 
accelerator with a high current density septum which 
isolates the high and low energy beams. 

A two stage harmonic corrector ring is under 
developement for use in conjunction with these magnets. 
The first stage or primary Q2 HCR is intended to correct 
residual field errors which are produced by the Q2 
magnet. The secondary HCR is designed to correct 
harmonics that may be generated by interaction between 
the detector solenoid stray fields and the body of the Q2 
magnet. 

While all error harmonics could be corrected with a single 
HCR, installation logistics dictates that the Q2 magnets 
be tuned with the primary HCR prior to installation. The 
secondary HCR is adjusted and installed within a limited 
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time frame after solenoid effects on the installed Q2 are 
determined. 

stainless steel tube to prevent damage by the locking 
shoe. 

The Q2 HCRs are concentrically configured around the 
low energy beam and are enclosed by a cylindrical 
ferromagnetic shield which isolates their effect from the 
adjacent high energy beam. 

Integrated correction capacity curves are shown in figure 
5 for both correctors. The nominal dimensions of the Q2 
HCRs are given in Table I. 

Table I. Design Parameters for Q2 HCR. 

Primary Secondary 
Array Radius R cm 5.95 7.75 

Element Radius rc cm 0.65 0.5 
Number of Elements 24 24 

Correction  Capacity  per Harmonic 
per Unit Length of Corrector 

W(Of*        CO       C>        0»-C\J        TO       ^       to 

Harmonic  Number 

Fig. 5. Q2 HCR integrated correction capacity curves. 

4. MECHANICAL DESIGN 

The mechanical design of the HCRs is relatively simple. 
The magnetic elements or cylinders must be contained in 
a non-magnetic housing which allows for tuning of the 
system by rotating the elements and locking them in 
position afterwards. Half of the aluminum housing for the 
Ql HCR is shown in figure 6. A longitudinal retaining 
ring to prevent the escape of the magnets during tuning 
can also be seen in the figure. 

A thin disk is bonded to the end of each element which 
has slotted features aligned to the transverse 
magnetization axis of the cylindrical element. This disk 
allows for positive engagement of an orienting tool and 
also protects the magnet. 

Fig. 6. Upper half of Ql HCR housing and longitudinal 
retainer ring. 
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A system of dual locking mechanisms can be seen in 
figure 2. After rotation to the appropriate orientation, 
individual magnetic elements are locked in place by 
redundant friction mechanisms which consist of a set 
screw which bears on a follower or shoe which in turn 
bears on the PM element. PM materials are inherently 
fragile and so the PM element is encased in a thin 
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Fig. 1. PEP IILER Quadrupole. 

PERFORMANCE OF THE PEP-II LOW-ENERGY 
RING QUADRUPOLES* 

N. Li, J. Osborn, J. Tanabe, D. Yee, R. Yourd, M.S. Zisman, Lawrence Berkeley National 
Laboratory, Berkeley, CA, USA 94720, and Z. Cao, R. Hou, Y. Sun, Institute for High Energy 

Physics, Beijing, P. R. C. 

Abstract 

Production quantities of quadrupoles for the PEP- 
II Low-Energy Ring (LER) have been fabricated and 
measured in China in collaboration with IHEP (Beijing). 
The LER design specification calls for short quadrupoles 
(Leff = 430 mm) with a bore radius of 50 mm. End effect 

corrections, using a chamfer geometry originally 
developed for the ALS quadrupoles at LBNL, were verified 
in a prototype magnet prior to release of the design for 
production of the 320 quadrupoles (including spares) 
required for the LER. Rotating coil measurements were 
carried out at IHEP yielding multipole error spectra, 
magnetic center distribution and transfer function behavior 
for the full production quantity of magnets. Separate 
measurements were made to determine the reproducibility 
of magnets connected together in a series string by 
measuring the individual magnets against a reference 
magnet using a bucking magnet. Measurement results of 
all the magnets indicate that the error multipole spectra 
satisfy the field quality requirements, reproducibility 
requirements for magnets in a power supply string are 
satisfied and the spatial distribution of the magnetic center 
with respect to the mechanical magnet center falls within 
a radius which is substantially smaller than the transverse 
alignment tolerance specified for the quadrupoles. 

1 INTRODUCTION 

LER ring quadrupoles are divided among four 
different designs. 150 have coils wound with 15 turns of 
aluminum conductor per pole. These are connected in two 
power supply strings QF and QD. In addition to 
requirements for field quality, they must satisfy 
reproducibility requirements. The balance of the magnets 
are connected singly, in pairs, or in series strings which 
contain four magnets. These magnets are wound with 58 
and 52 turns of either aluminum or copper conductor. 

Details of the core and coil designs and operating 
parameters are reviewed in previously published 
papers [1,2]. The LER will operate at a positron energy of 
3.1 GeV. However, the magnet design parameters and 
performance requirements are specified for energies 
ranging from 2.4 to 3.5 GeV. 
No. Required: 316 
Bore Radius: 50 mm 
Effective Length: 430 mm 
Excitation Range: 0.67 < B' < 13.91 T/m 

At the writing of this paper, all the 15 turn 
magnets and most of the 58 turn aluminum conductor 
magnets have been manufactured, measured and received at 
LBNL. This paper summarizes the performance of some 
of the quadrupoles received from IHEP. 

2 MAGNETIC MEASUREMENTS 

A compensated line integral coil was designed at 
IHEP. Three coils were fabricated by a vendor in China 
selected by IHEP. A MetroLab® Integrator and a PC based 
computer were purchased and a data acquisition system 
was designed and assembled at IHEP. Two of the coils 
were retained at IHEP and the third was delivered to LBNL 
so that measurements can be verified. 

-ßiti 
 M '■ N 

ß2r2 4—» *   r2 

M turns   UM turns uM turns    M turns 
Fig. 2. Compensated coil schematic. 

^=40.05 mm 
r2=22.58 mm 
M=342/190 turns 
Coil length 

ß,r,=30.05 mm 
ß2 r2=12.63 mm 
|aM=684/380 turns 
897 mm 

''Work supported in part by the U.S. Department of Energy under contract number DE-AC03-76SF00098. 
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Magnetic Centers 

The deviation of the magnetic center with respect 
to the axis of the coil is calculated using the dipole field 
measured by the rotating coil. 

Ax = 
KKJ 

Ay = 
vlB2iy®r„ 

This measured center is related to the mechanical 
center of the quadrupole since a cylinder with the exact 
diameter of the rotating coil housing is used to define the 
center axis of the quadrupole during fiducialization. Figure 
2 illustrates the center distribution for 77 QF magnets. 
Distribution plots for the QD and the 58 turn magnets 
display similar patterns. 
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Fig. 3. Magnetic axis distribution for 77 QF quadrupoles. 

Integrated error multipole data for all the magnets 
satisfy the reqirements. In Figs. 4 and 5 bar graphs are 
presented for five multipoles measured for a sample of 25 
of the QF magnets thus far received. These spectra are 
typical of the spectra for the balance of the magnets. Two 
different bar graphs are presented. 

1 

1&06.      U.U. 1     .     1     -     ■     .     k     .     1 

Fig. 4. Random multipoles for 25 QF quadrupoles. 

The unallowed random multipoles (Fig. 4) result 
from small errors in core manufacture or assembly 

Fig.5. Systematic multipoles for 25 QF quadrupoles. 

The systematic "allowed" multipoles (Fig. 5) are 
primarily introduced in the magnet fringe fields. The 
magnitudes of the "unallowed", random multipole errors 
have a fairly wide variation from magnet to magnet. The 
"allowed" multipoles are reproducible within a narrow 
range for all the magnets. Measurements are collected for 
individual magnets at various levels of excitation. 
Although the individual magnet excitation required for 3.1 
GeV LER operation is narrowly specified, measurements 
were made for a range of excitation broader than the 
required current. These measurements were made since the 
individual magnets in the LER ring vary over wide ranges 
in excitation and since performance at different LER 
energies (for future upgrades) must be anticipated. 
Typically, the magnet center varied <±10 \im and the 
individual multipoles varied <+3xl0"6 from their average 
values over the range of current values for which the 
measurements were performed. 

Transfer Functions 

For the QF magnets, the power supply is cycled 
three times to 760 Amps (for conditioning) and ramped to 
the prescribed currents where the measurements are made 
with increasing current. A final measurement is made 
with the current reduced to 355 Amps. The change, in the 
function at 355 Amps is due to the magnet operating on a 
different load line due to hysteresis in the iron. 
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Fig. 6. Transfer function for QF01. 
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The transfer function data are not used to determine the 
reproducibility of the collection of magnets since the 
measurements are not sufficiently repeatable. Lack of 
stability of electronic components and environmental 
factors (temperature variations) contribute to errors in the 
measurement greater than the required precision to identify 
magnet repeatability to less than the specification 
(<lxlO-3). 

Magnetic Field Reconstruction 

QF001   IHEP   Measurement 

Err < 1.0E-04 

1.0E-04 < Err 
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Fig. 7. 
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Typical iso-error curve reconstructed from 
multipoles. 

A table of multipole error amplitudes and their 
phases are difficult to interpret when evaluating the 
quality of a magnet. An analog method of reconstructing 
the field was developed which maps the field error in space 
and helps evaluate the quality of the magnetic field within 
the prescibed good field region. The algorithm for 
reconstructing the field error map is simple. 
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Magnet Reproducibility 

Magnet reproducibility was measured at IHEP by 
placing identical coils in a bucking magnet and the 
measured magnet connected in opposition and ramping the 
magnets connected in series. This null measurement was 
compared with the null measurement from a reference 
magnet. The figure compares the reproducibility data 
(triangles) with mechanical length measurements of the 
quadrupoles (squares) which are ranked from shortest to 
longest. In general, the quadrupoles satisfy the 
requirement of magnet reproducibility <±lxl0"3. 
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Fig. 8. QF magnet reproducibility. 

3  STATUS 

Quadrupole magnet production will be complete 
by the end of June, 1997. Magnetic measurement results 
have been routinely delivered to LBNL for evaluation 
from IHEP as magnets are delivered. All magnets thus far 
delivered have met or exceeded the performance 
specifications set forth at the beginning of the project. 
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DESIGN OF THE PEP-II INTERACTION REGION 
SEPTUM QUADRUPOLE 

J. Osborn, J. Tanabe, D. Yee, F. Younger, Lawrence Berkeley National Laboratory1 

Abstract 

The PEP-II QF2 magnet is one of the final focus 
quadrupoles for the Low-Energy Ring (LER) and utilizes 
a septum aperture to accommodate the adjacent High- 
Energy Ring (HER) beamline. The LER lattice design 
specification calls for an extremely high field quality for 
this magnet. A conventional water-cooled copper coil 
and laminated steel core design was selected to allow 
adjustment in the excitation. The close proximity 
between the LER and HER beamlines and the required 
integrated quadrupole strength result in a moderately high 
current density septum design. The QF2 magnets are 
imbedded in a confined region at each end of the BaBar 
detector, thus requiring a small magnet core cross section. 
Pole face windings are included in the QF2 design to 
buck the skew octupole term induced by the solenoidal 
fringe field that leaks out of the detector. Back-leg 
windings are included to buck a small dipole component 
induced by the lack of perfect quadrupole symmetry in 
this septum design. 2D pole contour optimization and 3D 
end chamfers are used to minimize harmonic errors; a 
separate permanent-magnet Harmonic Corrector Ring 
compensates for remaining field errors. The design 
methods and approach, 2D and 3D analyses, and the 
resulting expected magnet performance are described in 
this paper. 

1. REQUIREMENTS 

The QF2 magnet along with the Ql, Q4, and Q5 magnets 
require the highest field quality of any magnets in PEP-II. 
The lattice requirements for the QF2 magnet combine 
high field quality with moderately high field strength and 
places the magnet in a congested region at each end of the 
BaBar detector. A permanent magnet design option was 
investigated in addition to the conventional design. The 
conventional design utilizing water-cooled copper coils 
and a laminated steel core was selected to allow 
adjustment in the excitation. Table I gives a summary of 
design requirements[l]. 

2. DESIGN PARAMETERS 

The QF2 inboard end is about 3.1 meters from the 
interaction point. This places the magnet in a part of the 
lattice where the LER and HER beamlines are very close 
together, about 9.5 cm apart at the inboard end of QF2. 
In addition, the shape of the LER beam stay clear is 

changing and its center is shifting over the length of the 
magnet, particularly at the inboard end. 

Table I. Design requirements for QF2. 

Nominal gradient [T/m] 7.7 
Adjustment [%] +3.5/-5 
Effective length [m] 0.62 
Allowed multipoles, main aperture, bn/b2 @ < 1 x 10"4 

4.23 cm 
Allowed multipoles, septum aperture, bn @ <, 2 x 10"4 

2.2 cm [T-m] 

These considerations led to the selection of a 
quadrupole bore aperture radius of 47.8 mm with a 3x3 
coil package of 5 mm square conductor. The core length 
was determined based on the required effective length 
and an estimate of the fringe integral including the 
shortening due to the end chamfers. 

To achieve the required field strength in this tight 
package, a moderately high current density of 52 
Amps/mm2 and ample cooling is required. Though two- 
turn water circuits would achieve the desired cooling, 
single-turn circuits were selected for a lower ambient 
temperature within the support raft and to reduce the 
required cooling flow velocity. Table II summarizes the 
QF2 design parameters. Note that only 8 turns are 
energized in the 3x3 package; this is discussed below. 

3. MECHANICAL DESIGN 

Though utilizing conventional water-cooled copper coils 
and a laminated steel core, the QF2 design incorporates 
several additional features to meet its demanding 
requirements. Figures 1 and 2 show 3D representations 
which point out many of these features. 

Table II. Design parameters for QF2. 

* Work supported in part by the US Department of Energy under 
contract number DE-AC03-76SF00098. 

Design gradient [T/m] 8.47 
Core length [m] 0.61 
Bore radius [mm] 47.8 
Estimated efficiency [%] 96 
Design excitation [Amp-Turns] 8021 
Turns per coil 8 
Design current [A] 1003 
Design current density [A/ mm2] 52 
Magnet resistance [mfi] 52.6 
Magnet power [kW] 52.9 
Conductor size [mm] 5.0 
Conductor hole diameter [mm] 2.5 
Conductor corner radius [mm] 1.0 
Cooling circuits per coil 8 
Length per circuit [m] 1.7 
Design pressure [mPa] / [psi] 2.07 / 30 
Flow velocity [m/s] / [ft/s] 4.4/14.5 
Magnet flow [1/s] / [gpm] 0.7/11 
Temperature rise [°C] 18.2 
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Fig. 1. Outboard from detector end of QF2. 

In addition to the main quadrupole coils, there are 
three sets of trim windings. Back-leg trim windings are 
used to compensate for a small dipole and sextupole term 
in the quadrupole aperture, which is due to a small flux 
imbalance arising from the non-quadrupole symmetry in 
this design. 2D magnetic analyses were used to verify 
that when the back-leg trim windings are excited to the 
proper level (which is proportional to the main coil 
excitation), the magnet behaves like a symmetric 
quadrupole. Pole-face windings are used to induce a 
skew octupole term in the quadrupole aperture to buck the 
skew octupole term induced by the solenoidal field 
leaking out of the detector. Similarly, septum aperture 
windings are used to buck a skew-dipole term induced in 
the septum aperture by the detector's fringe field. 

The QF2 design also incorporates a field-clamp with 
two bores at the inboard end of the magnet. The purpose 
of the field clamp is to absorb some of the solenoidal 
leakage field from the detector. In addition, the main 
aperture in the field clamp may be shaped so as to induce 
a skew octupole of the opposite sign to that induced in the 
core[2]. As yet unproved, this technique is promising as 
it potentially corrects for skew octupole passively without 
inducing higher order harmonics as do the pole-face 
windings. 

Cooling Manifold 

Field 

Since the shaped bore would be four-fold symmetric, 
only allowed harmonics are introduced, most notably 
N=6. So slightly different end-chamfers may be required. 

4. 2D MAGNETIC ANALYSES 

Because the good field radius of 4.23 cm is large 
compared to the bore radius of 4.78 cm, there is not 
enough pole overhang to allow 2D optimization utilizing 
only pole bumps. Additionally, since the septum coil is 
tightly constrained in size and position, the coil is close to 
the aperture. Consequently conductor position has a 
significant effect on the multipole content. These factors 
led to a design in which a combination of conductor 
displacement into the aperture, the deactivation of one of 
the conductors in the nominal 3x3 package, and pole 
corner bumps were all used to achieve the desired field 
quality requirements. Figure 3 shows a close up cross- 
section of the coil and pole corner. 

Pole Symmetry Line 
Potting Envelope 

• Good Field Radius 4.23 cm 
Bore,Radius 4.78 cm 

Pole Corner Bump 
Inactive Conductor 

/ 
/_ . 

Midplane Symmetry Line Displaced Conductor 

Quadrupole Bore   Septum Bore Back-Leg Winding 

Fig. 2. Inboard towards detector end of QF2. 

Fig. 3. Close-up view of coil and pole corner. 

The pole corner bump geometry was selected to allow 
installation and removal of the coils and simultaneously 
to provide 45 degree flats for convenient measurements 
between opposing poles in the assembled magnet. The 
distance that this corner is pulled into the aperture from a 
nominally hyperbolic pole contour was used as one 
parameter in the 2D optimization. 

It was determined that a very helpful reduction in the 
N=6 term resulted when the conductor closest to the pole 
corner was deactivated. The displacement of the 
midplane conductor closest to the aperture was used as 
the second parameter in the 2D optimization. The 
complete 2D optimization strategy combines the 
conductor deactivation with a suitably sized pole corner 
bump and a suitable displacement of the midplane 
conductor. 

In order to determine the optimal pole corner bump 
size and midplane conductor displacement, a grid study 
was performed using the Poisson/Superfish group of 
codes[3]. A series of iso-contours were calculated from 
interpolations of the grid cases for values of constant 
multipole content.  The iso-contours show combinations 
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of bump size and conductor displacement where a given 
normalized multipole has a value of zero, lxlO"4, or 
-lxlO"4. For a given multipole, the band between these 
extremes can be interpreted as the locus of acceptable 
designs. The optimum combination can be determined 
from where the bands of N=6, 10, and 14 cross in the 
same region. Figure 4 shows the results of this study at 
the nominal excitation. Other grids were created using a 
variety of materials and excitations to determine that the 
design was insensitive to these changes. The final 
selected combination is where the N=10 and N=14 zero 
iso-contours cross. This leaves a residual N=6 term of 
about lxlO"4 which will be trimmed along with the fringe 
field using end chamfers. 

1.75 2 2.25 2.5 2.75 3 3.25 

MIDPLANE CONDUCTOR DISPLACEMENT (MM) 

Fig. 4. 2D multipole iso-contours for various pole bumps 
and conductor displacements, nominal excitation, 

normalized @ 4.23 cm radius. 

5. 3D MAGNETIC ANALYSES 

To verify that the proposed chamfer inserts are large 
enough to allow trimming of the fringe field and the 
residual N=6 from the 2D portion of the magnet, a similar 
grid study was performed in 3D for a series of simple 
notch end chamfers. The two parameters varied for these 
chamfers are the height along the pole axis (X-Y 
Direction) and the longitudinal depth (Z Direction). 
Figure 5 shows the notch depth and height convention. 

The 2D Poisson performance with optimum pole 
bump and midplane conductor displacement was used to 
model the central 51 cm of 2D body harmonics, while the 
3D integrated performance for the remaining fringe 
portion of the field was modeled with Amperes®[4]. 
Figure 6 shows the results of this study in format similar 
to Figure 4. A solution is evident where the bands of 
±lxl0"4 for the various integrated normalized multipoles 
cross. The actual final 3D end chamfer geometry will be 
determined empirically after the magnet is built, by 
means of rotating coil measurements. It is expected that 
the required allowed multipole content of < lxlO4 will be 
achieved with careful fabrication and trimming. 

Fig. 5. Notch chamfer convention. 

0.5 1.0 1.5 

NOTCH DEPTH, Z DIRECTION (CM) 

Fig. 6. 3D integrated multipole iso-contours for various 
notch end chamfers, nominal excitation, 

normalized @ 4.23 cm radius. 
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PULSED SEPTUM FOR THE LNLS INJECTOR 

A.R.D. Rodrigues*, R. H. A. Farias, M. J. Ferreira, F. S. Rafael and G. Tosin, 
LNLS Laboratörio Nacional de Luz Sincrotron - LNLS/CNPq 

Caixa Postal 6192 --13081-970 Campinas - SP - Brazil. 

Abstract 

The design and construction of a pulsed thin septum 
for the LNLS UVX injection system are presented. The 
injection system uses two septa and three kickers to inject 
the 120 MeV electron beam from the Linac into the 
storage ring. The present system uses two d.c. septa. A 
pulsed thin septum is under construction in order to 
reduce the septum wall thickness from the present 
5.5 mm to 1.5 mm, thus improving the injection 
efficiency. A prototype has been built with a 1.5-mm- 
thick copper septum wall which is now being measured. 
The magnet is driven by a 1.6-kA half-sine wave current 
pulser. It is constructed of a 0.4 m manganese-zinc ferrite 
yoke and is being tested in passive and active 
configurations. The magnet will be housed inside vacuum 
and has been designed to operate at up to 200 MeV. 

1 INTRODUCTION 

The injection system of the LNLS 1.37 GeV electron 
storage ring consists of an underground 120 MeV Linac 
operating at 2856 MHz and a 20.03 metre long transport 
line [1]. The storage ring has a wide dynamic operational 
range: the electrons are injected at 120 MeV, stacked and 
then ramped to the final energy. 

At the end of the transport line, the final deflection of 
the injected beam towards the storage ring is carried out 
by two septa deflecting the beam in the plane of the 
stored beam orbit. Both septa are conventional non- 
staggered laminated C-core d.c. magnets. The thin septum 
has an active shielding provided by a four-turn water 
cooled coil. At 120 MeV the current density is 11 A/mm2 

and the coil shows good thermal behaviour. However, for 
higher injection energies the cooling system of the coil 
has inevitably to be improved. The total septum 
thickness, composed of the coil, the cooling system and 
the vacuum chamber of both the storage ring and the 
transport line, amounts to 5.5 mm. The thick septum is a 
non-cooled passive-like dc magnet built to work at an 
injection energy injection up to 250 MeV. Shielding is 
accomplished by properly wrapping the storage ring 
vacuum chamber with low-carbon iron laminations. 

The replacement of the present thin septum by a 
pulsed one is motivated by the increase of the Linac 
energy to  170 MeV, to be performed during the last 

quarter of 1997. Since an extra effort ought to be applied 
to the development of a new refrigerated coil, the 
substitution of the current septum by a new pulsed one 
has been decided. Besides allowing the injection at the 
increased energy, the new septum can be made 
considerably thinner. In fact, a prototype has been built 
and is now under measurement with a total 1.5 mm thick 
septum wall. With the reduced septum thickness an 
increase in the injection efficiency is expected. Another 
reason is the huge dependence of the stray field upon the 
accuracy in the manufacture and positioning of the coil in 
the present septum. Even though the effects of the dc 
leakage fields on the beam can be partially corrected by 
using the steering magnets the effect of the multipolar 
components are hazardous to the dynamic aperture and 
can not be compensated. 

In this paper the design and the preliminary 
measurements of the new pulsed septum are presented. At 
a first stage the present thick septum is not going to be 
substituted but just repositioned in order to fit the optical 
characteristics of the transport line. A new active water- 
cooled dc thick septum, based on the same principle of 
current sheet, has been designed notwithstanding. 

2 PULSED THIN SEPTUM 

The main characteristics of the pulsed thin septum are 
shown in table 1. To choose between a passive 'eddy 
current' and an active 'current sheet' septum, a prototype 
has been built allowing both configurations. These 
configurations are easily interchangeable and 
measurements are now under way. 

In the design of the septum the usual requirements 
have been aimed at: the thinnest septum, low leakage 

Deflection angle (mrad) 52.4 
Physical length (m) 0.4 
Aperture height (mm) 22 
Aperture width (mm) 45 
Nominal Field (T) 0.09 
Nominal Excitation Current (kA) 1.6 
Maximum repetition rate (Hz) 7.5 
Pulse width (us) 10 
Self-inductance (uH) 1 
Septum wall thickness (mm) 1.5 

Table 1 - Main characteristics of the thin septum 
  (@200MeV) 
' Also at Departamento de Fisica de Säo Carlos, Universidade de Säo Paulo. 
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Figure 1 - Section of the thin septum magnet inside the 
vacuum tank 

field, good field homogeneity along the gap. Some 
additional constraints have also been set out. The use of a 
solid state based power pulse circuit limited the peak 
voltage of the pulser to below 1.8 kV. To avoid using a 
ceramic chamber it was decided to put the septum in 
vacuum. This makes a thinner septum easier to be 
achieved but special care has to be taken so as to attain 
u.h.v. quality in the vacuum tank. The magnet should be 
able to work at a maximum beam energy of 200 MeV. 
Moreover, any cooling system should be avoided. 

The main requirement refers to the leakage field. The 
120 MeV beam is very sensitive to any spurious field. An 
integrated leakage field of 2 Gaussm along the septum 
wall deflects the beam by 0.5 mrad. Beam optics 
considerations show that keeping the integrated field in 
the 'field free' region below 0.4 Gauss-m @ 120 MeV 
(0.1% of the field in the gap) is a quite safe threshold. 

Figure 1 shows a cross section of the septum magnet 
inside the vacuum tank. The vacuum tank includes both 
the septum and the storage ring vacuum chamber. In the 
storage ring side a copper tube is allocated to minimize 
impedance effects and also to provide an additional 
shielding to the leakage fields. Pumping slots have been 
introduced in the tube. 

The magnet is constructed of a manganese-zinc ferrite 
yoke. A stainless steel housing is used to keep the ferrite 
blocks in the required position. The shielding is provided 
by a 1.0 mm thick indented copper plate. The storage ring 
copper tube is tapered in the point it leans against the 
shielding  to   a  minimum  thickness   of 0.5 mm.   The 
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Figure 2 - Diagram of the septum magnet pulsed power 
supply 

insulation is provided by a 20 urn thin kapton layer 
placed in between the tube and the copper plate. 

In both passive and active configurations a single turn 
coil is used. In the passive case both the winding 
conductor in the gap and the external return conductor 
have the same cross section (20xlmm2). The 'eddy 
current' shield is a 1 mm thick indented copper blade 
(skin depth « 0.3 mm). In the active configuration, the 
indented blade is the active septum with an effective 
20x1 mm2 cross section. In both cases forced cooling is 
not necessary due to the low power dissipation (the 
average power is 0.4 W at the most demanding 
operational condition). 

At the very end of the transport line the pulse duration 
of the beam coming from the Linac is about 150 ns. For a 
10 us current pulse the 'flat top' of the magnetic field in 
the aperture is 300 ns for 0.1% field homogeneity. 

3 SEPTUM POWER SUPPLY 

The septum is driven by a sub-damped resonant 
circuit, the impedance and the pulse duration of which are 
basically determined by the magnet self-inductance. The 
main characteristics of the circuit are: 

- Maximum charging voltage      1.6 kV 

- Vi-sine pulse width 10 |as 

- Peak current 2.0 kA 

The charging supply is formed by a high voltage d.c. 
power supply and a charging resistor. Such configuration 
can be used due to the low repetition pulse rate applied to 
the magnet (7.5 LINAC PRR) and the resulting low 
power dissipation in the charge. 

The auxiliar circuit attached to the main thyristor 
switch makes the resonant circuit overdamped. The 
backswing reaches 35% of the main pulse amplitude and 
dies out after 10 us. 
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Figure 3 - Integrated magnetic field along the septum 
aperture(i = l.lkA, Bim=280 Gauss.m). 

4 MEASUREMENT RESULTS 

Magnetic field measurements have been performed 
using an assembly consisting basically of a Fluke 
osciloscope PM3382A and a geometrically well known 
measuring coil. The field is obtained by numerical 
integration of the voltage induced in the sensitive coil. 
The time interval for each signal acquisition is 40 ns. 
Preliminary measurements have been made of the septum 
in both the active and passive configurations. Up to now, 
the septum has been measured up to the present injection 
energy (120 MeV). 

The peak magnetic field in the central region of the 
gap has been measured with a 99.80x19.65 mm single 
turn rectangular coil. The integrated field in the gap 
region has been measured with a 40.41x600.0 mm single 
turn coil in order to include the end fields (Figure 3). The 
mapping of the field in the gap region has shown good 
field homogeneity (1% in the region 7-35 mm inward the 
core). 

In order to measure the integrated leakage field a 
698x10.13 mm 10-turn search coil has been used. The 
field was measured close to the septum wall (@5 mm) 
and in the centre of the vacuum chamber (@30 mm). Due 
to the weak induced voltages special care had to be taken 
so as to minimize the effects of high-frequency oscillation 
signals induced over the averaged signal. 

As expected, the shielding provided by the active 
configuration is by far more efficient. Close to the septum 
wall the leakage field is 40 times smaller in the active 
configuration for 1.1 kA peak current (Figure 4). In that 
case the integrated field in the gap region is about 
280 Gaussm in both configurations. At 5 mm from the 
septum wall the field is atenuated to 1% of its value in the 
gap in the passive configuration and to less than 0.05% in 
the active case. For the active septum the required 0.1% 
leakage field has been achieved. For the passive septum 
the field is 10 times stronger and modifications in the 
septum wall are necessary in order to improve the 
shielding efficiency. Two possible choices are to increase 
the septum thickness or to introduce a magnetic shield. 

5 CONCLUSIONS 

Preliminary measurements carried out on the 
prototype of the thin septum now under construction at 
LNLS shows that the active "current sheet" configuration 
delivers the level of performance which is demanded of 
it. Due to the low repetition rate and relatively low peak 
current the average power dissipated in the septum wall is 
small and no special cooling system is required. Parallel 
to the tests performed on the septum prototype the 
vacuum tank is already projected and under construction. 

The authors would like to thank P. Marin, M. Sommer 
(LURE) and D. Gough (SSRL) for their valuable 
suggestions. 
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Abstract 

We have observed a transient effect of a magnetic field in 
a gap of block magnet with very long time constant, 
which extends to an e-folding time of an hour. It was 
confirmed that not only a response of the magnetic field 
strength but also the field gradient changes. This phe- 
nomena could be accounted for the eddy current field 
induced in iron core and yoke of the magnet. An attempt 
was made to explain by analytical expressions and by a 
numerical computation. Details of the data and analysis 
are presented. 

1 INTRODUCTION 

In a cyclotron, it is known that during a start-up a sophis- 
ticated initialization of magnets is necessary. The way of 
initialization seems to vary from institute to institute. In 
spite of extensive efforts, it is common that operators 
have to wait for more than a couple of hours until a beam 
stabilizes. The reason is not clearly understood but is 
usually ascribed to a magnetic after-effect, a warm-up 
effect of magnet iron, or a temperature change of the 
cooling water. Recently it was found at RCNP that the 
effect of the temperature of cooling water of trim coil is 
of vital importance [1] to stabilize the beam. In the cy- 
clotron of JAERI Takasaki, it was found that the beam 
stability is related with long time constant [2] of two dis- 
tinct components. One of the time constant of an order of 
day seems to indicate the effect of the temperature 
change. Another time constant of several hours seems to 
indicate the presence of the effect of eddy current. Its 
effect in a spectrometer magnet was first mentioned by 
K.Halbach [3]. He pointed out that a block magnet has a 
long time constant and could give an effect to an accuracy 
of the energy resolution. It has been known that the 
spectrometer magnet had a puzzlingly unstable long drift. 
Knowing this work, a large DC magnet of Mainz Micro- 
tron (MAMI) was divided into several parts so that the 
effect of the eddy current is weakened [4]. In spite of an 
extensive field mapping in MAMI, the experimental con- 
firmation of the eddy current effect has not been done [5]. 
Looking for the examination of the experimental obser- 
vation, the effect of the ramp rate of the excitation current 
to the magnitude of the residual field of the DC magnet at 
KEK Photon Factory was found [6]. The evidence of the 
eddy current in cyclotron block magnet was dug out from 
the old data as an effect of trim coil at ring cyclotron 
magnet [7] at RIKEN. The size of the sector is about 
3.1m x 3.9m in roughly triangular shape. 

It may be surprising that the eddy current effect can 
not be negligible even in laminated magnets of synchro- 

tron. The field delay from the excitation current has been 
observed in GSI [8] and KEK [9] and also at HIMAC 
[10] beam line pulse magnet. More measurements and 
numerical calculation are under progress and will be re- 
ported elsewhere [11]. 

2 EVALUATION OF EDDY CURRENT EFFECT 
In a DC block magnet, a transient phenomena appears as 
an eddy current effect at start-up of the power supply or 
also at a change of current settings. The time constant of 
the field change is proportional to a square of the width of 
magnet and to the conductivity of the iron. 

The analytical expression was given by K.Halbach, 
P.J.Bryant [12] and K.Sato. Here we use the formulation 
by Bryant for a rectangular magnet. The governing 
equation for the dipole magnet of the gap length g and the 
path length I in the iron is, 

dB1    dB' 

dx2     dz2     g + l/ 

dB 
-Wo-- (1) 

This equation is a diffusion equation in the magnet. For 
simplicity, we consider the case when the excitation cur- 
rent is abruptly turned off. The equation (1) has a solu- 
tion of, 

B = ^^Smncos[am;t]cos[#!z]e T'" (2) 

where the time constant xnn of the mode m and n for co- 
ordinate x and z is written as 

1 g + 1/ 
'Mr 

I GßO 

\2     f       \2 
mn 1     [nn 

(3) 

It is instructive to relate the time constant to the skin 
depth 5 as 

1 \r      \2 r     \l\ 
°fi2 [ mn \ tl7t | 
     +   

2 I a ) <b ) \ 
(4) 

where in 8 the path length factor of the first term in eq.(3) 
is taken account. As we see, the effect of the eddy cur- 
rent causes a cosine distribution. This distribution is like 
a "hat" and is called "a hat effect" as Halbach first coined 
it. In the case of turning-on the excitation current, the 
distribution has "a dish" shape. These distributions are 
caused as the magnetic field near the coil responds faster 
and that of at the center responds slower. This changes of 
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field gradient is the cause of the change of focussing 
force and effects the beam stability. For the evaluation of 
the time constant for lower mode number, that of the size 
up to 5 m was plotted in Fig. 1. In the calculation we have 
assumed that the llg « 200 and the conductivity of the 
iron is 107 ohm. Note the amplification factor llg in the 
time constant. It is shown that for the principal mode 
(m=l), the time constant exceeds 1752 sec (30 minutes) 
above 4 m size magnet. This means to reach a field level 
below 10-4 accuracy one need 2 hours for this size of 
magnet. 

^4 
V 10 

X  ( 1, l,x,x) 1000 

X   (2,2,x,x)     100 

X JJ<2 - x. x)      10 

X   (4,4,x,x) 

0.1 

x(m) 
Fig. 1 Size dependence of the time constant up to m-n=4 
for the size of up to 5m. z in sec and x in meter. 

The numerical calculation was performed using Op- 
era2D(Vector Field) for cylindrical pole of 1 m radius and 
shown in Fig.2. The time constant of a principal mode at 
r=624 mm is 500 sec. Figure 2 clearly shows the hat and 
dish effects. Fig.3 shows a residual current density 700 
sec after the turn-off of the excitation current. It is inter- 
esting to see opposite direction of the current co-exists, 
which is due to the trapezoidal excitation having opposite 
dB/dt. 

200      40Q      600      SCO      iOOO     1200 

Fig.2   Transient response of field distribution for trape- 
zoidal current excitation (lOOsec rise, flat top and fall). 

Fig.3 Distribution of current density at r=1000 sec. Ex- 
citation current is turned off at f=300 sec. The figure is 
rotated by 90 degree. 

3 OBSERVATION OF EDDY CURRENT EFFECT 

Transient response of the magnetic field at three points in 
the gap of various size of magnet from steering magnet to 
ring cyclotron magnet were measured using FW Bell hall 
probe and NMR probe where excitation current was al- 
ways simultaneously monitored. Due to an insufficient 
measuring apparatus capability, the ratio of the magnetic 
field at three locations were measured instead of moni- 
toring the whole distribution. Fig.4 shows the transient 
response of the magnetic field and its ratio. The ratio 
indicates the change of field distribution. It should be 
noted that eddy current effect is responsible for a huge 
hysteresis effect. They are shown as a field strength and 
as a ratio of the field as in Figs.5 and 6. 
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Fig.4   Response of magnetic field and the ratio at two 
locations, at a middle and inside each 10 cm apart. 
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Fig.5 Hysteresis effect of the field ratio as in Fig.4. 
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Fig.6 Hysteresis effect of the field strength and the field 
ratio as in Fig.4. 

The measured time constant of the principal mode of 
ramp-down current is 4900 sec for ring cyclotron magnet 
shown in Fig.7. The scaling factor of 3 in size could ac- 
count for this time constant from the calculation of Op- 
era2D. 
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Fig.7 Excitation current and its response of the field 
strength in RIKEN ring cyclotron magnet. 
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Abstract 

We describe the construction of a prototype hybrid per- 
manent magnet dipole and quadrupole. The magnet con- 
sists of two concentric rings of Sm2Co17 magnetic mate- 
rial 5 cm in length. The outer ring is made of 16 uni- 
formly magnetized blocks assembled as a Halbach dipole 
and the inner ring has 32 blocks oriented in a similar 
fashion so as to generate a quadrupole field. The resultant 
superimposed field is an offset quadrupole field which 
allows us to center the field on the high-energy beam in 
the interaction region of the PEP-II ß-factory. The dipole 
blocks are glued to the inside surface of an outer support 
collar and the quadrupole blocks are held in a fixture that 
allows radial adjustment of the blocks prior to potting the 
entire assembly with epoxy. An extensive computer 
model of the magnet has been made and from this model 
we developed a tuning algorithm that allowed us to 
greatly reduce the n=3-17 harmonics of the magnet. 

1 INTRODUCTION 

Obtaining high luminosity from modern colliding beam 
accelerators generally requires magnetic components to 
be within 2 m of the collision point. Accelerator elements 
this close to the interaction point (IP) are invariably in- 
side a detector solenoidal magnetic field. This restricts the 
choice of technologies for these elements to either super- 
conducting or permanent magnet (PM). 

For PEP-II, the ß-factory being designed and built by a 
collaboration from SLAC, LBNL, and LLNL[1,2], the 9 
and 3.1 GeV beams collide head-on and then are hori- 
zontally separated by a bend magnet (Bl) positioned 
between 0.2 and 0.7 m from the IP. Separation continues 
when the two beams travel through the next magnetic 
element Ql, a horizontally defocusing quadrupole ex- 
tending between 0.9 and 2.1m from the IP. The separa- 
tion of the beams is maximized if the high-energy beam 
(HEB) travels through the magnetic center of Ql. Both 
Bl and Ql are inside the magnetic field of the detector 
and are therefore made from PM material. 

2 Ql MAGNET DESIGN AND BLOCK 
SPECIFICATIONS 

The Ql magnet is the vertically focusing quadrupole of 
the final focus doublet for the low-energy beam (LEB) 
with a gradient of 106 kG/m. The field quality of this 

magnet must be very good; we are asking for the strength 
of each higher harmonic to be less than lxlO-4 of the 
quadrupole strength at a radius that contains the beam- 
stay-clear (BSC) apertures of both the LEB and the HEB. 
This requirement is especially demanding at the back of 
the magnet where the beams are farthest apart (a circle 
encompassing both BSCs has a radius of 5.9 cm at this 
position). The BSC is defined as 15cr+2 mm where a is 
the calculated beam size using uncoupled emittance for x 
and fully coupled emittance for y[3]. 

In order to minimize the space taken up by the Ql 
magnet, we decided to horizontally shift the magnetic 
center of Ql about 2 cm by superimposing a 2.1 kG di- 
pole field over the quadrupole field. This positions the 
magnetic center of Ql over the HEB orbit and keeps both 
beams relatively close to the mechanical center of the 
magnet thus minimizing harmonic feed-down effects. 

Figure 1. Block dimensions and magnetization angles of 
the blocks that make the field in the Ql magnet. The BSC 
ellipses are at the end farthest away from the IP (z=2.1 
m). 

Figure 1 shows the positions and magnetization angles 
of the blocks. Ql is made up of uniformly magnetized 
blocks of Sm2Co17 PM material. The magnet is divided 
into 5 cm thick slices with each slice containing 32 blocks 
oriented and magnetized according to the method de- 

' Work supported by U.S. Department of Energy, under contract number DE-AC03-76SF00515. 
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scribed by Halbach[4] to make a quadrupole field. Out- 
side of the ring of 32 blocks is another ring of 16 blocks 
oriented and magnetized to make a horizontal dipole 
field. Because of the limited space for this strong magnet, 
the blocks are held in place with epoxy. The inside radius 
of the magnetic material is 7.4 cm. 

A computer model of the magnetic blocks has been 
made which computes the magnetic field for each mag- 
netic block according to the Halbach formulas and sums 
up the individual block fields to get the total magnetic 
field of a slice. This program structure allows one to 
model inaccuracies in block placement, dimensions and 
magnetization. The introduction of errors in the block 
parameters allows us to determine the expected harmonic 
content of a magnet slice. The program was used to help 
define the tolerance ranges for the magnetic blocks. 

The unallowed higher harmonics in a Halbach style 
magnet stem from the block inaccuracies mentioned 
above. There are also allowed harmonics at n=m+N 
where m is the number of blocks in the magnet (m=32 for 
the quadrupole and 16 for the dipole in this case) and 
N=l for a dipole and 2 for a quadrupole. To minimize the 
unallowed higher harmonics, we set fairly tight tolerances 
on the manufactured blocks. 

The magnet blocks were machined from a Shin-Etsu 
material (R26HS) with a very high intrinsic coercive 
force (in excess of 18 kOe). Each magnetized block was 
thermally stabilized in an open circuit condition at 150°C. 
The magnetization strength of all blocks had to be within 
2% of the average value with no block below 10.4 kG. 
The magnetization angle had to be within 2° of the cor- 
rect value. The block dimensions were specified assum- 
ing a nominal block strength of 10.4 kG with tolerances 
on the block dimensions of ±200 urns. We attempted to 
position the dipole blocks to within ±200 urns radially 
and ±400 urns in azimuth of the correct location. 

To verify the quality of the blocks, the dipole moment 
and magnetization angle of each block were measured 
using a rotating table positioned in the center of a Helm- 
holtz coil. The magnetic moment measurement precision 
is 0.1% for the magnitude and 0.1° for the direction. 

3 MAGNET ASSEMBLY 

The first step in the assembly of a magnetic slice is to 
glue aluminum tabs to the inside and outside radial sur- 
faces of the magnetic blocks. The adhesive is a fast-cure, 
high-temperature, modified acrylic (Loctite®325). Part of 
these tabs protrude above the block and allow for a fix- 
ture to bolt to these extensions holding the block rigidly. 
The fixture, with magnetic block, is then mounted on an 
xyz table for insertion into an aluminum collar mounted 
on a rotating table. The collar has been faceted on the 
inside diameter using a wire EDM to accommodate the 
16 dipole blocks. The dipole blocks are glued to the in- 
side of the collar with the Loctite®325 adhesive. 

Once the dipole blocks are mounted in the collar, the 
quadrupole blocks can be placed into position. The 32 
quadrupole blocks are prepared in the same manner as the 
dipole blocks. In this case, a brass block bolts to the two 
glue-tabs and this assembly is mounted into a slot in a 
support arm that positions the quadrupole block in the 
bore of the dipole magnet. The brass block is secured in 
the slot in the arm with a shoulder bolt that can be posi- 
tioned radially with set screws. This mechanism allows us 
to independently adjust the radial position of each quad- 
rupole block prior to epoxying the entire assembly. Once 
the slice is epoxied, the fixtures are removed and the tops 
of the glue-tabs machined off. 

4 MAGNET TUNING AND HARMONIC 
MEASUREMENTS 

The harmonics of a magnet slice are measured with a 
rotating bucking coil. The rotating assembly consists of 
three coils. Two coils are bucking coils, one designed to 
buck out the dipole field and the other to buck out the 
quadrupole field. The third coil measures the higher har- 
monics. The coil is 100 cm long with an effective radius 
of 6.35 cm and is mounted vertically on a set of rails so 
that it can be easily and quickly lifted out of the bore of 
the magnet. This gives us access to the bore to make 
adjustments to the quadrupole blocks. The signal from the 
rotating coil is fed to an integrator and then read out by a 
PC. The system has a sensitivity of 0.003% of the quad- 
rupole signal for the higher harmonics. 

The program that models the block tolerances can also 
simulate a perfect magnet slice. One can then introduce a 
sinusoidal variation (as a function of azimuth) of the 
radial position of the quadrupole blocks. This results in 
the generation of a pure sextupole and dipole harmonic. 
Introducing a radial block motion with a sin26 azimuthal 
dependence produces a pure octupole (n=4) harmonic. 
The amplitude of the radial motion is directly propor- 
tional to the strength of the harmonic. The skew and 
normal harmonics can be independently generated by 
adjusting the phase of the radial block motion (e.g. sin6 
and cosG). Inverting this process, one can compute the 
radial block motion needed to cancel measured harmonics 
in a magnet slice; the final block motion being the sum of 
the motions computed for each harmonic. This procedure 
works for a total of 32 normal and skew components; 
harmonics n=3 through 17, both skew and normal, and 
n=18, skew component only. One can also adjust the 
quadrupole normal harmonic by moving all of the blocks 
radially in or out. The normal component of n=18 cannot 
be changed because this harmonic produces a block mo- 
tion function that matches the block segmentation in 
azimuth and therefore all blocks are located where the 
radial oscillation function crosses zero. 

According to the computer model algorithm, the larg- 
est block motion needed to correct the harmonics prior to 
tuning was about 1 mm. The initial block adjustments 
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Figure 2. The harmonic content of the prototype magnet 
before and after the quadrupole blocks are radially ad- 
justed. The quadrupole and dipole harmonics are off-scale 
and hence not shown. The inner radius of the magnetic 
material is 7.4 cm. These harmonics are shown at a radius 
of 5.9 cm. The gray area is the region for the harmonics 
predicted by the computer model before tuning. 

were made by observing the set screw motion (counting 
bolt head flats). After the block displacement was re- 
duced to less than about 250 fims, we used a capacitive 
readout sensor to monitor the motion of the blocks. This 
sensor is attached to a fixture that can be directed to the 
face of any one of the quadrupole blocks and can measure 
a difference in block position of less than 2 urns. Using 
the sensor, we were able to reduce the maximum block 
displacement to 28 ixms (five blocks had displacements 
greater than 20 p.ms, the rest had values that were less 
than 15 u.ms). The harmonics of the magnet before and 
after tuning are shown in Figure 2. It should be noted that 
this procedure will tune out harmonics from any source. 
In particular, some of the harmonics from the dipole 
blocks are present in the magnet aperture and these har- 
monics have also been tuned out by adjusting the posi- 
tions of the quadrupole blocks. 

After tuning, the entire magnet (quadrupole and di- 
pole) was potted with a slow-curing, low-viscosity, cast- 
ing epoxy (Epic®R1055/H5039, a highly cross-linked 
thermoset which contains a silica filler). We saw no 
change in the harmonic content of the slice after the ep- 
oxy had set and the fixtures had been removed. Figure 3 
is a picture of the potted magnet. Some small changes 
(about 3xl0~5 at a radius of 6.35 cm) in some of the har- 
monic values were observed after about one month which 
we attribute to magnetic aging, but the following month 
saw no further change in the harmonics of the slice. 

5 SUMMARY 

We have constructed a 5 cm thick prototype permanent 
magnet quadrupole with a superimposed dipole field. The 

Figure 3. The prototype slice with the harmonic measur- 
ing coil in place. The Al tabs have been machined off. 
Some of the quadrupole block support arms are shown on 
the left side of the picture. 

magnet is made of two concentric rings of uniformly 
magnetized blocks-16 for the dipole field and 32 for the 
quadrupole field-magnetized and oriented according to 
the Halbach formulas. A computer model of the magnet 
has been made that accurately predicts the harmonic 
quality of the magnet. The magnetic blocks are held in 
place with epoxy due to limited radial space for the mag- 
net. Prior to potting, the quadrupole blocks are held in a 
fixture that allows the blocks to be radially adjusted. This 
ability is used to lower the harmonics (n=3-17) of the 
magnet to below lxlO-4 of the quadrupole strength at a 
radius of 5.9 cm (80% of the magnet aperture). 
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Abstract 

Magnetic measurements have been performed on the 
prototype dipole for the high power IR-FEL presently 
under construction at the Thomas Jefferson National 
Accelerator Facility. The optics-driven requirements for 
these magnets include low fields, large horizontal 
apertures, tight field homogeneity, absolute setability of 
core field & integrated field, and control of the horizontal 
& vertical focusing terms designed into the magnets. A 
prototype dipole was fabricated and underwent several 
iterations of mechanical adjustment and magnetic 
measurement. Measurements were made to quantify the 
effects of field clamps on vertical focusing terms and 
effective length. Additional tests were made using 
various applications of Purcell gaps and high 
permeability materials in order to achieve the required 
homogeneity. Results from the prototype have been 
integrated into the design of the seven families of dipoles 
needed for the FEL. 

1 INTRODUCTION 

A 1 kW infrared free-electron laser is under 
construction at the Thomas Jefferson National 
Accelerator Facility. The injector for the accelerator 
produces a 10 MeV, 5 mA CW electron beam. The 
injected beam is accelerated to 42 MeV using a single 
CEBAF-style SRF cryomodule. A wiggler and optical 
cavity produce light in the 3 to 6.6 micron range. A 
transport arc recirculates the beam exiting the wiggler 
back through the cryomodule for energy recovery. A 
potential upgrade to a beam energy of 75 MeV would 
produce light in the 1 micron range. 

2  DIPOLE DESIGN REQUIREMENTS 

The lattice design of the IR-FEL was tightly 
constrained due to the low energy, high current, and the 
5% relative momentum spread of the recirculated beam 
[1]. The accelerator requires a total of 29 bending dipoles 
consisting of 7 different families. The recirculation 
dipoles will be engineered for beam energies from 33 to 
75 MeV. Injector dipoles will cover injection beam 
energies from 8 to 12 MeV. Table 1 summarizes the 7 
families and their field strength requirements. 

Dipole 
Family 

Quantity 
Core Field 
Range (kG) 

Effective 
Length (m.) 

DU 7 0.45 - 0.67 0.21 

DV 2 0.45 - 0.67 0.43 
DX 4 1.10-2.64 0.51 

DQ 4 1.10-2.64 0.51 
DW 8 1.04-2.48 0.41 

DY 2 1.10-2.64 3.14 

DZ 2 0.92 - 2.20 0.21 
Table 1: Dipole strength specifications 

In the designed lattice, the dipoles are also used to 
manage dispersion and the beam envelope in the 
recirculation arc. To provide horizontal focusing four of 
the dipole families have wedge shaped cores with 
included angles ranging from 7.7° to 20.0°. Important to 
vertical focusing is the end-field roll-off integral defined 
as: 

-B,^B0-Byiz)] 

where g is the height of the gap and B0 the field 
strength in the center of the magnet. 

The specifications for the horizontal and focusing 
terms are listed in Table 2 [2]. 

Constraint Tolerance 
End-field roll-off integral (Kl) 0.27 ± 0.05 
Field integral slope tolerance 6.25x10^ x Bp 
Relative field integral flatness lxlO-4 

Table 2: Dipole focusing specifications (rms) 

Excitation errors in the dipoles could lead to 
undesirable steering and focusing effects. This puts 
constraints on the reproducibility of the magnets and the 
knowledge of the absolute core field and integrated field. 
Since several of the dipole families are powered in series 
by a common power supply, the variance of magnets 
within a family is important. Excitation tolerances are 
listed in Table 3 [2]. 
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Constraint Tolerance 
Reproducibility of integrated field lxlO-4 

Accuracy of core field 1x10-' 
Accuracy of integrated field 1x10"' 
Tracking within dipole family lxlO'3 

Table 3: Dipole excitation error tolerances (rms) 

3   CONSTRUCTION OF PROTOTYPE DIPOLE 

A single prototype dipole (Figure 1) was fabricated to 
help quantify the above mentioned tolerances for all 
seven dipole families. The magnet was a window frame 
design with a AISI 1006 low-carbon steel core and two 
saddle-style coils. The coils were 27 turns each, wound 
from 0.25 inch hollow-core copper conductor, and 
encased in glass epoxy. 

the lattice and the close proximity of the dipoles to other 
beamline elements. Determining the effective length to 
an accuracy better than 1x10'' was needed to meet the 
core field and field integral tolerances for all dipole 
families. Determination of the field roll-off integral was 
required to finalize the lattice design. (The lattice 
designer graciously left this value flexible to 
accommodate magnet design.) 

Once fringe fields could be brought to an acceptable 
level, measurements could be made to quantify the 
effective length and the field roll-off integral. The first 
measurements revealed the field dropped of to 0.1% at a 
distance of 37.0 cm from the end of the iron core. To 
minimize the extent of fringe fields, various designs of 
field clamps were tested. The final design was a clamp of 
0.5 inch thick steel surrounding the coil and connected to 
the iron core. This setup resulted in the field dropping to 
0.1% at a distance of 15.0 cm from the iron core. Figure 
2 shows the change in field fall-off with the addition of 
the field clamp. 
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Figure 1: Prototype Dipole Figure 2: Longitudinal field fall-off with added field 
clamp. 

4  MAGNETIC MEASUREMENTS 

4.1 Measurement Setup 

The measurements described below were performed 
using a Group 3 Hall Effect Probe and a Metrolab NMR 
Teslameter. The probes were attached to a cart that 
provided transverse and longitudinal motion. The cart 
referenced off a granite surface plate to maintain a 
constant probe orientation with the magnet. A PC-based 
data acquisition system recorded the probe values at the 
selected position steps. 

4.2 Longitudinal Measurements 

There were three areas of interest to study from 
longitudinal profile measurements: fringe fields, effective 
length, and the field roll-off integral. The extent of the 
fringe field was important due to the compact design of 

With the design of the field clamp finalized, 
measurements were taken to determine the effective 
length and the field roll-off integral. Longitudinal 
profiles were made over the operating ranges needed for 
the 7 families of dipoles. The effective length was 
calculated to be 25.396 ± 0.004 cm. (l.öxlO-4 relative) 
over the operating range. The field roll-off integral was 
calculated to be 0.31 ± 0.01 over the operating range. 
Both values were within the tolerances defined in Section 
2. 

4.3 Transverse Measurements 

Measurements were made to study the transverse field 
homogeneity inside the core. These measurements would 
be the first step in achieving the lxlO-4 integrated field 
flatness defined in Section 2. The first measurements 
revealed a relative deviation from flatness of ± lxlO'3, an 
order of magnitude larger than the requirements.   The 

3334 



transverse profile is plotted in Figure 3 at several core 
fields. 

To improve field flatness, the dipole was modified by 
the addition of Purcell gap plates. This consisted of 
adding a 1.5 mm. plate of high permeability material 
(Vacoperm 70 - mumetal) to each pole, but separated 
from the iron by a 1.6 mm. plate of aluminum. The 
return legs of the core were shimmed with iron in order to 
maintain the 2 inch mechanical gap. Measurements with 
the Purcell gap showed a relative deviation from flatness 
of + lxlO"4, a drastic improvement in field homogeneity 
(Figure 4.) 

Tranavaraa Raid Flatnaaa In Good Raid Raglof 
(no Purealf gap) 

Trenwraraa PoaHlon (cm.) 

Figure 3: Relative Transverse profile at various core 
fields before addition of Purcell gap plates. 
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Figure 4: Relative Transverse profile at various core 
fields with the addition of Purcell gap plates. 

5  DESIGNING THE PRODUCTION DIPOLES 

The seven families of dipoles vary in their aperture, 
effective length, and the width of their good field region. 
Extrapolations were made from the experimental data 
obtained from the prototype to the design of the 
production magnets. The effective length value obtained 
from the prototype was used to obtain a scaling factor for 
changes in aperture. This resulted in: 

(Effective Length) = (Core length) + (0.995)(aperture) 

Similarly, measurements on the prototype with the 
Purcell gap plates showed the good field region started at 
a distance of 2.3 cm. from the coils. This offset was 
scaled by the aperture of the production dipoles and the 
required core widths calculated to achieve the desired 
good field regions. 

6  PRODUCTION MEASUREMENT PLANS 

At the writing of this paper, several of the dipole 
families were being fabricated at outside vendors and the 
remaining families were in final design. All dipoles will 
undergo magnetic measurement before being installed in 
the accelerator enclosure. The core field, field integral, 
and field roll-off integral will be determined using the 
Hall and NMR probe stand described in Section 4.1. 

To determine the transverse integrated field profile 
and the variation in field integral within a family, a 
specialized stand is under construction. This stand will 
use the same technique, and share common hardware, 
with the setup used to measure the CEBAF dipoles [3]. 
This method uses two pickup coils that are driven 
simultaneously across the aperture of two magnets of a 
given family. The induced signals are bucked against 
each other and thus measure the difference between the 
two magnets. This method produced a precision of 1x10" 

in measuring the relative transverse profile of the 
CEBAF arc dipoles [4]. 

7 CONCLUSIONS 

The optics requirements of the IR-FEL accelerator 
result in tight tolerances on the design and measurement 
of the seven families of main bending dipoles. A 
prototype was built and went through several iterations of 
mechanical adjustments and magnetic measurements. 
The final measurements met the required specifications 
and were integrated into the design of the production 
dipoles. Design and fabrication of the production dipoles 
is almost complete and plans are underway for their 
eventual magnetic mapping. 
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MAGNETS FOR THE CERN PS BOOSTER TRANSFER LINE 

George S. Clark, Alan J. Otter, and Paul Reeve, TRIUMF 4004 Wesbrook Mall, Vancouver, B.C., 
Canada V6T 2A3 

Abstract 

TRIUMF is building 22 magnets for the CERN PS 
Booster Transfer Line as part of the Large Hadron 
Collider (LHC) upgrade. These magnets replace similar 
existing magnets in the transfer line but have higher 
fields as the maximum proton energy is being increased 
from 1 GeV to 1.4 GeV. The magnets, 12 quadrupoles 
and 10 dipoles, are laminated for pulsed operation with a 
1.2 second cycle time. The original magnets operated 
DC. The new magnets must fit within the existing space 
envelopes and mate to existing support stands. 

front end region. The lower BVT10 bender supports two 
DVT dipoles and a second BVT10 bender. The upper 
bender is cantilevered. 

2 THE BENDERS 

The DVT magnets [1] are small window frame 
correction dipoles with the field oriented horizontally to 
give a vertical bend. To fit the magnet into the allowed 
space the coil leads had to exit from inside the coil. This 
coupled with the CERN requirement that the coils are 
splice free, forced the coil manufacturer to wind the 

> 
CD 

I 

BEAM 

Figure 1 The CERN PS Booster Transfer Line 

1 INTRODUCTION 

TRIUMF is participating in a collaboration with CERN 
to upgrade the Large Hadron Collider. As part of this 
project TRIUMF is supplying 12 quadrupole and 10 
dipole magnets. These magnets are to replace existing 
magnets in transfer lines connected to CERN's PS 
Booster. The new magnets must fit within the space 
envelope of the original magnets despite the maximum 
proton energy increasing from 1 to 1.4 GeV. The 
change from DC to pulsed operation with 1.2 second 
cycle time required the magnets be laminated. 
Figure 1 shows the PS Booster Transfer Line and the 
locations where TRIUMF supplied magnets are to be 
installed. 

The first four dipoles in the Booster Transfer Line 
will be supplied by TRIUMF. One side of this front end 
region is very close to the Booster so that space is 
extremely tight.   Figure 2   shows the magnets of the 

BVT10 

DVT 10 

DVT 10 

BVT10 

End   View bide  View 

Figure 2 Front End Region 

saddle shaped coils from the outside-in. TRIUMF is 
supplying five magnets for installation and two spares. 

TRIUMF is supplying the two BVT10 benders [2,3] 
in the front end and a single BVT20 bender [2,3] further 
down the transfer line. These window frame dipoles 
share a common coil design. 
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Table 1 Bender Parameters 

Type Overall Effective Aperture DC Field Bend Turns Magnet Magnet 

Length Length Current at at Angle Per Resistance Inductance 
1.4 GeV 1.4 GeV 1.4 Gev Coil 

m m m A T Radian Ohms H. 

DVT 0.4 0.383 0.102 248 0.191 0.01 32 0.1 0.003 

BVT10 0.98 0.908 0.062 273 0.608 0.077 112 0.24 0.043 

BVT20 0.98 0.927 0.120 234 0.542 0.07 112 0.48 0.092 

Table 2 Quadrupole Parameters 

Type Overall Effective Aperture Max. DC Gradient Turns Magnet Magnet 

Length Length Energy Current at at Per Resistance Inductance 
MaxE MaxE Coil 

m m m eV A T/m Ohms H. 

BI 0.57 0.462 0.150 17 1.79 159 0.83 

BT 0.6 0.466 0.150 1.4 G 258 6.57 57 0.16 0.041 

Stresses imposed by lifting and supporting the 
magnets was not a problem for the original thick yoked 
BVT benders. The lifting and stand attachment points of 
the original magnets had to be reproduced in the new 
laminated magnets. For the BVT magnets these 
attachment points are not at stress minimizing locations, 
so considerable work was put into the mechanical design 
[4,5]. Thick tension straps recessed into the magnet 
were positioned to accept the attachment points. The 
thickness of the weld attaching the tension strap to the 
laminations varies along the length of the magnets. 

Table 1 shows the bending magnet parameters. 

2 THE QUADRUPOLES 

TRIUMF is supplying twelve quadrupole magnets in 
three configurations that share a common steel design. 
These magnets are a figure-of-eight design [6,7]. Five 
air-cooled BI-Quadrupoles have been measured at 
CERN and installed in the Linac Transfer Line leading 
to the PS Booster. At 15 A the measured gradient is 
1.077 T/m and the measured effective length is 0.4598 
m.[8]. 

Seven water cooled BT-Quadrupole magnets are 
currently under construction. Four of the BT-Quads will 
be assembled in stacked pairs, one at top the other.   The 

position of the apertures in the pairs is held to a 0.1 mm 
tolerance. TRIUMF is now field mapping three of the 
BT quadrupoles. 

Table 2 shows the quadrupole magnet parameters. 
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REMOVAL OF AXIAL TWIST IN RHIC INSERTION QUADRUPOLE 
MAGNETS* 

J. Cozzolino, M. Anerella, A. Jain, W. Louie, J. Muratore, P. Wanderer, 
Brookhaven National Laboratory, Upton, New York 11973, USA 

Abstract 

The focusing triplets located on either side of the six 
interaction points of RHIC each consist of three 13cm 
aperture quadrupoles with magnetic lengths of 1.44m (Ql), 
3.40m (Q2), and 2.10m (Q3). The field quality and 
alignment of these magnets are critical to the performance 
of the accelerator. The maximum allowable axial twist of 
the cold mass, defined as the standard deviation in the 
quadrupole roll angle, is 0.5 mrad. This requirement has 
occasionally exceeded the capabilities of the assembly 
fixturing and the procedures used to complete the axial 
welding of the shell halves around the cold mass yoke. A 
corrective shell welding technique has been successfully 
employed to remove excessive axial twist of the 13cm 
quadrupoles. This "custom straightening" method is 
described along with the mechanical inspection data before 
and after straightening. The magnetic results which confirm 
the untwisting procedure are also discussed. 

I. INTRODUCTION 

The ultimate luminosity of the Relativistic Heavy Ion 
Collider (RHIC) at Brookhaven National Laboratory 
depends largely on the field quality in the 13cm insertion 
quadrupole magnets. These 72 quadrupoles have magnetic 
lengths of 1.44m (Ql), 3.40m (Q2), and 2.10m (Q3). They 
are the heart of the focusing triplets and must be held to a 
level of axial twist such that the variation in field angle 
along the length of each cold mass does not exceed 0.5 
milliradian (rms). Axial twist data from mechanical 
inspection is acquired on each individual quadrupole unit 
after shell seam welding, and warm magnetic measurements 
are performed on the final cold mass assembly (Ql, Q2 
mated with a single corrector, or Q3 mated with two 
correctors). Therefore, an opportunity exists to make 
corrections for twist after shell welding, and for twist and 
straightness after final cold mass assembly. 

II. WELDING PROCEDURE FOR PRODUCTION 

The 13cm quadrupole helium containment vessel includes 
a two piece stainless steel shell, 6.35mm thick, with 
longitudinal seams at the twelve and six o'clock 
locations[l]. The shells of all twelve 13cm quadrupole units 
installed in Sextant #5 (comprising the first sextant test in 
January, 1997) have been manually seam welded at BNL 
using TIG welding equipment and a procedure which calls 

for two welders operating simultaneously on either side (the 
cold mass is rotated 90 deg. while clamped straight and 
securely on the welding platform). It is generally believed 
that undesirable degrees of twist or bending of the 
containment vessel can result from an imbalance induced 
during the welding process (e.g., unequal heat input or rate 
of filler wire consumption from side-to-side), uneven weld 
shrinkage, variations in shell straightness, variations in shell 
weld gap, or the presence of asymmetric welds and 
discontinuities on the containment vessel necessitated by the 
placement of such items as fiducials, mounting brackets, 
cover patches on the shell, or repairs, etc. In the case of the 
13cm quadrupoles, the twist and straightness requirements 
can and often do exceed the practical design limitations of 
the shell assembly tooling, and cold mass assembly 
techniques. Experience has shown that despite the fact that 
the cold mass is firmly clamped against strong and precise 
fixturing which is designed to keep it straight throughout 
the duration of the welding process, the cold mass may 
"spring" upon removal from the fixturing. Much effort has 
gone into designing the tooling and tailoring the process 
with one of the primary goals being the control and 
minimization of this springing. 

Most 13cm insertion quadrupoles installed in the tunnel 
after the first sextant test will have shells that are seam 
welded via automatic MIG welding utilizing computer 
controlled wire feed and progression of the weld head. This 
will involve using the same unit that was previously used 
successfully to weld all 8cm CQS assemblies at BNL. 
Although machine welding is clearly a tremendous time 
saver compared to manual welding, presently it is not yet 
known whether or not it will result in a reduction of axial 
twist or bending of the cold masses. 

III. REMOVAL OF AXIAL TWIST 

Removal of excessive cold mass twist via "flame 
straightening" methods was first successfully employed by 
Northrop-Grumman Corp. on 8cm dipole DRG567. This 
method of "counter-twisting" has since been refined at BNL 
and is used to efficiently and reliably reduce axial twist of 
the 13cm quadrupoles to within acceptable limits. A twist 
bridge is used to monitor the change in inclination of the 
cold mass at locations where holes in the shell allow access 
to the flat survey surfaces on the outside diameter of the 
iron yoke. The twist bridge consists of a precision 
aluminum frame onto which an electronic level sensor or 

* Work supported by the U.S. Department of Energy under Contract No. DE-AC02-76CH00016. 
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inclinometer is rigidly mounted. The inclinometer has a 
range of ±20 mrad and is accurate to within .05mrad. The 
two lower contact surfaces of the twist bridge engage the 
yoke survey notches which serve as indicators of the 
mechanical center and level of the magnet. The basic 
procedure for twist removal is outlined below: 

1. Set the cold mass on two pairs of precision steel 
rollers spaced at approximately 1/4 and 3/4 overall cold 
mass length. Place the twist bridge on the cold mass so it 
engages the survey notches at the top pair of shell holes 
closest to the lead end. 

2. Level the cold mass so that the twist bridge reads 
zero. Use suitable means to lock the cold mass so that this 
first shell hole location remains level and does not rotate 
during the untwisting process. 

3. Move the twist bridge to the next shell hole location 
and determine inclination. If the twist is deemed excessive, 
apply a TIG weld bead between the two shell hole locations 
and about the horizontal midplane, and angle it 
approximately 30 deg. in the chosen area to be untwisted. 
Do the same except in the reverse orientation on the exact 
opposite side of the cold mass in order to maintain weld 
symmetry side-to-side and to preserve axial straightness. 
The length, number of weld beads, and filler wire input 
depend on the demonstrated effectiveness (i.e., the degree 
to which they mitigate axial twist in a particular instance). 
Fig. 1 illustrates the general concept. 

YOKE SURVEY 
NOTCH 

TWIST- 
DIRECTION 

(NEARSIDE) 

-STEEL ROLLERS 
LOCK ROTATION 

HERE        '  L3X WELD BEAD (FARSIDE) 

3X WELD BEAD (NEARSIDE) 

Figure 1. Schematic showing the procedure used to 
remove axial twist. 

4. The twist condition existing at each region 
between adjacent sets of shell holes is corrected separately 
and individually. Only a single welder is necessary but 
weld length, size and filler wire input must be identical on 
opposite sides or the cold mass will bend. 

5. Observe the twist bridge display while welding 
is in progress so that it is continuously clear that the desired 
results are being achieved and that no more weld is being 

laid than is absolutely necessary. Successive welds must be 
in matched pairs of equal length on both sides and must be 
adjacent to but not overlapping previous welds. The 
amount of counter-twist generated by each pair of angled 
welds is governed by their length and not by varying the 
angle or size (filler wire input) of the weld, once it is 
established. Weld lengths should be shortened if necessary 
to ensure that a matching weld of identical length may be 
applied on the opposite side of the cold mass. 

6. After the cold mass has cooled completely, 
obtain final twist data by taking inclination measurements 
at each available shell hole location to verify that the overall 
twist is within the specified tolerance. 

IV. RESULTS 

Referring to Fig. 2, it is observed that Q3 quadrupole 
QRJ114 has an initial twist exceeding 1 mrad rms (dotted 
line). The corresponding solid lines show that the final 
twist of QRJ114 after flame straightening is within 0.5 mrad 
rms. Fig. 3 shows twist measurements on Q2 quadrupoles. 
Both QRK103 and QRK107 had large twist initially (dotted 

lines). QRK103 with an initial twist of over 2 mrad rms 
received three pairs of corrective welds. The final twist of 
this cold mass was reduced to well within 0.5 mrad rms. A 
similar result was also obtained for QRK107. 
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Figure 2. 13 cm Q3 Quardupole Twist Data. 

The magnetic field angles of the completed quadrupole 
assemblies were measured with a 0.91m long rotating coil 
system. Only one measurement of field angle was possible 
in the straight section of the Ql and Q3 magnets so no 
information on twist could be obtained. In the Q2 magnets 
the field angle was measured at three axial locations, thus 
allowing an estimate of the actual twist. The field angle plot 
shown on Fig. 4 clearly demonstrates that the room 
temperature magnetic measurements correspond closely to 
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Figure 4. Field angle measured with a 0.91m long rotating 
coil at three axial locations in the straight section of the Q2 
magnet QRK103. 

the mechanical data as far as overall axial twist of the cold 
mass is concerned. In the case of QRK103, the field angle 
is held to within 0.4 mrad after twist removal. These 
measurements verify that the yoke is a good indicator of the 
magnetic field angle, as expected, thereby validating the 
corrective procedure. Furthermore, this suggests that even 
in the absence of mechanical means of measurement (the 
yoke survey notches may no longer be accessible) the 
variation in magnetic field angle may be read directly and 
reduced as needed, by careful application of corrective 
welds. 

V. CONCLUSION 

A procedure is described to remove axial twist in magnets 
based on mechanical measurements of the iron yoke and 
application of corrective welds. Magnetic measurements of 
twist are in agreement with the mechanical measurements. 
Therefore, either may be used to reliably monitor the effect 
of the twist removal process. 
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PARAMETERIZATION AND MEASUREMENTS 
OF HELICAL MAGNETIC FIELDS 

W. Fischer* and M. Okamura 
Brookhaven National Laboratory, Upton, NY 11973, USA 

Abstract 

Magnetic fields with helical symmetry can be parameter- 
ized using multipole coefficients (ä„, bn). We present a pa- 
rameterization that gives the familiar multipole coefficients 
(an,bn) for straight magnets when the helical wavelength 
tends to infinity. To measure helical fields all methods used 
for straight magnets can be employed. We show how to 
convert the results of those measurements to obtain the de- 
sired helical multipole coefficients (än,bn). 

1   INTRODUCTION 

The magnetic field inside straight magnets can be parame- 
terized in terms of multipole coefficients (a„, bn). We will 
present such a parameterization first. Fields of helical mag- 
nets (see Fig. 1) can be described in a similar way, by means 
of multipole coefficients (an, bn). We give a notation for 
the (än,bn) for which the (an,bn) are the limiting case 
when the helical wave length tends to infinity. A Cylindri- 
cal coordinate system (r, 9, s) is used where s denotes the 
longitudinal direction. 

We then assume that a magnetic field measurement 
device always parameterizes its measurements in terms 
of (an,bn), and give formulae to obtain the coefficients 
(än, bn) when a helical magnetic field is measured. Three 
types of measurement devices are treated: rotating "radial" 
coils, rotating "tangential" coils and rotating Hall probes 
(see Fig. 2 (a), (b) and (c) respectively). 

2   MAGNETIC FIELD PARAMETERIZATION 

2.1    Straight Magnetic Fields 

In a current free region in vacuum where the electrical field 
E is constant, the magnetic field B can be derived from a 
scalar potential ip as B = —Vip. We consider a magnet of 
infinite length, thus neglecting fringe fields. The symmetry 
condition of such an element is ip(r,9,s) = ij){r, 9,s + As) 
with As arbitrary. Therefore, the potential ip is indepen- 
dent of s, i/)(r, 9, s) = ip(r, 9). 

Having a main field So sin 9 the solution of the Laplace 
equation Aip = 0 can be written as 

1    r 

n=0 u 

ancos((n+l)e) + bn sin ((n+1)6) 
0) 

The bn are called "normal" and the an "skew" multipole 
coefficients. Here, the subscript "0" denotes a dipole, "1" a 

Figure 1: The conductor of a helical dipole (one helical 
wavelength long). This magnet will be used for proton spin 
manipulation in RHIC. 

(a) radial coil        (b) tangential coil      (c) Hall probe 

f>>    / 

/ 

Figure 2: Three methods to measure magnetic multipole 
coefficients. 

quadrupole etc. ro is a reference radius.1 

From B = —Vi/> and Eq. (1) the magnetic field can be 
obtained. We have 

Br = BoY^(^-)     o„ccs((n+l)0)+6nsin((n+l)e)|,   (2) 

Be = BoJ2[^)     6ncos((n+l)0)-a„sin((n+l)0) ,   (3) 

Bs = 0. (4) 

2.2    Helical Magnetic Fields 

We consider again a magnet of infinite length and neglect 
fringe fields. The symmetry condition for a helical magnet 
is ip(r, 9, s) = ij)(r, 9—kAs, s+As), where As is arbitrary. 

'Note  that  the  European  notation  (see  for example  Ref.   [1]) 
differs  from the  American  one presented  here.      The transforma- 

* Work performed under the auspices of the US Department of Energy 
tion   IS   bnrAmerican     —     bn+l,European   ^d   Q"n,A 

~®n+l, European- 
merican 
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In other words, 9 - ks = const, k = 2-K/X is the wave 
number and A the wave length of the helix, k shall have a 
positive sign for right-handed and a negative sign for left- 
handed helices. Introducing the new variable 9 = 9 - ks, 
the symmetry condition leads to a potential if> which is only 
dependent on r and 9, ip(r, 9, z) = ip(r, 9). The tilde shall 
remind the reader of the fact that 9 in a helix is similar 
to 9 in a ordinary dipole. Using (r, 9) as coordinates and 
having a transverse helical main Field BQ sin 9 a solution 
of the Laplace equation A^> = 0 is 

rP(r, 9) = -Bo £ -^^y^+i ((* + l)*r) * 

ö„ cos ((n + 1)0) + b„ sin ((n + 1)9) 

(5) 

where In are modified Bessel functions and the /„ are de- 
fined as 

1)71+1 

fn 
(n+1)! 

(n+l)n+1   r%kn' 
(6) 

The bn are called "normal" and the än "skew" helical mul- 
tipole coefficients (with respect to the main field Bo)- The 
subscript "0" denotes a helical dipole, the subscript "1" a 
helical quadrupole etc. ro is again a reference radius. 

The factors in (5) are chosen in such a way as to obtain 
the potential (1) when the helical wave length tends to in- 
finity. In this case k —> 0, 9 —► 9 and the Bessel function 
can be approximated by In(z) « —^ (cf. Ref. [2]). Now, 
the magnetic field can be computed as 

oo 

Br = BoJ2 /»7n+l ((" + 1)kr)   X 

n=0 

x   än cos ((n + 1)9) +6nsin f(n + 1)9 j 

kr 
Bs, 

oo 

Bs = -Bo J2 fnln+i ((n + l)fcr) x 
n=0 

bn cos f (n + 1)9) - an sin ((n + 1)9) 

(7) 

(8) 

(9) 

where I'n denotes the derivative with respect to the argu- 
ment of the Bessel function. 

Since the Bessel function is nonlinear, a magnetic field 
with helical symmetry is nonlinear too, even the field of a 
perfect helical dipole. In addition, there is a longitudinal 
field component off the s-axis. Fig. 3 shows an example 
for the field inside a helical dipole. 

3    MEASUREMENTS OF HELICAL FIELDS 

While the multipole measurements with rotating coils are 
obtained from the field within the coil area (shaded in 
Fig. 2), the multipole coefficients of Hall probe measure- 
ments are obtained from the field on the circumference of 
a circle with given radius r. For rotating coils the mag- 
netic flux is computed for both parameterizations (an, bn) 

2 
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fl     -1    - 
E 

-2- 
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I \        \ 
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Figure 3: Magnetic field components along the s-axis with 
x=0 cm and y=i 1 cm for the magnet shown in Fig. 1. Note 
that end effects are not treated in this article. 

and (än, bn). The results are stated in a form that allows a 
direct comparison. For Hall probe measurements the mag- 
netic fields in both parameterizations are also stated in a 
form that allows a comparison. For all cases conversion 
formulae from (an,bn) to (än,bn) are given in the same 
form. 

3.1   Rotating Coils 

The magnetic flux through a coil is 

$(0) = N j B(r, 9) ■ da (10) 

where N is the number of coils windings. For rotating coils 
one has 9 = u>t and the induced voltage U = —d$/dt is 
proportional to the angular velocity u. 

3.1.1    Radial Coils 

The area of a flat rotating radial coil ranges from ri to 
T2 and from si to S2 (cf. Fig. 2). The magnetic flux (10) 
through the coils is 

$(6») = JV j 2 j 2 Be{r,9) dr ds. (11) 

Using (3) the magnetic flux (11) for straight magnets be- 
comes 

OO r 

$(0) = NBJS2-s-fi^Kn bncos((n+1)0)-ansin((n+1)0) 

with   Kn = 
ro 

\ro) \ro) 

(n+l) 1 

n + 1 

With (8) the flux for helical fields is 
(12) 

OO r- 

$(0) = NBo{s2 -sij^RJ Sncos ((n+1)9) - ansm ((n+1)9) 
n=0       L 

with   Rn = fn j     ^/n+i ((n + 1)AT) dr. 

(13) 
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In (13) new magnetic multipole coefficients 

an = -\-anTn + bnbn, 

bn = —änSn + b„Tn. 

are used for which 

2 

(14) 

Sn(si,S2) = 

and 

T„(si,s2) = + 

.   (n + l)kAs   .   fa + l)kAs 
——; r-r sin -~ sin -*  
As(n+l)k 2 2 

(15) 

2 .   fa+lUAs       (n+l)kAs 
T—, 7TT Sin rr COS - -^  
As(n+\)k 2 2 

(16) 

with As = S2 - s\ have been defined. 

3.1.2   Tangential Coils 

The magnetic flux through this type of coil is (cf. Fig. 2) 

fS2     fi-i 

and in a helical field (cf. Eq. (8)) 

OO r 

Be(0) = B0^Rn b„cas({n+l)e\ -ansin((n+l)0) 
n=0 ■■ 

With    Rn = —fnln+l (fa + l)krj . 

(21) 
The (an,bn) are again defined by equations (14) and the 
(Sn, Tn) needed in this definition by equations (15,16). 

3.2.2   Radial Field Components 

The radial field in a straight magnet is cf. Eq. (2)) 

Br{6) = Bo 53 Kn ancos((n+l)0\ +6„sin((n+l)ö) 
n=0 L 

With     Kn =  (^-] 

$(6>) = N f 2 [ 2 Br(r, 0) rdS äs. (17)     and in a helical field cf. Eq. (7)) 
Jsi    JBi 

(22) 

The difference A6 — B2 — Qx is fixed and one can assume 
that 0i = 0 - A0/2 and 62 = 0 + A0/2 hold. With (2) the 
magnetic flux in straight magnets becomes 

HO) = NBo(s2 - fll) ■ -TT sin ^±^ x 
n+1 2 

OO r 

x Y2Kn anCos((n+l)ö) + 6nsinr(n+l)6J) 

^n+l 
with   K„ = 

(18) 
and for helical fields one obtains with (7) 

m = NB0(s2-Sl).^-sin^±^-x 
n+1 2 

OO r 

x 53 Rn an cos ((n+l)ö) + bn sin ((n+l)ö) 
n=0 "■ 

with   Rn = fnr l'n+1 ^(n + l)fcrj. 
(19) 

The (an, bn) are defined by (14) and the (Sn,Tn) needed 
in this definition in (15,16). 

3.2   Hall Probes 

For Hall probe measurements the magnetic fields, either 
tangential or radial, can be compared directly. 

3.2.1    Tangential Field Components 

The tangential field in a straight magnet is (cf. Eq. (3)) 

Br(0) = BoY^Rn \äncos((n+l)6\ +6„sin((n+l)ö) 
n=0 ■■ 

With     Rn = fnl'n+1 (fa + 1)^) ■ 
(23) 

Also in this case the (an, bn) are defined by equations (14) 
and the (Sn, Tn) by equations (15,16). 

3.3   Conversion 

It is now assumed that a device parameterizes the measured 
magnetic field in terms of multipole coefficients (an,bn) 
for straight magnets. If the measured magnetic field has 
helical symmetry, the coefficients (an, bn) can be derived 
by comparing (12) with (13), (18) with (19), (20) with (21) 
or (22) with (23). One obtains for all cases 

Knbn = Rnbn, 

KnCLn = Rn&n- 

With (14) it follows that 

(24) 

bn 

tin &n T J-n 

J\n     &n&n ~r UnJ-n 

~Rn"       Sn+Ti      ' 

(25) 

Bg(0) ^Bo^Kn bncos((n+l)0) -o„sin((n+l)fl) 
n=0 L 

with 

(20) 
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A COMMON COIL DESIGN FOR HIGH FIELD 
2-IN-l ACCELERATOR MAGNETS' 

Ramesh Gupta, RHIC Project, Brookhaven National Laboratory, Upton, NY 11973 USA 

Abstract 

A common coil design concept for 2-in-l superconduct- 
ing accelerator magnets is presented. It practically elimi- 
nates the major problems in the ends of high field mag- 
nets built with either high temperature superconductors 
(HTS) or conventional superconductors. Racetrack coils, 
consisting of rectangular blocks built with either super- 
conducting tapes or cables, are common to both apertures 
with each aperture containing one half of each coil. The 
ends are easy to wind with the conductors experiencing 
little strain. The overall magnet design, construction and 
tooling are also expected to be simpler than in the con- 
ventional cosine theta magnets. The concept is also suit- 
able for superferric and combined function magnet de- 
signs. A modular design for an HTS based R&D magnet 
is also presented. 

1 INTRODUCTION 

The recent advances in high temperature superconductors 
have raised the expectations of using them in a high field 
(10T-15T) magnet design for high energy hadron collid- 
ers [1]. Conventional cosine(0) designs may not be suit- 
able for such magnets. In particular, problems arise in 
containing the large Lorentz forces and winding the coil 
ends since, like Nb,Sn, HTS material exhibits poor me- 
chanical properties. The proposed common coil design 
for 2-in-l magnets overcomes these problems and offers 
a conductor-friendly way of making magnets. The design 
is well suited for coils made with tapes using the "React 
and Wind" technique. The conductor is wound in the easy 
direction and the bend radius is large. This paper is in- 
tended to present a concept rather than a detailed engi- 
neering design. 

2 COMMON COIL MAGNET DESIGN 

2. / Basic Geometry 

A schematic of the proposed 2-in-l design for the main 
coils is shown in Fig. 1. The main coils are common to 
both apertures, and hence the name, 'Common Coil Mag- 
net Design'. A set of racetrack coils, operating in series, 
are placed vertically on the left and right side of the two 
apertures producing field in opposite directions. 

Fig. 1: The main coils in the 2-in-l common coil design 
concept. The coils on the left and on the right sides of the 
beam tubes are common to both top and bottom aper- 
tures. 

2.2 A High Field Magnet Cross-section 

A preliminary magnetic design of a 50 mm aperture, 15 
tesla magnet is shown in Fig. 2. The separation between 
the two apertures is 120 mm and the outer yoke diameter 
is 400 mm. The design is based on a conductor having a 
width of 6 mm and an overall or engineering current den- 
sity (Je) of 3 kA/mm2. It is assumed that conductors with 
such performance will be available in the future. A lower 
current density requires a few centimeter increase in yoke 
diameter. 

HEUUM 
CONTAINMENT 

SHELL 

MAN COLS 

AUXUARY COLS 

Fig. 2: A preliminary design of a 15 tesla magnet show- 
ing the main and auxiliary coils. 

* Work supported by U.S. Department of Energy under contract 
No. DE-AC02-76CH00016. 
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In addition to main coils, there are also auxiliary 
coils at/near the poles. The main coils are primarily re- 
sponsible for the magnitude of the field and the auxiliary 
coils for the field uniformity. The auxiliary coils are 
made with the same conductor as the main coils and are 
powered in series. The main coils and the auxiliary coils 
which are closer to the yoke midplane (lower coils of the 
top aperture and upper coils of the bottom aperture) are 
common to both apertures. 

The auxiliary coils which are away from the yoke 
midplane (upper coils of the top aperture and lower coils 
of the bottom aperture) are placed in such a way that the 
other side of the coils returns in the same aperture. The 
separation between the two sides of this coil is deter- 
mined by the acceptable value of the bend radius in the 
ends. It may be noted that though the other side of this 
coil makes a small negative contribution to the central 
field, it has a large influence in reducing the exterior field 
and hence reducing the yoke outer diameter. The yoke 
outer diameter to contain flux at 15 tesla central field is 
only 400 mm which is about half the size required in 
conventional 2-in-l magnets. For example, the yoke di- 
ameter in 8.4 tesla, 56 mm aperture LHC 2-in-l dipole is 
550 mm. Moreover, the collar width at the midplane can 
be increased to contain large Lorentz forces (°cB2) with- 
out increasing the overall size, as the magnetic design 
does not require maximum yoke width at the midplane. 

This design has an inherent up-down asymmetry 
which creates skew harmonics. The details of the con- 
ductor configuration are optimized to minimize the nor- 
mal and skew harmonics. For the purpose of this con- 
ceptual study, the harmonics were minimized to only the 
10"' level at a reference radius of 10 mm. A computer 
model and the field lines at 15 tesla are shown in Fig. 3. 

Fig. 3: The field lines at 15 tesla field in the lower-right 
quadrant of the proposed common coil design magnet. 
The coldmass is shown in -1/3 scale. 

2.3 Assembly and Mechanical Support in Magnet Body 

An assembly of the main and auxiliary coils and a con- 
ceptual mechanical support structure are shown in Fig. 2. 
In the proposed configuration, all coils are first individu- 
ally collared in a simple structure where a small pre-load 
is applied. The coils are then assembled in a final collared 
assembly and a horizontally-split yoke and shell are 
placed around them. In this design, the large component 
of the Lorentz forces is in the horizontal direction (out- 
ward) which is taken by a mechanical system consisting 
of stainless steel collars, yoke and the stainless steel shell. 
A small vertical pre-load is applied to overcome the ver- 
tical component of the Lorentz forces. The vertical com- 
ponent is similar to the azimuthal component of Lorentz 
forces in the conventional cosine theta designs, but the 
accumulated value is smaller here. 

2.4 Magnet Ends 

The ends are usually the biggest problem in the magnets, 
particularly those built with conductors having poor me- 
chanical properties. The proposed design significantly 
reduces this problem as the tapes (or cables) are not 
wound in the hard direction, and furthermore, the bend 
radius is large. The ends can be fully supported by a sim- 
ple 2-d structure. This structure can either be made of a 
solid piece or with laminations placed perpendicular to 
the body laminations of the magnet. The ends will be 
supported/loaded after the straight section is collared. To 
support from the inside, a wedge can be inserted between 
the body and end laminations and to load from the out- 
side one can apply compression as is done presently in 
the conventional designs. The skew and normal harmon- 
ics in the ends can be minimized by optimizing the 
lengths and internal configuration of the various coils. 

2.5 A Combined Function Magnet Design 

In the proposed design the coils on the left side and right 
side of the aperture can have an independent geometry. 
Therefore, one can make a magnet where the two sides 
have a different number of turns, etc. In this case a com- 
bined function magnet design can be optimized where the 
harmonics other than dipole and quadrupole are small. 

3 A HIGH FIELD R&D MAGNET DESIGN 

A magnet built with the geometry used in the design de- 
scribed in last section but using commercially available 
high temperature superconductors will produce only ~2 
tesla field. For near term R&D purposes, a moderate field 
(8T-10T at 1.8 K), 45 mm aperture, hybrid magnet using 
both HTS tape and normal superconducting cable, as 
shown in Fig. 4, is proposed. This will allow a study of 
the issues which are critical to making a high field mag- 
net using high temperature superconductors, namely coil 
windings with HTS, mechanical support structure and the 
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performance under the conditions that will be present in 
an actual magnet. 

The innermost pair of coils are made with 6 mm 
wide HTS tapes and the outer two layers are made with 
12 mm wide flat Nb-Ti cable. All six racetrack coils 
(three pairs) are wound on a stainless steel structure 
which plays an integral role in the mechanics of the mag- 
net. Each coil and its support structure form a separate 
module within the magnet. A moderate amount of vertical 
pre-compression is applied. The coils may be potted on 
the horizontal plane and/or an small pre-compression may 
be applied to support and to ensure that no voids are left. 
The coil modules are installed into existing yoke lamina- 
tions (with aperture modified), support shells, etc. 

The modularized approach, described above, will 
allow an upgrade of this magnet (or replace components) 
when, for example, a better conductor, perhaps having a 
different geometry, becomes available. Various design 
options/principles can also be investigated without having 
to design and build a completely new magnet. For exam- 
ple, the magnet aperture and/or support structure can be 
changed. An adequate amount of space is left between the 
outermost coil and the yoke aperture to allow sufficient 
flexibility for such studies. For example, four HTS coils 
may be used to investigate a large (160 mm) single aper- 
ture quadrupole within the same overall structure. 

®s^ 

Fig. 4: A proposed R&D magnet design. The inner-most 
layer is made with HTS tape and the outer two with flat 
cables made with Nb-Ti superconductor. 

45 mm and vertical aperture of 25 mm is shown in Fig. 5. 
The design uses a 6 mm wide tape having an overall cur- 
rent density of 400 A/mm2 at 4.2 K. This is a value 
which, according to manufacturers [2], should be avail- 
able shortly in commercially supplied high temperature 
superconductors. An adequate space is left for a small 
coil containment/support structure. The flux lines are 
contained in a 120 mm x 140 mm yoke. 

X(cm) 

-B -6 -4 -2 0 2 4 6 

Fig. 5: A proposed low field iron dominated 45 mm x 25 
mm aperture 2-in-l magnet based on the common coil 
design. The coldmass is shown ~Vi scale here. 

5   CONCLUSIONS 

The common coil magnet design concept offers a con- 
ductor friendly way of building compact high field mag- 
nets based on racetrack coils in a block configuration. 
High temperature superconductors have reached a stage 
where a serious R&D effort can be planned. The pro- 
posed modularized design approach for an R&D magnet 
should provide an ideal vehicle for investigating various 
design concepts and high temperature superconductors. 
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4 A LOW FIELD IRON DOMINATED MAGNET 

The common coil design concept offers advantages to the 
low field design option which are similar to those offered 
to high field magnets. In this case the stainless steel sup- 
port structure between the two apertures will be replaced 
by an iron yoke to enhance the field. A magnetic design 
of a 2.3 tesla 2-in-l magnet with an horizontal aperture of 
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CHANGE IN FIELD HARMONICS AFTER QUENCH AND 
THERMAL CYCLES IN SUPERCONDUCTING MAGNETS* 

R. Gupta, A. Jain, J. Muratore, P. Wanderer, E.Willen, BNL, Upton, NY 11973 USA and 
C. Wyss, CERN, Geneva, Switzerland 

Abstract 

A change in field harmonics after quench and thermal 
cycles has been observed in superconducting magnets for 
the Relativistic Heavy Ion Collider (RHIC). This paper 
presents the results of a systematic investigation of this 
effect in a number of RHIC dipole and quadrupole mag- 
nets. These changes in field harmonics may limit the ul- 
timate field quality and its reproducibility in supercon- 
ducting magnets. A change in pre-stress has also been 
observed after quench and thermal cycles. A possible link 
between these two changes is explored. 

1 INTRODUCTION 

To satisfy high field quality requirements in RHIC 
interaction region (IR) quadrupoles, a magnetic tuning 
shim method is used to compensate harmonic errors after 
measurements [1]. However, it has been observed that the 
harmonics changes after quenches and thermal cycles are 
larger than the capability of the tuning shim correction. 
The stability and resolution of the measurement system is 
known to be sufficient for the observations. In the fol- 
lowing sections we present the results of a systematic 
study made to understand and quantify this effect. 

The skew (an) and normal (fcn) components of field 
harmonics are defined as follows : 

*,+ iBx=lO-4BR^[bn+ian] 
n=0 

x + iy 

R 
where Bx and By are the components of the field at (x,y) 
and BR is the magnitude of the field of the fundamental 
harmonic at a reference radius R. 

2 CURRENT DEPENDENCE 

During the calibration runs to obtain the harmonics pro- 
duced by tuning shims at the design field, it was discov- 
ered that two runs produced two different harmonics. The 
magnetization of the tuning shim iron was ruled out as a 
possible source because the difference in harmonics be- 
tween two runs was nearly the same at all currents. To 
confirm this inference, the tuning shims were removed 
and the measurements were repeated with a number of 
interleaving quenches and thermal cycles. Fig. 1 shows 
the variation in integral b5 at 40 mm reference radius as a 
function of current during six up ramps in 130 mm aper- 
ture RHIC IR quadrupole QRK102. Each ramp was pre- 

ceded by either a quench or a thermal cycle or both. The 
bs change is independent of current. This eliminates yoke 
saturation and persistent currents as possible sources as 
both would produce a current dependent change. A simi- 
lar current independent change is seen in other harmonics 
as well. This observation indicates that the change in 
harmonics is related to the change in magnet geometry. 

V™ 
3_ 
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Fig. 1 : The current dependence in b5 during six up 
ramps (separated by quench and/or thermal cycles) in 
3.4 m long 130 mm aperture RHIC IR quadrupole 
QRK102. 

3 HARMONIC CHANGES IN DIPOLES 

The mechanical design and assembly of RHIC quad- 
rupoles are similar to those of the dipoles. For example, 
the quadrupole yoke and collaring scheme has a two fold 
symmetry. Therefore, the dipoles may also show a corre- 
sponding change in harmonics. This indeed was found in 
both 80 mm aperture and 100 mm aperture dipoles in 
terms of the observed changes in a,, the skew quadrupole 
harmonic, which is related to up-down asymmetry. 

Fig. 2 shows a significant change in integral a, at 31 
mm reference radius in RHIC 100 mm aperture insertion 
dipole DRZ106 after a number of quenches and thermal 
cycles. No change was, however, observed in repeated up 
and down ramps (dc loops) which is important for a sta- 
ble accelerator operation. "LN2 Run" are the measure- 
ments in the range of 20-90 K and represent the change in 
geometry due to cooldown. Persistent current induced 
harmonics are not expected as the cable is in a non- 
superconducting state. Warm harmonics return to their 
original values. This has been seen in many (but not all) 
magnets. 

* Work supported by U.S. Department of Energy under contract No. DE-AC02-76CH00016. 
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Fig. 2 : Variation in integral a, at 31 mm reference radius 
in RHIC 100 mm aperture dipole DRZ106 from quench 
and thermal cycles. 

4 AXIAL DEPENDENCE OF CHANGE 

In Fig. 3, we show the measured a, before and after a 
thermal cycle (thin lines) and the change between the two 
(thick line) in five sections of magnet DRZ106. This axial 
scan was done to determine if the changes are lumped 
locally or distributed uniformly. The large a, in the first 
position is from the lead end. The change in harmonic is 
about the same at all locations. This means that the coil as 
a whole is changing its geometry. 

0.9 1.8 2.7 
Axial position (meter) 

3.6 

Fig. 3 
caused 

: Axial dependence of the change in a,(@31 mm) 
by a thermal cycle in DRZ106. 

5 CHANGE IN A SERIES OF MAGNETS 

In this section the results of measurements in eight 1.44 
meter long 130 mm aperture Ql magnets are presented to 
statistically quantify this effect. Since the issue is most 
critical in IR quadrupoles a number of these magnets 
were measured before and after quench and thermal cy- 
cles. Fig. 4 shows the change in integrated harmonics 
from quench and Fig. 5 from thermal cycle. The solid line 
represents the mean and the dashed line one sigma around 
the mean. One can see that generally a thermal cycle gen- 
erates smaller changes than a quench. The magnitudes of 
the observed changes in harmonics are acceptable in 
RHIC [2]. 
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Fig. 4 : Change in harmonics in eight 130 mm aperture 
insertion quadrupoles caused by a quench. 
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Fig. 5 : Change in harmonics in eight 130 mm aperture 
insertion quadrupoles caused by a thermal cycle. 
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For quenches (Fig. 4), the changes are of random 
nature except for a small systematic b5 (the first allowed 
harmonic in quadrupoles). A similar behavior is also seen 
in dipoles where the change in all harmonics except for a 
small systematic b2 (the first allowed harmonic in dipoles) 
is of a random nature. 

In the case of thermal cycles (Fig. 5), the changes 
are of a random nature except for a systematic b3 (always 
a negative change). The magnet QRI105 was subjected to 
five thermal cycles to further study br The net drop sta- 
bilized at 0.3 units after three thermal cycles meaning that 
the collared coil geometry stabilized. This magnet had 
showed small change in other harmonics (-0.1 unit or 
less) after first thermal cycle. The change remained small 
(-0.1 unit or less) during the remaining thermal cycles. 

6 CHANGES IN AZIMUTHAL STRESS 

A change in azimuthal coil stress on pole faces has also 
been observed after quench and thermal cycles. We ex- 
amine the change in azimuthal stress as independent evi- 
dence of the change in coil geometry. In Fig. 6, we have 
plotted the azimuthal coil stress on four pole faces 
(dashed lines) after successive quenches together with a 
thermal cycle in between in 100 mm aperture dipole 
DRZ105. The magnet was cold but not powered. We 
have also plotted the average stress on four pole faces 
(solid line) and the difference between the average of top 
two and bottom two (thick solid line). Though the abso- 
lute values of these stresses (measured by strain gauges) 
may not be reliable to a few hundred psi, the relative 
change is. One can clearly see a change in behavior after 
each quench. Most interesting is the difference between 
top and bottom (thick solid line) as this is related to 
change in a, harmonic (Fig. 2 and Fig. 3). A one to one 
correlation can not be established between a, and stress as 
the stress measurements were done in DRZ105 and the 
magnetic measurements in DRZ106. However, both the 
harmonic and stress changes can be explained, depending 
on the computer models, by a geometric change which is 
of the order of 0.001'' (25 urn). 

Test Sequence 

Fig. 6 : The azimuthal stress on pole faces (dashed lines), 
average (solid) and difference between top and bottom 
(thick solid line) after successive quenches together with 
a thermal cycle in between in the magnet DRZ105. 

7 DISCUSSION 

In addition to the 130 mm aperture quadrupole and 100 
mm aperture dipole magnets, harmonic changes of simi- 
lar magnitude have also been observed in 80 mm aperture 
dipole and 80 mm aperture quadrupole magnets for 
RHIC. All these magnets were made using a similar de- 
sign and construction techniques. Therefore, it implies 
that it is a common phenomenon in such magnets. These 
changes are larger than the measurement uncertainties. 
The changes are smaller than the RMS variations in har- 
monics in a series of magnets. The effect, though of 
smaller magnitude, has also been observed in SSC dipole 
magnets [3]. The SSC design was based on stainless steel 
collars, whereas the RHIC magnets use the yoke as a 
collar and phenolic spacers (which are not as strong as 
stainless steel) between coil and yoke. Though this is an 
important difference, we can not say definitely that this is 
the sole reason for smaller changes in SSC dipole har- 
monics. SSC magnets also had a smaller aperture. 
Moreover, we have examined this effect in only one 
magnet. 

The following mechanism may explain the observed 
changes. Quenches and thermal cycles generate a pres- 
sure shock which may cause a change in the internal ge- 
ometry of the collared coil by a small amount (-25 um). 
Unless overcome by large mechanical forces (such as 
another shock), this small change may get locked into a 
new and slightly different coil geometry, particularly 
when the magnet is cold and the stresses are small. A 
uniform change in the a, harmonic along the magnet 
length (see Fig. 3) means that effectively the coil mid- 
plane moves as a whole. 

In most cases (but not all), the harmonics returned to 
their original values when the magnet was warmed up to 
room temperature. The azimuthal stresses are much larger 
when the magnet is warm as compared to when it is cold. 
It is possible that larger azimuthal stresses at room tem- 
perature are enough to overcome the friction to bring the 
magnet back to its original geometry. 

8 CONCLUSIONS 

The ultimate field quality in superconducting magnets 
may be limited by the dynamic changes caused by quench 
and thermal cycles. These changes are much larger than 
the resolution of tuning shims and as such can not be 
compensated by the static nature of tuning shim correc- 
tion. The measured harmonic changes, though significant, 
are acceptable in RHIC magnets. 
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MAGNETIC DESIGN OF SUPERCONDUCTING QUADRUPOLES FOR A 
SCLINACFORAPT 
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Abstract 

This paper describes the magnetic design for superconduct- 
ing quadrupoles to be used in the superconducting option of 
the proton linac for the Accelerator Production of Tritium 
(APT) project. The quadrupole magnets provide the focus- 
ing for a singlet FODO lattice used in the linac. The mag- 
nets have a 16 cm (13 cm) aperture in the hi-/? (medium-/?) 
section of the linac. The proposed design is a coil domi- 
nated magnet with an iron yoke at a larger radius to shield 
the magnetic field from other parts of the accelerator. The 
field performance, field quality, peak field and forces on the 
conductor are discussed. 

1    INTRODUCTION 

The proton linac for the APT project is likely to have super- 
conducting RF cavities for the medium energy, /? = 0.64, 
and high energy, ß = 0.82, regions of the machine. Two 
options have been considered for the quadrupole focusing 
in the linac. One is to position a single superconducting 
quadrupole (either focusing or defocusing) between each 
of the SC RF cavities. The magnets would be placed in 
the same cryostat as the RF cavities. Each medium-/3 
(high-/?) cryostat would contain 3(4) RF cavities and 4(5) 
SC quadrupoles. There are 30 medium-/? and 78 high-/? 
cryostats in the linac. The other option is to place only 
the RF cavities into the cryostat and use a room tempera- 
ture quadrupole doublet (one focusing and one defocusing) 
between each of the cryostats. The SC quadrupole in the 
singlet lattice design provides a higher gradient and shorter 
period length than the room temperature doublet design. 
The singlet linac with the SC quadrupoles would reduce 
the beam size by about half in each of the transverse dimen- 
sions. The Conceptual Design Report for the APT project 
[1] uses the singlet design with the SC quadrupoles. The 
APT project is now favoring SCRF design with the separate 
room temperture quadrupole doublet. This report discusses 
the superconducting singlet design with SC quadrupoles. 

Certain requirements for the SC quadrupoles are dic- 
tated by the linac design. These are summarized in Ta- 
ble 1 . Because of the large beam current in the acceler- 
ator a large aperture is chosen to keep the number of par- 
ticles hitting the beam pipe to a minimum so that hands 
on maintainance will be possible. The gradient require- 
ments for the quadrupoles are modest for a superconduct- 
ing magnet. This allows conservative operation at about 
half of the quench current. Since the APT accelerator is in- 
tended to be operated with an uptime efficiency of 85%, 

tWork performed under Contract No. DE-AC02-76CH00016 with the 
U.S. Department of Energy. 

good quadrupole reliability is essential. Another design 
concern is that the field from the quadrupole should not 
interfere with the proper operation of the RF cavity. The re- 
quirement is stated that the field from the quadrupole must 
be less than 1 gauss at the RF cavity wall. This requirement 
is easily met. 

Table 1: Superconducting Quadrupole Parameters. 

Parameter Medium-/? High-/3 
section section 

Aperture radius (cm) 6.5 8.0 
Lattice half period (m) 1.70 2.03 
Quadrupole length (m) 0.305 0.459 
Effective length (m) 0.294 0.338 
Integrated gradient (T) 3.30 3.26 
Nominal gradient (T/m) 11.2 9.6 
Operating temperature (K) 4.3 4.3 
Number of quadrupoles 120 390 

2   MAGNET DESIGN 

The proposed quadrupole is coil dominated with the iron 
yoke at approximately twice the coil radius so that most of 
the magnetic flux is returned in the space between the coil 
and yoke. The iron yoke remains essentially unsaturated 
for optimum shielding. Fig. 1 and Fig. 2 show the trans- 
verse and axial views of the quadrupole cold mass. The 
iron yoke surrounds stainless steel laminations which reg- 
ister the coil position and support transverse components of 
the coil forces. A stainless steel shell exterior to the yoke 
along with the bore tube contains the helium. 

The coil is of a planar racetrack design and is wound with 
460 (264) turns for the medium-/3 (high-/3) design. The 
construction technique for the coil is the same as used for 
the sextupole and trim quadrupole magnets for the RHIC 
project at BNL. [2] The coil consists of alternate layers of 
insulated wire and epoxy-impregnated fiberglass wound in 
a rectangular form. The wire is a 25.5-mil diameter NbTi 
superconducting strand, and is the same as that used in the 
the outer cable of the Superconducting Supercollider dipole 
magnets. The wire has a copper to superconductor ratio of 
1.8 to provide conductor stability. The coils are conserva- 
tively designed to operate at one half the quench current. 
The magnet should be self-protecting and will not be dam- 
aged by overheating during a quench, because of its fast 
normal-zone propagation velocity and the short coil length. 
The peak field at the coil limits the current that a wire can 
carry. The field at the coil is calculated using the 3D mag- 
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Table  2:     Coil   Parameters  for  the   Superconducting 
Quadrupoles. 

Medium-/3 High-/? 
Upeak coili 1 
Amp-turns 

■i-wirei Amp 

**turns 
Inductance.H 

3.0 
111578 

243 
334 

0.126 

2.0 
82650 

314 
264 

0.133 

netic field finite element program TOSCA. [3] Table 2 lists 
the design parameters of the coil. The RF cavities will op- 
erate at 1.9K with superfluid He. There would be a 50% in- 
creased quench margin if the magnets were operated at the 
same conditions. However without increased refrigeration, 
the helium surrounding the magnets would be just above 
the superfluid state, which is an unstable operating point. 
4.3K is the likely operating temperature at this point. Skew 
and normal trim dipole coil windings for beam steering can 
be mounted in the magnet poles. 

3   FIELD PERFORMANCE 

Figure 1: Cross section of the high-/? quadrupole. 
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HJ\A 

Figure 2: Longitudinal section of the high-/3 quadrupole. 

The SC quadrupoles should exhibit good field quality for 
the linac. Deviations from perfect field quality can come 
from systematic design errors, random construction errors 
and magnet alignment errors. The largest contributor to 
the field error is likely to come from the magnet-to-magnet 
variation of the integral gradient, G ■ L. The first har- 
monic allowed in magnets built with perfect quadrupole 
(26) symmetry is the duodecupole (60) term. The az- 
imuthal angle subtended by the coil can be chosen to make 
the 60 term negligible. A conductor placement accuracy of 
4 mils (100 fxm) gives non-allowed harmonics that are less 
than 0.0004 of the integrated gradient at Rref = 5 cm. 

Table 3 summarizes the estimates of the various con- 
tributions to the field quality that can be expected. The 
harmonics are calculated at a reference radius of 5 cm. 
The table indicates that a good field radius of 5 cm where 
^ < 0.001 is achievable. These estimates are based on 
construction and placement errors obtained with the RHIC 
accelerator magnets. The alignment errors in Table 3 are 
estimated from RHIC magnet field measurements relative 
to external markers on the magnets. They do not include 
the additional contribution from magnet installation errors. 

One of the major design concerns for the SC quadru- 
poles that share the same cryostat with the SCRF cavities is 
whether the magnetic field from the magnets will interfere 
in any way with the operation of the cavities. The field from 
the SC quadrupoles at the cavity wall is estimated to be less 
than 50 mG with the magnets operating. This estimate is 
without the use of /i-metal shielding which will be present 
to shield the cavities from the earth's magnetic field. 
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Table 3: Estimates of contributions to RMS field errors. For 
the evaluations of the field harmonics a reference radius of 
5 cm is chosen. 

Contribution Error 
 ggr 

GL 
C(66>) 

GL 
Random Harmonics 
Angular Alignment 
Center Alignment 

0.003 

<io-4 

< 4 x10-4 

0.6 mrad 
75 urn 

Table 4: Calculated Lorentz Forces for the APT Linac 
quadrupoles. Side forces are lbs per inch and the end force 
is given in lbs. 

Forces Medium-/?        High-/? 
Side Forces in plane 

Side Forces out of plane 
Total End Forces 

367 220 
4 4 

5957 4638 

4   MECHANICAL ISSUES 

Because of the intense beam, the large aperture of the beam 
pipe is necessary to keep the number of particles hitting 
the pipe to a minimum so that hands on maintainance will 
be possible. Large aperture magnets typically have a large 
Lorentz force acting on the coils. The end forces in par- 
ticular are proportional to the stored energy which has a 
radial dependance, Fends ~ rfore. However the gradient 
requirements of the APT linac quadrupoles are low enough 
that the stress in the NbTi is less than that in other magnets 
of similar construction. Table 4 summarizes the side and 
end forces that are expected to be seen in the quadrupoles. 
The side forces are separated into the component in the coil 
plane and perpendicular to it. The perpendicular compo- 
nent measures the interaction of the coil with the other coils 
and with the iron yoke. It tends to be small when the mag- 
net is not iron dominated. The total end force is summed 
over all four coils. The side forces are supported by the 
stainless steel laminations holding the coils. Whether to 
support the coil ends has not been decided. The force per 
wire in the coil end is modest enough that end support may 
not be needed. Table 5 shows the axial force per wire and 
tensile stress on NbTi. Since the Lorentz forces elongate 
the wires and since NbTi is suffer than copper, it is assumed 
the entire force strains the NbTi and that limits the perfor- 
mance. 

The reliability of the SC magnets inside the same cryo- 
stat as the RF cavities is of great concern since the APT 
is expected to operate with minimal downtime in produc- 
tion. The APT is also expected to function for 40 years. 
Estimates of the reliability of these magnets can be made 
using the operational experience of the Fermilab Teva- 
tron and DESY HERA accelerators. The correction mag- 
nets in both facilities are similar in construction to these 

Table 5: End force per wire and stress on NbTi for the APT 
linac quadrupoles and other magnets of similar construc- 
tion. Field Level indicates whether the forces are at the 
operating value or at conductor limit. Force and stress are 
in lbs and Kpsi respectively. 

Magnet Field Level Axial Force NbTi 
per wire Stress 

Medium ß Operating 4.6 12.0 
High/3 Operating 4.4 12.2 

RHIC trim quad Operating 1.1 3.5 
RHIC trim quad Current Limit 4.5 14.2 

quadrupoles. Each of these accelerators has more corrector 
magnets than are needed for APT. The Tevatron corrector 
magnets, which have been in operation for 13 years, have 
an average mean time between failure (MTBF) of 3 x 106 

hours. The MTBF for the Tevatron correctors is increasing 
with time. The HERA correctors, which have been in op- 
eration for six years, have an a MTBF of 3 x 107 hours. 
Cold testing 100% of the superconducting magnets would 
remove the infant mortality failures. SC quadrupole fail- 
ures should not limit the APT availability. 

5   ACKNOWLEDGEMENTS 

The authors would like to thank P. Walstrom and T. Wan- 
gler for much discussion relevant to this study. 

6    REFERENCES 

[1] Accelerator Production of Tritium Conceptual Design Re- 
port, 1997 Los Alamos Document LA-UR96-4847, APT- 
Doc-005. 

[2] P. Thompson et al., Superconducting Sectupoles and Trim 
Quadrupoles for RHIC, Proceedings of the 1996 Particle Ac- 
celerator Conference, Dallas, p 1396 (1995). 

[3] TOSCA is a computer code marketed by Vector Fields, Inc. 

3352 



TEST RESULTS FROM THE COMPLETED PRODUCTION RUN OF 
SUPERCONDUCTING CORRECTOR MAGNETS FOR RHIC* 
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Abstract 

The production run of all 432 superconducting 8 cm correc- 
tor magnets required for the Relativistic Heavy Ion Collider 
(RHIC) has been completed at Brookhaven National Lab- 
oratory (BNL). All have been tested at 4.35 K for quench 
performance and at room temperature for magnetic field 
quality. In addition, magnetic field measurements at 4.35 K 
have been done for a 20% sample of these. Summaries of 
the harmonic and quench test results are presented. A com- 
parison of the quench performance for magnets made with 
different coil preload tensions is also shown. 

1    INTRODUCTION 

All 432 superconducting 8 cm aperture corrector magnets 
have been manufactured and tested at Brookhaven National 
Laboratory (BNL) for the Relativistic Heavy Ion Collider 
(RHIC), now under construction at BNL. These correc- 
tors will provide magnetic field corrections to random and 
systematic errors in the main dipole and quadrupole mag- 
nets and be used to help determine beam dynamics in the 
two superconducting collider rings. A previous paperfl] 
has described in detail the design and construction fea- 
tures of these magnets and presented test results available 
for the 65% of the magnets that had been tested up to 
that time. The present paper summarizes the final test re- 
sults for quench performance and field quality for all the 
8 cm correctors at the end of the successful production run, 
and compares the quench performance of correctors which 
were made with different coil prestress loads. 

The wires are wound in double layers, with the top layer 
wires nested in between the wires of the bottom layer. The 
coil substrate is then wrapped around and epoxy-bonded 
to a cylindrical stainless steel support tube. Next, the 
mounted coil windings are wrapped with a single layer of 
epoxy/fiberglass cloth and a double layer of Kevlar yarn at 
a specified tension in order to provide mechanical clamp- 
ing and minimize movement of the wires by Lorentz forces 
during magnet excitation. The dipole coil consists of three 
double layers of windings and the other multipole coils 
have one double layer. 

The four completed coil-tube assemblies are mounted 
concentrically in order of decreasing multipolarity with the 
highest order harmonic (decapole) at the innermost, small- 
est diameter and the lowest order harmonic (dipole) at the 
outermost, largest diameter. This is shown in the mag- 
net cross-section of Fig. 1. The two outermost tubes have 
thicker walls to withstand the stronger Lorentz forces of the 
higher field strengths of the dipole and quadrupole coils. 
In order to provide mechanical stability and a return path 
for the magnetic flux, the finished multiple tube assem- 
bly is surrounded by a laminated iron yoke with the same 
outer configuration and diameter as the other 8 cm magnets. 
Each corrector is then assembled with a main quadrupole 
and trim sextupole, or trim quadrupole, magnet in a com- 
bined assembly, where they share a common cold beam 
tube and outer helium-containment/support shell. These 
so-called CQS units are then installed in their own cryostats 
and subjected to various diagnostic tests before acceptance 
and delivery to the collider rings. 

2    GENERAL MAGNET DESCRIPTION 

For details of the design and construction features of RHIC 
8 cm correctors, our previous paperfl] should be consulted. 
Only a brief description of these features will be presented 
here. Each corrector may include either one (ao/bo) or 
four (ao/bo, ai/bi, b3, b,i) multipole elements, where an 

denotes a skew, and bn a normal, multipole; and the sub- 
script n = 0, 1, 3, 4 refers to dipole, quadrupole, octupole, 
and decapole symmetries, respectively. Each multipole el- 
ement is constructed by winding 0.33 mm diameter mul- 
tifilament Cu/NbTi (ratio 2.5:1) wire in flat winding pat- 
terns (one racetrack-shaped winding for each pole) on a 
kapton/epoxy/fiberglass substrate by a technique known as 
the Multiwire process, using a computer-controlled stylus. 

•Work supported by the U.S. Department of Energy under Contract 
No. DE-AC02-76CH00016. 

3    EXPERIMENTAL PROCEDURE 

Because of the stresses imposed on the thin superconduct- 
ing wires during the coil winding process, it was considered 
necessary, as part of the acceptance procedure, to cold-test 
all individual correctors before insertion into CQS assem- 
blies. This would screen out any coils that may have sus- 
tained wire damage which could lower the maximum cur- 
rent limit. Cold-testing was performed by fitting the yoked 
coil assemblies with temporary support shells and hanging 
them in vertical dewars filled with liquid helium at 4.35 K 
(nom). The magnets and test system were instrumented to 
provide data for quench and electrical analysis. Among ex- 
perimental parameters which were monitored during test- 
ing were dewar temperature and pressure, coil and lead 
voltages, power supply current and voltage, and quench de- 
tector signal data. 
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Figure 1: Cross-section of corrector magnet with four mul- 
tipole coils. 

All magnets were subjected to at least the following min- 
imum test procedure: 

1. Ramp the dipole coil to +70 A, then to -70 A, then 
back to 0; this is repeated at least two more times; 

2. With the dipole at +70 A, each of the other three 
coils is ramped to +100 A, then -100 A, then back to 
+100 A, then back to 0. 

If any coil quenched in the course of these ramp tests, the 
ramps for that coil were started over again and repeated un- 
til the above ramping scheme could be performed without 
a quench. In most cases, magnets were subjected to more 
rigorous testing, with more bipolar ramps, occasionally one 
hour tests at maximum test current, and sometimes ramps 
to quench. The maximum test current of 100 A for ramp 
tests was selected to provide 100% quench margin above 
the design corrector operating current of 50 A (nom). This 
was reduced to 70 A for the dipoles to avoid quenches that 
might overheat the conductor wire. This caution was nec- 
essary because of the high inductance of the dipole coils 
and the nature of the quench detection system being used. 
All corrector coils have a conductor limit above 130 A for 
all operating conditions at the RHIC temperature of 4.6 K. 

4    QUENCH PERFORMANCE 

It is convenient to discuss the test results grouped according 
to the four types of corrector coils regardless of the type of 
assembly. Also, in order to provide a uniform comparison 
among all the coils of each type, only performance during 
the initial test ramps, as described above in the minimum 
test procedure, will be shown. The initial tests were com- 
mon to all magnets. Results from more extensive testing 
and quench tests will not be included here. 

The results are presented in Table 1 and are grouped ac- 
cording to coil type and performance category. For each 
type, the first column denotes 1) total coils tested, and 
the number of coils which 2) did not quench, 3) trained 
smoothly (monotonically), 4) trained erratically, 5) failed 
due to wire damage, and 6) had an initial quench below 
50A but trained acceptably. A coil was rejected if its cur- 
rent limit was low due to wire damage (Row 5) or if its 
quench behavior was judged to be too erratic. 

Table 1: Quench Performance Results of RHIC Arc Cor- 
rector Coils (Multipoles tested with dipole at +70 A). 

Performance Dipole Quadrupole Octupole Decapole 

total 420 273 268 268 
no quenches 288 207 197 226 
smooth training 124 53 62 33 
erratic training 6 11 9 9 
failed 2 2 0 0 
Iinit<50A 28 2 5 1 

As can be seen from the table, 69% of the dipole coils 
and 76% of the quadrupole coils did not quench at all dur- 
ing initial ramp testing, while 74% and 84% of octupole 
and decapoles, respectively, did not quench. All other coils 
had one or more quenches but trained satisfactorily, except 
for two dipoles, four quadrupoles, and a decapole; each 
of these was removed from its corrector assembly and re- 
placed by coils which tested satisfactorily. 

The two dipoles and two of the quadrupoles which 
failed were conductor-limited at low currents, probably be- 
cause of wire damage during winding. The other two re- 
jected quadrupoles and decapole exhibited quench behav- 
ior judged too erratic. It should also be noted that one of 
the quadrupoles which quenched erratically was rejected on 
the basis of its performance in extended testing while one 
of the acceptable erratic decapoles was accepted because of 
extended testing results. 

32 (2.6%) of the accepted coils exhibited some erratic 
quench behavior but were acceptable for collider opera- 
tions. Also shown in the table are the numbers of each coil 
type where the first quench was below the RHIC maximum 
operating current of 50 A but trained acceptably afterwards. 
Of these 36 coils, 15 had initial quenches between 25 A and 
40 A, while the others quenched above 40 A. 

During the course of the production testing run, quench 
experiments by Ghosh[2] on single multipole coils with- 
out iron yokes showed that quench performance could be 
improved by increasing the pre-tension of the Kapton yarn 
wrapping from the initial design specification of 97 kPa to 
at least 152 kPa, which then became the new loading speci- 
fication for all coils built afterwards. 61% of the 1229 coils 
in Table 1 were made with the higher pre-tension loading, 
and if the results are separated into two groups for low and 
high pretension, significantly improved performance when 
using the higher tension can be shown. Table 2 shows 
the percentage improvement in each category for each coil 
type. 
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Table 2: Comparison of Quench Performance Results of 
RHIC Arc Corrector Coils Assembled with Low and High 
Tension Kevlar (Multipoles tested with dipole at +70 A). 

Performance Dipole iQuadrupole Octupole Decapole 

LO HI LO HI LO HI LO HI 
no quenches 45% 84% 56% 89% 67% 77% 77% 89% 
smooth training 51% 16% 36% 9% 26% 21% 16% 10% 
erratic training 3% 0.4% 7% 2% 7% 1% 7% 1% 
Imn < 50 A 12% 3% 1% 1% 3% 1% 1% 0 

5   FIELD QUALITY MEASUREMENTS 

All the corrector magnets were measured warm to deter- 
mine the integral transfer function, various normal and 
skew multipoles, and the offsets of the magnetic centers 
of individual layers relative to the mechanical center of the 
iron yoke. These measurements were carried out using a ro- 
tating coil of radius 35.6 mm whereas the reference radius 
used for calculating the multipoles in these magnets was 
chosen to be 25 mm. All warm measurements were carried 
out at a current of 0.2 A. The contribution from remnant 
field is significant at such low excitation and was subtracted 
by making measurements at both positive and negative cur- 
rents. The measuring coil was radially centered in the iron 
yoke using a well-aligned fixture. The magnetic centers are 
derived from feed-down and are generally within 0.25 mm 
of the center of the iron yoke. 

The results of the warm measurements are summarized 
in Table 3. The integral transfer functions are expressed in 
T.m/kA at a reference radius of 25 mm. The standard devi- 
ations in the transfer functions are partly due to the use of 
several different winding patterns in the early stages of pro- 
duction. The largest harmonic error terms are well below 
1% of the main harmonic for the dipole and the quadrupole 
coils and are below 2% of the main harmonic for the oc- 
tupole and the decapole coils. These error levels are quite 
acceptable for the accelerator. 

Table 3: Corrector Field Quality. 

Transfer Change Harmonics 
Function Std. in as Fraction 
T.m/kA Dev. T.F. on of the 

Layer @25mm in Cool- Fund. 
Type (Warm) T.F. down Field 

b0/a0 5.5549 0.16% +1.0% <0.3% 
bi 0.7627 0.18% +0.7% <0.6% 

ai 0.7570 0.09% +0.7% <0.6% 

b3 0.1920 0.53% +0.9% <2% 

b4 0.1494 0.48% +1.2% <2% 

rectors were cold-tested individually in other dewars where 
field quality measurements using a rotating coil could be 
made. There is good correlation between the warm and the 
cold measurements. The only significant effect is a change 
in the transfer function as a result of cool down, as given 
in Table 3. The standard deviation of the warm-cold dif- 
ference in the integral transfer function is less than 0.1% 
of the transfer function for the dipole and quadrupole coils 
and is ~0.3% for the octupole and decapole coils. 

6 CONCLUSION 

The results and experience of the testing of 432 supercon- 
ducting corrector magnets, roughly 2/3 of which consisted 
of four multipole layers, have shown how such a large pro- 
duction test run may succeed within an allotted time and 
budget and, more importantly, accomplish the two main 
goals of 1) acceptance testing of the magnets for use in a 
working collider, and 2) provide a set of parameters which 
characterizes the behavior of each magnet for efficient op- 
eration in the collider. The use of higher pre-tension for 
improved quench performance, as described above, is a 
good example of how, even during a production test run 
of a large number of magnets, when basic R&D testing has 
finished, improvements to the design and/or assembly pro- 
cess may still be implemented when careful monitoring of 
data is carried out during testing. This experience was also 
seen in the production runs of other types of magnets for 
RHIC. From the quench performance results, it can also be 
seen that, in the case of these particular magnets, the de- 
cision to cold-test all correctors was important in screen- 
ing out those magnets, though few, which did not meet 
the acceptance criteria due to damage during the delicate 
but efficient winding process used for these wire coil mag- 
nets. Other types of magnets, such as the main dipoles and 
quadrupoles, whose coils were wound with cable in a very 
different process, did not require 100% cold-testing for the 
acceptance process. 
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The correctors were tested at liquid helium temperature 
for quench performance. Most of these cold tests were per- 
formed in a 2-in-l dewar to reduce the test time. Field 
quality measurements on cold correctors could not be per- 
formed in this dewar. However, roughly 20% of the cor- 
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RHIC DO INSERTION DIPOLE DESIGN ITERATIONS DURING 
PRODUCTION* 

J. Schmalzle, M. Anerella, G. Ganetis, A. Ghosh, R. Gupta, A. Jain, S. Kahn, G. Morgan, 
J. Muratore, W. Sampson, P. Wanderer and E. Willen, 

Brookhaven National Laboratory, Upton, New York 11973, USA 

Abstract 

Iterations to the cross section of the Relativistic Heavy Ion 
Collider (RHIC) DO Insertion Dipole magnets were made 
during the production. This was included as part of the 
production plan because no R&D or pre-production 
magnets were built prior to the start of production. The first 
magnet produced had the desired coil pre-stress and low 
field harmonics in the body of the magnet and is therefore 
being used in the RHIC Machine. On the first eight 
magnets, iterations were carried out to minimize the iron 
saturation and to compensate for the end harmonics. This 
paper will discuss the details of the iterations made, the 
obstacles encountered, and the results obtained. Also 
included will be a brief summary of the magnet design and 
performance. 

I INTRODUCTION 

There are twenty-four DO insertion dipole magnets required 
in the RHIC machine. These magnets are being built at 
BNL, with the production broken into two stages. The first 
stage consisted of six magnets (four plus two spares) 
required for the first sextant and the second stage consists of 
the remaining magnets. The coil design uses 40 turns of 30 
strand superconducting cable and 4 wedges. The cold mass 
design is very closely based on the 8cm arc dipole cold 
mass [1] adjusted for the increase in aperture. A cross 
section of the cold mass is shown in Fig.l and the basic 
design parameters are as follows: 

Coil ID 100 mm 
Coil OD 120 mm 
Number of turns per pole 40 
Magnetic length 3.6 m 
Iron inner diameter 139.4 mm 
Iron outer diameter 310 mm 
Shell thickness 6.35 mm 
Operating temperature 4.6 K 
Design current 5.0 kA 
Design field 3.5 T 
Quench current 7.4 kA 

The DO production plan called for cold mass production 
to begin without the benefit of any R&D or pre-production 
magnets. Several features were therefore incorporated into 
the design of these magnets that would allow iterations to 
the cross section to be made during the course of production 

in order to improve the field quality. Machined G-10 shims 
were used at the pole and filled Kapton [2] caps were used 
as spacers between the coil midplanes. Having various 
sizes of these two parts in stock would allow changes to be 
made without significantly interrupting production. 
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The field harmonics are defined in the following relation: 
to 

*Bo^[bn + ianJ By + iBx=10" 
. \ 

x + iy 

n=0 Ro 

where Bx and By are the components of the field at (x,y) and 
B0 is the central field. an are the skew harmonics and bn are 
the normal. /?„is the normalization radius which is chosen 
to be 31mm in these magnets. 

II TEST ASSEMBLY 

Past magnet building experience has shown that the first 
magnet does not usually have the desired pre-stress and/or 
the desired low field harmonics (b2 and b4). First article 
inspection sample yoke lamination were used to collar a 
portion of the straight section of two test coils in order 
verify the coil pre-stress and check the field harmonics in 
the body of the magnet prior to commencing production. 
The coils were collared with the design pole shim and 
midplane caps. This section was then measured at room 
temperature using a rotating coil to check the field 
harmonics. The measurements indicated that the pre-stress 
was low by 2000 psi and that b2 and b4 were unacceptable. 
Based on these results, the sample was disassembled and 

* Work supported by the U.S. Department of Energy under Contract No. DE-AC02-76CH00016. 
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the thickness of the midplane caps was increased by 0.005". 
The reassembled section was re-measured to determine if 
the desired shift in harmonics was achieved. 

Ill PRODUCTION CROSS SECTION ITERATIONS 

Based on the results of the test collaring and warm 
measurements some changes were made to the baseline 
cross section design. The thickness of the smallest wedge 
was increased by 0.004" by adding an additional layer of 
Kapton [2] wrap, the midplane cap thickness was increased 
by an additional 0.001", and the pole shim thickness was 
increased by 0.001". At this point coil production started, 
thereby limiting any future changes to small variations in 
pole shim and midplane cap thickness. Cold mass 
production of the first magnet was accelerated so that test 
data could be analyzed before the second magnet was 
assembled. The results of the first magnet confirmed this 
iteration. The desired pre-stress was obtained and the body 
harmonics at 2000 Amps were within one standard 
deviation of ideal values. Fig. 2 shows the relative field 
error dBy/B on the x-axis based on these measurements. 
The errors are <10'4 within 60% of the coil radius and <4 x 
10" at 80% of the coil radius. This is the best one can 
expect given the general manufacturing tolerances. Since 
the first magnet had the desired coil pre-stress and low field 
harmonics in the body of the magnet it has been installed in 
the RHIC ring. 

The test assembly helped to get the desired geometric 
harmonics. However the saturation induced harmonics and 
the end harmonics were measured for the first time when 
the first magnet tested. The end harmonics could only be 
measured at room temperature because the meas. coil for 
4.2K tests was not yet available. The saturation induced 
harmonics were an order of magnitude smaller than in the 
first arc dipole magnet, but they were still larger than 
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desired. To reduce them in the following magnets, steel 
rods were inserted into the saturation suppression holes in 
the yoke. To compensate for the end harmonics observed, 
the thickness of the midplane caps was increased by 0.002" 
for the remaining magnets. 

The test results from the next magnet showed that the 
desired changes had been obtained both in geometric and 
saturation induced harmonics (see Fig. 3). However, the 
saturation in the end harmonics, which was being measured 
for the first time, was found to be large. This prompted a 
decrease in pole shim thickness of 0.004" which was 
incorporated into the fifth and sixth cold masses. This 
geometric change in cross section was made to give the 
desired field quality at the design field. 

1G2 104 106 
Magnet Sequence Number 

Figure 3. Plot showing b, and b„ by magnet. 

During the planned break in the production after the 
sixth cold mass, a change to the stamping die was made to 
remove the saturation suppression holes and thereby 
eliminate the need to fill the void with steel rods at cold 
mass assembly. The computer calculations indicated that 
this would reduce the b2 saturation. A small integral b2 

which was seen in the fifth and sixth magnets was 
eliminated in the following magnets. No further changes 
are expected for the remainder of the production run. 
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Figure 2. Geometric Field Errors on x-axis of DRZ101 
body. 
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Listed below in Table 1 are the thicknesses of the midplane 
caps and pole shims for the various assemblies. 

Table 1. Midplane cap and pole shim data. 

Test 
Assy. 

1 

Test 
Assy. 

2 

Prod. 
Assy. 

1 

Prod. 
Assy. 
2-4 

Prod. 
Assy. 
5-6 

Prod. 
Assy. 
7-24 

Midplane 
Cap 

Thickness 
(inches) 

.008 .013 .014 .016 .016 .016 

Pole Shim 
Thickness 
(inches) 

.033 .033 .034 .034 .030 .030 

The measured integral harmonics at the design field in 
magnets DRZ103-DRZ108 are summarized in Table 2. 
Mean b2 is expected to be reduced in the rest of the 
production as per the iterations described earlier. "Quench 
data will be reported in a later paper." 

IV CONCLUSION 

The production of the DO magnets has demonstrated that 
with the help of a test assembly, the first magnet can be 
built with the desired pre-stress and field harmonics in the 
body of the magnets. It has also been shown that a number 
of design adjustments can be made during production 
without changing the coil geometry or significantly 
interrupting magnet production. 
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1 0.03 0.58 0.53 1.88 

2 290 273 -298 0.25 

3 0.05 0.12 0.02 0.37 

4 -0.01 0.68 0.51 0.06 

5 0.01 0M 0.01 0.08 

6 0.96 0.13 -0.23 0.01 

7 0.00 0.01 0.01 0.02 

8 -0.15 0.01 0.06 0.00 

9 0.00 0.01 0.00 0.01 

10 -0.15 0.01 -0.02 0.00 
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Abstract 

Superconducting helical dipole magnets will be used in 
the Brookhaven Relativistic Heavy Ion Collider (RHIC) 
to maintain polarization of proton beams and to perform 
localized spin rotations at the two major experimental 
detector regions. Requirements for the helical dipole 
system are discussed, and magnet prototype work is 
reported. 

1 SNAKES  AND  SPIN  ROTATORS  IN RHIC 

The Relativistic Heavy Ion Collider at Brookhaven 
National Laboratory allows for the unique possibility of 
colliding high energy polarized proton beams. To 
maintain polarization during the acceleration process, two 
full "Siberian Snakes" are to be inserted on opposite sides 
of the RHIC lattice for each of the two counter-rotating 
rings. In addition, spin rotators will be located on each 
side of the two major interaction points (again, for each 
ring) which allow the spin orientation to be altered from 
the vertical direction to the longitudinal direction. Super- 
conducting magnets are used in order to contain the 
magnetic elements for a Snake within a 10 m longitudinal 
space so as to fit within available room in the RHIC 
lattice. The use of a helical dipole field as part of a 
Siberian Snake in a synchrotron was first suggested by 
Courantfl]. A system made completely of four identical 
length helices was first proposed by Ptitsin and 
Shatunov[2]. Four right-handed helical dipole magnets, 
each 2.4 m long and operating near 4 T or less can 
produce a Siberian Snake for RHIC. The strong helical 
fields reduce the orbit excursions normally produced by 
interleaved horizontal and vertical dipole magnets. Hence, 
the magnet apertures can be similar to those found 
elsewhere in RHIC. Furthermore, a combination of right- 
handed and left-handed helical dipole magnets also within 
a 10 m space can perform the desired local 90° rotations of 
the spin at the major detector regions. 

1.1 Helical Magnets for Spin Control 

Let x and y be the transverse coordinates, z the long- 
itudinal coordinate, and k = 2n/L, with L the repeat period 
of the helix.   Then the magnetic field of a helical dipole 

magnet in which the field begins in the vertical direction 
(at z = 0) can be described to lowest order in Cartesian 
coordinates according to[3] 

B.=-B„ 

By*B0 

l + -(3x2+y2) 

1 + —x2+3y2 

sin fa xycosfa 
4 

(1) 

cosfa xysinfaf *• ' 

Bz ~ -BM1 + — (x1 + y2H[;c cosfa + y sin fa], (3) 

The twisting current distribution introduces intrinsic 
nonlinear terms into the field. To first order, the 
trajectory through the helical field above is just 

x(z) = x0- fip 1 

(Bp) k7 (l-cosfa) +x'0z, 

^) = %+^FSinfe + (y°   {BP)k 
B^-)z. 

(4) 

(5) 

We see that for a complete 360° helix, the effect on the 
particle trajectory is simply a vertical "shift" in the orbit 
by an amount 8 - -BJJk(Bp). We also note that the 
handedness of the helix is given by the sign oik, positive 
is right-handed, negative is left-handed. By pairing 
identical length 360" helical magnets of the same strength 
but opposite field directions (or, equivalently, with equal 
strength but opposite handedness), the overall orbit 
distortion outside the system will be zero. With four 
magnets, this allows one to choose two independent field 
strengths for control of the spin rotation angle and axis of 
rotation. A third parameter is needed to completely define 
the rotation, but by providing the system with reflection 
symmetry, the axis of rotation is constrained to lie in the 
horizontal plane. 

The spin precession through a helical dipole magnet 
is most easily found by using the spinor formalism and 
solving the equation of motion for the first-order field 
expressions[4],[5]. For the field description given above 
the axis of rotation, n, and angle of rotation, (J., can be 
written as 

x,tg), 

■+'I 

and      ß = -2nj\ + \j (6) 

1 Work performed under the auspices of the U.S. Department of 
Energy and partially supported RIKEN, Japan. 
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where K = (l+Gy)B0/(Bp), and x,, x3 are unit vectors in 
the longitudinal and vertical directions, respectively. 
With Eqs. 4-6, the first-order orbit and spin behavior 
through a system of helical dipole magnets can be readily 
studied and optimized. 

1.2   RHIC Helical Magnet System 

In the present RHIC design Snake helical dipoles are 
all 360" right-handed helices whose fields begin pointed 
vertically upward or downward. The "Rotator" magnets 
are either left-handed or right-handed, but each begins with 
its field pointed in the horizontal plane. 

Snake inj. orbit dev: 32 mm 
Length start/end helicity max. field 
2.4 m vertical RH 1.2 T 
2.4 m vertical RH -3.9 T 
2.4 m vertical RH 3.9 T 
2.4 m vertical RH -1.2 T 

Rotator inj. orbit dev: 24 mm 
Length start/end helicity max. field 
2.4 m horizontal RH 3.4 T 
2.4 m horizontal LH 3.1 T 
2.4 m horizontal RH 3.1 T 
2.4 m horizontal LH 3.4 T 

Table 1: Helical Magnet Parameters for Siberian 
Snakes and Spin Rotators in RHIC. 

The field strengths of the Snake magnets are kept 
constant during the acceleration process, while the 
appropriate fields in the Rotator magnets are beam energy 
dependent. This is due to the fact that there is a net 
horizontal bending of 0 = 3.7 mrad between the spin 
rotator location and the interaction point. Hence once the 
spin vector is rotated into the horizontal plane by the spin 
Rotator system, it will undergo further precession of 
Gy9 about the vertical by the time it reaches the 
interaction point. 

Table 1 shows the magnet parameters of the system. 
The Rotator fields are for 250 GeV proton operation. The 
maximum orbit deviations listed in each case, however, 
are for an injection energy of 25 GeV. The magnet fields, 
particle trajectories, and spin precession for a Siberian 
Snake are shown in Figure 1. Figure 2 shows a plot of 
the required values of the two independent magnetic fields 
in the spin Rotators for various RHIC energies[6]. 

The effects on RHIC operation of helical dipole 
magnet error fields and misalignments have been studied. 
In contrast to a "regular" dipole magnet error which can be 
thought of as producing a kink in the slope of the particle 
trajectory at the source of the error, a "helical" dipole error 
will introduce a step in the trajectory. To keep the 
vertical orbit distortions under control, the helical dipole 
field errors ABL/(BL) should be kept reasonably below 
1%, and rotational misalignments should be less than 

about 10 mrad[7]. Another important parameter will be 
the total integrated field strength ( JBxds, jByds) which 
should be zero, or equivalently the total effective 
integrated twist of the magnet should be 360°. With 
careful orbit correction in the vicinity of the helical 
dipoles, it is expected that this effective twist angle 
should be 360° ±2° [8], The ends of the magnets will 
need to be carefully designed to obtain not only the desired 
integrated field strength but also the desired total field 
twist. 
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Figure 1: Magnetic field, 25 GeV proton trajectory, 
and proton spin components versus distance through a 
RHIC Siberian Snake. 

Field quality is also an issue for the helical magnets. 
The intrinsic twist of the helices in addition to the magnet 
design and construction errors generate nonlinear fields. 
While the nonlinear field components tend to average to 
zero over the length of the helical dipole, the protons 
follow a trajectory which is not centered within the 
magnet. Thus, one expects to see feed-down effects. For 
example, a sextupole component in the magnet will 
generate a tune   shift   due  to   the   off-centered  orbit. 
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Analytical estimates indicate that the intrinsic tune shift 
at 25 GeV due to two Snakes in RHIC is on the order of 
Av = 0.015, and that a sextupole component in the 
magnet design of strength b2 = 2xl0"4/cm2 will give 
approximately the same tune shift[9],[10]. Particle 
tracking results are in qualitative agreement with these 
estimates[ll]. It may be possible to design the magnet 
cross-section with multipole moments which help 
compensate the intrinsic nonlinear field[12]. 
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Figure 2: Spin Rotator field strengths for various 
RHIC beam energies. 

2 PROTOTYPE MAGNET DEVELOPMENT 

A total of 48 individual full-helical dipole magnets will 
be required for the project. The four magnets needed to 
create one Snake or one Rotator will be mounted inside of 
a single cryostat. The magnets will be constructed with 
hundreds of turns of superconducting cable to minimize 
both the required current and the associated heat leak 
through the power leads. At present, two possible 
techniques for producing helical coils are being 
investigated. (See Figure 3.) The first, called the 
"slotted" coil method, is based upon established BNL 
technology used to produce the RHIC sextupole magnets. 

Slotted Coil 

Direct Wind Coil 
JLMJMAAAA.M 

Figure 3: Possible Magnet Technologies. 

It consists of an orderedwound cable placed into helical 
grooves that have been milled into a thick-walled 
aluminum cylinder. Thin sheets of epoxy-loaded 
fiberglass are placed between layers, and the entire 
assembly is cured at elevated temperature and with radid 
pressure to produce a compact, strong wire matrix. The 
second, called the "direct-wind" coil method, consists of 
the same type of cable being bonded directly onto a 
stainless steel cylinder in multiple layers. The cable is 
wound into a helical pattern using a computer controlled 
multiple-axis winding machine. This direct-wind process 
holds the promise of a low cost production method. 

Half-length prototype helical dipole magnets have 
been manufactured using both processes. The first 
prototype produced using the direct wind method, was 
completed by AML, Inc., of Palm Bay, FL, and tested at 
BNL in November, 1996. This magnet reached 475 A 
(approximately 4 T) at a temperature of 4.35 K. This was 
the first time a low current direct-wind magnet reached 
this field level, the previous mark being roughly 2.5 T. 
The magnet experienced significant training, which was 
later diagnosed as being due to voids in the cable-epoxy 
matrix along the first cable layer near the poles. A 
solution to this problem has been proposed, and a second 
prototype magnet is scheduled to be built in the near 
future. 

The first complete slotted magnet prototype was 
constructed at BNL and tested in February, 1997. After 
two training quenches, the magnet plateaued at its short- 
sample current of 400 A, corresponding to a field of 4.8 
T. The coil for this prototype magnet was wound by 
hand, and methods for automating the winding process are 
being investigated. Further details of each of these 
magnet designs and their performance can be found 
elsewhere in these proceedings[13],[14]. The prototype 
magnets have been modeled in 3-D to examine the end 
effects and to assist in the final magnet parameterization. 
Results can be found elsewherein these proceedings[15]. 

REFERENCES 
[1]  E. D. Courant, 8th Intl. Symp. on High Energy Spin 

Physics, AlPConf. Proc. 187, 1085 (1989). 
[2]  V. I. Ptitsin and Yu. M.  Shatunov,  BNL Report 

BNL-52453, 15 (1994). 
[3] J. P. Blewett and R. Chasman, J. App. Phys. 48, 

2692 (1977). 
[4] E.   D.   Courant,   BNL  AGS/RHIC/SN-010,   June, 

1995 
[5]  M. Syphers, BNL AGS/RHIC/SN-020, Feb. 1996. 
[6] A. Luccio, BNL AGS/RHIC/SN-042, Nov. 1996. 
[7]  M. Syphers, BNL AGS/RHIC/SN-016, Dec. 1995. 
[8]  M. Syphers, BNL Report, in preparation. 
[9] M. Syphers, BNL AGS/RHIC/SN-015, Nov. 1995. 
[10] T. Katayama, BNL AGS/RHIC/SN-038 
[11]W. Fischer, BNL AGS/RHIC/SN-034, Aug. 1996. 
[12] K. Tominaka, BNL AGS/RHIC/SN-054, Apr. 1997. 
[13] R. Meinke, etal., these proceedings. 
[14] E. Willen, etal., these proceedings. 
[15] M. Okamura, et al., these proceedings. 

3361 



A HELICAL MAGNET DESIGN FOR RHIC 

E. Willen, R. Gupta, A. Jain, E. Kelly, G. Morgan, J. Muratore, R. Thomas 
Brookhaven National Laboratory, Upton, NY 11973 

Abstract 

Helical dipole magnets are required in a project for the 
Relativistic Heavy Ion Collider (RHIC) to control and 
preserve the beam polarization in order to allow the 
collision of polarized proton beams. Specifications are 
for low current superconducting magnets with a 100 mm 
coil aperture and a 4 Tesla field in which the field rotates 
360 degrees over a distance of 2.4 meters. A magnet 
meeting the requirements has been developed that uses a 
small diameter cable wound into helical grooves 

machined into a thick-walled aluminum cylinder. 

1 INTRODUCTION 

In order to control the spin of polarized protons in the 
Relativistic Heavy Ion Collider (RHIC), it is necessary to 
use a system of dipole magnets arranged to precess and 
rotate the particles' spin direction. Helical magnets, in 
which the dipole field rotates along the axis of the magnet, 
offer several advantages for this purpose compared to 
standard, rotated magnets: minimum beam orbit 
excursion, orbit excursion independent of separation 
between magnets, and good control of spin rotation and 
the spin precession axis orientation. A system using only 
helical magnets was first proposed by Shatunov and 
Ptitsin [1], although others had earlier proposed systems 
using a combination of helical and standard dipole 
magnets. Studies at Brookhaven confirm the advantages 
of a pure helical system and that is the system now 
planned for RHIC [2]. 

In the system chosen for RHIC, two Snakes and four 
Rotators are required in each ring. Snakes keep both 
intrinsic and imperfection resonances from depolarizing 
the beam by flipping the spin from up/down to down/up 
twice on each orbit around the machine. Rotators rotate 
the spin to beam-parallel or beam-antiparallel for 
experiments. Each Snake and Rotator is made up of four, 
2.4 m long, 100 mm coil aperture magnets in which the 
field rotates through 360° over the length of the magnet. 
These magnets are all able to operate up to 4 T but 
depending on location, may operate at lower fields. At 
the entrance to the magnet the field may be either vertical 
or horizontal, and the sense of the helix may be either 
right-handed or left-handed. Four of these magnets are 
encased in a stainless steel tube to provide structural 
support and helium containment. A beam position 
monitor is installed at the center of each assembly. The 
resulting integrated cold mass is mounted into a cryostat 

and the assembly replaces dummy sections in the RHIC 
lattice. Because the field in each magnet must be 
individually controlled in order to achieve maximum 
operational flexibility, the current leads could become a 
significant heat load on the system; the operating current 
of the magnets is therefore specified at <500 A. The 
design of the system of magnets is intended to minimize 
the variety and therefore the cost of the magnetic elements 
that are needed. A companion paper [3] summarizes the 
magnet parameters for the various Snakes and Rotators in 
RHIC. 

2 DESIGN CONCEPT 

The basic structure of the helical coil, shown in Fig. 1, 
uses a new concept: conductor in helical slots milled into 
thick-walled aluminum cylinders to give a cos 6 current 
distribution in a two-dimensional section. Two of these 
cylinders, concentric with one another, are assembled to 

Figure 1 An isometric view of the end of the inner 
coil cylinder showing slots ready to accept 
conductor. 

give the required field of 4 T.   A cross section of the 
design is shown in Fig. 2. 

The Lorentz forces are contained initially by the 
strength of the aluminum cylinders and the compressive 
force exerted by an overwrap of Kevlar and 
fiberglass/epoxy around the circumference of each coil. 
At high field, the cylinders distort into an elliptical shape, 
growing outward on the midplane. After deflecting a 
fraction of a millimeter, they reach the stop provided by 
the next tube or the iron yoke. These small elastic 
motions are not expected to affect the quench 
performance of the magnet nor to distort the field in any 
significant way. 

Work performed under the auspices of the US Department of Energy 
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Figure 2 A cross section of the slotted coil helical 
magnet cold mass showing two concentric coils, the 
iron yoke, and the containment shell. The diameter 
of the iron yoke is 14 inches (355.6 mm). 

3 CONDUCTOR 

The conductor is a twisted cable made of seven strands 
of the 0.330 mm superconductor wire (Cu/non-Cu: 2.5/1) 
developed for the RHIC corrector program. This cable, 
nearly 1 mm in diameter, carries 314 A to produce a 4 T 
field in the present design. A cable is preferable to a 
single wire: if a break in a wire of the cable should occur, 
the magnet would very likely still operate satisfactorily. 
In addition, a cable is more flexible than an equivalent 
wire and therefore eases the manufacturing of the coils. 
The required Kapton insulation is wrapped onto the cable 
in the cable-manufacturing operation. 

The cable is made with a 6-around-l geometry, which 
results in a cable in which the center wire is not 
transposed along the length of the cable. Eddy currents 
are generated in this wire when the magnet current is 
ramped. They generate heat and have a measurable effect 
on quench performance above a ramp rate of 2 A/s. 
However, since these magnets are not required to ramp 
with the machine, this design feature is not detrimental to 
the required performance. 

The Kapton wrap on the cable allows space for helium 
inside the wrap, in direct contact with the wires. This is a 
desirable feature for enhancing the stability of the 
superconductor. It is estimated that somewhat over 10% 
of the volume is available for helium inside the Kapton 
wrap. 

Fig. 3 shows the field vs. current characteristic for the 
magnet and the superconductor as designed. 

4 MECHANICAL CONSTRUCTION 

The cable is laid in an ordered pattern into the 
Kapton-lined slots milled into the aluminum cylinders. A 
piece of fiberglass cloth impregnated with a B-stage 
epoxy is placed between each layer of wires in the slots. 
The slots continue around the ends in a layout designed to 
minimize undesired harmonics.   When all the turns have 
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Figure 3 Field vs. current for the slotted coil helical 
magnet. The central field is 4 T at 314 A. The 
peak field determines the quench current, estimated 
at -420 A. 

been wound into the slots, G10 fiberglass pusher plates 
3.18 mm thick are placed on top of the turns. Then the 
assembly is temporarily compressed with Kevlar that is 
wrapped onto the cylinder under tension. The entire 
assembly is next placed into an oven for curing, thereby 
forming a series of current blocks around the cylinder in 
which each wire is firmly supported in a fiberglass/epoxy 
matrix. After curing, any voids in the ends are filled with 
a mineral-loaded epoxy. 

The finished diameter of a cylinder is achieved by 
over-wrapping each cylinder with new Kevlar strand to 
compress the current blocks and then with layers of 
fiberglass/epoxy, followed by grinding to size after 
curing. The two cylinders are fitted into an iron yoke 
supported at one end by a plate that aligns the cylinders to 
a fixed position. Only a slight clearance (-0.1 mm) exists 
between finished cylinders. The yoke is made up of one- 
piece laminations having a ring of elongated holes on the 
outside perimeter. Tie-rods through these holes in four 
places provide axial restraint for the assembly (but are not 
required to restrain the axial Lorentz forces). Holes are 
also necessary for the passage of the helium coolant and 
the electrical buswork. The holes are designed to 
minimize field irregularities as the field rotates along the 
length of the magnet. The inner radius of the yoke is 
increased in the ends to reduce the peak field on the 
conductor. A helium containment shell is welded in place 
around the yoke later when the magnet is assembled into a 
complete helical Snake or Rotator. 

A summary of mechanical parameters is given in Table 
1. 

5 ELECTRICAL FEATURES 

The 16 separate windings of the two coils are 
connected in series at the end of the magnet. These 
interconnections generate a small but manageable amount 
of heat. A low-value resistor is connected across each of 
the windings for protection against excessive temperature 
and voltage during a quench. Resistors provide a current 
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Table  1     Selected mechanical parameters  of the 
slotted coil helical magnet. 

Parameter 
Value 

Inner, Outer 
Number of cylinders 2 
Num of current blocks per cylinder 7,9 
Num of cable turns per layer 12,12 
Num of layers per current block 9,9 
Num of cable turns per block 108, 108 
Num of cable turns per cylinder 756, 972 
Total turns 1728 
Coil inner radius (mm) 49.7, 68.6 
Coil outer radius (mm) 60.0, 78.9 
Helix, magnetic length (mm) 2400 
Helix, rotation (deg) 360 
Yoke IR in straight section (mm) 84.5 
Yoke IR in ends (mm) 114.4 
Yoke outer radius (mm) 177.8 

bypass as coil resistance builds following a quench. 
Without these resistors, a quench in a winding could 
absorb too much of the stored energy of the magnet and 
possibly lead to conductor damage. Since these magnets 
do not have a ramp rate requirement, resistors are the best 
choice—diodes could be used if there were a need to ramp 
the magnets during operation. The stored energy of the 
magnet at 4 T is 240 kJ (2.4 m effective length) and the 
inductance is 4.8 H. 

6 PROTOTYPE MAGNET & TEST RESULTS 

A half-length prototype magnet of the slotted coil 
design was built and tested at Brookhaven. This magnet 
followed an earlier coil prototype that was built to test the 
concept and to evaluate the requirements of this novel coil 
design. The windings in the prototype magnet were 
placed by hand, a laborious process because of the tight 
dimensions of the slots; this task will be automated for 
production magnets. Other features of the prototype were 
close to those intended for production magnets. 

The quench performance of the prototype magnet was 
excellent, as shown in Fig. 4. After two low quenches, 
believed to have originated in inadequately supported 
leads, the magnet quenched only at the level expected 
from prior tests on the cable. A shift in dewar 
temperature, and a variation in ramp rate, both moved the 
quench current in the expected direction—independent 
confirmation that the magnet was operating at the short 
sample limit. The current for all four quenches at the 
nominal test temperature (4.35 K) and ramp rate (0.1 A/s) 
was 398 A (4.8 T). At 4.6 K, the magnet quenched at 378 
A. Not shown are several quenches with a dual current 
configuration powering the coils that reached 5.0 T, 
indicating that the design is not mechanically limited. 
Detailed field measurements using a Hall probe system 
are in progress. 
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Figure 4 Quench performance of the magnet. 
Following two low quenches believed to have 
originated in the leads, the magnet quenched on a 
stable plateau following ramps at 0.1 A/s. 
Quenches 7 and 8 were slightly higher (6 A) 
because of the higher ramp rate used (1 A/s). 

Measurements of temperature rise during quench 
(maximum recorded 490 °C) on the earlier coil prototype 
indicated tolerable limits. 

7 SUMMARY 

The test results confirm the adequacy of the slotted coil 
design. A full-length model using a slightly modified turn 
layout to adjust the field harmonics will be built in the 
coming year. The coils in this model will be fabricated 
with an automated wiring machine, currently under 
construction. Some additional tests in the next model are 
needed to measure the temperature rise in the final coil 
during quench. The design provides a field margin of 
~20% under operating conditions in RHIC. 
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ABSTRACT 

As part of the magnet R&D program for the Large 
Hadron Collider (LHC), CEA Saclay has designed and 
built two 3-m-long, 56-mm-twin-aperture arc quadrupole 
magnet prototypes. Extensive field quality measurements 
were performed during the cold-test of the second 
prototype. A review of the field quality data as a function 
of ramp rate is presented. The observed field distorsions 
are explained in terms of inter-strand coupling currents 
arising from low and non-uniform resistances at the 
crossovers between the strands of the two-layer 
Rutherford-type cable. Last, the distribution of crossover 
resistances within the quadrupole magnet coil is 
determined. 

INTRODUCTION 

The field produced by superconducting particle 
accelerator magnets has three main components: 1) a 
component, Bt, resulting from the transport current, /, 2) 
a component, Bm, resulting from persistent magnetization 
currents arising in the superconducting filaments, and 3) a 
component, Bc, resulting from cable coupling currents. Bt 

only depends on the coil geometry and is expected to vary 
linearly as a function of /. Bm is dominated by the 
superconductor critical current density, which depends on 
temperature and magnetic field, and which decreases as a 
function of /. Bc only appears when the current is ramped 
and is expected to be independent of / and to vary linearly 
as a function of (dV/df). In addition, magnetization of the 
surrounding iron yoke enhances each of the field 
components. The iron contribution is expected to follow 
the same dependence as the coil contributions, except at 
high transport currents, where saturation effects may 
occur. 

In a previous paper,1 we reviewed selected field quality 
data from a 3-m-long, 56-mm-twin-aperture quadrupole 
magnet prototype developed for the LHC arcs. The 
magnet, which relied on a two-layer, cos(20) coil, wound 
from a Rutherford-type cable, reached its nominal gradient 
of 252 T/m at 15060 A with little training.2-3 The 
geometric field errors, estimated from magnetic 
measurements at constant current and various axial 
positions along the magnet length, appeared to be quite 
small. The contributions from persistent magnetization 
currents, determined from measurements at a given axial 
position during the successive plateaus of a staircase 
current loop were consistent with predictions from 
standard theoretical models. Finally, a slight field- 
dependence of the magnetic permeability of the stainless 
steel collars used to constrain the magnet coil was held 
responsible for unexpected non-linear variations   as   a 

function of / observed on the geometric field component. 
(For the LHC/Saclay quadrupole magnet, the iron 
saturation effects are negligible.) 

In this paper, we complete our review by discussing 
magnetic measurement data taken at a given axial position 
while ramping the current up and down continuously at 
various ramp rates. Such data allow one to estimate the 
contributions from cable coupling currents. Large field 
distorsions as a function of ramp rate were observed on a 
number of dipole magnet prototypes developed for the 
Superconducting Super Collider (SSC).4 Detailed analyses 
of the SSC magnet ramp rate sensitivity led to the 
elaboration of a model of cable interstrand coupling 
currents.5,6 The same model is applied here to interpret 
the data from the LHC/Saclay quadrupole magnet 
prototype. 

MULTIPOLE FIELD EXPANSION 

In the quadrupole magnet straight section, the field can 
be considered as two dimensional and is conveniently 
represented by a multipole expansion 

By + iBx =  £(ß„+*A„) 
( x + iy 

V   Rref    J 

n-1 
(1) 

where Bx and By are the x- and y- components of the field, 
Bn and An are the normal and skew 2n-pole field 
coefficients, and /?ref is the reference radius. (For LHC 
magnets, /?ref = 1 cm). The symmetries of a cos(20) 
conductor distribution are such that only the ß4k+2 field 
coefficients, also called allowed multipole field 
coefficients, are expected to be non zero. Furthermore, it 
can be shown that, in first approximation, the persistent 
magnetization currents only affect the allowed multipole 
coefficients. 

MEASURING DEVICE AND PROCEDURE 

The multipole field coefficients are measured using a 
700-mm-long rotating coil array.1 The coils are connected 
to a voltage switching unit which allows the read-out of 
selected coil combinations and which includes several 
stages of amplifiers. The output voltage is sent to a 
voltage-to-frequency converter which integrates the signal 
between trigger pulses given by an angle encoder located 
at one end of the coil array. The fact that the current, 
hence the field, is varying during the measurement is 
corrected by recording the time of each trigger pulse and 
by considering a set of successive rotations. The data from 
the different rotations corresponding to a same angle 
interval are fitted as a function of time. The fits 
determined for the different angle intervals are then used to 
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interpolate the data at a number of selected times (one per 
rotation). Last, the interpolated data at each selected time 
are processed by mean of a discrete Fourier transform and 

converted into multipole field coefficients. The rotation 
period is 5 s. 
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Figure 1. Rescaled multipole field coefficients as a function 
rates (5 A/s (+), 20 A/s (o), 40 A/s (x), and 60 A/s (D)): a) 
field coefficient (#3), c) normal dodecapole field coefficient 
coefficients are in tesla. 

MEASUREMENT RESULTS 

Figures 1(a) through 1(d) display typical measurement 
results taken during series of sawtooth current ramps at 
increasing ramp rates. The coil array was located at the 
axial center of one aperture. For each ramp rate, the 
multipole field coefficients, An<T and BnT, reported in the 
figures are rescaled in order to substract the geometric 
terms using 

An,rC0=An(/)-(An,u+An,d)/2 

and 

Bn,r(I) = Bn(r)-(Bn,u+Bn4)/2 

(2a) 

(2b) 

where AnjU and jBn>u designate the multipole field 
coefficient values at / during the up-ramp and An>(i and 
ßn>(j designate the multipole field coefficient values at / 
during the down-ramp. 

In a quadrupole magnet, the first multipole field 
coefficient expected to be affected by persistent 
magnetization currents is B(,. It appears in Figs. 1(a) and 
1(b) that the re-scaled skew and normal sextupole field 
coefficients both exhibit sizable hystereses as a function 
of current,  even at 5 A/s.   It appears   also   that   the 

of current for a series of sawtooth ramps at increasing ramp 
skew sextupole field coefficient (A3), b) normal sextupole 

(B(,), and d) normal 20-pole field coefficient (BIQ). The field 

hystereses widths are roughly constant as a function of 
current, but increase quasi linearly as a function of ramp 
rate. Similar observations can be made for most un- 
allowed multipole field coefficients. 

Turning now to Fig. 1(c), it appears that the rescaled 
Bd describes hystereses whose widths vary as a function of 
current. Furthermore, at 5 A/s, the lower branch of the 
plot corresponds to the current up-ramp, while the upper 
branch corresponds to the current down-ramp. As the ramp 
rate is increased, the up-ramp branch moves upward while 
the down-ramp branch moves downward. The two 
branches cross each other a little below 8 kA at 20 A/s. 
The crossing current decreases to 4.2 kA at 40 A/s and 
2.6 kA at 60 A/s, where the hysteresis is described almost 
entirely in a direction opposite to that observed at 5 A/s. 
In addition, it can be verified that, at a given current, the 
hysteresis width varies quasi linearly as a function of ramp 
rate. The behavior of the rescaled B\§ shown in Fig. 1(d) 
resembles that of the sextupole field coefficients, but the 
amplitudes of the effects are smaller. 

The data presented here exhibit the same features as the 
magnetic measurement data from the SSC dipole magnet 
prototypes mentioned in introduction.4"6 The behaviors of 
the rescaled un-allowed multipole field coefficients are 
consistent with what can be expected from the effects of 
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cable coupling currents. Coupling currents also affect the 
allowed multipole coefficients. They appear to compete 
with the effects of persistent magnetization currents in the 

caseoftherescaled B(, but are largely predominant in the 
case of the rescaled B\Q. 

2      4      6 
Turns 

Figure 2. Estimated crossover resistance as a function of turn number in the various octants of one aperture of a 
LHC/Saclay arc quadrupole magnet prototype. The optimization process was carried out using magnetic measurement 
data as a function of ramp rate taken at the magnet axial center. The crossover resistances are in ohm. 

DATA ANALYSIS 

As for SSC dipole magnet prototypes, the dynamic 
field behavior of the LHC arc quadrupole magnet 
prototype seems to be dominated by cable interstrand 
coupling currents. The LHC prototype uses a flat, two- 
layer, slightly keystoned Rutherford-type cable with a 
radial width of 13.05 mm and a mid-thickness of 1.93 
mm. It is made of 24 strands (strand diameter: 1.09 mm) 
which are coated with staybrite (a silver-tin coating). The 
cable pitch length is 100 mm. 

During cabling, the strands are deformed heavily and 
large contact areas are created at the crossovers between the 
strands of the two layers. Furthermore, during and after 
magnet assembly, large pressures are applied 
perpendicularly to the cable which put the strands firmly 
in contact. If the contacts are good, the crossovers may 
provide low resistance paths for interstrand coupling 
currents to flow from one strand to another when the cable 
is subjected to a varying field. 

Such a cable can be described by a network model 
where the strands are connected by resistances at each 
crossover points.^ Representing every turn of a magnet 
coil by a network model, and knowing all the values of 
crossover resistances, it is then possible to determine the 
interstrand coupling current distribution and the resulting 
field distorsions. Conversely, having measured the field 
distorsions attributed to interstand coupling currents, one 
can attempt, by an optimization process, to determine the 
crossover resistance distribution within the magnet coil. 

Figure 2 presents the results of such an optimization. 
The followed process was identical to the one developed to 
interpret the SSC data and is described elsewhere.6 It 
assumes that the crossover resistance is uniform within 

the coil outer-most layer and within every turn of the coil 
inner-most layer, but 

that, for the inner layer, it can vary from turn to turn. The 
crossover resistance appears to vary from 1.2 |xf2 to 3.2 
|iQ, with an average value of the order of 2 \iQ.. The 
distribution is more uniform than the ones determined for 
the SSC dipole magnet prototypes, but the average value 
is somewhat smaller. The strands used in SSC cables were 
not coated. 

CONCLUSION 

The observed dynamic field behavior of the 
LHC/Saclay quadrupole magnet prototype can be 
explained in terms of cable interstrand coupling currents, 
with a rather uniform distribution of low crossover 
resistances. 
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Abstract 

The LHC Conceptual Design Report issued on 20th 
October 1995 [1] introduced significant changes to some 
fundamental features of the LHC standard half-cell, 
composed of one quadrupole, 3 dipoles and a set of 
corrector magnets. A separate cryogenic distribution line 
has been adopted containing most of the distribution lines 
previously installed inside the main cryostat. The dipole 
length has been increased from 10 to 15 m and 
independent powering of the focusing and defocusing 
quadrupole magnets has been chosen. Individual quench 
protection diodes were introduced in magnet 
interconnects and many auxiliary bus bars were added to 
feed in series the various families of superconducting 
corrector magnets. The various highly intricate basic 
systems such as: cryostats and cryogenics feeders, 
superconducting magnets and their electrical powering 
and protection, vacuum beam screen and its cooling, 
support and alignment devices have been redesigned, 
taking into account the very tight space available. These 
space constraints are imposed by the desire to have 
maximum integral bending field strength for maximum 
LHC energy, in the existing LEP tunnel. Finally, 
cryogenic and vacuum sectorisation have been introduced 
to reduce downtimes and facilitate commissioning. 

1 INTRODUCTION 

The Large Hadron Collider (LHC) to be installed in the 
LEP tunnel at CERN will produce two proton beams of 
7 TeV energy for head on collisions in 4 points around 
the circumference. The machine is subdivided into 8 
octants, each one comprising a standard arc composed of 
54 optical half-cells housed in a common cryostat (Arc 
cryostat), flanked on each side by specific insertion optics 
for the various experimental areas and functions of the 
machine (injection, ejection, cleaning, RF, etc.). 

The standard 914 mm diameter arc cryostat, of an 
octant 2.7 km long, is bounded at each extremity by 
electrical current feedboxes (DFB) allowing the numerous 
families of superconducting magnets to be powered in 
series. The cryogenic distribution line (QRL) housing 
various headers servicing the main stream of cryomagnets 
runs parallel to the arc cryostat, and as for the main 
electrical supplies is fed at the 4 even points of the 
machine from cryoplants installed at ground level. The 
basic repetitive segment of the arc is the half-cell of 53.4 
m length providing 90° phase advance for the beams. It is 
composed of 3 two-in-one 8.3 T dipoles of 15 m length, 

one two-in-one quadrupole and various sets of correcting 
magnets. The so-called Short Straight Section (SSS) 
housing the quadrupole, sextupole, octupole, dipole orbit 
correctors, and beam position monitors (BPM) is flanked 
by a cryogenic service module housing service piping for 
quench discharge into the QRL, phase separation for 
1.9 K heat exchanger cooling, etc. 

The half-cell length occupancy has been optimised to 
provide maximum bending field length, taking into 
account the various functions and elements of the 
machine. 

2 CRYOSTAT 

The string of superconducting magnets operates in a static 
1.9 K superfluid helium bath pressurised at 1 bar absolute 
[2]. The heat load budget to 1.9 K is composed of static 
heat losses through cryostat components (radiation, 
conduction through support posts, vacuum barriers, etc.) 
and dynamic loads resulting from resistive heating in 
splices between cables, beam losses into the 1.9 K bath 
and synchrotron radiation and RF image current power 
deposited on the beam screen. To minimise the static heat 
load to the 1.9 K level at which the cost of refrigeration is 
3 to 4 times higher than at 4.5 K, two actively cooled 
aluminium screens operating at 5-10 K (radiative shield) 
and 50-75 K (thermal shield) are interposed between the 
293 K and 1.9 K levels. These shields are made of 
polished aluminum sheets welded onto 15 m long 
structures, extruded together with the cooling channels. 

alignment 
target 

support 
jacks 

5-20 K 
radiative 
[Shield 

ultilayer 
finsulation 
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Figure 1: LHC Dipole Cryostat 
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The radiative shield carries 10 layers of MLI to 
thermally protect the system in case of degraded vacuum. 

The thermal shield is covered by 30 layers of MLI 
pre-fabricated blankets to reduce thermal radiation load. 

The calculated static thermal loads are given in 
Table 1. 

The transverse dimensions of magnet cold masses 
with their shields have been minimised to fit in an 
insulating vacuum vessel of diameter 914 mm (36" 
standard pipe dimension). 

3 SHORT STRAIGHT SECTION CRYOGENIC 
MODULE AND JUMPER CONNECTION 

The Short Straight Section which houses the quadrupole, 
chromatic correction elements, a set of orbit correctors 
and beam position monitors, also incorporates a 
cryogenic service module which connects the cryogenic 
distribution line to the main cryostat out every cell [3]. 

An intricate set of components finds its place in a 
reduced volume: the phase separator of the 1.9 K heat 
exchanger cooling a full cell, the connecting pipes 
housing the bus bars with manifolds tubes to the QRL 
allowing filling and discharge of a stretch of cells, the 
beam position monitors, beam pipes, sectorisation valves, 
and quadrupole protection diodes, accessible for repair 
via the interconnect. A set of 50 A current leads installed 
in the cryogenic module feeds the closed orbit dipole 
corrector magnets. Low heat in-leak insulating vacuum 
separation barriers are installed between the quadrupole 
cold mass and the vacuum enclosure every two cells. This 
facilitates vacuum pump down, leak testing by confining 
leaks. The vacuum hardware is attached to the SSS. 

To permit an easy and precise alignment of the SSS, it 
must be mechanically decoupled from the QRL. For this 
purpose, a set of interconnecting bellows in the jumper 
connection gives the necessary flexibility and 
compensation for forces due to atmospheric pressure. 

4 ELECTRICAL DISTRIBUTION 

Apart from the orbit correctors, all superconducting 
magnets of the Arc are powered in series from the main 
electrical feed box installed at the even points. The 
focusing and defocusing quadrupole pairs of 12.5 kA bus 
bars run through the two upper slots in the magnet yokes. 
The main dipole 12.5 kA circuit occupies a third slot, and 
dipoles have two different types of electrical connections 
built into the cold masses, lodging alternatively (every 
half-cell) the magnet inductance on the go and return bus 
bars in order to limit voltages to ground during a 
discharge. 40 to 80 auxiliary superconducting cables rated 
at 600 A run through the magnet cold masses and are 
electrically connected at each magnet intergap. This 
represents a total of more than 80'000 electrical 
connections for the whole machine, which must be 
carried   out   within   a   tight   electrical   specification 

concerning insulation breakdown voltage (5 kV) and 
connection resistance (10" Ohms). 

To minimise erroneous connections and to reduce 
manpower costs at installation, special multichannel 
connectors and distributors are envisaged and developed. 
Furthermore, the electrical connection of auxiliary 
magnets in the interconnect gap is being studied, as this 
would specialise SSS only at the installation stage. 

Alternative designs currently being studied consider 
the routing of uninterrupted cable bundles through the 
cold masses of a half-cell to feed the chromatic magnet 
correctors installed in the SSS. 

Bus bars are routed through 4 slots and 4 
interconnecting tubes in and between the cryomagnets. 

5 MAGNET SUPPORT AND ALIGNMENT 

The superconducting magnets of the arc are positioned by 
column-type supports. The stringent positioning precision 
for magnet alignment and the high thermal performance 
for cryogenic efficiency are the main conflicting 
requirements which have lead to a trade-off design. An 
additional function requested of the support system is the 
suspension of the thermal and radiative screens in the 
cryostat. 

A three point support is chosen for the 15 m long, 30 
ton dipoles, where the support spacing limits the 
maximum vertical sagitta to 0.25 mm; only two support 
points are needed for the shorter (6 m) and lighter 
(6 ton) cold mass of the SSS to keep the maximum 
vertical sagitta below 0.23 mm. 

The support is made of a main composite column 
bolted to stainless steel pads previously welded on the 
magnet cold masses. The fixations on the vacuum vessels 
allow sliding of the supports to free the thermal 
contractions and to leave free the required degrees of 
freedom. 

The thermal performance of the supports is improved 
by intercepting most of the residual heat conduction at 
two intermediate temperature levels (one in the 50-75 K 
and the other in the 4.5-20 K range). These intercepts 
consist of aluminum plates, glued to the composite 
column and welded to the thermal and radiative shields 
via flexible aluminium straps. 

The heat loads reported in table 1 are estimated from 
measurements made on previous supports. 

Watts 
Temperature level 

1.9 K 4.5-20 K 50-75 K 
Cryomagnet 
support posts 

0.5 9 44 

Vacuum barrier 
Instrumentation 
capillaries, BPM 

3.1 0.2 18.6 

Cryostat 0.3 3.2 165.4 

Total for LHC 
standard half-cell 

3.9 12.4 228 

Table 1: Estimated half-cell static heat loads (Watts) 
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The composite column of the support is made of a 
4 mm thick tube with integrated top and bottom flanges. 
A glass fibber/epoxy composite system was chosen for its 
high stiffness-to-thermal-conduction ratio, allowing 
minimisation of the cross section and, as a consequence, 
of conduction heat loads. A long-fiber, woven fabric lay- 
up technology is chosen to achieve the highest stiffness. 

The initial positioning precision of the magnet cold 
masses is ±0.5 mm with respect to the cryostat axis and 
±1 mm in the longitudinal direction. This precision is 
achieved by a tight chain of mechanical tolerances. Under 
the worst hypothesis of residual mechanical loads, the 
present design of the support system for magnets gives a 
stability of ±0.2 mm in the radial and vertical plane. 

6 INTERCONNECTIONS 

The interconnections between cryomagnets contain a 
number of structural components which are designed to 
assure a continuity and provide maximum security to 
different systems integrated within the accelerator : 
vacuum systems [4], cryogenics , and electrical 
distribution. In order to extend the magnetic length of the 
LHC magnets as much as possible the interconnection 
space is reduced to a strict minimum. This requirement 
imposes longitudinal and radial limitations on the 
interconnect components and implies a compact design 
compatible with the existing tunnel as well as the 
established transport and installation procedures [5]. 

The combination of a relatively high pressure of 20 
bar (which may develop during the cool-down procedure 
or a quench) with a necessity of assuring leak tightness 
for all the superfluid helium transfer systems leads to a 
choice of all welded assemblies. 

In order to keep up with the LHC project requirements 
in terms of system reliability, automatic welding, cutting 
and control procedures were proposed. The stringent 
space requirements for the welding and cutting tools was 
restricted to 50 mm. To reduce the helium consumption at 
1.9 K the electrical connections will be brazed and the 
ohmic resistance limited to some 10"8 . The large number 
of bus bar connections (80,000) imposes a high level of 
reliability as well as strict procedures for manufacture, 
installation and control. 

The interconnect space is determined to a large extent 
by the superconducting cable overlap length of 120 mm 
and the necessary length of the bellows expansion joints 
which compensate for the thermal contraction of the 
magnets (around 50 mm). In order to reduce the length of 
the expansion joints and their axial stiffness a special 
optimisation program has been developed. It aims at 
reducing the global forces between the magnets 
(transmitted to the support posts) in the installation phase 
and during the LHC operation. 

Protection diodes constitute some of the critical 
components of the LHC machine. The present design 
provides an easy access to the diodes in case they need to 
be replaced. The access to the box containing the diodes 
will be possible through the interconnection space, after 
the removal of the large diameter bayonet sleeve of the 
vacuum vessel and of the thermal shields. 

7 SECTORISATION OF SUB-SYSTEMS 

The 2.7 km LHC arc cryostat has a cold mass weight of 
more than 6000 tons. One cryoplant at the corresponding 
even point will be able to cool-down and warm-up such a 
mass via the QRL in about 44 days. 

Taking advantage of a separate parallel cryoline 
naturally decoupling the feeding of cryogens from the 
main stream of magnets, the arc is cut in four sub-sectors. 
Insulating vacuum barriers separate the QRL from the 
main cryostat at each jumper connection and sectorise the 
main cryostat every two cells [6]. High vacuum valves 
and cryogenic separation valves are installed at each 
sector boundary and additional cryogenic valves complete 
the separation of the QRL from the main cryostat at each 
jumper connection. Finally, so-called bus bar plugs are 
installed every two cells in magnet gap interconnects to 
sectorise the 1.9 K cold mass cryogenic volume. This 
sectorisation allows the partial and independent warm-up 
and cool-down of small stretches of a few cells. This will 
yield a factor 2 reduction in the time required for most 
interventions for repair. 
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STATE OF THE LHC MAIN MAGNETS 

R. Perin for the LHC Magnet Team 

Abstract 

The main features of the dipole magnet design have been 
frozen in 1996 and important steps for the preparation of 
their series production are being taken in the current year. 

To finalize the technical specifications of the 
superconducting cables and other components, a number 
of detail variants are being validated with the construction 
and test of short and long magnets. Thus, beside a number 
of 1 m long models, four 10 m long models of the main 
dipoles and two 14.2 m prototypes are being assembled in 
industry and at CERN. The fabrication of a further set of 
3 full length dipoles is also starting in industry to verify 
the reproducibility of production and performance. 

The lifetime and fatigue test of the String Test 
Facility, consisting of three dipoles and one quadrupole 
and simulating the basic periodic cell of the LHC, has 
been successfully concluded. The String was repetitively 
cycled between the injection field of 0.6 T and the 
operational field of 8.4 T, 24 hours per day, and has 
accumulated more than 2100 cycles, corresponding to 
about ten years of machine operation. 

The final design of the main quadrupoles, based on 
the use of the dipole coil outer layer cable, is being 
worked out by CEA, Saclay and the construction of two 
new prototypes has been launched. 

1 INTRODUCTION 

The main magnetic components of the LHC i.e. the 1232 
dipoles and the 386 quadrupoles of the lattice have already 
been described in several publications [e.g. 1,2], so that 
only the recent evolution in their design and the present 
state of advancement towards their procurement are 
reported here. 

2 DIPOLES 

2.1 Design evolution 

Since 1995 the design of the magnets, though 
maintaining the main features, evolved partly to adapt to 
changes in the design of the machine and partly as a result 
of the R&D programme on short and long magnets. 

Inter-beam distance 

The distance between the centres of the two apertures has 
been increased from 180 mm to 194 mm. This change 
was motivated by space considerations in the RF sections 
and by the desire to diminish both the spring back of the 
collars when releasing the press after collaring and the 
tensile stress concentration around the central dowel rod 
hole. In fact the collar central "leg" appeared to be rather 
weak as compared to the side "legs". With this 
modification the final pre-stress in the central and in the 
lateral parts of the coils is better balanced and the spring 

back after collaring has been reduced by 20 %. This 
allows to apply a lower compression under the press with 
less danger of damaging the coils and easier production. 
This increase of the inter-beam distance did not require an 
increase of the overall cold mass diameter which remains 
unchanged (0 570 mm) (fig. 1). 

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 1: Cross-section of LHC dipole 

Dimensions of the superconducting cables 

The compaction of the previous cables was found to be 
too high especially at the thin edge where it was difficult 
to avoid sharp edges that could damage the insulation. A 
slight reduction in compaction was also found to be 
favourable to penetration of liquid helium and better 
wetting of the strands, thus improving heat transfer to 
helium and heat capacity and consequently increasing the 
amount of energy needed to provoke a quench [3]. The 
compaction was, therefore, reduced by about 2 % and at 
the same time the keystoning angles were also slightly 
diminished, resulting at present 1.25° in the inner shell 
cable and 0.90° in the outer shell cable. The new 
parameters of the cables are listed in table 1. 

iHMrbyar Oatarlaytr 

Amt 

Diam*Ur(mm) 1.065 0.115 

Cu/Ss ratio 1.6 1.9 

Wltamt tin ban) 7 6 

TwUt pitch (mm) 25 25 

Critical current (A) 

it 10 T, 1.9 K 2511 

•tJT, l.SK 2310 

OM* 

Number of ttraada 21 36 

Cable dhnenita 

width (mm) 15.1 15.1 

ulfiAhick adn (DUB) 1.736/2.064 1.362/1.591 

Tnnipcardoo pitch (mm) 110 100 

Critical current (A) 

■I10T, I.9K 213750 

it 9 T. 1.9 K 212950 

Table 1: Dipole strand and cable characteristics 
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Field quality 

The problems related to field quality are continuously 
studied from the points of view of beam optics and 
dynamics and magnet construction. Understanding is 
improving with the growing information from tests and 
measurements of short and long model magnets. Data are 
accumulating and being analysed on the effects of 
persistent currents, eddy currents, time dependence and 
influences of previous history and excitation cycle. It has 
been decided to compensate the b5 (decapole), b7 (14-pole) 
and b9 (18-pole) field multipoles produced by persistent 
currents at injection by modifying the conductor 
distribution in the cross-section which was then re- 
optimised for this purpose. It is recalled that small 
sextupole and decapole magnets located at each dipole end 
can compensate systematic errors of those two 
components. 

2.2 State of R&D programme 

The R&D programme, which has validated the main 
design features, will continue until the start of the series 
production of the final dipoles with the aims to improve 
quench behaviour, field quality and economy of 
construction. It will terminate with the final trimming, in 
particular of the coil geometry to obtain the wanted field 
quality, during the production and measurement of the pre- 
series magnets. 

Superconducting cables 

About 10 t of superconducting cable of the new design 
have been produced by industry, thoroughly measured and 
qualified. They meet the specifications in all respects, 
current carrying capacity, dimensional tolerance and 
mechanical characteristics, and have also been tested in 
short dipole models. This has permitted to order a quantity 
sufficient to start the pre-series production of the final 
magnets. Investigations are still intensively carried out on 
different coatings of the strands, so as to obtain a uniform 
and reproducible interstrand resistance in the range 10 to 
20 |JX2 per crossing contact, necessary to limit field errors 
and heat generation by eddy currents at ramp. The 
interstrand resistance is difficult to control as it depends 
not only on the coating material, but also on storage 
conditions, temperatures and pressures in the curing cycle 
and pre-stress in the coils [4]. At present the best results 
are obtained with staybrite (Ag 3.5 %, Sn 96.5 %) 
coating and a special heat treatment in argon atmosphere. 

Conductor insulation 

Several conductor insulation systems have been 
investigated from the points of view of heat transfer and 
porosity to helium to take advantage of its excellent 
cooling properties [5], while ensuring a good dielectric 
barrier between turns. An all polyimide system has been 
chosen, but different tapes and layouts (thickness, width, 
overlap, spacing) are still being tested in short model 
magnets with the aim to further improve permeability to 
superfluid helium. 

Models and prototype magnets 

The programme of magnet construction proceeds in 
parallel on three lines: short (1.3 m long) models, 10 m 
long models and prototypes of the final length (magnetic 
length 14.2 m). At CERN a dedicated workshop 
manufactures single and twin aperture short models [6]. 
The so called Coil Test Facility, in fact a single aperture 
magnet structure conceived for easy assembly and 
disassembly, is a time-and-cost-effective means of 
studying different versions of coil construction as e.g. 
different types of end spacers, layer jumps, conductor 
insulation systems, strand coating and assembly methods. 
One important observation, which confirms earlier finding 
in the SSC magnet development program [7], is that in 
some of the best behaving magnets the azimuthal 
compression in the coil at the coil collar pole interface 
had completely disappeared at fields well below the field 
finally reached by the magnet. An investigation has, 
therefore, been started to determined the optimum pre- 
stress to be applied since there is no point to collar coils 
at pre-stress values above what is needed, as this can only 
make the fabrication more difficult and increase the risk of 
damaging the insulation. 

As previously reported [8, 9, 10], other successful 
dipole development was carried-out by collaborating 
laboratories, as the CERN-Finnish-Swedish version 1 m 
model, the models built by KEK and Japanese industry 
and the Nb3Sn high field model of Twente University. 
Last year an assembly facility for full length dipoles has 
been put into operation at CERN. This is now used to 
assemble 10 m long models starting from coils wound 
and collared in industry and will be soon employed to 
assemble final length magnets. The main purpose of this 
work at CERN is to study and finalize important details 
of the assembly procedures, such as e.g. economical and 
efficient welding methods for the shrinking cylinder, the 
way to obtain the wanted curvature of the magnets, the 
optimization of the electrical connections. 

Four 10 m long magnets of the second generation 
(aperture 56 mm) are at present being completed, the first 
one, mounted in a cryostat of the first generation dipoles, 
is already being tested. A second one will follow at a 
month interval and the other two will be tested in the 
second half of the year. 

The first full length (-15 m, magnetic length 
14.2 m) prototype, funded and built in the framework of a 
collaboration with Istituto Nazionale di Fisica Nucleare 
(INFN), is in advanced state of construction (fig. 2) and is 
expected to be delivered to CERN in October 1997. It will 
be followed by four collared coil assembly manufactured 
in industry, which will be finally assembled into finished 
magnets partly at CERN and partly in industry. 

Figure 2: Collared coils of the first 15 m  long magnet 
(courtesy of AnsaldoEnergia S.p.a.) 
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LHC prototype half-cell 

A major milestone in the project has been the assembly 
of a magnet string facility, consisting of one short 
straight section and three 10 m dipole magnets connected 
electrically and cryogenically together on a slope of 
1.4 %, in simulation of the LHC conditions. The string 
has undergone already several thousand hours of operation 
with more than 80 provoked quenches and several thermal 
cycles with full success. It has been powered with LHC 
like ramping cycles between injection and 8.4 T field for 
more than 2'000 cycles simulating about 10 years of the 
collider operation [11]. 

2.3 Towards the series production 

Final drawings and detailed technical specifications are 
being prepared for the main magnet cables and for the 
manufacturing of the magnets. An important order for the 
supply of 50'000 tonnes of low-carbon steel sheet for all 
main dipoles and quadrupoles has already been placed. It is 
hoped to order the superconducting cables before the end 
of this year. Market surveys for several other materials 
and components as well as for the supply of the main 
dipole cold masses have already been carried out and calls 
for tenders are expected to be issued in the course of this 
and next year. 

The LHC planning, largely dominated by the main 
dipole magnets, foresees to place the main orders for their 
supply in 1998. They will include the manufacturing of a 
number of pre-series magnets (at least 10 per 
manufacturer) whose delivery to CERN will start in 1999 
and terminate in the year 2000. After their thorough test, 
measurement and evaluation, the green light for mass 
production could be given by mid 2001. 

3 QUADRUPOLES 

The main parameters of the quadrupoles are gradient 
223 T/m, coil aperture 56 mm and magnetic length 
3.1 m. Their cross-section is shown in fig. 3. 

Figure 3: Cross-section of the LHC main quadrupole 

The design [12] is based on the use of the same cable as 
for the dipole outer layer. This should result in some 
saving because possible broken length of dipole cables 
could be used for the quadrupoles which require much 
shorter stretches of conductor. 

Their main constructional features are: two layer 
coils made from a single stretch of cable, austenitic steel 
collars supporting the full electromagnetic forces and a 
"two-in-one" yoke structure held by an outside stiffening 
cylinder, which also serves as helium vessel and support 
for the correction magnets and other components of the 
short straight sections. The 12-pole field error component 
produced by persistent currents at injection is for a large 
part (> 80 %) compensated by a special layout of the 
conductors in the cross-section. 

The development of the quadrupoles has been from 
the beginning entrusted to CEA, Saclay in France. This 
has resulted in the construction of two 3.06 m (magnetic 
length) real size quadrupoles which have been successfully 
tested at Saclay and delivered to CERN. In the frame of a 
special contribution of France to LHC, CEA will ensure 
the development and test of two further prototype of the 
new design. CEA will then be responsible for the 
technical specification and the follow up of fabrication in 
industry of the series quadrupoles. The remaining R&D 
programme foresees delivery to CERN of the two new 
prototypes, already tested, in autumn 1998. 
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THE SHORT STRAIGHT SECTIONS FOR THE LHC 

T. Tortschanoff, V. Parma, P. Rohmig, CERN, Geneva, Switzerland, 
M. Peyrot, J.M. Rifflet, P.Vedrine, CEA-Saclay, France and D. Vincent CNRS, Orsay, France 

Abstract 

During more than five years a close collaboration 
between CERN and CEA-Saclay led to the development 
and construction of two prototype quadrupole magnets 
and the integration of one of them into the short straight 
section of the LHC half-cell test string at CERN. In the 
frame of the special host country contribution to the LHC 
project this collaboration has been extended to the CNRS 
laboratory in Orsay and covers besides the quadrupole 
magnets the complete cold mass assembly (CEA) and the 
integration into the short straight section cryostat 
(CNRS). The short straight sections include not only the 
main lattice quadrupoles with their protection diodes, 
they also house different corrector magnets and the beam 
position monitors. Further, they provide the cryogenic 
feed units for a half-cell with all the magnet 
interconnections and the jumper connection to the 
separate cryo-line. The paper will show the general lay- 
out of these complex units and elaborate the different 
aspects of their assembly. 

1 INTRODUCTION 

The major effort in the development of the LHC 
magnet system has been put into the design and 
construction of the dipole magnets. Since 1989, however, 
a collaboration with CEA-Saclay in France was started 
for the development of the lattice quadrupole magnets for 
the LHC. This resulted in the successful construction and 
testing of two prototype quadrupole magnets [1] of which 
one has been integrated into a short straight section unit 
forming the first cryo-magnet unit in CERN's test string 
operated since 1994 [2]. 

Following the approval of the LHC project a new 
collaboration for the design, prototyping and industrial 
series production was concluded between CERN and two 
French laboratories, CEA-Saclay and CNRS in Orsay. 
While the CEA is looking after the cold masses of the 
short straight sections CNRS has been entrusted with the 
work for the cryostating of these units. 

Although much shorter than the 15 m long dipole 
units [3] the short straight sections are of much higher 
complexity. As their main magnetic component they 
contain the 3.25 m long twin aperture lattice quadrupole 
magnets. Further, on one end of the quadrupole the 
combined sextupole-dipole corrector magnets for each 
beam are placed, while on the other end a pair of octupole 
corrector magnets is mounted or, depending on their 
location in the arc, a pair of tuning quadrupoles. For the 
short straight sections which will be located in the 
dispersion suppresser regions and near the insertion 
points other types of correctors will be used like long 

tuning quadrupoles, skew quadrupoles or eventually skew 
octupole magnets. 

2 LAY-OUT OF THE SHORT STRAIGHT 
SECTIONS FOR LHC 

The cold mass of the earlier short straight section 
designed for the LHC test string consisted of two parts. 
One, the main twin aperture quadrupole magnet with its 
stiffening inertia tube, the other with all the correction 
elements, placed in a separate inertia tube: The two halves 
were aligned and joined together, both mechanically and 
electrically to form the cold mass of the prototype straight 
section. 

The new LHC design features now among other 
modifications a symmetric arrangement of the 
quadrupoles with respect to the dipole magnets. This 
implies that the corrector magnets have to be on both 
sides of the quadrupole. Furthermore, the quadrupoles are 
powered independently from the dipoles thus reducing the 
integrated length of the tuning quadrupoles significantly. 
The inertia tube into which all magnets must be aligned, 
will no more be made out of two halves but in one single 
piece. It has to be rigid enough to guaranty the 
geometrical stiffness under the weight load and in all 
operating conditions. 

The cryostat which has been simplified with respect 
to earlier versions [4] by the implementation of a separate 
cryogenic feed line, will be completed on one end by the 
cryogenic technical service module. The functions of this 
module are multiple. Each module will house the beam 
position monitors, the protection diodes of the quadrupole 
magnets and the cold mass instrumentation capillaries. 
Every second will contain in addition the cryogenic 
interconnection and the liquid helium separator. On the 
opposite end of the short straight section the 
interconnection is practically identical to those of the 
standard dipole magnets. 

An important feature of the short straight section 
design is the sectorisation of the insulation vacuum [5]. 
This implies that the short straight section has a vacuum 
barrier which in the present design will be mounted every 
second cell, i.e., every fourth short straight section. This 
helps in the leak testing during installation and makes 
short intervention, like the exchange of a diode, possible. 
It permits in case of a major intervention, like the 
replacing of a magnet, to warm up one sector only. The 
liquid helium flow in between cold masses is also 
sectored by means of pressure plugs placed in the bus-bar 
connection tubes for every second cell. 
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3 MAIN QUADRUPOLE MAGNETS 

The new quadrupole design follows the line of the 
earlier concept. The main parameters of this twin aperture 
magnet are summarised in table 1. 

Table 1: LHC Main Quadrupoles Parameters 
Nominal temperature 
Nominal gradient 
Margin on load line 

1.9 K 
223          T/m 
19.7         % 

Nominal Current 11870      A 
Magnetic length 
Beam separation distance (cold) 
Inner coil aperture diameter (warm) 
Outer coil diameter 

3.10         m 
194.0       mm 

56            mm 
118.6       mm 

Outer yoke diameter 
Collar material 

452          mm 
Stainless steel 

Yoke length including end plates 3250        mm 
The super-conducting cable of the quadrupole 

magnets will be the same as the key-stoned cable used for 
the outer coil layer in the main dipole magnets. By this it 
is hoped to achieve savings not only because of 
standardisation but especially since the unit cable length 
for a quadrupole coil is considerably shorter than that for 
the dipoles. 

Fig. 1 shows the cross-section of the quadrupolein 
its cryostat. Since the electromagnetic forces in a 
quadrupole are significantly lower than in a dipole no 
contribution of the yoke is needed to pre-stress the coils. 
This is ensured by the independent stainless steel collars 
which themselves are centred inside the single piece yoke 
laminations by longitudinal keys. The cut-off on top or 
bottom of every second yoke laminations allows to press 
and key them such that the coil collar units are well fixed 
and aligned inside the yoke apertures. The centring of the 
yoke inside the inertia tube is again provided by a series 
of keys which are blocked from the outside of the tube by 
a series of bolts. Welded covers over these series of bolts 
have to make sure that the inertia tube is helium leak tight 
to an operational maximum pressure of 20 bar and fulfils 
its function as helium vessel. The upper of the two 60 mm 
diameter holes in the yoke will house the heat exchanger 
tube which runs through all elements of one machine cell 
and where the cooling down to 1.9 K takes place [6]. The 
lower one will be used for the passage of cables, 
especially for instrumentation and eventually for corrector 
magnet wiring. 

4 CORRECTOR MAGNETS 

Each short straight section will have on the end, 
opposite to the connections, the sextupole- dipole 
corrector magnets. While the sextupole coils of this 
combined units will be powered in series to currents up to 
nominally 500 A the corrector dipole magnets, 
alternatively either horizontally or vertically deflecting 
ones, will be powered individually which means that they 
have to have their current passage between 1.9 K and 
room temperature in every short straight section. Their 
maximum operational current will be 32 A. The yoke 

Figure 1 - Cross-section of the LHC lattice quadrupole in 
its short straight section cryostat 

length of these units will be 1.26 m, the sextupole 
strength is 1500 T/m2 over a magnetic length of 1.10 m 
the corrector dipole field is 1.5 T over 1.03 m. These coils 
will be assembled in a common yoke and fixed inside the 
inertia tube similar to the main quadrupoles. 

On the connection side of the quadrupole, most 
short straight sections will have two octupole corrector 
magnets of 380 mm overall length, including a magnetic 
shield around them. Their strength will be 6.7.104 T/m3 

over a magnetic length of 320 mm. Their outer diameter 
will not be more than 117 mm and thus they will be 
mounted separately and fixed by a pair of plates inside the 
inertia tube. The nominal current will be 600 A. 

The short straight sections near the ends of the arc 
will have tuning quadrupoles in place of the octupoles. 
With the same amperage and overall length they will have 
a larger outer diameter of 170 mm. Their field gradient 
will be 120 T/m. In some of the short straight sections in 
the dispersion suppresser region their yoke length will be 
1700 mm. Because of their high number and their 
similitude to the corrector magnets in the dipoles cold 
masses a semi-automized coil fabrication is envisaged for 
all corrector magnet coils. 

5 CRYOSTAT 

The short straight section cryostat has been 
conceived together with the dipole cryostat. With the 
separated cryo line in the tunnel its cross-section had been 
simplified considerably. As a variation to the dipole 
cryostat the sectorisation must be mentioned. This item 
will have to take not only differences in pressure and 
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assure leak tightness it must also allow for all the 
dimensional variations during cool-down and operation. 
Further, it must be mountable in the short straight section 
cryostats where needed and interface well with the 
cryostat, the cold mass, the tubes and the shielding inside 
the cryostat. Two techniques have been pursued, one with 
an all steel membrane and one with a composite 
membrane in collaboration with industry [7]. 

VACUUM BARRER 

NIERCGtfJECTWfTH 
RWGTUWCLNTER- 
COWECT10NBO) 

Figure 2 - Perspective view of the cold mass in cryostat 
together with cryogenic technical service module 

Only two cryogenic pipes remain inside the cryostat 
which are the one for thermalising the thermal shield at 
50 K and that for thermalising the upper part of the 
support posts to 5 - 10 K. One of the two support posts, 
positioning the cold mass inside the cryostat, will be 
fixed, the other one will be allowed to slide to 
compensate thermal contraction. Fig. 2 shows a 
perspective view of the cold mass in the cryostat. 

electrical interconnections. This implies that there will be 
two major types of these modules. 

The magnet to magnet linking must provide the 
continuity of the currents and helium flow or of the 
plugging of the latter one where required. In this area will 
also be placed the interconnections for the auxiliary bus- 
bars and their leads to the corrector magnets of the short 
straight section in question. Further, there must be 
passages of the instrumentation wiring from the cold- 
mass interior to the capillaries which leads them to 
outside of the cryostat. All this makes this service module 
a very complex unit the study of which is not yet 
finalised. 

7 CONCLUSIONS 

The short straight sections of the LHC are vital units 
for the operation of the machine. Their complexity is 
given by the multitude of magnetic and other machine 
components. The presence of the cryogenic technical 
service module with its variants and different 
combinations of function complicates the still ongoing 
design even further. CERN is however confident to 
realise these units in the great number of their different 
versions with the active help of the collaborating 
laboratories, CEA-Saclay and CNRS in Orsay. 

[l] 

6 CRYOGENIC TECHNICAL SERVICE MODULE      [5] 

The short straight section is completed by a 
cryogenic technical service module. This will contain the 
two beam position monitors attached to their beam 
screens and bolted to the endplate of the cold mass, the 
quench protection diodes in their container. Every second 
module will have its cryogenic jumper connection to the 
separate cryogenic supply line and a helium phase 
separator,  which provides for all cryogenic but also 
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TOWARDS SERIES MEASUREMENTS OF THE LHC 
SUPERCONDUCTING DIPOLE MAGNETS 

L. Walckiers, Z. Ang, J. Billan, L. Bottura, A. Siemko, P. Sievers, R. Wolf, 
CERN, 1211 Geneva 23, Switzerland 

Abstract 

Extensive power tests of the LHC dipole magnets 
required the development of new techniques to study the 
quench and training behaviour. Magnetic measurements 
of short and long model dipoles have allowed to 
understand and quantify the time dependent behaviour of 
the field quality during the current flat top needed during 
beam injection. The experience gained is employed for 
the design of the measuring tools presently under 
construction for the series measurements of the LHC 
dipole magnets. The economically important issue of how 
many magnets have to be measured in the 
superconducting state is addressed in view of the field 
quality required for the performance of the LHC. 

1 INTRODUCTION 

The experience from previous accelerators based on 
superconducting magnets stresses the difficulty to control 
the beam during injection and beginning of the 
acceleration due to time dependent effects of the 
sextupole component of the field. Furthermore studies of 
the dynamic aperture of the LHC accelerator [1] pointed 
to stringent specifications for higher harmonics. The main 
dipole field is only 0.54 T at injection for a nominal field 
of 8.3 T at collision energy. 

Seven 10 m long twin aperture magnets based on the 
previous design and more than ten 1 m long models with 
the present structure were tested in cold conditions. The 
measured training characteristics and the magnetic 
measurements performed are analysed to give detailed 
arguments to specify the extend of the costly cold 
measurements of the series magnets. 

2 POWER TESTS 

2.1 Training of the 1 m long dipole models 

Cold tests of ten 1 m long single and twin aperture 
models, thoroughly instrumented, allow to classify the 
training quenches of the magnets in two ranges of 
behaviour. Their construction is described in [2]. 

Some magnets show a training (less than 3 quenches) 
starting below or around the nominal field of 8.3 T and 
going to about 8.8 T, corresponding to 90 % of the cable 
limit. All these quenches start in specific weak points of 
the winding located either in the ends of the coils 
windings, or in the "splice-layer jump" region (ramp of 

the inner layer conductor to the outer layer and 
connection to the outer layer cable). These findings have 
allowed to improve that area in the last magnets tested. 

A second part of the training, starting at the range of 
8.8 T has about the same average slope for all magnets 
built with the nominal structure (Fig. 1). Although the 
same specific regions of the windings are generally 
involved, recent tests show that changes in the structure 
are likely to improve this behaviour: decrease the 
sensitivity of the cable to local energy deposition [3], 
lower the average compression of the winding or change 
the material of the collars. This regular training is again 
found after a thermal cycle to room temperature. 

E   8.5 
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Figure 1: Training curves of the 1 m long model magnets 
tested. 

2.2 Defining the power tests for the series 

Voltage taps are the simplest tool to localise where a 
training quench starts in the winding. Series magnets will 
however not be equipped with them and even full length 
prototype magnets to come will have a limited number of 
voltage taps. 

Dedicated 'Quench Antenna' coils help to determine 
where the training quenches start and to deduce the weak 
points in the magnets coils. They provide as well some 
information about the mechanism generating these early 
quenches [4]. The 15 m long shaft, fitted with modular 
coils and built for the magnetic measurements will as well 
serve for quench localisation (see section 4). 

Since the first part of the training is of concern for 
magnets to be installed in the LHC, the first quench of 
any series magnet will be recorded with fully debugged 
instrumentation and in condition of temperature and 
current cycles as near as possible to machine conditions. 

The integrity of the superconducting cable is 
systematically verified by a quench at 4.3 K after the 
training since its value is confidently related to the limit 
at superfluid temperature [5]. The RRR (ratio of the 
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electrical conductivity of the copper matrix between room 
and low temperature) is also systematically measured 
because of its importance for protection of the magnets 
during the quenches. The sensitivity of the quench level 
to the current ramp rate is established. 

3 FIELD QUALITY MEASUREMENTS 

3.1 Expected field harmonics 

The three following sources of field imperfections can 
degrade the performances of the beam: 
• Geometric: accuracy in the positioning of the coils. 
• Decay: amplitude of the decay with time at the 

injection plateau [6]. The snap-back at the start of the 
acceleration has the same value but with an opposite 
sign. The data of table 1 come from the measurements 
of 6 single aperture 1 m long models measured. 

• Ramp: harmonics created by the coupling current 
between the strands of the superconducting cable for the 
nominal ramp of 8 T in 20 min. The data are obtained 
from measurements of 5 apertures of the first generation 
10-m long models. They are scaled to the present 
magnets structure and apply for injection field. 

Geometric Decay Ramp 

CT Unc. G Unc. a Unc. 

a2 

b, 
b4 

a4 

1. 
0.5 
0.1 
0.1 
0.05 

0.3 
0.3 
0.05 
0.05 
0.05 

0.5 
0.3 

0.04 
0.13 
0.1 

0.2 
0.13 
0.015 
0.05 
0.04 

1. 
0.2 

0.04 
0.11 
0.04 

0.4 
0.08 
0.02 
0.05 
0.02 

Table 1 : Standard deviations (a) and uncertainties on the 
averages (Unc.) per octant expected for the LHC dipole 
magnets. The bn, au are the normal and skew harmonics of 
the field errors relative to the main field at a reference 
radius of 10 mm, given in units of 10"4. 

Table 1 gives the present estimation of the standard 
deviation of the harmonics of the field for the LHC main 
dipoles. The uncertainties of the averages due to possible 
systematic effects on a production line of magnets are 
also given. Magnets coming from a given manufacturer 
and having superconducting cables from the same 
production line will be assembled in the same octant of 
the machine. Beam stability calculations are based on the 
hypothesis that the uncertainties of the average per octant 
are equal to the expected maximum for a production line. 

Values for the averages of the non-allowed harmonics 
indicated for the ramp and decay effects are probably 
pessimistic with the lack of statistics. Recent 
developments to increase and stabilise the interStrand 
resistance will lead to further improvements [7]. 

3.2 Comparison with tolerances from the beam optics 

The coupling between the vertical and horizontal 
betatron tunes has to be controlled during the beam 
acceleration to within 0.003, corresponding to 0.025 unit 
for the integrated ^. Similarly a specification of a 
maximum excursion of 2 unit in chromaticity requests a 
control of the integrated sextupole, b3, to 0.015 unit. The 
dynamic aperture remains satisfactory if the octants 
average of both octupoles terms are lower than 0.015 unit 
and if the control of the integrated decapole with the help 
of the end correctors is within 0.03 units. 

Geometric Decay Ramp 

A/a A/Unc. A/a A/Unc. A/a A/Unc. 

a, 0.03 0.08 0.05 0.03 

b, 0.03 0.05 0.05 0.1 0.08 0.2 

\ 0.15 0.3 0.4 0.4 

a, 0.15 0.3 0.1 0.14 

\ 0.6 0.6 0.3 0.5 0.8 1 

Table 2 : Tolerances specified for beam stability (A) 
divided by the standard deviations (a) or uncertainties of 
the averages (Unc.) per octant. 

Table 2 indicates the relative accuracy to which the 
standard deviation and the average per production line 
should be measured for the series of the LHC dipole 
magnets. Measurements of the coupling and chromaticity 
during the beam acceleration are difficult to realise for a 
correction in closed loop. Tables to predict the skew 
quadrupole and the normal sextupole are therefore 
needed with the accuracy expressed in table 2. These 
predictions will require to measure all magnets in cold 
conditions unless the standard deviations of the Decay 
and Ramp imperfections are found to be smaller than 
those of Table 1 for the preseries magnets. 

Some care will also be needed during the magnets 
production to ensure that the Decay and Ramp effects do 
not introduce systematic octupoles that can be detrimental 
for the dynamic aperture. 

3.3 Reproducibility needed for the harmonic content 

In addition to the spread and the bias over a series of 
magnets, the stability with respect to previous or external 
conditions (current history, quenches, helium bath 
temperature) was also studied on the existing magnets. 

The reproducibility of 0.015 unit for the normal 
sextupole b, corresponds to the following variations 
around injection field: temperature change of the 
superconductor of 0.04 K or current overshoot in the 
magnet in the range of 0.1 A. Furthermore the time 
previously spent at high field or below injection current 
influences the decay of b, at injection current within a 
range of 1 unit We have measured that these variations 
are larger for long magnets than for the 1 m long models 
tested.   Therefore  prediction  laws   for  magnets   from 
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different manufacturers or wound with cables having 
different properties will have to be measured with the 
accuracy quoted above to choose reference magnets. 

The correction of the decapole term will however be 
much easier to control since it varies by less than 0.08 
unit, taking into account all of these effects. 

4 TOOLS FOR THE SERIES MEASUREMENTS 

Measuring coils 

Twisted pairs 

eramic tube 

Figure 2 : Cross-section of the harmonic coils for the cold 
magnetic measurements and quench localisation. 

Early it appeared that scanning the pair of 14.2 m long 
apertures of each dipole piece wise with a single coil 
would need too much time, in particular the measurement 
of time dependent behaviour. Based on the experience 
gained with long and slender ceramic shafts, driving 
measuring coils, an integral coil is now under 
construction. It consists of 13 identical modules each 1.26 
m long and mechanically assembled into one long shaft 
spanning the total length of the aperture. Each module 
consists of a ceramic pipe, providing the necessary 
rigidity, onto which the tangential measuring coils are 
mounted (Fig. 2). Between each module a length of 110 
mm is required to house the rotating bearings and the 
cable interconnects. Careful calibration and sorting of the 
individual coils allow to achieve a rejection of the main 
harmonic to better than 500 without electronic bucking. 
Each coil is read out individually. That requires finally 39 
micro-pin connectors and strands of twisted pairs, 
designed and verified that noise picked up during the 
rotation of the shaft by residual loops of wires is 
negligible. Each coil within the fully assembled unit will 
be calibrated with respect to harmonics and orientation 
via a resistive reference dipole magnet. Using one long 
shaft in each aperture allows to measure simultaneously 
within about 10 s the harmonics along the whole magnet, 
very efficient for the study of dynamic effects and their 
local and integral behaviour. Moreover, quench detection 
and localisation is readily provided by these coils. 

4.1 The inactive lengths along the measuring shaft 

The length not covered by measuring coils has to be 
chosen as near as possible to the transposition pitch of the 

cable to avoid errors from the strong longitudinal periodic 
pattern of the field. 12 transposition pitches will therefore 
be missing in the measured field corresponding to about 
10 % of the effective length of the magnet. The 
transposition pitch of the LHC cable is expected to stay 
within 105 to 110 mm. Some residual beating of the 
periodic pattern will occur with the constant 110 mm of 
hole length. Estimations based on the measured magnets 
give a maximum error of 0.03 units for the skew 
quadrupole component at injection field. The variation of 
the harmonics along the magnet axis, after averaging the 
contribution of the periodic pattern, has been measured to 
be small enough to guarantee an error of less than 1 % on 
the values expected. 

5 CONCLUSION 

Power tests of the dipole magnets will be needed to 
prove that the weak points in the coils windings do not 
lead to quenches below the nominal field of the LHC 
machine. Sufficient statistics must be accumulated on the 
dynamic behaviour of the field harmonics before 
deciding on the amount of LHC dipoles to be tested cold. 
A prototype 15 m long measuring shaft is presently being 
assembled to address both of these types of 
measurements. 
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FORCES ON INTERACTION REGION QUADRUPOLES AND DIPOLES 
DUE TO A DETECTOR SOLENOID MAGNET * 

James J. Welch and Gerald F. Dugan 
Wilson Laboratory, Cornell University, Ithaca NY 

One feature of today's high energy physics experiments 
is a detector with a large scale solenoid magnet for mea- 
surement of transverse momenta of charged particles [1]- 
[6]. Another is the demand for very high luminosity. To 
meet luminosity demands accelerator designers need to put 
insertion magnets close to the interaction point, even within 
the detector solenoid field. Such designs have lower chro- 
maticity, smaller peak beta functions, require less aperture 
and basically allow tighter focussing of the beams. How- 
ever, the insertion magnets become more difficult and com- 
plicated to design since they are so closely coupled with the 
detector magnetically and mechanically. 

Only insertion magnet designs that use superconductors 
or rare earth permanent magnets are practical within the 
detector volume. Detector magnetic fields are typically 1.5 
T and can overload any steel placed within them. Further- 
more, steel within the solenoid field would generate large 
perturbations of the fields that would be difficult to predict 
or control accurately due to hysteresis. Permanent magnets 
tend to have less interaction with the detector solenoid than 
superconducting magnets. The fringe field of permanent 
magnets rapidly falls off with radial distance, especially if 
a large number of segments are used [7]. With supercon- 
ductors there are typically no special coils to cancel the ex- 
ternal fields, (though in principle that would be possible at 
the cost of substantial radial space and complication), so 
the problems of interaction with the solenoid are maximal. 
In this paper we will only discuss the forces on supercon- 
ducting magnets. 

Superconducting magnets are often designed to support 
large internal Lorentz forces generated by their self-fields. 
However when immersed in the external field of a solenoid 
the Lorentz forces can produce large net forces and torques 
on a magnet as a whole. This leads to problems support- 
ing the magnet, coupling the magnet to the helium vessel, 
and supporting the cryostat. Support is critical because the 
beam is particularly sensitive to motions of insertion mag- 
nets due to the relatively high gradients and large beta func- 
tions in the interaction region. 

1    DETECTOR SOLENOID FIELD 

We will only discuss detector solenoids which have a main 
component Bz as well as a radial fringe field component 
Br, but no azimuthal component. Both components can 
produce substantial Lorentz forces on the accelerator mag- 
net coils. In the body of the magnet coils, where the cur- 
rent is only in the ±z direction, the solenoid Bz com- 
ponent generates no force — only the radial component 
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Figure 1: The calculated longitudinal and radial com- 
ponents of the magnetic field of the CLEO solenoid are 
plotted as a function of the distance from the interaction 
point, for a constant radii equal to the average coil ra- 
dius. Superimposed are the locations of the superconduct- 
ing quadrupole magnets. 

does. However both components can contribute to generate 
forces in the coil ends. 

As an example, consider the CLEO detector solenoid. 
The calculated Bz and Br components are shown in Fig- 
ure 1. Also shown in the plot are outlines of insertion 
quadrupoles and concentrically wound dipoles which are 
being built for the CESR phase III upgrade [2]. The for- 
ward quadrupole magnet Ql is entirely immersed in an al- 
most uniform solenoid field with only a small radial com- 
ponent near the outermost end. The second magnet coil Q2 
starts where the radial component of the solenoid field is 
near maximum and Bz has dropped to about one-half its 
central value. 

2    SYMMETRIES 

The symmetries of external electromagnetic forces acting 
on dipole and quadrupole coils are shown in Figures 2— 
5. Forces due to the Bz and Br components are separately 
plotted for clarity. One force vector is shown for the end of 
each coil and one is shown for each magnet straight section. 
Only near-side forces are shown in each view. 

Dipole Symmetries 

In Figure 2 we can see that from the longitudinal compo- 
nent of the solenoid field a dipole coil experience forces 
only at the coils ends. The resulting torque can be large 
since the end forces are separated by the entire length of 
the magnet.  There will also be a net force to the extent 
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Figure 2: Forces acting on a dipole magnet due only to the 
Bz component of the solenoid field 

Figure 3: Forces acting on a dipole magnet due only to the 
Br component of the solenoid field 

Figure 4: Forces acting on a quadrupole magnet due only 
to the Bz component of the solenoid field 

that Bz is different at the two ends. The direction of the 
force is either parallel or anti-parallel to the field the dipole 
generates. 

In Figure 3 the dipole coils shown produce a dipole field 
downward just as in Figure 2. One can see that Br pro- 
duces an upward force in the body which is centered at a 
location determined by J zBrdz. This force is only par- 
tially canceled by the forces generated in the ends by the 
Bz component shown in Figure 2. The Br component will 
also generate torques in the coil ends which partially cancel 
each other to the extent that Br is the same at the two ends. 

Quadrupole Symmetries 

Perfectly aligned quadrupole coils experience no net forces 
or torques due to Bz or Br. This is easily seen in Figure 4 
and Figure 5. Generally the force on each coil part is can- 
celed by an equal and opposite force on the corresponding 
part of the opposing coil. 

Even though there are no net forces or torques, the forces 
can be important to the magnet design. The net solenoid 
generated force on the ends may be ~ 1/3 as much as the 
quadrupole self-field generated forces. ' But the symme- 
try of the solenoid generated force on the ends is much 
more unfavorable. The solenoid force tends to crush the 
end of the coil while the internally generated forces attempt 
the much more difficult operation forcing the coils into a 
square shape. Adequate collar stiffness has to be provided 
to resists this crushing force. 

Misaligned Magnets 

A substantial force can be generated for a quadrupole 
asymmetrically placed with respect to nearby detector steel 
(not shown). For example the Q2 magnet in Figure 1 is 
surrounded by the CLEO solenoid yoke steel. Two dimen- 
sional ANSYS calculations indicate that for a 3 mm offset 
of the quadrupole center with respect to the hole in the pole, 
an 1100 lb force is generated which tries to pull the mag- 
net toward the steel. This force could be in any transverse 
direction and would be proportional to the current in the 
quadrupole coils. Similarly large forces can be generated 
by asymmetrically adding large holes to the steel yoke even 
if the quadrupole is perfectly positioned. 

If the solenoid field is tilted with respect to the 
quadrupole or dipole axes, or vice versa, many more forces 
and torques are introduced. 

3   CALCULATION OF FORCES 

Direct 3D integration of the Lorentz force per unit vol- 
ume over the coil geometry can provide values for the total 
forces and torques on elements of the coils. Forces due to 
Br are best obtained by this method, though the integra- 
tion over the coil end geometry can be difficult. However, 

Figure 5: Forces acting on a quadrupole magnet due only 
to the Br component of the solenoid field 'Typical solenoid fields are 1.5 T and typical quadrupole self-field is 

-5T. 
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within the approximation of B = B0ez where B0 is con- 
stant there are several simple analytic methods which can 
be quite accurate in determining forces on the coil ends. 

We start by calculating the forces on a single turn. In 
this case there is no force on the wire in the straight portion 
of the coil because the current and the solenoid field are 
in the same direction — all the forces are generated in the 
ends. The force on a infinitesimal length of a wire ds, with 
current I in the uniform field is: 

dF    =    IB0dsxez (1) 

=    IB0(-dxey + dyex) (2) 

The total force on the coil end is obtained by integrating 
dF along the wire around the end. The integral is trivial 
and the result is simply that the net force on the single wire 
is F = IB0(-Axey + Ayex), where Ax(Ay) is the net 
change in the x(y) coordinate of the wire. The actual path 
the wire takes does not matter, only the net change in posi- 
tion contributes to the total force on the end. Applying this 
result to the coil as a whole we have that the total force on 
a coil end is: 

-^radial, coil end     — 
3\/2(\/3-l) 

NIBQR (7) 

F = ^2 IB0(-Axey + Ayex) (3) 

So the problem remains only to add up the contribu- 
tions from all the wires. This is best done with a set of 
x, y positions of all the wires. Such data can be put into a 
spreadsheet and the resulting force immediately calculated 
via equation 3. 

Even more convenient would be a simple analytic ex- 
pression. We will derive four. The first two are for a 
quadrupole idealized as a cos 28 current sheet or as a 30° 
sector current sheet. (To better represent the real coil the 
radial dependence should be taken into account.) In the 
former case the density of turns per unit angle n(8) = 
2./Vcos20, where N is the number of turns per coil. We 
will express Ax and Ay in terms of the radius of the current 
sheet R and 8. Assuming the coil is wound symmetrically 
about a central post, Ax = i?(cos(f -8) - cos 8) and 
Ay — -Ax. The force on the coil may now be obtained 
by integrating over 8 from 0 to 7r/4. 

2 
■ coil end 

■Fradial, coil end      — 

3 
2\/2 

NIB0R(ey + ex)      (4) 

NIBQR (5) 

which is the desired result for the cos 28 quadrupole. 
For example, a quadrupole with NI = 450,000 ampere 

turns, with a coil radius of R = .092 m in a solenoid of 
B0 = 1.5 T, the radial force on each pole is 58,548 N or 
13,130 lbs. 

For 30 degree sector idealization of a quadrupole the 
density of turns is simply a constant: n(9) = 6N/ir. The 
expressions Ax and Ay are the same so the force integral 
is just 

Fcoiiend    = L(ey + exX6) 

The force is ^(\/3 - 1) = 1.05 times larger than for the 
cos 28 approximation. 

Expressions for the force on dipole coils can be derived 
in exactly the same manner using equation 3 and current 
distributions for a dipole. For a sin 8 dipole coil idealiza- 
tion we have that n(8) = Nsind. For a symmetrically 
wound dipole producing a horizontal field, Ax = 0 and 
Ay = 2R sin 9. Replacing the summation with an integral 
and integrating yields 

/•TT/2 

Fdipoiecoil    =   B0I\      Nsm82Rsm8ex    (8) 
Jo 

=    ^B0RNIex (9) 

For the 60 degree sector approximation for a dipole we 
have n{8) = 3N/TT. This distribution yields 

Fdipoie coil — BoRNIex (10) 

For illustration, consider a dipole at radius 0.144 m and 
with NI = 28,400 ampere turns, in a uniform solenoid 
field of 1.5 T. The sm8 idealization yields a horizontal 
force per coil end of 9636 N or 2161 lbs, for total force 
on the magnet end of 4,322 lbs. The 60 degrees sector ap- 
proximation result is again only about 5% higher. 
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THE SUPERCONDUCTING INTERACTION REGION MAGNET SYSTEM 
FOR THE CESR PHASE III UPGRADE * 

James J. Welch, Gerald F. Dugan, Emery Nordberg, and David Rice, 
Wilson Laboratory, Cornell University, Ithaca NY 

1    INTRODUCTION 

In 1998 CESR and the CLEO detector will commence an- 
other major upgrade to bring their performance up to B 
factory levels. New interaction region (IR) insertion mag- 
nets were designed to allow the highest possible luminosity 
from an equal energy, crossing angle, bunch train configu- 
ration of CESR [1][2]. With the new magnets the IR lim- 
ited luminosity is expected to be at least 3 x 1034 cm~2s~1 

— well above the phase III luminosity goals of 1 — 3 x 
10 cm~ s~ . The new magnets will have the focussing 
capability of running with smaller /?*, crossing angles large 
enough to accommodate beams from two separate rings, or 
even round beams — ideas which conceivably could take 
CESR into the 1034 range [3] [4]. 

Compared with previous IR magnets for CESR, the new 
superconducting magnets will have higher gradients, larger 
apertures and shorter focal lengths. The high gradients and 
short focal lengths allow the magnets to be placed closer to 
the interaction point (IP) at near optimal locations, largely 
mitigating the effects of long-range beam-beam interac- 
tions. The close-in location also improves the optical qual- 
ity of the lattice which could improve the tune shift limit. 
Increased physical aperture provides more room for larger 
crossing angles which allows for better beam separation 
and higher long range beam-beam current limits. More 
aperture also makes room for carefully chosen orbit offsets 
which can reduce detector backgrounds thereby improving 
the quality of the data, lengthening the lifetime of the de- 
tector and increasing the data taking time by making tuning 
faster. 

The new magnets will have some unusual capabilities 
such as nested skew and dipole coils for coupling and or- 
bit correction, and a cryostat positioning system which can 
adjust the position of the magnets during operation. So we 
expect to see increases to the data taking time due to the 
higher functionality: energy changes, coupling correction, 
magnet alignment and positioning, and beam steering will 
be far easier and faster. However, the intimate magnetic 
and mechanical coupling with CLEO solenoid has caused 
design complications as well. 

2   IR LUMINOSITY OPTIMIZATION 

Generally luminosity can be increased by raising the stored 
beam current and the most straightforward way to do this is 
to increase the number of bunches in each beam. However 
as more and more bunches are stored the long range beam- 
beam interaction (LRBBI) eventually reduces the beam 

* Work supported by the National Science Foundation 

lifetime and effectively limits the current. In a crossing 
angle configuration, the crossing angle at the IP generates 
orbit separation at the nearby crossing points where the 
beams pass by each other but do not actually collide. The 
bigger the angle the larger the separation and the higher 
the long range beam-beam current limit. Phenomenolog- 
ical models based on a series of measurements on CESR 
[6] indicate that beta functions and beam separations at the 
nearby crossing points ought to be kept to values similar 
to those in the arcs, otherwise they become the dominant 
source of LRBBI and limit the current in the machine. The 
minimum feasible bunch spacing, (14 ns, set by the rela- 
tive frequencies of the synchrotron injector and the CESR 
storage ring [5]), determines the first crossing point to be 
only 2.1 m from the IP. Thus the optimum IR optics design 
should have an overall focal length in both planes of about 
2.1 m or less, so the magnet design was driven toward very 
short high gradient magnets, with large aperture, located as 
close to the IP as possible. 

The long range beam-beam interaction, together with 
countless magnet engineering, detector mechanical and 
background constraints, were simultaneously optimized for 
maximum luminosity [7]. The optimization program in- 
dicated that for our application superconducting magnets 
(SC) have a large advantage over permanent magnets (PM) 
in that they have the best combination of high gradient and 
large aperture. Nevertheless, because PM's can be placed 
closer to the IP than SC magnets (SC magnets need radial 
and axial space for thermal insulation) it was advantageous 
to also use short, 24 cm long, vertically focussing PM's 
starting 337 mm from the IP [8]. 

The bulk of the focussing starts at 842 mm with a 650 
mm long vertically focussing SC quadrupole labeled Ql 
(See Figure 1). This magnet lies completely within the 
1.5 T solenoid field of CLEO detector. Very close to Ql 
is Q2, a horizontally focussing quadrupole mechanically 
identical to Ql and situated in the fringe field of CLEO 
solenoid. The resulting beam optics has beta functions that 
never get larger than 80 m, even for ß* of 1 cm. (See Fig- 
ure 2). The worst crossing point is the first, at 2.1 m from 
the IP, where we have ßy = 24 m and ßx = 34 m — com- 
parable with typical arc values. At other IR crossing points 
the beta functions are less. Thus the LRBBI in the IR is 
largely mitigated. 

3   MAGNET DESIGN AND SPECIFICATIONS 

To a great extent the design and specifications of the 
quadrupole coils were based on the LEP interaction re- 
gion quadrupoles recently installed as part of the energy 

0-7803-4376-X/98/S10.00© 1998 IEEE 3383 



Permanent magnet      Superconduclii g Magnets 
quadrupoles^ 

Defector Steel ( First 
crossing 
point 

Interaction 
Point • 

337 

Figure 1: Schematic showing outlines of superconducting 
IR magnets and their proximity to the IP. 
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Figure 2: Beta functions for IR limited luminosity. Cross- 
ing points and magnet positions are shown at the top. ß* is 
1 cm. 

upgrade to LEP 200 [11]. Considerable effort was made 
to avoid taxing any engineering requirements, such as con- 
ductor position tolerance, peak field, or current margin; so 
that relatively little R&D would be needed. Likewise, Ql 
and Q2 were specified to be identical to reduce the design 
and tooling time, although a smaller aperture would have 
sufficed for Ql. General magnet parameters are given in 
Table 1. 

We required a field quality of < 5 x 10-4, for all har- 
monics, at 50 mm radius. This was based on dynamic 
aperture considerations. Since the beams are on separated 
orbits through the quadrupoles, and the lattice functions 
change significantly along the magnet's length, the magnet 
has been designed to satisfy the field quality requirement 
in both the ends and body separately; that is, there is no 
end-body cancellation of unwanted harmonics. The speci- 
fied level of field homogeneity provides a dynamic aperture 
greater than the physical aperture (with the pretzel on) in 
collision optics, with ß* = 1 cm. 

The quadrupole's design current margin (along the load 
line) has been specified to be at least 30% above short- 
sample, under worst-case conditions as described above 
(peak field 6.3 T). Since there is neither the time nor re- 
sources available for a great deal of development effort in 
prototyping this magnet, a relatively generous design mar- 

Cryostat 
ID Warm Bore [mm] 145 
OD Cryostat [mm] 500 

Main Quadrupoles 
Gradient Maximum [T/m] 48.4 
Gradient Operating Q1/Q2 [T/m] 44.0/27.6 

Skew Quadrupoles 
Gradient Maximum [T/m] ±4.8 

Correction Dipoles 
Field Maximum [T] ±0.13 

Table 1: General specifications for the various magnet coils 
at nominal rotation (not 4.5 degree, see text). 

gin has been required. The magnets are required to reach 
the design field gradient, possibly with some training: they 
are required not to need retraining after thermal cycling. 

The maximum vertical correction dipole field of 0.13 T 
is specified to allow some tolerance for vertical quadrupole 
alignment errors. Such a field can correct for up to 3 mm 
of vertical positioning error. Horizontal positioning error is 
less critical and can be handled by warm correction dipoles 
outside the interaction region as well as by the magnet po- 
sitioning system. 

Coupling Compensation 

The CLEO detector solenoid couples the horizontal and 
vertical beam trajectories. To produce a flat beam at the 
IP, and to avoid a family of coupling resonances, the cou- 
pling must be compensated before the beams collide. This 
is done by a combination of variable skew quadrupole coils 
concentrically wound around the main quadrupoles, a fixed 
rotation angle of 4.5 degrees of all magnetic elements in- 
cluding the main quadrupole, and warm sqew quadrupoles 
located just outside the IR. This scheme has sufficient flex- 
ibility to allow decoupling even with round beam optics '. 

Round Beam Limitations 

As designed the IR magnets will accommodate round beam 
optics with ß* of 3 cm. An additional electromagnet would 
be located just outside the CLEO yoke, and the relative sign 
of the focussing of the permanent magnet versus the SC 
magnets would change. The round beam apertures are ac- 
tually less restrictive than than for flat because they do not 
include a crossing angle. 

CLEO Interaction 

The stray fields from the quadrupoles and other coils sig- 
nificantly add to the CLEO detector solenoid field and cre- 
ate regions of reduced uniformity which must be taken into 
account when tracking. [9] 

'For round beam optics, the beams are decoupled at the IP but the 
eigen-planes are not exactly horizontal and vertical. 
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The CLEO solenoid field causes large forces and torques 
on the various coils. It tends to crush the ends of the 
quadrupoles (effectively with 26,000 lbs of clamping force) 
and put large torques on the dipole coils (nearly 10,000 ft- 
lbs). Because one end of one dipole is shielded from the 
solenoid, it experiences a net horizontal force of over 4000 
lbs. A 3 mm misalignment of the quadrupole within the 
steel yoke causes a 1100 lbs force of attraction toward the 
steel [10]. These forces are larger than the weight of the 
magnets and cryostat. The torques and net forces must be 
borne by the cryostat, rails, and support pylon with very 
little overall distortion. 

Support and Positioning System 

Because of the high gradients, small misalignments of the 
quadrupoles can cause very large and uncorrectable closed 
orbit distortions. To be able to adequately correct the orbit 
using warm corrector magnets outside the IR we will need 
to have the quadrupole magnetic centers within about 0.1 
mm vertically and 0.5 mm horizontally of the design axis. 
The tolerance on run-to-run stability needs to be an order of 
magnitude tighter. Vibration amplitudes should be less than 
~ 1 /urn. For this reason a beam-based positioning system 
was designed which can precisely realign the quadrupoles 
while beam is stored. This system is somewhat redundant 
with the set of dipole coils. However, the dipole coils only 
provide correction for vertical offsets, and are thought to be 
somewhat risky at this time because of the large torques and 
forces they cause through their interaction with the CLEO 
solenoid. The dipole coils can be used to effectively align 
the magnetic and mechanical centers if needed. Also the 
dipoles have more effective range than the positioning sys- 
tem. 

The cryostat will be kinematically mounted on a set of 
eccentric cams. Stepper motors control the angle of the 
cams and allow smooth (~ 5 fim resolution) independent 
positioning of the center of eac magnet over a range of 
roughly 1 mm in all directions. The cams are held by 
bimetallic rails attached to a thick steel pylon which is 
suspended from CLEO detector steel. The rails are made 
of 316L stainless welded to magnet iron so as not to per- 
turb the detector solenoid field. The CLEO pole-end has a 
cutout corresponding to the pylon giving it a keyhole shape. 
In this manner good access to the detector electronics can 
be provided by pulling back the pole-end without having to 
disassemble the superconducting magnets. 

Cryogenic Design 

A rigidly attached current leads box will be located right 
above the main part of the cryostat just outside the CLEO 
detector. The warm to cold transition will be vertical which 
considerably simplifies a bath cooled cryogenic design. It 
is expected that the dominant liquification load will be from 
the 12 power leads for each cryostat. The overall specified 
cooling limit is a linear combination of 60 W for gas re- 
turned cold and 0.66 g/s liquification; was set primarily by 

the available refrigeration power at Cornell. Roughly 1200 
W of refrigeration will be available for the superconducting 
RF systems, the CLEO solenoid, and the IR quadrupoles; 
the quadrupoles are allotted 10% of this capacity. 

Quench onset of the magnet is expected to be determined 
by the peak field in the quadrupole coil. The peak field due 
to the quadrupole current (alone) occurs in the coils ends. 
In addition to the quadrupole's field, the skew quadrupole, 
correction dipole, and especially the CLEO solenoid fields 
must also be considered. Quench protection will be passive 
as large peak quench temperatures are not anticipated. 
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CONFIGURATION OF THE PROPOSED DIAMOND 
SUPERCONDUCTING DIPOLE MAGNET 

N. Marks, J.A. Clarke, CLRC, Daresbury Laboratory 
and E. Baynham, R. Coombs, CLRC, Rutherford Appleton Laboratory. 

Abstract 

Whilst the majority of the dipole magnets in the proposed 
UK synchrotron source DIAMOND will be of 
conventional design, the option of including a small 
number of superconducting magnets, to provide hard 
radiation, is currently under consideration. The required 
field strength of 4.35 T is modest, but the large horizontal 
aperture and the short magnetic length place unusual 
demands on the design. To meet these, a number of 
possible configurations have been examined. These 
include a straight cylindrical arrangement, with cosine 
theta coil distribution and cold iron, and a rectangular coil 
configuration, with warm iron. The reported work is not a 
full design exercise, but rather a preliminary investigation 
to identify the most suitable configuration and for use in a 
more detailed study in the future. 

1 SPECIFICATION OF THE S.C. DIPOLES 

It is common for synchrotron sources to make use 
of superconducting technology for wavelength shifting 
wigglers; now a number of recent studies for new sources 
have also explored the use of superconducting dipoles as 
bending magnets at a small number of lattice positions. 
These magnets will produce s.r. beams with higher 
critical energy than the conventional bending magnets, 
with the minimum expenditure in r.f. power. 

/./ The DIAMOND requirements 

A feasibility exercise for the proposed new U.K. source, 
DIAMOND, is nearing completion. This includes the 
possibility of replacing at least two of the 32 dipole 
benders by superconducting magnets. These would have 
the same deflection as the conventional dipoles but, with 
a much higher field, would be physically much shorter. 

The problems associated with the design of the 
dipole are demonstrated by the parameters in Table 1. 
The field strength of 4.35T determines the very short 
magnetic length of 450mm. In the horizontal plane, space 
is required radially outside the standard 'beam stay clear' 
region, both to allow the full radiation fan from the s.c. 
magnet to emerge and also to house the absorber which 
receives the radiation from the up-stream dipole. This 
gives an asymmetrical horizontal aperture which is 
significantly greater than the vertical aperture and 
appreciable compared to the magnetic length. 

Machine energy 3.0 GeV 
Total number of dipoles 32 
Number of s.c. dipoles at least 2 
Field in s.c. dipole 4.35 T 
Magnetic length 450 mm 
Field homogeneity ±2x10"" 
Horizontal good field ±20 mm 
Vacuum vessel type warm bore 
Vertical aperture ±20 mm 
Radial outer aperture 75 mm 
Radial inner aperture 31 mm 
Magnet sagitta 11 mm 

Table 1: Parameters of the DIAMOND superconducting 
dipoles. 

1.2 Possible Configurations 

The standard superconducting dipole in high energy 
accelerators has a cylindrical coil geometry located close 
to a cold iron yoke; the cosine theta distribution of the 
conductors then provides a high quality dipole field. This 
arrangement is usually associated with magnets having 
lengths one to two orders of magnitudes greater than their 
aperture, so that end effects are negligible. Whilst the 
above geometry does not readily match this arrangement, 
the cylindrical configuration represents the 'classical' 
design, with well understood magnetic and mechanical 
behaviour. The cylindrical design was therefore regarded 
as a possible option and was investigated by the 
Rutherford-Appleton Laboratory team. At Daresbury 
Laboratory, an alternative solution, using rectangular 
coils in an approximate Helmholtz configuration, with 
warm iron, was investigated. 

2 THE CYLINDRICAL MAGNET SOLUTION 

2.1 Geometry 

The layout developed to meet the geometric constraints 
used a fully symmetrical cylindrical design for the warm 
bore, cryostat, coil and the cold steel yoke; the 
arrangement therefore gave a vertical aperture in the 
beam tube that was significantly larger than the specified 
minimum value of ± 20mm. The geometric parameters 
of this magnet are given in Table 2. 
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Warm bore radius 75 mm 
Coil inner radius 95 mm 
Iron cylinder inner radius 155 mm 
Iron cylinder outer radius 355 mm 
Cryostat outer radius 500 mm 

20mm. Additional optimisation to the coil configuration 
is expected to result in further improvements. 

Table 2: Cylindrical magnet geometric parameters 

2.2 Adjustments to obtain an acceptable field integral. 

The machine requirements given in section 1.1 dictate a 
winding aperture which is large compared to the good 
field region. Field quality at the beam will therefore be 
insensitive to high order harmonics produced by the coil. 
A simple 60° winding will eliminate sextupole errors in 
two dimensions and this was taken as the starting point 
for the design. The field quality of this arrangement was 
checked in two dimensions using the code, OPERA 2D; 
as expected, field which met the quality criteria was 
obtained. However, three dimensional non-linear 
modelling indicated that the end fields had a large 
negative sextupole component, which contributed 
strongly to the integrated field. These end effects were 
therefore balanced by introducing positive sextupole into 
the central section. It was found that by terminating the 
conductor at 45°, good integrated field was obtained 
through the magnet. Fig 1 shows the cross section 
through the magnet with this geometry, whilst Fig 2 
presents an orthographic view of the complete magnet, 
showing the saddle arrangements at the ends of the coils. 

400 

Fig: 1   Cross section through cylindrical design magnet 
showing coil and iron radial distribution. 

The resulting field quality is presented in Fig 3 as a 
plot of integrated field through the magnet as a function 
of horizontal position. It can be seen that the integrated 
field is close to specification, with an error of +0.06% at 

Fig:  2     Orthographic  projection  showing  cylindrical 
magnet coil and iron geometry. 
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Fig: 3 Homogeneity of integrated field through the 
cylindrical magnet design as a function of horizontal 
position. 

3 THE HELMHOLTZ COIL SOLUTION 

This configuration is based on the 'classical' 
Helmholtz coil, with steel added to provide a flux return 
path. The central warm bore is of rectangular or elliptical 
cross section, with the two quasi-rectangular coils located 
in the cryostat and supported above and below the beam. 
The outer face of the cryostat is cylindrical and is 
surrounded by a substantial warm iron cylindrical yoke, 
to enhance the central field and minimise leakage. 
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3.1 Optimisation of coil geometry 

It is known that, in the absence of iron, the 'classical' 
Helmholtz configuration gives good quality field on axis. 
However, the steel yoke and the curved corners at the coil 
ends distort the field and adjustments to the coil geometry 
are required to regain this quality. The arrangement 
shown in Fig 4 was used to model the magnetic behaviour 
in three dimensions, using the code OPERA 3D, and the 
radial coil position was adjusted to improve the integrated 
field distribution through the magnet. Table 3 gives the 
dimensions of the basic magnet geometry together with 
the coil positions that provided a closest match to the 
specification. 

Fig:   4   Orthographic   projection   showing   Helmholtz 
configuration magnet in three dimensions. 

Warm bore width +75, 
-31 

mm 

Warm bore height ±20 mm 
Coil centre horiz. position 170 mm 
Coil centre vert, position 82 mm 
Coil width 80 mm 
Coil height 44 mm 
Coil current density 250 A/mm2 

Cryostat outer radius 350 mm 
Steel inner radius 355 mm 
Steel outer radius 720 mm 

Table 3: Helmholtz configuration magnet parameters. 

The homogeneity of integrated field through the 
magnet is shown in Fig 5. This rises to 100.02%, before 
falling to 99.97% at the edge of the aperture. It was also 
found that with 4.35 T at the beam, the cylindrical yoke 

geometry resulted in a maximum flux density in the steel 
of the order of 1.6 T; the magnet was therefore very linear 
both in amplitude and field distribution. 

100.05 

99.90 

Horizontal Position (mm) 

Fig: 5 Homogeneity of integrated field through the 
Helmholtz configuration magnet as a function of 
horizontal position. 

4 CONCLUSION 

The features of the two different arrangements are 
contrasted in Table 4. As the cylindrical arrangement is 
close to a well proven arrangement, there is confidence 
that a full design would result in an efficient, economic 
design. However, the alternative configuration, with its 
smaller cryostat, presents some advantages, whilst also 
presenting difficulties. It has therefore been decided to 
pursue the Helmholtz design further, to determine 
whether this will result in a cheaper and more flexible 
design, whilst holding the classical solution in reserve. 

Feature of mag Cylindrical 
magnet 

Helmholtz 
magnet 

Warm bore Circular, 
symmetrical 

Rectangular  or 
elliptical - 
asymmetrical if 
required 

Cryostat     outer 
radius 

Large- 
500 mm 

Smaller - 
350 mm 

Shape   in   axial 
direction 

Straight Could           be 
curved 

Steel Cold- 
close to coil 

Warm-  remote 
from coil 

Cold mass Large - 
includes steel 

Small - 
excludes steel 

Asymmetrical 
forces, coil/steel 

Directly reacted Reacted 
through 
cryostat walls. 

Table 4: Design features of the alternative configurations. 
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Abstract 

The high gradient quadrupole (HGQ) being developed 
for the LHC interaction regions by the collaboration of 
FNAL/LBNL/BNL[1], relies on the use of quench protec- 
tion heaters. As part of the HGQ R&D program at Fer- 
milab, Tevatron low-/? quadrupoles installed with quench 
protection heaters were tested in normal and superfluid he- 
lium. This paper focuses on heater operation time delay 
and quench propagation velocity measurements since these 
are important input parameters for designing the quench 
protection system of the HGQ. 

1   INTRODUCTION 

The energy stored in a superconducting (SC) accelerator 
magnet is dissipated after a quench in the normal zones, 
heating the coil and generating a turn to turn and coil to 
ground voltage drop. The propagation velocity of the nor- 
mal zone is usually low relative to the heating rate of the 
cable and the cable temperature will rise so high that it will 
damage the cable. Quench heaters are used to protect the 
SC magnet by greatly increasing the coil normal zone thus 
allowing the energy to be dissipated over a larger conductor 
volume making the protection to be less dependent on the 
quench propagation velocity. Such heaters will be required 
for the HGQ. 

Without overheating the cable or developing too high 
voltages, the ellapsed time between the quench origin and 
the start time of the stored energy dissipation in the heater 
quenched part of the coil is usually quite short, for HGQ 
this value is in the order of a few millisecond[2]. This time 
depends mainly on the quench propagation velocity and the 
time delay of the heater operation. The study of these im- 
portant parameters in normal and superfluid helium as part 
of the HGQ R&D program has been started at Fermilab on 
low-/? (LBQ) quadrupoles[3,4]. This paper presents exper- 
imental results on a LBQ (R54002) heater operation time 
delay and quench propagation velocity. 

2   MAGNET DESCRIPTION 

The magnet R54002 for this study is a modified 1.4 m long 
Tevatron low-/? quadrupole. Details of the baseline design 
have been described elsewhere[5, 6]. This cold iron super- 
conducting quadrupole has two layer coils with a 76 mm 
diameter bore. There are copper wedges in the inner coils 
whose primary purpose is to minimize the geometric 12- 

* Supported by the U.S. Department of Energy 

and 20-pole harmonics. Four inner to outer coil splices are 
located in the magnet lead end radially beyond the outer 
coil and are made through pre-formed solder-filled cable 
originating from the lead end pole turn. 

The inner and outer coils are made from 36 strand 
Rutherford cable. The strands are 0.528 mm in diameter 
and contain 13 /xm filaments. The cable insulation is made 
of 25/jm thick and 9.53 mm wide Kapton tape covered both 
side with B-stage epoxy. Kapton tape is wrapped with 67% 
overlap forming three layer of insulation with total thick- 
ness of 75/xm and 1-1.5 mm gaps in the outer insulation 
layer. 

The coils are supported in the body by aluminum col- 
lars. The coil lead and return ends are clamped with a 4 
piece G-10 collet assembly enclosed in a tapered cylindri- 
cal can. Iron yoke laminations surround the coil in the 
body region, and stainless steel laminations surround the 
end region cylindrical can. A welded stainless steel skin 
surrounds the yoke. 

The quench protection heaters are 25xxm thick and 
12.5 mm wide stainless steel strips and are located radially 
beyond the outer coil, in the middle of four layers of 125 
/xm Kapton sheets. One heater covers approximately 12 
turns of two midplane-adjacent outer coils. This is accom- 
plished by running the heater longitudinally along the body 
of the magnet and making appropriate folds on the heater 
in the magnet return end region. Two heaters oriented 180 
degrees apart provide coverage for one side of each of the 
four outer coils. The resistance of the heater for coils A and 
B was 5.5 Q,, and that for C and D was 5.0 ft. The system 
resistance (including cabling from the Strip Heater Firing 
Unit (SHFU) to the magnet) was 3.0 ft , which means that 
~85.5 % of the SHFU voltage was deposited directly to the 
heaters. 

The 69 voltage taps that instrumented R54002 allowed 
for localization and determination of propagation veloc- 
ity for most quenches. Magnet was tested at the Fermilab 
Technical Division horizontal test facility[7]. 

3   HEATER TIME DELAY 

The heater time delay (tfn) is the time from protection 
heater current initiation to the presence of a detectable 
quench voltage in the outer coils. Figure 1 shows the time 
diagram of the heater and magnet voltage and an example 
of the tfn determination. 

The heater time delay as a function of voltage applied to 
heaters is shown in Figure 2. As one can see, at the lower 
heater energies (close to Vmin) the tfn increases rapidly 
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while at higher energies tfn levels off. At sufficiently large 
SHFU voltage (> 300 V), tfn does not change significantly 
with changes in SHFU voltage and magnet operating tem- 
perature. 

In Figure 3 we plotted tfn for each of the four coils in 
contact with the heaters as a function of the SHFU voltage. 
These data are at 1.8K He bath temperature and 1500A 
magnet current. At low SHFU voltages, the coils show 
quite a large absolute spread in their tfn values. It could 
be indicative of small differences in the magnet construc- 
tion favoring the quenching of some coils over others. At 
larger SHFU voltages this spread decreases and all four 
coils quench with similar tfn. Therefore to avoid an unrea- 
sonably large spread of the individual coil tfn values, the 
SHFU voltage should be set sufficiently high with respect 
to the coil which has the largest tfn. 

In Figure 4 heater time delay is plotted as a function 
of normalized current (I/Ic) at a fixed and relatively high 
SHFU voltage. The Ic used in the plots for current nor- 
malization, correspond to the expected short sample limit 
of the magnet (5400A @ 4.3K and 7150A @ 1.8K)[3]. It 

Figure 4: tfn as function of I/Ic. R5425 is a previously 
tested Tevatron low-/? quadrupole[4]. 

shows an order of magnitude decrease of the heater time 
delay as magnet current approaches the critical value. At 
operating currents 10-15% below the Ic the time delay be- 
comes rather small, less than 20-30 ms. This suggests that 
the heater time delay does not depend significantly on the 
magnet operation temperature. The penetration of super- 
fluid helium in the coil (if it indeed takes place) does not 
affect the value of the heater time delay at high operating 
currents. 

4   QUENCH PROPAGATION VELOCITY 

The quench propagation velocity was determined using a 
"time of flight" technique. The basic idea of this technique 
is to determine the time needed for the quench to propagate 
between voltage taps separated by a known distance. Fig- 
ure 5 shows the signals collected with voltage taps during a 
magnet spontaneous quench. The start time of a quench in 
a voltage tap segment was determined by tracing back the 
voltage rise in the segment to the first point 3<r above the 

3390 



BO 
S 
I 

0.8 

0.6 

-0.2 

the whole segment quenched 

start of a voltage N. 
rise of a straight *,' 

section 

-0.02 

votage rise of an 
adjacent segment 

0.00 
Time [sec] 

0.02 

• 4.3KCoilA 
■ 4.3K Coil C 
O 4.3K Coil D 
A1.8KCOÜB 
▼ 2.1 K Coil D 

! 2.7K Coil D 
# 3.1 K Coil D 
O3.6KC0ÜD 

Figure 5: Voltage rise diagram. 

80.0 1 
'    ■    ' 

1    '   * 

$   ■ 

+1.8KC0NA 
A1.8KC0ÜB 

M   60.0 

♦1.8KC0ÜC 
• 4.3KCoilC 

ve
lo

ci
ty

 [
m

/ 

0
 ö • 

*1.8KCoilD 
■ 4.3K Coil D 
-*3.6KCoilD 
V3.1KCoilD 

■s ♦ ► 2.7K Coil D 

t   20.0 . • D 2.1 K Coil D 
01.9KCoilA 

• 
u.u 

0.4 0.5 0.6    0.7 0.8 0.9 

I/I. 

Figure 6: Quench velocity as a function of I/Ic. 

noise. In some cases the end time was determined by the 
change of the slope of the voltage growth in the segment 
where the quench was initiated, rather than the difference 
between the start times in adjacent segments. 

Longitudinal quench propagation velocity as a function 
of the normalized current (7//c) is plotted in Figure 6. It 
is increasing with the magnet operating current and 15% 
below the magnet critical current it is already quite high, 
more than 60 m/sec. From Figure 6 one can conclude that 
the longitudinal quench propagation velocity as a function 
of the normalized current does not change with temperature 
in the interval between 2.1-4.3K. However, dramatically 
lower values were observed at superfluid helium temper- 
atures between 1.8-1.9K. This effect might be explained by 
the better cooling condition of the cable in superfluid He. 

Quenches which occurred close to voltage tap located 
near the pole turn of the coil could be used to measure turn 
to turn quench propagation velocity using the voltage taps 
on the next turn. The turn to turn quench propagation times 
as a function of the normalized current at quench are shown 
in Figure 7. The turn to turn quench propagation time de- 

Figure 7: Turn to turn quench propagation time as a func- 
tion of the normalized current at quench. 

creases as the operating current aproaching the magnet crit- 
ical current. The experimental data obtained at relatively 
high normalized current (I/Ic ~ 0.8 - 0.85) indicate that 
turn to turn quench propagation time monotically decreases 
as the temperature is droping from 4.3K to 1.8K. 

5   CONCLUSIONS 

It was observed that at sufficiently large heater energies 
the heater time delay does not change significantly with 
changes in the applied heater energy and magnet operat- 
ing temperature. Significantly lower longitudinal quench 
propagation velocity was observed for quenches taken 
at 1.8-1.9K temperature range relative to those taken at 
2.1 -4.3K. At fixed normalized current value the turn to turn 
quench propagation velocity however increases as the tem- 
perature decreases from 4.3 to 1.8K. 
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Abstract 

The "Double-C" transmission line magnet is a warm-iron 
warm-bore single turn 2-in-l superferric magnet designed 
to provide a significant reduction in magnet costs for 
future hadron colliders. Construction and first operational 
tests of a prototype magnet system are described. 

1 INTRODUCTION 

The transmission line magnet development programfl] 
has the goal of demonstrating a magnet with construction 
and operating costs (per Tesla-meter) which are an order 
of magnitude below current (cosine theta) 
superconducting magnets. 

1.1 Transmission Line Magnet Design 

Fig. 1 - The Transmission Line Magnet is a single-turn 
warm iron superferric magnet built around a 
superconducting 75kA DC transmisssion line. 

A "Double-C" magnet yoke placed around the 
transmission line provides twin gaps with opposite bend 
fields for two counter-rotating proton beams. Alternating 
gradients of the iron pole tips eliminate quadrupoles and 
most costs associated with magnet ends. The current is 
returned in a cryogen distribution line located nearby. 

Other design features include: 
•   Crenelated iron pole tips[2] which maintain acceptable 

field quality up to ~2 Tesla in an alternating-gradient 
design. 

• An peak operating field at the conductor of -0.8T. 
This translates to a very high current density and/or a 
high allowable operating temperature. Superconductor 
costs (for today's NbTi conductors operated at 7K) are 
in the range of $lM/TeV. 

• A very simple and low heat leak cryogenic 
structure[3] from the transmission-line geometry. 
This translates into low cryogenic operating costs. 

• A small cold mass (0.7kG/m or ~7 tonnes/TeV). 
• An absence of large cold-to-warm magnetic forces due 

to the symmetry of the "Double-C" design. 
• An Invar cryogenic pipe for the center conductor 

which eliminates bellows for thermal shrinkage. 
• An inexpensive warm-bore vacuum system [4,5] using 

extruded aluminum and NEG pumping. 
• Low Magnetic Stored Energy (60MJ/TeV). This 

translates into small power supplies for ramping and a 
simple quench protection system [6]. 

2 PROTOTYPE SYSTEM 

In the last year a proof-of-principle 50kA 
Transmission Line Magnet system was constructed. To 
avoid the cost and complexities of high current leads, a 
current transformer approach with a floating 
superconducting secondary loop was used. The "Double- 
C" iron structure was mounted on the 5m long secondary 
loop which served as both the experimental transmission 
line and the curent return. 

2.1 Current Transformer 

The current transformer yoke was the iron structure 
from an accelerator magnet. The primary windings were 
the 24 turn x 2.5kA water-cooled copper windings of that 
magnet. The copper windings were driven by a 15V 
2.5kA conventional SCR power supply. 

Under ideal conditions a single turn shorted 
secondary should develop 24 x 2.5kA = 60 kA according 
to the turns ratio of the current transformer. Nearly ideal 
coupling can be expected as long as the iron yoke of the 
transformer does not saturate. The current at which the 
yoke saturates depends on the inductance of the load plus 
the stray inductance of the secondary loop. Calculations 
of the expected electrical and magnetic behavior of the 
prototype are detailed in [7]. 
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2.2 Superconducting Secondary 

The superconducting secondary consisted of 7 turns 
of surplus SSC dipole inner coil cable, and was located in 
a loop cryostat 5m long which serves as the prototype 
transmission line. The SSC Cable was looped through 
the cryostat 7 times and then spliced to itself by soldering 
over a length of ~40cm. This approach reduced the 
effective resistance of the joint by a factor of seven, since 
the current only passes through the splice every T time 
around the loop. An L/R decay time of order 10 hours is 
expected for the current in the superconducting secondary. 

The superconductor was supported inside the 2.5cm 
diameter helium cryopipe at ~10cm intervals by UHMW 
form-fitting spacers which were clamshelled around the 
conductor and tied in place by twisted steel wire. Less 
than 10% of the cross sectional area was available for 
helium flow. 

The superconducting line is supported in symmetric 
positions and accurately centered in both the transmission 
line magnet and drive transformer to avoid large magnetic 
forces. The drive transformer has a pair of copper 
primary coils which are placed on either side of the 
superconducting secondary to maintain the symmetry. In 
the "Double-C" magnet the conductor experiences 
nominally zero force but a decentering "negative spring 
constant" of approximately 100 kgf per mm of 
displacement per meter of transmission line. In the drive 
transformer the decentering force is about half of this. 

2.3 Cryogenic System 

The system consisted of a loop cryostat cooled by a 
convective "bubble pump" from a 30" high x 12" diam. 
LHe filled Dewar at one end. Liquid Helium enters the 
loop from the lower end of the Dewar, is heated (and 
perhaps vaporized) by the heat leak along the length of the 
transmission line loop. Bubbles travel upward in the U- 
turn region at the far end of the loop, and 2-phase flow is 
forced back out the top (return) half of the loop and back 
into the Dewar. The flow is convective and needs no 
special pumps, etc. for a system of this size. 

The loop cryostat consists of a 2.5cm diameter 
Helium-filled stainless cryopipe with a 180-degree bend at 
the far end (5m from the Dewar). The 180-degree bend 
used a rigid U-tube 60cm in diameter. The cryopipe was 
enclosed in a vacuum jacket consisting of 2.5" stainless 
pipe and a 4" diameter flexible stainless bellows hose in 
the region of the U-turn. The cryopipe was superinsulated 
and supported from the vacuum jacket by G-10 "spiders". 
The spacing of the supports was ~30cm along the length 
of the cryopipe and ~15cm in the region underneath the 
test magnet where conductor forces are greatest. 

Helum was provided to the system from a 500L 
Dewar. Liquid level in the experimental Dewar was 
monitored by a superconducting liquid level probe which 
was also used to control the automatic transfer system. 

2.4 Instrumentation 

Temperature measurements were made 3 places 
along the loop cryostat and two places inside the Dewar 
using. Pressure in the Dewar was logged and there were 4 
voltage taps on the 7-turn winding for quench detection 
and studies. 

Current in the secondary was monitored with a Hall 
probe fixtured ~10cm away from a clear section of the 
drive conductor. A secondary Hall probe was used to 
monitor the field in the gap of the test magnet as well as 
various stray fields which were monitored for safety 
reasons. 

Rapidly changing data (currents, voltages, pressures) 
were logged with a Sony DAT data logger. Slowly 
changing data (temperatures and fill levels, etc.) were 
logged using a computerized slow-scan system from 
Fermilab's Magnet Test Facility. 

3  PRELIMINARY TEST RESULTS 

The initial running of the prototype took place a few 
days prior to this conference (PAC97). 

3.1 Cool Down of Loop Cryostat 

Cooldown began by initiating a transfer of liquid 
helium into the dewar at room temperature. A liquid level 
was quickly established and regulated ~60cm above the 
bottom line of the loop cryostat (i.e. near the level of the 
return line of the loop). Cooldown of the loop was 
initially very slow. After 3Vi hours the far end of the loop 
cyostat was still at room temperature as the "cold wave" 
propagated slowly down the lower half of the loop. 
Shortly after this the cold wave reached the far end of the 
loop, travelling at ~2m/hr. as it passed the temperature 
transducers at the turnaround. The cooldown of the top 
(return) half of the cryoloop was much faster, taking only 
-1/2 hour for the entire 5m return leg to reach 4.3K. 

The system operated very stably after initial 
cooldown had been achieved. Recovery following 
quenches was also rapid (<2 mins), indicating that the 
convective flow, once established, has significant excess 
capacity to keep the system cool. 

3.2 Electrical and Magnetic Measurements 

The magnet was cooled down with the power supply 
off, so that nominally zero flux was trapped in the 
superconducting loop. The primary was then energized to 
various DC current levels and the currents and magnetic 
fields were observed. At low excitation (lOkA of 
secondary current) the expected 24:1 current transformer 
ratio was observed. The transfer function between 
transmission line curent and B-field in the gap of the 
Transmission Line Magnet structure was measured to be 
25kA/Tesla and agreed with calculations.     Stray fields 
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were  recorded   for  ES&H  reasons   and   agreed   with 
estimates based on 2-d calculations. 

In the initial running of the prototype the iron size of 
the coupling transformer yoke limited the circulating 
current in the secondary to 25kA. This behavior was 
calculated in advance, and served the useful side purpose 
of limiting the maximum energy which could be 
transferred to the cryogenic system until preliminary tests 
were completed. A larger transformer yoke is under 
construction which should allow us to reach the full 
50kA/2T design goal in the next run. 

3.3 Quench Behavior 

At full current in the prototype, the SSC Cable used 
for the conductor is being run at a small fraction (-20%) 
of the nominal short-sample current carrying limit at 4.3K 
and 1 Tesla. However, there were (and are) concerns due 
to the fact that the conductor is very loosely clamped in 
the transmission line cryopipe, which could make the 
device prone to quenches induced by mechanical motion 
of the drive conductor. Thus the quench behavior is 
interesting even at the half-current tests run to date. 

A conservative calculation [8] indicated a final 
conductor temperature following a quench of less than 
300K, and hence no protection was necessary. 
Nonetheless quench detection and protection circuitry was 
included in the prototype to permit quench studies and 
protect against unforseen circumstances. 

Two 60cm long stainless heater strips were 
embedded between cables of the superconducting loop 
and connected to Tevatron Quench Heater Firing Units to 
allow manual initiation of quenches. The heater units had 
2/3 of the capacitance removed to limit the energy 
delivered to the heater tapes. In practice it was not 
possible to induce a quench by firing the heater tapes with 
the secondary current at lOkA or below. At Vi current 
(25kA) firing the heater tapes induced a quench which 
blew off only ~ 3 liters of LHe. No spontaneous quenches 
have been observed. 

4 SUMMARY AND FUTURE PLANS 

The first goal of the next run is operation of the 
system at the full 50kA design current. This requires a 
larger transformer yoke which is currently under 
fabrication. If still higher current is to be achieved, a 
polarity reversing switch on the copper primary would 
allow a 4 Tesla swing of the iron in the transformer yoke 
and a doubling of the load inductance which can be 
driven. The ultimate current limit of the existing setup is 
~60kA given by the ideal turns ratio of the coils. 

The full-current quench behavior and decay time 
will be studied, as well as any effects from decentering 
conductor forces in the Double-C magnet iron. 

The present Double-C magnet iron test structure 
does not have contoured pole tips and hence no precision 
magnetic field quality measurements are planned.     An 

interesting measurement which can be made is the ramp 
rate dependence of the sextupole arising from eddy 
currents in the solid-iron Double-C magnet yoke. This 
measurement is important since we anticipate substantial 
cost savings from using solid extruded/cold drawn steel 
yokes instead of laminations for the full scale machine. 

A potential follow-on use of the test setup will be to 
evaluate persistent-current switches to extend the range of 
the transformer coupling technique to longer (higher 
inductance) prototypes. If feasible, this technique could 
allow dewar-based operation of prototype magnets with 
lengths up to ~100m. 
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Abstract 

Future high energy accelerators such as the Large Hadron 
Collider require accelerator magnets with the highest 
possible fields. For NbTi conductor magnets, this means 
operating at superfluid helium temperatures in the range 
of 1.8-1.9K. As part of Fermilab's superconducting 
magnet R&D program, we have built a facility to test 
magnets in a vertical dewar of superfluid liquid helium. 
The dewar is designed for magnets up to 4 m length and 
620 mm diameter, with a temperature range of 1.8 K to 
4.4 K and 1 atmosphere helium. The power system 
consists of 10 kA and 8.8 kA power supplies operating in 
parallel, with bus work and an extraction circuit that can 
accommodate up a 18kA excitation current. A 
description of the facility as well as operational 
experience from the first magnet tests are presented. 

1 INTRODUCTION 

Testing superconducting accelerator magnets in a vertical 
dewar can be time and cost effective since it eliminates 
the need for the construction and installation of a magnet- 
specific cryostat. Thus the development of a new facility 
to accommodate large diameter, high current magnets in a 
vertical dewar was an early consideration for Fermilab's 
participation in the LHC high gradient quadrupole (HGQ) 
program [1]. 

There are three major components to this new 
vertical magnet test facility (VMTF): 1) a dewar capable 
of efficient operation over a wide range of temperatures, 
2) a high current power system with an energy extraction 
circuit and protection heater firing units and 3) hardware 
and software for control and monitor of the dewar, 
power supply and magnet instrumentation. 

In preparation for the first HGQ magnet, VMTF has 
been commissioned through the tests of Tevatron Low 
beta quadrupoles (LBQ) [2]. 

2 VERTICAL DEWAR 

Figure 1 shows a cross section of the vertical dewar [3]. 
The top of the dewar is recessed 1 meter from the VMTF 
floor to achieve the crane hook height required for 
manipulating 4 meter long magnets. The helium shell is 
separated from the outer vessel by a vacuum space and 
superinsulation, and an 80K shield. The helium volume 
is divided into two chambers, a 4.2K, 1 atm helium space 
for the vapor cooled leads and helium reservoir for the 
heat exchanger, and the lower space for the magnet at 1 
atmandl.8K-4.4K. 

The lambda plate which separates these chambers 
consists of a G-10 plate bonded with epoxy to a tapered 
stainless steel ring. This ring is matched to a 
corresponding tapered surface on the dewar inner wall. 
Imperfections in the lambda plate-dewar seal have been 
improved by bonding a layer of stycast to the lambda 
plate between the stainless steel surfaces. 

There are several penetrations through the lambda 
plate, for instrumentation, superconducting power leads 
and pressure relief valves. The lambda plate supports the 
weight of the magnet. The maximum length (diameter) 
of a magnet that can be tested is 4 m (620 mm). For small 
magnets, the helium volume can be significantly reduced 
by using a closed-cell foam displacer [4]. 

The temperature of the volume below the lambda 
plate is controlled through a built-in heat exchanger. This 
heat exchanger consists of 4 m long OFHC copper tubes 
in direct contact with the 1 atm helium in the lower 
chamber. The temperature of the liquid helium in the 
heat exchanger is controlled by a vacuum pump system, 
which is capable of removing 30 W of heat at 1.8K. 

3 HIGH CURRENT POWER SYSTEM 

Power system as shown schematically in figure 2 consists 
of two high current power supplies, an energy extraction 
circuit and water cooled copper bus. The power supplies 

* Work supported by the U.S. Departement of Energy. 
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Figure: 1 Vertical dewar is located in a fiberglass lined 
concrete pit which is recessed 1 meter from the floor: (A) 
Vapor cooled leads (B) Heat exchanger, (C) 
Instrumentation tree, (D) Top Plate, (F) Magnet, (G) 
Helium Shell, (H) Displacer, (I) 80K Shield, (J) Vacuum 
shell 

are Dynapower[5] 12 phase 40 V supplies. For these first 
commissioning tests, only one supply lOkA was 
required as the quench current for LBQ magnets is 
approximately 7kA at 1.9K. The power supply is 
controlled through a Fermilab built interface board [6]. 

The extraction circuit consists of a dump switch, a 
dump resistor and a personnel protection interlock system 
(shown in figure 3). The dump resistor consists of 12 90 
mQ stainless steel coils that are configured through 
parallel and series connections. A typical setting of 60 
mQ has a maximum energy deposition limit of 3 
MJ/extraction. The dump switch[7] contains 10 parallel 
1800 A SCR's in parallel with the dump resistor. Current 
is diverted from the SCR's to the dump resistor by 
removing the SCR gate and discharging the negatively 
biased 9000 uF capacitor bank across the SCR's. 
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Figure: 2 High Current Power System Dashed line 
represents 18kA energy extraction circuit. Phantom lines 
represent upgrade to 18.8kA (Summer 1997). 

4 INSTRUMENTATION AND SOFTWARE 

Instrumentation is used to monitor cryogenic status and 
mechanical strain transducers, detect and characterize 
quench propagation in the superconducting magnet, and 
control power supply and cryogenic operation. Magnetic 
measurements are not yet fully implemented and will not 
be discussed. 

Like tasks were group together into VME crates 
controlled by Motorola MVE167 processors. For 
example, thermometry and strain gauge control and 
monitoring is performed through programmable current 
sources, and read out through a FET based MUX. 

Figure 3 shows the flow diagram for the quench 
detection and characterization electronics. The system 
includes 100kHz data loggers for recording quench 
voltages[8], a Change of State Module (COS) which 
records the time of various TTL level changes and relay 
contact closures[9] , a combined function digital IO,DAC 
and ADC board for heater power supply control [10] and 
a Fermilab built Quench Logic Module (QLM). The 
QLM performs the following tasks: 
1) Checks the status of the extraction and power supply 
interlocks to give permission for power supply turn on. 
2) Scans for change of states in the quench detection 
circuits for indications of a quench or otherwise fault 
condition and 
3) Issues the commands subject to programmable time 
delays to phase off the power supply, fire the dump 
switch capacitor bank, fire the quench protection heaters 
and trigger the quench characterization data loggers. 

The software monitoring and control system is 
described in another contributed paper [11]. The system 
includes graphical user interfaces, archivers, a data 
acquisition subsystem and direct control components. 
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Figure: 3    Block diagram of quench detection-quench 
characterization circuit 

5 COMMISSIONING WITH THE TEVATRON LBQ 
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Figure: 4 Cooldown from 4.2K to 1.8K as measured by 
thermometers at different vertical positions under the 
lambda plate. The top thermometer (squares) is located 
directly below the lambda plate. Time scale is arbitrary. 

Two commissioning runs were performed. For these 
runs, helium was supplied through portable 500L Helium 
dewars. In the near future we plan to connect the VMTF 
helium supply to the magnet test facility liquifier. During 
December 1996, the cryogenic operation of VMTF was 
commissioned. A 1.4m Tevatron Low Beta Quadrupole 
was successfully cooled to 1.9K. As a result of this 
study, improvements to the facility were made including 
a larger diameter helium transfer line and a better lambda 
plate seal. 

In the April-May 1997 run, a newly constructed 
1.4m Tevatron Low Beta Quadrupole was tested in 
VMTF. The cryogenic part of the program included 
determining heat loads as well as gaining operational 
experience in Helium I and Helium II. The magnet 
evaluation part of the program includes quench studies, 
splice resistance measurements, strain gauge transducer 
studies and quench protection heater studies. 

Figure 4 shows the cool down from 4.2 K to 1.8K. 
Note that the thermometer below the lambda plate is 
above the heat exchanger and thus does not benefit from 
convection   cooling. At   the   lambda   point,   all 
thermometers converge to the superfluid temperature. 

6 CONCLUSIONS 

We have successfully tested a Fermilab Tevatron Low 
Beta quadrupole in our new magnet test facility. The 
dewar operates well in both normal and superfluid 
helium. In this test with approximately 800 L of helium 
underneath the lambda plate, we reached a temperature of 
1.9K from 4.2 K in about 4 hours; A bath temperature of 
1.7K has also been achieved. For 3.7K operation, a 

vertical gradient of 10 mK or less over a 4 meter dewar 
length was possible due to the convection flow through 
the dewar heat exchanger. The VMTF instrumentation, a 
combination of commercially available and in-house 
designed and built, was successfully operated through 
graphical user interfaces on UNIX work stations. 
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Abstract 

Fermilab, Lawrence Berkeley National Laboratory and 
Brookhaven National Laboratory have formed a consor- 
tium to provide components for the Large Hadron Collider 
(LHC) to be built at CERN. The U.S. contribution includes 
half of the high gradient quadrupoles (HGQ) for the inner 
focusing triplets. In this paper a description of the HGQ 
magnetic design is given, including short sample limit for 
field gradient, sources and expected values of systematic 
and random field errors, and possible strategies for field 
quality correction. 

1    INTRODUCTION 

^34 cm-V In order to achieve a luminosity in excess of 10 
at the LHC, special high gradient quadrupoles are required 
for the final focusing triplets [1]. These magnets must pro- 
vide a field gradient of 235 T/m over a 70 mm bore, with a 
sufficient margin in order to withstand the heavy heat load 
due to secondary particles from beam-beam collisions. At 
the same time, due to large and rapidly varying values of 
the /3-function, a high field quality is required. To meet 
these severe constraints, a design based on a two-layer coil 
geometry has been proposed [2]. The magnet uses SSC- 
type NbTi superconducting strands and operates in super- 
fluid helium. The first short model of this design is being 
fabricated and will be tested this fall. In this paper, the 
magnetic design for the HGQ straight section is discussed. 

2   MAGNET DESIGN 

The HGQ design is based on four two-layer coils connected 
in series, surrounded by collar and yoke laminations. A 
thick-wall stainless steel beam tube also serves as an inter- 
nal beam absorber. With respect to the last status report [2], 
the coil prestress is now entirely provided by the collars. 
For this purpose the collar material has been changed from 
aluminum to stainless steel, and the collar width at the mid- 
plane has been increased from 20 to 25 mm. The yoke inner 
radius at the midplane is now 92.56 mm while the outer ra- 
dius remains unchanged at 200 mm. The yoke lamination 
features four round holes for the Hell heat exchanger and 
four rectangular holes for electrical connections, as well as 
special cutouts for magnet fabrication. In the pole regions, 
eight rectangular gaps between collars and yoke house tun- 
ing shims for field quality adjustment [3]. The resulting 
HGQ cross section is shown in Figure 1. 

The cables for the magnet models are made of SSC NbTi 
strands with a critical current density of 2.75 kA/mm2 at 5 

Figure 1: HGQ cross-section 

T and 4.2 K. The SSC strands will eventually be replaced 
with improved ones that are now under development, with 
the goal of increasing the critical current density to 3.4 
kA/mm2 at 5 T and 4.2 K. Table 1 shows the HGQ short 
sample limits at 1.9 K operating temperature, calculated 
for both existing and new strands. 

Table 1: Short sample limits. 

JC(5T, 4.2K) 
kA/mm2 

Gss 

T/m kA 

r,(inner) 
■Bmax 

T 

ry(outer) 
■Bmax 

T 
2.75 
3.4 

253.8 
270.2 

14.2 
15.2 

9.9 
10.4 

8.2 
8.8 

'Supported by the U.S. Department of Energy. 

The operating current is 0.8 kA at injection and 13.1 kA 
at nominal gradient. At nominal current, the magnet will 
operate at 93% along the load line with the SSC conductor 
and at 87% with the improved one. 

3   FIELD QUALITY ANALYSIS 

The design low-order harmonics for the HGQ central 
field, resulting from the cross-section optimization with 
a circular yoke of infinite permeability, are &6=-2-10-3, 
6io=-1.3-10-5. All other normal and skew harmonics with 
n< 14 are zero. The harmonics here and below are given in 
units of 10-4 of the main quadrupole field at 1 cm reference 
radius. 
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3.1    Field error sources 

Mechanical effects. Due to insufficient keystoning of the 
cables, the coil curing mandrels do not provide a perfect 
radial constraint for some of the turns. It is expected that 
after curing the turns will be aligned to the outer mold ra- 
dius. The validity of this assumption will be checked as 
part of the model magnet program. The uncertainty range 
corresponds to alignment of all turns to the inner mandrel 
radius. 

The collared coil deformation during cooling down and 
-springback under nominal prestress, as well as its defor- 
mation under Lorentz forces with respect to the warm un- 
stressed geometry produce additional field errors. The 
Lorentz force effect is negligible at injection and maximal 
at collision. 

Deviations from nominal prestress and turn/coil block 
displacements due to manufacturing tolerances contribute 
to the random errors. 
Magnetization effects. The coil magnetization is deter- 
mined by the critical current density in the superconductor, 
filament diameter, Cu/Sc ratio, etc. This effect is maximal 
at injection and becomes negligible at collision. The un- 
certainty is related to the accuracy of the model and the 
parameters of the conductor under development. 

The magnetization of the stainless steel collars and beam 
absorber produces current independent harmonics which 
depend on geometry and magnetic permeability. A col- 
lar permeability of 1.003 is expected. However, depending 
on the exact chemical composition and the heat treatment, 
larger values up to 1.006 may be obtained. A beam ab- 
sorber with 27 mm inner radius, 6 mm thickness and mag- 
netic permeability 1.005 has been analyzed. Both the sys- 
tematic effect and the random contribution due to misalign- 
ment were found to be negligible if the offset is below 0.5 
mm. 

The yoke cross section was optimized to minimize the 
change in the harmonics due to iron saturation and to com- 
pensate the harmonics due to collar magnetization. The un- 
certainty is related to a precise knowledge of the iron B-H 
characteristic. 

Iron is the material of choice for the cryostat vacuum 
vessel. The cold mass is placed off-center with respect to 
this shell. The effect on the harmonics has been analyzed 
and found to be negligible. 
Magnetic measurements. The field quality of each HGQ 
magnet will be determined during magnetic measurements. 
Measurement errors contribute to the uncertainty in the sys- 
tematic harmonics and to the harmonic RMS spread. Since 
the measurement system is still being designed, the esti- 
mates have been done based on data available in [4, 5]. 

3.2   Systematic effects 

Table 2 shows the main contributions to the 66 harmonic 
component. Since all the contributions represent small per- 
turbations to the main field, they are treated as independent 
effects. The total value of 66 is -0.09 [-0.14.+0.04] at injec- 

Table 2: Systematic b§. 

Effect Expected Uncertainty 
Coil optimization -0.002 
Turn alignment 0.000 -0.134,+0.0 
Prestress at 1.9 K 0.027 
Lorentz forces -0.017 
Coil magnetization -0.11 ±0.03 
Collar magnetization -0.018 -0.018, +0.0 
Yoke geometry 0.016 
Iron saturation 0.005 ±0.001 
Measurements 0.000 ±0.02 

tion and +0.01 [-0.14,+0.02] at collision. For the &io com- 
ponent the same approach has been used and the following 
values have been obtained: +0.0001 [-0.0011,+0.0009] at 
injection and +0.0003 [-0.0011.+0.0009] at collision. 

Table 3 shows the expected uncertainty in the systematic 
errors resulting from the accuracy of magnetic measure- 
ments. 

Table 3: an, bn measurement uncertainty. 

n an, bn uncertainty (±) 
3 0.16 
4 0.085 
5 0.042 
6 0.020 
7 0.0095 
8 0.0044 
9 0.0020 
10 0.00087 

3.3   Random effects 

The RMS spread of geometrical harmonics due to man- 
ufacturing tolerances, prestress changes and radial align- 
ment, as well as the RMS spread which has been assumed 
for the magnetic measurements are reported in Table 4. 

Table 4: HGQ random errors (RMS spread). 

n Coil geometry Measurement 
K an bn &an 

3 0.97 0.96 0.080 
4 0.35 0.33 0.042 
5 0.089 0.090 0.021 
6 0.026 0.023 0.010 
7 0.0066 0.0067 0.0047 
8 0.0018 0.0016 0.0021 
9 0.00041 0.00040 0.00098 

10 0.00010 0.00010 0.00044 

As can be seen, the random errors are dominated by 
the geometrical component for n<8, while for higher or- 
der harmonics the spread due to measurement errors domi- 
nates. 

Figure 2 shows a comparison between the total estimated 
random errors for the HGQ normal harmonics and the re- 
sults of measurements for the FNAL LBQ [4] and HERA 
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arc quadrupoles [5]. Both magnets have a two-layer coil 
and a bore radius comparable to HGQ. The measured data 
have been rescaled to 1/3.5 of the bore radius (1.09 cm for 
LBQ and 1.07 cm for HERA quads). As can be seen, rather 
good agreement is found between calculated and measured 
values. 

Table 5: Systematic errors. 

5 
tu 

0.01 

0.001 

Figure 2: Random errors comparison (normal compo- 
nents). 

3.4   Field quality correction 

The correction scheme relies on modification of the coil 
geometry using pole and midplane shims in each octant, 
independently for the inner and outer layer. Larger cor- 
rections may be obtained by changing the thickness of the 
bearing strips, while for fine tuning of the harmonics in- 
sulation layers 25 fim thick can be added or removed. The 
analysis shows that corrections of the systematic harmonics 
at nominal gradient within the predicted range of variation 
are possible using the existing tuning capability. Should 
larger effects appear, a cross-section iteration may be con- 
sidered. 

The RMS spread in the harmonics may be reduced either 
by coil reshimming after warm magnetic measurements or 
by the use of iron tuning shims. The first method provides 
a current-independent correction, but it is labor-intensive 
and subject to some uncertainty as the harmonics are not 
exactly reproducible after collared coil reassembling. The 
second method is very attractive in terms of required effort 
and reproducibility, but the resulting correction is current- 
dependent due to saturation effects. Preliminary calcula- 
tions indicate that only 50% of the correction capability at 
low current is preserved at nominal gradient. The tuning 
shim correction scheme will be studied as part of the model 
magnet program. 

4   ERROR TABLES 

Based on field quality measurements carried out on the se- 
ries of model magnets, correction schemes will be applied 
to make the average error at full excitation equal to zero. 
Some residual uncertainty applies due to the limitations of 
the correction scheme as well as the measurement accuracy. 
The harmonics at injection are then determined by the cur- 
rent dependent effects, with some additional uncertainty on 
&6 related to the contribution from coil magnetization. The 
resulting systematic errors are listed in Table 5. 

n an, bn mean an, bn uncertainty (±) 
3 0.0 0.2 
4 0.0 0.09 
5 0.0 0.04 
6 0.0 (-0.1*) 0.02 (0.04*) 
7 0.0 0.01 
8 0.0 0.004 
9 0.0 0.002 

10 0.0 (-0.0001*) 0.0009 

(*) data for bn at injection. 

To generate the random error table, first the maximum 
between the estimated RMS spread of each HGQ harmonic 
component and the corresponding measured value from the 
LBQ and HERA quad productions was chosen. Then, for 
the low order non-allowed harmonics, and for all the higher 
order harmonics (where the measurement errors dominate), 
the normal and skew RMS errors have been made equal to 
the largest between the two. The resulting values are shown 
in Table 6. 

Table 6: Random errors (RMS spread). 

n bn an 

3 1.3 1.3 
4 0.4 0.4 
5 0.09 0.09 
6 0.06 0.03 
7 0.008 0.008 
8 0.003 0.003 
9 0.0016 0.0016 

10 0.0005 0.0005 

5   SUMMARY 

The HGQ maximum gradient exceeds the LHC low-/? 
quadrupole design specification with a good margin. A de- 
tailed field quality analysis has been carried out, and es- 
timates of the systematic and random field errors for the 
production magnets have been generated in a form suitable 
for dynamic aperture studies. 
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Abstract 
In order to generate muon beams for a muon Collider, 
pions produced in a target must be captured before they 
can go through phase rotation and decay into muons. A 
20 T solenoid with a clear bore of 150 mm can capture 
particles with a transverse momentum of 225 MeV/c or 
less. As captured particles leave the capture solenoid, the 
induction is decreased to 5 T while the beam pipe diameter 
increases to 300 mm. Phase rotation and decay of the 
pions will occur at 5 T. The capture solenoid and the 
solenoids just downstream from the capture solenoid are 
subject to high heat loads (up to 2.4 MW). The 
conventional inner solenoid of the 20 T hybrid magnet 
system and the water cooled absorber will absorb most of 
the beam power from the protons thus protecting the 
superconducting solenoid system from heating. Tilting 
the target and the incoming beam about 150 milliradians 
with respect to the solenoid axis appears to increase the 
net pion capture by about sixty percent. This paper 
describes approaches for capturing muons from a tilted 
target while getting rid of the spent proton beam. 

I. BACKGROUND 
Capture of the pions from the target can occur in a 

solenoid of any induction provided the solenoid bore is 
large enough[l,2]. A capture induction of 20 T within a 
radius of 75 mm is needed to capture pions with a 
transverse momentum up to 225 MeV/c. Once the pions 
have been captured in the solenoidal field, the channel 
solenoidal induction is reduced to 5 T. Because some of 
the particle transverse momentum is transferred to forward 
momentum, the clear bore radius of the 5 T solenoid is 
only 150 mm. The pions are transferred to a system of 
phase rotation rf cavities that speed up the low 
momentum particles and slow down the high momentum 
particles so that the particles travel bunched in time to the 
muon cooling system. Ninety-nine percent of the pions 
decay to muons within the first 80 meters. 

The hybrid capture magnet option was selected for the 
following reasons: 1) When a superconducting outsert 
solenoid is used the operating power for the water cooled 
solenoid is lower. 2) The current density in the water 
cooled solenoid can be low enough to insure that its life 
time will be long (at least 25000 hr 3) Additional space 
inside the water cooled solenoid can be made available for 
a heavy metal water cooled shield, which reduces the 
incident energy from the target into the water cooled 
solenoid and the surrounding superconducting solenoid. 

II. THE TILTED TARGET 
Calculations of pion yield from a target suggest that 

tilting the incident proton beam and target with respect to 
the solenoid axis increases the pion yield for a given input 
proton intensity to the target. Pions produced in the 
upstream end of the target are not recaptured by the target 
downstream from the point where they were created. 
Simulations of pion production suggest that the pion 
production is maximized at a tilt angle of about 150 
milliradians (see Figure 1). Above the 150 milliradian 
tilt angle the transverse momentum of some of the pions 
in the target becomes too high for capture to occur. 
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* This work was performed with the support of the Office of High 
Energy and Nuclear Physics, United States Department of Energy 
under contract numbers DE-AC03-76SF00098 and DE-AC02- 
76CH00016 

Figure. 1. Muon Production at the Cooling Channel 
Entrance for Optimized Targets as a Function 

of Target Tilt Angle 

An increase in the yield of pions from the target 
means that the input beam power from the driver can be 
reduced, for instance, from 3.8 MW to about 2.4 MW. 
Even with improved efficiency, a copper target will absorb 
about 230 kW of energy from the proton beam. Cooling 
the target is a difficult proposition, which will not be 
addressed here. Tilting the target and the input proton 
beam allows virtually all of the beam energy that has not 
been transferred to the captured pions to be absorbed in the 
capture solenoid. The superconducting magnet will 
absorb less than 500 W of the energy from the beam. 

III. BITTER SOLENOID INSERT 
In this study, a Bitter solenoid insert that has an inner 

radius of 120 mm has been assumed. The extra inner bore 
radius allows a water cooled heavy metal (tungsten or 
some other high Z, high density metal) shield that is 30 
mm thick to be inserted around the target region. An 
extra 15 mm on the inside of the solenoid is allotted for 
water cooling channels for the shield. The Bitter solenoid 
insert outer radius has been set at 345 mm. The 
superconducting outsert solenoid cryostat starts at a radius 
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of 370 mm. The 25 mm between the Bitter solenoid and 
the cryostat wall is allocated for water cooling. Much of 
the space at the ends of the Bitter insert solenoid should be 
filled with a water cooled shield to protect the 
superconducting solenoids on the outside from particles 
coming from the target. 

The Bitter solenoid insert is divided along its length 
into three regions, each with a different current density[4]. 
The gradation of the current density in the windings 
allows for the magnetic field to be shaped along the 
solenoid axis, in the high field region. The current 
density in the Bitter solenoid section can be changed by 
changing the thickness of the plates in the solenoid. 
Thick palates have a lower current density than thin 
plates. 

A Bitter solenoid is characterized by a current density 
in the winding that varies inversely as radius. The highest 
current density is found on the inside radius of the 
solenoid The highest current density part of the highest 
current density coil has a current density of 108.8 A per 
square mm, which is lower than the highest current 
density sections of some of the high field hybrid 
solenoids[5]. Most of the magnet power is dissipated in 
the highest current density section. The cooling system 
must handle about 15.6 MW (13.3 MW of resistive 
heating plus 2.3 MW of beam power). 

IV. SUPERCONDUCTING OUTSERT SOLENOID 
The water cooled Bitter insert solenoid is surrounded 

by a superconducting outsert solenoid system. The 
combination of the Bitter magnet insert and the 
superconducting outsert generated a magnetic induction of 
20 T in the region of the target. The superconducting 
outsert is defined as the three coils that are immediately 
outside of the Bitter magnet insert. Other superconducting 
solenoids downstream from the outsert coils form the 
transition region that shapes the magnetic field between 
the target and the phase rotation system. Within the 
transition region solenoids, the spent beam from the target 
must be dealt with. The energy absorber must be thick 
enough to prevent heating of the superconductor in the 
outsert and transition region coils. As a result, the energy 
absorber will extend some distance downstream from the 
target. The material that absorbs particles from the target 
will become radioactive. The superconducting magnet 
around the target, the Bitter solenoid and energy 
absorption material should be split so that it can be taken 
apart so that the radioactive material inside magnet can be 
dealt with. The split in the magnet could occur at the end 
of the transition solenoids. 

The outsert solenoid cryostat starts at a radius of 370 
mm. The outsert coil alone is will produce a central 
induction of about 7.5 T. Operating under this condition, 
the outsert solenoid can be made from niobium titanium 
in a copper matrix operating at 2.0 K. The outsert 
solenoid has three coils with an inner radius of 400 mm. 
The outer radius of these coils is about 540 mm. The 
peak magnetic induction in the outsert coil is about 8.3 T. 

V. TRANSFER SOLENOID SYSTEM 
The transfer solenoid system guides the magnetic field so 
that the magnetic induction decreases in a smooth fashion 
from 20 T to 5 T at the start of the phase rotation 
channel. A transfer of the captured pions from the 20 T 
target region to the 5 T beam transport and phase rotation 
region requires an increase in the minimum beam pipe 
radius to 150 mm. 

Once the solenoid magnetic induction has been 
brought down to the field in the pion decay channel or 
phase rotation channel, the diameter of the solenoid coils 
must be changed to match the diameter of the coils in the 
decay channel solenoids or the solenoids in the phase 
rotation cavities. The change in solenoid diameter must 
be accomplished without altering the desired induction 
along the solenoid axis. 

The option shown in Figure 2 has the final 5 T 
solenoid coil inside diameter set at 375 mm. The system 
is suitable for transfer into phase rotation cavities that 
have their 5T solenoids inside the cavities. Solenoids 
inside the cavities is suitable if the acceleration gaps in 
the cavity are kept relatively small (below 110 mm). 
This option shows the spent proton being captured within 
the superconducting transition magnet section. 

A plot of magnetic induction along the axis of the 
capture and transfer solenoids as a function of distance 
from the end of the target is shown in Figure 3. Figure 3 
shows that there is a smooth transition of the magnetic 
induction from the end of the target to the start of the first 
phase rotation cavity (with a 5 T solenoid within it). 

Table 1 shows some parameters for the capture and 
transfer solenoid options. About 15.5 MJ of the system 
stored magnetic energy is due to the current that flows in 
the water cooled Bitter insert coils. The Bitter solenoid is 
inductively coupled with the superconducting solenoids. 
A shut down of the Bitter solenoid will increase the 
current in the superconducting magnets. This effect 
should be tolerable provided the superconducting solenoids 
are well cooled. A loss of current in the Bitter solenoids 
system will probably cause the superconducting solenoids 
to turn normal. 

Table I: Capture Solenoid Parameters 

Magnet Length to x = 3 m(m) 3.92 
Cryostat OD at x = 0 (m) 1.50 
Cryostat OD at x = 3 m (m) 0.70 
Bitter Magnet OD (m) 0.69 
Induction at Target (T) 20.32 
Induction at Target from Bitter Magnet (T) 12.86 
Induction at Target from S/C Magnet (T) 7.46 
Target Region Length (m) 0.23 
Bitter Magnet Peak Current Density (A mm) 108.8 
Bitter Magnet Power (MW) ~ 13.0 
Beam Tube ID at x = 0 (m) 0.15 
Beam Tube ID at x = 3 m (m) 0.30 
Transition Length (m) 1.10 
Transport Channel Induction (T) 5.0 
Stored Energy to x = 3 meters (MJ) 59.2 
Stored Energy S/C Magnet to x = 3 m (MJ) 43.7 
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Figure 2 A 20 T Hybrid Capture Solenoid with a Transfer Solenoid System to 5 T in Phase Rotation RF Cavities 

capture and transport to a phase rotation system. Tilting 
the target will increase the number of pion captured by 
about sixty percent. The problem of high heat loads from 
uncaptured particles can be solved with enough water 
cooled absorber inside of the superconducting magnet 
system. The water cooled insert solenoid is part of the 
energy absorption system. An advantage of the tilted 
target system is that the spent proton beam and any high 
energy electrons produced at the target are disposed of 
before they reach the phase rotation system. 
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IV. CONCLUSIONS 
A hybrid solenoid that uses a Bitter water cooled solenoid 
combined with a superconducting outsert solenoid appears 
to be an attractive magnet system for capturing and 
transporting pions generated in a target struck by a high 
energy proton beam. The hybrid solenoid permits one to 
shape the magnetic field in a way that is desirable for pion 
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TUTORIAL ON SUPERCONDUCTING ACCELERATOR MAGNETS* 

M. J. (Penny) Ball, Carl L. Goodzeit, M J B Consulting, DeSoto, TX. 

Abstract 

A multimedia CD-ROM tutorial on the physics and 
engineering concepts of superconducting magnets for 
particle accelerators is being developed under a U.S. 
Dept. of Energy SBIR grant. The tutorial, scheduled for 
distribution this year, is intended for undergraduate junior 
or senior level science students, and portions will also be 
useful as resources for high school science classes. 
However, the unified presentation of the broad range of 
issues involved in the design of superconducting magnets 
for accelerators will also be of value to staff of research 
institutes and industrial concerns with an interest in 
applied superconductivity or magnet development. The 
source material is based on the worldwide R&D programs 
to develop superconducting accelerator magnets. A 
description of the content material and how it has been 
organized to be an effective educational presentation is 
discussed. 

1. FOREWORD 

In response to an SBIR solicitation to enhance the 
educational value of DOE funded technology, MJB 
Consulting was awarded Phase I and Phase II grants to 
develop a multimedia CD-ROM tutorial on 
Superconducting Accelerator Magnets. The material has 
been divided into five basic units, with the following 
themes: (1) Introduction to magnets and accelerators; (2) 
Superconductors for accelerator magnets; (3) Magnetic 
design methods for accelerator magnets; (4) Electrical, 
mechanical, and cryogenic considerations for the final 
magnet package; (5) Performance characteristics and 
measurement methods. 

Technical and student reviews are in progress. 
Distribution for industrial users is planned for later this 
year; the educational version with a teacher guide is 
expected within six months of the initial release. The 
product will be available first as a CD-ROM set for the 
Windows platform; a Macintosh version is expected at a 
later date. Status information will be available from our 
website [1]. 

2. SUBJECT AREAS 

This tutorial material is organized in a structure that can 
be used as a complete course, as individual lessons to 
supplement physics and engineering courses, or as a 
reference that can be browsed. The content is organized 
so that a linear progression through the lessons provides a 
logical development of the material. However, all 
material is available at any time; it is possible to jump 
between topics as need for information dictates. The 

content of Units 1 and 2 is primarily concepts with 
minimal mathematics; Units 3, 4 and 5 present the 
detailed mathematical procedures related to the design 
and testing of magnets. The content for the five units 
includes the following topics: 

Unit 1: Introduction to Magnets and Accelerators 

Introduction   to   particle   physics   and   accelerator 
laboratories. 
Types of particle accelerators. Forces on charged 
particles in a magnetic field. 
Characteristics of dipole and quadrupole magnets for 
accelerators and how they act on particle beams. 
Function of principal parts of magnets; field line 
diagrams for normal and skew multipoles. 
Particle   beam   optics   and   the   analogy   between 
magnets   and   lenses;   aberrations   and   errors   in 
magnets and how they affect the beam. 
Introduction     to     superconductivity     and     the 
superconducting  state.   Types   of superconducting 
materials suitable for accelerator magnet application. 
Types of magnet designs used for accelerator dipoles. 
Description and data for dipole magnets for RHIC, 
Tevatron, HERA, SSC, and LHC. 
Magnet construction and assembly procedures with 
videos of RHIC dipole construction at Northrop 
Grumman and SSC dipole construction at FNAL. 
Factors affecting the choice between superconducting 
and resistive magnets for accelerator applications. 
Magnet design issues, including structural, electrical 
insulation,   coil   cooling,   environmental   effects, 
superconductor development. 
Future  superconducting  magnet applications  with 
overview of MagLev, MHD, SMES. 

Unit 2: Superconductors for Accelerator Magnets 

Description of the manufacture of NbTi wire and 
cable. 
Short sample properties for NbTi materials, empirical 
formula for computing Jc at B and T, calculation of 
expected    magnet    performance    with    a    given 
conductor. 
Manufacture and characteristics of Rutherford cable. 
Properties   and   present   development   status   of 
superconducting materials for magnets  (including 
HTS). Calculation of Jc of Nb3Sn at B and T. 
An    interactive   program   for   computing    some 
mechanical,  electrical,  and  thermal  properties  of 
materials  commonly  used  in   accelerator  magnet 
construction. 

* Work supported by U. S. Dept. of Energy under grant DE-FG05-94ER-81813. 

0-7803-4376-X/98/$10.00© 1998 IEEE 3404 



Unit 3: Magnetic Design Methods for Accelerator 
Magnets 

• Computing 2-D fields from current lines 
• How fields are calculated with current shells. 
• The effect of the iron yoke on the magnetic field. 

Iron saturation effects. 
• Methods for optimizing the magnetic design using 

multiple shells and wedges. Calculating the optimum 
amount of superconductor. An interactive procedure 
is included for computing fields and multipoles in 
single layer dipole and quadrupole coils with an 
optional wedge and yoke. 

• Methods used to calculate the magnetic fields 
produced by cos 0 type coil ends. End spacers and 
their design. 

• Discussion of available public domain and 
proprietary software for calculating magnetic fields 
in accelerator magnets. 

Units 4 and 5 

The content material of the last two units is not yet in 
place. However, the following topics will be included: 

Unit 4: Electrical, Mechanical, and Cryogenic 
Considerations for the Final Magnet Package 
• Mechanical aspects of the cold mass design, such as 

Lorentz, thermal, and assembly loads. 
• Design concepts and methods for collars and yokes. 
• Data on mechanical properties of cold mass 

materials, including conductor stacks. 
• Thermal design of magnets, with pool boiling and 

supercritical helium. Diffusion and cross flow 
cooling schemes for the cold mass. 

Unit 5: Performance Characteristics and Measurement 
Methods 
• Magnet quench and performance testing. Methods of 

locating quench origins. Training data from actual 
magnet tests. 

• Quench protection methods for magnet strings and 
calculation of the maximum temperature from a 
quench. 

• Magnetic performance measurements and techniques 
for dipoles and quadrupoles. 

• Mechanical performance measurements, such as coil 
size, pre-stress, and end forces. 

3. EDUCATIONAL APPROACH AND EXAMPLES 

3.1 Educational approach 

The guidelines for the technical level of this tutorial were 
that it should be suitable for a junior or senior level 
college course. Thus, we have attempted to keep the 
mathematical treatment of the material consistent with 
that objective. Most of the mathematical based 
presentations are in Unit 3, which deals with the magnetic 
design of the magnets. Here we have treated the material 
on a level that requires only the use of trigonometry and 

an understanding of the basics of differential and integral 
calculus. A useful reference for the development of this 
section was the 1989 paper by Mess and Schmjser [2]. 

To accommodate users with widely varying technical 
backgrounds, frequent use is made of "hot words" and 
"buttons" that can be clicked to give access to screens 
with more details, basic explanations, and background 
material. The tutorial thus also serves as a reference 
source that would be useful for those interested in 
superconductivity or magnet development because much 
technical data is available in these button accessible 
"sidetracks". 

3.2 Visuals 

A major advantage of a multimedia presentation is the 
ability to include video clips and animation sequences, in 
addition to many photographs. Unit 1 includes a lesson 
that shows all steps in the production of a magnet, starting 
from the cable cleaning. This lesson has many video clips 
and is supplemented by animations that illustrate details. 
For example, Figure 1 shows part of the sequence that 
explains the steps in assembly and insulation of the 
superconducting coils into the cold mass. Unit 2 
illustrates the steps in production of superconducting wire 
and cable with many animations. 

These materials are intended to give students a good 
understanding of the complexity of making these large 
but extremely precise devices. This content will also be 
interesting for industrial staff, including technicians and 
engineers, so that they can appreciate where their 
particular specialty fits into the complete magnet 
construction process. 

Figure 1 

3.3 Exercises and Examples 

The educational value of the tutorial is enhanced by the 
use of numerous exercises / examples: problems (with 
their solution available on a succeeding screen) or 
information about actual magnets. Some of these 
exercises are interactive, allowing the user to move 
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symbols or input data values. Other exercises are to be 
solved off-line. 

One interactive exercise in Unit 1 tests the student's 
understanding of the role of dipoles and quadrupoles in 
accelerators. The screen for this is shown in Figure 2. 
Diagrams are shown for dipole and quadrupole magnets, 
which must be placed in their correct positions on the 
diagram of two intersecting beams to produce the bending 
and focusing as shown. 

  BM«"!!!? 

1JJ Accelerator Magnet Functions:: Conclusion 
:;;5cre0rtiiH1.3D53;;;; 

Using the mom«, click and drag «ach solid box to th» appropriate position on 
the sketch for two colliding beams of positively charged particles. 

(The solution is on the next screen:) 

Figure 2 

Unit 1 also contains labeled cross section diagrams of the 
RHIC dipole assembly and cold mass. When the label for 
a part is clicked, a pop-up box with an explanation of the 
function of that part is displayed. This interactive 
example is demonstrated on our web page [1]. 

Illustrative examples are used to complete the 
understanding of key issues and provide useful reference 
points. For example, in Unit 2 formulas are presented for 
the relationship between critical current, field, and 
temperature in NbTi superconductor. Then their use is 
illustrated by the following examples: 

Problem: The critical current of the superconducting wire 
used in the RHIC magnets is 264 A in a field of 5 T and 
at 4.2 K. If the maximum field on the superconductor in 
the magnet is 5.3 T and the associated maximum 
temperature is 4.5 K, what would be the expected critical 
current of the wire under these conditions? 

Problem: Calculate the critical current for Nb3Sn with a 
net strain of -0.001 at the point where the peak field is 
13.1 T and the conductor temperature is 4.35 K. 

Figure 3 shows an example from Unit 3, which is used to 
illustrate principles of magnetic field calculation. 

Also in Unit 3, a detailed example is used to illustrate the 
process of optimizing the superconductor in a magnetic 
design. Stepping through this example provides the user 
with a basic understanding of the principles involved in 
achieving a magnetic design. 

Problem: Develop the magnetic design for a 50 mm 
diameter aperture dipole magnet using a NbTi conductor, 
with an iron yoke, that will produce a central field of 9 T 
at a maximum operating temperature of 2.0 K. Assume 
that the maximum field in the conductor is 5% greater 
than the central field. A reasonable assumption to keep 
the amount of superconductor to a minimum is to assume 
that the operating margin is 15%. 

iii.Mjmui4iiii.iii.ujiaiiLHAM.nHr»       scr..„ iD-3.204.1      ;i@ 
9.2A Current Shell Approximation« Normalized MuHipoiet W^ 

Example of Quadrupole Units Calculation 

Calulate the gradient and the normalized multlpole units of the first two 

allowed multipoint at r„= 25 mm and »=0 for the quadrupole shells 

shown below. 

f*-4' 
S.-:.;:-:-.--.-: 50 mm     :::: 
»1 40 mm: : 
®!^ 193°    .;..:.:;.;- 

:J '''":= MOAArim2 

Figure 3 

4. SOURCE MATERIAL AND 
ACKNOWLEDGEMENTS 

The initial inspiration for the tutorial was the lecture 
material developed by Arnaud Devred for the 
Superconducting Super Collider (SSC) magnet program. 
Presentations from CERN Accelerator Schools have been 
important sources also. Magnet developers and 
superconductor scientists at laboratories and industrial 
firms, both U.S. and international, have supplied valuable 
data that has enabled completion of the technical content. 

The following institutions have also supplied material: 
Northrop Grumman; Lockheed Martin; Oxford 
Instruments; Fermi National Accelerator Laboratory; 
Brookhaven National Laboratory, Lawrence Berkeley 
National Laboratory, Applied Superconductivity Center- 
University of Wisconsin-Madison, Texas Center for 
Superconductivity- University of Houston. 
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SUPERCONDUCTING SOLENOIDS FOR THE POLARIZED ELECTRON 
SPIN CONTROL SYSTEM OF THE MIT-BATES SOUTH HALL RING 

(SHR) 
R. Averill, K. Dow, J. Dzengeleski, C. Sibley MIT-Bates; 

Y. Shatunov, P. Vorobiev, P. Klimine, A. Smirnov, Budker Institute of Nuclear Physics. 

I. INTRODUCTION 

A scientific collaboration between MIT-Bates and the 
Budker Institute of Nuclear Physics (BINP) has produced 
a design for a magnetic insertion, aka "Siberian Snake", 
into the SHR lattice, which allows for spin control of 0.3 
to 1.0 GeV polarized electron beams for planned internal 
and external target physics. This report describes the 
design, construction and testing at BINP and the final 
testing at MIT-Bates for the two superconducting 
solenoids, which make up part of the "Snake". The 
solenoids each have the following specifications for 1.1 

NTTF 

Ji=^<ä :fT=ft- 

Fig. 1. SHR proposed layout of solenoids 

GeV polarized electron spin manipulation; 7.0 cm dia. 
warm bore, LOA of 104 cm, Bz (max) of 7.27 Tesla 
@290 A and an integrated axial field strength of 5.764 
Tesla-meter @ 290 A. The magnetic insertion is 4.8 
meters long and consists of two pairs of skew 
quadrupoles each with Leff=0.3 meter and a central 

quadrupole with a Leff=0.5 meter. Alternatively, the 
solenoids could be placed on the extraction line and be 
used for spin control of the extracted polarized electron 
beam should the SHR be operated simply as a stretcher 
ring. See Figure 1 for elevation view of the insertion. 

II. DESIGN PARAMETERS 

Mechanical specifications concerned the physical size of 
the units and the limitations of the space available in the 
SHR tunnel for the insertion to be installed easily. Since 
the tunnel has a height limitation of 120 inches and the 
overall length of the insertion was to be minimized, the 
maximum field was specified to be 7.27 Tesla and allow 
the standard 2.5 inch diameter beam pipe to pass through 
with a radial clearance of about 3 mm. The stray field was 
specified to be <10 Gauss at 1 meter from the ferromag- 
netic shield, which encloses the cryostat for the solenoid 
coils. A special BINP designed support stand allows each 
unit to be assembled and installed before raising the sole- 
noid to the SHR beam height of 54" above the tunnel 
floor. 

Magnetic specifications were set to operate the sole- 
noids at up to 300 A. The solenoidal field is produced by 
five shorter (160mm long) solenoids assembled on a fixed 
mandrel and connected electrically in series. See Figure 2. 

The superconductor is wound under a pretension so 
that the coils are in compression when unpowered and use 
both sides of the increased strain range available when 
powered fully. The field varies along the axis as in Fig- 
ure 3. 

The number of turns of the 0.87 mm diameter con- 
ductor wound on each sub coil is about 3170 turns over 17 
layers and the solenoid total inductance is calculated to be 

Fig. 2. Superconducting Solenoid (side and end view). 
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4.5 Henry. The magnetic shield is made of a low carbon 
steel and also serves to support the internal components. 
The magnetic forces between the coils and the shield is 
exactly zero provided all subcoils have the same excita- 
tion. In a quench scenario studied for a single subcoil the 
solenoid suspensions easily handle all unbalanced axial 
forces. BINP technical staff calculated the magnetic fields 
and forces using a software called MERMAID. MIT- 
Bates independently had the fields and forces calculated 
using the software program called ANSYS. The agree- 
ment between the programs was excellent and is the basis 
for the approved magnetic design. 

Cryogenic specifications included only liquid helium 
be used for the cooldown and operating the coils in the 
superconductive state. The boil off rate for LH2 was set at 
< 1.38 Liters/hr (1 watt) for each solenoid. The rate meas- 
ured in testing so far has been about 1.2 watts, but the 
systems may not have reach final equilibrium during those 
short test periods. The design includes a storage dewar 
which attaches to the solenoid cryostat from above and 
has an ellipsoidal shape to allow the volume of about 400 
liters to be fit into the SHR tunnel. 

Quench protection circuitry was designed to bring out 
some of the energy stored into external resistors by a 
means of a discriminator circuit that looks at the voltage 
across the coils and inserts a resistance if the voltage is 
above a preset level. This circuit includes the subcoil 
leads (10) being brought out of the cryostat and connected 
in a way that reduces the quench energy in the cryostat 
and the amount of LHe that is boiled off during a quench. 
Several quenches imposed by the designers during testing 
demonstrated this approach to work well. The storage 
cryostat when connected as designed to the solenoid cry- 
ostat allows LHe to be fed to the bottom of the solenoids 
during cooldown, but after a level is established above the 
solenoid, the tube feeding the LHe is withdrawn a few cm 
and then fills the upper storage dewar. All leads into the 
solenoid enter through the top of the storage dewar and 
have a relatively long thermal path between room tem- 
perature and LHe temperatures. 

Controls and Instrumentation specifications in- 
cluded the power supplies to be supplied by MIT-Bates. 
Controller for the power supplies were also of the stan- 
dard type in use at MIT-Bates. Collaboration between the 
electrical engineers of the two laboratories allowed this 
interface to be jointly designed so that preliminary testing 
could take place at BINP and then at MIT-Bates using the 
final power supplies selected. All internal instrumentation 
for monitoring temperature of the coils, the copper shields 
of the solenoid cryostat and the storage dewar were re- 
quired to be redundant to insure alternate monitors be 
available should one fail. Carbon resistors were used to 
measure the temperature of the coils and platinum resis- 
tors are used to measure the 90k temperature of the heat 
shield screen at several places. There is a pressure trans- 
ducer which samples the pressure in the cryostat. Four 
Hall probes are installed inside the ferromagnetic shield 
and provide a measurement of 73 mv/Tesla and is propor- 
tional to the axial field, which is linear with current. All 
controls and instrumentation have been designed to be 
compatible with the SHR computer system known as the 
RCS. At this time only one set of controls exists at MIT- 
Bates in December 1996. Plans are to complete the con- 
trols system for the second solenoid system and run both 
systems again for training and magnetic field measure- 
ments at more levels than earlier measured. 

III. MEASUREMENTS AT BINP 

MIT-Bates technical staff visited BINP in June 1996 
and witnessed factory acceptance tests over a 10 day pe- 
riod for the two solenoid systems. A full set of planned 
measurements was taken for both systems and the factory 
acceptance testing was successfully completed without 
any significant problems. 

Cooldown measurements indicated that about 60-80 
liters of LHe was necessary to bring a single cryostat's 
internals to the 4.2 Kelvin level. Additional cryogen then 
began filling the storage dewar above the solenoid to a 
level sufficient to operate the unit for several days. A 
limitation in the availability of LHe caused the tests to be 
run in series for the two solenoid systems, but both be- 
haved similarly during their respective cooldowns. Some 
effort was expended to determine the boil-off rate of LHe 
and using a gas meter over a period of time the volume of 
liquid gas boiled off was determined to be about 1.6 liters 
per hour or 1.2 watts, exceeding the specification by about 
20%. Later measurements on the loss rate could be 
somewhat lower since the system had not reached its final 
thermodynamic equilibrium during the testing period. 
Pressure and resistive temperature sensors monitored the 
status of the cryostat during the cool down to 4.2 Kelvin. 
The resistance of the solenoid leads was monitored by a 
meter in order to verify the state of the coil as it was 
cooled. 

Axial field measurements were made every cm along 
the full solenoidal field extent at various currents. See 
Figure 3. A similar plot was taken parallel to the on axis 
field at r = 1.5 cm and the data obtained showed no sig- 
nificant difference from the on axis measurements. Meas- 
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urements at r = 1.5 cm and at multiples of 30 degrees con- 
firmed the cylindrical symmetry of the solenoidal field. 
The axial field was calibrated against a NMR probe and 
showed a linear relationship with current over the 0 to 290 
A range. The magnetic field maximums at a distance of 
about 1 meter from the iron shield were about 3 gauss 
satisfying the < 10 gauss specification when the axial field 
level was 7.3 Tesla. 

IV. TESTS AT MIT-BATES 

In mid November 1996 a team of five BINP technical 
staff arrived to assemble, test and provide training to the 
MIT-Bates staff in the solenoid systems operation. The 
work went forward rapidly and the first solenoid was 
cooled down in two weeks. Interfacing of the control 
system and instrumentation allowed proper control of the 
unit. MIT-Bates staff made magnetic measurements along 
the axis at several field levels and determined that the 
systems magnetic design was achieved. Assembly of the 
units is demanding particularly at the connection points 
between the solenoidal and the storage dewar where sev- 
eral joints between the 0.87mm diameter NbTi/Cu super- 
conductor wire are made. These leads run up through the 
storage dewar and then to the control/quench systems. 
The second unit was assembled and tested without any 
problems completing the MIT-Bates acceptance tests re- 
quired. This acceptance testing was completed within a 
four week period. Figure 4 shows the arrangement at 
MIT-Bates during acceptance tests in December 1996. 

V. CONCLUSIONS 

The scientific collaboration between BINP and MIT- 
Bates has produced a set of superconducting solenoids to 
provide spin control of a polarized electron beam in the 
SHR. The collaboration also provides for BINP technical 
staff to assist MIT-Bates in the commissioning of the 
"Siberian Snake" when it is installed in the SHR lattice 
some time in the future. The cooperation of all parties in 
the project is acknowledged and was important to the 
success achieved to date. The authors acknowledge the 
major contribution of V. Seleznev of BINP to the 
completion of acceptance testing at Novosibirsk and 
Bates and of S. Ottaway of MIT-Bates during the testing 
at the Laboratory. See Table 1 for a tabular listing of 
magnetic specifications. 

Table 1. Solenoid Parameters 

Integrated Field Strength on axis @290A . .5.764 T-m 
Peak Magnetic Field @290A 7.27 T 
Effective Length 803 mm 
Outside axial length f-f 1040 mm 
Conductor diameter 0.87 mm 
Superconductor fill factor 0.43 
Average critical current at 7.3 Tesla 310 A 
Number of sub section coils in solenoid 5 
Number of turns per sub section coil 3170 
Total number of turns for solenoid 15,850 
Inductance of solenoid 4.5 Henry 
Solenoid stored energy @290A 189,000 Joules 
ID of coils 124 mm 
ODof coilsl 60 mm 
Build of coils 18 mm 
Length of sub coils 160 mm 
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Fig. 4 Solenoids under test at MIT-Bates, Dec. 1996. 
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MEASUREMENT OF YOUNG'S MODULUS AND SHIM CALCULATION 
FOR LHC PROTOTYPE DIPOLE MAGNETS 

F. G. Eysselein, W. Gärtner, Noell-KRC Energie- und Umwelttechnik GmbH, 97064 Würzburg, 
Germany and 

J. Vlogaert, D. Perini, CERN 

Abstract 

The superconducting coils of LHC prototype dipole 
magnets wound from a Nb-Ti cable of the Rutherford 
type are assembled in an Aluminium clamping structure, 
the so called collars. The coils have to be prestressed in 
order to avoid movements of the superconductor during 
operation, which may cause quenches. The exact value of 
the prestress and the uniformity of the prestress over the 
length are adjusted by the thickness of inserted shims. 

The basis for prestressing the dipole coils is the 
precise measurement of the size and the Young's 
modulus of the winding. Based on the measurements 
shims are calculated ensuring the specified prestress of 
the coil. During shim calculation several corrections of 
the shim thickness have to be taken into accopunt e.g. 
corrections due to the deformation of collars. 

The measurement of Young's modulus and the shim 
calculation will be presented. 

1 INTRODUCTION 

Superconducting coils have to be prestressed in order to 
avoid movements of the superconductor during operation. 
The value of the prestress is calculated by finite element 

analysis. The prestress is 55 MPa for the inner and outer 
layer of the actual prototype dipole magnets. 

The coils are prestressed by inserting shims in the 
collaring structure. The thickness of the shims is based on 
the required prestress, the Young's modulus 
measurements and the actual size of the coils 

2 MEASUREMENT EQUIPMENT 

The coil will be compressed hydraulically in a special 
mould and the deformation measured by inductive gauges 
and recorded via PC. 

Using different inserts of the mould the following 
positions are measured: 

a) the straight part of a single layer 
b) the coil ends of a single layer 
c) the layer jump of the assembled 

3 MEASUREMENTS 

For prototype manufacturing the straight part and the coil 
ends of single layers are measured. After the assembly of 
a pole the layer jump of the assembled pole is measured. 

This method has to be reviewed for series 
production. 

Pressure [MPa] 

Figure 1: Measurement of inner layer 
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The coils are compressed five times and the fifth load 
cycle is recorded. The applied load varies between 0 MPa 
and 120 MPa for the straight part and the layer jump or 0 
MPa and 30 MPa for the coil ends respectively. 

The deformation of the left and right side of the 
coils is measured and recorded for increasing and 
decreasing load. 

The coils are measured at nine positions of the 
straight part, at one position of each coil end and at one or 
two positions respectively of the layer jump. 

Figure 1 shows a typical measurement graph of an 
inner layer with the curves for increasing and decreasing 
load. 

4 CALCULATION OF SHIMS 

There are two different ways of shim calculation with 
regard to the collar deformation. 

The first way is to take for specified prestress of 55 
MPa of the coil the shim thickness from each graph for 
decreasing pressure at 55 MPa. Then the values are 
averaged over left and right side and over the nine 
measurement positions of the length. 

To this averaged shim thickness the corrections due 
to the collar deformation, the elastic behaviour of the 
ground insulation, the size of the gauge pieces and the 
tolerances of the collars are added. 

A second way is to take from each graph the shim 
thickness at 110 MPa under consideration that there is a 

reduction of the prestress due to the collar deformation of 
approx. a factor of two (factor obtained by FE analysis 
and tests on models). The values are averaged and the 
remaining corrections for ground insulation, gauge pieces 
and tolerances of collars are added. 

Both methods show the same results for the shim 
thickness within approx. 3/100 mm. 

5 RESULTS 

Figure 1 shows the measurement of an inner layer at 
measurement position 5 of the straight part. Negative 
values of the shim have to be subtracted from the nominal 
shim 

The measured Young's moduli of the layers wound 
from superconducting cable with a prepreg insulation 
vary between 18,000 MPa and 22,000 MPa. 

Fig. 2 shows the distribution of the coil size over the 
10m length of 4 different outer layers. The tolerance of 
the coil size over the length is ± 4/100 mm. 

The difference between the layers 009, 010 and 011, 
012 is due to different superconducting cable. The cable 
of layers 009 and 010 is coated, the cable of layers 011 
and 012 is not coated 

The graphs of the 4 different coils are nearly parallel 
which indicates that the variations are caused by the 
tooling. 
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Figure 2: Distribution of coil size 
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The remaining prestress of the coil after collaring is 
verified by measuring the deformation of the collars. The 
higher the prestress of the coil the larger the deformation 
of the collars. 

For this purpose the dependence of the deformation 
of the collars on the prestress of the coils was determined 
in several ways. Collars were loaded hydraulically or by 
screws and their deformation measured. Short models of 
coil sections were collared with different inserted shims 

for different prestresses and in each case the deformation 
of the collars measured. The measured datas resulted in a 
curve for calibration. 

Figure 3 shows the measurement of the collar 
deformation over the length of the coil as an indication of 
the prestress of the collared coils. The distribution is 
homogenous over the length. The minor collar 
deformation in the coil ends shows the required lower 
prestress. 
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Figure 3: Deformation of collars 

The measured collar deformation shows that the specified 
prestress could be achieved within the tolerances. 

6 CONCLUSIONS 

The presented method for Young's modulus 
measurements and shim calculation give reliable results 
for obtaining the correct thickness of the shims for a 
specified prestress of the collared coils. 

By the measurement of the collar deformation the 
remaining prestress of the collared coil after collaring is 
controlled. The measurements show a homogenous stress 
distribution over the length of the coil. 

It has to be checked if the measurement procedure 
has to be improved for series production of the magnets 
by measuring assembled poles. 
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PROGRESS IN THE DESIGN, MANUFACTURE AND TESTING OF THE 
KLOE SOLENOID FOR THE DAONE RING AT FRASCATI 

D.E. Andrews, A.J. Broadbent, M. Greenslade, S.M. Harrison, D.M. Jenkins, J.S.H. Ross, K.D. 
Smith, A.J. Street, C. Timlin, J.M. Wiatrzyk (Oxford Instruments, United Kingdom), 

KLOE Collaboration: Spokesperson P. Franzini (INFN, Frascati, Italy) 

Abstract 

Oxford Instruments took over the manufacture of 
the 5.8 m outer diameter 4.4 m long 0.6 T Solenoid for 
the KLOE detector on the DA<&NE ring when the 
Austrian company ELIN closed its magnet manufacturing 
plant. The paper begins by briefly discussing the magnet 
design before describing the approach Oxford 
Instruments has taken to the completion of the magnet. 
The results of system testing at Oxford Instruments will 
be described along with the proposed installation 
schedule. 

1 INTRODUCTION 

In January 1994, ELIN (an Austrian electrical 
company) was awarded the contract for the design and 
manufacture of the KLOE solenoid for the DAONE ring 
at Frascati. Until December of that year the company had 
worked on the design and procurement of elements of the 
system before the holding company decided to close its 
superconducting magnet manufacturing plant in Weiz, 
Austria. Oxford Instruments took over completion of the 
system at this time as sub-contractors to ELIN with 
ENFN's agreement. 

The superconducting magnet is designed, in 
conjunction with its iron yoke, to produce 0.6 T over a 
4.3 m long 4.8 m diameter volume to act as a detector in 
the search for the solution to the "matter - anti matter" 
imbalance. The magnet specifications are below. 

Table 1 - magnet specifications 

KLOE SOLENOID Service Turret 
Cryogenic Services 

Central magnetic field 0.6 T 
Vacuum case length 4.4 m 
Vacuum case inner diameter 4.86 m 
Vacuum case outer diameter 5.76 m 
Coil shell inner diameter 5.19 m 
Cold mass 10 tonnes 
Vacuum case mass 26 tonnes 
Iron return yoke mass 475 tonnes 

2 DESIGN 

The design constructed by Oxford Instruments is shown 
in the schematic below. 

Vacuum Cow 

OXFORD Control arid Instrumentation Cabinet 

Figure 1 - KLOE schematic 

2.1 Coil Shell and Conductor 

Oxford Instruments took over responsibility for the 
shell after the coil shell made by Elin was rejected by 
INFN; Oxford Instruments changed the design to one 
fabricated from a number of 12 mm thick aluminium 
sheets and cooling channels. The new design relied on 
achieving the diametrical tolerances (eased by INFN to ± 
8 mm) by fabricating it on an adjustable spider that 
allowed the ribs to be moved around until the tolerances 
were met. The inner skin was fully welded to the ribs 
whilst the outer was partially welded. No machining took 
place on the shell although the inner welds were all hand 
dressed. This approach was very successfully carried out 
by Vosper Thorneycroft (Southampton, UK). 

This new design of coil shell was designed, 
manufactured and delivered in 6 months thus minimising 
the delay to the system manufacturing schedule. 

The conductor is a 10 mm by 5 mm composite 
consisting of a Rutherford cable co-extruded with high 
purity aluminium. The conductor, provided by LMI, was 
cleaned and then wrapped with two half lapped layers of 
0.125 mm glass tape. 

The two layer coil was wound inside the coil shell 
by rotating the shell on motorised rollers in a controlled 
manner whilst the conductor was fed in and directed on to 
the shell face from a spool mounted off the winding 
machine. The conductor was wound on flat and between 
the two layers 1 mm thick high purity aluminium sheets 
were placed in order to improve propagation velocities 
and reduce the peak quench temperatures. 
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After winding, the coil was lined with aluminium, to 
act as an impregnation vessel, before being turned axis 
vertical and placed inside a 7 m cubic impregnation oven. 
The aluminium liner was supported against collapse by a 
fabricated support structure before the coil space was 
evacuated, filled with epoxy and then cured at 100° C for 
48 hours. The major coil parameters are listed in Table 2. 

Table 2 - coil parameters 

Layers 2 
Turns/layer 368 
Ampere-turns 2.14 MA-T 
Operating current 2902 A 
Stored energy 14.3 MJ 
Inductance at full field 3.4 H 
Discharge voltage 250 V 
Peak quench temperature 80 K 

2.2 Radiation Screen 

The radiation screen will be cooled by helium gas 
from the DAONE refrigerator. 

The inner and outer radiation screen cylinders are 
simple end cooled screens each constructed from eight 
pre-fabricated panels - each panel consists of three 
components - two 1 mm thick flat aluminium sheets and 
one 1 mm thick corrugated aluminium sheet. The three 
components are all bonded and riveted together on a 
former of the correct diameter in a sandwich construction 
consisting of flat sheet - corrugated sheet - flat sheet. The 
cooling pipe is welded to the panels over a length 
equivalent to 30 % of their circumferential extent. This 
minimal approach to the cooling of the radiation screens 
is possible only as a result of the extremely low radiant 
and conducted heat loads. The guaranteed heat load is 
given in Table 3. The screen is supported from the 
vacuum case by stainless steel cables. 

Table 3 - guaranteed heat load 

Source Heat load 
Current leads 0.6 g/s 
4 K Radiation and conduction 55 W 
70 K Radiation and conduction 530 W 

2.3 Service Turret 

Little design work had taken place before contract 
hand over and the refrigerator contractor was not selected 
until early in 1996: as a result many design issues were 
not finalised until then. 

The space available for the service turret is very 
restricted due to the need to minimise the cut out in the 
iron and the very restricted height. The service turret 
provides the following functions: 
• supply and control of liquid helium 
• 150 litre helium storage volume 
• supply and control of 70 K helium for radiation 

screens 
• gas cooled 3,000 A current leads from 300 K 

• instrumentation connections to the coil and radiation 
screens 

The delay in the settlement of some of the design 
issues meant that connections to the refrigerator were 
finalised after the service turret was in manufacture. 
This, coupled with a lack of space forced by the need to 
minimise the iron cut-out, has led to a need for a separate 
valve box. This will be mounted on top of the iron and 
contains a number of valves to facilitate safe and easy 
connection to the refrigerator. 

The system is now complete and the cryogenic 
guaranteed parameters are summarised in Table 3. 

2.4 Power Supply and Control Instrumentation 

The power supply was originally to be a thyristor 
controlled switch mode system. However, because of 
concern about electromagnetic interference with the 
experimental detectors a series regulated supply designed 
for low EMI has been provided. 

The control and instrumentation can be subdivided 
as shown in Table 4. 

Table 4 - controls & instrumentation 
Functions System Component 
Overall control + monitoring Labview running on Pentium 

PC 
Temperature measurement Oxford Instruments ITC-600 
Helium valve control Weka valve controlled by 

Labview driver 
Current leads control Northvale Körting Bossmatic 

valve controlled by separate 
PID controller 

The system has distributed control with centralised 
monitoring via Labview. 

3 WORKS TEST 

The system was assembled in January 1997 ready 
for the works test which began in February. The system 
components tested consisted of the following: 
• Magnet and Cryostat 
• Service Turret 
• Power Supply 
• Control and Instrumentation 
• Valve Control Panel 

The additional valve box was not subject to a 
cryogenic works test and the iron yoke was not involved. 

The coil cooling system and radiation screen were 
externally connected in series so that they could be 
cooled by a single controlled flow of nitrogen. The 
system took nineteen days to cool from 300 K to 77 K 
and used 36 tonnes of liquid nitrogen. After pumping 
and flushing with helium, the coil and service turret were 
cooled to 4 K in a further two days using 3,000 litres of 
helium. Magnet energisation and heat load tests took a 
further day before the system was actively warmed, using 
the power supply and by airing up the vacuum space with 
nitrogen gas, back to room temperature in a further 6 
days. 
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The 4 K heat load was found by monitoring the boil 
off gas flow rate. The test was performed with the coil at 
4.3 K, with liquid in the service turret, the transfer siphon 
(used to fill the service turret from transport dewars) 
removed from the service dewar and the coil energised at 
a steady 1,000 A. The radscreen was at a steady 
temperature of 83 K throughout the test. The steady boil 
off measurement, after removing the current lead 
contribution, was 1.38 g/s and produces a 4 K heat load 
of 27.6 W - compared with a guaranteed value of 55 W. 
The current lead boil off for both leads was 0.12 g/s at 
1,000 A which compares well with the scaled guaranteed 
value of 0.2 g/s. 

The system was energised to 1,000 A at a charge 
rate of 1.4 A/s (specified rate is 0.5 A/s) without problem 
and the magnet operated at this current during other 
system tests. The quench detector, power supply, contact 
breaker, free wheel diodes and dump resistors were all 
checked along with all the safety interlocks. 

The magnet proved to be difficult to quench. Even 
after drying out the helium in the service turret and coil 
cooling channels and warming the coil the conductor had 
still not quenched two hours after all helium had been 
removed. The current lead protection system took over 
when the lead temperature exceeded its threshold and the 
magnet ran down on the power supply resistor. 

The 77 K heat load was measured after removing all 
cryogens from the radscreen by monitoring the mid 
screen temperatures over a 48 hour period. The 
temperature rose from 85 K to 104 K which, given a mass 
of 1,250 kg and enthalpy change of 8,650 J/kg, gave an 
equivalent heat load of 62.6 W at 77 K. This compares 
favourably with the guaranteed value of 530 W. 
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4 COMPLETION SCHEDULE 

Subsequent to the status report and schedule 
reported in [1] the completion schedule has advanced 
significantly and it is now expected that commissioning 
and acceptance will be over by July 1997 rather than 
October 1997. 

5 CONCLUSION 

Many detailed and some major design and 
manufacturing changes have been made to the original 
ELIN design. The system has been assembled and 
successfully tested at reduced current at Oxford 
Instruments' facility in Eynsham UK. Testing at Oxford 
Instruments took place in early 1997 and delivery to 
Frascati took place in March 1997. Full tests will take 
place at Frascati in the iron return yoke ready for 
handover by mid 1997, assuming the INFN test facilities 
are available as scheduled. 
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Abstract 

Three dimensional (3D) magnetic field calculated by the 
computer code TOSCA was analyzed including the fring- 
ing field region. The magnetic field in the median plane 
was well simulated by a simple function. Off median plane, 
contributions from the coils should be taken into account. 

1    INTRODUCTION 

Superconducting helical dipole magnets will be used in 
RHIC as Siberian snakes and rotatorsfl]. Extensive in- 
vestigations are performed on the orbit and spin track- 
ings to examine whether the spin polarization of the pro- 
ton will be conserved up to the highest energies with the 
help of Siberian snakes. During the first stage, the numer- 
ical tracking was performed using an analytical expression 
for the magnetic field in the snake. It is now required to 
use a more realistic description for the magnetic field in 
the snake. Beam trajectory and spin motion can numeri- 
cally be calculated, provided that the magnetic field map 
is given along the beam path. However, it is not practical 
to store the whole field strengths along the helical mag- 
nets. Besides, the map has usually some errors. Calcu- 
lated or measured magnetic field maps may not always sat- 
isfy Maxwell's equations. This causes errors in numeri- 
cal calculations of the orbit and spin matrices; orbit ma- 
trices should be symplectic, and spin matrices be unitary. 
There are following three methods to improve the situation. 
(1) An approximately symplectic matrix calculated from a 
field map is transformed into an exactly symplectic one, (2) 
Small modifications to the field values are performed so as 
to bring the field satisfy Maxwell's equations, (3) The field 
is made more Maxwellian by reading only one or two field 
components from the map and deriving the other compo- 
nents by using appropriate expansion coefficients. 

The method (3) is physically more sound[2] and should 
produce a more symplectic matrix. This strategy was ap- 
plied to examine three dimensional (3D) magnetic field cal- 
culated by the computer code TOSCA includind the fring- 
ing field region. 

2   MULTIPOLE EXPANSION OF THE 
MAGNETIC FIELD 

2.1    Cartesian Coordinate System 

In a current free region in vacuum where the electric field 
E is constant, the magnetic field B can be derived from a 
scalar potential ^ as 

In a Cartesian coordinate system, the scalar potential is ex- 
panded in power series of a; and y coordinates: 

* =   ^   J2 Am' n(z) 
m = On = 0 

xnym 

n! m!' 
(2) 

where z is a coordinate of axis. If the magnetic field has 
a median plane symmetry, Vl> is an odd function of y; i.e., 
m = odd[3]. The Laplace equation, A* = 0, gives the fol- 
lowing recurrent relation between coefficients: 

Am, n+2(z) + Am+2, n(z) + A$ n(z) = 0. (3) 

Coefficients, Ao, n(z) and A\t n(z) are obtained as func- 
tions of z, from the expansion of Bx(x,0,z) and 
By(x, 0, z) in the median plane in series of x at each z- 
position. Therefor, all the coefficients are determined from 
the analysis of measured/calculated magnetic field distribu- 
tions only in the median plane: 
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Al>n=  -   ( 

dnBx 

dx> 

dnB% 
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dx n    ) x — y - 0) 

AM     = 
dzk 

(4) 

(5) 

(6) 

With   these   coefficients,   Bx(x,y,z),   By(x,y,z)   and 
Bz(x, y, z) are calculated off median plane as below: 

Bx = — 
dx 
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(7) 

(8) 

(9) 
m — 0 n — 0 

2.2    Cylindrical Coordinate System 

In the central region of a helical dipole magnet or for a 
helical magnet of infinite length, the magnetic field has a 
cylindrical symmetry and a solution of the Laplace equa- 
tion A* = 0 is given by[4] 

B= -V*. (1) 

* n  ry 2"+1(n+l)!       1 
°\^0  (n+l)"+2  r0"fc«+i 

x [ an cos ((n+1) 6) + bn sin ((n+1) §)]} 

In+i((n+l)kr) 

(10) 
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where J„ are modified Bessel functions and 0 is defined as 

9 = 9-kz, (11) 

where k = 2irj\ and A is the wave length of the helix. Mod- 
ified Bessel functions are expanded in the form of the as- 
cending series of r, 

3   NUMERICAL ANALYSIS 

3.1   Fitting Procedure 

In order to analyze the magnetic field calculated by 
Okamura[7], the scalar potential was assumed to be ex- 

panded as 
oo       1 

* = - Bo J2 (-r 
1 , (n+l)/crN2?+w+1 

n = 0   r° 

._   j!(n+j+l)!(~ 
r 

3 = 0 
°°       „n+1       r 

(12) 

Now, the magnetic field can be computed as 

n      n rV^ 2"+1(n+l)!    1    _,    „    ,v,  v 

„ = o   (n+1)        r°K 

x [ ä„ cos ((n+1) (9) + 6n sin ((n+1) 0)]},      (13) 

r,      T, fr 2n+1(n+l)!    1     1 .      ..    ...  , 

x [ 6„ cos((n+l)0) - ä„ sin ((n+1 )0)]}, (14) 

Bz=-krBe, (15) 

Sa = Br cos (61) - Bo sin (0), (16) 

By = Br sin (9) +Be cos (6). (17) 

Multipole coefficients, ä„ and 6n are related with an 

and 6„ in a two-dimensional approximation (or a straight 
magnet) [5]: 

an = 5„ cos ((n+l)kz) - bn sin ((n+l)kz), (18) 

6n = ö„ sin ((n+l)kz) + bn cos ((n+l)kz).      (19) 

If we expand vertical magnetic field components, Bv, in 
series of r, we obtain 

By/B0 = [ l+\(krf + (higher order of r") ] ■ b0 

+{[ &2 - kkro)2 ■ b0 ](-)
2+ (higher order of rn)} cos (20) 

'IT V (-)^-an,j(z)]cos((n+l)0) 

"IE 
00       rn+l       r 

(-)2j-bn,j(z)]sm((n+l)6)}-   (22) 
.r^ n+2j+l r0 
3-0 

Here, a„, j(z) and &„, j(z) are functions of z, and they 
are cos ((n+l)kz) - or sin ((n+l)fcz) - like functions for an 
infinitely long magnet. The order of magnitude of their 
derivatives are estimated as 

affW = x=an, i(z) = o(((n+l)k)2m) ■ an, j 
dz2m 

2m i o(10-öm(n+iym) ■ On, i (23) 

From the Laplace equation, A\£ = 0, coefficients, an, j(z) 
and an, j(z), satisfy following relations 

^n, j+1 ~ 
n+2j+3 

4(j+l)(n+j+2)   n+2j+l     n-J'' 
A      (24) 

A      (25) n+2j+3  1_ 

"'J+1 " ~ 4(j'+l)(n+j+2) ' n+2j+l   ""• * 

In the analysis, coefficients, an< j(z) and 6n, j(z), were de- 
termined by fitting the radial field Br and the azimuthal 
field Be in the median plane (9 = 0 or IT), respectively. In 
the fitting procedure, the maximum value of n was taken 6 
and odd n values were also included. The j's were taken to 
be zero except for n = 0 (dipole component). Only the sec- 
ond derivatives of ao, o and &o, o were taken into account 
and higher order derivatives were negrected. This assump- 
tion is reasonable from the previous estimation of the order 
of magnitudes for coefficients an, j and bn< j in (23). Fol- 
lowing expansion was used in the fitting procedure, 

Br 
=   — 

dr 

ro 

+{higher multipoles} (20) 
= 50{[aoo+aoi(—)2] cos (9) + [6oo+&oi(—) ] sin (0) 

ro r0 

Helical dipoles have sextupole components originating 
from the structure^]. When the magnet length, A = 240 cm 
and the reference radius, r0 = 3.5 cm, then the sextupole 
contribution from the dipole field becomes 

+ Y (-)n[anocos((n+l)0) + 6nOsin((n+l)0)]}, 
„ -1 r° n — l 

Be---d9 

(26) 

i(fcr0)
2 =* 1 x 10-3. (21) = B0{[ boo+Uoii-)2] cos (0)- [ a0o+laoi(-)2] sin (0) 

3       ro 3       ro 
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+  V (—)" [ bn0 cos ((n+l)0) - an0 sin ((n+l)6>)]}. 
n = 1   r° 

(27) 
The longitudinal field £?z was "predicted" with derivatives 
of coefficients obtained above, 

Bz = 
9£ 
dz 

= B0r{[a'00+la'01a
L)2]cos(e) + [b'00+h'01(-)

2]sm(e) 
3       ro 3       ro 

i 
+  V —(-)"[ a'n0 cos((n+l)0) + *4o sin((n+l)0)]}. 

*—' n+1 rn n = 1 
(28) 

3.2   Results 

At each ^-position, coefficients ano(z) and 6„o(z) were de- 
termined by fitting the 3D-calculated field Br and Be in 
the median plane (y = 0) with equations (26) and (27). The 
3D-field was calculated from x, y = -35 mm to 35 mm in 
5 mm step including the iron core[7]. Consequently, 14 co- 
efficients were determined by fitting the calculated fields at 
30 points with the Simplex minimizing procedure. Differ- 
ences between the 3D calculated and fitted/predicted fields 
are shown in Fig. 1. In the median plane, the 3D-field Bx 

and By are well approximated including the fringing field 
region by the function assuming a cylindrical symmetry. 
The longitudinal field Bz was "predicted" with the equa- 
tion (28) and it agrees with the 3D-field very well. 

25  60  75  100  125 

z (cm) 
25  50  75  100  125 

z (cm) 

Figure 1: Differences between the 3D-calculated and fit- 
ted/predicted fields normarized by B0, left: in the median 
plane x = 3 cm and y = 0 cm, and right: off median plane 
x = 0 cm and y = 3 cm. 

Off the median plane, for example along the line 
x = 0 cm and y = 3 cm, relatively large differences are ob- 
served between 3D-results and our approximation, espe- 
cially at the magnet edge. The magnetic field generated by 
a current parallel to the x-axis at y = yo and z = zois given 
by 

Boc(0,- 
[(y-yo)2 + (z-z0?]> 

yo-y 
[(y-yof + (z-z0)

2]* 
-)• (29) 

The fitting errors observed for the By field at the magnet 
edge are well described by the sum of three terms with 
the functional form (29) corresponding to a magnetic field 
generated by a line current parallel to the x-axis[8]. Fit- 
ting errors for the Bz field at the edge is also described by 
the functional form derived from three line currents at the 
same positions, if the these currents are reduced by a factor 
of four[8]. At the edge of a helical magnet, there are cur- 
rents not only parallel to the x-axis but also those parallel 
to the z-axis. The latter cause additional By field but do 
not have Bz component. Altough the field (29) overesti- 
mates the contribution for Bz due to such a simplification, 
it shows that we have to take account of the effects of the 
coil at the end of a magnet. Inside the magnet, on the other 
hand, magnetic field is well described by a simple function 
of cylindrical symmetry including the fringing field region. 

4   SUMMARY 

Calculated 3D-field was analyzed to obtain the analytical 
expressions satisfying Maxwell equations. In the median 
plane, the field Bx and By were well expanded with sim- 
ple functons of a cylindrical symmetry including the fring- 
ing field region. The longitudinal field Bz was also well 
"predicted" with coefficients determined from fitting Bx 

and By. Off median plane, on the other hand, effects of 
coils parallel to the x-axis were required to explain the dif- 
ference between 3D-field and the "predicted" field from the 
analysis. Present procedure can be also applied to analyze 
measured magnetic fields for helical magnets. 
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Abstract 

Design study of the superconducting sector magnets for 
the RIKEN superconducting ring cyclotron is described. 
Structures, magnetic forces, superconducting coils and a 
cryogenic system are discussed. Special features are, the 
cold pole arrangement, the supporting structure for huge 
magnetic forces, and the cryogenic stable coils. 

1      INTRODUCTION 

The RIKEN Superconducting Ring Cyclotron (SRC) is 
one of the main accelerators for the "RIKEN RI Beam 
Factory".[1] Six units of superconducting sector 
magnets [2] are used as the main components of the 
SRC. Each of sector magnets must generate a 
maximum magnetic field of 4.5 T in the beam orbital 
area. We use superconducting main coils and also super- 
conducting trim coils to obtain compactness in size and 
to save electric power and cooling water. A yoke and 
poles made of magnetic soft iron are arranged in the 
sector magnet to reduce ampere turns of the super- 
conducting coils and to minimize a leakage magnetic 

flux.    Table 1 shows main parameters of the sector 
magnets. 

Table 1.   Parameters of the sector magnets. 

Average radii of beam injection 
extraction 

3.56 m 
5.36 m 

Sector angle of main coil 25 degree 
Maximum magnetic field 

in the beam orbital area 4.5 T 
in the main coil 5.5 T 
in the trim coil 5.0 T 

Main-coil's ampere turns per magnet   6.0 MA 
Coil cooling method                  LHebath cooling 
Magnetic stored energy for 6 magnets  450 MJ 

(75 % in air, 17 % in poles, 8 % in yokes) 
Maximum operation currents 

for main coil 5,000 A 
for trim coil 500 A 

Iron weight of 6 magnets 
poles 
yokes 

216 tons 
3,630 tons. 
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Fig. 1. Cross-sectional view of the sector magnet. 

0-7803-4376-X798 /S10.00 © 1998 IEEE 3419 



2    STRUCTURES OF THE 
SUPERCONDUCTING  SECTOR  MAGNET 

Figure 1 shows a cross-sectional view of the sector 
magnet. Main components of the magnetic elements 
are superconducting and normal conducting coils, poles 
and a yoke. We use two kinds of superconducting coils: 
a pair of main coils and a group of trim coils. Both 
coils are located upper and lower sides with respect to 
the mid plane. A group of normal conducting trim coils 
is also arranged in the upper and lower sides of the beam 
chamber, to obtain a strictness of isochronous fields. 

A special feature is the cold-pole arrangement. This 
arrangement gives an easier mechanical support against 
the huge magnetic forces of the main coils, and gives 
the reductions of ampere-turns and of magnetic forces, 
compared with a warm-pole arrangement. A vertical 
magnetic force (Fz) is supported with two pole links 
which are attached to the upper and lower cold poles. 

We have invested two ways of supporting a 
magnetic shifting force (Fx) in the radial direction. One 
way is to arrange a pair of cold rings which connect the 
cold masses (coils and cold poles) of the six sector 
magnets in 4.5 K region. A problem of the cold ring 
support system is the central space for the cyclotron. 
This space is limited for arranging the beam injection 
elements. The other way is to use large size thermal 
insulated supports made of high strength material like as 
titanium alloy, in between the cold mass and the yoke 
using the outer space of the sector magnet. The 
problems of this support system are its large heat leak, 
and its mechanical deflection which causes a position 
shift of the magnetic field. After optimization for 
decreasing the shifting force Fx, we have almost decided 
to use the thermal insulation support system as shown 
in Fig. 1. 

3    MAGNETIC FORCES 

Table 2 shows the calculated magnetic forces on the 
main coil and cold pole at an ampere turns of 6 MA 
per magnet (or per two coils). The vertical force Fz of 
1,154 tons will make a bending deflection of 2 mm in 
the normal direction to the cold pole of 465 mm in 
thickness. The shifting force Fx of 104 tons will make 
the coil position change by 1 mm in the radial 
direction. This force Fx is generated by the 
arrangement of six sector coils and the asymmetric 
configuration of the coils and irons. 

4     SUPERCONDUCTING  COILS 

The superconducting main coil has a triangle shape with 
two long straight sections of about 3.5 m long. The 
magnetic force on the main coil is supported by the coil 
vessel   and  the   cold  pole.   We  apply   a  cryogenic 

stabilizing method for the main coil and the trim coil to 
prevent coil quench. Their average current densities are 
34 A/mm2 and 41 A/mm2, respectively. 

We considered two materials for the stabilizer of the 
superconducting wire. One was pure copper having 
rough surface, and another was pure aluminum having 
flat surface. We have decided to use pure aluminum 
stabilizer with a reason of the price. Therefore more 
considerations about the electrical and mechanical 
properties, the thermal contraction from room tempe- 
rature to 4.5 K, and the quench protection, were 
necessary. Specifications of the superconducting wires 
are shown in Table 3. 

5     CRYOGENIC SYSTEM 

Figure 2 shows the cooling diagram. Two refrigerators 
having a capacity of 500 W each at 4.5 K will be used 
for cooling of the six sector magnets plus the beam 
injection and extraction superconducting magnets. 

Table 2.   Magnetic forces exereted on the main 
coil and the cold pole 

unit: ton 

For half main-coil Fx Fy Fz 
No. 1 element -87 0 -9 
No. 2 -166 132 -25 
No. 3 -185 940 -254 
No. 4 160 205 -84 
No. 5 310 21 -115 
Sum. 32 1298 87 

For one cold-pole -12 0 -180 
For half cold-mass 52 0     - 1154 

(one main-coil and one cold-pole) 
For one cold-mass 104 0 0 

(one magnet) 

No.3 
No.4 

No.5 

No.l 

Table 3. Specifications of the superconductors 

[Main Coil] [Trim Coil] 
Max. operation current (A)            5,000 500 
Critical current (A) at 6T, 4.5K    10,000 1,000 
Cryogenic stabilizing current (A)  6,000 550 

(partial stab.) (full stab.) 
Cooling surface ratio                    50 % 40 % 
Outer dimensions (mm)              8X15 2.9 X 3.6 
Material                               NbTi/Cu-Al NbTi/Cu-Al 
Al/Cu/NbTi section area ratio    17/1/1 15/1/1 
Surface treatment                          non non 
Total length for 6 magnets (km)       77 47 
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The cold-mass weight of the six sector magnets is 360 
tons, and it will take one and a half months for 
cooling the cold mass from room temperature to 4.5 K. 
We expect to operate the superconducting ring cyclotron 
for more than 6,000 hours a year. Therefore, the cold 
mass should be kept in low temperature as long as 
possible. When one refrigerator breaks down, the 
magnets can be kept at 5 to 6 K with the other 
refrigerator. We will have one or two days of power off 
a year for the power system maintenance, and at that 
time a recovery compressor with an emergency power 
source will recover the evaporated helium gas to buffer 
tanks. We will use no liquid nitrogen in this cryogenic 
system for simplicity of the cooling system. 

6     R&D ITEMS 

We have measured and plan to the following items for 
verifying our design before constructing the real sector 
magnets. 
1) Heat flux characteristics of superconductors. 

Heat flux characteristics of the main and trim coil 
conductors, which are important parameters for cryo- 
genic stabilizing, were already measured in liquid 
helium. The results satisfied the design. 
2) Cryogenic stabilizing currents. 

The cryogenic stabilizing currents of the main and 
trim coil conductors will be measured using small 
circular coils under 6 T magnetic field with a bias 
superconducting coil in liquid helium. 
3) Mechanical properties of aluminum stabilizing 

superconductor. 
We have not enough mechanical property data about 

aluminum stabilizing superconductor. Tensile strength, 

fatigue strength, and creep characteristics are being 
measured using the main coil superconductor. 
4) A real-size model magnet. 

The biggest R&D item is a real-size model sector 
magnet. We are now constructing the model magnet. 
The details are given in Ref. 3. 
5) Unbalanced magnetic forces. 

Unbalanced magnetic forces in the radial, vertical and 
azimuthal directions can be calculated with 3-D finite 
element computer program. But these calculated values 
are less than 2 % of the total magnetic force. Hence, the 
accuracy of the calculated value should be carefully 
considered. We plan to measure these unbalanced forces 
using three sets of small size sector magnets, each 
consisting of copper coils, poles and a yokes. 

7    SUMMARY 

A basic design of the superconducting sector magnet for 
the RIKEN superconducting ring cyclotron has been 
carried out. We are currently studying the details and 
making the optimization, doing many kinds of R&D. 
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Abstract 

A superconducting ring cyclotron proposed as a booster of 
the existing RIKEN Ring Cyclotron (RRC), is composed 
of six superconducting sector magnets. In each sector mag- 
net, the pole pieces are placed at 4 K to be used as a sup- 
port structure of the coil vessel against large electromag- 
netic forces and also to enhance magnetic flux efficiently. 
The field trimming system suitable for such a cyclotron is 
thought to be a combination of superconducting and nor- 
mal trim coils. Considering their differing properties, opti- 
mization of a trimming system has been carried out using 
numerical methods. The trimming system is required to 
isochronize the magnetic fields for various ions in a wide 
range of beam energy. Features of the trim coils and the 
results of optimization are described. 

1    INTRODUCTION 

A superconducting ring cyclotron with six sectors (SRC-6) 
is under design at RIKEN as the final booster of the pri- 
mary beam in a cyclotron complex of the Radio Isotope 
(RI) Beam Factory [1]. Heavy ions such as 238U58+ will 
be accelerated from 58 MeV/u to 150 MeV/u, and light 
ions such as 1607+ from 126 MeV/u to 400 MeV/u for ef- 
ficient RI beam production using a projectile fragmentation 
method. 

Variable energy cyclotrons need an efficient magnetic 
field trimming system, which requires optimization of its 
location, current, and so on. Regarding to the location, 
room temperature ring cyclotrons usually have their trim 
coils placed on the pole faces. However, in a supercon- 
ducting ring cyclotron the location of resistive trim coils is 
restricted to either near the beam chamber or near the yoke 
due to the presence of a cryostat [2]. In both cases, the trim- 
ming capability solely by resistive trim coils is poor, partly 
also due to pole saturation. The SRC-6 will utilize both su- 
perconducting and normal trim coils. A major portion of 
field trimming is carried out with five sets of superconduct- 
ing trim coils. Normal trim coils are then used for fine field 
tuning, keeping their power dissipation relatively low. 

There have been design attempts to reduce the contribu- 
tion from the trim coils by modifying the magnetic fields 
from the main sector magnet [3]. In our case, however, 
the superconducting trim coils easily make most of the cor- 
rection, leaving the error fields less than ±15 gauss with a 
vertical space occupation of 2 cm. 

2   DESIGN OF THE TRIM COIL SYSTEM 

Figure 1 shows the isochronous fields and fields from 
the sector magnets of SRC-6, in which the fields are az- 
imuthally averaged. Three representative cases have been 
used in designing the trim coil system, covering the major 
operation field region. The case of 1607+ accelerating to 
400 MeV/u requires a maximum correction by the super- 
conducting trim coils. 

15000 

-2 8000 ■ 
330 350 370 390 410 430 450 470 490 510 530 550 

Radius  (cm) 

Figure 1: Isochronous fields and fields from the six sector 
magnets of SRC-6. 

The locations of the trim coils are shown in Figure 2. The 
superconducting trim coils are enclosed with an indepen- 
dent liquid helium vessel from the main coil vessel [4]. The 
vacuum jacket of the resistive trim coils is separated from 
the beam chamber, and they comprise a room-temperature 
penetration through the midplane. 
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Figure 2: A schematic view of trim coil locations. 

2.1   Superconducting Trim Coils 

The superconducting trim coils are accommodated on the 
cold pole faces so that some vertical support is provided. 
However, fastening the trim coil vessel onto the pole will 
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be limited to along the pole center line in order to reduce 
the thermal stress generated from thermal contraction dif- 
ference between iron of the pole and stainless steel of the 
coil vessel. 

Figure 3 shows a configuration of the superconducting 
trim coils. This is not the final shape, but it shows the main 
features such as no negative curvature. The number of inde- 
pendent excitation is five in the present design, and further 
details on this number are given in section 2.3. 

Figure 3: Configuration of the superconducting trim coils. 

Among five sets three sets are wound around the nose 
of the sector, and two around the back of the sector. This 
configuration appears to be effective in field trimming in 
view of the shape of pure sector and isochronous fields as 
shown in Figure 1; the separation point of coil winding di- 
rection roughly matches with the intersection of the sector 
and isochronous fields of 1607+. The field distributions of 
the five-set trim coil system are given in the lower graph of 
Figure 4 when the sector field is 4.5 T 

Depending on the maximum current required on each 
set, the total number or the size of each coil has to be var- 
ied. Figure 3 shows the case of using a large number of 
coils in each set. The size of each coil is 1.3x2.3 cm, in 
which 24 turns can be wound. The coil will be cryogeni- 
cally stabilized, and high-Tc material current leads will be 
used. 

Superconductor is manufactured by Furukawa wire com- 
pany with the maximum operation current of 500 A. Some 
parameters of the wire are listed in Table 1. Performance of 
the trim coils will be tested with the model sector magnet 
under construction [5]. 

Table 1: Parameters of the superconducting trim coil 

Jowe 4100 A/cm* 

*op 500 A 
Superconducting 

Wire 
2.9 x 3.6 mm 

AV(Cu/NbTi)> 10 
RRR>400 

Ic=1200 A at 6 T, 4.3 K 

330 350 370 390 410 430 450 470 490 510 530 550 

330 350 370 390 410 430 450 470 490 510 530 550 

Radius (cm) 

Figure 4: Upper Graph: field distributions of twenty nor- 
mal trim coils at 500 A when the sector field is 3.8 T, and 
Lower Graph: field distributions of five superconducting 
trim coils when the sector field is 4.5 T 

2.2   Normal Trim Coils 

The structure of the normal trim coils will be similar to that 
of the present RRC [6]. Figure 5 shows a layout. Arcs of 
copper plates insulated with aluminum oxide coating are 
enclosed with an auxiliary vacuum jacket. At the ends of 
arcs the copper tubes are welded as both leads and cooling 
channel. 
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Figure 5: Configuration of the normal trim coils. Trim coils 
of only inner radii are plotted here. 

The upper graph of Figure 4 shows the azimuthal average 
fields of the normal trim coils at the current of 500 A when 
the sector field is 3.8 T Since the normal trim coils are 
located distant from the pole, the field shapes are not much 
different from those of the air core fields. 

2.3   Optimization of the Trim Coil system 

The criterion of optimization is not well defined as two dif- 
ferent kinds of trim coils are involved. The condition of 
minimum power dissipation which is often adopted for the 
resistive trim coil optimization is not equally applicable to 
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the superconducting trim coil. Figure 4 in fact implies that 
it may be advantageous to use a large number of supercon- 
ducting trim coils since the field profile of the normal trim 
coil is not so optimal as a correction coil due to the cance- 
lation effect on adjacent coils. However, the number of the 
superconducting trim coils is limited by available space for 
the current leads with a vertical space of 2 cm. 

The program used in optimization is the same as used 
for the design of previous RIKEN cyclotrons [7], utilizing 
a least square fitting routine. The design ion first used is 
1607+ in the energy range of 58-400 MeV/u because of 
the maximum correction field required. As a function of 
the superconducting trim coil number, the error fields are 
calculated and shown in Figure 6. With use of 5 sets, the 
error field reduced within ±15 gauss, or ±0.13 % of the 
isochronous field. The case of 6 trim coils didn't improve 
the fitting so much in the present calculation. 

Twenty sets of normal coils were then tested with uni- 
form spacing of 10 cm at radii between 365 cm and 555 
cm. Figure 7 shows the leftover error fields after fitting. 
The orbital frequency error calculated with the EO code is 
less than ±0.02 %. This error will produce the phase ex- 
cursion of about 10°, allowing a low beam energy spread. 
Fitting was also performed for the case of 1607+ acceler- 
ating to 200 MeV/u. The orbital frequency error could be 
kept within ±0.025 %, with which the phase excursion is 
also about 10° because of smaller number of turns. 

300 350 400     450 

Radius (cm) 
500 550 

Figure 6: The error fields remained after fitting with dif- 
ferent number of sets of the superconducting trim coils for 
1607+ 

In the present design the normal coils which are uni- 
formly spaced can tune the fields well with even distri- 
bution of currents as a function of radius. The maximum 
current needed is about 500 A. The power dissipation is 
estimated to be 100 kW for 400 MeV/u 1607+, which is 
obtained by scaling the power loss of the present RRC trim 
coils. 

2.4   Harmonic Field Effects 

A major field perturbation in the SRC-6 is the first har- 
monic component coming from the stray fields of injection 
and extraction elements. The magnitude of the first har- 
monic is expected to be about 100 gauss on the first turn 
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Figure 7: Orbital frequency error after fitting with normal 
trim coils 

with active shielding employed. To compensate for this 
rather strong stray field, it seems that the innermost and 
the outermost radius sets of the superconducting trim coils 
need to be harmonic coils. 

The first harmonic field is often used for orbit centering 
and for off-centering acceleration to increase the extraction 
efficiency. The estimated off-centering is 0.2 mm/gauss for 
1607+, which means the first harmonic of about 10 gauss 
may be needed to move the orbit center. Resistive harmonic 
coils can handle this magnitude. 

3 CONCLUSION 

For the SRC-6 five sets of superconducting trim coils can 
effectively correct most of the error fields. The leftover 
fields can be easily corrected with twenty normal trim coils 
in the present calculation. The power loss on the normal 
trim coils is estimated to be around 100 kW for 400 MeV/u 
16Q7+ jjjg cry0.stability of the superconducting trim coils 
will be tested with the model sector magnet under construc- 
tion. 
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Abstract 

A 6 T superconducting solenoid has been constructed to fo- 
cus heavy ion beams on the production target of radio iso- 
tope beams. The design field on axis is 6.2 T with an aver- 
age current density of 9,600 A/cm2. The overall coil length 
is 1.1 meter, and the coil is divided into three equal-length 
sections to ease winding and to reduce IR drop through 
diode connection. A main feature of the system is that the 
solenoid is conductively cooled by a cryocooler directly at- 
tached onto the center coil without liquid helium involved. 
The solenoid was successfully trained to 6.2 T, and its op- 
tical properties were tested in the beamline at RIKEN. The 
design features and the test results are presented. 

1   INTRODUCTION 

The accelerator research facility at the Institute of Physi- 
cal and Chemical Research (RIKEN) in Japan has provided 
high current radio isotope beams for nuclear physics re- 
search [1]. To produce isotope beams a projectile fragmen- 
tation method is being used. By bombarding a production 
target with heavy ion beam, fragments of the projectile are 
produced. The Radio Isotope Projectile Separator (RIPS) 
located downstream then selects the desired beam [2]. 

Until recently the primary beam has been focused on 
target using quadrupole lens, the resulting beam spot be- 
ing larger than 1.5 mm, which meets usual experimental 
requirements. However, a need for higher precision mea- 
surements has demanded even smaller beam spot. After 
some computational studies and comparison works, a su- 
perconducting solenoid was chosen to increase the focusing 
power with a slight modification of the existing beamline. 
A quadrupole triplet was also an option, but the solenoid 
appeared to be more attractive in the aspect of its versa- 
tile uses. One example of its uses is that with a production 
target placed upstream from the solenoid, the solenoid can 
accept and focus the produced fragments on another pro- 
duction target downstream. 

The solenoid was manufactured by Mitsubishi Electric 
Corporation, and was installed in the beamline at RIKEN 
in January, 1997. The axial field reached 6.2 T after sev- 
eral quenches. The first focusing test was performed using 
95 MeV/u Ar17+ beam, which is the highest rigidity beam 
from RIKEN Ring Cyclotron (RRC). 

2   SUPERCONDUCTING SOLENOID DESIGN 

The superconducting solenoid is designed as a focusing el- 
ement in the beamline.  Since no present beamline mag- 

nets at RIKEN are superconducting, it was thought to be 
inconvenient to add a new component which requires us- 
ing liquid helium. A conduction cooling method was pre- 
ferred to bath cooling. A compact refrigerator of a Gifford- 
McMahon type and a high-Tc material current leads are the 
major components of such system as in other similar sys- 
tems [3]. (The current leads is made of high-Tc material 
between 50 K and 4.5 K, and of copper between 300 K and 
50 K.) Figure 1 shows the system configuration. Design pa- 
rameters of the solenoid and the superconductor are listed 
in Table 1. 

1250 

350 

Figure  1: 
solenoid. 

A schematic view of the superconducting 

The solenoid is divided into three equal-length coils as 
shown in Fig. 1. Its main purpose is to reduce the maxi- 
mum IR drop. Each coil is connected to a diode so that the 
maximum IR drop during quench is reduced approximately 
by one third compared to without coil division. The electric 
circuit incorporating quench protection is plotted in Figure 
2. Three diodes are located inside the cryostat, and there 
is another diode used at room temperature in series with a 
resistor which are in a parallel connection with the power 
supply. Because of these connections quench characteris- 
tics are rather complicated. A detailed analysis is given in 
the next section. 

The voltage of power supply is ±4 volts, taking about 
90 mins to reach the design current. It is, however, not a 
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Table 1: Parameters of the 6 T Solenoid 
Bmax on axis 6.2 T 

j B ■ dl 6.8 T-m 
Save 9,800 A/cm* 

Amp-turn 5.5 MA-turn 
*-oip 40 A 

Stored Energy 450 kJ 
Inductance 534 H 

Superconducting 
Wire 

Cu/NbTi=1.3, 
(j> =0.60 mm 

significant inconvenience in our case because the current is 
usually fixed for many hours during experiments. 

The cold mass of the solenoid is about 300 kg, and the 
cooling capacity of the refrigerator is 0.5 W at 4.5 K with 
30 W being provided to the thermal shield at 45 K. It takes 
9 days to cool the coil from 300 K to 4.5 K. This seems 
a rather long time, but is acceptable since experiments are 
usually scheduled well in advance. 

4K 

TXXTCXT ööüöü^ 

4J- 

#3 

-4<h 

-v/*w- 
0.1   Dhn 

During quench tests variations of the following physical 
parameters have been measured: 1) voltages on each coil, 
2) magnetic fields, and 3) solenoid current. The magnetic 
fields were measured using three hall probes temporarily 
attached to the outside of vacuum jacket around each coil. 
A typical result is shown in Figure 3 when a quench oc- 
cured at the coil #1. As shown in the upper three curves, 
the voltages on #2 and #3 coils are opposite to that on the 
coil #1, which is forced by the warm diode. The gate volt- 
age of the diode at 4.5 K is measured to be around 10 volts 
which is the maximum voltage on each coil. The middle 
three curves show the magnetic fields of each coil which 
are equivalent to the currents of each coil. The current of 
the coil #2 increases due to magnetic induction before its 
own quenching. This kind of behavior is usually observed 
when a quench occurs to the coils which are magnetically 
coupled but electrically independent. 

4 6 
Time (sec) 

Figure 2: A circuit diagram. Three diodes are located in- 
side the cryostat, and one more diode at room temperature 
for quench protection. 

3   SOLENOID TEST AND FIELD MEASUREMENT 

The solenoid reached the design field of 6.2 tesla after train- 
ing. Among the three coils, two (#1 and #3 in Figure 1) 
were tested in a liquid helium dewar prior to assembly. 
The coil #1 quenched at the current of 48.3 A, and the 
coil #3 didn't even at 49.1 A, which proved the quality of 
coil winding. Test of the third coil was skipped. After the 
solenoid was fully assembled, it was first tested at the fac- 
tory site. And then the test continued after the solenoid 
was installed in the beamline of RIKEN. Twelve quenches 
in total were needed to train the solenoid to the design field. 
This number is larger than expected. The quench occured 
at the coil #3 for the first 4 quenches, and then at #1 for the 
following 7 quenches. Since these two coils passed individ- 
ual tests, the quality of winding should not be the cause of 
these quenches. Moreover, the coil joints are extra-cooled 
by means of separate copper strips extended from the cold 
head of the refrigerator. We think that the change of coil 
force direction from individual coil tests is the probable 
cause. 

Figure 3: Variations of physical parameters measured as 
a function of time during coil quench testes. The upper 
three curves show the coil voltages, the middle three dis- 
playing magnetic fields measured at the outside of the vac- 
uum jacket around each coil, and the lower curve shows the 
decay of the solenoid current. 

The magnetic field was measured at the factory site 
using a hall probe positioned by a three dimensional mover. 
The magnetic center was found from the measurements, 
and it agrees with the mechanical center. Magnetic field 
measured along the axis is shown in Figure 4 together with 
the calculation result using TOSCA [4]. 

4   BEAM FOCUSING TEST 

The main design parameters of the solenoid and its location 
were chosen to focus heavy ion beams with a spot diame- 
ter of 0.4 mm when beam emittance is 3 7rmmmrad. The 
beam envelopes were calculated using TRANSPORT [5], 
and shown in Figure 5. The beam envelopes are enlarged 
by the quadrupoles upstream from the solenoid, and their 
upper limits are determined by the clear bore size (08 cm) 
of the last quadrupole. Aberrations on the solenoid are not 
the limiting factors in producing the spot size of 0.4 mm. 
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Figure 4: Magnetic fields calculated with TOSCA drawn 
by the curve and measured with a hall probe indicated by 
circles 

The first beam test was carried out using 95 MeV/u 
Ar17+ beam. The spot was observed on a ZnS target at the 
location of the production target of radio isotope beams. 
The beam diameter was around 0.3 mm when the beam- 
line magnets were adjusted according to the TRANSPORT 
calculations. The optics calculation agreed with measure- 
ments, and the transmission efficiency was near 100 %. 

The beam spot can be easily shaped with control of three 
upstream quadrupole doublets as well as solenoid current. 
With the solenoid inductance of 534 H and the power 
supply voltage of 4 volts, the adjustment of the solenoid 
current takes five minutes per amp. Therefore, it is quicker 
to control the currents of the quadruples as long as the 
transmission efficiency doesn't deteriorate. 

against the changes in coil stress distributions from the in- 
dividual coil tests. 

It appears easy to operate a superconducting magnet us- 
ing conductive cooling. A further application of this kind 
of system is under consideration. 
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Figure 5: Beam envelopes calculated with TRANSPORT. 
The upper and lower graphs show the envelopes of two 
transverse planes, respectively. 

5   CONCLUSION 

The solenoid reached the design field of 6.2 tesla, and the 
beam test was successfully carried out. The number of 
quench before reaching the design field was larger than 
expected, but it was understandable considering training 
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Abstract 

A six-sector superconducting ring cyclotron is to be built 
in the RIKEN RI-beam factory project as one of post 
accelerators of the existing K540 ring cyclotron. This 
paper reports on a full-scale model sector magnet for the 
superconducting ring cyclotron. 

1   INTRODUCTION 

In the RIKEN RI-beam factory project, it is planned 
to build two new ring cyclotrons as post accelerators of 
the existing K540 ring cyclotron [1]. The first new 
cyclotron we call IRC has a K-value of 950 MeV, 
consisting of four normal-conducting sector magnets. Its 
mean injection and extraction radii are designed to be 2.77 
m and 4.15 m, respectively. The second one we call SRC 
is a superconducting ring cyclotron with a K-value of 
2,500 MeV, consisting of six superconducting sector 
magnets whose sector angle is 25 degrees and maximum 
field is 4.3 T. Its mean injection and extraction radii are 
designed to be 3.56 m and 5.36 m, respectively. The 
cascade operation of these cyclotrons boosts energies of 
heavy ion beams up to: e.g. 400 MeV/nucleon for light 
heavy ions like carbon, 300 MeV/nucleon for krypton 
ions, and 150 MeV/nucleon for uranium ions. 

Here we report on a design of a model superconducting 
sector magnet for the SRC. The design of the SRC is 
reported elsewhere in these proceedings [2, 3]. 

2 MODEL   SECTOR   MAGNET 

A full scale model is to be built so that we can make sure 
the design of sector magnet under the condition as close to 
the real one as possible. Figure 1 shows a schematic 
drawing of the model sector magnet. The cold pole 
method has been adopted to support the huge 
electromagnetic force due to the large magnetic field and 
coil current [3]. Figure 2 shows some details of the 
main coil vessel and cold pole. 

2.1 Cold Pole and Main-coil Vessel 

As seen from Figs.  1 and 2, the iron pole pieces are 
separated from the iron yoke and are cooled down together 

with the main coils in the cryostat. Two coil vessels 
that accommodate the main coils are attached to the side 
of the upper and lower pole pieces, which are linked each 
other by pole links. This arrangement allows the pole 
pieces to work as a mechanical support against the huge 
force excerted on the mail coils or the coil vessels. 

Fig. 1. Schematic drawing of the model sector magnet: a 
side view (upper figure); a top view (lower figure). 

The pole gap is designed to be 380 mm, considering 
sizes of the trim coils and of the magnets for injection and 
extraction to be installed in the gap space. The cold-mass 
weight is estimated to be about 50 tons. The coil vessels 
are made of stainless steel. One of the important issues 
in the design is how to fix the coil vessel to the side of 
pole piece. Figure 3 shows two alternative methods that 
we considered. The scheme shown in the upper part of 
Fig. 3 uses sort of "hook" to fix the coil vessel to the 
pole.   The coil vessel and the "hook" are assembled by 
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welding. The second scheme shown in the lower part of 
Fig. 3 uses screws to fix the coil vessel to the pole as 
well as to assemble the coil vessel. We plan to adopt the 
former scheme for the upper coil and the latter one for the 
lower coil, and to examine in the test operation of model 
magnet which scheme is better. 

COIL VESSEL (SUS) 

Fig. 2. Some details of the main coil and cold pole. 

Fig. 3. Two alternative schemes to fix the coil vessel to 
the cold pole. 

2.2 Main Coil and Conductor 

A cryogenically-stabilized superconductor has been 
designed based on Maddock's criterion, and is used for the 
main coil in order to prevent it from quenching. The 
conductor has  a rectangular shape,  consisting  of     a 

Rutherford-type NbTi cable located at the center of 
conductor and a stabilizer housing. The conductor's cross- 
sectional sizes are horizontally 8 mm and vertically 15 
mm. The Rutherford-type cable is composed of ten NbTi 
superconducting wires of 1.25 mm diameter and 1.05 
Cu/SC ratio. The diameter and twisting pitch of the 
filaments contained in each wire are 27 and 18 mm, 
respectively. Critical currents of the wire at 4.3 K is 
greater than 14,500 A at 5 T, 11,500 A at 6 T, and 8,500 
A at 7 T. The Rutherford-type cable has a rectangular 
cross-section of 2.35 mm x 6.35 mm and has a twisting 
pitch of 55 mm. The stabilizer material has been chosen 
to be pure aluminum with a residual resistivity ratio 
greater than 500. The condition of the stabilizer surface 
is flat. The Al:Cu:SC ratio of the conductor is 17 : 1.05 
: 1. The conductor is cryogenically stable up to a current 
of 6,000 A when the applied magnetic field is 6 T and 
the cooling efficiency is assumed to be 50%. 

The main coil is cooled by the liquid-helium bath 
cooling method. Cross-sectional area of the main coil is 
283.5 mm x 309.5 mm, as shown in Fig. 2. The 
number of turns is 600 for each coil. The main coil is 
wound by the solenoid winding method in such a way that 
it has 30 layers in the horizontal direction and 20 turns in 
the vertical direction. The conductor length is estimated 
be 6.4 km/coil. The cooling gaps in horizontal and 
vertical directions are chosen to be 1.5 mm and 0.5 mm, 
respectively. A heat-flux measurement has shown that 
these gap-widths are large enough to achieve the designed 
heat flux. The spacers of FRP (Fiber Reinforced Plastic) 
are placed in the gaps in such a way that 50 % of 
conductor surface is exposed to the liquid helium. We 
plan to excite the main coil with currents lower than 
5,000 A, considering deterioration of cooling which may 
happen in some parts of the coil. The current density at 
5,000 A is estimated to be about 34 A/mm2. The total 
ampere-turn is 6 MA at 5000 A, which is large enough to 
generate the design field strength of the sector magnet. 

2.3  Test Trim Coils 

Test trim coils, which correspond to a part of real trim 
coil, are to be fabricated and installed in the pole gap 
space as shown in Fig. 1. The conductor of trim coil has 
been designed to be cryogenically stable, based on 
Stekly's criterion. It is a rectangular conductor whose 
cross-sectional sizes are horizontally 2.9 mm and 
vertically 3.6 mm, and consists of a stabilizer housing of 
pure aluminum and a superconducting wire located at the 
center of conductor. The superconducting wire is the same 
as that used for the Rutherford-type cable of main-coil 
conductor. The cooling gaps of trim coil are taken to be 
0.25 mm. The cooling efficiency is estimated to be 40 % 
considering the spacers placed in the gaps. The trim coil 
is stable up to 550 A at 6 T. We plan to excite it with 
currents lower than 500 A for safety. The current density 
at 500 A is estimated to be about 41 A/mm2.    The trim 
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coil vessel is connected in series to the main coil vessel, 
so that the trim coil can be cooled by liquid helium 
provided by a common refrigerator. 

3  SCHEDULE 

Fabrication of the conductors has been finished this 
March. Fabrication of the model magnet will be soon 
placed an order with manufacturers. The cold mass and 
cryostat will be completed in a year. 
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Abstract 

Siberian Snakes that consist of four helical dipole 
magnets will be installed in the Relativistic Heavy Ion 
Collider (RHIC) to preserve the polarization of the proton 
beam. To promote this project we are collaborating with 
Brookhaven National Laboratory (BNL) in studying 
helical magnet designs. At present, two types of helical 
magnets are being developed. One is being designed by 
the BNL magnet group, and the other by Advanced 
Magnet Technology (AML), Inc. These magnets use the 
same superconducting cable but have different shapes 
especially in the end regions. We are evaluating the 
performance of both magnet designs using the three 
dimensional (3D) magnetic field analysis code TOSCA. In 
particular, saturation effect, field strength, multipole 
component and magnet quenching features will be 
discussed. 

1 INTRODUCTION 

We have studied the Siberian Snake[l] for the RHIC- 
Spin project and the development of the super conducting 
helical dipole magnets are one of the key issues to the 
success of this project. Two types of designs for these 
magnets are being evaluated and the half length model 
magnet of each type was recently fabricated and the quench 
performances were tested. The first, called the Slotted 
Type[2], was designed by the BNL magnet group and the 
other, called the Direct Wind Type[3], was developed by 
the AML. Using TOSCA, we have calculated 3D 
magnetic fields of both built models and investigated 
these characteristics. 

2 DEMANDED PERFORMANCES 

The Siberian Snake magnets adopted by RHIC are a type 
called Full Snake, and have to flip the spin direction by 
180 degrees without any influences to the beam orbit. 
Using the helical dipole magnet twisted by 360 degrees, 
the transverse magnetic fields the accelerated particles feel 
are cancelled and the deflection of the beams is eliminated. 
Furthermore the symmetric combination of the helical 
dipole magnets, as sequence of 1.2 T, -3.9 T, 3.9 T and 
-1.2 T fields, can evade the shift of the beam orbit. 
Therefore the required performances for each helical dipole 
magnet are to achieve more than 3.9 T of the field 
strength and zero transverse fields when integrated along 
the particle trajectories. The optimization of the multipole 
components is also important to avoid a tune shift. From 

the cryogenic point of view, in RHIC, it is needed to 
minimize the heat leak from these magnets. On this 
account, the Rutherford type cable which is used for usual 
magnets is not adopted, and a thin cable of 1 mm diameter 
comprise of seven wires will be applied. As a result, the 
design of the helical dipole magnets became different from 
a conservative design. 

3 TWO TYPES OF THE MAGNET DESIGNS 

As mentioned above, there are two types of magnet 
designs, the Slotted Type and the Direct Wind Type, for 
the superconducting helical dipole. The fabricated models 
have half sized length, and these are twisted by 180 
degree. Figure 1 shows these magnets. 

Direct Wind Type 

Figure: 1 The half length models for the Siberian Snake. 
Only halves of the yokes are drawn not to hide the coils. 

In Slotted Type construction, the cables are wound along 
the slots machined on a column of aluminum, and finally 
pressuring radial direction, wound cables are hardened with 
epoxy in the slots. The coil winding was done by hand 
work basically, and mastery of skills and long production 
time are necessary. A study of the automation winding for 
this type was just begun at BNL. On the contrary, the 
coils of Direct Wind Type are wound by a numerically 
controlled machine and this procedure is completely 
automated. At first, a cylinder wrapped with fiber grass is 
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grooved along the location of first layer cable. Then the 
cable of first layer is wound up on the groove, and the 
second or next layer is wound up on the gap from 
previous cables. Thus, the positions of each cable are 
fixed, once the groove on the cylinder was decided. As a 
result, a packing factor of the conductor is maximized. In 
addition, a turn number of upper layer is always less than 
that of lower layer. Most important difference between 
these models is in the shape of the coil end. As for 
Slotted Type, the coil end is divided into upper side and 
lower side and this configuration is the same as ordinary 
magnets. On the other hand, as for Direct Wind Type, all 
of the conductors turn around on one side, upper or lower, 
without being divided. Accordingly, length of end gets 
longer comparatively. About the magnetic fields at the 
end, non-symmetric distribution is expected. It is possible 
to adopt a design of the end divided into up and down as 
same as Slotted Type. However, in this case, the coil at 
the body region also should be divided into two coils. 
Since wound cables at the median plane except the first 
layer can not be accumulated, then the cables are not 
wound efficiently at the area which contributes most 
effectively to induce the dipole magnetic field. 

3 3D ANALYSIS OF THE FIELDS 

maximum field strength around the axis, the coils in 
stronger field have a lower current. The operation current, 
at high field slots, for 4.0 T is expected to be 280 A. On 
the other hand the operation current of the Direct Wind 
Type is 430 A. The reason of high field in the end section 
of Direct Wind Type is its yoke geometry. The point at 
which the high peak occurs is covered by the yoke. If the 
length of the yoke is shorter, the strength of peak field 
can be reduced. 
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3.1 Peak fields survey 

In both half length models, the peak field strength at 
body region and the end region were estimated using 
TOSCA. The results are shown in Table 1. 

Table: 1 Peak fields in helical dipole magnets. 

300 400 
Current (A) 

Center 
Field 

Peak Field 
in Body 
(Ratio) 

Peak Field 
in End 
(Ratio) 

Slotted 
Type 

4.16 T 4.67 T 
(1.12) 

4.59 T 
(1.105) 

Direct Wind 
Type 

3.91T 4.74 T 
(1.21) 

4.43T 
(1.13) 

Figure: 2 Expected field strengths 

3.2 The field uniformity 

In the helical structure, strong longitudinal fields will 
be induced at off axis area. We can optimize the helical 
dipole magnet to eliminate the azimuthal angle 
dependence of the fields, however we cannot expel radial 
dependence[5,6,7]. Accordingly, the definition, which has 
been used for a two dimensional magnet, cannot be 
applied. Then, we calculated the multipole component of 
these model magnets using the Fourier expansion of the 
By component along the circle of 3.1 cm radius. The 
results are indicated in Table 2. 

In both magnets, the peaks of the bodies are found at 
inner edge of the coil which is nearest to the poles, and 
the peak of the end found at the most inside edge of the 
curved coils. If we can fix entire coils of the helical 
magnets in an ideal condition, the Slotted Type coil will 
reach a critical current with the body part, and the Direct 
Wind Type with the end part. The relationship between 
the critical current of the cable and expected peak fields are 
shown in Fig. 2. In the Slotted Type, a cable in the body 
part reaches a critical current at 395 A, and then the dipole 
field strength near beam axis becomes 5.3 T. In Direct 
Wind Type, a cable at the end part reaches critical current 
at 480 A, at that time the field strength near the axis is 
4.4 T. The Slotted Type magnet was designed to be used 
two currents, 9 to   11,   and in  order to  increase the 

Table: 2 The expected multipole component. 

Low Current High Current 
Slotted Type C.F. 0.44 T C.F. 4.16 T 

Two- 6P -0.128 % 6P -0.133 % 
Current 10P 0.011 % 10P 0.016 % 

Slotted Type C.F. 1.36 T C.F. 4.03 T 
One- 6P -0.609 % 6P -0.701 % 

Current 10P 0.063 % 10P 0.033 % 
Direct Wind C.F. 0.40 T C.F. 3.91 T 

Type 6P -0.907 % 6P -0.278 % 
10P -0.951 % 10P -0.948 % 

C.F. : Center Field 
6P: Sextupole component 
10P: Decapole component 
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In Slotted Type magnet, not only two current mode but 
also uniform current mode is computed. In case of one 
current mode, of course, the multipole component is 
larger. We can control the multipole component by 
changing the ratio of two currents in the Slotted Type. In 
Direct Wind Type, the effect of the iron saturation to the 
sextupole component is large by reason of small clearance 
between the yoke and the coil. Anyhow, it is needed to 
study the adequate field strength which should be 
referenced by the optimization of the multipoles. 

3.3 Magnetic field distribution 

As mentioned above, there are longitudinal fields in the 
helical magnet. The more the distance from the axis is, 
the stronger the longitudinal field is. The beam orbit will 
not be influenced much by the longitudinal magnetic 
field, but the spin motion is. Figure 3 shows the 
calculated field distributions on the axis in the two types 
of model magnet. In Direct Wind Type, strong 
longitudinal fields were expected in end region even on 
axis due to the non-symmetric coil end structure. 

Slutted  type (Two currents) 

/ s \  n* 

 Or 
/ \ 
/ \ 

/ / \ 
YN / / 
\ N    / / 
\ V y V ̂ V y 

. . . 

Designed Helical Pitch 2.4 m 

B„      4.16T 

lp2
x+B2

ydl   5.00Tm 

—\M + B]dl   120.30cm 

]J|BZ^K   0.0 Gauss m 

Direct-Wind  type 

Designed Helical Pitch 2.5 m 

B„       3.91T 

$JbJ+B$dt   4.91Tm 

—\M+B]dl   125.67cm 

j\BjfU   4870 Gauss m 

Figure: 3 Field distributions along the beam axis. 

In Siberian Snake magnets in RHIC, the maximum orbit 
excursion will become 3 cm at injection energy of 
polarized proton beam. So, Fig. 4 shows field distribution 
at 3.0 cm above the axis. In Slotted Type, which has the 
symmetric end configuration, longitudinal field in yhe 
body and that in the end tend to be canceled. In Direct 
Wind Type, the non-symmetric ends make strong 
longitudinal field especially in the area close to the coil. 
Besides, this field is too strong to be canceled by the 
longitudinal field in the body. The longitudinal field in 

the end of other side emphasizes the longitudinal field of 
the body. So the direction of coil end in Direct Wind Type 
should be chosen carefully to avoid this effect. In case of 
both magnet types, we plan to optimize longitudinal field 
using modification of the yokes. 

Designed Helical Pitch 2.4 m 

Ä,       4.16T 

\^BJVB]M   5.01Tm 

-jJhJ+tfM   120.46cm 

Bt\U   4570 Gauss-m 

i!   iic* 

Designed Helical Pitch 2.5 m 

BG      3.91T 

]\JBj+¥ydl   5.19Tm 

j^hJ+B^dt   126.42cm 

:J|fl^   7030Gaussm 

Figure: 4 Field distribution 3.0 cm above the beam axis. 

4 CONCLUSION 

Using 3D calculations, the two types of model 
magnet which are candidates for RHIC Spin project were 
analyzed, and the characteristics were predicted. We will 
optimize the design of coils and the shape of the yoke 
comparing the field measurement which will be held 
soon. 
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Abstract 

Various helical coils such as helical dipole magnets, 
multifilamentary superconductors and superconducting 
strands have something in common with the helical 
structure. In this paper, we discuss the analytical 
expression for the magnetic field of a single helical 
current conductor. In addition, the comparison between 
the analytical and numerical calculations is made. 

1 INTRODUCTION 

The magnetic field of helical coils has been examined by 
several authors. [1,2,3,4,5,6] In this paper, the multipole 
expansion for a single helical current conductor is derived 
as the extension of the case for a single straight current 
conductor. [7] Then, the comparison between the 
analytical and numerical calculations is made for a single 
helical current conductor. [6] The Cesäro's method of 
summation is applied for this multipole expansion. 

2 MULTIPOLE EXPANSION FOR A SINGLE 
HELICAL CURRENT CONDUCTOR 

3-dimensional (3D) Laplace's equation in circular 
cylindrical coordinates is as follows, 

Then, the asymptotic form for this scalar potential as k 
-> 0 (L -> °°) is, 
limk-x) [yh,in (r, 6, z)] = \fU,m (r, 9) (4) 

V2y _ aV , i ay , i a V , aV _ 0 

3r2     r dr     r
2 302     3z2 (1) 

V2d,in (r,8) = Mi £ I (r)n
sin (n(e . <p)} 

= Hol y 1 ^      cos (nQ) + bn sin (n0)) 

2JC ntl n  a 

(5) 

where V2d,in(r>9) is the interior scalar potential of 2D 
non-spiral coil. From this scalar potential, the interior (r 
< a) magnetic field of helical coil is, 

/ 
Br(r,0,z) = -^Ü=-Mi £n! 

3r 2% n=i n ka. 
k In(n k r) x 

-a„(k) cos (n(0 - k z)) + b„(k) sin (n(6 - k z))} 

Be(r,e,z) = -lM = .Hoiy „! 
r 36 2JC n=i n k a 

"In(nkr) 

(a„(k) sin (n(9 - k z)) + b„(k) cos (n(9 - k z))} 

Bz(r,e,z) = -^=-Hol£(.k)n! 
3z 271   n=l n k a 

I„(n k r) x 

(a„(k) sin (n(9 - k z)) + b„(k) cos (n(9 - k z))} + B^l k 
2JI 

- - - (6) 
On the other hand, for the exterior scalar potential of 
helical coil, we can define the following form for r > a, 

Since the winding is periodic in z with a pitch length L, 
the general solution is, [8] 

Y|/h (r, 0, z) = £ (c'„ In(nkr) + d'„ K„(nkr)) x 
n=1 

\an cos (n(9 - kz)) + bn sin (n(9 - kz))} + 
(e' In r + f) x (g" 9 + h" kz + i') 

(2) 

where k = 2n/L, and Infokr) and Kn(nkr) are the modified 

Bessel functions of the first and second kind of order n, 
respectively. For the interior scalar potential of helical 
coil, we can define the following form for r < a, 

2TC nSl 
V|/h,in(r,0,z) = ^2(n-l)! 

n k a. 
In(n k r) x 

(-a„(k) cos (n(0 -kz))+ b„(k) sin (n(9 - k z))} - ^ k 
9.7T 

(3) 

¥h,ex (r,e,z) = Ml £ („_!)! r^_]nin(nka)_ Kn(n k r) x 
2n n=i Ln k aJ K„(n k a) 

{-a„(k) cos (n(9-k z)) + b„(k) sin (n(9-k z))} - Ml 8 
27t 
- - - (7) 

Then, the exterior (r > a) magnetic field of helical coil is, 

/ 
Br(r,e,z) = -MiÜ> 

27C   n=l Jik a 
"k ln,{n k a) Kn(n k r) x 

K„(nka) 
-a„(k) cos (n(6 - k z)) + b„(k) sin (n(0 - k z))) 

Be(r,e,z)=-Miywn! 
2K   n=l n k a 

"In(nka) Kn(nkr) 
K„(nka)        r 

(a„(k) sin (n(9 - k z)) + b„(k) cos (n(0 - k z))} + Ml 1 
27t  r 

B^r.O.z) = - Mi £ (- k) n! r_2_T Info k a)  Kn(n k f) x 

27i n=i LnkaJ K„(nka) 
(a„(k) sin (n(0 -kz)) + bn(k) cos (n(0 - k z))) 

- - - (8) 
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On the situation that the currents are confined to lie on 
the surface of a circular cylinder of radius a, the surface 
currents will give rise to a discontinuity of the 
components Bz, B0, at the interface of radius a, but the 

radial component Br will pass continuously through this 

interface. The values of an(k), bn(k) can be determined for 

the current element. Applying Ampere's law for a closed 
path on z=constant plane enclosing the current element at 
radius a, we can obtain the following equation, 

Br(r,0,z) = H2l k2 a X  n Kn(n k a) I„(n k r) x 
n=l 

8,out " Be.in) |r=a = M-0 jz Aa (9) 

sin (n(8 - 9 - k z)) 
00 

Be(r,e,z) = M k a V n K'„(n k a) MüM x 
t        i£i r 

cos (n(G - 9 - k z)) 
00 

Bz(r,6,z) = . M k2 a Y n K„(n k a) I„(n k r) x 
n n=l 

cos (n(9 - 9 - k z)) + ^ k 
271 

(15) 

Then, the coefficients an(k) and bn(k) are obtained with 
the Wronskian relation, [9] as follows, 

a„(k) = - 2- —L- (Hia.)n k a2 K„(n k a) Aa   jz sin n0 d9 
I I (n-1)!     2 J 

b„(k) = -2- —L-(Uka.)" k a2 K„(n ka) Aa 
I (n-1)!     2 

\ 

Then, the transverse field magnitude at axis of the helical 
winding B(r=O,0,z=O) is obtained as follows, 

jz cos n9 d0 

- - - (10) 

For a helical line currents : current +1 , radius a, angle 9, 
the coefficients an(k), bn(k) can be calculated. The 

following relation between the current and the current 
density is used with the real cross section S of the 
conductor and the cross section Sz (=S/sinoc) of the 
conductor on the z=constant plane, a is the pitch of the 
winding so that the relationships between the above- 
mentioned k and a are k = l/(a tan a). Then, we can 
obtain the following expression, 

By(r=0,9,z=0) 

= M (k a K0(k a) + Ki(k a)) x 
TC 

{t {cos (20 - 9) - cos 9} + ^ cos (20 - <p) 

= . Mi k (k a Ko(k a) + Ki(k a)) cos <p 
2TC 

(16) 

jz = j sin a = 1 sin a = -L 
S Sz 

(11) 

f an(k) = -2_ (UkA)" (k a K„.i(n k a) + K„(n k a)) sin n9 
1 (n-1)!     2 
I bn(k) = —2— (Uka)" (k a Knl(n k a) + Kn(n k a)) cos n9 

(n-1)!      2 
- - - (12) 

When n is fixed and k -> 0, the limiting forms for small 
arguments of the modified Bessel function of the second 
kind of order n, Kn(nkr) are as follows, [9] 

/ K0(k a) = - In (k a) 

K„(nka) = -ir(n)(-2_)n, 
v 2 nka 

Then, 

I limic->o [a„ (k)] = an = sin n9 
\limk->o [b„ (k)] = bn = cos n9 

n>l 
(13) 

(14) 

This result coincides with that obtained with the Biot and 
Savart's Law. [10] Similarly, the expression for the 
exterior (r > a) magnetic field of a single helical conductor 
is obtained. The above expression for the magnetic field 
of helical coil is the function of r and 0 - kz, and is 
helically symmetric. However, the helical symmetry of 
the coil structure does not demand that the scalar potential 
is invariant to the transformation 0 - kz = constant. 

3 COMPARISON BETWEEN THE ANALYTICAL 
AND NUMERICAL CALCULATIONS FOR A 
SINGLE HELICAL CURRENT CONDUCTOR 

The sum X to a finite order of the above expressions of 
the interior and exterior magnetic fields do not approach 
the same value at r=a, as shown in Fig.l. This 
discontinuity of the magnetic field at r=a can be overcome 
with application of the Cesäro's method of summation, as 
shown in Fig.2. [11] As a result, the interior (r < a) 
magnetic field of a single helical conductor with the 
current +1, located at radius a and angle 9 is expressed as 
follows, 

/ T m=N /n=m 

Br(r,0,z) = Mlk2aJ-XXn K-(n k a> Wn k r) x 
n N m=l  ln=l 

sin (n(0 - 9 - k z))} 
..    T .   m=N /n=m , T 1    1    -. 

Be(r,0,Z) = Mikai- £   £ n Kn(n k a) MüM x 

cos (n(8 - 9 - k z))} 
T m=N ln=m ' 

Bz(r,0,z) =-Mik2al-XXn K"(n k a) W» k r) x 

As a result, the interior magnetic field of a single helical 
conductor with the current +1, located at radius a and angle 
9 is for r < a, 

re 

cos 

N m=l   \n=\ 

(n(0-9-kz))} + ^ik 
2rt 

-(17) 
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For a single helical conductor with current I = 100 A, 
radius a = 0.33 mm, angle 9 = 30° and pitch length L = 
9.51 mm, the comparison between the analytical and 
numerical calculations was made. Since an agreement 
was confirmed between the analytical and numerical 
calculations, the field was calculated for the whole space 
except for the singular point occupied by a single helical 
conductor, as shown in Fig. 3. 

4 CONCLUSION 

An analytical expression for the magnetic field of a single 
helical coil is obtained. This expression will be useful to 
estimate the various electromagnetic characteristics of 
helical coils. 
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Fig. 1. Contour plot of Bz at z=0 analytically 

calculated with Eq.(15) to n=20. 
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Fig. 2. Contour plot of Bz at z=0 analytically 
calculated with Eq.(17) to N=20. 
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Fig. 3. 3D plot of the analytically calculated Bz at z=0, 
which is consistent with the numerical calculation with 

Biot-Savart Law. 
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Abstract 

The analytical expression for the magnetic field of helical 
coils is presented. In particular, the multipole coefficients 
are introduced for helical dipole magnets, which are 
essential components of Siberian Snakes and spin rotators 
for polarized proton acceleration at RHIC. In addition, 
the comparison between analytical and numerical 
calculations is presented for simple helical dipole 
magnets. 

1 INTRODUCTION 

Using the expression of multipole expansion for a single 
helical current conductorfl], the magnetic field of helical 
dipole coil with an infinite length is derived as the 
summation of four(4) helical line currents with dipole 
symmetry, deriving the helical multipole coefficients. 
[2,3] The helical multipole coefficients are defined so that 
the non-twist helical multipole coefficients are equal to 
the 2-dimensional multipole coefficients. As a result, the 
dependence of helical multipole coefficients upon the 
twist parameter is derived. With the comparison between 
the analytical and numerical calculations, it is confirmed 
that the helical multipole coefficients derived from the 
analytically calculated field are consistent with those 
calculated numerically. 

2 ANALYTICAL EXPRESSION FOR THE 
MAGNETIC FIELD OF HELICAL DIPOLES 

Using the expression of the multipole expansion for a 
single helical current conductor, the magnetic field inside 
the helical coils with an infinite length can be derived as 
the summation of four(4) helical line currents with dipole 
symmetry as follows, [1,2,3] 

/ 
B(r,9,z) = Bref(k) ro £ n! -2— k Wn k r) x 

n=i     LnkroJ 
(-a„(k) cos (n(6 - k z)| + b„(k) sin (n(9 - k z))} 

Be(r,e,z) = Bref(k)ro][>'r   2   ln«nk0 
n=i     Ln k ro (1) 

{an(k) sin (n(9 - k z)) + b„(k) cos (n(0 - k z))} 

Bz(r,6,z) = ftrf(k) ro Y (-k)n! In(n k r) x 
Ln k roJ 

{an(k) sin (n(0 - k z)) + bn(k) cos (n(6 - k z))}, 

/    limi^o [Br, h(r,6,z)] = Br. 2d (r,6) 

sll-l. 
= BiefT, (—)   (-an cos n9 + bn sin n0) 

n=l  ro 
limk->o [Be, h(r,9,z)] = Be, 2d (r,0) (2) 

= BrefY, (X-)   (b„ cos n9 + a,, sin n0) 
n=l   r0 

\ limk->0 [Bz, h(r,9,z)] = Bz, 2d (r,9) = 0 

Therefore, the normal and skew multipoles due to many 
helical line currents with current Ij, radius aj, angle cpj are, 

/B„(k) = Bref(k)b„(k) = -H° 1 (n k ro) x 
Jt 2n(n-l)!r0 

^ Ii (k a; Kn-i(n k aO + Kn(n k as)) cos nq>j 
(3) 

A„(k) = Brrf(k)an(k) = -^ (n k r0) x 
i 2n(n-l)!r0 

\ Ii (k ai K„-i(n k aO + K„(n k aO) sin nq) 

where k = 2n/L, and In(nkr) and Kn(nkr) are the modified 
Bessel functions of the first and second kind of order n, 
respectively. With the definition of bi(k) =1 (=constant), 
naturally Bref(k) = Bi(k). Then, the asymptotic forms for 

the reference field Bref(k) and for these helical multipole 

coefficients an(k) and bn(k) are given in the limit k -» 0 

(or L -> °°) by, 

Ilirrik-»o [Birf (k)] = Bref 
limic^o [an (k)] = an 

limic->o [bn (k)] = bn 

(4) 

3 COMPARISON BETWEEN ANALYTICAL AND 
NUMERICAL CALCULATIONS 

3.1  Calculation for four helical line currents 

Following numerical values are assumed in the 
calculation for four helical line currents with dipole 
symmetry. 

Radius of helical line current: a = 50 mm, 
Angle of helical line current: (p = rbr/6, or ±5n/6, 

Current: I = - 1 x 105 A, 
Pitch length: L = 2 m, 
k = 2rc/L = l/(a tana) = 7t, 
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Fig. 1. 3D view of a four currents' helical dipole. 

Table 1. Normal multipole coefficients for a infinitely 
long four line currents' helical dipole. 

n Pole bn-theta bn(k) 

(Bref) 1.411 1.411 

1 dipole 0.9998 

-10 

1. 

3 sextupole -2.859   10 0 

5 decapole -0.1239 -0.1243 

7 14-pole -0.04386 

-10 

-0.04419 

9 18-pole -1.721   10 0 

1.6 

1.5 

1.4 

1.3 

0 12 3 4 

theta   (rad) 

Fig. 3. Distribution By on the circle of r = 30 mm, 
with the comparison between the numerical (black 
dots) and analytical (gray line) calculations. 

Pitch of the winding: cc= tan_1(l/0.05 n), 
Reference radius for multipole: ro = 30 mm, 

as shown in Fig.l. Both of the numerical and analytical 
calculations for the helical dipoles with the infinite 
length, are made, using Mathematica [4]. Both calculated 
helical multipole coefficients are listed in Table 1.    The 

40 

• • 
20 

0 

m H 
20 1H • IS • 

40 

-40 -20 0 

x   (mm) 

20 40 

Fig. 2. Contour plot of dipole field By. 

bn-theta and bn(k) correspond to the normal multiple 

coefficients derived from the angular component of 
numerically calculated field BQ and analytically calculated 
helical coefficients, respectively. The analytically 
calculated contour plot of the dipole field By (r, 9, z=0) is 
shown in Fig.2. Both analytical (gray line) and numerical 
(black dots) calculations for the dipole field By (r=30 mm, 
8, z=0) are also shown in Fig.3. As a result, it is 
confirmed that the agreement between the analytical and 
numerical calculations is quite good in the interior region 
of helical coils. The twist dependence of the dipole field 
Bref is also shown in Fig.4. 

3.2 Calculation for four helical current shells 

Similarly, the magnetic fields are calculated for a four 
helical current shells with dipole symmetry of current 
density +jz> radii ai, a2, limiting angles ±q>i, ±q>2, with, 

Inner radius of helical line current: ai = 50 mm, 
Outer radius of helical line current: a2 = 60 mm, 
Inner angle of helical line current: (pi = 0, or n, 

Outer angle of helical line current: (p2 = 7C/3, or 2n/3, 

Coil length: L = 2 m, 

1.41 

1.405 

0      0.5      1      1.5      2 

k   (rad/m) 

Fig. 4. Twist dependence of the dipole field Bref. 
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mm) 

x   (mm) 

Fig.5. 3D view of a four helical current shells' dipole. 

Table 2. Normal multipole coefficients for a 2 m long, 
4 helical current shells' dipole. 

Pole bn-theta bn(k) 

(Bref) 2.463 2.456 

1 dipole 1. 1. 

3 sextupole 
-6 

-1.001  10 1.369   10 

5 decapole -0.01727 -0.01734 

7 14-pole 0.003718 0.003743 

9 18-pole 
-6 

-3.246   10 3.775   10 

2.5 A / \ A A 
-2.48 
EH 7 \ 

\ 
>,2.46 
pq 7 \ \ 2.44 

J \ v \ / V 
2.42 V V / 

-17 

-19 

0        12        3        4        5        6 

theta   (rad) 

Fig. 6. Distribution of By on the circle of r = 30 mm. 

Current: I = - 2 x 105 A, 

Current density: jz = 347 A/mm^ 

k = 2n/L = l/(a tana) = n, 

Pitch of the winding: a = tan_1(l/0.05 7t), 
Reference radius for multipole: rrj = 30 mm, 

as shown in Fig.5. The numerical calculation for the 
helical coil with the finite length of one period is made, 
using the code 'OPERA-3d'. [5] Both analytical (gray 
line) and numerical (black dots) calculations for the dipole 
field By (r=30 mm, 6, z=0) is shown in Fig.6.   The 3D 

Fig. 7. 3D plot of dipole field By. 

plot of the analytically calculated dipole field By (r, 0, 

z=0) is shown in Fig.7. Both of the analytically and 
numerically calculated helical multipole coefficients are 
also listed in Table 2. In addition, this analytical method 
was applied for two helical magnet of different type. 
[6,7,8] 

4 CONCLUSION 

As an extension of single helical current conductor, the 
magnetic fields of helical dipole magnet are derived and 
helical multipole coefficients are presented. In addition, it 
was confirmed that this analytical calculation is consistent 
with the numerical calculation by the 3D magnetic field 
numerical code, OPERA-3d/TOSCA 
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J. -W. Kim, K. Ikegami, N. Sakamoto, S. Yokouchi, T. Morikawa, A. Goto, and Y. Yano 
The Institute of Physical and Chemical Research (RIKEN), Wako, Saitama, 351-01, Japan 

Abstract 

The injection system for the RIKEN 6-sector 
superconducting ring cyclotron (SRC) consists of four 
bending magnets (BM1, BM2, BM3, BM4), three 
magnetic inflection channels (MIC1, MIC2, MIC3), and 
an electrostatic inflection channel (EIC). The four 
bending magnets and one of the three magnetic channels 
are superconducting. In this paper, the status of the 
design study of the BM1 is reported. 

1 INTRODUCTION 

The injection and extraction systems of the RIKEN 6- 
sector superconducting ring cyclotron (SRC) are designed. 
[1,2,3,4] It is required that the disturbance due to the 
bending magnets in the acceleration region should be less 
than 100 G. Two types of bending magnets - with an 
iron yoke or a shield coil - have been studied. A stray 
field up to 0.6 T is anticipated in the area of the BM1 due 
to the saturation of iron yoke of the main SRC's sector 
magnet, depending on ions. Then, if the BM1 has an iron 
yoke, the iron yoke saturates due to the stray field. Such 
saturation of the iron yoke was simulated by the field 
calculation, with 3D electromagnetic calculation code 
TOSCA, for the complete configuration of 6-sector 
magnets. As a result, it was found that the iron yoke is 
ineffective due to the stray fields of up to 0.6 T from the 
sector magnets, and an active-shield type magnet, which 
is equipped with shield coils, is adopted for the BM1 close 
to the sector magnets. The magnetic inflection channels 
are also designed to be an active shield type. In this 
paper, we discuss about the design of the injection 
bending magnet BM1, in particular about the 
optimization of the cross-sectional shape of the BM1. 
Major parameters of BM1 are shown in Table 1. 

Table 1. Major parameter of BM1 

Bending field 4.0 T 
Bore size 40 (H) x 20 (V) mm2 

Uniformity 
(excluding quadrupole) 

1 xlO-3 

Bending radius 1.32 m 
Effective magnetic angle 
(length) 

52° 
(1.20 m) 

Stray field < 100 G at 0.5 m 

#/* 

Fig. 1. Schematic view of the bending magnet (BM1) 

2 OPTIMIZATION OF CROSS   SECTIONAL 
SHAPE FOR BM1 

The BM1 is planned to be composed of rectangular coil 
blocks. Then, the procedure of the optimization for the 
cross sectional shape is as follows: 
1) calculation of the multipoles determined from the cross 
sectional configuration of coil, 
2) search of the minimum value of field uniformity from 
these multipoles 

2.1 Calculation of the Multipoles 

For four helical current blocks, current density ±jz, 
x-coordinate +xj, +X2, y-coordinate +yi, ±y2,with dipole 
symmetry, the interior normal multipoles Bn for r < 
Vxi2 + yiz, are given as follows, [5,6,7] 

Bi(xi,X2,yi,y2) = Bref(xi,X2,yi,y2) = 
Bi(x2,y2) - Bi(xi,y2) - Bi(x2,yi) + Bi(xi,yi) 

Bn(xi,x2,yi,y2) = B„(x2,y2) - B„(xi,y2) - 
|Bn(x2,yi) + Bn(xi,yi), n=3,5,- 

(1) 

where 

/ 

M-o jz 

Bi(x,y) = Bref(x,y): 

7t 
2 xo tan' 

\Bn(x,y) = 2ü£i 

sin 

1 rp"-1       x 

«      (n-lXn-2) /FTT"2 

(n-2) tan"1 (^|,       n=3,5,- ■ ■ 

(2) 
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Fig. 2. Required region of the uniform field. 

where ro is the reference radius, and the normal multipole 

coefficients bn is defined as bn=Bn/Bi. 

2.2 Relation between Field Uniformity and Multipole 
Coefficients for Dipole Coils 

The interior magnetic field of 2-dimensional dipole coil 
with the infinite length is given as follows, on the 
European definition, [8] 

By(r,8) = Brefy (i)n"'{an sin[(n-l)6] + b„ cos[(n-l)9]}. 
n=l   r0 

(3) 
Then, for the case with the dipole symmetry, an=b2n=0 
for n=l, 2, 3, ... , °°, the y component of field, By(r,9) 
becomes, with bi=l, 

By(r,9) = Bref Y    (i-)n"'b„ cos [(n-l)9] = 
n=l,3,5   r0 

B,ef (l + bi(i-)2 cos 29 + bsC^-)4 cos 49 + 
v ro ro 

b7(X.)6 cos 69 + ...) 
ro / 

Then, 

(4) 

B (r,6)-B 

B 

/       V 
r(8) 
r 

V      0    J 

B (r,9)-B 
y yo 

cos28 + b 
(       Y 

£(§) 
r 

V    o   J 

cos46 + b 
f      \ m 

r 
V    o   J 

cos69 + ... 

(5) 
The required condition of multipole coefficients depends 
on the shape of the uniform region where the field 
uniformity is prescribed. The shape of the uniform field 
region for BM1 is shown in Fig.2. Therefore, the 
requirement condition for the normal multipoles can be 
calculated from the prescribed uniformity of the dipole 
field By at the boundary points of the region shown in 
Fig.2, using Eq.(5). For the coil with the dipole 
symmetry, the resultant satisfying regions of sextupole 
and decapole, (b3, b5) of l(By - By0)/By()l of < 0.1 %, in 
the case of b7, b(), — = 0, is shown as the central white 

i 
< 
o 
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MS» ■ > 
! 
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Fig. 3. (b3, b5) region of < 0.1% of l(By-By0)/By0l 
with b7=0 and, b9, bn,...=0. 

zone in Fig.3. As a result, the field uniformity U, which 
is defined as the maximum value of l(By(r,9)-By0)/By0l, 
can be obtained as a function of the multipoles, that is, 
U=U(b3,b5, ... ). In addition, it is realized that the 
structure of this function, U(b3,b5, ... ) depends on the 
shape of the uniform region, e.g. circle, ellipse, etc. For 
the case as shown in Fig.2, the field uniformity U can be 
expressed approximately with ro = 20 mm, 

U(b3,b5,b7, ...) =Max 
By(r,9) - Byo 

Byo (6) 
« Max [|bi + b5 + b7|, - £l + bl + bzl, |bj) 

\ 3      3      2        1 

2.3 Search of the Minimum Value of Field Uniformity 
from Multipoles 

For the BM1, the contour plot of the approximated field 
uniformity U=U(b3,b5, ... ), as a function of the 

horizontal coordinates xi and X2 of the upper main coil 
and lower main coil from the initial coil configuration, is 
shown in Fig.4. From this figure, the optimal value of 
(xi, X2) is easily obtained. 

2f ' ' '— 

-    0 

-2-10 1 2 

xl   (mm) 

Fig. 4. Contour plot of field uniformity of < 0.2% 
of l(By-By0)/By0. 
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Fig. 5. Field distribution without the bias field and 
cross section of a active shield bending magnet. 

3 FIELD ANALYSIS 

In this field analysis, it is assumed that both main and 
shield coils are fabricated from the superconducting wire 

which permits the overall current density of 200 A mm"^. 
For the case without the vertical bias field of -0.6 T, the 
distribution of field vectors is shown in Fig.5, together 
with the cross sections of coils. The inversely vertical 
bias field -Bbias increases the total field between the main 
coils and the shield coils, and changes the location of the 
maximum field and the magnetic forces acting on each 
coil. The contour plot of l(By-Byo)/By()l is shown in 
Fig.6 The white region corresponds to the larger region 
of l(By-Byo)/By()l, while the black region corresponds to 
the smaller region. The contour plot of IB I is also shown 
in Fig.7 The maximum field of coils is 5.5 T. 
Supporting structure for the magnetic forces should be 
optimized. The mechanical and cryogenic design are 
currently under study. Since the installation space for the 
bending magnet (BM1) is so limited, a compromise 
between the compactness for the whole structure and the 
easiness for the coil fabrication must be made. 

50r 

0.2 

0.15 

0.1 

0.05 

Fig. 7. Contour plot of IBI on the case 
without the bias field. 

4 CONCLUSION 

The relation between field uniformity and multipoles of 
dipoles was approximately obtained for the specific 
uniform region. It was recognized that this relation will 
be useful to optimize the cross-sectional shape of dipole 
coils such as the injection and extraction bending magnets 
of the SRC. 
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Abstract 

The management of Lorentz stress and preload forces is 
the biggest single challenge in the effort to develop col- 
lider dipoles with ever greater field strength. Were the 
Lorentz forces permitted to accumulate through a coil, 
they would exceed the limit for strain degradation for the 
A15 and high-temperature superconductors which are 
capable of sustaining such field strength. 

A strategy has been devised for intercepting Lor- 
entz stress within the coil to overcome this problem in 
high-field block-coil dipoles. The coil is fabricated in 
multiple independent shells, in which a high-strength 
structure and a soft-modulus spring are used to bypass 
stress between succeeding layers. Finite-element analysis 
and experimental studies have demonstrated that this 
strategy can limit the maximum stress anywhere in a coil 
so that it nowhere exceeds strain degradation limits for 
fields at least to 20 Tesla. 

1 STRESS IN A SUPERCONDUCTING DIPOLE 

The field strength and field quality of supercon- 
ducting dipoles are the primary challenge in extending 
the energy reach of hadron colliders. The design field of 
colliders has increased over the past two decades from 
4.5 Tesla (4.2% Fermilab) to 8.65 Tesla (1.9% LHC) 
for NbTi cos 9 dipoles. The state-of-the-art has now 
reached 11 Tesla (Twente) and 13 Tesla (LBL) for Nb3Sn 
cos 0 dipoles at 4.2 "K. Today groups at BNL, KEK, 
LBL, and Texas A&M are developing new approaches to 
high-field dipoles, aimed at 16 Tesla and beyond. A pri- 
mary challenge in that effort is stress management. 

The Lorentz stress in a coil accumulates through its 
thickness, with VSt = j x B, where j is the current den- 

sity and B the field in the coil. If the coil is supported 
only at its boundaries, this stress accumulates to at least 
the stored energy density 50 = B11 2/J0   At 16 Tesla, S0 

= 100 MPa, which is the limit for strain degradation of 
Nb,Sn even when the coil is vacuum impregnated to pro- 
vide isostatic support of cable elements. The problem is 
compounded if we contemplate the use of high- 
temperature superconducting (HTS) inserts to extend 
operation beyond 16 Tesla, because the limits for strain 
damage of HTS is -40 MPa, less than half that of Nb3Sn. 
If this accumulation of stress within the coil were not 
intercepted, it would not be feasible to operate a dipole to 
fields greater than about the current 13 Tesla limit. 

Figure 1. Block-coil dual dipole: 16 Tesla @ 4.2"K. 

B = 16 T 
OUTSIDE INSIDE 

B = 0 

Figure 2. Detail of stress management in a coil block. 
Von Mil 

C/\/\/\) 
Displacement (nun) 

0.066 

0.033 
QflOl 

Figure 3. Laminar spring under 15 MPa load: stress and 
strain distributions. 
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2 STRESS MANAGEMENT STRATEGY 

Figure 1 shows a block-coil dipole in which the coil 
stress is managed by introducing a structural matrix 
within the coil. The matrix intercepts the Lorentz stress 
from the inner coil elements and shunts it past the outer 
coil elements. No coil element sees more than the Lor- 
entz stress in its own coil layer, -40 MPa. 

In order for this strategy of stress management to be 
feasible, three important elements must be incorporated 
into the coil assembly, as shown in the detail of Figure 2: 
a support matrix which has much greater yield strength 
than the coil package; a spring element which has much 
lower elastic modulus than either the coil or the support 
matrix; and a shear relief layer that releases shear be- 
tween the sides of the coil and the support matrix when 
the ribs are compressed. Table I presents the materials 
used in each of these functional units and their mechani- 
cal properties. 

One last requirement of the strategy is particularly 
demanding: all elements of the coil assembly must be 
added as the coil is wound; so all elements must survive 
the reaction bake {650°C for Nbßn, 800"C for HTS) and 
subsequent epoxy impregnation. The complete coil as- 
sembly then can be fabricated in one operation, passed 
through reaction bake (when both superconductor and 
insulation are extremely fragile), and then immediately 
epoxy impregnated without intermediate disassembly and 
handling. 

1.1. Preload 

Preload is delivered by wrapping banding around 
the magnet structure as shown in Figure 1. The resulting 
circumferential stress is transformed into a horizontal 
compression of the two side segments of the flux return 
structure. In the stress management strategy, the ribs are 
compressed by this preload, and by the magnetic load 
when the magnet is energized. A preload of -1.5 S0 is 
required in order to prevent coil motion from the mag- 
netic load. The preload is optimally divided between two 
strain patterns in the magnet (Figure 1): -1/3 of the pre- 
load compresses the ribs within the coil assembly; the 
remaining 2/3 compresses the steel flux return assembly. 
The sharing of preload is controlled by a vertical gap 
separating the center and side sections of the flux return. 
Thus we deliver only part of the preload into the coil as- 
sembly at room temperature, and hold most of it in re- 
serve in the steel, available as required to counter Lorentz 
stress. 

1.2. Ribs and plates 

A pattern of Inconel ribs and plates is integrated 
into the coil package to provide the path by which stress 
developed in one block of the coil can bypass the next 

Table I. Material properties of the coil structure. 
element material       modulus    yield strength 

GPa MPa 
impregnated Nb,Sn, Cu, 40 100 
cables epoxy 
ribs, plates Inconel 

718 
210 1.300 

laminar Inconel 210 900 
spring X750 
flux return 1008 steel 170 200 

block. The ribs and plates are able to sustain the concen- 
tration of preload and magnetic loading to -1 GPa. This 
bypass strategy is complicated by the fact that the rib and 
the coil block form parallel elements in the stress circuit. 
The elastic modulus of the impregnated coil is about half 
that of the ribs, while the span between ribs is -5 times 
the rib thickness. In order to decouple the coil package 
from the strain in the ribs when they are under load, there 
must also be a soft-modulus element at the inner end of 
each coil block. We have devised the laminar spring 
shown in Figure 3 for this purpose. 

1.3.        Laminar spring 

The springs are constructed of 75 urn thick Inconel 
X-750 foil, and are laser welded to form a sealed assem- 
bly. The spring has an overall thickness of 1.5 mm, a 
working range of 0.2 mm, and an effective modulus of 
100 MPa - 400 times smaller than that of the coil assem- 
bly. Thus as a rib is compressed by the magnet stresses, 
the spring compresses likewise so that the load on each 
coil block is just its own Lorentz stress (<35 MPa) plus 
the spring preload (-5 MPa). 

A spring is located at the inner boundary of each 
coil block, and compressed sufficiently to deliver ~5 MPa 
preload. When the coil is vacuum impregnated with ep- 
oxy, the springs are sealed so that they are not impreg- 
nated and retain their spring moduli. The springs are 
later opened at the magnet ends, and provide a second 
benefit as helium cooling channels throughout the coil. 

We have built and tested models of the laminar 
spring. We cold-formed a 1 mm thick, 2-convolute 
spring from annealed foil, laser-welded the assembly, 
then performed a re-annealing and precipitation harden- 
ing. The spring was then constrained across its wide di- 
mension and cycled in face-loading on a dynamometer. 
Figure 4 shows a 10,000 cycle test, in which the spring 
exhibited some creep but retained most of its spring 
memory. We have since improved the design to a 1.5 
mm thick, 3-convolute spring to reduce peak stress in the 
foil of the spring and to increase its elastic stroke to 0.2 
mm. 
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Figure 4. Laminar spring stress/strain: 10,000 cycles. 

1.4.        Shear relief 

As a rib is stressed under preload and Lorentz 
loading, it strains longitudinally. Even though the spring 
decouples the linear stress in the adjacent coil block, 
there would be unrelieved shear at the side interface be- 
tween coil block and rib. Such shear is a potential source 
of stick-slip friction as the magnet is energized, which 
can cause training. 

Inspired by the technology developed at MIT for 
Nb3Sn solenoid coils, we relieve this shear by inserting a 
layer of mica paper between the coil block and the rib, as 
shown in Figure 2. We selected a particular mica paper 
which does not produce smoke or ash during a reaction 
bake. We assembled a prototype coil block, and passed it 
through the processes of reaction bake and epoxy im- 
pregnation. We then mounted the block in a 2-axis dy- 
namometer and measured the shear required to release 
the mica paper to be 4 MPa. This shear would be pro- 
vided in the first preloading of the completed coil, so that 
the coil blocks would be released from shear even before 
the first cooldown. 

STRESS DISTRIBUTION 

We have implemented the above strategy in an op- 
timized design for a 16 Tesla dual dipole for future 
hadron colliders, shown in Figure 1. The coil is config- 
ured in rectangular block elements which can be wound 
as pancake coils. The coil is segmented into three current 
circuits, and the circuits are separately current- 
programmed to produce collider-quality field (all mul- 
tipoles bn < 10"4 cm") over a 20:1 dynamic range of field 
strength. Figure 5 shows the field distribution at full 
field, calculated using the code PE2D. 

We used the code ALGOR to calculate the distribu- 
tion of stress and strain in the magnet, including the ef- 
fects of preload, differential contraction during 
cooldown, operation of the laminar springs, and shear 
relief at the mica paper boundaries. The results are 
shown in Figure 6 for three cases: preload at room tem- 
perature, cooldown to 4.2 °K, and operation at 16 Tesla. 

 _ „.iffinniL  
B.0      12.0     16.0     20.0     24.0     280     32.0 

Xlcm) 

\F PC-OPERA 

Figure 5. Calculated field distribution in 16 Tesla 
block-coil dual dipole. 

C. Pre-load at 16 T operating Field 

Pre-load Temperature MagneticFidd      Maximiuro Stress (MPa) 
Cable              Inconel AUov 

A 65Moa 300 K 0                       33.8 MPa 290 MPa 

B 65Mpa 4.2 K 0                       27.0 MPa 206 MPa 

C 65Mpa 4.2 K 16.0T                33.0 Mpa 220 Mpa 

Figure 6. Finite-element calculations of the stress and 
strain distributions in the 16 Tesla dual dipole. 

In no case does the stress in any coil element exceed 40 
MPa, the sum of the maximum Lorentz stress in a single 
block and the spring preload. This stress level would be 
comfortable for impregnated Nb,Sn cable, and is even 
tolerable for HTS conductor. The same strategy could be 
employed for fields well beyond 16 Tesla, simply by 
adding additional blocks. 
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QUENCH SIMULATION FOR 16T DIPOLE BUILT AT TEXAS A&M 
UNIVERSITY 

Damir Latypov, Peter Mclntyre and Weijun Shen 
Department of Physics, Texas A&M University, College Station, TX 

1. QUENCH CODE 

A 16 Tesla Nb3Sn block-coil dual dipole and its prototype 
are being developed at Texas A&M University [1]. 
Quench protection system for the magnet is, of course, 
one of our concerns. Although there is a number of 
quench codes reported in literature, most of them are 
written to model a specific magnet. To our knowledge, 
the only commercially available quench codes are OPUS 
[2] and QUABER [3]. In OPUS the magnetic field 
calculations and the quench simulator are incorporated in 
one finite element package. The local magnetic fields and 
inductive couplings of the coils are accurately 
recalculated during the quench. However, being 
otherwise very general and robust OPUS deals only with 
the solenoidal magnets. QUABER has only been used at 
CERN and we have not yet had an opportunity to 
evaluate it. Therefore to facilitate the design of quench 
protection we have developed a new code for a magnet of 
general geometry with an arbitrary number of coils and 
with the provision for heaters and switches. 

The algorithm is based on adiabatic assumption 
which allows to integrate the equation for the temperature 
distribution in a coil and express it as an implicit function 
of miits. This function is tabulated for each coil and is 
used to calculate the peak temperature in the coils. 
Quench propagation is described in terms of time- 
dependent longitudinal quench velocities and transversal 
turn-to-turn quench jump steps. The circuit equations are 
solved by inverting the circuit inductance matrix and 
integrating the resulting set of equations by the Runge- 
Kutta method. The average magnetic fields seen by the 
coils are calculated using the transfer functions. 

This algorithm is rather standard and closely 
resembles the one implemented in QUCERN [4]. 
However, in implementing it the care has been taken to 
parametrize the data so that the program can be used for 
different magnets with little further programming. 

To check our code we have simulated the coil 
described in [2]. As with any quench code the results of 
simulations depend critically on the input assumptions. 
To make a meaningful test of our program we therefore 
used the same input data as had been used in [2] for 
OPUS simulation. We found our results to be in a good 
agreement with both, OPUS and the experiment. 

2. QUENCH RESULTS 

The prototype 16T dipole is 1 m long, has two bores with 
three coils and stored energy of 1.03 MJ per bore. A 2D 
view of the magnet with the field lines is shown in Fig. 1. 

Y[cm] 
20.0 

18.0 

16.0 

14.0 

12.0 

10.0 

8.0 

6.0 

4.0 4 

2.0 

0. 

,\\ \ 
\   \ I! 

Uli/.- 
ill in i 

IX 

■:ia 
;;Si 

m 
\ 

Ü...LU b 
12.0      16.0      20.0      24.0      28.0      32.0 X [cm] 

Fig.l. 2D view of the magnet with the field lines. 

Main coil parameters are summarized in Table 1. The 
data on cable which will be used for the winding of coils 
are given in the Table 2. 

Table 1. Coil Parameters. 

Coil Outer Middle Inner 
Op. Current (A) 8650 8650 8650 
Peak field (T) 9.45 13.29 16.18 
J in Nb,Sn (A/mm2) 2300 1462 592 
Turns per bore 102 96 50 
Inductance per bore (mH) 11.496 6.948 1.078 

Table 2. Cable Parameters. 

Cable Outer Middle Inner 

Strand diameter (mm) 0.6081 0.6950 1.1583 

Cu/Sc ratio 2.095 1.244 0.515 

Filament size (urn) 6 6 6 

Number of strands 40 35 21 

Cable thickness (mm) 1.2571 1.4178 2.2749 

Cable width (mm) 12.537 12.537 12.537 
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The calculated miits curves for the coils are shown in 
Fig.2. The cable of the inner coil being substantially 
thicker can take more miits than the cable of outer and 
inner coils. 

Electrical circuit adopted for the quench protection 
circuit is shown in Fig.3. Besides the dump resistors each 
coil has a stainless-steel heater tape attached to it (not 
shown in the figure) which quenches all the turns at the 
end of a coil once the quench has been detected. Three 
current supplies are used in order to operate the dipole in 
a dynamic range of 1 to 20 by means of current 
programming. At 16T field the current in all coils is the 
same, 8650A and power supplies PS1 and PS2 are 
disconnected. 
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Fig.2 Miits curves. 

Our simulations at 16T field indicate that the quench 
circuit in Fig.3 will adequately protect the coils within 
some range of the values of the dump resistors. The peak 
terminal voltage is defined by the value of the dump 
resistor R3 and therefore it should be of the order of 0.1 
Ohm or less in order to keep the voltage below lkV. The 
hot spot temperature rise, current in the coils and the coils 
resistances of the magnet with Rl=l, R2=0.5 and R3=0.1 
Ohm are shown in Figs. 4, 5 and 6. In this simulation the 
quench has been started in the inner coil. The heaters 
have been fired in 10 ms and quenched 10 cm long 
portion of every turn of all three coils. The power supply 
has been disconnected 50 ms after the quench initiation. 

With these conservative assumptions the highest 
temperature in the conductor is only 112K, peak terminal 
voltage is 832V and peak resistive voltage is 118V. 
Approximately 20% of the stored energy is dissipated in 
the coils and the rest is taken mostly by the resistor R3. 
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Fig.3 Quench circuit. 

8000- 

7000 -J 

6000-J 

 -Vy- Mid lo ■ '■   ?    ■          ;    r   

nner   ;         ;         ;         ; 

Outer   \\ 

4000- 

3000- 

2000 -_ 

1000: 

■ ■'' i ■''' 

.5 

Time (S) 

Fig.4 Current profiles. 

3447 



Fig. 5 Temperature rise. 

3. SUMMARY 
The results of the quench simulations of 16T lm long 
prototype dipole being developed at Texas A&M 
University are presented. The protection of the prototype 
doesn't seem to be a difficult problem and can be 
accomplished by means of the dump resistors and heaters. 
Protection of the longer version of the dipole is a more 
difficult task. However, the laminar springs introduced 
into the each coil block for the stress management [5] can 
also provide cooling channels which should bring liquid 
helium into thermal contact with the cable. This effect 
might simplify the task of quench protection but 
experimental measurements are needed before we can 
draw any conclusions. 
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Fig. 6 Coil resistances. 

The simulations of the 15 m long version of the 
dipole with the same circuit show that in order to keep the 
temperature low, the heaters must initiate quench at a 
larger part of the coils. The calculated peak temperature 
in the extreme case when the entire stored energy is 
evenly dissipated into the coils is 125K. Faster quench 
will however lead to a problem of large induced and 
resistive voltages. At this point we note that the stress 
management design of the magnet utilizes a laminar 
spring to control the preload given to each block of coil 
in the support lattice [1, 5]. The spring is sealed so that it 
is not filled with epoxy during impregnation. If we open 
the springs at each end of the magnet after the 
impregnation, they can provide a distributed matrix of 
helium flow channels which carry helium exactly where it 
is most needed. This configuration forms in effect an 
open-geometry cable-in-conduit coil geometry with its 
advantages for the quench protection. 
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OVERVIEW OF THE ATR POWER SUPPLIES [1] 
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Associated Universities, Inc., Upton, Long Island, New York 11973 

Abstract 

The AGS to RHIC transfer Line (ATR) transports a 
variety of beams from the Alternating Gradient 
Synchrotron (AGS) which gets its input from the Booster 
Synchrotron. In turn, the Booster receives input beams 
from either a Tandem Van de Graaff (heavy ions) or a 
Linac (protons). The AGS extracts beam bunches, up to a 
rate of 30 Hertz, to the ATR which feeds the Relativistic 
Heavy Ion Collider (RHIC) starting with the sextant test 
in January of 1997. The ATR is made up of the upgraded 
U line and the new W, X and Y lines. A test in 1995 
transported beam to the end of the W line. During normal 
operation, a pulsed switching magnet at the end of the W 
line will bend the beam into the X line or the Y line so 
that the two storage rings in RHIC are filled with counter 
rotating beams. The ATR line is comprised of 80 power 
supplies (PS's), 17 of which are upgraded AGS PS's. The 
remaining 63 PS's were newly purchased. These PS's 
range from bipolar 600 watt linear type trim magnet PS's 
to 1 Megawatt, thyristor, dipole PS's. Results of the 
commissioning runs will be presented, as well as 
descriptions of regulation, filtering, and analog and digital 
controls. 

1 INTRODUCTION 

Figure 1 is a layout of the AGS, ATR Line and RHIC. 
The upgraded U-line starts out with 7 magnets in the AGS 
ring. These magnets consist of 3 quadrupoles, 2 trim 
dipoles, and 2 gradient type dipoles. The 2 gradient 
dipoles are connected in series and make up the 4.25° 
degree bend. The ATR line has a total of 5 big horizontal 
bends (4.25°, 8°, 20°, 90°, 90°). The remaining magnets in 
the upgraded U-line in the ATR tunnel are 10 
quadrupoles, 7 trim dipoles, and 4 gradient type dipoles 
connected in series which make up the 8° bend. The U- 
line then leads into the W-line which is made up of 6 
quadrupoles, 6 trim dipoles, 2 pitching dipoles, and 8 
gradient type dipole magnets which make up the 20° bend. 
The W-line then feeds both the X and Y lines. The X and 
Y lines are mirror images of each other. Each one 
contains 6 quadrupoles, 6 trim dipoles, one vertical 
pitching magnet and 32 gradient type dipoles. The 32 
dipoles make up the 90° bend. The repeatability of all the 
PS's is generally ±0.01% for the large dipoles and 
quadrupoles and ±0.1% for the trim dipoles. This 
specification applies to short and long term regulation and 
ripple. Five PS houses (see figure 1) are utilized for the 

ATR line PS's with all of the controls ultimately getting 
back to the AGS main control room. 

lOOOT Substation 

ATR Lin« 

BldgIOO0P 
26PS 
W,X,Y-lii»K'8 

Bldj912 

itS'ltu 
uagneti it lit 
AGS ring 

Figure: 1 AGS-ATR Line-RHIC Layout 

2 PS DESCRIPTION 

Table I categorizes the PS's into 3 major groups, New 
Purchases, Upgraded and Constructed In-House. 

2.1 Upgraded PS's (14) 

The following are modifications for the Quad and Dipole 
PS's (7). A dc current transformer (DCCT) replaced a 
shunt for improved regulation. The regulator card was 
modified to accept the DCCT input and new reference. 
The PS controls were upgraded. The PS's were modified 
for OFF/STANDBY/ON operation and they were 
interfaced to an ALLEN BRADLEY (AB) programmable 
logic controller (PLC) 5/12. This PLC contains a 
redundant main interlock string to protect the PS. 

The Trim Dipole PS's (7) had the same control 
modifications made as above, however, these did retain 
their shunt, and mechanical reversing switches were 
purchased and installed so they could be used as bipolar 
PS's for vertical or horizontal trim magnets. 

2.2 Constructed In-House PS's (3) 

For the SCR Dipole PS's (2), the old transformers 
(2400V/300V) were replaced with new outdoor oil filled 
transformers (13.8kV/300V) which were purchased. 
Refurbished contactors (outdoor, 13.8kV) from the old 
AGS RF system are now the switches for the primary AC 
power. The SCR bridges were not altered since they were 
installed new in 1985. New ripple filters were designed, 
installed and tested. A more sensitive ground fault circuit 
was designed to protect the large string of 32 dipole 
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magnets. In order to improve the regulation, a DCCT was 
installed and a feedback loop analysis was performed on 
these PS's. They were also interfaced to a PLC. 

NEW 
PURCHASES UPGRADED 

CONSTRUCTED 
IN-HOUSE 

SCR-quads SCR-quads SCR-dipoles 

50V/500A(17) 125V/400A(2) 350V/3200A(2) 

50V/300A(14) 90V/2400A(2) 

LINEAR-trim- 
dipoles 

SCR-trim-dipoles SCR-reversible- 
dipole (SWM PS) 

±30V/±20A(28) ±40V/±400A(7) ±125V/±3000A(1) 

±20V/±100A(4) 

SCR-dipoles 

50V/3000A(1) 

130V/3000A(1) 

125V/3600A(1) 

Table I. Power Supply Groups 

A special, pulsed switching magnet (SWM) PS is 
required to inject beam into each arc. Since this PS has to 
reverse polarity in a variety of timing modes to enable 
flexibility in the RHIC injection process, it was decided to 
construct it in house from an existing unit. It turned out 
the enclosure and a filter choke are the only remaining 
original parts. The new items designed, procured or 
fabricated and installed in house were a new contactor, ac 
fusing, step-down rectifier transformer, full wave 
secondary SCR bridge, a DCCT, a passive damped LCRC 
filter and a solid-state SCR reversing switch. The 
reversing switch needed newly-designed trigger and 
protection circuits. The PS received standard (RHIC) 
digital and analog controls based on the Waveform 
Generator (WFG) and interfaced via a PLC. 

A network of PLC's was set up to monitor and send 
commands to all of the power supplies in the entire ATR 
line. AB PLC's were used. The 5/12 PLC was used to 
control up to 4 p.s.'s. The 5/12's then communicated with 
a higher level PLC 5/40 which acts as a master to the 5/12 
slaves. This communication is via the AB Remote 
InputyOutput Network (R I/O). The 5/40 is a VME type 
PLC which acts as an interface between the VME and the 
5/12 field devices. There are a total of 4-5/40's, and 25- 
5/12's in the ATR line. All of the PLC's are connected on 
the AB Data Highway Plus (DH+) network. The VME 
crates include the AGS/RHIC Sun networked front end 
computers that control the beam line via the high-level 
application code (pet pages). The DH+ network ties all 
the PLC's together and allows a computer, running the 

AB software to monitor and/or program the PLC's from 
any network location. 

For the analog setpoint control and monitoring, several 
boards were developed, that have as their basis the 
implementation of embedded D/A and A/D converters 
within the PS's. The communication between a WFG and 
the embedded controller is via 2 fiber optic connections. 
A PLD chip(s) is used to receive and convert the serial 
transmissions. Monitored readbacks include the D/A 
reference, the PS output voltage and current, the regulator 
error, the magnetic field (where available), and A/D V4 

and 3/4 reference points. These are multiplexed and fed 
back to a fiber in 2 groups of 4 readbacks each. The 
differences between the trim PS's and the other higher 
precision units are that the trims do not have the above 
analog readbacks, (they are monitored through the MADC 
(see below)), and their precision is ± 11 bits as opposed to 
±15 bits. 

The MADC (multiplexed A/D converter system) 
[2] is a large digital waveform monitoring system for the 
RHIC accelerators. It is intended for machine fault 
analysis (e.g. after quenching). All the ATR PS's have 
isolated, buffered, analog channels that feed the local 
MADC via copper cables. The accuracy of this system is 
typically ±10 bits. The digitization rate is typically 
720Hz. 

A network analyzer was used to determine the closed loop 
bandwidth of the voltage loop and the current loop of the 
Constructed In-House SCR Dipole PS. A model was built 

(TM) to in a circuit analysis program (Microcap IV) 
confirm the measured results. This model will also help 
to predict different closed loop bandwidths based on 
different compensation settings for different loads without 
exhaustive PS testing. 

The voltage loop closed loop 3dB bandwidth 
(BW) was measured as 10Hz at a gain of -1.233dB. The 
simulation of the voltage loop has a 3dB BW of 12Hz and 
a gain of -1.494dB. Figure 2 is a photo of the measured 
Frequency and Phase Response of the current loop. The 
photo shows a closed loop 3dB (BW) of 4Hz and a gain 
of +0.03195dB. Figure 3 is the result of the circuit 
simulation which shows a 3dB BW of 3.525Hz and a gain 
of-0.027dB. 

All of the Constructed In-House PS's had new passive 
damped, filters designed and installed. The 350V/3200A 
PS's require a regulation of ±0.01% of maximum. The 
ripple filters were designed for ±0.002% maximum peak- 
to-peak current ripple near the final operating point. At 
the operating current of 3200A the 360Hz voltage ripple 
was measured before the 
filter. This voltage ripple before the filter was 160V peak 
to peak and the 360Hz voltage ripple after the filter was 
6V peak to peak. This is an attenuation of approximately - 
28.5dB at 360Hz and along with the time constant of the 
magnets this well exceeds the specification. 
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Figure: 2 Current Loop Measured Frequency and Phase 
Response 
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Figure: 3 Current Loop Frequency and Phase Response 
Simulation 

3 PS COMMISSIONING RESULTS 

During the ATR run in 1995 some problems were 
encountered. The PS for the 4.25° bend tripped off on a 
ground fault. After making an access into the AGS ring it 
was determined that a metallic water hose was touching 
the magnet core. The filter damping resistor in the new 
SCR quad PS's needed to be replaced because the power 
rating was too low. One of the AC breakers in the new 
SCR quad PS's overheated and was replaced because the 
AC connections were loose. 

During the ATR run of January 1997 the 
switching magnet PS had a bad temperature sensor on the 
filter choke which was replaced. In one instance during a 
security system tripout, both of the large Dipole PS's 
tripped off and the substation breakers tripped off as well. 
The cause of this still needs to be determined. We suspect 
an AC line transient. Two of the Linear PS's had some of 
their MOSFETS short-out when all the PS's in the ATR 
line were sent to their maximum current due to a network 

problem that occurred. The MOSFETS were replaced 
after spare PS's were installed. 

The performance of the ATR PS's has been 
excellent. Both stability and reproducibility readings with 
an accurate DVM have shown better than the required or 
anticipated results, for both the short and long term. 
Comparisons between accurate references, shunts and 
DCCT's have been very good. The ultimate test has been 
the beam. During both runs the beam positions and beam 
sizes have been measured [3],[4] and have shown the 
system to have met the specifications very well. 

4 CONCLUSION 

The two commissioning runs of 1995 and 1997 have 
proven very successful. The beam has been transported 
down to the end of the of the W line in 1995 and through 
one sextant of RHIC in 1997. Much has been learned 
about the operation of the PS's. The last test of the ATR 
line will be in 1999 when the X-ARC PS and the 
switching magnet PS will be completely tested. The 
switching magnet PS was used as a DC PS for the 1997 
run. In 1999 the PS will be required to reverse the current 
through the magnet so as to bend the beam down the Y- 
ARC and then down the X-ARC. 
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Abstract 

The first sextant test of the RHIC project is an 
opportunity to evaluate the many systems that must work 
together for the accelerator to operate. For the main 
dipole string, the actual main quadrupole power supply 
with its DSP regulator and output circuit compartment 
will be used. Temporary supplies will be used for the 
main quadrupole string, quadrupole offset, and 
quadrupole shunt supplies. This will let us both measure 
the performance of the main supply as well as determine 
the interaction among other power elements in the 
circuit. Correction elements will also be powered. The 
actual gamma-T power supplies will be used, as well as 
temporary supplies for the dipole correctors and 
sextupole supplies. Some of these units are required for 
beam to be transported, others are to be operated without 
beam to measure their performance, and how they 
interact with their superconducting loads. The power 
supply equipment, and that of other systems, required an 
infrastucture of AC power and output cable distribution 
in the RHIC tunnel, outlying service buildings, and 
interconnecting the tunnel to the service buildings. This 
note will describe the performance of the RHIC power 
supply systems during the sextant test, and the 
experience gained from this exercise. 

1 MAIN POWER SUPPLIES 

Each of the main power supplies consists of a single 
regulator controlling two power modules. The "ramp" 
power module has a high output voltage and is used to 
ramp the current from injection level to storage level. 
The "flattop" power module has a lower output voltage 
and is used to maintain the current at fixed levels. When 
the commanded current slope exceeds 10 Amps/sec the 
regulator automatically switches from the flattop to the 
ramp power module, this is referred to as "cross-over". 

The regulator uses digital firing boards to time the 
firing pulses to the SCRs. Loop compensation and real- 
time sub-harmonic correction of the output voltage are 
carried out by a digital signal processor (DSP). The 
DSP calculates a firing count that is sent to the firing 
board at a 720 Hz rate. Twelve correction counts, one 
for each SCR pair, are calculated and sent to the firing 
board at a 3 Hz rate. The firing board adds the 
appropriate correction to the firing count and uses this 
adjusted value to fire the SCR pairs. 

The sextant test provided an opportunity to test the 
stabilty, cross-over, and sub-harmonic correction 
capabilities of the power supplies on a load 
approximating that of the main quadrupole string. 

The regulator used during the sextant test was a 
prototype. The digital boards had been fabricated as 
printed circuit boards, but the analog signal conditioner 
boards used were the prototype boards. The final 
regulator will be housed in a temperature controlled 
enclosure, this was not available for the sextant test. 

1.1 Stability 

The stability of the prototype power supply was measured 
using Hewlett Packard 3458 DVMs. Data was collected 
at a 60 Hz rate over a period of three hours. The short 
term stability was 3 ppMrms, this should be improved by 
the analog printed circuit boards. The long term stability 
was 20 ppM. This was dominated by the ambient 
temperature change, the temperature controlled enclosure 
will significantly reduce this drift. 

1.2 Cross-over 

The regulator contains two firing boards, one dedicated 
to each of the power modules. The firing board's 
outputs are gated; enabling the DSP to select the power 
module that will be active. When the DSP detects the 
current slope threshold is crossed it turns on the power 
module that will supply the current, it then turns off the 
power module that had been supplying the current. This 
process is timed to occur between the SCR firings. The 
voltage loop is not broken during the cross-over, only a 
scaling factor in the voltage-to-phase angle conversion is 
altered. The maximum error during cross-over was 
measured and found to be 40 ppM. Adjusting the scaling 
factors in the voltage-to-phase angle conversion will 
reduce this error. In addition, adjustments to the power 
modules fault detection circuits were found to be 
necessary to accommodate the cross-over. 

1.3 Sub-Harmonic Correction 

Sub-harmonic correction was measured during the 
sextant test. The degree of sub-harmonic reduction vs. 
frequency is depicted in the table. Better reduction was 
achieved in the middle of the frequencies of interest. The 
reason for this is still being investigated. The sub- 
harmonic correction algorithm was coded in "C", coding 
the algorithm in the DSP's assembly language will 
increase the correction rate. 
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Sub-Harmonic Correction Acheived 

Frequency (Hz) Power Reduction (dB) 
60 -1.09 
120 -19.64 
180 -15.08 
240 -19.72 
300 -1.13 

2 GAMMA-T POWER SUPPLY 

RHIC needs a Gamma-T jump to move rapidly through 
transition. This will be accomplished by pulsing the 
series connected quadrupole windings in the magnet 
corrector package. The current in this circuit will be 
allowed to rise to a planned operating value just prior to 
the "jump" and then forced to a negative value in a 
specified amount of time. During the sextant test the 
string of CQ6 and CQ8 series connected quadrupole 
magnets in alcove A were pulsed. The current in this 
quadrupole winding was ramped up slowly to a value of 
+40 amps. The current was then forced to transition 
from +40 amps to a value of -40 amps in 0.06 seconds. 
The parameters are shown below. 

Gamma-T jump parameters 

ITEM DESIGN VALUE 
Jump Current 
Jump Time 
dl/dT during jump 

+40 A to -40 A 
0.06 seconds 
1333 A/sec 

The core of the Gamma-T power supply was a 3 
Kwatt (55A at 55V) unipolar switcher which was used to 
ramp the current in the magnet to 40 amps. At the 
initiation of the jump the switcher was disconnected from 
the 58 millihenry quadrupole magnet using MOSFET 
switches. The magnet was then allowed to resonate in 
parallel with a 6278uF capacitor for 60msec. The 
resonant frequency of this parallel LC circuit is 52.4 
rad/sec ( period 0.12 sec ). Therefore, after 0.06 seconds 
the current in the magnet was forced to -40 amps and 
this allowed the switcher to be reversed and catch the 
magnet current at this negative value. 

Figure 1 Current Reversal in Gamma-T Magnet 

3 OUTPUT CIRCUIT COMPARTMENT 

The output circuit compartment (10'x8'x9'H) contains the 
passive ripple filter, two pole DC contactor, two pole DC 
thyristor switches, DCCT head and regulator. 

The frame of the compartment is made of AMCO 
aluminum structural framing system. The air-core 
inductor and DC contactor are mounted directly on the 
concrete floor. All the devices are natural convection 
except the DC thyristor switch main heatsink assembly 
which uses forced air cooling. In order to break the 
magnet flux path of the air-core inductor, magnet breaks 
are provided for the frame and roof surrounding the air- 
core inductor. In order to maintain the inductance of the 
air-core inductor nonmagnetic material are used at the 
vicinity of the air-core inductor. The housing of the 
ripple filter capacitor is stainless steel. The proper 
distance from the DCCT head to the air-core inductor is 
also maintained so that the stray flux does not exceed the 
manufacturer's limit. 

The 100 micro-H 5500ADC air-core inductor made 
by NEELTRAN consists of two half coils with total DC 
resistance of 197 micro-Ohms at 26 degree C 
temperature. The total weight is 5000 lbs. Proper air 
ducts between the layers of the coil windings are used to 
ensure that the maximum winding temperature is not 
exceeded. The filter capacitor made by CSI Technologies 
consists of 11 units of 6333 micro-F capacitors. The two- 
pole 6000A DC contactor with mechanical latching 
device is made by MICROELETTRICA SCIENTMCA 
in Italy, the total resistance between the main terminals 
per pole is 8.6 micro-Ohms at 6000A and the contact 
resistance is 1.72 micro-Ohms at 6000A. 

3.1 Design of the Output Switching Circuit for the Main 
Power Supplies 

The ramp and flattop power modules share the same 
output circuit switches. The switches include the main 
SCR switches at the two legs of the outputs, the two pole 
electrical-mechanical contactor, and the free-wheel 
circuit self-triggering SCRs. The main SCR switches 
include the associated Pulse-forming-network turn-off 
SCRs. The two pole switch design isolates the main 
power supply from the magnet string so that the transient 
during operation does not propagate to the power supply. 
For example , the return circuit to ground voltage would 
rise to 512V when the free-wheel circuit is activated. The 
two pole design also reduces the voltage stress of the 
switching devices. The switches work with the main 
power supplies, if there is a high current fault or quench 
fault the power supplies will turn off and the main 
switches will open. DC ground fault monitoring will be 
installed to monitor the whole magnet string. The 
system will be grounded at both legs by the high 
impedance sensing network of the ground fault 
monitoring relay. 
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The main SCR switches serve two main purposes. 
They lengthen the life of the electrical-mechanical 
contactor. During normal operation the SCR switch 
makes and breaks the current, therefore the contactor 
switches without a load. The SCR switch also turns off 
faster than contactor, it takes about 300 us to interrupt 
the current while the contactor requires 20 ms to open. 

When the SCR switch or contactor opens, the 
magnet current continues to flow, first it reverses the 
ripple filter capacitor voltage and then activates the self- 
triggering circuit of the free-wheel circuit SCRs. The 
energy stored in the magnet is then disspated in the 
energy dump resistors in the free-wheeling circuit. 
Because the time constant of the energy dump circuit is 
about 10 seconds, the speed of the main SCR switch is 
not important. Without the ripple filter capacitor, the 
voltage would rise so fast that it would exceed the system 
maximum allowable voltage before the self-triggering 
circuit and free-wheeling circuit SCRs conduct. 

The main power supplies are capable of operating 
in invert mode, to avoid activating the free wheel circuit 
during invert the free-wheeling circuit firing voltage 
should be higher than the maximum system invert 
voltage. This is done by properly selecting the self- 
triggering circuit breakover voltages. 

The main switch consistes of 6 SCRs in parallel; 
each SCR is in series with two paralleled stainless steel 
resistors. 
The 1.3 milliohm resistor is used to force balanced 
current sharing between the SCRs, and to support the 
minimum anode to cathode turn on voltage. The SCRs 
were selected so that conduction voltage (about 1.2 V) is 
within 70 mV range for static current sharing. An SCR 
conducting monitoring circuit is provided to detect over- 
current of any single SCR. 

5 ATR POWER SUPPLIES 

The performance of the ATR PS's has been excellent. 
Both stability and reproducibility readings with an 
accurate DVM have shown better than the required or 
anticipated results, for both the short and long term. 
Comparisons between accurate references, shunts and 
DCCTs have been very good. The ultimate test has been 
the beam. During both runs the beam positions and beam 
sizes have been measured and have shown the system to 
have met the specifications very well. 

6 CONCLUSIONS 

The various components that make up the RHIC power 
supply system worked well together. The minor 
problems associated with the systems' interaction will be 
remedied with little difficulty. 

REFERENCES 
[1] Work performed under Contract No. DE-AC02-76CH00016 with 
the U.S. Department of Energy. 

4 POWER SUPPLY CONTROL SYSTEM 

The power supply control system consists of two distinct 
paths. The setpoints are provided by waveform 
generators and are sent in digital serial format over fiber 
optic cables. Discrete control and status is provided by 
Programmable Logic Controllers (PLC) connected by 
serial networks. A central VME based PLC resides in a 
Control System Rack and communicates with the Front- 
End Computers over the VME backplane. This PLC 
then communicates with other PLCs on the local area 
network. The main power supplies use Allen-Bradley 
PLCs and the AB Data Highway Plus network. The 
VME PLC can globally turn on all the power supplies on 
its network, and can reduce the status information before 
passing it on to the control system. This system worked 
well during the sextant test. 
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THE POWER SUPPLY SYSTEMS FOR ELLIPTICAL 
MULTIPOLE WIGGLERS 

A.S. Medvedko, Yu.A. Evtushenko, B.A. Dovgenko, S.P. Petrov, V.F. Veremeenko, 
Budker Institute of Nuclear Physics, 630090, Novosibirsk, Russia 

E. A. Medvedko, 
Argonne National Laboratory, Argonne, 111, 60439, USA, (now at SLAC) 

Om Vir Singh, 
Brookhaven National Laboratory, Upton, NY. 11973, USA 

Abstract 

The Elliptical Multipole Wiggler (EMW; 3.4 meter-long) 
and its Prototype (0.8 m) had been built by the joint team 
of INP (Novosibirsk, Russia), ANL (Argonne, USA), and 
BNL (Upton, USA). These Wigglers are supplied by the 
DC or trapezoidal shape AC current with variable fre- 
quency. Current is in 200 A to 1200 A range. Two different 
PSs were developed: for Prototype - with the frequency 
range up to 100 Hz, for EMW - up to 10 Hz. The PSs 
have the original circuit for current polarity forced switch- 
ing. These circuits allow us to get the rise/fall time twenty 
times faster than that determined by magnet time constant: 
it became 1.5 ms for Prototype and 5 ms for EMW. Top 
of the pulses have the flatness better than 0.01, current dif- 
ference for both polarities better than 0.001. Prototype is 
under the operation at the NSLS (BNL) during two years. 
EMW has been installed, tested and first beam for users 
would be taken out soon at the APS (ANL). 

1   INTRODUCTION 

The EMW generates elliptically polarized photons in the 
energy range of 0.1-10 keV with AC modulation of polar- 
ization helixity. This type of wigglers will make it possi- 
ble to detect the very weak signatures of circular dichroism 
and other effects associated with right- left- handedness 
of some physical systems [1]. To increase the measure- 
ment accuracy of the asymmetry between the effect of left 
and right circularly polarized radiation, the modulation fre- 
quency should be located in the range with the minimum 
spectrum power density of closed orbit noise. From this 
point of view, it was determined that the preferable modu- 
lation frequencies are: 0 j Fmod j 10 Hz and F ~ 100 Hz. 
The EMW includes a vertical hybrid permanent magnet 
structure and a horizontal electromagnet structure. Proto- 
type wiggler (0.8 m length, 27 mm aperture) has a magnetic 
field period of 160 mm with seven poles. Field value is of 
0.83 T for hybrid structure and of 0.12 T - for electromag- 
net [2]. The EMW has 36 poles with period of 80 mm and 
the aperture of 71 mm with closely the same field values. 
The core of electromagnet is fabricated from the laminated 
iron to operate with a switching frequency up to 100 Hz. 

2   MAGNET PARAMETERS 

The electromagnet structures of EMW and of Prototype 
are the inductive loads with the Resistance 5.6 mOhm 
(3 mOhm, Prototype) and Inductance 500 /xH (100 /xH), 
operating current range 200-1200 A. So the electromag- 
net structure of EMW can store 360 J of energy (75 J). 
Load time constant is approximately 90 msec (33 msec). 
It was desired to have changeable polarity of current with 
the trapezoidal in-time shape of current with operating fre- 
quency range from zero up to 10 Hz for EMW and up to 
100 Hz for the Prototype. The top part of the current need 
to have the flatness better than 1%, current difference for 
both polarities better than 0.1%. 

3   POWER SUPPLY OPERATION PRINCIPLE 

The Function Diagram of the PS is presented at the Fig.l. 
The input AC power is going to the primary windings of 
the voltage reducing Transformer. The secondary Trans- 
former coils are connected to the gate controlled Thyristor 
Rectifier Bridge with RLC-filter. Transformer, Rectifier, 
and RLC-filter form the "V-1000 Thyristor Rectifier". 

The V-1000 output DC current with variable value from 
200 A up to 1200 A is going through the choke LI, Direct 
Current Current Transformer DCCT-1 and Commutating 
choke L2 to input diagonal of the Thyristor Bridge-Inverter 
SW1-SW4. Its output diagonal is connected to the EMW 
Electromagnet Coil with Capacitor Cl in parallel. Commu- 
tating choke has two secondary coils, connected into both 
current buses, and one primary joined with Commutator's 
output. 

Let us say that the Bridge-Inverter has the initial posi- 
tion with SW1 and SW4 Thyristors are switched on (into 
the conducting mode), but SW2 and SW3 are switched off 
(into the isolation mode). The Electromagnet current direc- 
tion is shown at the Fig.l by left arrow. For current polar- 
ity changing we need to switch off the SW1, SW4 and to 
switch on the SW2, SW3 Thyristors. The Commutator with 
choke L2 is used for realizing this process. Time Diagrams 
of switching processes are presented at the Fig.2. 

The Commutator Thyristor SWcm, being driven by 
Clock external signal via Switch Controller, connects the 
Capacitor Ccm to the primary coil of choke L2. This 
Capacitor had been charged preliminary. The Capacitor 
discharging process applies the pulse with the reversed 
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Figure 1: EMW function diagram. 

(closing) polarity to input diagonal of the Bridge-Inverter. 
This time interval corresponds to positive polarity pulse 
at the time diagram. This pulse cause breaking current 
through the Switches SW1 and SW4. It need approxi- 
mately 15 //sec for Thyristors to switch off the current. 
So, after this time duration the Bridge-Inverter became 
switched off. The resonant circuit formed with Electro- 
magnet coils and Capacitor Cl became isolated, so the en- 
ergy stored in the Electromagnet magnetic field begins to 
recharge the capacitor and after that - to reverse the cur- 
rent polarity. It needs approximately half of free oscillating 
period (5 to 6 msec for EMW and 1.5 msec for Prototype) 
of this circuit for Electromagnet current polarity reversing. 
One can see that due to this oscillating process the voltage 
on the resonant circuit increases up to 300-350 Volts for 
the 1000 A input current (DC voltage on the coil is approx- 
imately 6 V ). This method of current switching is some 
time named like "Forced Switching". 

The isolated ideal LC circuit has no energy dissipation 
so it reverses the polarity of 100% of Current. Real RLC 
circuit with Electromagnet coil of EMW and capacitor Cl 
have quality factor: 

Q   =   (y/L/C)/RK 10, 

that determines the relatively noticeable level of the energy 
dissipation during the half of free oscillation period. As a 
result, the coil reversed current value at the end of this time 
interval (Fig.2) became equal to: 

Irev = Iini(l — S/2), where 

6 = -KRyfCJL. 

In our case we had got Irev « 0.85ijni for EMW and 
0.9Iini for the Prototype; Iini - initial Current value. 

During the transient process and all time later the Switch 
Controller generates the pulses to fire the Switches SW2 
and SW3. These Switches come into conducting mode 
when the voltage applied to them became in conducting di- 
rection that means the end of free oscillation process. This 
moment determines the switching on of the negative feed- 
back loop that helps to output current to get the required 
level Irev = Iini. Sign of feedback did not depend on the 
output current polarity because of circuit configuration. 

By the way, all the firing pulses of Switches SW1-SW4 
are taken away by the Clock pulse front for more reliable 
switching off of the Bridge-Inverter. The next stage of 
process of current polarity changing occurs with the next 
Clock pulse. During this stage SW2 and SW3 became 
switched off but SW1 and SW4 became switched on. As 
a result the period of current polarity changing is twice 
longer than the period of Clock pulses. 

One can see that switching off of the Bridge-Inverter 
Thyristors cause the break of its input current. To avoid 
the V-1000 output current break the shunting Switch SW5 
with resistor Rl is installed in parallel with the Bridge. This 
Switch comes into the conducting mode at the beginning 
of the switching process and switches off when Bridge- 
Invertor became conducting. Two transistors (KS621K60 
type, Powerex) with driving circuit perform the role of 
SW5. The Fast Diode Dl and Choke LI are installed to 
protect the DCCT-1 against the short pulsed current of 
switching process and to support this process. DC Cur- 
rent Transformer DCCT-2 is installed at the output bus to 
measure and to stabilize the Electromagnet current. 

PS for the Prototype and for the EMW have closely the 
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Clock 

Figure 2: Current switching diagrams. 

same frame dimentions: 1200 mm (front width)x900 mm 
(depth)x 2200 mm (height). 

4   PECULIARITIES 

Power Supply for the Prototype and for the EMW have 
some peculiarities in circuitry, design and operation. First 
of all, the current stabilizing loop of the EMW is organized 
with measuring of the current at the bus behind the Bridge- 
Inverter (Fig. 1), but for the Prototype it was organized with 
the help of DCCT installed before it. This is determined 
by the difference in load time constant and in switching 
frequency. As a result the system for the Prototype is to 
stabilize the current "in long time mode" only but the feed- 
back loop of the PS for EMW took part in transient pro- 
cesses at the top part of the current and slightly helps to 
shorten the time duration of its "(S/2-part". Of course, the 
feedback loop of the PS for EMW need to re-reverse the 
DCCT-2 signal polarity (to make it unipolar). Another dif- 
ference between PSs is in design of the Commutator: we 
need to apply the recuperation for charging the Capacitor 
for the Prototype because of high maximal operational fre- 
quency and relatively simple circuit with direct capacitor 
charging - for the EMW Computer control of the PS for 
Prototype is organized without special interface module in- 
side PS frame but the frame of the EMW PS includes the 
AB (Allan-Bradley) Crate. Both systems have the analog 
and digital status control, of course. Systems were success- 
fully incorporated into the computer control systems of the 
Storage Rings. Both PSs need the external Clock pulses 
and they have three types of output pulses to synchronize 

the external devices like, for example, correcting magnet 
PS and magnetic field measuring system [3]. 

5   RESULTS AND CONCLUSIONS 

The described PS for Prototype had been developed and 
tested at the 1994. It is under the AC mode of operation 
with frequencies 2 Hz, 10 Hz, and 100 Hz at the NSLS 
from January, 1995. The PS for the EMW had been devel- 
oped, tested and shipped to ANL from INP at May, 1996. 
EMW with this PS were installed to APS storage ring at 
December, 1996 and the first experimental runs with the 
beam were successfully done. 
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FAILURE STATISTICS OF DESY POWER SUPPLIES IN 1996 

Hans-Joerg Eckoldt, DESY Hamburg, Germany 

Abstract 

The HERA machine delivered good results in 1996. This 
was possible due to a higher availability of the technical 
subsystems than in the years before. Here the failures of 
the power supplies during 1996 will be analysed and a 
statistic of the failures of the accelerators will be shown. 
This will be compared to the failures of the last years to 
see what improvements had the most succes. A preview 
onto the next changes will be given and the introduction 
of new tools (software and hardware) will be explained. 

1   INTRODUCTION 

One of the subsystems in particle accelerators are the 
magnet power supplies. Due to the large number of 
components a high reliability is required. This is not only 
the availability which is the number of failures multiplied 
by the repair time of the sub-system, but also the number 
of failures is important in machines with long filling 
times. In DORIS the beam is filled within a few minutes 
after the end of repair whereby in HERA not only the 
repair time of the power supply is important but also the 
time of refilling the beams and optimisation for the 
luminosity run. A failure that is repaired in 10 minutes 
will have a down time of the machine and the 
experiments of several hours. To detect systematical 
errors an analysis of the failures of the power supplies at 
DESY is made annually and will be presented here. By 
this systematical errors have been detected and 
eliminated. 

2 SOURCE OF INFORMATION 

Beside the machine control room operators a technical 
shift crew of two persons is working in three shifts when 
the machines are running. This shift crew is responsible 
for the repair of the power supplies, part of the water 
cooling system and the rf-high voltage supplies. Each 
failure that occurs is written into a log book with time, the 
assumed reason of failure and with a description of the 
repair action. This material was used as data base. 
Additional information about the machine status can be 
found in computer archives and the control room log 
books. The HERA machine coordinator tracks down the 
trips as well in combination with beam loss and down 
time. 

3  NUMBERS OF FAILURES 

Over the time period from May 15th till December 23rd 
the shift crew was called 574 times to solve a problem. 
This is the actual time when the HERA electron machine 
was commissioned till it was turned off for the winter 
shut down. The problems to be solved are from simple 
reset of an electronic up to a several hours lasting repair 
of the power parts, which is luckily not very often. 

The first statistic of this type was made in 1993. That 
result and the numbers of the last years is shown in table 
1. 

Table 1: Number of events when technical shift crew 
had to react. 

1996 1995 1993 
HERA 238 248 252 
PETRA 114 165 143 
DORIS 87 81 184 
DESY II/III 43 113 n.n. 
transport lines 
preaccelerators 

92 131 n.n. 

analysed period 5304 hrs 6720 hrs n.n. 

4 STATISTICS 

The availabilty of the subsystem power supply can be 
calculated by 

...    MT-(NOF*TOR)^,nnm AV =  * 100% 
MT 

with AV = availability 
MT = machine time 
NOF = number of failures 
TOR = time of repair 

The average repair time for the power supplies is 
assumed as 45 min per failure. Pushing a reset button is 
much shorter whereby the repair in the power parts takes 
much longer. 
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The MTBF mean time between failure of the machines is 
given by the formula: 

MTBF M = 
MT 

NOF 

Number 
of PS 

MTBF_PS 
overall 

MTBF 
no external 

failures 

HERA e+p 1166 25985 29310 
PETRA 269 12515 13988 
DORIS 93 5669 8968 

The failure distribution of power supply failures at 
DESY can be seen in table 2. P and e indicate the proton 
or electron machine of HERA whereby the e + p is the 
sum of both. 

Table 2: Power supply failures in the machines,   Mean 
TimeBetweenFailure, Availability 

problems MTBF_M 
hrs 

AV 

HERA e+p 238* 22.3 96.6% 

HERAp 163 32.5 97.6% 

HERAe 84 63.1 98.8% 

PETRA 114 46.5 98.3% 
DORIS 87 61 98.7% 
DESY II/III 43 123.3 99.4% 
transport lines 
preaccelerators 

92 57.6 98.6% 

entire DESY 574 9.2 91.9% 

analysed period 5304 hrs 

The availability in table 2 includes all failures that 
appeared and is just the availability of one subsystem. It 
does not give the number for the performance of the 
machine. In comparison the actual time between two 
beam costing failures due to power supplies in HERA is 
56 hours. 

MTBF of the power supplies in the machines 

MT*NOPS 
MTBF = ■ 

NOF 

with NOPS = number of power supplies 

Here two numbers are calculated. One is the overall value 
including every fault that appeared and the power supply 
was turned off. The second value is with only the 
problems of the power supply. External interlocks and 
failures as grid disturbances have been substracted. 

Table 3: MTBF of the power supplies 

* Please note that the sum of failures of HERA e + HERA 
p is higher than the value of HERA e+p. Grid 
disturbances were conted for both machines. In the sum 
only one event is counted per machine 

5 KATEGORIES OF FAILURES 

The data material was sorted to the failures of the 
machines and categorised. The categories are: 

1) unknown -failures that could not be sourced down 
2) work induced -due to work a failure was produced 
3) single interlocks -interlocks from exterior eg. 

thermoswitch of magnet, (not really failure but turn 
off of the supply) 

4) Electronic malfunction -error that is due to a 
malfunction of electronic without a physical failure in 
the electronic 

5) Electronic component -a physical failure in the 
electronic or survey elements 

6) ELS -electronic protection in the choppers. The 
voltage drop over the MOSFET transistors in the 
switched mode supplies is monitored. In case of short 
circuit or break down of a transistors this turns the 
power supply off. (one of the major problems in 
HERAe in 1995) 

7) Shorts to ground -low impedance to ground within 
the magnets or the power supplies 

8) Semiconductors, fuses -failure of the power 
semiconductors eg. SCRs, diodes and power fuses. A 
100 mA fuse would be an electronic component. 

9) mechanical switches - contactors, circuit breakers and 
polarity switchers 

10)PSC,    controles -power    supply    controllers, 
programmable logical controllers, main computer in 
the control room 

ll)transformers     -transformers,  chokes  etc.  also  the 
circuit breakers for the transformer protection 

12) connections  -bad connections of circuitboards, plugs 
up, bad soldering points, bad screwing of copper bars 

13)water cooling plant   - failures in the cooling system. 
An error causes several power supplies to trip 

14) water/air cooling in the supplies - only the supplies of 
one water circuit trip. One to maximum four supplies 
of the choppers. 

6 FAILURES IN THE MACHINES 

When looking at the failures each machine has it's own 
pattern of failure due to the different types of supplies 
and also the age of the units. The failures can be seen in 
table 4. 
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Table 4: Failures in the machines 
HERA 

e 
HERA 

P 

PETRA DORIS 

unknown 1 4 0 1 
work 0 4 1 2 
Single interlocks 11 8 3 21 
Electronic 
malfunction 

11 21 21 22 

Electronic 
component 

2 6 24 5 

ELS 14 5 0 
Short to ground 0 4 2 0 
Semiconductor, 
fuses 

0 0 3 0 

mech. switches 9 71 4 0 
grid disturbances 9 9 9 9 
PSC, controls 4 22 8 4 
Transformers 0 0 0 0 
connections 7 4 14 5 
Water cooling 
plant 

1 2 1 2 

Water, cooling 4 3 10 6 
correctors 12 0 14 8 

sum 85 163 114 84 

HERAp 
Still a systematic failure is in the system. The problem is 
the mechanical polarity switcher of the chopper supplies. 
The auxiliary contacts of the contactors become high 
resistive. During polarity switching the magnet is shorted 
by the switch. A build in electronic waits for this status to 
continue which due to the bad contacts will not be 
detected. The polarity switcher stops in the middle of the 
action. 

HERAe 
No really overwhelming problem is seen in these 
statistics. Systematic errors appear to have been 
eliminated, leaving random errors to be dealt with. The 
largest problem of the last year, the aging of MOSFETs, 
has been eleminated by exchanging the MOSFETs. 

PETRA 
The year was good. The major problems of the previous 
year been eliminated. Still the number of damaged 
electronic components might be a sign for the aging of 
the power supplies. 

interlocks. The electronics problem was mainly to one 
power supply where the failure was extremly hard to find. 

DESYII/III 
The number of failures decreased rapidly. In 1995 it was 
a problem with a bad contact of a high voltage switch. 
The problem was fixed. 

BEAM TRANSPORT LINES 
Here the number of failures decreased with only routine 
maintenance. 

7 NEW TOOLS FOR MAINTENANCE 
When looking at the investment and operating costs of 
accelerators the demand for short maintainance period 
and long runs gets stronger. This is usually in 
contradiction to the technicians view who wants to 
maintain the power supplies for a failure free next run. 
Therefore new methods and tools have to be found to 
decrease the time of working at the units with the same 
amount off quality. 
One fairly simple attempt was made to control the 
accuracy of the supplies. By a computer program a group 
of power supplies is driven with a slow ramp procedure 
and the data of the monitored current is stored. With an 
EXCEL-spreadsheet this data is visualized. Errors in the 
Digital/Analog Converter (DAC) or the DigitalVoltMeter 
(DVM) can easily be detected. This program is used also 
to control suspicious power supplies during ramping of 
HERA. 
In 1997 an infrared thermo camera will be taken to 
supervise the power supplies. By this it is possible to 
check connections and operation of power parts during 
normal run conditions of the accelerator. On a vendors 
presentation of such a camera some bad connections 
where found. This promises good results. 

8 SUMMARY 
When comparing the numbers of the events the last year 
did not look much better than the 1995 year though the 
impact of the failures to the machine run time was 
smaller. The supplies had more failures during turning on 
time or massage times than during the actual run time. 
These failures have to be solved in the next shut down. 
For several machines the obvious systematic errors seem 
to be eliminated. The consequence is that the future 
failures have to be investigated even closer to guarantee 
a better run. 

DORIS 
The power supplies worked well this year. The number of 
failures is constant to the previous year, whereby one 
quarter  of the   failures   were   turn   offs   by   external 
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FOUR QUADRANT DC TO DC SWITCHING SUPPLY FOR THE 
FERMILAB MAIN INJECTOR 

L. Bartelson, G. Krafczyk, H. Pfeffer, D. Wolff 
Fermi Nationl Accelerator Laboratory 

P.O. Box 500 
BatavialL, 60510 

Abstract 

The Fermilab Main Injector (FMI) will require 248 
ramped corrector power supplies for the operation of the 
accelerator. The design and prototype test results will be 
described in this paper. The 3 main design goals for 
these supplies are: 1) eliminate failure due to thermal 
fatigue that has plagued similar systems at FNAL, 2) 
utilize PWM technology to attain good efficiency and 
small size, and 3) minimize conducted and radiated 
noise typically generated by PWM systems. The power 
supplies operate at 30kHz switching frequency and are 
rated for +/-150 Volts and +/-15 Amps at 95 percent 
switching duty cycle and 95 percent efficiency into a 1 
Henry magnet load. The FMI requirements call for a 
ramp cycle of 1 - 2 seconds. During the cycle, the 
maximum temperature swing, junction to heat sink, of 
the power components is less than 30 degrees centigrade. 
The output voltage ripple is less than 1 Volt RMS. 

INTRODUCTION 

The Fermilab design uses the PWM technology using 
4 FETs in an H-bridge configuration for 4 quadrant 
operation. The switching frequency of 30 kHz was 
chosen due to accelerator beam interaction 
considerations. The switching scheme does not use a 
50/50 technique. The scheme chosen permits the bottom 
FET on one side of the H-bridge to be ON continuously. 

This accounts for less power dissipation since testing 
showed that the switching losses in the FET are about 
twice the DC losses. The analog closed loop controls 
include an inner voltage loop and an outer current loop 
using a transducer for current feedback. The voltage loop 
has a response of 5kHz and the current loop has a 
response of 300 Hz. A block diagram of the unit is shown 
in Figure 1. 

SWITCHING SCHEME 

QUADRANT 

1 & 2 3 & 4 

SI J PWM OFF 

S2 ~1   PWM   r ON 

S3 OFF J PWM  

S4 ON ~i pwM r 

Figure 2, Switching Scheme 

The switching scheme chosen is shown in Figure 2. 
The FETs on one side of the bridge are pulse width 
modulated while the devices on the opposite side are held 

CURRENT 
REFERENCE   INPUT 

FILTER   COMPONENTS 

Rl   = 
Cl  = 
LI   = 
C2 
C3 
R2 
C4 
C5 
R3 

10 OHM 8 2W 
10UF a 250V 
L2 = 500 UH 
20UF a 250V 
220UF 6 250V 
3 DHMg 2W 
10UF S250V 
50UF 8250V 
5  DHM,  10   WATTS 

Figure 1, Regulator Configuration 
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ON, for the lower device, or OFF for the upper . As 
mentioned above, this technique is used to reduce the 
switching losses in the bridge. The power dissipation 
data shown in Figure 3 is for a negative output current of 
15 amps, a switching ON time for S3 of 90%, and S2 is 
ON continuously: 

FET Power (W) 
SI 0 
S2 20.9 
S3 42.6 
S4 0.9 

Total Power 64.4 

Figure 3, Device Dissipation 

The data in Figure 3 shows that the switching side 
has about twice the power dissipated compared to the 
static side. This is due to the predominance of dynamic 
switching losses over ohmic losses. Data was also taken 
with 10 and 50% ON times of the top switching FET 
operating at 15 amps. In both cases the total power 
dissipated in the FETs never drops below 50 watts. 
Power consumed by one filter is 5 watts at 15 amps. The 
maximum total power in the FETs and the chokes is 74.4 
watts. This calculates to be 3.3% of the total 2250 watts 
of output power. 

The FET dissipation was measured in the switching 
mode using calorimetry. First the case to heat sink 
thermal impedance was determined for the FETs by 
operating them in DC mode where power dissipation 
could be easily measured. Then the case to sink 
temperature differences were measured while operating 
in switch mode. The thermal impedance determined 
under DC conditions was then used to calculate the 
device dissipation under switching conditions. 

Considerable time was invested in getting the 
temperature data. Copper blocks were added and 
insulated which made an electrostatic shield between the 
FET case and the heat sink. This was done because the 
temperature probes would pick up switching noise that 
affected the accuracy of their readings. The copper blocks 
provided more area to clamp thermocouples to and 
provided a stable time constant for temperature 
measurements. 

FET MOUNTING 

Testing was done on different mounting techniques of 
the FETs and the effects on temperature. The FET used 
has a TO-247 case with a single hole mount and the case 
is common to the drain. This obviously requires an 
insulator which raises the overall thermal impedance. 
Measurements indicated that a lower thermal impedance 
on the FET can be achieved if a clamp is used on the 
case versus the single hole for mounting. 

Isolation pads that are commercially available have a 
large thermal impedance. The combination of a 
beryllium insulator under each FET and a bar clamp 
across all 4 devices was the final configuration arrived 
at. The mounting technique reduced the case to heat sink 
thermal impedance from 0.85 to 0.2 °C/W. The thermal 
impedance rating of the FET from junction to case is 
0.34 °C/W. Therefore the total impedance junction to 
heat-sink is 0.54 °C/W. The maximim junction 
temperature using figure #3 is 42.6 watts times 0.54 
°C/W or 23 °C plus the heat sink temperature. A small 
amount of air flow over the heat sink is needed to limit 
the maximum junction temperature to 80 °C. Tests in 
the lab resulted in a maximum heat-sink temperature of 
47.8 °C while switching at 15 amps. 

FET REVERSE CURRENT 

Testing was done on the bottom FET when current is 
flowing through it in the reverse direction. The normal 
current path is through the intrinsic diode. However it 
was observed that when the current is less than 12 amps 
a lower voltage drop occurs if you turn the gate of the 
FET on. Reverse current can be forced to flow in the 
FET, bypassing the intrinsic diode and reducing the 
voltage drop. Lower switching losses can be obtained 
during this cycle of operation. 

NOISE GENERATION 

The switching supply generates noise by nature of the 
operation. During switching when the top FET turns on, 
a large current shoots through the top and bottom FET 
until the intrinsic diode shuts off. When operating at 15 
amps output current, this shoot through current is on the 
order of 50 amps with a duration of 200ns. In order to 
keep the noise radiated to a minimum the power section 
was shielded separate from the rest of the power supply. 
The authors are aware of more elaborate schemes of 
putting a fast recovery diode in series and another in 
parallel with the bottom FET. The disadvantage is power 
dissipated in the series diode making the total losses 
greater. 

The other large items in the power section sheilded 
were the chokes and caps which make up a Praeg filter 
[1]. The design specification stated that the 30 kHz 150 
volt output switching signal must be reduced to 1 volt 
RMS at the supply output terminals. This requires a filter 
with 40 dB per decade roll-off and a break frequency of 1 
kHz. The filter chokes selected had an inductance of 500 
uH. 

FET DRIVERS 

The power section uses opto coupled devices to send 
ON/OFF signals to the FET driver. The driver uses a 
commercially available device that has it own isolation 
scheme for the top FET drive. The top FET drive energy 
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is developed by a bootstrap circuit. The proper use of this 
device requires the designer to pay strict attention to 
input gating and minimum pulse widths. It was observed 
that if a signal less than 50 ns to the lower gate drive, the 
chip will lock up until it receives another pulse. To 
ensure lock-up will not occur, the gate logic circuits were 
designed to produce a minimum pulse of 200 ns. 

CONTROL LOOPS 

The voltage loop feedback is taken on the H-Bridge 
side of the the Praeg filters. This signal is edge filtered 
using an RC time constant of 10|xs. A differential 
amplifier is used to subtract the 2 output legs, and feed 
an error amplifier that compares the output voltage and 
the current loop output. The error signal is then 
integrated to generate a signal that controls the ON time 
of the top FET from 200 ns to 31.7|J.s (95% of total time). 
The voltage loop also determines the direction control, 
which determines if the output voltage is negative or 
positive. 

The current loop is outside the voltage loop and uses 
a 50 amp LEM current head for isolated feedback. The 
LEM is sensitive to external magnetic fields and dv/dt 
signals on the wire. The head was moved to the front of 
the 23 inch chassis to remove it from the power section, 
and reduce magnetic pickup. Early testing was done 
using differential amplifiers and current shunts. 
However, these scheme had serious common mode 
problems at frequencies above 500Hz. 

The current loop reference goes through a slew rate 
limiter (SRL) set to 75 amps per second. The SRL 
smooths out the steps in the output of a D/A reference 
card which keeps the power generated in the damping 
resistor in the filter to a reasonable value. The 
compensation parameters for the current loop are set up 
for 5 different load settings ranging from a L/R ratio of 
0.95/5 to 0.030/2. The closed loop frequency response for 
the 1 Henry magnet is 250 Hz. All other magnets have a 
300 Hz bandwidth. 

PROTECTION & MONITORS 

The supply has several internal interlocks that force 
the supply into the inhibit mode. These signals are dc 
overcurrent, RMS current, ground fault current, heat sink 
temp, filter temp, and external permit. The unit also has 
alarms for low input supply voltage and tracking error. 
All these faults and alarms are sent to the control system 
as digital status. 

The analog monitors are the program reference, 
output current, output voltage, RMS current, and current 
error xlOO. All the analog signals except the last one are 
sent to the control system. 

Each supply is isolated from the main DC power 
supply by a 25 amp circuit breaker. Each magnet load 
has a MOV installed at the power terminals to absorb the 

inductive stored energy under fault conditions, such as 
cables being unplugged or power supply failures. 

SIZE & AIR FLOW 

The units are air cooled and measure 5.25"H x 
4.188"W x 23"D.. A total of 4 units are mounted side by 
side in a standard 19" relay rack crate. A group of 16 
supplies will be mounted 4 wide by 4 high. A fan pack 
will be used to blow air up through the group of 16. 

CONTROL POWER 

The supplies use +/- 15V, and +5V in each regulator. 
This power is daisy chained at each unit and comes from 
a common distribution supply. 

MAIN DC POWER SUPPLY 

The main supply is designed to provide 180 VDC 
power to 48 units. This supply consists of a 3 phase 
transformer with a 480 volt input, a 3 phase full wave 
bridge rectifier, and a passive filter. The nominal current 
from the 48 units is estimated to be 120 amps. 

PROJECT STATUS 

Several prototypes have been operating since last 
October. Currently 24 units are being built for extended 
testing in a Main Injector Service Building. After a 
satisfactory run, any necessary changes will be made and 
the total quantity needed (275) made to print. 

REFERENCES 

[1] Praeg, W., A High Current Low Pass Filter For 
Magnet Power Supplies, pp 16-22JEEE 
Transactions On Industrial Electronics and Control 
Instrumentation, Volume IECI-17, Numberl, 
February, 1970 
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AN EMBEDDED POWER SUPPLY CONTROLLER 

S.Sharonov and J.M.Nogiec, 
Fermi National Accelerator Laboratory*, P.O.Box 500, Batavia, IL 60510 

Abstract 

Several different models of high current power supplies 
are used to test accelerator magnets at the Fermilab's 
Development and Test Department (D&TD). 
Department-wide standardization of current control and 
monitoring has been achieved by embedding a 
proprietary intelligent device into each of these power 
supplies. The device is based on a highly integrated Intel 
87C196 microcontroller that is used to control and 
monitor current, collect status information, issue control 
signals and communicate with a host computer. The 
controller interfaces with a power supply via onboard 
high precision ADC and DAC converters, and digital I/O 
registers. Some of the advanced features of the system 
include: downloading and interpreting of complex ramp 
profiles, built-in parabolic waveform approximation, 
external triggering, and fiber-optic communication media. 
Network access is enabled by an extensive set of UNDC 
tools such as GUI, ramp profile simulator, API library, 
and shell programming tools. 

1 POWER SUPPLIES FOR ACCELERATOR 
MAGNETIC SYSTEMS 

Modern particle accelerators employ a large number of 
high current power supplies to drive their magneto- 
optical systems. These supplies are capable of achieving 
thousands of Amps of current and maintaining it with the 
accuracy of better than 100 ppm. Accelerator physics as 
well as the inductive nature of the load dictate 
sophisticated waveforms of the magnet current. In 
contrast, most of the supplies, that come from the factory, 
are equipped with a minimal interface; it is usually 
comprised of an input for the analog reference signal and 
a digital I/O to transmit status and to accept control 
signals. As a result, an external control system is required 
to make a power supply usable in a fully automated 
environment. 

2 D&TD POWER SYSTEMS 

High current power supplies have been always an integral 
part of the Development and Test Department magnet 
test facility. The are used for both conventional and 
superconducting magnet tests. 

2.1 Former Systems 

In 1994 two different power control systems coexisted at 
the Fermilab's Development and Test Department. One 
of them was based on a VAX computer and used the 
CAMAC interface, whereas the other was a UNIX-based 
system and used the VXI interface. The VAX-based 
system was about to become extinct and UNIX system 
had severe drawbacks: 
• The system did not allow users to generate 

controllable ramps because of the non-deterministic 
characteristics of the Unix system. 

• The system did not provide sufficient means for 
automatic/remote control of power supply and for 
logging the current and power supply histories. 

• The long analog cable runs deteriorated the signal 
quality in the industrial environment. 

• Multiple analog and digital cables between the power 
supply and the measurement system created ground 
loops. 

• User interfaces were not adequate. 
• The information about a power supply status or cause 

of exception was not available via computer 
interface. 

2.2 New System Design 

The new Fermilab Development and Test Department 
control system [1] was designed to overcome the above 
mentioned drawbacks and to provide a uniform interface 
for every power supply in service. This standardization 
was achieved via encapsulation of the control functions 
into an intelligent controller that is embedded into each 
power supply. The controller is accessed by conventional 
methods from the host computer through a serial 
interface. Server software that is running on the host 
computer, fans out the connection to the multiple local 
and remote clients. 

2.3 Hardware 

The controller module consists of several subsystems 
(Fig.l): 
• 87C196KR processor with integrated peripherals, 64 

kBytes of external FLASH ROM, 64 kBytes of 
external SRAM. 

• High precision isolated 16 bit DAC used for the ramp 
profile generation. 

Operated by the Universities Research Association under 
contract with the U.S. Department of Energy 
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High precision isolated 24 bit ADC for digitizing the 
power supply current. 
Digital I/O with 32 input and 16 output lines for 
status readout and application of the control. 
Input    and    output    external    trigger    lines    for 
synchronization of the external measurement system 
with the current profile. 
Fiber-optic interface for communication with the 
host computer. 

Processor 
87C196KR 

FLASH ROM 
up to 63 kBytes 

SRAM 
up to 63 kBytes 

I/O 
48 lines 

1 | »  
[_   Fiber-optic 

Converter 

Trigger   lines 

' Serial   port 

ADC 
24 bit 

DAC 
16 bit -o 

Figure 1 Controller Block-Diagram 

The 87C196KR [2] is a 16-bit microcontroller designed 
especially for the high speed event control. Its primary 
components include a CPU, several types of memory, six 
I/O ports, two timers, A/D converter, two serial I/O 
devices and an event processor array. 
Special care was taken to eliminate the possibility of 
ground loops and to preserve the integrity of the analog 
signals. This was achieved by taking the following 
measures: the controller communicates with the external 
world via a fiber-optic link, the ADC and DAC are 
isolated by means of separate DC/DC converters and the 
ADC has a balanced differential input. 
Both the DAC and the ADC use external high precision 
references that exhibit an extremely low temperature drift 
of only 0.6 ppm/C. 
AD7710 ADC [3] employs a sigma-delta conversion 
technique to realize up to 24 bits of no missing code 
performance, and an integration time of one power line 
cycle has been programmed for improved noise rejection. 
The ADC is used in a background calibration mode that 
removes both zero scale and full-scale errors while still 
allowing for 10 samples/s acquisition rate. 

2.4 Firmware 

Firmware consists of a simple monitor and power supply 
controller code. The monitor is used primarily for 
debugging  and  offers  the  capability  to  view/modify 

memory locations,  and  to download  user code  into 
SRAM and execute it. 
C language and the compiler from BSO Tasking [4] was 
used to implement the most part of the firmware. 
A proprietary serial protocol was developed for the 
reliable communication with the host computer over a 
serial line. 
The   controller   recognizes   a   set   of   28   commands 
including,  among others,  downloading and executing 
complicated profile tables and storing and retrieving of 
up to 1024 ADC readings. A typical profile table consists 
of a number of segments, where the segment may be one 
of the following types: 

Parabolic ramp segment described by the destination 
current, initial ramp rate and acceleration. 
Hold segment which allows the controller to wait for 
the software or hardware trigger. 
Wait segment (delay). 
Unconditional jump segment for the jumps inside the 
profile table. 
Repeat segment for organizing the loops. 
Trigger segment used to issue a synchronization 
signal for the external recipient. 

The ADC buffer is set up as a FIFO and may be 
controlled by the host computer or via the profile table. 
For example, ramping to a specific current, taking a 
requested number of measurements and disabling the 
FIFO for further readout. 
In addition, software readable id provides a means of 
identification of the controller/supply system, which 
enables the application of the appropriate calibration 
constants and constraints. 

2.5 Software 

An extensive set of the software components has been 
developed to provide a convenient and easy to use 
interface to the power supply control system. It consists 
of the following elements: 
• A server that may run under the Unix or VxWorks 

[4] operating system. 
• A GUI that provides easy access to all main features 

of the power supply control system. 
• A simulator for developing and debugging profile 

tables on a Unix workstation without actually 
running a power supply. 

• A simple trace client for archiving ADC data. 
• An API comprised of a reach set of functions that 

give the user application full control over the power 
supply. 

• Shell programming tools that allow the user to write 
standard Unix scripts and to access the main 
controller features without the need for C 
programming. 
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SUMMARY REFERENCES 

The power supply control system has been deployed in all [1]   'An   Open   Distributed  Monitoring   and   Control 
T&DD test stands and has proved to be a reliable and TA,?T
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full-featured system with a user-friendly interface. It has Proceedings of CHEP'97, April 1997, Berlin 
been successfully used in our cryogenic and conventional [2] '8XC196KR Users Manual', Intel Corporation 
test stands being fully capable of generating precision [3] '1994 Design-In Reference Manual', Analog Devices, 
ramps ranging from a fraction of an Amp/s up to 18000 Inc-. 1994 
Amps/s. In addition, adopting a parabolic form of the ^ '^^^^ Usef'S Gmde'' B°St°n SyStemS 

ramp segments was invaluable for improving of the [5]  'VxWorks Programmer's Guide 5.2', Wind River 
transient   response   of   the   SCR-based   high   current Systems, Inc., 1995 
supplies. 
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MAGNET POWER SUPPLY SYSTEM FOR KEK B-FACTORY 

Tadashi Kubo , Masato Yoshida 

High Energy Accelerator Research Organization 
Oho , Tsukuba-Shi, Ibaraki-Ken , 305 , Japan 

Abstract 

A number of magnet power supplies have to be newly 
prepared for KEK B-Factory accelerator except for a small 
number of power supplies recycled from TRISTAN. High 
stability and low long term drift of magnet current must 
be guaranteed for these new power supplies from the 
requirement of accelerator design. Many R&D works have 
been put into practice from two years ago. Finally the 
type of power supplies with small and medium power has 
been decided to be switch mode. 

1      INTRODUCTION 

Power supplies for KEKB-Factory will be installed in 
4 small and 4 large existing power supply stations used 
for TRISTAN. For R&D we have manufactured unipolar 
20kW and bipolar 300W switch mode power supplies. 
Many measurements have been carried out as to these 
power supplies. A lot of useful data have been obtained. 

We have designed new power supply system being 
based on these R&D works. Other construction works for 
power supply system have been going well in parallel at 
present. The companies that manufacture power supplies 
and other electronic parts on this year will be fixed on this 
May end. The outline of design concept and configuration 
etc. of the magnet power supply system for KEK B- 
Factory will be described in this paper. 

2      SPECIFICATION OF POWER SUPPLIES 

Table 1. shows required specifications of magnet 
current and magnetic field ripple content inside Cu 
vacuum chamber. 

Power Supplies 
for 

Superconducting 
Quadrupole Mag. 

Quadrupole Mag. 

Bending Mag 

Sextupole Mag. 

Steering Mag. 

Current Stability 
(P-P) 

Magnetic Field 

1 x 10   /year 

1 x 10"^/year 

1 x 10"4/year 

5 x 10"4/year 

5 x 10"4/year 

Ripple Content(P-P) 

1 x 10"5 

1 x 10" 

1 x 10" 

5 x 10" 

5x10" 

Small value of long term current stability has been 
adopted to guarantee the stable accelerator operation 
through the year. But this requirement is very severe for 
designing a hardware block diagram of a current control of 
power supply, because temperature change from winter to 
summer is about 40 degrees(Centigrade) in KEK. 

Table 2. shows the rough parameters of power supplies 
estimated from lattice  design,  magnet  resistance  and 

voltage drop of the DC cable. 

Ring     Magnet    Current 
Type        (A) 

LER Dipole 

Wiggler 
Quadrupole 

Sextupole 
Steering 

HER Dipole 

Quadrupole 

Sextupole 
Steering 

Colliding Point 
(Superconducting) 

Quadrupole 
Solenoid 
Steering 

1250 
1000 
800 
600 
500 

5 
1000 
800 
500 
350 
200 
425 

10 
5 

840 
500 

10 
3500 
1600 
800 
600 
500 
300 
200 
425 

10 
5 

3500 
650 

50 

Voltage   Number    Total 
(V) of Units    Units 

30-800 
110 

30-110 
50 

20-70 
10 

750 
20-40 

20-130 
350-600 

30-40 
40-60 

50 
45-65 

20-600 
10-20 
10-70 

60 
60 
50 

20-450 
10-1000 

60 
30-40 
40-80 

50 
60-100 

15 
30 
20 

4 
3 
7 
2 
4 
3 
4 
2 

109 
7 
8 

54 
58 

860 

5 
2 

13 
1 
1 
1 

24 
83 

1 
12 
52 
41 

831 

1 
2 
6 

27 

126 
54 

918 

20 

123 
52 

872 

Table 1.   Required Specification for Magnet Current and 
Magnetic Field Ripple Content (P-P) 

Table 2. List of magnet power supplies prepared for KEK 
B-Factory. 
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3     R&D WORKS 

Various investigations have been carried out to satisfy 
the performances given in the specifications. The 
performance of power supply will be under the control of 
the performance of DAC, Error Amp., Shunt Resistor or 
Burden Resister of DCCT. 

3.1 Room Condition of the Power Supply Installation 
Area 

Room temperature of existing 8 power supply stations 
varies remarkably through the year, because the power 
supply stations have not air-conditioner. But it will be 
possible to keep the room temperature in the range of 10 
to 40 degrees through the year by on/off control of 
ventilation fan [1]. 

3.2 Electronic Parts 

All magnet current data set through control network 
are 16 bits, and are converted into analogue reference by 
DAC in the power supply. As a result of measurements, 
the temperature coefficients of DACs of a few companies 
proved to be below 5 ppm/degree. However, except for 
steering magnet power supply temperature control of 
DAC will be necessary to satisfy the performance of 
power supply. 

The measured temperature coefficients of a few types of 
operational amplifier proved to be below 0.1 ppm/degree. 
These data will be enough to satisfy the performance of 
power supply. 

Steering magnet power supply will be kept in natural 
room temperature to reduce the production cost. Therefore, 
the shunt resistor must have low temperature coefficient. 
Fortunately from many kinds of measurements it seems 
that it is possible to get such resistors from a few 
companies. 

DCCT will be used for comparatively high current 
power supplies such as bending, quadrupole and sextupole 
magnet power supplies. Burden resistor has a function of 
converting a current signal of DCCT to a voltage signal. 
Measured temperature coefficient of typical burden 
resistors have been below 5 ppm/degree. In this case 
temperature control of burden resister will be necessary. 

3.3 R&D of Power Supply 

R&D of the power supply started from two years ago. 
Three companies joined to fabricate both unipolar 20kW 
and bipolar 300W switch mode power supplies. To realize 
the specification the control circuit including DAC, error 
amplifier and burden resistor for DCCT has been separated 
from hardware power unit and installed in air-conditioned 
room. This was a first plan of the power supply 
configuration of KEK B-Factory. Detail discussion has 
been made in the report [1]. Table 3. and Table 4. show 
the measured performances of the R&D power supplies 
respectively. 

Company 

A 
B 
C 

Table 3. 
Supplies 

Company 

A 
C 

Current Stability 
(P-P) 

40ppm/89h 
110ppm/65h 
102ppm/43h 

Load : 

Current Ripple 
Content(P-P) 

14.8ppm(5.9Hz) 
5.1ppm (50Hz) 

20.8ppm (50Hz) 
20 mH,   0.0755 ohm 

Measured Data of 20kW(40V,500A) Power 

Current Stability 
(P-P) 

250ppm /89h 
lOppm /69h 

Load : 

Current Ripple 
Content(P-P) 

1.2ppm(50Hz) 
50ppm(50Hz) 

3.4 H,   8 ohm 

Table 4.    Measured Data of 300W(60V,5A) .Bipolar 
Power Supplies 

It proved to be that to satisfy the required 
specifications have not been easy, but will be in our 
hands before long when the mass production of power 
supply starts on this fiscal year. 

4    DESIGN OF TOTAL POWER SUPPLY 
SYSTEM 

The estimation of R&D power supplies have finished 
on this March end. The size of power supplies has been 
reduced remarkably in comparison with usual SCR + 
Transistor Dropper type power supply. Consequently, all 
power supplies for KEK B-Factory can be installed in 
existing power supply stations. 

Figure: 1 shows a final configuration of the power 
supply system. The delicate electronic parts in control 
circuit will be temperature controlled by putting Peltie 
semiconductor on the cooling fin and will be assembled in 
power supply hardware unit in stead of separating. Figure: 
2 shows a block diagram of temperature compensator. 

5      SCHEDULE 

All the power supplies will be manufactured within two 
years from this fiscal year. The manufacturers that 
product the power supplies on this year will be fixed on 
this May end. The wiring of power cable will be finished 
on this July end. Current monitor system and sequence 
controller will be ordered on this May end. Almost all of 
hardware devices except for the remaining power supplies 
will be installed up to the end of this fiscal year. 

The actual adjustment of the power supply system from 
a point of view of both hardware and software systems 
will start from the beginning of next fiscal year. The 
preparation works for accelerator operation will be 
completed up to the end of September of next fiscal year. 
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6    CONCLUSION 

The design of power supply system started from three 
and a half years ago and the varieties of R&D works 
started from two years ago. The final design of the power 
supply system has been greatly indebted to these R&D 
works. 

REFERENCE 
[1] Ta. Kubo et al.,"Design of  Magnet Power Supplies 

for KEKB Accelerator",Proc. of the 10th Symp. on 
Ace. Sei. and Tcch.,118(1995) 
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EFFECT OF SOURCE VOLTAGE SUBHARMONICS 
ON A RAPID CYCLING SYNCHROTRON POWER SUPPLY 

F.Q. Zhang, The Graduate Univ. for Advanced Studies, KEK, Tsukuba, Japan 
T. Adachi and K. Endo, High Energy Accelerator Research Organization, KEK, Tsukuba, Japan 

Abstract 

In a 50 Hz rapid cycling power supply, the resonant ac 
current of the synchrotron magnet is modulated by the 
subharmonics of the source voltage rectified in 12 pulses 
with SCR. The modulation is found to be caused by the 
fluctuation of the pulsed power that is transferred to the 
magnet circuit via a choke transformer due to the cycle-to- 
cycle unequal charging of the capacitor located just after 
the rectifier. This phenomena is observed when there is a 
mismatch between frequencies of the power line and 
resonant magnet circuit. In this paper, the modulation 
behavior is analyzed and the experimental results are given 
as well as those of the circuit computations. 

1 INTRODUCTION 

In fast-cycling synchrotrons, a pulsed power supply is 
commonly used as power source for resonant network as 
shown in Fig.l. 

Figure 1: Pulsed power supply and resonant network for a 
fast cycling synchrotron. 

Generally, the resonant magnet current is not easily 
affected by the source voltage disturbances owing to the 
large stored energy in the resonant network, but it is never 
immune from the disturbances. In a 50Hz rapid cycling 
power supply system [1, 2], modulation of the resonant 
current was observed and found to be caused by the 
harmonics, especially the subharmonics of the source 
voltage generated by a 12-pulse SCR rectifier. In this 
paper, the investigation on the effect of the source voltage 
on the resonant output is performed by both computation 
and experiment. To the best of our knowledge, the 
existing analyses [3, 4] were all carried out on an 
assumption of harmonics-free source voltage. This 
suggests a new approach that has to be developed to 
investigate the system response to source voltage 
harmonics. The approach described in this paper is based 
on the general method on the analysis of linear circuits 
containing periodically operated switches. The properties 
predicted by the computation are well justified by the 
experimental observations. 

2 EFFECT OF SUBHARMONICS ON RESONANT 
CURRENT 

The pulsed supply and its resonant network fit into the 
category of linear time-varying networks. Because of the 
periodical switching operation, the circuit reduces to the 
special class of linear, periodically time-varying networks. 
The response y(t) of a linear time varying system to an 
input x(t) with Fourier transform X(co) is defined by 

y(t)=^-I!LH(co,t)X(co)eJcotdco 
271 

where H(co, t) is the transfer function of the system [5]. 
For linear periodically time varying networks of period T, 
the system function is periodic with respect to the period 
T: H(co, t+T)=H(co, t). Therefore, it may be expanded in a 
Fourier series, 

H(o),t)=IHn(co)eJ(27tnt/T). 

H„ may be regarded as an averaged time varying system 
function. Evidently the remaining Fourier coefficients 
represent system responses at sidebands around 
ncos=n(2jt/T). The analyses on periodically switched linear 
networks can be found in [6-9]. This paper follows Liou's 
approach [7]. We first present the system response to an 
sinusoidal or exponential input in time domain and 
describe the properties of the response. Then an analysis 
in frequency domain shows the sidebands containing in the 
pulse current Ip and resonant current Im. 

2.1 Time domain 

2.1.1 Approach 

Generally the circuit can be described by the following 
differential equations with respect to the periods of 
switching-off and switching-on as follows, 

Xn,k(t)=AkXnk(t)+Bku(t) (l.a) 

yn.kW-CkX^tHDkKt) (i.b) 

where Xnk is a state vector, u an input vector, ynt an 
output vector, n the n-th operation and k=l, 2 means the 
state of switching off and on, respectively. Fig.2 
illustrates the notations for the n-th switching period. 

±± 

Figure 2: Notations for n-th switching period. 

At the  switching  instants  tn2  and t„3,  the  boundary 
conditions can be described by the state transient matrices 
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F2 and F3 as follows. 
xn,2(tn,2)=P2xn,l(tn,2)+G2u(tn,2) ^ 
Xn+l(l(

tn,3)=F3Xn)2(tn,3)+G3u(tn,3) (2-b> 
Assuming u(t)=vept, where v is a constant and p is a 
complex number, the solution is given by 

Xnk(t) = exp[Ak(t-tnk)] 

•rxn,k^k)+ak^k»-ak» 
ak(t)=(Ak-pI)~1ePtBkv (3.b) 

The solution (3), together with (2) can be computed 
successively from a given initial vector to get the 
response, but a useful result about the boundary 
conditions is obtained as follows by manipulating further. 

Xnl(nT)=Mn[X01(0)-Jv]+JepnTv (4) 

where J=[epTI-M]_1H, M=F3e
A2T2F2eAlTl     (5) 

and 

H = F3e
A2T2F2(A1 -pir1(eAlTl -e^QBj 

+F3(A2-pir1(eA2T2ePTl -epTI)B2 (6) 

+ F3e
A2T2G2ePTl+G3ePT 

It is noticed from (4) that Xn ,(nT) consists of two terms. 
The first term represents the transient mode while the 

second is the steady-state mode. For n-*», Mn-»0 and 
we get the steady-state result, 

Xn,l(nT)ss=JepnTv. (7) 

From the repetitive computations of equations (2)-(7), the 
response in time domain is obtained. 

2.1.2 Numerical results 

2.1.2.1 System parameters 

Considering the circuit of Fig. 1, we have: 

XiU^f    vf    »L    vm 

Xn,2<H    vf    Jp    {L 
where iL=ich+im. In charging period (k=l), 

-Rf/Lf    -1/Lf        0 0 

1/Cf 0 0 0 

0 0 0 1/L 

0 0       -1/Cm    -l/(CmRe) 

,]Tand 

v   V mJ 

Ai = 

B!=[l^Lf    0 0  o]1 , and ip=0. 

[n pulse period (k=2), 
-Rf/Lf -1/Lf 0 0 0 

1/Cf 0 -1/Cf 0 0 

A2 = 0 1/Lp -Rp/Lp 0 -l/(kLp) 

0 0 0 0 1/L 

0 0 l/(kCm) -1/Cm -l/(CmRe) 

1 0 0 0 0" 

0 1 0 0 0 

0 0 0 1 0 

0 0 0 0 1 

"10   0   0" 

0   10   0 

F2= 0   0   0   0 , F3= "n   ^   "n   ;   ~ ,   G2=0 and 

0   0   10 

0   0   0   1_ 
G3=0, where L,=0.268H, CF0.6mF, Lp=1.86mH, 
Lch=10.4mH, Lm=4.7mH, L=LchLm/(Lch+Lm), R,=5mQ, 
Rp=lmQ, k=2, Cm=3.2mF, and Re~70. Re is a pseudo- 
resistance representing the ac loss. Accordingly, the 
resonant frequency (i.e. switching frequency) is fs~50Hz, 
T,=5T2 and t,+x2=T (=switching period). Resonant 
network quality factor is: Q=<flsCmRe~70. The resonant 
condenser Cm is adjustable in both calculation and 
experiment for our purposes. 

2.1.2.2 System response to source voltage harmonics 

The source voltage is provided by a 12-pulse SCR 
rectifier, of which output contains both characteristic and 
non-characteristic harmonics that arise from "unideal" 
converter operation. The non-characteristic harmonics 
called subharmonics are the components with lower 
frequencies than the converter's fundamental frequency. 
Assuming the power line frequency f(), the subharmonics 
are of frequencies hf(), where h is an integer. For the model 
system under discussion, f0=50Hz and h<12. The 
calculation shows that the subharmonics appear as a 
modulation with frequency fm=hAf in resonant output as 
shown in Fig.3, where Af=lfs-f()l and fs is the switching 
frequency. 

Responses or Im Corraponding modulations in Im 

"* 0 2 4 e S 

^••••i 
o 2 A 6 8 

liiiiiil 
_*10* 2 4 6 8 

UAAAAAAAA 
Jffffffffl 
0 2 4 6 8 

t(secortd) 

B2=[l/Lf    0   0   0   0]   , 

Figure 3: Modulations by subharmonics. Scaled responses 
(left) to unit amplitude with nf0 (n=l,2,3 and 4 from top 
to bottom) in resonant current Im for fs=49.85Hz are added 
to the unperturbed Im in the exaggerated ways (right). 

Modulation frequencies can be determined by investigating 
the variation mode in the boundary condition. For an 

input subharmonic v  = eJ       "   according to (7), the 

state vector is given at each beginning instant of 
switching period for steady-state operation as: 

Xnl(nT) = Jejh2n7cf0/fs. 
n,i 

It is seen that X„4(nT) varies at a quasi-periodic mode with 
frequency fm=hAf, accordingly the system outputs will 
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also vary with the same way. fm is not a rigid frequency 
but always holds a value close to hAf. 

2.2 Frequency domain 

Frequency domain formulations are obtained by 
performing the Laplace transform of the state vector 
given by (3) then deriving the Laplace transformation for 
output y(t). Finally the following results are obtained, 

Y(S)|P=J»O =Y(co)=T(o)) 1 -v, 
s=jco j[co-(coo+ncos)] 

2 
T(co0 +ncos )= I{Cke~J(c°0 +™s Mk-l Rk (co0 +ncos)- 

k=l 
-jncosTik_i n_ -jncosxk s _, 
 j^ ^[ck(Ak-jco0i) \-Dkwr 

for n?K), and 

T(co0)= I{Cke-JcoOTlk-lRk((o0) 
k=l 

for n=0, where r)0=0 and 't]i=Tl. Rk is complex matrix 
comprising the circuit configuration matrices and 
switching transformation matrices in (1) and (2), 
respectively. It is concluded that for a subharmonics hf0, 
the output contains sidebands: nf+hAf plus lower- 
frequency hAf, where n=l,2,3,... Fig.4 is a typical 
calculation result showing the spectra of Ip. 

9'    T' 

If 
O     0.5     1 
frequency(Hz) 

3.5   50  50.5   99   99.5 100 149149.5150 199199.5200 
fs 21s 3f9 4f3 

Figure 4:   Calculated spectra of Ip, f=49.85Hz. 

3 EXPERIMENTS 

The modulation in resonant current was measured and the 
relation to the subharmonics of 100Hz was obtained as in 
Fig.5. In the model pulsed power supply, the prominent 
subharmonic frequency is 100Hz due to the configuration 

.... ' ' ' ' I ' ' ' ' I ' ' ' ' 
ilude of 2-nd ideband 1 

*-'"   / 
/    ; 

; 
: 

—~""~               —e— Modulation of Jm 1   " 

: 

of the firing circuit for the 12-pulse rectifier, while 50Hz 
is very low and almost unchanged. The measured spectra 
of Ip and Iro in Fig.6 support the analyses made above. 
Sidebands of Ip appear at both sides of nfs (n=l,2,...), 
while those of Im at both sides of only fs. This is because 
the latter sidebands at higher frequency is suppressed by 
the decreased amplitude response of the transfer function of 

so 
de. 

LspHig 

""           titfr 
-iriWr 

uui^htJ^      -hhtA-M qinpp      ^iiw'^ 

-170 

0 

LssMiS 

/div i J tr- 
„ ,i IL imiw F^L 

^TI 

-ISO 

CiRtBr: 49.BS Hi Ctntir: *s,85 Hi 

-80      E < 
Amplitude of 100Hz relative to 50Hz (dB) 

Figure 5: Modulation by 100Hz subharmonics 

Figure 6: Measured spectra of Ip and Im. 

4 CONCLUSIONS 

Analytical model based on the Liou's approach is used to 
adapt for the periodically operated SCR switch in the 
linear time-varying circuit whose frequency is different 
from the line frequency. This approach explains the 
experimental observations on the amplitude modulated ac 
current of the fast cycling synchrotron magnet quite well. 
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DEVELOPMENT OF A HIGH SPEED CROWBAR FOR LANSCE 
C. Friedrichs, J. Lyles, J. M. Doub 

Los Alamos National Laboratory 

Abstract 
Each of the four 200 MHz Final Power Amplifiers 
(FPAs) in the LANSCE proton linac has its own 
capacitor bank and crowbar. The dissipation in the 10Q 
crowbar limiting resistor is as high as 67 kW, and oil 
cooling is used. Our stated upgrade goal was to 
substantially reduce the limiting resistor dissipation and 
eliminate the oil cooling. Early tests showed that the 
fault energy quickly rose to unacceptable levels as the 
current limiting resistance was reduced. FPA arcs are 
normally quenched by interrupting the FPA modulator 
current, and the crowbar waits 10 |Xs for this to occur. 
The successful upgrade strategy was to replace the 10£2 
resistor with a 3Q air cooled resistor and to add a high 
speed crowbar circuit which operates only if there are 
simultaneous arcs in the FPA and its modulator. This 
paper describes the high speed circuit and its interface with 
the existing crowbar. Test results are also given. 

1  INTRODUCTION 

The 200 MHz amplifiers in the LANSCE linac are 
currently being operated with 838 (is pulses at 120 pps. 
The first module is a low power (400 kW) segment, while 
the second, third, and fourth modules operate at the 3 MW 
level. The plate current for each 3 MW FPA is typically 
250 A peak and its Intermediate Power Amplifier (IPA) 
plate current is typically 10 A peak. Both currents are 
drawn from a common capacitor bank. While the average 
current delivered by the capacitor bank is only 26 A, its 
RMS value is 82 A. The remainder of this paper will 
present the parameters relevant to the second, third and 
fourth modules only. 

When an arc occurs in one of the RF amplifiers, the 
preferred method of protecting the RF amplifier is to 
interrupt the remainder of the plate modulator output pulse 
rather than to fire the crowbar. Normal operation can then 
resume at the next pulse. The existing crowbar design 
allowed approximately 10 (Lis for current interruption to 
occur before crowbar triggering was initiated. 

A typical crowbar circuit will contain a crowbar 
current limiting resistor between the capacitor bank and 
the crowbar. This resistor keeps the crowbar current 
within the limits of the crowbar device. A second resistor 
must be placed between the crowbar and the load it is 
protecting. Without this second resistor, a load arc would 
short out the voltage across the crowbar, and under that 
condition it would be very difficult or impossible to fire 
the crowbar device.   The existing crowbar circuit used a 

5Q., Ohm-Weve® resistor in each of these positions. The 
total dissipation in both resistors during normal operation 
is 67 kW. High dissipation as well as dust precipitation 
on the resistors rendered air cooling impractical, so oil 
cooling was included in that design. 

2 CIRCUIT DEVELOPMENT 

A simplified crowbar circuit is shown in figure 1. The 
capacitor bank is made up of forty eight 4.6 \i¥ capacitors 
in parallel, resulting in a total bank capacitance of 221 
|IF. 

CROWBAR CURRENT 
LIMITING ELEMENTS 

LOAD FAULT CURRENT 
LIMITING ELEMENTS 

r^VVVV-'               ' « 
Rl                       LI 

CAPACITOR                                                       
BANK                                                 /— 

1—                             CROWBAR DEVICEf 

i 'VVVV 
R2 L2 

L^ TRIGGER 
CIRCUIT LOAD -                                                             \ // 

 1 

17 

1   O  

Figure 1: Simplified diagram of a typical crowbar circuit. 

2.1  Limiting Resistor Selection 

Early in the development program, we elected to use a 
bank of Carborundum® resistors to make up the crowbar 
limiting element. This resistor bank is made up of ninety 
six (two per capacitor) 115Q resistors in parallel. The 
total bank resistance is 1.2Q. Each resistor is 18 inches 
long and is rated at 150 W, 43,000 J, and 150 kV. 
During normal operation, each resistor will dissipate 84 
W. During the crowbar operation, with a 32 kV capacitor 
bank voltage, each resistor will dissipate 1200 J of 
energy. The value of the load fault limiting resistor, R2, 
could not be predetermined because we wanted its value to 
be as low as possible. We built a 2.5Q. experimental 
resistor, using Nichrome® wire in an Ayrton-Perry 
winding configuration. We then shorted out sections of 
the resistor to see how low we could go without 
compromising load protection. Our fault test device is 
made up of a high voltage switch which shorts out the 
load through a 60 cm length of 30 ga. copper wire. If the 
wire remains intact after the test, adequate protection has 
been demonstrated. After numerous tests, we settled on a 
value of 2Q. for the load fault limiting resistor. The 
Ayrton-Perry winding configuration consists of two 
parallel windings in opposite directions on the same form. 

Work supported by the U. S. Department of Energy 
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Each winding consists of 3 strands of 12 ga. Nichrome® 
wire in parallel. Each winding is made up of 40 turns on a 
36 inch circumference with a coil length of 70 inches. 

2.2 Inductance Considerations 

The loop inductances, LI and L2 will affect the 
performance of the crowbar, and a reasonable effort to 
estimate their values is imperative. The following 
equation, which predicts the inductance of a circular loop 
was used to estimate loop inductance. 

L0 = rjl In 
V a 

H    [1] 

r is the loop radius, a is the conductor radius, and |J. is 
the permeability of free space. 

The loop for LI was assumed to be equivalent to a 2 
meter diameter circle, the loop for L2 was assumed to be 
equivalent to a 4 meter diameter circle, and the loop 
conductor was assumed to be 0.025 meters in diameter. 
These assumptions were based on the actual rectangular 
geometries of the loops. Calculations based on these 
dimensions result in 5 U.H for LI and 12 |J,H for L2. It 
is important that both the LI loop and the L1+L2 loop be 
over damped. If an under damped condition exists, ringing 
will occur and the crowbar device may extinguish well 
before the capacitor bank energy is dissipated. In order for 
the overdamped condition to exist, the following 
inequality must be true. 

L < 0.25 *R2*C 

The limiting value for LI is 79 |J.H and the limiting 
value for L1+L2 is 565 (iH. Based on the estimated 
inductance values, both loops appear to be very well 
damped. 

2.3 Crowbar Device 

The existing crowbar used a 7703EHV mercury vapor 
ignitron. This device is rated up to 50 kV, 100 kA, and 
30 coulombs in crowbar service. The 7703EHV has a 0.5 
|0,s ionization time, and requires a 3 kV trigger pulse. All 
of these parameters are well suited to the high speed 
crowbar upgrade, so this device is incorporated into the 
new design. 

2.4 Trigger Circuit 

The high speed crowbar triggering threshold is designed to 
be about 3000 A; a value slightly above the emission 
capability of both modulator tubes. This high threshold 
allows the existing crowbar circuit to function as it was 

originally intended. The requirement for high speed 
triggering exists when both the RF tube and the 
modulator arc simultaneously and the fault currents are 
determined by the limiting elements. Based on early tests 
to determine the value of R2, 3 [is was established as the 
time limit from fault current inception to full conduction 
of the ignitron. In order to meet this requirement, we 
sought to optimize a simple trigger circuit which has been 
used in various crowbars for at least 30 years. The circuit 
is shown in figure 2 along with the interface with the 
existing crowbar. The high voltage diodes serve a dual 
purpose. They act both as steering diodes to accept a 
trigger from either circuit and as voltage clippers to 
prevent negative voltage from appearing on the ignitor. 

5" 1    \A -<—vwv—4-|4 
To Ignitron Ignitor 

From Existing Trigger Circuit 

0.5 nf 

250/1 

3.4 kV DC 
(high Z) 

Triggered Gap 

0.5 nf 

Trigger 
Transformer 

To Ignitron Cathode 
& Cap Bank Negative 

-AAAAr- 
0.003 n From Load 

Figure 2:   Simplified diagram of the High Speed Crowbar 
Trigger Circuit. 

In order to get the best performance from this circuit, 
we went through several iterations to select the proper 
trigger transformer and triggered gap combination. The 
fault sampling resistor is made up of 6 strands of 12 ga. 
Nichrome® wire in parallel, 2.15 inches long. During 
the optimization process we found that better performance 
was obtained when the six strands were placed in a close 
cluster about 1 cm in diameter. 

The final configuration uses an EG&G® TR1647 
trigger transformer and an EG&G® GP 90 triggered spark 
gap. Normally, one would couple the gap output to the 
ignitron input using a 1:1 pulse transformer; however by 
applying a negative voltage to the opposite electrode, 
capacitive coupling may be used to provide the required 
positive pulse to the ignitron input. The EG&G 
application notes for the GP90 recommend a positive 
trigger and positive polarity on the opposite electrode. 
Our configuration, which applies a positive trigger and 
negative voltage to the opposite electrode, was approved 
by EG&G applications engineering for crowbar service. 
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3   AIR COOLING 

The Carborundum® resistors which make up Rl are 
positioned vertically and distributed throughout the 
capacitor bank such that two resistors are located 
immediately above each capacitor. The wire wound 
resistor, R2 is positioned horizontally, close to the 
capacitor room ceiling, between the capacitor bank output 
and the capacitor room DC output cables. Two exhaust 
fans are positioned in the capacitor room ceiling 
immediately above the wire wound resistor, R2. Each fan 
will exhaust 2250 cfm through an exhaust area of 1.9 
square feet. Air is drawn into the capacitor room through 
four 1 micron filters, each with an area of 2.1 square feet. 
Two of the filters are positioned such that their air is 
drawn over the Carborundum® resistors, and the other two 
filters are positioned low on the vertical wall below the 
wire wound resistor. The temperature of the resistors is 
maintained well below their operating limits, and dust 
accumulation within the capacitor room is minimal. 
Annual cleaning of the capacitor bushings is sufficient. 

4    RESULTS 

The most important result of the High Speed Crowbar 
Development is that the upgraded circuit has been in 
service in Module 2 at LANSCE for all of the present run 
cycle. There has been no degradation in Module 2 
performance after 4 months of continuous operation. If 
the crowbar circuit were deficient, erratic performance 
would be expected in the RF tubes. 

As mentioned earlier, our test for crowbar adequacy is 
to short the capacitor room output through a 60 cm length 
of 30 ga. copper wire. The test circuit has been operated 
numerous times, and the crowbar has never failed to 
protect the wire. 

The voltage across the ignitron is shown in figure 3. 
The initial drop in voltage results from the fault which 
shorts the load. After about 1.5 |i.s, the ignitron goes into 
full conduction, and the voltage falls to zero. 

500 amps/div 1 usecond/div 

5000 volts/div 1 usecond/div. 

I !■ 

■I I ■ 

l-l 'l-l-l-l-l-!•!■   -I-I-I-I-I-I-I -l-l ■   -l-l- l-l 

■i i !• 

•I !• 

Figure 3: Ignitron voltage during fault. 

The output of a current transformer placed in series 
with the fault test is shown in figure 4. 

Figure 4: Current through the fault test wire. 

The effects of the loop inductances are readily 
apparent. The fault current rises monotonically to about 
2500 A, at which time the ignitron fires, then decreases 
monotonically back to zero. If no inductance were 
present, the current would rise abruptly to 10,000 A, then 
decrease abruptly to zero when the ignitron fired. The 
energy dissipated in the wire is less with the inductance 
than it would be without it. The information learned from 
this picture suggests that if some of our loop 2 inductance 
could be transferred to loop 1, the value of R2 could be 
reduced below 2 Q. Since the performance of the high 
speed Crowbar is adequate, no further investigation is 
anticipated. 
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Abstract 

We describe the commissioning and operation of over 
100 power supplies used in the LNLS injector, transport 
line and storage ring. In particular, we discuss the power 
supply characteristics required for low energy injection 
and ramping as well as for high energy operation. Low 
current ripple and stability at injection energies as well as 
repeatability and performance at high beam energy are 
specially considered. 

1 INTRODUCTION 

The light source of the Laboratörio Nacional de Luz 
Sincrotron (LNLS) [1], in Campinas, SP Brazil, includes 
an electron linear accelerator (linac), a transport line and a 
booster-storage ring. To achieve the characteristics of a 
high-quality light source, a total of 163 magnets are used. 
These magnets require 49 dc current power supplies for 
the storage ring, 26 for the transport line and 28 for the 
linac, adding up to 103 power supplies [2]. The LNLS 
accelerators were commissioned during the first semester 
of 1996 and the machine has been in normal operation 
since then. 

Injection and electron current accumulation in the 
storage ring is done at low energy, 120 MeV. After 
accumulation, the current is ramped up to 1.37 GeV. This 
represents a very large dynamic range for the power 
supplies and special requirements on current repeatability. 
At initial energy, the magnet remnant magnetic field in 
the quadrupoles and dipoles is significant. Furthermore, 
operation at low energy is done with horizontal and 
vertical tunes which are very close to an integer [3], 2.09 
ßVER and 5.05 ßHOR. This requires that the power supply 
have a small ripple-to-mean-value ratio at low as well as 
at nominal current. 

The final electron energy is limited by the saturation 
of the dipoles. The final current is 12 times the initial one, 
in particular the dipole power supply changes from 25 A 
at injection up to 300 A at final energy. To allow for 
different modes of operation of the storage ring, the 
magnets are split in to several families. The quadrupoles 
and sextupoles are arranged in 17 different power supply 
families. Thus, in order to guarantee that the six fold 
symmetry of the ring be preserved, the precision and 
repeatability   of   the   power   supply   settings   become 

important. During ramping, the power supplies track the 
16-bit references along energy and tune space. At the 
same time, along the ramp the 12-bit orbit corrector 
power supply references are adjusted so that the orbit 
distortion is kept under control. At high energy, 
periodical adjustments of the steering magnet power 
supplies allow the orbit of the stored beam to be 
maintained within 30 (im of the specified trajectory. 

2 POWER SUPPLY LAY OUT 

A power supply room, next to the accelerator's control 
room, houses all linac, transport line and storage ring 
power supplies, with the exception of the storage ring 
steering magnet power supplies This arrangement allows 
measurements in the power supplies to be performed 
while the accelerators are in operation. The room is air 
conditioned with temperature and humidity control (25 ± 
1 °C, 65 % relative humidity). The power supply' input 
and output cabling run under the removable floor, 
through cable trays along the underground linac tunnel 
and into the inside of the storage ring. To avoid 
unnecessarily long cables, the steering coil power 
supplies for the storage ring are placed in 6 racks around 
the inside perimeter of the ring. All power supplies have 
been developed and built in house. Many of these 
supplies have innovative topologies that allow for simple, 
reliable and precise operation [4, 5]. They have been 
designed to operate with high efficiency so that air 
cooling suffices to keep the cabinets' inside temperature 
and most sensitive electronic components below 40 °C. 
No water cooling is necessary in the power supply room. 
This has the additional advantage of avoiding any 
possible water leakage in to the cable bed. All power 
supplies have local and remote computer control options. 
In the second case, operation is possible using a PC. 
Remote control permits a power supply to be turned on 
and off, sets its current reference, reads the set current 
value and knows the status of the equipment operating 
conditions. Figure 1 shows the power supply room. The 
storage ring power supplies are arranged in three rows. 
The first two cabinets on the front left correspond to the 
12-dipole supply, followed by several 2-quadrupole 
supplies. On to the right are the sextupole power supplies. 
At the back, to the left is the linac and to the right the 
transport line power supplies. 
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Figure 1: power supply room 

3 POWER SUPPLY PERFORMANCE 

The 12 storage ring dipoles are fed from a single 
power supply. It is an association of 2 converters: a 12- 
pulse SCR rectifier with 910 V maximum output in series 
with a switching Buck converter which uses 10 parallel 
connected IGBT [4]. The SCR converter supplies 90 % 
of the load power and the low power switching supply 
trims the current variations to the required ripple and 
stability values. Output current can vary from 3 to 300 A 
in 12 s with zero tracking error. The current ripple is 
determined by the DCCT sensibility and its frequency by 
the load characteristics. When operating with the 12- 
dipole load, the current is forced to oscillate around the 
mean value at about 2 kHz. This produces a magnetic 
field ripple of 0.1 G pp, equivalent to a 4.10"5 variation at 
injection energy and 3.10"6 at full energy. Communication 
with the control computer comprises 16-bit writing and 
reading analog signals, one turn on/off and 33 status 
digital signals. 

The storage ring quadrupoles are divided in to 14 
families involving 12 two-quadrupole families for the 
low-dispersion sections of the storage ring and 2 six- 
quadrupole families for the disperse sections. The 
splitting of the storage ring quadrupoles in so many 
families allows for several different modes of operation 
of the ring. The specification of the power supplies was 
done in order to accommodate those various high energy 

modes. The quadrupole power supplies are IGBT Buck 
converters, operating at 8 kHz @ 220 A, maximum 
current. This produces a 2.10'5 maximum variation in the 
magnetic field. Nevertheless, low-energy accumulation 
adds extra requirements to the quadrupole power 
supplies. The best operating conditions for low-energy 
accumulation are a combination of a large number of 
factors which were defined during the commissioning of 
the accelerators. In particular, it was found that for 
significant current accumulation in the machine, both 
vertical and horizontal fractional betatron tunes are very 
small. Correspondingly, the power supply ripple at low 
current must also be small to guarantee a magnetic 

-4 
gradient variation of ± 2.10 . Measurements indicated 
the need to modify the original design of the two- 
quadrupole family power supplies to reduce the magnetic 
field ripple when operating with 12 A, corresponding to 
injection energy. Consequently, an output damped LC 
filter was added to the 12 power supplies .This causes a 
10-fold reduction in the current ripple and also in the 
switching frequency, which varies from 1 kHz @ 12 A 
up to 3 kHz @ 220 A. 

The power supplies for the 6 quadrupole and 
sextupole families are 220 A, 50 V current sources 
constructed using a novel design developed at LNLS [5]. 
The new topology combines an SCR rectifier which 
supplies the power to the load and a two-switching 
transistor active filter which regulates the load current 
within specified limits. The novelty of the design is that 
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the active filter handles not only a small fraction of the 
load power but also a very small current, less than 1 A @ 
220 A load current. The active filter operates at 15 kHz 
and the ripple in the magnetic field gradient is 5 ppm. 
Figure 2 shows the measured mean current long-term 
stability for the 6 quadrupole supply and indicates a 2 
ppm variation for a room temperature change of 5 CC. 

necessary. In particular, the injection and accumulation at 
low energy have demanded stringent new operating 
conditions for the power supplies, which were designed 
mainly according to high current specifications. At 
present, the system performance is adequate and reliable 
for all the needed types of operation of the accelerators: 
cycling, injection, low energy accumulation and storing. 
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Figure 2: load current deviation (top) and room 
temperature (bottom) measured during a long time- 
stability test of the six-quadrupole power supply. 

Calibration and operation of all these power supplies 
guarantee a maximum difference of 1 mV between 
written and read set point, which corresponds to 10"5 

precision in the current repeatability. 
The 30 storage ring steering magnet power supplies 

are bipolar, series-transistor controlled with ± 10 A, 10 V 
maximum output. The betatron tune set, needed for 
significant current accumulation at 120 MeV, and the 
high current orbit stability impose strong requirements on 
current stability and ripple for these supplies. The high 
energy orbit is adjusted between injections to 20 um to 
comply to the beam line user needs. The steering coil 
supplies are stable to 0.1 % and the 180 Hz ripple is 2 
mA, which corresponds to 1 bit of the 12-bit DAC. 

4 CONCLUSIONS 

The LNLS accelerator power supplies have been in 
operation for over 1 year. During this period, the actual 
operation parameters and conditions have been defined 
and  the  power  supplies   adjusted  accordingly,   when 
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A HIGH CURRENT SHUNT REGULATOR FOR QUADRUPOLE 
MAGNETS IN PLS 2GeV STORAGE RING 

S.H. Nam, J. H. Suh, K. M. Ha, J. Y. Huang, and I. S. Ko 
Pohang Accelerator Laboratory, POSTECH, Pohang 790-784, Korea 

Abstract 

Total 144 quadrupole magnets are installed in the PLS. 
The magnets are connected in series with groups of two 
or 24. Each group is powered by a high-precision 
constant-current DC power supply. For the purpose of 
the beam based alignment of beam position monitors in 
the PLS, it is necessary to adjust the current of each 
quadrupole independently. To achieve this, a high 
current shunt regulator is designed. It can shunt a 
maximum 50 A of the quadrupole magnet current. The 
shunt regulator is programmable and the current 
amplitude can be varied linearly with a 12-bit resolution. 
Power transistors are used in the current shunt regulator. 
The operation of transistors is in linear region. The 
RS232C protocol is used for remote control and status 
report of the shunt regulator to the main control centre of 
the PLS. Preliminary result indicates that the calibration 
accuracy of the beam position monitor can be achievable 
in less than lOum. 

1 INTRODUCTION 

In an electron storage ring, the luminosity and perfor- 
mances of stored beam are mainly determined by precise 
alignment of quadrupole magnets. The stored beam is 
designed to pass through the centre of quadrupole 
magnets. Even though quadrupole magnets of the PLS 
storage ring are carefully aligned, there still exists 
residual offsets between beam position monitors (BPM) 
and the magnetic centre of the quadrupole magnets. To 
measure and correct this offset, a method of the beam 
based alignment (BBA) is commonly used [1]. However, 
in the PLS storage ring, quadrupole magnets are grouped 
by two or 24 and connected in series to their power 
supplies. So the individual control of each quadrupole 
magnet current is not possible. By introducing a high 
current transistor shunt regulator, the individual control of 
magnet current for BBA is successfully achieved. 

2 PLS QUADRUPOLE MAGNET 

Quadrupole magnets in the PLS storage ring are 
categorised in 6 different types: Ql, Q2, Q3, Q4, Q5, and 
Q6. The PLS storage ring consists of 12 superperiods, 
and two magnets of each quadrupole type are installed in 
a superperiod. Hence, there are total 144 quadrupole 
magnets in the storage ring. For Ql, Q2, and Q3 
magnets, two magnets in each superperiod are grouped 
together. For Q4, Q5, and Q6 magnets, all 24 magnets 
are grouped. Each group is    connected in series and 

powered by single power supply. Therefore, total number 
of power supplies for quadrupole magnets is 39. Since the 
quadrupole magnets are connected in series in groups of 
two or 24, the current of individual magnet is not 
controllable. However, individual control of the 
quadrupole magnet current is required for the BBA 
operation. In Table 1, important characteristics of 
quadrupole magnets are listed. A resistance of magnet is 
given in a column of R, and a maximum output voltage of 
magnet power supply is given in a V Max. column. 
Current (I) and voltage drop (V Drop) in Table 1 are 
values for a 2 GeV operation. 

Table 1: Characteristics of PLS Quadrupole Magnets 
Mag 
-net 

Qty. R[D] VMax. 
[VI 

I [A] VDrop 
rvi 

01 24 0.257 83.9 35.5 9.10 

02 24 0.429 133.5 83.4 35.76 
03 24 0.318 101.4 95.85 30.43 
04 24 0.021 326.2 339.7 6.97 
05 24 0.027 421.7 415.7 11.16 
Q6 24 0.016 268.0 186.0 3.05 

3 SHUNT REGULATOR 

3.1 Design Approach 

A shunt regulator is typically connected in parallel with a 
magnet to shunt a desired current while maintaining the 
neighbouring magnet current constant. Important design 
requirements of the current shunt regulator are following: 
The regulator 
• shunts 5 to 10 % of magnet current, 
• should be able to adjust each quadrupole current 

independently, 
• has a remote control capability, 
• maintains stability (<±0.005%) and ripple (<±0.05%) 

of magnet main current while operating the shunt, 
• should not kill the stored beam from turn on and off 

transients. 
As listed in Table 1, the magnet current varies from 36 A 
to 416 A. We select two types of the shunt. They are 15 
and 50 ampere shunts that can commonly accommodate 
the required shunt current. The 15 A shunt is for Ql, Q2, 
and Q3 quadrupoles. The 15 A unit is also used for Q6 
because of its low voltage drop. The 50 A unit is used for 
Q4 and Q5 quadrupoles. Except the Q6 unit, the 
regulators are capable of shunting the required current in 
2.0 GeV as well as 2.5 GeV operations. For the shunt 
regulator, a power transistor is employed as a linear 
switching device.    The transistor operates in its linear 
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active region. In this design, it is easy to control the 
current amplitude remotely. Quadrupole magnet power 
supplies have the stability and the ripple better than 
+0.005 % and +0.5 %, respectively. The power supply 
has its own controlling ability to maintain the required 
stability and ripple. As long as the shunt regulator current 
varies within the main current dynamics, the power 
supply preserves its characteristics. However, during turn 
on and off of the shunt, transients exist and may affect the 
main current dynamics. Therefore, it is necessary to 
adopt slow start and stop functions in the shunt control 
circuit which can be realized with hardware as well as 
software routines. The shunt circuit also has a current 
regulation function by using a current feedback loop. The 
transient phenomenon appears more significantly on Ql, 
Q2, and Q3 than Q4, Q5, and Q6. This is because, for the 
Ql, Q2, and Q3, small number of magnets is connected in 
series and thus shunt current variations can easily be 
detected by the power supply controller. Since the 
operating voltage of quadrupoles is as high as 422 V as 
listed in Table 1, an electrical isolation of the shunt circuit 
is considered in the design of the regulator. 

3.2 Configuration of Shunt Regulator 

A detailed circuit of the transistor shunt regulator is 
shown in Fig. 1. The power module that handles the 
shunt current is consisted of fifteen MJ5015 transistors. 
The transistor has 15 A, 120 V, 180 W specifications. Its 
typical current gain is about 70. The power module is 
mounted on a heat sink and electrically isolated from the 
metal case. Forced air cooling is selected to simplify the 
electrical isolation. In order to balance current sharing 
among transistors, a high precision 0.1Q resistor is 
connected in series with each transistor. A free-wheeling 
diode module is also connected in parallel with the 
magnet. The transistors in the power module are 
commonly driven by a Darlington pair. The shunt current 
amplitude is detected by a DC current transducer (LAM 
Module LA50-P) and a bulk metal foil resistor (Vishay 
VHP-3, 100 Q). The current transducer has an accuracy 
of +0.5 %, an isolation voltage of 2 kV,™, and a linearity 
of ±0.1 %. The resistor has a tolerance of ±0.01 %, and a 
temperature coefficient of resistance of +5 ppm/°C. The 
sampled current is amplified and fed back to an error 
amplifier. At the amplifier, the feedback current signal is 
compared with a DAC reference. Then, the error amp- 
lifier output drives the Darlington pair to achieve the 
current regulation of the shunt. A gain-bandwidth 
product of the error amplifier is chosen as 1.592 kHz in 
order to minimise a high frequency noise response of the 
shunt controller. A high frequency switching noise exists 
in the main power supply current. There is also a soft 
start circuit when the shunt is turned on. This reduces 
turn-on transients that can influence the control dynamics 
of the main power supply. The soft start can also be 
realized by a control software of DAC reference. 

Figure 1: Transistor shunt regulator circuit. 

The whole shunt assembly that includes the power 
module as well as the feedback control board is floated 
and electrically isolated. The electrical isolation between 
internal and external circuits is achieved by using PC817 
photo-couplers (5 kV,™ isolation), IS0122P isolation 
amplifiers (1.5 kV,™ isolation), and transformers. In the 
shunt regulator, there are also self protection functions 
such as over-current and over-heating. It also contains a 
12-bit DAC to generate a current set value. These 
functions are not shown in Fig. 1. 

3.2 Shunt Regulator Controller 

Each shunt regulator controller is assembled as a separate 
unit. The controller sends various commands to the shunt 
via a parallel data bus. It also receives a current reading 
and status from the shunt. In addition, the controller 
communicates with the PLS main control computer via a 
RS232C port. A TMS320C32 DSP is used for the 
controller. It can function as an independent processor 
unit, and local as well as remote operations are possible. 

4 EXPERIMENTAL RESULTS 
A plot of Q2 quadrupole current change is shown in Fig. 
2 when the shunt regulator is turned on and off. The 
result is obtained at the 2 GeV operation. At this energy, 
the Q2 current is 83.352 A. The shunt current amplitude 
in Fig. 2 is 0.871 A or 1.04 % of Q2 current. As shown 
in the figure, there exist transients at the turn on and off 
instances. However, the transients do not kill or 
significantly affect the stored beam current. With the 
shunt operation, the magnet current stability is maintained 
except during the transients. The stability requirement of 
quadrupole current is better than ±0.005 %. 

A ripple oscillograph of the Q2 current is shown in 
Fig. 3. In the figure, two waveforms are compared. The 
top ripple is measured when the shunt is off and the 
bottom is measured when the shunt is on. The waveforms 
are obtained during 2.0 GeV beam operation. The 
quadrupole current is 83.43 A, and the shunt current is 
8.75 A which shunts 10.48 % of the quadrupole current. 
From Fig. 3, we can realize that no considerable ripple 
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shunt regulator operation (3.0 sec/Div.). The Q2 current 
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Figure 4: Comparison of a command signal (top) and a 
shunt current (bottom) of Q2 at a 10 Hz AC operation. 
Q2 current: 83.36 A, DC offset shunt current: 1.22 A, AC 
current: 1.8 A. 

increment is detected. The ripple requirement of 
quadrupole is better than ±0.005 %. 

The shunt can be operated in DC as well as AC 
modes. Even though the AC mode operation is not 
necessary for the BBA, we test the shunt in the AC mode 
to extend its capability that can be useful for other 
applications. In Fig. 4, a result of the AC mode operation 
is shown. The top wave in the figure is a shunt 
command, and the bottom is the measured shunt output 
current. As seen in the figure, the shunt current follows 
the command signal very smoothly and precisely. Due to 
the time constant limit of the quadrupole magnet, a useful 
operating frequency is expected to be less than 10 Hz. 
During the AC mode operation, a ripple is also measured. 
The AC shunt current gives some effect on the ripple 
content of the main magnet current. About 10% of the 
shunt current is superposed on the ripple. 

In the PLS, total 108 BPMs are installed to collect 
beam position data. Preliminary measurement of BPM 
offset with the shunt regulator shows better than a 10 um 
calibration accuracy. The enhancement of BPM 
calibration is also beneficial to the reduction of the closed 
orbit distortion. At present, the overall closed orbit 
distortion is no better than 500 um (rms). Our goal is to 
enhance the electrical offset of all BPM less than 10 urn 
(rms) and also the closed orbit distortion less than 50 urn 
(rms) [2]. 

5 CONCLUSION 

In order to enhance a calibration accuracy of BPM in the 
PLS storage ring, a BBA system is developed and 
installed. To realize the BBA system, it is required to 
control each quadrupole magnet current independently. 
However, the quadrupoles are grouped and connected in 
series, and each group is powered by a power supply. 
Therefore, a transistor-type high current shunt regulator is 
developed to perform the BBA function. It can shunt 
more than 10 % of main magnet current while 
maintaining current specifications. The shunt regulator 
shows satisfactory performance during preliminary tests. 
It also performs nicely in an AC mode operation. 
Preliminary calibration of a BPM using the shunt is also 
carried out. The result shows that a BPM calibration 
accuracy of less than 10 urn (rms) can be achievable. The 
result also indicates that the closed orbit distortion of less 
than 50 urn (rms) is also possible. The 50 [im (rms) is 
about an order of magnitude improvement from the 
present value of closed orbit distortion. 
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A UNIQUE POWER SUPPLY FOR THE PEPII KLYSTRON AT SLAC 

R. Cassel & M. N. Nguyen \ Stanford Linear Accelerator Center 

Abstract 

Each of the eight 1.2 MW RF klystrons for the PEP-II 
storage rings require a 2.5 MVA DC power supply of 83 
Kv at 23 amps. The design for the supply was base on 
three factors low cost, small size to fit existing substation 
pads, and good protection against damage to the klystron 
including klystron gun arcs. The supply uses a 12 pulse 
12.5 KV primary thyristor "star point controller" with 
primary filter inductor to provide rapid voltage control, 
good voltage regulation, and fast turn off during klystron 
tube faults. The supply also uses a unique secondary 
rectifier, filter capacitor configuration to minimize the 
energy available under a klystron fault. The voltage 
control is from 0-90 KV with a regulation of <0.1% and 
voltage ripple of < 1% P-P, (< 0.2% RMS.) above 60 
KV. The supply utilizes a thyristor crowbar, which under 
a klystron tube arc limits the energy in the klystron arc to 
< 5 joules. If the thyristor crowbar is disabled the energy 
supplied is < 40 joules into the arc. The size of the supply 
was reduced small enough to fit the existing PEP 
transformer yard pads. The cost of the power supply was 
<$140perKVA. 

1 DESIGN CONSIDERATIONS 

The SLAC PEP-II storage rings require eight 1.2 MW RF 
klystrons powered by eight 2.5 MVA DC power supply at 
83 Kv, 23 amps. The design consideration besides low 
cost were: 1) Small size so as to fit on existing PEP 
transformer pads. 2) Good protection against damage to 
the klystron from RF and klystron gun arcs. 3) Rapid 
Voltage adjustment to accommodate changes in beam 
loading and rapped conditioning of the cavities. 4) Good 
voltage regulation for stability with the stored beam. In 
addition the power supply was designed to accommodate 
a Depressed Collector Klystron if it were to be developed 
for power efficiency 
reasons 

2 CONFIGURATION SELECTION 

The supply configuration chosen was the use of a Primary 
SCR controlled rectifier operating at 12.5kv the existing 
site wide distribution voltage. This chose reduces the size 
of the Power supply over more conventional VVT 
adjusted power supplies as well as provides for fast 

voltage adjustment and fault protection. The SCR's were 
configured in the so-called star point controller 
configuration with the filter inductor in the primary. A 
configuration commonly used in Europe in fusion 
research [1]. This configuration is ideally suited for an 
inductive capacitor filtered supply were bypassing of the 
stored energy in the filter inductor is important. 
The rectifier configuration is a unique arrangement which 
prevent/ reduces the dumping of the stored energy in the 
filter capacitor into the klystron under a klystron arc 
Figure 1. 

FIJ.TB» IEIHT0U       «ICTIPIIM 
30« OHMS IKW 

/ 
CAPAC1TOBB 
liPD »KV 

PEP-II 

KLYSTRON 
POWER SUPPLY 

Figure 1: Power supply schematic 

The primary 12.5Kv enters without a Manual Load 
breaker disconnect used for Safety lock and tag 
disconnection for maintenance. The supply is energized 
by way of a full fault rated Vacuum breaker used as a 
contactor. The breaker has independent overcurrent 
relaying and transformer sudden pressure lockout in case 
of a transformer or SCR fault. To reduce the amount of 
power line harmonics to meet the industrial standards a 
12-pulse configuration was chosen. To accomplish the 
12-phase operation with a Wye connected primary 
controller a phase shifting transformer is used. The use of 
a delta with extension windings to produce the ±15° was 
selected because the phase shifted output voltages are 
only 4% larger than the incoming line voltages. The 
nominal size of the phase shifting transformer is less than 
15% of the full load MVA. The rectifier transformers 
consist of two, open Wye primary dual Wye secondaries, 
transformers used to step up the voltage. The SCR 

' *Work supported by DOE, contract DE-AC03-76SF0051 
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controller is connected to the open Wye, with the filter 
inductor on the primary side. The secondary windings are 
taped with main power rectifier connected in a full wave 
bridge configuration to the full current rated taps The 5% 
voltage extension is used by the filtering rectifier which is 
a low current full wave bridge configuration. The filter 
rectifiers is loaded by the filter capacitor, which is 
coupled to the output load by way of high ohmage 
resistors which limits the current in the filter rectifier to 
approximately 1 amp maximum. This is enough current 
to bleed off the voltage on the filter capacitor to allow for 
complete voltage filtering of the supply at 60Kv output 
voltage. 
Figures 2 & Figure 3 show the output voltage, filter 
inductor ripple voltage, and the secondary transformers 
line to line voltage waveforms. 

KLYSTRON POWER SUPPLY 
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Figure 2: Output ripple 85Kv 
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Figure 3: Output ripple at 60KV 

The output voltage ripple is greater at 60kv due to the 
larger ripple voltage across the filter inductor caused by 
phasing back the SCR's. The ripple voltage is still less 
than the specifications of 1% Peak to Peak voltage ripple. 

A SCR Crowbar is connected across the output rectifier to 
crowbar the supply in the event of a klystron arc. 

3 KLYSTRON ARC PROTECTION 

Protection of the klystron tube under a klystron arc is of 
extremely important. The klystron is very expensive and 
will probably arc at some time. To protect the klystron 
under arc condition the joules delivered by the power 
supply should not exceed 60 Joules or an I2t of 40 
amp2seconds [2]. In conventional supplies this is 
accomplished by use of fast crowbar and a series resistor. 
The series resistor is typically 10-50 ohms which results 
in vary large power losses at high voltages. If the crowbar 
fails in anyway the klystron would be destroyed because 
of the large amount of energy involved. 
With the new design although there is a slower SCR 
crowbar, failure of the crowbar or any other single point 
failure will not result in the destruction of the klystron. 
The main stored energy from the capacitor back is 
isolated by use of the filter capacitor and isolating 
resistors which in the event of a crowbar failure results in 
only 50 amps for 4 milliseconds and a I2t of <15 
amp2seconds with less than 40 Joules in a arc to the 
klystron. The Primary star point control with filter 
inductor allows for the bypass of the filter inductors 
energy under klystron fault conditions by turn on both 
SCR's in one phase and turning off all the other SCR's. 
The result is the isolating of the load from the power line 
and the discharge of the energy in the filter inductor into 
its resistance. The result of an arc is seen in figure 4 on 
the klystron and figure 5 on the primary line current. 

KLYSTRON ARC VOLTAGE/CURRENT 

tOkV 
/aiv 

lOua/dlv 

Figure 4: Klystron Arc current & voltage 

The distribution cable discharge current is reduced as 
well as a forced current zero by the use of small 200 uhy 
inductors in the termination tank. With the crowbar his 
combination  allows  less  than 5 joules  to reach  the 
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klystron and less than 20 joules without the crowbar 
operating. The crowbar has a delay time of approximately 
10 microseconds before it conducts current. 

AC CURRENT WITH KLYSTRON ARC 
ov 
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lOOkv 
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Figure 5: Klystron arc line current 

When the klystron arcs the primary current rate of rise is 
limited by the primary filter inductor until the inductor is 
bypassed and the primary SCR's are turned off. The 
complete interruption of current on the primary side last 
from 4 to 8 milliseconds depending on the exact time of 
the arc with respect to the firing of the SCR's. As you can 
see the primary current only double under this fault 
condition for 2 milliseconds. 

4 POWER SUPPLY SIZE 

Because of size constraints and the fact that all the 
components would be at high voltage and high power the 
SCR Primary controller and SCR Crowbar were mounted 
in the transformer oil tank in isolated oil tanks. The tanks 
have oil to oil high voltage feed through to prevent cross 
contamination of the oil in the event a crowbar or SCR 
stack would need maintenance. 
The crowbar tank consists of 4 SCR stacks with snubber 
network to match the output cable impedance. In addition 
there are two voltage dividers to monitor the high voltage 
output. 
The SCR Primary control tank consist of 12 SCR stacks 
with 12 snubber networks to limit the rate of rise of 
voltage and damp the stray capacitance ringing. 
The transformer tank contains two filter inductors two 
power transformers, one phase shifting transformer, 4 
filter diode rectifier stack, 4 filter capacitors, 8 filter 
resistors loads, and 4 power diode rectifier stacks. See 
figure 6. 

Figure 6: Internal power supply tank parts 

Figure 7: Power supply installation 

crowbar was manufactured and tested by SLAC and 
installed by NWL into their transformer tanks. 
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PEP II16-CHANNEL CORRECTOR CONTROLLER USING BITBUS 

R. Olsen, Stanford Linear Accelerator Center, P.O. Box 4349, Stanford, CA 94309 

Abstract 

A 16-channel controller has been implemented to control 
the PEP II corrector switching power converters. The 
design and performance are discussed. 

1   INTRODUCTION 

The PEP II injection and storage rings require more 
than 1000 corrector magnets. In order to economically 
meet this requirement, a new power converter termed 
MCOR12 was designed[l]. It is equipped with 16 
switching power converter modules rated at +/- 50 volts, 
12 amperes. A bulk power converter supplies the raw DC 
power to a number of MCOR's. The 16 switching 
converters are housed in a 17-slot, 6U Eurocard crate 
with non-standard module spacing. The 17th slot is 
standard single-width, and is occupied by the controller 
module. Control of each power converter is by means of a 
control voltage input with a range of +10 to -10 volts for 
full scale current of each polarity. Readback is provided 
by primary and secondary shunt circuits with outputs of 
the same voltage range. A status bit is provided from each 
converter to indicate that the converter is on-line, and the 
controller provides a reset and inhibit function common 
to all converters. 

2   DESIGN REQUIREMENTS 

A fundamental requirement of the controller was that it 
be able to ramp the 16 channels simultaneously on 
demand using a cosine function after the appropriate 
control information had been downloaded. This 
requirement, to a substantial degree, determined the 
architecture of the system and the use of a DSP to 
perform the main control functions. Communication was 
to be at a high level, and setpoints would be specified 
using current and timespan. Accuracy of the control 
voltage outputs and shunt readbacks was to be 0.1% 
minimum. 

3   COMMUNICATION PROTOCOL 

Communication with the controller is by means of 
BITBUS, a subset of SDLC [2]. The individual packet 
length is limited to 43 bytes due to limitations in the 8044 

Work supported by the Department of Energy under 
contract No. DE-AC03-76SF00515 

on-chip SRAM. Superimposed on the basic protocol is a 
high-level protocol devised by the SLAC controls group 
[3]. 

This protocol provides the mechanism to send commands 
to multiple channels in each message, and to send 
multiple packets in a single message block. The protocal 
is designed to make maximum use of available bandwith 
in the signalling channel. In order to effectively 
synchronize the ramp function between multiple 
controllers, hardware ramp start, ramp stop, and reset 
lines are included in the BITBUS interconnect cable. 

4 ANALOG CONTROL VOLTAGE OUTPUTS 

Severe constraints on available volume to package the 
requesite functions dictated that one DAC per channel, 
although the simplest configuration, was not a viable 
alternative. Thus, the configuration chosen was a single 
16-bit DAC feeding 16 individual sample and holds 
through a 16-channel isolation switch. The 16-channels 
are refreshed once per millisecond using a serial port on 
the TMS320C31. The serial data stream contains a 16-bit 
data field, a 4-bit address field, and a 4-bit control field. 
The control field selects the main DAC or one of two 12- 
bit DAC's used to adjust the offset and gain of the main 
DAC. The data stream is demultiplexed by a pASIC 
which contains all the logic necessary to control the 
refresh and calibration functions. 

5  ANALOG READBACKS 

5.7 Data Aquisition 

There are a total of 56 readback channels in four 
blocks. These are: 

1)16 control voltages 
2) 16 main shunts 
3) 16 secondary shunts 
4) 8 calibration functions 

These signals are carried through 16 to 1 FET switch 
multiplexers, to an instrumentation amplifier. This 
amplifier feeds the selected signal to a CS5016 analog to 
digital converter. This ADC is a self-calibrating stand- 
alone system which is able to maintain high accuracy 
over a wide temperature. Control of the analog data 
aquisition is under control of a subroutine executed in 
ISR1 at the 1 ms. interval. One sample is acquired each 
millisecond. Multiple samples are aquired for each 
channel. To capture all channels requires approximately 2 
seconds. 
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5.2 Calibration and Monitoring 6.1.2 Boot Loading the Controller 

In addition to sampling the 48 signal channels, the 
following parameters are converted 

1) + reference 
2) reference inverted 
3) ground 
4) control DAC output 
5) reference sample and hold 
6) ground fault setpoint 
7) ground current 
8) bulk power converter voltage 

By using a combination of the first five parameters, the 
offset and gain of each channel is dynamically controlled. 
Since the control voltage outputs must remain fixed, a 
17th sample and hold is provided such that a first order 
correction may be performed based on the gain of the 
sample and hold which is approximately 0.9997 

The controller is equipped with two 64K*8 EPROM's in 
the region 400000h-41ffffh of 'C31 address space. In the 
current implementation, one holds the code for the 'C31 
the other code for the 8044 although overlap is possible. 
Boot loading is initiated by a reset or power-up. After 
reset, the shared SRAM is mapped to fOOOOOh, the 8044 
is held reset, the 'C31 is in the boot loader mode, and an 
interrupt is applied to INT1 which initiates 8-bit mode to 
400000h. Upon completion of the 'C31 load cycle, 
control is passed to a routine in the on-chip SRAM which 
remaps the SRAM to start at location 00h and branches 
execution to the SYSINIT routine in main memory. With 
the 8044 held reset, the 'C31 has access to its program 
store which is first cleared, then loaded with the 
executable code copied from the EPROM. The 8044 is 
then released from the reset state which gives it control of 
its program store and it then proceeds through its 
initialization. 

6  PROCESSORS 6.1.3 Inter-Processor Communication 

The controller uses two processors. An INTEL 8044 is 
used as the BITBUS slave, and a TI TMS320C31 is used 
to provide control and computational functions and to 
refresh the sample and holds. 

6.1 TMS320C31 Main Processor 

The TMS320C31 has a number of features which made 
it an attractive choice. It is a 32-bit floating point 
processor with a 32 Mhz clock with an instuction cycle 
time of 120 ns. (in this application). It has 4 external 
hardware interrupts, an on-chip boot loader, a serial port, 
two timers, a DMA channel, and 2K of on-chip SRAM. 
All of these features were used in the implementation of 
the multi-channel BITBUS controller. The front panel 
holds 17 LEDS which display status information and two 
9-pin connectors for two serial ports for local control and 
status display. 

6.1.1 Basic System Organization 

The system refreshes the sample and holds once per ms. 
by a service routine ISR1 on interrupt level 1 under 
control of TIMER 1. All other periodic functions are 
performed by the same routine. ISR1 executes from 
internal SRAM and refreshes the sample and holds over 
the serial port using the DMA channel. In this way, 
bandwidth on the main memory bus is conserved. All 
memory access and control functions are performed by a 
pASIC. 

The two processors exchange messages by means of 
shared memory. The controller is equipped with 32K of 
SRAM in the 'C31 address space. The lower 32K bytes 
of 8044 data store is mapped into the top 8K words in the 
'C31 address space. The 8044, of neccessity, operates 
asynchronously. When the 8044 accesses the shared 
memory space, a hold request is issued to the 'C31 which 
replies with a hold acknowledge. Since it cannot be 
guaranteed that memory access will be granted in the 
time required by the 8044 bus cycle, a dummy read 
always prefixes any access. Since the 8044 only requires 
shared memory access to transfer blocks of data, a hold 
request will not be relinquished at the end of the current 
cycle. For each access to shared memory, a release timer 
is reset. If no further accesses are made, the timer will 
time-out in 340 us. Memory is normally released by 
writing to a specific memory location. The timer is 
provided to allow the 'C31 to regain control in the event 
of a failure in the 8044. Several hardware flags are 
provided which are used to synchronize message passing 
without the neccessity of accessing shared memory. 

6.2 18044 BITBUS Slave processor 

An INTEL 8044 functions as the BITBUS slave. This 
device consists of an 8051 core processor along with the 
serial port hardware and control firmware in an on-chip 
PROM necessary to implement the BITBUS protocol. It 
has a Harvard architecture, with a program store and a 
data store. The program store is read-only, and no 
instuctions are provided which can write to it. The 8044 
has no capabilty for either WAIT or HOLD states. In 
addition, severe constraints in on-chip ram restrict the 
message buffer size to two 43-byte buffers. 
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In this application, the program store is an SRAM which 
is loaded from the TMS320C31 during the boot loading 
process. In order to facilitate debugging using an 
emulator, the chip is configured to use external memory 
only. The executeable code was copied from the the on- 
chip prom and is loaded to program store during the boot 
loading proceedure. 

6.2.7 Basic System Organization 

The 8044 runs under control of the INTEL DCX51 
operating system. Four tasks are defined. TASKO 
performs the serial I/O and the BITBUS protocol and is 
hidden from the user. TASK1 is invoked by TASKO 
when a message has been received. It copies the message 
from the buffer in the memory pool RAM, saves it in 1 of 
16 temporary buffers in data store, and deallocates the 
buffer to return it to the memory pool. TASK3 is invoked 
from the 'C31 by ISR1 to test for the presence of any 
waiting messages. If a message is waiting, it will be 
copied to the shared memory. TASK2 is is invoked by the 
'C31 when processing of the current message is 
completed. The reply is copied from shared memory the 
an assigned buffer in the memory pool, and a request is 
sent to TASKO to send the reply message to the master. 

7  INTERLOCKS 

7.1 Power Converter Module Interlocks 

The MCOR12 system is provided with a number of 
interlocks to assure safe and reliable operation. Each 
power converter module is equipped with a latching over- 
current and under voltage detector. An over-current 
failure in a converter is latched and the status bit returned 
to the controller is set 

7.2 Controller Interlocks 

A daughter board is used to provide controller interlock 
functions. This board contains a ground fault detector and 
the controller fault latches. 

7.2.2 Ground Fault 
The ground fault detector will latch a fault if this 

current exceeds a preset value. 

7.3 System Interlock Handling 

When an interlock occurs, the appropriate bit is set in the 
controller status word. The next message requesting 
device status will inform the system of the failure. A 
message RESET INTERLOCK may be sent to reset. If 
the reset is not reset, the affected channel(s) will remain 
off-line. A successful reset will return them to service. 
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7.2.1 Under Voltage 

The bulk power converter voltage is monitored and 
returned to the control system. In addition, the power 
converter must be reset with a minimum voltage present 
on the supply bus before the converter will become active 

7.2.2 Ground Current 

Each MCOR12 has a ground current resistor. This 
current is monitored and returned to the control system. 
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Abstract 

For the purpose of lattice optimization, eighteen 
individual quadrupole power supplies was installed in 
the SRRC storage ring in March 1997 to replace the 
three quadrupole family power supplies. In order to 
accomodate newly installed and already existed power 
supplies, the control interface of Taiwan Light Source 
(TLS) has been rejuvenated recently. The new control 
interface has improved drastically on control speed in 
comparison with the existed interface. Operation of the 
power supply system from device level to system level is 
reorganized to make control and access easier. This new 
control interface provides capability from complex 
operation such as lattice file loading, magnet degaussing, 
to file energy ramping scheme, etc. Performance of this 
power supply control interface including hardware 
components and software applications is presented. 

1 INTRODUCTION 

The new power supply control interface implemented for 
the storage ring quadrupole magnet in SRRC is 
important task within March 1997. The new power 
supply control interface has been integrated into SRRC 
control system, providing remote control function: the 
digital input and output for power supply status control 
and reading, the analog input and output for power 
supply current setting and reading, and other complex 
operation. This new power supply control interface is a 
VMEbus based crate containing the digital-to-analog 
converter, analog-to-digital converter, digital input and 
output modules. All these modules, together with a 
PowerPC VME cpu module, are running with LynxOS 
real time operation system. 

2 SYSTEM DESCRIPTIONS 

The new control interface is a part of the SRRC control 
system, Figure 1 shows the environment of the new 
power supply control interface in SRRC. Hereinafter, we 
will illustrate the new control interface hardware 
configuration and software structure with some 
important considerations to accommodate "new" and 
"old" power supplies control interface [1]. 

2.1 TLS power supplies control interfaces 

There are three VME crates to connect all power 
supplies of TLS as shown in figure 1. In the VME crate 
#1, it is composed of digital-to-analog (DAC) output 
modules, analog-to-digital input (ADC) module, digital 
input and output boards, and a powerful new generation 
VMEbus processor module. The DAC provides analog 
output with 16 bits high resolution, it is used for power 
supply output current control. A high performance 16 
bits ADC board is chosen to monitor power supply 
output current, the ADC module board provides wide 
dynamic range, high analog input channel density, and 
many other operating modes. Digital input and output 
board are software configured to control power supply 
operation and status monitor. A new and powerful cpu 
module is introduced to improve the control interface 
performance in terms of speed. We use a GPIB interface 
in crate #2 to control the power supply for dipole, 
sxtupole, and a Q4 quadrupole. About eighty correction 
power supply are controlled and monitored by the DAC 
and ADC modules in crate #3. The digital control for 
correction power supply operation is in crate #2. 

Figure: 1 TLS power supply control environment 

2.2 The control software 

The SRRC control environment is a two-layer network 
connected via Ethernet. The upper layer has several 
workstations and a control server, the lower layer is 
VME crate based intelligent local controller interfacing 
with various devices. Low level control functions for 
power supplies are built in VME crates. These functions 
include setting and reading tasks, interpolation, and slew 
rate control. There are also equipped in dipole, 
quadrupole, sextupole power supplies. Reading data is 
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periodically updated to upper layer computers in every 
100 msec. Setting is issued by the high level 
applications. Power supply control related high level 
applications are running on workstations and control 
server. Cold start and shutdown processes are typical 
examples of this application. Lattice management, 
energy ramping and data archiving are already in service 

[2]. 

3 PERFORMANCE 

3.1 Power supply ripple 

Power supply ripple tolerance for dipole, sextupole and 
quadrupole magnet power supplies are listed in table 1. 
Performance of power supplies cooperating with new 
control interface have been measured. Figure 2 shows 
the current spectrum of one of a Q2 power supply. The 
setting is 116 Amp, 60 Hz peak is 0.22 mA in rms. The 
corresponding ripple is less then 10 ppm. The other 
power supplies have similar performance. 

that the phenomena observed in figure 3 is contributed 
by the power supply. 

DAC/R56QPS1/ADC Linearity, r56qps1.lin 

Table: 1 specifications of power supply 
PS-Type Dipole Quadrupole Sextupole 

Ripple <5xl0"5 <5xl0~5 <2xW* 
Long-term 

stability 
<5xl0"5 <5xl0"5 <2xl0"4 

liEUrms 

""?""! FrT«h1L.BM.BBMH-- ' N.A„  | 

Figure: 2 Power supply output current spectrum of Q2 
working at 1.5 GeV setting point. EU on the figure 
denote engineering unit. 1 EU corresponds to 1 Ampere. 

3.2 Linearity of control channel 

Linearity is important for power supplies control in a 
storage ring with variable energy. The linearity of the 
power supply control channel is measured with high 
precision, high linearity DCCT. Different linearity were 
observed on various power supply control. Figure 3 is a 
monitoring data for R56QPS1 power supply linearity. It 
shows the difference of the output of power supply 
DCCT and the Output of DAC. Both are directly and 
individually connected to ADC. DAC linearity is less 
than 1 least significant bit. The measured result shows 
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Figure: 3 Linearity of the control channel 

3.3 Long-term stability 

Long term stability test at full power to their final loads 
has been intensively tested. In cold start procedure, these 
swithching power supply (SPS) have a better 
performance in long-term stability then the "old" power 
supply, SPS only needs half hour to get into steady state 
compared with a couple of hours of the old quadrupole 
power supplies. During five hours operation of R61QPS2 
power supply in normal operation shift, it shows that the 
long-term stability is well within the specification. 

3.4 Calibration for power supply control 

In order to control the output current of power supply 
precisely, a high precision, stability, and linearity DC 
current transform (DCCT) was taken as a reference 
current reading to find the correlation between the power 
supply output current and the digital setting, this will 
provide system conversion between the actual output 
current and the requested current. The offset 
measurement is also an important factor in the whole 
calibration procedure. All the calibration scheme is 
based on the specification of the power supply linearity. 

3.5 Control performance of the correctors system 

The corrector system in SRRC storage ring has about 
eighty correction power supplies, we use the new power 
supply control interface to improve the control 
performance in speed, precision and stability. In order to 
support a high level stability output, the new control 
interface is needed. The control resolution is better then 
1mA which corresponds to sub-prad kick setting . 

4 fflGH LEVEL APPLICATION 

There are several high level applications which support 
the operation of the power supply system [3]. 

4.1 Lattice file related applications 
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The main purpose of the lattice file, when it is loaded, is 
to make the power supplies operation easy. The 
functions of the loading lattice include setting current to 
zero, to maximum, and power supplies slew rate control. 
Slew rate control mechanism is built in VME crate to 
support smooth change between different operating 
lattices. 

4.2 Energy ramping scheme design 

File ramping scheme is used for varying energy of TLS 
because of its high flexibility. Energy range had been 
tested from 650 MeV to 1.5 GeV successfully. Ramping 
application at workstation is able to set output current of 
the power supplies 10 times per second. The VME crate 
performs linear interpolation in every 10 \is step to 
ensure the setting of power supplies is smooth enough. 
All power supplies are set within 20ns so as to guarantee 
good tracking among various power supplies. Setting of 
correctors can be scaled proportional to the beam energy 
during ramping. Ramping from 1.3 GeV to 1.5 GeV has 
been achieved within 5 seconds. Ramping time is 
basically limited by the magnet inductance and the 
characteristic of power supplies. Presently, the ramping 
duration is set to be 30 seconds [4]. 

4.3 Tune correction 

In order to keep constant tune during energy ramping, 
open loop tune correction scheme has been tested. Figure 
4 shows typical tune drift for energy ramping from 1.3 
GeV to 1.5 GeV and then backs to 1.3 GeV without tune 
correction. The tune variation is mainly caused by 
magnetic hysteresis in dipole magnet [5]. 

Figure: 4 Vertical betatron tune evolution during 
ramping   - before correction. 

Before SPS was installed, the relationship between tune 
change and Ql, Q2 current is displayed as the following 
relation [6]: 

Av, 

- 0 .056        0 .080 

0 .028       - 0 .019 AI„ 

A mdified the ramping file, based on the above 
information, is used in order to keep Vnx and Vny small. 
The correction is then applied to ramping the beam 

energy from 1.3 to 1.5 Gev and the result is shown in 
figure 5. It shows that Vny can be kept within 0.002 
peak-to-peak. 

Figure: 5 Vertical betatron tune evolution during 
ramping - after correction 

5 CLOSING REMARKS 

Power supply control plays a crucial role in the operation 
of the accelerator system. The new power supply control 
interface has been commissioned successfully. 
Accomplished performance of the power supply system 
and related support control applications were 
satisfactory. A lot of works which are related power 
supplies operation will be finished in the future, a tune 
feedback system is under development for further 
improvement. 
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Abstract 

Microfabrication technology using the LIGA (a Ger- 
man acronym for Lithography, Electroforming, and Mold- 
ing) process offers an attractive alternative for fabricating 
precision devices with micron-sized features. One such 
device is a mm-sized micro-undulator with potential appli- 
cations in a table-top synchrotron light source for medical 
and other industrial uses. The undulator consists of a silver 
conductor embedded in poles and substrate of nickel-iron. 
Electromagnetic modeling of the undulator is done using 
the eddy-current computer code ELEKTRA. Computations 
predict a field pattern of appropriate strength and quality if 
the current can be prevented from being shunted from sil- 
ver by the nickel-iron poles either through insulation or 
through slotted poles. The design of the undulator along 
with the computational results are discussed. 

1 INTRODUCTION 

Development of table-top synchrotron light sources 
for medical applications and industrial usage have been 
recognized by many in the synchrotron radiation commu- 
nity to play a key role in providing compact, reliable, and 
cost-effective accelerators for these applications. Compact 
table-top synchrotron radiation sources have many applica- 
tions ranging from hospital-based medical diagnostic 
imaging, cancer therapy, biological crystal studies, surface 
and catalytic studies, to x-ray lithography for microcircuit 
production. Also medical applications of free-electron 
lasers (FELs) with their variable-output-wavelength prop- 
erty, have attracted the interest of researchers in medicine 
and biology. With variable wavelength FEL, one may 
ascertain that a given wavelength may be more readily 
absorbed by one tissue type than by another. It is thus pos- 
sible to identify critical wavelengths for biomedical use. 
Such wavelengths could then be incorporated in the design 
of chemical or other lasers for use in clinical therapies. 
Toward this goal, a group of researchers have begun to 
study methods of producing synchrotron radiation using 
compact accelerator devices [1]. 

An important part of these studies is the design, con- 
struction, and testing of a "micro-undulator" with a period 
of one millimeter. Undulators and wigglers are devices that 
are inserted into an electron or positron beam to produce x- 
rays. The magnetic field of such an insertion device is 
transverse to the beam direction and alternates periodically 
along the beam direction. The field causes the particles of 
the beam to oscillate and thereby generate x-rays. 

2 DEEP X-RAY LITHOGRAPHY 

The undulator will be fabricated using the deep x-ray 
lithograhy (LIGA) process [2]. In LIGA, x-rays with a 
wavelength less than 1 nm are used to expose a photosensi- 
tive layer, typically polymethylmethacrylate (PMMA). The 
PMMA is usually applied over a plating base, and when 
the exposed PMMA regions are removed in a highly selec- 
tive developer, metal can be electroplated into the PMMA 
recesses defined by the x-rays. The short wavelength mini- 
mizes diffraction, and the metal features can be electro- 
plated several hundred microns high with edge runouts of 
less than 0.1 microns [3]. 

3 MICRO-UNDULATOR 

The undulator can operate in the electron beam from 
the linac of the Advanced Photon Source (APS) at Argonne 
National Laboratory. With the positron target retracted 
from the beamline, the linac could accelerate electrons to 
an energy of 650 MeV. The material properties of this 
undulator are given in section III of Ref. [3]. A summary of 
the micro-undulator geometrical and operating parameters 
are shown in Table 1. 

Table 1: Micro-undulator Parameters 

Parameter Value 

Period 1.0 mm 

Gap 0.6 mm 

Pole height 0.2 mm 

Pole thickness 0.3 mm 

Pole width 0.7 mm 

Beam energy 650 MeV 

Deflection parameter 0.047 

Field strength 0.5 T 

Excitation current 280 A 

Excitation pulse length 10-20 |isec 

A 40-micron slot is cut in each 0.3-mm-wide pole to 
prevent current from the silver conductor shorting across 
the nickel-iron pole. The winding pattern is shifted one half 
period between the top and bottom halves of the undulator 
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so that for the two halves, the currents in the beam direc- 
tion oppose each other, but in the transverse direction, cur- 
rents flow in the same direction. Earlier designs with 
current in the same direction top and bottom led to a field 
gradient across the central region of the undulator. The 
geometry of one period of the micro-undulator, in perspec- 
tive view, is shown in Figure 1. In this figure, the silver 
conductors are arranged so that currents above and below 
the poles flow in opposite directions axially but in the 
same direction transversely. The slots in the nickel-iron 
poles prevent current flowing across the poles. 

Figure 1: Perspective view of one period of 
the micro-undulator. 

Because of the high current densities involved, the 
undulator will be run only in a pulsed mode; in the model- 
ing it was driven by a 50-kHz steady-state AC source. 

5 COMPUTATIONAL RESULTS 

Since the gap of this undulator (0.6 mm) is larger than 
the half-period (0.5 mm), the undulator is not efficient; the 
mid-plane field is small compared to the average pole-to- 
pole field. Within the mid-plane, the field is fairly uniform 
transversely across the central region. Figure 2 shows a 
contour plot of the flux density over one period. Lines 
show contours of equal By in the x-z plane. Figure 3 shows 
a contour plot of the flux density over one period. Lines 
shows contours of equal By in the y-z plane. Figure 4 

shows field variation in the beam direction (arbitrary verti- 
cal scale). 

6 THE TEN-SCALE MODEL 

As described in Ref. [4], a seven-period, ten-times 
scale model was designed and fabricated by EDM (Elec- 
trode Discharge Machining) using 1010 steel for the sub- 
strate and insulated copper wire for the conductor. The 
model was measured using a Hall probe along the beam- 
axis of the undulator. In the design, no effort was made to 
correct end effects, so the measurements were taken only 
over the central four periods. Results from the measure- 
ments are summarized in Figure 5. The model was driven 
with a current of 10 A from a DC power supply to avoid 
overheating of the iron. This gave a peak field of 25.5 G, in 
agreement with the 26.6 G predicted by a 2-dimensional 
computation. 

4 ELECTROMAGNETIC MODELING 

Numerical computations were performed with the 3- 
dimensional eddy-current code ELEKTRA. One period of 
the micro-undulator was modeled axially by applying a 
flux-tangential boundary condition on the two faces of the 
undulator one period apart. Current was determined by 
using boundary conditions to specify a difference in elec- 
tric scalar potential (voltage) between the two faces. Since 
the silver conductors, the nickel-iron poles, and the sub- 
strate are conducting, current can flow from one into the 
other. Were it not for the slots in the poles of the undulator, 
considerable current would flow through the poles, greatly 
impairing its behavior as an undulator. The Lorentz-Gauge 
solution option of ELEKTRA was used to determine the 
solution for the steady-state AC problem. 

An earlier computation, treating the silver as a driven 
conductor with a specified current and the nickel-iron as a 
vector potential region with no net current, was used to 
consider the situation where the silver was insulated from 
the substrate, but that approach could not treat current 
sharing and current shunting between the materials. 

Figure 2: Contour plot of the flux density over 
one period. Lines show contours of equal By in 
the x-z plane. 
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Figure 3: Contour plot of the flux density over 
one period. Lines show contours of equal By in 
the y-z plane. 
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Figure 4: Field variation in the beam direction over 
one undulator period. Curve (a) is the field variation 
in the mid-plane. Curve (b) shows field variation 0.1 
mm above or below the mid-plane. Curve (c) shows 
field variation 0.2 mm above or below the mid- 
plane. The field is weaker in the mid-plane since the 
gap between the poles (0.6 mm) is not small relative 
to the period of the undulator (1 mm) or the width of 
the poles (0.7 mm). The dip in the curve is due to a 
slot in the pole. 
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Figure 5: Measured field over the central region of 
the undulator. Circles show the measured field with 
a field of cosine variation subtracted, multiplied by a 
factor of ten. The solid line shows a smoothed fit to 
the circles. 
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Abstract 

The superconducting 5 pole, 5 Tesla wiggler which has 
been operating in the X-17 straight section of the x-ray 
storage ring at the National Synchrotron Light Source 
(NSLS) since 1989 will soon be replaced by a new 
wiggler being built by Oxford Instruments with lower 
operating costs, higher reliability, and greater 
performance. The new wiggler has three modes of 
operation: the full wiggler with 11 poles producing 3.0 T, 
the partial wiggler with 5 poles at 4.7 T, and the 
wavelength shifter with a single pole producing 5.5 T. 
The full wiggler, optimized for the digital subtraction 
radiography program, will produce the same x-ray flux at 
the 33 KeV iodine K-edge as the existing wiggler 
operating at 4.7 T but will reduce the higher energy 
harmonics delivered to the target. The partial wiggler will 
deliver the same flux for solid state physics experiments 
as the existing wiggler, and the wavelength shifter will 
provide an elliptically polarized x-ray beam that is not 
now available. 

1    INTRODUCTION 

A 4.7 T, five pole superconducting wiggler1 has been 
operating in the X-Ray storage ring at the National 
Synchrotron Light Source since 1989. The existing 
wiggler has been an important source of radiation for 
material science, high pressure research, and biomedical 
studies including, especially, digital subtraction 
angiography. The wiggler and its associated electronics 
and cryogenics systems, however, are aging and no longer 

represent the state of the art. Oxford Instruments is now 
building a new wiggler that will exceed all of the 
capabilities of the current wiggler but will be more 
reliable and less expensive to operate. The wiggler, shown 
schematically in fig.l, will have 13 iron poles that are 
excited by superconducting NbTi coils. Some important 
characteristics of the wiggler are listed in Table 1. 

Table 1. Superconducting Wiggler Characteristics 

Beam Energy 2.584 GeV 
Maximum Beam Current 438 mA 
Period 17.16 cm 
Number of Poles 13 
Maximum Field 5.5 T 
Horiz. Beam Aperture 59.5 mm 
Vert. Beam Aperture 19.5 mm 

The wiggler will have three different modes of opera- 
tion: full wiggler, partial wiggler, and wavelength shifter. 
In the full wiggler mode, the central 11 poles will be ex- 
cited to produce a field of 3.0 T on the beam axis and the 
two end poles will produce half of that field to close the 
trajectory. In the partial wiggler mode, the poles labeled 
0, ±1, and ±2 in fig. 1 will produce 4.7 T on-axis, poles 
±3 will be powered to half-strength and the remaining 
poles will be unpowered. In the wavelength shifter mode, 
pole 0 will produce 5.5 T, poles +1 will be powered to 
half-strength, and the remaining poles will be unpowered. 
Switching between the modes will be accomplished by 
changing the connections of the magnet leads to the 

Figure. 1. Schematic cross section of the superconducting wiggler. The iron poles are indicated by diagonal lines 
and the superconducting coils by crossed, diagonal lines. 
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Figure. 2. On-axis flux in each wiggler operating mode. 

power supply. A plot of the on-axis flux produced by the 
wiggler as a function of photon energy in each of the 
three operating modes is shown in fig. 2. 

The full wiggler mode will be used for high intensity 
imaging experiments. In particular, it will be used for the 
coronary angiography and computed tomography medical 
programs. The 3.0 T peak field has been chosen because 
the critical energy is low enough that the higher energy 
harmonics in the (nearly) monochromatic beam that can 
be produced by diffracting the wiggler radiation in 
Si(l 11) crystals does not contaminate the images. The 11 
poles produce the maximum allowable power level in the 
white beam, thereby maximizing the available flux at the 
33 KeV iodine absorption edge used in digital subtraction 
imaging. 

In the partial wiggler mode, the wiggler will produce 
the same flux as the present wiggler. This option will be 
used by high pressure materials science researchers in 
experiments using both high volume presses and diamond 
anvil cells. The higher fields raise the critical energy and 
hence the available energy spectrum for transmission 
through the cells for diffraction experiments. Most 
diffraction experiments will also use this field value as 
will other experiments where high flux above about 
40 KeV is desirable. 

The wavelength-shifter mode is designed for 
experiments where beam polarization is an important 
parameter. In particular, scattering and absorption by 
magnetic materials may be dependent on the polarization. 
Although the polarized radiation from bending magnet 
sources is readily available for surface diffraction 
experiments, the elliptically polarized, high energy 
photons from the wavelength shifter will permit 
measurements in transmission. 

2   WIGGLER CONSTRUCTION 

A warm bore-cold iron design was chosen in which the 
poles and coils are mounted in a 4.5 K liquid helium (lHe) 
bath and an insulated bore tube is provided for the 
electron beam. Heaters are incorporated to keep the 
temperature of the beam tube above 0° C so that water 
vapor will not freeze on the tube in the event of a vacuum 
leak in the storage ring. To minimize the heat leak, the 
stainless steel cryostat incorporates a 20 K shield cooled 
by the boiled-off helium vapor and a liquid nitrogen 
cooled 80 K shield. High temperature superconducting 
leads are used for the magnet current to further reduce 
losses. In steady operation, the wiggler will use 0.35 1/hr 
of LHe. The LHe will be supplied from a pressurized 
dewar by an automatic transfer system. 

The magnet poles are constructed of a special low 
carbon steel called REMKO B in order to minimize the 
residual magnetization. The superconducting coils are 
made from round wires of NbTi stabilized with copper. 
The ratio of NbTi to Cu is 1:1. The coil around each pole 
is divided into two sections in order to reduce the current 
density in the high field region nearest the pole. The wire 
diameter in the inner coil is 1.0 mm and it is 0.7 mm in 
the outer coil. The maximum current is approximately 
295 A and the current densities are 485 A/mm2 in the 
outer coil and 285 A/mm2 in the inner. The maximum 
stored energy in the wiggler isl70 KJ. 

The magnetic field of the wiggler must be ramped to 
accommodate storage ring injection. Electrons are 
injected into the ring at an energy of 750 MeV. After the 
desired current is stored, the ring energy is ramped to 
2.584 GeV. The wiggler was designed so that it can be 
ramped between an injection level of 1.1 T and the 
maximum operating field in each mode at a rate of 1.14 
T/min. The maximum voltage required to achieve this rate 
is 16.5 V. 

The coil design, small ramping voltages, and low stored 
energy permit the use of passive quench protection. 
Diode-resistor networks are placed across the coil leads 
inside the cryostat to absorb the stored energy in the event 
of a quench. Calculations have shown that the magnet 
power supply can safely remain on during a quench. 

3 WAVELENGTH SHIFTER POLARIZATION 

It is well known2 that the synchrotron radiation from the 
electrons in a bending magnet is linearly polarized in the 
bending plane and elliptically polarized out of the plane, 
with the polarization growing increasingly circular with 
the vertical angle y/. In most wigglers, the transversely 
polarized component of the radiation from alternate poles 
cancels, resulting in radiation that is linearly polarized in 
the bending plane at all vertical angles. In a wavelength 
shifter, however, the transversely polarized radiation from 
the strong central pole is only partially canceled by the 
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radiation from the half-strength end poles, leaving strong 
elliptical polarization off-axis. 

We will now estimate the degree of circular 
polarization from the wavelength shifter. When the 
wiggler parameter K»l most of the radiation observed 
with an energy that is near or above the critical energy is 
emitted from the portions of the electron trajectory that 
are tangential to the axis of observation.^ Because the 
emitting regions are small they can be approximated by 
circular arcs. The radiation from the wiggler magnet can 
therefore be approximated as the radiation from a series 
of bending magnet sources. This is called the bend source 
approximation.4 The wavelength shifter will hence be 
modeled by a magnet with bending radius p sandwiched 
between two magnets with radius 2p. 

The degree of circular polarization from a radiation 
source can be defined in terms of the Stokes parameters 
as^ 

PC = S3I S0 

where 

S3(p)-Vy(v2 +1/ Y2f'2'Kl/3(ri)K2/3(Ti) 

is the intensity of the circularly polarized radiation, 

^pV(v2 + l/72)^ SQ(P)< H/3(V) 

\P
2(w

2+\ir2)2Kll3{T]) 

(i+rV) 
s3/2 

is the total radiation intensity, 

V(P) =      , 
2Ec(pY 

Ec(p) = 3hy3c/2p 
is the critical energy, E is the photon energy, y is the 
Lorentz parameter, y/ is the angle at which the radiation is 
observed relative to the bending plane, Kl/3 and K2/3 

are modified Bessel functions. The direction of polariza- 
tion is opposite for the central and end poles. The degree 
of circular polarization of the radiation from the 
wavelength shifter is therefore 

Pctotal = [S3(p)-2S3(2p)]/[S0(p) + 2S0(2p)]. 

Fig. 3 shows a plot of the degree of circular polarization 
of the radiation shifter as a function of photon energy for 
a series of vertical angles. The circularly polarized com- 
ponent of the radiation from the central pole becomes 
predominant at energies above critical as the angle ap- 
proaches l/y. The polarization at low energies is domi- 
nated by the half-strength end poles and is in the opposite 
direction. This is not normally of much interest because 
wavelength shifters are built as a source of high energy 
radiation. The dependence of the intensity of the circu- 
larly polarized radiation on photon energy will not be dis- 
cussed in this paper. 
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Figure 3. Degree of circular polarization for the 
wavelength shifter mode at various vertical angles. The 
broken line represents the critical energy for the central 
pole. 

4 PLANS FOR INSTALLATION 

The wiggler is now under construction at Oxford 
Instruments. Delivery at Brookhaven National Laboratory 
is expected in the Fall of 1997 and installation in the 
NSLS X-Ray Ring is planned for December 1997. 
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Abstract 

Magnetic measurements have been performed on the In- 
Vacuum Undulator (IVUN), built jointly by BNL and 
SPring-8 for the NSLS X-Ray Ring. The IVUN magnet 
has a Halbach-type, pure-permanent magnet structure 
with a period of 11 mm and a minimum gap of 2 mm. 
Results of magnetic measurements utilizing Hall probe, 
moving wire and pulsed wire techniques will be 
presented and compared. 

INTRODUCTION 

A short-period, In-Vacuum UNdulator (IVUN) is being 
developed in a collaboration between Spring-8 and 
NSLS for installation in the NSLS X-Ray Ring [1]. This 
magnet builds on experience gained in the successful 
development and operation of the in-vacuum undulator 
for the KEK Accumulator Ring [2] and the Prototype 
Small-Gap Undulator (PSGU)] in the NSLS X-Ray 
Ring.[3]. Studies with the PSGU have demonstrated 
minimal beam lifetime reduction in the X-Ray ring with 
apertures as small as 3mm in low-beta straight sections. 
With an in-vacuum device, the magnet array itself, rather 
than the vacuum chamber, can be the limiting aperture. 
The IVUN design explores this new parameter regime. 
Details of the IVUN design are presented by Tanabe [4] 
elsewhere in these Proceedings. Installation of IVUN in 
the NSLS X-Ray Ring is scheduled for May, 1997. 

The magnet arrays were assembled, mapped, 
trimmed, vacuum baked and remeasured at SPring-8 
before shipment to NSLS. The magnet array support 
structure and vacuum chamber were designed and built 
at NSLS. Upon arrival at the NSLS, the magnet arrays 
were mounted to the support structure and gap drive 
system for magnetic measurements. This paper reports 
the results of these measurements. 

1 DESIGN HIGHLIGHTS 

The IVUN magnet design employs a pure-permanent 
magnet, Halbach-type structure with four blocks per 
period. The arrays are 30.5 periods long with +3/4, -1/4 
type (displacement-free) terminations. With a design gap 
of 3.3 mm and a period of 11 mm, the IVUN magnet 
achieves a peak field of 0.7 Tesla and a K value of 0.72., 
The design fundamental peak is at 4.6 keV (2.7Ä) for the 
X-Ray Ring energy of 2.584 GeV. High-temperature 
neodymium-iron-boron magnets (Sumitomo NEOMAX 
32EH) were used, allowing bakeout at up to 125°C. 

The magnet arrays, with their water-cooled backing 
beams, are each supported by a single post via bellows 
through the rectangular vacuum chamber flanges. The 
variable-gap drive and support structure are nearly 
identical to that of the PSGU. The gap is adjustable from 
10 mm down to 1 mm, but will be limited to 2 mm by 
controls, limit switches and hard stops. 

Electron beam image currents are carried from the 
Conflat end flanges to the gap region by flexible 
transitions and bellows liners of a design developed for 
the PSGU. In the gap region the current will be carried by 
high-purity, annealed nickel foil strips, 0.1 mm thick, laid 
directly on the magnet pole surfaces. 

3 MAGNETIC MEASUREMENTS 

The magnetic measurements at NSLS had a three-fold 
objective: (1) to verify that the magnet assembly had not 
been damaged in transit, (2) to perform measurements 
complementary to those already done at Spring-8, and (3) 
to measure the effect of the nickel image-current 
continuity sheets on magnet performance. 

Visual inspection of the magnet arrays upon arrival at 
NSLS showed no damage in transit. However, soon after, 
a magnet broke spontaneously. This raised concerns about 
possible additional magnet failures, particularly since a 
magnet had also broken at Spring-8 during vacuum- 
compatibility bakeout testing. A magnet breakage in an in- 
vacuum device such as IVUN is much more serious than 
in a conventional insertion device. Therefore, in parallel 
with the magnetic measurements, a detailed modeling 
study was undertaken to analyze the forces and stresses 
involved. As a result, each pair of magnet block retaining 
clips was systematically loosened and retorqued, so as to 
limit the maximum stress in the NdFeB to 50% of its 
tensile strength. As a further precaution, the reassembled 
magnet was then cycled over 100 times between 9.5 mm 
and 2 mm gap, without any further magnet failures. 

3.1 Hall Probe Measurements 

Hall probe measurement of the IVUN magnet was done 
on a granite mapper using a miniature Group3 transverse 
Hall probe with built-in temperature correction. The 
probe's response was calibrated against NMR probes in a 
standard dipole magnet. A fifth-order polynomial was 
used to fit the Hall probe voltage vs. field data. Only the 
vertical (y) component of B was mapped with the Hall 
probe system. 

Field maps were taken in the midplane (Y=0) at X=0, 
±2 and ±4 mm, at the nominal 3.3 mm gap. On-axis field 
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maps [X=0, Y=0) were taken at several gaps between 3.3 
and 9.5 mm. To help correlate certain trajectory features 
with either the upper or lower magnet array, off- 
midplane scans were also taken at the 9.5 mm gap, with 
the probe at X=0 and Y=±3.1 mm, i.e., at 1.65 mm from 
each array, the same distance as in the midplane scan at 
3.3 mm gap. 

First integrals of these Hall probe scans show that the 
integrated dipole varies from about 30 to 70 gauss-cm for 
-2mm<X<+2mm. The quadrupole error is about 100 
gauss, exceeding the design goal of 10 gauss. These 
results differ significantly from Tanabe's data, which will 
be discussed in the following paragraph. 

The second integral of the field is proportional to the 
e-beam trajectory and reveals the location of non- 
cancelling field errors. The on-axis trajectory, calculated 
from Hall probe data, is shown in Figure 1 and is in good 
agreement with Tanabe's result. The off-axis trajectories 
(not shown) show local dipole errors which vary with X, 
and which suggest that various magnet blocks may have 
large multipole errors. Comparison of off-axis 
trajectories with Tanabe's data show local deviations in 
the region of the block replaced at NSLS. This suggests 
that the replacement block may have significantly 
different multipoles from the broken one, which would 
account for the discrepancy in integrated multipoles 
reported above. 

X Trajectory 

-0.4 
,5Z  (cm) 30 45 

Figure 1. IVUN on-axis trajectory at 3.3 mm gap. 

3.2 Nickel Continuity Sheets. 

The effect of the nickel continuity sheets was measured 
by mapping the field with and without the foils at a gap 
of 3.3 mm. As expected, field amplitude decreased due 
to shunting of flux from pole to neighboring pole. At a 
field amplitude of about 0.7 Tesla, the decrease in peak 
field varied between 20 and 30 gauss, with larger 
deviations near the zero crossings. Because the effect is 
symmetric, the trajectory plots and the phase error plots 
appear virtually identical, so there should be no 
degradation of performance. 

3.3 Moving-Wire Measurements 

The small gap led us to choose a moving wire integrator, 
similar to a design reported by Zangrando and Walker, 
[6] to measure integrated fields. The wire was a 43- 

strand Litz cable formed into a loop, with the strands 
connected in series. The leg of the loop passing through 
the undulator is stretched between supports mounted on 
motorized translation stages. Integrated dipole profiles are 
obtained by measuring the voltage induced in the loop 
with an integrating voltmeter, as the wire is translated 
through the magnet in increments of DX. Due to random 
drift in the integrating voltmeter, voltage readings were 
averaged over many repetitions to achieve adequate 
signal-to-noise. As with the Hall probe, only normal (By) 
field integrals were measured, due to the restricted gap. 

IVUN Integrated Dipoles 
-100- 

-5     -4-3-2-1012345 
X (mm) 

Figure 2. Integrated dipoles in IVUN from Hall probe 
(HP), moving wire (MW) and pulsed wire (PW) data. 

Integrated dipoles were measured in the midplane 
(Y=0) at 2 mm intervals from -4mm to +4mm, at several 
gaps, with DX=2mm. Figure 2 compares the integrated 
dipole profiles at 3.3mm gap obtained from the moving 
wire with those computed by numerical integration of Hall 
probe data. These profiles agree qualitatively and indicate 
a strong quadrupole and octupole. 

3.4 Pulsed Wire Measurements 

The pulsed wire bench is modeled after the Los Alamos 
design developed by Warren and Fortgang [7], with the 
addition of viscous damping. Its main advantage is rapid 
visualization of both X and Y trajectories. In this case, it 
was our only means of measuring the Y trajectory. 

200 ns/div 
Figure 3. X and Y trajectories from pulsed wire. 

Figure 3 shows a "snapshot" of the on-axis X and Y 
trajectories in IVUN at a gap of 3.3mm. The X trajectory 
agrees quite well with the trajectory shown in Figure 1, 
both in terms of the distinctive features discussed earlier, 
and in terms of the integrated dipole, (computed 
graphically from the entry and exit trajectory angles.) The 
distortion observed at the ends of the sinusoidal waveform 
is due to dispersive properties of the BeCu wire. 
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The Y trajectory exhibits a peak deviation of about 
2.3 mm, equivalent to 9 wiggle amplitudes. This large 
trajectory error undoubtedly resulted from optimizing 
only the X trajectory, without benefit of an on-line, Y 
trajectory diagnostic. The Y trajectory shows distinct 
kinks which point to localized sources of Bx fields. 
Integrated dipoles calculated graphically from exit and 
entry trajectory angles are also in good agreement with 
those obtained from Hall probe scans and moving wire 
measurements (Figure 2). The Y trajectories also exhibit 
variation with off-axis position, indicating the presence 
of significant skew multipoles. 

IVUN Optical Phase Error 

0 15 30 
X(cm) 

Figure 4. Optical phase error due to (a) X trajectory only, 
and (b) both X and Y trajectory components. 

3.5 Phase Shake Analysis 

Optical phase error is an excellent measure of undulator 
quality since it is strongly correlated to loss of spectral 
brightness.[5] It is calculated by integrating the 
difference between the path length along the actual 
trajectory and a best-fit sinusoidal trajectory, expressed 
in degrees at the fundamental optical wavelength. Phase 
error calculated from our on-axis By field maps is shown 
by the "X only" curve in Figure 4. It shows rms phase 
shake of less than 2 degrees, predicting excellent spectral 
performance. Tanabe's data gives similar phase error 
results. However, phase error is also affected by Y 
trajectory errors due to Bx. The "X+Y" curve shows the 
phase error when both By and Bx are taking into 
account. As can be seen, the phase excursions have 
increased to ±5°. The actual spectral brightness will 
therefore be lower than would be expected due to phase 
shake from X motion alone. 

The phase error plot reveals mechanical alignment 
errors, particularly gap taper. This produces a field taper 

and results in a "chirp" in the resonant wavelength. Its 
effect on the optical spectrum is to smear the spectral 
lines. The presence of taper is revealed by a parabolic 
phase profile. For IVUN, a gap taper error of only 25 urn 
(0.001 in) resulted in a noticeable chirp of several degrees. 
This level of precision is just below the threshold of 
standard optical survey instruments, so the phase error 
plot becomes the best remaining diagnostic of magnet 
array alignment. 

4 CONCLUSIONS 

Magnetic field measurements on the IVUN undulator have 
been completed at NSLS. The Hall probe, moving wire 
and pulsed wire techniques proved to be mutually 
complimentary and the three sets of measurements are in 
good agreement. Intercomparison with measurements 
done earlier on this device at Spring-8 show generally 
good agreement in the X trajectories, except at the 
location where a broken magnet was replaced. 
Disagreement in multipole measurements can be attributed 
to differences in multipole characteristics of the 
replacement magnet from the broken one. Using the 
pulsed wire bench as an on-line diagnostic, it should be 
straightforward to find a better replacement magnet and 
also to retrim IVUN to minimize the Y trajectory errors 
and integrated multipoles. 
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SIBERIAN SNAKES FOR ELECTRON STORAGE RINGS 

V.Ptitsin and Yu.Shatunov, BJNR 630090, Novosibirsk, Russia 

Abstract 

Applying a Siberian snake to obtain longitudinally polar- 
ized electron beam is discussed. Depolarization effects are 
analysed and spin matching conditions to decrease the de- 
polarization are derived. 

1    INTRODUCTION 

Siberian snake was invented at mid-70th mainly as a mean 
against spin resonances which can destroy the beam polar- 
ization in circular acceleratorsfl]. Recently this concept 
has been tested and confirmed practically in a series of ex- 
periments carried out at the IUCF cooler ring[2]. 

However, there is another important area of the snake 
application, it is for obtaining longitudinal polarization at 
an interaction point. First longitudinally polarized elec- 
tron beam was obtained at the energy of 27 Gev on the 
HERA electron ring where a pair of spin rotators was in- 
stalled around the interaction point[3]. However, such the 
method is difficult to apply when beam energy is lower than 
10 Gev because dipole magnets of the rotator will provide 
enormous orbit excursions inside the rotators. The Siberian 
snake is a special kind of a spin rotator which rotates par- 
ticle spin by 180° angle around a direction lying in the 
horizontal plane. This direction is called by snake axis. 
An insertion of Siberian snake with longitudinal snake axis 
provides automatically the longitudinal beam polarization 
on a ring azimuth opposite to the snake insertion. Such a 
snake can be naturally performed with the use of solenoidal 
magnets. For a compensation of betatron modes coupling 
introduced by the solenoids, the snake must contain also 
quadrupole lenses (normal and/or rotated)1. The first ex- 
periments with the solenoidal Siberian snake for obtain- 
ing longitudinally polarized electrons was carried out at the 
AmPS storage ring at NIKHEF[4,5]. and demonstrated the 
success of the given method. 

The AmPS ring is operating in 300-900 Mev energy 
range. When using a Siberian snake at higher energies one 
must take into account a sharp depolarization increase with 
energy. 

2    SPIN MATCHING CONDITIONS 

In fact, the use of one Siberian snake leads to an unusual sit- 
uation when the direction of the beam polarization is in hor- 
izontal plane everywhere over a ring excepting the snake it- 
self. In this case the Sokolov-Ternov self-polarizing mech- 
anism does not work and, on the other hand, a depolar- 
ization mechanism caused by quantum fluctuations of syn- 
chrotron radiation is considerably enhanced. Thus a special 

care must be taken to keep the beam polarization decay as 
slow as it is required by experiment needs. The depolar- 
ization rate is described by the well-known DK formula[7] 
as: 

_!    _    5\/3e2?i75 

T        ~       8    m2^ a+ 

with «+ = <|^s [1 " §(Ä^)a + l||d|a]> CD 

where n is a periodical spin solution, d = ^^ vector, 
p is bending magnet curvature, v is an unit vector in the 
direction of particle velocity. The average is taken over the 
ring azimuth 6 and, generally, over beam distribution. 

The reduce of the depolarization time r is completely 
determined by the value of the spin-orbit coupling vector 
d. At the first-order approximation the d vector is orthog- 
onal to n: d = Re(iDfj*) where fj is an eigen solution of 
spin motion equation orthogonal to n. In general case the 
D function can be represented as a sum of two contribu- 
tions: D = D1 + Dß. Here D7 comes from the direct 
dependence of the vector n on the particle energy while 
Dß results from a jump of betatron amplitudes during an 
emission of a quanta. 

We consider a practical case when there is no dispersion 
in the insertion region (ipx = ipz = 0) and the coupling 
introduced by the solenoids is fully compensated by the in- 
sertion quadrupoles. For the snake located at [#i;27r] we 
obtain the expressions for Dltp outside the snake insertion. 
The Dry does not depend on internal structure of a snake: 

D-y = --sm(-Kv0) ■iv0 W^M 
where Hz and < Hz > are the vertical field and its average 
value over ring azimuth, vo = 7a. 

The form of the expression for Dp depends on a number 
of solenoids used in the snake. For instance, for a snake 
containing one solenoid: 

Da    =    - 
VQ-K 

2C0S(7TI/X) 

1* 
1x0 

cosfrvo) JmV-m fa) 

J(6)j 

'A general method of solenoid compensation is described in[6] 

where f'Ix0 and f'Iz0 are first mode Floquet function 
derivatives taken at the midpoint of the solenoid and 
J{0) = fixrli ~ KJtx. 

Two solenoids snake was applied at the AmPS storage 
ring This compact snake, designed and builded at BINP 
(Novosibirsk), uses two superconducting solenoids with up 
to 7.5 T field and five compensating quadrupoles: 
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sql sq2 sol q sol -sq2 -sql 

Here (sol) stands for solenoid, (sql,sq2) are quads rotated 
by 45° and (q) is a normal quadrupole. For two solenoids 
snake one finds: 

10 

Da    =    - 
fQTT 

4cos(insx) i 

+   Hm(ei7ru*G*IzJ(d)) 

cos(7ri/0) Im(ei7TV» J(9)G*Ix) + 

(2) 

where GIx>z = f'IxAout) - f'IxAin) is the difference of 
the first mode Floquet function derivatives at the entrance 
of the first solenoid and at the exit from second one. Also 
each solenoid has been treated here as having infinitely 
short edges. In the above expression a point just after the 
first edge is called by the solenoid entrance and a point just 
before the second edge is called by the exit. 

Unlike the D7, the Dß contribution depends on lattice 
functions. In particular, this fact causes the dependence of 
the depolarization time on horizontal betatron tune and on 
any manipulation with optics of the storage ring. For ex- 
ample, in the Figure 1 r is drawn versus horizontal tune for 
AmPS snake for two possible sets of gradients of compen- 
sating quadrupoles. 
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CO 
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+-> 
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o 
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Figure 1: The dependence of depolarization time on the 
horizontal betatron tune, E = 0.9 Gev, vz = 7.25. Circles 
for normal scheme, pluses for reversed gradient scheme. 

The contribution of Dß term to the depolarization time 
can be comparable or even larger than the contribution re- 
sulting from D1. Figure 2 demonstrates the |d| variation 
along azimuth of AmPS ring again for the two possible sets 
of snake quadrupoles. At the top picture the Dß causes 
large oscillations of |d| in the magnets on background of 
smooth variation of £>7. At the bottom picture Dß is small 
enough and this variant provides considerably larger depo- 
larization time. 

In order to increase the depolarization time and avoid 
its dependence on the ring optics one should apply snake 
scheme that cancels Dß term. For the case of two solenoids 
snake such the snake must provide Gjx = Gjz = 0 and, 

^    5 - (l II ll 

100 200 
m 

^    5 

Figure 2: |d| along azimuth of the AmPS ring for normal 
(top) and reversed (bottom) gradient scheme. 

therefore: 

JIX(out) ~ JI x(in)' Jlz(out) — JI z(in) (3) 

It provides some relations on elements of transport ma- 
trix between the solenoids. Such a snake can be called a 
spin matched snake on the analogy with spin matching con- 
cept, introduced for spin rotators [3]. Actually in the con- 
sidered case we have only partial spin matching since it is 
not possible to cancel the contribution of D7. 

The simplest variant of spin matched snake is a scheme 
where the coupling compensation is carried out by six nor- 
mal quadrupoles (ql-6) inserted between two solenoids: 

sol ql q2 q3 q4 q5 q6 sol 

From the relations (3), taking into account the transforma- 
tion of optical Floquet functions on solenoid edges, one can 
find that a transport matrix of the whole snake must have a 
form: 

I     0 
0    -I 
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in bending magnets. For a snake with two solenoids this 
projection is: 

dz = — 
2 4COS(TTI/X)        

V "' 

Thus the value of polarization and its sign depends both 
on the beam energy and, for an unmatched snake, on the 
ring optics. In the Figure 4 the equilibrium polarization 
dependence on energy is demonstrated for two variants of 
AmPS optics. 

0.2 

1.5 2.0 2.5 
E (Gev) 

3.0 

0.1 

Figure 3: The depolarization time versus beam energy for g"    0 0 
the VEPP-4 with matched snake. Q_ 

where I is the identity matrix. The strengths of the insertion 
quadrupoles are choosen to provide such the matrix. 

Applying the matched snake increases the depolariza- 
tion time. Nevertheless the depolarization time decreases 
rapidly with energy: 

54    1 
Tl^2Tp E7 

where rp is self-polarization time calculated when the 
snake is switched off. 

For example, in the Figure 3 the dependence r on beam 
energy is shown for the VEPP-4 storage ring with the spin 
matched snake. Thus for typical electron storage rings in 
this energy range the use of this method of obtaining longi- 
tudinally polarization is restricted to the energies below 3 
Gev. 

3    KINETIC POLARIZATION 

As follows from DK formulas[7], though Sokolov-Ternov 
polarizing mechanism does not work, the equilibrium po- 
larization should differ from zero level due to so-called ki- 
netic polarizing mechanism caused by the dependence of 
synchrotron radiation probability on a spin projection on a 
field direction: 

P = _JL^ 
eq        5\/3a+ 

with   a. = -( —> 

a+ is given by (1) and b is an unit vector in the direction 
of magnetic field. 

This mechanism, predicted theoretically, has been never 
observed yet. A storage ring with a Siberian snake provides 
the unique possibility to confirm its existence. The kinetic 
polarization is driven by the vertical projection of d vector 

-0.1 

-0.2 

E (Gev) 

Figure 4: The equilibrium polarization versus beam energy 
for two variants of the AmPS ring with vx = 8.3 (solid) 
and vx — 9.2 (dashed). 

Spin-matched Siberian snake provides higher level of the 
equilibrium polarization, but even in this case at energies 
higher than 1 Gev the equilibrium polarization level be- 
comes very small: 

72%/3 

55 

sin V§-K 
0.72 

sin VQ-K 
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THE MAGNETIC DESIGN OF A HIGH FIELD PERMANENT MAGNET 
MULTIPOLE WIGGLER FOR THE SRS 

J. A. Clarke, CLRC Daresbury Laboratory, Warrington, WA4 4AD, UK 

Abstract 

Two new insertion devices will be installed as part 
of the Daresbury SRS upgrade project. The devices are 
multipole wiggler magnets with a peak field of 2 T. This 
paper describes the complete magnetic design of these 
permanent magnet devices which has been carried out in 
both 2 and 3 dimensions. The design has been optimised 
to generate the highest fields with the shortest possible 
period to fully utilise the limited space available in the 
SRS. 

1 INTRODUCTION 

The SRS is a 2 GeV, 2ni1 generation synchrotron 
radiation source operating in the UK. It was designed to 
use the main dipole magnets as the primary source of 
radiation. Nevertheless during its life three insertion 
devices have been installed, two superconducting 
wavelength shifters [1,2] and one undulator [3]. An 
upgrade project has recently been funded that will add 
two more insertion devices to the lattice [4]. These two 
identical insertion devices will be hybrid multipole 
wigglers designed to provide high flux levels at about 10 
keV. The free straight section available for the IDs is just 
over one metre so there is great pressure to reduce the 
period of the MPWs as much as possible to give the 
greatest flux output for the beamlines. With this in mind 
the vertical aperture has been assessed in detail with beam 
scrapers [5] and it has been concluded that the total 
internal beam stay clear region in the straight section 
could be reduced from the present 36 mm to 15 mm 
without reducing the beam lifetime by more than about 
15%. The insertion device vacuum vessel has been 
designed so that the gap between the steel poles is 
minimised [6]. A prototype titanium vessel has been built 
and measured that will allow the magnet gap to reach 
19.2 mm. 

The peak magnetic field specified for the MPWs is 
2.0 T since this provides a high critical energy of 5.3 keV 
and also provides enough angular spread in the electron 
beam to allow 2 stations to be built on each beamline. An 
initial assessment quickly concluded that an 
electromagnetic device was feasible but with a longer 
period than would be possible from a permanet magnet 
hybrid device. The specification for the MPWs is given in 
Table 1. 

Table 1. Specification of the Multipole Wigglers 

Peak Field on axis 2T 
Minimum Gap 19.2 mm 
Period 200 mm 
K value 37.4 
Number of full strength poles 9 
Maximum length available 1.1m 

2 MAGNET DESIGN 

The magnet design has been carried out in both 2 
and 3 dimensions to give as accurate a model as possible. 
The computing time is much shorter for 2D studies and 
so as much of the design as possible has been carried out 
in this regime and then final checks made with a full 3D 
simulation. Typical execution time for the complete 3D 
simulation is about 30 hours with 150,000 nodes on a 
Unix workstation. The 2D models have been generated 
with Opera-2D [7] and Pandira [8], the 3D models were 
created with Opera-3D running Tosca [7]. 

2.1 Longitudinal Design 

Simple VA period models were initially investigated 
to check the feasibility of the specification. These 
concluded that the specification required would be 
challenging but possible if the highest grade materials 
were assumed. High saturation field strength vanadium 
permendur steel has been chosen for the pole pieces, in 
common with other projects requiring very high field 
strengths. A high remanent field permanent magnet 
material has also been assumed (NdFeB with Br=1.35 T, 
He = 1020 kA/m). An optimum geometry for the steel 
and permanent magnet material has been found by 
manual iteration. The main permanent magnet block 
extends beyond the steel pole piece by 34 mm to increase 
the on-axis field. The vertical gap between the pole pieces 
is 19.2 mm but the gap between the permanent magnet 
blocks must be larger than this to provide room for 
strengthening ribs on the vacuum vessel (see figure 1). 
The permanent magnet blocks are separated by a vertical 
gap of 27.2 mm. An additional permanent magnet piece 
was initially placed on top of the steel but it was 
concluded that this only had a small effect on the peak 
field. The corner of the steel pole is chamfered at 45 
degrees to reduce steel saturation in this area. More 
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complicated steel profiles have not been found to be 
necessary. 

70 
30- 

permanent 
magnet 

steel 
pole 

f 1 

130 

—   —   —   — /^ —   —    beam centre line-   —   —   — 
vacuum vessel 

Figure 1. Longitudinal cross-section though a part of the 
top array. The arrows indicate the direction of 
magnetisation. Dimensions are in mm. 

2.2 Transverse Design 

Although the extra permanent magnet material 
above the steel was found to be inefficient, additional 
permanent magnet material side pieces do provide a 
significant contribution to the field on axis. These extra 
side pieces are found to reduce the flux leakage in the 
transverse plane. This is seen in figure 2 where the effect 
of leaving out the side pieces is illustrated. The width of 
the main permanent magnet blocks is extended well 
beyond that of the steel in common with most hybrid 
designs. As with the longitudinal profile, the steel corner 
is removed in the transverse plane with a 45 degree 
chamfer to reduce steel saturation problems. 
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Figure 2. The on-axis vertical magnetic field as a function 
of transverse position underneath the pole. The dotted 
line shows the effect of not using permanent magnet side 
pieces. 

2.3 End Design 

Since the number of main poles is only 9, the 2 end 
poles can make a significant contribution to the photon 
output. For this reason the field in the end poles has been 
forced to be as high as possible whilst still terminating the 
magnet correctly with zero angle and displacement of the 
electron beam. A slim steel end pole and half main 

permanent magnet block are found to give a peak field of 
about 1.8 T. No side permanent magnet pieces were 
included as they were unnecessary. The vertical magnetic 
field along the electron beam axis is given in figure 3. 
An air-cooled trim coil will be wound around each array 
to provide fine tuning of the electron beam steering 
through the MPW. 

A view of one complete array of the MPW 
assembled onto a backing beam is given in figure 4. A 
summary of the design parameters for the MPW is given 
in Table 2. 

-80 -60 -40 -20   0    20   40   60   80 

Longitudinal Position (cm) 

Figure 3. The on-axis vertical magnetic field through the 
MPW. 

Figure 4. A complete magnet array of the MPW. The 
arrows indicate the direction of magnetisation. 
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Table 2. Design parameters for the MPW. 

Pole Material Vanadium Permendur 
Permanent Magnet Material NdFeB 
Remanent Field 1.35 T 
Pole Dimensions 100 x 80 x 30 mm 
Main PM Block Dimensions 130 x120 x70 mm 
Side PM Block Dimensions 96 x 10 x 30 mm 
Total Length of Magnet 1.078 m 
Gap Setting Accuracy < 10 um 
Gap Resolution <5 urn 
Parallelism of Two Arrays < ±40 um 
Force at Minimum Gap 50 kN 
Trim Coil Ampere Turns 450 At 

Table 3.  Predicted power levels  form the  multipole 
wiggler assuming a beam current of 300 mA. 

3. PHOTON OUTPUT 

The magnetic field model has been used to calculate 
the synchrotron radiation output from the multipole 
wigglers. The most interesting feature is the influence of 
the non-sinusoidal longitudinal field shape. This has the 
effect of decreasing the angular spread of the radiation in 
the horizontal plane from what would be expected of a 
pure sinusoidal field. The photon flux at 10 keV has been 
calculated as a function of horizontal angle from the 
beam centre line. This is compared with an ideal 
sinusoidal device in figure 5. The power levels from the 
devices are also significantly affected by the non- 
sinusoidal field shape, these are summarised in Table 3. 

ideal field 

0        2        4        6        8        10 
Horizontal Angle (mrad) 

Figure 5. Photon output as a function of horizontal angle. 
A beam current of 300 mA has been assumed. 

Total Power 
Vertically Integrated Power 
Peak Power Density 

2.4 kW 
220 W/mrad 
1130W/mrad2 

4. FUTURE WORK 

A new magnet measurement facility is now being 
assembled to make detailed measurements of the two 
devices. Two measurement benches will be available in 
an air-conditioned environment. The first will provide 
point by point field measurements using a Hall plate and 
the second will provide integrated field measurements 
with either a rotating coil or a scanning wire. 

The design of the multipole wigglers is now 
complete and it is intended that manufacturing should 
start in the Summer of 1997 with the two devices 
available for magnet testing in the Summer of 1998. It is 
intended to install the two devices at the start of 1999 and 
to have operational beamlines later that year. 
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RECENT DEVELOPMENTS OF INSERTION DEVICES AT THE ESRF 

J. Chavanne, P. Elleaume, P. Van Vaerenbergh, European Synchrotron Radiation Facility, 
B.P. 220, F-38043 Grenoble Cedex, France 

Abstract 

After 4 years of user operation, the ESRF is operating 44 
segments of Insertion Devices serving 25 beamlines. 
Recent developments in the technology of Insertion 
Devices are discussed such as the design of passive 
phasing sections for both the pure permanent magnet and 
hybrid type undulator. A novel design of a short period 
variable polarization helical undulator is presented. It is 
made of both permanent magnets and coils. It will cover 
the photon energy range from 1 to 15 keV with a flipping 
time of a few milliseconds between left and right circular 
polarization. Finally, some perturbations induced by 
ambient residual field on hybrid insertion devices are 
reported. 

1  STATUS   OF   INSTALLATION 

The European Synchrotron Radiation Facility (ESRF) is a 
third generation synchrotron source optimized to produce 
hard X-rays in the 1 to 100 keV range. The majority of 
the beamlines use an insertion device (ID) as a source 
point which generates high fluxes and brilliance. The 
source is routinely operated with a stored current of 200 
mA, an horizontal emittance of 4 nm and a coupling 
smaller than 1 % resulting in a record brilliance reaching 
1020 phot./sec/.l%/mm2/mrad2 around 5 keV. The 
Facility has been in user operation for more than 4 years 
and the number of IDs has gradually increased to reach 
44 segments serving 25 beamlines (Table 1). All IDs 
except the 4T superconducting wiggler are made of 
permanent magnets with magnet blocks in the air on both 
sides of the vacuum chamber. Each segment is 1.6 meters 
long and three segments can be installed on a single 
straight section. 15 (9) beamlines operate with a 
minimum magnetic gap of 16 mm (20 mm). A prototype 
undulator chamber with 10 mm external aperture has 
been successfully tested which does not degrade the 
vacuum of the ring and therefore the lifetime of the stored 
beam (> 50 hours at 200 mA). These new chambers will 
gradually replace the existing ones. All permanent magnet 
IDs have been mechanically and magnetically designed 
and field measured at ESRF. 

A special multipole and spectrum shimming [1] has 

been developed and systematically applied. Multipole 

shimming eliminates the need of dipole or multipole 

correction on all conventional undulators. The spectrum 

shimming reduces the phase error from one period to the 

next allowing nearly ideal spectral performance of each 

segment on harmonics # 1 to 15. 

ID#    Type Period Field Techno. 

rmmi rn 
1 Wieder 70 0.85 hvbrid 

Undulator 42 0.56 DDm 
2 Undulator 46 0.48 nom 

Undulator 26 0.16 Dom 
3 Undulator 42 0.56 nnm 

Undulator 42 0.56 DDm 
6       Undulator 46 0.48 DDm 
9 Wieder 70 0.85 hvbrid 

Undulator 46 0.62 DDm 
Undulator 26 0.27 oom 

10 Undulator 46 0.48 DDm 
Undulator 26 0.71 DDm 

11 Wieder 125 1.20 hvbrid 
Undulator 34 0.70 DDm 

12A    Helic. Und. 85 0.51 DDm 
12B     Helic. Und 52 0.36 DDm 
13 Undulator 46 0.65 hvbrid 
14 Undulator 42 0.56 DDm 

Undulator 23 0.20 hvbrid 
15A    Asvm. Wiee 220 1.8 hvbrid 
15B     SuDerCond. 200               4 suDerc. 
16 Undulator 42 0.56 DDm 

Undulator 42 0.56 DDm 
Helic. Und. 52 0.36 oom 

17 Wieder 150 1.9 hvbrid 
18 Undulator 23 0.21 DDm 

Undulator 34 0.42 DDm 
19 Wieeler 150 1.9 hvbrid 
20 Asvm. Wiee 210 1 DDm 

Undulator 48 0.5 hvbrid 
21 Wieeler 80 0.81 hvbrid 

Wieeler 80 0.81 hvbrid 
22 Undulator 42 0.56 oom 
23 Undulator 48 0.65 DDm 

Undulator 46 0.62 DDm 
Undulator 44 0.59 DDm 

24 Undulator 42 0.56 DDm 
26      Undulator 42 0.56 DDm 

Undulator 42 0.56 DDm 
30      Undulator 40 0.52 DDm 

Undulator 40 0.52 DDm 
Wieeler 70 0.82 hvbrid 

32      Undulator 48 0.50 DDm 
Undulator 40 0.40 oom 

Table   1:   Type, spatial   period,   peak   field   and 
technology     used to build the 44  IDs presently   in 
operation. 
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The spectrum shimming has routinely been applied 
over the last three years to all undulators. Figure 1 
presents the rms phase error at a 16 mm gap as well as the 
maximum rms phase error for any useful gap on the last 
13ndulators produced. 
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Figure 1:  rms phase error of the last   13   Undulators 
produced atESRF. 

2 UNDULATOR   PHASING 

2.1 Generalities 

The motivation for the phasing between the undulator 
sections is to ensure that a three segment assembly 
produces the same spectrum as a 5m long single piece 
ID. The magnet termination should be carefully designed 
to minimze the field integral induced as one varies the gap 
of one segment while maintaining the other unchanged. 
The proper operation of such a termination allows the user 
to vary the length of its undulator by switching between 
one, two or three segments at any time, therefore 
optimizing the heatload conditions in the beamline to the 
ring current and photon energy. 

2.2 Pure Permanent Magnet Assemblies 

The first attempt to phase the undulator segments was 
tested on a pure permanent magnet assembly in 1995 [2]. 
It is now in use on 4 beamlines each operating two 
undulator segments of identical periods. 

Figure 2: Phasing section for Pure Permanent Magnet. 
The distance between the magnet array is 6 mm (3 mm) 
for a period of 42 mm (20 mm). 

The magnetic assembly is presented in Figure 2. The 
measured field integral produced at the junction between 
the segments is smaller than 30 Gem for any gap 
combination of the segments (as low as 15 mm). These 
phasing sections are robust and inexpensive. They also 
allow the proper phasing of undulators of slightly 
different field or periods. As a result, almost all 
undulators produced at ESRF over the last two years are 
equipped with phasing sections. 

2.3 Hybrid Assemblies 

Recently, an attempt was made to phase three long period 
undulators for the ID21 microscopy beamline. The 
requirements were the operation of a single segment in 
the undulator regime at small gap and large field in order 
to lower the energy of the fundamental around 0.28 keV 
and to operate the three segments simultaneously above 2 
keV. The large field and long period required for the low 
energy operation resulted in selecting the hybrid 
technology for the magnet assembly with a period of 80 
mm. The difficulty met at the design phase in maintaining 
both the phase variation and the field integrals independent 
of the magnetic gaps was significant because of the large 
susceptibility of the iron poles. It required a large number 
of 3D magnetic field simulations performed with the code 
Radia[3]. The configuration retained is presented in 
Figure 3. 

extremity blocks 

Figure3: Phasing section for an Hybrid Undulator. Due to 
the large interaction between magnet arrays, the distance 
between the arrays is increased to 21 mm resulting in 
some variations of the phase as a function of the magnetic 

gap- 

The last magnet blocks have slightly larger dimensions 
than those in the middle of the undulator. To limit the 
differential field integral variation vs. gap to 125 G-cm, a 
large air gap of 21 mm between the segments has been 
selected. Due to this large distance between segments, the 
phase between the segments varies between 0 and 20 
degrees  in the useful gap range (35 to 100 mm) where 
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phasing is required. This is sufficient to ensure the 
constructive interference for harmonic 1 but some 
degradation of brilliance takes place on harmonics 3 and 
5 depending on the magnetic gap. To conclude, three 
phased undulator segments have been built with the hybrid 
technology, the effort required was much greater than for 
phasing pure permanent magnet devices and the 
performances achieved significantly poorer. 

3     FAST   SWITCHING   HELICAL 
UNDULATOR 

Producing circularly polarized radiation from insertion 
devices has always been a major priority at ESRF. The 
hard X-ray range (between 20 and 500 keV) is covered 
by three asymmetric wigglers installed on ID15A, ID15B 
and ID20 while the low energy (0.5 to 10 keV) is covered 
by three variable polarization helical undulators installed 
on ID 12A, ID12B and ID 16 which are among the 
beamlines the most demanded by the user community. 
These undulators are unique in the world. They produce 
an ellipsoidal magnetic field with an independent control 
by the user of the amplitude and phase of the vertical and 
horizontal magnetic fields [4]. 

magnet blocks 

daminated poles 

coil layer 

Figure 4: Design of the central part and termination 
of a novel type permanent -magnet / electro-magnet 
variable polarisation helical undulator. 

During the three years of user operation, the most 
frequently performed field adjustment concerns the phase 
inversion which results in a flipping of the circular 
polarization between left and right. Such a flip takes a few 
seconds which is incompatible with the detection of a 
dichroism signal as low as 10"4. To overcome this limit, a 
new variable polarization helical undulator presented in 
Figure 4 is being built. The vertical magnetic field is 

produced by a coil and laminated iron structure while the 
horizontal magnetic field is produced by an array of 
Sm2Co17 permanent magnets located between the poles. 
Its period is 80 mm and its horizontal and vertical peak 
field is 0.21 T resulting in a deflection parameter K of 
2.2. It covers the 1 to 15 keV range using harmonics 1 to 
5. The horizontal (vertical) fields are tuned by changing 
the magnetic gap (coil current). The fast flipping of the 
polarization is achieved by inverting the current in the 
coil. A special power supply is being built which 
produces square shaped current between 300 and -300 
Amp with a flipping time of a few milliseconds at a 
repetition rate from dc to 10 Hz. The magnetic field and 
field integrals in the central part and termination have 
been simulated and optimized using Radia. 

4     AMBIENT   FIELDS 

The residual field observed in the ring tunnel can 
have significant consequences on the radiation and 
operation of the IDs. This field comes from the earth, ion 
pump and power cables of the dipoles, quadrupoles... It 
has been observed on ID16 that a 0.5 G horizontal 
component of field can bend the trajectory and reduce the 
undulator brilliance of a two segment device by 10% 
around 30 keV. Moreover for hybrid devices, this 
residual field magnetizes the iron poles resulting in a 
field integral on the electron beam which depends on the 
magnetic gap. For the same field of 0.5 G, we have 
observed (and confirmed with Radia) field integral 
variations larger than 100 Gem over a 1.6 m segment 
when the magnetic gap is changed between 16 and 200 
mm. This corresponds to an unacceptable displacement of 
the closed orbit by half the beam size in the vertical plane 
(on average). Proper measures have been taken to 
minimize this residual field , but because of this, active 
electro-magnet correctors are nevertheless required on a 
large number of hybrid devices. 
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COMPUTING 3D MAGNETIC FIELDS FROM INSERTION DEVICES 

P. Elleaume, O. Chubar, J. Chavanne, ESRF, B.P. 220, F-38043 Grenoble CEDEX, France 

Abstract 

A 3D magnetostatics computer code optimized for 
Undulators and Wigglers is described. The code uses a 
boundary integral method and makes extensive use of 
analytical expressions for the field and field integrals 
along a straight line. The code outperforms currently 
available finite element packages in the area of simple 
data input, CPU time of the solver and accuracy reached 
for the estimation of field integrals. It is written in C++ 
and takes advantage of object-oriented programming. The 
code is interfaced to Mathematica [1]. Pre- and post- 
processing of the field data is done in the Mathematica 
Language. It has been extensively benchmarked with 
respect to a commercial finite element code. All ESRF 
Insertion Devices built during the last 4 years have been 
designed using this code or an older version. 

1 INTRODUCTION 

The most common approach used to compute the 
magnetic field produced by an ensemble of permanent 
magnets, iron pieces and current coils is based on the 
Finite Element Method (FEM). The popular code 
POISSON which computes magnetic fields in 2D 
geometry belongs to this category. Several 3D packages 
are available commercially. Their development typically 
requires several man-years of programming. The input of 
geometry, materials and proper meshing requires 
significant skills and time from users. 

In this paper we present an alternate approach based 
on the Boundary Integral Method (BIM) [2]. The Radia 
code has been continuously developed by the authors over 
the past 8 years representing a total effort of 1.5 man- 
year. During the development, the code has been regularly 
and successively checked against a commercial 3D FEM 
package called FLUX3D [3] and against field and field 
integral measurements made on real magnetic devices 
built in the ESRF Insertion Device laboratory. The code 
consists in a set of functions implemented in C++ and 
available in the Mathematica programming environment. 
The Mathematica language is used for pre- and post- 
processing. Versions of the code are currently available 
for Power Macintosh and Windows 95/NT [4]. 

2 PRINCIPLES OF THE CODE 

A user of Radia creates several types of objects and 
combines them to solve the problem. The basic type of 
objects are the source objects capable of creating 
magnetic fields. This includes magnetized volumes, 
current coils of various shapes and container objects. The 
magnetized  volumes  can  be  subdivided  into  smaller 

objects of the same kind with independent magnetizations. 
Another type of object describes material properties 
through the magnetization vs field law which can be a 
linear anisotropic (as for NdFeB or SmCo) or nonlinear 
isotropic (as for iron). The next type of objects are space 
transformations such as translation, rotation or plane 
symmetry. After creating the necessary objects, the user 
builds the model by linking the objects together. 

The essential step consists in solving the problem in 
terms of magnetizations in all the volumes with particular 
material properties. This is done by creating in memory a 
large matrix also called an Interaction Matrix and 
applying a relaxation scheme to it. After the relaxation, 
magnetic field and field integrals can be computed 
anywhere in space by summing the field created by all the 
sources. The field from each source is computed with 
efficient analytical formulas. The accuracy of the 
computed field only depends on the level of segmentation 
of the iron and magnet pieces. 

2.1 Analytical Expressions for Field and Field Integrals 

Magnetic field H produced by an object of arbitrary 
shape with its volume uniformly magnetized according to 
the vector M can be expressed by a matrix relation 

H = QM. (1) 

If the object is a rectangular parallelepiped block with 
faces parallel to XY, XZ and YZ planes of the Cartesian 
frame, the components of the matrix Q are represented by 
the well-known formulas 

Q*=4^ 

where 

life+(*? + >?+#*]"' 
i.j.M 

i+j+k 
(2) 

*u=*c--*b+Mi/2' yu=yc-yo+wyl2< zu^-zoW2- (3) 

(x^y^z) are Cartesian coordinates of the block's center, 
(WfW^w) the block's dimensions, (jc0,y0,z0) coordinates of 
an observation point. QW(QH) is deduced from QM by 
exchanging x<^y (x*-*z) in (2); QJQyz) is deduced from 
Q^ by exchanging y<r*z (;rt->z). In addition, 

Q„,=Qn,   l,l' = x,y,z. (4) 

In accelerator physics, the magnetic field integrated 
along a straight line from -°° to +<*> is of major 
importance. Numerical integration of the field is time 
consuming and fundamentally inaccurate. In Radia, the 
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field integrals are computed from an analytical integration 
except for a few cases when such expressions cannot be 
derived easily. 

Let I be the field integral along a line parallel to a 
vector y=(vItvy,vz), lvl=l, and passing through a point r„. 
For a rectangular parallelepiped block with faces parallel 
to XY, XZ and YZ planes and uniform magnetization M, 
I can be expressed as 

1= |H(r0+v^ = GM, (5) 

z"i.j,*=i 

(v^'-v^u^tarf1 

+vrx 
VA -v,x 

+V.VJJ - vOvX1 +(VA -v^)v,^'] Zjs 

(M_v^H"Itan" 
"&-(w+vyyjX 

VJj-VyZ, 

+Vy^i+vyyj)v^l-zt]Iijt\, 

h =ln[(v^.-v),A:.)2+(vÄ-v^)2+(vjJ-vÄ)2]/2) (6) 

u, =l-v2,  l = x,y,z, 

where x, 2, yu, zlf2 are given by (3) with (x0,ya,z0) now being 
coordinates of the point r0 on the line along which the 
integration is done. The other components of the matrix G 
can be derived using the same rules as for the 
corresponding components of the matrix Q (the 
exchanging procedure concerns now also the components 
of the vector v). Eqs. (6) only apply if the line does not 
cross the body of the block. If v= v= 0 (integration along 
the y edge), Eqs. (6) reduce to 

G-^ 
(xf+z'X^+zf)' 

1_(JC?+Z?X*2+4)J 

(7) 
.GW=GV=GJ,=Q 

The linearity of (1) and (5) is the general property 
applicable to any shape. The specificity of the shape only 
appears in (2) and (6). The corresponding Matrices Q and 
G derived for the general case of a volume enclosed by a 
set of planar polygons will be detailed in a future 
publication. At present, Radia handles the rectangular 
parallelepipeds and any volumes defined by a thick 
polygon (straight prism with a polygonal base). 

The formulas analogous to (l)-(3), for the case of a 
current carrying rectangular parallelepiped block with 
constant current density can be found in [5]. We have also 
implemented a current carrying arc element with constant 
rectangular cross-section (details to be published later). 
Finally, the vector potential can be computed on request 
for all the elements using the corresponding analytical 
formulas. 

2.2 Space Transformations 

Space transformations are used for orientation of field 
source elements in space as well as for simulation of 
boundary conditions by mirroring. There are four basic 
space transformations in use: translation, plane symmetry, 
rotation around an arbitrary axis, and field inversion. 
Several space transformations can be combined (through 
matrix multiplication) into a new space transformation. 
Let T be a transformation that applies to a point r or to a 
source object S, H(r,S) be the field produced by the object 
S at the point r. The field produced by the transformed 
object TS can be computed by means of the following 
identity: 

H(r,TS) = TH(T-,r,S). (8) 

It is important to note that T applies not only to the point 
r, but also to the field components. The laws of the 
transformation may differ for various types of vectors. 
Radial and axial vectors transform differently. 

A transformation T may be applied to a source S with 
some multiplicity m. m = 2 is typically used to simulate a 
boundary condition, while m > 2 may be used to simulate 
a multipole field symmetry. In such a case, the field 
produced by S results in the sum of the fields created by 
the objects V S with i varying from 0 to m-\. Applying 
transformations with a multiplicity can be understood as 
an efficient use of the symmetries in the model being 
solved. This results in a minimum number of degrees of 
freedom and therefore dramatically reduces the memory 
requirements and CPU time needed for the solution. 

2.3 Interaction Matrix and Relaxation 

Let us consider N source objects having magnetization 
vectors M,, i=\,2,---,N. Let H, be the field strength in the 
center of object i. Due to the linearity of the Eq. (1), H, 
can be expressed as 

H,.=lQrtMt+Hex;,    « = 1,2,..., AT, (9) 

where HeX|. is an external field in the center of the object i. 
Qik with i,k-\,2,...,N gives the Interaction Matrix. For 
each particular i and k, Qik itself is a 3 x 3 matrix. In the 
simplest case of a rectangular parallelepiped with no 
symmetries its components are defined by the Eqs. (2) - 
(4). If a space transformation with some multiplicity m 
was applied to the source object k, then Qit is the sum of 
m contributions deduced from Eqs. (2) - (4) after series of 
transformations of the observation point and field. 

For each of the N objects, the magnetization M, is 
related to the field strength H, by a material relation: 

M. =f,.(H,.),    i = l,2,...,#. (10) 

Eqs. (9) - (10) describe the problem. They can be 
solved by an iterative procedure that must be properly 
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selected to ensure rapid convergence. We use the 
following procedure where the magnetization M, and 
field strength H( in each object i= 1,2,.. .,N at iteration p 
are deduced from the collection of M.p., and H, , derived 
for all the objects at the iterationp-\ by: 

i-\ N 

H,, =[E-Q„X,(H^1)r
,(flBI,. +Q„Mr/), (11) 

M„=f,(H„), 

where E is the 3 x 3 unit matrix, the function %,(H) Siyes 

the local susceptibility tensor, Mr/ is the remanent 

magnetization in the object i. For a linear material, %, does 
not independ of H. For a non-linear isotropic one with the 
material relation being M = /.(IHI) H/IHI, 

X,(H) = 

Mr =0. 

[/,(IHI)/IHI]E, 

/,'(0)E, 

IHI*0, 

IHI=0, (12) 

M„, (i 
The iterations are stopped when the magnetizations 

1,2 AO are stable to a specified precision. For 
almost all cases of linear and non-linear materials that we 
have studied and all sorts of subdivisions, the iterative 
solution (11) - (12) was found to be fast and stable such 
that no additional relaxation parameter was needed. 

3 COMPARISON WITH MEASUREMENTS 

The Radia code has been systematically and quite 
successfully used in the past few years for the design of 
Insertion Devices at ESRF. Figure 1 presents a 
comparison of a peak field and field integral measured on 
a real device and computed with Radia. For almost any ID 
that we have designed, the computed peak field agrees 
with the measurement within 2%. The discrepancies come 
essentially from partially unknown material properties. 

Meas. Integral 
Comp. Integral-. 
Meas. Field 
Comp. Field 

i - 0.8 

0.6 

0.4 31 
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0.2 
H 

1—i—i—i—i—i—i—i—r   00 

20 30 40 50 60 70 80 90 100 
Gap [mm] 

Figure 1: Comparison of the peak field and field integral 
predicted by Radia and measured on a 70 mm period hybrid 
wiggler. The computed and measured small variations of the 
field integral with the gap are in good qualitative agreement. 

4 COMPARISON WITH FEM CODES 

The   proposed   approach   presents   a   number   of 
advantages over FEM codes. 
+ Geometries opened to infinity are more easily 

. simulated. 
+ The geometry creation requires only a few lines of the 
Mathematica code. 
+ For the same precision, the number of elements and 
CPU time required to compute the central field of an 
undulator is roughly 20 times smaller in our approach than 
with second order tetrahedron elements in FEM codes. 
For example, the peak field of a hybrid undulator can be 
obtained with a precision better than 1% in less than 10 
seconds on a PowerMac 4400, while it would take a few 
minutes with an FEM code. 
+ The precision of the field integral computation only 
depends on the level of segmentation of the iron, but not 
on the field sampling and boundary conditions applied at 
infinity as is the case with FEM codes. Taking the 
example of a hybrid 2T wiggler, we obtain reliable 
estimation for the field integrals within several minutes of 
CPU time (PowerMac 4400) which is extremely difficult 
(may be impossible) with an FEM code. The design of 
termination of a hybrid wiggler can therefore be 
optimized over one night by a systematic exploration of a 
few geometrical parameters. 

There are nevertheless some weak points as well. 
- In the present version of the code, the memory 
required scales proportionally to the square of the number 
of elements. For example, one roughly needs 100M (25M) 
bytes of memory to solve a geometry made of 1000 (500) 
elements. We plan to improve this in a future version. 
- Another drawback is a discontinuity in the value of the 
magnetic field inside subdivided iron objects, occurring at 
the boundary between any adjacent sub-objects. It is 
harmless if one is interested in the field sufficiently far 
outside the iron. This will also be improved in future 
versions. 
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Abstract 

Generating synchrotron radiation from conventional 
undulators in the hard X-ray region requires high electron 
energies. In order to open this spectral region for sources 
with smaller electron energy, such as ANKA (2.5 GeV), 
the period length of the undulator has to be decreased. In 
this paper the concept and the first successful tests 
towards constructing a superconductive micro-undulator 
with a period length of 3.8 mm are described. The 
structures were built with a commercially available NbTi 
wire. It was possible to run about 1000 AmpEre through 
the undulator coil at 4 K. A full prototype of a 
superconductive undulator is now under construction. 

1 INTRODUCTION 

This study was stimulated by various ideas on how to 
build a micro-undulator (an undulator with a period 
length significantly less than 1 cm) [1, 2]. Since a first 
design study of a superconductive micro-undulator in 
1991 [3, 4], the interest in micro-undulators has grown 
very considerably [5, 6]. 

1.1 The Principle 

Fig. 1 shows a schematic drawing of the design presented 
in this paper. The wire is wound in grooves around a 
cylinder. The direction of the current alternates along the 
electron trajectory. 

metallic body 

superconductive wire 
fixed in a groove 

Fig. 1: Principle of the superconductive micro-undulator. 

In this first prototype the metallic body of the undulator 
has a cylindrical form to save machining cost. In a later 
version the metallic body will have a flat profile similar 
to conventional undulators. 

According to the law of Biot-Savart, an electrical 
current in a wire generates a circular magnetic field. The 
vertical field components add in the middle of the gap 
and result in a magnetic field alternating in the vertical 
direction along the beam axis. 

1.2 Emitted Spectrum 

Insertion devices can expand the spectral region of 
storage rings to higher energies. The photons emitted by 
an ANKA [7] bending magnet have a critical energy of 
about 6 keV. According to the standard formula for the 
fundamental wavelength X of an undulator (period length 
\=3.8 mm) 

K I",   *2 
:A-]~i+4^+Y2©*~U*o.< 934B0[T] Xu[cm](l) 

X is 0.8 Ä («15 keV) at an energy of 2.5 GeV. 

Photon energy [ev] 

Fig. 2: Brilliance of a 100-period undulator: 1=400 mA, 
X=3.8 mm, ß =1.5 m, ß =0.5 m, B0= 1 T and E=2.5 GeV 
calculated with URGENT [8]. a) 6=80 nmrad; b) 6=5 nmrad; 
c) ANKA bending magnet at e=80 nmrad. 

3 CURRENT LIMITATION 

For the undulator prototype a commercially available 
NbTi superconductor with a cross-section of 1.25 x 0.80 
mm2 (including insulation) has been chosen [9]. Since 
superconductors are usually used in a high magnetic field 
environment, the quench behaviour in the low field 
region (where the undulator operates) is not well 
documented. Therefore, the quench behaviour was 
measured as a function of an external field. 
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The experiment proved that it was possible to run 
1000 A through the undulator winding. 
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Fig. 3: Measurement of the quench current as a function of 
an external magnetic field. 

4 WIRE ARRANGEMENT 

The wire described in chapter 3 can be arranged in 
various ways (fig. 4). Each arrangement will result in a 
different maximum field in the gap, a different maximum 
field in the wire package (and therefore in a different 
current limit according to fig. 3) and a different undulator 
period. 

case 
no. 

geometry period 
length 
[mm] 

electr. 
current 

TA1 

gap 

[mm] 

field in the 

gap 
m 

1 
2.96 1300 

0.5 

1.0 

0.7 

0.44 

® ® ® ® 

® ®|® ® 
2 1 

1 
3.2 1300 0.5 0.67 ®|®|®|® 

3 
3.8 1350 

0.5 

1.0 

0.94 

0.65 
1® *|ä ®l 

® ® 1® ® 

4 
3.8 1470 

0.5 

1.0 

0.82 

0.56 
H ® W ® R n ® R ® n 

5 
4.76 1300 

0.5 

1.0 

1.22 

0.90 

1   @ 1  ® 1 8  1  8  1 
1  ®  1  ® 1 ®   1 ®  1 

Fig. 4: Various possible wire arrangements in an undulator. 
The geometry is shown for one period only. The shaded 
areas represent insulation material. The first layer is fully 
drawn, the second partly, the third and fourth layers are 
omitted. The calculations were performed with MAFIA 
[10]. 

5 QUENCH TEST FOR AN UNDULATOR 
WINDING 

In the first test the simple wire arrangement shown in fig. 
5 was used. 

This wire arrangement has the advantage that it is 
easier to coil, but the disadvantage that the achievable 
field strength in the gap is lower compared to all other 
wire arrangements shown in fig. 4. 

® ® ® ® ® ® ® ® ® ® 
® ® ® ® ® ® ® ® ® ® 
® ® ® ® ® ® ® ® ® ® 
® ® ® ® ® ® ® ® ® ® 

Fig. 5: Wire arrangement used for the quench test of the 
undulator winding. The measured quench current was 1000 
A. 

6 UNDULATOR PROTOTYPE WITH IRON 

After this first test a 100-period undulator with a period 
length of 3.8 mm was built by using the winding 
configuration no. 4 from fig. 4. In order to increase the 
field strength in the gap, iron was used. The undulator 
body consists of six different parts: a copper core, an iron 
and four aluminium half-cylinders (figs. 6 and 7). 

aluminium 
half cylinders 

-superconductive 
wire 

- copper 
core 

iron half 
cylinder 

" electron beam 

Fig. 6: Cross-section of the assembled undulator. A copper 
core cooled by liquid helium is located in the center. The 
iron half-cylinder is placed next to the electron beam. 

The copper core contains two tubes through which the 
liquid helium flows. The iron half-cylinder has straight 
grooves perpendicular to the electron beam, whilst the 
aluminium parts have helical grooves. The grooves keep 
the superconductive wire fixed. 

The maximum field strength in the 1 mm gap is 1 T. 
Calculations performed with MAFIA [10] have shown 
that the peak field close to the wires is about three times 
higher than the maximum field in the center of the gap 
(fig. 8). 

Fig.  7:     Photograph of the undulator prototype during 
coiling. 
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electron 
trajectory 

t>By[T] 

Fig. 8: Vertical cut through the undulator and corresponding 
vertical magnetic field calculated with MAFIA. 

Fig. 

7 THE CRYOSTAT 

9   shows   the   cryostat   of  the   superconductive 
undulator. The cryostat is presently under construction. 

helium In / 
electrical feedthrough 

helium out 

Fig. 9: Sideview of the cryostat (under construction). 

The undulator is housed in a vacuum tank. The container 
for the helium (shown in grey) is in the upper part of the 
tank. From this container the helium flows via flexible 
tubes into the body of the undulator. A current in excess 
of 1000 A, which is needed to operate the undulator, is 
transported through a large number of copper wires 
located in the He-tank. This arrangement reduces the 
heat transport from outside and, in addition, reduces the 
electrical resistance of the copper wires. At their cold 
end, the copper wires are soldered to two hollow, helium- 
filled copper cylinders. The ends of the cylinders are 
positioned in close proximity to the undulator. 

Also, in order to reduce the heat transport, the 
undulator is mechanically fixed to the helium tank. The 
undulator gap can be varied by several millimeters. 

Thin metal sheets fixed to the helium container (not 
shown in fig. 9) protect the undulator from the heat 
radiated from the walls of the vacuum tank. 

If an arrangement is envisaged in which the 
undulator and the accelerator vacuum system are 
separate, a thin metal foil (<50 urn) can be inserted 
between the two systems. Since the pressure difference 
between the two vacuum systems is small, the mechanical 
force acting on this foil is almost negligible. 

8 SUMMARY 

It was experimentally shown that an undulator with a 
period length of 3.8 mm built with superconductive wires 
can produce a maximum field of 1 T. At the moment a 
100-period prototype undulator is under construction 
which is soon to be tested. The undulator is housed in a 
vacuum tank which can be either part of the accelerator 
vacuum system or, if required, the tank and the 
accelerator vacuum system can be separated by a thin 
metal foil. 
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DEVELOPMENT OF AN IN-VACUUM MINIPOLE UNDULATOR 

ToshiyaTanabel),       Hideo Kitamural)   and Peter Stefan 2) 

1) JAERI-RIKEN SPring-8 Project Team, Kamigori, Ako-gun, Kyogo 678-12, JAPAN 
2) National Synchrotron Light Source, Brookhaven National Laboratory, Upton, NY 11973 

Abstract 

An in-vacuum minipole insertion device [1] is currently 
being developed in collaboration between and the 
National Synchrotron Light Source (NSLS). The 
magnetic array is constructed by SPring-8 and it will be 
installed in a chamber with mechanical parts in the X-ray 
ring (E=2.584 GeV) at the NSLS. The device is made of 
permanent magnets with 31 periods and the length of the 
period is 11mm. It is to produce the fundamental 
radiation at 4.6 KeV which will be mainly used for X-ray 
photo-correlation spectroscopy (XPCS), and modest 
value of deflection parameter (K=0.7@3.3mm gap) 
enables higher harmonics to be used for a variety of 
experiments. We describe technical difficulties of 
constructing this type of device as well as the outline of 
our collaboration. 

1 INTRODUCTION 

With the advent of the third generation light source, 
vertical emittance of electron beam (e-beam) has become 
small enough to accommodate sub-centimeter magnet 
gap without sacrificing e-beam life-time. Unlike 
conventional insertion devices whose minimum gap is 
limited by the thickness of vacuum chambers, in-vacuum 
insertion devices allow magnetic gap to be closed up to 
the value allowed by beam dynamics limit. With a value 
of K not much smaller than unity, the use of higher 
harmonics and modest tunability are also viable. 

2 ARRAY DESIGN 

In-vacuum minipole undulator imposes extra constraints 
and difficulties compared to conventional IDs in design of 
magnet pieces primarily due to the following reasons: 
(1) It requires higher machining accuracy simply because 
of its small physical dimensions. (2) As the minimum 
allowable size of good field region (horizontal field roll- 
off is less than 0.5 %) for stable ring operation remains 
the same, horizontal dimension of the magnet cannot be 
decreased indefinitely. (3) Due to baking process of 
magnets the permeance of a magnet piece should not be 
lower than a certain value that is determined by the 
material. In general, stocky piece is more favorable than 
thin one, which contradicts the requirement (2). 

A type of construction with independent magnet holder 
and clamp is not appropriate as relative errors in 
machining with respect to block size become larger and a 

large number of gaps created by the structure may result 
in poor vacuum. Hence, we have developed a novel 
structure to place and hold small magnet pieces in precise 
locations, and it is delineated in Figure 1. 

Magnets 

Figure 1. Magnet and holder structures 

3 MAGNETIC FIELD MEASUREMENT 

A picture of our magnetic field measurement facilities are 
shown in Figure 2. There are two types of systems; a 
Hall probe field mapping system which includes a 
moving stage on a granite bench, holders for magnet 
arrays and a base plate, and a rotating coil field integral 
measurement system which is seen at the upper right 
corner in the picture. 

Figure 2. Hall probe field mapping system and rotating 
coil system. 

As for the Hall probe, we use AREPOC HHP-MP 
which has an active area of lOOixm x lOOum, and the 
thickness of enclosure is 1mm. It is placed in 1.5mm 
thick copper plate and sandwiched by Kapton tapes. 
Even though there is no temperature controlling device in 
the enclosure of the probe, sufficiently low (3.0 x 10" / 
K) temperature coefficient of the probe with software 
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compensation and reasonable ambient temperature control 
ensure the accuracy of the measurement. Extra attention 
was paid to the straightness and flatness of travel. The 
center of the probe has been found to stay on axis within 
a range of ± 1 |im vertically, and ± 7 |im horizontally. 
The rotating coil device is the same one as is used for 
SPring-8 IDs [2] except for narrower coil width (1.5mm) 
and shorter length (1.6m.) Magnetic field correction was 
made by first using simulated annealing [3] for coarse 
correction, then inserting magnet chips on the back of 
magnets for fine adjustment. A stainless chip is always 
inserted between a main magnet and chip magnets to 
warrant removability, in case it becomes necessary. The 
multipole components are measured within a range of x = 
±4mm. They are derived from polynomial fitting of the 
first integral distribution along horizontal axis using the 
following formula. 

a 
c 
4) 
C 
o 
a 
E 
o 
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o a 
■a a 
3 a 
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2.5 
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: 

|         |         |       .4 
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!            *              ! * 

3.5 4 
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4.5 

Figure 3-(b). Gap versus quadrupole components of the 
field. 

j(By + iBx) dz = X (b„ + ian)(x + iy)n 

_ n=0 
(1) 

where bn are normal components and an are skew ones. 
Integrated multipole requirements for NSLS X-ray ring 
and our measurement results are presented in Table 1. 
Figure 3-(a) and (b) show gap dependence of measured 
integrated dipole, quadrupole, respectively. 

Table 1. Integrated multipole requirements for NSLS X- 
ray ring versus the results of magnetic field measurement 
of IVUN arrays at 3.0mm gap 

(n) Normal / Skew Goal (Abs) Measurement 

(0) Dipole 100 G*cm 77 / -70 G*cm 
(1) Quadrupole 10 G/ 100G -25G/-192G 
(2) Sextupole 50 G/cm 161 / 41 G/cm 
Norm. 2nd Integral 8G*m2 0.031 G* m2 

Skew 2nd Integral 8G*m2 N.A. 

RMS Phase Shake 2 degrees 1.45 degrees 

-©— Normal   Dipole 
-*"Skew   Dipole    | 

Gap v.s. Dipole 

E 
ü 

C3 

O) 
d> 

c 

(A 

100 

5 0 
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<h - p- •"— 8—1  e———I I 

''       ""'ö"",-1(.----*---,1-----A--«JI 

2.5 4.5 3 3.5 4 
Gap (mm) 

Figure 3-(a). Gap versus dipole components of the field 

4 ID PARAMETERS AND SPECTRUM 

Pertinent ID parameters are presented in Table 2. 
Predicted radiation spectrum is shown in Figure 4 and 
peak brilliance with varying K is found in Figure 5. 

Table 2 Selected ID parameters 

Type Linear (4 block) 
Period Length (%u) 11.0 mm 

Number of Period 31 
By   ,(K)@3.3 

mm 

0.688 T (0.707) 

Packing Factor 0.992 
Fundamental Rad (k^ 

) 

2.688 A 

Magnetic Material NEOMAX 32 EH 
Coating Material TiN (5mm) 

NSLS-IVUN Radiation Spectrum (K=0.7) 

J   2 1017 

r» 
O 

^1.5 1017 

E 

i    1  1017 

%  5 lO1« 

= 0 5000 1  104 1.5 10* 
m Photon Energy (eV) 

Figure 4. NSLS-IVUN radiation spectrum 
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K Variation from 1 to 0.1 
9 
# 
O 

E 
E 

1 o1 

1 o1 

■S    1 o1 

1 0 1 s 

3rd 

3000 1 0" 
Photon Energy (eV) 

Figure 5. Peak brilliance with varying K 

5 TRANSITION AREA 

According to Reference [4], there are three predominant 
beam dynamic effects caused by small gap aperture of the 
minipole undulator and aperture change due to transition 
from outer vacuum chamber to ID. They are power 
dissipation due to longitudinal impedance, transverse 
coupled bunch instability / strong head-tail instability 
due to transverse resistive impedance and transverse 
geometric impedance. Power dissipation turns out to be 
modest. It can be shown that for gap being smaller than 
2mm transverse resistive impedance becomes dominant 
as it is inversely proportional to the third power of the 
gap length, whereas geometric one is only to the first 
power. Two transverse effects are comparable when the 
undulator is operated at the gap of 3.3mm. 

6UHV TEST 

After magnetic field correction was finished, a vacuum 
test in UHV minichamber was conducted to make sure of 
no degassing elements in the magnet-arrays before 
installation. Figure 6 shows schematic of the vacuum 
testing facility. The final value of vacuum reading by an 
extractor gauge (IONIVACIM520, Leybold) reached 2 X 
10'9 Pa, which indicates sufficient ultra-high-vacuum 
(UHV) compatibility of the arrays. 

Thermo 
CoupleOutput 

Sputter 
ion pump 

BA gauge Q 
Ti getter 

pump 

Sample 

chamber 

All metal valve 

Gate valve 

Turbo molecular pump 

Rotary pump 

Figure 6. Schematic of the vacuum testing facility 

7      MECHANICAL SUPPORT AND VACUUM 
SYSTEM (BNL) 

IVUN is comprised of three major components: a 
rectangular vacuum chamber with bellows feedthroughs, 
magnet array units with drive system, and an elevator 
base stage, upon which all of the above components are 
supported. 

The chamber is equipped with three forms of pumping, 
a 300 1/s ion pump, a titanium sublimator, and a non- 
evaporable getter. Precise alignment of the magnet 
arrays is facilitated by removable top and bottom 
rectangular flanges on the chamber: With the central 
section of the vacuum chamber removed, the magnet 
arrays are precisely aligned, with full access to the arrays. 
Then, using auxiliary pneumatic cylinders on the magnet 
drive, the magnet gap is opened to nearly 300 mm, and 
the central section of the vacuum chamber is replaced, 
without disturbing any of the adjustments. 

The undulator magnet arrays are mounted on the water- 
cooled beams of the drive system, directly in the 
accelerator ultra-high vacuum. The drive system enables 
magnet gaps between 1 mm and 10 mm. The elevator 
base stage provides mounting fixtures for the IVUN 
vacuum chamber and the undulator magnet drive. In 
addition, it provides a 3 mm vertical translation of the 
combined chamber/magnet assembly about the nominal 
beam height. 

8      CONCLUSION 

With in-vacuum structure, a minipole undulator having 
modest tunability and harmonics has been constructed. 
The magnetic field quality is found be satisfactory after 
spectral and mutipole correction, and the magnet arrays 
show excellent UHV compatibility. A clever design of 
vacuum chamber greatly improves accessibility of 
magnet arrays. A complete device is expected to be 
installed in the X13 R&D straight section of the NSLS 
X-ray Ring in May 1997. 
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NOVEL STRUCTURE OF SHORT-PERIOD TWISTED UNDULATOR 
SPONTANEOUS EMISSION PROPERTIES 

A.V. Smirnov and A.S. Khlebnikov 
Russian Research Center "Kurchatov Institute*, 123182 Moscow, Russia 

Abstract Under these assumptions one can derive: 

A novel short-period undulator scheme is developed. The 
geometry looks like helical transformation applied to an 
original linear undulator structure and provides a 
combination of fast and slow oscillations of the electron 
beam. The following properties of the radiation are 
considered: i) reduction of relative content of higher odd 
harmonics as the "slow" helical field increases; ii) 
radiation enhancement as the number of helical turns 
increases; iii) spectral line splitting and intensity 
adjustability along with circular polarization of the 
radiation for the short-period twisted structure. 

1 INTRODUCTION 

Undulators with two or more frequencies are attractable 
from many points of view. One of them is insertion 
devices with special radiation characteristics. 

We are considering here a somewhat new kind of two- 
frequency motion that could combine useful radiation 
properties of both linear microundulator and helical 
undulator. It can be implemented in a real construction as 
depicted in fig. 1. As it was discussed in [1] such schemes 
can be regarded as belonging to a new class of "twisted 
linear undulator\ 

Fig. 1. Schematic drawing of the twister undulator 
structure. 

2 UNDULATOR FIELDS 

It was found in [2] the solution of Laplace" s equation for 
magnetic potential A^O satisfying the condition of 
superimposed helical "slow" transformation to the original 
linear undulator structure: 

B=(Bwcoshwz+B,)sin(k£), 
B=(Bwcosh^+B,)cos(kz), 

where kt«h„ and hj «1, Bw and Bt are the amplitudes 
of the original linear ("microundulator" contribution) and 
"helical"   undulator   fields   with   periods   Aw   and   At 

respectively, hw=2n/Xw andk=2n/At. 

y/(r,j,z) = ReY\    m ,[        w     '" 
^i{exp(i(j + (mhw + k, )z)) 

2iB, 2B 
where Q = '-,C., =i v— 

°      K      ±;      k+h 

3 ELECTRON TRAJECTORIES 

Equations of motion for a single electron were solved 
assuming K}<.j«y/2n, where K=eB/kfnc. 
For the twisted undulator having zero first and second 
integrals and y»l one can obtain 

?i(z) = 
' cos k,z 

A 
K i r 

rz(t) = ß,ct- 

t^.l + Lrf 

sin 2hwz(t) 

cos(k, ±hw)z 1 

v- sinktz)    T yJl \- sin(£, + hw)z) kt ± hw 

K:K- 

r2K 
V2 

_+Ktfc+KJsnhwz(Q 

(1) 

where 1  f 
1 + K?+±(Kf + K-j]j,        and 

The last coupling term in (1) containing sinhjz can be 
comparable with the term containing sinlhjz and does not 
appear for a conventional planar undulator. Hence one 
can expect appearance of even harmonics for on-axis 
view of spontaneous emission. 

Y, 
tun 

-N 

-100( —•) 

°c J - 

--100^- .—J    - 

-100 0 100 

Figure 2. Electron trajectory view in transverse plane. 
E=500 MeV, ßw=10kG, 5=lkG, ^=lcm, A=10cm. 
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4 SPONTANEOUS EMISSION RADIATION 
RELATIONSHIPS 

Energy radiated per unit solid angle {du) per unit 
frequency (da>) per electron was investigated numerically 
for both zero and non-zero imposed helical "slow" field 

We separate two components of spectral angular 
density of radiation for spherical frame with 6 and (p 
coordinates: 

d2I d2le 
d2L 

dcodii    dcodO    dcodO. 

Substitution of the equations of motion (1) into the 
simplified formula for dtl/dwdü expressed in [3] through 
the product [n[n/7]] neglecting "near-field" effects gives 
the following general expression containing products of 
five sums of Bessel functions: 

d IQ,V    (ecoL) 

dadD.     4JV
2

C
3 

where: 

I 
j,k,l,m,n=-co 

Jj(.at)Jktä)J[(a^) x 

Jm(aw)Jn(atw)Fj,k,l,m,n 

,(2) 

v6 
= /y.m+n^-k-l^ipU+l+k) 

F9 

\r ],kJ,m,nJ 

cos 0(«/,it,;,m,n cos <P + vj,k,l,m,n sin <P) ~ ß\\Snj,k,Um,n sin ö 

"j,k,l,m,n S'nP - vj,k,l,m,n <=OS(3 

uj,k,l.m.n 

.vj,k,l,m,n 

1 (Ssj±l,k,l.m.n    SSjtk±l,l,m,n     ^;,*,/±l,m,n 

Y \.Scj±\,k,l,m,n    Scj,k±U,m,n    ^cj,k,l±lm,n 

1 sinx 
Ssj±l,k,l,m,n = —XSnj+\,k,lm,n ~ Snj-\,k,l,m,nh Sn(~x> ~ —^~> 

Sc :j±\,k,Lm,n--:(Sn 

Sn 

K     k 
'y+U,(,m,n + Sn;-u,;,m,n).   al = "T" vfsin 9> 

K, >j,k,l,m.n = Sn\Nt^(v + k-l-2m-n)-j-k-l 

at=^vKlA^aw=!^^^6, N, = Ln„ 
y K±hw Ay2    K 

K v = m I ksc. 

5 PERFORMANCE FEATURES OF THE TWISTED 
UNDULATOR 

The results given below refer to on-axis radiation (^=0, 
0=0) emitted by a single electron having energy 500 
MeV. Some results corresponding to non-axis radiation 
(ft*0) can be found in [1]. The first five harmonics are 
analyzed here at the frequencies v=n+AJAt. The 
properties of radiation at the frequencies v=n-AJA, are 
qualitatively similar. The parameters of the undulator 
considered numerically (see the figs. 3-7) were the 
following: L=30cm, A„=lcm, B„,=6kG, N,=3 with the 
exception of the figs. 3, 5, where N, is a variable. 

A number of features occurs in the twisted structure. 
The first is spectral line splitting mentioned above and 
demonstrated in ref. [1]. 

The second general feature is circular polarization of 
the on-axis radiation at N=ZA>1, where L is the 
undulator length. To obtain pure circular polarization it is 
enough to provide N=0.5 in vhalf-turn twisted" structure 
(see fig. 3). The degree of circular polarization is very 
close to unity at N=n/2 and almost does not depend on 
harmonic number or helical field ß, (see fig. 4). The on- 
axis radiation of the first harmonic corresponds to pure 
circular polarization (deviation equals zero). 

1.2 

c o 
8 0.8 
tm a 
o 

(    K,    ~] O-0.6 

K+/J2 o 
0) 

IK- I fi) £0.4 

We consider below specific properties of the radiation 
compared to the conventional planar undulator, i.e. in the 
vicinity of v « n. We do not consider here the radiation 
features corresponding to helical undulator component 
(i.e. when K>1 and v « nk/hj because in practice we 
have Kj«K? and the influence of the "twisted 
undulator" component is negligible. 

As it can be seen from (2) the main maxima of 
iVdadfi      spectral   distribution   correspond   to   the 
frequencies a = (nK±kt)lc , where n is integer. 

1 - /?n cos 6 

2 
Q 

0.2 

0.5 1 1.5 2 

Number of turns Nt 

Figure. 3. Degree of linear and circular polarization as a 
function of number of turns N=UÄl. B=0, v= 1.1. 

The third feature is possibility of spectral-angular 
intensity increase compared to the source (untwisted) 
linear undulator. One can see from fig. 5, that when Z/Aw 

is less then 5.9 (or number of turns per undulator length 
exceeds 5.1) the first harmonic density exceeds that value 
for equivalent linear undulator. 

Relative change of odd harmonics is depicted in fig. 6 
as a function of helical field Br The density for each 
harmonic is normalized to its value at B=0. These 
dependencies demonstrate decrease of higher harmonic 
relative content as the helical field increases. 
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Figure. 4. Deviation of the degree of polarization from 
unity as a function of ß, for different harmonics. N=3. 
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Figure 5. Spectral angular on-axis density for odd 
harmonics related to that for the first harmonic of linear 
undulator versus N=UXX. B=0. 
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Figure 6. Spectral angular on-axis density for odd 
harmonics related to that values of corresponding 
harmonics for conventional linear undulator versus 
helical field B,. 

On-axis radiation of the even harmonics predicted in 
the previous section has the maxima close to B ~ BWXJAP 

however its intensity is negligible compared to the odd 
harmonics (see fig. 7). 

0   0.2 0.4 0.6 0.8   1    1.2 1.4 1.6 1.8   2   2.2 2.4 

Helical field amplitude Bt, kG 

Figure 7. Spectral angular on-axis density for even 
harmonics related to that for the first harmonic of linear 
undulator versus helical field. 

6 DISCUSSION 

The twisted undulator structure combines some properties 
of both helical and linear undulator. The main features are 
circular polarization, spectral line splitting, and 
continuous adjustability of the radiation intensity by the 
helical field variation. The structure can be considered 
also as a "twisted microundulator" providing radiation 
with circular polarization. 

Although the insertion device proposed can not be 
used in FELs, it is of potential interest for applied 
research of plasma beat waves and in solid state physics, 
e.g. circular dichroism. 
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Abstract 

According to requirements from the X-ray - RI collision 
experiment at DSR that is proposed in the RIKEN RI 
beam factory project, an undulator for elliptically polarized 
X ray was designed. An Apple-II type of the undulator was 
adopted so that both the X-ray energy and the polarization 
are continuously changed at the same time. The photon 
flux of more than 1015 photons/s/0.1%b.w. is calculated 
for any polarization in the energy range of 30 - 800 eV. 

1   INTRODUCTION 

The X-ray - RI collision experiment proposed in the 
RIKEN RI beam factory project [1,2] requires on the X 
ray as follows. The X-ray energy is 30 -800 eV and it can 
be continuously scanned with the step of less than 0.1 eV. 
Any polarization of the X ray can be chosen. The 
polarization should be kept during the energy scanning. 
The X-ray beam intensity is as large as possible, and the 
energy resolution is also as high as possible. 

For the experiment, the higher energy resolution is 
essential because the isotope shifts in the X-ray 
transitions of the Li-like RI ion beam have to be resolved 
[3]. Since the resolution of the X ray from the undulator 
is not enough, the X-ray spectrometer having high energy 
resolution of about AEe/Ee = 10 "4 should be used. The X- 
ray beam line including the X-ray spectrometer is inserted 
between the undulator and the X-ray - RI colliding section. 
To get the X ray beam intensity of more than 1012 

photons/s/0.01%b.w. at the colliding section, output 
photon flux from the undulator has to be more than 1015 

photons/s/0.1%b.w. 
In this paper, the design of the magnetic structure, 

calculated X-ray spectra and the mechanical design of the 
undulator for elliptically polarized X ray are reported. 

Table 1. The specification of the electron beam in the DSR 

2 SPECIFICATIONS   OF  ELECTRON   BEAM 
IN DSR 

The intensity and the polarization of photon beam 
strongly depend on the electron beam quality in the DSR. 
To make low emittance electron beam, DBA lattice is 
adopted in the arc section of the DSR [4]. As described in 
Ref. [3], the electron beam having the energy of 0.3 - 2.5 
GeV is stored in the DSR. The calculated electron beam 
specifications are listed in Table 1. The averaged current is 
0.5 A. The beam emittance is obtained to be ex/ey = 
7.8/13.9 nmrad at the maximum energy of 2.5 GeV. 
Since the beta function value at the undulator section is 
about 5 m, the electron beam size at the undulator section 
is smaller than ajay = 197/264 urn. 

3 DESIGN  OF  APPLE-II  TYPE 
UNDULATOR 

3.1 Magnetic Structure 

Figure 1 shows the schematic view of the magnetic 
structure of the Apple-II type of the undulator proposed by 
Sasaki et al. [5]. This has two pairs of planer permanent 
magnet (Nd-Fe-B) arrays above and below the electron 
beam plane. The X-ray energy is scanned by changing the 
gap width. The polarization is changed by shifting the 
relative position of pairs of magnetic arrays. On-axis 
magnetic field produced by the phase shifting makes 
helical and sinusoidal motions of the electron beam. The 
magnetic field in horizontal and vertical directions are 
shown in Fig. 2 at three different phases. The linear 
polarization in horizontal and vertical directions are 
obtained at the phase shifts D = 0 and D = 1/2A,U, 
respectively, where X.u is the length of a magnetic period, 
the circularly polarized X ray can be get at D = 3/8 Xu as 
shown in the figure. 

Electron Beam Energy Ee (GeV) 0.3 1 1.5 2 2.5 

Radiation Loss U (keV/turn) 0.1 10.6 53.2 169.1 412.7 

Emittance ex (n m rad) 0.11 1.24 2.8 4.97 7.76 

ev (n m rad) 0.2 2.22 5.01 8.92 13.9 

Energy Resolution AEe/Ee CIO"4) 0.82 2.7 4.1 5.5 6.9 

Bunch Length Oz (cm) 0.006 0.033 0.061 0.095 0.134 

Damping Time i* (sec) 6.2 0.17 0.05 0.02 0.01 

*v (sec) 6.1 0.17 0.05 0.02 0.01 

Te (sec) 3.1 0.17 0.03 0.01 0.005 

Toushek Lifetime X (106sec) 0.008 0.16 8.1 180 2.7 

0-7803-4376-X/98/S10.00© 1998 IEEE 3521 



3.2 Minimum Gap and Length of a Period 

The minimum gap width depends on the size of the 
vacuum tube inserted in the gap. Taking the vertical tube 
size of 10 mm, the 2-mmx2 tube thickness and the 3-mm 
x2 spacing between the tube and magnet, the minimum 
gap width was decided to be 20 mm. 

Fig. 1. Magnetic structure of the Apple-II type undulator. 
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Fig. 2. Magnetic field on the electron beam axis, (a), (b) 
and (c) correspond to the phase shifts of 0 mm, 11.25 mm 
and 15 mm, respectively. 

When the length of period is decided, the followings 
have to be considered. The whole system of the undulator 
is inserted in the limited space of 6.7-m length. The 
photon flux of more than 1015 photons/s/0.1%b.w. has to 
be obtained using the electron beam having the energy of 
more than 0.3 GeV and the gap width of more than 20 
mm over the X-ray energy range of 30 - 800 eV. Thus the 
length of the period was decided to be 3 cm. In this case, 
the maximum K value is 0.712 by assuming the magnetic 
field strength of 1.3 T at the pole tip of the Nd-Fe-B 
magnet. The X ray having the energy of 30 - 800 eV can 
be produced by changing the gap width from 20 to 26.7 
mm and the electron beam energy of 0.3 - 1.7 GeV. 

3.3 Magnetic Field along the Beam Axis 

The calculated magnetic fields are shown in Fig. 2, and 
the relations between the gap width, the phase shift and 

the maximum field are shown in Fig. 3. The maximum 
magnetic field is 0.245 T. For any gap width, the 
circularly polarized X ray is obtained at the phase shift is 
around 11 mm. To keep the circular polarization during 
the energy scanning, both the gap width and the phase 
have to be simultaneously changed along the arrow in the 
figure. 
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Fig. 3. Maximum magnetic field as a function of the 
phase shift. 

3.4 Photon Flux 

The photon flux is calculated for both case of the linear 
polarization (K=0.712) and the circular polarization 
(K^Kj^O.328), and they are shown in Fig. 4. The fluxes 
are larger than 1015 photons/s/0.1 %b.w. for both cases in 
the whole energy range. The requirement from the 
experiment will be completely satisfied. The flux for the 
case of the linear polarization is about three times larger 
than that for circular polarization because of larger 
magnetic field. 

o 
O. 

2 
o 
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;:M: 

X-Ray Energy (eV) 

Fig. 4. Photon flux for the linearly polarized X ray (a) and 
the circularly polarized X ray (b). 
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4 MECHANICAL   DESIGN 

4.1 Mechanical Structure 

Whole system of the undulator having the total length 
of 6.24 m is divided into two undulator units because it is 
too long to construct a 6-m undulator with high accuracy. 
Both are exactly the same and they are coupled at a 
distance of 60 mm. The undulator unit consists of the 
magnet array, array holders, support stands, a vacuum 
tube, correction magnets, valves, and gap and phase 
driving system. In one unit, the length of the magnet 
array is 2400 mm and the number of periods is 80. Total 
weight is about 7.5 t per unit. 

4.2 Vacuum Tube 

The vacuum tube inserted in between the magnets has 
special form because not only the low emittance electron 
beam but also the heavy ion beam are stored in the DSR 
depending on the operation mode [4]. The tube has three 
rooms; those are for the low emittance electron beam, for 
the heavy ion beam and for the NEG pump as shown in 
Fig. 5. When the DSR is used as the heavy ion storage 
ring, the tube is moved without breaking vacuum after 
expanding the gap width to 300 mm. 

4.3 Gap and Phase Driver 

The gap driving system consists of a servomotor, two 
decelerator, a gear box, four linear guide, position sensors 
and interlock system. The magnetic force acting on a 
magnet array is calculated to be about 11 in the horizontal 
direction, 0.2 t in the vertical direction and 0.8 t in the 
beam direction. The accuracy of the gap driving can be 
achieved to be less than 5 Jim that comes from the 
requirement of the minimum X-ray energy scanning step 
of 0.1 eV. The driving system has a feed back system 
from the position sensors, and it can keep the gap width 
within 3 (im. The phase driver has the same kind of the 
system. 

4.4 X-ray Beam Line 

The X-ray beam line including the X-ray spectrometer 
will be inserted in between the vertically bending magnets 
at the merging section of the DSR [4]. The design of the 
spectrometer, which is based on the constant-length 
spherical grating (CSG) type, is now in progress. 

[1] 
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Fig. 5. Cross section of the vacuum tube inserted in 
between the magnets. 
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OPERATION OF INSERTION DEVICES IN ELETTRA AND PLANS 
FOR FUTURE DEVICES 
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Abstract 

Recent improvements in the technique used to minimize 
the effect of undulator gap change on the closed orbit in 
ELETTRA are presented. Plans for future devices, which 
include four sections with variable polarization as well as 
an in-vacuum device, are also summarised. 

1   INTRODUCTION 

Five insertion devices are presently operational in 
ELETTRA out of a total number available of 11. The 
table below summarizes the main parameters of these 
devices including the maximum field and K value at the 
operational minimum gap. The four undulators (U) have a 
pure permanent magnet configuration, while the 
multipole wiggler (W) is of the hybrid type. Each device 
except one (ID#7) consists of 3 separate sections based on 
a standard 1.5 m support structure. The design and 
construction of the first 3 devices has been presented 
previously [1-3] and the initial operation was reported in 
[4]. A sixth device, an electromagnetic elliptical wiggler, 
is presently under construction [5]. In this article we 
discuss recent improvements in the technique used to 
minimize closed orbit effects due to undulator gap 
changes, as well as plans for future devices. 

ID# Type N Gap (mm) Bo(T) K 
2 U5.6 81 27.0 0.44 2.3 
3 U12.5 36 28.0 0.51 5.9 
5 W14.0 30 22.0 1.50 19.6 
6 U12.5 36 26.0 0.55 6.4 
7 U8.0 19 26.0 0.71 5.3 

2 CLOSED   ORBIT   CORRECTION 

Each undulator sub-section contains two sets of 
correction coils, one at either end of the carriage [6]. Each 
set of 4 coils allows either a horizontal or vertical field to 
be generated, depending on the inter-connections. In order 
to compromise on the total number of correction 
channels, a 4-channel power supply is used for each 
complete undulator. For the 3-section undulators the 4 
channels are connected so as to produce a horizontal field 
at the entrance and the exit of the complete ID, and a 
vertical field at the two interfaces between sections. This 
allows both first and second field integrals to be 
compensated in both planes, with a local correction of the 
vertical field component that arises due to the interaction 
between two sections as a result of the non-unit 
permeability [7]. The correction capacity is up to 1.2 
(1.6) Gm per channel in the horizontal (vertical) plane at 
20 mm gap. In the case of the single section undulator 
full compensation is also possible, however in this case 

each channel affects both horizontal and vertical planes. 
The power dissipation for each coil is sufficiently small 
(< 2 W) to produce negligible temperature rise. 

An automatic compensation of the orbit changes due 
to the undulators has been implemented using the 
correction coils. Based on a table of values of coil current 
as a function of gap, the VME crate controlling each ID 
automatically sets the required currents dynamically during 
gap changes. Initially the optimum coil settings were 
determined by manual adjustment of the sum and 
difference of the two coil currents for each plane, for 
separate correction of the first and second field integrals 
respectively. In this way it was possible to reduce the 
maximum (rms) displacement in the closed orbit at any 
point in the ring to about 15 |Xm (8 |im) in both planes. 

The limitation of the original method of correction 
was the drift in the orbit in the time needed to perform the 
manual correction. Recently significant effort has gone 
into improving the correction with a view to giving 
control of ID gaps to the users. To achieve this a special 
program has been written to automate the correction 
procedure. In this way the correction is both more accurate 
and more rapid, thus reducing the effect of orbit drift. 

The program works as follows : after recording the 
orbit at maximum gap, the gap is then brought to the 
first required value and the coils are calibrated by applying 
a fixed excitation (1 A) to each set in turn and recording 
the change in orbit. The required currents to minimize the 
difference orbit are then obtained using a least-squares 
method, either separately for the horizontal and vertical 
planes (ID#2, 3, 6) or for both planes simultaneously 
(ID#7). The program iterates the correction until a 
specified level of correction has been reached (2 |J.m rms). 
To eliminate non-physical changes that sometimes occur 
BPM's that indicate a change in difference orbit greater 
than 2a are discounted from the calculation. 

The new program has allowed the correction to be 
applied to many more gap values and in a reduced time 
interval : typically 10 gap values can be corrected in 25 
mins. Figure 1 shows the results obtained in two cases, 
which are typical also of the results obtained with the 
other devices. 

The results that are presently obtained show an rms 
difference orbit at the level of 2 |0.m horizontally, 1 (im 
vertically, roughly a factor of 5 better than previously 
obtained. The maximum displacement in position and 
angle at the ID location can be estimated from these 
values as follows : 

Amax,ID _  |2/?iD 

I Pmon. 
A; max, ID 

imax,ID 

ß ID 

where the mean ß values at the monitor positions are 
(9.2, 6.3) m and the ß values at the ID location are 
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Figure 1. Residual change in orbit (rms) due to gap 
changes of ID#2 (upper) and ID#7 (lower) after correction 
coil calibration; solid circles - horizontal plane, open 
circles - vertical plane. 

(8.2, 2.6) m in the horizontal and vertical planes 
respectively. The table below shows the corresponding 
maximum displacements and angular deviations at any ID. 

ID orbit changes horiz. vert. 

Amax (Mm) 
A'max (Mrad) 
Amax/tf (%) 

2.6 
0.32 
1.1 

0.90 
0.35 
6.7 

Also shown is the ratio of displacement to rms beam size 
(= ratio of angular deviation to beam divergence) 
assuming the natural horizontal emittance of 7 10"9 

m rad and the estimated 1 % coupling. The present 
correction accuracy should therefore be sufficient to allow 
user control of the ID gaps. 

3 PLANS FOR FUTURE DEVICES 
A number of new beamlines are being planned for 

ELETTRA following a recent call for proposals by the 
CNR (National Research Council) and INFM (National 
Institute for the Physics of Materials) funding bodies. At 
the present time two new beamlines involving insertion 
devices have been approved for construction by INFM and 
Sincrotrone Trieste, and others may be approved in due 
course. Here we give preliminary details of these two 

devices, together with one of the other proposals for an 
in-vacuum undulator. 

3.1 Variably polarized undulators 

Two separate beamlines are proposed for advanced 
dichroism and photoemission studies both of which 
require circularly polarized as well as linearly polarized 
radiation. Both beamlines are designed to cover a wide 
photon energy range, one from 35 eV to 1.5 keV, the 
other from 10 eV to 2 keV. To cover such a wide range 
requires the use of two undulators with different period 
lengths in each case. 

EU4.6 EU6.0 EU7.6 EU12.5 
Period (mm) 46 60 76 .  125 
No. periods 47 36 28 17 
Length (m) 2.162 2.160 2.128 2.125 
Kmax - vertical 2.4 4.2 6.3 8.8 

- horizontal 1.4 2.8 4.5 6.9 
- helical 1.2 2.3 3.6 5.4 

A preliminary optimization of parameters has been 
carried out based on the APPLE-II structure [8] resulting 
in the values shown in the table above. Two magnets of 
length in the range 2.1 - 2.2 m can be accommodated in 
the straight section allowing sufficient margin for 
longitudinal displacement of the magnet arrays. A 
minimum gap of 18 mm is assumed for the first three 
devices based on a new vacuum chamber design [9]. In the 
case of EU12.5 a longer period and lower field than could 
be achieved were chosen in order to reduce the radiation 
opening angle and hence power loading problems. 

Figure 2 shows the performance of the two pairs of 
devices in the circular polarization mode. For each photon 
energy the magnet gap and longitudinal phase have been 
adjusted to maximize the product of total flux and the 
square of the degree of circular polarization, calculated 
using the usual analytic approximations. Two new 
features can be seen with respect to standard undulator 
tuning curves. Firstly, the circular polarized flux drops off 
rapidly at low photon energies, reflecting the fact that the 
highest field, and hence lowest photon energies, are 
obtained in the linearly polarized mode. Secondly, there is 
a much reduced figure-of-merit for the higher harmonics 
compared to the fundamental, since the flux is zero for 
pure circular polarization, and maximum for pure linear 
polarization. 

A particular aspect of the implementation of these 
devices that is presently under study is the problem of the 
heat load on the downstream bending magnet vacuum 
chamber. The large vertical divergence of the radiation 
means that a significant radiation power can be intercepted 
on the walls of the 10 mm high slot, 6.2 m downstream 
from the ID centre, particularly in the case of the longer 
period and higher K value devices. Finite element 
calculations show that temperatures in excess of 500 °C 
could be experienced (2 GeV, 400 mA) in the worst cases 
(EU7.6 and EU12.5) with the present method of external 
cooling, which is however adequate both for the present 
linear devices and the elliptical wiggler. Two solutions to 
the problem are being investigated in parallel: improving 
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Figure 2. Performance of the proposed elliptical 
undulators in the circular polarization mode (2 GeV, 
0.4 A). 

the cooling of the existing chamber and design of a new 
Al chamber with integral cooling. Initial calculations 
show that the latter solution would eliminate completely 
the problem, whereas in the former case it may be 
necessary to relax the magnetic parameters somewhat by 
choosing a slightly longer period and hence smaller field 
value than those given in the table. 

In the case of the lowest photon energy device 
(EU12.5) there is strong interest in the possibility of 
removing the rational harmonics in the linearly polarized 
mode. Accordingly we have made some preliminary 
studies [10] of a version of the APPLE-II structure which 
contains quasi-periodic arrays both of the type introduced 
in [11] as well as a new type based on a conventional 4- 
block per period pure permanent magnet device with 
vertical block displacements. The initial conclusion of 
this work is that it seems feasible to generate variably 
polarized radiation with a quasi-periodic spectrum in this 
way. Further calculations for a specific design will be 
made in due course. 

3.2 In-vacuum undulator 

In order to satisfy the needs of some experimenters 
for high brightness radiation at higher photon energies 
than presently available at ELETTRA a short period 

5 10 15 
Photon Energy [keV] 

Figure 3. Performance of a mini-gap undulator in 
ELETTRA (2 GeV, 0.4 A, ex = 7 10"9 m rad, K = 1 %). 

device is being studied. The in-vacuum technology is 
considered the most appropriate in the present case and 
tentative parameters for such a device are an operational 
gap of 7 mm, period length of 22 mm, K = 1.4, N = 
136, length = 3 m. The predicted brightness of such a 
device is shown in fig. 3 compared to that of the W14.0 
multipole wiggler at 20 mm gap (1.6 T) and a bending 
magnet source. The undulator brightness has been 
computed using the URGENT program, and includes the 
nominal electron beam emittances and energy spread. It 
can be seen that such a source would give 100 times 
higher brightness at 5 keV, and 6 times at 10 keV, 
compared to the existing multipole wiggler, and 400-3000 
times higher than a bending magnet. 
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DESIGN OF AN ELECTROMAGNETIC ELLIPTICAL WIGGLER 
FOR ELETTRA 
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Abstract 

The main aspects of the design of the electromagnetic 
elliptical wiggler under construction for ELETTRA are 
summarized. 

1    INTRODUCTION 

An electromagnetic elliptical wiggler (EEW) was 
first proposed for ELETTRA in 1991 as a source of 
circularly polarized VUV/Soft X-ray radiation with 
variable helicity [1,2], but due to funding limitations was 
not able to be constructed at that time. The present 
project commenced in February 1996 with partial 
European Commission funding as a collaboration 
between Sincrotrone Trieste, BESSY and MAX-lab. The 
project also includes the construction of a soft X-ray 
polarimeter which will be used to make a complete 
analysis of the polarization properties of the source in the 
80-1000 eV range. 

The detailed mechanical design and construction of the 
EEW is presently being carried out by Danfysik A/S, 
Denmark. The power supplies are under construction by 
OCEM SpA, Italy, while the control system and dynamic 
correction system are being developed at Sincrotrone 
Trieste. Following a period of magnetic testing at Trieste 
in September/October the device will be installed in 
ELETTRA and commissioning will start in November. 

2    MAIN DESIGN PARAMETERS 

Period 212 mm 
No. vertical poles 32 

No. horizontal poles 31 
Length 3.332 m 

Gap 18 mm 
Max. vertical field 0.5 T 

Max. horizontal field 0.1 T 

The original parameters of the device were 12 periods 
of 230 mm with maximum vertical and horizontal field of 
0.6 T (Ky=13) and 0.046 T (Kx=l) respectively. A review 
of these parameters was firstly carried out in order to 
optimize performance in the 5-1500 eV range, using both 
undulator and wiggler modes of operation, but within the 
constraints imposed by the existing beamline design [3] 
of not increasing significantly either the radiation power 
or the vertical source size. A better optimum proved to be 
with a reduced period length and an increased number of 
poles, with a reduced vertical field strength of 0.5 T. The 

maximum vertical deflection angle was also increased to 
+ 1.5/y in order to provide more circularly polarized flux 
at low photon energies in the wiggler mode. The final 
parameters are listed in the table above. 

The vertical field component will be powered with 
d.c, but three different operating modes are required for 
the horizontal field : d.c, trapezoidal from 0.1-1 Hz and 
sinusoidal from 10-100 Hz, to enable different types of 
data acquisition methods to be used in order to maximize 
the dichroism signal detection. 

3 MAGNETIC   DESIGN 

The initial concept of the EEW was a combination of 
a vertical permanent magnet to generate a wiggler field 
and a horizontal electromagnet in order to provide the 
possibility of switching the helicity of the radiation. A 
new requirement however was the need to operate also in 
the undulator mode, requiring low vertical field strengths 
and therefore a large vertical gap. In order to avoid 
potential problems with field quality under these 
conditions, it was decided to investigate solutions 
involving two electromagnets. A scheme proposed by 
E. Gluskin of the APS was first studied which uses 3- 
poles to generate the horizontal field and therefore has the 
advantage that it is open on one side of the device [4]. It 
was found however that the asymmetric structure leads to 
small field gradients on the beam axis which might have 
unwanted beam dynamics effects in lower energy 
machines. From this we then developed the idea of a 
symmetric planar structure which is open on both sides of 
the median plane, as shown in fig. 1. 

Figure 1. One-period model of the EEW for 3D field 
calculations. 
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A longitudinally anti-symmetric arrangement was 
chosen for the vertical field in order to have an equal 
number of positive and negative poles and hence a 
symmetric distribution of circularly polarized flux with 
respect to the median plane (when Kx ?t 0) to avoid any 
intensity differences between positive and negative 
excitation in the event of a vertical misalignment. A 
symmetric horizontal field is therefore demanded in order 
to give equal vertical deflections to corresponding vertical 
poles. "No displacement" terminations will be used for 
both field components to avoid variation or oscillation in 
the beam position with excitation, by means of a 1/4, 
-3/4,4/4 end-pole sequence. 

Although some initial calculations were successfully 
carried out using the 2D code POISSON, all subsequent 
calculations were carried out using OPERA-3D [5] 
because of the strong three dimensional nature of the 
problem. The magnetic design had to satisfy many often 
contradictory requirements: 
• a small horizontal pole gap gives a higher horizontal 
field amplitude; 
• to obtain a good transverse field homogeneity requires a 
wide vertical pole (for By) and not too small a horizontal 
gap (for Bx); 
• to minimize saturation requires wide and long poles - 
this is important in order to reduce hysteresis losses and 
also to reduce the variation of field integrals with 
excitation, due to differences between central and end 
poles; 
• to minimize the interaction between the horizontal and 
vertical fields requires a narrow vertical pole, a wide 
horizontal pole gap and short poles; 
• it is important to reduce the inductance of the horizontal 
coils to minimize the power supply requirements, which 
requires a compact pole and coil design. 

1000 

Z (mm) 

Figure 2. Field distributions in the final EEW design 
(solid lines) and in the case with only poles of a single 
type present (dotted lines). 

Figure 2 shows the influence of the vertical poles on 
the horizontal field and vice-versa in the final design. The 
vertical field is affected very little by the presence of the 

horizontal poles both in amplitude (< 0.1%) and shape. 
As might be expected however the horizontal field is 
affected more, but not so much in peak amplitude (~ 1%) 
as in the shape in the region of the vertical pole. The 
resulting reduction in field integral means that a 32 % 
higher horizontal field is required (0.1 T) compared to a 
pure sinusoid to obtain the required vertical deflection 
angle. Further calculations have demonstrated that the 
effect of interaction is limited to the iron geometry : the 
additional effect on one component due to switching on 
the other is negligible, since the flux paths generated by 
the two sets of coils are to a large extent independent. 

Due to the large period/gap ratio and relatively small 
pole length the vertical field also deviates significantly 
from a pure sinusoid (see also fig. 3). 

The number of turns in the coils was chosen so as to 
have reasonable values of voltage and current for the 
power supply construction, as well as being a multiple of 
4 to facilitate the implementation of the termination 
sequence. A small cross-section conductor was chosen 
(5.8 mm x 3.7 mm, <|) = 2.5 mm) in order to produce a 
compact design and to reduce eddy-current effects but 
without too high a current density. The table below gives 
the final parameters required to meet the field 
specification, including an extra margin of about 10% on 
current. 

Electrical Vertical Horizontal 
parameters field field 

Number of turns/coil 24 8 
Maximum current (A) 175 300 

Maximum power/coil (W) 190 140 
Inductance, total (mH) - 2.44 
Maximum voltage (V) 66 516t 

t at 100 Hz. 

In order to reduce eddy current effects in the steel, a 
laminated construction is necessary. The steel finally 
selected is 0.35 mm thick STABOCOR M 270-35A from 
EBG, Germany. By integrating B^ over the poles and 
scaling the manufacturer's data for core loss of 2.3 W/kg 
at 1.5 T, 50 Hz the estimated maximum hysteresis + eddy 
current losses are estimated as 12 W/pole at 100 Hz with 
maximum current, which is acceptable. Eddy current 
losses in the copper have been estimated as 1 W/coil for 
the horizontal coils, negligible in comparison to resistive 
losses. For the 1.5 mm thick elliptical stainless steel 
vacuum chamber a calculation was carried out using the 
ELEKTRA program [5] which gave a maximum eddy 
current loss of 10 W/m. 

An interesting feature of the present design is the fact 
that magnetic flux circulates both in the plane of the 
laminations (generated principally by the horizontal field 
coils) and also perpendicular to it (due mainly to the 
vertical field coils). Since the effective permeability in the 
transverse direction reduces very rapidly as the packing 
factor decreases, the packing factor was optimized by 
choosing a steel that is supplied with a thin lacquer 
("Stabolit 70") providing both electrical insulation and 
bonding between laminations. The expected packing factor 
after block curing is 97 %, which causes an acceptably 
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small reduction of 2.6 % (0.5 %) for the vertical 
(horizontal) field amplitudes respectively. 

Modelling the end-termination required extensive cpu- 
time. Both terminations with an outer vertical pole and 
outer horizontal pole were calculated. The latter has the 
advantage that the 3/4 vertical poles receive an equal 
deflection angle to that of the central poles, however it 
was found that the horizontal field integral was much 
larger in this case. The alternative arrangement was 
therefore selected, which results in only about 5 % less 
flux in the wiggler mode. Figure 3 shows the final 
computed field distribution and trajectory in the entrance 
region. It can be seen that the trajectory is well 
compensated with the oscillation axis coincident with the 
magnetic axis. 

600 

300 
Z (mm) 

600 

Figure  3.  Field distributions  (upper)  and electron 
trajectory (lower) in the entrance region of the EEW. 

Various pole profiles giving different transverse field 
distributions were studied and their effect on the beam 
dynamics properties investigated [6]. Despite earlier 
indications to the contrary, the pole profile was not found 
to have a significant influence on the dynamic aperture 
and so of the solutions investigated the ones giving the 
best magnetic performance, i.e. minimum field levels in 
the steel, were chosen. 

4     MAIN POWER SUPPLIES AND 
CONTROL   SYSTEM 

The vertical field requires a conventional mono-polar 
d.c. supply, while the horizontal field requires a special 
bi-polar design capable of operating both in d.c. or a.c. 
modes with various waveforms. The solution that has 
been adopted is the use of two switch-mode power 
supplies in the same cabinet. 

Special attention has been given to the stability of the 
power supplies since it affects directly the detectability of 
small changes in absorption/scattering etc. due to the 
change in helicity of the radiation. Calculations show that 
in the worst case, at the highest photon energies in the 
wiggler mode (1.5 keV), a given fractional change in 
either field level causes a similar change in the Stokes 

parameters that describe the polarization of the emitted 
radiation. Small ripple and short term stability have 
therefore been specified (+ 5 10"5 Imax)> a performance 
that has already been met for the existing ELETTRA d.c. 
supplies. In addition, in the a.c. modes the symmetry of 
the positive and negative current values is also critically 
important. Special attention will therefore be given to 
achieving this level of d.c. offset in the a.c. modes. 

In order to achieve the specified stability levels 
requires an even more stable reference signal to drive the 
power supplies. For the d.c. modes this can be provided 
by the standard DAC boards used for the ELETTRA 
power supplies. For the a.c. modes however a suitable 
waveform generator could not be identified giving the 
required performance, particularly in terms of d.c. offset. 
To resolve this problem a novel solution has been 
developed. The output signal of a standard DAC board has 
been synchronized with the pulse from a programmable 
timer located on the main cpu of the control system 
interface, thus allowing pre-defined waveforms to be 
generated step-by-step. Initial tests with a 10-100 Hz 
sinusoidal waveform show that a practical resolution of 
150 ixs can be obtained, and that the signal has very good 
amplitude stability (+ 10 ppm of full-scale/°C). 

5      DYNAMIC   CORRECTION   SYSTEM 

In order to guarantee that the operation of the EEW in 
the a.c. mode will not disturb the closed orbit and so not 
affect other users, a correction system is being developed 
that is capable of dynamically correcting the field integral 
errors. The system will have 4 channels for powering 
horizontal and vertical correction coils at the entrance and 
exit of the magnet. Suitable air-cored coils have been 
designed that provide a correction of 7.2 Gm in both 
planes at 4A excitation, with an inductance of 2.3 mH per 
coil pair. The coils will be supplied by 4 power modules 
(Copley mod. 412) integrated in the main supply cabinet 
which will allow the above current to be produced up to at 
least 1 kHz. The four channels will be driven using a 
single VME module (Analogic DVX 2901) containing 4 
independently programmable 16-bit, 200 kHz, waveform 
generators, synchronized to the main power supply. 
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Abstract 

Insertion devices for Angstrom-wavelength Free 
Electron Laser (FEL) amplifiers driven by multi-GeV 
electron beams generally require distributed focusing 
substantially stronger than their own natural focusing 
fields. Over the last several years a wide variety of 
focusing schemes and configurations have been proposed 
for undulators of this class, ranging from conventional 
current-driven quadrupoles external to the undulator 
magnets to permanent magnet (PM) lattices inserted into 
the insertion device gap. In this paper we present design 
studies of a flexible high-field hybrid/PM undulator with 
strong superimposed planar PM focusing proposed for a 
1.5 Angstrom Linac Coherent Light Source (LCLS) 
driven by an electron beam with a 1 mm-mr normalized 
emittance. Attainable field parameters, tuning modes, and 
potential applications of the proposed structure are 
discussed. 

I. INTRODUCTION 

A-wavelength LCLS undulators driven by multi-Gev 
elecron beams generally require superimposed focusing 
[1,2]. Since it is typically optimal to induce 1 full betatron 
oscillation over the length of the undulator, the required 
strength of the focusing field (for a fixed undulator K and 
fundamental output wavelength) varies inversely with the 
required undulator length. But since the undulator length 
required to attain saturation varies roughly inversely with 
e-beam emittance, the required focusing gradient for, say, 
a FODO lattice of given period and quadrupole length, 
also varies inversely with the minimum attainable 
emittance. This dependency is illustrated by the LCLS 
design study recently undertaken at SLAC [3], which 
projects a net emittance of approximately 1.5 mm-mr at 
the undulator entrance. The LCLS parameters from this 
study are contrasted in Table 1 with those from an earlier 
study [4], which presupposed a net attainable emittance of 
1 mm-mr. 

The focusing strength (viz., gradient Q) that can be 
attained in a FODO lattice superimposed on the undulator 
field inside the gap is highly dependent on the technique 
employed. For Q<45 T/m, for example, external 
quadrupoles can be employed in pure-permanent magnet 
(PM) designs [5], and pole wedging, staggering, and 
canting can be employed with hybrid/permanent magnet 
(hybrid/PM) technology [6]. If the details associated with 
shimming are disregarded, the latter technology has the 
advantage of utilizing a minimal number of elements per 

period. For Q >45 T/m, alternative techniques need to be 
employed [7-10]. In this paper, the planar-PM multipole 
technology proposed in recent years [7,8] is explored as a 
basis for a strong-focusing LCLS undulator field design 
[4,11]. The r&d associated with this work anticipates the 
eventual development of photocathode (pc) rf guns and 
linac-based compressor/transport systems that will deliver 
emittances of 1 mm-mr or less to the LCLS insertion 
device. 

Table 1. LCLS Parameters. 
Earlier 
study 

Current 
Study 

Radiation wavelength [A] 1.5 1.5 

Norm, emitt. \f^\ [mm-mrad] 
1 1.5 

Bunch Charge (initial) [nC] 0.94 0.94 

Peak current /„ [kA] 5 3.4 

Electron beam energy E [GeV] 14.55 14.35 

GEIE [%] 0.02 0.02 

Pulse duration -\J2K(JT [fs] 
260 250 

Repetition rate [Hz] 120 120 

Undulator period Xu [cm] 3.0 3.0 

Peak field fi„[T] 1.3 1.3 

Saturation length3 K [m] 
60 100 

Focusing beta [m/rad] 10 18 
Peak spontaneous power [GW] 66 81 
Peak coherent power* [GW] 50 9.3 
Average coherent power [W] 0.64 0.09 
Energy/pulse [mJ] 5 0.75 

Coherent photons/pulse (xlO   ) 12.2 1.4 

Approx. Bandwidth (BW) [%] 0.1 0.1 

Peak brightness** (xlO31) 5.1 61.7 
91 Average brightness** (xlO''1) 1.7 20.6 

Transverse size [m, FWHM]*** 30 30 
Diverg. angle [mrad, FWHM]*** 10 5 

a Sufficiently small field errors assumed; 
*Output fully transversely coherent; 
**Photons/s/mm2/mrad2/0.1 %BW; 
***At exit of undulator 

II. A HIGH-FIELD LCLS UNDULATOR DESIGN 
WITH STRONG PLANAR-PM FOCUSING 

The basic undulator construction, schematized in Fig. 
1, is seen to consist entirely of PM and permeable pole 
pieces with rectangular cross sections. The easy axes of all 
the PM pieces are, in each piece, perpendicular to two 
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opposed faces. This not only optimizes the ease and 
accuracy of component fabrication and undulator 
construction, but provides a left-right symmetry in the 
undulator's dipole field structure that can be exploited for 
shimming and tuning purposes. In addition, the 
geometrical symmetry allows the axially magnetized PM 
material to be brought as close as possible to the undulator 
axis, allowing for the utmost maximization of the on-axis 
field strength. 

npM° 

Figure 1. Undulator components and design options 
(structure mirror-symmetric with respect to the x-y plane; 
top half shown). To maximize or shim the on-axis field, 
each pole piece can have one top and two side bias pieces 
appended to it. Bevels on pole surface edges not shown. 
For the recessed PMQs, lQ=tPM and s=wsmin. 

The proposed structure is seen to be of the 
"separated-function" type, allowing the quadrupole 
focusing to be implemented basically independently of the 
dipole field structure [11]. There are a number of possible 
implementations; for some of these the axially-magnetized 
PM material immediately above the axis can: 1) be 
excluded. 2) comprise individual PM pieces (as depicted 
in Fig. 1), or 3) comprise continuous extensions of the 
large axial PM magnet blocks. First, the axial PM blocks 
can be recessed back from the plane of the permeable pole 
faces by a distance A (>hpMQ>. leaving room for the 
insertion and full variation of the PMQ's lateral gap 
parameter s (^0). Second, if s can be bounded by some 
minimum value wsmin, the axial PM blocks can be cut 
with lateral indents allowing for both the lateral insertion 
of the PMQ pieces and the extension of the axial PM 
block material down toward the plane of the pole faces. 
Third, the PMQ pieces can be made with IQMPM and 
extended (below the pole faces) along distances of several 
periods. Here, s ^wsmin, and the PMQ pieces could be 
either affixed to the vacuum duct and tuned with linear 
wire currents [4], or moved into the gap laterally with 
high-precision mechanical movers. Finally, the dipole 
structure could be implemented with periodic drift spaces 
[12], and the PMQ pieces could be installed thereinto, 

again with mechanical or wire-current tuning of their 
gradients. 

In view of their large spontaneous power output, 
LCLSs of the class being considered here can induce 
energy chirps in the electron bunch substantially larger 
than the the natural linewidth of the FEL (see Table 1). In 
this case, it could be advantageous to be able to induce a 
compensating chirp in the undulator field strength. As 
shown in Fig. 2, this can be accomplished with the 
proposed design by moving two planar shunt bars into 
locations at equal distances above and below the undulator 
structure. 

..    ,„., „„shyjupjate      
d H 

2 a. 
E       S       5       5 
Q.        0.        Q.        a. 

i       $       t       i 

Figure 2. Scheme for tailoring the field profile of the 
strong-focusing LCLS undulator using two monolithic 
field shunts (top half of full structure shown). The shunt 
can be segmented and each segment can be canted along 
the entire FEL. It can also be segmented, with each 
segment placed parallel to each gain length (as depicted) 
at an incrementally varying distance. PMQ pieces not 
shown. 

III. FIELD SIMULATIONS 

Comprehensive field design studies were conducted 
with the AMPERES [13] modeling package. Here we 
present results for a selected number of configuration 
cases (see Table 2), with Xu=3cm, tpM=10.5mm, 
hpM=34mm, wpM=4cm, tvp(=(^u_2tpMV2)=4.5mm, 
hvp=3cm, wv p=3cm, r=5mm, WQ=7mm, 
lQ(=tpM)= 10.5mm, hpMQ=0.95mm, A=lmm, and 
g/2=3mm. The model consists exactly of the configuration 
shown in Fig. 1, extended by symmetry reflections in the 
x-y and x-z planes. The pole material is Vanadium 
Permendur and Br=1.25T (Hc~11900 Oersted) for the PM 
(Nd/Fe/B). 

Table 2. Four configurations modeled with AMPERES. 

Lateral 
PM Bias 
Blocks 

s>ws 

(Axial PM 
Near Axis) 

Shunt 
Plate 

PMQs 
recessed 

Case I Yes Yes No Yes 
Case II No Yes No Yes 

Case III No No Yes Yes 
Case IV No No No Yes 

In Fig. 3 Cases I, II, and IV are plotted to show the 
corresponding range of attainable on-axis fields. A 
harmonic analysis of the curves confirms a field amplitude 
in the fundamental of 1.3 T or more for Cases I and II. In 
Fig. 4, Bz is plotted vs. x between the middlemost poles of 
the symmetry-extended structure. Both curves show 
homogeneous central field regions of >2mm extent, fully 
adequate for the given LCLS beam. In Fig. 5, Bz is plotted 
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vs. x directly under the axial center of a recessed PMQ 
(Case I) for spacings s of 5mm and 2mm. The curves 
reveal gradients of 19T7m and 55T/m, respectively, to be 
contrasted with a maximum value, for s=0, of ~62T/m. 
With hpMQ increased to 3mm, this maximum could be 

increased to ~200T/m. Finally, in Fig. 6 the effects of 
parallel shunt plates (Case III) on the on-axis field 
amplitude is plotted for three different spacings d (see. 
Fig. 2). A reasonable sensitivity to field control over the 

1(H-10"4 range, adequate for strong tapering through low- 
level chirp correction, is indicated. 
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Figure 3. Modeled on-axis dipole field Bz(y). 

B   V« X Between Pole Flees 

Figure 4. Modeled transverse field Bz(x) under central pole face. 
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Figure 5. Transverse field Bz(x) under the axial center of a 
PMQ. 
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IV. CONCLUSIONS 

We have described selected structural and field 
features of a simple high-field, strong-focusing LCLS 
undulator design developed at SSRL over the 1993-1996 
period. These were motivated by the requirements for 
minimizing the length and cost while maximizing the field 
strength and quality of the structure. The proposed 
technology and design are also of interest for the 
development of long (viz., >>ß), short-period, small-gap 
insertion devices for storage ring straights, a recognized 
direction for attaining 4th generation increases in 
brightness over conventional 3rd generation storage rings 
[14]. Future work will include further design refinement, 
including the simulation of wire-current quad field 
correction, planar-PM sextupole focusing, and the 
development of small prototypes. 

[1] 

[2] 

P] 

[4] 

[5] 

[7] 

[9] 

Y[mm] 

Figure 6. Bz(y) about the undulator's central peak field for 3 
different shunt plate spacings. 
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Abstract 

To understand the effects of the insertion devices on beam 
dynamics, Hamiltonian equations of charged particles in 
the presence of the insertion devices have been studied. 
Fields with insertion devices are considered to be periodic 
in the longitudinal direction with period length As. The 
magnetic fields of the different types of magnet structure, 
namely AGID, APID and EPU, are derived and discussed. 
The linear beam dynamics effects for different kinds of in- 
sertion devices can be obtained directly from the canonical 
equations of the Hamiltonian mechanics. 

1   INTRODUCTION 

Various types of insertion devices (IDs) have been designed 
for generating specific light sources. In particular, ad- 
justable gap insertion devices (AGIDs) are the most popu- 
lar IDs. Special insertion devices such as adjustable phase 
insersion devices (APIDs) and elliptically polarizing undu- 
lators (EPUs) are being designed and realized for providing 
light sources of special properties. At SRRC, W20 wiggler 
and U10P, U5, U9 undulators are AGIDs, the testing pur- 
pose APU9P undulator belongs to the APID, and the EPU- 
5.6 is an EPU. Since these IDs are installed in the storage 
ring, the influence of the magnetic fields of IDs upon the 
stored electron beam should be concerned. Here, we study 
the linear beam dynamics effects of IDs by the Hamiltonian 
equations of a 3-dimensional periodic magnetic field. 

2   TRANSVERSE EQUATIONS OF MOTION 

We consider the general 3-dimensional magnetic field 

Bx = ^2 [hn(x, y) cos (nkss) + f2n(x, y) sin (nkss) 
n 

By = y^ [ffinQc, y) cos (nkss) + ff2nQc, y) sin {nkss) 
n 

BS = Y2 \hin{x, y) cos (nkss) + h2n(x, y) sin {nkss) 

which is a periodic function in the longitudinal direction, 
i.e., s of the curvilinear coordinate system (x,y,s), with 
wave vector ks = j1. Using Maxwell's equations V • B = 
0 and V x B = 0, we have four equations to solve for 
the /i„, f2n, gin, 92n, hu, and h2n. For convenient, we 
set cmnu = cosh (nkmnuu) and smnu = sinh(nfcmnuu), 

where m = 1,2 and u = x,y. We obtain 

hin = ks (CiinCinx + ßlnSlnx) (llnClny + hnSlny) , 
h2n — ks (a2nC2nx + ß2nS2nx) (j2nC2ny + S2nS2ny) , 

fin = ~k2nx {0i2nS2nx + ß2nC2nx) {l2nC2ny + S2nS2ny) 
J2n = kinx (OilnSlnx ~t~ Plnclna;J \1lnclny T Olnslny) > 
3ln = -k2ny {ot2nC2nx + ßlnS2nx) (l2nS2ny + S2nC2ny) , 
g2n 

and 

klny \Pt-lnC-lnx T Pln^lnxj \11nS\ny T" Öln^lnj/J : 

+ k. mny = e 
For charged-particles in such a magnetic field, the Hamil- 
tonian in Frent-Serret coordinate system[l, 2] is given as 

„mech ^ * 
G '-As -   1 + 

x 

2 

«mech 
Po 

cA.x 

„„mech  ) cPo      / 
-V- 

mech 
Po 

„mech 
Po 

1 + 
Ap" 
„mech 
Po 

eAy 
««mech cPo 

"I 1/2 

where "P"s represent canonical momenta andplf means 
the (relativistic) mechanical/kinetic momentum. The ra- 
dius of curvature at long straight sections is p(s) —> oo. 
Furthermore, comparing with p™60*1, the transverse me- 
chanical momenta of the electron beams in a storage ring 
are small, i.e., 

„mech 

„mech 
Po 

Pu 
«mech 
Po 

eAu  \ 

cpffech) 
<1 

with u = x,y. Therefore we expand the Hamiltonian G 
in a Taylor series up to 2nd order of transverse mechanical 
momenta 

G ^As c 
_ „mech 

Po 1 + 
Ap1 mech 

„mech 
Po 

1 
+ 2 

Ap' mech 

«mech 
Po 

eAx  V 
cpffech) „mech 

Po 

„mech 
Po 
eAy   V 

cp$ech) 

The canonical equations of the Hamiltonian are 

dx      dG        Px eAx 

ds      orx     p\ 
dy 
ds 

dPx 
dG 
dPv 

.mech 

\ 
„mech 
Po 

„„mech ' 
°A eAy 

cpmech ' 

From the relation, B = V x A, we can select As = 0 and 
solve Ax and Av to get the transverse equations of motion: 

d2x ^ d_ (cPx -eAx\ ^      e      (     dy _ 
ds2 ~ ds\   cpmech    ) ~ cpmech \   sds        v, 
d?y^d_ fcPy-eAy\ e      f     _B — 
ds2      ds V    cpmech    )      c<ech V   X       " ds 
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Dividing u into two parts UQ + ui with u — x,y, we set 

d?xo -e    „        d'xi e 
ds2 

ds2 

-e ^2xi 
.mech     2/' ds2 

ds2 

 B dy 
cp$ech   s ds' 

—e       dx 

cp$ech   s~ds' 

Since %   <  1 for u x,y, we can apply an itera- 
tion/successive approximation^] 

(  fx 
ds2 

d?Xo 
ds2 

cPy _ d2y0 

ds2       ds2 

+ 
CPo 

e 

_e B dyo 
mech   s ds 

cpö 
 B dxo 
mech     s  fa ■ 

The effects of different kinds of IDs on the electron beam 
can then be obtained after their periodic 3-dimensional 
magnetic fields are determined by writting down the pa- 
rameters fc's, a's, ß's, 7's, and S's. 

3   AJUSTABLE GAP INSERTION DEVICES 

Common properties of AGID structure are 

By(-y) = By(y) => 7i„ = 72« = 0, 

Bx(-x) = -Bx{x) 
By(-x) = By{x) 
Bs(-x) = Bs{x) 

ß\n = ßln = 0. 

3.1    By is symmetric in s direction 

The W20 wiggler and U10P undulator of SRRC have the 
property By(-s) = By(s), which implies kinyainSin = 
0. The magnetic field becomes 

Bx = ^2 -k2nxa2nÖ2nS2nxS2nV COS (nkss) 
n 

By = ^2 -k2nytt2nfanC2nxC2ny COS (nkss) 
n 

Bs = ^2 ksa2nÖ2nC2nxS2ny Sm (nkss) . 
n 

The second order differential equations of x and y expaned 
near the s-axis become 

d^ ~ ^ich E k2ny<*2n62n COS (nk,s) + 0(2), 
"0 n 

fy 
ds2 cpmech }j nk2ny<^2nhn sin (nkss) 

E-^«2n^2n sin {nkss) 
n 

■y + o(2), 

where 0(2) are terms of orders equal to or higher than sec- 
ond order in x and y. The effective focusing strengthes are 
Kx = 0 and 

^ = 1~ (^ph J    5Z (a2nÖ2nk2ny)2 ■ 

3.2   By is anti-symmetric in s direction 

On the other hand, the U5 and U9 undulators of SRRC are 
the types with By{—s) = —By(s). We get k2ya2^2 = 0 
and 

Bx = y] kinxain8insinxsiny sin (nkss) 
n 

L>y = y j fclnyOtlnUlnC-lnxClny Sin \HK3S) 
n 

Bs = 22 ksOtlnhnClnxSlny COS (nkss) . 
n 

The differential equations of x and y near the s-axis are 

ds'-      cpö 

d2y 

^2   ~ ^„mech ^2 hnyOilnSln COS (nkss) + 0(2), 

22 nkinyCtinSin cos (nkss) 

y + 0(2). 

ds2 \cp^ech 

E-^-ainSm cos (nkss) 
n. 

We obtain the effective focusing strengthes Kx — 0 and 

2 

K,, 
-1 

2   V^Po""* 
2J ("ln^lnfclni/) 

For AGIDs, the linear beam dynamics effects are clear 
and only non-linear effects should be controlled carefully. 
In the horizontal plane, the oscillation term comes from the 
By field. The effective focusing strength in the vertical 
plane is caused by the interaction of the horizontal oscil- 
lation motion and the Bs field. 

4 AJUSTABLE PHASE INSERTION DEVICES 

With the APID structure, we have the condition 

Bx(-x) = -Bx(x) 
By(-X)    =   By(x) 

B,(-x) = Bs(x) 
ßi=ß2 = 0. 

The linear properties of beam dynamics of APID are more 
complex than the case with AGID. There exist oscillations 
and coupling/mixing of motions in the horizontal and the 
vertical planes. If the phase of APID defined as <j> = 2^^ 
is zero, then 71 = 72 = 0, and APID becomes AGID diss- 
cussed in section 3. 

By setting Si = 72 = 0 and Bx = 0, our 3-dimensional 
magnetic field can be reduced to the 2-dimensional field 
discussed by Roger Carr [4, 5]. The equations of motion 
become 

d2a 
ds2      cp$ech ^2 ks&2nÖ2n COS (nkss) 

Cpgiech ^2 nk2ainlin sin (nkss) xy 
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and 

ds2 cpmech ^2 ain7in cos (nkss) 

E—a2„<52n sin (nfcäs) cpmech k2X 

^2 otinlin cos (nkss)    + ^ na2nÖ2n sin (nkss) 
n n 

x ^ -a2n^2n sin (nA;ss) > x y -\ . 
n J 

There is an intrinsic oscillation in the y plane, though 
the quantity of the oscillation amplitude is quite small. A 
particle tracking of (\, =£-, 1, -1, •••,!, ^p, \) structure 
also shows a small vertical drift besides the tiny oscillation. 
The drift is proportional to the period number of APID. 
If we take the average of the x and y terms in the differ- 
ential equations of motion, the horizontal linear coupling 
term is cancelled and the vertical average effective focus- 
ing strength is 

Kv 

-*2 
cpmech 

\ 2 e 
cpmech 

(-ByO + Bso) 

^(C*ln7ln)    + yi («2n^2n) 

where Byo and Bso are the amplitudes of By and Bs. For 
SRRC's APU9P, 52

0 + B% does not keep constant such 
that the vertical tune shift appears when phase is changed. 
Experiment has confirmed that the vertical tune shift is pro- 

Jy0 portional to 52
0 + B2

Q. 

5    ELLIPTICALLY POLARIZING UNDULATOR 

The condition Bs(s,x = 0,y = 0) = 0 of EPU gives 
ainlin — ot2nl2n = 0. Furthermore, from the structure of 
SRRC's Sasaki-type EPU-5.6, we have 

Bx(x,y) = Bx(-x, -y) 
By{x,y) = By(-x,-y) 
Bx(-x,y) = Bx(x, -y) 
By(-x,y) = By(x,-y)  t 

Pinsln = ßln&2n = 0. 

Comparing with the on-axis magnetic field of Sasaki type 
EPU[6] 

-s.,2 ^ _:_ i.   .       (B   „:„<£„-.> Bx = ( Bx sin  — 1 sin kss — I Bx sin — cos — ) cos kss 

2        2 

we have n = 1 and 

* = (**;a.5)«.*..+ l*.rf*l-*... 

fciix/3ii7n = Bx sin2 -, fc2ix/?2i72i = Bx sin - cos -, 

k\\yOL\\&\\ = By cos2 -, k2iyOi2i62i = -By sin - cos -. 

The equations of motion become 

d2x e 

UP 
mech (k2ya2Ö2 cos kss - klya\5i sin kss) 

mech I   (fcix0i7i cos ksS + k2xp2l2 sin kss) 
cPo 

(kiyai6i cos kss + k2ya252 sin kss) ■ y - ,     mech 

2       ^CPo 

■ (kixßili cos kss + k2Xß2l2 sin kss)   ■ x + 0(2) 

and 

ds2 mech (-k2xß2j2 cos kss + kixßiji sin /css) 
CP\2 

mech  »    (fclxA7lCOsfcsS + fc2a:^272Sin/c5s) 

(kiyCXiSi coskss + fc2ya2<52sin/css) • a; — 
cpmech 

• (kiyOtiSi cos kss + fc2!/a2<52 sin fcss)   • y + 0(2). 

The equations of motion contain oscillation terms and lin- 
ear coupling terms and make the linear beam dynamics ef- 
fects becomes complex. The oscillation terms come from 
the interaction of vs and the transverse magnetic fields Bx 

and By. The longitudinal magnetic field Bs couples the 
transverse oscillations in both planes. 

6 CONCLUSION 

The 3-dimensional periodic magnetic field discussed here 
can cover the AGID, APID, and EPU in a unified way by 
adding suitable structure conditions. AGID is the most 
popular type of IDs and its influence on the stored beam is 
well known and clear. A detail linear beam dynamic effects 
of APU with 2-dimensional field form have been achieved 
and discussed in section 4. 

The analytical solutions of the differential equations of 
motion for EPU can not be written down in a simple form. 
Numerical calculation/simulation is by far the easiest way 
to study the EPU's effects on beam dynamics. 
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MAGNET SORTING ALGORITHMS 
FOR A PROTOTYPE OF THE SRRC EPU 

T. C. Fan, C. S. Hwang, C. H. Chang, Ch. Wang 
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Abstract 

The Synchrotron Radiation Research Center (SRRC) is 
constructing a prototype of Sasaki-type elliptically- 
polarizing undulator (EPU) characterized by its four 
longitudinal movable magnet rows, whose shifting 
determines the polarization of synchrotron radiation. A 
total of 280 pure NdFeB blocks with square cross-section 
of 40 mm x 40 mm and thickness of 14 mm are magnetized 
into two types identified by the main field orientation. To 
minimize field errors, the blocks are sorted and assigned 
appropriate locations on the rows. Due to the special 
symmetry of the blocks, the 40 mm x 40 mm square face, 
and rows structure, the orientation and locations of blocks 
can be assigned freely. However the cutting on one pair of 
opposite angles on each square face for rigid clamping 
reduces the freedom of permutation. Moreover, the 
perturbation of the field from the shifting of rows must be 
taken into account. The authors would like to present the 
sorting algorithm and address its contribution to field 
performance. 

1   INTRODUCTION 

The Synchrotron Radiation Research Center (SRRC) will 
construct a 3.9 meter long Sasaki-type elliptically- 
polarizing undulator (EPU). The period length of this 
device is 56 mm. Therefore we name it EPU 5.6. A 
prototype of one meter long is being fabricated to evaluate 
the concept design [1]. The schematic view of one period 
(of length XJ of the magnetic structure for generating the 
elliptically polarizing light is provided in Fig. 1. Each of 
the four magnet rows can move with a range of ± 28 mm, 
i.e. one quarter period along two opposite direction each, 
independently. Therefore all the combination of the rows 
movement, and all kinds of planar- and elliptically- 
polarized X-rays with various energies can be achieved [2]. 
A gap adjustment mechanism supported by a drive train 
system can also tune the magnetic field strength. 

The EPU 5.6 is a pure type device using NdFeB 
permanent magnet blocks with square cross-section of 40 
mm x 40 mm and thickness of 14 mm. For rigid clamping 
under the strongly magnetic force, there are cuttings on one 
pair of opposite angles on each square face. Due to the 
special symmetry of the blocks, they need to be 
magnetized into only two types, V- and H- types, identified 
by the main field orientation. Because of the 40 mm x 40 
mm square face, and arrays structure, the orientation and 
locations of one type of blocks can be assigned freely. 
However, the angle cuttings mentioned above and the 
periodical   magnetic   structure   reduce   the  freedom   of 

permutation. In Fig. 2 we summarize the allowed rotation 
of each type. 

V 
electron beam 

d       V 

Figure 1: One period of magnets: The magnet blocks 
can be located at four quadrants (I, II, III and IV) and four 
quarter periods (a, b, c and d). The small bars indicating 
the series numbers and broad arrows are marked by vendor. 

V-type 

H-typi 

V-type 

H-type 

Figure 2: The allowed block rotation of two types of 
magnetization. 

The demand on the quality of magnet blocks and the 
sorting results are diverse at different laboratories. Some 
purchase the best magnet blocks commercially available 
but costly. Some develop sophisticated sorting code with 
enormous measurement data and tremendous computer 
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running time. There are also a few laboratories put much 
effort on shimming or field correction techniques [3-4]. 
Though the passive field correction is most demanding, 
most of the field correction techniques are effective only 
when the field error is reasonable small. Under the limited 
budget, the suitable sorting algorithms are quite feasible. 

For insertion devices with hybrid structure, there is a 
magnet sorting algorithm to establish uniform pole 
excitation by reducing the deviation of the average Mz of 
each unit cell [5]. Mz is the magnetic moment in the 
direction of magnetization. Each unit cell comprises one 
pole and six magnet blocks. However, in such non- 
iterative algorithms, the multipole field can not be 
controlled effectively. Therefore, that algorithm has been 
improved to control the effect from minor components [6]. 
On the other hand, the techniques of annealing have been 
applied to magnet sorting [7]. 

In pure permanent magnet structures such as EPU 5.6, 
we have an advantage of ignoring the nonlinear component. 
The field distribution can be calculated by superposition of 
the magnet field. In this prototype, we will try two 
approaches of sorting. One is just to use the magnetic 
moments measured by Helmholtz to minimize the total 
magnet moments, the other is to sort the magnets by 
multipole field measured by flip coil eliminate the field 
error. 

2   SORTING CONSIDERATION 

Before the algorithm of sorting for the prototype EPU 5.6 
is deduced, we have some considerations as the following: 

2.1 About the Magnet Blocks 

An amount of 174 V-type and 176 H-type magnets have 
been purchased for this prototype EPU. Only 280 of them 
will be used. The maximum principal dipole variance and 
inclination angle is required to be + 1% and 2° respectively. 
Fig. 3 shows an example of the population of the magnetic 
moment My of V-type magnets. By removing the magnets 
with extremely high or low field, we can get an acceptable 
group to sort. The magnetic moment was measured by a 
Helmholtz coil system with a resolution and 
reproducibility of 4 Gauss. With the sorting of a large 
amount of magnets, it is evident that an average effect will 
diminish a part of effect from measurement error. 

A magnet keeper is designed to allow easy adjustments 
in the vertical and transverse positions. This adjustment 
can also serve as magnetic field tuning. 

2.2 First Stage Sorting 

To simplify the modeling, we separate the sorting 
algorithm into two stages. At first stage, we try to make a 
reduction of first integral of field at the axis of electron 
beam as the following steps: 

Figure 3: The vertical magnetic moment of V-type blocks. 
The total number of the blocks is 174. 

1) The V- and H-type blocks are monotonically ordered in 
ascending values of My and Mz respectively. 

2) The V-type blocks are assigned to rows I and II 
alternatively from upstream to downstream in proper 
order. The left ones are assigned to rows III and IV in 
the similar way, but from downstream to upstream. 

3) The H-type blocks are assigned to rows in reverse order, 
i.e. to rows III and IV from upstream to downstream in 
proper order and to rows I and II from downstream to 
upstream. 
If we can ignore the minor moments, Mz and Mx for V- 

type but My and Mx for H-type, we would have a beautiful 
sinusoidal vertical and horizontal fields at each period of 
each row by calculation. Because of the linearity of the 
magnets, the "row phase shift" will keep the sinusoidal 
fields with field phase shift. The "yaw phase shift" and 
"pair phase shift" also have sinusoidal fields only with the 
amplitude change. The terminology of these three "phase 
shifts" are defined in [2]. 

If the minor moments have no dependence on the main 
moment, the order of the main moment at each quarter 
period would not cause any systematic errors of multipole 
fields. This dependence has been checked. The example in 
the Fig. 4 is the only one, which can be identified. The 
correlation between the main and minor moments is quite 
weak however. 

2.3        The Second Stage 

After all the magnets are assigned to locations and the 
zeroth order of field is constructed, the next step is to face 
the multipole problem. To look at one period as a unit, we 
can exchange the locations or rotate the orientation of 
magnets in each unit. In order not to destroy the sinusoidal 
field obtained at the first step, some exchange and rotation 
are forbidden. The rules of permutation and rotation turn 
out be as follows: 
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I 0.006 
t 0.004 
S 0.002 
I 0 
I -0.002 • 
jj -0.004 
S -0.006 
|> -0.008 
S -0.01 

-—-*^%r ♦ ^ 
M*—i_ 

*I»M| 

1.228     1.23     1.232    1.234    1.236    1.238 

Magnetic moment My [Tesla] 

1.24     1.242 

»   Measured data 
—Linear filing 

Figure 4: One example of the correlation between the main 
and minor moments. 
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1) The upper rows (upper jaw) of magnets can not be 
interchanged with the lower rows owing to the large 
difference of Main moments. The magnets of the same 
jaw can, since the difference is quite small according 
the first stage ordering. 

2) There are 4! / (2! x 2!) permutations of V-type 
permutation in each period of upper or lower row. 
After an iteration of calculation of all combination, one 
can find an optimum of the three total moments (so that 
the absolute value is closest to null). The interchanged 
configuration shall be recorded for the final step. 

3) Besides the same 4! / (2! x 2!) permutations of H-type 
permutation in each period of each jaw, there are two 
more 180° rotation freedoms along z-axis. So the total 
number of permutation is 12. The calculation and 
recording is the same as item 2). 

4) In each period of each jaw, by reversing the process of 2) 
or 3) according to the record, one may find a less 
number. 

5) In each jaw, one can reverse some period process 
according to the record to find a minimum multipole 
field. 

2.4        Multipole Field Sorting 

Similar to the two-stage sorting of the magnet moments, 
we can measure and calculate the dipole field at the axis of 
electron beam and take the place of Mz. We can use the 
same permutation procedure to minimize the multipole 
field. 

3   CONCLUSION 

Although there are many complicated phase shift modes in 
EPU, thanks to the linearity of the pure permanent magnets, 
it is feasible to sort the magnets directly to reduce the error 
effect on the spectrum and beam dynamics. 

[2] 
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INSERTION DEVICES CONTROL DEVELOPMENT AT SRRC 
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Abstract 

Insertion devices are the most important gadget of the 
third generation Taiwan Light Source at SRRC. These 
insertion devices include the turn-key systems and in- 
house developed systems in SRRC. The corresponding 
control configurations are different due to historical 
reason. However precision, fastness, simplicity, and 
uniformity in insertion devices control are the most 
desirable from practical viewpoint. The proposed 
uniform control systems are first applied successfully to 
undulator U10 prototype and experimental one meter 
length adjusted polarizing undulator. The new system 
provides several features which are not available in 
existed insertion device control system. The residual 
field compensation procedure can be done with 100 
times per second. The compensation table is updated 
from the server of the control system. The software 
design supports the beamline users to adjust gap after 
granting permission from the control room operator. The 
detailed descriptions about the features and 
performances will be presented in this report. 

1. INTRODUCTION 

There are three installed insertion devices systems, 
wiggler (W20), undulator (U5, U10P). Two of them 
are turn-key systems (W20, U5). The undulator U10P is 
homemade. There are two insertion devices in 
development phase in house, elliptically polarizing 
undulator (1 m EPU prototype and 4 m EPU). The 
undulator U9 has contracted with vendor. The control 
system of the U10P is built to achieve the simplicity, 
minimum man power and good performance that are 
prospects of insertion devices control at SRRC. 

2. SYSTEM CONFIGURATION 

The VME crate controller is the core of the control 
system configuration for all insertion devices. The W20 
[1] and the U5 [2] are similar configuration. The VME 
crate controller connects with personal computer (PC) 
through GPIB bus, using the PC as local controller to 
control motion controller and motor drivers and to 
monitor encoders via GPIB bus or RS232. The control 
system of the undulator U9 will be similar to the 
undulator UlOPofthe SRRC. It integrates the intelligent 
motion controller in the VME crate controller without 
PC. Figure: 1 represents the software structure on U10P 

controller. 

Figure: 1 Software structure on U10P controller 

3. ISSUES OF INSERTION DEVICES CONTROL 

3.1 Motion control 

The motion control is a key point in insertion device 
control. It needs the requirements of the high precision, 
good reproducibility and multiple axes synchronization 
as well as fast control response. 

3.2 Residual field compensation mechanism 

The residual field compensation mechanism provides a 
easy operation and maintenance for machine physicist. 
The compensation table which the setting of the end-pole 
correction power supplies follows the corresponding gap 
value is a text file and saves on a NFS (network file 
system) server. The machine physicist needs to edit a 
table file on server and issues an updating event via 
graphic user interface on main control system. The new 
compensation table will be rebuilt and the compensation 
procedure can be done 10 ms per step [3] [4] [5]. For the 
W20 system, the residual field compensation table is 
stored on the PC. The gap and phase information will be 
included in the table for the EPU system. 

3.3 Homing 

When the power which provides to the incremental 
encoder is lost, the incremental encoder information will 
be lost. There is an optional method which saves the 

0-7803-4376-X/98 /$10.00©1998 IEEE 3539 



information on non-volatile RAM or harddisk to avoid 
information lost. If the position information is lost by 
accident, the homing procedure is necessary to recover 
the information. The U10P control system is with four 
incremental linear encoders. The encoder inform- ation 
is stored in the user accessible area of the non-volatile 
RAM. Whereas, the encoder information is saved on 
harddisk for the W20 control system. For the system of 
the U9 and the 4 m EPU, the absolute linear encoder 
will be used to measure the gap information. Hence, no 
homing procedure is needed. 

3.4 Protection and interlock 

The safety of the system is the one of the important 
considerations. For the U10P system, there are the tilt 
and slip detection, software limits protection, maximum 
and minimum limit switches. If one of the these 
interlocks is active, the four motors would be 
immediately stop. The controller supports error recovery 
functions used by the operator to eliminate errors. For 
the W20, U5, U9 and EPU are similar to the U10P. 

4. CONTROL ROOM OPERATOR INTERFACE 

The operator interface is a graphic mode interface. 
Normal operation page includes the setting and reading 
of the gap position and end-pole corrector power 
supplies, the monitoring of the tilt sensors, limit 
switches and drivers status and motors stop function. 
For the critical functions such as errors recovery, reset 
motor controller, homing procedure and updating the 
residual field compensation table are hidden in another 
page. 

5. PERFORMANCE ISSUES 

There are several control performance issues about 
insertion devices of the SRRC such as gap or phase 
resolution, reproducibility, two axes tracking. Table: 1 
lists the performance of the U5, U10P and 1 m EPU [6]. 
The output signals of motion controller for the U10P are 
TTL pulse counts which represent the corresponding 
target position only. Thus the position errors are corrected 
at target position by using the encoder tracking function 
of the motion controller. It possesses a good 
reproducibility (shown in Figure: 2 (a)) but has not a 
good dynamic tracking on synchronous moving in 
multiple axes (shown in Figure: 3 (a)). For the U5 
system, the reproducibility is worse than the U10P 
(shown in Figure: 2 (b)). For the 1 m EPU, the output 
signals of motion controller to motor drivers are analog 
voltages corresponding to the position error. It needs to 
optimize the proportional, integral and derivative 
parameters on feedback control system. Although it is 
more complexity than the U10P control, it offers the 
advantage of the good dynamic tracking. According to 

the resolution of the encoder is 5m, the two axes tracking 
performance is shown in Figure: 3(b). If the resolution of 
the encoder is 1 m, it will be achieved to several microns 
for the two axes tracking. The control response is hoped 
to achieve mechanical limitation. So far the response time 
of the U10P is about 1.2 sec per 0.1 mm. 

:e of [he Insertion devices for SRRC 

"""•»■»^^      Insertion 
IleiTT-v^^jteytee U5 UlOP 1 in EPU 

encoder 
resolution ,» „.Sum Sum 

gap/phase 
resolution - -2 urn - 

renroduciulllty ./■ 1 urn ./■Sum 

tracking ./-3(Ium ./-30 urn ♦MO urn 

Table 1. Performance of the insertion devices 

(a) 

(b) 
Figure: 2 Gap setting from different gap position to 25 
mm (a) reproducibility of the U10P (b) reproducibility 
oftheU5 

Figure: 3 (a) Two axes tracking (upper beam and lower 
beam) of the U10P (b) Two axes tracking of 1 m EPU 
for phase only 

6. BEAMLINE USER INTERFACE 

The U10P controller possesses to accept the capability 
of issue commands from end-station computer to change 
gap directly via Ethernet. To execute the requests 
coming from the end-station, the controller should be 
granted by control room operator. Then the end-station 
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user can send a command to U10P controller and 
monochromator system simultaneously. For the U5 
control system, RS422 is used to communicate with the 
end-station (shown in Figure: 4). Figure: 5 is the 
simulation of the beamline request gap change scenario 
for the operation of U10P. 

Figure: 4 Relation between main control system, U10P 
controller and the beamline end-station 

I OP Qap Rssolulkxi 

2500 3000 

Figure: 5 Simulate beamline request gap change scenario 
forUlOP 

7. DISCUSSION 

The effects of stepper mode and servo mode for the 
SRRC insertion devices control are as the follow : 

a. Dynamic tracking 

For the stepper mode, the output signal is pulse with 
constant motion profile that follows the acceleration, 
deceleration, velocity and target position counts. The 
position errors with varying time can not be corrected 
during moving. The feedback correction occurs only at 
target position. For the servo mode, output signal is a 
analog voltage, it can be changed following the position 
errors. It possesses a good dynamic tracking function. 

c. Response time 

The response time of the U5 system is longer than the 
U10P system. Because the U5 need spend time on 
communication between personal computer and VME 
controller whereas the U10P need not. For the 1 m EPU, 
it adjusts the control parameters to achieve the optimum 
response. The fast response will be foreseeable. 

d. Protection, error reporting and recovery 

For the W20 system, according to the transmission 
structure was failed to result in the beam tilt. However it 
could not supply the tilt information to control system. 
The tilt sensors will be provided to increase the 
judgment of the W20 system working well or not. In the 
future, the information of the system status during the 
movement will be saved in the intelligent motion 
controller. If the error occurred, these information would 
be dumped as error analysis reference. And there will be 
a error reporting to suggest troubleshooting method. 
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THE LHC VACUUM SYSTEM 

O. Gröbner, CERN, 1211 Geneva 23, Switzerland 

Abstract 

The Large Hadron Collider (LHC) at CERN, involves 
two proton storage rings with colliding beams of 7 TeV. 
The machine will be housed in the existing LEP tunnel 
and requires 16 m long superconducting bending magnets. 
The vacuum chamber will be the inner wall of the cryostat 
and hence at the temperature of the magnet cold bore, i.e. 
at 1.9 K and therefore a very good cryopump. To reduce 
the cryogenic power consumption, the heat load from 
synchrotron radiation and from the image currents in the 
vacuum chamber will be absorbed on a 'beam screen', 
which operates between 5 and 20 K, inserted in the 
magnet cold bore. The design pressure necessary for 
operation must provide a lifetime of several days and a 
further stringent requirement comes from the power 
deposition in the superconducting magnet coils due to 
protons scattered on the residual gas which could lead to a 
magnet quench. Cryopumping of gas on the cold surfaces 
provides the necessary low gas densities but it must be 
ensured that the vapour pressure of cryosorbed molecules, 
of which H2 and He would be the most critical species, 

remains within acceptable limits. In the room temperature 
sections of the LHC, specifically in the experiments, the 
vacuum must be stable against ion induced desorption and 
ISR-type 'pressure bumps'. 

1 INTRODUCTION 

The Large Hadron Collider (LHC) [1] will be installed 
in the existing 27 km underground tunnel of the Large 
Electron Positron collider (LEP) at CERN in Geneva. The 
main element of the new accelerator/storage ring will be a 
string of superconducting magnets, dipoles and 
quadrupoles, which bend and focus the two counter 
rotating proton beams with a design energy of 7 TeV. The 
bending radius is 2784 m and the magnetic field will be 
8.3 T. The dipole magnets are mounted in a 'two-in-one' 
configuration within the same cold iron yoke and in the 
same common cryostat. The two inner tubes of this 
cryostat, in direct contact with the 1.9 K helium, fulfil 
the function of the vacuum chamber for the machine. 
With this design, the LHC will be the first high energy 
storage ring with a vacuum system at cryogenic 
temperature which is exposed to intense synchrotron 
radiation emitted from proton beams. The design intensity 
of each beam is 0.53 A (but only about 0.053 A during 
the first period of operation). Due to the very high energy 
of the proton beams and since the 'cold-bore' beam pipe is 
a very effective cryopump, a number of novel design 
requirements as well as constraints will have to be met. 
The general design of the vacuum system for LHC [2, 3, 
4] has been presented at several conferences and, therefore, 
only the most important characteristics and the results 
from some recent studies will be described here. A detailed 
description of the insulation vacuum for the cryomagnets 
can be found in reference [5]. 

2 SYNCHROTRON RADIATION 

Synchrotron radiation in LHC is a dominant factor for 
the design of the vacuum system. At 7 TeV, the critical 
energy of the synchrotron radiation spectrum is 44 eV and 
the radiated power represents a heat load of 0.2 W/m per 
beam. To prevent this heat load reaching the 1.9 K 
cryogenic system, it has been proposed, since the early 
design phase, to install inside the cold-bore a 'beam screen' 
which can be operated at a temperature in the range of 5 to 
20 K. However, the additional advantage of this beam 
screen is that it intercepts not only the synchrotron 
radiation, but removes also the resistive losses dissipated 
by the beam induced wall currents which are of 
comparable magnitude. The beam screen can also remove 
the more recently identified heat source by photoelectrons 
[6]. In the course of the experiments which were started 
for the SSC Project to study in detail the synchrotron 
radiation induced gas desorption in a cold vacuum system, 
it became evident that in the LHC, this screen had to be 
partially transparent so that H2 molecules desorbed by the 
beam could be pumped permanently on the 1.9 K cold 
bore surface. Figure 1 shows a section of the circular cold- 
bore vacuum chamber (49 mm I.D.) and of the perforated 
beam screen, which has a carefully optimised section for 
both the horizontal (44 mm) and vertical (36 mm) 
apertures. Also shown in the figure are the pumping holes 
which represent approximately 4% of the surface. A more 
detailed discussion of the function of these pumping holes 
will be given later. 

COOT.INT! TURHS 

SLTPOKl'S HVBK.Y 
1.7 m 

BK\M SCREEN -<■ 
(5 - 20 K) 

COLD BORE 
(l.y K) 

PUMPTNC, STOTS   -""" ^-S^JSferff 

Figure: 1 Beam screen installed in the magnet cold-bore. 
Cooling pipes and supports are located in the vertical 
plane above and below the beam where the resulting 
aperture reduction can be accepted. 

The beam screen is held in position with respect to the 
cold-bore by regularly spaced supports and cooled by two 
longitudinal helium pipes placed in the vertical plane 
above and below the beam. For mechanical and magnetic 
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reasons, the screen will be made of a low permeability 
stainless steel, approximately 1 mm thick. A detailed 
description of the required electric, magnetic and 
mechanical characteristics of the beam screen has been 
presented previously [7] and the most recent developments 
are presented in a separate contribution [8]. The inner 
wall, exposed to the electric field of the beam, will be 
coated with a 0.05 mm layer of high conductivity copper 
to keep the electric impedance low [9]. With this 
mechanical design of the beam screen an optimum 
compromise has to be found between several conflicting 
requirements. For example, the good electric conductivity 
of the copper conflicts with the magnetic forces produced 
by eddy currents during a magnet quench. These forces 
have been evaluated at several tons per m and impose the 
mechanically strong structure of the screen. 

3 DYNAMIC VACUUM 

The synchrotron radiation which strikes the inner 
copper coated surface of the beam screen is expected to 
produce a significant amount of desorbed gas in spite of 
the relatively low critical energy photon spectrum when 
compared with conventional synchrotron light sources. 

The linear photon flux (photons s" m" ) depends on the 
beam current 1(A) and the beam energy E(TeV) and the 
bending radius, in LHC it is given by 2.5xl016 I E . It 
is interesting to note that LHC will have a larger linear 
photon flux then LEP2 or the SSC. The resulting flow of 
photo-desorbed gas is proportional to the photon flux and 
to the molecular desorption yield. Over the last years, an 
intensive program of measurements has been undertaken, 
using mainly an external photon beam line on the EPA 
storage ring in CERN to obtain reliable data for the 
molecular desorption yields for representative vacuum 
chamber surfaces at the relevant photon energies and 
covering the temperature range from room temperature to 
4.2 K [10], as shown in Table 1. 

Table 1 
Molecular desorption yield (molecules/photon) for copper 
plated stainless steel and for 45.3 eV critical energy 
photon spectrum at perpendicular photon incidence. From 
reference [10]. 

T(K) H2 CH4 CO co2 
300 5.0 10"4 1.6 10"3 2.5 10" 

4 
2.2 10"4 

77 2.5 10"4 4.0 10"6 1.5 10" 
5 

7.0 10"6 

4.2 3.5 10"5 8.0 10"7 6.0 10" 
6 

7.0 10"6 

These latest results indicate a decrease of the molecular 
desorption yield with temperature but at 4.2 K, the 
observed yields are still significant. In addition, the effect 
of the grazing photon incidence in LHC has yet to be 
included. This dependence on photon incidence has been 
studied by measurements on a photon beam line at the 
VEPP-2M storage ring at INP in Novosibirsk [11], There 

it was found that the molecular desorption yield for H2 

from a copper coated surface at about 10 K and under 
_4 

grazing incidence (-10 mrad) is   approximately 5.10 
molecules per photon (measured after an initial exposure 

21 to a photon dose of 2 10     photons/m), hence a factor of 
14 larger than the corresponding value in Table 1. 

4 NUCLEAR SCATTERING 

Beam loss due to nuclear scattering on the residual gas 
represents a non-negligible heat load in LHC. Since these 
losses are due to interaction of high energy protons with 
the residual gas, the secondaries are sufficiently energetic 
to escape from the vacuum chamber and deposit their 
energy in the cryomagnets. There are two limits to the 
residual gas density, the first due to a concentrated, local 
heat load which could quench a magnet and the second 
from the distributed, total load to the cryosystem. The 
first limit applies to a local region with a high pressure 
(e.g. as it could be caused by a helium leak) while the 
second can be expressed in terms of the average gas 
density around the machine or more conveniently by the 
nuclear scattering beam lifetime x(h). 

Pns (W/m) = 0.93 E(TeV) I(A)/x(h). 
The design of the LHC includes a nuclear scattering 

allowance of -0.1 W/m for the two beams and this 
specifies a lower limit for the beam-gas lifetime of 69 
hours; thus a 'lifetime limit' of 100 hours has been 
chosen to design the vacuum system. The local 'quench 
limit' on gas density, depending on the efficiency of the 
collimation system, is expected to be at least a factor 100 
higher. 

Gas densities are related to beam lifetime x through the 
relation 1/x = o" c n , where 0 is the total nuclear 
scattering cross section at 7 TeV, n the gas density and c 
the velocity of light. For H2 and for the other molecular 
species in the residual gas Table 2 gives the relative 
nuclear scattering cross sections with respect to H2 and 

3 
the densities (m   ) corresponding to a 100 h beam life 
time. 

Table 2 
Relative nuclear scattering cross sections with respect to 
H2 and densities corresponding to alOO h beam life time 

in LHC 

Molecules ai/°H2 n (m"3) x=100h 
H2 1 9.8 1014 

He 1.26 7.7 1014 

CH4 5.4 1.8 1014 

H20 5.4 1.8 1014 

CO 7.8 1.2 1014 

C02 12.2 3.0 1014 
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The 100 h beam lifetime limit requires an equivalent 
15     3 H2 density < 10     m    . At the temperature of the beam 

-9 screen (average -10 K), this corresponds to 10    Torr. 

5 BEAM INDUCED HEAT LOAD 

The justification for a beam screen to intercept the 
power from the various beam related sources which 
otherwise would reach the cold bore and load the 1.9 K 
cryogenic system can be seen in Figure 2. Apart from the 
resistive losses in the beam screen all other heat loads 
increase with the beam energy. The contribution from 
photoelectrons will be discussed in a subsequent section. 
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Figure: 2 Estimated and assumed beam induced losses in 
LHC. The contribution from photoelectrons will be 
discussed in a later section. Nuclear scattering is the only 
part which can not be removed by the beam screen. 

6 VAPOUR PRESSURE 

The cold length of the LHC vacuum system (some 
80% of the circumference) relies on the cryopumping of 
the 1.9 K vacuum chamber through the perforated beam 
screen. Among the desorbed gases, hydrogen, which has 
the largest molecular desorption yield, is the most critical 
species for which the vapour pressure is high and the 
pumping capacity of the beam screen, operated between 5 
and 20 K, is very small. Without the pumping holes, the 
cryopumping of the beam screen would not provide any 
useful capacity for LHC operation. In fact, the equilibrium 
vapour density at 5 K for a monolayer of hydrogen exceeds 
by several orders of magnitude the acceptable limit [12]. 
With the concept of pumping holes in the beam screen, 
hydrogen, and even more so all other gas species, can be 
pumped on the 1.9 K surface with a negligibly low 
saturated vapour density and hence in practical an 
unlimited capacity. Effectively, the pumping holes 
provide a constant pumping speed, proportional to the 
surface area of the holes and which can be optimised for 
different requirements. However, one important exception 
is He since even at 1.9 K, only a small amount of this 
gas can be accommodated and this highlights the 
importance of a perfect leak tightness for the beam 
vacuum system. 

7 RECYLING OF PHYSISORBED GAS 

Due to the photon flux which strikes the inner surface 
of the beam screen, cryopumped gas molecules on the 
screen may be re-desorbed. Measurements of this 
'recycling' coefficient (secondary desorption) for hydrogen 
[13] give values increasing in proportion to the surface 
coverage and reaching approximately 1 molecule per 
photon at a monolayer. For any significant molecular 
coverage of the beam screen, this secondary effect for H2 
is several orders of magnitude larger than the primary 
desorption. The global result of thermal desorption and 
recycling will be that a limited equilibrium quantity of gas 
can be accommodated on the inner surface of the beam 
screen. Thereafter all the primary desorbed gas load will 
be transferred through the pumping holes to the 1.9 K 
vacuum chamber wall with a pumping speed now 
determined by the total hole area. A schematic picture of 
this process is illustrated in Figure 3. 

The recycling coefficients for the important heavier 
gases, CH4, CO and CO2 have also been measured and it 
was found that even for thick physisorbed layers (10-20 
monolayers) these coefficients are small and can not be 
distinguished from the respective primary photodesorption 

.3 
coefficients    [14]     i.e.,     they     range    below     10 
molecules/photon. Fore these gases the recycling will be 
small and the pumping speed will remain, in contrast to 
H2, at the level determined by the screen area and the 
respective sticking coefficient. 

This behaviour of the vacuum system is illustrated in 
Figure 4  which   shows   experimental  results   from   a 
prototype beam screen   at the VEPP-2M photon beam 
line. The data have been scaled to the photon flux in the 
LHC at 1/10 of the nominal current. With a -2% area of 

13    -3 pumping holes, hydrogen saturates at ~3 10     m   , well 
below the specified lifetime limit. 

An important parameter for the design of the LHC 
vacuum system is also the total amount of desorbed H2. 
This quantity has been    estimated as 2.6  monolayers 
during the initial year of operation and as 10.5 monolayers 
during the second year at the full nominal beam current. 
This large quantity of gas should not pose a problem with 
the present design of the LHC vacuum system since the 
molecules can diffuse through the pumping holes and be 
adsorbed on the 1.9 K cold bore with a negligible vapour 
pressure. 
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Figure: 3 Beam screen function with primary desorption 
and recycling of physisorbed gas. Permanent adsorption 
occurs on the 1.9 K cold-bore surface, protected by the 
beam screen from synchrotron radiation and 
photoelectrons. 
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the ions may be up to 300 eV. As for the photons,   the 
energetic ions can desorb tightly bound gas molecules 
with a molecular desorption yield, rji (molecules per ion). 
Desorbed molecules will in turn be ionised and participate 
in the desorption process. This positive feedback can lead 
to the so-called 'ion induced pressure instability' known 
from previous experience with the Intersecting Storage 
Rings (ISR) at CERN. The pressure runaway depends 
critically on the local cleanliness of the surface, via the 
ion induced molecular desorption yield, and on the local 
pumping speed. The stability limit is    expressed by the 
condition  that the product of beam current I and of the 
molecular desorption yield r|i must be less than a limit 
given by the pumping speed 

T        e   C ■Hi I <   - Seff 
a 

where e is the electron charge, a the ionisation cross 
section of the residual gas molecules for high energy 
protons (typically 20 barn for hydrogen) and  Seff is the 
effective linear pumping speed. In the cold sections of the 
LHC, a well defined, lower limit of the pumping  is 
determined by the cryosorption on the 1.9 K vacuum 
chamber surface through the pumping holes. The safe 
condition for vacuum stability for the cold sections is 
defined by the area Af of pumping holes per unit length 

■nil 
kT 

-Af 
\2ltm a 

with k the Boltzmann constant and m the mass of 
the molecules. 

With the parameters of LHC, the stability limit for 

hydrogen is r\\ 1= 10^ A. Since a typical primary ion 
desorption yield for an unbaked surface is of order unity, 
and since the large recycling coefficient for hydrogen does 
not permit the formation of a thick layer of H2 on the 
screen, the cold sections of LHC will operate well inside 
this stability limit. However, this situation will be 
different in the room temperature sections, where the 
conventional, external pumping system is limited through 
the conductance of the beam pipe. The control of the T|- 
parameter by appropriate surface preparation and by 
bakeout will be essential. 

Figure: 4 Evolution of the molecular density of H2 
during photon exposure in an experiment at VEPP-2M 
with a perforated beam screen to simulate LHC during the 
first running year with 1/10 of the nominal beam current. 
During the experiment, the screen has been warmed-up to 
77 K, while maintaining the cold-bore at ~3K, to the 
remove cryosorbed hydrogen and thus to demonstrate the 
repetition of the recycling effect. 

8 ION INDUCED PRESSURE INSTABILITY 

In the LHC, the ionisation of the residual gas 
molecules will produce ions which then are repelled by the 
positive beam potential and accelerated towards the beam 
screen or the vacuum chamber wall. The final energy of 

9 PHOTOELECTRONS AND MULTIPACTING 

Beam induced multipacting [15] which may arise 
through synchronous motion of photoelectrons and low 
energy secondary electrons bouncing back and forth 
between opposite vacuum chamber walls with successive 
proton bunches represent a potential problem for the 
machine [16]. In the LHC the beam screen radius rp = 22 

mm, the bunch intensity N}, = I 10 protons and the 
bunch spacing Lbb = 7.5m are such that the wall-to-wall 
multipacting threshold, given by 

Nh=- (re the classical electron radius), 
4* 
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can be reached at about 1/4 only of the nominal intensity 
[6]. 

An additional effect attributed to synchrotron radiation 
is the production of photoelectrons a source which largely 
dominates electrons from residual gas ionisation. 
Measurements on the photon beam line at EPA [17] with 
an LHC test chamber give a photo-yield of typically 0.02 
electrons/photon for the synchrotron radiation spectrum in 
LHC. Due to the strong electric field of the proton 
bunches these electrons can be accelerated across the beam 
pipe and transfer energy to the beam screen. A first, still 
very approximate estimate of this effect gives 0.2 W/m 
[6]. An additional consequence of these photoelectrons 
will be enhanced outgassing which will add to the photo- 
desorption. 

10 MECHANICAL DESIGN 

The mechanical design of the cold arc vacuum system 
requires a large number of interconnections for the beam 
vacuum between the beam screens of adjacent magnets. 
Following the proven design of the LEP-type RF-finger 
contacts a new concept has been developed which takes 
into account the large thermal contraction (approx. 45 
mm) between room temperature and operating 
temperature. An important design criterion to be met is 
the requirement of installation and alignment of the long 
cryomagnets without the risk of damaging the delicate 
finger contacts. The principle of the proposed novel 
solution is shown in Figure 5 where the R.T. and the cold 
positions of the RF-bridge are drawn on the lower and on 
the upper section respectively 18 [18]. 

JR-^JU—IAAJ—UTfcp 

,-Jlf^' 

Figure: 5 Beam vacuum interconnection between magnets 
with a novel RF-bridge design to guarantee flexibility 
during installation and alignment. Lower section shows 
room temperature (R.T.) position, upper section shows 
the contact position at cryogenic temperature. 

Only once the final cold position is reached, will the 
required smooth and well defined electric contact be 
established with a controlled contact force. 
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DUST IN ACCELERATOR VACUUM SYSTEMS 

Darren R.C. Kelly, DESY, Notkestr.85, 22603 Hamburg, Germany 

Abstract 

Many accelerators of electron beams are susceptible to per- 
sistent beam lifetime disruptions, with correspondingly re- 
duced performance. One distinguishes between three pre- 
vailing explanations of these disruptions: (1) trapping of 
positive atomic ions in the negatively charged beam; (2) 
trapping of small highly positively ionised micro-objects 
("dust") in the negatively charged beam; (3) disruptions 
due to stray magnetic objects trapped in the magnetic field 
of undulators. 

The lifetime disruption of certain electron storage rings 
that employ ion-getter pump systems are attributed by most 
researchers to explanation (2), the trapped dust hypothe- 
sis. Systematic experimental studies of HERA, PETRA 
and DORIS reinforce the suspicion that specifically this 
type of pump system is the culprit. 

Examples of beam lifetime disruptions are presented, to- 
gether with a summary of observations and experiments 
performed at various afflicted storage rings to investigate 
dust trapping and the connection between ion getter pumps 
and dust particle release. Observations of the disrupted 
beam are found to agree with the dust trapping hypothesis. 

HERA-e lifetime disruption on 12dec1995 

/ity-A* 

lifetime [h] 
count/100 loss monitor 159 (NL191) 

>AW-\    , 
I WMVV,,A 

^tf^yv^^ 

j.2 5.3 5.4 5.5 5.6 5.7 5.8 5.9 6 
time [h] 

Figure 1: Example of the reaction of a beam loss monitor 
during a lifetime disruption in HERA-e at injection energy 
12 GeV on 12 Dec 1995. The beam loss monitor count Rij 
divided by 100 for monitor NL191 (number j=159) and the 
lifetime r in hours are shown against time U. Reductions 
in the lifetime coincide with local loss rate increases. 

1    INTRODUCTION 

Various electron storage rings are afflicted by a spurious re- 
duction of the beam lifetime - apparently caused by the de- 
flection of beam electrons by positively charged dust parti- 

cles of size order 1/xm trapped in the electric field potential 
of the negatively charged beam: Super-ACO [1], TRISTAN 
AR [2], CESR [3], HERA-e, PETRAII, DORISIII [4, 5], 
PF [6]. The complementary experience at these machines 
has built a consistent picture of the symptoms of macropar- 
ticle lifetime disruptions, and this picture agrees quantita- 
tively with the dust trapping model detailed in [3, 4]. 

This electron beam lifetime problem is beam charge de- 
pendent, i.e. it only occurs with electron beams, as evi- 
denced by the problem-free switch to positron operation in 
HERA and DORIS. 

Observations confirm that the ion getter pumps of all 
above-mentioned machines are implicated in casting dust 
particles into the beam pipe. The lifetime disruption can be 
provoked by switching an ion getter pump on and off, or 
by abruptly increasing the pump voltage, when a discharge 
within the pump can be sometimes be observed. 

Such lifetime disruptions are not observed in the non- 
evaporative getter (NEG) pump based storage ring LEP 
or at ESRF (with NEG pumps and auxilliary lumped ion 
pumps), with the exception of the possible capture of mag- 
netic dust in undulators [7]. Trials over a limited region of 
HERA with NEG pumps indicate a strong if not complete 
reduction of the release of disrupting particles within this 
NEG pump region. 

It will be illustrated in this report that the extensive ob- 
servations of beam lifetime disruptions in a number of ac- 
celerators are well described by the trapped dust hypothe- 
sis. However, the formation or liberation of dust particles 
within the complicated environment of the ion-getter pump 
chamber is poorly understood. Relatively few direct ob- 
servations of the processes within these pumps systems are 
available, whereas many observations of pump configura- 
tions and operating conditions conducive to the onset of 
beam lifetime disruptions have been performed, in particu- 
lar with HERA, PETRA and DORIS. Such observations are 
however not sufficient to form a causal model of dust par- 
ticle release into the beam pipe; our knowledge of the pro- 
cesses on the pump side of the vacuum chamber gas con- 
duction slits is as poor as the available diagnostics. A num- 
ber of interesting observations and experiments of dust-like 
disruptions at other afflicted storage rings will also be dis- 
cussed. 

2   AN EXAMPLE OF LIFETIME DISRUPTIONS IN 
HERA-E 

Of all available diagnostics of the disrupted beam, the 214 
beam loss monitors of HERA [8] are perhaps the most 
revealing.  In Fig. 1 we see an example of a typical life- 
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Figure 2: The beam loss monitor count ratio Nij = -Ri.j/-^»—i,j revealsthe influence of dust particles moving longitudi- 
nally around the HERA electron ring. The grayscale corresponds to a range 0.5...3 in Nij at 12 GeV, where 1 represents 
background (no change). The ratios are plotted over the (i, j')-plane of BLM monitor numbers j = 1... 214 for the entire 
machine against time t$. Current in mA, energy 12 GeV and lifetime in h are shown on an extended scale 

time disruption in HERA-e at injection energy 12 GeV1. In 
this particular HERA-e run a number of abrupt beam life- 
time reductions seemed to correlate with increases in the 
rate Rij of beam loss monitor number j=159 at position 
NL191 overtimes ti. 

More global insight into the dust trappings is obtained 
when the time development of the beam loss monitor count 
ratio Nitj = Rij/Ri-ij of all monitors j = 1...214 
around the machine is displayed simultaneously in one di- 
agram for a range of times £;. Thus changes in the reaction 
of each monitor are reflected by departure from Nij = 1, 
which value then represents predominantly the synchrotron 
radiation background and beam electron losses due to de- 
flection from residual gas molecules in the vacuum cham- 

'in HERA-e at 12 GeV the beam loss monitor reaction to scattered 
electrons dominates over the loss monitor's reaction to synchrotron radi- 
ation, permitting easy recognition of events, whereas at e-p luminosity 
energy 27.5 GeV transient reactions can be identified but at 3% of the 
count are difficult to resolve against the dominant synchrotron radiation 
background, so examples in this paper are restricted to injection energy 
12 GeV . 

ber. In Fig. 2 the count ratio is associated with grey shades 
for a range 0.5 - 3 in Nitj for the same HERA-e run on 
12 Dec 1995 at 12 GeV . The reader will be rewarded by 
taking a few minutes to peruse and understand this some- 
what overwhelming diagram, which illustrates most of the 
important aspects of the dust trapping problem. A number 
of features of the disrupting particles can be identified in 
this diagram: 

• The longitudinal flight of many particles can be easily 
discerned as bright flight trails, and their velocities can 
be measured to be around 10 to 100 m/s (in HERA-e 
at beam energy 12 GeV and current 30-40 mA). 

• Both transient and instransient disruptions of the life- 
time can be seen to correspond with particles entering 
the beam. The lifetime is plotted against time on the 
extended axis. 

• It can be seen that there are hundreds to thousands 
of particles passing through the beam per hour, only 
a handful of which are permanently trapped.  Many 

3548 



particles do not survive their flights along an arc, per- 
haps due to thermal, structural or dynamic instability. 
There is clearly a narrow stability window. 

• The reaction of monitor number 159 (position NL191) 
shown individually in Fig. 1 can be identified at the 
instant of lifetime reduction (extended axis). 

are cast into the beam pipe at many locations in the ma- 
chine. Only the handfull of particles per hour meeting 
the transverse, longitudinal and thermal stability conditions 
survive to cause intransient lifetime disruptions, the others 
leaving merely brief trails of losses as they are swept down- 
stream before melting, falling out of the beam, or becoming 
structurally unstable. 

3   THE TRAPPED DUST HYPOTHESIS 

Most if not all symptoms of the electron beam lifetime dis- 
ruption can be quantitatively explained by the prevailing 
dust trapping model as detailed in [3, 4], which I sum- 
marise briefly. Macroparticles, perhaps of Si02 or metallic 
oxides from the beam pipe and ion pump surfaces, are cast 
into the beam pipe by numerous ion pumps at frequent in- 
tervals, where they are rapidly ionised and drawn into the 
electron beam by the beam's strong electric field. The par- 
ticles are transversely trapped and rapidly reach an equilib- 
rium charge determined by competition between ionisation 
by beam electrons and deionisation through field evapora- 
tion and photoelectron capture. The equilibrium charge ob- 
tained by Si02 particles of sizes 0.1 - 1 /im - as computed 
by integration of a trapped particle's equation of motion 
[12] with charge development after [4] - is listed in Ta- 
ble 1 for current 20 mA and energy 27.5 GeV in HERA-e. 
The particles oscillate transversely at frequencies of a few 
kHz. Particles of low mass-to-charge ratio, i.e. of radius 
< 0.1/xm are transversely unstable. 

The macroparticles are driven downstream by Mceller 
scattering at about 12 ms~2 [4] until they are possibly 
trapped in horizontally defocussing quadrupoles by restor- 
ing kicks due to the longitudinal asymmetry of the beam 
bunches from the /3-function gradient there [3]. In HERA 
particles of radius < 1/xm achieve an equilibrium charge 
meeting this longitudinal trapping criterion. 

Table 1: Charge number Q, mass number to charge number 
ratio Q/A, and and transverse oscillation frequencies ob- 
tained by particles of different radii R trapped in the core 
of the HERA electron beam at 20 mA current at 27.5 GeV. 

R Q A/Q fx h 
[^m] [Hz] [Hz] 

1.0 5.81E+06 1.04E+06 1510.88 3152.41 
0.5 4.75E+06 1.58E+05 3863.99 8062.09 
0.3 4.04E+06 4.02E+04 7668.93 16001 
0.1 2.72E+06 2.23E+03 32576.5 67969.8 

Particles of size 0.1 - 1 /xm should be thermally stable in 
HERA-e at typical current 40 mA and energy 27.5 GeV , 
although [4] has predicted that these particle might be ther- 
mally unstable at very high electron currents » 40 mA. 

In view of this model the myriad of activity in the beam 
loss monitor diagram Fig. 2 becomes understandable. A 
large number of dust particles with a distribution of sizes 

4   EXPERIMENTAL INVESTIGATIONS 

A number of chance observations and machine studies at 
various institutes have added greatly to our knowledge of 
the lifetime disruption problem, some of which are now 
briefly described. 

Since the inception of CESR sudden lifetime drops have 
been observed and by comparison of the magnitude of 
the observed lifetime drops with a model of a trapped 
macroparticle's equilibrium charge as a function of particle 
mass the typical particle size was estimated to be of order 
1 /zm[3]. 

At TRISTAN AR dust particles were dropped into the 
beam pipe via a 1 mm nozzle to see whether macroparticles 
could indeed be trapped in an electron beam [14]. Metal 
particles consisting of Cu, Al, Ti (sizes 0.1-8 /mi) were not 
trapped, whereas metallic oxides such as CuO (0.35 /mi), 
Ti02 (0.3 /im), and the NEG compound Zr-V-Fe (~ 1 /mi) 
were trapped for many minutes at currents order 10 mA and 
energy 6.5 GeV. Particles of diameter 0.5 /mi consisting of 
C (diamond), SiC and A1203 were trapped even at very low 
currents (less than 0.1 mA). 

Surprisingly, the TRISTAN AR beam lifetime was found 
to be poor after dumping and refilling, and bremsstrahlung 
signals and electron losses typical of trapped particles were 
still observed. This "hysteresis" effect has also been ob- 
served at HERA, and is not yet understood. Simple consid- 
erations predict that the image charge force on a dust parti- 
cle exceeds the beam electric field force within a few mm 
of the vacuum chamber wall for both HERA and TRISTAN 
AR [3, 15]. 

During dust trapping investigations at TRISTAN AR 
bremsstrahlung observations with 7-ray detectors [15] sug- 
gested both longitudinal motion and transverse oscillations 
of dust particles. 

At CERN a troublesome ion pump installed above an 
electrostatic separator was reported [7]. The pump was 
found to arc frequently. When the pump was moved below 
the separator and around a 90° elbow the problem disap- 
peared. 

At Super-ACO a CCD camera 10 m from an ion pump 
in a beam-line from Super-ACO was found to be "sand- 
blasted" with titanium and stainless steel after an accidental 
gas inlet [7]. 

The degree and frequency of beam lifetime disruptions 
seems to increase with higher beam energy and beam 
current. This correlation has been systematically studied 
in HERA-e [9]. Analysis of the correlation reveals that 
dozens of particles of radius 0.3 /tm are typically trapped 
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in HERA at current 20 mA and energy 27.5 GeV resulting 
in a total lifetime reduction from 10 h to about 3 h. 

It has been suggested [16] that the likelihood of spon- 
taneous ion pump discharge and consequent macroparticle 
release is related to the number of photoelectrons released 
per metre from the vacuum chamber surface, a quantity ap- 
proximately proportional to the product Ex I where E and 
/ are the beam energy and current respectively. This de- 
fines a locus for onset of the disruptions, although clearly 
one is dealing with a stochastic phenomenon not a sharp 
threshold. There were no indications of lifetime disruptions 
due to macroparticles at the NEG-pump based LEP storage 
ring with beam current 8 mA at 45 GeV[19], whereas life- 
time disruptions are prevalent at HERA at current 30 mA 
at 12 GeV and at current 13 mA at 27.5 GeV. 

Investigations in PETRA showed that a range of adapted 
ion pumps were capable of causing lifetime disruptions 
[17], either spontaneously or by abrupt switching of the 
pump high-voltage. These pump variations included: (1) 
a regular PETRA ion pump where many cylindrical Pen- 
ning cells share a common cathode; (2) a regular HERA 
ion pump where perforated anode foils offer an open dis- 
charge region to the side; (3) a HERA ion pump with a 
baffle between the gas conduction slits and the pump an- 
ode, blocking the direct route to the beam pipe; (4) an "in- 
verted" pump with high negative voltage attached to the 
cathode instead of the anode. A "dummy" pump with a 
closed, inactive rectangular tube replacing the cylindrical 
Penning cells did not give rise to lifetime disruptions. 

A possible mechanism for dust particle release from ion 
pumps is the liberation of pump material such as titanium 
by strong discharges known to occur spontaneously within 
the pump cells, and provokable by abrupt switching of the 
pump high voltage. Resistors of strength 100 MQ were in- 
stalled before integrated dipole pumps in HERA in the hope 
of dissipating the energy of the discharge sufficiently to 
prevent liberation of particles [18]. However beam lifetime 
disruptions where found nevertheless to occur frequently 
and analysis of beam loss monitor responses did not show a 
reduction in the frequency of particle release into the beam 
pipe. 

It has been shown that both strong repeated beam kicks 
and a carefully tuned beam excitation sweep with a feed- 
back kicker can restore the disrupted beam lifetime of PE- 
TRA and HERA [17, 11,12]. In HERA, where the lifetime 
is "multiply-disrupted", presumably by dozens of disrupt- 
ing particles, the lifetime and the rates in particular beam 
loss monitors and experiment detectors could be seen to 
improve in discrete steps as the parameters of the beam ex- 
citation were scanned, providing strong support for the dust 
trapping model. Bremsstrahlung detector observations at 
PETRA likewise indicated discrete beam disruption. 

A clearing field constructed using beam position mon- 
itors button electrodes immediately downstream from 
HERA's horizontally defocussing quadrupoles was shown 
to deflect the longitudinal flights of particles travelling suf- 
ficiently slowly past the clearing field [13]. The location 

of the BPMs is not suitable for construction of a clearing 
field capable of improving the beam lifetime in HERA by 
removing particles trapped within horizontally defocussing 
quadrupoles, but the experiment provides further support 
for the dust trapping model. The installation of general 
clearing-field electrodes to improve the HERA-e beam life- 
time is a technically cumbersome option. 

5   CONCLUSION 

A wealth of experimental and observational information 
has been gathered by researchers at many electron storage 
rings afflicted by spontaneous beam lifetime disruptions, 
most of which is consistent with the model of macroparti- 
cles (dust) of size order 1 (im being trapped in the electron 
beam. 

Yet despite this consistent picture of the symptoms, the 
cause is not fully understood. As researchers of viral infec- 
tions know, the tiniest creatures can be responsible for the 
greatest grievances and warrant the most extensive combat. 
An elegant, inexpensive solution to the electron beam life- 
time problem compatible with general machine operation 
in HERA is not yet available. Trials indicate that replacing 
the ion getter pump system with NEG pumps will likely 
restore good electron beam lifetime. But a deeper under- 
standing of dust generation/liberation in accelerator pump 
systems would be welcome now that so much is known 
about dust in electron accelerator beam pipes. 
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Abstract 

The Advanced Photon Source (APS) storage ring was 
designed to operated with 7-GeV, 100-mA positron beam 
with lifetimes > 20 hours. The lifetime is limited by resid- 
ual gas scattering and Touschek scattering at this time. 
Photon-stimulated desorption and microwave power in the 
rf cavities are the main gas loads. Comparison of actual 
system gas loads and design calculations will be given. In 
addition, several special features of the storage ring vac- 
uum system will be presented. 

1 INTRODUCTION 

The Advanced Photon Source (APS) is a high-inten- 
sity, hard x-ray synchrotron light source that is currently 
being commissioned and operated. The APS storage ring 
is designed to store up to 100 mA of 7-GeV positrons for 
up to 20 hours. In order to achieve the design goal for the 
stored beam lifetime, the accelerator vacuum system must 
achieve -1-2 nanoTorr average pressure with the beam on. 
In fact, the storage ring has already achieved up to 37 
hours lifetime for 100-mA beams of 7 GeV positrons. 

The paper will discuss the design and fabrication of 
the storage ring chamber, absorbers, and special features. 
The storage ring chambers were fabricated from aluminum 
extrusions, then machined and welded to achieve the 
proper design. The photon absorbers presented special 
design and fabrication problems. The mechanical engi- 
neering group developed elegantly simple solutions to the 
high heat load problems associated with the absorbers. 

Several problems encountered during the installation 
and operation of the storage ring vacuum system will also 
be discussed. Finally, the current performance and vac- 
uum history will be presented. 

2 VACUUM SYSTEM CONFIGURATION 

The 1104-m circumference storage ring is divided into 
40 sectors, each sector has six vacuum chambers. Each 
sector can be isolated with all-metal gate valves that have 
rf continuity through flexible stainless steel "fingers." The 
vacuum group was responsible for fabricating 235 of the 
240 chambers. The five remaining sections were devoted 
to rf cavities (four sets of four cavities are used) and to the 
injection region. Thirty-five chambers will be replaced by 
insertion device vacuum chambers—to date 14 insertion 
devices have been installed. 

Each sector has two bending magnet girder assem- 
blies, three focusing magnet girder assemblies, and a drift 
chamber—some of the drift chambers have been replaced 
by rf cavities, an injection region, and insertion devices. 
The configuration provides two beam exit ports per sector, 

one for dipole radiation and one for insertion device radia- 
tion. The chamber and the photon absorbers were critical 
components to design and fabricate in order to achieve the 
design performance of the storage ring. 

Each chamber has ports to install photon absorbers, 
vacuum pumps, vacuum diagnostics, and x-ray beam 
transmission. The pumping philosophy was to install non- 
evaporable getter (NEG) strips in the pumping antecham- 
ber along the chamber lengths and to install large capacity 
NEG cartridge pumps and ion pumps at locations near the 
photon absorbers. In the initial design the NEG material 
would act as the principal UHV pumps and the ion pumps 
would trap chemically unreactive gases. As will be dis- 
cussed later, the NEG pumps are primarily used after bake- 
out and in early commissioning of a sector. The ion pumps 
can capture sufficiently the stimulated desorption gas load 
during beam operation. 

3 CHAMBER FABRICATION 

Fabrication of the storage ring vacuum chamber with 
aluminum (Al) and the use of Al Conflat flanges was an 
early design choice. Although there are many advantages 
of Al vacuum systems such as low cost extrusions, high 
thermal conductivity, low radiation activating, and low 
magnetic permeability, aluminum vacuum systems pre- 
sented several technical challenges. Extruding the cham- 
ber to tolerances as demanding as the APS design had not 
been done before. Achieving reproducibility in machining, 
welding, forming, and cleaning the chambers presented a 
number of challenges. Finally, since an ultra-high vacuum 
system required bake-out to 150°C, bake-out procedures 
needed to be developed to maintain vacuum integrity of 
aluminum-to-stainless steel Conflat flange joints 

The chamber extrusions were made of 6061 alumi- 
num. A cross section of the extrusion is shown in Fig. 1. 
The elliptical area is the stored beam region, and the pen- 
tagonal area is the pumping antechamber. The connecting 
region allows the x-rays to pass through and across cham- 
bers. The slots in the antechamber are to capture carrier 
strips that hold the NEG strip, and the three holes are for 
water cooling channels. 

The gap of the beam exit channel needs to be main- 
tained very accurately. In addition, the distance from the 
beam chamber center to the antechamber wall is critical. 
After a number of die trials, extrusions were successfully 
made to hold the channel gap to 0.428 ± 0.010" and the 
cross chamber length to 11.05" + 0.015". 

The second major problem was reproducibly welding 
vacuum parts to the chamber. An extensive weld develop- 
ment program was established that devised self-aligning 
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Figure 1: View of the APS storage ring Al extrusion 
used for vacuum chambers. 

weld joints and used automatic welding systems to provide 
the repeatability. Over the production cycle reliability the 
vacuum-tight welds improved from 90% to better than 
98%—and all weld leaks were repairable by manual weld- 
ing. The major cause of leaks was oxide precipitation in 
the weld. A major breakthrough was the discovery that the 
Al feed wire introduced hydrogen to the weld. Subse- 
quently, the Al wire was formed to thickness in an inert 
atmosphere. 

Finally, cleaning the chamber presented yet more 
major problems. A KOH caustic wash was used in the ini- 
tial development. However, the KOH was incompatible 
with 2219 Al used in the Al conflat flanges. Since 2219 Al 
is an alloy using 6% copper to harden the Al, KOH forced 
the copper to segregate to the surface where it then oxi- 
dized. It would be impossible to clean an assembled and 
welded vacuum chamber with KOH. 

Use of an alkaline detergent and ultrasonic cleaning 
not only resolved the problem, but also provided a thinner 
oxide layer. The stimulated desorption rate from the deter- 
gent-cleaned chambers has been measured on a white light 
beamline at the NSLS x-ray ring at 2.5 GeV. The desorp- 
tion coefficient curves for selected residual gases are 
shown as a function of photon flux in Fig. 2 [1]. The des- 
orption coefficients are similar to Al surfaces with other 
surface treatments. As will be discussed later, gas load 
measurements from initial operation of the APS are poor 
because the storage ring vacuum system was unbaked dur- 
ing initial commissioning studies. The present system has 
a desorption rate of ~ 2-5 x 10"11 Torr per mA. 

4 PHOTON ABSORBERS 

The most demanding engineering problem for the 
storage ring vacuum system was the heat load on the pho- 
ton absorbers, especially the absorbers at the bending mag- 
net chamber. The x-ray power on these absorbers is 
greater than 5 kW, and the linear power density is greater 
than 100 W/mm. Engineers in the mechanical engineering 
group developed and fabricated an absorber that not only 
can withstand 12 kW, but is elegantly simple [2]. 
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Figure 2: Simulated desorption coefficients for H2, H20, 
CO, CO2, and CH4 as a function of integrated "white" 
x-ray beam from a 2.5-GeV electron beam [1]. 

The absorber is manufactured using GlidCop [3]— 
copper stabilized with 0.15% A1203 The internal water 
channels are cut using electric discharge machining 
(EDM), and a plug is brazed in to direct the inlet and outlet 
flow. The face is cut at an angle to disperse the power, and 
slots are machined to further spread the heat over the 
absorber surface. The absorber for the dipole chamber is 
shown in Fig. 3. 

5 INITIAL PROBLEMS 

During installation of the storage ring vacuum system, 
two problems developed that limited operation of the 
accelerator. Corrosion damaged the chamber water fittings 
and prevented bake-out of the sectors. A design flaw with 
the carriers for the NEG strip caused the strip to short to 
the chamber and prevented the NEG strip from being acti- 
vated. This section details the problems and the redesign. 
These discussions are included for two reasons: to clarify 
misconceptions that have developed, and to highlight how 
seemingly minor changes can be disastrous in large vac- 
uum systems. 

Figure 3: View of the APS absorber in chamber 2. 
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Soon after the problems of corrosion and NEG electri- 
cal shorts, the group learned that there were rumors in the 
accelerator community that the APS would have to replace 
its entire vacuum system. To illustrate how extravagant the 
rumors were, the problems were identified and the repairs 
completed in seven months. It would be a Herculean task 
to fabricate, install, and commission the complete vacuum 
system in seven months. The actual modifications under- 
taken by the vacuum group were daunting enough. 

The first problem developed in a bi-metal joint 
between stainless steel and aluminum. The joint was 
welded to the chambers to connect the water headers to the 
chamber water channels. The water was deionized (DI) to 
16 MQ when the system was filled, but the conductivity 
fell to 500 kQ. A galvanic cell developed across the 
bi-metal joint and the corrosion caused the joint to disinte- 
grate. Without water circulating in the chambers, 
bake-outs could not be performed. This left the system 
base pressure in the low to mid 10"8 Torr range. Once it 
was determined that the principal failure was due to corro- 
sion, the redesign was straightforward. A new chamber 
connector was made using 6061 aluminum, and the alumi- 
num was connected to the stainless steel header system at a 
demountable flange. The flange used elastomer gaskets 
and jacket to electrically isolate the aluminum from the 
stainless steel at the joint. In addition, the water was con- 
tinuously deionized and filtered to maintain a minimum 
resistivity of 3 MQ. The major lesson learned from the 
failure analysis is that the water must be continuously 
deionized. 

At the same time a second problem developed that 
also kept the system pressure high. The NEG strip that 
was installed in all of the chambers was to be activated by 
resistively heating the strip to 450° C. In fact, the strip was 
activated in the individual chambers during testing and 
certification. However, when the strips were electrically 
connected in series so that the NEG strip in a full sector 
could be activated at one time, the strip shorted to ground. 

The electrical problem was traced to subtle changes in 
the design of the NEG electrical circuit. In order to install 
the NEG strip in the chambers and be able to pass current 
through the strip, stainless steel carriers were riveted to the 
strip through a ceramic electrical break (see Fig. 4). The 
carriers were connected together by fitting a tab in a slot on 
the adjacent carrier. The carriers were then captured by 
the channels in the extrusion antechamber. Tests showed 
that the "railroad car" connections could be pushed into 
the chambers. Although the carriers worked and were 
tested, there was significant friction when installing the 
carriers over the length of the chamber—especially the 
curved (dipole) chambers. The carriers were "improved" 
by using a pin inserted into a hole instead of the 
tab-and-slot design. Unfortunately, this new design was 
not tested in a full sector assembly. Because of the fric- 
tion, one carrier could be galled in the chamber channel. 
The adjacent carrier would flex due to thermal expansion 

during NEG activation, the pin would push through the 
hole and the carrier would move over the adjacent carrier. 
Now the distance between electrical breaks was shorter 
than the NEG strip at 450° C, and the strip would buckle 
and short to the chamber. 

Figure 4:   View of an old carrier for NEG strip (top); 
view of a new carrier for NEG strip (bottom). 

The redesigned distributed NEG pump has layered 
protections. The new carriers were designed so that the 
carriers could not ride over adjacent carriers (Fig 4). The 
strip at temperature could not touch the chamber at the 
minimum span. In addition, a cantilevered plate coated 
with aluminum oxide blocked the strip from the carrier. 
The power supply was also rewired to have a ground fault 
circuit interrupt. If the strip somehow shorted out, the strip 
could not be overheated. Finally, new power supplies were 
built to activate individual chambers—also with ground 
fault indicators. So even in the event of a strip shorting to 
one chamber, the NEG pumps in a sector could still be 
activated. The new design is successful—the NEG strips 
have been installed around the ring, there are no shorted 
NEG strips in any chamber, and the strip can be activated 
in a full sector with one power supply. 

6 ALUMINUM SYSTEM BAKE-OUT 

The reinstallation of the water fittings and NEG strips 
created a third major problem that inhibited acceptable 
system base pressures. The bake-out of aluminum cham- 
bers with aluminum Conflat flanges mating with stainless 
steel flanges often opened a gasket seal. The problem was 
not significant when the individual chambers were being 
tested and certified; the failure rate was approximately one 
vacuum leak out of 30 or 40 flanges when baking the sec- 
tor to 150°C. However, when an entire sector was being 
baked, the problem was significant because there are 
almost 50 flange seals in a sector. At least one gasket seal 
developed a leak in two out of three sector bake-outs. 

Tests determined that gasket leaks could develop 
when the differential temperature was greater than 12°C. 
Obviously the larger the gradient, the more likely that the 
gasket seal would fail. Techniques were developed in 
which thermal insulation was wrapped around the alumi- 
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num-stainless steel flange assembly to minimize the tem- 
perature gradient. All but four flange assemblies could be 
protected with this passive temperature control. The two 
beam exit beam tubes and the two sector isolation valves 
required additional electrical heating to keep the flange 
temperatures within the 12°C range. The ion pumps were 
also electrically heated to at least 150°C. 

7 SYSTEM PERFORMANCE 

The new DI water system, NEG distributed pumps, 
and bake-out procedures have been successfully imple- 
mented. Since October 1995 the storage ring vacuum sys- 
tem has base pressures below 4 x 10"10 Torr. Today, 32 out 
of 40 sectors have base pressures below 1 x 10"10 Torr. 
With the new bake-out procedures, a gasket leak does not 
develop until after more than 10 sector bake-outs. 

The dynamic system pressure is adequate at this time 
in commissioning/operation. The average ring pressure is 
below 2 nTorr at 100 mA. The beam lifetime at 100-mA 
stored current is more complex because the lifetime is a 
convolution of Touschek lifetime and residual gas scatter- 
ing. In recent operating cycles with 100 mA in 200 
bunches the lifetime was 37 hours. When 100 mA are 
stored in 60 bunches, the lifetime was only 14 hours. It is 
clear that the residual gas scattering lifetime and the Tous- 
chek lifetime are on the same order. 

The high pressure regions of the storage ring are the rf 
cavities and the injection girders. The injection chamber is 
difficult to bake because it is surrounded by the magnet 

laminations and is potted in cement. Long bake-outs of 
the region are required in order to improve the base pres- 
sure. Plans to upgrade the vacuum system in the rf cavities 
are being finalized. Better system conditioning, and addi- 
tional static and dynamic pumping will be added. 

8 ACKNOWLEDGMENTS 

As in any major project, the authors alone did not 
design, fabricate and install the accelerator vacuum sys- 
tems. The mechanical engineering group under the super- 
vision of Sushil Sharma was responsible for design, 
analysis, and fabrication of major components, such as the 
photon absorbers. The group technicians were essential to 
the successful system—especially the enormous work per- 
formed in a short time to re-install the water system, the 
NEG pumping, and perform sector bake-outs. Finally this 
work was supported by the U.S. Department of Energy, 
Office of Basic Energy Sciences, under Contract No. W- 
31-109-ENG-38. 

9 REFERENCES 
[1] C.L. Foerster, C. Lanni, J.R. Noonan, and R.A. Rosenberg, J. Vac. 

Sci.Technol. A J4, P- 1273, 1996. 
[2] C. Sheng, S. Sharma, E. Rotella, J. Howell, Proceedings of the 

1993 Particle Accelerator Conference, Washington D.C., p. 1497 
(1993). 

[3] Glidcop is manufactured by SCM Metal Products, Research Trian- 
gle Park, NC. 

[4] R. Dortwegt, R. Benaroya, Proc. of the 1993 Particle Accelerator 
Conference, Washington D.C., p. 3857 (1993). 

3555 



ADVANCED PHOTON SOURCE EXPERIENCE WITH VACUUM 
CHAMBERS FOR INSERTION DEVICES 

P. K. Den Hartog, J. Grimmer, E. Trakhtenberg, G. Wiemerslage, S. Xu, 
Argonne National Laboratory, 9700 S Cass Avenue, Argonne, EL 60439 USA 

Abstract 

During the last five years, a new approach to the design 
and fabrication of extruded aluminum vacuum chambers 
for insertion devices was developed at the Advanced Pho- 
ton Source (APS). With this approach, three different 
versions of the vacuum chamber, with vertical apertures 
of 12 mm, 8 mm, and 5 mm, were manufactured and 
tested. Twenty chambers were installed in the storage ring 
and successfully integrated into the APS vacuum system. 
All have operated with beam, and 16 have been coupled 
with insertion devices. Two different vacuum chambers 
with vertical apertures of 16 mm and 11 mm were devel- 
oped for the BESSY-II storage ring and 3 of the 16 mm 
chambers were manufactured. 

1   INTRODUCTION 

A number of considerations in the design of undulators, 
such as a desire for high brilliance and a large tuning 
range, drive the design of the vacuum chamber to small 
gaps. On the other hand, particle beam transport consid- 
erations require the largest possible aperture. The compet- 
ing requirements demand a vacuum chamber design with a 
minimum chamber wall thickness, close tolerances for 
straightness and flatness to enable precision alignment, 
and mechanical and thermal stability. Specialized inser- 
tion devices (IDs) often demand additional features in order 
to accommodate individual geometries. 

Extruded chambers are economical for large accelera- 
tors such as the APS that can amortize the development 
costs over a large number of chambers. We have built a 
variety of long chambers, that have small vertical gaps, 
are straight and flat across the surface to within 50 um, 
and that have performed well within the APS storage ring. 
The design depends on a rigid strongback that limits de- 
flection of the chamber under vacuum despite a thin wall. 
All of these vacuum chambers have a wall thickness of 
1.0 + 0.1 mm at the beam orbit position, an elliptical 
beam chamber and a pumping antechamber with ST707 
non-evaporable getter strips (NEG). Alignment of the 
vacuum chamber on its support is routinely accomplished 
with a precision of + 75 um over the entire surface, al- 
lowing minimum insertion-device pole gaps. 

2 VACUUM   CHAMBER   TYPES 

Versions of the vacuum chamber, with vertical apertures 
of 12 mm and 8 mm, and lengths of 2.5 meters and 5 
meters were manufactured and tested [1]. Twenty alumi- 
num chambers were installed in the storage ring and suc- 

cessfully integrated into the APS vacuum system. All 
but one have 8 mm vertical apertures (APS 8). Of these, 
all are 5 m long and can accommodate two APS 2.4-meter 
long standard IDs. One 12-mm-aperture chamber is used 
with a 2.4-m-long wiggler (APS 12). One stainless steel 
chamber has been built and installed for a specialized el- 
liptical multipole wiggler (EMW)[2]. All have operated 
with beam, and 16 have been coupled with IDs, including 
the EMW. Additional chambers using the same approach 
but with 11 mm and 16 mm vertical apertures have been 
built for the BESSY II storage ring in Berlin (see Table 
!)■ 

Vert. 
Aperture 

(mm) 

Horiz. 
Aperture 

(mm) 

Length 

(m) 

Min. 
ID Gap 
(mm) 

APS5 5 30 5.59 7.5 
APS 8 8 40 5.59 10.5 
APS 8 8 40 2.92 10.5 

APS 12 12 51 2.92 14.5 
BESSY 11 45 4.53 13.5 
BESSY 11 45 3.70 13.5 
BESSY 16 60 4.53 18.5 
EMW 19.6 66.6 3.10 23.0 

Table: 1. Dimensions of ID vacuum chambers built at 
the APS. All are machined aluminum extrusions except 
the last, which is the EMW chamber described below. 

2.1 APS8 and APS12 chambers 

The chambers are fabricated by extruding 6063 T6 alumi- 
num alloy to form a tube with the desired internal shape 
and machining the exterior to the final dimensions. The 
extrusion process must be tightly controlled in order to 
yield a chamber with the straightness and wall thickness 
uniformity that is needed. This is accomplished first by 
proper design of the die to maintain a balanced mass flow 
and by fine tuning the die through a series of test extru- 
sions. Two or three die trials are usually necessary before 
the production run. The extruded tube is cut to length and 
stretched 5% while still warm and plastic to reduce warps 
and kinks. 

As delivered, the extrusion is quite straight and uni- 
form, with a variation of only ±0.150 mm over the entire 
length, but even greater straightness is required before 
machining in order to assure a constant thickness profile. 
The chamber is shimmed and straightened with a large bed 
hydraulic press and then the interior profile is probed to 
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determine the axis of the ellipse that will serve as the 
reference for the final machining. The thickness of the 
chamber is repeatedly checked with an ultrasonic thickness 
monitor during the machining. 

The chamber is inspected after machining and pre- 
pared for welding. Using an automatic welding machine, 
it is welded to 304 stainless steel boxes at each end with 
ports for vacuum diagnostics, an ion pump, and a 220 1/s 
NEG cartridge pump. The end boxes also accommodate rf 
transition sections and a photon absorber. 

2.2 5-mm-aperture ID vacuum chamber 

A 5-mm-aperture extrusion was designed and fabricated 
and successfully machined to the same exacting tolerances 
as the standard 8-mm-aperture chamber. The chamber end 
geometry was tapered to 12 mm aperture to enable use of 
the standard end box. The chamber was welded, assem- 
bled, certified for vacuum, and completely prepared for 
installation into the storage ring. This chamber can be 
used with the standard APS undulator down to a gap of 
8.5 mm or possibly with a new ID with a shorter period 
down to 7.5 mm. The small fixed aperture places severe 
constraints on the beam orbit during injection. Current 
plans call for a test installation in the storage sometime 
during late 1997 or early 1998. 

2.3 ID vacuum chambers for BESSY II 

BESSY II is a synchrotron light source facility under con- 
struction in Berlin. The APS has collaborated with scien- 
tists and engineers from this facility to design and fabri- 
cate the ID vacuum chambers for a 1.7 GeV storage ring. 

The chambers are similar to the APS standard cham- 
bers but without the internal NEG pumping and without 
the attached diagnostic end boxes. Two different vacuum 
chambers with vertical apertures of 16 mm and 11 mm 
were developed. Pumping is provided by 6 ion pumps 
attached to the back of the chamber through stainless steel 
Conflat flanges. These flanges and the SS end flanges are 
welded to the chamber through Al-SS bimetallic transi- 
tions. Three of the 16 mm chambers were manufactured, 
tested, and delivered to Berlin. The extrusions for the 11- 
mm-aperture chamber have been fabricated and machining 
has begun, with delivery scheduled for late 1997. 

2.4 EMW Vacuum Chamber 

The elliptical multipole wiggler (EMW) utilizes both a 
vertically oriented permanent magnetic field and a horizon- 
tally oriented electromagnetic field. The design incorpo- 
rates a 3100-mm-long stainless steel vacuum chamber of 
rectangular cross section, with outer dimensions of 
69 mm wide by 22 mm high and a wall thickness of 
1.3 mm. The magnet structures completely surround the 
chamber on all four sides, positioned only 1 mm from 
the chamber when in use. This precludes use of an ante- 
chamber, as used in the standard ID vacuum chamber. 

Given the constraints of the magnet geometry and 
the chamber length, two approaches were pursued for ef- 

fective UHV performance. Both approaches utilize 
lumped NEG and ion pumping at either end of the cham- 
ber. One approach uses no additional pumping over the 
length of the chamber, relying on thorough cleaning and 
baking to minimize surface outgassing. The other 
method uses strips of sintered NEG material in diagonally 
opposed corners of the chamber top and bottom. The 
NEG material is activated by heating the chamber. Both 
approaches are complicated by the need to bake the vac- 
uum chamber inside the EMW magnet structures. The 
system for in situ heating must maintain the temperature 
of the permanent magnet structures below 35 °C. Activa- 
tion of the NEG strips requires heating the NEG material 
to at least 250 °C. 

The heating system uses copper plates in contact 
with the outside of the vacuum chamber. A total of four 
plates are used, covering most of the chamber length on 
the top and bottom. A 1 kW heater is mounted to each 
copper plate. Reliable thermal contact is maintained with 
a number of clamps. Insulating boxes encapsulate the 
heating assembly. These boxes are made of thin stainless 
steel and filled with ceramic foam. The entire heating and 
insulating system can be installed within the EMW struc- 
ture after the magnet assemblies have been retracted. 

While an acceptable pressure for installation was 
achieved with the NEG-pumped chamber, it was not clear 
that the heat-activated NEG material provided a clear bene- 
fit. Heating the NEG material from the outside meant 
that the activated NEGs were subjected to heavy out- 
gassing from the hot chamber, reducing their pumping 
speed and capacity upon cooling. Thus, the second test 
focused on the chamber without NEG pumping. The 
chamber was heated to 150 °C, the heaters were at 225 °C, 
and the outside of the insulating box reached a maximum 
of 61 °C. With ion pumping and activation of the other 
NEGs, a pressure of 1.7 x 10"10 torr was obtained, compa- 
rable to the level of the NEG-pumped chamber. This 
chamber was used for the EMW installation. 

3    PERFORMANCE 

3.1 Vacuum measurements 

The ultimate pressure achievable during testing was 
5.0 x 10" torr. Each chamber was certified at a pressure 
below 2.0 x 10"10 torr prior to installation. Initial in- 
stalled pressure without beam is typically 1 to 5 x 10"10 

torr. Photodesorption from synchrotron radiation raises 
the pressure to about 2 x 10"9torr. After several weeks of 
beam conditioning, pressure with a beam declines to 
< 1 x 109torr. 

The ESRF observed [3] that dust particles of ferro- 
magnetic material, possibly from the ST707 NEG strip, 
levitate into the beam aperture of the ID vacuum chamber 
during movement of the ID gap. The expected signature 
is a sudden drop in the lifetime of stored beam due to col- 
lisions with the levitated particles. No evidence of this 
effect has been observed at the APS. 
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3.2 Chamber heating 

In order to be able to use the same style end box with 
various sized vacuum chambers, the transition necks down 
to a 12 mm ellipse. Each aluminum vacuum chamber is 
machined to provide a smooth transition from the cham- 
ber aperture to the 12 mm aperture of the end box. Con- 
sequently, a small fraction of bending magnet radiation 
can fall on the aluminum chamber if the beam is severely 
missteered in the vertical direction. The temperature has 
been monitored with thermocouples and heat sensitive 
tapes. Most chambers have never seen an increase beyond 
ambient temperature but a few have experienced transient 
rises to > 65 °C, the maximum limit of most of the 
installed tapes. In one case a higher range tape showed a 
temperature of 106 °C. No negative impact of this tem- 
perature rise has been observed or is expected. 

3.3 Deflection measurements 

Critical to the performance of the vacuum chambers is the 
rigidity and resistance to collapse under atmospheric pres- 
sure when evacuated. The width of the pumping slot be- 
tween the beam chamber and the antechamber collapses 
about 100 (Am, but this has a negligible influence on the 
conductance. Of more importance is the vertical aperture 
at the beam position (shown in figure 1). For the APS 
vacuum chambers, the 8 mm chamber has the largest de- 
flection because the size of the pumping slot was chosen 
to be 6.35 mm to achieve the best conductance. Conse- 
quently, the area with the thin wall is rather extended. 
The BESSY chambers have greater deflections because the 
horizontal aperture is so large. The deflection is some- 
what less for the 11 mm chamber. In addition, the 11 
mm extrusion has been designed with a thicker root to 
reduce the collapse. During fiducialization prior to instal- 
lation, the deflection is measured for each chamber in or- 
der to be able to precisely locate the center of the ellipse 
on the beam axis. 

Deflection (microns) 

0 20      40      60      80      100    120     140 

Figure: 1. Deflection of the center of the aperture of ID 
vacuum chambers under atmospheric pressure (per wall). 
The deflection of the 11 mm BESSY chamber is esti- 
mated. 

3.4 Sealing vacuum leaks 

A common feature of the ID vacuum chambers is the use 
of bonded aluminum and stainless steel in bimetallic tran- 
sitions, which allow the joining of stainless steel and 
aluminum parts.   A  roll bond joint formed with a layer 

of 304 stainless steel alloy, a layer of pure aluminum, and 
a layer of 2219 aluminum alloy, provides a transition 
from the main chamber body to the stainless steel. 

In the process of vacuum testing, several small vac- 
uum leaks were discovered in the bonds. Sandwich plate 
was used for fifty-two standard end joints and for twenty- 
four circular ports. Of the fifty-two standard end joints, 
we have detected leaks in five. Of the twenty-four circular 
ports, leaks were detected in six. 

To repair these leaks for an ultrahigh vacuum and a 
high radiation dose environment, a completely new 
method was tested using high velocity oxygen fuel 
(HVOF) metal powder spray deposition. An HVOF sys- 
tem accelerates a powder of the selected material to super- 
sonic velocities. A variety of coating materials can be 
used including many metals and alloys, as well as ceram- 
ics. The high momentum of the particles creates a de- 
posit with high adhesion, fine grain, and low porosity. 
The desired seal must introduce no contaminants into the 
system, particularly hydrocarbons, must seal after repeated 
bakeouts at 150 °C, and must be immune to radiation 
damage. To test the feasibility of the process, leak sam- 
ples were prepared. One of the samples was sealed com- 
pletely with a Cr3C/NiCr coating. 

The HVOF process is subject to a great number of 
variables including surface preparation, powder mixture, 
gas mixture and consumption rates, deposition rate, and 
substrate temperature. Each of the ID vacuum chambers 
was sprayed under different conditions with different re- 
sults. Results vary from sealing the leak, to no change, to 
actually increasing the size of the leak (probably due to 
thermal effects). Given the proper set of conditions, how- 
ever, it has been shown that it is possible to seal vacuum 
leaks for ultrahigh vacuum requirements. Further tests are 
planned to define the best parameters. 
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MASSIVE TITANIUM SUBLIMATION PUMPING IN THE CESR 
INTERACTION REGION* 

N.B. Mistry, R. Kersevan and Yulin Li, 
Laboratory of Nuclear Studies, Cornell University, Ithaca, NY 14853  USA 

Abstract 

The residual gas pressure within 30 m of the 

interaction point (IP) at the e- collider CESR is 
maintained in the low nanotorr range, despite the high 
gas loads produced by the intense flux of synchrotron 
radiation, in order to minimize the experimental 
backgrounds due to beam gas scattering. Within 12 m 
of the IP, the vacuum chambers incorporate large 
pumping plenums with massive titanium sublimation 
pumping to provide the necessary pumping speed and 
capacity. Operating experience over the last two years 
has shown that this method of pumping is efficient and 
inexpensive. 

1.   INTRODUCTION. 

Lost particles generated by the 5.3 GeV e- 
beams in the collider CESR interacting with the residual 
gas are a major source of background in the CLEO High 
Energy Physics detector. They could also lead to 
radiation damage of sensitive components such as the 
new Silicon Vertex Detector (SVX) electronics installed 
around a two-centimeter radius thin beryllium 
beampipe.fl] 

An aggressive R&D program to increase the 
luminosity of CESR has led to successive upgrades of 
the  storage ring,  which  is  now producing peak 

luminosities of 4xl032 cm"2s at a beam energy of 
5.3 GeV, well beyond its original design specification. 
The main objective of the 1995 upgrade to Phase-II was 
to allow storage of up to 300 mA per beam. Increased 
current produces increased desorption of gases by 
synchrotron radiation (SR), so that the beam-gas 
background in the detector could increase proportional to 
the square of the current if the pressure were allowed to 
increase in proportion. The detector at the interaction 
point (IP) is most sensitive (in the present optics) to 
lost particles produced by beam-gas bremssstrahlung in 
the region up to about 30 m from the IP. The region up 
to 12 m was in particular need of increased pumping, to 
keep the pressure below about 2 ntorr at 30Ö mA. 

For Phase-II, the vacuum chambers from the IP 
up to 12 m were replaced by new chambers, most of 
them incorporating massive titanium sublimation 
pumping (TiSP) plenums. The secret to maintaining 
high distributed pumping speed is, of course, large 
conductance to the pumping surfaces. The SR is 
absorbed on water-cooled copper bars and high- 
conductance slots lead to the pumping surfaces lining 
the plenum in each chamber. Right after flashing fresh 
Ti, the sticking   coefficient is about 0.7 for CO. The 

! Work Supported by the National Science Foundation 

net pumping speed is dominated by the slot conductance 
and gradually decreases as the Ti surface saturates. The 
TiSP speed is quite appreciable even when the sticking 
coefficient has fallen to 0.1. However, we flash again 
when the operating pressure with beams is about 
2 ntorr. 

There is another factor that affects the dynamic 
pressure rise and the flashing interval. It is well 
known[2] that the SR induced desorption coefficient 7]SR 

decreases steadily from its initial high value after 
intervention. Thus the dynamic pressure rise, dP/dl, 
expressed in nanotorr per mA of beam, continues to 
decrease with beam dose D, expressed in Amp-hours. 
Correspondingly, the flashing interval increases steadily. 
Eventually, we find that rjSR levels off due to the overall 

equilibrium between desorption and readsorption of the 
molecules on the cleaned surfaces during steady 
operation at a particular beam current. This phenomenon 
has also been observed directly as   "wall-pumping", 
contributing very significant distributed pumping in 
regions of intense SR flux. 

The variation in desorption yield at any given 
oc 

location is well described by a power law 77SR =i)inD , 

with a of order -1. The initial yield, 77. , immediately 

after start up of the accelerator can be as high as 
0.1 molecule/photon and ?]SR reaches values as low as 

2x10   mol/photon after exposure to 10   photons/m. 

2.   CHAMBERS NEAR THE IR. 

Immediately surrounding the IP is a 50 cm 
long, 2 cm radius thin beryllium beam-pipe. A silicon 
vertex detector, the most sensitive part of the detector, 
surrounds this pipe. The first pump is the Ql TiSP at 
2.3 m from the IP. A tapered, slotted beam-pipe 
incorporates water-cooled copper absorber bars in the 
horizontal plane and is surrounded by a 20 cm radius 
TiSP plenum. The total conductance of the slots leading 
to the plenum is 6201/s for N2. Three Ti-sublimation 

cartridges, each with three filaments, are installed on 
demountable conflat flanges, baffled from each other and 
from direct line-of-sight to the beam tube. The next 
pump is a 2201/s "noble-diode" sputter-ion pump (SIP) 
at 6 m. This serves to keep the partial pressure of noble 
gases and methane in control. Although methane is 
desorbed by the beam, the intense photon and electron 
flux is efficient at cracking methane (CH4) to CH3 and 

H which are then pumped by the TiSP, and no buildup 
of CH4 is observed. 

Figure 1 shows the "ISP chamber" which 
occupies the region from 6.4 m to about 8.6 m. From 
the end nearest the IP, there is a section of 1 m long 
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copper beam chamber with pumping slots and holes ( of 
total conductance 9,0001/s) surrounded by a cylindrical 
pumping plenum of 0.4 m diameter with three Ti- 
filament cartridges. A total surface of about 104 cm2 is 
covered by Ti during flashing. A CCG is installed on 
top of the pumping plenum. 

TiSP 
Cartridges 

Figure 1. The ISP Chamber with Ti pumping plenum. 

3.33 m - 

TiSP 

Pumping  Cartrid9e 

Plenum 

Ion Pump 
Figure 2. The Soft-Bend Chamber. Top view (above) 
and cross-section showing Ti pumping plenum. 

The 3.3 m long "Soft-Bend" vacuum chamber, 
(Figure 2) sees the intense SR radiated by the beam in 
the "Hard Bend" (HB) magnets upstream. The absorber 
is a 3.2 m long copper bar bent to a chevron shape, 
with wedge-shaped absorbing steps. A slotted wall of 
about 7,8001/s conductance leads to a large rectangular 
copper pumping plenum, 15 cm high by 25 cm wide, 
running the full length of the chamber. Nine vertical 
baffles give rigidity and increase the surface covered by 
titanium. Eight Ti-filament cartridges are equally spaced 
in the pumping plenum, covering about 25,000 cm2 

with Ti during flashing. A 110 1/s noble-diode sputter- 
ion pump is mounted on the pumping plenum. A CCG 
is installed near the beam line. 

In Table 1 we give an estimate of the CO gas 
load obtained in different regions of the IR when the 
photodesorption yield in the HB region of most intense 
flux gets down to 77Q= 1.8-10 mol/photon. We use 
this "ultimate" value of 7] to predict the vacuum 
performance of   CESR when the vacuum system is 

fully conditioned and use it to model pressure profiles 
below. 

TABLE I. Synchrotron Radiation Flux and Gas Load in 
the CESR IR for 300 mA e± Stored Beams. 

Location Flux Density Total Flux CO GasLoad 
(Photon/s/m) (Photons/s) [Torr-1/sl 

Ql-Pump 1.31018 2.5-1017 7.9-10"8 

ISP absorb. 1.1-1019 1.91018 2.0-10"7 

Soft-Bend 3.31018 3.51018 6.7-10"7 

Hard-Bend 6.91018 2.31019 1.3-10"6 

3.     PUMPING  SPEED  AND  CAPACITY. 

Each pumping chamber was treated as follows 
before installation in CESR: leak check; bakeout and 
degassing of all Ti filaments and gauges; saturation of 
the bare walls with either CO or N   using calibrated 

leaks; flashing of Ti cartridges; slow saturation of the Ti 
surface using CO and/or nitrogen calibrated leaks with 
continuous monitoring of pressure and gas composition. 
The effective pumping speeds at each stage were 
determined from the data. The experience obtained with 
the Soft-Bend chamber is quite illustrative and typical. 
After bakeout and degassing of filaments, initial 
pumping speeds of the bare walls were SN2= 9571/s and 
Sco= 4,4001/s and absorbed a dose of 0.29 torr-liter of 
nitrogen! Significant partial pressure peaks of CH , 
CH4 and Argon showed clear evidence of passive 
gettering action. After flashing all eight Ti -cartridges 
for 2 minutes each at 220 W, the pumping speeds for 
CO and N2 were measured as a function of nitrogen 
load. Initial pumping speeds at zero load were: SN2= 
1,571 1/s   and   Sco=   8,4201/s   (higher   sticking 
coefficient for CO). After absorbing 2.2 torr-liters of N2 

Sco was still as high as 3,500 1/s and decreased to 1,500 
1/s after 0.4 torr-liter of CO was absorbed. 

Saturation of the Ql pump chamber with CO 
showed that the pumping speed falls by five at about 
0.6 torr-l/s. In CESR, this is a region of low SR 

Q 

gasload, 8 x 10 torr-l/s with 300 mA beams, so the 
ultimate flashing interval for Ql should be - 90 days. 
The data for the ISP chamber show that saturation 
occurs at 1.0 torr-liter of CO. The ultimate expected 

n 
SR-induced gasload at 300 mA per beam is 2 x 10" 
torr-l/s, so we expect a flashing interval of about 60 
days to maintain pressures below a few nanotorr. 

4.  DYNAMIC  PRESSURE  RISE  IN  CESR. 

The new IR chambers were installed and 
Phase-II operation started in November 1995. The 
dynamic pressure rise with beam, (dP/dl), at various 
locations in the IR is shown in the Figure 3 as a 
function of beam dose in Amp-hrs. Single beam dose or 
total beam dose is used as appropriate for each 
geometry. Ti-flashing points are shown (triangles) and 
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the subsequent points show the slow saturation of the 
TiSP. The plots include data recorded up to March 3, 
1997,  representing  approximately   14 months  of 
operation. The clean-up due to the beams is very 
apparent in all plots and shows the characteristic dose 

ex 
dependence of the gas load, iVgas =^phot'(r/0 +£\D ). 

with a ~ -1 for all plots. Here e is the fraction of 
photons scattered from the primary SR stripe which is 
assumed to have reached the ultimate coefficient TJ0 . 

% 
•   CCG(Ql)data 
V   Ti-flashing 

4     6 
10 100 
Single Beam Dose (A«Hr) 

4 - 

| 
3 IQ-2 b 

6F 
4 % 

10"- 

nf r i i 11 in i 111 

• CCG(ISP)data 
A   Ti-Flashing   ; 

i I l n J_ 
2 4    6  8 2 

10 

■  i i ■ ■■■! i i_j_ 
4    6   8 2 4    6 

100 

4-' 

10" 

Single Beam Dose (A«Hr) 

I   I  IIj Ml I 1    I  I I II T 

(c) 

^ CCG(SB3) data! 
.   A    Ti-Flashing  j. 

XL iL I   I  I INI -I ■    ■  ■ ■•■■" 
68 2 468 2        4    6  8     „ 

10 100 1000 
Total Beam Dose (A«Hr) 

o 
4-1 e 
>-* 
■p 
OH 

4- 

0.1    7 
8 - 
6- 

4- 

2- 

0.01 L- 
8 
6 

4 

I   I I 1111 j 1—I   I I 11111 

: dP/dI=0.0077+0.36»D, 

i 11 MI 
-Ö.92J 

tot 

: (d) 

• CCG(CH5E) data 

■ ■ ■"■! 

1 
4    6 8 

10 
4    6 8 

100 

Total Beam Dose (A«Hr) 

Figure 3. The beam induced dynamic pressure rise, 
(dP/dl), at various locations in the IR. (a) At Q1E 
chamber; (b) on the beamline next to the ISP chambers, 
and (c) for the soft-bend chambers, (d) shows dP/dl for 
a gauge within the hard-bend sector pumped only by 
distributed ion pumps, where the SR flux and gas load 
are the most intense. 

The scattered photons then continue to clean up 
the rest of the chamber. In the high-intensity HB region 
(Figure 3d) we see that after about 100 Amp-hrs of 
total beam, the dynamic pressure rise has levelled off to 
N .   t7J0 ,   indicating   the   equilibrium   between 

desorption by the beam and readsorption by the cleaned 
surfaces, leading to a constant effective rj   . 

5.   CONCLUSIONS. 

Ti sublimation pumping on an extensive scale 
has been used successfully in the interaction region of 
CESR, to keep pressures at a few nantorr level despite 
the intense SR flux. Present operation of CESR with 
two beams of 150 mA each results in operating 
pressures of between 1.5 ntorr and 3.5 ntorr in most of 
the IR. This pressure profile is sufficient to keep 
detector backgrounds at acceptable levels. In the near 
future, we will install more chambers similar in design 
to the soft-bend chambers further down the line in the 
bend region. We expect the pressures to be maintained at 
the low nanotorr level as the beam currents are raised to 
300 mA and beyond. 

6.   REFERENCES. 

[1]   S.Henderson, "The CESR High Luminosity IR", 
these Proceedings. 

[2]  O.Groebner et al., Vacuum 33, 397 (1983). 
[3]  R. Kersevan, "MOLFLOW, a 3D Monte-Carlo 

Code for the simulation of molecular flow", 
available from the author, Laboratory of Nuclear 
Studies, Cornell University, Ithaca, NY, 14853. 

3561 



INTERACTION REGION VACUUM SYSTEM DESIGN AT THE 
PEP-II B FACTORY 

L. Bertolini, O. Alford, P. Duffy, R. Holmes, L. Mullins 
Lawrence Livermore National Laboratory, University of California, Livermore, CA 94550 USA 

C. Ng, M. Sullivan 
Stanford Linear Accelerator Center, Stanford University, Stanford, CA 94309 USA 

Abstract 

The Interaction Region Vacuum System in the PEP- 
II B-Factory at SLAC must produce average pressures in 
the 10'10 Torr range. Low beamline pressures will 
minimize the background radiation encountered by the 
BaBar Detector. A combination of copper and stainless 
steel vacuum chambers with continuous antechambers are 
used to make up the beam tubes. Linear Non-Evaporable 
Getter (NEG) pumps are used to produce distributed 
pumping along the length of these beam tubes. High 
conductance "microwave" type screens provide RF shields 
between the beam aperture and the NEG pumps. In this 
paper the design features of the beam tubes, NEG pumps, 
and RF pump screens are described and the vacuum and 
impedance analyses conducted in support of the design are 
discussed. 

1   INTRODUCTION 

The Interaction Region (IR) is the heart of the PEP-II 
storage ring. Since the BaBar Detector is located at the IR 
there is a more stringent pressure requirement for the 
vacuum system. This pressure requirement is intended to 
minimize background radiation caused by bremsstrahlung 
gas-beam interactions viewed by the detector. Gas-beam 
intereactions produce off-energy particles which are swept 
into the detector by the bend magnets near the Interaction 
Point (IP). The average beamline pressure in the IR must 
be below 1 nTorr (nitrogen equivalent) [1]. This pressure 
requirement applies to the "mid-IR", defined in the High 
Energy Beam (HEB) at 2-40 meters upstream of the IP and 
the Low Energy Beam (LEB) at 2-30 meters upstream of 
the IP. 

Producing sub-nTorr average pressures is especially 
difficult considering the copius amounts of synchrotron 
radiation that are deposited along the walls of both 
incoming beamlines. The gas load is estimated to average 
10"7 Torr-liters/second/meter throughout the mid-IR. To 
achieve an average pressure of 10"'" Torr, distributed 
vacuum pumping is required on the order of 1000 
liters/second/meter. This is especially difficult to 
accomplish without producing a high impedance which 
causes beam instabilities and higher-order-mode heating. 

2 VACUUM   SYSTEM   DESIGN 

The majority of Interaction Region vacuum chambers 
are constructed from oxygen-free copper extrusions. There 

Modified  Coppei 
Exlrusi 

Figure 1. Cross-section of the HEB IR Chamber 

are some special HEB chambers where the sychrotron 
radiation power is high. These chambers are constructed 
from stainless steel with GLIDCOP absorbers. The 
standard cross-section of the HEB IR chamber is shown in 
Figure 1. It has an octagonal beam aperture with a 
pumping plenum attached below the beam. The pumping 
plenum communicates with the beam aperture through an 
array of slots (Figure 2). On the backside of each set of 
slots is a 1 mm thick screen with 3 mm wide slots. These 
slots are oriented 90° to the main slots and their purpose 
is to block the transmission of transverse electric (TE) 
modes of RF power into the pumping plenum. 

The cross-section of the LEB IR chamber is shown in 
Figure 3. The LEB chamber has the pumping plenum 
adjacent to the beam aperture, but separated by a 
"microwave type" RF pumping screen. The pumping 
screen for the LEB IR chambers is shown in Figure 4. 

The vacuum pump chosen for the IR is the Non- 
evaporable Getter (NEG). The design of the distributed 
NEG pumps for the PEP-II IR is an innovative departure 
from conventional NEG designs. SAES ST707 strip is 
laser cut into individual "wafers" and stacked onto a 
stainless steel tube with 1 mm spacers between wafers. 
The stainless steel tube wall serves as both the vacuum 
barrier and support for the NEG. A commercial tubular 
heater is inserted into the tube and used to activate the 
NEG. The heater is  outside the  vacuum system,   so 

Ligament Width 

L-3mm  Slot  Width 

Figure 2. HEB IR pumping slots 
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penetration of the vacuum barrier with an electrical 
feedthrough is not required. With this design feature, a 
failed heater can be replaced with the chamber under 
vacuum. Each pump within the IR contains the equivalent 
of 18 meters of NEG strip per meter of pump length. 
This provides a distributed pumping speed in the range of 
1000 liters/second/meter with a getter capacity of 1.8 
Torr-liters CO/meter. Estimates show that with this 
pumping capacity, after initial beamline "clean-up" 
regeneration will be required only on an annual basis. The 
distributed NEG pumps are also supplemented by discrete 
ion pumps to pump hydrocarbons during machine 
operation and to pump hydrogen during NEG activation. 

-Neg   Pump 

rx 
-o- 

-90   mm- 

k 50  mm 

Copper  Extrusion - ^- Pumping  Screen 

Cooling   Bar  Extrusion - 

Figure 3. Cross-section of the LEB IR Chamber 

3  VACUUM    ANALYSIS 

To produce an average beamline pressure in the 10"10 

Torr range, it is essential to determine the locations and 
extent of the gasloads generated by the circulating beams. 
The major source of outgassing in the IR is due to photo- 
desorption, that is, gas expelled from the chamber walls 
by synchrotron radiation. Early in the PEP-II project, 
photo-desorption tests were conducted at Brookhaven 
National Laboratory. Prototype PEP-II copper vacuum 
chambers that had been ultrahigh vacuum processed were 
exposed to synchrotron radiation. Outgassing due to 
photo-desorption was measured to assess "clean-up" time 
and determine the photo-desorption outgassing coefficient 
(referred to as "r\", with units of molecules/photon). The 
design value for "r|" was determined in these tests and was 
found to be 2.0 x 10"6 molecules/photon after 40 Amp- 
hours of exposure [2]. 

i o 

-Conflot  Flange  (6.75") 

—Copper  Extrusion 

■Copper Pump Screen 
3mm X 3mm ON 4mm Centers 
Irnm Thick 

Figure 4. LEB IR pumping screen. 
Both of the HEB and LEB beamlines were laid out on 

CADD workstations and ray traces were made of the 
synchrotron radiation "fans" generated by the bend 
magnets. From the ray traces, profiles of the synchrotron 
radiation power incident on the walls of the chambers were 
calculated. Distributed gas loads were calculated by 
converting the synchrotron radiation power profiles to gas 
load profiles (in nitrogen equivalent) using the empirical 
photo-desorption data. 

Pumping speed and sorption capacity for SAES 
ST707 NEG material is well known. Manufacturer's data 
for carbon monoxide pumping speed was extrapolated for 
the actual surface area of the NEG material in the IR 
pumps. Prototype pumps were built and tested to verify 
the design calculations. The results of these tests are 
reported in reference [3], 

It is one thing to design a high speed UHV pump, it 
is quite another to deliver high "net" pumping speed to the 
beam aperture where it is required. The design of the high 
conductance/low impedance RF pumping screens were the 
most challenging aspect of the project. Several iterations 
were made between the vacuum engineer and the 
electromagnetic physicist to come up with a compromise 
design that satisfied all of the design criteria. 

Calculating the molecular conductances of the RF 
pumping screens was done analytically. As a check, a 
two-dimensional Monte Carlo model was made of the 
screens [4]. The model was compared to a benchmark 
model of the PEP-II High Energy Ring arc screen design 
which had been protoyped and measured. The calculated 
molecular conductance of the HEB IR pumping slots is 
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Figure 5. Interaction Region Plan and Pressure Profile 
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2000 liters/second/meter (nitrogen equivalent). The 
calculated molecular conductance of the LEB IR pumping 
screen is 1600 liters/second/meter. 

With the gasloads and the net pumping speeds 
calculated, the next step was to generate a one-dimensional 
beamline pressure profile. This was done with the use of 
pressure pipeline code developed for vacuum beamlines 
[5]. Each discrete section of beamline was characterized by 
its length, axial conductance, gasload, and pumping speed. 
Once the beamline model was built, it was straightforward 
to make changes to address localized pressure problems. 
The final pressure profile for the upstream sections of the 
HEB and LEB are shown in Figure 5. There is a sharp 
pressure peak the IP due to low beamline conductance and 
the absence of pumping. This pressure peak is not 
expected to produce significant background radiation. The 
average beamline pressure in the HEB mid-IR is 0.75 
nTorr. The average beamline pressure in the LEB mid-IR 
is 1 nTorr after 40 Amp-hours of machine operation. 

broad range of frequencies. The slots are long enough to 
interrupt the azimuthal current of the TE mode. In 
contrast, the screen design is opaque to TE penetration at 
all frquencies with 100% transmission down the beam 
aperture. 
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Figure 6. TE Mode Transmission Spectrum for pumping 
slots and screen. 

4  IMPEDANCE    ANALYSIS 

From a beam impedance point of view, long slots are 
preferred over holes, since the main contribution to the 
impedance comes from the ends of the slots. However, 
long slots allow TE power to penetrate into the pumping 
plenum which can cause excessive heating to the NEG 
pump. The ideal situation is to place a screen with small 
holes at the back of the slots to block TE power 
penetration. In this manner, the hidden holes produce only 
a small impedance. However, here in the IR, vacuum 
conductance considerations required the RF screen to be 
placed directly at the beam chamber wall increasing the 
impedance substantially. In this case an optimized design 
had to accomodate both beam impedance and vacuum 
conductance requirements. 

The HEB IR pumping slots (Figure 2) contribute an 
inductance of 0.15 nH, which is small compared with the 
overall High Energy Ring impedance budget of 50 nH. 
The IR upstream high energy beam dump chambers have 
about 76,000 holes (3 mm square) located at the bottom 
of the beam chamber. They contribute an inductance of 
3.41 nH, which is still a relatively small fraction (7%) of 
the impedance budget. The LEB IR pumping screen 
(Figure 3) creates an inductance of 1.2 nH, which is also 
relatively minor. Hence, the two pumping screen designs 
for the HEB IR and the LEB IR will have a small effect 
on the beam impedance. 

The effectiveness of both the long slots and the 
"microwave screen" designs in shielding the TE power is 
evaluated by transmission calculations of a TE10 mode 
propagating in the beam chamber. The results are shown 
in Figure 6. The deviation of the transmission coefficient 
from unity represents radiation penetrating through the 
screen. The HEB slots allow negligible penetration over a 

5   SUMMARY 

The design and analysis of the vacuum system for 
PEP-II Interaction Region has been described. The IR 
vacuum system performance has been shown to produce 
average beamline pressures at or below 1 nTorr. The 
pumping screens have been shown to be minor 
contributors to the overall machine impedance budgets and 
to protect the NEG pumps from TE radiation. 
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Abstract 

This paper presents the preliminary results and analysis of 
a comprehensive survey of the implementation of accel- 
erator safety interlock systems from over 30 international 
labs. At the present time there is not a self consistent 
means to evaluate both the experiences and level of pro- 
tection provided by electronic safety interlock systems. 
This research is intended to analyze the strength and 
weaknesses of several different types of interlock system 
implementation methodologies. Research, medical, and 
industrial accelerators are compared. Thomas Jefferson 
National Accelerator Facility (TJNAF) was one of the 
first large particle accelerators to implement a safety in- 
terlock system using programmable logic controllers. 
Since that time all of the major new U.S. accelerator con- 
struction projects plan to use some form of programmable 
electronics as part of a safety interlock system in some 
capacity. 

INTRODUCTION 

To date, there are no basic requirements or generally ac- 
cepted standards for the design of safety interlock sys- 
tems in accelerators. Some specialized industries, such as 
medical accelerators have general guidance for interlocks 
for oncology machines, and more guidelines are under 
development (refl,2). Some standards which could be 
applied to safety interlock system design (ref.3) are under 
development but there are no guidelines or requirements 
for the application of these standards for accelerators. 

The purpose behind a survey of accelerator safety 
system implementations was to provide some foundation 
for comparing "good practice" within the industry. To 
this end several different types of accelerators were cho- 
sen in order to have a comprehensive picture of the prac- 
tices involved. Specific goals were to: 

• Gather a wide variety of data on safety system applications 
within the accelerator community. 

• Get an idea of the implementation methods used by safety 
system designers in diverse applications. 

• Compare methods used in the design of accelerator safety 
interlock systems to those in other high risk industries. 

• Compare attributes such as complexity, cost, reliability, 
and customer satisfaction between different machines. 

• Form a basis of "Good Practice" which may then be used 
to develop standards and guidance applicable to accelerator 
safety systems. 

The intended audience for the survey were the persons 
directly involved in the design, maintenance, and supervi- 

sion of safety interlock systems. The focus of the survey 
was on those systems used to interlock prompt ionizing 
radiation hazards. 

SURVEY DESIGN 

The survey was broken up into 100 questions, divided 
into 4 categories. 

• Background - what type of accelerator(s), energy, current, 
particles,... etc. 

• Safety System Design Architecture - What types of design 
architectures are used. Redundant? Electronic? Relay 
based?... etc. 

• Documentation - What type of documentation was used in 
the design, fabrication, review, testing,...etc. 

• Administration - what policies are used in the administra- 
tion of the system. What type of management support, 
funding, ...etc does the interlock system get? 

SOME PRELIMINARY RESULTS 

There were over 40 respondents out of 150 surveys 
mailed. The respondents included a wide cross section of 
accelerator applications. Table 1 gives a breakdown of 
the type of applications 

Application # Responding 
Fundamental research 22 
Applied Research 17 
Industrial Research 14 
Medical Applications 12 
Other Applicants 1 

Table 1. Applications 

Table 1 includes responses from multipurpose labs which 
may have more than one application for the accelerator. 

There are a few basic attributes which can be com- 
pared among safety interlock system implementations: 

• Technology 
• Redundancy 
• Layering (multiplicity of devices) 
• Diversity of components 

Each of these attributes may or may not add to the safety 
or availability of a system. Some are a matter of practice. 

Typically, in fields which are highly competitive or 
under great scrutiny, the implementations are optimized 
for performance - both availability and safety. Examples 
of such applications may be a the airline industry or nu- 
clear power stations. For both to be economically viable, 
the safety system must be extremely reliable and also free 
of false trips. In applications which are less competitive, 
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such as research physics accelerators, safety systems vary 
greatly in the implementation. Availability has histori- 
cally not been a driving consideration in these designs. 

TECHNOLOGY 

A basic theme of one section of the survey was to deter- 
mine what type of technology was used in the design of 
the system. Until recently, almost all safety interlock 
systems were designed using relay based systems. In 
contrast, the newer designs are using the advantages of 
programmable electronic based designs. In particular, 
programmable logic controller (PLC) based designs are 
becoming prevalent in the nuclear physics accelerators, 
while microprocessor based systems are used in industrial 
and medical applications. A pivot of 1990 was used to 
look at the breakdown of electronic vs. electro- 
mechanical (relay) based systems. 

Implementation Electronic/Programmable Relay/Switch 
Before 1990 13% 18% 
After 1990 40% 29% 

Table 2. Safety Interlock System Technologies 

A majority of the electronic systems implemented after 
1990 were electronic or programmable systems. Most of 
the relay based systems implemented after 1990 were 
extensions or upgrades to existing systems. 

The trend is to replace relay based systems with 
electronic systems when the cost and increased availabil- 
ity can be justified. 

ARCHITECTURE 

The most common architecture for accelerator safety in- 
terlock systems is the dual redundant arrangement. There 
are varying degrees of isolation between the two chains, 
however, there are typically two independent systems. 

Architecture - Redundancy 
Single 
Channel 

Dual 
Redundant 

Triple 
Redundant 

Other 

32% 62% 3% 3% 
Table 3. Safety System Redundancy 

Most of the safety systems use layering of devices which 
are interfaced to, or controlled by the safety system. 
Layering of protection devices is used to achieve a diver- 
sity between protection devices so that the system is less 
susceptible to common cause failure modes. An example 
of layering vs. redundancy is shown in figure 1. 

Safety Protection Layers 

| Safety 
\ System 1\ 

\äafeW'.^ 
\&$ßtem:2i 

Architecture - Layering 
Single Layer 2 Layers 3 Layers 4 Layers 
6% 59% 29% 6% 

Redundancy 
Figure 1. Redundancy vs. Layering 

Table 4. Safety System Layering 

The trend in layering is to have n+1 layers, where n is the 
level of redundancy. For example, a newly designed dual 
redundant safety system would tend to have 3 devices 
used to stop beam. Likewise, even a single channel sys- 
tem would use 2 different means to block or shut off 
beam. 

DESIGN BASIS 

The technology involved in the implementation of safety 
systems was relatively well understood. One of the sur- 
vey questions asked "Was there a design goal for safety 
system reliability?" There were three basic types of re- 
sponses. The most prominent were the qualitative re- 
sponse of "no failures," with 86% of those responding. 
The next two most common answers were quantitative 
with 14 % giving a number of 10"6 failures per year and 4 
% giving a number of 0.5 - 1 failure per year. The dis- 
parity between the requirements again points to a lack of 
a common definition of safety reliability within the accel- 
erator community. 

CUSTOMER SATISFACTION 

Two of the questions had to do with the satisfaction with 
the safety system. 100% of the respondents were satis- 
fied with their safety system. The validity of this response 
comes into question when compared with some quantita- 
tive measure of satisfaction. For example, 20% of the 
respondents thought that their system was difficult to 
operate or to trouble shoot. Thirty-five percent had not 
done any type of reliability analysis of their system or the 
potential failure mechanisms. What was most surprising 
was that, while the majority of respondents set a criteria 
of "no failures" and were "completely satisfied" with 
their system, 26% have actually uncovered unsafe failures 
in their system. 

COMPARING TO OTHER INDUSTRIES 

Table 5 compares the approach taken by several different 
industries which use safety interlock systems for life 
safety. An important distinction between the applications 
is not necessarily the quantitative risk associated with the 
hazard, but rather the perception of the risk in the general 
public's eye. 

Note that the increased redundancy of the aircraft, 
nuclear power, and chemical applications is not necessar- 
ily to achieve an increase in the reliability of the safety 
system, but rather to achieve an increase in the availabil- 
ity of the system. A typical 3x redundant system would 
use a voting arrangement such that if one of the systems 
failed, the other two would still maintain the safety inter- 
locks. 
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ADMINISTRATION 

Administration of safety systems is an important factor 
when and if one considers incorporation of the system 
into a total quality management (TQM) frame work. It is 
a must if one considers working to the ISO 9000 series of 
standards. Only 6% of the respondents were ISO 9000 
certified. Another 17% were either considering ISO cer- 
tification or actively working toward ISO standards. 

Other questions in the administrative section dealt 
with issues such as satisfaction with current funding 
(79%), and management support (95%). 

ISO 9000 Usage 

Do not use 
77% 

Certified Considerin Working to 
6% g 6% 

11% 

Figure 2. Usage of ISO 9000 among accelerators 

CONCLUSIONS 

The conclusions of the survey of safety interlock systems 
in accelerator applications are still preliminary. Much 
more analysis is required to come to a comprehensive 

understanding of the data. However, the following con- 
clusions are evident from the data at the time of this pub- 
lication: 

• The trend in technology for the implementation of safety 
interlock systems is toward programmable electronic sys- 
tems. The most predominant type of hardware is the in- 
dustrial programmable logic controller (PLC). 

• The architecture generally used is the dual redundant sys- 
tem with at least two safety layers. The trend in new de- 
signs is to use dual redundant/3 layers. 

• Requirements for system reliability are not well defined or 
understood in many cases. 

• Perception of safety provided by a safety system is not 
always based on analysis or metrics of system perform- 
ance. 

• Safety System personnel are generally satisfied with man- 
agement support and funding. 
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Application Particle Accelerator Aircraft Chemical Plant Nuclear Power Plant 

Type of hazard Prompt Radiation Loss of Control/ 
Power 

Chemical Release/ 
explosion 

Radioactive Release/ 
exposure 

Potential Consequences Catastrophic to limited 
number of individuals. 
No long term hazard. 

Extremely Catastrophic 
to hundreds of 
individuals. No long 
term hazard. 

Extremely Catastrophic 
to potentially thousands 
of individuals. Possible 
long term hazard. 

Very Catastrophic to 
potentially hundreds of 
individuals. Possible 
long term hazard. 

Examples of accident Therac 25 Several Bhopol Chernobyl 

Relative importance of 
Reliability 

Very Extremely Very Extremely 

Public Acceptance of risk Completely Grudgingly Grudgingly None 

Importance of machine 
availability 

50 - 95 % 100% 80-98 % 98 -100 % 

Safety System Architecture Dual Redundant 3-4x Redundant 2-3x Redundant 2-3x Redundant 

Hardware Diversity Sometimes Yes Yes Sometimes 

Software Diversity Sometimes No No Yes 

Table 5. Comparison of accelerator safety system criteria with that of other industries. 
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TiN COATING OF THE PEP-II LOW-ENERGY RING 
ALUMINUM ARC VACUUM CHAMBERS 

K. Kennedy, B. Harteneck, G. Millos, Lawrence Berkeley National Laboratory 
M. Benapfl, Lawrence Livermore National Laboratory 

F. King and R. Kirby, Stanford Linear Accelerator Center f 
Abstract 

The PEP-II Low-Energy Ring will operate at a nominal 
energy of 3.1 GeV with a positron beam current of 2.1 A. 
Design parameters for vacuum components are 3.5 GeV at 
3 A. The arc vacuum system is based on an aluminum 
antechamber concept. It consists of 192 pairs of 2 m 
long magnet chambers and 5.5 m long pumping 
chambers. Titanium nitride coating of the entire positron 
duct is needed in order to suppress beam instabilities 
caused by multipactoring and the "electron-cloud" effect. 
An extensive R&D program has been conducted to 
develop coating parameters that give proper stoichiometry 
and a suitable thickness of TiN. The total secondary 
emission yield of TiN-coated aluminum coupons has been 
measured after the samples were exposed to air and again 
after electron-beam bombardment. A coating facility has 
been built to cope with the large quantity of production 
chambers and the very tight schedule requirements. 

1     Introduction 

An instability was observed at the Photon Factory [1] 
which was later analyzed [2] and attributed to trapped 
"electron clouds." The origin of these clouds is thought 
to be the amplification of photo-electrons by secondary 
electron multiplication at the surface of the vacuum 
chamber. The tendency for this amplification can be 
predicted from the total secondary electron yield (SEY) 
which, for most metals (when averaged over primary 
energies of 0 to 1000 volts), is slightly above 1. The 
yield for aluminum, with its native oxide, tends to be 
much greater than 1 (typically 3-5 at peak yield). The 
PEP 11 Low Energy Ring (LER) will have 3 A of 
positrons with aluminum vacuum chambers in the arcs, 
conditions which are expected to show the cloud effect. 

A SEY-lowering coating is needed on the chamber 
walls, if electron clouds are to be avoided. This coating 
will constitute the inner surface of the vacuum system and 
must have properties consistent with that role. These 
include: 1) low vapor pressure , 2) moderately good 
electrical conductivity, 3) good thermal stability and, 4) 
low ion-induced gas desorption yield. Titanium nitride 
(TiN) has the needed properties. 

2     Titanium Nitride 

TiN has a boiling point above 3000K and an electrical 
conductivity above that of titanium. The nitrogen is 
covalently-bonded to the titanium without destroying 
electrical conductivity. TiN has been used previously in 

storage rings, in places where a low SEY is necessary 
such as rf cavities. TiN can have a SEY that averages 
below one. 
A thin coating of TiN must be put on all surfaces of the 
arc vacuum chambers that are effected by the electric field 
of the positrons. The coating must be thin because the 
thermal expansion of TiN is one third that of aluminum. 
A thick coating would create high stress between the TiN 
and the aluminum. The coating must, however, be thick 
enough to resist "20 years of ion bombardment". A 50 
nm TiN film has been calculated to withstand such 
primarily hydrogen-ion bombardment, using conservative 
assumptions. 
Thermal dissociation of TiN makes an evaporative coating 
process impractical; however, titanium itself can be 
deposited by sublimation or sputtering and reacted with 
nitrogen gas to form a TiN deposit. Sputtered titanium 
ions arrive with some kinetic energy at the wall and 
adhere better than thermal energy atoms. This is the 
preferred choice for a stable coating. 

3    Vacuum Chambers 

The LER vacuum system has six arc regions made of two 
types of 6063 aluminum alloy vacuum chambers. The 
profiles are shown in Figure 1. The magnet chamber is 2 
m long with a 1.875° bend and the pumping chamber 5.5 
m long. The positrons circulate in the elliptical chamber, 
with their electrical field the largest on the minor axis 
dropping off rapidly in the antechamber. 

I—3.000in—I 

Work supported by the US. Department of Energy under 
contract numbers DE-AC03-76SF00098 (LBNL), W-7405- 
Eng-48 (LLNL), and DE-AC03-76SF00515 (SLAC). 

Figure 1: Magnet and Pumping chambers 

4     Sputtering 

4.1 Selection Process 
The sputtering method chosen needed to be able to readily 
coat 5.5 m-long chambers with 100 nm or so of TiN with 

0-7803-4376-X/98/S10.00© 1998 IEEE 3568 



-PUMPING CHAMBER FLANGE 

:ERAMC ELECTRICAL BREAK 

.ECTRODE BASE PLATE 

CERAMIC SLEEVE 

Figure 2: Titanium cathode shown in vacuum chamber 

the sputtering source being easily reproducible for high 
production rate use and with reliable operating parameters. 
DC diode sputtering with a shaped-crossection cathode 
met the requirement. The cathode can be made virtually 
any length needed provided it can be centered, supported 
and insulated. The shape of the cathode determines the 
deposition rate ratio for the major and minor axis. 

4.2 Cathode design and fabrication 

The sputtering cathode has to reflect the shape of the 
substrate being coated. To get a uniform coating 
thickness, however, the perfect cathode shape would take 
into account the effect of radius of curvature on electric 
field. A constant gap between the cathode and inside 
surface of the beam duct gives adequate thickness 
uniformity and was adopted for our purposes. 
The cathode was made by forming a round 48 mm 
titanium tube in a closed die to make an elliptical tube 
that would create a uniform annulus with the vacuum 
chamber. The space left for a sputtering plasma, 15 mm, 
is very small and created the need to run at relatively high 
pressure. To increase the gap between the cathode and the 
vacuum chamber wall by only 5 mm would decrease 
minor diameter of the cathode to an unusable 15 mm. 
The 2 meter cathode could be supported at the ends and 
have an acceptable deflection in the center. The vacuum 
feedthrough created one of the insulating supports and an 
insulating wheel at the end of the electrode was the other 
support. The 5.5 meter electrode for the pumping 
chamber needed an additional center support as shown in 
Figure 2. 

4.3 Vacuum system 

The vacuum chambers had to be baked before and possibly 
after coating, so coating and baking facilities were 
combined. Processing multiple chambers is required to 
achieve the production goal of 8 chambers per week The 
vacuum system was built around a manifold that could 
accommodate 6 chambers and was pumped by a 250 1/s 
turbo pump and a 400 1/s ion pump. Attached to the 
manifold was an ion gauge, an RGA and a capacitance 
manometer as shown in Figure 3. Up to 6 chambers can 
be installed over permanently attached electrode. The 
process gas is introduced to each vacuum chamber at the 
end opposite the vacuum manifold. The process gas is 
regulated by a piezoelectric valve controlled by the 

capacitance manometer. After the piezoelectric valve 
reduces the process gas pressure to 250 mTorr the gas 
passes through a liquid nitrogen trap to remove any water. 

Figure 3: TiN coating oven 

4.4 Operation 

The vacuum chambers are installed in the coate^akeout 
oven, baked into the turbo for 4 hrs and baked into the ion 
pump for 60 hr. The system is then pumped by the turbo 
through a 2 mm orifice, the pressure controller is set for 
224 mTorr, the premixed 20% N2-80% Ar is turned on 
and liquid N2 is added to the trap. When pressure 
equilibrium is established, the electrodes are energized. A 
single variable-voltage 1500 V power supply powers the 
multiple electrodes. Each electrode has a 250 Q resistor 
that limits the current from arcs. The power supply 
voltage is adjusted until the current to each electrode 
averaged 1.5 A. The current distribution to the electrodes 
was uniform to about ±5%. After 16 hours the process 
gas is turned off and the system pumped by the ion pump 
to remove any argon and verify that the chamber is leak 
free. 
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Process Parameters 

Process Gas Composition 

Current Density [A/cm^J 
Cathode Potential [V] 
No. of N Atoms Entering [/sec/cm^J 
No. of Mole of TiN Formed [/sec/cm^] 

No. of Ions L/sec/cm^J 

No. of N2 Mole. Landing t/sec/cm^] 

Time to Form a 100 nm Film [sec] 

80%A-20% N2 

2xl0"4 

1000 

2.7xl0+13 

1.2xl0+13 

1.2xl0+15 

1.0xl0+20 

+4 4.3x10 

5. Film Characterization 

5.7 Stoichiometry 

Measurements of the film stoichiometry, thickness and 
secondary yield were done with sectioned pieces of coated 
chamber and, routinely, aluminum witness coupons 
mounted in the beam-position-monitor ports of the 
chambers being processed/coated. Stoichiometry was 
measured by x-ray photo-electron spectroscopy (XPS) [3] 
with Ti/N ratios consistently in the 0.9-1.1 range. The 
information depth for this method is a few nanometers. 

5.2 Film Thickness 

Film thickness was determined in the same analytical unit 
by low-energy x-ray fluorescence spectrometry (LEXRF), 
a technique originally developed [4] to measure ultra-thin 
silicon oxide layers on silicon. In the present application 
of this method, the exciting x-ray energy is tuned to just- 
above the absorption energy edge of the titanium K-alpha 
x-ray emission line, thereby maximizing its fluorescence 
yield. The absorption length of the now-excited titanium 
x-ray is large compared to the film thickness and, if 
suitable TiN thickness standards are available, a linear 
calibration plot of fluorescence intensity vs. film 
thickness can be constructed. Then, measuring an 
unknown film thickness under identical conditions readily 
gives a non-destructive measurement. Coating runs of 
16 hrs gave thicknesses in the range of 90-140 nm, 
depending on the coupon location in the chamber and the 
accuracy with which the cathode was radically located. 
Thicknesses above 30 nm were sufficient to completely 
obscure the aluminum substrate to XPS. 

processing expected during machine-commissioning, 
desorbs the layer and also causes electron-induced 
adsorption of carbon from carbon-containing residual-gas 
molecules. The water desorption and small amount of 
carbon deposition serve to reduce the peak SEY to near 1 
(Figure 4, graph). This yield is near the expected in-situ 
as-deposited value [3]. 
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Figure 4:  Secondary electron yield as a function of 
electron dose and primary energy 
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5.3 SEY Measurements 

After the as-coated and exposed-to-air non-surface- 
modifying measurements described above, the coated 
pieces were transferred to a second system where the SEY 
measurements [3] were made. The total SEY was 
measured, for normal incidence, from 50-1000 eV primary 
energy at very low current density (to minimize surface 
modification effects). The as-deposited /air-exposed very 
low-electron-dose yield (Figure 4, inset) is determined by 
the presence of an adventitious surface water layer. 
Electron bombardment of this layer, similar to the initial 
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BREMSSTRAHLUNG MEASUREMENTS AT THE ESRF 

P. Berkvens, P. Colomp, ESRF, BP220 38043 Grenoble Cedex, France 

Abstract 

Increased bremmstrahlung radiation levels were observed 
around several ESRF beamlines, which had been equipped 
with new insertion device vacuum vessels with a reduced 
vertical aperture. In order to understand the origin of this 
increased radiation, detailed bremsstrahlung measurements 
have been carried out on several beamlines. This paper 
describes the results of these measurements. The 
measurements allowed the dose levels originating from 
the gas-bremsstrahlung component to be quantified. 
However, precise vertical profile measurements have 
clearly indicated the presence of a second bremsstrahlung 
component, due to a scraping effect of the electron beam 
at these reduced vertical apertures. It was shown that the 
latter component could easily be the predominant one in 
the radiation dose levels observed around the beamlines. 
The curing effect of changing the storage ring optics from 
a high ß to a low ß optics was clearly demonstrated. 

1   INTRODUCTION 

People working on the beamlines in the Experimental 
Hall of the ESRF are not considered as workers exposed 
to radiation. Therefore the shielding of the beamline 
hutches must guarantee dose rates below 2.5 |i.Sv/h. In 
order to allow for a certain error in the dose 
measurements, as well as anticipating new legal dose 
limits (based on ICRP 60), our aim is not to exceed 
measured levels of 0.3 to 0.4 |iSv/h. 

The use of an X-ray shielding computer code, 
developed at the ESRF, as well as a by now well- 
established hutch construction standard, has resulted indeed 
in such low dose rates. 

However, in 1995, increased radiation levels were 
measured around a number of beamlines, which had been 
equipped with new 5 metre long insertion device vessels, 
with a reduced vertical aperture (11 mm internal gap). 
This increased radiation, although still relatively low (a 
few |i.Sv/h) presented a big problem in view of our 
general radiation protection policy. 

This paper describes the origin of this radiation, as 
well as the solutions which were adopted to solve the 
problem. 

2 SHIELDING   REQUIREMENTS   FOR  ESRF 
BEAMLINES 

Synchrotron beamline hutches must provide shielding 
against two distinct radiation sources: synchrotron 
radiation and bremsstrahlung. In the case of the ESRF the 
lateral shielding of these hutches will be determined by 
the synchrotron radiation. Indeed, the high power of the 

synchrotron sources (both insertion devices and bending 
magnets) and the high critical energies (up to several 10 
keV) imply that a lot of scattered radiation is produced on 
the various optical elements. The bremsstrahlung 
radiation on the other hand, although highly penetrating, 
requires essentially shielding in the forward direction. 
Scattering at larger angles is due to multiple scattering of 
electrons and delta-ray production. These processes are 
much weaker than the Compton scattering of hard X-rays. 
Shielding against bremsstrahlung therefore essentially 
requires the addition of a typically 1 m2 wide, 10 cm thick 
lead wall on the hutch back wall, centred around the 0° 
beam axis. 

The spectrum below, measured with a Ge detector 
behind the side wall of a hutch, shows indeed a pure X-ray 
spectrum. One sees the primarily Compton scattered X- 
ray contribution, lower energy, multiple scattered X-rays 
(mainly in the shield wall) and the lead fluorescent rays. 

100 

energy [keV] 

Figure 1: Example of a measured X-ray spectrum behind 
an optics hutch side wall. 

When in 1995 new insertion device vacuum vessels, 
with smaller vertical aperture (11 mm internal gap) were 
installed, increased radiation levels outside the beamline 
hutches were measured (of the order of a few |J.Sv/h). It 
turned out that this radiation, after an initial period needed 
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for the vacuum conditioning of these new vessels, 
persisted only on insertion device beamlines, installed on 
high ß straight sections. This radiation was clearly 
identified as bremsstrahlung. Indeed, spectra measured 
with a Ge detector showed the presence of high energy 
photons. As an example we show one of these spectra. 
The presence of 511 keV annihilation photons is a clear 
footprint of bremsstrahlung photons. It is clear that, 
because of the decreasing detector efficiency with 
increasing energies, the measured dose rates are mainly 
due to these high energies. 

energy [keV] energy IMVJ 

Figure   2:   Example   of   a   bremsstrahlung   dominated 
spectrum, measured behind an optics hutch side wall. 

3   BREMSSTRAHLUNG 
MEASUREMENTS 

Initially some confusion existed about the origin of this 
radiation. Either it was gas bremsstrahlung, due to 
increased vacuum level inside the 5 metre long vessels 
(pumping is only foreseen at the two extremities of the 
vessel, and a higher gradient could not be excluded due to 
a reduced conductance) or the bremsstrahlung originated 
from a more direct interaction mechanism between the 
electrons and the reduced aperture ("scraping" effect). 

Therefore, in order to identify the source of this 
increased radiation, more detailed measurements were 
carried out. Bremsstrahlung profiles were measured using 
a small ionisation chamber (0.6 cm3 Farmer type 
chamber). This chamber was scanned vertically through 

the bremsstrahlung beam, behind a 3 cm thick lead wall. 
This lead wall eliminated possible scattered synchrotron 
radiation from the upstream and downstream dipole, and 
also provided sufficient dose build-up for the high energy 
radiation. 

Several measurements were made. One measurement 
was carried out on a low ß straight section, following the 
evolution of the bremsstrahlung during the vacuum 
conditioning of a newly installed 11 mm vessel. This 
measurement proved a normal behaviour, with a correct 
vacuum conditioning, and the bremsstrahlung intensities 
were completely proportional with the product of pressure 
and current. 

The presence of another bremsstrahlung source on 
high ß beamlines was clearly demonstrated by 
measurements done with various scraper settings. There 
are two sets of horizontal and vertical scrapers installed on 
the ESRF storage ring. The measurement shown below 
was carried out on a high ß beamline, which in terms of 
phase advance is normally well-protected by these 
scrapers. One can see that, when opening the scrapers 
completely, a drastic increase in bremsstrahlung was 
observed. This measurement proved unambiguously the 
presence of a "scraping" effect made by these new vessels. 
Monte Carlo calculations would indicate that even with 
the scrapers in their nominal position, part of the 
radiation is still due to this scraping effect. 

35 r  fiGy/min/mA 

scrapers open 

scrapers closed 

-20 -15 -10 0 5 
height [mm] 

Figure 3: Measured vertical bremsstrahlung profiles for 
two extreme scraper settings. The expected dose profile 
from Monte Carlo calculations is also shown. 

When looking at these 2 profiles in more detail, one 
observes a clear vertical offset between the two, indicating 
indeed a different origin (beam axis for the gas 
bremsstrahlung, vessel wall for the "scraping" induced 
bremsstrahlung). 
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Figure 4: Vertical offset between the two bremsstrahlung 
profiles. 

4 LOW   BETA   OPTICS 

As mentioned above, the increased radiation levels only 
remained after the initial vacuum conditioning period on 
those beamlines installed on high ß straight sections. The 
ESRF lattice alternates low ß (ßverlicai = 3.51 m) with 
high ß (ßverticai = 12.85 m) cells. A new lattice was tried 
out, putting all the cells into low beta optics. The 
measurements reported above were repeated on the same 
beamline, with the storage ring operated in this new low 
beta optics, and the results are shown below. As can be 
seen, there is no more effect of the scraper position on the 
measured bremsstrahlung profiles. Also, these new 
profiles are now slightly lower, corresponding very well 
with the calculated levels shown in figure 3. This result 
therefore clearly shows that with this new low ß optics, 
the bremsstrahlung originating from the "scraping" effect 
completely disappears, and that the residual 
bremsstrahlung spectrum can be completely attributed to 
gas bremsstrahlung. 

-30 -20 -10 10 20 30 
height [mm] 

Figure 5: Measured vertical bremsstrahlung profiles for 
two extreme scraper settings, for the new low ß lattice. 

We also verified that no extra radiation was measured on 
the originally low ß beam lines. 

Since the end of 1996 the storage ring is now 
permanently operated in this new low ß optics, and the 
bremsstrahlung problems on all the beamlines have 
dissapeared. 

5   CONCLUSION 

This experience at the ESRF clearly demonstrated the 
radiation problems that can be caused by localised beam 
losses in the straight sections used for beamlines. In the 
case of the ESRF, the local beam losses were caused by 
the bottleneck effect produced by the reduced vertical 
aperture of the new insertion device vacuum vessels. The 
bremsstrahlung produced by these "scraping" effects can 
be much higher than the expected gas bremsstrahlung, and 
produces radiation which is vertically off-centred with 
respect to the synchrotron beam. 

At present new insertion device vacuum vessels are 
being tested at the ESRF, with a further reduction of the 
vertical aperture (9 mm internal gap). Up to now 
bremsstrahlung measurements carried out show a correct 
vacuum conditioning of these vessels, as well as no 
evidence of any scraping effect. Further measurements 
will be carried out before these vessels are installed on 
operational beamlines. 
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DESIGN AND ANALYSIS OF A BE WINDOW FOR THE 
APS DIAGNOSTICS UNDULATOR BEAMLINE 

I. Ching Sheng, B. X. Yang and S. Sharma 
Advanced Photon Source, Argonne National Laboratory 
9700 South Cass Avenue, Argonne, Illinois 60439 USA 

Abstract 

The design of a beryllium (Be) window for use under 
the extremely high heat load of an undulator beam is one 
of the challenges for third-generation synchrotron radia- 
tion beamlines. A novel design of a Be window is pre- 
sented for the Advanced Photon Source (APS) diagnostics 
undulator beamline, whose beam has a peak power density 
of 150 W/mm2 (7 GeV/100 mA stored beam). The win- 
dow has a double concave profile with a thickness of 0.5 
mm at the center and is brazed to a water-cooled oxygen- 
free, high-conductivity (OFHC) copper manifold. Finite- 
element thermal analysis of the Be window is also pre- 
sented. 

1 INTRODUCTION 

The APS diagnostic insertion device (ID) beamline 
uses both bending magnet and undulator radiation for 
beam imaging. To maintain the vacuum integrity of the 
storage ring, windows are required to separate the beam- 
lines from the ring. Since the power density of the undula- 
tor beam is extremely higher than that of the bending 
magnet, the following design criteria are considered: 

• Reduced absorption of x-ray beam power. 
• Enhanced conductive and convective cooling to 

reduce the temperature gradient. 
• Ability to withstand vacuum force in case of leak 

in the beamline. 
• Large window stiffness to increase thermal buck- 

ling threshold. 
• Ease of fabrication. 
To satisfy the above design considerations, we utilize 

Be as the windows material for its low absorption of x-ray 
and high material strength. A concave-shaped window is 
introduced to meet the other goals above. With a thickness 
of 0.5 mm, Be absorbs 5% of the 800 W total power of the 
diagnostic undulator at 100-mA beam current in APS. For 
the bending magnet radiation a second window, consisting 
of a 1-mm flat disk of Be, is used because it absorbs much 
less power. 

2 DESIGN AND FABRICATION 

Previous studies have shown that the major cause of 
failure of a Be window in an x-ray beamline is thermal 
buckling. The design of a conventional, flat Be window is 
often the result of compromise between two consider- 
ations: 

• Thicker windows increase the thermal conduction 
as well as flexural stiffness. 

• Thicker windows increase absorbed power. 

We introduce a double concave window which signifi- 
cantly improves the thermal conduction and flexural stiff- 
ness without increasing the absorbed power. We use 99.4% 
pure beryllium in our design. As shown in Figure 1, the 
0.2-mm undulator beam will pass through at the center of 
the Be window, where the thickness is only 0.5 mm. This 
concave Be window has three advantages: it absorbs less 
power when beam is aligned, it provides larger conductive 
area for heat flow, and it is structurally stiff which prevents 
thermal buckling. 

2X   SPHER.  R.19 

.022/.0IB 

Figure 1: Cross section of the double concave Be 
window (dimensions are in inches). 

The Be window assembly is shown in Figure 2. Two 
50-mm 304 stainless tubes are brazed with a water-cooled 
OFHC copper manifold; Be windows are then diffusion- 
brazed on the counterbores of the manifold by using silver- 
copper-based alloy. Three circular water channels are 
drilled in the copper block for cooling. The assembly is 
machined and brazed by Brush Wellman Company. Two of 
the window assemblies are mounted in series (as shown in 
Figure 3) with an ion pump in between for pumping. 

BRAZED, ALL WOUND, V.T. BOTH ENDS 

BRAZED SURFACE; ALL AROUND 

Figure 2: Cross-section view of the Be window 
assembly. 
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ID Fixed mask 

Figure 3: Be windows assembly. 

3  THERMAL ANALYSIS 

3.1 Thermal Analysis - Beam at Center 

An axisymmetric finite-element model is used to cal- 
culate the temperature rise, assuming a constant tempera- 
ture of 0°C at the brazed joint. The results are plotted as 
temperature contours in Figure 4. A peak temperature rise 
of 61°C is obtained at the center of the double concave 
area. 

The temperature rise between the braze joint and 
water channels is determined by a simplified one-dimen- 
sional model. The brazing area can be treated as a heating 
strip with area of 1 cm (width) x 9.2 cm (height, parallel to 
the cooling channel), with incident total power of 40 W. 
An equilibrium power density (q) on this heating strip is 
4.3 W/cm2. The average conductance path (1) from the 
braze joint to the water channel is 1 cm. Using 1 W/(cm2 

k) for the water film coefficient (h), the temperature rise 
between the braze joint and cooling channels is determined 
as[l] 

«-<H = 4.3gf+l)).= 5.4-C, 

where k=3.6 W/(cm °C) is the thermal conductivity of the 
OFHC copper. Summing up the two temperature increases, 
the peak temperature rise on the Be window is approxi- 
mately 66°C. 

The critical buckling load on a circular plate [2] is 
proportional to t3/a2, where t is the thickness and a is the 
radius of the plate. Since the outer thickness of the Be win- 
dow is large (6.4 mm) compared to that at the center (0.5 
mm), the effective radius a reduces from 32 mm to approx- 
imately 3 mm. The buckling threshold is therefore 
increased by 100 times compared to that of a flat plate with 
the same 0.5-mm thickness. Detailed analysis for thermal 
buckling of circular disks under x-ray heating are pre- 
sented in [3] and [4]. 

3.2 Thermal Analysis - Missteered Beam 

A beam missteering situation is also analyzed. We 
assume that the undulator beam is incident off-centered on 
the window. A higher percentage of the undulator power is 
absorbed (30%, or 240 W) because of the increase in Be 
thickness in the beam path. Figure 5 shows the temperature 
contour plot where the peak temperature rise is 147°C. 
Further investigation is in progress to determine the maxi- 
mum safe temperature rise. 

Figure 5: Temperature contours in a Be window due to 
beam missteering. 

4 CONCLUSION 

A novel Be window design of double concave geome- 
try has been presented. In this window geometry the 
absorbed beam power is reduced at the thinner center 
while heat conduction is increased at the thicker outer 
periphery. The double concave shape is structurally stiff 
and prevents thermal buckling. The window has been 
installed and used in the APS diagnostics undulator beam- 
line. 

Figure 4: Axial symmetrical temperature contours on a 
Be window. 
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IN SITU MEASUREMENT OF CERAMIC VACUUM CHAMBER 
CONDUCTIVE COATING QUALITY 

C. Doose, K. Harkay, S. Kim and S. Milton 
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9700 South Cass Avenue, Argonne, Illinois 60439 USA 

Abstract 

A method for measuring the relative surface resistivity 
and quality of conductive coatings on ceramic vacuum 
chambers was developed. This method is unique in that 
it allows one to test the coating even after the ceramic 
chamber is installed in the accelerator and under 
vacuum; furthermore, the measurement provides a 
localized surface reading of the coating conductance. 
The method uses a magnetic probe of wire wound on a 
ferrite and an LCR meter. The probe is calibrated using 
the measured DC end-to-end resistance of the tube under 
test and by comparison to a high quality test surface. The 
measurement method has also been verified by 
comparison to high frequency impedance measurements. 
A detailed description, results, and sensitivity of the 
technique are given here. 

1 INTRODUCTION 

The Advanced Photon Source (APS) is a national facility 
dedicated to the generation of highly-brilliant X-rays for 
use in scientific and industrial research [1]. The facility 
consists of four machines: a linear accelerator capable of 
generating 450-MeV positrons, a positron accumulator 
ring, a booster synchrotron for accelerating the positron 
beam up to 7 GeV, and the 7-GeV storage ring. The 
three circular machines use fast-pulsed kicker magnets 
for injection, extraction, and beam diagnostics. Ceramic 
vacuum chambers, coated internally with a conductive 
material, are used at the location of these kicker 
magnets. The conductivity of the coating is adjusted to 
allow the kicker magnetic fields to penetrate the vacuum 
chamber wall while at the same time providing a 
relatively low resistance path for the beam image 
charges. 

Two storage ring kicker vacuum chambers over- 
heated during the first high-beam current runs of 100 
mA. It quickly became clear that the conductivity of the 
ceramic chamber coatings was either damaged or 
significantly lower than desired. Since these chambers 
were installed in an operational machine, a new method 
to measure their conductivity in situ was developed in 
order to test the coatings without opening the ring 
vacuum system. 

2 CONDUCTIVE COATING ON CERAMIC 
CHAMBER 

A typical ceramic vacuum chamber for the storage ring 
is made of 99.7% pure alumina. Figure 1 shows a typical 
cross section of the chamber, with a sensor coil on top. 
The chamber has a wall thickness of 3.2 mm, an axial 
length of 74 cm, and an inner circumference of 
approximately 23 cm. Details of the chamber and 
coating procedure are described in reference [2]. 

1.83cm 

coil sensor I 

Figure   1:   Ceramic   chamber   cross   section 
showing the sensor coil. 

The coatings of the ceramic vacuum chambers are 
subjected to both eddy currents due to the kickers' 
pulsed magnetic fields, and the beam image currents. A 
compromise is needed in coating thickness and 
conductivity in order to adequately conduct image 
currents while not significantly shielding the kicker 
magnetic field. If care is not exercised in the selection of 
the conductivity, the power and current densities can 
become quite high and damage the coating or ceramic. 
The choices of conductivity and thickness of the coatings 
used on the ceramics were based on a number of factors, 
with the first being a minimization of the power density 
seen by the coating. After arriving at this initial value, 
the conductivity was adjusted to insure that the impact 
on machine performance or the kicker magnet field itself 
were not seriously compromised [2], or approaching any 
damage threshold of the coating. 

The coating chosen for the storage ring ceramic 
vacuum chambers is a resistor paste commonly used in 
the semiconductor industry, Heraeus Cermalloy type 410 
resistor material. The paste when applied and sintered as 
per the application specification, has a surface resistivity 
of 0.1 Q/square, and a bulk resistivity of 2 x 10'6 Q-m. 
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Given the dimensions of the ceramic chamber the DC 
end-to-end resistance is roughly 0.3 Q when the coating 
is properly applied. 

3 MEASUREMENT SYSTEM AND CALIBRATION 

The sensor coil shown in Figure 1 is essentially a metal 
detector. It was constructed to provide a means to 
measure the local surface resistivity of the coating with 
the ceramic vacuum chamber still installed in the ring. 
The sensor consists of a 200-turn coil wound on the 
bottom of a "U" shaped ferrite core 2.86 cm long, 1.83 
cm wide, and 0.81 cm high. Because the coil is 
effectively an eddy current sensor, the geometry of the 
core was chosen in an attempt to maximize the magnetic 
coupling between the coil and the coating. It was found 
that high-Q sensor coils, although more sensitive, had 
poor measurement stability. The use of manganin wire, 
with a resistance of 11.8 Q/m and a diameter of 200 um, 
"de-Q'd" the sensor coil and so improved the stability of 
the measurements. Also, because of its' relatively low 
temperature coefficient of resistivity, the use of 
manganin wire improved temperature stability of the AC 
resistance measurements compared to the use of copper 
wire. 

The sensor coil is placed on the exterior surface of 
the ceramic chamber, and an AC signal (100 kHz, 1 V 
rms) is applied to the sensor coil using a Hewlett 
Packard 4263A LCR meter. By comparison, the effective 
frequency of the pulsed kickers is 143 kHz (3.5 u.sec 
pulse-width). The AC field generated by the coil 
penetrates the conductive coating and creates eddy 
currents. The induced eddy currents, in turn, create a 
field that opposes the driving coil field. The change in 
effective impedance of the sensor coil, when coupled to 
the coating, is equivalent to adding a series impedance 
(coupled impedance) to the sensor coil. The measured 
impedance of the coil is then the nominal coil impedance 
(the ACR is 200 Q and XL is 2.3 kQ at 100 kHz) plus 
the coupled impedance Zc. For coating thickness less 
than approximately one tenth of the skin depth at the 
measurement frequency, the eddy current density is 
essentially uniform throughout the coating, and the 
coupled resistance, Rc, is therefore proportional to the 
surface conductivity. Due to the local extent of the 
sensor coil field, approximately 28 cm2, compared to the 
area to be measured of 1732 cm2, the method makes it 
possible to measure the local surface resistivity of the 
chamber coating and so map out the quality of the 
coating over the entire ceramic surface. 

The equivalent circuit of the sensor coil coupled to a 
conductor is shown in Figure 2. The resistive and 
reactive components of the coupled impedance due to a 
conductor are given by: 

R2   (ö)   M)2 

Xc=-jco 
L2   (<a ■ A/)2 

R2   + (co   L2Y 

and  L2  are  the  effective  resistance  and where  R2 

inductance of the coating. The mutual inductance, M, is 
a function of coil geometry, distance from the coil to the 
conductor, and conductor thickness. 

f= 100 kHz 
V = 1 volt peak 

Figure 2: Schematic of sensor coil coupled to a 
conductor. 

Measurements were performed to confirm the 
linearity of the measured coupled resistance to surface 
resistivities near 0.1 Q/square. The coupled resistance 
and reactance were measured for different thickness of 
stainless steel sheets. The surface resistivity of a 12.7 urn 
sheet, using a bulk-resistivity of p=7xl0"7 Qm, is 
approximately 0.06 Q/square (60 % of the desired value 
of the chamber coating). As shown in Figure 3, the 
increase of the coupled resistance is approximately linear 
to the thickness of the sheets, with a slope of 2.7 Q/um 
for thickness less than 100 fim. This is equivalent to 
surface resistivities of greater than 0.007 Q/square. 
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Figure 3: Measurement of coupled impedance 
vs. stainless steel sheet thickness. 

To determine the effects of chamber wall thickness 
variations on the coupled resistance, measurements were 
performed to determine the sensitivity to height above a 
12.7-pm-thick stainless steel sheet. Figure 4 shows the 
relationship of the coupled resistance vs. height above 
the sheet. The measured coupled resistance in the region 
within 3 mm of the sheet falls off at a rate of roughly 7 
Q/mm. With a measurement resolution of 1 Q and a 
coating surface resistivity of 0.1 Q/square the system is 
insensitive to ceramic vacuum chamber wall thickness 
variations of less than approximately 0.3 mm. 

R2' + (a>L2y 
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Figure 4: Measurement of the coupled 
resistance vs. height above a 12.7-(xm stainless 
steel sheet. 

Coupled resistance measurements of the coating on a 
good quality chamber (reference chamber) were 
compared to measurements of the installed chamber 
coatings. The reference chambers' end-to-end DC 
resistance was known to be 0.4 Q ±0.05 Q. The average 
coupled resistance value for the reference chamber was 
13 Q with a standard deviation of 2.5 £L Given the end- 
to-end DC resistance and the chamber geometry, an 
average surface resistivity of 0.13 Q/square (with an 
uncertainty of ±10%) was calculated for the reference 
chamber. The maximum surface resistivity measurable 
with this system when the coil is 3 mm from the coating 
surface is approximately 1.3 £2/square. 

4 CERAMIC CHAMBER MEASUREMENTS 

In situ measurements on the suspect ceramic vacuum 
chambers using the sensor coil revealed the cause of the 
heating to be a lack of sufficient conductive coating. In 
fact, the coating surface resistivity was so large on two 
chambers that it was beyond the measurement resolution 
of the sensor coil system. After removal from the storage 
ring it was found that the end-to-end DC resistance of 
one chamber was greater than 1 MQ. The second 
chamber's DC resistance was 320 Q, these are to be 
compared to the desired value of 0.3 Q... Measurements 
on new spare chambers, before their installation into the 
machine, revealed another defect, and that was uneven 
coating along the length of the chamber as shown in 
Figure 5. This was caused due to sagging of the liquid 
coating during the initial curing process of the coating on 
the chamber (the chamber had been mounted vertically). 
After correcting the sagging problem, subsequent 
chamber coating quality has met design requirements as 
shown in Figure 6. 

The sensor coil results were also verified on the 
bench using a high-frequency transmission measurement. 
Probes were inserted through plates on either end of the 
chamber to form a cavity and a network analyzer was 
used to excite the cavity modes. The widths, or quality 
factors, of these modes are determined by the surface 
resistivity of the chamber coating and the volume and 
surface   area  of the  cavity.   The   calculated   surface 
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Figure 5: Uneven coating surface resistivity. 
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Figure   6:   Relatively   even   coating   surface 
resistivity. 

resistivity for the chamber depicted in Figure 6 is 
between 0.06 and 0.3 Q/square. The surface resistivity 
for the two defective storage ring chambers was more 
than a factor of 200 higher. 

5 SUMMARY 

Using readily available materials and laboratory 
equipment a simple detector was constructed which 
allowed in situ measurements and surface quality 
mapping of the conductively coated ceramic chambers 
used in the APS machines. Its use revealed problems 
with some of the chambers used in the storage ring. It 
was also used for new chamber quality control. The 
measurement system is simple, non-invasive and 
inexpensive; however, at present our implementation is 
somewhat crude and could be optimized to increase the 
sensitivity for a particular type of coating and 
application. 
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AN ANCILLARY PUMPING SYSTEM FOR THE APS VACUUM SYSTEM 
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Abstract 

An ancillary pumping system has been designed and 
installed in the Advanced Photon Source (APS) storage 
ring. This vacuum system has the ability to pump sectors 
of the storage ring down from room pressure to ultra-high 
vacuum (UHV). The ancillary system is a "dry" system 
that uses a combination of turbomolecular pumps and 
oil-free roughing pumps. The benefits of this system are 
the reduction of equipment needed for in-tunnel mainte- 
nance, essential for the operation of a UHV storage ring; 
rapid response to vacuum emergencies; and a guard to 
accidental exposures to hydrocarbon contamination. The 
operational logic and the pump interlock and controls are 
described. 

1 INTRODUCTION 

The Advanced Photon Source is a facility for material 
science research. It provides users with a source of x-rays 
at an energy of 7 GeV. The main positron beam is con- 
tained within the storage ring that is two-thirds of a mile in 
circumference. The storage ring is divided into 40 sectors 
with isolation valves between each sector. 

2 APS VACUUM SYSTEM 

To achieve an average pressure of 10"11 Torr without 
beam and 10"9 Torr with beam, the main vacuum system 
uses a combination of ion and non-evaporable getter 
(NEG) pumps. The NEG pumps handle the majority of 
the gas load within the system. One characteristic of the 
NEG pumps that mandates the use of ion pumps is their 
ability to only pump active gases, such as water, oxygen, 

carbon dioxide, carbon monoxide, and hydrogen. How- 
ever, the NEG pumps do not pump inert gases such as 
helium, neon, and argon, and are poor pumps for stable 
gases like methane and nitrogen. Ion pumps can, to a 
much greater extent, pump these inert and stable gases. 

An additional technique used to achieve UHV in the 
storage ring is to bake it. This is done at 150°C where 
pressurized, heated water flows through the water cooling 
channels in the storage ring vacuum chamber. At this tem- 
perature the pressure is very high and would constitute a 
high gas load to the NEG pumps. For this reason, external 
pumps are attached to the system during the bake to 
remove gas from the system, and the ion and NEG pumps 
are not started until the system has started cooling down 
after the bake. This is done to preserve the life of both the 
NEG and ion pumps. Before this system was put into 
place the external pumps were in the form of movable carts 
at each end of the sector. The permanently installed ancil- 
lary pumping system is located at one end of the sector. 

3 DESCRIPTION OF THE ANCILLARY 
VACUUM SYSTEM 

3.1 System Overview 

The ancillary vacuum system is organized into 20 sub- 
systems for each pair of sectors in the storage ring (see 
Fig. 1). Sectors 1 and 2 make up the first installation, sec- 
tors 3 and 4 make up the next, and so on around the 40 sec- 
tors of the ring. Each installation is made up of two turbo 
pumps, a dry roughing pump, interconnecting vacuum 
lines, and controls.  Each sector has its own turbo pump 

ROUGHING PUMP- SERVICE CORRIDOR 

/' -.  ' 

TURBO PUMP #2 

r--"_. r -%.£"-"- -:--rr'^\ £ = =■ 

STORAGE   RING 

Figure 1: APS storage ring with ancillary pumping system. 
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attached to an all-metal valve on the storage ring chamber. 

3.2 Turbo Pump 

A turbomolecular pump was chosen because it repre- 
sents a good balance of features and capabilities, and can 
be obtained for a reasonable price. The turbo pump is a 
throughput type pump that moves gas through it rather 
than storing the gas on the pump walls like an ion pump 
does. It is very useful on systems that are being baked out 
or for a second pumping stage after initial pump out. 

The turbo pumps used at the APS are called hybrid 
turbo pumps because they have an additional drag pump 
stage that expands the capability of the pump. A standard 
turbo pump has a roughing pump in series with it to take in 
the turbo pump's exhaust. This exhaust line, called a fore- 
line, needs to be at 10"2 Torr in the standard pump; in the 
hybrid pump, the foreline is now 20 Torr. The pressure 
difference that the pump can hold off has been greatly 
expanded by the drag stage. Since the hybrid pump can 
have a roughing pump with a much higher base pressure (a 
potential cost savings), it can use several types of dry 
pumps that have high base pressures. In the case of this 
system which has a roughing pump with a base pressure of 
10"2 Torr, the turbo pump can reach base pressures of 10" 
Torr. Turbo pumps are very low in vibration and have a 
relatively high natural frequency. Given that the reaction 
mass of the storage ring is very high, the turbo pumps can 
be run under regular conditions. In the early conditioning 
of the storage ring this in fact did happen on one or two 
occasions. 

We use an Alcatel ATS 100 hybrid turbo pump. With a 
6" vacuum flange, the pump is rated to 125 liters/second. 
The drag stage is very effective because it has a tolerable 
foreline pressure of 20 Torr. This has two primary ramifi- 
cations for this installation: the pump can be started at a 
higher pressure, and in the event the roughing pump 
becomes inoperative, the turbo pump can still run (~ 3 
hours) while the roughing pump is replaced. In this appli- 
cation the converter in on top of the tunnel shielded from 
the radiation in the storage ring. 

3.3 Roughing Pump 

One roughing pump services two turbo pumps in this 
system. When the pressure in the storage ring is down to 
10"4 Torr the amount of gas flowing out of two turbo 
pumps is small enough that it can easily be handled by one 
roughing pump. We considered a number of pumps from 
various manufacturers, all having a minimum speed of 9 
cfm of speed and base pressure lower than 50 mTorr. All 
the pumps were some sort of dry pump, with no oil or 
grease lubricants exposed to the vacuum. We chose a Vac- 
uum Research 2 x 9 dry piston pump with a pumping 
speed of 9 cfm at room pressure and a base pressure of 
approximately 30 mTorr. This two-piston pump has one 
piston in series with the other to produce the low base 
pressures, and can rough the 360-liter volume of the sector 

in 35 minutes to a pressure where the turbo pump can take 
over. In spite of the approximately 40 feet of hose that 
connects the roughing pump to the turbo, this has become 
a useful part of the system. 

4 DETAILS OF THE ANCILLARY SYSTEM 

4.1 Turbo Pump Subsystem 

Shown in Fig. 2 is the turbo pump subsystem. In each 
installation there is a manual all-metal valve connected to 
the storage ring vacuum chamber. Between the turbo 
pump and the valve is a double-sided flange where a small 
all-metal valve is attached. This valve allows the sector to 
be pumped down with the flow going around the pump. 
After some in-house testing it was determined that there is 
a very large penalty for roughing the sector down through 
the turbo, and even a small valve can make a large differ- 
ence. The valve and the turbo are joined together in a 
common manifold that is then connected to the main 
roughing hose. 

4.2 Roughing Pump Connection 

The hose connecting the turbo to the Y manifold 
mounted on the ceiling is made by Swaglok™. The hose 
connector is modified by welding an NW-25 long flange 
onto it. All the connections are standard NW-25 where the 
O-ring is silicone rubber rather than Viton. The silicone 
has better radiation resistance than Viton. The Y manifold 
contains two aluminum right angle valves with silicone 
vacuum O-rings. The valves allow pump-down of each 
sector separately. The hose extends outside the tunnel to 
the rough pump platform. 

4.3 Roughing Pump Subsystem 

The platform is made up of three main subassemblies: 
the pump itself, the remote relay box, and the pneumatic 
box piggy-backed onto the remote relay box (see Fig. 2). 
On the pump is a manifold elbow on which is mounted the 
main valve, the vent valve, and the low vacuum gauge. The 
gauge and the vent valve are between the pump and the 
main valve. The remote relay box houses the motor starter 
and a number of control logic relays. Mounted on the 
remote relay box are external lights to indicate power and 
faults and an elapse time meter to show the hours on the 
roughing pump. The 208-V disconnect is part of this box. 
If an emergency occurs, the roughing pump can be turned 
off without having to go to the local control box on top of 
the tunnel. The pneumatics are in an external box on the 
back of the remote relay box; also on the platform is the 
delay volume. The two needle valves together with the 
volume establish a circuit that delays the opening of the 
vent valve for a period of 3 to 6 seconds. Part of the oper- 
ation of this system is that the vent valve opens after the 
main valve closes. This allows ample time for the main 
valve to shut before the vent valve opens. 
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Figure 2: Ancillary pumping system. 

4.4 System Controls 

The main control box is in the rack on top of the tun- 
nel. The relays are part of a logic control whereby if the 
main control box, connecting cable, remote relay box, or 
roughing pump should become inoperative, the main valve 
will close and protect the turbo pump. Part of the logic 
behind this is the assumption that the roughing pump is 
able to generate a pressure lower than the setpoint on the 
low-vacuum gauge, thus guaranteeing that the pump is 
working. As described above, if the roughing pump 
becomes inoperative, the main valve will close and the 
vent valve will automatically vent the pump and gauge. 
When the pump begins to operate again, the main valve 
will only open after the gauge has reached its setpoint. 
The gauge will latch a relay so that if it goes to high pres- 
sure later the main valve will not close. The two turbo 
controllers (converters) are in the main control box con- 
nected to the meters. The meters serve two functions: 
feedback to the operators that the turbo has started to spin 
up and information on the pumps spinning down. Only 
when the turbos are at a complete stop can the roughing 
pumps be valved out and turned off. The main control box 

has remote indicators for the main APS control room to 
monitor the turbo pump system for the following condi- 
tions: turbo pump on, turbo pump at full speed, roughing 
pump on, and the roughing pump pressure. 

5 CONCLUSIONS 

This system is currently installed at the Advanced 
Photon Source. It is used on a regular basis for system 
maintenance and system baking. 
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STRESS RUPTURE CONSIDERATIONS IN THE DESIGN OF LARGE 
APERTURE, LOW MASS COMPOSITE VACUUM WINDOWS* 

W.J. Leonhardt, J.R. Cullen and P.F. Gill 
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Abstract 

Large vacuum vessels are often employed in High Energy 
and Nuclear Physics experiments to provide a volume for 
particle traverse in the absence of air molecules. The ends 
of these vessels generally have a large aperture which is 
closed with a thin membrane known as a vacuum window. 
To minimize the vacuum window mass, composites of 
Kevlar and Mylar have been used in window construction. 
Historically, these windows have been designed based on 
the ultimate tensile strength of the materials, however, 
following the costly failure of a 193 cm x 86 cm window, 
other design methods emerged. This paper reviews the 
history of window design and describes the window 
failure and possible causes. It further presents the 
phenomenon of stress rupture and describes the analytical 
and experimental work carried out to improve composite 
window design methods. 

1 INTRODUCTION 

Several experiments utilizing protons and heavy ions 
in the BNL-AGS employ large vacuum vessels as part of 
the beamline apparatus. Generally, these vacuum vessels 
have a portion or portions of their wall made thin so as to 
have the minimum impact on particles passing through 
them. These thin areas are known as vacuum windows. 

Vacuum windows are fabricated from materials where 
the density is minimized yet sufficient strength is provided 
so the windows operate safely and reliably for long 
periods of time. Several materials have been considered 
[1,2], however BNL utilizes dry combinations of Kevlar™ 
and Mylar™ exclusively. 

2 ANALYTICAL APPROACH 

2.1 Timoshenko Relations 

Design of rectangular Kevlar/Mylar composite windows 
has traditionally been based upon classical Timoshenko 
[3] formulas for thin plates where membrane stresses 
dominate. The stress formula is: 

a = Kx 

( (    YT
3 
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Transverse and angular deflections are calculated using 
respectively: 

S = K, 
KEt    ; 

and,  6 = K. 
' pa » 
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Modulus of elasticity (E), pressure (p), length of the short 
side (a), and thickness (t) of the membrane take on any 
consistent set of units. Kj K2 and K3 are coefficients 
which depend upon the ratio of the length of the long side 
to short side of the window and range in value from 0.273 
to 0.346 for Kb 0.320 to 0.360 for K2, and 1.280 to 1.440 
for K3. For rectangular windows the Kevlar fabric is 
oriented such that the weave is parallel to the window 
edge. Membrane thickness is taken as the equivalent solid 
thickness of the fibers running perpendicular to the 
window edge. 

Experience has shown that these formulae do not 
accurately predict the pressures at which window 
assemblies fail. This is probably due to the large 
deflections of these windows. Consequently, designers 
have come to rely upon an iterative process of testing to 
failure then applying a suitable factor of safety in a 
subsequent design. 

2.2ANSYS 

More recently the ANSYS finite element program has 
been applied to the analysis of these problems to both 
improve the accuracy beyond Timoshenko's relations and 
give a better idea of the stress distributions in a given 
geometry. 

Generally a 2-D plane model is sufficient. To create the 
model a geometric quarter section is generated taking 
advantage of symmetry. SHELL41 elements with 
membrane option are used. A second layer of elements is 
placed over the first to model the Mylar layer. In this way 
stresses can be obtained for both the Kevlar and Mylar. 
This is useful since in some window designs the thickness 
of the Mylar not the Kevlar is the limiting factor in the 

"This research was supported by the U.S. Department of 
Energy under Contract Nos. DE-AC02-76CH00016. 
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design. A solution is obtained using stress stiffening and 
large deflection options available in the program. Results 
of these analyses more closely predict failure stresses as is 
shown in the following section. 

2.3. Experimental Data 

Several windows with various geometries have been 
analyzed and tested to destruction. They are listed in 
Table I. Window rectangular dimensions are 1930 mm x 
860 mm except as noted. 

TABLE I 
WINDOW FAILURE PRESSURE AND CALCULATED STRESS 

Dimensions Pressure @ Calculated Stress Kevlar 
Kevlar/Mylar Failure Timoshenko   ANSYS Strength 

(ram) (MPa) (MPa)          (Mpa) (MPa) 
0.43/0.13 0.276 2350 2575 2925 
0.43/0.05 0.248 2190 2470 2925 
0.41/0.13 0.308 2970 3110 3380 
0.38/0.13 0.262 2570 2810 2925 
0.38/0.13" 0.324 2340 2570 2925 
0.30/0.13a 0.248 2175 2330 2925 
0.30/0.05" 0.227 2050 2280 2925 
0.25/0.05b 0.379 2600 2565 3000 

a 1220 mm x 610 mm " 457mm dia. 

For rectangular shapes, the Timoshenko expression results 
in stresses which are about 10% below ANSYS results 
which are in turn 10%-20% below the actual Kevlar fiber 
strength. Although ANSYS results appear to more 
accurately represent failure stresses, the reason for 
apparent differences is not well understood, therefore, at 
the present time, testing to failure with application of a 
suitable safety factor for the specific window is still 
necessary. 

3 WINDOW DESIGN 

2119 mm by 429 mm and 2776 mm by 500 mm. The 
thickness of the Kevlar and Mylar material used in these 
designs was determined by considering the material's 
ultimate tensile strength and then specifying a thickness to 
provide an adequate margin of safety. Experimental 
testing of windows to failure was accomplished to confirm 
the analytical strength predictions.  

VACUUM 
WINDOW 
FLANGE      ,-VACUUM 

VESSEL 

MYLAR  VACUUM 
MEMBRANE 

VITON  0-RING 

Figure 1    Typical Window Assembly 

In the spring of 1995, the 1930 by 860 window failed 
while operating under full vacuum. Fortunately, this 
implosion caused no personnel injury however 
approximately a quarter of a million dollars of 
experimental equipment was lost. A post failure 
investigation identified two possible causes for the failure. 
The first was the presence of a metal chip trapped in the 
window material near the clamp flange. This chip may 
have caused a stress concentration in one or both 
materials, resulting in the failure. The second possible 
cause was that the Kevlar material failed due to a 
phenomenon known as stress rupture. Stress rupture 
lifetimes are not accurately predictable, however the 
failed window was analyzed and it was judged that stress 
rupture could have been a contributing cause. 

Specific details of window design are given elsewhere 
[1,2] and are briefly repeated here for convenience. 
Components of a typical window assembly are shown in 
Figure 1. In this figure, the Mylar vacuum membrane and 
the Kevlar are fabricated to fully cover the aperture and 
the area under the clamp flange, while the Mylar ring has 
the aperture cut out and exists under the clamp flange. 
The Kevlar and Mylar are assembled dry, that is without 
any epoxy impregnating the Kevlar except for an epoxy 
bead opposite the o-ring seal to prevent edge leakage 
while under vacuum. The aluminum wire serves as an 
aide in clamping. 

5 STRESS RUPTURE PHENOMENON 

"Stress rupture is the sudden failure (break) in a 
material held for long periods of time under loads which 
are less (sometimes considerably less) than the nominal 
tensile strength of the material. The greater the load, the 
more quickly failure occurs. Inversely, even the smallest 
load could theoretically cause stress rupture if enough 
time were allowed. The stress rupture properties of wet 
and dry yarns are the same."[4] Values of the stress 
rupture properties of Kevlar yarns are shown in Figure 2. 

4 BNL WINDOW HISTORY 

BNL has utilized circular composite windows of 343, 
457, 914 and 965 mm diameter and rectangular windows 
measuring 1220 mm by 610 mm, 1930 mm by 860 mm, 

6 STRESS RUPTURE TESTING 

Although stress rupture data was available for Kevlar 
yarns,    it    was    decided    to    perform    independent 
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measurements on the stress rupture performance of the 

itoeond 

Load, as % of Instantaneous Break Strength 

Figure 2    Stress Rupture of Kevlar Yarns [4] 

Kevlar cloth. Samples of Kevlar 129 fabric were loaded 
in tension using a standard Instron tensile testing machine 
with custom made gripping fixtures to hold the cloth. 
This setup is essentially the same as is used to measure the 
tensile strength of cloth samples except, in stress rupture 
testing, the force on the sample is kept constant. 
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Figure 3     Stress Rupture Experimental Data 

Alignment and uniform loading systematics were 
minimized empirically by loading the samples to failure 
and comparing differences in the ultimate tensile strength. 
It was discovered that removing edge fibers increased the 
ultimate tensile strength since there could be damage 
during cutting and distortion in the fabric near the free 
edge. The final width of all samples tested was 37 mm. 
This technique also has the advantage of enhanced sample 
reproducibility by maintaining a constant number of fibers 
between samples. 

The results of the stress rupture measurements are 
shown in Figure 3. The measuring period for the data 
taken is between one hour and one week. The data show 

good agreement with the DuPont values shown in Figure 
2 and the lines plotted in Figure 3 are the upper and lower 
bounds from Figure 2. The data also show good 
agreement with a study performed by Chiao,, et. al. [5] of 
Kevlar49/epoxy pressure vessels which found that vessels 
loaded to 50% of their burst pressure had no failures in 9 
years. 

7 SUMMARY 

Composite vacuum windows are an extremely useful 
piece of experimental apparatus that need to be designed 
carefully. In the design process, it is imperative to 
consider both the Kevlar ultimate tensile strength and its 
stress rupture lifetime. Experiments have shown that the 
catalog values for stress are reasonable and it is 
recommended that the most conservative values be used. 
Since experimental sensitivity is also important, current 
BNL policy is to provide windows with a minimum of a 
100 year lifetime (which corresponds to a stress level of 
approximately 47% of the strength) and to replace the 
window after one year under load. A ten year lifetime is 
allowable with special review. 
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Abstract 

Forty-four kilometers of the LHC beam vacuum system 
[1,2] will be equipped with a perforated co-axial liner, the 
so-called beam screen. Operating between 5 K and 20 K, 
the beam screen reduces heat loads to the 1.9 K helium 
bath of the superconducting magnets and minimises 
dynamic vacuum effects. Constructed from low magnetic 
permeability stainless steel with a 50 urn inner layer of 
high purity copper, the beam screen must provide a 
maximum aperture for the beam whilst resisting the 
induced forces due to eddy currents at magnet quench. 
The mechanical engineering challenges are numerous, 
and include stringent requirements on geometry, material 
selection, manufacturing techniques and cleanliness. The 
industrial fabrication of these 16 metre long UHV 
components is now in its prototyping phase. A 
description of the beam screen is given, together with 
details of the experimental programme aimed at 
validating the design choices, and results of the first 
industrial prototypes. 

1 INTRODUCTION 

The LHC layout is defined by the existing 27 km LEP 
tunnel geometry. The two 7 TeV counter-rotating proton 
beams are separated horizontally in the arcs and 
channelled through twin-bore superconducting magnets. 
The two beam vacuum tubes, or cold bores, are the 
interface between the 1.9 K magnet baths of superfluid 
helium and the ultra high vacuum system. Synchrotron 
radiation power emitted by the proton beams (up to 0.32 
W/m per beam), together with a comparable power 
dissipated by beam image currents, would represent an 
excessive heat load to the 1.9 K cryogenic system. In 
addition, an unacceptable gas density, and hence beam 
lifetime, would result from the dynamic equilibrium 
between cryopumped and desorbed (photon and ion 
induced) gas. The beam screen overcomes these problems 
by intercepting the heat loads at a higher and more 
thermo-dynamically efficient temperature. Also, by 
shielding the 1.9 K cryopumping surfaces from 
synchrotron radiation, gas in the beam aperture may be 
effectively cryopumped via holes (pumping slots) in the 
beam screen wall. 

2 DESCRIPTION 

The present design of the beam screen (Figure 1) is based 
on   a   1   mm   thick,   ultra-low  magnetic  permeability 

stainless steel tube coated on its inner surface with a 
50 urn layer of high electrical conductivity Cu. Two 
stainless steel cooling tubes, which maintain the beam 
screen temperature between 5 K and 20 K are positioned 
to optimise the available aperture [3]. A nominal annular 
gap of 1.5 mm between cold bore and beam screen is 
proposed to avoid thermal shorts and to accomodate the 
low thermal conductivity spring supports located at 
1.7 metre intervals. Pumping slots on the flat zones of the 
beam screen body, representing some 4.4% of the inner 
surface area, have a randomised pattern which repeats 
every 500 mm ±10 mm. 

// V\\ beam screen       // \\\\ 
,'/ copperlayer   \\\\ 

Figure: 1 The LHC beam screen 

3 TECHNICAL REQUIREMENTS 

3.1 Material Selection 

To minimise resistive wall losses and coupling 
impedance, the inner surface of the beam screen must be 
of high electrical conductivity material [4]. High purity 
Cu with a relative resisitivity ratio (RRR) of 
approximately 100 is proposed. However, the large eddy 
current forces created during a magnet quench (section 
3.2), imply that this Cu layer must be minimised and have 
excellent adherence to a high strength support structure, 
the beam screen body, which in turn must have an 
optimum thickness to maximise beam aperture. For the 
given geometry, it has been shown that a magnetic 
permeability of less than 1.005 (in the temperature range 
5 K to 20 K) is required [5] to avoid significant magnetic 
field distortions. Conventional AISI 300 series stainless 
steels have permeabilities well in excess of this value. 

0-7803-4376-X/98/$10.00©1998 IEEE 3586 



Several other vacuum compatible materials have been 
discounted due to their low temperature characteristics 
which show ferro-magnetic transitions ( Ni superalloys - 
inconel, monel, etc.), fragility (titanium), or low strength 
(aluminium). Grades of austenitic stainless steel alloyed 
with Mn and Ni, having magnetic permeabilities < 1.005 
at the operating temperature of the beam screen, such as 
Armco Nitronic 40, Ugine UNS 21904, Aubert & Duval 
X20MD are commercially available (typically 4 to 9% 
Mn, 7 to 10% Ni). However, laser welding trials have 
shown unacceptable levels of ferrite formation [6] due to 
nitrogen depletion in the weld bath. In collaboration with 
the steel industry, experimental batches of optimised 
higher alloyed grades (12% Mn, 11% Ni) have been 
produced and tested, showing excellent austenitic 
stability and ferrite free welds [7]. 
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Figure: 2 Magnetic susceptibility of various stainless 
steels as a function of temperature. 

3.2 Quench forces 

A rapid decay of the 8.4 T magnetic field in the 
superconducting dipole magnets occurs during a resistive 
transition (quench) of the magnet windings. Large eddy 
currents are induced in the beam screen Cu layer, 
resulting in horizontal outward forces. The beam screen 
Cu layer must remain undamaged after repeated 
quenches. The maximum horizontal elastic deflection of 
the beam screen body must not exceed the annular gap 
between it and the cold bore, as the latter is 
simultaneously subjected to large external helium 
pressures [8]. Finite element quench calculations show 
good agreement with experimental beam screens (prior 
geometry  with  304L  stainless  steel  body)  tested  in 
I metre long model magnets [9,10]. Further testing of 
II metre beam screens in the LHC Prototype Half-Cell 
[11], together with the data from material testing will be 
used to optimise the stainless steel wall thickness. 

3.3 Geometrical Tolerances 

The manufacture tolerances specified for the beam screen 
x-section (0.2 mm), straightness (0.5mm/m) and twist 
between extremities (1°), are target values based upon 
manufacturing techniques and results of prototypes. Loss 
of beam aperture due to concentricity errors between cold 
bore and beam screen have been estimated [12]. 

3.4 Interconnections 

Beam screens will be joined at magnet extremities by 
flexible RF sleeves which allow alignment and thermal 
contraction displacements. For security, helium to 
vacuum welds have been prohibited on the beam vacuum 
system and the seamless cooling tubes must traverse the 
cold bore envelope into the insulation vacuum at each 
magnet interconnect. Thermal transients imply that the 
cooling tubes must accept large movements (up to 44mm) 
with respect to the cold bore. 

4 MANUFACTURE 

The method of construction must consider the technical 
constraints as well as the necessity to economically 
produce 44 km of beam screen in lengths of 16 metres. 
For each step in the manufacturing process, many 
different techniques are possible. Figure 3 shows the 
methods of construction that have been retained. 

Special Grade Stainless Steal 

Extrusion of Cooling Tubed 

Forming of Half Shels 

Machining of Half Shells 

Welding of Half Shels 

Tube Forming and Welding 

Cooling Tube Attachment 

Mounting the Beam Screen Supports 

Figure: 3   Methods of construction 

A key issue in the manufacturing process is the 
application of the Cu layer. It has been shown that 
prolonged heat treatment of electrodeposited Cu layers on 
stainless steel substrates above 550 °C will reduce the 
RRR to unacceptable values[13]. Therefore, once the Cu 
layer has been applied, high temperature brazing, welding 
with large heat input (TIG) or high temperature vacuum 
degassing are excluded from the manufacturing process, 
and extreme care is necessary to avoid mechanical 
damage or contamination of this soft Cu layer. 

4.1 Attachment of the copper layer 

Two methods are under investigation; electrodeposition 
and colamination (or roll-bonding). The former may be 
performed on both a closed geometry or a flat sheet. 

4.1.1 Electroplating 

Cu electroplating using a Ni strike increases the magnetic 
permeability of the beam screen; a 0.5 urn Ni layer 
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remains acceptable. Electrodeposited Cu layers on 1.2 
metre beam screens have been characterised [14]. Eleven 
metre long prototype beam screens have been 
manufactured and installed at the Prototype Half-Cell. 

4.1.2 Colamination 

The colamination of stainless steel with Cu is obtained by 
cold rolling, followed by heat treatment to improve 
adhesion. First trials using UNS 21904 resulted in 
blistering of the Cu layer due to aluminium oxide 
contaminants at the stainless/Cu interface. Particles from 
the abrasive belts used to grind the stainless steel prior to 
colamination, had become embedded in the surface of the 
high strength alloy (Rm ~ 800 MPa). Subsequent trials 
have shown that the elimination of the grinding step 
produces acceptable colaminated material. During the 
heat treament cycle (which also moderates the steel 
properties) the RRR peaks at > 180 before decreasing 
sharply. Glow discharge optical spectroscopy has shown 
a diffusion of Mn into the Cu [15]. A compromise 
between Cu heat treatment (RRR ~ 60) and stainless steel 
annealing (Rp 0.2 ~ 600 MPa) is possible using a short 
heat treatment cycle (7.5 mins at 920 °C). The finished 
product shows excellent surface finish (Cu ; Ra < 0.2 urn) 
and thickness tolerances (Cu ; 50 ± 10 um, St. Steel. ; 
1.00 ± 0.02 mm). Further trials will be made with 
optimised stainless steel grades. 

4.2 Beam screen body and cooling tubes 

Production trials of seamless cooling tubes and beam 
screens in experimental grades of high manganese 
stainless steel have given acceptable results for the 
former, but failure for the latter due to high inclusion 
levels in the steel and the low ratio of wall thickness to 
diameter. Further tests using commercial grades are 
continuing. Sample beam screen bodies made from 
welded half shells have been manufactured in UNS 
21904 (1.5 m) and AISI 316L (5.5 m). The technique of 
continuous tube forming from flat sheet may be applied 
for the beam screen body, and hence exploit the 
availabilty of colaminated material. Trials have been 
conducted using AISI 304L sheet, proving the feasibility 
for the beam screen geometry. The required geometrical 
tolerances (x-section, straightness, twist) go beyond the 
values obtained for industrially produced tubes. The use 
of sheet with good thickness tolerance, in-line laser 
welding and continous on-line dimensional control is 
expected to give improved results. Prototype beam 
screens of 16 metres length have been ordered in 
colaminated UNS 21904. 

4.3 Pumping slots 

Colaminated sheet can be on-line punched prior to 
forming. The narrow slot width (1.5 mm), high strength 
steel and limited lubrication choices (UHV compatibility) 
present challenges. Trial punching from the Cu side of 

colaminated sheet has shown fully ductile shearing with 
limited burr formation. For slot production on finished 
beam screen bodies, alternative methods (laser, laser with 
water jet, abrasive water jet, chemical etching, spark 
erosion) have also been evaluated [16]. 

4.4 Attachment of cooling tubes 

Good thermal contact is required between the cooling 
tube and beam screen. Intermittent laser welding has been 
investigated (~ 500 spots/m), producing ferrite free welds 
with no measurable deformation to the beam screen body 
or visible damage to the Cu layer. 

5 CONCLUSIONS 

The LHC beam screen design continues to be optimised. 
Suitable materials have been developed and the joining 
techniques mastered. Progress has been made on each of 
the manufacturing techniques to be employed. Prototype 
16 m beam screens have been ordered from industry. 
i 
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BEAM INDUCED MULTIPACTING 
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Abstract 

Beam induced multipacting driven by the electric field of 
successive bunches, as first observed in the ISR proton- 
proton storage ring [1] may arise from a resonance 
motion of a cloud of secondary electrons bouncing back 
and forth between opposite walls of the vacuum chamber. 
Under conditions where the average secondary electron 
yield of this process exceeds unity, the electron cloud may 
increase exponentially. A consequence for the vacuum 
system is strong electron stimulated gas desorption and 
the associated pressure increase which may affect the beam 
lifetime. A simple criterion for the onset of multipacting 
and an estimate of the average secondary electron yield is 
derived and will be applied to typical vacuum chambers 
and to the specific conditions found in the LHC. 

1  INTRODUCTION 

Electrons from ionisation of the residual gas which are 
accelerated by the electric field of the successive proton 
bunches and which can build up to a cloud of electrons 
due to the generation of secondary electrons at the vacuum 
chamber, have first been observed at the ISR [1]. The 
most striking detrimental effect for the operation of the 
machine has been the very fast pressure rise due to 
electron stimulated gas desorption from the wall of the 
vacuum chamber. The particular condition under which 
this electron multipacting effect was observed involved a 
beam pipe made of aluminium alloy instead of the 
conventional stainless steel used elsewhere in the 
machine. Due to its much larger secondary electron 
coefficient (seec) as compared to stainless steel, the A1203 

surface exhibited - under specific beam conditions - a 
strong multipacting effect. In LHC, the dominant source 
of electrons will be photo-electrons from synchrotron 
radiation. The effects of an electron cloud on the stability 
of the beam has been studied recently [2]. 

2 MODEL 

A set of basic equations can be derived which applies 
to locations in the machine without magnetic field. The 
electric field of a circular beam in a concentric, circular 
beam pipe can be expressed as 

X 
E(r) = -   where X is the line charge of the bunch 

2neor 

eN 
% = ■ 

C T 
—   with % the bunch duration, Nb the particles 

per bunch, c the velocity of light and e the electron 
charge. The momentum transfer by one bunch to a 
stationary electron at a radial position r, is 

Ap = e E(r) r = 
Nu 

2ne  er 

and hence independent of the bunch length. From this 
follows the velocity increment 

„2 
Av = ^U- 

Nu 
■ = 2cr„ 

N b 
m     2ne0 mcr r 

introducing the classical electron radius  re. The electrons 
must   cross   the   vacuum   pipe,   with   radius   rp,   in 
synchronism with the bunches to be able to multipactor. 
This condition requires that the transit time must be less 
than or equal to the time between successive bunches 
2r 

P_ < t     .   Introducing the bunch distance Lbb = c tbb 

Av 
lbb 

the wall-to-wall transit time condition, determining the 
threshold beam intensity becomes 

Nb = reLbb 
A further, necessary condition to be met is that the 

energy of the electrons when they hit the vacuum chamber 
wall is sufficiently large to produce, on average, more 
then 1 secondary electron. This energy, corresponding to 
the kick by a bunch, can be obtained from 

AW = 
2m 

= 2 
mc Nu 

>V) 

Compared with this simple, stationary electron model, 
more realistic results can be obtained by introducing the 
following two generalisations: 
i)   the radial distribution of the beam charge is assumed 
gaussian, with the parameter rb, thus giving 

^2 
r/ 

E(r) 
1- 

rb) 

2ne„ 

ii) the electrons are not stationary but move during the 
passage of the bunch. This requires the integration of the 
equation of motion mr = eE(r) from which the velocity 
r(r) after the passage of the bunch can be computed. The 
corresponding energy is 

AW: 
m r(t) 

In a strong magnetic field, the net momentum transfer 
will be confined along the field lines. For a concentric, 
circular geometry, it can be shown that the transit time 
condition is unchanged [3]. 
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3 APPLICATION TO THE LHC 

Typical parameters for the LHC are [4]: 
Nb = 1 1011 p/bunch, x = 0.25 ns, tbb = 25 ns or Lbb = 
7.5 m. The beam radius in the arcs is typically 1.1 mm 
and the vacuum chamber (the beam screen) radius is 
22 mm. In LHC, the threshold for multipacting 
corresponds to an intensity of only 2.3 1010 p/bunch and 
at the nominal intensity the transit time condition for 
wall-to-wall multipacting is met for vacuum chamber 
radii less than 47 mm. 

A comparison between the energy gain of a stationary 
(dotted curve) and of a moving electron for the nominal 
bunch length of 0.25 ns as well as for 0.1 and 0.5 ns is 
shown in Figure 1 where it can be seen that apart from 
the central region, close to the beam, the approximation 
for a stationary electron is quite satisfactory. In the LHC 
an electron created at the wall receives an energy of about 
190 eV and electrons which have drifted closer to the 
beam may gain several keV up to a maximum of about 
13 keV. 
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Figure: 1 Electron energy after the passage of a bunch in 
LHC versus the initial radial position for 0.1, 0.25 and 
0.5 ns bunch length. The dotted curve is calculated for the 
stationary electron approximation. 

The secondary electron coefficient (seec) as a function of 
incident electron energy and for different materials and 
surface treatments applicable to typical vacuum chambers 
has been studied extensively by N. Hilleret and co-workers 
[4]. Figure 2 shows data for technical surfaces at 
perpendicular electron incidence for aluminium (A1203), 
copper plated stainless steel (LHC beam screen), stainless 
steel and titanium. The important result of these 
measurements is that, apart from Ti, a seec of unity is 
exceeded at energies well below the energy range in the 
LHC and that the seec remains above unity up to many 
keV. Therefore, the basic conditions for the multiplication 
of the secondary electron cloud are met. 
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Figure: 2 Secondary electron yield (seec) as a function of 
primary electron energy for perpendicular incidence and for 
technical surfaces representative for vacuum chambers 
(provided by N. Hilleret, extrapolated for energies >2 keV) 

Combining the energy dependence on the radial 
position and the dependence of the seec on incident 
electron energy gives the secondary electron coefficient as 
a function of the radial position in the vacuum chamber 
shown in Figure 3. 
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Figure: 3 Seec versus radial position for nominal LHC 
parameters and for copper plated stainless steel. 

Whether an electron cloud remains limited or will 
grow exponentially, depends on the secondary electron 
coefficient averaged over the cloud <seec>. To compute 
this average the following simplifying assumptions have 
been made: 
i) electrons which are kicked by the bunch must meet the 
transit time condition, i.e. they must reach the opposite 
side of the vacuum chamber before the next bunch arrives, 
ii) secondary electrons drift with a given energy (e.g. 
5 eV) and are lost when they reach the opposite wall 
before the next bunch arrives. 
iii) under steady state conditions, the electron cloud is 
uniformly distributed over the vacuum chamber aperture. 
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and beam energy E(GeV) is 2.65.1013 I E photons/s/m. 
The production of photo-electrons is shown in Figure 6. 
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Figure: 4 < seeo versus beam current for different beam 
pipe dimensions and for copper plated stainless steel. 

From Figure 4 it can be seen that the average yield of 
unity can be exceeded at beam currents below the nominal 
value in LHC for small beam pipes. The validity of the 
assumptions in this model has been cross-checked with 
results from the ISR. From this comparison one may 
conclude that the multipacting threshold corresponds to a 
computed <seec> of 1.3 rather than unity. Figure 5 
illustartes the importance to use a vacuum chamber 
material with a low secondary electron coefficient. 
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Figure: 5    <seec> for different materials versus beam 
current for a 25 mm beam pipe 

4. HEAT LOAD DUE TO 
PHOTO-ELECTRONS 

For LHC where the dominant source of electrons are 
photo-electrons from synchrotron radiation, an additional 
aspect is the power dissipated on the beam screen and thus 
the heat load to the cryogenic system which results from 
the energy transfer to the electron cloud. The average 
energy transfer to the uniformly distributed electron cloud 
by a single bunch passage can be calculated from Figure 1 
as 700 eV. The photo-yield as a function of the critical 
photon energy has been measured with a copper plated test 
chamber in the EPA synchrotron radiation beam line at 
CERN [5]. When these data are converted to LHC 
conditions one finds that up to 4 TeV the photo-yield is 
negligible but it increases to 0.02 at 7 TeV. The specific 
linear photon flux as a function of the beam current 1(A) 
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Figure: 6 Production of photo-electrons in LHC (units of 
1015) versus beam energy for 0.53 A beam current. 

Assuming that each photo-electron in the cloud 
receives just one kick with an average energy transfer, 
computed from Figure 1 as 700 eV, this would give a 
linear power dissipation -on the beam screen- of approx. 
0.2 W/m. 

5   CONCLUSIONS 

Bunch induced multipacting is a potential problem for 
LHC but may be avoided by constructing the vacuum 
chambers and the beam screen from materials with low 
secondary electron coefficient (seec). The influence of the 
magnetic field has still to be studied in more detail but 
first estimates tend to show that its effect is small. 
Wherever possible, beam pipes with sufficiently large size 
should be chosen to avoid wall-to-wall multipacting. The 
power dissipation by photo-electrons represents a 
significant and, so far, not included contribution to the 
thermal budget. 
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OPERATION OF CESR DISTRIBUTED ION PUMPS 
AT REDUCED VOLTAGE 
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Abstract 

A transverse single-beam instability is observed in CESR 
which has been found to arise from the DC static electric 
field leaking into the beam chamber from distributed ion 
pumps (DIPs). Further, a very large photoelectron current 
is measured in the DIPs which may impose a potential 
problem in future CESR upgrades. The purpose of this 
study was to investigate the possibility of lowering the 
DIP operating voltage without sacrifice of DIP pumping 
speed. A relatively constant DIP pumping speed was 
measured with the anode voltage ranging from the 
'normal' operating voltage of 7.6 kV to as low as 1.8 kV, 
when there is beam stored in CESR. On the other hand, a 
higher (5 kV) minimum DIP anode voltage is needed to 
sustain effective pumping speed without beam present. A 
simple model is proposed to describe the operation of 
DIPs under the influence of the stored beam. As the 
result of this study, the majority of CESR DIP controllers 
have been modified to enable remote switching of the 
DIP anode voltage between 2.2 kV (for normal beam 
operation) and 6.6 kV for start-up or for long periods 
without stored beam. 

1. INTRODUCTION 

Ultrahigh vacuum is a necessity for a storage ring 
system to provide required good beam lifetime. Both 
lumped noble diode ion pumps (LPs) and distributed ion 
pumps (DIPs) are employed in the arc regions of CESR to 
keep the beam chambers at typically 2~3xl0"9 torr with 
total stored electron and positron beam currents more than 
300 mA. The detailed description of the DIPs can be 
found in references [1]. All the DIP anodes had been 
operating at 7.6 kV for more than 15 years prior to this 
study. It has become desirable to reduce the operating 
DIP anode voltage for the following two considerations. 
First, a transverse single-beam instability was observed in 
CESR. Studies[2] indicated that this transverse instability 
has been caused by the interaction between the stored 
bunched particles and photoelectrons trapped by the DC 
static electric field leaking into the beam chamber from 
DIPs. The growth-rate of the instability is observed to 
peak at some intermediate beam current, which imposes a 
difficulty during beam injection. It is also found that the 
growth-rate decreases with lower DIP anode voltage. 
Secondly, we have measured very high DIP pump current 
with beams stored in CESR. For some DIPs, the pump 
current are as high as 5 mA per 100 mA of stored beams, 
which may extrapolate to a power dissipation of more 
than 370 W in those DIPs at planned CESR Phase III 

upgraded operation at total stored beam current of 1A. 
This is very likely to impose a potential operation 
problem in future CESR upgrades. As will be discussed 
in the paper, this high DIP pump current is due to 
scattered photoelectrons and does not reflect pressure in 
the pump chamber. It is observed that the DIP current 
may be reduced at lower DIP anode voltage. 

The practical purpose of this study is to explore the 
possibility of reduction of DIP anode voltage without 
degradation of pumping performance. Thus we measured 
the relative DIP pumping speed as a function of anode 
voltage, with and without stored beams. The DIP current 
is also studied to understand the pumping behavior of the 
DIPs under the influence of stored beams in CESR. 

2. DIP PUMPING SPEED 

Most of the measurements were carried out in a 
special sector of CESR, which consists of one long 
straight chamber and four bending chambers, which is 
densely instrumented for pressure readout. The schematic 
layout of the instrumentation section is given in Figure 1. 
The power supplies for the four DIPs in the section were 
modified to enable remote control of DIP anode voltage 
from 0 to 7.6 kV. Nine cold cathode gauges (CCGs) and 
one residual gas analyzer (RGA) are installed in the 
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Figure 1. Vacuum Instrumentation Sector Layout 

section to measure pressure and gas composition in the 
beam chamber. Prior to the study, the vacuum chambers 
in the test section had been subjected to more than 250 
Amp«Hours total beam dose so that the variation of 
vacuum conditions due to beam-conditioning in the 
section during this study can be ignored. Most of the data 
shown below were taken during CESR high energy 
physics (HEP) runs, in very stable conditions. 

Measuring absolute DIP pumping speed is no easy 
task, as detailed information is required of the pressure, 
pumping speed and gas-load distributions along the beam 
chambers, as well as the gas conductance of the beam 
chambers. However, for the practical purpose of this 
study, we were interested only in the relative DIP 
pumping speed as we vary the DIP anode voltage. One 
can calculate the relative DIP pumping speed from 
measured pressure at the center of the bending 
chamber[3]. The relative DIP pumping speed is defined 
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as Sl
DIP/SßIP, where S'DIP and Sp/p are the DIP 

pumping speed at anode voltages of Vj and at the 
'nominal' higher setting 7.6 kV, respectively. In Figure 2, 
the measured relative DIP pumping speed for the four 
DIPs in the section is shown as a function of DIP anode 
voltage. 

The relative DIP pumping speed was also 
measured without stored beam in CESR, and the result is 
shown in Figure 3. One can see that the behavior of the 
DIPs without stored beam is very different from that with 
stored beam. With stored beam in CESR, the DIP 
pumping speed is rather insensitive to the anode voltage 
from 1.8 kV to the 'normal' operating voltage of 7.6 kV. 
In fact, we can gain about 20% higher pumping speed by 
operating the DIPs between 2 to 6 kV. However, without 
stored beam in CESR, the DIP pumping speed drops 
rapidly when the anode voltage is reduced below 5 kV. 
These measurements clearly indicate that stored beam in 
CESR has a significant effect on the DIPs. 
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Figure 2. Relative DIP pumping speed vs. DIP anode 
voltage, with 300 mA total stored beam in CESR. 
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Figure 3. Relative DIP pumping speed Vs. DIP anode 
voltage, without stored beam in CESR. 

The measured chamber pressures changed from 0.4 
to 1.1 ntorr with no stored beam and from 1.0 to 3.0 ntorr 
with stored beam, as the DIP anode voltages were 
decreased over the full range. No significant change in 
the residual gas composition was observed at all tested 
anode voltages, with and without stored beam. 

3. DISCUSSION 

We have measured very large pump current (milli- 
amperes) in the DIPs when there is stored beam in CESR, 
and have found the pump currents have no correlation 
with the pressures in the pumps.    In figure 4, the 

measured DIP current is plotted as a function of anode 
voltage with total stored beam of 320 mA in CESR, for a 
typical DIP, B20W. As can be seen in figure 4, the DIP 
current increases with increasing anode voltage 
approximately linearly with stored beam in CESR. In 
contrast, the DIP current is small (microamps) and is 
found to depend on the anode voltage exponentially when 
there is no stored beam in CESR. It is clear that the rather 
large DIP current is induced by a coupling between the 
stored beam and the DIP. One measure of the coupling at 
any given beam current is the slope of the pump current 
vs the anode voltage, as in Fig. 4, or the DIP 
'conductance'. As shown in Figure 5, this coupling is 
proportional to the total stored beam current. 

2 4 
Anode Voltage ( kV) 

Figure 4. Measured DIP current as a function of the anode 
voltage with 320 mA total stored beam in CESR. 
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Figure 5. DIP 'conductance' vs. total stored beam current. 

There may be two possible coupling mechanisms: 
(a) higher-order-mode (HOM) RF coupling which is 
sensitive to bunch structure and orbit of the stored beam; 
(b) photoelectrons produced in the DIPs by scattered 
synchrotron radiation (SR) photons. The photoelectron 
current depends on the total stored beam current and is 
insensitive to the beam bunch structure. To differentiate 
between the two mechanisms, we measured the DIP 
current with two different beam bunch structures, namely, 
9-trains of one bunch (or 9x1), and 9-trains of two 
bunches (or 9x2). The results, as shown in Figure 6, 
indicate that DIP current is insensitive to the beam bunch 
structure. Considering the linear dependence of the 
coupling on the total beam current (see Figure 4),we can 
conclude that the large DIP current with stored beam is 
dominated by the photoelectron current induced by 
scattered SR photons. 

Among many factors which affect the pumping 
speed of an ion pump, there are two fundamental 
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Figure 6. DIP current vs. stored beam current with 
different bunch structures of the stored beam (see text). 

parameters for a given sputter-ion pump: electron cloud 
density in the pump cell and the sputtering yield of 
energetic ions on the pump cathode. At low pressures, 
the pumping speed can be expected to be proportional to 
electron density and sputtering yield. As is shown above, 
a sufficient high electron cloud density is always 
maintained in the DIP due to the photoelectrons when 
there is stored beam in CESR. In this case, the pumping 
speed is limited by the sputtering yield of ions on the 
pump cathode. As a matter of fact, the dependence of 
relative DIP pumping speed on the anode voltage (Fig. 2) 
almost resembles the ion-energy-dependence of 
sputtering yield[4] of typical residual gas ions on a 
titanium cathode (as in CESR). On the other hand, 
without stored beam in CESR, the DIP current, 
proportional to the electron cloud density in the pump 
cells, is observed to decrease exponentially when the 
anode voltage is reduced. As a result of the decrease of 
the electron density in pump cells, the pumping speed of 
DIPs drops rapidly at lower DIP anode voltage. 

4. DIP CONTROLLER MODIFICATION AND 
OPERATIONAL EXPERIENCE AT REDUCED 

ANODE VOLTAGE 

To summarize the above results: we have observed 
very different pumping behavior of the DIPs with and 
without stored beam in CESR. With stored beam, the 
DIP pumping speed is insensitive to the DIP anode 
voltage from 1.8 kV to 7.6 kV. On the other hand, with 
no stored beam in CESR, lower DIP pumping speed 
always results if the anode voltage reduced, and the DIPs 
virtually stop pumping when the anode voltage is 
decreased below 4 kV. Based on the results of this study, 
we have modified DIP controllers for over 80 DIPs in 
CESR. The CESR DIPs are grouped in twenty stations, 
and DIPs in each station may be remotely switched 
between a 'HIGH' state at 6.6 kV and a 'LOW state at 2.2 
kV. During normal CESR operation with stored beam, all 
the DIPs may be switched to the 'LOW state to suppress 
the transverse beam instability, without sacrifice of DIP 
pumping speed. However, the DIPs will be set to the 
'HIGH' state for long periods without stored beam or 
during start-up after any maintenance or upgrade 
shutdown, to provide effective pumping. 

This modified DIP operation mode has been in 
place for more than a year in CESR. Both vacuum data 
and beam lifetime data have shown no degradation in DIP 

pumping speed and vacuum condition in the CESR arc 
regions. Meanwhile, the transverse instability has been 
greatly reduced from operating the DIPs at the reduced 
anode voltage. 

However, we have observed pressure bursts in 
some DIPs which have operated at the reduced anode 
voltage over long periods. This has raised some concerns 
about metal-deposition from ion-sputtering, or so-called 
'whisker' growth in the DIPs when operating at reduced 
anode voltage. At higher anode voltage filamentary 
metallic growth on the cathode is inhibited due to the 
higher discharge density and higher kinetic energy of 
sputtered ions in the DIP pumping elements. 

Two proposals are currently under investigation to 
condition the DIPs in CESR after operating at lower 
anode voltage and to prevent possible 'whisker-growth' in 
the DIPs. One is to operate DIPs one to two stations at a 
time at higher voltage with stored beam over certain time 
periods, and cycle through all DIPs stations on a regular 
schedule. As the beam instability induced by DIPs in a 
few stations is usually relative small, this way of DIP- 
conditioning will have minor impact on the CESR HEP 
operation. But the effectiveness of this conditioning has 
yet to be evaluated. The other proposed conditioning 
method is to operate DIPs periodically at higher anode 
voltage under a relative high pressure (typically in 10"-' 
torr range) of N2 or Ar gases. Though this method is 
reportedly[5] effective, it poses a much greater impact on 
CESR operation. The high-pressure conditioning can 
only be carried out during an accelerator shutdown 
period, and it usually conflicts with other shutdown 
activities. 

5. CONCLUSION 

We have measured DIP pumping speed at various 
anode voltages with and without stored beam in CESR. 
As a result of this study, most of the CESR DIPs are 
routinely operated at a much lower anode voltage. This 
has greatly suppressed a transverse beam instability 
induced by the DIPs and has also reduced photoelectron 
current in the DIPs. Long term DIP operation at the 
reduced anode voltage shows no degradation of vacuum 
condition and beam lifetime. 
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INTERACTION REGION 
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Abstract* 

Titanium sublimation pumps (TiSPs) are used to achieve 
ultrahigh vacuum in the interaction region (IR) of 
phase II. This paper describes a Ti sublimation control 
system developed to provide convenient and efficient 
control of 28 TiSP cartridges with 84 Ti filaments in the 
IR. The control system consists of RF filter networks, 
control cable networks, a PC controlled mobile power 
supply and multiplexer, and a LabView-based graphic 
control program. The RF filter network is necessary to 
block any RF pick-up from the stored beam by the TiSP 
filaments. The TiSP flashing is done using a constant 
power scheme. 

1. INTRODUCTION 

In the upgraded CESR phase II interaction region 
(IR), massive titanium sublimation pumping (TiSP) is 
employed to keep average pressure below 2 nano-torr at 
300 mA of stored beam[l]\ The extreme low residual 
pressure in the IR is essential to the Phase II operation as 
the scattered particles from the residual gas not only 
produce background in the CLEO high energy detector, 
but could also damage sensitive electronic components in 
the detector. 

Six new vacuum chambers[l] with TiSP plenums 
are installed symmetrically on both sides of the 
interaction point (IP). There are a total of 28 TiSP 
cartridges (Model ST-22, Vacuum Generator Inc.) with a 
total of 84 Ti filaments (85%Ti/15%Mo alloy, 02.0 mm 
wire) installed on these new vacuum chambers. During 
the commissioning of Phase II, especially in the early 
stage of the operation, we anticipated a large synchrotron 
radiation desorbed gas load which would saturate 
titanium film deposited on the pumping plenum. A TiSP 
control system is called for to provide convenient and 
efficient re-activation of all the TiSP cartridges in the 
CESR IR. 

2. SYSTEM DESCRIPTION 

2.1. System Requirements 

(1)RF seal and filtering network 
The TiSP filaments in the pumping plenum may 

couple RF power from the bunched beam to the 
environment. The RF leakage through the TiSP cartridge 
may produce noise or even cause damage to electronic 
components. The system must contain and filter out the 
RF power by at least 60 dB. 

(2)Mechanical protection of vacuum feedthroughs of the 
TiSP cartridges. 

(3)Multiplexing and central control 
Multiplexing and control cable network of the 

system should enable control of all the Ti filaments on the 
28 TiSP cartridges, which are distributed over 12 meters 
on each side of the IP, from one or two stations. 
(4)Ti Flashing Control 

A programmable power supply with PC-based 
control software to allow an operator to control and 
monitor the activation (or Ti flashing) process. 

2.2. RF Seal and Filtering 

Mechanical protection, RF seal and filtering are 
provided by home-made TiSP boxes mounted on each of 
28 TiSP cartridges, as shown in Figure 1. The box is 
divided into two compartments. The compartment A is 
made to be RF-tight with silver-brazed seams and wire- 
mesh gasket sealed joints. The TiSP filaments are 
connected to the compartment B via capacitance filter 
power feedthroughs (MTK Electronics, Inc.), which have 
a cut-off frequency of 10 MHz and a DC voltage drop of 
less than 10 mV at 50 A DC current. Further filter 
networks are included in the compartment B for the Ti 
flashing power line and Ti filament voltage monitoring 
lines, respectively, to filter out frequencies above 10 kHz. 

Work supported by the National Science Foundation 

Figure 1. Schematic of CESR interaction region TiSP 
box. (l)Capacitance feedthroughs; (2)DC contacts 
(3)LC / RC filter networks 

2.3. Multiplexing and cabling 

Cable network connect all the TiSP cartridges and 
Ti filaments to two TiSP flashing terminals, located about 
15-m away from the IP on either side of the IP. Selection 
of TiSP chambers is done by plugging into corresponding 
power and control terminals, and selection of TiSP 
cartridges and Ti filaments is accomplished by a set of 
rotary switches on a multiplexing box. 
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2.4. TiSPflashing controller 

A mobile TiSP flashing controller consists of a 
programmable DC power supply, a multiplexing 
switching box and a control PC. The computer reads 
back Ti filament current and voltage, and controls the 
power delivered to the filament through a multi- 
functional data acquisition plug-in card (National 
Instruments, LabPC+). TiSP flashing control software, 
developed with the graphic programming tool Lab View 
(National Instruments, Inc.), allows an operator to set Ti 
flashing control parameters and monitor the flashing 
process in real-time. A constant-power Ti flashing mode 
is adopted in CESR. Measurements carried out by the 
authors[2] indicated that the constant power Ti flashing 
mode yields many more flashing cycles before filament 
failure while providing comparable Ti sublimation rate as 
compared to a constant current Ti flashing mode. 

The Ti flashing process includes the following 
steps: 
(1) TiSP cartridge and filament selection. TheTi 

flashing parameters are preset for all the TiSPs in the 
CESR IR, and these parameters are listed in Table 1. 

(2) Filament test. A 100 mV voltage is applied to the 
selected filament. The flashing process ceases if the 
filament current at the testing voltage is less that 1A, 
as a typical filament resistance is much less than 
0.1Q. 

(3) Power Ramp-up. A one-minute power ramp-up 
follows the filament test. The smooth power-ramp is 
designed to avoid current surge and thermal shock to 
the filament. 

(4) Ti sublimation for assigned period. 
(5) Record average sublimation current and voltage. 

Table 1. TiSP Flashing Parameters for Phase II CESR IR 
Chamber Name^ Ql ISP SB3 

Distance from IP (m) 2.2-2.5 6.4-7.6 8.8-12.1 
Flashing Power (W) 195 205 205 
Flashing Time (min.) 2 2 2 
fsee ref. [1] for description of the chambers 

Each of the six TiSP pumping vacuum chambers is 
equipped with a cold cathode gauge (CCG). The TiSP 
chamber pressure is monitored during the power ramp-up 
and the Ti sublimation, and an "Over-Pressure" (pressure 
set-point, typically 10"5 torr) will terminate the flashing 
process. The average sublimation current and voltage are 
recorded for each filament for every flashing, in order to 
document the filament resistance change. As discussed 
below, the filament resistance and the resistance change 
from each flashing cycle is a good measure of filament 
status and Ti sublimation rate. 

3. Ti FILAMENT CHARACTERIZATION 

Since the installation of the CESR phase II IR 
vacuum chambers in late 1995, some of the Ti filaments 

have been subjected to many flashings due to the large 
gas load created by the intense synchrotron radiation. It 
is important to be able to characterize the status of a Ti 
filament installed in the IR vacuum system. We have 
conducted extensive measurements of Ti sublimation rate, 
by measuring the pumping speed and pumping capacity 
of the Ti film in a test vacuum chamber. These 
measurements show that one can characterize the status of 
a Ti filament by its resistance. The details of the 
measurements are reported in Reference [2], with major 
results summarized as below. 

3.1. Filament lifetime vs. filament resistance 

One of the important parameters of a Ti filament is 
its ultimate lifetime, or total number of flashing cycles 
before failure of the filament. During the test, Ti 
filaments are repeatedly flashed at either constant current 
mode or at constant power mode in a testing setup until 
the failure of the filaments. In the constant current mode, 
the filaments were flashed at a current of 55 Amps for 
two minutes for each cycle with 1-minute ramp-up. In 
the constant power mode, the filaments were flashed at 
205W for 2 minutes for each cycle with a 1-minute ramp- 
up. Two filaments were tested under the constant current 
mode, and four were tested under the constant power 
mode. The resistance of the filaments were recorded for 
each flashing, and the typical results are given in Figure 
2. Several conclusions may be drawn from the results. 
First, a Ti filament lasts more than 200 activation cycles 
for the constant current mode and nearly 800 cycles for 
the constant power mode. This assures us that there is no 
need for concern about the lifetime of the Ti filaments 
used on the TiSP cartridges installed in the CESR IR at 
normal situation, as we expect to flash less than 100 times 
over a 5-year operation period. Second, the characteristic 
resistance curves for the two activation modes are 
somewhat similar. For comparison, the rates of resistance 
change are plotted in Figure 3. Initially, the filament 
resistance increases with number of activation cycles at a 

0.06 - 

200 400 600 
Number of Flashing Cycles 

Figure 2. Resistance of Ti filaments during Ti flashing 

very large rate for both activation modes, and the rate of 
resistance change drops rapidly with the activation cycles. 
After certain activation cycles, the Ti filaments reach a 
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stable condition and the rate of resistance change levels 
off at a smaller constant rate. Lastly, the rate of resistance 
changes starts to increase rapidly before a filament opens 
up. This is the case for both activation modes. In 
practice, one may use this feature to predict when a Ti 
filament is about to fail, so that one can switch to another 
filament before the filament opens up, as an open Ti 
filament may short the other filament(s) on the same TiSP 
cartridge. 

1.0 "i 1 r 
 f Constant Current""!"" 

0 200 400 600 
Number of Flashing Cycles 

Figure 3. Resistance change rate of Ti filaments, as 
derived from the results shown in Figure 2. 

3.2. Sublimation rate vs. filament resistance 

Another important parameter of a Ti filament is the 
Ti sublimation rate at a given flashing power. As direct 
measurement of the absolute sublimation rate is rather 
difficult, we choose to measure relative sublimation rate 
by measuring pumping capacity of the sublimated Ti film, 
since, in practice, we are interested in how the Ti 
sublimation rate, hence the pumping capacity, changes 
with the filament condition. In Figure 4, the measured 
relative Ti sublimation rate is plotted as a function of the 
filament resistance. We found that the sublimation rate of 
a Ti filament can be characterized very well by its 
resistance. For the filament (85%Ti/15%Mo, 02.0 mm 
dia., 12 cm long) used in the CESR IR and tested here, 
the sublimation rate first increases with the filament 
resistance, simply due to the increased power dissipation 
on the filament as the filament diameter decreases. After 
reaching a maximum sublimation rate at the filament 
resistance of -70 mQ, the rate decreases relative rapidly 
as the Ti filament resistance increases beyond 70 mQ. 
The sublimation rate levels off as the Ti filament 
resistance gets further higher. It is reported[3,4] that a 
metallurgical transition occurs in the Ti/Mo alloy due to 
the relative composition change in the alloy. This 
metallurgical transition results in a "micro-crystalline" 
surfaces with higher emissivity and therefore lower Ti 
filament temperature at a given sublimation power. The 
decrease in the Ti sublimation rate, with Ti filament 
resistance between 70 to 85 mQ, may be due to this 
metallurgical transition of the Ti filament. The Ti 
sublimation rate levels off at a rate which is 5 to 6 times 
smaller than at its peak value with its resistance higher 

than 90 mQ. Also shown in Figure 4 is the Ti filament 
resistance change rate as a function of filament resistance. 
It is expected that the resistance change rate scales with 
the sublimation rate, as the resistance change rate reflects 
the loss of Ti from sublimation. 

0.7 

0.6 

-0.5 

1 1 1 1  
#   Resistance Change 
D    Sublimation rate - S 

70 75 80 85 
Filament Resistance (mQ) 

Figure 4. Resistance change rate and relative sublimation 
rate as a function of Ti filament resistance. 

4. CONCLUSION REMARKS 

A Ti sublimation control system is developed for 
the CESR phase II IR. This system successfully meets 
the requirement of the CESR phase II operation. The 
laboratory tests showed that one can keep track of a Ti 
filament status and its sublimation rate by documenting 
its resistance and resistance change rate. 
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THE DESIGN, CONSTRUCTION AND TESTING OF A MULTIPOLE 
WIGGLER MAGNET TITANIUM VACUUM CHAMBER FOR THE SRS. 

N. Bliss and C.L. Dawson, CLRC Daresbury Laboratory, Warrington, WA4 4AD UK. 

Abstract 

A vacuum chamber is required for two new insertion 
devices (IDs) at the SRS. The chamber has been 
designed, finite element analysis performed, and a 
prototype constructed and successfully tested. The 
chamber is 1208 mm in length, it has an internal aperture 
of 134 mm x 16 mm and a minimum wall thickness of 1 
mm. The chamber has been precision machined in two 
halves from titanium alloy and electron beam (EB) 
welded in order to meet the demanding tolerances. 
Titanium alloy was selected in preference to more 
conventional ultra high vacuum (UHV) materials, due to 
its electron beam weldability, low distortion and 
outgassing rates. The design, construction and processing 
has been conducted to UHV standards to achieve a 
working pressure of 1 x 10 "9 mbar. 

1 INTRODUCTION 

An upgrade to the 2 GeV, 2nd generation synchrotron 
radiation source operating in the UK is planned, which 
will reconfigure existing components of the storage ring 
to create space into which two new IDs will be installed 
[1]- 

The devices will provide photon beams of high flux 
and medium brightness at about 10 keV and allow up to 2 
new stations to be built on each beamline. The magnet 
design is a hybrid multipole wiggler consisting of 
Neodymium-Iron-Boron permanent magnets and 
Vanadium Permendur pole pieces which has been 
optimised [2] to produce a high peak on-axis magnet field 
of 2.0T with the shortest possible period providing 
photons with a critical energy of 5.3 keV. 

In order to realise the high field strength and reduce 
the volume of permanent magnet material a minimum 
magnet gap is required. To achieve this the amount of 
vacuum chamber material at the critical location between 
the electron beam-stay-clear zone and the poles of the ID 
must be minimised. In addition, the storage ring electron 
beam stay clear vertical aperture at the location of the ID 
has been assessed [3] and it has been concluded that it 
can be reduced, from the present 36 mm to 15 mm, 
without reducing the beam lifetime by more than about 
15%. 

2 DESIGN 

Careful consideration has been given to the chamber 
design, material selection and construction technique, in 
order to meet the ID requirements and allow full 
integration into the SRS, Table 1. 

Austenitic stainless steels grades 304LN and 316LN 
are often chosen as the material for fabricated storage 

ring UHV chambers due to low magnetic permeability 
requirements within magnet apertures (better than 1.005) 
and their high proof stress. Aluminium alloys such as 
6063 T6 are also widely used, especially when an 
extruded chamber is the more cost effective approach. 
Since only two production chambers of this design are 
required at only 1208 mm in length, a fabricated vessel 
construction is preferred. 

Table 1. Specification for the Vacuum Chamber 

Magnet gap 19.2 mm 

Maximum external chamber size at poles 18.8 mm 

Horizontal electron beam stay clear ± 53.0 mm 

Vertical electron beam stay clear ± 7.5 mm 

Horizontal photon beam stay clear + 79.0 mm 

Chamber length 1208 mm 
Vacuum pressure with e" beam on 1 x 10* mbar 

The chamber needs to be a precision construction to 
meet the stringent technical requirements on size and 
geometric shape, therefore the design chosen is a 
precision machining in two halves with full penetration 
EB welds along each side of the chamber to reduce 
distortion to a minimum, Figure 1. 

ELECTRON BEAM 
STAY  CLEAR  ZONE 
HORIZONTAL -53 
VERTICAL  :7.5 

Figure 1. Section through Chamber 

Low magnetic permeability stainless steels have low 
ferrite content and consequently higher nitrogen content 
making electron beam welding difficult but not 
impossible [5]. Titanium alloy grade Ti-6AL-4V was 
chosen in preference to stainless steel mainly because of 
its electron beam weldability. Smooth welds are possible 
with less than half the weld distortion compared to 
stainless steel due to its high welding speed and low 
coefficient of thermal expansion. Titanium alloys have a 
low out gassing rate [6], high proof stress and low 
density. A disadvantage is its lower modulus of elasticity 
which results in a greater deflection due to vacuum 
loading. Table 2 shows a comparison of mechanical 
properties for Stainless steel 316LN, Aluminium alloy 
6063 T6 and Titanium alloy Ti-6AL-4V. The magnetic 
permeability of all three materials is better than 1.005. 
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Table 2. Material Property Comparison [4] 

Property Aluminium Alloy Gd. 6063 T6 Stainless Steel Gd. 316LN Titanium Alloy Gd. Ti-6A1-4V 

0.2% Proof Stress (MPa) 60-180 316 900-970 

Young's Modulus 
(GPa) 

67 201 105-120 

Thermal Expansion 
(/°C) 

22x10"* 17x10"" 7.9X10"6 

Hardness HB 75 197 255 (measured at DL) 

Density (kg/m3) 2690 7900 4420 

It is extremely difficult to weld stainless steel to 
titanium alloy, therefore the vacuum flanges were also 
made from titanium alloy Ti-6AL-4V which has a 
measured hardness of 255 HB compared to the 170 HB 
required for a good knife-edge. 

The cross-section of the vessel is asymmetric to 
clear the photon beam on one side of the chamber and 
maintain a minimum span, as seen in Figure 1. To keep as 
much rigidity as possible in the chamber the 1mm wall 
section has been restricted to the pole areas only. 

Finite Element Analysis of the chamber was 
performed using PTC Mechanica with P-type solid 
elements used with general convergence set to 10% on 
global RMS strain energy. The chamber has two lines of 
symmetry, therefore it was only necessary to construct a 
one quarter model. 

Figure 2. Deflection Contour Plot 

The maximum Von Mises Stress due to atmospheric 
pressure loading and self weight was relatively low at 67 
N/mm2 and the maximum deflection at the centre of the 
thin wall section was predicted to be 0.15 mm, as shown 
in Figure 2. 

3 CONSTRUCTION 

The ID chamber manufacturing procedure consists 
of the following steps: 

(i)    Pre machining  of vacuum chamber halves 
(VCH) 

(ii)   stress relieving of VCH 
(iii) final   machining   of the  VCH  with   length 

oversize 
(iv)  UHV clean the VCH and welding fixture 
(v)   electron beam weld the two longitudinal welds 
(vi) UHV clean and vacuum leak test 
(vii) machine weld preparations for the VC and 

flanges 

(viii) UHV clean the VC, flanges and fixture 
(ix) electron beam weld the 2 orbital flange welds 
(x)   UHV clean and vacuum leak test. 

Machining of titanium alloy was similar to that of 
an alloy steel with the same strength level. Rigidity of 
both the work piece and the cutting tool was essential. 
Titanium alloy has a lower modulus of elasticity than 
steel resulting in spring-back when machining, which 
limited the achievable thin wall section. To reduce this 
effect fixtures were used to support both sides of the 
chamber halves. 

Titanium also has a tendency to gall and smear onto 
other metals. Cutting tools need to have a good surface 
finish with machine speeds low and feeds as high as 
practical for the various operations. Special care was 
needed in following procedures for handling the swarf as 
under certain circumstances it is inflammable. 

The stress relieving and EB welding of the chamber 
halves was conducted on a rigid flat stainless steel fixture, 
as shown in Figure 3. 

Figure 3. Vacuum Chamber on the Welding Fixture 

Weld test pieces for both longitudinal and orbital 
flange welds were conducted to establish optimum EB 
welding machine settings, to achieve acceptable UHV 
quality internal weld beads. The longitudinal full 
penetration welding of the two chamber halves was 
conducted using a 40 mA beam at 2000 mm/min and the 
orbital EB welds between the pipe ends and the knife 
edge flanges was conducted using a 10 mA beam at 1000 
mm/min to produce a 3 mm penetration depth. All 
welding was performed at TWI in machine EBII with gun 
type lOOkW RF at a vacuum pressure < 5xlO"3 mbar. 

All machining, assembly, measurements and testing 
of the chambers was conducted in-house. 
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Table 3. Achieved Specification 

Figure 4. Completed Chamber 

4 TESTING 

The external faces at the position of the 11 poles 
have been measured on both sides of the chamber along 
three lines: line 2 along the centre-line of the chamber 
and lines 1 and 3 at the edges. Figure 5 shows the results 
for both sides of the vacuum chamber. 
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Figure 5. Flatness Measurements 

Flatness of the external faces of the chamber in the 
area covered by the 11 pole faces, under vacuum loading 
was 0.3 mm. The maximum parallel plane measured over 
the poles occupied by chamber material without twisting 
the chamber was 18.2 mm, 0.6 mm less than the specified 
value of 18.8 mm. Table 3 shows a summary of the 
achieved specification. 

Magnet gap 19.2 mm 

Maximum external chamber size at poles 18.2 mm 

Minimum internal chamber size at c/line 15.3 mm 

Flatness tolerance over 11 pole faces 0.3 mm 

Vessel wall thickness at pole locations 1.00-1.15 mm 

The maximum deflection measured at the thin wall 
area of the chamber under atmospheric pressure was 0.13 
mm on each side, which is in good agreement with the 
theoretical value of 0.15 mm, reported in section 2. 

The EB welds and titanium alloy knife-edge sealing 
flanges have successfully passed all vacuum leak tests to 
lxlO"9 mbar 1/s, before and after a 250°C vacuum bake. 
Vacuum outgassing rate tests are currently being 
undertaken and a programme of repetitive making and 
breaking of titanium alloy test flanges is underway, to 
assess the lifetime of the titanium alloy knife-edges. 

Future developments to the prototype vessel include 
adding four titanium alloy electron beam position 
monitors, two at each end of the chamber in a small space 
available between the magnet array and the chamber 
flanges. The modification is planned to be complete by 
November 1997 and two new production chambers by 
April 1998. 
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FNAL MAIN INJECTOR Yt-JUMP SYSTEM 
BEAMTUBE DESIGN 

J. R. Leibfritz 
Fermi National Accelerator Laboratory*, P.O. Box 500, Batavia, IL 60510, USA 

Abstract 

The design of the FNAL Main Injector Yt-jump 
system calls for a special beamtube that is to be placed 
inside the pulsed magnets. The requirements for this 
beamtube include: an elliptical shaped tube that mates 
with the existing vacuum system, high electrical 
resistivity for reducing the eddy current effects, high 
strength for withstanding the vacuum load, and a design 
that facilitates simple fabrication and installation. Inconel 
718 was selected to meet these criteria. Results obtained 
from analytical calculations, 2-D and 3-D finite element 
modeling, and testing of prototypes were in general 
agreement. The design process, analysis results, and final 
specifications are discussed. 

1 INTRODUCTION 

The pulsed magnets in existing Yt-jump systems have 
typically contained round beamtubes made of ceramic 
materials. This type of beamtube is used because of the 
unique requirements of a Yt-jump system [^ which 
include: a high electrical resistivity to minimize eddy 
current effects; high strength to withstand the vacuum 
load, and the need to mate with the existing vacuum 
system. The FNAL Main Injector (MI) vacuum system 
consists of a stainless steel 316L beamtube with a 
somewhat elliptical shape. Because of the shape of the 
MI beamtube, using a round (ceramic) beamtube for the 
Yt-jump magnets would introduce significant transition 
problems in the system. As a result, an effort was made 
to develop a metal beamtube with an elliptical cross- 
section that satisfied all the necessary requirements of the 
Yt-jump system. In addition to solving the transition 
problems, such a design would also simplify the 
fabrication and installation processes. 

Based on the Main Injector Yt-JumP system 
requirements described above, a metal (Inconel 718) 
beamtube with an elliptical cross-section has been 
developed. Data from analytical calculations, 2-D and 3-D 
finite element modeling, and measurements of prototypes 
were used in the development of the final design. 

2 DESIGN PROCESS 

2.1 Material Selection 

Of all the materials available for use in fabricating the 
MI yt-jump system beamtube, one material was found 

that seemed ideally suited to meet all the necessary 
requirements, Inconel 718. The properties that make this 
material attractive for this application include its: high 
electrical resistivity, good machineability and weldability, 
and high mechanical strength. Figure 1 provides a 
comparison of selected material properties for Inconel 718 
and stainless steel 316L. 

Property Inconel 718 S.S. 316L 

Electrical Resistivity (p) ((iQ-cm) 125 73 
Tension Modulus (E)-(psi) 29.8 x 106 28.0 x 106 

Poisson's Ratio (v) 0.284 0.290 
Yield Strength (ksi) 150-220 35 
Ultimate Strength (ksi) 180-230 80 

* °perated by Universities Research Association, Inc., under 
Contract No. DE-AC02-76CH03000 with the U.S. 
Department of Energy 

Figure 1: Selected material properties of 
Inconel 718 and stainless steel 316L. 

2.2 Eddy Current Effects 

Eddy current effects have a negative impact on the field 
inside the beamtube. The extent of these effects is 
directly proportional to the conductivity of the beamtube. 
As a result, it is preferable to use a beamtube with a low 
conductivity. The conductivity of an elliptical beamtube 
can be approximated using the following equation: 

Y = (1/p) x t 

where (Y) is the conductivity in |aI2~*, (p) is the 
resistivity in jiQ-cm, and (t) is the thickness in cm. The 
beamtube used in the Main Injector accelerator is made of 
stainless steel 316L and has a wall thickness of 0.060" 
(0.152 cm).   Using the above equation, the conductivity 

of the existing MI beamtube is 0.002 |J,Q~ *. Whereas, 
the conductivity for a 0.025" (0.064 cm) thick beamtube 
made of Inconel 718 is 0.0005 (i.Q_1. By using a thin 
Inconel beamtube for the YfJumP system magnets, the 
conductivity can be reduced by a factor of four. For a 
detailed discussion of the eddy current effects of a 
beamtube in a pulsed magnet, see [2]. 

2.3 Mechanical Analysis 

Once a suitable material had been found, the next step 
in the design process was to study the mechanical 
characteristics associated with various geometries of 
elliptical beamtubes made from Inconel 718. Analytical 
calculations [3] were used to model the effects (deflections 
and stresses) an external vacuum load of 14.7 psi (1 atm) 
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would have on various sized elliptical beamtubes.   Three 
equations were used for these calculations: 

6K2pa^ + 

5y=2C, 

S, = 2C, 

D 

V4 

D 

where (02) is the maximum stress, (8y) and (8X) are the 
maximum vertical and horizontal deflections, respectively, 
(p) is the internal pressure, (a) is half the major diameter, 
(t) is the wall thickness, (D) is the flexural rigidity, and 
(Ci), (C2), and (K2) are geometry dependent functions of 
the ellipse being studied (see [3] for values of Ci, Q.% and 

K2). 
The goal of these calculations was to find a geometry 

that would deform, under vacuum, to the vertical aperture 
of the MI beamtube, while not exceeding the maximum 
allowable bending stress of the material, [0.6 x (yield 
strength)]. The following values were used in the above 
equations for this analysis: p = -14.7 psi, a = 1.950", t = 
0.025", D = 42.2 in-lb., Ci = 0.0407, C2 = 0.0248, and 
K2 = 0.166. 

Once a desirable geometry was found, a 2-D finite 
element model was created, using ANSYS, to verify the 
analytical calculations and confirm the feasibility of such 
a design. The ANSYS results agreed (within an 
acceptable error) with the analytical calculations and were 
within the acceptable limits (see Figure 2). 

Material: Inconel 718 
Wall Thickness: 0.025" 
Major Diameter (a): 3.90" 
Minor Diameter (b): 2.50" 

(b) 

Internal Pressure: -14.7 psi (a) 

Results Analytical ANSYS (2-D) 

Maximum Stress 90,223 psi 87,799 psi 

Vertical Deflection -0.410" -0.442" 

Horizontal Deflection 0.250" 0.269" 

Figure 2: Analytical and (2-D) finite element results 
of elliptical beamtube under vacuum load. 

2.4 Fabrication of Prototypes 

Based on the results of the analytical and 2-D ANSYS 
calculations, prototype beamtubes were fabricated for 
testing. The material used to make the prototypes was 
0.025" thick, Inconel 718. Three 36" long pieces of 
material were cut to size and rolled into round tubes. Two 
of these 36" long tubes were made to achieve the cross- 
section used in the analytical calculations. The third tube 
was made to a slightly larger cross-section. The round 
tubes were then electron-beam welded along their length. 

After welding, the prototype tubes were vacuum leak 
checked to ensure the quality of the weld. The round 
tubes were then cut into 18" lengths and pressed into the 
desired elliptical shape using a device developed at 
Fermilab. Once the desired elliptical shape was achieved, 
the tubes were annealed and age-hardened. The annealing 
process relieves any stresses that may have developed 
from welding and forming the material. The age- 
hardening process gives the material the high mechanical 
strength required to withstand the vacuum loads placed on 
it. 

2.5 Testing of Prototypes 

The deflections, under vacuum, of the 18" long 
prototypes were measured to test the validity of the 
analytical calculations and to see if the design would 
work. All the prototypes deflected significantly less than 
the calculations had predicted. These results raised some 
questions as to the validity of the models used. As a 
result, all the variables used in the models were verified. 
The exact thickness of the material was checked, the 
material properties of the prototypes were experimentally 
confirmed, and the model was redone using the exact 
geometry of the actual prototypes. None of these tests 
uncovered any significant variations from the data used in 
the original model. 

The only other possibility was that because of the 
short length of the prototypes (18"), end effects from the 
vacuum-test setup were affecting the results. Because the 
analytical and 2-D finite element models assume an 
infinitely long tube, end effects are not taken into 
consideration. To account for these end effects, a 3-D 
ANSYS model was created. This model consisted of an 
18" long beamtube, having the same geometry and end 
constraints as the test setup. The results of the 3-D 
model agreed (within an acceptable error) with the 
measurements of the prototype (see Figure 3). These 
results confirmed that the end effects do play a significant 
role in the amount of deflection of the beamtube. 

Major Diameter (a): 4.289" 

Minor Diameter (b): 2.846" 

Results (3-D) ANSYS Test Measurements 

Maximum Stress 

Vertical Deflection 

Horizontal Deflection 

41,400 psi 

-0.231" 

0.139" 

Not Measurable 

-0.242" 

0.132" 

Figure 3: Prototype measurements and (3-D) 
finite element results of elliptical beamtube 

under vacuum load. 

2.6 Transition Flanges 

Because Inconel 718 can be welded directly to stainless 
steel, the connection of the Yt beamtube to the existing 
Main Injector beamtube can be easily accomplished using 
a minimum amount of space. Thin (1/8") metal flanges 
could be welded to each end of the mating tubes. These 
flanges can then be welded together, creating a vacuum 
tight connection. 
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A set of Inconel flanges, that matched the elliptical 
profile of the prototype beamtube, was fabricated and 
welded to each end of the yt beamtube. (During the 
welding process, it is critical that the material is clean and 
an argon purge used to prevent any oxidation of the 
welded surfaces.) 

The final step in the design of the prototype was to 
ensure that the Inconel to stainless steel connection could 
be made and that the resulting system would be vacuum 
tight. To verify this, two stainless steel blank flanges 
(one with a pump-out port) were fabricated and welded to 
the Inconel flanges. The same welding procedure was 
followed as before. The prototype beamtube was vacuum 
leak checked to 1.6 x 10"10 mm Hg (torr) and the 
deflections measured. No leaks were detected in the 
system and the measured deflections agreed (within an 
acceptable error) with the 3-D ANSYS model (modified to 
incorporate the flanges) results (see Figure 4). 

Major Diameter (a): 4.289" 

Minor Diameter (b): 2.846" 

Results (3-D) ANSYS Test Measurements 

Maximum Stress 

Vertical Deflection 

Horizontal Deflection 

51,460 psi 

-0.143" 

0.092" 

Not Measurable 

-0.169" 

0.100" 

Figure 4: Prototype measurements and (3-D) 
finite element results of elliptical beamtube 

(with flanges) under vacuum load. 

3 FINAL DESIGN 

The last step in the design process was to determine 
the final geometry for the yt beamtube, so that it mates 
properly with the existing Main Injector beamtube. 
Because all the measured data of the prototypes agreed 
very closely with the results of the 3-D ANSYS model, it 
was assumed that if the 3-D ANSYS model was modified 
to the correct final geometry, these results could be used 
for the final design. By making this assumption, the need 
to fabricate a final prototype to these exact dimensions 
would be eliminated. The ANSYS results showing the 
calculated geometry, deflections, and stresses of the final 
design of the FNAL Main Injector Yt-jump system 
beamtube are shown in Figure 5. 

Material: Inconel 718 
Wall Thickness: 0.025" 
Internal Pressure: -14.7 psi 

2.09" 

4.89" 

Results (3-D) ANSYS 

Maximum Stress 

Vertical Deflection 

Horizontal Deflection 

62,210 psi 

-0.156" 

0.063" 

The maximum stress (62,210 psi) for this design is 
well below the allowable bending stress [(0.6)(yield 
strength) = 90,000 psi] for Inconel 718 and the deflections 
are acceptable. An isometric drawing of the final design 
for the FNAL Main Injector yt-jump system beamtube is 
shown in Figure 6. 

MAIN   INJECTOR  BEAM TUBE- 
(316L   STAINLESS  STEEL) 

GAMMA-t   BEAM  TUBE 
(INCONEL  718) 

MAIN   INJECTOR 
BEAM TUBE 

GAMMA-* 
BEAM TUBE 

Figure 6: Isometric drawing of FNAL Main 
Injector yt-jump system beamtube design. 

4 CONCLUSION 

Based on the work described above, the design of an 
elliptical beamtube, made from Inconel 718, for the 
FNAL Main Injector yt-jump system seems to be a 
feasible alternative to the traditional ceramic design. In 
addition to meeting all the required design parameters, this 
design also provides for easy fabrication and installation 
with the existing Main Injector vacuum system. 
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Abstract 

The DECRIS (Dubna Electron Cyclotron Resonance Ion 
Source) and ECR-4M (GANIL ECRIS) high vacuum sys- 
tems are described and compared. The test results of the 
vacuum systems are presented with respect to desorption 
and leakage characteristics. Also illustrated are the con- 
struction of two stands. 

1    INTRODUCTION 

The vacuum system (VS) of the ECR ion source is one of 
the main components of every source. Whereas the oper- 
ating pressure ranges for the vacuum systems of accelera- 
tors are 10~4 - 10~9 Pa [1] the required operating pressure 
range for the vacuum system of the ECR ion source is 10~2 

- 10~5 Pa, respectively. Basically, it consists of stainless 
steel or cooper beam tubes pumped with turbomolecular, 
cryopumps combined with rotary pumps and adsorption 
traps. A combination of turbomolecular and rotary pumps 
was used in the first DECRIS - 14 ion source. Another 
combination is being used for the ECR-4M ion source. It 
is mainly based on a combination of turbomolecular, cry- 
opumps and rotary pumps. 

In this paper there are presented two ECR ion source 
vacuum stands. Given are the constructions of the stands 
as well as measured residual gas analyser spectra and des- 
orption rates and leakages. 

2   DESCRIPTION OF THE STANDS 

About 40 ECR ion sources stands have been built in dif- 
ferent countries. Their performances are steadily improved 
over the last decade. 

2.1    DECRIS-14 ion source vacuum stand 

One main and two auxiliary pumping units are used pro- 
viding clean, safe pumping with the pressure monitoring of 
the DECRIS-14 ion source vacuum stand. It is designed 
in order to produce an average dynamic pressure of 10-4 

Pa. Basically, it consists of 7 cm dia stainless steel, 4 cm 
dia copper, 10 cm dia steel and 4 cm dia duralumin beam 
tubes pumped by a combination of 500 Is-1 turbomolec- 
ular pumps (VMN - 500) [2] and a rotary pump (BL-90) 
[3]. The pumping units are spaced at about 1.5 m inter- 
vals and contain besides the pumps, high vacuum gauges, 

*Work supported by the VEGA L3 Ltd. firm, Nezabudkovä 20, SK- 
821 01 Bratislava, Slovak Republic. 

t Permanent address: Institute of Physics, Slovak Academy of Sci- 
ences, Dübravskä cesta 9, SK-842 28 Bratislava, Slovak Republic. 

■t Working-place address: Martin-Luther-University, Dept. of Physics, 
NMR Group, Friedemann-Bach-Platz 6, D-06108 Halle/Saale, Germany. 

electrodes and various beam diagnostic elements. The total 
length of the high vacuum beam tubes is about 3 m. The 
high vacuum volume of the stand is about 38 1. 

After 20 h of pumping the leak rate of the DECRIS-14 
vacuum system is bellow 5 x 10~3 Pa 1 s_1. The results of 
the desorption rate and leakage measurements are shown in 
Figure 1. The best vacuum conditions are obtained after a 
200 h pumping. 

DESORPTION RATE 

AND LEAKAGE 

1 0*2 LI I I I M I I I l I I I I I I I I I l I I I I I I I I I. 

DECRIS-14 STAND 
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100   200 
t(h) 

300 

Figure 1: Measured desorption rates and leakages q of the 
DECRIS-14 and the ECR-4M vacuum stands as a function 
of pumping time 't'. 

Figure 2 shows the mass spectrum of the residual gases 
which are evolved from the DECRIS-14 VS. A mass spec- 
trometer MX 7304 gauge [4] was placed in the region of 
cube C2. The spectrum is taken at a pressure of 1.75 x 
10~5 Pa. By spectrum analysis one can see the subsequent 
contamination by hydrocarbons and other organics. The 
peak sets of 27,29; 39,41,43; 55,57; 69; 79; 89; 109; 119; 
149 from the Rubber 7889 are shown. However, some of 
these hydrocarbons are also observed in the spectrum of 
the rotary pump oil and other elastomer seals such as 'O' 
ring seal VITON Roumania (peak sets: 27,29; 39,41,43; 
55; 149). The spectrum illustrates the expressive water 
vapour contamination. All these effects could be, however, 
reduced by using two or more adsorption traps in sequential 
operation above the rotary pumps. 
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Figure 2: Measured mass spectrum of the residual gases 
from the DECRIS-14 vacuum stand. 

2.2   ECR-4M ion source vacuum stand 

The ECR-4M stand is designed to pump not only the vac- 
uum chamber of the ECR-4M ion source but also to pump 
the U-400 cyclotron axial injection system with a beam an- 
alyzing magnet, diagnostic elements and vacuum gauges. It 
is based on double stage rotary and turbomolecular pumps 
but also cryopumps and an ion getter pump are used. The 
total pumping speed of the VS is about 7000 Is-1, which 
allows one to produce a working pressure of about 10-4 Pa 
and 10-5 Pa in the region of the first stage of the ECR-4M 
ion source and in the region of the beam transport lines, 
respectively. 

The VS consists of three sections: 
1. The injection line section of the gases and vapours of the 
solid state samples (« 51). 
2. The ECR-4M ion source and extraction beam line sec- 
tion (« 301). 
3. The transport lines, beam analyzing and bending section 
(«451). 

All three sections are designed similarly from the point 
of view of vacuum technology. The first one is evacuated 
by Balzers TMH-064 (301 s-1) turbomolecular and double 
stage DUO-1.5 (0.51 s_1) forvacuum pumps. 

The second one is pumped by Balzers TPH-520M (500 
1 s_1), TMH-064 turbomolecular pumps, double stage 
DUO-008 (2.5 1 s-1) and DUO-1.5 rotary pumps, a CTI- 
Cryogenics CRYO-Torr 8 cryopump (15001 s_1), an Omsk 
NVK-3.2 (2400 Is-1) cryopump and a Vacuum Prague 
IPT-200 (200 1 s_1) ion getter pump, respectively. The 
TPH-064 turbomolecular pump is connected to the ECR- 
4M high frequency input. The TPH-520M turbomolecular 
and CRYO-Torr 8 pumps are pumping the extraction re- 
gion of the ECR-4M ion source. The NVK-3.2 cryopump 

and IPT-200 ion getter pump are connected to the first beam 
diagnostic block. 

The third section is pumped by Balzers TMH-520 (500 
Is-1) turbomolecular and DUO-008 rotary pumps, Omsk 
NVK-1.5 (1200 1 s_1) and NVK-3.2 cryopumps, respec- 
tively. The beam transport line consists of two beam tubes 
of 6 cm inner diameter, three diagnostic blocks, a 102° an- 
alyzing magnet and a 90° bending magnet deflecting the 
beam from the horizontal to vertical direction, i.e. to the 
center part of the U-400 cyclotron. 

In order to evacuate the beam lines and the cryopumps to 
forvacuum as well as to pump the cryopumps during regen- 
eration a Balzers DUO-016 (5 1 s_1) rotary pump is used. 
Three stages are used in order to produce suitable opera- 
tion vacuum in the beam lines and the other parts of the 
VS. At the beginning the system is pumped to a pressure 
of 1 Pa and then the turbomolecular pumps are switched 
on. During pumping (3 h) by the turbomolecular pumps, 
the cryopumps are parallelly regenerated and then the cry- 
opumps are also switched on. At the end the VS is pumped 
only by the cryopumps and the TMH-064 turbopumps. In 
this case it is possible to attain pressures of about 10-5 Pa 
and 10~6 Pa after a 5 h pumping and after a 30 h pumping, 
respectively. At the same time a pressure of about 10-5 Pa 
was produced in the first section. 

This VS mainly consists of nonmagnetic stainless steel 
vacuum chambers, ion beam tubes and vacuum volume 
channel connections. VITON 'O'-rings are used as a seal- 
ing material for the main parts of the VS but OFHC cooper 
gasket rings are also used in the first section. The total vol- 
ume of the VS is approximately 801. The mass spectra of 
the residual gases which were evolved from the surfaces of 
the VS are shown in Figures 3 - 4. A mass spectrometer 
MX 7304 was again used [4]. The spectra were taken at 
pressures of (2.8 - 4.5) x 10-5 Pa. By spectrum analysis 
one can see no contamination by hydrocarbons and other 
organics from the rotary pump oil. However, the spectrum 
illustrates the expressive water vapour contamination. 

The results of the desorption rate and leakage measure- 
ments for the ECR-4M stand are shown in Figure 1. The 
best vacuum conditions are obtained after a 200 h pumping. 

The vacuum monitoring is provided from 0.1 MPa to 
10-6 Pa by using a combination of Pirani and Penning 
gauges. A Balzers Total Pressure Controller TPG-300 (3 
pc) and TPR 010 Pirani (8 pc), IKR 020 coaxial Penning 
cold cathode gauge heads (4 pc) are used. 

Because of the permanent working of the VS imergency 
interlockings have been installed. It causes to close imme- 
diately all the electropneumaticall gate valves at a pressure 
of 5 x 10~2 Pa. At the same pressure the gate valve which 
separates section three from section two will also be closed. 
The VS is safequard yet from the side of the U-400 high 
VS by means of another interlock. The gate valve separat- 
ing the U-400 beam line tube is interlocked by the U-400 
high VS. 

The service regime of the VS is secured by the IPT 200 
ion getter pump. In this case pressures are about 10~4 Pa 
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Figure 3: Measured mass spectrum of the residual gases 
from the ECR-4M vacuum stand. 

and 10-3 Pa in the extraction region of the ECR-4M ion 
source and in the first section, respectively. 

The VS is also controled remotely from the control desk 
of the U-400 cyclotron. The system permits total and par- 
tial pressure readings and full operation of all the electrop- 
neumaticall valves. The valves and pumps are operated and 
controled from the own autonomous control desk placed at 
about 15 m from the 90° bending magnet. 

3    COMPARISON OF THE STANDS 

The minimum desorption rates and least pressures produca- 
ble in testing experiments of the DECRIS-14 and ECR-4M 
vacuum stands are shown in Table 1. It is seen that the 
ECR-4M vacuum stand is better than the DECRIS-14 one 
by a factor of 10. It follows not only from the quality of 
the materials used in the construction of the VS but also 
from the cleanliness of the pumping units. It is known that 
a VITON 'O' ring is better than a RUBBER 7889 ring by 
a factor of 15 and RAMSAY fet is worse than APIEZON 
'L' grease by a factor of 100. The worst materials are PER- 
BUNAN - N, TEXTTT, TEFLON and RUBBER 7889 (TU 
MCHP 7889) and the worst grease is RAMSAY fet. 

In addition to the spectra expressive water vapor contam- 
ination is observed in both VS. 

4   CONCLUSIONS 

The present work provides new data on the desorption rates 
and the mass spectra of the residual gases for the ECR-4M 
ion source stand which is now used as the axial injection 
vacuum system of the U-400 cyclotron. Taken together, all 
these data show that it may be impossible to obtain the suit- 
able operation vacuum (10-5 Pa) and the necessary cleanli- 

Figure 4: Other measured mass spectrum of the residual 
gases from the ECR-4M vacuum stand. 

Table 1: Minimum desorption rates and least pressures pro- 
ducable in testing experiments of the DECRIS-14 and the 
ECR-4M vacuum stands. 

DECRIS-14 ECR-4M 

Desorption Pressure Desorption Pressure 

rate rate 

(Pals"1) (Pa) (Pals-1) (Pa) 

2.35 xlO-3 1.5 xlO-5       3xl(T4 3.4 xlO-6 

ness of the VS if the vacuum exposed surfaces have higher 
desorption rates than 10-3Pals-1. 
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VACUUM BEAM LOSSES IN THE AXIAL INJECTION SYSTEMS OF 
THE FLNR HEAVY ION CYCLOTRONS 
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Abstract 

A simulation program was carried out to calculate the 
pressure distribution and the beam loss due to the charge 
exchange cross section in order to optimize the vacuum 
system parameters of the heavy ion transmission lines. A 
series of measurements was set up to evaluate the beam 
loss in the axial injection systems of the FLNR cyclotrons. 
The pressure measurements were compared with the pro- 
gram. 

1 INTRODUCTION 

The isochronous cyclotrons U-400M and U-400 [1] have 
been equipped with ECR ion sources provided with axial 
injection systems. They were located atop the cyclotron 
magnets [2,3]. This paper presents a model for calculating 
the pressure distribution and the beam losses due to the 
charge exchange with the residual gasses in the axial in- 
jection system. The result of the calculations made are 
compared with those of some pressure measurements. 
Also Investigated the manner in which the heavy ion beam 
transmission factor of the ion guide pipe depends on the 
following parameters: the diameters of its parts, the 
pumping speed, the gas loading from the ECR ion source, 
and the gas desorption rate. 

Cryogenic pump, 
1000 »sec 

Cryogenic pump, 
2600 »sec Cryogenic pump, 

2600 »sec 

7 

Three 
solenoids Turbo pump    Turbo pump 

400 »sec 100 »sec 

Cryogenic pump, ^_ 
2600 »sec 

Median plane 

Figure 1. The axial injection system of the U-400 cyclotron 

2 VACUUM SYSTEM 
Figs. 1 and 2, show the vacuum system of the U-400 and 
U-400M axial injection systems. 

DECRIS-14 

Cryogenic    pump, 
L2600 »sec Cryogenic pump, 

2600 »sec 

Bending 
magnet 

Cryogenic pump, 
2600 »sec 

Median plane 

Figure 2: The axial injection system of the U-400M cyclotron 

In any vacuum system, the first important gas source is 
formed by the static or thermal outgassing of weakly ad- 
sorbed molecules and diffusion of gasses like H2, N2, 
H20,...etc. from the material of ion guide pipe and through 
the seals. 

The systems concerned have specific static outgassing 
rate ranging from 1.3xl0"7 to 1.3xl0"6 Pa ^/sec/cm2 depending 
on the pumping time. Choosing the design of the ion guide 
pipe and the treatment of the material is very important to 
decrease the static outgassing and, consequently, the pumping 
time. Responsible for the second important gas source is the 
dynamic outgassing in the presence of the beam, which re- 
sults from two causes. The first cause is accounted by the gas 
loading of N2, 02, C02, ..., Xe from the ECR ion source, this 
parameter is expected to range from 3xl0"3 to 1.6xl0~2 Pa 
^/sec. The second cause lies in strongly adsorbed molecules 
being released because of the lost ion beam striking the ion 
guide pipe. This means that the dynamic outgassing also de- 
pends on the material and the material treatment of the ion 
guide pipe. The ion guide pipes concerned are made of stain- 
less steel. Used for the seals are VITON 'O' rings. The vac- 
uum systems were created by the JINR in collaboration with 
Vacuum-Praha (The Czech Republic). 
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3 PRESSURE DISTRIBUTION 
A simulation program was developed estimating the pressure 
distribution through the ion guide pipe and the ion beam 
transmission efficiency in relation to the pressure distribution 
pattern. The program proposed is capable of calculating the 
pressure distribution through the ion guide pipe comprising 
any number of parts of various forms and gas molecular con- 
ductivity. Within the molecular flow regime the flow of 
molecules through the ion guide pipe is expressed by the 
equations 

Q(X) = -W±      and      4Q. = -Aq 
dx dx 

(1) 

Q (Pa|/sec) 
A (cm /m) 

where 
gas flow. 
specific surface area. 

q (Pa ^/sec/cm/) specific static outgassing rate. 
p (Pa) pressure. 
w (m^/sec) specific molecular conductance. 

pump (S 1/BCC) 

Figure 3. Figure 4. 

To explain the mathematical algorithm of the program let us 
divide our vacuum chamber into three parts each part being 
of length /,-_ and diameter dp The specific static outgassing in 
the i-part will be qi, J'=1,2,3 (see Fig. 3). Granted that there is 
only one pump and no beam, just only the static outgassing, 
the pressure distribution along the coordinates x, x, and x is 
defined by the equations [5]. 

W : 
s        s s 

+ q1^d1xL 

\2d\ 

w= S S S 
qlsnd-il-ix1     q17id1x1 

wfi \ld\ 
h-*- 

Pq(*3)- 
q\nd\h   qi"dzh 

:    s    +    s 
+ q3nd3l3l2 

q^Tcd^l^ 

\2d\ 
+ ?Mi+ft^i *-f 

(2 A) 

(2B) 

(2C) 
lAdl        Y2d\ 

where 
S (^/sec)    is the pump speed 

Not only there is static outgassing but also dynamic out- 
gassing in the ion guide pipe, the latter being formed by two 
sources. The gas loading from the ECR ion source is respon- 
sible for the first gas source and stimulated desorped gases 
caused by the lost ions makes up the second source. The gas 
desorption rate due to the lost beam was calculated according 
to the next equation [4]. 

Qg= 1000-riKT (3) 

where 
Qo (Pa ^/sec)  the gas desorption rate due to lost beam 

/ (A) the lost beam intensity 
Z (coulomb) the average charge state of the lost ions 
/,• (mol./ion) the gas desorption yield 
K (Joul/°K) Boltzmann constant 
T(°K) gas temperature 

The gas desorption yields from the ion guide pipe at room 
temperature are considered to lie between 2 and 3 mol/ion. 
Granted that the system configured as shown in Fig. 4 is only 
of one pump and static outgassing-free, the gas loading from 
an the ion source being Qi and the gas desorption due to 
beam losses Qg, then the pressure distribution through the 
vacuum chamber concerned will be as follows: 

( 
PQW = -f+Qi 

Qi 

1 

f 

x2    .  1 

1 x3 

{I2di 

PQ(*3)- y+ß* .12d| 

1 
+ 5 + 

12d$; 

12</3
3 

ifx<l 

ifx>l 

(4 A) 

(4B) 

(4C) 

(4C) 

If there is in addition static outgassing the pressure distribu- 
tion is founded by combining equations (2) and (4). 

Pj(xi) = Pq(xi) + PQ(xi) (5) 
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Figure 5: The pressure distribution in the ion guide pipe of the 
axial injection system of the U-400 cyclotron. 

To return to the axial injection systems of the U-400 and U- 
400M cyclotrons, as shown in Figs. 1 and 2 there are more 
than one pump located at four sites along the length of each 
ion guide pipe. The pressure distributions due to these pumps 
were calculated according to the next equation: 

—!— = E —!— (6) 
P(*i)    £UPj{xi) 

The pressure was measured at three points in each system at 
various beam current intensities and varying the number of 
pumps in operation. The results of the measurements were 
compared with those of the simulations. The results of the 
simulation and measurements are shown in Figs. 5 and 6. 

4 TRANSMISSION FACTOR 
The transmission factor depends on the pressure distribution 
and the charge exchange cross section between the beam ion 
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Figure 6: The pressure distribution in the ion guide pipe of the 
axial injection system of the U-400M cyclotron. 

considered as a projectile and residual gas considered as a 
target. The pressure distribution can be founded as indicated 
above. The ECR ion source injection voltage lies 12-25 kV 
range depending on the ion beam charge-to-mass ratio. In this 
energy range, the single-electron capture cross section is 
much higher than that of single-electron loss cross section 
and of multi-electron capture cross section, it depends on the 
first ionization potential of the target (residual gas), varies in 
direct proportion to the ion charge, and is independent of 
energy. An approximate scaling rule can be used for this en- 
ergy range [6]. 

(?) 
1 = 1.43xl012z117i?-2-76 

where 
2 

Gz z.\ (cm )      the electron capture cross section 
z(coulomb) the ion (projectile) charge 
fi(eV) the first ionization potential of the target (re- 

sidual gas). 
In this case, the transmission factor for any ion in our ion 
guide pipe can be obtained easily using the next formula: 

„ m  (8) 

exp 

where 
x 

2.69 xlO16aZZ_A P(xi)dxi 

transmission factor 
cz z_i(cm )    the single electron capture cross section 
P (Pa) pressure 

Avenge specific italic outgassing (Paf/tec/cm ) 

Figure 7: The specific static outgassing effect on the transmis- 
sion factor through the axial injection system of the U-400M 
cyclotron. 
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Figure 8: The transmission factor due to the variation of the 
diameter of the ion guide pipe in the axial hole of the U400 cy- 
clotron magnet. 

The transmission factor is seen to depend on the average 
pressure only. On this basis, the relationships between the 
transmission factors and the vacuum system's parameters 
were investigated under the conditions that are written in 
Figs. 5 and 6. For example, in the axial injection system of 
the U-400M cyclotron, where 1605t and 48Ca14+ 260(iA beams 
were being considered and the gas loading from the ion 

source was being taken to be about 8xl0"3 Pa <?/sec, the rela- 
tion between the transmission factor and the specific static 
outgassig rate is presented in Fig. 7. In the axial injection 
system of the U-400 cyclotron, the diameter of the of the ion 
guide pipe in the axial hole of the magnet first was varied 
from 2cm to 20cm. The diameter dependence of the transmis- 
sion factor is shown in Fig. 8. 

5 CONCLUSION 
The investigation of various parameters affecting the pressure 
distribution and the transmission factor of the axial injection 
systems of the U-400 and U-400M cyclotrons shows that: 
• The most important parameter is the static outgassing. 
• The second cryopump of the axial injection system of the U- 

400M has an insignificant effect on the average pressure and, con- 
sequently, on the beam intensities. 

• The pumping speed is an important parameter from the stand 
point of reaching the required level of the static outgassing as 
quickly as possible. 

• The transmission factor increases insignificantly with the diame- 
ters of the ion guide pipe for the values of the diameters greater 
than those of the existing configuration. 

• The gas load from the ECR ion source has not great effect on the 
transmission factor because of the two pumps that are installed 
after the ECR ion source. 

• It is possible to increase the ion beam current up to 1 mA and the 
beam losses will not be much higher. 

The simulation program is useful to optimize the vacuum 
parameters of the transmission lines and linear accelerator 
after chosing the cross section formula in their range of ener- 
gies. 

REFERENCES 
[1] Gulbekian G. et al., 13th Inter. Conf. on Cyclotrons and Their 

Application, Vancouver, 1992, p. 11 
[2] Efremov A. et al., Rev. Sei. Inst., V. 65 (4), 1994, p.1084. 
[3] Gulbekian G. et. al., Axial injection 
[4] Gröbner O, CAS, CERN, V. 2, 85-19, 27 Nov. 1985, p489. 
[5] Kalinin Yu Zh. et. al., Vacuum, V. 46, No. 7, 1995, p.717. 
[6] Müller A. et al., Inst. Phys. Conf., No. 38,1978, Chapter 4. 

3609 



BEAM LOSS DUE TO THE CHARGE EXCHANGE WITH THE RESIDUAL 
GAS IN THE FLNR HEAVY ION CYCLOTRONS 

G.G. Gulbekian, M.N. El-Shazly, A.V. Tikhomirov, B.N. Gikal, 
FLNR, JINR, 141980 Dubna, Russia 

Abstract 

A simulation program was developed to calculate the 
pressure distribution and the beam loss due to the charge 
exchange cross section in the FLNR heavy ion cyclotrons. 
A series of measurements was carried out to evaluate the 
beam loss. These measurements and the pressure 
distributions were compared with the program results. 

1 INTRODUCTION 

The compact type cyclotrons U-400 and U-400M provide 
accelerated heavy ion beams (with ion charge-to-atom 
mass ratio z/A from 0.03 to 0.2 for U-400 and from 0.1 to 
0.5 for U-400M and over a wide range of energy per 
nucleon up to 20 MeV/amu and 100 MeV/amu 
respectively). At present, these two cyclotrons are being 
equipped with ECR ion sources and axial injection 
systems [1]. Previously PIG ion sources were used, which 
can now be used as alternative sources for the U-400 
cyclotron. The loss of the intensity of the beam due to its 
charge-changing collisions with the residual gas 
molecules is determined by the cross sections for the loss 
process over a wide range of energy and depends on the 
pressure distribution in a cyclotron. The average pressure 
inside the cyclotron is a function of the vacuum 
chamber's conductivity, the pumping speed of the pumps, 
the gas loading from the internal ion source such as a PIG 
source and the outgassing. Five oil diffusion pumps (both 
for the U-400 and for the U-400M cyclotron) with a total 
pumping speed of 20000 1/s are used in order to provide 
an average pressure of (O.S-^-lO"6 Torr inside each 
cyclotron. 

The computer simulation program VACLOS using 
EXCEL has been developed to determine the beam loss 
caused by the charge-changing collisions between various 
heavy ions and residual gas molecules in a cyclotron. 
This program includes the following main parts: 

- the  determination   of the  pressure  distribution 
inside the cyclotron; 

- the evaluation of the ion charge changing cross 
section; 

- the  calculation  of the  transmission  factor  for 
different ion beams. 

2 RADIAL PRESSURE DISTRIBUTION 

The total gas loading in the cyclotron   vacuum chamber 
involves the following main components: 
- the working gas flow from the internal ion source 
(usually for a PIG source, Q=(3-6)-10'5 Torrlsec"1 for Xe 

or Kr working gas and Qs(6-9)10"3 Torrl-sec"1 for Ar or 

N2), 
- the thermal outgassing from the surfaces of the 
constructional materials (the specific static outgassing 
q = M0"5 Torrl-sec'm'2 in the steady state), 
- the atmospheric gas flow through the micro-defects in 
the vacuum chamber (it was found experimentally to be 
no more than 10% of the thermal outgassing [2]). 

We can disregard the ion stimulated desorption, 
because in the optimal regime of beam focusing it is 
significantly less than the thermal outgassing for ion 

beam intensities of 1-10" -s-MO15 s"1. 
For the case of the cyclotron geometry with azimuth 

symmetry and an internal gas flow inside the cyclotron, 
the pressure profile is expressed by the equation: 

P(r) = P0 + -ß— , (1) 
"R-r 

where P0=P ( R ) is the pressure at the pump's positions, 
Q is the gas flow rate due to the ion source, GR.r is the gas 
flow conductivity, R is the vacuum chamber radius. 

The radial gas flow conductivity inside the vacuum 
chamber of the cyclotron can be obtained from the 
Knudsen formula: 

^ 1 
— , (2) GR-r   = jVa 

n(x) 
F2(x) 

dx 

where va is the molecular average thermal velocity, n, F 
are the perimeter and cross section of the azimuth 
periodic segment (hill and valley of the magnet poles) of 
the vacuum chamber. 

From equations (1) and (2), we can get the pressure 
profile resulting from the gas loading of the internal ion 
source: 

3nQ   1 
P(r) = P0 + 

27TVa  h2 

'    R     nh(R-r) 
In— +—* - 

r vd*r 
(3) 

where n is the number of the pole sectors, h is the axial 
gap between the magnet poles. 

The pressure produced by the thermal outgassing is 
presented by: 

R    n 1    r 

P'(r) = P6 + J-£— dx + —— Jqlldx,        (4) 
R-r R-r 

where q is the specific static outgassing, and P0 or P0 

the pressure at the pump's position. 
Equation (4 ) leads to: 

is 
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P'(r) = P6+^-|f(R2-r2) + [ 
+ - h(R - r) + 

2   v ' 

nh' 
In — 

r  2n 
T,2,    R ■R*ln — 

hRnln — 
"     r 

hRp(R - 0 
2Rr 

nh2R (R-r) ] 
(5) 7iRr 

where r changes from R0 to R'. 
Then the average pressure in the periodic segments 

(hill, valley and regarding the dee's position) of the 
vacuum chamber was calculated. The results are in good 
accordance with the previous measurements [3]. 

The intervals of working pressure for the U-400 
cyclotron equipped with either an ECR or a PIG ion 
source are presented in Figure 1. 
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Figure 1: The calculated radial pressure distribution for 
the U-400 cyclotron, being equipped with an ECR or a 
PIG ion source, at the corresponding average pressure at 
the extraction radius R=160 cm (q = MO5 Torr-l-sec'-m'2) 
for 14N beams. 

3 ION BEAM LOSS 

In the case of beam losses due to the charge exchange 
between the ions and the residual gas the transmission 
efficiency T of an accelerator over pathlength L is: 

T = expj- 3.3 x 1016| PWCT(ß) ■ <wL (6) 

where P is the pressure in Torr, At is an element of the 
pathlength in cm, ß is the relative velocity (v/c) and a is 

the sum of all the relevant capture and loss cross-sections 
in cmVmolecule. 

Several analytical and semi-empirical models [4-9] 
have been applied to the calculation of the cross-sections, 
and, obtained as a result, the transmission factors of every 
model were compared with the experimental data on the 
vacuum losses of accelerated heavy ions in the U-400 and 
U-400M cyclotrons. 

The best accordance with the experimental data has 
been found for the joint model of the two following 
models : 

I.       <TC = 2 x 10~15z2(l37ß) 5 

aL  = 2 x 10~15(l + z)2(l37ß)~ 

x exp 
2(z - z) + 1 

2d' 

(7) 

(8) 

Where the mean charge value Z is approximated by 

z = Zp{l - C • exp(- 137ß8)}, Csl has a very 

weak dependence on the atomic number Zp, 

5 = 0.3443 - 00667 WzJ   and the standard deviation is 

given by d = 0.27 Jz^ in a residual gas such as N2 or 

1.0 

0.8- 

S    0.6 

E 
»    0.4 

0.2 

0.0-p 
0.0 

—^—' 1 ■ 1        '        I        ' 

- vx   ■ . ^       \\ 

X               ^"^-   - 
\ 

♦ 

P   =1.2E-6Torr av 

—«yo-ii) 
       Ar5*^ 

\   \ 

. «Ar   "J 

♦    „Ar^exp.) \\ 

 84Kr7+(l-l!) Vs. - 
 MKr7+(l) 

vv 

- 
A    JG^texp.) 

Li—'— i    ■ 
0.4 0.8 

Radius (m) 

1.2 1.6 

Figure 2: The transmission factor for the cyclotron 
equipped with a PIG ion source, calculated in accordance 
with the two models (joint HI and I), as compared with 
the experimental data for accelerated ions 4„Ar5+ (up to 9 
MeV/amu, Q=6.5-10"3 Torr-l-s"1) and ^Kr7* (up to 4 
MeV/amu, Q=6-10"3 Torr-l-s'1) at an average pressure of 
Pav=1.2-106 Torr (considering radial pressure distribution) 
at the extraction radius R=160 cm. 
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Figure 3: The transmission factor for the cyclotron 
equipped with an ECR ion source, calculated in 
accordance with joint model I-II, as compared with the 
experimental data for accelerated ions 86Kr*+ (up to 
6 MeV/amu) and „6Xe14+ (up to 6 MeV/amu) in the U-400 
cyclotron and 14N

5+ (up to 53 MeV/amu) in the U-400M 
cyclotron at an average pressure of Pav=5.610"7 Torr 
(considering radial pressure distribution) at the extraction 
radius R=160 cm. 

air [4]; 

n.    ac 3 x 10_28z5/2ß~7 

CTL = 9 x 10"19z"2/5ß-2 

(9) 

[5]. (10) 

In the joint (I-II) model we used the first (I) model 
for ions energy up to 1.5 MeV/amu and the second (II) 
model for higher energy. For other residual gases except 
N2 we used this joint model for cross section calculation 

with a factor of ^M / M0 , where M / M0 is the ratio 

between the molecular masses of the gas and N2. 
Such an approach allowed us to obtain quite 

satisfactory accordance with the experimental data as 
shown in figures 2-3. Figure 2 also shows the comparison 
between the two models. Figure 4 represents the 
examples of the estimations based on the joint (I-II) 
model for the acceleration of ^Ar5* up to 9 MeV/amu and 
MKr7t up to 4 MeV/amu in the U-400 cyclotron and I4N

5+ 

up to 53 MeV/amu in the U-400M cyclotron. 

4 CONCLUSION 

The above described vacuum loss simulation program 
VACLOS allows one to estimate quite satisfactorily the 
transmission factors of any accelerated ions in a wide 
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Figure 4: The transmission factor calculated by the joint 
I-II model versus the average pressure at the extraction 
radius R=160 cm for accelerated ions ^Ar5* (up to 
9 MeV/amu) and ^Kr7* (up to 4 MeV/amu) in the U-400 
cyclotron and 14N

S+ (up to 53 MeV/amu) in the U-400M 
cyclotron. 

range of ion energy and gas loading in different operation 
regimes both with an ECR and with a PIG ion source, that 
is important for analyzing and forecasting the efficiency 
of a cyclotron with the definite vacuum system. 
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THE VACUUM SYSTEM FOR THE SYNCHROTRON RADIATION 
SOURCE ANKA 

E.Huttel, D.Einfeld, Forschungszentrum Karlsruhe, ANKA, PO Box 3640, 76021 Karlsruhe, Ger- 
many 

Abstract 

ANKA, a 2.5 GeV Synchrotron Radiation (SR) source 
with a circumference of 110.4 m, an emittance of 40-73 
nmrad and a nominal current of 200 mA, is dedicated for 
micro-fabrication and analytics purposes. The vacuum 
chamber 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 bend) in ante 
chambers. Here 500 1/s and 300 1/s diode pumps will be 
installed. The pumping will be done by lumped ion pumps 
(diodes) with a total nominal pumping speed of 18800 1/s, 
respectively 13000 1/s at 10"9 mbar. The installation of 
Titanium sublimator or NEG pumps is foreseen as back 
up. Assuming a desorption coefficient of 10"6 mol/ph the 
expected gas load is 1.5 10"5 mbar 1/s. 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. 

1 GENERAL REQUIREMENTS 

In ANKA the lifetime of the electron beam is mainly 
determined by the scattering of the electrons at the resid- 
ual gas. A status report of ANKA is given in a separate 
contribution to this conference[l]. Measurement at KEK 
showed that a pressure of 10"9 mbar is necessary in order 
to get a lifetime of about 20 h [2], in accordance with own 
calculations. Most of the gas load is produced during 
operation, when the synchrotron radiation hits the wall of 
the vacuum chamber. The number of molecules Nmo) 

desorbed by the synchrotron radiation is proportional to 
the number of the emitted photons Nph and to the desorp- 
tion coefficient r|, which depends on the wall material and 
decreases as a function of the absorbed photon dose (d). 

Nmoi = Nph r|(mat., dose) 

Desorbed molecules are mainly H2, CO, C02 and CH4. In 
general the H2 gas load is by an order of magnitude larger 
than the gas load from CO and C02 and by two orders of 
magnitude larger than the gas load of CH4. The desorp- 
tion coefficient of aluminum is at least at the beginning an 
order of magnitude larger compared to stainless steel and 
copper [3].The number of photons is given by the fol- 
lowing formula [3]: 

Nph = 8 10+n I (mA) E (GeV) 1 Ah ~ 7 1024 ph 

Desorption coefficient for stainless steel measured at the 
2.5 GeV e-storage ring at KEK [4] were extrapolated for 

the calculations given in Table 1 (r| (7 1023 ph/m) = 10"4 

mol/ph). Furthermore the following assumptions were 
used: 
a) 90% of the photons hit the main absorbers (10m) in the 
bend, 10% hit the vacuum wall (100m) in the straight 
sections. Thus the dose for the main absorbers in the bend 
is a factor 10 higher compared to the straight sections and 
the desorption coefficient is a factor five lower. 
b) The effective pumping speed (S) is about 1041/s. 
c)T!~d-a7 

lAh~    7 1023 ph/m (bend) 
7 1022ph/m (straight) -> TV 

:104 

: 5  10'' 

p[mbar] = 3.7 10"20 Nph(0,9 % + 0.1 r|s) / S[l/s] 

Table 1 Expected pressure and lifetime behavior for 
ANKA, r\ is given for the main absorbers. 

dose[Ah] r)b[mol/ph] p/I[mbar/A] Tl[Ah] 

0,01 2,50E-03 2.6E-05 0,001 

0,1 5.00E-04 5.2E-06 0,004 

1 l,00E-04 l,0E-06 0,02 

10 2.00E-05 2,lE-07 0,1 

100 4.00E-06 4.1E-08 0,5 

1000 8.00E-07 8,3E-09 2,4 

The thermal desorption for prebaked stainless steel after 
1000 h pumping time is in the order of 10"11 mbar 1 / (s 
cm2). A surface of the vacuum system of about 3 10 cm 
thus leading to an additional gas flow of 4 10"6 mbar 1 / s 
and an additional pressure rise of 3 10"10 mbar. 

2 MATERIAL FOR THE VACUUM CHAMBERS 

As material for the vacuum chamber of SR sources stain- 
less steel, aluminum and copper is used. The advantages 
and disadvantages of these materials are well known and 
discussed. The final decision using stainless steel 316 LN 
for ANKA was done since almost all possible manufac- 
turers in Europe are experienced in this material. 
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3 DESIGN OF THE VACUUM CHAMBER 

The design of the vacuum chamber of ANKA follows the 
ante chamber concept of the recently built SR sources. In 
the region of the dipole and the following sextupole, re- 
spectively quadrupole, the e-beam is circulating in one 
chamber and the synchrotron radiation passes through a 
small gap into the ante chamber where it is absorbed by 
discrete absorbers. Since the length of these absorbers are 
small compared to the circumference of the ring, the out- 
gassing is obtained in a shorter time. Furthermore the 
desorbed gases are immediately pumped away by a pump 
close to the absorber. 

Figure 1 shows the design of the dipole vacuum 
chamber consisting of the e-beam chamber, the ante 
chamber at the dipole and the ante chamber at the fol- 
lowing sextupole, respectively quadrupole. The e-beam 
chamber and the ante chamber are separated by a slot 10 
mm high and 30 mm wide. The chamber is welded out of 
3 mm thick stainless steel plates. The e-beam chamber is 
70 mm wide and 32 mm high. Most of the synchrotron 
radiation is absorbed by two discrete absorbers made of 
OFHC copper, the first positioned in the ante chamber of 
the dipole covers the radiation from 0° to 11°, the second 
in the adjacent ante chamber covers the range from 11° to 
20°. Close to the absorbers diode pumps are installed with 
a nominal pumping speed of 500 and 3001/s, respectively. 
In addition a small 150 1/s ion pump is installed in the 

middle of the chamber for pumping the e-beam chamber. 
In the following section the vacuum chamber is a 

straight tube and the synchrotron radiation is absorbed on 
the wall of the chamber which is indirectly cooled. A 
copper plating of a lm long section behind the dipole is 
foreseen in order to reduce the temperature step. 

The disadvantage of the ante chamber design is 
the large width of the vacuum chamber which has to sus- 
tain the atmospheric pressure, especially in the case of 
ANKA, where the width is up to 500 mm. An unsupported 
chamber with a wall thickness of 3 mm would result in an 
unacceptable large deformation. Thus the chamber must 
have supporting ribs. The deformation and the stress of 
chamber have been calculated by means of finite elements 
(ANSYS) and the geometry of the chamber is optimized 
in order to get a deformation of less than 0.5 mm. 

4 VACUUM PUMPS FOR STORAGE RINGS 

Generally ion and getter pumps are used at storage rings. 
Concerning ion pumps, two types exist: diodes and tri- 
odes. The pumping speed of a diode in the 10"9 mbar 
range is nearly twice as large as a triode for all reactive 
gases (CO, CO2, H2,). Noble gases are not pumped by 
conventional diodes. But diode pumps with tantalum 
electrodes can pump noble gases. Since noble gases are 
not desorbed by synchrotron radiation conventional diode 
pumps are foreseen close to the absorbers. Using noble 
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Figure: 1 Topview and cross sections of the dipole vacuum chamber. 

3614 



1501/3 

1501/» 
A     5001/s 

^==-^03001/5 
1501/s 

1501/st. 
:^5^5001/s 

^'vÖ' 3001/a 

'50I/S^     '"I/, 
1501/s    ^«NS 

\ JET 5001/s 

Jg 3001/s 

16 x 500 l/s 

16 x 300 1/s 
1501/s %_^ IE 

40 X  150 l/s 

18 BOO l/a 

501/s 

5001/s 

3001/s 

1501/s    < 

6 THERMAL LOAD 

The total power of the synchrotron radiation (2.5 GeV, 
200 mA) of 123 kW leads to a power per length of 130 
W/cm for the main absorbers. The maximum wall tem- 
perature, calculated with ANSYS is in the order of 95°C. 

Behind the second absorber the synchrotron ra- 
diation is absorbed on the wall of the e-beam chamber. 
The thermal conditions of this wall are shown in Figure 4 
as a function of the distance from the dipole. 

Figure: 2 Pumping scheme for a quarter of ANKA. 

diodes elsewhere might be a compromise between opti- 
mum pumping speed and not excludable leaks. 

Concerning getter pumps both titanium sublima- 
tor (TS) and NEG pumps (Non Evaporable Getter) are 
used at storage rings. Both pumps have a considerable 
pumping speed for hydrogen, they pump all reactive gases 
but do not pump noble gases and hydro carbons at all. 
Since the pumping speed decreases when a certain amount 
of gases has covered the surface of the pump, (After 10 h 
for a TS at 3 10"9 mbar) the getter must be regenerated 
periodically. 

At ANKA only diode ion pumps will be used at 
the beginning. It is foreseen to install lumped NEG's or 
titanium sublimator on top of the ion pumps later on if this 
turns out to be necessary. The foreseen pumping scheme 
is shown in Figure 2. 

5 PRESSURE PROFILE 

For calculating the pressure profile of the vacuum cham- 
bers and optimizing the pumping configuration a program 
similar to the one described by P.C.Chen et.al.[5] was 
used. Figure 3 shows the pressure profile in the e-beam 
chamber for one quarter of ANKA. A gas load of 3.5 10" 
mbar l/s and an effective pumping speed of 15000 l/s 
(both numbers refer to the complete ring) were used for 
this calculation. 
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Figure: 4 Absorbed power and temperature step inside the 
vacuum wall (E=2.5 GeV, I=200mA). 

7 BAKING 

Nearly all SR sources have an insitu baking system. It's 
merits: getting a cleaner vacuum (i.e. no water content), 
having a faster commissioning and a faster recovery after 
vacuum break down are well established. On the other 
hand due to the experiences at ELETTRA it's necessity is 
now discussed [6]. Costs for heating jackets and insulation 
can be saved, the gap of the magnets can be made smaller 
and thus the current reduced. The bellows need only com- 
pensate the mechanical tolerances. Due to the budget 
limitations of ANKA, it was decided not to install an 
insitu baking system. Instead the chambers will be cleaned 
and only be baked before installation. 
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Figure: 3 Pressure profile for one quarter of ANKA. 
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EXPERIENCE WITH THE ULTRA-HIGH-VACUUM 
PROTECTION SYSTEM FOR THE SYNCHROTRON RADIATION 

BEAM LINES WITH HIGH-POWER WIGGLERS/UNDULATORS AT 
THE PHOTON FACTORY 

Noriichi Kanaya, Seiji Asaoka, Shogo Sakanaka and Hideki Maezawa Photon Factory 
High Energy Accelerator Research Organization (KEK) 1-1, Oho, Tsukuba, 305,Japan 

Abstract 

There are six high-power wiggler/undulator beam lines at 
the2.5-GeV synchrotron radiation source at the Photon 
Factory. In the case of an instantaneous vacuum failure at 
such a beam line, a normal Fast-Closing-Valve (FCV) 
system is incapable of functioning to protect the Ultra- 
High-Vacuum (UHV) of the beam lines and the 
synchrotron radiation source, since a meltdown of the 
titanium-alloy FCV is caused by intense photon flux 
radiation. To avoid such a case, a dedicated UHV 
protection system has been built where all FCV systems 
for the high power beam lines have been linked, using 
high-speed communication links to RF klystrons to allow 
the FCV systems to initiate blade closure after dumping 
the positron beam by tuning off the RF power. In this 
paper, experience with the UHV protection system for the 
wiggler/undulator beam lines is discussed. 

1 INTRODUCTION 

There are six high-power wiggler/ undulator beam lines 
(BL-2, BL-13, BL-14, BL-16, BL-19 and BL-28) and 
sixteen normal bending-magnet beam lines installed 
around the 2.5- GeV positron storage ring at the Photon 
Factory at the National Laboratory for High Energy 
Physics. The six high-power wiggler/ undulator beam 
lines are simultaneously in operation, producing very 
intense synchrotron radiation beams. The high-power 
beam lines are distributed along the long circumference of 
the storage ring. These beam lines feed synchrotron 
radiation to the experimental hall where experiments such 
as surface physics, x-ray lithography, microscopy and 
crystal structure analysis are simultaneously carried out. 

The pressures in the storage ring and the beam lines 
are maintained at anUltra-High-Vacuum (UHV) of less 
than 10 -10 Torr. In order to protect the Ultra-High 
Vacuum of the storage ring against an instantaneous 
vacuum failure, fast-closing valve systems (FCV) [1,2] 
have been installed in the wiggler/undulator beam lines as 
well as normal bending- magnet beam lines. The FCV 
system can close a guillotine blade (1.2-mm thick 
titanium-alloy) in ~ 0.01 seconds. A vacuum failure 
would be caused by a rupture of the beryllium windows 
(-200 mm-thick) at an x-ray beam line due to an intense 
thermal load, or by an instantaneous gas leakage 
downstream of the VUV (Vacuum Ultra Violet) branch 
line [4]. Such a failure could result in fatal damage to the 

components of the storage ring, including the vacuum 
chambers, beam position monitors, pressure gauges and 
the doughnut. 

The wiggler/undulator can produce synchrotron 
radiation with a high power density, two orders of 
magnitude higher than that obtained with a bending- 
magnet source [4]. At such a high-power wiggler beam 
line, the impingement of intense photon flux on the 
closing blade of the FCV causes a melt-down within 0.1 
seconds before a water-cooled heat-absorber closes (~1 sec) 
[5]. Thus, the FCV can not protect the storage ring 
vacuum for the wiggler/undulator beam lines. There has 
been no protection system that allows many high-power 
wiggler/undulator beam lines to simultaneously protect 
the Ultra-High Vacuum of the synchrotron radiation 
source from an instantaneous fatal vacuum failure. To 
avoid such case, the authors have designed and built a 
dedicated vacuum protection system for the high-power 
wigger/undulator beam lines [6]. In this paper, the first 
experience with the UHV protection system for such high 
power wiggler/undulator beam lines is discussed. 

2 SYSTEM CONFIGURATION 

In order to ensure that the blade can avoid intercepting 
intense radiation, the protection system allows any high- 
power beam line to instantaneously turn off the beam 
upon the detection of a vacuum failure, by switching off 
the RF power in the four remote RF cavities. The 
response time is much less than the closing time of the 
FCV (-11 ms), preferably less than 0.1 ms. Figure 1 
shows a block diagram of the protection system. Each 
beam li ne has a Fast -Cl osi ng-Val ve syst em wi t h a 
vacuum sensor. The Fast-Closing-Valve systems are 
connected to RF klystrons with optical-fiber links. The 
communication links comprises a high-speed optical 
transmitter and receiver wi t h a transmi ssi on rat e of 76 
MHz. Upon an instantaneous vacuum failure at the 
experimental hall, the pressure signal of the vacuum 
detector is transmitted to the Fast-Closing-Valve system. 
This system initiates a cut-off signal, thereby requesting 
the RF klystrons to turn off the RF power. At the same 
time, it simultaneously requests the computer of the beam 
line control system to shutdown the water-cooled absorber 
mask (closing time - lsec). 

After the RF power in the klystrons is removed, the 
status signal of the RF power is transmitted to the Fast- 
Closing-Valve system, notifying the removal of the RF 
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Figure 1 Block diagram of the Ultra-High-Vacuum protection system for synchrotron radiation beam lines 
with multiple wiggers and undulators 

power, and the synchrotron radiation beam. The status 
signal from the RF klystrons can reach the beam line 
within 100 microseconds after being sent to the beam 
line. Upon receiving the status signal from the RF 
klystrons, the Fast-Closing-Valve system can close its 
titanium blade in 10 ms to block any inrushing shock 
wave from the experimental hall. The total response time 
measured between a vacuum failure and the closure of the 
Fast-Closing-Valve blade is 12ms. The water-cooled 
absorber mask can completely close in 1 second after 
being initiated. Then, the computer of the beam line 
control system closes the backup vacuum valves (closing 
time - lsec) to completely close the beam line. 

3 ACTURAL VACUUM FAILURE 

In April, 1996, there was an actual instantaneous vacuum 
failure at wiggler beam line BL-19 in the experimental 
hall. The positron beam current was 366 mA at 2.5 GeV, 
and the wiggler was providing the intense beam to the 
experimental hall at BL-19. 

Upon an instantaneous vacuum failure, the protection 
system detected it, and immediately turned off the RF 
power in the klystrons and then closed the titanium blade 
of the Fast-Closing-Valve. The positron beam was 
dumped at the RF klystrons, which, in turn, transmitted a 
status signal of the RF power in the klystrons to the 
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protection system. The protection system initiated the 
closure of the FCV blade to block any inrushing shock 
wave from the experimental hall at the BL-19. The record 
in the on-line database [7] shows how these protection 
procedures were successfully achieved. 

The pressure in the middle point of the beam line 
reached almost atmospheric pressure. However, it was 
found that there was no effect on the pressure at the 
connecting point of the upstream end of the beam line and 
the storage ring. The pressure has been successfully 
protected below l.lx 10"10Torr, the same pressure value 
before the incident. It allowed the storage ring to resume 
operation immediately after reinjection of a positron 
beam, and start synchrotron radiation experiment. 

4 CONCLUSION 

Experience with the Ultra-High-Vacuum protection 
system is discussed concerning the high-power 
wiggler/undulator beam lines at the 2.5 GeV synchrotron 
radiation source at the Photon Factory. The actual 
operation for an instantaneous vacuum failure proved that 
the dedicated UHV protection system can protect the UHV 
of the storage ring by initiating the Fast Closing Valve 
after dumping the positron beam by cutting off the RF 
power in the RF klystrons, using high-speed communicati 
on links. The system allows the synchrotron radiation 
source since to avoid an instantaneous vacuum failure 
during synchrotron radiation experiments under intense 
photon flux radiation. 
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STATUS OF THE PEP-II LOW-ENERGY RING VACUUM SYSTEM 
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D. Colomb (LBNL, Berkeley, CA 94720), L. Bertolini, C. Belser, J. Kerns 

(LLNL, Livermore, CA 94550), E. Daly (SLAC, Stanford, CA 94309) 

Abstract 

The PEP-II B Factory* Low-Energy Ring (LER) will 
operate at 3.1 GeV with 2.1 A; design specifications are 
based on 3.5 GeV at 3 A. The vacuum system, 2200 m 
long, consists of 6 arcs and 6 straights. The arc vacuum 
system is based on an aluminum antechamber pumped by 
titanium sublimators located directly under discrete photon 
stops, supplemented by 1101/s ion pumps near the end of 
each dipole. The straight sections serve various utility 
functions, including emittance control with a wiggler, 
injection, and an interaction region (IR). Vacuum 
chambers in most of the straight sections are circular 
stainless steel pipe with external copper plating to 
facilitate heat transfer to cooling tubes brazed to the 
outside wall. The wiggler chicane vacuum system uses 
both aluminum and stainless steel technology, along with 
a 24 m long distributed copper photon dump. The IR 
vacuum system is mainly based on copper extrusions. 
LER vacuum system components are either in the late 
stage of prototyping or already in full production. 

1    INTRODUCTION 

The vacuum system of the PEP-II B Factory LER is 
designed to maintain a <10 nTorr pressure storing a 3 A 
positron beam current at 3.5 GeV, although the nominal 
operating conditions will be 2.1 A at 3.1 GeV. Both the 
High Energy Ring (HER) and LER are made of 6 arc 
sections and 6 straight sections, with the LER located 35" 
(0.889 m) above the HER, each having a total 
circumference of about 2200 m. The straight sections 
provide for various functions such as beam injection, 
damping and emittance control with wigglers, and the IR 
where the beams collide in a detector. Vacuum 
calculations were conducted with VACCALC, a pipeline 
pressure computer code developed by M. Sullivan [1], 
showing the peak pressures to be -7 nTorr, and average 
pressures below 3 nTorr during operation. LBNL, LLNL, 
SLAC are involved with the various designs and 
fabrication of the LER vacuum system components. 

2    ARC REGIONS 

Each of the six arc regions of the ring uses extruded 
aluminum antechambers, making up sixteen standard 
cells. A half-cell, shown in Figure 1, consists of a 
magnet chamber with a slotted appendage to pass the 
photon beam that is connected to a ~6 meter length of 

* Work Supported by U.S. Dept. of Energy contract nos. 
DE-AC03-76SF00O98 (LBNL), DE-AC03-76SF00515 
(SLAC), W-7405-Eng-48 (LLNL). 

pumping chamber. On the far end is a discrete photon 
stop and titanium sublimation pump (TSP) mounted from 
the antechamber. Additional pumping is achieved with a 
1101/s ion pumped placed near the string of magnets. 

2.1 Vacuum chambers 

Figure 2 shows the extrusion profiles of both types of 
chambers. The magnet chambers are currently being 
processed at LBNL, including the coating of the inside 
surface with a 1000-2000 Angstrom layer of titanium 
nitride. Due to the high positron current in the LER and 
the positron instability first seen at the KEK Photon 
Factory [2], it was decided that a TiN coating was needed 
to reduce secondary electron emission in these elliptical 
profile beam chambers. More details on this process can 
be found in another article at this conference [3]. The 
pumping chambers are being built at SLAC, while R&D 
work on coating these chambers with TiN has been 
completed at LBNL. A 3/4-cell mock-up of the arc 
vacuum system has been finished to test the assembly and 
installation procedures of these components into the 
tunnel (see Figure 3). 

2.2 Photon Stops 

At the design value of 3.5 GeV, 3 A e+ beam, each 45 cm 
dipole will produce 15 kW of synchrotron radiation 
power, which will be absorbed by photon stops 
approximately 6 meters from the dipole. These stops are 
made of grooved Glidcop®, optimized using the ANSYS 
finite-element code, absorbing the photons at a 70 mrad 
angle to the beam. The maximum thermal stresses are 
about 23 ksi (von Mises), well below the 39 ksi yield 
limit of brazed Glidcop® for a AT of -130 °C, initial 
cooling water being 35 °C. The preliminary designs 
incorporated wire-brazing of the OFE copper backing plate 
to the stock copper-cladding around the Glidcop® with 
Nicusil-3 or equivalent. However, since the interface at 
the cladding cannot be guaranteed to function as a 
structural joint, a costlier brazing method of 25/75 Au-Cu 
foil was adopted, joining the backing plate directly to the 
Glidcop®, now plated with a 0.0015" cyanide copper 
barrier. Final designs of the photon stop are now 
complete and production is beginning. 

2.3  Titanium Sublimation Pumps 

Located directly below the photon stops are TSPs, chosen 
for their high pumping speed and low cost. Active 
surfaces of the pump are fins of extruded 6063 Al, 
increasing the surface area by a factor of ten. The 
estimated pumping speed of these pumps is 8,000 liters 
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Figure 1: LER arc half-cell. 

per second. The inital pumpdown of the chamber will be 
done with ion pumps, followed by activation of the 
TSPs. It is anticipated that the time between activations 
will be greater than three months. At these intervals, a 
20 year lifetime for these filaments is expected. 

2.4 Arc Bellows Shields 

The arc regions, with elliptical chamber profiles, will use 
a bellows design that has 0.030" thick RF contact fingers, 
held in contact to a Glidcop® rider stub by Inconel spring 
fingers (see Figure 4). This design is based on the HER 
arc bellows design, which is discussed in [4]. This 
bellows shield must allow an expansion of up to 3 cm (at 
150 °C bakeout) plus alignment tolerances of ±0.25". 
The design was finalized in April 1997, and fabrication is 
slated to begin in May. 

3    STRAIGHT SECTIONS 

Because the straight section vacuum system does not have 
to absorb much synchrotron radiation power, the standard 
vacuum chambers are round, water-cooled, 3.5" I.D. 
stainless-steel tubing. These are the same chambers used 
in the HER, with a few geometric differences in lengths 
and in the locations of water cooling lines. With the 
lattice components frozen and additional vacuum hardware 
set, the lengths of all the drift tubes have been set and are 
now in production at SLAC, where the HER chambers 
were also fabricated. After fabrication, they will be glow 
discharge cleaned at LLNL before installation into the 
tunnel. 

3.1 Interaction Region 

The Interaction Region (IR) is where the orbiting 
electrons of the HER collide with the LER positrons. 
The positrons are directed down to the elevation of the 
HER orbit by vertical bend magnets, collide head-on with 
electrons, then are directed back to the normal orbit 
elevation. Due to the highly non-standard nature of this 
region, the vacuum chambers are primarily HER-type 
copper extrusions to mask and absorb the radiation power 
in both the horizontal and vertical planes. Currently, 
prototyping is complete and the mechanical detailing of 
the chambers is just beginning. The IR bellows is also 
similar to the HER arc bellows [4]; detailed design of the 
IR bellows has been completed and it is ready for 
production. 

3.2 Wiggler Chamber 

Two straight sections in the ring are fitted with chicanes 
to allow the placement of a wiggler since additional 
emittance control in the LER is necessary [5]. However, 
only one of these regions will be fitted with a wiggler at 
startup, since it was determined that sufficient control is 
achieved with only one. The wiggler vacuum chamber is 
approximately 25 meters long, composed of five 5 m 
long machined copper sections. Synchrotron radiation 
produced by the wiggler is absorbed by the water-cooled 
beam dumps on the walls of the chamber. The desorbed 
gases will also be continuously pumped by NEG pumps, 
which are described more in detail in [6]. The mechanical 
design was completed mid 1996, and the rough machining 
of the chambers has also been completed.     The e-beam 
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Figure 2: Magnet and Pumping chamber extrusions. 
Figure 3: 3/4-cell mock-up of the LER arc 

vacuum and supports. 
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Figure 4: Arc bellows shield module (without 
bellows convolutions). 

welding is about 50% complete, and the final machining 
has just begun in March 1997. 

3.3 Injection Region 
The Linac beam will be injected vertically into both 
rings; therefore, as much as possible, the LER injection 
region is to be a twin of the already-designed HER 
injection region, using common vacuum components. 
This region is also highly non-standard, making use of 8" 
chambers to accommodate the beam-stay-clear of the 
aborted beam trajectory, and 2.5" ID ceramic chambers 
(and their corresponding bellows for mechanical 
compliance). The LER injection region layout was 
finalized in January 1997, and since most of the 
component designs have been finalized for the HER, 
production of components in tandem will allow the LER 
to undergo injection tests in the fall of 1997. 

3.4 Straight Section Bellows Shields 

Since the chambers in the standard LER straight sections 
are of the same design found in the HER straights, the 
original intention was that the same bellows shields of 
HER straights were to be used as well. This bellows 
shield used a "Curly-Q" finger design that is described 
with more detail in [7]. However, during vacuum 
processing of the HER bellows, the initial bakeout at 
200°C at its nominal position caused the spring fingers to 
relax and, under certain conditions, could then be made to 
lose RF contact with the stub. Whereas HER operating 
procedures guard against the bellows seeing such 
conditions, it was decided that with minimal effect to cost 
and schedule the bellows shields in the LER straights 
would be modified to the RF and spring finger/rider stub 
design, similar to that of the HER and LER arcs. See 
Figure 5. This change was finalized at the beginning of 
1997 and components are currently in production. 

Figure 5: Detail and cross section of the LER straight 
section bellows module. 

4     SUMMARY 

The major components have been designed and are 
currently in production, so the LER vacuum system is 
progressing toward its commissioning target of spring 
1998. Storage tests will follow, and first collisions are 
expected in the summer of 1998. The close-working of 
the three-lab LER design team, LBNL, LLNL, and 
SLAC, has been, and will continue to be the key factor in 
meeting these milestones. 
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Abstract 
There are several regions in the PEP-II B Factory at 

SLAC that require distributed pumping to deal with large 
photo-desorbed gas loads or to produce very low 
pressures(<10"9 Torr). These regions include the Low 
Energy Ring Wiggler dump chambers, the transitions 
between the High Energy Ring arcs and straight sections, 
and most importantly the Interaction Region. We have 
designed a compact Non-Evaporable Getter pump using 
commercial getters that combines high pumping speed 
and high sorption capacity. We describe the design 
features of the NEG pumps, and our test results from 
prototype pumps. In addition, we discuss future variations 
of this style of NEG pump. 

1   INTRODUCTION 

The PEP-II Asymmetric B Factory collider is made up 
of two counter-circulating storage rings. The High 
Energy Ring (HER) circulates electrons at an energy of 9 
GeV and a current of 1 Amp. The Low Energy Ring 
circulates positrons at an energy of 3.1 GeV and a current 
of 2.1 Amps. The Interaction Region (IR) vacuum system 
where the two beams collide requires very low average 
beamline pressures (<109 Torr). High gasloads generated 
by the synchrotron radiation striking the vacuum chamber 
walls necessitates a vacuum pumping system with high 
pumping speed and high sorption capacity. In addition, 
the low beamline conductance requires that the vacuum 
pumping be of a distributed or linear nature. 

The vacuum pumping solution in the HER arcs is the 
Distributed Ion Pump (DIP). The HER arcs have 5.4 
meter long dipole magnets to bend the electron beam in 
an arc. The DIPs conveniently make use of the residual 
magnetic field from the magnets to provide uniform 
distributed pumping along the beam aperture. DIPs 
however, are not a viable option in the Intraction Region. 
The pumping speed of ion pumps decreases as pressure 
decreases. In a region where sub-nTorr pressures are the 
goal, this is not a desirable characteristic. In addition, the 
magnets in the IR do not provide enough coverage along 
the length of beamline to provide for continuous vacuum 
pumping. 

Our solution is to use Non-evaporable Getters (NEG). 
The task is to configure the NEG in a way to maximize 
linear pumping speed and sorption capacity. The high 
pumping speed will produce the low beamline pressure we 
desire and the high sorption capacity will allow us to 
operate the NEGs for long periods of time before 
regenerating them. The NEG activation mechanism is 

also a concern. Activation by baking the chambers is not 
possible since the chambers are extruded half-hard, oxgen- 
free copper which will anneal at activation temperatures. 
Activation by ohmic heating requires continuous lengths 
of NEG and presents thermal expansion problems. 
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Two main concerns have been expressed about the use 

of NEGs within PEP-II. First, NEGs are inherently 
"dusty" devices to install into a high current electron 
storage ring. There was concern that the phenomena 
experienced at the HERA storage ring would occur at 
PEP-II. HERA experienced beam interactions with 
"macro-particles" which caused severely shortened beam 
lifetimes. The second concern was that high gas loads 
would result in unreasonably short regeneration intervals. 

Once we developed an acceptable getter configuration, 
we found other regions within PEP-II where the NEG 
pump design could be applied. Figure 1 shows a plan 
view of PEP-II with the NEG locations identified. The 
PEP-II NEG pump design is used in the IR, the LER 
Wiggler vacuum chamber, and the HER arc-to-straight 
transition chambers. 

INTERACTION   REGION 
VACUUM   SYSTEM 

-HER ARC TO STRAIGHT 
TRANSITION CHAMBERS 
TYP.   fi   PLACES) 

LER  WIGGLER 
VACUUM   CHAMBER 

Fig. 1. NEG Pump Locations within the PEP-II B 
Factory 
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2 PUMP   DESCRIPTION 

The pumping speed and sorption capacity of a NEG 
pump are proportional to the surface area of NEG material 
in the pump. For this reason it was important to find a 
way to maximize the surface area within the small 
volumes allocated for pumps in the beam tubes. We have 
decided to increase surface area in the same manner an 
engineer increases convective heat transfer area in a 
automobile radiator, by using "fins". We cut individual 
"wafers" from SAES ST707/CTAM/30D strip using a 
laser welding machine. The laser is used to produce as 
clean a cut as possible. We found that precision shearing 
dies produced torn edges which tended to increase dust 
generation from the NEG. Cutting the NEG with the laser 
(under a nitrogen gas purge) produced a clean edge without 
damaging the nearby granules of getter alloy. 

A cross-section of the pump is shown in Figure 2. 
Individual NEG wafers are strung on a 0.375" o.d., 0.035" 
wall stainless steel tube. Adjacent wafers are separated by 
stainless steel wire spacers. The width of the spacers can 
be varied to adjust the speed and capacity of the pump. 
Typically, the NEG spacing ranges from 0.040" to 
0.120". The stainless steel tube has a 0.125" square key 
attached along its length. The purpose of the key is to 
prevent rotation of the square NEG wafers. On each end of 
the pump are slip-on tube clamps that keep the wafer 
array compressed. The stainless steel tube has a cap on 
one end and a conflat flange on the other end. The tube 
acts as both a support for the NEG wafers and part of the 
vacuum barrier. The pump is inserted into a pumping 
antechamber within a PEP-II vacuum chamber and bolts 
to a conflat flange on the end of the chamber. Figure 3 
shows a cut-away view of a NEG pump installed in an IR 
vacuum chamber. There are supports located every 20" 
along the stainless steel tube which stand the pump off 
the walls of the antechamber. The supports and the NEG 
wafers are sized to allow a conflat gasket to be slipped 
over the pump to seal the end flange. 

040"   Dia.   Stainless   Steel 
Wire   Spacers 

Neq   Wafer 

-.375"  O.D.   Stainless 
Steel  Tube 

.125"   Square   Key-7 x-- -25"   O.D.   Heater 

Fig 2. Cross-section of a PEP-II NEG Pump 

Using a wafer spacing of 0.040", we have built 
vacuum pumps with the equivalent of 18 meters of NEG 
strip per meter of pump length. That quantity of NEG can 

sorb several Torr-liters of gas before needing to be 
regenerated. After machine commissioning, we are 
predicting that the NEG pumps will only require annual 
regeneration. 

Activation of the NEG is accomplished with a 0.25" 
o.d. commercial tubular heater. The heater is inserted into 
the stainless steel tube from outside of the vacuum 
system. With the heater outside the vacuum there is no 
need for an elecrical feedthrough. If a heater fails, it can be 

-Conflat  Flange  (6.75") 

—Capper  Extrusion 

Copper Pump Screen 
3mm X 3mm ON 4rnrn Centers 
1 mm Thick 

L Conflat   Flanrie  (2.75") 

NEC Pump- 

Fig. 3.  NEG Pump in an IR Chamber 

replaced without venting the vacuum system. Since this 
pump is heated from the center there is a significant radial 
temperature variation across each wafer. For a 1.18" 
square wafer the temperature can vary as much as 180°C. 
The published activation parameters for ST707 are 450°C 
for 45 minutes [1]. If we heat the NEG wafers to a 
minimum temperature of 450°C the center portion of each 
wafer will be approximately 600°C. In previous activation 
tests [2] we have found the NEG alloy will suffer 
catastrophic delamination from the constantan substrate at 
approximately 710"C. For this reason it is important to 
characterize the heater parameters well to avoid 
overheating and damaging the NEG. 

4   TESTING 

There were two goals in testing the prototype PEP- 
II NEG Pump. First of all we wanted to verify the 
pumping speed and sorption capacity of this new 
configuration. Sorption tests were conducted for 
prototype pumps with different wafer spacings. Figure 4 
shows the sorption curve for a pump with 0.040" spaces 
between wafers. Also shown is a calculated sorption curve 
based on the NEG manufacturer's published data [1]. 

The second goal of the tests was to characterize the 
heater parameters required to adequately activate the NEG. 
Since the pumps installed in PEP-II will not be equipped 
with internal thermocouples it is essential that we know 
what heater parameters will produce the proper NEG 
temperature. The prototype pump was outfitted with two 
thermocouples, one on the outer edge of a NEG wafer and 
one attached to the outside of the stainless steel tube. 
Between sorption  tests  we activated  the   pumps   and 
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monitored the temperatures. Figure 5 shows the 
temperature profile of the NEG and stainless steel tube 
during a typical activation. 

4 10-1| 

0 0.5 1 1.5 2 2.5 3 3.5 
Quantity Sorbad par Matar (Torr-litara/matar) 

Fig. 4. Sorption Curve for a PEP-II NEG Pump 

5    DUST 

There were two separate issues regarding "dust 
production" and NEGs. As we have mentioned earlier, we 
were concerned about the production of macro-particles 
that potentially could interact with the beams. But a 
second issue came up during the project. The European 
Synchrotron Radiation Laboratory (ESRF) experienced 
lifetime problems because of magnetic contaminants from 
ST707 interacting with their stored beam [3]. We not 
only worked to minimize dust production, but we also 
attempted to deal with magnetic dust production too. The 
best solution for both problems was to use a sintered 
NEG alloy. The alloys used in sintered configurations are 
not required to go through a ball mill where the magnetic 
contaminates are introduced. Sintering also produces much 
stronger adhesion than does the roll bonding process used 
on ST707 strip. Unfortunantly, the cost of the sintered 
NEGs was prohibitive for the project and therefore not an 
option. We were left with utilizing ST707 and trying to 
minimze dust production wherever possible. As 
mentioned earlier, we cut the individual NEG wafers with 
a laser to produce a clean edge. We also worked with 
SAES Getters S.p.A. to process all of our NEG by 
multiple passes through a magnetic sieve. These 
processes will not eliminate dust production, however, 
they may decrease it to an acceptable level. In chambers 
where our NEG pumps will experience changing magnetic 
fields, we may have to revisit sintered NEGs if we 
encounter problems. 
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Fig. 5. Temperature Plot of Typical NEG Activation 

6   SUMMARY 

We have designed a linear NEG pump to solve a 
variety of vacuum problems within the PEP-II machine. 
The pump utilizes an innovative configuration of 
commercial getter strips to produce high pumping speed 
an high sorption capacity. The pump design allows us to 
vary the quantity of getter and thus vary the linear 
pumping speed. 
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Abstract 

This paper describes the design and fabrication of a 
vacuum pumping system for the APT/LEDA (Low 
Energy Demonstration Accelerator) RFQ (Radio 
Frequency Quadrupole) linac [1]. Resulted from the lost 
proton beam, gas streaming from the LEBT (Low Energy 
Beam Transport) and out-gassing from the surfaces of the 
RFQ cavity and vacuum plumbing, the total gas load will 

-4 
be on the order of 7.2 x 10 Torr-liters/sec, consisting 
mainly of hydrogen. The system is designed to pump on 
a continual basis with redundancy to  ensure that the 

-6 
minimal "operating vacuum level" of 1 x 10 Torr is 
maintained even under abnormal conditions. Details of 
the design, performance analysis and the preliminary test 
results of the cryogenic pumps are presented. 

1   INTRODUCTION 

The APTLEDA RFQ consists of four resonantly coupled 
two meter segments. The over-riding requirement for the 
APT/LEDA RFQ vacuum pumping system is that it be 
capable of pumping the combined gas load from the lost 
proton beam, gas streaming from the LEBT (Low Energy 
Beam Transport) and out-gassing from the surfaces of the 
RFQ cavity and vacuum plumbing. The total gas load 
will be on the order of 7.2 x 10"4 Torr-liters/sec. The 
main gas to be pumped will be hydrogen and the system 
must be able to pump hydrogen on a continual basis. 
Vacuum pumps are to be completely oil-free (both high- 
vac and roughing) and a single pump type must pump all 
other species of gas (02, N2 and any outgassed mixture). 
Redundancy must be provided in the system pumping and 
gauging to ensure that the minimal "operating vacuum 
level" of 1 x 10"6 Torr is maintained despite pump 
failures in the system. All pumps, valves and gauges 
must be replaceable without bringing the RFQ cavity up 
to atmospheric pressure. 

2   DESIGN 

2.1 Design Requirements 

Tables 1 and 2 summarize the vacuum parameters and 
pumping system requirements for the APT/LEDA RFQ 
respectively. 

PARAMETER VALUE 

Surface Outgassing Rate 
-9                       2 

2.4 X 10    Torr-liters/cm -sec 
-4 

2.4 X 10    Torr-liters/sec 
+ 

LEBT Gas Load (H ) 
-4 

1.1X10    Torr-liters/sec 
+ 

H   Beam Loss (10 mA) 
-3 

1.0X10    Torr-liters/sec 
+         + 

H2   & H3   Injection (2mA) 
-4 

4.0 X 10    Torr-liters/sec 

Total H2 Gas Load -3 
1.4X10    Torr-liters/sec 

TOTAL GAS LOAD -4 
7.2 X 10    Torr-liters/sec 

Pumping Ports 
36 6-slots each 

140 liters/second each 

Pumping Plenums 

3 @ Section Al 
3 @ Section A2 
3 @ Section C2 

Table 1: Vacuum Parameters 

PARAMETER VALUE 
Prototype for APT System Must be Fully Suitable for 

APT Operation 
Operating Pressure -6 

< 1.0X10    Torr 
System Time Constant < 0.1 second 
Pump Down Time < 30 minutes 
Concurrent 
Regeneration 

Regeneration Must Occur During 
Operation 

Installed Redundancy System Must Operate with a Pump 
Failure During Regeneration 

Redundant Gauging False Positives Must be Detected 
Standalone Operation System Must Operate Independently of 

LEDA Control System 
Control System 
Interface 

System Must Accept Commands & 
Provide Signals to LEDA Control 
System 

RF Window Vacuum System Must Allow for Vacuum 
Pumping of 12 RF Windows 

Safety/Codes System Must Meet All Codes & 
Present No Safety Hazards 

Table 2: Pumping System Requirements 

2.2 Design Approach 

Since the intent of the LEDA is that it will be a working 
prototype for the APT accelerator, it is imperative that 
the vacuum pumping system for the APT/LEDA RFQ be 
fully suited for actual APT operation. In developing the 
conceptual design for the vacuum pumping system we 
strove to meet the requirements set forth in the scope of 
work, and also expanded on those requirements by 
utilizing a "3 R's" approach in the design. We made a 
conscious effort to build in a robustness that will 
guarantee adequate pumping during all operating 
conditions of the accelerator. 
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Fig. 1 RFQ Vacuum Pumping System 

This was accomplished by researching and specifying 
reliable components in the system to safeguard against 
possible failures. In addition, we installed redundancy to 
counteract any unforeseen operating conditions or 
vacuum failures in the system. 

2.3 System Design 

Figure 1 shows the layout of the pumping stations and 
roughing system for sections Al, A2 and C2 of the RFQ. 
We opted to use cryopumps based on dynamic analysis of 
performance during both nominal and abnormal 
operations, as well as total system pumping speed versus 
cost. Two Varian DS-600 Dry Scroll Pumps were chosen 
for the roughing system. These pumps provide a total 
pumping speed of 1000 L/min atatmospheric pressure 
with an ultimate total pressure of 10"2 Torr and are 
totally hydro-carbon free as required. The system can be 
pumped down to below the cross-overpressure 
(~ 100 mTorr) of the cryopumps in such an arrangement 
within 30 minutes. 

The majority of the pumping is located in sections 
Al and A2 of the RFQ as most of the gas load occurs in 
the first two meters. Two 2200 L/s (for hydrogen) 
cryopumps are attached to the pumpstation at section Al, 
while section A2 has one 2200 L/s cryopump and a 500 
L/min roughing pump. The vacuum headers of Al and A2 
are plumbed together via an 8" spool to allow cross- 
pumping between the two stations. The pumpstation at 
segment C2 of the RFQ is similar in configuration to 
that of Al and A2, but contains two 2200 L/s cryopumps 
and one 500 L/min roughing pump. 

Having a total of five cryopumps and two roughing 
pumps in the vacuum system guarantees the ability to 
individually regenerate cryopumps during accelerator 
operation. In addition, as shown in the analysis summary, 
the redundancy ensures that the "operating pressure" is 
maintained should one pump fail while another is in its 
regeneration cycle. 

6" Bel lows Spool 

Stoi nless  Steel 
Port  Adopter  Spool   \ 

Existing  RFO-^ 
Vacuum Port 

L 
/ /  ^-Vacuum Pier 

J 

Fig. 2 RFQ Vacuum Port Adaptor Spool & Bellows 
Assembly 

The port adapter spool shown in figure 2 is 
constructed from 304 stainless steel plate and an 8" 
conflat flange. It provides the transition from the RFQ 
vacuum port to the plenum. The 6 slot configuration of 
the RFQ vacuum port flange has the poorest conductance 
of any component in the system and the aggressive taper 
from the oval shape of the vacuum port flange to the 
circular plenum flange has a significantly higher 
conductance than would a straight oval or rectangular 

3626 



spool transition piece. Since the RFQ cavities are 
fabricated from copper, it is difficult to provide a metal 
seal between the adapter spool and vacuum port. An o- 
ring groove, designed to accept a standard sized o-ring, is 
machined into the mating face of the adapter spool and a 
viton o-ring will provide the seal. This is the only 
connection in the high-vac system that will not have a 
metal seal. However, the RFQ vacuum port is water 
cooled to a temperature suitable for viton use. 

3  SYSTEM    ANALYSIS 

Dynamic system analysis were carried out for 
pumpdown, nominal operation and under abnormal 
conditions. This was done by solving the coupled 
differential Heat-Load Equations described for each 
segment: 

dP 
-VilL=-Qi+C(Pi-Pj) + K(2Pi-Pi+l-Pi_l) 

where Vj, Qj and Ps represents the volume, gas load and 
pressure in segment i respectively. C is the total effective 
conductance of the RFQ pump ports, and K is the 
conductance of the coupling plates between two segments. 
Pj is the effective pressure at the port adaptor described 
by the equation for pump station j as: 

-Vj-J-=S.P.-Qj+CV\-Pj) J dt        J   J       J J 

where Sj is the effective pump speed at the pump ports 
with all the conductance of the plumbing taken into 
account. One example of the analysis results is shown in 
Fig. 3. Description of the sequence of events is listed in 
Table 3. 

APT/RFQ/Vacuum 
no 

-A no 

e-io"7 

1 1              1              l 

( 
orr 
4-10 ( 

r    r ■ _ 
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1 

. r'
r~" * * 

i     i     i 

___ 

H—.   w   mmm   mm- 
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Time (s) 

- Seg-A 
--   Seg-B 
- Seg-C 
- Seg-D 

Fig. 3 Analysis Results of Simulation of Loss of Pumps 
in Segment A. 

Time Interval (s) Description 

0 - 5 Base pressure with out-gassing load 

5 -10 With gas streaming from LEBT 

10- 15 With one pump out of service 
15-25 With two pumps out of service 

Table 3 Description Sequence of Events in Fig. 3 

It is clearly shown that the minimum operating pressure 
of 10"6 Torr can be maintained even if two out of three 
pumps were taken out of service. 

4  CRYOPUMP    TEST 

To verify the major design parameters, we have 
started a series of performance tests on the cryopumps 
procured for the system (Ebara ICP 200Q). Major tests 
include the measurements of H2 pumping speed and H2 

capacity. We have adopted the standard test arrangement 
(AVS Procedure 4.1) [2]. Preliminary results of measured 
hydrogen pump speed are shown in Fig. 4. It should be 
notd that the measured value of 2700 L/s exceeds the 
vendor's specified value of 2200 L/s. Results of the 
pump speeds with H2 quantity sorbed up to 30 L will be 
published at a later date. 
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Fig. 4 Measured Pump Speed vs H2 Quantity Sorbed 
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Abstract 
The Brazilian National Synchrotron Light Laboratory, 

LNLS, operates a synchrotron light source consisting of a 
1.37 GeV electron storage ring and a 120 MeV injector. A 
summary of the commissioning and operation 
performance of the vacuum system for the linear 
accelerator (LINAC), transport line, RF system and 
storage ring is presented. The performance of the sub- 
systems is described including the photon induced 
desorptions (PID) and the effects on the beam lifetime. 

1. INTRODUCTION 

Commissioning of the injector LINAC started in 
December 1995 with and commissioning of the storage 
ring (at low energy) started on May 1st 1996. Full energy 
operation has first achieved in August 1996. The 
description of the vacuum system is given elsewhere (2). 
At present 10.0 Ah of accumulated beam dose in the 
storage ring has been achieved. The average dynamic 
pressure in the LINAC, transport line and storage ring is 
in the 10'7 Pa range, whereas in the LINAC RF system the 
pressure is in the 10"6 Pa range. All parts of the system 
were opened at least once, during modifications and 
improvements. This allowed us to check the short 
recovery time. Today if any one of the 6 cells of the ring 
needs ventilation to atmospheric pressure, 6 hours later it 
is possible to inject at low energy without baking. The 
transport line can be operated after 4 hours of pump down 
under the same conditions. The most sensitive is the 
LINAC RF system. The rectangular copper wave guides 
need baking (400 K, 24 hours) after ventilation. The 
copper accelerating structures of the LINAC are not 
bakeable and 24 hours of pump down are necessary after 
ventilation before operation. 

2. LINEAR ACCELERATOR 

After 15 months of operation the linear accelerator had 
to be vented for removing the ceramic RF window near 
the gun. The window ceramic had been eroded by sparks, 
developing a leak and turning the LINAC operation 
unstable. The LINAC had to be vented a second time 
since we did not have at the time a spare window 
available. Almost at the same time, the gun cathode had 
to be replaced and the gun ion pump was replaced by a 
new 25 1/s model. After this maintenance we used the 
normal baking procedure in the gun and heated up the 
LINAC to 333 K using the hot water stabilizing system of 
the accelerating tubes. The final static and dynamic 
pressure in the gun reached 2.8 x 10'7 Pa and 6.0 x 10"7 Pa 

respectively.  In  the LINAC  the  static  and  dynamic 
pressure are 4.1 x 10'7 Pa and 6.6 x 10"7 Pa, respectively. 

3. LINAC RF SYSTEM 

The LINAC RF system has no gauges and uses the 
current in the power supplies for the interlock system. A 
current bellow 500 uA (« 5 x 10"4 Pa) in the ion pump 
enables the system to work. Each time we opened one of 
the "arms" of the system, we needed baking for 24 hours 
at 453 K against a turbo-molecular pump. We tried to 
condition the system with the RF only, but were a lot of 
sparks in the ceramic windows and the operation became 
unstable. In normal operation conditions the maximum 
current is 10 uA (« 1 x 10"5 Pa). 

4. TRANSPORT LINE 

We have built a new septum chamber very similar to 
the already installed one but with some improvements, 
such as providing more space for the injection angle. 
Changing the chamber took one day. The chamber was 
not baked it and we used only the beam cleaning 
capability. A slit was installed to help a better control of 
the energy dispersion during the injection. The main 
computer, in the control room, operates the slit. 

5. STORAGE RING 

The storage ring chambers were baked for 10 days 
right after installation in April 1996. During the following 
4 months of commissioning, the vacuum chamber was 
opened several times and 3 beam lines were installed. In 
order to prepare the ring for the installation of the 
remanding 4 beam lines, the machine was baked again 
without the NEG activation. After the second baking the 
ring started to operate without interruptions and the 
average pressure started to decrease. Figure 1 shows the 
time evolution progress of the accumulated beam dose at 
40 mA and the lifetime of the beam. The lifetime is the 
time it takes for the current to fall to 1/e of its initial 
value. During the last month of operation the beam dose 
increased from 5.4 Ah to 10.0 Ah. In the conceptual 
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Figure 1: Beam lifetime at 40 mA and the integrated beam dose 

design we estimated 100 Ah of beam dose (3,4) to attain 
the specified lifetime of 7 hours at 100 mA. The averaged 
pressure readings of the ring are 4 x 10"8 Pa without beam, 
8 x 10'8 Pa at a beam current of 70 mA. This is the 
dominant factor to the beam lifetime limitation. The 
pressure rise per unit of electron beam current (AP/I), as a 
function of the bean dose, at pump stations near the 
bending and a straight section are shown in fig. 2. 
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Figure 2: Normalized pressure at bending and straight 
chambers 

The experimental results show that the decrease of the 
normalized pressure in the bending magnet chamber is 
only about a fact of 2 lager than the straight section. Since 
the linear photon power density at the location of bending 
chambers is many times higher than in the case of the 
straight section chamber, we have expected a much lager 
difference rate. We believe the reason of this is the high 
temperature on the exit port of the bending chamber 
(430 K). Examining the conceptual design of the bending 
chamber, we found an inadequate cooling rate on the 
photon absorber in this position. A new device has been 

design and a prototype is ready for the test. The 
design of a wiggler chamber and the new bending 
chambers for the insertion devices incorporate this 
detail. 

6. CONCLUSION 

After one year of commissioning and an 
accumulated beam dose of 10.0 Ah, the average 
dynamic pressure has reached 6.0 x 10"7 Pa at 40 mA 
beam current. The limitation of the lifetime is the 
elastic scattering on the residual gas. This pressure 
was obtained without NEG activation. The inefficient 
cooling rate at the bending magnet chambers has been 
identify and a new cooling device was designed. A 
new baking with NEG activation will be performance 
in the next shutdown period, a long with the change 
of the septum (5). 
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1   INTRODUCTION 

Measurements of spin-dependent electron scattering have 
the potential to greatly enhance our understanding of nu- 
cleon and nuclear structure. For example, spin observables 
in electron scattering from polarized hydrogen in the A- 
region are sensitive to a possible d-wave admixture in the 
quark wave functions of the nucleon or A-isobar. Mea- 
surements of elastic and quasi-elastic scattering from deu- 
terium and 3He are predicted to provide important informa- 
tion on the effects of S'- wave and D-wave components in 
the ground state of 2H and 3He and the largely unknown 
charge form factor of the neutron. Furthermore, a combi- 
nation of measurements on polarized hydrogen, deuterium, 
and 3He targets in deep-inelastic lepton scattering can be 
applied to measure the spin structure functions of the nu- 
cleon and to verify the Björken sum rule. 

The measurement of analyzing powers and spin- 
correlation parameters in spin-dependent electron scatter- 
ing from polarized nuclei is optimally performed by scat- 
tering electrons from a pure and highly polarized target. 
Polarized internal gas targets in electron storage rings have 
the advantage that spin-dependent scattering from chemi- 
cally and isotopically pure atomic species of high polariza- 
tion can be realized. They offer rapid polarization rever- 
sal and flexible orientation of the nuclear spin direction by 
using low magnetic holding fields, a low thickness at high 
luminosity which allows for the detection of low-energy re- 
coiling hadrons, and access to a broad kinematic range by 
using large acceptance detectors. For polarized deuterium 
one has the additional ability to reverse the tensor polariza- 
tion, Pzz, at fixed vector polarization, Pz, and vice versa. 
Subsequently, small systematic errors can be expected. 

This technique is currently exploited at the Amsterdam 
Pulse Stretcher (AmPS) storage ringfl] at NIKHEF, where 
ultrapure polarized hydrogen, deuterium, and 3He targets 
are available. In this presentation, we want to discuss the 
implications of the use of gas targets for the vacuum in the 
storage ring, and the strategy that was used at NIKHEF 
to optimize the luminosity by balancing between the con- 
flicting requirements of dense gas targets and high electron 
beam life time. 

In section 2 the polarized internal gas targets are briefly 
described. In section 3 the implementation of the gas tar- 
gets in the vacuum system of the ring is discussed. 

2   POLARIZED GAS TARGETS 

Figure 1 shows a schematic layout of the experimental 
setup with the hydrogen/deuterium target.    An atomic 

beam source provides the polarized hydrogen or deuterium 
atoms. The molecules are dissociated into atoms, and an 
atomic beam is formed at the nozzle, which is cooled to 
70 K. The hyperfine states with electron spin down are re- 
jected in the sextupole magnets. With RF-transition units 
between and after the sextupole magnets, an arbitrary selec- 
tion of hyperfine states can be made, in such a way that the 
nuclear polarization can be chosen freely. The atomic beam 
is injected into a T-shaped, open-ended storage cell, which 
is cooled to 100 K. The use of such a storage cell gives 
an increase of target thickness at the place of the electron 
beam of more than two orders of magnitude for the present 
configuration. Ions, produced by the electron beam, can be 
extracted by using a combination of electrostatic lenses, a 
spherical deflector, a Wien filter, and an ion collector, con- 
sisting of a tritiated titanium foil (see Fig. 1). The reac- 
tion 3H(d,n)4He was applied to monitor the polarization of 
the target gas in situ [3]. More details on the experimental 
setup can be found in Refs. [4, 2]. 

For the experiments on 3He, a metastability-exchange 
optical pumped target is used. A fraction of the 3He gas 
in a glass pumping cell is brought into the 23S'i metastable 
state. These metastables can be polarized by pumping with 
circularly polarized laser light (1.083 /zm) to a 2P state. The 
atoms in the ground state are polarized by metastability ex- 
change collisions. A fraction of the gas in the pumping 
cell is injected via a capillary into a cylindrical storage cell, 
which is cooled to 20 K in order to increase the target thick- 
ness at the beam, while keeping the flow limited. For the 
target currently employed at NIKHEF, we obtained 60 % 
polarization for a flow of 1017 atoms/s. Since the flow for 
the 3He target is larger than for the deuterium/hydrogen tar- 
get, and since He is more difficult to pump, we will discuss 
the vacuum system for the latter target in the next section. 

3   VACUUM SYSTEM AT THE TARGET AREA 

The use of gas targets may compromise the vacuum in 
the storage ring. This will deteriorate the beam life time 
and may introduce unwanted background from interactions 
with the rest gas. In the case of the NIKHEF storage ring, 
the vacuum has to be of high quality (better than 10-8 

mbar) especially downstream from the target area, since 
there a Laser-Compton Backscattering polarimeter is used 
to measure the polarization of the electron beam. The main 
background for this polarimeter is due to interactions of 
the beam with rest gas. Furthermore, the pumps in the ring 
outside the target region are titanium getter pumps, which 
cannot handle excessive loads of helium gas. The capacity 
for helium for the pumps in the AmPS ring (Varian Starcell 
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Figure 1: Schematic outline of the atomic beam source, 
Breit-Rabi polarimeter, internal target, and ion-extraction 
system. All components, except the target holding field, the 
neutron detectors (PS), and the correction magnets (CM), 
are inside the vacuum system. D: RF dissociator; CH: cold 
head; SI, S2, S3: sextupole magnets; MFT, SFT: medium- 
and strong-field transition units; SH: shutter; C: chopper; 
QMS: quadrupole mass spectrometer; RL: repeller lens; 
EL: triplet of ion-extraction lenses; SD: spherical deflector; 
AL: electrostatic lens; WF: Wien filter; IC: ion collector. 

ond differential pumping stage contain 1450 1/s and 300 
1/s turbo molecular pumps, respectively. All turbo molec- 
ular pumps are backed up by a turbo drag pump to obtain 
a high enough compression ratio. In order to assure an oil- 
free vacuum, membrane roughing pumps are used. Figure 
3 shows the helium pressure profile for an experiment with 
a flow of 4.2 x 1016 3He atoms/s. In a region of 1.5 me- 
ter the gas pressure drops by 5 orders of magnitude. Note, 
that the base pressure of the AmPS storage ring (without 
the presence of a gas target) is about 10-9 mbar. 

Studies of the gas pressure in the ring and in the target 
region for different gas flows demonstrated, that the Monte 
Carlo code predicts the local pressure correctly within bet- 
ter than a factor of two. 

In summary, the requirements of dense gas targets and 
high vacuum in the storage ring have been met by design- 
ing a three-stage differential pumping system. The system 
is capable to reduce the gas load of the target to the storage 
ring sufficiently, obtaining a decrease in pressure of five or- 
ders of magnitude in only 1.5 meter. The system has been 
tested in the ring and performs in accordance with the spec- 
ifications. 

4    REFERENCES 

[1] G. Luijckx et al., in Proceedings of the 1995 Particle Ac- 
celerator Conference and International Conference on High- 
energy Accelerators, (Dallas, May 1995). 

[2] Z.-L. Zhou et al., Nucl. Inst. Meth. A364,44 (1995). 

[3] Z.L. Zhou si et al., Nucl. Inst. Meth. A379, 212 (1996). 

[4] M. Ferro-Luzzi etal., Phys. Rev. Lett. 77, 2630 (1996). 

[5] O. Postma, NIKHEF internal report MT 96-3 (March 1996). 

919-0103) is limited to about 1 mbar*l per pump. It is clear, 
that one wants to minimize the gas load of the target to 
the ring vacuum. Therefore a differential pumping system 
has been developed. The sections are separated by (mov- 
able) conductance limiters, which have a circular aperture 
through which the electron beam can pass. The positions 
and diameters of the conductance limiters are optimized 
for the boundary conditions set by the ß functions of the 
electron beam and the ratio between ballistic and molecular 
flow (where the ballistic flow consists of atoms leaving the 
storage cell at such small angles with respect to the electron 
beam that they can pass the conductance limiters without a 
single wall collision). 

Figure 2 shows the setup in the target area. Monte-Carlo 
studies were performed to choose the optimal solution in 
terms of costs and pumping speed for the target area sec- 
tion [5]. The target chamber is pumped by two pumping 
stations containing 32001/s turbo pumps (22001/s for N2, 
32001/s for He). The ring is separated by the target cham- 
ber by three sets of conductance limiters. The first and sec- 
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Figure 2: The differential pump system in the target area 
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Figure 3: The pressure profile for an experiment, flowing 4.2 xlO16 atoms/s of helium gas 
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OPERATION EXPERIENCES FOR PLS VACUUM SYSTEM* 

D. Park, Y. J. Han, C. K. Kim, S. M. Chung, and I. S. Ko 
Pohang Accelerator Laboratory, POSTECH, Pohang 790-784, Korea 

Abstract 

The ultra-high vacuum system of the PLS electron 
storage ring was successfully commissioned in July 1995. 
Since then, it routinely provides a dynamic pressure of 
about 7x10-10 Torr. j^^ measured beam lifetime is more 
than 10 hours with 100 mA beam at 2 GeV. The rapid 
recovery of normal operation after installation of new 
components is achieved without in-situ bakeout by using 
a dry venting system. We present operation experiences 
with the NEG pumps and the performance of the vacuum 
system. 

1 INTRODUCTION 

The Pohang Light Source (PLS) of the Pohang 
Accelerator Laboratory is a third generation synchrotron 
light source with a nominal electron beam energy of 2 
GeV. The PLS started its commissioning in September 
1994. The PLS was successfully commissioned in July 
1995 and opened to users in September 1995. The 
storage ring (SR) vacuum system of the PLS has been 
operated since September 1994. The design, fabrication, 
testing and installation of the vacuum system have been 
reported elsewhere [1,2]. In brief, the vacuum system is 
made of either machined A5083 and extruded A6063 
aluminum alloy vacuum chambers. The system is 
mainly pumped by combination pumps which consist of 
non-evaporable getter (NEG) pumps and sputter ion 
pumps (SIPs). The PLS vacuum is now so good that 
improving it would have almost no effect on beam 
lifetime; lifetime is mainly limited by intra-bunch 
scattering of electrons, not by electrons scattering with 
residual gas molecules. The average pressure of the SR is 
around 3xl0'10 Torr without beam and about 7xl0_*0 
Torr with 100mA of stored beam at 2 GeV. In this article, 
the operation experiences of the vacuum system, 
including NEG operations, recovery works, and the 
performance of the vacuum system are described 

2 COMMISSIONG OF THE VACUUM SYSTEM 

The installation of the SR vacuum system was completed 
on June 7, 1994. The vacuum system underwent two 
operational phases according to the storage ring 
commissioning [3]. At the SR phase I commissioning, 
the vacuum system was pumped only by SIPs without 
NEG activation and without bakeout. Before the first 
beam injection on September 1, 1994, the ultimate static 

vacuum reached about 8x10'9 Torr. With the beam 
stored, the pressures increased abruptly due to the photon 

induced gas loads (PIDs).  The specific pressure rise was 

measured as high as 2xl0-' Torr/mA initially and reduced 

to lxlO-" Torr/mA at the end of phase I commissioning. 
After the phase I commissioning, efforts were made 

to improve beam lifetime due to the gas scattering in two 
ways; by enhancing the pumping speed and by 
accumulating beam dose. Firstly, the SR vacuum system 

was baked at about 90°C for 48 hours. Although the 
PLS aluminum vacuum chambers could be baked to 

150°C by using pressurized hot water, the transverse 
deflection at the end of the chamber was so large that the 
bakeout temperature was reduced practically to less than 

100°C to prevent RF shielded bellows from breaking 
down. The NEG pumps were activated at 450°C for 
about 45 min. at the end of bakeout period.   The average 
static vacuum was then low 10"*" Torr, and the specific 
pressure rise due to the PID decreased immediately after 
the NEG activation. The phase II commissioning began 
on April 4, 1995. During this period, the beam was 
stored as high as possible in the night in order to clean up 
the photon irradiating surfaces by accumulating the beam 
dose and hence to lower beam-gas scattering. As a result, 
a rapid increase in lifetime from 150 min. to 10 hours at 
100 mA was achieved at the end of the phase U 
commissioning. 

On September 1, 1995, the first beam was delivered 
to users. During the user service period, there was a 
machine shut down due to the water leak at the brazed 
interface with copper to stainless steel in the strip photon 
absorber on October 19, 1995. The machine resumed to 
store beam on November 13, 1995 after the repair work. 
An operation efficiency of the scheduled beam time was 
65% in 1995 due to the water leak. But the system has 
been in normal operation since 1996 and an operation 
efficiency of more than 90% is routinely achieved. 

3 VACUUM PERFORMANCE 

Fig. 1 shows the reduction of specific pressure rise due to 
the PID measured as a function of the accumulated beam 
dose (Amp.hr). The specific pressure rise was 6x10'" 
Torr/mA at 1 AH and gradually reduced due to the beam 

self-cleaning effect to 1x10'" Torr/mA at 7 AH where the 
system was pumped by SIPs only. After the NEG 
activation, the specific pressure rise reduced immediately 
to lxlO"10 Torr/mA at 12 AH and finally reached 3x10' 
11 Torr/mA with a slope of about -0.7 at the end of 
commissioning. 

Fig. 2 shows the residual gas spectra with and 
without the beam.  The composition of the residual gas 
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has drastically changed with the beam stored. The gases 
desorbed were, in order of importance, H2 followed by 
CO, CO2, and CH4 with small traces of Ar. After enough 
beam dose(>600AH), H2 was still the predominant 

component, followed by CO, CO2, and CH4, while H2O 

was effectively cleaned up. 
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Figure 1: Reduction of pressure rise along with measured 
beam lifetime with respect to the accumulated beam dose. 
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Figure 2: Typical residual gas spectra; without beam and 
with 100mA stored beam. 

Fig. 1 also shows the measured and calculated beam 
lifetimes. The beam-gas lifetime calculated with the gas 
compositions described in Ref 3. The measured lifetime 
at 100mA beam current was in good agreement with the 
calculated one for low beam dose, meaning that the beam 
lifetime was limited by beam-gas scattering, i.e., 
Coulomb and Bremsstrahlung scatterings. The measured 
lifetime during the phase I commissioning was less than 
50 min. at 100mA. After the chamber bakeout and the 
NEG activation, the lifetime jumped to about 150 min. 
and finally reached to about 10 hours with 100 mA beam 
by the end of the commissioning. 

As shown in Fig. 1, the vacuum system reached its 
designed value of low 10"^ Torr with lifetime in excess of 
10 hours after the accumulated beam dose of 50AH. The 
scattered data in lifetime between 200-600 AH reflects the 
machine operation parameters. For example, the beam 
lifetime increases to more than 30 hours when the filling 
pattern of the electron beam is uniformly distributed, and 
decreases to about 10 hours at 100mA when the machine 

is operated to reduce the beam instability. After the beam 
dose of 400AH, the lifetime does not vary with the 
pressure, which strongly suggests that the lifetime is 
limited by pressure independent Touschek effect. 

4 NEG OPERATION 

The lumped NEG wafer module(WP950) used for the PLS 
is ST707( made by SAES Getters.  The NEG is activated 
typically at 450°C for 45min. Since the installation of 
the vacuum system in September 1994, the NEG pumps 
of the complete ring have been reconditioned twice. The 
first time was after the phase I commissioning (after 7 
AH of beam dose) with in-situ bakeout, and the second 
time was after about 320 AH accumulated beam dose. 
Additional reconditionings have been carried out in sectors 
opened for repairs and new beamline front-end 
installations. 

After the absorption of 0.1 Torr(l per module, the 
pumping speed of the NEG drops below 60% of its initial 
value with the gas composition of 90% H2 and 10% CO 
[2]. Assuming the total operation time about 5,000 
hours per year, the sorbed quantity is comparable to the 
point where the speed drops to 60% of its initial speed. 
And the distributions of the gas loads, and hence 
pressures, are somewhat varies around the SR due to the 
thermal load, leaks, and the PID. So, the periodical 
regeneration is necessary to keep the maximum 
performance. The reconditioning is planed yearly in the 
summer maintenance period. 

The reconditioning procedure consists of closing of 
sector valves and switching off the SIPs to avoid the 
degradation of its performance. The typical operation 
takes about 4 hours. The NEG pumps are activated by 
heating them gradually to the predefined temperature. The 
NEG modules are connected each other in series to keep 
the current low from one power supply.   The current is 

set at 37 amps to activate NEG at 450°C. After the ion 
gauges are degassed, the SIPs are switched on at pressures 
below 10"7 Torr. A mobile pumping system is then 
disconnected at about 5x10"" Torr due to the poor H2 
compression ratio of a magnetic turbo pump backed by a 
dry mechanical pump. 

In order to find an optimum regeneration condition, 
we have made several measurements with different 
activation temperatures. The regeneration is carried out as 
a function of the activation temperature. The results are 
shown in Fig. 3.   The NEG pumping speeds are restored 
when the regeneration temperature is higher than 310°C 
and the pressure improvements are comparable with 
various    temperatures. However,     the     pressure 
improvement after reconditioning is significant when the 
pressure before reconditioning is in the range of 10"lü 

Torr. This means that the pumping speed of some parts 
of the SR drops to a very low value. It can be seen from 
Fig. 3 that the periodic regeneration is necessary and the 
regeneration at 350°C for about 45 min. is the most 
effective way to restore the NEG pumping speed. 
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Figure 3: Pressure improvement; the ratio of pressure 
before the regenerations to pressure after the regenerations. 
Numerics stand for the duration of regeneration in min. 

5 VACUUM RECOVERY 

The PLS requires extremely clean vacuum and the normal 
operation condition should be recovered even without 
bakeout in a reasonably short time. Backfilling of the 
vacuum system should be done with a moisture-free 
nitrogen gas. To meet this requirement, a dry venting 
system (DVS) has been used since the machine start-up 
[4]. Recently, new DVS has been developed in the 
laboratory. It consists of a LN2 Dewar, an evaporator, 
and a diffuser. The DVS works without bakeout in such a 
way that moisture is frozen out at LN2 temperatures and 

then pure N2 gas is introduced into the chamber. Fig. 4 
compares typical pump down curves measured with 
different venting gases; ambient air, liquid nitrogen boil- 
off, and dry nitrogen. The venting effectiveness is 
apparent as seen from Fig. 4. So far, 10 sectors have 
been let up to dry nitrogen for repairs and new 
components installations. The relatively rapid recovery 
could be obtained using a procedure that includes dry 
venting, heating of SIPs, 1 hour NEG activation at 
450°C and subsequent 24-hour pump down. It usually 
takes two or three days. After 1-2 AH of accumulated 
beam dose in case of a photon absorber replacement, the 
beam lifetime was almost the same as before the venting 
as shown in Fig. 5. This means that the dry venting is 
quite good and only PID from the new component appears 
to cause the pressure rise. Further to minimize the new 
component effect, a special surface treatment for the 
vacuum components is necessary and its study is under 
way. 
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Figure 4: Pump down curves with different venting gases. 
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Figure 5: Typical recovery of beam lifetime after a photon 
absorber replacement 

6 SUMMARY 

The operation experiences as well as the performances of 
the vacuum system for the PLS storage ring have been 
described. The relatively fast recovery of normal 
operation condition is achieved by a dry venting without 
bakeout. But we often perform a mild bakeout after a 
long shut down. Now 10-hour beam lifetime is achieved 
within 4 days with the stored beam of 100 mA at 2 GeV. 
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VACUUM SYSTEM DESIGN USING SYMBOLIC NUMERIC PROCESSORS 

Wayne D. Cornelius, Scientific Solutions, PO Box 500207, San Diego CA 92150 

Abstract 

The widespread availability of software for the personal 
computer (Maple, MathCAD, Mathematica, etc.) 
provides a convenient means of analyzing the design of 
vacuum systems for large and small facilities. The 
overall vacuum system is easily expressed as a matrix 
equation that includes surface outgassing and vacuum 
pumping rates and can include such effects as opening 
and closing of valves. Once the matrix equation has 
been defined, it is a simple matter to derive pressure 
solutions as a function of the different variables and to 
determine the effects of opening or closing valves. Thus 
one can derive the vacuum pressure in each section of 
the entire system as a function of these variables and 
quickly optimize the overall vacuum system design. 

1. INTRODUCTION 

Because of the relative uniqueness of each 
accelerator facility, the designs of their associated 
vacuum systems also tend to be unique. Often a great 
deal of effort goes into the overall system design and 
relatively little of this accumulated analysis effort can be 
applied to the following generations of facilities, in some 
cases because the technology has changed and in other 
cases because the facilities are not compatible. Some of 
these vacuum design efforts have been archived into 
relatively crude vacuum-design programs that are 
generally too narrowly focused or are difficult to adapt 
and are not widely used within the community. The 
purpose of this paper is to introduce a mathematical 
formulation for the design of a vacuum system that is 
compatible with analysis using one of the symbolic 
numeric processors now available for the personal 
computer. 

In the past, this author has been involved in the 
design of several vacuum systems. Virtually all of these 
designs were started from scratch because no coherent 
design framework survived the gap between projects. 
The vacuum design system was reinvented with each 
new project, usually in the form of rough calculations 
performed with the help of a calculator. More recently, 
some assistance in the form of computer-assisted 
characterization of various components has helped the 
design process [1], but these codes are generally limited 
in their flexibility and the relatively small number of 
allowed elements is particularly inconvenient for the 
analysis of the large and complicated systems generally 
associated with accelerator facilities. 

The widespread availability of symbolic numeric 
processor environments for the personal computer (such 
as MathCAD [1], Maple [2], Mathematica [3], Macsyma 
[4], etc.) now provides a convenient framework to 
support the design of large and complicated vacuum 
systems. The mathematical model introduced below 
provides a framework for using symbolic processors to 
design both simple and complex vacuum systems. 

2. MATHEMATICAL FRAMEWORK 

All vacuum systems can be modeled as a series of 
chambers or segments comprised of outgassing surfaces 
with mutual conductances between adjacent segments. 
In each segment, n, the mass flow of gas, Qn(Torr- 
liters/sec) is equal to the outgassing from the surfaces of 
that segment, Rn, plus the gas conducted in from the 
adjacent segments minus the gas conducted out into the 
adjacent segments and minus any vacuum pumping, V, 
connected to that segment: 

ß„=ÄB+(PB_1-PJ-CB_1>ll + 

where Pn is the pressure in segment n and Cn m is the 
conductance (liters/sec) between segment n and segment 
m. Since Cn m = Cm n , we can write: 

Qn=K+c, n-\,n 

+ C P 

■ n-1       (^n-l,n ~*~ ^n+l.n / ' "n 

V     P   . n       n 

Conservation of mass ensures that these flow rates 
balance and the net mass flow is zero, Qn-»0. Therefore 
the vacuum system can be modeled as the sum of a tri- 
diagonal conductance matrix, C, and a sparse diagonal 
vacuum pumping matrix, V, multiplying a pressure 
vector, P, being equal to a gas-effusion rate vector R: 

(C+V)P = R (1) 

The vacuum pressure vector, and hence the vacuum 
pressure in each segment of the system, is given by the 
solution of Equation 1. Conservation of mass also shows 
up in the conductance matrix by requiring the sum of all 
elements in a row to be zero. This feature is a useful 
cross-check to ensure that the conductance matrix has 
been properly defined. 

Since the conductance is generally a strong function 
of pressure, Equation 1 is non-linear except in the 
molecular-flow pressure region.   The examples used in 
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this paper are restricted to that regime where the 
conductance is constant. Since the goal of the vacuum 
system design is usually to compare the ultimate 
pressures in the system with the vacuum requirements, 
the pumpdown characteristics are usually addressed after 
the design is more or less complete. Hence the solution 
of Equation 1 in the molecular flow region is the 
primary focus of this paper. 

In principle Equation 1 can be solved in the higher 
pressure regions by an iterative schemes follows. The 
conductance at a particular pressure is used to derive an 
initial conductance matrix. That conductance matrix 
and the vacuum pumping speed at that pressure are used 
to derive a new pressure vector using Equation 1. That 
new pressure vector is then used to derive new 
conductances etc. This scheme can be used bootstrap 
the system from atmospheric pressure into the molecular 
flow region and hence derive the pumpdown 
characteristics of the system. 

Deriving solutions to Equation 1 is relatively simple 
using one of the symbolic numeric processor packages. 
The examples used in this paper were produced using 
MAPLE V, Release 3. Although MAPLE provided 
quick solutions to the problems posed, Release 3 lacks 
the capability of saving the results in any format except 
the MAPLE environment. This feature is particularly 
inconvenient for translating results into written reports or 
in producing output that can be copied into other 
environments such as word processors or spreadsheets. 
Apparently more recent versions of MAPLE support 
cross-platform compatibility in the Windows 
environment. 

3.    EXAMPLES 

The first example, illustrated in Figure 1, is a simple 
10-element beam transport line with three potential 
locations for vacuum pumps. The beam line is 
comprised of 61 cm lengths of 10 cm ID tubing and the 
pump boxes are 30 cm cubes with 100 1/sec ports for 
attaching vacuum pumps.   The outgassing  rates were 

Each tube segment is 61 cm 
of 10 cm ID tube 

Each box is a 30 cm cube 

6 10 

V V 
100 l/sec 1001/sec 

Potential Vacuum Pump Locations 

100 1/sec 

taken from Appendix C of reference 5. The pressures 
expected from placement of a single 100 1/sec pump in 
segment 3, 6, or 10 are illustrated in figure 2. 

25 

4        5        6 
Segment # 

10 

lPunpinSeg3   ♦PunpinSeg6   *Pump in Seg 10 I 

Figure 2.   Plot of vacuum pressures of the Example 1 
vacuum system for different pump configurations. 

The second example is a 70-250 MeV proton beam 
transport line comprised of two sections, a switching 
magnet, and in-line valves (Figure 3). The beam exiting 
a cyclotron is directed by a pair of 30° bends towards the 
switchyard and proton therapy treatment gantries. The 
beam transport line is comprised of 6 cm ID tubing with 
8 cm by 4 cm rectangular tubing in the dipole magnets. 
The vacuum system design model is comprised of 43 
elements. Each segment in the model consists of an 
outgassing surface connected to adjacent regions by the 
effective conductances computed from formulae in 
reference 5. A closed valve is represented by zero 
conductance between segments. 

QM42 

Q21 Q22 B23   QS0I QS02 QS03 

Figure 1. Example 1 beamline consisting of ten 
segments with potential pumping ports in segments 3, 6, 
and 10. 

Figure 3. Beamline geometry of example 2. This 
beamline is comprised of two branches with in-line 
valves. 

3637 



The goal of this particular vacuum system design 
was to minimize the number and size of vacuum pumps 
while maintaining a low level of scattering from the 
residual gas atoms in the vacuum. 

Equation 1 was modeled in MAPLE using the 
various conductances, outgassing surfaces, and vacuum 
pump configurations. Table I provides a matrix of 
solution parameters and the resulting vacuum profiles 
are illustrated in figure 4. Figure 4 is notable not 
because of the information displayed, but because all 
nine different vacuum configurations were analyzed 
within a few seconds. The conclusion that can be drawn 
from figure 4 is that only three vacuum modes are 
important and the pressure profiles fall within one of 
these three categories. The final vacuum system design 
consists of two 100 1/sec vacuum pumps in the Q22 and 
Q34 segments and no pumping elsewhere in the system. 

Table I. The beamline vacuum system model was solved 
for the following configurations: 

20 

|A «B *C DD «E &F *G * 

Figure 4. Vacuum pressure solutions of example 2 for 
the conditions listed in Table I. Segments 13-26 
represent the left-hand branch of the beamline while 
Segments 27-43 represent the straight-through branch. 
The gap in the left-hand branch pressure values 
illustrates the result of closing the in-line valve to that 
branch. 

4. SUMMARY AND CONCLUSIONS 

A mathematical description of a generic vacuum 
system was derived. This matrix formulation is easily 
implemented in one of the symbolic numeric processors 
available for the personal computer thus facilitating the 
analysis and design of simple and complex vacuum 
systems as illustrated in the examples. Although these 
examples illustrate ultimate vacuum pressures in the 
molecular flow pressure region, the mathematical 
framework can be used to derive pump-down 
characteristics. 

Mifig Q22 Pump Q34 Pump Valve #1 Valve #2 
[D Status Status Status Status 
A OFF ON OPEN OPEN 
B OFF ON OPEN OPEN 
C ON OFF OPEN OPEN 
D ON ON CLOSED OPEN 
E OFF ON CLOSED OPEN 
F ON OFF CLOSED OPEN 
G ON ON OPEN CLOSED 
H OFF ON OPEN CLOSED 
I ON OFF OPEN CLOSED 
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ENERGY RING ARC BELLOWS MODULE* 
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Abstract 

An update on the Arc bellows module for the PEP-II High 
Energy Ring is presented. Final design, manufacturing 
issues, material and coating selection, and tribological and 
RF testing are discussed. Performance and operational 
requirements are also reviewed. The RF shield design has 
been proven during assembly to allow for large 
manufacturing tolerances without reducing the mechanical 
spring force below required values. In addition, the RF 
shield maintains electrical contact even with large 
misalignments across the module. 

1. INTRODUCTION 
A novel RF shield bellows module developed at SLAC 
has been successfully manufactured and installed in the 
PEP-II High Energy Ring (HER). Tests indicate that the 
module meets its performance and operational 
requirements. The primary function of the bellows module 
is to allow for thermal expansion of the chambers and for 
lateral, longitudinal and angular offsets due to tolerances 
and alignment, while providing RF continuity between 
adjoining chambers. 

Figure: 1 HER Arc Bellows Module 
To make a more robust design and reduce RF shield 

failure, a "double finger" mechanism was developed. This 
improves on previous designs by keeping high 
temperature areas away from high stress areas. The hot 
RF shield does not provide the contact force, but is held 
by lower temperature backing fingers. Alumina-dispersion 
strengthened copper (GlidCop®) and Nickel-chromium 
alloy (Inconel®) were the materials selected. 

2. ARC CELL DESIGN 
The HER circumference is 2.2km and stores 3000mA of 
9GeV electrons [1]. The HER is hexagonal, with six arc 
regions 240 m in length and six straight regions 120m in 
length. A cell consists of two dipole magnets, separated 
by a quadrupole/sextupole doublet with 16 cells per arc. 
The dipole and quadrupole chambers   are  made  from 

octagonal copper extrusions, and the bellows module 
bridges the gap between the dipole and the quad chamber. 

3. DESIGN DESCRIPTION 
The design employs a silver plated high conductivity 
GlidCop Al-15 RF shield finger which slides and makes 
electrical contact on the outside wall of a Rhodium plated 
GlidCop Al-25. This assembly preserves the chamber 
profile to create a uniform beam pipe. A welded bellows 
maintains vacuum and allows for travel with lateral offset. 

WELDED BELLOWS 

ft'SiSC 

Figure 2: Bellows Module Assembly Drawing 

The bellows module is designed to satisfy several key 
requirements. First, it allows for thermal expansion of an 
arc half cell. Table 1 lists the different scenarios for 
thermal motion. It is also requires that the module 
compress 19mm for installation. The major concern 
during installation is to consistently seal the flanges and 
to install the module without damaging the delicate RF 
seals on each end. In addition, a lateral offset of +lmm 
and 25mrad of angular misalignment is required for 
fabrication and chamber alignment tolerances. Note that 
the lateral offset is limited by the welded bellows and not 
the RF shield. 

Scenario    Description Travel Cycle: 
Max. Compression, Installation 19 mm 100 

Max. Extension, 1.3 mm 20 

In-Situ Bake (150°C) 11 mm 10 

Beam Off/On 5 mm 10,000 

Filling 3.8 - 5 mrr 200,0OC 

Table 1: Thermal and Installation Travel Scenarios 
Another primary function is maintaining a 

continuous chamber and electrical conduction path to 
minimize beam instability and impedance. RF shield 
failure could result in creating a cavity which produces a 
trapped mode. The RF shield fingers slide on the outside 
wall of the stub, which ensures that potential failure will 
not result in the fingers falling into the beam tube. The 
sliding joint produces an inward 1.5mm step which 
eliminates the potential for mode trapping. The size of the 

* Work supported by the U.S. Department of Energy under contract number DE-AC03-768FÖ0515 
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step is driven by two features: the mechanical stability of 
the stub wall and the rounded contact surface at the tip, 
which ensures that the shield finger will not make a 
secondary contact on the stub. 

The module also required masking to be from 
intercepting a synchrotron radiation strike of up to 
1170W/cm2. An offset of 5mm between the Dipole and 
Quadrupole chamber was used to shadow the module with 
minimal change to the volume of the beam passage. The 
offset was produced by tapering the upstream flange. The 
module produces a calculated 0.061nH inductive 
impedance [2]. 

For every RF shield finger there is a mating Inconel 
718 spring finger which applies an average of 170g of 
force to provide sufficient electrical contact. Previous RF 
shield designs had dual purpose fingers which served as 
both the spring and the shield. However, this is extremely 
difficult to implement successfully since conductive 
materials do not exhibit the mechanical properties of high 
temperature springs. 

The conductivity of the materials used for electrical 
contact joints are key parameters in its current carrying 
capacity. Numerous designs in the past utilized Beryllium 
Copper (BeCu) for the RF shield. The thermal 
conductivity of GlidCop Al-25 is 90% of copper, and a 
factor of two higher than BeCu. Also, the mechanical 
properties of BeCu are extremely sensitive to the 
precipitation age hardening process conducted after 
forming. Due to the hardening process, BeCu is also 
susceptible to overaging, which significantly lowers the 
strength properties at slightly elevated temperatures. The 
yield strength of GlidCop is slightly reduced to 448MPa 
at 1000°C [3], which is the braze temperature for the RF 
shield sub-assembly. This decrease in yield strength is not 
sufficient to cause permanent distortion due to lateral 
offsets across the fingers. Stress relaxation at elevated 
temperatures does occur in GlidCop, but does not affect 
the contact force. 

4. THERMAL/STRUCTURAL ANALYSIS 

4.1 Thermal Loading 

There are four primary sources of heat: 0.25 W/cm2 

scattered SR, 0.04W/cm2 from ohmic losses, 0.07W/cm2 

from HOM Heating and localized heating due to high 
frequency and large image currents in vacuo from contact 
resistance. The total heat load applied on the inside 
perimeter is 0.36W/cm2 

4.2 RF Shield/Spring Finger 

GlidCop was used for the stub and shield for its high 
thermal and electrical conductivity, its mechanical 
stability at high temperatures, and manufacturabilty. The 
temperature at the tip of the shield finger is balanced 
against structural loading. Thin shield fingers are stressed 
by the lateral and angular offsets across the module. 
Required finger length determined by the total travel of the 
module is 30 mm. The thickness and width of the RF 

shield is optimized to decrease tip temperature, keep the 
bending stress at the base below yield, maintain the force 
due to operational bending stress below 28g and prevent 
buckling. ANSYS calculations show that the cooling on 
the flange will keep the base of the majority of shield 
fingers at 65°C. The majority of the fingers could reach 
91°C based on 0.5W/cm2 of heat flux, with a few of the 
tip temperatures slightly exceeding 100°C. Test data 
indicates minimal stress relaxation in GlidCop at 300°C 
[3]. The consequences of a high tip temperature are 
reduced by the independent Inconel spring fingers. These 
isolate the high-temperature region at the ends of the 
shield fingers from the high-stress area at the base of the 
spring fingers. 

When the module is fully compressed during 
installation and has a lateral offset of 1.3mm, the bending 
stress is only slightly below yield. If handled properly it 
would be difficult to apply the full lateral offset allowed 
by the module restraints. A 1.3mm offset during normal 
operation produces 83MPa stress at the root and less than 
10g of force. This bending stress does not significantly 
affect the contact force because the spring fingers are 15 
times stiffer. 

Calculations indicate that the critical buckling force 
for the RF shield is two times higher than the load. 
Analysis assumed pinned ends and a coefficient of friction 
of 1 for Silver on Rhodium in vacuum. To confirm that 
buckling is not a problem in this design, a test at the 
worst case extension and highest load was performed. 
Buckling was not observed. 

The pre-deflection on the Inconel spring applies 85 to 
200g on the shield finger and is relatively insensitive to 
manufacturing tolerances. The bending stress at the root is 
nominally 60 percent of yield. Inconel 718 was selected 
for the spring because of its high strength, high 
temperature capabilities and ease of manufacture. 

4.3 Stub 

ANSYS calculations using a stainless steel stub and 
lW/cm2 heat flux produces a maximum temperature of 
273°C. GlidCop Al-15 was used instead to increase the 
conductivity, which reduces the heat flux to 0.5W/cm2 

Calculations for the GlidCop stub produced an acceptable 
peak temperature of 45°C. 

5. TESTING 

5.1 Plating 

Plating adhesion is critical for solid lubrication and for 
dust reduction. An acid etch test was used to confirm that 
the adhesion between the Rhodium and the base material 
was acceptable. No surface asperities were observed when 
the plating was brought to 500°C. The adhesion of the 
silver plating was also verified prior to and during 
manufacturing by firing the part at 900°C. 
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5.2 Sliding Joint Tribology 

The tribology of the sliding joint in vacuo is a concern 
for three reasons: overheating or galling at the contact 
joint could cold-weld a finger to the stub, insufficient or 
excessive lubricity from silver plating could produce 
excessive dust, and plated surfaces could behave below 
expectation at elevated temperatures. Initial tests were 
performed at SLAC using 4.7mm of travel for 200,000 
cycles. Forces from 55 to 200g were applied using 
various silver plating thicknesses at ambient temperature 
and 200°C. Results indicated that a combination of 5|im 
of rhodium plating on the stub and 13 |xm of silver on the 
shield and produced an acceptable sliding joint. 

Final cyclic testing was performed using the correct 
geometry, materials, and plating thickness. The fingers 
were cycled to traverse a distance equal to 150,000 cycles 
of 1.3mm travel. Qualitative analysis showed no 
indication of wear to the base metal and negligible dust 
production. The shield was plated with 13|J,m of silver and 
the Rhodium was plated with 2.5(im. 

5.3 RF Contact Integrity 

The integrity of the RF contact was confirmed for the full 
lateral, angular and longitudinal motion of the bellows 
module. No configurations were found where contact was 
lost between the finger and stub. 

5.4 Welded Bellows Cyclic Testing 

The lateral offset of the bellows module was limited by 
the cyclic lifetime of the welded bellows. Calculations 
indicated that the maximum allowable offset was only 
0.76 mm. Results of cyclic lifetime testing found that an 
offset of 1.3 mm was acceptable. 

5.5 Resonances in Bellows Module 

Possible resonances of the bellows module were tested at 
LBNL by studying TE and TM modes propagating along 
the beam pipe. A poorly coupled TE mode resonance was 
found at 2.48 GHz. This resonance corresponds to a half- 
wavelength between the bellows flanges. It was estimated 
that only 20 percent of the propagating TE mode power 
will be lost to this resonance. Measurements showed no 
significant resonances coupled to the TM modes. 

5.6 Power Testing 

The goal of this test was to determine if the contact load 
is sufficient to transfer RF current without significant 
heating due to the contact resistance between the RF 
shield and the beam pipe. Previous experiments found that 
conductivity is an important parameter for high current 
carrying capacity across an RF joint [4]. The higher the 
conductivity, the lower the contact resistance and the 
lower the local temperature at the contact. A low 
temperature at the contact is desired to reduce cold welding 
of the two materials. 

The test apparatus built at SLAC employed the 
Straight Section bellows module. The materials and 
contact forces of the RF shield fingers and stub plating 

were the same for the HER Arcs bellows module. 
Therefore, the test results pertaining to contact force and 
current carrying capacity is applicable. 

The bellows module was subjected in vacuum to 1.5 
times higher current than is expected at 3 A circulating 
current for PEP-II. The contact showed no signs of 
damage from this test. 

5.8 Residual Gas Analyzer (RGA) Scans/Bake Out 

RGA scans were performed to ensure that the part was 
compatible for ultra high vacuum. After 24 to 48 hours at 
200°C, there were no peaks above mass 44. The bellows 
module showed no indication of mechanical failure or 
reduction of contact force. 

6. MANUFACTURING 
Minimal fixturing was necessary during final assembly of 
the bellows module. The springs were deflected away from 
the mating stub using dowel pins and the RF shield was 
inserted. The spring fingers went through numerous 
inspections during their manufacturing process to ensure 
that the pre-deflection was in the range needed for the 
spring force. All forces inspected were greater than 85g 
and the average was approximately 170g. 

7. INSTALLATION 
The inner chamber profiles from each end of the module 
were aligned using precision dowel pins, these pins were 
also used as datums to align the Dipole with respect to 
the Quad chamber. Furthermore, the pins aided in mating 
the RF Seals by reducing any transverse motion while 
being compressed between the two flanges. To mitigate 
potential problems during the early stages of installation, 
approximately 15% of the chambers were boroscoped for 
RF continuity. 

8. FUTURE WORK 
The HER Arc RF shield bellows module has been adapted 
for several different areas of the ring. Bellows for the 
Interaction Region are similar in design. The design has 
also been modified for a round chamber in the abort line 
and is currently being assembled. PEP-II is working on 
applying this design for the LER Arc bellows and the 
LER Straight Section bellows which will be installed at 
the end of this year. 
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PHOTON STIMULATED DESORPTION PHENOMENA AT THE TAIWAN 
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Abstract 

The photon stimulated desorption (PSD) by the 
synchrotron radiation irradiated from the Taiwan Light 
Source (TLS) vacuum chambers were analyzed. The 
desorption behavior of the various gas species were 
compared by either adjusting the electron beam orbit and 
hitting the photons on the fresh chamber walls or turning 
off the pumps. The dominated gases during the earlier 
years' operation are the H2, in concentration of > 90%, 
followed by other gases, e.g. CO, H20, CH,, etc.. 
However, some of the massive gas species, e.g. CxHy, 
CxFy, were observed after replacing the new vacuum 
parts or unsuitable baking the O-ring gate valves in 
higher temperature. The contaminated gases are to be 
reduced by beam-self cleaning treatment. Planning in 
upgrading the storage ring vacuum system is also 
described. 

1    INTRODUCTION 

In the Taiwan Light Source (TLS) of the Synchrotron 
Radiation Research Center (SRRC), three insertion 
devices, W20 wiggler (1.8 Tesla, 25 poles), U10P 
undulator (1.04 Tesla, 37 poles), and U5 undulator (0.675 
Tesla, 75 poles), have been built and installed in the 1.3 
GeV electron storage ring since the spring of 1995 to the 
spring of 1997[1]. The long straight section vacuum 
chambers were replaced by the new vacuum chambers for 
the insertion devices[2,3]. The photon stimulated 
desorption (PSD) phenomenon is continuously monitored 
by the residual gas analyzers located near the new 
chambers, and the performance of the vacuum system 
after installing the new chambers were also 
compared[4,5]. Several upgrading works to improving 
the performance of the TLS vacuum system are planned 
during the periods of the installation. The PSD 
phenomenon and the upgrading programs will be 
reported in this article. 

2   PHOTON STIMULATED DESORPTION 

The photon stimulated desorption (PSD) by the synchro- 
tron radiation were measured by the quadrupole mass 
spectrometers located near the bending chambers. The 
dominated gases desorbed from the vacuum chamber 

Figure l:Mass spectrum near the bending chamber closed 
to the O-ring gate valve at a stored beam. 

during the currently routine operation are the H2, in 
concentration of > 90%, followed by other gases, e.g. CO, 
H20, CHt, etc.[6]. However, an unsuitable baking an 
O-ring sealed gate valve to a temperature of 300 °C was 
occurred at once of baking a bending chamber in the 
storage ring by the end of 1996. Unlike other sections of 
the storage ring, some of the massive gas species, e.g. 
CxFy, were clearly observed at the bending chamber 
closed to the over-baked gate valve after baking as well as 
during a stored electron beam. Figure 1 shows the mass 
spectrum near the bending chamber at a stored beam 
which reveals the families of the cracked molecular ions 
decomposed from the CxFy molecules. The CF3

+ ion, 
with mass number of 69, was selected as a better role to 
represent the behavior of the families of CxFy+ cracking 
ions for easier illustrating the PSD phenomenon in 
various conditions in this article. Figure 2 shows the 
intensity of CF3

+ ion observed near the contaminated area 
in three different conditions, the electron beam was 
injected and stored (region a), the nearby sputtered ion 
pump (IP) and the distributed ion pump (DIP) were 
switched off (region b), and the nearby non-evaporable 
getter (NEG) pumps were activated (region c). The 
increase of the intensity of CF3

+ ion at a stored beam 
(region a) shows the observed outgas species of CxFy 
molecules were stimulated by the synchrotron photons 
and desorbed from the bending chamber wall near the 
contaminated area.   The dramatic peaks appeared in 
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Figure 2:Intensity of CF3
+ ion, mass [69], observed near 

the contaminated area at a stored beam. 

region (b), when switching the IP and DIP off, reveal the 
pumping effect to the CxFy molecules is so efficient with 
the sputter ion pumps be operated. In region (c), no 
severe pumping effect to the CF3

+ ions was observed 
during activating the NEG pump. 
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Figure 3: Curves of intensity of various gases, (a) [28], (b) 
[69], (c)[12], and (d)[2], per electron beam 
current as functions of the accumulated beam 
dose. 

Figure 3 shows the curves (a) to (d) which represent the 
intensity of various gases with mass-over-charge ratio of 
[28], [69], [12], and [2], respectively, per electron 

beam current as functions of the accumulated beam dose. 
The behavior of the curve (b), [69], is similar to other 
curves which decay during the continuous beam running 
that reveals a fact that the contaminated gases could be 
effectively reduced by continuous exposure to the 
synchrotron radiation, which is so called beam-self 
cleaning treatment. 

3   PLANNING IN UPGRADING THE TLS 
VACUUM SYSTEM 

The planning to upgrade the vacuum system of the TLS 
electron storage ring, started from 1996, is to reduce the 
vacuum pressure, to reduce the impedance of the vacuum 
chambers, to remove the vibration source, etc. 

3.1   Reduction of the Vacuum Pressure 

The nuclear scattering between the electron beam and 
the gas molecules in the beam chamber will shorten the 
life time and induce the instability of the circulated 
electron beam. To maintain a vacuum pressure under 
10"10 Torr in the beam chamber is necessary. The 
sources of the gas species contained in the vacuum 
chamber include (1) surface desorption from the vacuum 
chamber by the PSD process, (2) leakage, (3) outgas 
from the contaminated parts, etc. The observed outgas 
species in the TLS vacuum system can be classified as 
(1) H2, (2) carbonate gas, e.g. CO, C02, CxHy, CxFy, 
etc., (3) leakage gas, e.g. N2, 02, Ar, etc., and (4) H20. 
Since the installed vacuum chambers in the storage ring 
had pre-cleaned by the oil-less machining, chemical 
cleaning, and the vacuum baking processes. Although 
the surface desorption induced by the synchrotron 
radiation can be effectively reduced by continuous 
exposure to the synchrotron light. However, it takes 
long time to reach the goal. It is necessary to improve 
the machining and the pre-cleaning processes if we want 
to reduce the carbonate gases. 

The current undergoing works are reported as 
following mentioned processes. The gate valves sealed 
with viton or kalrez O-ring which have potential 
problems to produce the massive molecules, e.g. CxFy, 
come from the O-ring materials will be replaced by the all 
metal sealed gate valves. Increase the effective pumping 
to the H2 and CO gases by adding the quantity of the 
non-evaporable getter (NEG) pumps into the vacuum 
chambers. Most of the leakages come from the sealing 
gasket between the stainless steel flange and the 
aluminum alloy flange after the baking process. The 
reason to induce the leakage is not so clear. However, 
the leak parts will be replaced during the shutdown 
periods. 
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3.2   Reduction the RF impedance of the Chamber 6   REFERENCES 

The chambers for the screen monitors will be replaced by 
the new designed chambers. The calculated rf 
impedance of the new chamber is 1% less than the 
original chamber for the screen monitor. 

3.3   Remove the vibration source from the Chamber 

Since the turbo-molecular pumps (TMP) and the dry 
pumps (DP) are the potential vibration sources to the 
vacuum chambers. On the other hand, it takes much 
effort to prevent the vacuum chambers from the back 
streaming contaminated outgas from the TMP and DP. 
Thus all the TMP and DP will be removed from the 
vacuum system after completing the roughing process and 
the vacuum baking by these pumps. 

4   SUMMARY 

The photon stimulated desorption phenomena and the 
future planning to improve the vacuum system of the TLS 
synchrotron light source is reported in this article. The 
contamination of the massive gas species, CxFy, was 
observed after an unsuitable baking an O-ring gate valve 
to 300 °C near a bending chamber. The families of the 
CxFy molecular ions clearly appeared when the electron 
beam was stored, which reveals a fact of the outgas 
species coming from the kalrez O-ring material. The 
outgas molecules were stimulated by the synchrotron 
photons out of the vacuum chamber wall near the O-ring 
gate valve. The contaminated gas molecules can be 
reduced by beam self-cleaning treatment during a long 
period beam operation. Due to the poor conductance of 
the vacuum beam pipes and the effective evacuation to the 
CxFy gas by the sputter ion pumps, no evidence was 
shown that the CxFy molecules had propagated to another 
sections of the storage ring. Future planning to upgrade 
the TLS vacuum system will improve the machining and 
the cleaning processes for the vacuum chambers, replace 
the new vacuum chambers with lower rf impedance, 
remove the vacuum parts contained the O-ring material, 
remove the vibration sources, e.g. TMP, DP, etc., increase 
the NEG pumps, and replace the leakage vacuum parts. 
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MOVEMENTS AT LEP 
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Abstract 

Left and right of each of the four LEP interaction points su- 
perconducting low-beta quadrupole magnets are installed 
to squeeze the vertical beam size at the interaction points. 
These magnets are the dominant source of vertical closed 
orbit drifts at LEP because of their strength, the large ver- 
tical beta function and their support. Hydrostatic Levelling 
Systems and resistor-based position sensors were installed 
to measure the vertical movements of these magnets con- 
tinuously. The correlation between the mechanical move- 
ments and closed orbit variations has been studied. The 
analysis has shown that the orbit can be kept stable by act- 
ing on one correction dipole per low-beta quadrupole pair. 
This has led to a feed-back system which uses the mechan- 
ical measurements to correct the closed orbit and to prevent 
large orbit variations. 

1   INTRODUCTION 

Since the beginning of LEP operation the vertical closed 
orbit has been found to be drifting with time. This re- 
quired frequent orbit corrections by the operation crew. 
The distribution of corrector magnets used for the correc- 
tions showed that the correctors near the low-beta quadra- 
poles (QSO) or with a phase advance of rnr nearby were 
used for the majority of corrections. 

The superconducting low-beta quadrupoles are vertically 
focusing and have a quadrupole strength (k = -0.16 m-2) 
10 times larger than other magnets in LEP to obtain the 
small beam size at the interaction point. Their strength and 
the large vertical beta function at this location make the 
closed orbit very sensitive to any vertical mechanical dis- 
placement of these magnets. In addition, the mounting of 
the magnets makes it likely that they can actually move. 

Hydrostatic levelling systems (HLS) and potentiometer- 
based position sensors were installed to measure the move- 
ments of the magnets continuously. A first analysis of the 
observed movements and their correlation to orbit drifts can 
be found in [1]. This analysis was extended and led to a 
feed-back system for the vertical orbit. 

2   MECHANICAL INSTALLATIONS 

The schematic layout of one of the four experimental inter- 
action point (IP) is shown in Fig. 1. 

The low-beta quadrupoles are mounted on a cantilever 
support structure which extends into the experimental de- 
tectors. Since it is not supported on the inner side, it is pos- 
sible that the magnets move with the support. Hydrostatic 
Levelling Systems [2, 3] are installed to monitor the move- 
ments.   They consist of vessels with capacitance-based 

hydrostatic sensors and temperature sensors connected by 
communicating tubes. These vessels are placed at different 
locations on the magnets and supports. One system with 
horizontal tubes is installed on each support for the QSO 
and the next closest magnets (QS1). Since the tubes are 
horizontal, local temperature differences do not introduce 
a measurement error and the precision is better than 1 //m. 
A different system of communicating vessels is connecting 
the supports and the ground on both sides of a detector. It 
was not possible to install the tubes in a horizontal plane 
and the precision is limited to ö(10) (im. The HLS at one 
interaction point (IP 8) which was installed as a pilot sys- 
tem has also non-horizontal tubes and hence a lower preci- 
sion. 

In addition potentiometer-based systems measure the po- 
sition of the magnets with respect to reference points in the 
experimental detectors with precision of a few /xm. 

3    OBSERVED MOVEMENTS 

Fig. 2 shows a typical vertical movement of a low-beta qua- 
drupole measured by the hydrostatic levelling system. 

60 70 
time (h) 

30 40 50 60 70 
time (h) 

Figure 2: Movement of a low-beta quadrupole (QS0.R4) 
for a period of three days (top), the temperature measured at 
the support of this magnet (middle) and LEP beam energy 
(bottom). The vertical dashed lines indicate the end of the 
ramp to collision energy. 

In general, the pattern of the movement in time is the 
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Figure 1: Schematic view of the low-beta insertion around an experimental detector. The QSO are the superconducting 
low-beta quadrupole magnets. The layout of one IP is slightly more complicated since the inner magnets (QS0.QS1) and 
the inner parts of the detector are mounted in a support tube (not shown). 

same for all QSO magnets. The movement is correlated 
with temperature changes of the support. When the tem- 
perature rises, the magnets start moving downwards. The 
temperature changes are mainly caused by the operation 
cycle of LEP. The temperature starts rising after LEP has 
been ramped to higher energy. This can be understood 
by the higher current heating up the current feed-throughs 
which traverse the support. The time constant of the ther- 
mally driven movements is of the order of a few hours and 
a short refilling time keeps the amplitude of the movements 
smaller. 

4   ORBIT ANALYSIS 

The vertical orbit drifts were studied in detail to determine 
the contribution from the movements of the low-beta QSO 
magnets. A movement AyQ of a quadrupole at location SQ 

creates an angular kick Ay'(so) = klArjQ which changes 
the closed orbit at any location s by Ay(s) according to 

Ay{s)-- 
y/ß(s)ß(so)cos(\ß(s)-n(s0)\-TTQ)       , 
 2^Q) AV {S0)- 

(1) 
ß, fi and Q are the betatron function, phase advance and 

tune, respectively. Since both fc and ß(so) are large for 
the QSO, the movement AyQ of a single QSO generates 
a RMS change of the vertical closed orbit a&y 40 times 
larger than the mechanical movement. This factor is only 2 
for a regular lattice quadrupole. 

The beta function is symmetric around the interaction 
point and the vertical betatron phase advance between the 
two magnets is nearly n. Eq. 1 shows that the effect on 
the orbit nearly cancels if both magnets move by the same 
amount in the same direction. A common movement of 
AyQ = 10/xm for both QSOs results in a RMS orbit change 
of only a Ay = 7(im. 

Fortunately, the pairs of QSOs at the different interaction 
points tend to move in a similar way. Eq. 1 also implies that 
the differential movement of the QSO pair can be corrected 
with only one orbit correction dipole (see Fig. 1) at each IP. 

The differential movement can be seen in the closed or- 
bit. Orbits logged during physics data taking were used to 
calculate the 'bare orbit'1 from the measured orbit ymeas 

Figure 3: RMS of the difference of bare orbits during a 
physics fill relative to the first physics orbit before and af- 
ter orbit correction with only 4 QSO correctors. A typical 
vertical orbit has a residual RMS of about 500/rni. 

by 

Via (2) 

V# 6pm 

2 sin(TrQ) 
■ COS (\Hcor - l*bpm\ -TTQ)-6C 

'The closed orbit if all correction magnets were switched off. 

where the sum is taken over all vertical correctors. 6cor 

is the kick angle for the corrector, ßcor and ßcor are beta 
function and phase at the corrector, ßbpm and /x&pm at the 
beam position monitors, respectively. This procedure re- 
moves the effects of all corrector magnets. The differ- 
ence of two bare orbits shows the orbit changes from other 
sources than corrector magnets and can be used to localise 
the source of the changes. 

The bare orbit of the first orbit acquired after the physics 
experiments start taking data is used as a reference for each 
fill. For all subsequent orbits the bare orbit is calculated 
and the RMS of the difference from the reference <j&y is 
evaluated. This represents the movements of the orbit if no 
orbit corrections had been made. 

An example of the movements during a fill is given in 
Fig. 3. 

If the QSO magnets are the source of the drifts then it 
should be possible to correct most of the effect with only 
one orbit corrector magnet per IP. This was done with the 
COCU package [4] using the MICADO algorithm [5]. The 
result showed that this correction is very effective, taking 
away about 70-90% of the orbit movements (Fig. 3). This 
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Figure 4: Example of the mechanical movement (top left), 
the calculated orbit correction kick (top right) and their cor- 
relation (bottom) at one IP during a fill with large quadru- 
ple movements. 

proves that the superconducting low-beta magnets are in- 
deed the major source of the drifts. 

5   CORRELATION AND FEED-BACK 

The calculated orbit correction kick Ay' should be propor- 
tional to the differential movements of a QSO pair. This 
was examined for the different interaction points. Only the 
HLS with horizontal connecting tubes on the supports are 
used for the analysis. Due to the lower precision, includ- 
ing the HLS system connecting the supports on both sides 
of the IP does not improve the correlation. An example is 
shown in Fig. 4. 

A proportionality constant between the correction kick 
and the differential movement was derived for each QSO 
pair from this correlation. A software feed-back was devel- 
oped which reads the mechanical position of the magnets 
and calculates the necessary correction kick from the dif- 
ferential movement. Whenever the correction kick exceeds 
a certain threshold, it is sent to the orbit corrector. The HLS 
is used except for IP 8 where the potentiometers are more 
precise than the pilot HLS. 

The feed-back has been running very successfully at the 
end of the 1996 operation period of LEP. Fig. 5 shows an 
example. 

The feed-back was compensating well for the move- 
ments of the orbit. The potentiometer system used at IP 8 
is less precise than the HLS but still capable of tracking the 
movements. The feed-back significantly reduced the num- 
ber of orbit corrections that had to be made by the operator. 

1 
A 10 

a. 

1 from orbit analysis 
i Q50 Feed-back, trim 

15 F 
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V 
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Figure 5: Example of the feed-back during one fill. The 
correction kicks sent by the feed-back are compared to the 
corrections calculated from the off-line orbit analysis. 

Another application of the QSO measurements is the 
reload of a previously stored set of corrector excitations of 
an orbit which gave high luminosity and good background 
conditions. The positions of the QSO magnets of storage 
and reload time are compared and the necessary correc- 
tion is incorporated. An experiment was performed and 
it demonstrated that the orbit with the incorporated correc- 
tion had a significantly lower RMS excursion. This reduces 
the risk of accidental beam loss when an old set of corrector 
settings is reloaded. 

6   CONCLUSIONS 

The superconducting low-beta quadrupoles are the major 
source of vertical orbit drifts at LEP. Hydrostatic Lev- 
elling Systems with horizontal connecting tubes measure 
the vertical movements of these magnets very precisely. 
A feed-back system based on the measurements has been 
implemented and prevents large orbit variations during the 
physics data taking. The HLS at IP 8 will be upgraded this 
year and the more precise HLS measurements will be used 
for the feed-back at all IPs. 
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BEAM POSITION MONITOR OFFSET DETERMINATION AT LEP 

F. Tecker, RWTH Aachen, Germany, 
B. Dehning, P. Galbraith, K. Henrichsen, M. Placidi, R. Schmidt, CERN, Geneva, Switzerland 

Abstract 

For the performance of an electron positron storage ring it 
is important that the beam orbit passes well centred through 
the quadrupole magnets. Beam position monitors (BPM) 
aligned relative to the magnets can still have a residual me- 
chanical or electronical offset with respect to the magnetic 
axis. A beam-based method is used at LEP to measure 
these offsets. During the machine operation for physics the 
gradient of selected quadrupoles is modulated with low fre- 
quencies (few Hz) and very small amplitudes (of the order 
of 10~4). The effect on the beam is observed with a high 
sensitivity pick-up. The observed effect passes through a 
minimum when the beam is centred in the quadrupole. Off- 
sets for about 70 different BPM's were determined. Sys- 
tematically different offsets were found for different type of 
BPM electronics and different types of quadrupoles. Sim- 
ulations based on the past results show that the level of 
spin polarisation can be increased by further offset mea- 
surements. 

1    INTRODUCTION 

An important issue for the successful operation of a par- 
ticle accelerator is an efficient control of the closed orbit. 
Luminosity, background in the physics experiments and the 
degree of beam polarisation depend strongly on the vertical 
closed orbit. The best performance is achieved if the qua- 
drupoles are well aligned and the beam travels through the 
magnetic centre of the quadrupoles. 

The quadrupole magnets form a reference system for the 
beam and are aligned with high precision. Beam position 
monitors (BPM) at the quadrupoles can have a mechanical 
or electronical offset with respect to the magnetic centre 
of the magnets. This offset is measured by a beam based 
method [1]. 

2   PRINCIPLE OF BEAM BASED ALIGNMENT 

The principle of the methods for beam based alignment is 
based on the fact that the magnetic field inside a quadrupole 
magnet increases linearly with the distance from the centre. 
When the gradient is varied, the field change is proportional 
to the distance from the magnetic axis of the quadrupole. 
An off-axis beam travelling through the magnet receives an 
additional deflection depending on its position. The gradi- 
ent changes are slow compared to the betatron frequency. 
The closed orbit variation can be measured at nearly any 
location in the ring. This effect vanishes when the beam 
passes centred through the quadrupole. A more detailed 
description of the method used at LEP can be found in [2]. 
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Figure 1: Oscillation amplitude (top) and phase (bottom) 
measured by the two couplers as a function of the beam 
position monitor reading 

The strength of the quadrupole magnet is modulated pe- 
riodically at frequencies in the range from 0.7 to 16 Hz. 
Since most of the magnets are powered in series, additional 
(back leg) winding have been installed to change the gra- 
dient of individual quadrupoles. The quadrupoles in all 
straight sections and in one of the eight LEP arcs were 
equipped with back leg windings. The modulation depth is 
smaller than 10~3 and the measurements can be performed 
in parallel to the physics experiments' data taking. The 
offsets of several BPMs can be measured simultaneously 
using different excitation frequencies. 

The induced beam oscillations are measured by two sen- 
sitive beam position monitors (couplers) close to an odd 
multiple of TT/2 phase advance apart to be able to detect 
every oscillation with acceptable sensitivity. A harmonic 
analysis of the signal determines the oscillation amplitude 
at the excitation frequency. This amplitude is proportional 
to the distance from the axis of the quadrupole with the 
modulation and shows a V-shaped behaviour when plotted 
as function of the beam position in the quadrupole. The 
position changes due to orbit drifts [3] or by intentional 
amplitude variations of local closed orbit bumps. 

Fig. 1 shows the results of an offset determination by the 
two couplers. The measurement points show some scatter 
since beam oscillations from other sources than the mod- 

0-7803-4376-X/98/S10.00© 1998 IEEE 3648 



ulation are always present. Different cuts are applied to 
improve the data quality. A three parameter fit gives the 
offset of the BPM. The amplitude for one of the couplers is 
smaller due to a less favourable betatron phase advance be- 
tween magnet and coupler, and the results are less precise. 
Since the modulation of the magnet current and the mea- 
surement are synchronised, one can determine the phase of 
the orbit oscillation with respect to the modulation. The 
measured phase changes by TT when crossing the symmetry 
plane of the quadrupole which gives an additional cross- 
check. 

reference orbit y 

quadrupole 
misalignment 
AygUad 

^BPM 

BPM offset 
^k-mod 

Figure 2: Relevant offsets for the BPM misalignment rela- 
tive to the reference plane 

3   DISTRIBUTION OF OFFSETS 

The beam position monitor system of LEP uses two dif- 
ferent types of electronics, a narrow band and a wide band 
system. The BPMs close to the interaction points have the 
wide band electronic to cope with the shorter time separa- 
tion between the counterrotating bunches. The wide band 
BPM have different gain settings depending on the beam 
current. All other BPMs, in particular the BPMs in the arcs 
of LEP, have narrow band electronics which is independent 
of the beam current. 

Eight quadrupoles (QSO) at the four interaction regions 
of LEP are superconducting magnets to achieve the strong 
gradient needed for the focusing at the interaction points. 
The associated BPMs are of the wide band type. Their off- 
sets were found to be significantly larger than for any other 
BPMs. The first generation of superconducting quadru- 
poles at LEP had systematic offsets up to nearly 2 mm. Af- 
ter replacing these magnets with the new generation of qua- 
drupoles for LEP2, the measured offsets were below 1 mm. 
The wide band BPMs show different offsets for different 
gain settings and for the two particle types. Differences of 
up to 300 /im were measured. This implies that the offset 
is partially caused by the BPM processing electronics. 

The wide band BPMs at normal conducting magnets 
show smaller offsets than those at the superconducting qua- 
drupoles. A calibration was performed for a large number 
of arc quadrupoles with narrow band electronics BPMs. In 
general, the offsets are smaller than for the wide band elec- 
tronic and the differences between the two particle types 
are less important. Table 1 compares the offsets for the dif- 
ferent categories. The measured offsets are included as a 
correction to the BPM readings whenever an orbit is ac- 
quired. 

RMS [/im] mean [/xm] 

wide band 
QSO 250 -600 
other 350 -220 

narrow band 185 -90 

Table 1: Characteristics of offset distribution for different 
magnet types and BPM electronics 

4   IMPACT ON POLARISATION LEVEL 

The vertical orbit is of particular importance for a high 
level of beam polarisation. The spins of the particles in an 
electron-positron storage ring tend to polarise in the ver- 
tical direction with time. Horizontal fields from vertical 
corrector dipoles and a beam passing off-centre in the qua- 
drupoles can create depolarising resonances. The depolar- 
ising effects become significantly stronger at higher beam 
energies [4]. 

In order to maximise the degree of polarisation, the res- 
onances can be compensated by so-called Harmonic Spin 
Matching (HSM) [5]. Two different variations of HSM ex- 
ist: 

deterministic HSM: A Fourier analysis of the vertical 
closed orbit [6, 7] gives the strength of the necessary 
orbit bumps (4 parameters). 

empirical HSM: The 4 parameters of the bump ampli- 
tudes are varied and the changes in the polarisation 
level are observed. 

In principle, empirical HSM could be used to find the 
best compensation for the depolarising resonances. In prac- 
tical application it is very tedious and time consuming since 
one has to find the optimum in a four-dimensional parame- 
ter space and the build-up time for the polarisation is slow. 
If the initial polarisation level is too low, it is even impos- 
sible to observe changes of the polarisation level when the 
parameters are varied. 

For this reason the deterministic HSM has to be ap- 
plied. The precision of the calculated parameters depends 
strongly on the BPM offsets relative to a reference plane. 
Simulations with the SITF [8] module of MAD [9] were 
performed to study the effects in detail. In the simula- 
tions, the quadrupoles were misaligned with an RMS value 
of a(Ayquad) = 150/im which corresponds to the value 
measured by the geometrical survey. The RMS values of 
the BPM offsets a(Ayk-mod) to the quadrupole axis was 
varied between 0 and 700 /zm. The different offsets are il- 
lustrated in Fig. 2. 

The offset of the BPM relative to the reference orbit in a 
plane is 

Ay BPM = Ay quad + Ayk-mod- 0) 
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Figure 3: Influence of the vertical offset between BPM and 
quadrupole axis on the polarisation level. 

Ten different random distributions were used for each RMS 
value of the offsets. The orbit was corrected to the best 
possible value. The harmonic content of the vertical BPM 
readings were analysed. The polarisation level in linear ap- 
proximation was determined by SITF before and after ap- 
plying HSM. 

The linear calculations of SITF do not give a realistic ab- 
solute value of the polarisation level. Higher orders can be 
included [4]. This was done for a few samples. Therefore 
the average value of the ten random seeds for the linear 
results are normalised to the average level of polarisation 
obtained by empirical HSM. This is the highest level of 
polarisation achievable for a given energy and set of tunes. 
The polarisation level for empirical HSM was calculated 
in the simulations by deterministic HSM taking the beam 
position with respect to the reference orbit without errors. 
The results for the beam energy of 55 GeV are shown in 
Fig. 3. 

The polarisation level without HSM is only slightly de- 
pendent on the BPM offsets. The polarisation level with 
deterministic HSM increases with decreasing BPM offset 
but saturates at about 0.55 for a(Ayk-mod) < 150 ^m. This 
can be understood since then the error of the position of the 
BPM relative to the reference plane o-(AyßPM) is domi- 
nated by the misalignment of the magnets <j{Ayquad) since 

O-(AJ/BPM) = \J<r{Ayquad)
2 + a(Ayk.mod)2.      (2) 

The vertical mechanical misalignment of the quadrupole 
is measured with a precision of about 50 /im at LEP. This 

information can be used to get a more precise knowledge of 
the BPM relative to the reference plane. The achievable er- 
ror of the offset determination by the beam based alignment 
has the same magnitude. The deterministic HSM including 
the geometrical alignment data was simulated (see again 
Fig. 3). 

The polarisation level does not show the saturation ef- 
fect and 0.8 of the level by empirical HSM can be obtained 
with a(Ayk-mod) = 50/xm. This value can be achieved 
if all BPM offsets in the arcs of LEP are measured. The 
gain in polarisation will be only minor when the mechani- 
cal measurements are included without the offset determi- 
nation since then the error a(AyBPM) is dominated by the 
BPM offsets. 

5   CONCLUSIONS AND OUTLOOK 

The Harmonic Spin Matching technique becomes more 
precise by measuring the offsets of all BPMs in the arcs of 
LEP and including the measured misalignment of the qua- 
drupole magnets at LEP from the geometrical survey. Sim- 
ulations show that the optimum level of polarisation for a 
given energy can nearly be reached by deterministic HSM. 
The remaining optimisation can be performed by empirical 
HSM. 

Presently, the all quadrupoles at LEP with an associated 
BPM are being equipped with back leg windings. It is en- 
visaged to measure the offsets of all BPMs during the 1997 
running period. 
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ALIGNMENT OF THE HIGH BETA MAGNETS 
IN THE RHIC INTERACTION REGIONS * 

D. Trbojevic, A. Jain, S. Tepikian, R. Grandinetti, G. Ganetis, J. Wei, and F. Karl, 
Brookhaven National Laboratory, Upton, NY, 11973, USA 

Abstract 

The betatron functions inside the triplet quadrupoles in the 
Relativistic Heavy Ion Collider-RHIC are of the order of 
1500 m, necessitating additional attention in the alignment 
procedure. On each side of the interaction regions eight 
cryogenic elements (six quadrupoles and two horizontal 
bending dipoles) are placed inside large cryostats. The 
quadrupole magnetic centers are obtained by "antenna" 
measurements with an accuracy of ±60/im. The signals 
from the "antenna" were cross calibrated with the colloidal 
cell measurements of the same magnet. The positions of 
the fiducials are related to the magnet centers during the 
"antenna" measurements. Elements are positioned warm 
inside the cryostats, with offsets to account for shrinkage 
during the cool down. The supports at the middle of the 
two central quadrupoles are fixed, while every other ele- 
ment slides longitudinally inside the cryostat during cool 
down or warm up. 

1   INTRODUCTION 

Two rings of the Relativistic Heavy Ion Collider cross 
each other in the horizontal plane at six interaction points. 
Twelve very large cryostats, located one on each side of the 
six interaction regions, house eight cryogenic elements- six 
quadrupoles and two dipoles. In the two interaction cross- 
ings (six o'clock and eight o'clock, at the RHIC detectors 
"STAR" and "PHENIX", respectively), the beams are fo- 
cussed very tightly with the betatron functions of ß*=l m. 
This is why special attention to the properties and align- 
ment of the strong focusing quadrupoles, and dipoles close 
to them, is essential. Due to the large values of the ampli- 
tude betatron functions in these quadrupoles (~ 1500 m) 
their influence on the beam properties is 5.5 times mag- 
nified with respect to the regular arc quadrupoles (where 
ß ~ 50m). There are three packages of multi-layer correc- 
tion magnets between the triplet magnets. Two are directly 
connected to the Q3 while one is connected to the Q2 mag- 
net (see Figure 1). During production the magnetic cen- 
ters of the correctors are measured and their positions opti- 
mized. 
The magnetic field angles (rolls) are obtained from rotating 
coil measurements with an accuracy of ±0.1 mrad. In addi- 
tion to collisions of heavy ions, the RHIC accelerators will 
do spin physics experiments with two proton beams. The 
spin physics puts additional constraints on the alignment. 

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

2   "COLD"AND "WARM" ELEMENT POSITIONS 

Positions of the supports or insulating posts of the large 
magnets inside the IP cryostats were established at room 
temperature. They remain unchanged with respect to 
the temperature conditions. Every magnet is installed at 
room temperature. Their longitudinal and vertical positions 
change during the cool-down when the temperature drops 
from 300K down to the operating temperature of 4K. 

2.1 Vertical Shrinkage 

The vertical positions of the quadrupole and dipole cen- 
ters were estimated to shrink for A/=2.743 mm. The verti- 
cal shrinkage of the RHIC arc quadrupoles was estimated, 
by the same method, to be A/= 1.905 mm. Difference in 
the vertical positions of the RHIC arc quadrupole magnetic 
centers between room and 4K temperature has been deter- 
mined by four sets of measurements. The surveying instru- 
ments were used under the same conditions in both cases. 
It was important to allow 5 days cooldown period to estab- 
lish correct and stable conditions. The value of A/=1.905 
mm was confirmed with an rms value of ±38 /im. 

2.2 Longitudinal Positions 

The "D0-dipoles" are located at the end of the cryostat to- 
ward the interaction point. There are additional dipoles 
named as the "DX-dipoles", which belong to both rings. 
They bend one beam from the IP towards the DO dipole 
and the other one from the DO dipole towards the IP. The 
available aperture of the DO dipole is not larger than ±6a 
of the beam. The DO dipole bends the beam either from 
the IP toward the DX magnet or it bends the beam from the 
DX magnet toward the triplet magnets. In the two inter- 
action regions where the ß*= 1 m the amplitude betatron 
functions at the DO dipoles are six times larger than at the 
regular bending dipoles in the RHIC arcs, although they 
are much shorter than the regular RHIC dipoles. The DO 
dipoles are only 3.6 m long. 
The largest quadrupole in the IP region is the central "Q2" 
quadrupole. Every cryogenic element in the cryostat is 
supported by two posts. Their large "cold masses" are 
mechanically connected tightly to each other. The Q2 
quadrupole cold mass has the side towards the IP fixed to 
the post below (see Figure 2). All other magnet supports 
are allowed to slide at the top of the cradles. A connec- 
tion of the cold masses to the posts is provided by the cra- 
dles. All the cradles, with the exception of the one with the 
fixed position at the Q2 magnet, allow the cold masses to 
slide due to the shrinkage or expansion at lower or higher 
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Figure 1: The layout of the high beta magnets. 

Figure 2: The cryostat cross section of the High Beta Mag- 
nets. The insulating posts and the stands are shown. 

temperatures. Longitudinal positions of the cold masses 
at the posts' connections change as much as 22.7 mm at 
the magnet Q3, and 23.19 mm at the DO dipole from the 
temperature difference between 300K and 4K. A shrinkage 
constant of a = (L30OK - LAK)/LZQOK = 0.0031378 has 
been experimentally established. The sliding was allowed 
with a special design of the cradles using the brass plates 
on both sides of the stainless steel blocks. A tolerance of 
±30 /im between the block and the brass sides is achieved 
by two adjustable bolts on one side of the block. The DO 
magnet is a sector dipole with a curvature. The sagitta of 
the magnet is obtained from the mechanical measurements 
at five positions along the length.  The holding blocks at 

the cradle positions of the DO magnet were positioned with 
angles with respect to the straight beam line through the 
triplet magnets to get an optimum for the magnet position. 

3   MEASUREMENTS OF THE MAGNETIC 
CENTERS 

The colloidal cell magnetic measurements of the RHIC 
quadrupoles are reported elsewhere [1]. A survey antenna 
system also has been developed to measure the magnetic 
centers of quadrupoles as well as various corrector lay- 
ers. The antenna has several harmonic windings to measure 
dominant harmonic and the feed down terms. Fiducials are 
placed on the antenna to locate the magnetic centers rela- 
tive to the magnet fiducials. Magnetic centers are measured 
and electronically recorded in every RHIC quadrupole by 
either the "antenna" or colloidal cell measurements. Ac- 
curacy of the direct field center determination is within ± 
60 /xm. Positions of the "antenna" coil or ferro-fluidic col- 
loidal cell with respect to the outside fiducials are deter- 
mined by the optical survey using a portable Leica Man- 
CAT system with four theodolites. All data are transferred 
electronically and stored and used by the SYBASE data 
system. Only the best DO dipoles and triplet magnets are 
assigned to the ß* = Im locations. In the process of 
magnet selection other important magnet properties like: 
alignment of the correctors, harmonic content, roll angles, 
quench performance, etc. are included. A prefiducializa- 
tion of the high beta magnets is performed at the same mag- 
net position. A relationship between the center of the mag- 
netic field and the harmonic-antenna coil, or ferro-fluidic 
colloidal cell is obtained by using the ManCAT system at 
the same time and in the same local coordinate system. 

3.1   Location of the Beam Position Monitors 

There are two beam position monitors (BPM's) per ring 
(four inside the cryostat). One is located at the end of the 
quadrupole Q3, attached to the end plate. The other is be- 
tween the DO dipole and Ql quadrupole attached to the end 
plate of the quadrupole Ql. A separate RF antenna system 
has been built for determining positions of the BPM's in 
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the triplet magnets. A high frequency signal of 50 MHz is 
sent to a rod placed close to the center of the BPM. Three 
positions of the rod with respect to the center of the BPM 
are used to accurately determine the position of the BPM's. 
The BPM plates provide signals which determine the po- 
sition of the rod with respect to the plates. Part of the rod 
outside the triplet quadrupole cold mass vacuum flange has 
two fiducials. These are used to determine the rod position 
with respect to the outside cryostat fiducials by using the 
already mentioned ManCat system. The accuracy of the 
BPM position with respect to the outside fiducials is esti- 
mated to be ±0.13mm. During the calibration procedure 
it was found that the reproducibility and accuracy of the 
measurements was ±50/im. The BPM positions are elec- 
tronically transfered to the SYBASE and used by the high 
level BPM application code to correct for the real BPM po- 
sitions. 

to the presurveying, James Cammarata and Sue Norton for 
providing the presented drawings, and the surveyors' teams 
who did a marvelous job surveying and aligning these ele- 
ments. 
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4   SURVEY AND ALIGNMENT 

The primary network of monuments in the tunnel had been 
established before [1]. The secondary network in the tun- 
nel provides eight monuments on the floor, four on both 
sides of each triplet cryostat. Eight elements are brought 
to the tunnel after they had been presurveyed in the mag- 
net production facility. They are positioned at the top of 
the posts with only the lower side of the cryostat built. The 
top of the cryostat, the bus connections, the 80K cryogenic 
shield, vacuum and beam pipe connections, etc. are built 
after the survey is completed. 

The survey and alignment of the high beta elements 
were performed by using eight theodolites at the same 
time which are electronically connected to a Compaq 486c 
portable computer. Adjustments of the magnet positions 
are performed until the difference between the required and 
established positions in readings of at least four instruments 
are less than ±25 /xm. 

5   CONCLUSIONS 

A development of two new techniques, colloidal ferroflu- 
idic cell and "antenna"measurements, allowed a very pre- 
cise location of magnetic field centers within quadrupole 
magnets. Accuracy achieved in the center determination is 
± 60 /im. Special attention to the presurvey, alignment and 
control of the roll angle of the high beta elements in RHIC 
is expected to provide better operation and higher luminos- 
ity of the colliding beams. 
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THE SUPERCONDUCTING INTERACTION REGION MAGNET 
POSITIONING SYSTEM FOR THE CESR PHASE III UPGRADE * 

James J. Welch, David L. Rubin, and Alexander B. Temnykh t, 
Wilson Laboratory, Cornell University, Ithaca NY 

Abstract 

Due to the extraordinary sensitivity of beams to misalign- 
ments of the superconducting high gradient interaction re- 
gion magnets for the Phase III upgrade, a beam-based 
alignment and active positioning scheme has been de- 
signed and is being constructed. Using cams and kinematic 
mounting, the magnetic centers of the four quadrupole 
magnets will be independently positioned over a radial 
range of 1 mm with a resolution below 10 /xm. Beam mea- 
surements of the closed orbit will determine where to set 
the position. In principle realignment can be done while 
beams are stored. The positioning system must withstand 
considerable dynamic forces due to the interaction of the 
CLEO detector solenoid field with the current in the dipole 
windings. It is located almost entirely within the CLEO 
detector and has a special transition from non-magnetic to 
magnetic materials so as not to disturb the uniformity of 
the solenoid field. It allows for retraction of the CLEO pole 
from the detector without interference. 

1 BACKGROUND 

In 1998 the CLEO detector will complete another major up- 
grade to bring its performance up to B factory levels. Tak- 
ing advantage of the opportunity presented by the re-design 
of most of the detector, new interaction region focussing 
and correcting elements were designed to allow the highest 
possible luminosity [1][2]. To ameliorate the effects of the 
long range beam-beam interaction at crossing points near 
the interaction point, the new magnets are designed to be 
quite short with high gradients. 

2   MISALIGNMENT TOLERANCE 

Machine performance depends critically on the alignment 
of the superconducting interaction region quadrupoles. 
Sensitivity to vertical misalignments is enhanced due to the 
high gradient, high ß, and rapid phase advance through the 
interaction region. The result of misalignments is closed 
orbit errors, and loss of effective physical aperture, and ver- 
tical dispersion, that will dilute vertical beam size. 

A 1 mm vertical misalignment of one of the vertically 
focussing quadrupoles, if unconnected, generates an 80 mm 
closed orbit error, nearly four time the physical aperture of 
the machine. Vertical dispersion is most severe when the 
relative misalignment of quadrupoles on either side of the 
interaction point is such as to create a closed orbit bump. 
Since the betatron phase advance between the vertically 

* Work supported by the National Science Foundation 
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focussing magnets is approximately 180 degrees, a nearly 
closed bump is produced when the magnets are displaced 
vertically in equal but opposite directions. 

Because of the large chromaticity in the interaction re- 
gion, phase advance, and therefore bump closure depends 
strongly on energy. If the four magnets are alternately dis- 
placed vertically by ±1 mm, peak vertical dispersion in the 
machine arcs is closed to 7 m. If the orbit error is corrected 
with steering magnets located 1 m outboard of the cryostat, 
the residual vertical dispersion is reduced to an unaccept- 
ably high 70 cm. (Significant dilution of vertical beam size 
is evident if vertical dispersion is greater than 5-10 cm.) 

While vertical beam size and aperture are quite sensitive 
to vertical misalignments, effects of horizontal misalign- 
ment are much less severe. The strength of the horizon- 
tally focussing quadrupoles and the horizontal ß in them 
are both smaller than their vertical counterparts. In addi- 
tion, the horizontal dispersion in the machine is near 4 m 
by design, while the vertical dispersion is nominally zero. 
Finally, horizontal correction near the IR is easier than ver- 
tical because of the larger horizontal beta functions there. 

Taking into account the sensitivity of the closed orbit and 
the limited ability of existing corrector magnets to accom- 
modate quadrupole position errors, we have have designed 
a magnet positioning system that should be able to put the 
magnetic centers of the quadrupoles on the correct axis to 
within 100 /xm vertically and 500 /um horizontally under 
all conditions. The run to run tolerance should be an order 
of magnitude less and vibration amplitudes should be less 
than 1 /zm. 

3   DESIGN 

Holding and accurately positioning cryostats containing 
the superconducting magnets is problematic: they must 
be deeply inserted into the CLEO detector, there is little 
space available, there are large electromagnetic forces, ma- 
terials must be either highly non-magnetic or good magnet 
steel depending on location within the detector and its steel 
yoke, and there must be semi-frequent personnel access to 
the interior of the CLEO detector for maintenance and re- 
pair of the electronics. The basic design choice is to either 
use a cantilevered support [3] [4], or to use some portion of 
the CLEO pole with a column or pylon support. Detector 
access has been provided for by longitudinally extracting 
the end poles. Cantilevered support would have to extend 
over a distance of about 5 meters and would occupy a space 
that might someday be needed for round beam quadrupoles 
or two-ring separators. Cantilevered support also implies 
that the transition from cold to warm cryostats occurs hor- 
izontally, which complicates the cryogenics[3]. We chose 
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Figure 2: Electromagnetic forces acting on the dipole and 
quadrupole magnets which must be taken up by the po- 
sitioning system. The dipole forces are in the horizontal 
plane, while the quadrupole force could be in any trans- 
verse direction. 

instead cut a vertical slot out of the pole pieces and suspend 
each cryostats on a thick steel pylon which hangs from the 
fixed portion of CLEO return yoke. See Figure 1. The py- 
lon remains in place when the pole is retracted for access. 
Cryogenics utility lines are located immediately behind the 
pylon so there is no need to modify or move the interaction 
region magnets to obtain access to the detector. A pylon 
rather than a column is preferable for bath cooling of the 
magnets. 

Pylon Mount 

Detailed finite element studies were carried out to ascertain 
the stiffness of various pylon designs [6]. The main cause 
of flexure was found to be due to twisting of the ring to 
which the pylon is attached when the CLEO solenoid mag- 
netic load (43,000 lbs) is turned. The twisting is greatly 
reduced by strategically coupling the inner ring to the next 
outermost ring. With this improvement the transverse flex- 
ure of the pylon and CLEO magnet is kept to less than about 
0.005 inches when the CLEO solenoid is energized. Other 
loads due to the interaction region magnets reacting with 
the CLEO solenoid produce substantially smaller displace- 
ments. 

External Forces 

In addition to the usual gravitational loads, there are several 
rather large external forces acting directly on the supercon- 
ducting magnets which are the result of the CLEO solenoid 
field acting on the currents in the dipole and quadrupole 
coils. These forces, which are dynamic, must be carried by 
the helium vessel, the cryostat and the positioning system. 
There is also a more or less static force on Q2 due to the 
nearby steel detector yoke which is due to misalignment of 
the yoke with respect to the quadrupole [7]. These forces 
are shown in Figure 2. 

Figure 3: Cam arrangements at the front and back of the 
cryostat. 

The weight of each cryostat/magnet assembly is ex- 
pected to be about 4000 lbs. The electromagnetic forces are 
larger though to some extent they cancel. Detailed mechan- 
ical analysis shows that under some possible conditions the 
cyrostat could lift off the cams unless an additional 4000 
lbs vertical load is applied. These loads will be supplied via 
pre-loaded spring assemblies. Gas cylinders will be used to 
energize the springs because they have good force/volume 
characteristics and are non-magnetic. 

Cam Configuration 

Bearings mounted eccentrically on a shaft (cams) offer sev- 
eral advantages as positioning devices in our application: 

• Fine control and limited range of motion 
• Heavy load carrying ability 
• Simple and tested [5]. 

By providing kinematic mounting of the cryostat, the axis 
connecting the magnetic centers of the two quadrupoles can 
be uniquely and precisely positioned independent of the 
variable forces that will be borne Of course, cam's have 
some disadvantages too: the system will have to be pre- 
loaded to insure positive contact at all cam contact points 
under all load conditions. Also it is somewhat difficult to 
understand the range of motion of a cam based system, and 
the range is not exactly suited to the application. 

These considerations led to a choice of cam configura- 
tions which minimizes the excess motion of the cryostat. 
The configuration is shown in figure 3. There are two longi- 
tudinal planes where the cams are located. The front plane 
at, 1324 millimeters from the IP, has two cams that are 90 
degrees from each other and control the position of one end 
of the cryostat axis. The back plane of cams, located 2492 
millimeters from the IP, is the same except for an additional 
'theta cam' which controls the rotation about the cyrostat 
axis. The theta cam is not independent of the other cams. 
That is when the cryostat axis is moved the theta cam an- 
gle must be adjusted just to keep the rotation about the axis 
constant. 

Two tee shaped brackets attached to the cryostat are set 
on the cam bearings so that the cryostats effectively hangs 
on the bearings. If it were not for the theta cam, the cryostat 
would roll freely about its center. Conceptually it is helpful 
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CLEO Inner Ring 

Front Cam Bearings 

Cryostat with Superconducting Magnets        Rear Cam Bearings 

Side View View From Outside CLEO 
(Pole end removed) 

Figure 1: A thick steel pylon attached to the inner steel ring of the CLEO solenoid magnet yoke holds the cryostats 
containing the superconducting interaction regions magnets. The remaining 'keyhole' shaped portion of the CLEO pole is 
not shown. It can roll out for detector access. The cryostat is kinematically held by rolling contacts on five cam bearings 
and one spherical bearing contact for longitudinal location. 

to imagine the cam bearings to be in rolling contact with 
a circle centered on the cryostat center and cut into tees 
attached to the top of the cryostat. Since the bearings are 
mounted eccentrically on a fixed shaft, the center of the 
bearings can be moved by changing the shaft angle. This 
directly translates into a motion of the cryostat center. In 
practice the difference between a flat rolling surface and 
a circular one centered on the cryostat is negligable since 
only small ~ 1 millimeters motions are encountered. 

Hence we have five degrees of freedom (the shaft an- 
gles) controlling all possible motions of the cryostat except 
its longitudinal position. The longitudinal position is set at 
assembly time by the pre-load device. It constrains the lon- 
gitudinal location of a point on the mounting bracket with 
only second order constraints on the transverse position or 
rotation of the cryostat. The second order constraint leads 
to small but negligable longitudinal motion when a trans- 
verse motion is introduced. 
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A WIRE POSITION MONITOR (WPM) SYSTEM TO CONTROL 
THE COLD MASS MOVEMENTS INSIDE THE TTF CRYOMODULE 

D. Giove, A. Bosotti, C. Pagani and G. Varisco, INFN Milano 
LAS A, Via F.lli Cervi 201, Segrate (Mi), Italy 

Abstract 

A system able to measure, on-line, movements and 
vibrations of the Cold Mass (CM) during cool down and 
steady state operation has been developed and installed 
inside the first TTF Cryomodule. The system includes 
two independent lines, with 18 WPMs each, and an 
improved version of BPM type. 
read out and data analysis. Laboratory tests on ä shorter 
prototype have shown that the system is able to monitor 
the CM displacements with a few micron sensitivity, the 
absolute error being less than 50 microns in the range of 
+/- 2.5 mm. Fast read out and FFT technique allow also 
to detect and analyze possible CM vibrations. 

1 INTRODUCTION 

The TTF facility will consist of four 12 m long cryounits 
each with eight 9-cell superconducting cavities operating 
at 1.3 Ghz and one focusing quadrupole. Beam tests will 
be carried out at about 500 MeV. 
The test program for the first cryounit of TTF includes 
measures of the cryomodule alignment stability and 
reproducibility during cool-down/warm up operations. 
The required alignment tolerances for the elements inside 
a cryomodule are 0.5 mm for the RF cavities and 50 urn 
for the quadrupole. After final assembly inside the 
cryomodule, the stability of the axis position must be 
monitored on line during thermal cycles with a resolution 
of 10 u\m. Fig. 1 shows a cross section of the first 
cryounit. 

2 METHOD 

The stretched wire alignment system has been discussed 
in detail in literature since it has been used for the precise 
measurement of transport components in beam lines(1> 

Taking as a reference such an experience we have 
designed a measuring system able to monitor on line 
positions and vibrations of objects from room 
temperature down to LHe temperature'2'. Desy laboratory 
has designed the components necessary to install this 
measuring apparatus inside a cryomodule to monitor the 
RF cavity axis stability. 
The measuring system consists of detectors, called 
WPMs (Wire Position Monitors), similar to beam position 
monitors. Each one contains 4 antennas and the 

differential signal strength received from opposite pairs is 
the quantity of interest. The WPMs receive their signal 
from a stretched wire excited by a 140 Mhz RF signal and 
centered inside a tube. The wire provides the fixed 
reference with respect to the lab frame while the detectors 
are fixed to the CM elements to monitor. 
The TTF design foresee two sets of 18 transducers fixed 
along two straight sections inside the cryomodule to 
provide a complete 3D analysis of the displacements. The 
system had to take into account many constrains due to 
the peculiar operating conditions. The most important 
have been the wide range of temperature (from room 
temperature up to the operating 2K), the need to contain 
the overall power consumption at 2K (few Watts) and the 
fact that the system, after the final assembly, will be 
inaccessible. 

Figure 1 - Cross section of the cryounit 

3 DETAILS OF THE APPARATUS 

3.1 The WPM 

A schematic layout of two WPMs with their supporting 
frames, is shown in fig. 2. 
The detector is of the stripline kind with four electrodes 
matched to 50 Q. and symmetrically placed at 90° each 
other. The downstream end of each stripline (relative to 
RF propagation) is terminated to 50 Q and the clear 
aperture is of 12 mm. The wire-stripline coupling and the 
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crosstalk between adjacent striplines have been measured 
as 39 dB and >55 dB respectively. 

Under operating conditions the acquisition rate for a 
whole set of detectors is of 1 Khz. 

3.5 Data acquisition and analysis system 

On line control of the detector electronics and handling of 
data acquisition from each one of the two structures is 
performed by a VME 68040 CPU fitted inside each VXI 
crate. Raw data acquisition, averaging and corrections 
with polynomial curve are performed at this level. A local 
storage of data has been provided before a transfer will 
occur toward a dedicated NFS server. This machine 
allows to share data between consumer processes. 
A PC with a LabVEEW based application provides 
console functionality for the whole system. On line 
monitoring of each set of WPM along with analysis of the 
displacement of each WPM versus time may be done 
using a menu driven interface. Advanced data processing 
(frequency analysis, power spectrum of any instability, 
etc.) is available as a powerful tool to analyze the possible 
vibrations of the structure. 

Figure 2 - Schematic layout of two WPM 

3.2 The wire and the coaxial tube 

The wire employed is a 0.5 mm diameter beryllium 
copper wire coated with EV-13 to provide electrical 
insulation. The choice of the material has been imposed 
by the need to use amagnetic materials and the possibility 
to stretch the wire with an high tensile stress (of the order 
of 100 Kg/mm2). This will reduce, under the operating 
conditions, the overall sag of the wire at 2.07 mm. 

3.3 RF coaxial cable and connectors 

The choice of the connectors and RF coaxial cables to 
transport the signal from WPM to the external of the 
cryomodule has been a major technological challenge. 
The radioactive environment and the cryogenic 
compatibility have posed severe limitations on materials 
for connectors and cables. The final choice has been to 
use a Suhner cable mod. P02182 and special designed 
SMA connectors and 50 Q. terminations with PEEK 
dielectric and amagnetic spring. 

3.4 Read out electronics 

The electronics which handles the signals coming from 
the WPMs has been developed according to the VXI 
format, in order to improve noise immunity and to take 
advantage of the larger board size. Each board will 
accommodate the components for the control of two 
WPMs. 
The RF signal sensitivity is of -65 dBm with a dynamic 
range of 40 dB and a linearity of the order of 0.1% in a 
20 dB range'1'. The BPM detector cannot process the 
signal in less than 50 u.s, so the maximum rate of 
acquisition is of the order of 20 Khz for a single stripline. 

LABORATORY MEASUREMENTS 

A test fixture has been constructed for studying the 
response of the single WPM or of a string of 3 WPMs. 
The detectors are assembled on a two axis translation 
stage and can be positioned anywhere within their 
aperture with respect to the fixed wire. The absolute 
accuracy of the positioning system is repeatable to about 
4 u.m. The electronics reading chain is the same as the 
final one. The more relevant aspects which have been 
investigated are the following: 

mapping  of the response of the WPM over its 
aperture 
reproducibility    of    the    measurements    after    a 
mechanical disassembling of the detector 
tolerance to errors in mechanical positioning of the 
detector on its support arm 
long term stability 
characterization of the full set of detectors. 

The dependence of the response with respect to the 
position of the wire can be described by a 3rd order 
bidimensional polynomial, where the even and cross 
terms of the 2D polynomial expressions take into account 
mechanical tolerances and inter-electrode coupling. A 
mapping of each WPM has been performed in order to 
determine the polynomial coefficients. These coefficients 
have been computed fitting the experimental data using 
Mathematica. The results of these fits shows that the 
functions describing the wire vertical (Y) and horizontal 
(X) positions have a strong dependence on the odds 
terms, whose coefficient has higher weight than the even 
ones. Moreover odd term coefficients are almost equal for 
all WPMs, while even term coefficients vary in a random 
way either when we change the monitor or repeat the 
measurement of the same device after a disassembling. 
This suggests us to describe a WPM using only odd 
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terms. A simulation based on a 2D electrostatic model of 
the WPM has been performed to investigate this 
behavior. In this model the wire is simulated by a point 
charge and the signal induced on an infinitely long 
microstrip is computed. The results have shown that the 
functional dependence of the picked up signals with 
respect to a generic wire position can be described by a 
superposition of Arcsinh(x.y) functions, whose expansion 
may be stopped at the 3rd order. A graph of the error in 
position measurement is shown in figure 3. An error of 
less than 40 |im has been measured within a 2.0 mm 
range. The same set of coefficients has been applied to 
the analysisi of the measures for all the WPMs. The error 
in the reconstructed position has been of the order of 50 
um in the range of +/- 2.0 mm. 
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Figure 4 - A WPM installed in the cryounit 
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Figure 3 - Errors in position measurements 

Tests carried out over a period of 2 month of operation on 
the 3 WPMs string have shown no significant deviation in 
the readings (less than .1 mm), assuring a good long term 
stability of the system. 
Misalignment effects of the order of 1.0 mm over the 
detector dimensions have been studied. The mapping of 
the response function have shown negligible 
modifications with respect to that taken with the detector 
in the reference position. This makes the assembling 
procedure inside the cryostat less critical. 

INSTALLATION AT DESY 

In February 1997 the measuring system has been installed 
into the first cryounit at Desy. A close view of a WPM 
assembled on its support arm is shown in fig. 4. 
The WPMs has been assembled following the catenary 
sag at each position with a precision of the order of 20 
um. The performance of the WPM system has been 
assessed measuring the sag of the cryostat under its own 
weight releasing the central post support on the alignment 
fixture. Fig. 5 shows the reconstructed position of the 
detectors in this circumstance. Once the normal position 
of the cryostat has been recovered the monitors return to 
their rest measurements within an error of 5 urn. 

Figure 5 - Console front panel 

CONCLUSIONS 

We have developed a system able to measure 
displacements over a range of 6 mm with resolutions up 
to 10 um. Components have been designed and tested for 
operation at 2 K. The final system has been installed in 
Desy and it will be operative during the first cooldown in 
May 1997. 
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GROUND MOTION STUDIES FOR LARGE FUTURE LINEAR 
COLLIDERS 

Shigeru Takeda, Noboru Yamamoto, and Katsunobu Oide 
KEK, High Energy Accelerator Research Organization 

Oho, Tsukuba, Ibaraki 305, Japan 
1    INTRODUCTION 3    LINAC AND GROUND MOTION 

The future large accelerator, such as a TeV linear collid- 
er, should have extremely small emittance to perform the 
required luminosity. Precise alignment of machine compo- 
nents is essential to prevent emittance dilution. The ground 
motion spoils alignment of accelerator elements and results 
in emittance growth. This paper discusses about ground 
motion and its effect on the main linac. The ground mo- 
tion in the frequency range of seismic vibration is mostly 
coherent in the related accelerator. But the incoherent dif- 
fusive or Brownian like motion may become dominant at 
frequency region less than seismic vibration. Shiltsev re- 
viewed many studies of ground motion and discussed about 
the diffusive motion [1]. Sery discussed about the ground 
motion focusing on the effects to the main linac of linear 
collider [2]. This paper intends to start from the power 
spectrum of the ATL model [3], then show typical param- 
eters of main linacs and consider measured data including 
excavated effects. 

2   POWER SPECTRUM OF ATL MODEL 

Th ATL model can be formulated using an auto correla- 
tion function (y(t + r)y(t))av, as 

A,(r)2    =    2(y(t)2)av-2(y(t + r)y(t))av 

=    A-L-T. (1) 

Here, (X)av means an ensemble average of X. Using the 
definition of a power spectral function, 

-2-Kifr (2) 
/OO 

df{y(t + r)y(t)) 
-OO 

Eq. 1 becomes, 
/OO 

dfP(f) sin2 (TT/T). (3) 
-OO 

If we assume that the power spectral function is propor- 
tional to the inverse of squared frequency, 

K 
P(f) = (4) 

4TT2/2' 

we can carry out integration in the the right hand side of 
Eq. 3, 

/OO 

dfP(f)sm2(TrfT) = K-T. (5) 
-oo 

Putting this result into Eq. 3, we find the power spectral 
function of ATL model as, 

A-L 
P(f) 

4TT2/2 
(6) 

Let us estimate emittance growth due to the drift in the 
transverse alignment of the accelerating structures caused 
by the ATL model. Although the drift of the ground also 
affects the transverse alignment of the focusing elements, 
the orbit can be maintained as a straight line from the in- 
jection point to the extraction point with beam-based tech- 
niques. We assume that the orbit correction is so perfect 
that the orbit is an ideal straight line with an injection angle 
created by an achromat kicker placed at the entrance of the 
linac. Thus only the misalignment of accelerating struc- 
tures is the source of the emittance blow-up in this case. 
Here we concentrate on the single bunch effect due to the 
dipole wake of the structures. 

The transverse displacement of the beam at the end of 
linac caused by a misaligned accelerating structure Sy(s) 
is written as 

A»i(z) = J ds 
Ne1w(z) 

xjl$ßiß(s)sm(1>i ~ i>(s))(5y(s) ~ V(s)) ,   (J) 

where w(z) is the transverse wake function per unit length, 
N the number of particles per bunch, E(s), 7(s), ß(s), 
tp(s) are the beam energy, Lorents factor, /3-function, and 
betatron phase at location s, respectively. Suffices 0 and 1 
denote the values of those functions at the entrance and the 
exit of the linac. We set the origin of the coordinate at the 
entrance of the linac as SQ = 0, y(0) = 0. The orbit y(s) is 
always maintained to be linear in s, i.e., 

y(s) = yis/L (8) 

where L = si is the total length of the linac. 
The expected value of square of the orbit is written as 

(Ay(z)2) = 
Ne2w(z) 

En 
I ds j ds' 

I/2 

7i(7(s)7(s'))1/4 

x((6y(s)-y(s))(5y(s')-y(s'))) , (9) 

where we have assumed a scaling of focusing as ß(s) = 
ßoy/l{s)/jo- The ATL model gives the correlation of 
displacements between at s and s' or s and si: 

(5y(s)Sy(s')) 

(Sy(s)yi) 

At x min(s, s') 

Ats. (10) 
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The betatron phase is expressed as 

where g is the acceleration gradient g = d'y/ds. Putting 
Eqs. 8,10, and 11 into Eq. 9, we obtain the expected value 
of the relative blow-up of the beam as 

(Aj/(z)2> 

(ßlSNyhl) 

N^wjzf    31/4U/4 
A\g>ElLeNv

Mo   7l (12) 

where e^y is the invariant emittance. We have approx- 
imated (7(s)7(s'))1/4 « (7o7i)1/4. and have assumed 
gß » 1, etc. 

TABLE 1: Parameters of typical linear collider linacs. 

"X-band • C-band" 
Beam energy 
entrance/exit Eo/Ei 10/50« GeV 
Particles/bunch N 0.8 1.0 1010 

Inv. emittance SNy 30 nm 
Bunch length &z 80 200 /im 

ß at entrance ßa 4 m 
Rf frequency f 11.4 5.7 GHz 
Ace. gradient dE/ds 45 32 MeV/m 
Iris radius/ 
Wavelength a/A 0.16 0.14 
ATL coeff. A 1 nm2/m/s 
Stable time 
fore = 0.1 t 3 24 hours 

Equation 12 gives the duration time t for the emittance 
blow-up remains within an amount e. The actual magnitude 
of t thus depends on the parameters of the linac. As an 
example we calculate for two cases of X-band and C-band. 
We assume the focusing parameters are same in two cases. 
We applied an approximation by K. Yokoya for the wake 
function w(z) to calculate the blow-up factor e in Eq. 12: 

w{z) waz 1.55 
cZ0 

na1* 

a/A 

0.14 

0.179 

(13) 

where a, A, ZQ are the iris radius, the rf wavelength, and 
the vacuum impedance, respectively. The parameters in Ta- 
ble 1 may be different from existing designs in detail, but 
the essential characteristics are not much far from "real" 
designs. 

4    PROPERTIES OF GROUND MOTION 

In the frequency range / < 0.1 Hz, the measured power 
spectrum of ground motion can be characterized by k/f2 . 
This coefficient k has site dependence and changes from 
1 to 102 nm2/Hz. The sources of the ground motion 
are the atmospheric activity, change of underground water, 
ocean tide, earth-tides, temperature variation of the surface 
ground etc [5, 6, 2]. At high frequency / > 0.1 Hz, the 
power spectrum decreases very rapidly with frequency be- 
ing proportional to l//4. The motion consists of seismic 

activity, that is elastic motion. Correlation measurements 
show that the motion has good correlation in quiet sites [6, 

2]. 
The motion at / < 0.1 Hz, however, is very different. 

Dominant part of the ground motions is inelastic motion, 
though the elastic motion presents in this frequency range. 
The earth-tides, one of the elastic motion in this low fre- 
quency range, becomes cause of inelastic motion through 
its dissipation. One of the models describing this inelas- 
tic ground motion is the ATL model mentioned above 
[3]. The ATL model means that slow relative ground mo- 
tion is random and the number of discrete breaks appear- 
ing between two points is proportional to the distance and 
the passed time. These discrete breaks consist of random 
popping up/down of fragmented rocks. The duration times 
and the amplitudes of popping motion of the rocks are not 
complete random phenomena, then this two-dimensional 
covariance function and the white noise correlation are not 
equivalent. The ATL model is one of the mathematical ap- 
proximation for this covariance function provided the pro- 
cess of random motion including slow variable component. 
The parameter A should be influenced dominantly by the 
earth properties, providing the source of inelastic motions 
is dissipation of the elastic motion. In other words, the 
value of A should depend on the degree of fragmentation 
of the rock. Observed parameter A is smaller in the tunnel 
of solid rock than in the broken rock [1]. The excavation 

1E-5 1E-4 1E-3 O.01 

frequency (Hz) 

FIGURE 1: Power spectrum densities in the tunnel exca- 
vated by Drill or Blast. 

method of the tunnel also affects significantly the value of 
A, as shown in Fig. 1 [5]. Although the tunnel excavated 
by use of dynamites gives A = 5 nm2/m/s , the tunnel 
bored by a machine gives A = 1 nm2m/s. This differ- 
ence shows probably because of artificial fragmentation of 
the rock occurred during construction. Our experimental 
results and recent report on the excavation clarify that ap- 
plication of TBMs is better excavating method than NATM 
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(Drill + Blast) for accelerator tunnel to prevent emittance 
dilution [5, 7]. 

NATM (New Austrian Tunnelling Method) is a excavat- 
ing method with distributed dynamites and drills. Many 
rockbolts are essential to prevent relaxation of the rock on 
NATM. TBM (Tunnel Boring Machine) is a name of tun- 
neling tool which is a very big drilling machine. Excava- 
tion using TBMs in the massive hard rock eliminates over- 
break on the surface of the tunnel and no tunnel support 
may be possible. On the other hands, NATM gives relax- 
ation in the surface layer of the rock caused by blast, then 
utilization of many rockbolts becomes essential to support 
the surface [7]. Fragmentation of the rock through this re- 
laxation gives the increase in A. 

TABLE 2: Typical values of A in the ATL model 

A : nm2/m/s 

Laboratory Site Other Site 
UNK          100 PinonFlat    0.1 
SLAC        100 Esashi          0.3 
CERN          10 Sazare          0.05 
KEK           40 

COHERENCE 

^V\AM 
1E-4 1E-3   "' I        0.01 

frequency (Hz) 

FIGURE 2: Coherence and phase difference obtained in 
the tunnel excavated by NATM. Two levels were set up 46 
meters apart. 

The tolerance for errors of the linear collider strongly 
depends on the design of the machine. We summarize the 
typical data of A in Table 2, in order to clarify the severe 
tolerance of the machine. The natural level of seismic vi- 
brations has been usually considered as seriously affecting 
machine operation. They are assuming that slow ground 
motion much less than characteristic frequency of an accel- 
erator gives complete space and time coherence of the ma- 
chine displacements. Our experimental results, however, 
suggests being frequency dependent structure for the space 
coherence in the low frequency range [5]. We have ob- 
served the slow ground motion in the tunnels which were 
excavated using different methods. Figures 2 and 3 show 
the coherence and phase difference between the two points 
separated by a distance 46 m. The followings are found out 
from the figures: 

1. The parameter A is found about 5 times difference. 

2. The coherence decreases in the frequency range of 5 x 
10-4 Hz or more in Fig. 2, on the other hand, Fig. 3 
shows good coherence for almost all frequency range. 

3. The phase relation has a big difference between them. 
In Fig. 2, the phase changes in the whole frequency 
range and it becomes at random in the frequency range 
of 3 x 10~3 Hz or more, though it is almost stable in 
Fig. 3. Out of phase in the low frequency range of 
Fig. 2. 

4. The tunnel is divided into the block and our obtaining 
result is information on the movement of the block. 

5. The size of the block depends on the the method of 
excavating the tunnel and/or geological property. 
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FIGURE 3: Coherence and phase difference obtained in 
the tunnel excavated by TBM. Two levels were set up 46 
meters apart. 
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PRECISION SURVEYING AND SMOOTHING ANALYSIS 
FOR POHANG LIGHT SOURCE 

K. W. SEO, A. H. MAENG, S. C. LEE, and I. S. KO 
Pohang Accelerator Laboratory, Pohang 790-784, Korea 

Abstract 

The Pohang Light Source (PLS), a 2 GeV synchrotron 
radiation source, started its operation from August 1994. 
The magnets of the storage ring were aligned to a 
designed beam path with a relative positional error of 
0.15mm(rms) in 1994. Since then the storage ring tunnel 
has moved by 1.0mm and 3.0mm per year(average) in the 
horizontal and the vertical directions, respectively. The 
deformation by the ground motion gives rise to the 
maximum offsets from the designed beam path. We 
introduce a smoothing analysis using a low-pass filter 
method in order to estimate the relative positional errors 
close to the actual beam path. Based on the measurement 
of the machine deformations and daily machine 
operational status, we come up with an idea of the 
allowable maximum offset of 2.0mm from the designed 
beam path. The relation between boundary conditions of 
the smoothing analysis and estimated maximum offset is 
also studied. 

1. INTRODUCTION 

Allowable tolerances of relative position errors (rms) for 
quadrupoles and sextupoles of the PLS storage ring are 
0.15mm in both horizontal and vertical directions. To 
achieve this goal, we have introduced various precision 
surveying techniques such as a non-contact 3- 
dimensional surveying system with theodolites, 
conventional surveying techniques, and a GEONET 
program for data analysis and data base management. 
The positional errors (rms) of 0.15mm was obtained in 
positioning the quardrupoles and sextupoles in 1994. 
Since then, the floor of the storage ring tunnel has settled 
about 3.0mm per year unevenly around the tunnel. In 
order to estimate the floor settlement and offset errors of 
magnets in the storage ring, we have studied various 
smoothing schemes and developed a smoothing analysis 
using a low-pass filtering method. This technique was 
applied to the PLS storage ring magnet alignment 
successfully in August 1995, August 1996, and March 
1997. Based on the smoothing analysis and daily 
machine operational status, we come up with an idea of 
the allowable maximum offset of 2.0mm from the 
designed beam path, and we suggest the 6 MHz of 
allowable filtered frequency. 

2. STORAGE RING ALIGNMENT 

The PLS storage ring has a 12-period Triple Bend 
Achromat (TBA) lattice. Its circumference is 280.56m. 
There are 36 bending magnets, 144 quadrupoles, and 48 
sextupoles. The allowable positional errors (rms) for 
quadrupoles and sextupoles are Ax=0.15mm and 
Ay=0.15mm.[" The alignment process of the storage ring 
consists of magnet fiducialization, vacuum chamber 
prealignment, girder rough-setting, magnet rough-setting, 
fine positioning, and smoothing analysis. A magnet 
fiducialization is the process of establishing machine 
coordinates by coordinate measuring machine (CMM) 
measurement. A pre-alignment of vacuum chamber is the 
process of establishing girder coordinates and aligning 
vacuum chamber to the girder within the maximum 
offset of 0.5mm using a non-contact 3-dimensional 
surveying system. A girder rough-setting is the process 
of bringing the vacuum chamber and girder assembly into 
the storage ring tunnel and setting it to the designed 
position on the basis of a storage ring tunnel survey 
network. A magnet rough-setting is the process of 
positioning magnets by adjusting 6 struts. Applying an 
intersection method using two theodolites, the magnets 
are aligned horizontally as accurately as possible. 
Magnet fine positioning processes which consist of 
surveying and adjustment are repeated 4-5 times until the 
positional errors of magnets are reduced within tolerance. 
Positional errors consist of positioning errors and offset 
errors. While the positioning errors in the horizontal 
positioning, which represent reading errors in the form of 
standard error ellipses, are calculated by GEONET 
program, those in the vertical positioning are derived 
from the statistics of elevation survey data. The offset 
errors, which are mainly described in this paper, indicate 
the magnet alignment status. This is the standard 
deviation of magnet offset values from the electron beam 
path. 

When the magnets of the storage ring were aligned 
in 1994, the magnets were aligned to the designed 
electron beam path. Since then, we found some 
positional changes of the magnets and tunnel 
deformations. Magnet offset errors is then increased to 
out of tolerance which is estimated from the designed 
beam path. Therefore, it is necessary to study a method 
of estimating reasonable errors, which are called relative 
positional errors, based on the actual beam path, because 
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the machine operation shows a normal condition in spite 
of magnet positional changes.121 

3. TUNNEL DEFORMATION 

The tunnel deformation is estimated by surveying the 
survey networks in the storage ring tunnel. The survey 
network of the PLS is composed of a surface net and 
tunnel nets. These are linked with one another that they 
provide the global coordinate of the PLS. The surface net 
consists of 10 geodetic control points around the PLS site. 
The tunnel net is composed of TNET and ENET. It is 
linked to the surface net. Control monuments of TNET 
are installed on the inner wall. The TNET controls the 
horizontal locations of the magnets. In order to control 
the elevation, control points of the ENET are embedded 
in the tunnel floor. Fig. 1 shows that the storage ring 
tunnel has settled unevenly about 3.0mm per year, and 
deformed horizontally about 1.0mm. 

4. SMOOTHING ANALYSIS 

A Smoothing analysis is the process of estimating a 
storage ring electron beam path to the actual electron 
beam path as closely as possible. The actual electron 
beam path is shown in the form of a smoothed curve by 
analysing the offset values of quadrupoles from the 
designed path. In this case, the offset errors of magnets 
are estimated on the basis of the smoothed curve. A 
smoothing analysis using a low-pass filtering method was 
developed and applied in August 1995. Table 1 shows 
that, while the offset errors on the basis of designed 
electron beam path are increased to out of tolerance, the 
errors from the smoothed curve remain within the 
tolerance.131 

Table 1 : Estimation of offset errors (rms) by smoothing 
analysis in PLS storage ring quadrupole magnets. 

Year 
Offset errors(in mm) 

on the basis of 
designed path 

Offset errors(in 
mm) 

on the basis of 
smoothed curve 

Ax Ay Ax Ay 
1994 0.139 0.075 - 
1995 0.388 0.365 0.127 0.118 
1996 0.542 1.103 0.136 0.130 
1997 0.456 1.087 0.131 0.122 

Applying the smoothing analysis, we investigate the 
relationship between allowable filtered frequency range 
and the offset errors of magnets. As the filtered 
frequencies are increased by 1 MHz step, the relative 
positional errors, Ax and Ay, are decreased dramatically 
as shown in Table 2. 

Table 2 : Estimation of filtered frequencies for smoothing 
analysis in the PLS storage ring quadrupole magnet 
alignment from August 1996 to March 1997. 

Magnification factor of deformation : 5000 

     :   1993.12       :   1996.7 

Freq. 
(MHz) 

Relative positional error (rms) 
(unit: mm) Remark 

1996 1997 
Ax Ay Ax Ay 

0 0.456 1.087 0.162 0.698 
1 0.300 0.742 0.144 0.427 
2 0.250 0.538 0.142 0.336 
3 0.218 0.294 0.140 0.224 
4 0.171 0.199 0.140 0.202 
5 0.153 0.162 0.131 0.166 
6 0.136 0.130 0.131 0.122 <0.15 
7 0.130 0.127 0.130 0.109 

Figure 1 : Deformation of the PLS storage ring tunnel. 
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When the filtered frequency is 6 MHz, the errors become 
smaller than the positional tolerance of 0.15mm (rms). In 
order to maintain the allowed position tolerance, we 
expand the boundary condition of allowable filtered 
frequency to 6 MHz. Previously, the filtered frequency 
was estimated as 3 MHz in August 1995. Fig. 2 shows a 
smoothed curve, which is derived from analysing the 
offsets of quadrupole magnets in August 1996, and 
magnet distributions along the curve. Also, the 
maximum offsets of 2.0mm from the designed electron 
beam path is shown in this figure.'41151 
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5. SUMMARY 

Since the magnets of the PLS storage ring were aligned to 
the designed electron beam path with the positional error 
of 0.15mm(rms) in 1994, magnet movements due to the 
tunnel deformation are monitored in order to estimate 
when and how much the magnets of the storage ring are 
to be realigned. A smoothing analysis is studied and 
developed in order to estimate an actual electron beam 
path. It is shown in the form of smoothed curve, and 
offset errors from the estimated path. With several case 
studies over 1995 and 1996 period, we can understand the 
situation that the machine operation shows normal 
condition while the maximum offsets of magnet are 
increased as much as 2.0mm from the designed electron 
beam path. 
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SURVEY AND ALIGNMENT OF SLAC'S B-FACTORY 

M. Pietryka, M. Gaydosh; Stanford Linear Accelerator Center, Stanford, CA 94309, USA. 

Abstract 

The survey and alignment of SLAC's B-factory injector 
and high energy ring will be complete in March 1997. 
Modern digital electronic surveying tools are contributing 
to new, efficient alignment procedures. A laser tracker 
was used to fiducialize almost 300 quadrupole magnets. 
Digital levels were used to pre-set base plate elevations. 
Theodolites with very accurate co-axial distance meters 
were used for everything from layout to 3D magnet 
positioning to network surveys, all in free stationing 
mode. A number of procedures and measurement results 
are outlined. 

1 FREE STATIONING 
Laser trackers and a new breed of "total station" are 

designed specifically for industrial metrology. They both 
combine arc-second angle accuracy with better than 100 
micron distance accuracy in a package with co-axial 
optics. They are, essentially, portable coordinate 
measuring machines and have changed the face of 
surveying at SLAC. While the laser tracker's power and 
versatility is now familiar, most B-factory work was 
performed with the Leica TC2002 total station. The 
TC2002 is much more robust and portable, much less 
expensive, and ideally suited to discrete point 
measurements. 

Total station technology was introduced by HP 
twenty years ago. The key to metrology application was 
improvement of distance meter technology. Unlike the 
laser tracker, which uses interferometry, this class of 
distance meter emits a modulated infrared signal that is 
reflected back to the instrument by a retro-reflective 
target. The differential phase angle between the exiting 
and returning signals yields a distance equal to a fraction 
of the modulation wavelength. The additional integer 
number of wavelengths comprising the distance is then 
determined by switching to a lower frequency to repeat 
the measurement. A few years ago the most accurate 
total station distance meters, after extensive calibration, 
could approach 1mm. Today, certain Leica total stations 
achieve 0.1mm right out of the box. Figure 1 shows 
differences between distances measured with four 
TC2002s and SLAC's interferometer. Distances from 1 to 
30 meters were measured at one-meter intervals. Figure 2 
shows a Fourier model of the differences between 
TC2002 and interferometer distances measured at 
intervals of 0.1 meter over 6 meters. The model reduced 
the measurement standard deviation from 73 to 52 
microns.fl] 
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Figure 1 TC2002 vs. Interferometer 

The total station allows dramatic changes in routine 
surveying procedures. Formerly, special forced- 
centering hardware was erected and centered over floor 
monuments to receive separate angle and distance 
measuring instruments. Distance measurements were 
very slow, many minutes per observation, and differential 
leveling was required to deliver the third dimension. 
With the total station, activities ranging from network 
data collection to bolt pattern layout are conducted in 
"free stationing" mode. Free stationing means that the 
instrument is not force-centered over a monument, but 
located in a general area where all points of interest are 
visible. Monuments are no longer confined to the floor, 
but more conveniently located on walls and even ceilings. 
Monument designs vary, but all are some form of cup 
made to accept sphere-mounted 
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Figure 2 Fourier Cyclic Error Model 
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targets(SMT) and retro-reflectors(SMR). Trackers and 
total stations both use commercially available 1.5 inch 
sphere targeting. The reference point is the center of the 
sphere in the monument. A much denser monument 
pattern can be installed since distances require only a few 
seconds each and measurements are taken in 3D. The 
instrument measures 3D vectors, horizontal angle, 
vertical angle, and distance, from its center of optics to 
each point of interest. For network or mapping surveys, 
the measurements are simply stored on the data collector 
for processing in the office. For alignment work, the 
surveyor first takes observations to several monuments, a 
data collector program solves for the instrument position 
and orientation, then component positioning proceeds. 

2 HER QUAD FIDUCIALIZATION 
The fiducialization measurements were performed 

with SLAC's CMS 3000 laser tracker. The liabilities of 
the tracker's 80-pound weight, large power supply, bulky 
cabling, and delicate nature are mitigated when it can be 
set up in a laboratory environment for gross data 
collection. An area in the magnet warehouse was cleared 
so that the tracker could be rolled on its stand all the way 
around the magnets. Monuments were installed in the 
floor around the perimeter of the cleared space. Six 
fiducial bushings were welded onto each magnet, four on 
the top and two on the aisle side, to accept removable 
magnetic mounts for 1.5 inch sphere targeting. The 
magnet engineer designed a one-meter-long mandrel that 
registered on two pole tips, projected through the magnet, 
and held a magnetic sphere mount on axis on each end. 

The magnets were measured six at a time. They 
were arranged in a line, in three groups of two to 
facilitate mandrel handling, as shown in Figure 3. The 
tracker was situated adjacent to the first pair, on the 
"aisle" side, and measurements were recorded to all floor 
monuments, the fiducials and exposed lamination edges 
on magnets 1 and 2, and the mandrel in magnets land 2 
in four different positions each. With bungy cords and 
shims the mandrel was forced into contact with each pair 
of pole tips for four different positions. In turn, the 
tracker was moved into position next to the aisle side of 
each magnet pair and then measurements were taken to 
the monuments, fiducials, and the mandrel positions. 
Then the tracker was rolled to the "wall" side and another 
data set was recorded next to each magnet pair. One 
surveyor in one shift measured this large, six-magnet data 
set. On the swing shift, another six magnets were moved 
into position to be measured the next day. 

The day's measurements were processed in one big 
adjustment. The common monument observations made 
for a very redundant, geometrically strong network. The 
resulting coordinates were parsed into individual magnet 
data sets for further processing. Each magnet data set 
was used to generate magnet-centered fiducial 
coordinates. The beamline axis was defined by the axis 
of a best-fit cylinder through the mandrel coordinates, 

magnet center by the average of magnet end positions, 
and remaining coordinate axis orientation by a best-fit 
plane through lamination edge coordinates. 

Figure 3 Six magnets ganged for fiducialization 

3 TOTAL STATION WORK 
To do alignment work with the total station, whether 

bolt pattern marking or component positioning, the 
surveyor arrives on scene with the instrument and a data 
collector loaded with surveyed monument coordinates 
and component ideal coordinates. [2] The instrument is 
set up on a portable tripod where several monuments and 
the area to be worked are visible. The monument 
positions are considered known and are used to solve for 
the instrument position. Distances and angles are 
measured to a number of monuments, some upstream and 
some downstream. While two monuments would give a 
unique solution for the instrument position, it is good 
practice to observe four or five monuments. This is 
enough data to identify possible problems with the 
monument coordinates and provide a redundant solution. 
SLAC's software displays measurement residuals and 
calculated standard deviations to help evaluate the quality 
of the solution. With a good solution in hand, alignment 
begins. 

3.1 Layout and Stand Alignment 

Some simple custom hardware facilitates layout and 
stand alignment. A layout block is a piece of steel 3 by 5 
by 1 inches with a through-hole in its center. Pressed 
flush into one end of the hole is a drill bushing, while the 
other end is beveled to form a cup for the 1.5 inch SMR. 
The floor is marked by removing the SMR and inserting a 
center punch sized for the bushing. For stand alignment, 
special magnetic SMR cups were built to occupy critical 
component/stand interface positions. The surveyor enters 
the point name in the data collector and the position of 
the SMR in the block or cup is observed with the total 
station. For low precision work, it is adequate to aim the 
instrument at the apparent SMR apex and record a single 
measurement. The software computes a position and 
returns the difference between the observed and ideal 
positions.  The difference cab be displayed in the beam- 
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following coordinate system or in a system oriented to the 
line between the point and the instrument. The block or 
stand is moved toward the ideal position, perhaps aided 
by a pocket tape, and another observation is made. This 
process is repeated until the difference between observed 
and ideal is within tolerance, typically 1 or 2mm. If doing 
layout, the SMR is removed, and the center punch is 
inserted to mark the point. For stand alignment, there 
may be several points to check to verify stand orientation 
and special spirit levels can be very handy as well. 

The HER quad raft installation required a second 
layout step. The hole patterns were drilled, the threaded 
anchor studs and steel mounting plates were installed, the 
surveyors leveled the plates, and the plates were grouted. 
The second layout was for mating pins in the mounting 
plates. The same procedure was used, but with a 0.5mm 
tolerance. After the surveyors punch-marked the steel 
plates the ironworkers followed with a magnetic base drill 
to make the mating holes. The mating pins controlled a 
quad raft's position and orientation. Table 1 displays 
how effective this scheme proved to be. The left side 
shows the surveyed positions of quads in region five 
before alignment. The residuals represent the sum of 
errors resulting from mating hole marking and drilling, 
and quad raft assembly. 

Quad DZmm DXmm        Dy mm DXmm DYmm 

1 -0.15 -0.31 -0.29 -0.03 -0.12 

2 -0.40 -0.27 -0.03 0.01 0.06 

3 -0.18 -0.52 -0.36 0.10 0.14 

4 -0.45 -0.47 -0.02 0.10 0.01 

5 -0.19 -0.62 -0.11 0.04 0.04 

6 -0.01 -0.38 -0.73 -0.39 0.20 

7 -0.99 -0.37 -0.13 -0.18 0.13 

8 -1.01 -0.36 -0.43 -0.10 -0.04 

9 -0.43 -0.55 0.13 -0.22 0.11 

10 -0.10 -0.65 -0.12 -0.23 -0.02 

11 -0.62 -1.07 -0.37 0.07 -0.15 

12 -0.79 -0.35 -0.23 -0.10 0.04 

13 -0.61 -0.37 -0.18 0.02 0.03 

14 -0.31 -0.53 -0.21 0.19 -0.13 

15 -0.15 -0.19 -0.01 0.11 0.08 

16 -0.78 -0.68 -0.04 0.07 0.20 

17 -0.33 -0.99 -0.15 0.13 0.08 

18 -0.47 0.07 -0.77 0.10 0.11 

19 0.09 0.07 

20 -1.06 -0.62 -0.06 0.24 -0.04 

21 0.19 (1.08 

22 -0.21 0.05 0.37 -0.01 0.01 

23 -1.07 -0.51 0.30 0.04 ().(X) 

24 -0.94 -0.28 -0.13 -0.01 0.02 

25 -0.62 -0.16 -0.02 0.02 0.02 

26 -0.79 -0.38 -0.04 0.03 0.01 

27 -0.33 -0.02 0.41 -0.14 -0.10 

28 -0.25 -0.52 0.48 -0.07 -0.01 

29 -1.34 O.(X) 0.25 -0.03 -0.01 

3(1 -0.16 -0.16 0.09 0.07 -0.08 

31 0.05 -0.01 

32 -0.06 0.06 

3.2 Magnet Alignment 

At a glance, the magnet alignment procedure looks 
the same as that for layout or stands. The tighter 
tolerances dictate a few refinements, however. First, the 
single set of monument observations is replaced by two 
or three sets to better determine the optical center. This 
yields benefits not only statistically, but also 
mechanically by compensating for instrumental errors. 
Second, it is more accurate to aim at a separate sphere- 
mounted SMT and then switch to the SMR for distance 
measurement. Finally, the light hardwood tripod is 
replaced by a heavy optical tooling-style stand, which is 
rolled from place to place. 

Magnet fiducial observations started with single 
pointings to SMRs; no sense looking for microns until the 
millimeters were worked out. In the HER, the surveyors 
shot the four top fiducials first to get a look at magnet 
orientation. They adjusted pitch and roll to zero to de- 
couple orientation and translation, then worked Z, Y, and 
X struts to bring the magnet into position. Typically, this 
took several iterations of survey and alignment. The 
SMT and reverse pointings were not brought into play 
until the magnet was very close to its ideal position, say 
100 to 200 microns. 

After all HER quads were aligned, the tracker was 
used to map the quads and BPMs. This was another great 
application for the tracker; gross data collection in a 
protected environment where it could be rolled from 
magnet to magnet all around the ring. The right side of 
Table 1 shows results of that map. The residuals are from 
a smooth curve fit through the differences between 
surveyed and ideal magnet centers.[3] They represent the 
sum of errors from the monument network and the total 
station measurement procedure. 
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Abstract 

The Advanced Photon Source (APS) consists of a 
linac, position accumulator ring (PAR), booster synchro- 
tron, storage ring, and up to 70 experimental beamlines. 
The Access Control and Interlock System (ACIS) utilizes 
redundant programmable logic controllers (PLCs) and a 
third hard-wired chain to protect personnel from prompt 
radiation generated by the linac, PAR, synchrotron, and 
storage ring. This paper describes the ACIS's design phi- 
losophy, configuration, hardware, functionality, validation 
requirements, and operational experience. 

1 INTRODUCTION 

Personnel protection from prompt radiation produced 
by the APS accelerators is provided using four PLC-based 
ACISs. The first system covers the linac/PAR, the second 
the booster synchrotron, the third the if area of the storage 
ring (designated Zone F), and the fourth covers the remain- 
ing zones (A-E) of the storage ring. In addition, each of 
the 70 beamlines uses PLCs for their Personnel Protection 
Systems (PSSs). The PSSs interface to the Zone F ACIS 
and storage ring ACIS. This paper describes the four 
ACISs. 

2 DESIGN PHILOSOPHY 

All the ACISs are designed to the same criteria: 
• they must fail-safe so that any single fault leaves 

the system in a safe beam-inhibiting state, 
• they offer redundant and independent protection 

so that any component or subsystem failure 
leaves the system in a safe state, 

• they monitor beam enclosure tunnel security and 
prevent beam operations if any unsafe or poten- 
tially unsafe condition is detected, and 

• they incorporate built-in testing to facilitate bian- 
nual validation of all functions. 

PLCs are special-purpose microprocessor-based con- 
trollers which interface to "real-world" input and output 
devices. They monitor the input devices, execute user- 
written logic, and update output devices based on the result 
of these logic functions. Allen-Bradley PLC5 series PLCs 
were chosen to implement the ACIS logic for several rea- 
sons: 

• higher reliability than comparable relay-based 
systems, 

• ease of programming and self documenting, 
• built-in features for testing, system monitoring, 

and diagnostics, 
• easy interfacing of external control devices, 

• modular design, wide variety of compatible 
devices, and 

• field proven operation, mature technology. 

3 CONFIGURATION 

Each ACIS monitors its specific accelerator and com- 
municates with its neighboring ACISs. Figure 1 illustrates 
the relationship among the four ACISs, their relationship 
to each other, and then the relationship to the PSSs. Two 
independent PLC chains (A and B) and a third, "hard- 
wired" chain C, monitor tunnel security and system integ- 
rity. If any system trips, the equipment controlled by the 
ACISs is disabled and beam is inhibited. Controlled 
equipment consists of if amplifiers, modulators, steering/ 
focusing magnet power supplies, and the electron gun. 

The ACISs also send permissives to partitions which 
are installed between the accelerators. Closed partitions 
prevent beam from entering a downstream area or prevent 
radiation from "back streaming" to an upstream area. The 
partition between the linac/PAR and synchrotron consists 
of three movable beam blocks. Each block is monitored 
by both chains of the linac/PAR and synchrotron ACIS. 
Permits to open are granted by both ACISs as long as each 
machine is in the same operating mode. The partition 
between the synchrotron and Zone F consists of steering 
magnets which direct the beam to a dump or towards Zone 
F for injection into the ring. The status of these magnets is 
sensed by magnetic gap switches installed in the magnet 
and by current monitors installed on the outputs of the 
magnet's power supplies. This partition is monitored by 
the Zone F ACIS (both chains). 

Ultimately 70 beamlines will connect to the storage 
ring. The front-end section of a beamline is located inside 
the storage ring's tunnel and contains photon and safety 
shutters. When closed, these shutters protect the experi- 
mental area outside the storage ring wall from stored beam 
radiation. The closed positions of the shutters are moni- 
tored by both PLC chains and their status is sent to the 
beamlines for use by the PSSs. 

4 HARDWARE 

ACIS hardware consists of emergency shutdown but- 
tons, controlled access key switches, radiation monitors, 
beam current monitors, limit switches, relays, watchdog 
timers, control panels, message displays, magnetic locks, 
and controlled equipment interface panels. The PLC pro- 
cessors are installed in the main control room (MCR) and 
are connected to remote input/output (I/O) crates via fiber 
optic cables.   All racks containing ACIS equipment are 
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Zones A - E ACIS 

locked and tamper-monitored. ACIS cables are labeled 
and protected by separate cable tray and conduit. 

Figure 2 is a typical interface to the controlled equip- 
ment. Enables are granted the equipment if two normally- 
open relay contacts wired in series are closed. The relay 
coils are independently driven by chain A and chain B. In 
addition to asserted PLC outputs, other conditions must be 
met before the relays energize: chain C (the hard-wired 
chain) must be complete, a beam permit signal from the 
MCR must be on, and watchdog timers must be energized. 
For testing and system validation, key-operated switches 
are installed to direct the ACIS permissives from "real" 
controlled equipment to test loads. 

The MCR beam permit signal is driven by a key 
switch on the ACIS control panel. It is monitored by the 
PLC and independently sends a pulse train to the receivers 
in the interface panel. If the pulses are present, the con- 
tacts, which are in series with the output relays, close and 
the relays are energized. The watchdog timers receive 
pulses from their respective PLC chain via a local output 
module. The contacts are closed as long as the PLC pro- 
grams are running. If a program ceases to execute its peri- 
odic scan, the pulses stop, the contacts open, and the 
output relays de-energize. 

5 FUNCTIONALITY 

As shown in Figure 3, the ACISs are state machines 
with the five operating modes. The modes escalate from 
Authorized Access to Beam Permit, and have the follow- 
ing meaning: 

AUTHORIZED ACCESS MODE: tunnel access is allowed 
on an unrestricted basis. It is entered upon initial program 
execution, a system reset, a normal transition from Con- 
trolled Access Mode, or a trip. 

SEARCH / VERIFICATION MODE: A search is enforced 
to verify no personnel are in the beam enclosure tunnels. 
As the tunnel is searched, buttons located on the beam 
shutdown station (BSS) boxes are pressed to indicate that 
area was visited by the search team. The search must be 
completed in a preset time. If the time is exceeded, or if a 
button is hit out of order, a trip to Authorized Access Mode 
is generated. 

CONTROLLED ACCESS MODE: This mode is entered 
after the successful completion of the tunnel search. It is 
implemented to allow personnel into the tunnels on a lim- 
ited basis without requiring another search. While in the 
tunnels, personnel are required to carry a controlled access 
key. If any key is out, the ACIS cannot transit to the next 
higher mode. This mode may be re-entered from Beam 
Permit Pending Mode or by a Controlled Access Mode 
trip. 

BEAM PERMIT PENDING MODE: Entry from Con- 
trolled Access Mode requires a 1-minute warning message 
initiated by the MCR operator. This message is announced 
in the tunnel by audible alerts and red strobe beacons 
installed in the BSS boxes. At the end of the warning, the 
alerts silence but the strobes remain flashing. 

BEAM PERMIT MODE: TO enter this mode the MCR 
operator inserts a key in the beam permit key switch and 
selects the "Enable" position. The PLCs monitor this 
switch and, if all other conditions are met, energize the 
ACIS output relays. At the same time, a pulse train is 
transmitted to the beam permit receivers in the output relay 
panels. 

Authorized Access or Controlled Access Modes are 
unconditionally entered if a fault is detected. The types of 
faults are listed in Figure 3. 
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Figure 2: ACIS output interface. 

Permits to open the partitions and permissives to ener- 
gize the controlled equipment are only granted by the 
ACISs. Other commands to open the partitions or energize 
equipment must be sent by MCR operators. For additional 
protection, the ACIS monitors the state of the controlled 
equipment. If the feedback signal indicates the equipment 
is on while being disabled, or if the interface cable is dis- 
connected, the ACIS declares a "No Shutdown Verifica- 
tion" alarm. This alarm locks access doors to prevent 
entry and activates the in-tunnel strobes to alert personnel 
to evacuate. 

The ACISs are designed to eliminate the use of physi- 
cal jumpers for testing. A test mode—which can only be 
entered if all sets of controlled equipment are disconnected 
and a test mode key-operated switch is on—is provided to 
allow bypassing of certain functions. Since chains A and 
B cross trip each other and chain C influences the final per- 
missives, the validation procedure must prove system inde- 
pendence. Test features include disabling influences from 
other chains, providing a "quick search," inhibiting watch- 
dog timers, and masking tampers. 

6 VALIDATION REQUIREMENTS 

The ACISs are validated every six months or when- 
ever the interlock software is modified. The PLC proces- 
sors calculate checksums unique to their application 
programs. These checksums are used to identify the pro- 
gram version, and any change to the checksum requires 
revalidation of the system. ACIS validation involves exer- 
cising all I/O devices and verifying that the interlock logic 
performs as specified, ACIS status is properly displayed, 
and the controlled equipment shuts down when disabled. 
Validation results are recorded in the validation test proce- 

dure along with the checksum of the software being vali- 
dated. Completed procedures are archived in the APS's 
Document Control Center. 

7 OPERATIONAL EXPERIENCE 

The linac/PAR ACIS became operational in July 
1993, the synchrotron ACIS (including most Zone F hard- 
ware) in February 1994, and the Zone F and storage ring 
ACISs in February 1995. To date there have been no fail- 
ures of PLC hardware. However, some external devices 
have failed, namely an intermittent relay socket, a failed 
watchdog timer, sluggish operation of a beam stopper's 
control cylinder, and intermittent trips from a radiation 
monitor. Every ACIS challenge has resulted in a success- 
ful shutdown, and no unsafe failures have occurred. 

8 CONCLUSION 

The four ACISs were designed and installed over a 
four-year period based on the APS's construction sched- 
ule. PLC system modularity and flexibility was vital in 
meeting construction and commissioning goals and pro- 
vided full protective functionality during commissioning. 
The troubleshooting capabilities of the PLCs are valuable 
tools in diagnosing system operation and correcting mal- 
functions. The PLC-based ACISs have exceeded all oper- 
ational expectations. 
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Trips to Authorized Access Mode: 
Remote Communication Fault 
Program Checksum Fault 
Watchdog Timer Fault 
Shutdown Button Pressed 
Emergency Entrance Button Pressed 
Crash Bar Pressed 
Doors or Gates Opened when Armed 
Search Time Exceeded 
Search Sequence Violated 

Trips to Controlled Access Mode: 
PLC not in Run Mode 
Beamline Trips - 

Shutters Open if OFF Line 
PSS Trip Received if ON Line 

ACIS Interface Relay Fault 
No Shutdown Verification from 

Controlled Equipment 

Trip to 

Figure 3: ACIS operating modes. 
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Abstract 

The Fermilab Main Injector extraction system will be ca- 
pable of delivering a uniform 120 GeV beam of ~ 3 x 1013 

protons per spill to the fixed target experiments (with spill 
time of 1 sec). Up to 2% of the beam is expected to be lost 
at the extraction septum and the Lambertson magnet. As 
a result, one expects increased radiation levels around the 
septa compared to other parts of the Main Injector. Real- 
istic Monte-Carlo simulations have been performed to esti- 
mate the instantaneous and residual radiation levels in the 
beam extraction region. The results of these studies are 
presented and implications are discussed. 

1   INTRODUCTION 

The Fermilab Main Injector (MI) is being built as a high in- 
tensity 150 GeV proton and antiproton injector to the Teva- 
tron [1]. The MI is also capable of providing year-round 
120 GeV proton beam with fast spill with a spill time of 
0.04 sec, and a slow spill with a spill time of « 1 sec [2]. 
In both of these cases the final extraction takes place at 
the MI52 straight section. During the extraction we expect 
beam induced radioactivity in the extraction septa and the 
down-stream beamline elements due to unavoidable beam 
losses at the septum wires. In this paper we present the es- 
timated radioactivity in the vicinity of the extraction septa 
arising from the slow resonant extraction of the beam and 
its consequences on the operation of the MI. 

The design beam intensity of the MI for the fixed target 
experiments with slow spill operation mode is 3 x 1013 for 
every 2.9 sec. The accelerator is also capable of providing 
beam in mixed modes where only about 80 % of the beam 
is extracted in slow extraction mode. However, we take the 
worst case beam loss scenarios for our calculations. 

2   EXTRACTION SEPTA AND THE BEAM 
LOSSES IN MI 

The extraction system comprises of three 12 ft long elec- 
trostatic septa, Lambertson magnets and a "C" magnet. 
Each of the electrostatic septa is designed to produce about 
200/xr kick on 120 GeV beam. A schematic view of the ex- 
traction region near MI52 location of MI is shown in Fig. 1. 
Two of the three extraction septa are located in straight sec- 
tion of MI-52. The third septum is situated at MI-30 which 
is at about nx360° phase (or « 920 meters up-stream of 
MI52) away from either of the two. This arrangement is 

done because there is not enough space to install all three 
septa at MI-52. 

Each septum has a wire plane 3.048 m long with a high 
voltage gap of 10 mm. These wires are made of tungsten- 
rhenium and are of 0.1 mm dia. The maximum voltage 
gradiant in the septum gap is about 70 kV/cm. 

MI Extracted Beam 

VLAM1     SEPT3        SEPT2 

MI Circulating Beam 

SEPT2 
SEPT3 

Electrostatic Septa (12 ft) C : C Magnet (11 ft) 

VLAM1 

VLAM2 :Lambertson Mangel (9.186 ft)   SEPT1 is in MI30 location (not shown here) 

VLAM3 Q522 is a Quadrupole (7 ft) 

Figure 1: A schematic view of the Main Injector slow ex- 
traction region at MI52 straight section. One of the elec- 
trostatic septum is located in MI30 straight section and not 
shown here. The longitudinal dimension of each of the de- 
vices are also shown. The total extent of this region is about 
60 meters. 

The displacement of one of the septum magnet may 
be beneficial because the beam loss will be less lo- 
cal. Also, the part of the beam kicked by the electro- 
static septum at MI-30 will gain a displacement of dx = 
6y/ßacvtßQ sin(A<j)). Hence by selecting proper phase ad- 
vance A<f> at MI-52, we can choose dx >0.1 mm (« diam- 
eter of the septum wire). This helps to reduce or eliminate 
the beam losses at the MI-52 extraction region. However 
in our estimation of the beam loss and the induced radioac- 
tivity, rearrangement of the exectrostatic septa mentioned 
above are ignored. Also in reality, all particles that hit the 
septum wire may not be entirely lost during extraction pro- 
cess. Hence results presented here are highly conservative. 

The particles that hit the septum wire are taken to be 
the extraction losses and this defines the extraction inef- 
ficiency. The minimum extraction loss, £min (percentage 
loss), is related to the aperture between wire and the cath- 
ode Ax, and the wire size w [3]. 

Smin — 
2w 
Ax 

* Operated by Universities Research Association, Inc. under contract 
No. DE-AC02-76CH03000 with the U. S. Department of Energy 

In the present case Ax = 10 mm and the wire size w = 0.1 
mm. Hence, we expect a minimum of about 2 % beam loss 
for steady-state density distribution of the particles. Alter- 
natively it has been shown [2] that quantity £min « Wy/ße 
which indicates that the inefficiency can be reduced only 
by increasing the emittance and/or ß before extraction. 
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3   MONTE CARLO CALCULATIONS AND 
RESULTS 

3.1 Monte Carlo Code - MARS 

The Monte Carlo code MARS [4] employs inclusive sim- 
ulation of the hadron-nucleus interactions and uses statisti- 
cal weights method. A phenomenological description [5] 
of the inclusive particle distributions is adopted and on 
the average the energy-momentum conservation is satis- 
fied. This program is most suitable for evaluating shielding 
problems encountered in high-energy (E> 10 GeV) acceler- 
ators. For the cases discussed here, the primary proton en- 
ergy is 120 GeV. The hadron energy cutoff and star prouc- 
tion energy cutoff are taken to be 14.5 MeV and 300 MeV, 
respectively. The properties of the septum wires are ex- 
ternally supplied to the code during the calculations. The 
atomic number and the mass are taken to be 74 and 180, 
respectively. Since the wires in the septa are widely sepa- 
rated, their effective density is taken as 0.31 g/cc. For other 
beamline materials the calculations use the necessary infor- 
mation from the MARS code. 

3.2 Conversion Factors 

The instanteneous and residual radioactivity of the beam- 
line components are determined by using calculated en- 
ergy deposition densities and hadron fluxes. The required 
conversion factors have been extracted in a seperate set of 
Monte Carlo calculations performed with incident proton 
energy 120 GeV on material of the beamline elements such 
as Fe, Cu and Al. The quantities are extracted from loca- 
tions of shower maximum. The results of these calculations 
have been listed in Table I. It is important to note that the 
dose equivalent (i.e., Rem/p) in this table is valid in tissue 
like region only. 

Table 1. Useful conversion factors from MARS, p.p stands 
for per incident proton. 

Type of 
Conversion 

Fe Cu Al 

Hadron flux /cm2 

GeV 1 qm p.p 110.28 133.6 88.4 
Star/cc 

GeV/cc p.p 2.11 2.31 1.53 
Rem/p 

GeV/gm p.p 6.11E-5 6.0E-5 4.8E-5 

3.3   Instanteneous Radiation Dose 

To estimate instantaneous (and residual) radioactivity we 
have used exact geometry of the electrostatic septa and the 
Lambertson magnet in our model. The quadrupole mag- 
net is assume to have cylindrical symmetry. The kick 
on the beam induced by electric field of the wire is re- 
placed by equivalent magnetic field. The magnetic fields 
are Bx = 0.0265 Tesla and By = 0.0 Tesla. The ex- 
tracted beam is bent vertically in the Lambertson magnet. 
The corresponding x and y components of the field in the 
Lambertson are Bx = 0.0 Tesla and By = 0.749 Tesla, 
respectively. In the program MARS the instanteneous dose 

is determined assuming time of irradiation T, = oo and 
cooling time Tc = 0. 

Table 2. Instantaneous maximum radiation dose in the 
down-stream quadrupole. The nomenclature : "S" for sep- 
tum magnet, "Q" for quadrupole magnet and "o" for drift 
space. 

Configuration Drift Space 
(Meters) 

Instantaneous Dose 
(KRad) 

SooQ 
oSoQ 
ooSQ 
oSSQ 

6.9 
3.7 
0.4 
0.4 

5.8 
6.4 
6.5 
6.5 

Lambertson0 0.4 1880.0 

"Maximum dose near the intersection of no field and field region 
Presently the exact location of the electrostatic septum 

in the MI30 straight section is not well determined. But 
we know that it will be installed between Ml-quadrupoles 
Q305 and Q306 which are separated by a distance of ap- 
proximately 17.3 meters. Depending upon the location of 
the electrostatic septum, the down-stream quadrupole will 
be activated differently. The maximum dose for different 
configurations are shown in Table 2. The Main Injector 
enclosure is built with a minimum radiation shielding of 
7.5 m of soil equivalant which provides sufficient radiation 
shielding at the surface. 

3.4   Residual Activity of the Extraction System 

Estimation of the induced radioactivity of an irradiated tar- 
get involves detailed calculation of production of various 
types of radioactive nuclei and their dacay. Previously such 
a calculation has been carried out to the Fermilab anti- 
proton production target [6] and compared with experimen- 
tal data. Here we adopt a method described by Barbier[7] 
which states that the dose rate D is given by, 

O 
£) = -—x$x/x danger parameter 

Alt 

where Q is the solid angle at the source and <& is the hadron 
flux calculated using MARS. The quantity / is the beam 
inensity. The danger parameter is a function of the target 
material, duration of exposure of the material to the pri- 
mary radiation (T,) and total cooling time (Tc). The quan- 
tity j^ = 0.5 if radiation level is measured at contact. Fig- 
ure 2 displays the worst case residual radioactivity in the 
downstream quadrupole which is adjacent to the first elec- 
trostatic septum (configuration ooSQL). Four different sce- 
narios of Ti and Tc are indicated. 

Figure 3 shows the cross-sectional view of the Lambert- 
son magnet. Various partitions (in the first 10 cm depth) ex- 
amined by Monte Carlo calculations are numbered as sep- 
arate regions. The residual activity as a function of region 
number is shown in Fig. 4. We find that after continuous 
extraction of the beam for 30 days and cooling it for one 
day, one expects a maximum radiation level to be about 10 
Rad/hour around the region number 14. The radiation dose 
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Induced Radioactivity of the Quad down stream of 
the Electro-static Septum (MARS) 
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Induced Radioactivity of the first 10 cm of 
the Lambertson (estinated using MARS) 

■ 
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Length of the Quad from tha Upstream End {cm) 

S.O 10.0 15.0 
Region Number on the Lambertson 

Figure 2: Worst case residual activity of the down-stream 
quadrupole magnet due to the beam extraction loss at the 
electro static septum. The data shown are radiation dose as 
a function of the distance along the magnet. 

Lambertson Magnet and the Region Numbers 

Used in the MonteCarlo Calculations 

Field Free 
Region 

Figure 3: Schematic view of the Lambertson magnet and 
the partitions used in the Monte Carlo calculations. 

on the body of the Lambertson at contact is found to be less 
than lOmRad. 

4   SUMMARY 

We have performed detailed Monte Carlo calculations of 
the radioactivity at three different devices in the Main In- 
jector extraction system. We find that the instantaneous and 
the residual activity of the extraction devices do not pose 
any potential problem from the point of view of operation. 

Authors would like to thank P.S. Martin for useful dis- 
cussions. 
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RADIATION PROTECTION IN THE NLC TEST ACCELERATOR 
AT SLAC1 

Theodore L. Lavine and Vaclav Vylet 
Stanford Linear Accelerator Center, Stanford University, Stanford, California 94309 

Abstract 
This report describes the ionizing radiation protection and 
safety issues in the design of the Next Linear Collider 
Test Accelerator (NLCTA), a high-gradient, 1-GeV, X- 
band linac at SLAC. 

1 INTRODUCTION 
The Next Linear Collider Test Accelerator (NLCTA) 

is a high-gradient, X-band linac at SLAC designed to 
validate 2.6-cm microwave linear accelerator technology 
for a future high-energy linear collider (the Next Linear 
Collider).2 This report describes the ionizing radiation 
protection and safety issues in the design of the NLCTA, 
including power limits, shielding, and safety systems.3 

The NLCTA beam line (Fig. 1) consists of an 
injector, chicane, linac, and spectrometer. The injector 
contains a 3-A, 150-kV, pulsed thermionic-cathode gun 
and two 0.9-m-long X-band accelerator sections.4 The 
sections are energized by a single 50-MW klystron, and 

Gun 

Adjustable 
collimator 

Pulse 
modulator 

Presently 
Installed 
klystrons 

Injector 
X-band 
sections 

Chicane 
bends 

Insertable 
Faraday 
cup 

Linac 
X-band 
sections 

Kicker 

Spectrometer 
bend 

Beam 
dump 

Fig. 1.   Plan view of the NLC Test Accelerator.   The 
length of the beam line from gun to dump is 43 m. 

boost the beam energy by up to 90 MeV (50 MV/m). The 
gun pulse has 0.125-ms duration. The repetition rate is 
variable up to 10 Hz. The net current loss in the injector is 
approximately 30%. 

Downstream from the injector is a magnetic chicane 
containing an adjustable collimator. The dominant 
sources of radiation in the chicane are beam losses in the 
bends and collimator, for which 30% is assumed. 

Downstream from the chicane is an insertable, re- 
entrant tungsten Faraday cup followed by an X-band 
linac. 

The linac is designed to contain up to three pairs of 
1.8-m-long X-band accelerator sections. (At present, two 
pairs are installed.) Each pair is powered by a single 50- 
MW klystron, and boosts the beam energy by up to 180 
MeV (50 MV/m). The dominant source of radiation in the 
linac is expected to be small, distributed beam losses. The 
net loss is expected to be much less than 0.5%, consistent 
with experience in the SLAC linac and Final Focus Test 
Beam. However, for the purpose of estimating the 
radiation doses, a point loss of 0.5% in the linac is 
assumed. 

A future upgrade of the rf system is planned in which 
the rf power will be tripled by replacing each 50-MW 
klystron with a pair of 75-MW klystrons, which will 
increase the gradient in the injector and linac by \3. A 
future upgrade of the injector is also planned which would 
double the peak current and change the micropulse 
structure for NLC accelerator-development studies. 
Because of the upgrade plans, the beam dump and 
shielding were designed for the future, upgraded beam 
power, with losses as described above. 

2 ALLOWED BEAM POWER 
Allowed Beam Power (ABP) is limited by an 

electronic limit on the gun rep rate, and physical limits on 
the duration of the high-power rf pulses and the 
accelerating gradient. 

The maximum gun rep rate is limited to 10 Hz by 
three re-triggerable, monostable multivibrator circuits 
which limit the rep rate by virtue of their finite re- 
charging times. The three devices have independent 
power systems and are not subject to common-mode 
failure. 

The duration of the accelerated beam pulse 
(nominally 0.125 ms) is limited to 0.2 ms by the duration 
of the high-power rf pulses (which is determined by the 
physical length of the SLED-II delay-line waveguides5) 
and by the filling time of the X-band accelerator structure. 

The accelerating gradient is limited by the available 
microwave power. If the pulse current exceeds its 
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nominal value, the beam power is further limited by 
current-dependent loading of the X-band gradient. The 
steady-state current-loaded gradient (V) in a section of the 
X-band structure is 
V« Vo{ l-0.25[//(0.74A)][(50MV/m)/Vo][£/(l-8m)]}, (1) 

where / is the average pulse current, Vo is the unloaded 
accelerating gradient, and L is the length of the section. 
Vo is 50 MV/m before upgrade, and 87 MV/m after 
upgrade. L is 0.9 m for the two sections in the injector, 
and 1.8 m for the six sections in the linac. Consequently, 
the pulse power (IV) is maximized for the finite pulse 
current, 

/* = 2 (0.74 A) [Vo/(50 MV/m)] [(1.8 m)/L]. 
Since the ABP is obtained when the current is twice 
nominal and the loaded gradient is two-thirds nominal, 
the ABP is only one-third greater than the nominal beam 
pulse power, for equal pulse durations. If the pulse current 
of the gun increases to twice the nominal value, the beam 
loading doubles, and the beam energy drops to 2/3 
nominal. 

The net effect of the increased pulse duration (x0.2 
ms/(0.125 ms)), increased pulse current (x2), and 
decreased beam energy (x2/3) due to increased loading is 
that the ABP exceeds the nominal beam power by a factor 
of 2.1. ABP after upgrades is 3.1 kW. 

3 MAXIMUM CREDIBLE BEAM POWER 
The maximum credible beam power (MCBP) is 

obtained if the electronic rate-limiting devices that limit 
ABP fail in such a way that the beam rate increases to 180 
Hz. For rates from 10 Hz up to 180 Hz, the MCBP is 
limited by a fail-safe electronic circuit that limits the 
average current to less than 11 mA.6 

Beam loading does not significantly limit MCBP. 
The MCBP is attained at nearly the highest possible 
energy since the average current limit applies to the 
product of pulse rate, pulse duration, and peak current. At 
the maximum possible pulse rate (180 Hz) and pulse 
duration (0.2 ms), the 11-mA average gun current limit 
corresponds to a peak pulse current of only 0.3 A, which 
loads the gradient by only a few per cent (eq. 1). 

MCBP after upgrades, calculated assuming nominal 
current losses, is 5.7 kW at 1070 MeV. The "safety 
envelope" corresponds to 100% loss of the MCBP either 
in the chicane, the insertable Faraday cup, the 
spectrometer, or the beam dump. 

4 SHIELDING 
The shielding was designed to limit the continuous 

dose rate at the surface of the shield in occupied areas to 2 
mrem/h, assuming the ABP after upgrade, nominal beam- 
loss fractions, operation for 1000 h per year, and an 
occupancy factor of 50%. Since the ABP exceeds the 
nominal beam power by a factor of approximately two, 
operation at the nominal upgraded beam power is 
compatible with 100% occupancy. 

The shielding-design calculations indicate the 
potential for some unoccupied areas, such as the roof of 
the enclosure and beam dump, to experience doses greater 
than 5 mrem/h. This is because the concrete roof is 
thinner than the walls, and because of vertical 
penetrations, offset from the beam axis, for waveguides 
and cables. Additionally, there are unoccupied utility 
tunnels, below the chicane and spectrometer areas, where 
continuous dose rates may approach 5-15 mrem/h. Areas 
receiving dose rates above 5 mrem/h are designated as 
"radiation areas," and are identified by appropriate signs 
and barriers. No areas outside the shielding are expected 
to be "high-radiation areas," where continuous doses 
exceed 100 mrem/h. 

Considering the magnitude of expected losses, it is 
practical to divide the beam line into two regions: (1) the 
injector, chicane, and insertable Faraday cup, where a 
large fraction of the beam may be lost; and (2) the linac 
and spectrometer, where losses will be less than 0.5%. 
The thickness of the lateral concrete shielding is the same 
in all regions: 6-ft walls, and a 4-ft roof. The walls and 
roof are constructed from blocks that interlock in order to 
prevent direct streaming of radiation. 

After the planned upgrades, the dose rate outside the 
walls is estimated to be 0.5 mrem/h near the chicane and 
Faraday cup. The dose rate on the roof, away from any 
penetration, is estimated to be 10-15 mrem/h above the 
chicane and Faraday cup. The dose rate at the nearby roof 
penetration will be less than 100 mrem/h. 

The highest dose rates under normal conditions are 
expected at the end of the linac. The continuous dose rate 
after upgrades is estimated to be 0.9 mrem/h outside the 
walls, and 3 mrem/h on the roof. 

5 BEAM DUMP 
The beam dump is a stack of horizontal iron slabs. 

The beam impinges on only one slab (which will become 
activated). The power-handling capability of the dump, 
cooled only by natural convection and thermal radiation, 
is adequate for the MCBP.7 The dump is surrounded by 
6-12 ft of concrete laterally, on top, and forward. 

The nuclides of greatest concern in the activated 
dump are 4<iSc, 48V, 51Cr, and 54Mn, which have half-lives 
of 16-303 days, and gamma-ray energies of 0.8-1.3 MeV. 
The saturation dose rate will be approximately 2 rad- 
mVkWh. Assuming nominal beam power of 1.5 kW after 
upgrade, the estimated dose rate inside the housing, 50 cm 
from the point of impact, will be 1 rad/h. In order to 
permit access to the housing near the dump, the middle 
slab of iron contains a 70-cm deep, re-entrant recess for a 
(radially) 20-cm thick Pb collar surrounding the beam 
pipe. This collar reduces the gamma dose rate below 1 
mrem/h outside the beam pipe. 

6 AIR ACTIVATION AND OZONE PRODUCTION 
Beam loss may result in activation of air and ozone 

production in the housing if some of the energy deposited 
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by the beam leaks out into the air as ionizing radiation. 
The saturation level of the build-up of activation products 
and ozone in the housing was estimated from the ratios of 
the production and decay rates. Our estimates of these 
effects are conservative in that they assume minimal 
attenuation of the ionizing radiation in the "target" (which 
may be quite thick), no ventillation, and whole-body 
exposure. Beam losses assumed for estimating these 
effects were 230 W at 125 MeV in the Faraday cup, and 
7.5 W at 800 MeV. 

The most significant nuclides for air activation are 
13N (Ti/2 = 10 min) and 150 (Ti/2 = 2 min). The saturated 
concentrations are in the range of 10-20% of the limits 
allowed by DOE ("Radation Protection for Occupational 
Workers," DOE Order 5480.11, 1988) for these species, 
5% of the limit for 41A (Ti/2 = 110 min) produced from 
40A by thermal neutrons from the Faraday cup, and less 
than 1% of the limits for other nuclides including 3H and 
7Be. 

The dose at the site boundary due to airborne 
transmission of air-activation products was estimated for 
compliance with the Environmental Protection Agency's 
National Emissions Standards for Hazardous Air 
Pollutants (40CFR61, H). The effective dose equivalent to 
the maximally exposed individual of the general public 
was found to be 1.5 x 10" mrem/y, well below the 10- 
mrem/y limit. 

To estimate the production rate for ozone (T1/2 = 50 
min) at the end of the linac, it was conservatively 
assumed that 0.4 W escapes into the air in the form of 10- 
MeV electrons. The estimated production rate of 4 x 10 

—1    —1 molecules cm ' s , results in a saturated concentration of 
10u molecules cm-", which is 5% of the threshold limit 
for ozone. Ozone production at the Faraday cup is about 
50 times less because of greater self-attenuation and the 
lower energy. 

7 SITE BOUNDARY DOSE 
The SLAC site boundary, 400 m away from the 

NLCTA, is continuously monitored by active and passive 
detectors which are sensitive to neutrons and gamma rays. 
The predominant source of boundary dose from NLCTA 
is secondary radiation from the primary beam, in the form 
of neutrons that leak through the 4-ft-thick concrete roof 
and scatter in air. This source is estimated to result in an 
annual boundary dose of less than 0.04 mrem. 

The klystrons used to generate the microwave power 
for the accelerator can be sources of 400-keV X rays. The 
klystron dose rates are 0-25 mrem/h at 30 cm. The 
klystron dose at the site boundary is negligible. 

8 PROTECTION SYSTEMS 
A Beam Containment System (BCS), is designed to 

limit the beam losses to the 0.5% level. The BCS utilizes 
eight Protection Ionization Chambers (PICs) deployed 
inside the housing along the beam line between the 

chicane and the beam dump. The individual PICs act 
redundantly in that radiation from a point loss is detected 
by more than one PIC. PIC readings that correspond to a 
1-mrem/h dose outside the shielding cause a 10-fold 
reduction in the gun trigger rate to allow for operator 
intervention. PIC readings that correspond to a 2-mrem/h 
dose outside the shielding cause the BCS to inhibit 
triggers to both the gun and the klystron pulse modulators. 

The Personnel Protection System (PPS) is designed 
to detect radiation doses outside the shielded housing, and 
to control access to the housing. The PPS utilizes 10 
Beam-shut-off Ionization Chambers (BSOICs) deployed 
outside the shielding. The trip levels of the BSOICs at 
ground level are set at 10 mrem/h. Three of the BSOICs 
are positioned in potential radiation areas on the roof and 
in a utility tunnel, and are set to trip at 100 mrem/h. 
BSOIC trips or access violations cause the PPS to turn off 
the high voltage for both the gun and the modulators, and 
inhibit the modulator triggers. 

The BCS also includes physical devices designed to 
contain the beam at the chicane and spectrometer bends, 
where an unanticipated drop in energy (due to klystron 
failure) could cause the beam to over-bend, escape the 
vacuum chamber, and hit the concrete shield, which 
cannot absorb the maximum power. The BCS devices 
designed to prevent this mishap are protection collimators 
capable of absorbing the MCBP. 

The vertical kicker has the potential to steer the beam 
into a pole of a spectrometer matching quad, which may 
result in excessive dose rates in an underlying utility 
tunnel (3-10 rem/h for 1.5-5.7 kW). To limit the duration 
of such rates, a BSOIC with a 100-mrem/h trip threshold 
is located in the tunnel. This BSOIC will shut off the 
beam if losses exceed 50 W. Since simultaneous dose 
rates of 0.6 rem/h outside the walls and 2.5 rem/h on the 
roof are anticipated, the scenario is mitigated also by three 
other BSOICs and two PICs, which will shut off the beam 
at 25-W loss. 

Full functionality of the BCS and PPS interlocks and 
devices, and other radiation safety items, is maintained by 
routine testing, inspection, and configuration controls. 
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MODULAR RELIABILITY MODELING OF THE TJNAF PERSONNEL 
SAFETY SYSTEM 

J. Cinnamon, K. Mahoney, Thomas Jefferson National Accelerator Facility, 12000 Jefferson 
Avenue, Newport News, VA, 23606 

Abstract 

A reliability model for the Thomas Jefferson 
National Accelerator Facility (formerly CEBAF) 
personnel safety system has been developed. The model, 
which was implemented using an Excel spreadsheet, 
allows simulation of all or parts of the system. 
Modularity of the model's implementation allows rapid 
"what if case studies to simulate change in safety system 
parameters such as redundancy, diversity, and failure 
rates. Particular emphasis is given to the prediction of 
failure modes which would result in the failure of both of 
the redundant safety interlock systems. In addition to the 
calculation of the predicted reliability of the safety 
system, the model also calculates availability of the same 
system. Such calculations allow the user to make tradeoff 
studies between reliability and availability, and to target 
resources to improving those parts of the system which 
would most benefit from redesign or upgrade. The model 
includes calculated, manufacturer's data, and Jefferson 
Lab field data. This paper describes the model, methods 
used, and comparison of calculated to actual data for the 
Jefferson Lab personnel safety system. Examples are 
given to illustrate the model's utility and ease of use. 

1 BACKGROUND 

1.1 Need for Safety Analysis 

The Jefferson Lab PSS is responsible for preventing 
several types of danger to personnel. This system must 
detect unsafe conditions during the lifetime of the 
accelerator. An analysis of an accelerator safety system 
is a necessary requirement in determining if the system 
meets the original design specifications. If a safety 
system exceeds the failure rate of its design, changes can 
be made to improve physical implementation. A 
reliability study not only allows a system engineer to 
determine the system's current reliability, but also to 
identify the "weak links". The expense of unnecessary 
improvements can also be avoided by having realistic 
"before and after" data about the effects of any changes. 

1.2 Scope of Study 

The reliability model of the TJNAF Personnel 
Safety System (PSS) was developed to predict the safe 
and unsafe failure rates (ks & Xa), availability, and actual 
TJNAF in-field failure information for PSS systems. The 
model uses the industry accepted reliability modeling 
techniques of the military standard MIL-STD-756B. This 
information is used to determine the true safety the PSS 
system. 

2 METHOD 

The TJNAF PSS system was modeled using 
Microsoft Excel™ as a platform to calculate reliability. 
The actual implementation of the study was done using a 
common-sense approach. Instead of the usual formula- 
focused method, the PSS was studied using a more 
graphical approach. The entire PSS system was drawn in 
block diagram form. Each major block was reduced into 
its constituents, and the resulting blocks were further 
reduced to the individual component level. 

At this point, a special spreadsheet was built to 
contain the calculated reliability values for all PSS 
components. This master sheet was used as a reference 
source for information on each PSS part. Having a single 
source of reliability data greatly simplifies the process of 
developing the study. These values were then referenced 
whenever needed via pointers to the cell in the master 
database. 

3 DEVELOPMENT 

3.1 Preparation 

The first step in beginning a reliability analysis is to 
develop a drawing of the system you wish to model. This 
drawing should be a schematic showing each major part 
of the system in block diagram form. The major sections 
of the system should show any interconnections between 
sub-systems to provide any information about 
interdependence. The each block of the system diagram 
should be separate and discreet from other blocks. 

The level of detail at this point is very low. All that 
is needed is an understanding of what is to be under focus 
in the reliability study. Often, there are areas of an 
accelerator safety system which cannot or need not be 
included in the analysis. 
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The purpose of the system picture is to logically 
group components of the system into blocks. These major 
blocks are used to determine the final system reliability. 
Each of the major sub-systems under investigation is 
further broken down into its sub-systems and 
components. 

3.2 Identifying all components of the study 

After the sub-system drawings are completed, a list 
of each unique component should be made. This is a time 
consuming process, but a necessary one. A single 
database should be constructed in a spreadsheet program 
capable of calculating complex formulas. The TJNAF 
PSS used Microsoft EXCEL™ because of the high 
availability of the program and ease in use of formulas. 

3.3 Gathering information about components 

The method for determining the individual 
component reliability begins by researching the 
component for information on proven reliability. This is 
information which the manufacturer has obtained after 
thorough research and experience. The values are usually 
dependent on the frequency of use and operating 
environment. It should be noted that the manufacturer's 
reliability quotes are often much better than the 
component's actual field reliability, so field data is also 
used. 

3.4 Calculating Component Reliability Values 

If the reliability value for a given component is 
already known, the numbers can be directly entered into 
the Master database. If this is not the case, the values 
must be determined using what information is available. 

If the Failure rate is available, 
Failure Rate (k) = 1/MTBF in Failures per Hour 
Single-Component Reliability = Exp(-?t * time interval) 

If the MTBF is given, 
MTBF = Mean Time Between Failure (in Hours) 
Failure Rate (A.) = 1/MTBF in Failures per Hour 
Single-Component Reliability = Exp(-A. * time interval) 

If the Minimum Operations information is given, 
Minumum Operations Lifetime = # of ops. 

MTBF= (in Hours) 
Failure Rate Q.) = 1/MTBF in Failures per Hour 
Single-Component Reliability = Exp(-X. * time interval) 

3.5 Inclusion of Values in Database 

Once the individual component reliability is 
determined, the value is entered into the Master database. 
The MTBF values may be calculated and entered for use 
in Availability determination. A column containing the 
actual in-field MTBF values for a component is kept for 
reference. A value for the Mean Time to Repair is 
entered into the MTTR column. This represents the time 
needed to replace or repair the component in the field. 
The time interval of the study is also an important factor 
in determining reliability. This value should be the time 
between system re-certifications, usually 6 months or 1 
year. 

4 ARRANGING COMPONENTS TO SIMULATE 
SYSTEM 

The components are arranged in a spreadsheet model 
according to their pattern of usage in the actual system. 
This technique for reliability modeling allows the system 
under study to be easily examined for current reliability, 
and later dynamically improved as new components are 
put into service. In addition, the use of component 
"pointers" instead of numbers in the sub-system modeling 
make updates easier. 

4.1 Previous Methods of Analysis 

The more common approach to modeling an area is to 
write out a formula such as the one below. This shows 
the reliability as equal to the product of the reliability 
values of each of its constituents. 

Rsyslcm=((Runill) OR (R nnil2) AND...(Rulliln)) 

4.2 TJNAF Method 

The method used in the TJNAF reliability analysis 
involved the use of spreadsheet blocks to produce a more 
visual and easily modified picture of a system. The 
formulas are the same, but in a more graphical 
arrangement. This use of spreadsheet cells provides 
unique advantages when calculating large systems. 

When information about a part is entered into the 
master database, often only certain information is needed 
to calculate reliability. The rest of the information may 
clutter the view of the important material. Pointers were 
used to reference the master database reliability values 
wthout displaying every piece of information about the 
part. 

Spreadsheets of several systems can be opened 
together and interlinked using "drag and drop" pointers. 
These pointers consist only of the cell location of the 
information needed. 
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4.3 Linking sub-systems 

When the reliability of a single component or 
individual system is determined, the process of 
interconnecting with other systems begins. The larger 
system groups are formed by linking the reliability values 
from individual system sheets to a single sheet. The 
values are arranged as they exist in-field and a single 
value for the larger system is produced. As more and 
more systems are unified, the reliability of the complete 
system is approached. 

The key benefit of using a modular model in a 
spreadsheet is having the ability to quickly change things. 
As the size of a study expands, the need for an easier and 
less time consuming approach expands exponentially. 

SUMMARY 

The methods used be the TJNAF Safety System 
Personnel involved in the study have proved to be 
valuable and worth mention to other accelerator safety 
groups. The modularity affords a great deal of flexibility 
in generating scenarios of system revision and 
investment. This study has allowed our engineers to 
determine the cost-to-improvement ratio for upgrades on 
the TJNAF system. This has provided the Safety group 
with the data needed to save countless dollars on 
unnecesary "improvements", and permitted the 
components truly needing attention to be seen. 

FUTURE 

Sometime in the future, the analysis of the study 
will be expanded to include a Markov Analysis. This will 
be instrumental in providing more realistic information 
about safety and availability issues. 
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JEFFERSON LAB PERSONNEL SAFETY FAST BEAM KICKER SYSTEM 

K. Mahoney, O. Garza, E. Stitts, H. Areti, M. O'Sullivan 
Thomas Jefferson National Accelerator Facility, Newport News, Virginia 23606 

Abstract 

The CEBAF accelerator at Thomas Jefferson National 
Accelerator Facility (Jefferson Lab) uses a continuous 
electron beam with up to 800 kilowatts of average beam 
power. The laboratory beam containment policy requires 
that in the event of an errant beam striking a beam 
blocking device, the beam must be shut off by three 
methods in less than 1 millisecond. One method 
implemented is to shut off the beam at the gun. Two 
additional methods have been developed which use fast 
beam kickers to deflect the injector beam on to a water 
cooled aperture. The kickers designed and implemented 
at Jefferson Lab are able to deflect the injector beam in 
less than 200 microseconds. The kicker system includes 
self-test and monitoring capabilities that enable the 
system to be used for personnel safety. 

INTRODUCTION 

The CEBAF accelerator personnel safety system (PSS) is 
segmented into six geographical areas to allow flexibility 
in operation and maintenance of the machine. "Critical 
Devices" were defined which are used to ensure that 
beam cannot be transported from a segment under beam 
operations to a segment which may be open for access. 
Copper beam stoppers were chosen as one of the methods 
to ensure that beam cannot reach an occupied area. 
Control of arc transport magnets was another. 

The CW nature of the CEBAF beam is such that no 
single device other than a very high power beam dump 
can withstand beam indefinitely. A beam current monitor 
system was incorporated into the personnel safety system 
to ensure that beam detected at a beam stopper would 
result in the immediate shutdown of the beam at the 
source [1], 

The beam current monitor system can shut off the 
beam in less than five-hundred micro seconds using three 
different methods. The first method is to clamp the 
electron gun modulation source to a cutoff potential. 

The second method chosen was to implement fast 
beam kickers in the lOOkeV injector beam line. 

The requirements for the beam kickers included the 
ability to deflect the injector beam out of the beam 
transport path and on to a water cooled aperture within 
200 micro seconds. The system had to be fail safe and 
incorporate self test and integrity monitoring as well. Just 
as importantly, the kicker system must not degrade the 
quality of the electron beam optics in a very sensitive part 
of the accelerator. 

The area chosen for the kicker was in between two 
emittance defining apertures in the 100 kV section of the 
CEBAF injector (Figure 1.). Placement at this point 
relaxed the requirements on the magnetic elements as 
well as provided a convenient point to dissipate the beam 
power when deflected out of the beam transport path. 
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Figure 1. Kicker Beam Line layout 

The kicker magnets were placed one half meter up stream 
of the second aperture. Because the aperture was used to 
collimate beam, the kicker requirements had to take into 
account a beam diameter greater than the aperture 
diameter. Measurements confirmed a beam diameter of 
approximately 4 mm at this point. 

In order to achieve the required level of redundancy 
in the kicker function, there are actually 2 kicker 
magnets, one for the X plane and one for the Y plane. 

SYSTEM DESCRIPTION 

The kicker system is designed to have minimal effect on 
the beam optics when there is no fault, i.e. no kick, and to 
quickly and efficiently kick the beam out of the beam line 
when there is a fault. To achieve this, the system was 
designed such that normally there is equal current in two 
oppositley biased coils (Figure 2). 
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Figure 2. Kicker Coil Arrangement 
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A constant current source ensures that the current is 
regulated and does not vary more than 0.1 %. When 
there is a fault the current is removed from one of the two 
coils, leaving a net magnetic field, and thus, a kick. 
Using the constant current source as the bias element also 
has another advantage. Normally, one half of the total 
current is through any one coil. This minimizes the effect 
of residual fields due to coil mismatch. When one of the 
coils is open circuited, the current in the other coil is 
doubled to maintain a constant current. This provides the 
maximum kick. 
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Figure 3. Kicker System Block Diagram 

SYSTEM HARDWARE 

The kicker system (Figure 3.) is composed of a 3-U 
electronics card cage located in the upstairs service 
building and the kicker magnet assembly located on the 
beam line in the tunnel. The electronics for both the X 
and Y kicker are identical. Each is composed of a power 

module, a kicker control module and a fiber optic fan-out 
module. 

The power module houses DC power supplies which 
provide power to the control module. The power can be 
turned off by a keyswitch located on the back of the 
chassis. 

The control module contains the PSS decoding 
circuitry, the constant current source, and the fault 
detection circuitry. The decoding circuitry looks at a 625 
kHz squarewave input from each of the redundant beam 
current monitor systems. Loss of the signal or the signal 
stuck at one level is interpreted as a fault. Any fault will 
then open the kicker current line. 

The control module uses fast reed relays to switch off 
the kicker coil curtrent. These relays have a switch off 
time of less than 100 us. Figure 4 shows the timing of the 
decoder circuitry. The top trace is the kicker and bias 
coil current. The bottom trace is one of the two 
permissive inputs. Once the permissive is off, the kicker 
coil opens within 160 us. The kicker coil current goes to 
zero while the constant current source then doubles the 
current in the bias coil. 

Figure 4. Kicker Timing 

Fault detection circuitry on the control module measures 
current in each coil. A window detector looks for out-of- 
tolerance conditions. The detector is set to detect open 
circuits or shorted turns on the magnet coils. 

An additional set of relays on the control module is 
connected to the personnel safety system. Any fault on 
the kicker system will also fault the personnel safety 
interlock system. 

THE KICK 

The magnet design is based on a flat solenoid disk electro 
magnet. The required kick is achieved when one of the 
two windings is open circuit. Figure 5 shows the magnet 
assembly. Each of the disks has both kicker and bias coil 
windings.    The magnets are split in two (top-bottom, 
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right-left) in order to reduce the current required to 
achieve the net kick in the center of the beam pipe. 

Kicker Magnet layout showing field 
orientation for X direction kick 

Figure 5. 

The magnet assembly was designed for easy mounting 
and orientation on the beam line. An aluminum block 
holds both the X and Y kicker windings. 

The required bending angle to deflect the beam onto thte 
aperture can be approximated as : 

Aft = tan' f Ax ^   = 5.87 x 10 "* BL rad      [2] 
U ) yßz 

where yßzfor the 100 kV injector beam is approximately 
0.6426. 

The bending power of the kicker magnet was confirmed 
to be approximately 110 G-cm/A. To ensure that the 
beam is kicked completely onto the aperature the current 

is set to 200 mA. This means that the normally the 
current in each coil is 100mA. When there is a fault the 
current in the bias coil increases to 200 mA whie the 
kicker current is switched to zero. 

EXPERIENCE 

The Personnel Safety System Fast Beam Kicker has been 
in service for over a year. During this time there have 
been no failures or false trips of any kicker components. 
More importantly, the kicker current has remained at the 
original setpoint without any adjustments required. Tests 
in situ with beam have shown that the kicker has no effect 
on the beam optics in the "no fault" state. These tests 
also show that, when tripped, the current is fully deflected 
onto the aperture, regardless of upstream steering or beam 
properties. 

SUMMARY 

A fail-safe fast beam kicker has been developed at 
Jefferson Lab which is able to deflect the injector beam 
onto a water cooled aperture. Deflection time has been 
measured at much less than the required 200 us. The 
kicker has no effect on the injector beam properties when 
there is not a fault condition. Fault monitoring circuitry 
ensure that no undetected failure modes exist during 
operation. 
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EMERGING STANDARDS WITH APPLICATION TO ACCELERATOR 
SAFETY SYSTEMS 

K.L. Mahoney, H.P. Robertson 
Thomas Jefferson National Accelerator Facility 

12000 Jefferson Avenue, Newport News, VA 23606 

Abstract 

This paper addresses international standards which can be 
applied to the requirements for accelerator personnel 
safety systems. Particular emphasis is given to standards 
which specify requirements for safety interlock systems 
which employ programmable electronic subsystems. The 
work draws on methodologies currently under develop- 
ment for the medical, process control, and nuclear indus- 
tries. 

INTRODUCTION 

The CEBAF accelerator was one of the first large DOE 
labs to use programmable controllers for personnel 
safety applications. At the time the CEBAF Personnel 
Safety System (PSS) was designed, there were few 
documents which could be used as guidance to incorpo- 
rate a PLC into the system. 

Input was sought from experts at other labs in the de- 
sign of accelerator radiation protection systems [1] in 
order to ensure that the appropriate steps were taken in 
evaluating the new system's reliability. A relatively new 
standard, developed by the U.K Health and Safety Ex- 
ecutive [2] for the chemical process and petroleum in- 
dustries, was also used as a guidance in the application of 
PLCs in the personnel safety system. 

Over the last ten years several non-industry specific 
documents (consensus standards) have been developed 
which may be applied as guidance to the design of accel- 
erator safety interlock systems. In addition to the general 
specifications there are also several industry specific 
documents which still provide a good measure of "best 
practice" applications of safety system design. Areo- 
space, nuclear, and militarty fields are an example of in- 
dustries that have had to incorporate electronic safety 
systems in life-safety applications. Other "low profile" 
industries such as train signaling systems are another 
source of industry specific safety system standards. 

GENERALIZED SAFETY SYSTEM STANDARDS 
ISA-S84.01-1996 from the Instrumentaiton Society of 
America [3] is one of the most comprehensive general 
documents to be recently released. S84 covers the defi- 
nition and requirements for electrical/electronic/ and pro- 
grammable electronic based safety systems. Because the 
document is generic, it may be applied to both program- 
mable based and conventional switch-relay based safety 

systems in a variety of applications. 
The S84 standard defines requirements for the de- 

sign, development, operation, and maintenence of a 
safety system which must meet a given safety integrity 
level (SIL). The safety integrity level is based on the 
probability of the safety system failing to respond to a 
demand (PFD)[4] to mitigate a hazard. Table 1 gives the 
PFD for the three safety integrity levels defined in S84. 

Safety 
Integrity Level 

1 2         1         3 

SIS 
Performance 
requirements 

Safety Availability Range 

0.9 to 0.99 0.99 to 
0.999 

0.999 to 
0.9999 

PFD Average Range 

10"' to 10"2     10'3 to 10"3 103 to 10"4 

Table 1. SIL levels defined in S84. 

The safety availability (1-PFD) is related to the safety 
reliability of the system Rs by 

R = 1 - f' PFD dt 

Jo 
Where t is the time interval over which the reliability is 
being measured. 

The Rs that the safety system is required to achieve 
over a period of time is usually defined at the beginning 
of the safety system design process. The combination of 
the PFD, the rate that the safety system may be chal- 
lenged (demand), the severity of a the outcome of an ac- 
cident, and the length of time the hazard persists [5] de- 
fine the overall risk of the process. Usually the last three 
steps are minimized before the SIL of the safety system is 
defined. Not doing so leads to overly complex safety 
systems. PFD is specifically addressed by the S84 stan- 
dard. Other factors that influence the overall safety of the 
system including design, commissioning, maintenance, 
and management of change, are also included in the stan- 
dard. 

A companion document to S84, Technical Report 
dTR84.0.02 is in draft from. TR84 gives examples of 
several methods which may be used to calculate the 
safety integrity level of a given safety system design. 

Depending on where one is in the design process, 
they may need to define the SIL required, the Rs, the 
PFD, the mean time to failure (MTTF), or the system 
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failure rate (X). For a constant failure rate model, these 
components are related by: 

PFD = RA = X s exp(-^t) eq. 1 
where t is the time period over which the safety system is 
required to perform. This assumes any errors found dur- 
ing test are repaired and the "clock" is set zero. Most 
accelerator safety interlock systems are dual redundant 
systems in which both systems must fail simultaneously 
in order to allow a hazard to persist. The probability that 
both systems fail (PFD) within a given time period, t is 
given by the relation: 

Rs = 2exp(-M) - exp(-2fa) eq. 2 
where X is the failure rate of one of two systems. 

If given the required safety reliability of the redundant 
system: 

X = J.ln(l-Vl-R) eq. 3 
t 

This would give the requirement for the failure rate for 
each of the redundant legs of the system. 

Note that for a dual redundant system the MTTF is * 
l/X, but rather MTTF = 1.5A,. 

Examples and methods for evaluating several types 
of safety system architectures are given in TR84. TR84 
also includes more complicated reliability models which 
include effects like common cause failures and mean time 
to repair. For example, when one considers common 
cause factors for a dual redundant system: 

PFD =    XDV t [X™ t/3 + XDD MTTR + ß + £ ] 

eq. 4 
2k" 

The superscripts DU and DD separate the failure rates 
into "Dangerous Undetected" and "Dangerous Detected" 
faults. ^.D r is the dangerous common mode (systematic 
fault) failure rate. 

Systematic failures are items such as specification er- 
rors, software errors, or other design errors which equally 
effect both channels of a redundant system, ß is a factor 
which represents the percentage of failures that impact 
more than one channel of the system. An example of a 
failure that may affect both channels of a redundant sys- 
tem are such factors as enviromental stress, lightning, or 
electromagnetic interference (EMI) [6]. 

The S84 standard was designed to eventually be in- 
corporated into a another more general standard, IEC- 
1508, currently under development by the european stan- 
dards ageny IEC. The IEC-1508 covers all aspects of a 
safety system lifecycle for any safety related system. It 
also covers requirements for sensors and final elements 
used in safety system implementations. S84 does not 
cover sensors and final elements specifically. Chapter 12 
of the S84 standard lists the current differences between 
S84 and IEC draft standard 1508. S84 will eventually 
become a process control industry specific standard, IEC- 
1511, which will fall under the umbrella of IEC-1508. 

IEC-1508 is currently divided into seven parts. 
1. General Requirements 
2. Requirements for Elec./Electr./Programmable 

Electronic Safety Systems 
3. Software Requirements 
4. Definitions and abbreviations of terms 
5. Guidelines for applicaiotn of part 1 
6. Guidelines for applicaiton of parts 2 and 3 
7. Bibliography of techniques 

IEC-1508 also defines a SIL 4, probability of fail on de- 
mand of 10"' to 104. 

One U.S. military standard, MIL-STD-883C [7], pub- 
lished in 1993 may be genericly applied to the manage- 
ment of the safety system process and the management of 
safety systems in general. MIL-STD-883 defines the 
requirements fo evaluating hazards and steps that should 
be taken to make sure the hazards are properly tracked 
and addressed. 

INDUSTRY SPECIFIC STANDARDS 

Until the advent of S84 and IEC1508, almost all stan- 
dards up to this time have targeted a specific industry or 
application. To date, these standards have been applied 
mostly to the obvious "high risk" industries such as the 
nuclear and aerospace industries. Over the last 10-15 
years more emphais has been placed on other areas with 
less obvious, but potentially just as high risk. Industries 
such as medical instrumentation, mining equipment and 
chemical processing all have specific standards for the 
use of programmable safety systems. 

Nuclear Industry 

Standards which describe the requirements for safety 
systems in the nuclear industries have been in circulation 
for several years. In an attempt to keep up with the rapid 
advance in programmable logic controllers and micro- 
processors, these standards are undergoing constant 
change. IEC880 (8), is an especially good example of a 
safety related software standard. 

The US Nuclear Regulatory Commission is currently 
taking comments on a draft of NUREG-0800 section 7, 
[9] which deals specifically with the use of programmable 
controllers in nuclear safety applications. 

Medical Industry 

The U.S. Food and Drug Administaration (FDA) has pre- 
pared new documents which provide guidance to the de- 
sign and manufacture of medical instruments. "Design 
Control Guidance for Medical Device manufacturers" 
[10] provides guidance for the manufacture of medical 
electronic devices. Other FDA draft documents [11] ad- 
dress the use of software in medical devices specifically. 
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SAFETY LIFECYCLE MODEL 

A common factor found in many of the new standards is 
the concept of the safety lifecycle model. The safety life- 
cycle model describes a process by which the a safety 
system is defined, designed, and maintained through out 
the lifetime of the applicaiton. Feedback from the major 
steps are defined for all models. 

Figure 1 shows a safety lifecycle model appropriate 
for application to an accelerator programmable electronic 
safety system. Note that the model applies specifically to 
the safety system and not other ancilliary or non-safety 
systems. 

Safety System 
Not Required 

Define Detail 
System Design 

Software 
Requirements/ 

Design 

Define SIS 
Architecture 

Review and 
Evaluate 

Training and 
Procedures 

Decommission 

The safety lifecycle model is used as a framework to 
identify each step in the evolution of the safety instru- 
mented system. In practice, each of the steps would have 
a detailed process associated with it. For example, the 
box titled "Define SIS Architecture" would involve the 
design tradeoffs of redundancy, diversity, and technol- 
ogy. 

SUMMARY 

There are currently several international standards which 
may be adapted to accelerator safety systems. While sev- 
eral of the standards are intended for a specific industry, 
the approach taken to the safety system design is very 
similar in each case. The different approaches may be 
condensed into a safety system life cycle model appropri- 
ate for accelerators. 
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DESIGN AND CONSTRUCTION OF A 1-MW, 352-MHZ RF TEST LOAD 
D. Horan, Y. Kang 

Advanced Photon Source, Argonne National Laboratory 
9700 South Cass Avenue, Argonne, Illinois 60439 USA 

Abstract 

A 1-MW, 352-MHz rf load was built at Argonne 
National Laboratory for performance testing the klystrons 
used as final amplifiers at the Advanced Photon Source 
(APS). The load utilizes four CERN-type 300-kilowatt 
coaxial water loads which are fed from a single WR2300 
waveguide using a four-way power splitter consisting of a 
WR2300 hybrid-T junction and two WR2300 waveguide- 
to-dual-6-1/8" coaxial transitions. The load system is 
cooled using deionized water at a nominal flow rate of 160 
GPM. The entire load system is mounted on a wheeled 
carriage which allows for rapid relocation to specific areas 
of the APS klystron gallery. The metering and interlock 
system will be described. The load has logged approxi- 
mately 250 hours of use and has demonstrated accuracy in 
flow and temperature measurement sufficient to allow cal- 
orimetric rf power measurement. 

1 CAPABILITY REQUIREMENTS 

A high-power rf test load capable of dissipating 1.2 
MW at 352 MHz was built for full-power testing of the 
APS 352-MHz klystrons. The test load was designed with 
features which shorten required set-up time, thereby 
reducing rf system downtime when klystron testing or 
troubleshooting is necessary. The load system is a one- 
piece design with outside dimensions that allow for mobil- 
ity to specific areas of the APS klystron gallery where the 
klystron rf output flanges are accessible. The existing APS 
deionized water system is used as a coolant source and fea- 
tures hose connections that provide rapid connections to 
the water supply and return lines at various locations in the 
building. The load has an interlock system which can pro- 
tect each of the coaxial water loads individually against 
insufficient water flow and excessive return water tempera- 
ture, and excessive voltage standing wave ratio (VSWR) 
on the H-plane outputs of the hybrid-T junction. The 
interlock system provides a dry contact for control of the 
high-voltage power supply (HVPS) used during klystron 
testing and rapid PIN-diode rf source switching to inhibit 
the rf drive to the klystron in the event a high-VS WR con- 
dition exists at either output of the hybrid-T junction. 

2 DESIGN DETAILS 

The rf power circuit of the load forms a four-way 
power divider, with the input power dissipated in four indi- 
vidual water-cooled rf loads (see Figure 1). A hybrid-T 
junction [1] was chosen as the first power divider in order 
to keep the overall width of the load system under 60 
inches. The rf power input to the load is a standard 
WR2300 waveguide flange that terminates at the input of a 

Figure 1: Side view of the rf load. 

WR2300 H-plane hybrid-T junction at either the H-plane 
or E-plane port, depending on orientation to the rf system 
output flange. Each of the two H-plane outputs of the 
junction are fed through WR2300 waveguide directional 
couplers to WR2300-to-dual-6-l/8" coaxial transitions. 
The orthogonal port of the hybrid-T junction is terminated 
with a shorting plate or a 50-ohm matched load to dissipate 
reject power due to load phase imbalance. Each 6-1/8" 
coaxial transition output is terminated with a 6-1/8" coax- 
ial input water load. 

The individual water loads were designed and manu- 
factured at CERN. Each load consists of a coaxial line, 
made from stainless-steel components, shorted at one end 
with a plate that also provides for water inlet and outlet 
connections. Each load is capable of a maximum rf power 
dissipation of 300 kW, with a maximum outlet water tem- 
perature of 60°C. The water circuits of the load consist of 
4" hose fittings which terminate into supply and return 
manifolds (see Figure 2). Four individual parallel water 
circuits, one for each coaxial rf load, complete the path 
between the supply and return water manifolds. The water 
circuit to each individual load includes flow throttling 
valves on both the inlet and outlet lines plus temperature 
and flow measurement devices. The outlet water flow for 
each load is measured using an electronic flowmeter and is 
also passed through a direct-reading float-type flowmeter 
for independent confirmation of the electronic flow mea- 
surement. Outlet water temperature of each load is mea- 
sured using platinum RTD thermistors. Thermometer 
wells are provided on each load outlet line to allow use of 
standard mercury thermometers for independent confirma- 
tion of the electronic temperature measurement. The inlet 
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Figure 2: The rf load water system. 

water temperature is measured using an RTD thermistor 
mounted in the inlet water manifold. 

The load interlock systems protect against cooling 
water temperature and flow problems, and excessive 
VSWR conditions. The water interlock uses the program- 
mable alarm-setpoint form-C dry contacts internal to each 
flow and temperature measurement meter to configure a 
series interlock circuit which provides a form-C dry con- 
tact for control of the HVPS supplying beam power to the 
klystron under test. If an under-flow or over-temperature 
condition exists on any of the individual coaxial water 
loads in the rf load system, the HVPS will be immediately 
shut down, removing beam power from the klystron under 
test. VSWR protection for the load system is provided by 
using the reflected-power outputs of the WR2300 direc- 
tional couplers at each H-plane output of the hybrid-T 
junction. Each of these outputs is peak-detected and used 
to trigger the DC input of a PIN-diode fast rf switch con- 
troller, which removes the rf drive from the klystron in the 
event a high VSWR is detected at the input of either coax- 
ial transition. Both interlock systems latch in the tripped 
state and require a manual operator reset to clear. 

The load assembly is constructed on a unistrut frame 
equipped with wheels for easy mobility within the APS 
klystron gallery. The load carriage is also equipped with 
leveling jacks around the frame perimeter to assist in 
waveguide flange alignment when mating to the fixed rf 
output flange of the klystron under test. 

3 PERFORMANCE MEASUREMENTS 

The 1-MW rf test load system has logged approxi- 
mately 250 hours of use to date during power-testing of 
klystrons and other high-power rf transmission compo- 
nents at the APS facility. It has demonstrated adequate sta- 
bility in both impedance and power handling 
characteristics to be an effective load at the 1-MW power 

input level. However, during initial high-power tests of the 
load system, the power division between the four individ- 
ual coaxial loads would occasionally become unbalanced 
at intermediate power levels. This resulted in one or two 
of the coaxial loads reaching their individual maximum 
power handling capability prematurely, thereby limiting 
the total dissipation of the load system to well under 1 
MW This power imbalance phenomenon was random in 
nature and suddenly occurred at various input power levels 
between 600 and 900 kW. 

Thermal effects were the suspected cause of this 
power imbalance. As the rf impedance of the individual rf 
loads varied with water temperature (see Figure 3), a 
power imbalance between the loads began to appear. The 
impedance differential on the outputs of the hybrid-T junc- 
tion further promoted imbalance of the system, and the 
phenomenon avalanched into greater power imbalance. 
Thermal expansion of the waveguide-to-coaxial transition 
components may have been responsible for the initial 
power imbalance. This original subtle difference then 
increased to greater power differential as the individual 
load temperatures change. During continued investigation 
of this phenomenon, it was noted that the power balance 
improved and remained much more stable if the inlet water 
temperature to the load system was raised from 25°C to 
approximately 30.5°C, and fans were positioned to cool 
the external surfaces of the waveguide coaxial transitions. 
With these changes, the load system became stable and 
power balance between the four coaxial loads remained 
close enough to allow 1-MW operation. 

The rf input impedance of the load system varied with 
water temperature and provided a better match as the total 
power dissipation rose (see Figure 3). The best VSWR 
performance observed was 1.18:1 at a power input level of 
928.1 kW This VSWR is only marginally sufficient for 
direct-terminating load on the APS klystrons and, at lower 
power input levels, the load system match would exceed 
the maximum VSWR specification for the APS klystrons. 

200     300     400     500     BQ0     700     800 

Load rf Input Power, Kilowatts 

Figure 3: Load VSWR vs. water temperature. 
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Therefore, this load must be used in conjunction with a 1- 
MW Y-junction circulator when testing klystrons. The 3- 
dB return-loss bandwidth of the load system was measured 
under "cold" conditions and found to be approximately 3 
MHz, exceeding the 1-dB power bandwidth of the 
klystrons. 

The calorimetric power data with 1 MW of output 
power is shown in Table 1; the close power balance 
between the individual coaxial loads is apparent. The 
klystron output power was measured using a power meter 
on a WR2300 directional coupler immediately after the 
klystron output flange. Assuming waveguide and circula- 
tor transmission power losses of 15.5 kW and 40.1 kW, 
respectively, the calorimetric power calculation of the load 
power is within 2 percent of the total klystron if output 
power, an accuracy sufficient to verify electronic power 
measurement data. 

4 CONCLUSION 

The 1-MW rf load system has proven to be adequate 
for high-power testing of the APS klystrons and rf trans- 

mission components. Future improvements to the load 
system include an on-board computer to perform real-time 
calorimetric calculations of the power dissipation for each 
coaxial load directly from the water flow and temperature 
data and to provide remote status readout capability over 
an RS232 data link. Permanent fans will also be installed 
on the load system to enhance the cooling of the coaxial 
transition components. 
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Table 1: Calorimetric Power Data at 1 MW rf Input Power 

Loadl Load 2 Load 3 Load 4 

Flow Rate 40gpm 40gpm 40gpm 40gpm 

Supply Temp, °C 30.6 30.6 30.6 30.6 

Return Temp, °C 52.2 52.8 52.4 52.6 

Water Power, kW 228.09 234.43 230.20 232.32 

Total water heat = 925.04 kW 

Estimated total waveguide transmission losses = 15.5 
kW 

Estimated circulator rf transmission losses = 41.0 kW 

TOTAL rf power = 981.54 kW 
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Abstract 

A switching control system has been designed and 
built to provide the capability of rapidly switching the 
waveguide and low-level cabling between different 
klystrons to operate the Advanced Photon Source storage 
ring in the event of a failure of a klystron system or to per- 
form necessary repairs and preventative maintenance. The 
twelve possible modes of operation allow for complete 
redundancy of the booster synchrotron rf system and either 
a maximum of two storage ring rf systems to be com- 
pletely off-line or one system to be used as a power source 
for an rf test stand. A programmable controller is used to 
send commands to intermediate control panels which 
interface to WR2300 waveguide switches and phase 
shifters, rf cavity interlock and low-level rf distribution 
systems, and klystron power supply controls for rapid 
reconfiguration of the rf systems in response to a mode- 
selection command. Mode selection is a local manual 
operation using a keyswitch arrangement which prevents 
more than one mode from being selected at a time. The 
programmable controller also monitors for hardware mal- 
function and guards against "hot-switching" of the rf sys- 
tems. The rf switching control system is monitored via the 
Experimental Physics and Industrial Control System 
(EPICS) [1] for remote system status check. 

1 RF SYSTEM SWITCHING OVERVIEW 

The Advanced Photon Source has five 1-MW, 352- 
MHz klystron rf systems installed. The storage ring can 
operate with either two, three, or four rf stations online, 
using hybrid combiners/3-dB splitters to operate two rf 
stations in parallel (see Figure 1). One of the storage ring 
rf systems can also serve as an operational spare for the 
booster synchrotron rf system, and another can be used as 
a power source for a 1-MW rf test stand. 

The rf stations can be combined in a variety of ways to 
provide twelve distinct modes of operation that require 
changes in waveguide rf circuit configuration, interlock 
system delegation, and low-level rf signal distribution to 
permit proper operation of the rf systems. The rf system 
switching controls execute and verify the required circuit 
changes for each mode automatically in response to a man- 
ual operator command and provide system monitoring 
functions. Motor-driven WR2300 waveguide switches are 
used to route the rf output of specific rf stations to a desig- 
nated load, or to take the systems off-line in the event of a 
failure or for maintenance. Motor-driven WR2300 phase 
shifters are used to correct for output port phase differ- 
ences when the 3-dB hybrids are used as combiner/split- 

WAVEGUIDE SWITCH MONITOR 

Figure 1: The APS rf system switching control screen. 

ters with rf stations in parallel, or as power dividers when a 
single rf system is used. The cavity and klystron interlock 
signals for each rf system are routed and delegated, respec- 
tively, by the switching control system to insure that all 
interlock circuits required by the accelerator hardware are 
routed to the rf system supplying the power. 

The heart of the rf system switching control is an 
Allen-Bradley programmable logic controller (PLC) that is 
interfaced to the existing rf system hardware by eight 
intermediate relay interface panels (see Figures 2 and 3). 
The PLC accepts manual mode requests from operations 
personnel via a keyswitch panel, executes all necessary 
system changes required by the selected mode, and moni- 
tors overall system status. 

2 SYSTEM CONTROLLER PROGRAM 

The PLC operating program is written to provide a 
user-friendly interface to the complex task of reconfiguring 
multiple electrical circuit paths when an rf system operat- 
ing mode change is requested. It also verifies correct hard- 
ware responses to system controller commands and can 
display error conditions on a local screen as a system trou- 
bleshooting diagnostic aid. The program also prevents 
"hot switching" of rf components by verifying that all rf 
power is off before any circuits are reconfigured. Mode 
selection commands are input to the system via the mode 
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Figure 2: PLC hardware and mode keyswitch. 

selection keyswitch panel (see Figure 2), which provides 
for administrative control of the switching system and pre- 
vents selection of more than one mode at a time. The out- 
put of the selection switch panel is continuously monitored 
by the PLC and triggers the PLC to begin the process of 
mode switching. 

The mode selection sequence of events begins with 
mode-change recognition, where the PLC sends an imme- 
diate shutdown command to all rf high-voltage poser sup- 
ply (HVPS) units, followed by a check for rf presence in 
all waveguide switch ports to insure all high-power rf is 
off. The PLC then refers to look-up tables to determine the 
correct configuration of waveguide switches, phase 
shifters, cavity interlock delegation, rf power monitor dele- 
gation, and low-level rf signal distribution required to sup- 
port the selected mode. The waveguide switches and 
phase shifters are first commanded to move to their 
required positions, with a time limit imposed to trigger an 
error indication and abort the mode change command in 
the event a mechanism is balky or not moving. Once these 
movements are complete and home positions match the 
truth table values, the interlock, low-level rf, and power 
monitor circuits are delegated to match their truth table 
values for the selected mode. These circuits are configured 

within one second, as this action requires merely the acti- 
vation of delegation relays. Once all status indicators 
match the truth table values for all circuits, the PLC sends 
an enable command to the rf HVPS units that clears them 
for manual turn-on by system operators. 

During rf system operation, the PLC continuously 
monitors the status of all waveguide switches and phase 
shifters for unauthorized movement and immediately shuts 
down the rf HVPS units if such a condition is detected. 
The status of all intermediate relay interface panels is also 
monitored to detect any unauthorized change in state, 
which is indicated as an error message on the PLC screen. 
The rf detector output at the waveguide switch ports is 
compared with a truth table of expected locations of rf 
power for a given mode; any discrepancies generate an 
error message on the PLC screen. 

3 SOFTWARE AND SYSTEM MONITORING 

The PLC system interfaces rf system input and output 
devices to a programmable logic processor, which is user- 
programmed using an IBM-compatible computer running 
a "ladder-logic" editor. The editor displays the status of 
input and output devices as relay contacts and coils. These 
displays are used to build logical relationships imple- 
mented by the program algorithm.   Ladder logic is an 

Figure 3: System interface relay panels. 
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interpretative programming language and displays PLC 
states in real time on the computer. Simple logic functions 
are easily programmed as are more complex functions 
such as timers, counters, file manipulation, sequencers, 
and interfaces to display devices like Panelview. The PLC 
processor constantly calculates a checksum that is unique 
to each application program. 

The Allen-Bradley Panelview provides a local status 
display of the rf HVPS units, waveguide switches and rf 
detectors, phase shifters, and delegation relays for the cav- 
ity interlock, rf power monitor, and low-level coaxial relay 
systems. Each of these system components is represented 
on the screen by an identifying icon. As these devices 
move to their correct position for the operational mode 
selected, they appear red on the screen. When all devices 
are in the correct position, the entire status screen is green, 
and the PLC will enable the five rf HVPS units so they can 
be energized by operations personnel. The power supplies 
remain enabled until another mode is selected or the PLC 
detects that a waveguide switch or phase shifter has moved 
from its correct position. 

For system troubleshooting, diagnostic screens are 
provided on the Panelview. Faults are latched and time- 
date stamped to help detect intermittent failures. The oper- 
ator can select a real-time diagnostic screen for compari- 
son to a reference screen to identify faults. The fault 
information is retained until another trip is detected. The 
status of the PLC processor is also displayed, including the 
program checksum, memory battery status, program scan 
time, and force status. EPICS is also used to display sys- 
tem status remotely (see Figure 1). This display screen 
indicates rf system status, waveguide switch and phase 
shifter position, and present operational mode. The EPICS 
alarm handler alerts operators to abnormalities in mode 
status and errors detected in delegation relays for each rf 
subsystem the PLC controls. 

4 HARDWARE INTERFACE DESIGN 

The PLC communicates with the rf hardware using 
intermediate relay panels for each subsystem requiring 
control and monitoring (see Figure 3). These subsystems 
include waveguide switch control, waveguide phase shifter 
control, rf HVPS control, cavity interlock contact sum del- 
egation, rf power monitor delegation, low-level rf signal 
routing, rf presence detectors, and mode selector key- 
switch panel. Each of these panels is supplied 24-volt DC 
control power from a central distribution chassis that sup- 
plies both continuous and switched 24-volt DC outputs. 
The switched output is enabled only when the PLC watch- 
dog tuner indicates that the operating program is running. 
The watchdog-switched 24-volt output disables any criti- 

cal control function of the switching system when the PLC 
program is not running. 

The motorized waveguide switches and phase shifters 
use 120-volts AC for motor power; this voltage is accessed 
locally to each device through individual circuit breakers. 
This AC power is then looped through local relays which 
are energized by the PLC only when switch or phase 
shifter movement is required. In this way, the possibility 
of unintentional movement of the rf hardware through 
accidental short circuits is reduced. Home-position limit 
switches inside each waveguide switch and phase shifter 
provide contact closures which supply the PLC with posi- 
tion indications. The PLC also verifies the correct opera- 
tion of all other intermediate control relays by monitoring 
their auxiliary contacts. 

The rf detector system uses waveguide directional 
couplers and peak detectors, located close to each 
waveguide switch port, to generate a proportional DC volt- 
age which is converted to a 4- to 20-mA current signal for 
routing to an adjustable alarm module. This module con- 
verts the 4- to 20-mA signal to a dry contact closure which 
supplies an input to the PLC when rf is present in the 
switch port waveguide. These rf detectors are used as a 
last check for the presence of high-level rf in all waveguide 
switch ports before the PLC sends the command to change 
switch or phase shifter positions. 

5 CONCLUSION 

The rf switching control system designed and 
installed at the Advance Photon Source provides accelera- 
tor operators with a user-friendly interface capable of 
reconfiguring complex rf systems rapidly in the event of a 
system failure, thereby reducing accelerator down time. It 
provides redundancy for both the storage ring and booster 
synchrotron rf systems and provides remote system status 
information for diagnostic purposes. 
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Abstract 

The Relativistic Heavy-Ion Collider that is currently 
under construction at Brookhaven National Laboratory is 
composed of hundreds of superconducting magnets. A 
careful study was done in order to support and install 
these magnets inside the RHIC tunnel systematically and 
efficiently. A basic systems-approach was pursued and 
primary consideration was given to develop a system that 
would not be only both economical and efficient but also 
well-suited to a fast-paced production environment. This 
report will present a description of the design of the 
magnet stands and the magnet transport and installation 
system, the procurement and fabrication phase, and then 
finally, the experience gained in implementing the 
system. In summary, the system turned out to be very 
efficient and cost-effective far beyond our expectations. 

1 MAGNET STANDS 

Although the original plan was to provide three 
vertical supports for the 6-ton, 33-ft. long arc dipoles, i.e. 
two end stands and one in the center, after a thorough 
finite-element study, I recommended eliminating the 
center support since the results showed a reasonably 
acceptable vertical sag. (The dipole cold mass, however, 
still retained its 3-point vertical support inside the 
vacuum vessel). Without the center support, the savings 
would be significant owing to the fact that there would be 
a few hundred dipoles. 

The recommendation was accepted, but in addition, it 
was also decided that all the magnets may have the same 
stands. Therefore, although, there were a few design 
alternatives that were considered and studied, for an 
optimized, cost-effective design geared towards 
production quantities, the most attractive choice was a 
casting. 

1.1 Design, Fabrication, and Procurement 

The primary structural requirement was to support the 
magnet dead weight as well as the axial forces that might 
result from a worst-case scenario triggered by a magnet 
quench, vacuum failure, etc. The dipole was estimated to 
weigh 6 tons; the worst-case axial force was estimated to 

be also about 12,000 lbs. Based on these loads, a 
conceptual casting design was made, and a finite-element 
study was undertaken. I chose ductile iron, specifically 
ASTM A536 Gr 80-55-06, owing to its superior strength 
and corrosion resistance over gray iron. 

Figure 1: Magnet Stand (Solid Model) 

The solid model of the casting is shown in Fig. 1. The 
figure shows also the adjusting slider and the x-y-z 
adjusting screws that would enable the surveyors to 
position the superconducting magnets accurately. 

When the design was approved after the final design 
review, detailed fabrication drawings were made, and 
then the procurement process began. Without going into 
details, which would be irrelevant for this report anyway, 
the magnet stands were finally fabricated and delivered 
well on schedule by a reputable company in Orange, 
Massachussets, U.S.A., called Rodney Hunt Co. who did 
an excellent job for us. 

1.2 Installation 

The installation of the magnet stands was done by the 
Collider Ring Division's Survey Group. First, they laid 
out the Rhic ring, and then using a template of the magnet 
stand footprint they installed the 3/4-inch Hilti-Drop-In 
anchors, and subsequently, the anchor bolts. At   some 
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locations, special "maxibolts" from Drill-Co, another 
company from Long Island, New York, were added in 
order to absorb the expected greater pull-out loads due to 
a large unbalanced force on the warm-to-cold transition. 
Next, the magnet stands were positioned into place, 
leveled, and then set to a specified elevation. 
Subsequently, the base was grouted to the tunnel floor. 

The installation group added the additional 
hardwares, i.e. the adjusting sliders and the x-y-z jacking 
screws. After this last step, the stands were ready to 
accept the magnets. 

By the end of June, 1995 all of the required magnet 
stands were fully installed. 

the cryo pipes and wires protruding at both ends, and it 
would be a major challenge to transport and maneuver it 
inside the tunnel. 

But the arc dipoles were also the first ones to be 
available for installation. Hence, the dipole transporter 
was the first one to be designed and fabricated. 

After the final design review, we fabricated the 
transporter in-house. Then we proof-tested the whole 
assembly by loading it with a fully assembled arc-dipole 
plus 25% more extra load. During the test, the actuators 
performed as expected and it was approved and 
commissioned for service by the safety representative. 

2 TRANSPORTERS 

Having completed the design of the magnet stands, 
the next step was to design the magnet transporters. There 
would be no overhead cranes available inside the Rhic 
tunnel for magnet installation, so the transporters would 
serve also as the main installation mechanism to install 
the magnets into the stands. 

The primary parameters in the design of the 
transporters were the following: 

•Structural integrity: The transporters should not only 
be strong, durable and rugged enough to carry repeatedly 
the prescribed load, they should be designed to assure 
safety of the personnel who would be installing the 
magnets, 

•Adjustability and maintainability: The transporters 
should be modular, adjustable, and maintainable since 
they would be subjected to repeated load cycles as 
hundreds of Rhic magnets were going to be installed; In 
addition, they would have to be usable in the future, when 
a necessity might arise to remove and replace some ring 
magnets, 

•Cost-effectiveness: The transporters should be 
simple, and easy and convenient to use in order to 
minimize actual magnet installation time, thus 
maximising the number of magnets that could be installed 
in a given day to save installation labor cost. Considering 
the difficulties facing us then, the design objective was to 
install at least 2 magnets in an 8-hr. day. 

Another aspect that also controlled the transporter 
design was the fact that there are only 3 specific 
locations, namely 4:00 o'clock, 8:00 o'clock, and 12:00 
o'clock, that would allow us to install/remove magnets. 
These entry/removal points are all located in the inner 
part of the ring. 

2.1 DIPOLE MAGNET TRANSPORTER 

As I mentioned earlier, the arc dipole magnets were 
the heaviest magnets, about 6 tons in weight, to install as 
a unit. Each one was also about 35 ft. long, including all 

Figure 2: Arc Dipole On Transporter 

Figure 2 above shows a dipole cradled by the 
transporter being pulled by a small electric Taylor-Dunn 
cart inside the Rhic tunnel. The cart had been modified 
and re-geared in order to limit its speed below 6 mph for 
personnel safety. The two transporter carts shown at each 
end of the magnet are mirror images of one another, and 
both have electrically-driven actuators that are 
simultaneously controlled from a main control box; These 
mechanical screw actuators would allow vertical 
adjustability. Furthermore, alathane wheels were used for 
their durability and ruggedness. 

Figure 3: Dipole Installation 

Figure 3 above shows the arc-dipole in its raised 
position a little above the magnet stands. From this 
position, the wheels would be rotated 90" and then the 
whole assembly would be pushed carefully to a nominal 
position directly over the stands. The mounting holes on 
the magnet support base would be aligned with the 
vertical mounting bolts on the stands and then the magnet 
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would be lowered down until it would hit a prescribed 
nominal vertical position. The magnet would now be 
safely resting on its support and the transporter assembly 
could now be rolled out. The entire process of trucking 
and transporting a magnet from the storage area to the 
ring and then completing the whole installation would 
take a little over an hour. In an 8-hr. day, six (6) arc- 
dipoles could be fully installed, or three-fold from the 
original design objective! 

2.2 ADJ-LENGTH MAGNET TRANSPORTER 

The arc-CQS (CQS: Corrector, Quadruple, 
Sextuple) magnets are much shorter and lighter than the 
arc-dipoles. Aside from the arc-CQS's, there are also 
several other magnets with various different lengths in the 
insertion region. Therefore it was decided to design and 
fabricate an adjustable-length transporter in order to 
accommodate all the CQS's and the insertion magnets. 

It should be noted, however, that based on the 
concept of the dipole transporter, the installation group 
also made a dedicated CQS transporter/installer out of a 
lift table that fitted well in between the stands of the arc- 
CQS. Although this lift table transporter would have 
limited use in the removal/replacement of arc-CQS's, it 
certainly served very well in the installation phase like 
the dipole transporters. 

Figure 4: Adj-Length Transporter (Solid Model) 

The adjustable-length transporter would have a 
load-carrying capacity of about 1/3 that of the dipole 
transporter. But unlike the dipole transporter that fits "in- 
between" the stands, this new transporter would have to 
go "around" the magnet stands since the stands of the 
shorter magnets were very close to one another. Figure 4 
shows the conceptual layout of the adjustable-length 
transporter as a CQS magnet was installed into position. 
Again, this transporter was fabricated in-house, and upon 
completion, it was first proof-tested before it was put in 
service. 

mechanical actuators and other components were 
designed to handle the excess load, the horsepower of the 
drive motor was not sufficient enough. After replacing 
the drive motor, however, the whole system worked well 
as planned. 

3 MAGNET INSTALLATION PROCEDURES 

The final selection and sorting of the magnets was 
done by the Rhic Accelerator Physics (RAP) group. All 
magnets were serialized and assigned to specific locations 
inside the Rhic ring based on a general project-wide 
nomenclature and naming convention. 

A database was created to automate the generation 
of traveller sheets that went with each magnet. The 
database was published on the Rhic Accelerator Systems 
webpage for easier access and was updated at least once a 
week as new magnets were accepted and assigned to their 
respective locations in the ring. 

The magnet acceptance crew would print out the 
necessary information relevant to a particular magnet. 
They would attach this information to the magnet before 
turning it over to the installation crew. This process was 
done at the magnet storage area where the magnets would 
be loaded unto the transporter on top of a flatbed truck 
and then moved to one of the three loading docks in the 
inner periphery of the Rhic ring as indicated in the 
traveller sheet. It should be noted that a given magnet 
would have to be at a specific orientation as it was pulled 
out from the flatbed towards the tunnel since there was no 
room inside the tunnel to turn it around. 

4 CONCLUSION 

The experience in installing the superconducting 
magnets in the Rhic ring had shown that a basic 
systematic approach in planning and designing the 
support and transport system proved quite beneficial in 
the long run. Computer modelling and simulation 
contributed significantly in visualizing basic concepts 
especially in checking and verifying interferences. Costly 
proto-typing was essentially avoided. 

We started installing arc dipoles in August, 1994, 
and by the end of February, 1996, all 264 arc-dipoles 
were installed; Installation of the arc-CQS started around 
March, 1995 and as of April, 1997, 98% were already 
installed. The main constraint now is simply the 
availability of magnets that are ready for installation. 

For further information, check the Rhic collider ring 
installation webpage at the following address: 
http://www.collider.bnl.gov/installation/installation.html 

Unfortunately, a short insertion dipole turned out to 
be significantly heavier than the arc-CQS. Although the 
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Abstract 

The LHC experimental insertions consist of a low-/? triplet, 
a pair of separation dipoles, and a matching section of 
four quadrupoles. The superconducting low-/3 quadrupoles 
must accommodate separated beams at injection, provide 
high field gradients and low multipole errors for collid- 
ing beams, and sustain considerable heat load from sec- 
ondary particles generated in the high luminosity ATLAS 
and CMS experiments. In the other two proposed exper- 
iments, ALICE and LHC-B, the separation dipoles and 
matching sections share the available space with the injec- 
tion equipment. In this report we present the systems layout 
of the experimental insertions for the LHC, and review the 
requirements for the superconducting magnets. 

1   INTRODUCTION 

The layout of the Large Hadron Collider comprises eight 
straight sections available for experiments and major ma- 
chine systems [1]. The two high luminosity p-p experi- 
ments, ATLAS and CMS, are located on the symmetry axis 
of the machine, at interaction points 1 and 5. The other two 
proposed experiments, ALICE and LHC-B, are at points 2 
and 8, where beam injection will occur. In these four in- 
sertions the two beams are guided onto crossing orbits by a 
pair of recombination-separation dipoles. 

The final focus in the low-/? insertions is achieved with 
a inner triplet together with a matching section of four 
quadrupoles. In the low-/? triplets the beams travel in a 
single beam tube, and must be sufficiently separated at all 
times. Besides providing high gradients in a sufficiently 
wide aperture, the superconducting low-/? quadrupoles 
must sustain considerable heat load from secondary par- 
ticles generated in the high luminosity collisions. At points 
2 and 8, the luminosity is lower but the matching section 
and separation dipoles share the available space with the 
injection equipment, creating further constraints. 

2    HIGH LUMINOSITY INSERTIONS 

The layout of the left half of a LHC high luminosity inser- 
tion is shown in Figure 1. The ATLAS and CMS insertions 
are identical, and are mirror symmetric around the interac- 
tion point. The insertion consists of a low-/? triplet, a pair 
of recombination-separation dipoles, D1-D2, and a match- 
ing section of four quadrupoles, Q4-Q7. It is designed for 
a collision /?* of 0.5 m, corresponding to the nominal LHC 
luminosity of 1034 cm~2s-1 at 7 TeV. At injection energy, 
the insertion is detuned by adjusting the matching section 
to a ß* of 12 m. The low-/? triplets do not participate in 

the tuning, except to keep the phase advance of the inser- 
tion constant. The matching section has enough reserve to 
adjust the /?* of the insertion beyond the nominal range. 

2.1    Low-ß Triplets 

The low-/? triplets, shown in Figure 2, consist of four wide 
aperture superconducting quadrupoles powered by a com- 
mon power supply. The outer two quadrupoles, Ql and Q3, 
are 6.3 m long, while the central one is divided for conve- 
nience into two identical units, Q2a and Q2b, 5.5 m each. 
The low-/? triplet is 23 m from the interaction point, and is 
preceded by a 1.8 m long copper absorber (TAS), located 
within the front shielding of the experiments. 

One of the most important issues in the design of the 
low-/? triplets is the protection of the superconducting 
quadrupoles against the high flux of secondary particles 
emanating from the p-p collisions at nominal luminosity. 
This issue has been studied by several groups [2, 3], and it 
has been found that the Q2a quadrupole, where the power 
density due to the secondaries is the highest, can be bet- 
ter protected by optimising its distance from Ql. Based 
on these studies, the separation between Ql-Q2a has been 
set to 2.5 m, sufficient to place a supplementary 1.5 m ab- 
sorber. Protection of the triplet as a whole may be fur- 
ther improved by increasing the thickness of the quadrupole 
cold bore. 

The space of 1 m between Q2a and Q2b is required for 
the combined horizontal-vertical orbit corrector. In this lo- 
cation the /?-function has a maximum in one plane, while 
the maximum in the orthogonal plane occurs upstream of 
Q3, where an additional orbit corrector is envisaged. The 
space between Q2b and Q3 is used to adjust the optics of 
the single parameter low-/? triplet to that of the matching 
section. The resulting drift of 3.5 m is slightly longer than 
otherwise needed for magnet interconnects, a BPM and 
multipole spool pieces. 

The single aperture quadrupoles Q1-Q3 are considered 
the most demanding magnets in the experimental inser- 
tions. Besides accommodating fully separated beams at 
injection, they must provide a high field gradient and low 
multipole errors required for the colliding beams, and sus- 
tain high power density of the secondary particles. A 
70 mm aperture quadrupole with a design gradient of 
240 T/m adequately fulfils these requirements. A mag- 
net development program for the low-/? quadrupole is in 
progress in CERN, Fermilab and KEK [4, 5, 6]. The suc- 
cessful test of the first low-/? quadrupole model [7], in- 
dicates that the chosen operating gradient of the triplet, 
200 T/m at 7 TeV, provides an adequate operational mar- 
gin at full luminosity. 
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Figure 1: Schematic layout of the left half of the LHC high luminosity insertion. The layout is symmetrical with respect 
to the IP, and is identical for the ATLAS and CMS experiments. 

2.2   Separation Dipoles and the Matching Section 

The separation of the beams must be made as close as pos- 
sible to the interaction point in order to avoid long range 
parasitic crossings, which occur every 3.75 m in the com- 
mon vacuum chamber. The separation is accomplished 
with a pair of bending magnets, Dl and D2. It has been 
proposed in [1] that both Dl and D2 be superconducting 
magnets using identical coils. This solution has been a 
matter of concern since similarly to the low-/? triplet, Dl 
is also submitted to intense irradiation by the secondaries. 
Its magnetic field deviates the charged particles into its own 
coil, so that its aperture has to be larger than 80 mm in order 
to avoid excessive energy deposit [3]. On the other hand, a 
coil aperture greater than 90 mm seems to be incompatible 
with a bore separation of 194 mm in the two-in-one D2. An 
alternative, retained in this proposal, is to use a resistive D1, 
which is made possible by the larger separation between the 
dipoles than proposed in [1]. The neutral secondaries are 
not deviated by Dl and are stopped in a dedicated absorber 
(TAN) placed a few metres downstream of the two-in-one 
superconducting D2. D2 has a coil aperture of 80 mm and 
is located 155 m from the interaction point. 

Dl 
mm 

Q3 02b 

H 
Q2o 

INX 

Q1 
IK» 

B- 

Figure 2: Schematic layout of the LHC low-/? triplet. 

The matching section of the high luminosity insertion 
consists of four twin aperture quadrupoles, Q4-Q7. These 
are standard LHC arc quadrupoles with independent pow- 
ering of apertures. In the nominal tuning range, the gradi- 
ents of the matching quadrupoles vary down to 35% of the 
nominal gradient of 210 T/m. 

2.3   Crossing Scheme and Geometrical Acceptance 

The nominal LHC luminosity is achieved with the beams 
colliding at a full crossing angle of 200 /irad [1]. At in- 
jection, and similarly at top energy prior to collision, the 
beams need to be separated in the common part of the vac- 
uum chamber, typically by 10 a. The separation scheme 
consists of imposing a crossing angle at the interaction 

point, together with a parallel separation of the beams in 
the plane orthogonal to the crossing plane. The crossing 
plane may be additionally rotated around the longitudinal 
axis in order to limit the effects of the long range interac- 
tions [8]. As a result, the beams follow complicated tra- 
jectories in the low-/? triplets, so that the beam separation 
and the geometrical acceptance of the triplets depend on all 
parameters of the scheme. 

The method used for calculating the acceptance of LHC 
magnets is based on fitting the normalised beam halo, 
which is the result of multi-turn beam cleaning, to the shape 
of the magnet cold bore [9]. Specific conditions in each 
magnet, such as /^-functions, closed orbit errors, mechani- 
cal tolerances and alignment, are taken into account, and 
the acceptance calculated in terms of the equivalent pri- 
mary collimator aperture. For the nominal primary colli- 
mator at 5.5 <r, an acceptance greater than 7 a is required 
everywhere in the insertions. In Figure 3, the beam separa- 
tion and the acceptance of the low-/? triplet are shown for 
the injection ß* of 12 m and full crossing angle of 400 /urad. 
In this particular case, the beam separation is larger than 
10 a, and the acceptance of the triplet is greater than the 
required primary collimator equivalent of 7 a. The accep- 
tance minimum occurs in between Q2a and Q2b, as shown 
in Figure 3, or at the upstream end of Q3 if the crossing 
plane is rotated by 45 degrees. An analysis of different 
sets of crossing parameters leads to the conclusion that the 
70 mm aperture of the low-/3 quadrupole is large enough 
to accommodate crossing angles of up to 450 ^rad, both at 
injection and collision energies. 

These results correspond to the optics studied to date. 
Recent layout studies indicate that the low-/3 triplet could 
be advanced by about 0.5 m towards the IP, without mod- 
ifications to the experiments. As a result, the acceptance 
of the triplet would be increased, and ß in Q2-Q3 reduced. 
For the purpose of operating margin, 10 cm longer low-/? 
quadrupoles should be foreseen. 

3   EXPERIMENTAL INSERTIONS COMBINED 
WITH BEAM INJECTION 

The layout of the low-/? insertions for the ALICE and 
LHC - B experiments follows the same general approach 
of the high luminosity insertions, i.e. a matching section 
of four quadrupoles is used to tune the low-/? triplets. The 
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Figure 3: Trajectory of the two beams in the low-/? triplets 
for a horizontal plane at full crossing angle of 400 /xrad 
and vertical separation of 4 mm. The separation of the 
beams and geometrical acceptance of the quadrupoles are 
also shown for these conditions. 

important difference comes from the fact that in both in- 
sertions the layout of the matching section must satisfy 
the severe requirements of the beam injection system. For 
example, long warm drifts between the quadrupoles must 
be provided for the injection kicker and septum magnets, 
whose position is related to the geometry of the beam in- 
jection tunnels. Furthermore, strict requirements must be 
fulfilled in order to protect the low-/? triplets and the rest of 
the machine against badly injected or accidentally kicked 
circulating beams. Although these requirements substan- 
tially limit the flexibility of the insertion, it is nevertheless 
continuously tunable from the injection /?* of 12 m to a col- 
lision value of 0.5 m. To allow ALICE runs with p-p colli- 
sions, the /?* can be detuned up to 250 m. The difficulties 
in fulfilling the injection requirements are partially offset in 
LHC-B where the interaction point is displaced by 11.25 m 
from the centre of the insertion, leaving more space be- 
tween the injection magnets and the matching quadrupoles. 
The layout then provides a tuning range of 5-50 m for the 
LHC-B experiment. 

The low-/? triplets in ALICE and LHC-B insertions are 
identical to those in the high luminosity insertions, except 
that the front absorber is not required. Due to the shortage 
of space, both Dl and D2 are 9.45 m long superconduct- 
ing dipoles. While the aperture of Dl is determined by 
the separation scheme, that of D2 must be large enough to 
allow the passage of miskicked beams. It has been deter- 
mined that in both cases a coil aperture of 80 mm is suffi- 
cient, leading to a proposal where identical coils are used 
in both the single aperture Dl and two-in-one D2, and the 

two dipoles could possibly be powered in series. 
The matching section quadrupole Q5 has a particular 

role as the beam is injected through it at vertical angle 
of 0.35 mrad. Similarly, Q4 must be big enough to let 
pass accidentally kicked beams. In both cases, it is pro- 
posed to use twin aperture quadrupoles with a coil aperture 
of 70 mm [10]. These quadrupoles have sufficient accep- 
tance to cope with these situations, but constrain the place- 
ment of dipole correctors used for the crossing scheme. 
The other quadrupoles in the matching section are standard 
LHC arc quadrupoles, except that the cryostat of Q6 has to 
be adapted for the passage of injection lines. 

4   CONCLUSIONS 

The design of the LHC low-/? insertion has advanced to the 
point where the requirements of experiments could be har- 
monised with the flexibility of the collider operation and 
superconducting magnet performance. In this report we 
have reviewed the systems layout of the experimental in- 
sertions, and specified the requirements for the supercon- 
ducting magnets. 

5   REFERENCES 

[1] The LHC Study Group, The Large Hadron Collider, Con- 
ceptual Design, CERN/AC/95-05. 

[2] A. Morsch, R. Ostojic, T.M. Taylor, "Progress in the 
Systems Design of the Inner Triplet of 70 mm Aperture 
Quadrupoles for the LHC Low-/? Insertions", Proc. 4th 
European Part. Accel. Conf., London, England, 1994, pp. 
2274-2276. 

[3] J. Strait and N. M. Mokhov, "Optimisation of the LHC Inter- 
action Region With Respect to Beam-Induced Energy Depo- 
sition", 5th European Part. Accel. Conf., Barcelona, Spain, 
1996, LHC Project Report 43. 

[4] R. Ostojic T.M. Taylor and G.A. Kirby, "Design and Con- 
struction of a One-Metre Model of the 70 mm Aperture 
Quadrupole for the LHC Low-/? Insertions", IEEE Trans. 
Magn. 30 pp 1750-1753, 1994. 

[5] R. Bossert et al., "Design of a High Gradient Quadrupole for 
the LHC Interaction Regions", 1996 Appl. Superconductiv- 
ity Conf, August 1996, Pittsburgh, USA. 

[6] A. Yamamoto et al., "Design Study of a Superconducting 
Insertion Quadrupole Magnet for the Large Hadron Col- 
lider", 1996 Appl. Superconductivity Conf, August 1996, 
Pittsburgh, USA, LHC Project Report 75. 

[7] R. Ostojic et al., "Quench Performance and Field Quality 
Measurements of the First LHC Low-/? Quadrupole Model", 
presented at this Conference. 

[8] J. Miles, private communication. 

[9] J.B. Jeanneret and T. Risselada, "Geometrical Aperture in 
LHC at Injection", LHC Project Note 66 

[10] G. Kirby et al., "Design of the 70 mm Twin Aperture Su- 
perconducting Quadrupole for the LHC Dump Insertion", 
1996 Appl. Superconductivity Conf, August 1996, Pitts- 
burgh, USA, LHC Project Report 66. 

3698 



HIGHER ORDER MODES POWER LOSS IN THE VERTICAL 
SEPARATORS AT CESR 

S. Greenwald * 
Laboratory of Nuclear Studies, Cornell University, Ithaca, NY 14853 

Abstract 

CESR upgrade "phase III" is designed to operate with a to- 
tal current of 1.0 ampere. It was clear to us that the "old" 
separators, built in 1978, will not be able to handle this 
amount of current. Therefore, the vertical separators were 
re-designed and three new separators were build. Two are 
installed in the north side of CESR. In order to study if 
the new separators will be able to support the high current 
beams designed for phase III, an accurate calorimetric sys- 
tem was designed and built on one of the vertical separa- 
tors, 48E. Using this system we were able to study the total 
higher order modes power dissipation in each component 
of the separator and estimate the total HOM power loss at 
the higher currents. 

1   INTRODUCTION 

At CESR the two 2.7 meter long vertical separators are 
used to separate the two beams at the symmetric point in 
the north and are also used for luminosity tuning. In each 
separator the gap between the two high voltage electrodes 
is 55 mm, which is only 10% wider than the vertical beam 
pipe dimension. The width of the electrodes is 203 mm. 
The electrodes were put 1.4 inches away from the outer 
vacuum tank edge on each side in order to prevent a volt- 
age breakdown between the high voltage electrodes and the 
outer tank. This 1.4 inches gap is the main cause of the 
higher order modes power loss. Using an accurate calori- 
metric system, the higher order modes power dissipated in 
each component of the separator was measured for vari- 
ous CESR operation conditions. The loss parameter k of 
the separator was calculated from the measured dissipated 
power. 

2   HIGHER ORDER MODES LOSSES IN THE 
VERTICAL SEPARATOR 

The vertical separator cross section can be seen in Fig- 
ure 1. The high voltage feeds-through are insulated from 
the outer tank via a cylindrical insulator (9 inches long and 
6 inches in diameter) which is enclosed by a stainless steel 
tube (10.5 inches in diameter). The 7 inch flange that is 
mounted on top on the insulator introduces a large mis- 
match in impedance for the HOM power that is coupled 
out. The 5n parameter of the insulator and the enclosing 
stainless steel tube wasmeasured to be about -1 dB and al- 
most all the power will be reflected back into the separator. 
This will increase significantly the heat load of the elec- 
trodes and lower the safe high voltage operation. To avoid 

-Watts (1) 
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this, 40 blocks of ferrite (1.5 inches by 2.0 inches) were 
glued inside the stainless steel tube below the top flange of 
the insulator. The S\\ parameter of the insulator configu- 
ration including the ferrite blocks is about -7.5 dB. In this 
case only about 50% of the HOM power that is coupled 
outside through the feed-through is reflected back. As was 
mentioned above, most of the HOM power loss will occur 
at the gap between the electrodes ends and the end plates of 
the outer tank. The total HOM power loss can be calculated 
using the following equation. 

k(az,Pr)-I*-Nb, 
10-12 . Frev 

Where: k(az,Pr) is the loss factor (V/pC), az is the 
bunch length (m), Pr the horizontal beam offset at the 
separator due to the close orbit distortion "pretzel" that is 
needed for multibunch operation, lb bunch current in (A), 
Nt, number of bunches, Frev revolution frequency (Hz). 
Since the gap between the electrode ends and the end plates 
is of the same order as the bunch length the loss factor k 
will depend inversely on the bunch length. Also, the high 
voltage electrode ends are made from 180 degrees, 6 inches 
in diameter elbows; therefore the gap seen by the beam is 
larger as the beam offset amplitude is increased and the 
HOM power loss will depend on the size of the closed orbit 
distortion as is given by the horizontal pretzel amplitude. 
The HOM beam power loss in the separator is dissipated 
in the electrodes, the outer vacuum tank and the part that is 
coupled outside, in the ferrite and the inductive load on the 
high voltage cables. 

3   THE CALORIMETRIC SYSTEM 

The cooling of the separator is done by two different 
coolant systems, one is using CESR 85°F water and the 
other is using freon which is cooled via a heat exchanger 
by the 85°F water. The water system is used to cool the 
outer tank, the ferrites in the top and bottom insulator can 
and the high voltage cables' inductive loads. The freon is 
used to cool the top and bottom high voltage electrodes. In 
order to be able to measure the dissipated power in each 
one of the seven components of the separator, the cooling 
is done in parallel. High resolution thermistors are imbed- 
ded, using a spacial housing, in each one of the input and 
output coolant pipes. These thermistors are measuring the 
temperature of the coolant at the input and output with res- 
olution of 0.005°C. The flow rate of the coolant to each one 
of the components was measured. By knowing the coolant 
flow rate and the temperature difference between input and 
output the dissipated power in each component of the sep- 
arator can be calculated. 
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Figure 1: The vertical separator cross section 

4    H.O.M POWER LOSS MEASUREMENTS 

Using the calorimetric system we have measured the HOM 
power loss in the vertical separator for different CESR op- 
eration parameters: 

A. The dependence of the HOM power loss on horizontal 
beam offset as is determined by the horizontal closed orbit 
distortion and is given by the pretzel amplitude ,can be seen 
in the upper part of Figure 2. The HOM losses increase as 
the horizontal pretzel amplitude is increased since the gap 
seen by the beam is larger. For example, when going from 
zero pretzel, beam on axis, to HEP pretzel which shifts the 
beam horizontally at the separator by about 1 inch, the gap 
seen by the beam changes from 1.4 inches to 1.53 inches 
and the HOM power loss increases by 10%. 

B. The measurements described above were repeated 
with the two wigglers closed, as can be seen in the lower 
part of Figure 2. The power loss for the case when the 
wigglers were closed was lower by about 8% compared to 
whe n the wigglers were open. The reason for this is that 
the bunch length is elongated by the wigglers by 8% as 
was also seen with a streak camera[l]. In HEP condition, 
wigglers closed and full pretzel, the increase in the HOM 
power loss due to the horizontal beam offset is partly can- 
celled by the elongation of the bunches by the wigglers, 
since both effects are of the order of 8%. 

C. The HOM power loss as function of the number of 
bunches in a train, can be seen in Figure 3. It was found that 
the loss factor k increases by about 17% when the number 
of bunches in each train was increased from 1 to 3. The 
increase in power loss is probably caused by the interaction 
of the trailing bunches with the HOM power induced by 
the leading bunches in the train. (The spacing between the 

bunches was 14 and 28 nsec while the spacing between the 
trains is about 280 nsec.) 

D. The change in the HOM power loss as function of the 
bunch length, can be seen in Figure 4. The bunch length 
was changed by changing the RF Accelerating voltage[l]. 
The HOM power loss is proportional inversely to the bunch 
length. 

The distribution of the HOM power loss in the differ- 
ent components of the separator as function of current per 
bunch can be seen in Figure 5. The percentage of the total 
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Figure 2: HOM power loss as function of the horizontal 
beam offset determined by the pretzel amplitude for open 
and closed wigglers. 2500 computer units correspond to 
about 25 mm off center beam shift. 
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power dissipated in each component is independent of the 
current. Fifty seven percent of the total HOM loss power 
is coupled out through the feed-through of which fifty per- 
cent is dissipated by the ferrite blocks and eight percent in 
the inductive load of the high voltage cables, thirty percents 
is dissipated in the electrodes and about thirteen percent is 
dissipated in the outer tank. 

Figure 5: The distribution of the HOM power loss in the 
different components of the separator as function of cur- 
rent/bunch 

there is hardly any power dissipated on the high voltage 
cables and connectors. This increases the reliability of the 
high voltage cables and connectors. The loss factor k for 
the separator in colliding condition with two bunches per 
train is 0.32 ± 0.01 V/pC, while for three bunches per train 
it is 0.34 ± 0.01 V/pC. The expected HOM power loss in 
future upgrades of CESR with three bunches per train with 
total of 600 ma will be 5.6KW, while for five bunches per 
train with total current of 1.0 ampere it will be 9.5KW. 
The vertical separators will be able to handle this power 
with any problems. 
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5   CONCLUSION 

Only thirty percent of the total HOM power loss is cooled 
by the freon system and the remaining seventy percent by 
the water system. This reduces significantly the heat load 
on the freon system which is much less efficient than the 
water system. Ninety percent of the HOM power that is 
coupled outside through the feed-through is absorbed by 
the ferrite blocks and the rest by the inductive load. Thus 
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PHOTOCURRENTS IN THE VERTICAL ELECTROSTATIC 
SEPARATORS AT CESR 

S. Greenwald * 
Laboratory of Nuclear Studies, Cornell University, Ithaca, NY 14853 

Abstract 

At CESR a pair of vertical separators are used to sepa- 
rate the two beams vertically at the symmetry point, in the 
north, of the interaction point in the south. They are 2.7 
meter long and each one is providing a 1.0 mrad kick for 
a differential voltage of 100 KV between the electrodes. 
One side of each separator is exposed to the high flux of 
synchrotron radiation from a soft bend, 140 meter radius, 
magnet and a hard bend, 34.8 meter radius, magnet. The 
radiation generates large amount of photoelectrons which 
are converted to a large photocurrent. For a beam current 
of 150 ma the photocurrent is 1.2-1.5 ma. It caused,a few 
times a day, a partial drop in the high voltage which caused 
a vertical beam blow up and beam loss. In addition the 
photocurrent was increasing the heat load of the positive 
electrode by 25 percent. In the paper we will show how we 
were able to suppress the photocurrent almost to zero. As a 
result we have seen an increase in the life time of the beams 
and as well an increase in the luminosity. 

1    INTRODUCTION 

The main sources of synchrotron radiation that enters the 
vertical separator that is located to the east of the symme- 
try point are the two bending magnets B47E1 (R=140.62 
m) and B47E2 (34.817 m), while for the separator that is 
located to the west of the symmetry point it is B47W1 and 
B47W2. The electrons which travel from east to west ra- 
diate into the east separator and the positrons which travel 
from west to east radiate into the west separator. When op- 
erating CESR with large horizontal closed orbit distortion 
"pretzel" that is needed for multibunch operation in collid- 
ing condition, synchrotron radiation from positrons gener- 
ated in B47W1&2 can also enter the east separator and syn- 
chrotron radiation from electrons generated in B47E1&2 
can also enter the west separator. This occurs because of 
the large beam offset in the bending magnets; some of the 
radiation misses the radiation absorber and thus is able to 
reach the other separator. When the synchrotron radiation 
enters the separators there are four different possibilities to 
generate photoelectrons but only two of them will lead to 
photocurrents. A. If the photons hit the outer tank near the 
positive voltage electrode the emitted photoelectron will be 
accelerated to the positive electrode and photocurrent, that 
is supplied by the positive electrode power supply, will be 
generated. B. If the photon hit the high voltage positive 
electrode the photoelectron will not be able to escape and it 
will be pulled back by the high positive voltage of the elec- 

* Work supported by the National Science Foundation 

trode and no photocurrent is generated. C. If the photon hit 
the outer tank near the negative electrode the photoelectron 
will not be able to escape and no photocurrent is generated. 
D. If the photon hit the high voltage negative electrode the 
photoelectron will be accelerated either to the outer tank 
which is at ground potential or to the high voltage positive 
electrode. In both cases a photocurrent is generated. If the 
the photoelectron is accelerated to the outer tank the pho- 
tocurrent is supplied by the negative electrode power sup- 
ply. On the other hand if the photoelectron is accelerated 
to the positive electrode the photocurrent is supplied by the 
negative and the positive high voltage power supplies. For 
summary, the current we measure on the high voltage pos- 
itive power supply is the sum of the photocurrent gener- 
ated by the photons hitting the outer tank near the positive 
electrode and the photocurrent generated by photons hit- 
ting the negative electrode. While the current we measure 
on the high voltage negative power supply is equal to the 
photocurrent generated by the photons hitting directly the 
negative voltage electrode. 

2   THE MEASURED PHOTOCURRENTS IN THE 
EAST AND THE WEST VERTICAL 

SEPARATORS 

The vertical separator cross section can be seen in Fig- 
ure 1. In the separators the top electrode is positive while 
the bottom electrode is negative. The measurements were 
carried out in three steps. First we measured the effect 
of the electron beam only, second we measured the ef- 
fect with positron beam only and last we measured it with 
both beams. In all the three measurements each beam had 
eighteen bunches composed of nine trains two bunches per 
train, with eight ma per bunch. The measurements were 
done in colliding conditions which had large horizontal 
closed orbit distortion. Each electrode has its own high 
voltage power supply that can be regulated independently. 
The results of the measurements of the photocurrents with 
144 ma of one beam in CESR at a time can be seen in the 
upper part of table 1, while the results for both beams in 
CESR at the same time with 144 ma per beam can be seen 
in the lower part of table 1. 

3   METHOD TO SUPPRESS THE 
PHOTOCURRENTS 

From the results of the measurements with electrons only, 
which are shown in the second row of table 1, we can 
also see photocurrent in the west separator. That means 
that some of the synchrotron radiation generated in the east 
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Figure 1: The Vertical Separator Cross Section 
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e- 
e- 
e + 

0.75 
0.70 
0.15 

0.10 
0.10 
0.10 

0.20 
0.40 
0.80 

0.10 
0.00 
0.00 

OFF Energy (Oct.8.96) 
ON Energy (Oct. 15.96) 
ON Energy (Oct.lb.96) 

e+&e- 
e+&e- 
e+&e- 

1.35 
0.90 
0.90 

0.60 
0.15 
0.15 

1.10 
1.10 
1.10 

0.07 
0.00 
0.10 

ON Energy (June.17.96) 
ON Energy (Oct.5.96) 
OFF Energy (Oct.8.96) 

Table 1: The Measured Photocurrents in the Top(+) and the Bottom (-) Electrodes in the East and the West Vertical 
Separators, with only one Beam in CESR Upper part of the Table and Two Beams in CESR lower part of the Table 

bending magnets B47E1&2 entered the west separator hit- 
ting its south end. The resulting photoelectrons were drawn 
to the top (positive) electrode generating 0.4 ma of pho- 
tocurrent (option 1). While from the measurements with 
the positrons, the photocurrents in the east separator are 
low meaning that very little of the synchrotron radiation 
generated by the positrons in the west bending magnets en- 
ters the east separator. From the measurements that were 
done on June 17, 96, with both beams in CESR, it can be 
seen that the bottom (negative) electrode of the east sep- 
arator had 0.6 ma of photocurrent. This photocurrent is 
generated by photons that are hitting directly the negative 
electrode. We have found that the source of these photons 
are the positrons in the west (option2). The effect of the 
electrons on the west separator and the positrons on the east 
separator depend on the optic lattice that is used. We have 
found that we can reduce by more than 70% the photocur- 
rents induced by the opposite beam by introducing local 
vertical bumps in the bending magnets in the positrons op- 

tics in the west and in the electron optics in the east. The 
Oct. 5, 96, measurements had such bumps which reduced 
the photocurrent of the negative electrode of the east sepa- 
rator from 0.60 ma to 0.15 ma. At the same time the pho- 
tocurrent of the positive electrode decreased by the same 
amount from 1.35ma to 0.9 ma, as can be seen in lower 
part of table 1. This indicate that the photoelectrons from 
the negative electrode are accelerated to the positive elec- 
trode and not to the ground. In the vertical separators the 
radiation absorber is made of copper block with a shallow 
grove and is water cooled. The center of the absorber in the 
vertical direction coincide closely with the zero potential 
plane which is located in the mid plane between the posi- 
tive and negative electrodes. As a result of this the top half 
of the absorber is in a positive electrical field regime while 
the lower half is in a negative electrical field regime. Be- 
cause the grove in the absorber is shallow, any photoelec- 
tron generated by photon hitting the top half of the absorber 
is able to escape and be drawn to the positive electrode. An 
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Figure 2: The Measured Photocurrent of the Positive Elec- 
trode as Function of the Asymmetric Voltage AV=V+ - 
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effective way to stop the photoelectrons from reaching the 
positive electrode is to move the zero potential plane up so 
the whole absorber will be in the negative electrical field 
regime and the photoelectrons will not be able to escape. 
One way to achieve this is to operate the separator in an 
asymmetric mode i.e., increase the voltage of the negative 
electrode (bottom) and by the same amount decrease the 
voltage of the positive electrode (top) so that the vertical 
kick to the beams will be the same but the zero potential 
plane will move up. Results of such an asymmetric mode of 
operation of the separator can be seen in Figure 2, where by 
moving the zero potential up the photocurrent of the posi- 
tive electrode was reduced from 0.83 ma to 0.22 ma. On the 
other hand, when we moved the zero potential plane down 
by increasing the positive voltage and decreasing the neg- 
ative voltage by the same amount, the photocurrent of the 
positive electrode was increased from 0.83 ma to 1.5 ma. 
Another way to stop the photoelectrons from reaching the 
positive electrode is by placing an external magnet across 
the absorber. When operating in symmetric mode ±45 KV 
with an external dipole magnet, which has 230 Gauss at the 
center, across the absorber the photocurrent of the positive 
electrode was reduced from 0.75 ma to 0.20 ma. The pho- 
tocurrent was further reduced to 0.1 ma by changing the 
electrode voltages from ±45 KV to -50 KV and + 40 KV. 

ducing local closed vertical bumps in the lattice (a bump 
in the west for the positrons and a bump in the east for 
the electrons). As we have shown above, each one of the 
methods; moving the zero potential plane up or the ex- 
ternal dipole magnet across the absorber, is very success- 
ful in suppressing the photocurrents in the vertical sepa- 
rator. But the combination of both methods has a num- 
ber of advantages because of the following reasons: A. 
using only asymmetric voltages on the electrode will re- 
quire more then 20% increase in the voltage of the negative 
electrode compare to symmetric voltages, which will limit 
the maximum vertical kick that the separators will be able 
to provide. B. In addition, by moving the zero potential 
plane up by a large amount, the electrical fringe fields at 
the ends of the separator will be stronger at the beam lo- 
cation. Thus having larger effect on the beam dynamic. 
On the other hand using the external magnets only will not 
stop the photoelectrons generated by the radiation hitting 
the other end of the separator generated by the opposite ro- 
tating beam. Operating CESR with electrons and positrons 
in collide mode with total current of 150 ma per beam 
the photocurrents in both separators were reduced to less 
then 0.2 ma for the positive electrode and 0.1 ma for the 
negative electrode. This was achieved by using an exter- 
nal magnet across the absorber combined with asymmetric 
voltage. These remaining photocurrents are mainly gener- 
ated by scattered photons from the beam chamber into the 
separator either by mirror scattering which will hit the in- 
side tank wall and the photoelectrons will be drawn to the 
positive electrode or Rayleigh large angle scattering where 
part of them will hit the negative electrode and generate 
photocurrent in both electrodes. Since the photoelectrons 
from the negative electrode will be accelerated to the posi- 
tive Electrode. The estimated photocurrents for CESR up- 
grade "phase III" which is designed to have 500 ma per 
beam are; 0.65 ma for the positive electrode and 0.35 ma 
for the negative electrode. We have measured the effect 
of the external magnet and the asymmetric voltage on the 
electrodes in three different ways: 1. We did not see any 
measurable changes in the beams orbit. 2. The horizontal 
and the vertical tunes did not change by more than 30 Hz. 
3. The vertical chromaticity did not change. On the other 
hand we saw improvements in the beam life time and more 
important the number of beam losses due to high voltage 
micro arcs in the vertical separators became very small. As 
a result the total integrated luminosity was increased. 

4   SUMMARY AND CONCLUSION 

Any time a new optic lattice is implemented in CESR, the 
effect of the synchrotron radiation generated by the oppo- 
site beams, i.e. positron beam on the east separator and 
electron beam on the west separator, is reduced by intro- 
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REC BEAM PIPE TEMPERATURE CONTROL 

Z. Greenwald, S. Greenwald and D. H. Rice * 
Laboratory of Nuclear Studies, Cornell University, Ithaca, NY 14853 

Abstract 

In CESR the clearance between the beam pipe and the REC 
(Rare Earth Cobalt) magnet is only 1 mm. The 160 cm 
beam pipe in this section is sloped and has steps to mask 
the detector from radiation. During high energy operation 
the beam pipe temperature increases due to synchrotron ra- 
diation, higher order modes power loss and image current, 
and effects the temperature of the REC magnet via con- 
vective and radiative heat transfer. The temperature change 
is proportional to the beam current. This causes a current 
dependent change in the REC magnetic field strength, re- 
sulting in a betatron tune shift of about AQ =0.011/°C for 
each quadrupole. To prevent the temperature changes of 
the beam pipe in this section, a sensitive temperature con- 
trol cooling system was developed. The temperature of the 
beam pipe is stabilized within ±0.1°C. The loss parameter 
of the sloped pipe and power dissipated by synchrotron ra- 
diation was calculated from temperature measurements and 
used to estimate performance at higher current. 

1   INTRODUCTION 

The REC Quadrupole SmJCo$ material has a magnetiza- 
tion temperature dependence of -0.04%°C (see reference 
[1]). In order to avoid a shift in the vertical tune due to 
changes in the REC magnetic field the temperature of the 
inner side of the REC must be controlled to within ±0.1 °C. 
The main source of heating the inner side of the REC is 
the beam pipe whose temperature changes with the beam. 
Since the outer radius of the beam pipe inside the REC is 
only 1 mm smaller then the inner radius of the REC, the 
beam pipe inside the REC must be kept at constant temper- 
ature with fluctuation smaller then ±0.1°C during all times 
with or without beam in CESR. 

2    TEMPERATURE CONTROL 

A block diagram of the control system is shown in 
Figure 1. The coolant (PF 200) temperature is measured 
at the output of the beam pipe section (point 2 on Figure 1) 
by a thermistor with high resolution (see Appendix I) 
and maintained constant by changing the coolant temper- 
ature at the input (point 1 on Figure 1) when the beam 
pipe is heated by synchrotron radiation and higher order 
modes. Figure 26 shows the profile of the input tempera- 
ture needed to keep the pipe temperature constant for the 
beam current shown in Figure 2a. A constant shift of 
about 0.3°C exists between the input and the output ther- 
mistors due to electronic offset. The coolant temperature 

85° F Water 

45° F Water flSn 
VValvei 

r-5? 

PF 200 Coolant 

Temperature 
Measurement 

PID Controller 

Controlled 
Powor Supply 

' Work supported by the National Science Foundation 

Figure 1: Block Diagram of the Control System 

is regulated by a heater which also mixes the fluid making 
its temperature more uniform. The control system was de- 
signed to have a time constant of 3 minute in order to have 
a stable closed loop feedback and minimize the amount of 
walking. During injection when the filling rate is few ma 
per minutes the system is able to keep the beam pipe tem- 
perature very stable. In the case of a beam loss or total 
beam damp it takes the control system about 5 minutes to 
restabilize the beam pipe temperature, but even in this case 
the deviation in the beam temperature is only 0.1°C as can 
be seen from Figure 2b. 

2.1 The Heater 

The heater is built out of two concentric pipes 55 inches 
long, with a spiral divider in between. The coolant flows 
between the two pipes in a 0.1 inch gap along the spiral di- 
vider. Three heat tapes (1.5 KWatts each), connected to 
the regulating power supply, are wrapped on the outer pipe. 
The regulated voltage for the heat tapes that corresponds to 
the heating of the beam pipe due to the beam current shown 
in Figure 2a, is seen in Figure 2c. Note that the con- 
trolled voltage has to compensate not only for the heating 
due to the beam current but also the changes in the 45° C 
and 85° C water mix which cools down the coolant via a 
heat exchanger. 

2.2 The Controller 

The controller is regulating the power supply of the heater. 
It uses of an OMEGA PID [2] unit and a variable DC level 
shifter [3]. The DC shifter converts the desired REC beam 
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Figure 3: Power Dissipated in the WEST REC pipe by elec- 
trons and in the EAST REC pipe by positrons 

pipe temperature to 2.5 Volts, which is the center of the 
PID (0 — 5)V operating range. When the beam pipe is 
heated up by the beam, or the water temperature changes, 
the PID controller output can change up to ±2.5 V corre- 
sponding to ±10°C 

3     REC OUTER JACKET COOLING 

Some of the REC beam pipe stabilized coolant at the out- 
put side is diverted to the REC copper external jacket with 
brazed on tubes in order to stabilize the outer temperature 
of the REC magnets. This temperature is not as critical as 
the beam pipe temperature. 

4    MEASURED PRESENT POWER DISSIPATION 

As explained above, the temperature decrease in the input 
compensates the heating of the pipe, and thus the input tem- 
perature change is directly proportional to the power dissi- 
pated in the pipe . The power dissipation in the west REC 
pipe by electrons and in the east REC pipe by positrons, for 
several beam currents (18 bunches / beam), going through 
the center of the pipe is shown in Figure 3. The data were 
fitted to the function: P = A ■ Ib + B ■ 1$; A, B are con- 
stant. 7b, is the bunch current. The term A-lb represents the 
dissipated power due to synchrotron radiation (linear with 
bunch current), and the term B • 1% represents the power 
loss due to higher order modes (proportional to square of 
the bunch current). At these currents the heating due to im- 
age currents is about 5 Watts [4]. The second set of data 
corresponds to the power dissipated in the pipe when the 
electron beam was displaced by a sine-like closed orbit dis- 
tortion (generated by electrostatic separators to avoid para- 
sitic beam-beam interactions). 

3706 



CESR 
Upg- 
rade 

Nb lb 
(ma) 

WEST EAST 
PHOM 

(W) 
PSR 

(W) 
PHOM 

(W) 
PSR 

(W) 
Phil 
Phlll 

27 
45 

11.1 
11.1 

50.6 
84.4 

186.3 
310.5 

32.7 
54.6 

156.3 
260.5 

Table 1: Estimated Power Dissipation in the REC Magnet 
for the Planed CESR Upgrades. 

5    CALCULATED FUTURE POWER DISSIPATION 

The above power dissipation was measured for 18 bunches. 
A general expression as function of the number of bunches 
Nb is derived. 

5.1    Loss Parameter Calculation 

It is assumed that all the power measured is generated by 
heating in the REC itself. The Loss Parameter k is calcu- 
lated from B extracted by the curve fitting to the data in 
Figure 3. /REV is the revolution frequency, and Iß bunch 
current. 

PHOM = k ■ 
Nb 

k = 

IREV 
■I% = B-I% 

REV 

kwest = 5.94 • 10 
kEast = 3.85 • 10" 
PHOMWest =1.52- 
PHOMEast = 0.983 

Nb 

■3v/Pc 
3V/pC 

104•Nb ■ 
104 • Nb 

(1) 

(2) 

IßWatts 
■ Igwatts 

5.2    Synchrotron Radiation Calculation 

The constant A extracted from figure 3 was measured with 
18 bunches. Thus the contribution from radiation is: 

Ps.R. = —rs— IB (3) 

Ps.R.West = 621. • Nb ■ IBwatts 
Ps.R.East = 521. • Nb ■ IBwatts 

5.3    Future Estimation of Power Dissipation in REC pipe 

We plan to have a total of 300ma/beam carried by 9 
trains with 3 bunches in a train in CESR phase II, and 
500ma/beam carried by 9 trains with 5 bunches in a train 
in CESR phase III. The distribution of the calculated dissi- 
pated power in the WEST REC pipe due to the electron and 
in the EAST REC pipe due to positrons are summarized in 
Table 1. 

that the expected total power dissipation in Phase II will be 
290 and 220 Watts for the WEST and EAST REC beam 
pipe respectively. In Phase III the expected total power 
dissipation will be 480 and 370 Watts for the WEST and 
EAST REC beam pipe respectively (Assuming we will be 
using similar optics in CESR). The main reason for the dif- 
ference between the west and the east is due to different 
beam bumps of both sides of the interaction point that are 
put in to minimize the radiation into CLEO. 

7    APPENDIX 

7.1    High Resolution Temperature Measurement 

The resolution of the measured temperature should be of 
the order of hundredth of a degree in order to stabilized the 
temperature with a 0.1°C. A YSI44005 precision thermis- 
tor was connected to R = 3 KQ resistor bridge, to balance 
the resistance of the thermistor at the center of the desired 
temperature range (25°C in this case). The bridge output 
voltage was connected to a difference amplifier. See refer- 
ence [5]. The output voltage is: 

Vo = Vb(l + 2g) (feft) #i  J \R+Rtt 
where Vb is a stabilized DC power supply, and i?i, #2 

are the amplifier high precision resistors. 
for Rth = R + ARth with R » ARth the output 

voltage 

Vo = Vb (l + 2^) (nj^) S -GARth 

is linear with the temperature. The gain G can be ad- 
justed to give high resolution. 
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6    CONCLUSIONS 

After installing the temperature control system of the REC 
pipe we did not have any more fluctuations in the vertical 
tune due to temperature changes in the REC quadrupoles. 
The estimated total heating of each REC beam pipe will in- 
clude also HOM heating by the other species. That means 
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IMPROVED MEASUREMENT OF ELECTRIC FIELD UNIFORMITY IN 
HORIZONTAL ELECTROSTATIC SEPARATORS * 

Alexander B. Temnykh^ and James J. Welch, Wilson Laboratory, Cornell University, Ithaca NY 

Abstract 

An improved technique for measuring the uniformity of the 
electric field between the deflecting plates of a electrostatic 
separator was developed and applied to the measurement of 
a horizontal separator at CESR. The effect of stray charge 
was found to be limiting accuracy in previous measure- 
ments. Appropriate shielding has eliminated the problem. 

1   INTRODUCTION 

While magnetic field quality measurement techniques have 
advanced to a fine art for accelerator magnets, the mea- 
surement of the uniformity of electric fields is still in its in- 
fancy, perhaps because electrostatic elements are relatively 
uncommon [1]. Nevertheless, electrostatic separators are 
being employed at various accelerator laboratories and pro- 
vide substantial kicks to the beams so as to obtain closed or- 
bit distortions that are opposite for oppositely charged par- 
ticles; i.e. beam separation. Nonuniformity of the electric 
field can cause unwanted tune shifts, coupling, etc. Such 
effects will have a different symmetry with respect to the 
charge of the beams than analogous effects from magnetic 
corrector elements. Also, magnetic correctors elements are 
usually used to correct for unavoidable errors in the closed 
orbit and so their strengths tend to be centered about zero, 
while separators are usually powered to obtain a constant 
effect on the beams and tend to be near maximum values. 
So it would seem worthwhile to try to obtain more infor- 
mation about the actual uniformity of the electric field in a 
separator than can be provided by a 2D design solution. 

A measurement technique based on zeroing out the in- 
duced charge on a stretched wire held between the separa- 
tor plates was discussed in [2]. The original measurement 
showed apparent nonlinearities whose origin was not un- 
derstood. Since then we have improved the technique and 
the previously observed large nonlinearities are no longer 
observed. 

2   DESCRIPTION OF METHOD 

The basic technique we used was to stretch a long thin wire 
along a hypothetical particle trajectory between the deflect- 
ing plates and adjust the potential of the wire relative to the 
plate potentials to zero out the net induced charge on the 
wire. The induced charge is observed by varying the plate 
voltages so that the resulting induced currents can be seen 
on an oscilloscope. Once the wire potential is determined 
the wire can be translated a precise amount and the process 

* Work supported by the National Science Foundation 
t On leave from BINP, Novosibirsk 

repeated. The electric field is obtained by taking the deriva- 
tive of the wire potential data with respect to the position 
of the wire. The theory supporting this technique worked 
out in [2]. 

Because only the total induced charge on the wire is ob- 
served, we need to avoid inducing any charge on the wire 
except due to electric field of the plates. However, as the 
wire is moved to measure the field off-axis, its potential 
becomes further from ground potential. So any grounded 
surfaces near the wire will induce charge on the wire and 
influence the measurement of the electric field due to the 
plates. The improvement we made to the basic technique is 
to add a shield which is at the wire potential which effec- 
tively prevents grounded surfaces from inducing charge on 
the wire. 

3   MEASUREMENT DESCRIPTION 

The measurement scheme is shown in figure 1. We used 
the following equipment: 

• signal generator "Wavetek", 
• two precision voltmeters DVM1 and DVM2, 
• potentiometers PI and P2, 
• digital oscilloscope "Scope", 
• switch SW, 
• two linear translation stages PS1 and PS2. 

The scheme worked in the following way: The Wavetek 
produced square-wave with voltage amplitude Vo, floating 
with respect to ground. This voltage was precisely mea- 
sured by DVM1 and we applied it directly to separator's 
plates. Potentiometer P2 was used to divide this voltage 
in half. The center tap of P2 was connected to the vac- 
uum chamber (separator ground). This results in the plates 
having ±Vö/2 voltage relative to the vacuum chamber as 
it is under normal operating condition. A stretched wire 
was strung through the separator and connected through the 
Scope to the central tap of the other potentiometer PI. The 
Scope indicated electric charge flowing through the wire 
caused by the voltage difference between wire and middle 
point of PI. The measuring procedure was the following. 
For a given wire position, say x, we adjusted potentiometer 
P2 to eliminate the signal seen on scope in at the begin- 
ning of the each pulse. The voltage measured with DVM2, 
Vw gave us the potential at the wire location while DVM1 
gave us the voltage, Vo, between plates. The ratio Vw/Vo 
as function of wire position gives the potential distribu- 
tion. Taking the derivative with respect to wire position 
gave the electric field profile. In earlier measurements we 
found very strong disturbing factor. Near the separator's 
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Figure 2: Measured and calculated with POISSON electric 
field distribution between plates. 

ends the stretched wire was close to the vacuum chamber 
flanges. The voltage difference between wire and these 
flanges caused additional electrical charge flow which af- 
fected the measurement. To fix this problem we made the 
following improvement. One of the wire ends had been 
shielded with copper foil in the region close to one flange 
as shown in Figure 1. Shielding was connected either to 
point 1 or to point 2 shown on the schematic. In the first 
case, when the shielding was connected to point 2, we had 
two ends effect, in the second there was only one end ef- 
fect. Combining these measurements we obtained end ef- 
fect data and then using it we calculated the potential pro- 
file and excluded the end effects. The electric field was cal- 
culated as a difference in voltage measured at two adjacent 
wire positions divided by the distance. Figure 2 shows the 
measured electric field, corrected for end effects, in com- 
parison with field calculated with the POISSON program. 
Here one can see quiet reasonable agreement between cal- 
culation and measurements. 
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PERMANENT MAGNET ASSEMBLY TOOLING FOR THE 8 GEV 
TRANSFER LINE AND RECYCLER RING AT FERMILAB 

T.H. Nicol and A.B. Knauf, Fermi National Accelerator Laboratory, Batavia, IL, USA 

Abstract 

Magnets for the beam transfer line between the Fermilab 
Booster and Main Injector and the Recycler antiproton 
storage ring are constructed using permanent magnet 
ferrite bricks surrounding a steel pole and housed inside 
a steel flux return shell. The transfer line consists of 51 
dipoles, 67 gradient magnets, and 8 quadrupoles. The 
Recycler ring consists of approximately 350 gradient 
magnets and 60 quadrupoles. Positioning and handling 
large steel plates lined with magnetized ferrite bricks 
pose several challenges to the design of assembly tooling. 
Large attractive forces between mating magnet sub- 
assemblies must be controlled in order to minimize 
personnel hazards. Positioning of subassemblies must be 
precise to allow insertion of mechanical fasteners and to 
maintain consistent magnetic performance in all similar 
magnets and provisions must be made for magnet 
disassembly in the event that repairs or adjustments are 
indicated by magnetic measurements. This paper 
describes and illustrates the assembly tooling designed 
and fabricated to facilitate construction of all of the 
nearly 500 dipole and gradient magnet assemblies in the 
8 GeV beam transfer line and Recycler ring. 

1 INTRODUCTION 

Unlike their conventional and superconducting 
counterparts, there is very little about permanent magnet 
accelerator magnets that is mechanically sophisticated. 
Their beauty lies in their simplicity and their uniqueness 
lies in the way they are assembled. Since they can't be 
magnetized after assembly, all of the components are 
either magnetic prior to assembly or strongly attracted to 
other magnet components during assembly. Anyone who 
has tried to maneuver two strongly magnetic elements in 
close proximity to one another can appreciate the unique 
handling problems one encounters in large permanent 
magnet assemblies. 

Attractive forces vary widely due to differing 
geometries. For the strontium ferrite bricks used in the 8 
GeV transfer line and Recycler, we use 200 kg/meter of 
magnet length for a row of single ferrite bricks and 400 
kg/meter for a double row as the attractive force between 
two magnetic components in a magnet assembly. These 
forces are based on calculations and tests conducted 
during the R&D phase of the 8 GeV transfer line.1 For 
magnets like those being built for the Recycler, this 
translates  to an  attractive force of nearly  1800  kg 

between, say the top plate and pole assembly. Forces of 
this magnitude are both difficult to control during 
assembly and constitute a serious pinch hazard to 
personnel. For both of these reasons, to control the 
forces and to minimize the personnel hazard, we opted 
early in the R&D phase of the permanent magnet 
development to fabricate tooling that could be used 
throughout the R&D and production phases of both the 8 
GeV transfer line and Recycler. 

2 MAGNET DESIGN 

Seven different gradient and dipole magnet designs exist 
for the 8 GeV beam transfer line and Recycler storage 
ring, each with different cross sections, lengths, 
strengths, and magnetic characteristics, but all 
containing similar mechanical features. It is beyond the 
scope of this paper to describe each of the designs in 
detail, however, a brief overview serves as background 
for a description of the tooling design. 

Figures 1 and 2 illustrate a cross section and an 
exploded isometric projection of one of the gradient 
magnets being developed for the Fermilab Recycler. It is 
representative of all the permanent magnet assemblies 
built for the 8 GeV transfer line and Recycler and 
consists of a low carbon steel pole assembly surrounded 
by magnetized ferrite bricks, all housed in a steel flux 
return shell. Spacers between the individual poles and 
between the pole assembly and flux return are aluminum. 
The ferrite bricks are 101.6 mm wide, 152.4 mm long, 
and 25.4 mm thick. All of the magnets are of similar 
size, 24 to 30 cm wide and 19 to 25 cm high. Magnet 
lengths vary from 2.4 to 4.7 m. 
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Figure 1: Recycler gradient cross section 
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Figure 2: Recycler gradient exploded view 

3 TOOLING DESIGN 

The design goals for the assembly tooling were apparent 
during early efforts building R&D magnet assemblies. 
Controlling the attractive and repulsive forces, aligning 
mating magnet components, and ensuring personnel 
safety at all times were the key elements we sought to 
achieve. Speed of operation was not a strong 
consideration due to the relative few magnets being built 
and the fact that final assembly represents only a small 
fraction of the total time producing any one complete 
assembly. For these reasons, a high degree of 
automation was not necessary. A simple set of hand 
operated controls with appropriate fixturing were more 
than adequate in the initial design studies and proved to 
be so in production. 

Figure 3 illustrates the result of this design effort. 
The tooling consists of four key pieces, all of which work 
together in building each magnet assembly. The main 
component is the table itself shown in profile on the left 
side of figure 3.    With the exception of guide pins, 

actuators, bearings, and fasteners, the table is constructed 
entirely from 6061-T6 aluminum plate and structural 
members. The table serves as the main work surface and 
contains guides and motion control devices for the 
remaining parts. Shown above the table is a lifting 
fixture used first to lower the pole assembly onto the 
bottom plate then to lower the top plate onto the pole 
assembly. The lifting fixture contains features to 
accurately position the pole assembly and top plate and 
serves as a stiffener to prevent bending of the 
subassemblies being lowered as the attractive forces 
between mating parts increase. It also contains Teflon 
bushings which align with and slide over precision 
guides attached to the assembly table. Linear actuators at 
either end of the table connect to the lifting fixture once 
it is in position over the table and allow it to be lowered 
toward the table surface. 

Two aluminum channels on either side of the main 
table are removable and are used as the base for assembly 
of both side plates. Once complete, the side plates with 
the attached aluminum channels are lowered onto two 
stainless steel pins on either side of the table. These pins 
are connected to handwheel actuated drive mechanisms 
which allow both side plates to be moved toward the 
center together. 

The upper lifting fixture and side channels have 
been designed to accommodate all of the various magnet 
assemblies. Wherever possible, standard spacing has 
been used for fastener locations in the magnet top, 
bottom, and side plates to minimize the rework in the 
assembly tooling between production of the various 
magnet types. 

4 ASSEMBLY PROCEDURE 

4.1 Magnet Assembly 

Regardless of the magnet type; gradient, dipole, vertical 

Lifting beam for top plate 
and pole assembly 

Side pushers 

Lifting beam actuators Side pusher 
actuators 

Figure 3: Permanent magnet assembly tooling 
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bend or dispersion suppressor, the assembly procedures 
are nearly identical. Each of the four main 
subassemblies; top, bottom, and two side plates, are 
completed on separate nonmagnetic work stations. After 
completion of these subassemblies, each is brought to the 
magnet assembly table in turn. First the bottom plate 
with attached hardware and ferrite bricks is attached to 
the base of the table. Next the pole piece assembly is 
lifted using the lifting fixture and lowered onto guide 
rods attached to the table. The lifting fixture positions 
the pole precisely over the bottom plate and prevents the 
attractive forces between the pole and bottom plate from 
bending the pole assembly. Once the pole is in place, the 
top plate is similarly lowered onto the subassembly of the 
bottom plate and pole. Finally, each of the two sides, 
complete with their respective aluminum channel 
stiffeners are lowered onto vertical guide rods on the 
assembly table. Once in position, the guide rods are 
moved uniformly toward the center. An attempt is made 
to ensure that each side plate contacts the center 
assembly at the same time. 

Once all four plates are in position, mechanical 
fasteners are installed through clearance holes in the side 
aluminum channels. When complete, the channels are 
removed, the magnet assembly is unbolted from the 
assembly table, the end plates are attached, and the 
competed assembly is moved to the test area. 

4.2 Magnet Disassembly 

Although not anticipated in the early design stages, it 
became apparent early in production that the assembly 
tooling would be just as valuable for magnet disassembly 

as it was for assembly. During the R&D phase of each 
particular magnet design, several attempts are typically 
necessary to find the exact ratio of ferrite to temperature 
compensator. There was no way to determine this in 
advance due to the lack of homogeneity in the bricks and 
batch variations in the compensator. Complete magnets 
are built and tested in order to evaluate the degree to 
which the design field and temperature coefficients are 
met. If measurements indicate that an adjustment is 
needed, disassembly is required. Typically, we have had 
to disassemble at least one magnet at each lot change in 
temperature compensator. Attractive forces are at a 
maximum when the gaps between parts are closed as in a 
completed assembly which makes disassembly without 
this tooling not only time consuming, but hazardous. 
Magnets requiring rebuild are fastened to the table and 
disassembly proceeds in exactly the reverse order from 
the assembly described earlier. 

5 SUMMARY 

The assembly tooling developed for the 8 GeV beam 
transfer line and Recycler ring has proven itself to be 
both versatile and flexible. More importantly, however, 
it has allowed us to control the inherent forces which 
exist in these assemblies, routinely assemble magnets 
with the required precision, and to do both with minimal 
hazards to personnel. 

REFERENCES 
[1]  "Ferromagnetism",   Richard   M. 
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Abstract 

A monitoring and control system designed and 
implemented by Fermilab's Development and Test 
Department is presented. The system consists of a set of 
configurable communicating distributed objects. It 
includes graphical user interfaces, archivers, a data 
acquisition subsystem, and direct control components. 
The system is open and its functionality can be altered by: 
a) selecting modules that plug into an event-based 
software bus, b) developing new modules with help of the 
existing APIs to access system resources, and c) 
modifying system configuration data. This paper 
presents the system architecture, discusses its unique 
features, and describes applications of the system to 
control tests of superconducting accelerator magnets. 

1 INTRODUCTION 

The challenge the system designers faced was to produce 
an integrated system to serve as both a general-purpose 
monitoring and control system and a measurement tool. 
It means that the requirements traditionally imposed on 
the monitoring and control systems were accompanied by 
an additional requirement: to measure a multitude of 
intrinsically different process variables with varying 
accuracy, speed, and dynamic range. The system is 
required to monitor and control the environment while 
performing special tests and measurements. 

At the same time the R&D environment calls for a 
system that is flexible, reconfigurable, extendible, and 
scalable. In response to these requirements an open 
software platform for building multi-user distributed 
control and monitoring as well as test and measurement 
systems has been developed. 

2 SYSTEM ORGANIZATION 

The Distributed Monitoring and Control System (DMCS) 
is a configurable set of communicating distributed 
objects. The following components constitute the core of 
the system: memory resident real-time data base, scan 
system with on-line processing capabilities, event and 
message communication subsystem, data archival 
subsystem, off-line analysis tools, and various user 
interfaces. 

The system is decentralized and, unlike in many 
other systems, no single computer assumes a central role. 

As a result, a failure of any single computer will not bring 
the whole system down. 

From the hardware point of view the DMCS is a 
multi-platform system consisting of a set of distributed 
computers connected via a local area network. 
Functionally, the system follows the traditional, 
hierarchical approach: graphical user interfaces and data 
analysis applications run under Unix while data 
acquisition and direct control run on so-called process 
control computers under the VxWorks [4] real-time 
operating system. Most of the system components are 
available on both platforms and there are plans to extend 
this functionality into the Windows-NT environment. 

The system accesses various hardware modules via 
the VME and GPIB instrumentation buses and 
transparently integrates PLC-based I/O systems. 

3 MODEL OF PROCESS UNDER CONTROL 

The state of the process under control is monitored and 
altered through manipulations on a set of process 
variables (PVs). Some process variables {input process 
variables) reflect directly measured process parameters, 
whereas other contain control values used to regulate the 
process (output process variables). Still other process 
variables called software process variables may contain 
system control parameters, internal system variables, 
statistics, long-term trends, etc. 

All PVs have calculations assigned to them. Each 
input and output PV is additionally associated with a data 
acquisition channel, signal conditioning device, and a 
sensor. 

4 SYSTEM OPERATION PRINCIPLES 

The system configuration is described using the Data 
Base Definition Language (DBDL). Currently, the 
system description includes four classes of objects: scans, 
process variables, devices, and calculations. DBDL 
enables the user to define all of the objects present in the 
system. The result configuration is loaded to the process 
control computers for interpretation. All objects are kept 
in the memory resident real-time data bases (RTDB) 
located in each of the process control computers. 

Operated by the Universities Research Association under contract with the U.S. Department of Energy 
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4.1 Real-time Data Base 

RTDB is a fast memory-resident object-oriented data 
base. It provides transparent access to local and remote 
objects via names, indices, and object attributes. It also 
contains a caching mechanism for remote objects and a 
locking mechanism to control access to the objects. 

4.2 Scan System 

Monitoring, control, and data saving features of the 
DMCS are implemented through an elaborate scanning 
system offering coherent, device-independent I/O and 
powerful synchronization capabilities. The scan system 
links the real-time data base with the process under 
control by uniformly accessing devices and pseudo- 
devices and passing the data to and from the RTDB. 
Advanced features of the scan system include time-driven 
and event-driven data acquisition and control, PV-based 
or device-based scanning lists, data saving scans, and PID 
control scans. All scans and their attributes are user- 
configurable and can be monitored and manipulated in 
real-time. 

4.4 Communication and Synchronization 

Scans, servers, and control clients communicate and 
synchronize through exchange of messages and events. 

The DMCS offers transparent system-wide event- 
based communication and synchronization. Events are 
exchanged using a concept of a software bus where 
objects can communicate with each other without having 
direct knowledge of each other. In this scheme any active 
object (e.g., data acquisition scan) that wants to receive 
events, registers its interest in specific types of events. 
Events are multicast to all interested parties in a local 
computer as well as in remote computers. The mechanism 
of events is a primary way of synchronizing actions of all 
system active components- essentially all data acquisition 
scans and special measurement-type programs. 

The DMCS also provides uniform message-oriented 
data access based on a client-server model of cooperative 
computing. 

4.5 Continuous control 

Continuous control is provided by the system through 
closed loop control using a PID algorithm. The PID 
algorithm is implemented as a calculation attached to a 
controlled process variable. The calculation is triggered 
whenever a new value of the process variable is 
requested, which happens periodically with a period 
defined for the appropriate scan. The system includes a 
dedicated user interface to tune and examine PID loops. 

Since implementing another control algorithm is as 
simple as adding a new calculation to the system the 
authors plan on supplementing the PID algorithm with a 
set of fuzzy logic control algorithms. 

5 INTERACTIVE CONTROL 

Modern data monitoring and control systems require 
sophisticated graphical user interfaces. Since X Windows 
and Motif are currently the dominant technologies for 
visualization on Unix workstations, they are the basis for 
the user-system dialog implementation. However, due to 
the advent of Java-enabled systems and the growing 
amount of Windows NT systems we are forced to 
consider a multi-platform user interface for future 
releases of the system. 

The DMCS provides users with several readily 
available universal user interfaces as well as with a set of 
tools to enable rapid development of animated process 
schematics and ad hoc user interfaces. The universal 
tools enable selecting and displaying values and attributes 
of any set of process variables, either graphically or 
numerically. 

Specialized user interfaces are developed with the 
help of graphical user interface builders, which 
significantly accelerates the development process. 
Examples of specialized user interfaces developed with 
these tools are fast data logging control panels, power 
control and monitoring user interfaces [3], quench 
detection, and magnet protection control panels. 

6 BATCH CONTROL 

Special tests, non-standard operation sequences, and 
required system actions can be performed with the help of 
scripts. The scripts can be executed from any authorized 
Unix workstation. A set of programs has been specially 
created to facilitate the script development that enable 
event signaling, remote real-time data base accesses and 
inserts, remote invocation of VxWorks-resident 
functions, and current control. These programs constitute 
a powerful toolset to control the system in a batch mode. 

7 DATA MANAGEMENT AND ANALYSIS 

In order to satisfy the real-time, as well as data archival 
and retrieval requirements, the DMCS adopts a 
hierarchical storage model. The model includes light- 
weight in-memory data bases to satisfy real-time 
requirements (RTDB), file system based intermediate 
storage, a commercial data base for day-to-day data 
management, and optical storage for long term data 
archival. At the current phase of system development the 
last two levels of the storage system are still under 
construction. 

Data collected by the DAQ subsystem is processed in 
real time before entering the RTDB. Therefore, all 
process variables can be monitored in real-time without 
any data processing on the client side. 

Archived data can be subjected to off-line processing 
and analysis. 
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7.1 Chunk Format Standard 

The Chunk Format Standard, or CFS, is a hierarchical 
multi-object file format for storing diverse scientific data. 
The main requirement addressed in the design of CFS is 
the extensibility for future enhancements and capability 
to store any data. CFS enables easy merging of data by 
simply appending one CFS file at the end of another. 
Current implementation of the Chunk Format Standard 
includes both the Unix (SunOS) and VxWorks platforms. 

7.2 On-line data processing 

The software system provides for real-time conversion of 
measured input voltages to engineering units, by applying 
calibrations and performing calculations. This on-line 
processing includes a mechanism similar to triggers 
found in relational data bases: Calculations of some 
quantities can in turn trigger automatic re-calculation of 
other quantities. This mechanism constitutes a powerful 
tool for implementing any algorithm and processing 
hierarchy while maintaining access to all required partial 
results. 

7.3 Off-line data analysis 

Archived data can be interactively analyzed and 
visualized with the help of a universal data analysis 
program. This program can be used for plotting 
waveforms of individual data channels as well as for 
performing simple mathematical operations on single or 
combined waveforms prior to visualization. The user can 
extend the processing capabilities of this tool by adding 
any custom algorithms that later can be selected and 
applied interactively. 

Specialized data analysis and report generating tools 
that access data through the use of an appropriate API can 
be also constructed. A program to generate a quench 
summary for each accelerator magnet quench event is one 
of the examples of such tools. 

8 APPLICATIONS OF THE SYSTEM 

The DMCS system has been successfully applied for 
monitoring and controlling the Horizontal and Vertical 
Magnet Test Facilities in the Fermilab Technical 
Division. The system is also expected to be used to 
control the Magnet Test Facility cryogenic plant. 

8.1 Horizontal Magnet Test Facility 

The DMCS was incorporated in the horizontal magnet 
test facility as an early application.    This test facility 

includes the following: an SSC 15 meter magnet test 
stand modified to perform 1.8K quench tests of a low 
beta quadrupole magnet, a standard Tevatron magnet test 
stand used to re-test Tevatron dipole magnets at 4.6K, 
and another Tevatron magnet test stand modified to 
include corrector magnets as part of a special cryogenic 
accelerator magnet heat leak study. In all three 
applications the parameters being measured were 
cryogenic temperatures, pressures, helium flow, helium 
vapor pressure, magnet current, and Idot. In addition, the 
low beta quad measurements also included strain gauges. 

8.2 Vertical Magnet Test Facility 

The vertical magnet test facility [2] is another application 
of the DMCS system. This four meter vertical dewar is 
capable of testing superconducting magnets over a 
temperature range of 1.8K to 4.6K and can power these 
magnets up to 18kA. Helium valves are regulated through 
a feedback loop to control liquid helium level and 
temperature. In addition, a fast high voltage data logging 
system (quench characterization), a magnet quench 
detection and magnet quench protection system, and a 
power supply control and hardware interlock system are 
integrated to provide complete magnet power control and 
data acquisition. 

CONCLUSIONS 

Despite the fact that the full version of the DMCS is not 
yet available, the system has been already successfully 
applied to control and monitor several installations. The 
authors' experience from running the systems based on 
DMCS confirmed that the openness and flexibility of the 
design pays off when confronted with constantly 
changing R&D environment and tight schedules. 
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Abstract 

There are several standard methods used for measuring 
pulsed magnetic fields. However the induction or Hall 
probe methods have limited bandwidth and experience 
reflection problems. The integrated magnetic field can 
only be found by measuring along the entire length of the 
magnet. Problems with reflections, noise and bandwidth 
will limit the accuracy of measurement. Presented in the 
following paper is a method for measuring pulsed fields 
without the typical noise errors and bandwidth 
limitations. This paper will describe a phase bridge 
network that relies upon the permeability of a ferrite 
waveguide to accurately measure the integrated field of a 
Main Injector kicker magnet. We present some data 
taken with the system, a first pass at the analysis of this 
data, and discuss some possible design variations. 

1 INTRODUCTION 

In pulsed magnetic systems, the measurement the 
integrated magnetic field is a difficult process, which 
usually results in limited accuracy. One method of 
ascertaining the integrated magnet field is by taking 
current probe data from both ends of the kicker and 
integrating. Another method is to use a shielded coil loop 
to measure a changing magnetic field. Both methods will 
result in limited accuracy due to the large electric field 
present in kickers, reflections over the probe length and 
bandwidth limitations of the measuring device. These 
problems can be eliminated (or greatly reduced) if the 
probe's susceptivity to electric fields and signal 
reflections along the conductor are reduced. The choice 
of ferrite with high intrinsic impedance makes it an ideal 
probe for pulsed field measurement. 

1.1 Phase Bridge System 

The ferrite probe is actually a waveguide, which acts as 
one of the legs in a phase bridge circuit. A radio 
frequency (RF) signal is split down both legs of the 
circuit. One of the signals is coupled into the ferrite 
guide and the other is sent into a delay line. The ferrite is 
placed inside the center of the kicker aperture. The 
emerging ferrite guide is then coupled back into cable and 
mixed with the delay line signal. The DC mixing term is 

then low passed before being measured on a fast 
digitizing oscilloscope. In the absence of an externally 
applied magnetization, the phase bridge is measured and 
balanced. When the magnetization pulse occurs a phase 
unbalance develops between the two legs of the phase 
bridge. The unbalance is a result of the magnetization of 
the ferrite, which changes the wave velocity of the guided 
RF signal. 

1.2 System Specification 

The quality of the measurement will depend largely upon 
choice of ferrite. There are numerous types of ferrite and 
each have material characteristics that need to be matched 
for the particular pulsed magnetic system. The ferrite(s) 
used in this testing was based upon the specifications of 
the Main Injector kicker. Since the shifting of the 
wavelet velocity will result is a phase shift, the greater the 
phase shift the larger the resulting mixed DC component. 

Another key factor is the frequency of the signal 
used in the system. The higher the frequency, the larger 
the number of waves inside the ferrite which results in 
higher sensitivity. The RF will also determine the 
bandwidth of the measurement system and should be well 
above the highest frequency component in the pulsed 
magnet waveform. The magnetization pulse was 
calculated to have a frequency spectrum of DC to 100 
MHz. The high frequency is also a requirement for 
single-mode operation in a ferrite guide, which must have 
small cross-sectional dimensions. Listed below are 
several of the kicker system specifications, which were 
used in determining the choice of ferrite and RF: 

Nominal Field 
Magnetic Length 
Field Rise Time 
Flattop Time 
Aperture H,V 

136 gauss 
0.83 meters 
~50 nsec. 
1600 nsec 
101.6mm x 50.8mm 

The frequency chosen for our measurement was an 
X-band (9 to 10 GHz) signal. Two ferrites which 
complied with the requirements and used in the system 
are G-1009 and G-250, both are manufactured by Trans- 
Tech, Inc. The table below lists several of the two ferrite 
materials characteristics. The data comes from a 1992 
Trans-Tech microwave materials data book. 

' Operated by the Universities Research Association, Inc. under 
contract with the U.S. Department of Energy. 
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• FERRITE G-1009 G-250 
• Saturation M 179 g 250 g 
• Permeability 11 34 
• Dielectric 13.8 13.8 

The choice of mixer was determined by its passband 
flatness and expected power levels Choice of components 
were also based upon availability and cost. 

2 LAYOUT 

The phase bridge system is shown in figure 1. The RF 
source was a network analyzer with an output power of 
+12 dBm (A 150 MW 10 GHz Gunn source was also 
tried.) The signal launched into the waveguide was 
approximately +8dBm. The waveguide to ferrite coupler 
was a machined Aluminum block with quarter wave steps 
on the input end and a flared output on the output end for 
impedance matching. After passing through the kicker, 
the ferrite was then again coupled back into coax. Both 
upstream and downstream launches were identical. A 
waveguide isolator was attached at both ends of the 
launch. The upstream waveguide section also had a 
waveguide phase shifter attached. This allowed for about 
400 degrees of phase tuning. The phase shifted signal 
was then mixed with the delayed line RF signal and then 
low passed filtered. We did use an IF amplifier in some 
of the test runs but found it wasn't necessary in all cases. 
The low pass filter cutoff of 200 MHz was well above the 
harmonic content of the magnetic field pulse but still 
eliminated noise spikes and other higher order terms of 
the mixing. The DC to 100 MHz signal was then 
sampled on a fast oscilloscope and saved to disk for 
analysis. The scope needed to be housed in a shielded 
cage for EMI reduction (not shown in figure 1). 

coupler 
Isolator 

Phase Shifter 

osc—IF} Mixer 

Figure 1:Phase Bridge Measurent Setup 

3 MEASUREMENTS 

Measurements of the pulsed kicker system were taken 
over a two week period. Small modifications to the 
measurement system continued throughout the testing 
period. Prior to using the ferrite probe system, a printed 
circuit field coil and capacitive pickup probes were used 
to measure the pulsed magnetic field [1]. Although those 
measurements were affected by some noise and ringing, 

the results can give a fairly accurate magnetic field 
profile against which to compare the ferrite probe data. 

The phase bridge measurements were taken with 
various kicker voltage and reservoir settings. The tests 
were to confirm the performance of the phase bridge 
system as well as the pulse magnet. 

3.1 Flattop Measurement 

A critical aspect of kicker systems is the flattop stability. 
We took two sets of flattop data. The first set was a 
measurement of the flattop field verses various kicker 
voltage settings to see if the measured magnetic field 
scaled properly (see figure 2.) The second data set 
measured the kicker flattop when the impedance 
matching of the kicker and its termination load was being 
changed. The idea is to measure the flattop when the 
kicker is terminated in a matched load to that of a slightly 
different load value. This was done by heating the load 
with a higher pulse rate. 

Risetime and Flattop Comparison 
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Figure 2 

The data from the first set of measurements shows 
an ability to measure voltage changes to better than 2%. 
This is more a test of relative change rather then a 
measure of absolute field value. Since the only way to 
get absolute values is to DC test the ferrite and trace out 
the characteristic B-H curve for the given ferrite 
waveguide. This test is being done at the writing of this 
paper. 

The second set of data shows evidence of a kicker 
mismatch. The flattop has developed a small perturbation 
with a period related to the load and kicker length. The 
impedance mismatch is not accurate enough to be used as 
a calibration. But the flattop measurement was able to 
detect a 3% change in load resistance (see figure 3.) 
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3.2 Risetime Measurements 

Another critical aspect in kicker performance is the 
magnetic field risetime. The risetime was measured from 
base line to when the integrated field has reached flattop. 
The Main Injector kicker is specified to have a 50 ns 
risetime. 

We measured the risetimes as a function of kicker 
voltage settings and at various tube gas pressures. The 
phase bridge circuit measured a risetime at nominal 
kicker settings of approximately 30ns. The comparison 
with that of a current probe showed a 12ns faster risetime. 
This difference can be partly explained by the systemic 
error of the two systems. The current probe is coupled 
through a -30 pf capacitor and shows signs of being 
critically damped. This reduction in bandwidth could 
result in a longer risetime. 

3 SYSTEM DESIGN ALTERNATIVES 

We used a network analyzer as a source. A high loss 
ferrite may require an additional amplifier. An IF 
amplifier could be attached before the mixer. Another 
option is to mix down the X band signal before passing 
through a log amplifier. The log amplifier will reduce 
errors associated with amplitude variations. 

4 CONCLUSION 

Preliminary field measurement data shows the possibility 
of using a ferrite rod as a waveguide in a phase bridge 
setup. The accuracy of the field measurement will be 
proven with beam tests when the Main Injector comes on 
line. The agreement with standard measurement 
techniques shows that the phase bridge system is a viable 
measurement. Used in conjunction with standard 
methods, a more accurate magnetic field profile is 
obtained. More testing will need to be done to improve 
upon the accuracy, but the present system can deliver 1 to 
2 % accuracy. 
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Abstract 

Induction accelerating gap designs are being studied for 
Relativistic Klystron Two-Beam Accelerator (RK-TBA) 
applications. The accelerating gap has to satisfy the 
following major requirements: hold-off of the applied 
accelerating voltage pulse, low transverse impedance to 
limit beam breakup, low longitudinal impedance at the 
beam-modulation frequency to minimize power loss. 
Various gap geometries, materials and novel insulating 
techniques were explored to optimize the gap design. We 
report on the experimental effort to evaluate the rf 
properties of the accelerating gaps in a simple pillbox 
cavity structure. The experimental cavity setup was 
designed using the AMOS, MAFIA and URMEL 
numerical codes. Longitudinal impedance measurements 
above beam-tube cut-off frequency using a single-wire 
measuring system are presented. 

1 INTRODUCTION 

A greatly simplified gap, using high-gradient insulator 
(HGI) technology, has been designed for the induction 
modules of a proposed RK-TBA rf power source [1]. 
These insulators, comprised of finely spaced, alternating 
dielectric and metal layers, have demonstrated factors of 
1.5 to 4 times the vacuum surface flashover capability of 
insulators made from a uniform dielectric [2,3]. HGI's 
have maintained similar capability in the presence of an 
electron beam [4]. These characteristics allow more 
flexibility in the positioning of the insulator and the 
overall gap design. In typical induction accelerator 
designs [5], the gap is shaped to accommodate an 
extended insulator that is hidden from line-of-sight view 
of the beam. The shape of the gap must be carefully 
designed to minimize field stress on vacuum surfaces. An 
issue that needs to be addressed concerning the placement 
of a stacked insulator in an accelerating gap involves the 
interaction impedance of the integrated module/insulator 
with the beam. The concern is that the multilayered 
stacked geometry would generate additional resonances 

compared to a solid insulator, and that these new 
resonances would have unacceptable impedance. The 
transverse impedance characteristic of accelerating gaps 
using HGI's is presented elsewhere in these proceedings 
[6]. In this paper we present experimental and 
computational measurements of the longitudinal 
impedance of a pillbox cavity with a HGI insulator. 

2  SIMULATIONS OF HGI PERFORMANCE 

URMEL simulations were performed to provide an 
intuitive feel for the effect of electrodes placed in an 
insulator. The gap design simulated was a simple pillbox 
cavity with the same geometry used in the impedance 
measurements. A schematic of the pillbox geometry is 
given Fig. 1. . The simulated insulator varied in the 
number of electrodes (conducting disks), but maintained 
overall dimensions of width 1.3 cm with inner/outer 
radius of 2.4/4.9 cm. A summary of results of the 
simulations for the lowest modes is given in Table I. The 
cutoff frequency for the simulated cavity is 4.8 GHz. The 
URMEL results indicate that while additional resonances 
are generated, their R/Q is not significant. Impedance 
spectrums generated by AMOS simulations of similar 
cavities including rf absorbers displayed no additional 
impedance peaks. Comparison of AMOS simulations and 
experiments are presented below. 

3 EXPERIMENTAL SETUP 

Longitudinal impedance measurements up to 20 GHz 
were performed on a pillbox cavity configuration using a 
wire transmission line system developed by LBNL [7]. 
Special techniques were implemented in the system to 
allow the frequency range to be extended well above the 
beam tube cutoff frequency. These techniques also allow 
accurate measurements of very low impedance in the 
heavily damped acceleration gap structures. The absolute 
error can be kept to less than 2 ohms. Both features are 
important. For the RKTBA application, the beam pipe cut 
off frequency is about 4 GHz while the longitudinal 
modulation of the beam current is  11.424 GHz. In 

Table I. Summary of pillbox cavity modes from URMEL simulations for different numbers of intermediate electrodes 
in the insulator. Although more resonances are created with increasing number of electrodes, their R/Q's are 
negligible. 

Solid One Electrode Three Electrodes Five Electrodes 

Freq (GHz) R/Q(Q) Freq (GHz) R/Q (ß) Freq (GHz) R/Q (") Freq (GHz) R/Q(Q) 

0.986 16.2 0.958 15.2 0.894 13.3 0.814 11.4 

2.820 6.95 2.841 6.38 2.893 5.23 2.940 4.13 
3.483 0.027 

3.576 0.007 3.636 0.000 

4.182 3.35 4.165 3.18 4.140 2.798 4.097 2.35 

0-7803-4376-X/98/$10.00 © 1998 IEEE 3719 



Absorbing 
matcrialX Aluminum 

Stacked Insulator 

Figure 1. Illustration of the test pillbox cavity. 

addition, the desired impedance at 11.424 GHz is only 2.5 
Q. Fig. 2 shows a schematic of the impedance 
measurement setup. The pillbox is positioned between 
two sections of transmission line with a characteristic 
impedance ZL of 160 fl. The transmission line inner 
diameter is 4.76 cm and the center wire diameter is 0.32 
cm. To ensure accurate positioning, a Styrofoam guide is 
used to centered the wire in the beam line. Two conical, 
electroformed Chebyshev tapers are used for matching 
the transmission line impedance to the 50 Q lines 
attached to the inputs of a HP8510B network analyzer. 

In the above wire measurement, the matching tapers 
have been design to be free of TEM reflections over the 
range of 100 MHz to 20 GHz. The tapers, however, are 
not matched for traveling waveguide modes (TWs). TWs 
could be reflected from the tapers and lead to standing 
waves in the system producing erroneous results. To 
prevent TW reflections, absorbing material (Emerson & 
Cuming Eccosorb AN73) was placed between the pillbox 
and the tapers. The transmitted TEM signal is also 
attenuated, but the network analyzer has sufficient 
dynamic range to accommodate the reduced signal. 

For test cavities occupying a limited length of the 
transmission line, the impedance, ZB, is calculated from: 

ZB = 2ZL (S2lref /S21obj " !)> where 

S2iref is the system response when replacing the test 

cavity with a smooth tube having the same longitudinal 
length, S2iobj is tne test cavity (pillbox) response, and ZL 

is the characteristic impedance (160 D) of the beam tube 
transmission line. 

The test pillbox cavity represents a simplified version 
of an induction accelerator module and gap. Refer to the 
illustration in Fig. 1. The geometry of the pillbox was 
varied by including a metallic ring, ID/OD 14.9/16.2 cm, 
attached to one wall of and extending 1 cm across the 
cavity dividing the pillbox into two chambers. Absorbing 
materials in the form of ferrite tiles or foam bands 
(Emerson & Cuming Eccosorb AN73) were inserted in 
the pillbox to suppress trapped resonances. A solid 
rexolite insulator was used to establish a base impedance 
for the pillbox. The stacked insulators were alternating 
layers comprised of thin washers (flatten toroids) of 
mylar (7.5 mils per washer) and copper (5 mils per 

50 n Coax 
^/  Line 

HP8510B 
Network Analyzer ilyzi 

rfc 
Matching 

Taper 

160 Q. 
Transmission Line 

4 Absorbers 

IK  p: 

washer). The number of washers of mylar and copper per 
layer could be varied. For the majority of the 
measurements, the inner diameter of the rexolite and 
stacked insulators was equal to that of the pillbox, 4.76 
cm, and the outer diameter was 9.84 cm. Measurements 
were also taken for a solid rexolite insulator recessed into 
the pill box with inner diameter of 7.30 cm and outer 
diameter of 9.84 cm. 

4 MEASUREMENTS 

Samples of the measurements are shown in Fig. 3, 4, and 
5. For these measurements, the pillbox arrangement is as 
illustrated in Fig. 1. The absorbing material was a mosaic 
of ferrite tiles placed to approximate a solid toroid. Figure 
3 compares three different gaps widths using a stacked 
insulator with a 1.5:1 ratio (alternating layers of 7.5 mil 
mylar and 5 mil copper) of insulator to conductor. Copper 
washers, with radii equal to the insulator washers, were 
stacked in the gap to adjust the width. Peak impedances 
of resonances below the cutoff frequency vary linearly 
with gap width. Above cutoff, the peak impedances 
varied from this scaling. 
An important purpose of the measurements was to 
validate the induction cell design code, AMOS, for 
simulation results above the beam pipe cut-off frequency. 
Two difficulties were encountered when attempting to 

simulate the measurements. First, the rf 
characteristics of the damping ferrites were not known. 
The simulations modeled the TDK PBllb ferrite which 
appeared to be more efficient at damping than the actual 
ferrite used in the pillbox. Also, the rectangular ferrite 
tiles used as rf absorbers could not be tightly packed and 
only approximated the toroid modeled in the simulations. 
This could also explain some of the difference in damping 
between the simulated PBllb ferrite and the actual 
ferrite. Qualitative agreement can be seen between 
measurements and simulations in Fig. 4 and 5. The 
simulation results were adjusted about 4% in frequency to 
match resonant peaks. The measurements in Figure 5 
were a more demanding test as the stacked insulator was 
included in the simulation. 

11.0 11.5 12.0 12.5 
Frequency (GHz) 

13.0 

Pillbox 

Figure 2. Impedance measurement setup. 

Figure 3. Effect of different gap widths on Z^. Above the 
cutoff frequency, peak impedances did not obey the 
linear scaling with gap width predicted by analytical 
theory. 
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5 CONCLUSIONS 

Observations made during the measurements include: 
(1) Analytical theory for impedances above cutoff has 

addressed resonant peak impedances [8]. In general, 
the theory is in agreement with the measurements 
performed where the gap width is taken to be the 
insulator width minus the conducting layers. Theory 
is not useful for estimating the impedance spectrum 
between peaks. 

(2) Changes to the geometry of the interior of the pillbox 
(adding an intermediate ring to change the effective 
OD) had negligible effect on the impedance spectrum 
well above cutoff. 

(3) Reducing the gap width generally reduced resonant 
peaks with minimal effect on the "valleys" between 
peaks, and did not shift peaks, or valleys, in 
frequency. 

(4) The placement of the conducting layers in the 
insulator does not have a significant effect on the 
impedance spectrum of the pillbox. 

(5) Recessing the insulator from the beam tube reduced 
the impedance in general. 

(6) Increasing the damping can lower the peak resonant 
values, but tends to increase the minimum value of 
the "valleys" between peaks. 

Two primary objectives were accomplished. Very low 
longitudinal impedances (~ 2 ohms) were obtained and 
measured for the cavity geometry of interest. Also, 
consistent qualitative agreement was found between 
measurements and AMOS simulations. 
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4. Comparison of measurement and simulation for 
rexolite insulator. 
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Figure 5. Comparison of ratios of insulator to conductor 
thickness in the stacked insulator. Decreased effective 
gap width generally reduced resonant peaks with minimal 
effect on the "valleys" between peaks. 
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Abstract 

Stacked insulators, with alternating layers of insulating 
material and conducting film, have been shown to support 
high surface electrical field stresses. We have 
investigated the application of the stacked insulator 
technology to the design of induction accelerator modules 
for the Relativistic-Klystron Two-Beam Accelerator 
program. The rf properties of the accelerating gaps using 
stacked insulators, particularly the impedance at 
frequencies above the beam pipe cutoff frequency, are 
investigated. Low impedance is critical for Relativistic- 
Klystron Two-Beam Accelerator applications where a 
high current, bunched beam is transported through many 
accelerating gaps. An induction accelerator module 
designs using a stacked insulator is presented. 

1  INTRODUCTION 

Induction accelerators are a unique source for high- 
current, high-brightness, charged particle beams. 
Induction accelerators are used to drive very high-power 
microwave sources such as free electron lasers and 
relativistic klystrons, as intense-xray sources for 
radiographic applications, and as intense beam sources 
for material processing. Induction accelerators also are 
expensive, and the higher energy induction accelerators 
have been limited to major national laboratories. For 
these accelerators to become commercially viable, the 

basic unit of the accelerator, the induction module, must 
be made more compact, efficient, and less costly. 

Novel accelerating gap designs for induction modules 
based on developing insulator technology provide an 
opportunity to move induction accelerators from 
expensive research devices into commercial applications. 
These novel high-gradient insulators (HGI's), comprised 
of finely spaced, alternating layers of dielectric and 
metal, have demonstrated much greater (factors of 1.5 to 
4 times) vacuum surface flashover capability than 
insulators made from a uniform dielectric [1,2]. The 
HGIs also maintained similar capability in the presence 
of a cathode and electron beam [3]. The high field stress 
level in the presence of a beam can permit greatly 
simplify designs for accelerating gap. In typical induction 
accelerator designs [4], the gap is shaped to accommodate 
an extended insulator that is hidden from line-of-sight 
view of the beam. The shape of the gap must be carefully 
designed to minimize field stress on the vacuum surfaces. 

The rf characteristics of the gap are an important 
consideration. The transverse interaction impedance of 
the gap with the beam can lead to collective beam 
instabilities. The longitudinal impedance can also be an 
important parameter in some applications, e.g. RK- 
TBA's. Recent measurements [5,6] of simplified gaps 
including stacked insulators have shown that the HGFs 
can improve the rf characteristics over that of a solid 
insulator. 
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Figure 1. Schematic of an accelerator induction module using a high-gradient insulator. 
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2 ACCELERATOR MODULE DESIGN 

We have designed an induction module suitable for 
use in the proposed TBNLC relativistic klystron [7]. The 
performance specifications for the TBNLC induction 
module are comprehensive and demanding, and, prior to 
our design, no design had met all the specifications. An 
illustration of our module design is shown in Figure 1. 
The design must also be consistent with the beam 
focusing scheme that uses periodic quadrupole magnets. 

2.1 RF Characteristics 

The transverse impedance for a cavity can be 
estimated from Zj_ = 120 T\ w/b2 ohms/m [8], where w is 
the gap width and b is the beam pipe radius. T| is a design 
quality factor of order unity and determined by the de-Q- 
ing of the cavity. In our design, w = 1 cm and b = 2.3 cm. 
The desired Zi is < 5,400 Q/m. This leads to a modest 
value of 2.3 for r\ (most designs have 1.3 < r| < 1.9). The 
desired longitudinal impedance, ZL, is less than 2.5 Q at 
11.4 GHz, a difficult value to achieve. Changing rj to 
reduce Z± tends to increase the minimum value of ZL. 

The transverse impedance was initially studied with 
URMEL to determine the field structure of the trapped 
dipole modes. This information was used to determine 
appropriate locations for placement of absorbing (de-Q- 
ing) material within the cell. An induction module design 
code, AMOS, was then used to calculate the impedances 
of the module with ferrite absorbers. Results of AMOS 
calculations are shown in Fig. 2 and 3. Z± decreases to a 
negligible level above 7 GHz. ZL is shown over the range 
of interest. The power spectrum of the modulated current 
is only significant at 11.424 GHz ± 10 MHz. 

2.2 Transverse Beam Dynamics 

Transverse beam dynamics were examined with the 
MBBU code [9] using AMOS generated wakefields. The 
wakefield associated with the impedance in Fig. 2 is 
shown in Fig. 4. Shown are the transverse wakefields of a 
11.4 GHz gaussian bunch with standard deviation length 
of 1.875 mm for the distribution. For clarity, wakefields 
up to about 114 bunch spacings are shown. The open 
circles indicate the wakefields at bunch centers. Higher 

T 
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Frequency (GHz) 

Figure 2. Transverse impedance spectrum. 

11.2   11.4   11.6   11.8    12.0   12.2 
Frequency (GHz) 

Figure 3. Longitudinal impedance spectrum, 
wakefields are seen for the shorter bunches. Since BBU 
is cumulative over many bunches and structures, a small 
increase in wakefield magnitude results in a large growth 
in transverse motion. The effect of bunch length needs to 
be considered with respect to BBU growth. 

In Fig. 5, we summarize the BBU growth for 1,000 
bunches using the MBBU code for the wakefield of the 
Gaussian bunch (solid line in Fig. 4). The initial beam 
displacements were assumed to be uniform with no trans- 
verse momentum. An average beam current of 600 A 
with energy of 10 MeV, and betatron length of 2 m are 
considered. 
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Figure 4. Dipole wakefield for impedance in Fig. 2 
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Figure 5. BBU growth for different energy spreads and 
different bunch lengths. 
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Figure 6. Beam centroid displacements at 900th gap exit. 

The dotted lines in Fig. 5 summarizes the BBU 
growth for various energy spreads. For energy spreads of 
> ±8%, the BBU is reduced to an acceptable level over 
900 structures by Landau damping. The solid line in Fig. 
5 includes the wakefield effect within a bunch; each 
bunch is uniformly divided into 3 slices over 72° of a 
bunch wavelength. Each slice is represented by 30 
microparticles for all cases. Fig. 6 shows normalized 
beam centroid displacements at the exit of the 900th gap. 

2.3 Electric Field Stresses 

Poisson was used to determine electrical field stresses 
in the gap. An equipotential plot for the gap design is 
shown in Fig. 7. The highest vacuum electrode fields are 
120 kV/cm along the entrance to the gap and are 
acceptable for 300 ns pulses [10]. The electric field 
across the stacked insulator is a uniform 100 kV/cm. We 
expect that the stacked insulator will support nearly 200 
kV/cm without breakdown. The method of assembling 
the gap in the cell readily allows for special treatment, 
e.g. electropolishing, of the high field stress surfaces if a 
greater safety margin is desired. On the oil side of the 
gap, the highest surface electric field is 135 kV/cm near 
the top of the gap. 

induction 
core 

— center line 

Figure 7. Equipotential lines in vicinity of module gap. 

2.4 Mechanical Design Considerations 

The insulator is comprised of seven 1 mm layers of 
polycarbonate alternating with six 0.5 mm layers of 
conductor. This configuration was also used in the 
AMOS and Poisson simulations. The insulator fabrication 
procedure will incorporate additional, larger conductors 
on either end that are used for mounting the insulator into 
the gap. These two conductors will be preformed with a 
0.5 cm radius of curvature, 90° bend on the inner radius 
and welded to the beam line at a point of low surface 
electric field stress to create the vacuum seal. On their 
outer radius, the conductors have a 180° bend terminating 
in an electrical slip connection that rides on the magnet 
housing. This arrangement reduces stress on the insulator 
due to module housing motion or thermal expansion. 

The microwave absorber is segmented ferrite sections 
epoxied to the inner radius of the center core support 
mandrel. The AMOS simulations used a TDK PBllb 
ferrite model. 

3 SUMMARY 

An induction module has been designed that meets the 
stringent requirements of the TBNLC relativistic 
klystron. The demonstrated performance of stacked 
insulators was a critical factor in achieving a satisfactory 
design. An important feature of these insulators is their 
ability to withstand high field stress in the presence of 
intense electron beams. This allowed for a greatly 
simplified gap design for the specific application 
presented and can readily be applied to other induction 
module designs. 
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Abstract 

A klystron-driven resonant ring has been designed 
and assembled at the Los Alamos National Laboratory for 
use in the Accelerator Production of Tritium Project 
(APT). The ring was built to test rf windows for the 700 
MHz section of the APT accelerator. The ring has been 
designed to apply an effective power of approximately 1 
MW on test windows. Details of ring design, operation 
and performance will be presented. 

1  INTRODUCTION 

A resonant ring, also known as a traveling wave 
resonator, is a loop of waveguide which can amplify 
apparent power through the coupling of waves at its 
input. Resonant rings can be used for high power 
breakdown tests, unidirectional filters, or pulse-shaping 
techniques. The Lansce-5 group at the Los Alamos 
National Laboratory has built a resonant ring to test radio 
frequency windows at high powers for the Accelerator 
Production of Tritium (APT) project. 

The first step in this experiment is the 
characterization of the resonant ring at low power. The 
ring was designed for a power gain of 12.5, allowing for 
the application of an effective power of approximately 1 
MW on test windows with currently available 700 MHz 
klystrons. With the impending delivery of 1 MW, 700 
MHz klystrons to APT, windows and other rf components 
could be tested at extremely high rf power levels. 

Power gain, at low power levels, has now been 
measured as a function of ring attenuation. The insertion 
of various microwave absorbers into the ring mimicked 
the attenuation of rf windows and components under test 
in the ring. These low power tests have increased 
confidence that the ring will operate as designed in high 
power testing. 

2 THEORY 

Figure 1 shows a basic resonant ring circuit. 

arm 4 

arm 1 

v—arm3 
arm 2 

Power is input to the first arm and then coupled into the 
ring through the third arm. Uncoupled waves continue 
through the second arm, which is usually terminated by a 
load, and the waves in the ring continue to travel through 
the third and fourth arms. With the proper ring length and 
matching, the waves add constructively. This creates a 
voltage increase and acts as a power gain in the ring. 

Several variables factor into the ring's 
performance: loop gain, coupling coefficient, attenuation 
in the ring, transmission coefficient, and electrical length. 
Some of these variables are dependent on one another. 

The transmission coefficient is the ratio of the 
voltage of the wave that passes through a junction to the 
voltage before the junction. In the ring the "junction" is 
the load imposed upon the ring by attenuation which 
causes the voltage to drop. 

If the electrical length of the ring is properly 
related to the frequency of the coupled energy, it will 
reinforce previously coupled energy and place the ring in a 
state of resonance [1]. In order for this to occur, the length 
of the ring must be an integral number of guide 
wavelengths of coupled wave. 

The amount of power input to the ring from the 
primary arm is determined by the voltage coupling 
coefficient. The coupling coefficient (usually designated as 
C) is defined as the ratio of the voltage coupled into the 
ring to the incident voltage from the main guide when all 
arms but the one with incident voltage are terminated in 
matched loads [2]. 

Figure 1: Basic Resonant Ring Circuit 

Directional Coupler 

Figure 2: Forward and Reflected Waves in a Resonant 
Ring Circuit 

To calculate the coupling coefficient it is 
necessary to make use of the scattering matrix of a 
directional coupler. The matrix can be derived from one 
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solution to the standard transmission-line differential 
equations for the voltage and current- as a function of 
distance along such a line. From Miller [3], the total loop 

power gain (bg/aj)   is found by using the fact that a^bg 

e"^, where y=(a+jß). 
Referring to Figure 2,  voltage loop  gain,  or 

multiplication, is defined as the ratio of the voltage of b3 
(the forward traveling wave in the loop) to the voltage of 
aj at the input arm of the coupler. Since power meters can 
be easily used to measure ring performance, it is often the 
loop power "gain" that is of interest (proportional to the 
square of the voltage gain). 

Power Gain JC 

l-e-^VT-C* 
.2 

Te-^4 i-c 

T is the transmission coefficient and accounts for the 

attenuation in the circuit (attenuation = e     ). When the 
ring is in resonance, ßl will be an integral number of 2n 

and the e~JP phase shift term will drop out, leaving: 

r2 
Power Gain = 

I-TVI-C
2 

Because this equation relies on three variables, the 
coupling coefficient, the ring attenuation, and the desired 
power gain, it can be plotted in several different ways. In 
Figure 3, gain is plotted versus attenuation for two 
different values of the coupling coefficient. 
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Figure 3: Power Gain vs Attentuation 

3    RESONANT RING DESIGN 

A klystron-driven resonant ring was designed as 
shown schematically in Figure 4. 3 1/8 inch coax is used 
at the outputs of the klystrons and also to connect to the 
water loads. The coax is connected to waveguide through 
transition pieces. The waveguide sections are WR1500 
which operates in a frequency range of 490 MHz - 750 
MHz. Straight waveguide sections are used to connect the 
other waveguide components (such as the sweeps and 
couplers) in order to give the traveling wave some settling 
space. These pieces are made at least one wavelength 
long. The 50 Q water loads in the ring can handle up to 
300 kW. A circulator is used to protect upstream devices 
in a circuit, such as amplifiers, that could be damaged by 
reverse power. 

The ring loss can be estimated by summing the 
losses of the individual components along the length of 
the ring. It is estimated that the rf windows will 
contribute 0.1 dB of loss. Based on the manufacturer's test 
data for the loss of the ring components, the total loss of 
the ring can be approximated as 0.3 dB. The two 700 
MHz klystron transmitters now available can deliver 80 
kW CW of rf power to the resonant ring. The desired 
power level in the resonant ring is 1MW. This is a 
numeric power gain of 12.5. 

T^r*!*- % \ 
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Figure 4: Resonant Ring Test Stand 

4    RESULTS 

The objective of this work was first to derive 
mathematically how the ring should behave and then 
prove it experimentally. For a ring attenuation of 0.3 dB 
and a power gain of 12.5, the information in Figure 3 
indicates that a 12 dB coupler would be a better choice 
than the 10 dB coupler. However, the 12 dB coupler falls 
off faster than the 10 dB coupler for larger values of ring 
loss. Since the ring loss was approximated to have a least 
0.3 dB of attenuation due to the uncertainty of the rf test 
windows and other components, the 10 dB short slot 
coupler was chosen. 
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From the graph of the power gain equation, it 
was evident that only 0.2 dB to 2 dB of attenuation would 
be useful. Graphite, nickel, and tin first seemed like good 
choices for coating the inside of the ring, but after running 
these conductivities, permeabilities, and permittivities 
through the attenuation calculations, it was shown that 
even if the entire ring were coated, not enough attenuation 
would be provided. Finally, one-inch thick sheets of 
graphite-coated "horsehair" were chosen as the microwave 
absorber. To obtain different attenuation values, different 
sizes of absorber sheets were placed into the resonant ring. 

To test the circuit, the ring was first tuned to 
resonance by finding the frequency which produced the 
most forward power in the ring. The resonant frequency 
varied from about 704 to 706 MHz. The daily temperature 
flux of the laboratory contributed to this variation. The 
empty ring's Q-factor was high enough that a few degrees 
of temperature change could change the resonance by 0.5 
MHz or more. Once the data were gathered, the measured 
power gains were plotted versus the inserted attenuation. 
Using the forward power in the ring divided by the input 
power as the power gain produced the following graph 
(Figure 5). 
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FIGURE 5 : Measured and Ideal Results 

5     CONCLUSIONS 

As can be seen from Figure 5, the resonant ring 
did follow the theoretical predictions of the power gain 
equation. The low power resonant ring test improves 
confidence that the resonant ring will have sufficient gain 
to test rf windows at high apparent power. The deviations 
from the ideal values could have been caused by any 
number of measurement errors, however it is apparent that 
these errors are quite small. The next step in this project 
is to operate the high power resonant ring test stand for 
the testing of rf windows and other rf components. 
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BEAM EXPANSION WITH SPECIFIED FINAL DISTRIBUTIONS* 

Andrew J. Jason and Barbara Blind, Los Alamos National Laboratory, and 
Klaus Halbach, Lawrence Berkeley National Laboratory 

Abstract 

The formation of nearly uniformly distributed beams has 
been accomplished by the use of multipole magnets. 
Multipole fields, however, are an inappropriate basis for 
creating precise distributions, particularly since 
substantial departures from uniformity are produced with a 
finite number of multipole elements. A more appropriate 
formalism that allows precise formation of a desired 
distribution is presented. Design of nonlinear magnets for 
uniform-beam production and the optics of an 
accompanying expansion system are presented. 

1   INTRODUCTION 

We consider the general problem of providing an 
arbitrary spatial beam distribution at a point starting from 
a given input beam. Such a technique is of interest in 
matching and for applications where material or power 
deposition must conform to a particular distribution. For 
some purposes the requirement is simply to sharply limit 
the beam extent on a target to prevent undesired 
radioactivation of surrounding areas. Often a uniform 
distribution is desired for medical purposes or for 
minimizing the cooling on a target. Other distributions 
may be useful in maximizing neutron flux from a 
spallation target. Although we here concentrate on 
producing a uniform distribution, the extension to other 
distributions is straightforward. 

The problem of producing a uniform distribution has 
previously been attacked by using a multipole series to 
provide a nonlinear field that folds the beam in phase 
space [1-4]. The results of such processing of an initially 
gaussian beam by application of a strong octupole field 
and subsequent magnification optics are shown in Fig. 1. 

J 
-o'.g '' w.K'' v.& '' \>' " ' oa" ' 6!4''' bB 

X() 

Fig. 1   Beam distribution versus transverse distance after 
nonlinear focusing by an octupole. Units are arbitrary. 

In this process, the beam is  expanded within  the 
octupole in, say, the x dimension so that it is very narrow 

in y to eliminate coupling terms. for sufficient 
expansion, the effect of the emittance is small and the 
x, x' phase space may be represented by a line, as was 
done in the creation of Fig. 1. Figure 2 shows the phase 
space for the distribution of Fig 1. The "ears" on the 
distribution are caused by the fold shown in Fig. 2 and are 
smaller for finite emittance and momentum spread. The 
distribution is well confined except for the wings that 
form the lower and upper branches of the field. If further 
multipoles are added the confinement can be improved. 

Fig. 2 Phase space for the distribution of Fig. 2. The 
ordinate is the position in Fig. 1 and the abscissa is the 
divergence in arbitrary units. 

It has been noted [5] that a series of multipoles can be 
configured to tend toward an analytically exact uniform 
distribution, but the convergence is slow. We consider a 
magnetic element that is capable of providing the precise 
distribution required. 

2  MAGNETIC    FIELD 

Since it is possible to effectively decouple the two 
transverse phase planes, a one-dimensional treatment is 
adequate. Beam in an element dx0 contained in a 
distribution p0(x0), described by initial phase-space 
coordinates x0 and x'0, transformed to a set of coordinates 
x and x' obeys the relation p (x) dx = p0(x0) dx0 if the 
two distributions are single valued. Thence, 

Po(*o) p(x) = - 1) 
dx/dx0 

This relation follows Batygin [5] and others. 

We consider a small-emittance beam, extended in 
x0,x'0 phase space with slope a = dx'0/dx0 and with 
small extent in y, that passes through a magnet of length 
I with y-directed magnetic field B{x0) on the x0 axis. 

A subsequent linear optical system described by a matrix 

' Work supported by the U.S. Department of Energy 
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R transports the beam to the location described by the   x 
coordinates. Transformation between x and x„ is 

x = (Rll+aRll)x0 + lR12B(x0)/Bp 2) 

where Bp is the beam rigidity. Inserting this relation 
into Eqn. 1), the derivative of the magnetic field with 
respect to x0 

B'(x ) = Po(x0)-(Rn+aRl2)p(x) 
lp{x)Ra 

Integrating, the field becomes 

Bp 
ß(*°)=7ir!rfM 

p0(u)     Bp(Rll+aRl2) 

IR„ p[x(u)} in* 
x„. 

3) 

4) 

Thus for various choices of beam transport, the fields 
required to produce a given distribution will vary by a 
linear term. One natural choice, given a limited beam 
distribution, is to minimize the peak field by adjusting 
the linear term. An attractive alternative sets 

Rll+aR12=0, 5) 

i.e., a point focus on the target. 

For the case of a uniform target distribution of width 
2w, Eqn. 4) becomes 

2w Bp *« 
#(*„) = ■ 

IR, 
■jdup0(u). 6) 

Note that for a limited initial distribution and the choice 
of Eqn. 5), the field at large x0 is constant, a convenient 
field for magnet design. We consider an initially 
gaussian-distributed beam with rms width G to obtain a 
field 

f   ~   \ 
7) 

w Bp 
B{x0) = -T^Erf 

IR» ,42a) 

An alternative choice for the initial distribution is 
- l/cosh2(x/c) which yields wtanhC*/ c)/(2/?,2c), a 
very similar function to 7) (along the x0 axis) for 
c ~ l.25cr, differing by only 3% in a limited range. The 
significance of this is that the latter distribution has been 
noted to represent a beam that is poorly matched in a linac 
whereas the gaussian distribution is representative of a 
well matched beam. Hence, a nonlinear magnet with 
some adjustability can presumably deal with a range of 
observed beams. 

3 BEAM   OPTICS 

3.1 One-Dimensional Optics 

Consider a drift of length L as an example of an 
optical system. Then Rll = 1 and R2 = L; accordingly 
set a = -1 / L. For a given L the peak value of the 
magnetic field B0 can be set from the asymptotic value of 
Eqn 7). Choosing L=l and w=l sets a = -\ and 
B0llBp = \.    Setting  a = 0.1,  the angular deflection 

through the magnet as a function of x„ is shown in Fig. 
3. 

ß(*„) / 
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Fig. 3 Plot of the magnetic field along the x0 axis 
needed to produce a uniform distribution for the 
parameters given in the text. 

The phase space loci just after the nonlinear magnet 
and at the target are given in Fig. 4, where the calculation 
is limited to 6 O. Note that, at the target, the central 2 G 
of the beam is transformed to within x = ±0.95 while the 
remainder of the beam is placed at |;c| > 0.95 along the 
trajectory tending asymptotically to the lines \x\ = 1.0. 

at magnet 

divergence 

(x0' and x') 0J6 

position 
(x0 and x) 

Fig. 4.   Phase space at the nonlinear magnet and at the 
target for the example cited in the text. 

Initial and final distributions are shown in Fig. 5. 
The final distribution departs negligibly from constant 
within -w<x<w. Finite bin sizes in the calculation 
blur the final-distribution edges slightly. 

3.2 Errors 

We consider two possible errors that affect the final 
distribution. The first is departures from the initial 
distribution. In general, if the initial distribution is 
"wider" than the distribution for which the magnet was 
constructed, the final distribution will grow "ears" (as in 
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Fig. 1); "narrower" distributions will experience rounding 
on top. This is illustrated in Fig. 6 that shows the 
output distributions for (7=0.09 and 0.11. If a 1/cosh2 

input distribution is used, similar changes occur in the 
distribution. 

. xandxn    . ,.    .,    . 
Fig. 5 Normalized initial ana tinal distributions. 

Fig. 6   Final distributions for +10% width errors in the 
initial distributions. 

Steering errors also change the distribution. This is 
shown in Fig. 7 where the beam enters the nonlinear 
magnet off axis by 0.1 <7. 

5.3 Two-Dimensional Optics Design 

Two nonlinear magnets are used in producing a beam 
that has a given two-dimensional profile on the target. In 
the first magnet, the beam is made small in the y 
dimension so that interplane coupling by the field x 
components is negligible and the beam is made large in 
the x dimension with large correlation and slope a. A 
subsequent focusing section provides condition 5) in the x 
direction with small w in the second linear magnet that is 
rotated 90° from the first. This limits the beam in the 
magnet gap. The beam in the y direction is highly 
correlated (as specified in the x direction of the first 
magnet). A second focusing section provides the 
condition 5) from the second magnet to the target in the y 
direction and from the first magnet to the target in the x 
direction. For each plane, the values of /?,2 and /J,4 are 
determined by the desired values of w and the value of 
B0, in the respective planes. Such simulations have 
verified the calculations shown here. 

For a given value of B0 four quads are in general 
needed in each focusing section to meet all conditions. 
The number of quads may be reduced by using symmetry, 
system lengths, and choice of input beam. 

5 MAGNET   DESIGN 

We treat the magnet design only briefly. The magnet has 
quadrupolar symmetry. For sufficiently low fields, the 
pole shape along a scalar equipotential is determined from 
the field in the complex plane. The complex potential 
provides the conformal map into a dipole geometry, to be 
used in specifying the pole width or shimming that 
provides a homogeneous field to the extreme particles of 
the beam. Variability in the magnet field shape to fit off 
nominal distributions is provided by dividing the pole 
into individually excited segments or by current sheets on 
the pole surfaces. 

-5ft- 

Fig. 7 Final distribution for a steering error of 0.1 G. 

Note that despite marked changes in the distribution, 
the beam remains entirely confined for both these cases 
because of the well-defined beam limits due to the vertical 
part of the phase-space trajectory seen in Fig. 4. 
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DEVELOPMENT OF A FAST TRAVELING-WAVE BEAM CHOPPER 
FOR THE NATIONAL SPALLATION NEUTRON SOURCE* 

Sergey S. Kurennoy, Andrew J. Jason, Frank L. Krawczyk, and John Power, 
LANSCE-1, Los Alamos National Laboratory, Los Alamos, NM 87545, USA 

Abstract 

High current and severe restrictions on beam losses, 
below 1 nA/m, in the designed linac for the National 
Spallation Neutron Source (NSNS) require clean and fast 
— with the rise time from 2% to 98% less than 2.5 ns to 
accommodate a 402.5-MHz beam structure — beam 
chopping in its front end, at the beam energy 2.5 MeV. 
The R&D program includes both modification of the 
existing LANSCE coax-plate chopper to reduce parasitic 
coupling between adjacent plates, and development of 
new traveling-wave deflecting structures, in particular, 
based on a meander line. Using analytical methods and 
three-dimensional time-domain computer simulations we 
study transient effects in such structures to choose an 
optimal chopper design. 

1 REQUIREMENTS 

The NSNS, to be constructed at Oak Ridge National 
Laboratory, is a next-generation pulsed spallation neutron 
source designed to deliver 1 MW of beam power on the 
target at 60 Hz in its initial stage [1]. It consists of a 1- 
GeV 28-mA linear H" accelerator and an accumulator 
ring. The NSNS project is a collaboration of 5 national 
laboratories. Los Alamos National Laboratory is 
responsible for the linac design and the chopping system 
of its front end. 

Beam injected into the NSNS accumulator ring must 
be chopped at near the ring-rotation frequency 1.189 
MHz in order to leave a gap for the kicker rise time 
during one-turn ring extraction. The duty factor of the 
injected beam has been set at 0.65. Chopping is to be 
done in the Medium Energy Beam Transport (MEBT) 
line that transports 28-mA of peak beam from a 2.5-MeV 
402.5-MHz RFQ to a drift-tube linac. A 0.5-m space is 
currently allocated for the chopper that deflects beam into 
a collimator during the 35% beam-off time. In case of a 
partial chopping or small errors in the timing system, an 
identical "anti-chopper" is placed in the line at an 
optically symmetric point from the chopper in order to 
return uncollimated beam to the axis. 

Using a planar structure, with a half gap of 1 cm and 
a 900-V deflection voltage on each plate, the chopper will 
provide a beam deflection of 9 mrad. The gap between 
plates can be further reduced, down to a half gap of 7.5 
mm or even 5 mm. A small tilt of the chopper structure in 

the vertical plane will be required in the last case to avoid 
beam hitting the plates. A traveling-wave structure, with 
the pulse phase velocity along the beam path matching 
the beam velocity (ß=0.073), will be used to avoid 
transit-time effects. The chopper is required to rise from 
2% to 98% (and fall) in 2.5 ns to accommodate the 402.5- 
MHz beam structure. Partial chopping of a micropulse 
would cause decreased charge in the transmitted pulse 
with subsequent variation of the linac-output Twiss 
parameters and increased loss in the transport line and 
ring. 

An additional function of the chopper is pulse width 
modulation of the beam. At the start of the macropulse, it 
is necessary to increase the beam intensity from zero to 
full to accommodate linac beam loading. This is done by 
decreasing the width of the chopper deflection pulse from 
full to nominal 35%. This function can be also used in 
experiments that require fractional ring filling or simply 
to modulate beam intensity. 

2 PRESENT STATUS 

The present chopper system [2] at Los Alamos Neutron 
Science Center (LANSCE) was constructed for the Proton 
Storage Ring (PSR). It works at the beam energy 750 keV 
and provides the rise time of approximately 7 ns with a 
larger contribution from the pulse modulator. The current 
structure itself is capable of providing a pulse front 
slightly longer than 2 ns, with an overshoot on the 10% 
level ringing for a few nanoseconds. This coax-plate 
structure is 1-m long and consists of two parallel plates 
each interfaced with many small strips which are 
connected with coaxial cables on the reverse side of each 
plate to form a circuit that is continuous along the 
structure (Fig. 1). 

Figure 1: Photograph of the traveling-wave chopper struc-ture 
used at LANSCE. 

* This work is supported by the US Department of Energy under contract DE-AC05-960R22464. 
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The voltages on the upper and lower plates are 
synchronized and have opposite signs so that the resulting 
vertical electric field deflects the beam. 

3 STRUCTURE DEVELOPMENT 

3.1 Coax-plate structure 

The major limitations on the structure rise time for the 
existing coax-plate design are caused by stray capacitance 
between the electrode segments and by multiple coax-to- 
plate transitions. A similar structure for the higher energy, 
2.5 MeV, would have slightly better rise and fall times, 
simply because one can use wider strips and make wider 
gaps between strips in the structure to match the higher 
beam velocity. Wider gaps reduce strip-to-strip coupling. 
As an additional way to reduce this parasitic coupling 
between adjacent strips, guard barriers (or separators) 
rising from the ground plane have been proposed. 

3.2 Meander-line structure 

A promising alternative design under consideration is a 
meander line with separators, see Fig. 2, instead of the 
coax-plate current structure. Such a design has no 
transitions, and the meander bends can be properly 
chamfered to avoid pulse reflections. It is also easier to 
manufacture. The meander line parameters are calculated 
analytically to match the beam velocity and provide the 
line characteristic impedance Z=50 Q. It results in the 
strip width w = 5 mm, strip-to-strip gap g = 2 mm, the full 
meander width b = (w+g)(l/ß-l) = 89 mm, and the 
distance between strips and the ground plate h = 1 mm. 
The chamfering cuts are triangles w x w x w -Jl ■ For 
structures with separators, h should be slightly increased, 
to 1.25 mm for the separators as high as h, to keep Zc 

fixed. 

Figure 2: The meander structure (one quarter of the total length) 
with separators (dark) used in MAFIA simulations. 

Transient effects in meander structures have been 
studied thoroughly using time-domain 3D simulations 
with the code package MAFIA [3]. The structure is fed 
with a TEM-wave pulse whose amplitude can be 
switched on as an arbitrary function of time, e.g., an 
abrupt or smoothed step, or a pulse of a finite time- 
length. It allows us to simulate any modulator pulse 
voltage. The pulse propagates along the strip and its 

vertical electric field on the beam path is recorded as a 
function of time. Figure 3 presents results of transient- 
effects simulations in the structure with the length of 
about 25 cm along the beam, one half of the full chopper 
length. The signal amplitude versus time in this case was 
a slightly smoothed step (squared sin with the full rise in 
0.15 ns). It can be seen that even without separators the 
meander structure can provide a rise time about 2-2.5 ns, 
while with separators the rise time can be reduced down 
to 1-1.25 ns, depending on the separator height. 

8 10 

Figure 3: Vertical electric field, in arbitrary units, at a fixed point on 
the beam path versus time in the half-length meander structure with 
separators ft, = 2ft (solid), ft, = ft (dash-dotted), and without them 
(dotted). 

Simulations have also been performed for meander 
structures having small low-dielectric (s=2-4) posts used 
as supports. The support influence was found negligible. 

The structure efficiency r| can be defined as a ratio of 
the deflecting field to that produced by continuous plates 
under the same voltage. The designed meander line 
without separators has r\ = 0.94. The separators reduce 
the effective field on the beam path, as one can see in Fig. 
3. The ri-decrease can also be easily calculated by solving 
an electrostatics problem; it depends on the separator 
height hs, being about 10-12% for hs = h and almost 20- 
25% for hs = 2h. This should be compensated either by 
reducing the gap or by increasing the voltage. 

We have completed the transient-effect simulations 
for the quarter-length, half-length, and the full-length (50 
cm long) current structures, including simulations with a 
finite pulse rise time. The results are similar to those 
shown in Fig. 3, except that the pulse slightly deteriorate 
closer to the end of the long structure, mostly by 
developing some ringing overshoot about 1-2 ns long. 
The structure fall time was found in all simulations to be 
about the same as the rise time. Figure 4 illustrates the 
propagation of a 4-ns long pulse along the quarter-length 
meander structure. One can see a small overshoot 
developing as the pulse reaches the structure end. The 
front and back pulse edges remain well within 1 ns. 
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Figure 4: Vertical electric field at the beam path due to a 4-ns long 
pulse propagating along the meander structure. 

To check our simulation results, a simple model 
structure with a meander line on a printed-circuit board 
(PCB) has been manufactured at LANL. The PCB with 
the meander on its bottom surface was placed on 1.25- 
mm barriers-separators sticking out of the aluminum 
ground plane. The prototype length is about 12 cm. The 
transient effects in the prototype have been measured 
with a TDR and were found to agree well with the 
MAFIA simulations for that case, with all transitions 
within a 2-ns range. 

3.3 Notched meander-line structure 

Another way to increase the efficiency is to use a notched 
strip line in the meander instead of a straight one [4]. The 
magnetic field of the wave propagating along the notched 
strip is concentrated closer to the strip center, and the 
wave phase velocity is less then c due to the inductive 
loading by notches. 

This design reduces a strip-to-strip magnetic 
coupling. It also allows us to have a larger ratio of the 
strip width to the width of the gap between adjacent 
strips, which increases the efficiency r\. On the other 
hand, the notched line has some additional dispersion that 
can worsen the rise and fall times. Analytical calculations 
and simulations of the notched-strip meander structure 
are underway. 

4 PULSE GENERATOR 

The LANSCE pulse modulator was originally a vacuum- 
tube-driven device. It has been revised to a solid-state 
model, easier to maintain at peak performance, but with a 
slower rise time. The modulator rise time is largely 
limited by semiconductor limitations and inaccuracies in 
matching. It appears likely that the fastest speeds possible 
with the present-day FET technology will be on the order 
of 4 ns. This speed limitation is largely independent of 
voltage and limited to around 900 V across 50 Q. 

The main problem is to satisfy the requirements of 
the fast pulse fronts, high repetition rate, and high voltage 
simultaneously. A modest program with semiconductor 
manufacturers for development of fast FET 
semiconductors is believed necessary. A simplified 
schematic of the proposed pulser design is shown in Fig. 
5. It uses a combination of two switches, one to generate 
a fast rise time and a second to clamp the end of the 
output pulse to provide a faster fall time. 
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Figure 5: Simplified FET-based chopper-pulse generators. 

5 SUMMARY 

From considerations above we can conclude that at least 
two traveling-wave structures — the coax-plate design 
and the meander line, both with additional separators, — 
can be used as the chopper current structure with the 
required rise and fall times in the 1-ns range. The 
measurement results for the prototype meander structure 
agree well with our computations, and further simulations 
will be performed to optimize a final design. 

The existing FET technology for the pulse modulator 
is capable of providing a 4-ns rise time. Some 
development of fast power FET semiconductors should 
permit the desired 2.5-ns device. 

The authors would like to gratefully acknowledge 
useful discussions with R.K. Cooper and G.R. 
Lambertson. 
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DESIGN OF QUASI-TRAVELING WAVE PINGER MAGNET FOR BEAM 
DIAGNOSTICS ON THE ADVANCED LIGHT SOURCE 

D.E. Anderson and G. Stover, Lawrence Berkeley National Laboratory, 1 Cyclotron Rd., Berkeley, 
CA 94720 

Abstract 
A beam diagnostic tool to modify single bunch orbits in 
all four quadrants is proposed for measuring various 
machine physics parameters at the Advanced Light 
Source (ALS). Quasi-Traveling Wave pinger magnets 
were chosen to provide programmable bipolar horizontal 
and vertical kicks of sufficient duration while providing 
negligible deflection on subsequent beam revolutions in 
the storage ring. This magnet technology, originally 
investigated at the SSC[1], provides a cost-effective 
method of achieving the moderately fast pulse 
requirements of the pinger application. The design of the 
pinger magnet and associated pulsed power drive unit 
will be presented. Electrical response results of initial 
pinger magnet prototypes and ceramic beampipe coatings 
will be given. 

1 INTRODUCTION 

An orthogonal set of horizontal and vertical fast kicker 
magnets and their requisite pulse forming networks, 
termed the "pinger" system, are currently being 
constructed for installation in the ALS storage ring. The 
pinger system was specifically designed to apply a single 
one turn kick to an orbiting bunch in the storage ring. The 
kick is intended to provide an independently adjustable 
change in the single bunch's transverse momentum. 
Following the kick, 1024 subsequent turns of transverse 
bunch motion can be captured by an existing 
circumferential array of 96 BPM's operating in the "fast 
acquisition data" mode. 

Comparison of actual bunch motion orbits with 
computer simulations should provide improved parameter 
definition for the model and refine measurements of 
critical machine parameters that should lead to improved 
storage ring performance. The necessary parameters to 
accomplish this task are shown in table I below. 

Table I—Pinger Magnet System Parameters 
Horizontal Bdl Kick ±2.5-157.5 Gauss-m 
Vertical Bdl Kick ±6.25-80 Gauss-m 
Magnet Aperture 91mm x 91mm 
Magnet Length 475mm V&H 
Field Uniformity ±5% 
Pulse flattop duration >25ns 
Post-pulse Oscillations <±l%Bmax after 650ns 

2 MAGNET TECHNOLOGY OPTIONS 

Various magnet technologies were considered to 
meet the requirements for the pinger application. C- 
magnets and window-frame magnets were considered and 
compared. System topologies considered included 
lumped inductance, 1% underdamped series RLC, 
traveling-wave, and quasi traveling-wave. In an effort to 
minimize system cost and complexity, it was desirable to 
build each horizontal and veritcal kicker with a single 475 
mm magnet and to maintain operating voltages below 35 
kV (single-gap thyratron). 

1.1 C- vs. Window-frame magnets 

Window-frame magnets, with a septum decoupling the 
two halves of the magnet, are advantageous in reducing 
the overall magnet inductance when the two halves are 
driven in parallel. However, this magnet type becomes 
an integral part of the beam line once installed, since 
removal of the magnet requires complete disassembly of 
the magnet. C-magnets can be removed from the beam 
line with a minimal effort by removing the return 
conductor plate and sliding the assembly away from the 
beampipe. 

1.2 System topology considerations 

Lumped inductance magnets were considered first 
because of their relative simplicity. A peak operating 
voltage of 35kV with a current peak of 2400A dictates a 
maximum driving impedance of 7.3Q. An impedance of 
6.25Q was chosen to maintain charge voltages at 30kV 
and still allow for operation 10% over specification. At 
this impedance level with a 600nH kicker magnet 
inductance, the time constant is 96ns, making any flattop 
unachievable. 

An underdamped RLC circuit, allowed to reverse 
1% within the 650ns post-pulse oscillation period, was 
also considered. The condition for this case is 
R=1.7(LC)05. Circuit simulations were run to determine 
the system topology. The inductance and capacitance of 
the cables connecting the magnet to the pulser were found 
to have a profound effect on the circuit performance. A 
solution was found which used a 3Q cable, but post-pulse 
ringing in the cable was ~5%, and thus deemed 
unacceptable. 

Traveling-wave magnets were investigated, and 
could easily meet the system parameters.    Their high 
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manufacturing cost made them unattractive, so other 
alternatives were investigated. 

Quasi traveling-wave magnets, consisting of a 
lumped ferrite magnet with shunt capacitors placed along 
its length, approximates a transmission line, and thus 
should produce a moderately fast risetime with minimal 
reflections. The magnet topology is shown in Figure 1. 
The risetime is limited by some percentage of the magnet 
inductance (which is a function of the number of discrete 
capacitors incorporated) which the forward-going pulse 
initially sees upon arrival at the magnet. 

Cable  feeds 

Ferrite 
Capacitors 

Metal frame 

Busbar insulator 

Ceramic  beampipe 

Figure 1—Quasi Traveling-Wave Pinger Magnet 
Geometry. Load not shown for clarity. 

3 PINGER SYSTEM DESIGN 

Design of the pinger system is closely coupled to the 
design of the magnet. The initial inductance seen by the 
forward-going wave as it arrives at the magnet affects the 
risetime of the JBdl signal and subsequent post-pulse 
reflections. These effects influence the choice of number 
of stages in the quasi traveling-wave magnet, the length 
of the cable isolating the pulser from magnet and the 
pulse-forming network (PFN) topology. 

The forward-going wave, upon arriving at the 
magnet, is partially reflected back toward the pulser by 
the initial magnet inductance. After transiting through 
the cable and PFN, the reflected energy is then 
transformed into JBdl signal following the main pulse. 
To first-order, the sum of the two-way transit times 
through the magnet to pulser cable and PFN is equal to 
the bunch transit time in the ring minus the risetime of 
JBdl (the duration of the reflected pulse). To maintain 
post-pulse levels below 1% in the pinger application, this 
resulted in a three section magnet with 120ns and 100ns 
one-way cable and PFN transit-times, respectively, in the 
optimized system. Figure 2 shows the system 
schematically. 
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Figure 2—Pinger System  Schematic used  in Circuit 
Simulations 

The inclusion of a resistively-coated ceramic 
beampipe is necessary to carry beam return currents in a 
low-impedance configuration. The high resistivities 
required for magnetic field diffusion into the beampipe 
result in moderate power dissipation generated by the 
beam image currents. The penetration time constant, 
given by z=2na/R ns, where a is the pipe radius in cm 
and R is the surface resistivity (Q/D), must be much less 
than the risetime of the external magnetic field[2]. 

The permitted ±5% variation in field over the 
duration of the flattop of the pulse permitted the use of a 
pulse-forming network for driving the magnetic field. 
The ability to "float" the PFN also allowed for a 
relatively low inductance output structure, an important 
feature to achieve sub-100ns risetimes at 6.25Q 
impedance. Bipolar operation is achieved through the use 
of two identical PFNs connected to the same switch. The 
unutilized PFN is shorted and connected to ground, 
thereby referencing the anode or cathode of the thyratron 
to ground. The PFN outputs are connected, via a high- 
voltage custom SPST switch on a 6.25Q stripline 
transmission line, to a common set of output connectors. 
Cables then feed into one of two 71-network high-voltage 
stripline attenuators. Use of these attenuators allows for 
vertical and horizontal low and high range operation with 
the same pulser units. 

The remote connection to the ALS computer control 
system is accomplished through the standard Intelligent 
Local Controller (ILC)[3] module. The module is 
connected to the control system via standard 422 serial 
fiber optic link. All analog and digital controls and 
monitors are provided by the ILC. All digital and +24V 
chain signals to and from the pinger are also optically 
isolated from the ILC. 

Basic trigger timing (Storage Ring Orbit Clock) will 
be transmitted to the pinger racks via fiber optics. Trigger 
delay control will be provided by a commercial timing 
delay generator controlled through an IEEE interface to 
the ILC. 
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4 PROTOTYPE RESULTS 

To verify the suitability of a quasi-traveling wave magnet 
for the pinger application, a prototype magnet was built 
and tested. The prototype used Stackpole Cll NiZn 
ferrite, had an 88mmx88mm aperture, and was 530mm 
long. Ceramic doorknob capacitors were located equally- 
spaced at three locations on the structure. The ALS 
kicker magnet test stand, an 8.33Q system with 20ns 
risetimes, was used to drive the 6.25Q pinger magnet 
through a 6dB attenuator/impedance-matching n network. 
This prototype magnet was used to measure the electrical 
response of quasi-traveling wave magnets and to quantify 
penetration time effects of resistively-coated beampipes. 

4.1 Electrical response of prototype magnet 

A 50Q stripline B-dot probe, 600mm long, was 
constructed to monitor the magnetic field in the magnet. 
The signal generated was then integrated using the 
digitizer integration package. The result for the prototype 
magnet is shown in Figure 3. 

Figure 3—Pinger Magnet Prototype Electrical Response. 
Signals are a) direct B-dot signal and b) software 
integrated |Bdl (pulse). 

The magnet produced an JBdl risetime (10-90%) of 
120ns, with 53ns of flattop at ±0.5%. The calculated one- 
way transit-time through the magnet of 107ns agrees well 
with the measured risetime minus the input pulse 
risetime. The poor falltime with the long "foot" is due to 
the energy reflected off the magnet after returning from 
the PFN. The peak value of the dB/dt signal agrees well 
with that expected for the calculated magnetic gain at the 
measured dl/dt. 

A higher impedance magnet structure was also 
tested. This 8.33Q magnet, with identical physical 
dimensions, was also pulsed. The risetime was reduced 
to 106ns, which agrees well with the 80ns one-way 
transit-time through the magnet. Other aperture size 
magnets were also tested with predictable results. 

4.2 Beampipe coating and penetration measurements 

The inside surface of the ceramic vacuum chamber 
(137mm length and 72mm dia.) was coated with 
thermally sublimed titanium in a nominal vacuum of 
öxlO"6 Torr. The coating process was driven to an 
estimated center tube resistivity of 2.0Q/D. The actual 
longitudinal resistivity profile was parabolic in form. 
Thus the average resistivity for the total tube was 
measured at 2.7Q/D. This value was chosen to minimize 
excessive eddy current shielding effects of the fast rising 
(100ns) magnet field and reduce the thermal heating of 
the tube from beam image currents. Calculations indicate 
a maximum of 110 watts will be dissipated in the tube at 
nominal storage ring energies and currents. 

Magnetic field penetration measurements were 
performed on the 6.25Q magnet using the stripline B-dot 
probe. Figure 4 shows the measured waveforms for 
various resistivity coatings. 

Figure 4—JBdl for Various Resistivity Beampipe 
Coatings. Beampipe I.D. 60.3mm with a) infiniteQ/D 
(T =0), b) 1.941Q/D (Tp=9.8ns), c) 0.572Q/D (t =33.1ns), 
and d) 0.180Q/D (xp=105.2ns) coating resistivities. 
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TiN COATING OF ACCELERATOR BEAMLINE CHAMBERS* 

K.N. Leung, Y. Lee, A. Mashaw, D. Wuttea) and R. A. Gough 
Lawrence Berkeley National Laboratory 

University of California 
Berkeley, CA 94720 

Abstract 

A titanium nitride (TiN) coating can reduce 
multipactoring problems in vacuum cavities and also 
reduce photoemission electrons from beam-pipe surfaces. 
A new technique is being explored at LBNL that will 
allow an efficient way to coat differently-shaped surfaces 
with TiN. In this technique, an rf-induction discharge 
with an exposed Ti induction antenna is employed. Tests 
are being performed using argon, nitrogen, and a mixture 
of argon and nitrogen gases. It is found that the 
characteristics of the TiN coating depends on the 
processing time and the gas that forms the discharge 
plasma. 

I INTRODUCTION 

One of the problems encountered in many high-power rf 
systems is multipactoring inside vacuum rf cavities. The 
potential for multipactoring occurs whenever the 
secondary electron emission coefficient of the surface 
exceeds unity. Under this condition, electrons can be 
accelerated by the rf fields onto the surface, causing more 
electrons to be emitted than the number impinging upon 
them. The electron current becomes amplified within a 
few rf cycles, not only absorbing a large percentage of the 
rf power, but depositing that power as heat in a very 
localized area. Multipactoring can be a serious problem in 
high-power rf cavities, often preventing not only 
sustained operation, but in many cases, preventing 
satisfactory operation altogether. 

The secondary electron emission coefficient of 
titanium Ti is always less than unity. [1] A thin layer of 
Ti on the rf component surfaces should eliminate the 
potential for multipactoring. However, pure Ti is very 
reactive and it forms an oxide when exposed to air or 
water vapor. The titanium-oxide layer is not durable and 
has a higher secondary electron emission coefficient than 
pure Ti. On the other hand, a titanium-nitride layer is very 
stable and it has a secondary electron emission coefficient 
similar to pure Ti. 

II TIN COATING METHODS 

Several methods have been tested for TiN coating of 
vacuum chambers. In one approach, Ti is first evaporated 
from a hot Ti filament and the Ti neutrals are deposited 
on the substrate surfaces. Ammonia gas NH, is then 
introduced into the system and the gas molecules interact 
with the Ti to form TiN. [2]    The drawback for this 

technique is that the Ti vapor lands on the substrate 
surfaces softly with very low energy. As a result, the TiN 
coating is not strongly bonded to the surface and the 
coating comes off quite easily. Second, the thickness and 
stoichiometry of the coating (i.e. ratio of Ti:N) cannot be 
controlled accurately. In the plasma discharge technique, 
a Ti electrode is used as the cathode while the metal 
chamber wall acts as the anode. A plasma is formed when 
a high voltage is applied between the anode and the 
cathode. The filling gas is normally a mixture of argon 
and nitrogen. This technique enables one to deposit both 
Ti and N on the substrate surfaces in the form of positive 
ions. Not only the deposition rate is higher, but the ions 
acquire some energy (several or tens of eV) as they cross 
the anode sheath. For this reason, stronger bonding 
between the TiN coating and the substrate can be 
achieved. 

The new TiN coating technique described in the 
following section employs rf induction discharge instead 
of dc discharge. The Ti neutrals are sputtered from a bare 
Ti antenna coil and the plasma (Ar or a mixture of Ar and 
N2) is generated by rf discharge. The experimental setup 
is simple and easy to operate. As the implant ion dose rate 
is high, the processing time is much faster than the dc 
discharge or the evaporation method. In addition, this 
technique allows an efficient way to coat differently 
shaped surfaces. 

Ill EXPERIMENTAL SETUP 

Figure 1 is a schematic of the experimental setup. The test 
chamber is a section of the B-factory low-energy booster- 
ring beamline chamber. It is made of aluminum and has 
water cooling channels built into it. The rf antenna is 
water-cooled and is fabricated from 2-mm-OD titanium 
tubing. The tubing is wound to match the oval shape of 
the chamber (Fig. 2). Two water-cooled copper plates are 
installed on top and bottom of the antenna so as to limit 
the volume of the discharge plasma. The entire antenna 
unit can be moved in and out with an electric motor 
attached on top of the setup. Both the water and gas inlets 
and the pumping port are located at the top flange. 

The rf supply is a 13.56 MHz generator with a 
maximum output power of 2.5 kW. The rf power is 
coupled into the plasma through a matching network 
which is connected to the leads of the rf antenna. In 
normal discharge operation, the capacitor in the matching 
circuit is adjusted to minimize the reflected rf power. 
Although the rf supply is capable of delivering 2.5 kW 

* The work is supported under contract # DE-AD03-76SF00098 by Director, Office of Energy Research, Office of High 
Energy Physics, US Dept. of Energy. 
a) also with the Institut für Allgemeine Physik, Technical University Vienna. 
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output power, only 1 kW of output power is used for this 
test. 

Movable 

Topqmp     ^_GuMet 

Fig. 1 Experimental setup for TiN coating of a B-factory 
beamline chamber 

Fig.  2 A picture  showing the water-cooled titanium rf 
induction antenna. 

IV EXPERIMENTAL RESULTS 

In order to investigate the characteristics of the TiN 
coating, three aluminum disk samples are installed on the 
chamber as illustrated in Fig. 3. The inner surface of the 
chamber as well as the sample disks are chemically 
cleaned to remove the oxide layer. The chamber is 
initially evacuated to a base pressure of about 2x10" Torr. 
Argon, nitrogen or a mixture of argon and nitrogen gas is 
then introduced into the chamber until the pressure 
reaches -20 mTorr. The output power of the rf supply is 
gradually increased until a plasma is formed. The rf 
reflected power is minimized by adjusting the capacitor 
of the matching network. 

Sample placement schematic 

Sample 
disk 

water r 
cooling 

Fig. 3 A schematic diagram showing the locations of the 
three sample disks when they are mounted in the beamline 
chamber. 

Disk samples and the beam pipe have been TiN coated 
with several different operating conditions. In general, a 
reasonably thick TiN coating can be achieved if the 
system is first operated with a pure argon plasma. The 
argon ions can sputtered the Ti from the antenna due to 
the high negative potential. Some of the Ti atoms are 
ionized and they are implanted into the chamber surface 
with energies in the order of tens of eV (due to the high 
plasma potential of rf discharge). After about 20 minutes, 
the argon plasma is turned off and is replaced with a 
nitrogen plasma. The N* and N2

+ ions as well as the 
neutrals then react with the Ti on the walls to form TiN. 

Table I shows the analyzed results for three sample 
disks under different processing conditions. It is found 
that the color of the TiN coating varies from blue to gold, 
depending on the thickness as well as the stoichiometry of 
the film. By first operating the system with argon for 15 
min followed with a mixture of Ar/N2 (30% N2) for 
another 15 min, the stoichiometry (Ti/N) ratio is unity 
and the thickness of the coating exceeds 500 nm. 

Table I. 

Discharge gas (nm)  Ti/N Stoichiometry    Thickness 

Ar/N2 (15% N2) 
(48 min) 

Ar (32 min) 
N2 (16 min) 

Ar (15 min) 
Ar/N2 (30% N2) 

(15 min) 

1.08 

0.74 

1.02 

12.6 

779 

555 

In this experiment, movement of the antenna is limited to 
the length of the beamline chamber which in this case is 
-30 cm. It has been demonstrated that a dense plasma can 
be generated even when the coaxial cable between the 
matching network and the antenna is 6 meters long. Thus, 
this TiN coating technique can easily be applied to long 
beamline chambers typically found in synchrotrons and 
storage or accumulator rings. 
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RAMPING EFFICIENCY STUDIES IN THE 
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R.H.A. Farias, L.C. Jahnel, Liu Lin, A.R.D. Rodrigues and P.F. Tavares 
Laboratörio Nacional de Luz Sincrotron LNLS, Campinas, Brazil 

Abstract 

The 1.37 GeV LNLS UVX electron storage ring has 
a 120 MeV injector LINAC. Once stored, the electron 
beam must be ramped up to the nominal operation energy. 
In order to minimize current loss, orbit and tune 
corrections have been implemented along the energy 
ramp. In this report, we present a description of the energy 
ramping process, performance, orbit and tune corrections. 

1 INTRODUCTION 

The LNLS synchrotron light source is composed of a 
1.37 GeV electron storage ring and a 120 MeV injector 
LINAC. Commissioning of the storage ring started in May 
1996 and the latest results as well as other details on the 
machine are presented in a separate contribution to this 
conference"1. Beam accumulation at injection energy and 
energy ramping have proven to be the most challenging 
part of the commissioning. 

To achieve a ramping efficiency up to 80% it was 
necessary to implement a versatile ramping system which 
allows several ramp parameters to be easily changed by 
the operator. These parameters include: 

• intermediate optical configurations; 
• RF gap voltage ramp; 
• varying ramping speeds along the ramp and 
• varying energy step sizes along the ramp. 

This report describes how the energy ramping process has 
been implement and shows illustrative experimental 
results. 

2 RAMPING SYSTEM 

2.1 Hardware 

During the energy ramp, 47 power supplies must 
have their current increased simultaneously. In order to 
achieve the necessary synchronism among power supplies 
during the ramp, it is not possible for the main control 
computer to control directly all ramped power supplies. 
Rather, during the ramp, control is temporarily passed on 

to distributed local controllers that step along a 
precalculated table of set points as they receive trigger 
signals from a master clock. These trigger signals produce 
a hardware interruption in the local controller's CPU 
bypassing any other process that might be running at that 
time. The main control computer must calculate all set 
points along the ramp and send them to the local 
controllers' memory before the ramp is started. The ramp 
master clock is directly controlled by the main control 
computer and is used to provide different ramping speeds. 
A counter board connected to one of the three outputs of 
the master clock board is used to monitor the ramping 
progress. 

The number of points in each ramping table was 
determined by a compromise between the desired 
resolution of the energy ramp, the amount of memory 
available in the local controllers for storage of the ramp 
tables and the time needed to send those tables to the 
controllers. At present the dipole, quadrupole and 
sextupole power supplies have 4096-point ramp tables 
whereas the orbit corrector power supplies have 1024- 
point tables and the total time to send a complete set of 
ramp tables to the local controllers is about 2 minutes. 

2.2 Software 

Figure 1 shows the main window of the ramping 
application. Intermediate optical configurations (sets of 
quadrupole, sextupole and corrector strengths) may be set 
up so that the ramping software interpolates linearly 
between those configurations. This allows the tune and 
orbits to be controlled along the ramp. Different ramping 
speeds may also be chosen. Three different RF gap 
voltage ramps may be used: no ramp (normally used when 
ramping to low energy, i.e. 300-400 MeV), linear ramp 
(with a given initial and final setpoints) and an arbitrary 
set of points given in a separate text file. The ramp 
software registers the beam current, beam orbits and 
possibly the beam tunes along the ramp for off-line 
analysis. 

also at IFSC, Universidade de Säo Paulo. 
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Figure: 1 Main window of the ramping application 

3 EXPERIMENTAL RESULTS 

0.10 

o.os 

Many different ramping parameters have been tried 
and these had to be changed often as the commissioning 
proceeded and higher beam intensities were stored at 
injection energy. 

Due to the fact that the horizontal and vertical tunes at 
injection energy (vx=5.05 and vy=2.09) are different from 
the tunes at 1.37 GeV (vx=5.27 and vy=2.17)m, it is 
necessary to find a suitable path in tune space from one 
point to the other. We have found it necessary to keep the 
tunes low up to until about 500 MeV when the beam is 
damped and rigid enough to withstand the change in tune. 
In order to keep the tunes constant up to 500 MeV, it is 
necessary, due to remnant field effects, to change 
quadrupole strengths and six intermediate optical 
configurations had to be set up. Figure 2 shows the tune 
variations during the ramp. 

Frequency (MHz; 

Figure 2: Tune variations during the ramp. 

Figure 3 displays the difference between the initial and 
the six intermediate optical configurations of quadrupole 
and integrated sextupole strengths and figure 4 shows the 
strengths of correctors ACH07A and ACV07A along the 
ramp until 500 MeV. 
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Figure 3: Variations of quadrupole and integrated 
sextupole strengths along the energy ramp. 

,A 

/ \ AOH07A 

0.15 

ACV07A 

 — 
0.10 

100    150    200    250    300    350    400    450    500 

Energy (MeV) 

Figure 4: Strengths of correctors ACH07A and 
ACV07A along the energy ramp. 

Orbit correction along the ramp is necessary partly due 
to remnant field effects but also because of the influence 
of the (DC) thin septum magnet leakage field on the 
stored beam orbit which is only properly corrected at 
injection energy. Orbit correction has been done with two 
different methods: (a) by ramping to an intermediate 
energy and correcting the orbit and (b) by acquiring orbit 
data dynamically along the ramp, calculating corrections 
off-line and then implementing corrections for the next 
ramp. The second method, although more laborious, takes 
into account the effect of Foucault currents on the orbit 
distortion. The difference between the orbit corrected with 
these two methods is around ±2 mm in the horizontal and 
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±1 mm in the vertical. Figure 5 shows the corrected orbits 
during the ramp. 

The RF power must also be ramped since beam 
accumulation is only possible at 120 MeV with at most 
60 kV gap voltage (this is due to the excitation of large 
energy oscillations as a result of the large phase spread of 
the injected beam). The start of the RF ramp is delayed to 
until 300 MeV to avoid the excitation of synchrotron 
oscillations (and corresponding current loss) and the gap 
voltage reference is taken to its full value at 500 MeV. 
The ramping speed is then decreased to allow for the 
cavity power in the cavity to stabilize at high level. 

200     400     600     800    1000    1200    1400 

Energy {MeV) 

E      o.o - 
E 

Energy (MeV) 

Figure 5 - Orbits during ramp. 

The RF ramp has proved to be the most critical part of 
the ramping process. Initial conditions such as the cavity 
temperature and tuner positions play an important role in 
the determination of the overall ramping efficiency121. 

Three different speed regimes (Table 1) are used 
during the ramp. In the low energy part, we proceed as 
fast as possible to avoid losses due to the low lifetime. At 
intermediate energies, we proceed slowly in order to allow 
the RF system to stabilize with RF power. Finally above 
900 MeV we proceed quickly to the nominal energy. The 
total ramping time is about 4 minutes. 

E (MeV) v (MeV/s) 
120 - 300 15 
300 - 500 28 
500 - 900 2.5 
900- 1370 28 

Table 1: Values of ramping speed. 

Ramping efficiency is lower for higher stored currents 
and  some  ramping parameters  (especially in the RF 

system) have to be changed according to the stored beam 
intensity. 

Figure 6 shows the variation of current as function of 
energy during ramping process, where the speed of 
ramping is given in table 1 and figure 7 shows the 
variation of RF gap voltage and gap reference during the 
same ramping process, as function of the time. 
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Figure 6: Current vs. energy during ramping process. 
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Figure 7: Variation of RF gap voltage, gap reference and 
energy as function of the time during ramp. 

4 CONCLUSIONS 

The energy ramping system of the LNLS electron 
storage ring has proven to be capable of ramping electrons 
from 120 MeV to 1.37 GeV with an efficiency ranging 
from 65% to 80%, depending on the initial beam current. 

Possible improvements include changing the cavity 
detuning during the ramp and implementing a feedback 
loop for the RF gap voltage. 
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POWER FACTOR CORRECTION AT THE MIT-BATES LINEAR 
ACCELERATOR CENTER WITH PULSED LOADS OF UP TO 180 MW 

PEAK (2.7 MW AVERAGE) 

R. Averill, K. Hatch, C. Sibley, MIT-Bates Linear Accelerator Center 
R. Gross, PLM, Inc. 

I INTRODUCTION 

Power demand charges to MIT-Bates are based on a fixed 
rate times the greater of kWatt or 0.9 (kVolt A) called for 
in a 15 minute period within a billing cycle. There have 
been a number of months in a year when the power factor 
(PF) was less than 0.9 lagging, resulting in the increase in 
the demand charges to MIT by the Middleton Municipal 
Electric Department (MMED). A study resulted in a de- 
cision to correct the PF to >0.9 in order to minimize the 
demand charges. This action would save about $3500 per 
month in demand charges. Other benefits would also be 
realized by MIT-Bates and MMED, depending on the 
installation location. Information obtained on operational 
AC power requirements for the pulsed loads was obtained 
by measuring current and voltages at the 480V inputs to 
the pulsed loads and at the incoming 22,900V line input 
to the facility. A review of the harmonics generated in the 
voltage and current waveforms at both voltage levels for 
several operating levels allowed completion of an engi- 
neering analysis, which resulted in the selection of a 1200 
kVAR switchable capacitor bank to be installed in a wye 
connection at the 22,900V incoming line point just after 
the metering equipment.  This paper describes the results 

of the harmonic studies of the AC power, the pulsed loads 
required as measured at 480V, and the resultant overall 
harmonics generated at the 22,999V level by the pulsed 
loads when combined with the other normal AC loads at 
the Laboratory. 

II 480 VOLT TRANSMITTER STUDIES 

Jomitek, Inc. made a series of measurements on the five 
480V substation distribution system. The information 
(Ref. 1) obtained was very useful to the MIT-Bates tech- 
nical staff due to a lack of instrumentation which pre- 
vented observation of the normal operating loads for these 
substations. A report submitted to MIT-Bates by Jomitek 
focused on a power monitoring system proposal and ad- 
ditionally discussed the correction of the PF at the 480V 
or at the 22,900V level. 

Current and voltage measurements were taken for a 
single transmitter operating at several different levels and 
repetition rates (PPS). 

This information showed the harmonic levels to be 
maximum at the highest operating conditions. Various 
commercial companies have been offering power moni- 
toring systems with increased measurement capabilities 
and attractive pricing. 

+80V 

SWITCH TUBES 

TYPICAL OPERATING 
CONDITION 

600 pps,  23/uS 

MODE 
2 KLYSTRONS HVDCPS INDUCTR0L OUT 480V IN 

P + jQ 
(kw)      KVAR 

KVA 

IPK(A) EPK(kV) Erc(kV) IDCW EL(V) IL(A) IL(A) 

LOW 70 107 120 1.93 473 381 467 319 + j    221 388 

NORMAL 76 113 130 2.09 +93 397 521 360 + j    240 433 

MAX 95 131 153 2.62 610 500 66+ 500 + j    333 600 

GENERAL SCHEMATIC  FOR  ONE  OF  SIX  TRANSMITTERS 

NOTE:  TX6  HAS VVT,  NOT INDUCTROL 

Fig. 1. The schematic for a typical transmitter. 
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One transmitter was instrumented with current and volt- 
age measurements on the primary and secondary of a G.E. 
Inductrol unit and the input AC requirements for the 
HVDCPS transformer rectifier was determined for the 
present operating levels, which are lower than the original 
design specifications. The nominal pulsed parameters for 
an operating transmitter are: 23» S pulse width, 600 pps, 
and peak currents of 76A for each of the two paralleled 
klystrons being driven. Figure 1 shows the schematic for 
a typical transmitter. 

Additional transmitter harmonic measurements 
were taken using a METROSONICS commercial package 
on a single transmitter operating at the nominal operating 
conditions. Waveform and harmonic spectrum for the 
pulsed load typical 480V line current can be seen in Fig- 
ure 2. The voltage waveforms are not very distorted and 
are not shown to save space. The voltage waveforms 
have a total harmonic distortion expressed as a percent of 
the fundamental (THD%) of 3.5%, while the current 
waveforms were measured to have a THD of 22.5%. 

Ill 22,900 VOLT LINE MEASUREMENTS 

PLM, Inc. an engineering firm specializing in providing 
service to the utility firms in New England, and in par- 
ticular to MMED over the past several years on an as- 
needed-basis, was hired to determine if it was possible to 
implement a PF correction system at the MIT-Bates 
Laboratory, and if so where would be the best place on 
the power distribution system to install the equipment. 
PLM was given the earlier data and used some of this 
data to review the case for installation of the PF correc- 
tion at the 480V level. 

It was determined that the harmonic levels generated 
at the 480V level by the transmitters would require more 
analysis and there would be more risk, but with more 
benefits within the MIT-Bates distribution system. 
Certain filters would need to be determined and installed 
to prevent unwanted resonances peculiar to the variable 
harmonics generated by the nearby pulsed loads. 

In order to study the voltage and current harmonics 
at the 22,900V level, measurements of the harmonics 
generated at the incoming metering point were necessary. 
PLM then could evaluate the extent of these harmonics 
and the effects of a capacitor bank installed on MMED's 
transmission line. The typical harmonic spectrum for line 
voltages and currents is shown in Figure 3 at the 22,900V 
level. PLM engineers then performed an analysis (Ref.3) 
of the system under several scenarios. A one-line diagram 
of the approximately 5 mile long transmission line is 
shown in Figure 4 with all impedances shown referenced 
to the 22,900V level. The system resonance frequencies 
for a 1200kVAR and 1800kVAR banks were determined 
with a worst case operating voltage level 5% above 
nominal (under normal system impedance) and under a 
20% increased system impedance. The installation of a 
1200kVAR capacitor bank and the resulting harmonic 
currents flowing through the capacitors would not exceed 
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60Hz. 

Typical transmitter line currents at 480V-3Ph- 

the manufacturer's ratings of the capacitor units. For this 
proposed installation at the nominal system impedance, 
the system resonance frequency was calculated to be 
604.25 Hz. The bank would operate at 95.52% of the 
RMS capacitor voltage rating with a 3.52% THD. The 
capacitor RMS current was calculated to be 61.5% of the 
manufacturer's capacitor current rating. PLM, Inc. then 
proposed and MIT-Bates agreed to install a 1200kVAR 
PF correction system at the incoming 22,900V level as 
being the simplest most economical and least risk ap- 
proach to solve the main goal of increasing the load PF to 
>0.9 and avoid the demand charges associated with PF 
<0.9. 
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0.0« 
FUND 16th 32nd 

PHASE B VOLTAGE AMPLITUDE SPECTRUM 
MIT BATES LINAC Apr 26 1996 12:30 PH 

10.0% 

5.0! 

FUKD 16th 32nd 
PHASE B CURRENT AMPLITUDE SPECTRUM 

MIT BATES LIMAC     Apr 26 1996 12:31 PM 

Fig. 3. Typical harmonics for line voltages and currents 
at 22,900V and 4.0 MVA, 0.8 PF with 6 transmitters op- 
erating 

PLM then was charged to specify the PF correction 
equipment (Ref. 4) and to review the bids obtained. An 
order was placed with the low bidder for a Cooper Indus- 
tries rack mounted switchable capacitor bank to be pole 
mounted after the incoming line metering point. The 
system was delivered in January 1997 and awaits an in- 
stallation window of time for which the Laboratory 
power must be interrupted for about 4 hours to install and 
connect the equipment. MMED personnel have been 
given an installation contract including the pole, mount- 
ing the capacitor/switch assembly and connecting the 
capacitors to the 22,900V line. 

IV CONCLUSION 

The project to correct the MIT-Bates PF to > 0.9 is almost 
complete. Remaining work is to mount the capacitor 
switch assembly on the already installed pole, connect the 
units to the 22,900V lines and make a final checkout of 
the installation. Excellent cooperation between MIT- 
Bates technical staff, PLM, Inc. engineer and the MMED 
technical staff was an important part of the solution se- 
lected for implementation. The authors would like to 
thank the following persons for their contributions to the 
project: John J. Marczewski, Principal Engineer, PLM, 
Inc. and Paul Kilroy, Facility Coordinator, MMED. 

V REFERENCES 
Accelerator 
NY   12601 

MA 

[1] Power  Factor   Study   for  the   MIT-Bates   Linear 
Laboratory,  Jomitek  Systems,  Inc.  Poughkeepsie, 
January 21, 1993, Lawrence Fish, President 

[2] BMI Harmonic Survey for MIT-Bates, UPG.Inc.Brockton 
02401, Jay Donadio, Project No. U059613, April 26,1996 

[3] PLM, Inc. Harmonic Analysis, Proposed 23kV Capacitor Bank, 
Report/Letter, June 23,1996, John J. Marczewski, P. E. 

[4] PLM, Inc. Specifications for power factor correction at MIT-Bates 
Laboratory, June 7, 1996, Richard C. Gross, P. E. 

Infinite 
Bus 

0.357 

Notel 
+  |24 ♦ 12   I 

•-WW—OJUJU- 

uJLu. 

Essex 

J1.7253 

-TJUUUU- 

115 KV/ 22.9  KV 
TRANSFORMER 

kVA== 3,100 mm 2,500 

• 17,500' - 

0.4725 + j'1.365 

-n/W—ouuuo- 
795 MCM 

Gregory 
Street 

6400' 500C 

I 
I 

0.1728  + jO.4992 I 

-n/W—UUUUO—A- 

795 MCM 

0.305 + jO.473 
-AfV—UUUJO- 

396 MCM 

MIT 
BATES 

Note © Referenced at 
22,900V Level 

■ 600' - 

2,500 
VJJLU 
mm 

T4        T3 

2,500 mm 

T2 T1 

-r 
|      jO.0426     0.012  | 

-±-JUUUU MA—*- 

RATED 
200A/8.0 MVA 

2,500 L 1000 MCM 
*PF 

' ^P«^    correction 
^\xC    planned 

1200 kVAR total 

Fig. 4. Diagram of transmission line. 

3745 



HARMONIC RESONANCE ANALYSIS FOR PEP-II POWER 

FACTOR CORRECTION UPGRADES* 

C. Corvin, Stanford Linear Accelerator Center, Stanford University, Stanford, CA 94309 USA 

Abstract 

Recent upgrades to the high voltage utility 
distribution network at the Stanford Linear Accelerator 
Center have been accompanied by the installation of a 
large number of power supplies associated with the PEP- 
II B Factory project. These power supplies include a 
diverse assortment of single and three phase units, in two, 
six and twelve pulse configurations with chopped, pulsed 
and continuous loading. Viewed as harmonic power 
sources in a range from a hundred to several kilohertz, 
they have the potential to be in resonance with the utility 
system network, a condition to be avoided. This paper 
analyzes and evaluates these resonance conditions with a 
view toward adding electric power factor correction 
upgrades to achieve substantial cost savings associated 
with power factor penalty avoidance. Similar studies and 
upgrades at SLAC in the past have reduced electric power 
costs over time by several hundred thousand dollars thus 
providing the incentive to evaluate the recent upgrades to 
the PEP-II network. 

I. INTRODUCTION 

Since June 1994, electrical power factor correction 
systems at the Stanford Linear Accelerator Center, SLAC, 
have included a fixed capacitor bank and a synchronous 
condenser, both operating at 12,470 volts. The capacitor 
bank operates continuously to correct base load power 
factor and the condenser operates with a variable output 
to correct power factor for varying experimental loads. 
The site power factor for peak loads during SLC and SLD 
experimental operations have been consistent at 0.90 at 
roughly 52 megawatts. For synchronous condenser 
operations alone, the total of avoided power factor billing 
penalties from June 1994 until recently have exceeded 
$400,000. With the substantial completion of the PEP-II 
B Factory 12.47 kilovolt electric utility network in 1997, 
an evaluation of future site power factors at SLAC has 
been possible. Power factor levels will clearly change 
from those experienced during the SLC-SLD era. Unlike 
prior SLC-SLD operations, new modulator power supply 
loads for klystrons in PEP-II will have substantial power 
factor excursions associated with beam loading.   This 

variable, and a near resonant 12 kilovolt distribution 
network, add complexity to upgrades for power factor 
control. This paper evaluates the technical risks associated 
with PEP-II power factor correction upgrades and 
suggests effective technical solutions to avoid future 
substantial power billing penalties. 

II. OVERVIEW 

Budgetary projections of future PEP-II loads assume 
that in late 1997, the site power factor will be 0.93 at 67 
megawatts, an increase of 15 megawatts and 0.03 in 
power factor over the 0.90 power factor and 52 megawatts 
of recent SLC-SLD operating experience. A technical 
summation of the major new PEP-II loads describe a 
more complex view of the future as compared to the 
budgetary averages. The primary PEP-II load additions 
are ring magnet loads and modulator power supplies for 
klystron RF. The magnet loads should be quite good 
totaling 3.4 megawatts and 0.96 power factor. The 
klystron modulator power supplies are not as good 
however and vary depending on beam loading. At full 
load they should total 16 megawatts at 0.80 power factor 
and at minimum load they may operate as low as a total of 
8 megawatts at 0.55 power factor. Summing these with 
other site loads yields 60 to 68 megawatts total, at 0.87 to 
0.89 power factor depending on beam loading. To assure 
that site power factor does not degrade below the most 
recent level of 0.90, and instead improves, an additional 
source of leading reactive power should be added to the 
utility distribution network. 

The fundamental change to the electrical utility 
distribution network brought on by the upgrade to the 
PEP-II high voltage circuit configuration is to increase the 
total installed length of 15 kilovolt class power cable that 
feeds power to the PEP-II IR halls. This cable is nearly 
all 750 kcmil copper cable with 220 mils of ethylene 
propylene rubber insulation. The center conductor with 
the surrounding insulation and grounded outer shield form 
a series inductance with a shunt capacitance. Each power 
cable circuit then effectively establishes a low Q resonant 
transmission circuit. In general, industrial power circuits 
such as these are either too short or too long to create a 
resonant condition that would be of concern.  The new 
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PEP-II circuits however are somewhere in between. The 
effect of increasing power to the PEP IR halls and adding 
miles of new cable has been to lower the circuit resonant 
frequencies substantially. Shunt capacitors added to the 
PEP-II network can not only improve power factor but be 
used to shift otherwise harmful resonant conditions to 
more benign frequencies. The goal of this first study has 
been to identify the areas of risk and the best locations for 
the addition of shunt capacitors at 12.47 kilovolts. 

A complete engineering solution for power factor 
correction during PEP-II operations is not within the 
scope of this paper but is the logical next step. It would 
of necessity include attention to switching transient 
response, grounding, voltage regulation, and insulation 
coordination as well as the control scheme(s) for site 
power factor management. 

III. TECHNICAL 

The PEP-II electrical utility network consists of four 
high voltage circuits each operating at a nominal voltage 
of 12.47 kilovolts and radiating out of the SLAC master 
substation to the various PEP-II IR halls. Each of the 
circuits is a combination of series and parallel cable runs 
that total almost 8 miles of installed cable plant. The 
electrical circuit lengths are substantially greater than the 
physical routes of the right of ways which are almost 
entirely in underground cable duct banks. Per unit circuit 
constants used to model the cable network are typical for 
standard cables, and are: 0.038 ohms inductive reactance 
per 1000 feet at 60 hertz, 0.0171 ohms resistance per 1000 
feet at 60 hertz, and 416.6 ohms capacitive reactance per 
1000 feet at 60 hertz. These values are typical for the 133 
percent MV-90 design cable in use. The dielectric 
constant of the cable insulation varies by manufacturer 
and the date of manufacture (age). It is between 2.7 and 
3.0 . The X/R ratio is about 2.2 . For the preliminary 
results included here, mutual inductive reactance has been 
left out. As of the date of this paper some sections of 
cable plant are yet to be connected, with some being 
parallel and electrically floating, and some being long 
stubs, connected at only one end. 

The PEP-II harmonic power sources supplied by the 
utility feeders are power supplies located at the IR halls. 
By origin, 2nd order harmonics (of a 60 hertz 
fundamental) are produced by small single phase supplies 
but are often modest in magnitude. Single phase supplies 
in three phase groupings often sum to cancel most second 
harmonic content through one or more upstream delta- 
wye transformations. The triplen 3rd and 9th order 
harmonics appear in unbalanced supplies of any type. 
This three-nine signature is useful for locating faulty 

power supply regulator controls and thyristor trigger 
circuits. The 5th and 7th order harmonics appear in six 
pulse power supplies and the 11th and 13th orders 
dominate in 12 pulse power supplies. Higher order 
harmonics are also generated but are of lesser magnitude. 
For other frequencies, modulation of the power system 
power feeder circuits can occur at the chop, pulse and 
repetition rate frequency needed to supply their respective 
loads. PEP-II magnet power supplies are planned to chop 
at 20,000 hertz. Listing these harmonic sources gives 
orders of 2, 3, 5, 7, 11 and 13, plus 333. Since the 
addition of shunt power factor capacitors will lower 
resonant frequencies, the 4th and 8th orders, 240 hertz 
and 480 hertz respectively, are the lowest desirable 
frequencies of interest for power factor correction 
resonance as they avoid the source frequencies above. 
The addition of capacitors might seek to drive the final 
operating circuit resonant frequency center point there, or 
close to it, ideally 240 hertz if possible . The possible 
installation of 60 hertz inductors along with power factor 
capacitors is not considered here in that it does not 
consider the circuit impedances and resonances already 
installed and it adds unnecessary cost. 

The ideal location of power factor capacitors is 
usually recommended to be between one-third and one- 
forth of the total length of a distribution circuit taken from 
the circuit load end. This generally manages and 
distributes the voltage rise associated with pulling leading 
reactive power through lagging inductive cable circuit 
impedances. As the four PEP-II circuits are not 
accessible along their complete length some alternative 
location may have to be considered including placement 
at the circuit ends , at a PEP-II IR hall. 

IV. RESONANT UTILITY CIRCUITS 

As the utility network must at times be operationally 
switched, no single model is really correct for all 
conditions. Various configurations of cable circuit 
impedances are possible, however those models that 
combine to produce the lowest frequencies are of the most 
interest. Summations that maximize shunt capacitance 
and series inductance are listed in Table 1, below. For 
reference, the frequencies of the nearest harmonics, the 
9th, 10th and 11th orders, are also listed in bold type. 

Of first concern are IR-2 and IR-4 which bracket the 
11th harmonic at 660 hertz and are resonant at 698 and 
602 hertz respectively. Power factor correcting capacitors 
should be considered for those locations to shift resonance 
to a lower frequency. Of less concern are IR-10 and IR-6 
which bracket the 9th harmonic of 540 hertz, at 501 and 
551 hertz respectively. As the triplen ninth harmonic only 
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appears as a source under abnormal unbalanced 
conditions, IR's ten and six would not be primary 
locations for power factor capacitors. Shifting these 
circuit resonances as low as 240 hertz would require a 
sizable installation of capacitors. However a large 
installation may be both technically indicated and also the 
cost effective solution. 

PEP-II Locations, Net Circuit Resonant 
Harmonic Orders Length (ft) Frequency (Hz) 
IR-10 12585 501 
9th Harmonic 540 
IR-6 11440 551 
B-750, SLD-SLC 11040 571 
IR-12 11000 573 
10th Harmonic 600 
IR-4 10480 602 
11th Harmonic 660 
IR-2 9040 698 
IR-8 5365 1176 

Table 1: Lowest possible resonance frequency of 
PEP-II 12.47 kilovolt utility supply circuits with selected 
power supply harmonic sources shown in bold type. 

V. AVOIDED POWER PENALTIES 

Monthly power factor penalties are incurred at SLAC 
based on power factor and peak megawatt demand. The 
current maximum contracted rate of delivery, CRD, is 
limited to 53.903 megawatts [1] . PEP-II operations will 
exceed this maximum. Penalties will be set as power 
factor varies at peak demand above 53.9 megawatts. 
Table 2 describes the potential magnitude of these 
penalties. 

Max Penalty Power 
per month Factor 

$ 32,342 0.87 
$ 24,795 0.89 
$    0 0.95+ 

Demand 
(mw) 

60.0 
68.0 
68.0 

Table 2: Possible maximum SLAC power factor penalties 
for PEP-II operations. 

The quantity of new additional leading reactive 
power needed for PEP-II varies from a minimum of 3.5 
megavars to maintain 0.90 power factor, to 11.0 megavars 
to achieve 0.95 power factor. A simple per-unit cost for 
capacitors in this quantity, neglecting switching, transient 
suppression, and site related costs, is estimated at 7 cents 
per volt-ampere reactive. The most aggressive proposal 
for power factor improvement would then be 0.95 power 
factor at a capacitor (only) cost of $ 770,000. Simple 
payback from avoided penalties considering the costs of 
other equipment and related project costs would be less 
than 5 years. The penalty for not correcting power factor 
at all would run about $ 200,000 a year for eight months 
of annual PEP-II operations at peak demand. 

VI. SUMMARY 

PEP-II high voltage power distribution circuits are 
configured to present a potential resonant condition with 
non-linear PEP-II loads. Power factor capacitors can 
reduce the risk of an undesirable resonant condition and 
also reduce PEP-II operating costs for electric power. A 
project for a PEP-II power factor upgrade is indicated at a 
cost of about $ 1,000,000 with a simple return on 
investment of about 5 years. 
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Abstract 

To facilitate high sensitivity soft-X-ray magnetic circular 
dichroism experiments, we have developed a dynamic 
local bump system at the SRRC storage ring. This system 
was devised to vary dynamically the vertical slope of 
electron beam in a bend magnet, producing, in the 
electron orbit plane, soft-X-rays with an alternate 
elliptical polarization. The local bump was created by 
using two pairs of vertical correctors located on each side 
of the bend magnet. Bump strength coefficient was 
obtained from both calculated estimation and measured 
beam response matrix. Control electronics for proper 
bump strength settings was designed to incorporate the 
existed orbit corrector function. Corresponding graphic 
user interface was implemented so that bump amplitude 
can be easily adjusted. Performance of this system is 
presented. Disturbance on the stored electron beam orbit 
was observed while flipping of corrector polarity during 
EPBM operation. A local feedback loop developed to 
eliminate such disturbance on other beamlines is also 
described. 

1 INTRODUCTION 

The prospect of obtaining element- and site-specific 
magnetic information has stimulated a good number of 
experiments taking advantage of circularly polarized 
synchrotron radiation [1]. These magnetic circular 
dichroism (MCD) experiments, whether performed in 
—    radiation tilt up 

radiation tilt down 
R3BM2 

VC3      VC4 

unit: mm   0 460 1035 
ßy(m)    5.0 
a           -1.4 
My(2it)   1.70 

5.8 7.0 
-0.7 0.5 
1.714 1.726 

2595 2940 
2.8 2.3 
0.8 0.6 

1.794 1.808 

Fig.l.   Operational schematic illustration of the EPBM 
system. 

absorption or reflection, offer the possibility of 
determining the magnetic moment of each element in the 
material being investigated. It is expected to have an 
elliptical polarization from bending magnet (EPBM) 
operation mode which provides adjustable degree of 
polarization with polarity switching frequency of 0.5 Hz. 
This report describes the design and preliminary test 
result of a dynamic local bump system for producing 
synchrotron radiation with an alternate elliptical 
polarization. 

2 TECHNICAL FEATURES 

2.1 Spatial Arrangement 

The schematic illustration of EPBM mode operation 
isshown in Fig.l. The SRRC storage ring lattice structure 
is a triple bend achromat with six-fold symmetry and the 
EPBM beamline is situated at the second bending magnet 
of the section three achromat. As shown in the figure, the 
R3BM2 stands for the second bending magnet of ring 
section 3. VC1, 2, 3, 4 represent vertical correction 
magnets associated with the EPBM local bump 
generation. The electron beam trajectory can be either 
flipped up or down depending on the bump magnet 
polarity chosen. 

Since the EPBM configuration was new to the 
storage ring lattice, locations for installing extra 
correction magnets was limited by existing elements in 
the lattice structure, such as magnets, diagnostic and 
vacuum components. A compromised solution ends up 
with the arrangement given in Fig. 1. 

2.2 Bump Coefficient Determination 

With a specified user shift machine lattice, bump 
coefficient and strength can be determined by matching 
vertical beam position and slope at the intersection of 
lattice beam centerline and photon beamline. 

Estimated bump coefficient can be verified 
under DC mode operation and some fine adjustment may 
be practically needed. Example of an EPBM DC bump 
was shown in Fig.2 for illustration. A local bump in the 
R3BM2 region is added onto the regular user shift beam 
trajectory along the storage ring. One can also use the 
orbit difference monitoring tool to display beam orbit 
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change before and after the AC bump was applied with 
persistent option. The detail of this beam instrumentation 
tool is described elsewhere [2]. 

Beam Trajectory (vertical) 

0.2 

a. 
E 

40 60 80 100 120 

BPM Position (m) 

Fig.2. An EPBM local bump was generated in the 
storage ring section 3 under regular user shift lattice. 

2.3 Beam Response Matrix 

Another method to determined bump coefficient is using 
the measured beam response matrix [3,4]. The details of 
determining this EPBM local bump is described 
elsewhere [5]. This bump shape adjustment provides 
capability of convenient tuning in the future beamline 
commissioning, therefore the measured response matrix 
method was used for producing EPBM bump in this 
experiment. 

3 IMPLEMENTATION AND TEST RESULTS 

3.1 Control Electronics 

Functional block diagram is given in Fig.3. 

12: user specified 
to magnet power supplies 

polarization 
control    — 

bump amplitude 
control    — 

t + 
Q-iQ-iQ-iQ 

SYNC to user 

ramp generator ratio amplifier *4 

ILC03 
bump coefficient 

ILC12 
corrector strength 

EPBM mode enable   •*— 

EPBM mode request — 

Fig.3.     Functional  block diagram  of EPBM  control 
electronics. 

As shown in the figure, these bumpers act also as 
correction magnets. Consequently, the EPBM control 
electronics was designed to be able to provide 
independent corrector strength adjustments for both 
routine orbit correction and EPBM local bump 
generation. In switching the local bump polarity, a ramp 
generator was applied so as to keep polarity transient 

duration longer than the magnet response time of 25 ms. 
Tuning of bump amplitude was achieved by adjusting the 
bump amplitude control knob and the polarity switching 
frequency is determined by an external square wave 
function generator. 

3.2 Graphic User Interface (GUI) 

The EPBM graphic user interface was designed to 
provide easy adjustment of degree of polarization. The 
EPBM control page is shown in Fig.4. 

Fig.4. Display of present EPBM graphic user interface. 
Tuning knob settings of bump coefficient for four 

magnets were determined from measured response 
matrixes. These values have also been cross-checked 
through simulation and will be determined during EPBM 
beamline commissioning. 

3.3 Mismatch of the Eddy Current Effect due to Bellow in 
the Third Corrector And Its Phase Compensation 

faso'.önis £ni s' -37'4'mv 26 Nov 1996 
11:06:06 

Fig.5.   A 40 ms beam orbit shift was observed during 
EPBM bump polarity transient period. 

When EPBM was tested in AC mode, beam orbit 
disturbance was observed outside the EPBM local bump. 
After careful examination, it was found that the beam 
orbit disturbance was occurred during the transient of 
bumper polarity change. As shown in Fig.5, the vertical 
position of the electron beam monitored at one of the 
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BPM located outside the EPBM bump gives about 50 um 
beam position shift for 40 ms. This 40 ms period 
corresponds to the transient duration set by the control 
electronics and was caused by bump phase mismatch of 
the third bumper magnet. The vacuum chamber, where 
the third bumper magnet is located at, is a bellow type 
which is different from what the other three bumper 
magnets are associated with, a 5 mm thick aluminum 
chamber, was responsible for this bump mismatching. A 
compensation circuit was then built into the control 
electronics for the third magnet channel in order to 
compensate the mismatch due to eddy current. 

3.4 Beam Test Result with Local Feedback Loop 

Although the compensator in the EPBM control 
electronics provides reduction of orbit disturbance on the 
beam orbit during polarity transient period, further 
improvement is still desirable. In order to fulfill this 
requirement, a local feedback loop on the beamline of 
interest was put to test in stabilizing beam trajectory at 
upstream of the beamline. As illustrated in Fig.6, with 
EPBM control electronics operating at 0.5 Hz, a local 
feedback loop was setup for stabilizing beamline of 
R2BM3, whereas EPBM beamline is located downstream 
ofR3BM2. 

— : for R2BM3 beamline local feedback loop 
(in association with R2BPM5Y/6Y) 

R3BM1 

EPBM beamline 

Fig.6.   Schematic layout of the test run of EPBM with 
local feedback loop. 

As shown in Fig.7, beam position monitors within 
the region of applied feedback loop (R2BPM5Y, 
R2BPM6Y) and the outside one (R6BPM2Y) give beam 
position during this experiment. At the beginning of this 
experiment, beam position readings were recorded under 
normal operation mode. Then, the EPBM control 
electronics was turned on in order to observed its 
influence to the beam position fluctuation at upstream 
BPMs of a selected beamline. The local feedback loop 
was turned on three minutes later in order to suppress 
beam position fluctuation induced by EPBM operation. 
This experimental result indicates that with EPBM in 
operation, other beamlines may be disturbed by EPBM 
local bump mismatch during flipping of correctors 
polarity [3]. Beam position fluctuation of 40 urn 
(R2BPM5Y), 70 um (R2BPM6Y), 30 um (R6BPM2Y) 

were observed while EPBM was operating. This implies 
that beamlines located downstream of 
(R2BPM5Y/R2BPM6Y) and that of R6BPM2Y were 
greatly disturbed by this EPBM operation. However, 
when local feedback loop installed in the region where 
(R2BPM5Y/R2BPM6Y) located was turned on, the beam 
position was stabilized to have fluctuation within 15 (am, 
15 urn, and 25 um, correspondingly. 

1 
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0.8 

I   0.5~ 
I 
I   °'4 

a! 

-0.7 

-0.8 

-0.9 
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R6BP1121 

R2BPM51 

1000 2000 3000 4000 

Tim* (unit: 0.1 sec) 
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Fig.7. Monitoring beam position fluctuation while 
EPBM is operating and then is suppressed by local 
feedback loop. 

This indicates that installing the local feedback loop 
at the beamlines of interest can do a great help in 
stabilizing beam position at its upstream. 

4 CONCLUSIONS 

In order to fulfill a dynamic EPBM local bump operation 
requirement, a control electronic system has been 
developed for this purpose and the test results are 
presented. The EPBM bump coefficients were 
determined based on the measured response matrix and 
calculation. Beam orbit disturbance was observed due to 
phase mismatch among bumper magnetic field. It is 
shown that this phase mismatch can be greatly reduced 
with a built-in compensator in the control electronics. 
The residual orbit disturbance on other beamline can be 
further suppressed in cooperation with an associated local 
feedback loop. 
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Abstract 

An important technique used for the suppression of 
surface flashover on high voltage DC ceramic insulators 
as well as for RF windows is that of providing some 
surface conduction to bleed off accumulated surface charge. 
We have used metal ion implantation to modify the 
surface of high voltage ceramic vacuum insulators to 
provide a uniform surface resistivity of approximately 5 x 

10 Q/square. A vacuum arc ion source based implanter 
was used to implant Pt at an energy of about 135 keV to 

1 f\ 9 
doses of up to more than 5 x 10 ions/cm into small 
ceramic test coupons and also into the inside surface of 
several ceramic accelerator columns 25 cm I. D. by 28 cm 
long. Here we describe the experimental set-up used to do 
the ion implantation and summarize the results of our 
exploratory work on implantation into test coupons as 
well as the implantations of the actual ceramic columns. 

1    INTRODUCTION 

The voltage hold-off capability of a high voltage ceramic 
insulator in vacuum is poor compared to that of the 
ceramic material or the vacuum itself. Electronic 
processes lead to a discharge over the ceramic surface 
commonly referred to as "surface flashover".[l] The 
electrons originate from the negative end of the insulator 
assembly, most often at the "triple junction" (metal- 
ceramic-vacuum junction). The number of secondary 
electrons produced per incident primary electron is high 
(=10 for aluminum oxide at normal incidence) creating a 
net positive charge on the ceramic surface which increases 
the electric field gradient. Consequently the field-emitted 
current increases yet further. When the gradient exceeds 
the hold-off voltage in the vacuum, surface flashover 
results. 

After design measures used to reduce flashover such 
as polished corona rings are exhausted, flashover onset 
may be further retarded by adding a tolerable level of 
surface conductivity to the ceramic to bleed the charge 
away. The Photo Emission Electron Gun [2] for the 
Injector Test Stand at Thomas Jefferson National 
Accelerator Facility (Jefferson Lab) requires the 
application of this technique. 

The design voltage for the gun is 500 kV. Two 
ceramic insulating cylinders, in series, 28 cm in length by 
25 cm I. D. are used to stand off this voltage. Most 
methods for producing bleed coatings do not have high 
enough resistance for use at these very high electric fields. 
The excessive energy dissipated would heat the ceramic to 
unacceptably high temperatures. The coatings on 
insulators (Figure 1) in the photo emission gun are 
limited to resistances at the tens of Giga-Ohm level. 

Figure 1 
Ceramic Insulating Cylinder 

In an earlier version of the gun, a chromium 
sesquioxide, vanadium pentoxide system [3] was used for 
the bleed coating. For all insulating cylinders using this 
process, we found that the resistance values varied widely, 
were nonuniform and were not able to be adjusted to target 
values. The technique of metal ion implantation of the 
ceramic surfaces [4] proved to be a successful alternate 
technology. The ion implantation process was generally 
predictable and could be adjusted to target values during 
the process. 

2 ION   IMPLANTATION 

An LBNL broad-beam, multiple-cathode, vacuum arc ion 
source was used to produce Pt ion beams for the 
implantations discussed here. The source and implantation 
facility have been described in detail elsewhere [4-7]. 
Small implantation targets can be mounted on a radially 
moveable target holder. A magnetically suppressed 
Faraday cup that is temporarily moved into the beam path 
near the target location prior to beginning the 
implantation run is used to measure the beam current, and 
the required implantation dose is then accumulated by 
running for a pre-calculated number of beam pulses. 
Briefly, in typical operation, the metal ion beam is 
produced in pulses of 250 or 500 n.sec duration at a 
repetition rate of several (typically 1 to 20) pulses per 
second. The mean energy of the ions in the beam is 
usually in the range 50-150 keV, and the beam current 
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delivered to the downstream target is several hundred mA 
peak with the mean on-target beam current less than this 
by the chosen duty cycle, typically of order 1%. 

Note that the implantation is done in a broad-beam 
mode. The diameter of the ion beam formation electrodes 
("extractor grids") is 10 cm and the initial beam diameter 
is almost the same. In this mode of ion implantation, the 
broad area ion beam propagates line-of-sight from ion 
source to target; there is no magnetic analysis or beam 
bending, and the target is implanted over its complete 
forward-exposed surface at one time, in contrast to the 
conventional swept, focused beam approach used widely 
in the semiconductor industry. Important also is that this 
facility and mode of implantation are accompanied by an 
'automatic' charge neutralization feature - the broad area 
ion beam propagates in a self-produced sea of cold 
electrons that can provide more than enough neutralization 
for the potential charge build-up on the ceramic surface by 
the positive ion beam [8]. 

Figure 2, Rotisserie Detail with Ceramic Insulating 
Cylinder in Implanting Position 

For the work described here we fabricated an 
appendage to the implanter in which the ceramic 
insulating cylinder was housed and which allowed the 
cylinder to be continuously rotated while implanted. A 
rotating cradle (the "rotisserie") held the cylinder at an 
appropriate angle (35°) to the incident energetic ion flux 
while continuously, slowly rotating it about its axis so 
that the entire inside surface was implanted. The 
mechanism was insulated and high voltage resistance was 
monitored at selected times during the processing. For 
this geometry the entire surface area of the cylinder was 
exposed to the beam and implanted, but in order to 
maximize the implantation dose symmetry and uniformity 
we turned the cylinder 180° lengthwise in the cradle 
halfway through the implantation process. 

The type of ceramic used throughout this work was 
97% alumina with a surface finish of a few micro inches 
rms. Ion source extraction voltage was 65 kV, which for 
the Pt mean ion charge state [6,9] of 2.1 gives a mean ion 
beam energy of 135 keV. Note that for the 55° angle of 
incidence, the ion energy normal to the surface is 
135cos35° or 77 keV. The source-to-target distance was 
-2.5 m for this implantation set-up. 

The dc surface resistivity of the samples was 
measured using a 0-100 kV high voltage power supply 
and a current meter accurate to a few pA; most of the 
measurements were done with the sample (either small 
ceramic coupon or the actual cylinder) in vacuum, and at a 
voltage gradient of from 1 to 10 kV/cm. 

3   RESULTS 

We first investigated the effect of implantation parameters 
on the surface resistivity of small ceramic coupons of 
dimension 1 cm x 2 cm. The metal ion species 
investigated were Ti, Au and Pt; ion energy was varied 

from 50 keV to 135 keV; dose was varied from 1 x 10 

cm to 5 x 10 cm" ; and the angle of incidence of the 
ion beam upon the ceramic substrate was either 0° (i.e., 
normal incidence) or 45°; not all cells of this parameter 
array were tested. The most important and quite basic 
result from this preliminary exploration was that indeed 
the surface resistivity could be controlled in this way. 
Small surface cracks in the ceramic coupons, possibly 
introduced in the grinding stage of sample preparation and 
not at all easily visible in the unimplanted ceramic, were 
found to be a frequent cause of apparent irreproducibility; 
Interestingly, the cracks were considerably more visible 
after implantation. The dependencies of the resistivity on 
ion species, ion energy, and angle of incidence were small 
(over the range investigated), and the resistivity decreased 
with increasing implantation dose. 

After the work on samples, we chose to do 
implantation on the cylinders using Pt at 135 keV, and to 
mount the cylinder at the angle required so as to expose 
the entire inner surface to the beam. Platinum does not 
oxidize and is a good cathode material for the vacuum arc 
ion source. Our small samples indicated (with much 
scatter) that Pt was slightly more effective than the 
nearest competitor, gold. Future work would certainly 
address further the issue of the effect of implanted species. 

The surface resistivity as a function of implantation 
dose, under the conditions of the cylinder implant, is 
shown in Figure 3. In this processing we monitored the 
total number of implantation pulses, and the dose as 
shown in the figure is estimated from the pulse count 
based on RBS (Rutherford Backscattering Spectrometry) 
measurements [10] of the Pt dose implanted into small 
silicon coupons mounted in place of the cylinder during a 
calibration run. The required resistivity of approximately 

50 GQ/square was achieved for a dose of about 2 x 10 
ions/cm . The data point in Figure 3 that shows an 
apparent rapid drop in resistivity as a function of applied 
dose seems to be real; we speculate that resistivity 
tailoring by ion implantation is a complicated physical 
phenomenon that may lead to a highly non-linear 
resistivity vs. dose relationship, and that considerably 
lower resistivities than achieved (and wanted) here may be 
obtainable. No knowledge of the conductivity mechanism 
exists, but a negative resistance coefficient with respect to 
temperature leads to speculation that the mechanism is a 
semiconductor effect. 

We have not measured the Pt ion implantation dose 
or profile in the alumina. Measurement in the usual way, 
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roughness of the alumina, but we can make a good 
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Figure 3 Resistivity vs. Dose 

Three "production" cylinders were implanted. Each 
acquired nearly the desired resistance at 18 G£2 +- 5% (54 
Gii/square). A negative temperature effect was observed 
with a rise in resistivity of 50% upon cooling from the 
60 C implantation temperature to room temperature. The 
resistance at 20 C should dissipate 3.5 W per cylinder at 
design voltage, well below a power that could cause a 
thermal run-away. Two cylinders have been assembled 
into an insulating column assembly, installed in the gun, 
baked out at 250 C for several days and subsequently 
conditioned up to 420 kV. In situ resistance measurement 
of one cylinder, with vacuum on the inside and room air 
on the exterior, yielded a value of approximately 13 GQ. 
The nearly 1/3 drop is considered an effect of the 
conditions of measurement and attachment. No voltage 
dependence was seen in the in situ measurements using 
voltages of 10 to 100 kV. 

Using a conservative approach, the gun has 
subsequently been run at 350 kV for collection of a data 
set at this value. (Before upgrade to the new ceramic 
insulating cylinders, the data sets were taken at 250 kV 
and 300 kV.) Conditioning the gun at 500 kV+ and 
operation at 500 kV awaits production of a spare ceramic 
cylinder set and success at intermediate voltages. 

4  DISCUSSION   AND   CONCLUSION 

Unlike the original methods tried, Metal Ion Implantation 
achieved the goal of obtaining the tens of GQ value 
resistance required. The accuracy achieved was of a 
different class than the original methods, far more accurate 

because of the ability to monitor the decreasing resistance 
during the process. The method is also well suited to be 
the final process in a production sequence, where risky 
value-added features are already applied to ceramics before 
this high-value-added step. Note that before the 
continuous resistance monitoring feature was installed on 
the rotisserie, an implantation attempt undershot the 
target resistance. The cylinder was recovered to original 
condition by a simple sanding with diamond grit. The ion 
implantation method also appears to be well suited to the 
gun application, withstanding the bakeout and exhibiting 
no voltage dependence. However, more running experience 
would allow a firmer statement. The steep negative 
temperature dependence could result in thermal runaway 
for applications that have too low initial resistance and 
inadequate cooling. The investment in hardware and 
experience is now substantial and the ion implantation 
group at LBNL is ready to use this method in other 
applications. 
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Abstract 

Modern accelerators face the challenge of supporting 
increased machine complexity and higher levels of 
utilization while relying on downsized maintenance and 
support groups. To improve system availability, reduce 
reliance on system experts and provide a systematic 
approach to problem solving, an interactive 
troubleshooting guide has been implemented for the 
CEBAF injector at Jefferson Lab. This guide, which uses 
a tree structure with appropriate hypertext links, traces 
problems from a set of "symptoms," through a series of 
diagnostic tests, to a specific corrective action. This 
guide is used in conjunction with an active parameter 
monitoring system that is part of the EPICS control 
system tool kit. The monitoring system generates 
operator alarms when injector RF or magnet parameters 
fall outside pre-set windows. Operators receive 
immediate feedback when injector components vary from 
their standard values and the troubleshooting guide 
provides a systematic means to identify and ultimately 
correct the problem. 

1 INTRODUCTION 

CEBAF, the Continuous Electron Beam Accelerator 
Facilityfl], is a five-pass, recirculating, superconducting 
RF linac designed to provide a 4 GeV, 200 uA CW beam 
of exceptional quality. It is made up of an injector, two 
400 MeV linacs and nine recirculation arcs having a total 
beamline length of more than 4.5 kilometers. There are 
presently over 40,000 control points and more than 
120,000 database records in the control system[2]. 

During commissioning of the injector, problems 
affecting the electron beam parameters occurred on a 
regular basis. In order to minimize disruptions to the 
program, these problems had to be corrected as quickly as 
possible. To address this need, a group of personnel with 
injector expertise was assembled and placed on-call 24 
hours a day on a rotating basis. Once the commissioning 
phase was completed, however, the use of accelerator 
physicists to troubleshoot routine injector problems 
proved to be an intolerable drain on resources. A way for 
the operations crews to troubleshoot problems without 
the intervention of system experts was needed. 

The requirements for the system were that it should 
not require any special knowledge of beam dynamics, it 
should be easy to use with a point-and-click interface and 
hypertext links, and it should have an underlying 
structure that would guide the user from a specific 
symptom through a set of tests that would help identify 
the specific problem and, finally, to some corrective 
action. The goal of the guide was not to eliminate the 
experts,   but   to   answer   the   most   frequently   asked 

questions that account for 80-90% of the injector 
problems. 

2 THE PROCESS 

The first step in the creation of the troubleshooting guide 
was to define a set of symptoms that could then be passed 
on to the original on-call personnel for "solution." To 
gather the symptoms a search of the Daily Activity Log, 
the log book kept by the machine operations group, was 
conducted. This search led to three broad categories of 
problems commonly encountered in the injector. 1) an 
irregular or 'bad' spot on the beam viewer at a dispersed 
point immediately prior to injection into the first linac, 2) 
an injector orbit that was offset by more than ±0.5 mm, 
and 3) "Something's wrong with the injector"—a generic 
problem category. This last problem usually indicated an 
odd beam envelope downstream from the injector, 
suggesting that the injector beam phase space was no 
longer matched into the first linac. 

The second step in the process was to pass the list of 
"symptoms" out to the experts, who then generated 
flowcharts that specified a set of diagnostic tests to 
determine the possible cause for each symptom. As a 
cross check of the experts, an additional search of the 
Daily Activity Logs generated a list of actual injector 
problems that had been encountered in the control room 
and how they had ultimately been solved. 

The next step was to take the flowcharts for 
diagnosing the symptoms and break them down into steps 
while seeking commonality between the different flow 
charts. Once identified, these common elements could be 
written only once and then, using hypertext links, shared 
between the various diagnostic tests. This shared module 
approach led, however, to one long term problem: it 
made the overall "tree" a hyper-object with a structure 
that was not intuitively obvious without a diagram. As 
different people made changes to the tree to upgrade the 
guide or reflect changes in the injector itself, over time, 
the inconsistencies grew in number. This non-intuitive 
structure made maintenance of the guide difficult for new 
authors assigned to the task. 

The result of the flowcharts was a list of the precise 
procedures needed to diagnose the symptoms. Many of 
the procedures already existed among the 100 or so that 
had been written for the commissioning effort, although 
most were not in the form needed. In those cases, the 
directories of procedures were searched and the 
appropriate documents were rewritten. In some cases, 
new software was written to allow the required tests to be 
done more easily. Some of the procedures for diagnostic 
tests were written from scratch. Once written, these 
procedures went through a formal review process by the 
operations department and were corrected to reflect the 
recommended   changes.       As   these   modules   were 
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completed and corrected, they were collated for use in the 
final tree structure. 

At this point, we had a set of written procedures 
within a tree framework leading from a set of symptoms 
to possible solutions. Finally, it was time to decide on a 
delivery system for the troubleshooting guide—a way to 
get the information to the end user in the control room. 
We needed a system that allowed hypertext pointers from 
one document to another and a point and click interface 
that would be easy for the operators to use. The initial 
thought was to use the Worldwide Web and HTML to 
post the troubleshooting guide as a series of linked pages; 
however, the setup procedures written during the 
commissioning phase were in Framemaker® and a 
translation to HTML format would be very time 
consuming and make updating the documents more 
cumbersome. If the original procedures were not 
translated, however, they would not be available to a web 
browser, and if the operator needed the original 
procedure they would be forced to open the original word 
processing application. 

While the problem of what document delivery 
system should be used was studied, a preliminary test of 
the troubleshooting guide was performed using HTML. 
A copy of the tree was drawn out by hand and the 
corresponding HTML files were set up on a local web 
server. This system was deliberately very crude, with no 
graphics and little discussion, but it did provide the 
hypertext pointers and the basic Symptom-to-Diagnostic 
Test-to-Solution structure. This allowed us to look for 
dead ends and inconsistencies in the procedures that 
didn't show up while looking just at the tree or at the 
procedures alone. This test did not, however, settle the 
question of how to implement the final version and also 
raised the issue of change control for the pages in the 
guide. During the creation of the troubleshooting guide, 
multiple authors worked simultaneously, with multiple 
updates occurring in some instances. 

As the prototype system was going through testing, 
another group was working with the Alarm Handler, an 
EPICS tool, to generate a system that would passively 
monitor the signals generated by the injector and send the 
operators an audible and visual signal when the injector 
parameters went out of tolerance. The Alarm Handler 
was already being used to monitor the major accelerator 
systems during operation, and in its simplest form 
provided a set of window comparators looking at control 
signals defined within a tree-like hierarchy. When a 
signal moves outside a user-defined range, the Alarm 
Handler trips and the fault propagates up the tree to the 
top node and sets off an alarm. The injector Alarm 
Handler differs by comparing the signals in the injector to 
a pre-defined set of values. It ignores the question of 
whether the hardware is working properly and is only 
concerned with whether the signals are at a preset value. 
The allowed beam orbit through the injector becomes an 
alarm parameter, along with the magnet and RF settings. 
The idea was not only to provide a troubleshooting guide 
to solve problems after they occurred, but to give the 
operators a monitoring capability that would alarm as the 
beam    or the hardware began to drift away from the 

nominal settings. This system was implemented and has 
worked well within its limitations. 

3 IMPLEMENTATION 

The tests of the original HTML implementation of the 
troubleshooting guide revealed several problems with 
using the HTML format. There were questions about the 
stability of HTML as a language, since vendors freely 
added their own extensions to the language and these 
extensions were not serviced by all web browsers[3]. 
There were also concerns about document management, 
particularly with the large number of image and text files 
required to create the HTML pages. There was also the 
issue of control system security if operators were going to 
access the Worldwide Web from X terminals on the 
controls subnet. If the guide was made local to the 
subnet, then no external browser could view it. Finally, 
in the spring of 1996 the available tools for generating 
HTML were not well suited to such a large word 
processing task and long term maintenance of the raw 
HTML files was seen as a potential problem. To address 
these concerns, Adobe Acrobat0 was adopted to act as a 
delivery system. 

Acrobat is freeware published by Adobe Systems, 
Inc. and is widely used to distribute on-line documents. 
This conference's proceedings, for example, will be 
published using Acrobat. Acrobat runs on most 
platforms. It handles Portable Document Files (PDF)— 
an Adobe standard—that are created from any Postscript 
file using an Acrobat distiller[4]. Acrobat supports 
hypertext links within the document and uses a controlled 
file standard. FrameMaker and Acrobat are a powerful 
combination; hypertext links and cross references created 
in FrameMaker are automatically converted to hypertext 
links in the PDF files during the Postscript-to-PDF 
conversion process. The on-screen version of a PDF 
document looks just like the final printed version, 
allowing for off-line review and use of the document. 
Basic document control elements such as page numbers 
and header an footer information match the original 
document, and the fidelity of graphics and type fonts is 
also maintained. In addition, Acrobat acts as a plug-in for 
all major web browsers, allowing PDF files to be read as 
Worldwide Web documents (see Figure 1). 

One by one, Acrobat addressed our concerns. Since 
it uses a proprietary controlled file specification (the PDF 
file format), unlike HTML, there is no question about the 
long term stability of the file format and how it will be 
"extended" by other vendors. Acrobat is widely accepted 
as an emerging standard in the on-line publishing 
industry. It leverages the popularity of the Postscript 
page description language, and provides a convenient, 
reliable means of converting existing graphically rich 
document files for on-line display, without having to 
convert to HTML. Document control becomes much 
easier because one person controls the distiller that 
converts the files into PDF format. This person acts as a 
final quality assurance step in the documentation creation 
and revision process and provides a level of document 
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control by tracking revisions and maintaining consistency 
between documents. 

The authors have access to the original word 
processor documents in their original format and thus can 
use familiar, powerful document editing and formatting 
tools when document revisions are necessary. When 
changes are needed, the original document is updated and 
then reconverted to a PDF file—a short, very predictable 
process that avoids the unpredictable, labor-intensive 
conversion to HTML. The question of network security 
is also no longer a problem since Acrobat runs in a stand 
alone configuration on the controls network. These same 
PDF files can also be viewed remotely from a web 
browser. The only thing passed between the networks are 
the read-only PDF files. 

4 PROBLEMS 

There are two types of problems associated with the 
injector troubleshooting guide and the injector Alarm 

Handler: 1) the elements in the injector do not reproduce, 
and 2) the injector itself changes. The first problem is 
typified by the performance of a 100 keV 90° bending 
magnet. This magnet runs at such a low field that it is 
very difficult to remove hysteretic effects at the 0.01% 
level necessary to insure that the orbit through the magnet 
is reproduced on a day-to-day basis. This error, though 
small, changes the downstream orbit, which then sets off 
the Alarm Handler. To prevent this, the values in the 
Alarm Handler are updated when the device setpoints are 
changed, and efforts continue to improve the 
reproducibility of the devices. 

The second problem occurs as a result of ongoing 
work to make the injector more useful and reliable, such 
as the addition of a polarized electron source. Such 
changes can fundamentally change the tree structures of 
the troubleshooting guide and, since no single person is 
responsible for maintaining the troubleshooting guide, 
there is a need for periodic general updates of the 
document. As changes are made to the underlying hyper 
tree, it is important to carefully consider how these 
changes will affect the procedure as a whole. Past 
difficulties with maintaining the troubleshooting guide 
have lead to the creation of an overall flow chart of the 
document. Though it is never seen by the operators using 
the troubleshooting guide, the flow chart is maintained as 
a way to identify potential problems with the hypertext 
link structure and simplify document maintenance. 

5 RESULTS 

The injector Alarm Handler and the troubleshooting 
guide have proven to be a very successful combination 
and have reduced the amount of time spent 
troubleshooting the thermionic injector. This trend is 
evidenced the fact that the number of physicists 
supporting the thermionic injector has been cut in half 
without affecting injector performance and reliability. 
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Abstract 

RUNTIME ACCELERATOR CONFIGURATION TOOLS 
AT JEFFERSON LABORATORY 

M. G. Tiefenback, L. Doolittle, and J. F. Benesch, 
Thomas Jefferson National Accelerator Facility, 

12000 Jefferson Avenue, Newport News, VA, USA, 23606 

We have delivered beam from our polarized source for 
checkout of the source and polarimeters, and will soon be 
adding polarization to the configuration tasks. 

The overall goal is to provide a unified interface with 
minimal execution time and error rate for: 

RF and magnet system configuration and monitoring tools 
are being implemented at Jefferson Lab to improve system 
reliability and reduce operating costs. They are prototype 
components of the Momentum Management System [1] 
being developed. The RF is of special interest because it 
affects the momentum and momentum spread of the beam, 
and because of the immediate financial benefit of manag- 
ing the klystron DC supply power. We describe present 
and planned monitoring of accelerating system parameters, 
use of these data, RF system performance calculations, and 
procedures for magnet configuration for handling beam of 
any of five beam energies to any of three targets. 

1    INTRODUCTION 

The Continuous Electron Beam Accelerator Facility (CE- 
BAF) consists of two 1497 MHz recirculating electron 
linacs and the associated beam transport lines. Each linac 
provides a nominal energy gain of 400 MeV, for a final 
beam energy of 4 GeV after five acceleration passes. The 
injector provides three interleaved 499 MHz electron pulse 
trains, one for each of the three experimental halls. The ma- 
chine typically operates at a fixed linac energy for weeks at 
a time, with most of the magnets in the system held at a 
constant field during such times. The major exceptions are 
orbit feedback correctors and the magnets and RF separa- 
tors used for selecting the number of acceleration passes 
for the pulse train destined for each hall. 

The present implementation is file-based, using a collec- 
tion of awk, perl, and tcl scripts [2]. The user interface 
unifies these from an operator's perspective, but has been 
used so far only for generating RF and magnet parameters. 
Configuration data generated is downloaded by operators 
with the standard tools used during accelerator operations. 

2    TYPICAL CONFIGURATION TASKS 

The configuration needs of the accelerator, generally in or- 
der of frequency of execution, are: 

• Configure linac gradient distribution respecting: 

- RF cavity performance 
- RF system line power consumption 
- available klystron power 

• Switch beam destinations 
• Switch pass count of beam to a hall (coarse momen- 

tum control) 
• Provide variable acceleration per pass (fine momen- 

tum control) 

• RF reconfiguration 
• changing beam destination or pass count 
• changing acceleration per pass 
• setting on-target polarization 

The most mature of the configuration tools is the RF 
gradient calculation. It is used to determine usable gradi- 
ents for the RF cavities at the expected total beam loading, 
which are then used to distribute gradient along the linacs. 

3   REGIONS OF THE ACCELERATOR 

The accelerator is naturally divided into regions succes- 
sively occupied by the beam as it is accelerated and ex- 
tracted (see Figure 1). Interlocks for devices such as valves 
and vacuum pumps must be enabled while carrying beam, 
but may be disabled for maintenance. Information defining 
the active portions of the machine for system configuration 
is exactly that needed to support an advisory (and possibly 
control) interface with the machine protection system. 

45 McV injector 

0.4-GeV Linac 

Extraction 
elements 

End 
stations 

Figure 1: The accelerator is naturally divided into the seg- 
ments between branch points occupied by the beam on its 
path to the experimental halls. 

With respect to magnet configuration (generally parallel 
to the machine protection system), these regions are: 

• injector (momentum, current, polarization on target) 
• linac quadrupoles (matched to RF acceleration profile) 
• beamline for each of the first four acceleration passes 

to the extraction septum 

0-7803-4376-X/98 /$ 10.00 © 1998IEEE 3758 



• extraction line (with RF separators) for each of the 
first four passes 

• fifth pass transport including the final extraction line 
• destination switching in the beam switchyard 
• hall transport lines (variable momentum) 

4   RF HANDLING 

The primary goal of line power management is provision of 
adequate beam power within constraints set by the electri- 
cal utility's demand charge schedule, rather than incremen- 
tal reduction of energy use. Excessive power demand in- 
creases the billing rate for all site power usage. The power 
usage is adjusted by a combination of reducing the klystron 
DC supply voltage and reducing the cathode current (using 
the klystron modulation electrode). The system character- 
ization required for efficient use of the available capacity 
also results in early identification of weak components. Re- 
ducing the klystron cathode current also allows reduction 
of the filament temperature without running the cathode in 
emission-limited conditions. This increases tube lifetime 
and decreases maintenance costs and frequency of online 
failures. 

4.1   Limitations on RF Gradient 

The calculation of maximum gradient for each RF system 
outlined below uses both generic and individually mea- 
sured characteristics. Measurements for individual RF sys- 
tems include the rms acoustic vibration level and loaded 
Q. Generic dependences on klystron voltage and cathode 
current are used to extrapolate from measured conditions 
to other configurations. The information required for RF 
configuration is: 

• Klystron DC HV and cathode current 
• Active cavity complement 
• Required energy gain per linac 
• Anticipated beam loading 
• Limiting gradient for each cavity 

Assuming that the cavity accelerating voltage E itself is 
fixed, the fields in the cavity satisfy the vector equation: 

1-3 Ulf 
E RJ (1) 

where K is the incident wave amplitude in VWatts, Rc is 
the coupling impedance QL ■ (r/Q), Ud is the (time vary- 
ing) frequency error, and w/ = O>O/2QL- The detuning 
angle <j> is given by 

tan($) -<*>d 

Uf 

The circulating beam current /(the sum of current for each 
experimental hall times the pass count) is used to calculate 
the maximum gradient each RF system can support. 

For any given machine setup, the available gradient \E\ 
is computed on a cavity by cavity basis, given an assumed 

current \I\. The power available from the Klystron is de- 
rived by scaling from available measurements by (cathode 
voltage)5/2, and then derated if the cathode current is re- 
duced by use of the modulation electrode of the klystron. 
The value of uJd/wf is conservatively estimated to cover 
three sources of detuning: 1.) 3.5 times the measured rms 
acoustically driven detuning for that cavity, 2.) a 10° al- 
lowance for the deadband of the mechanical tuner control 
and 3.) an 8° allowance for drift and other tuner control 
loop errors. The machine is assumed to be operated with 
perfect cresting (/ || E). 

The final value for available E for each cavity is lim- 
ited to the maximum rated gradient for that cavity. These 
maximum usable gradients are downloaded into the con- 
trol system as limits on the gradient setpoint for each RF 
system. The actual gradient setpoints are subsequently cal- 
culated online [3] as needed, the operators providing any 
additional limits appropriate from time to time (due to 2K 
region waveguide vacuum degradation, or instability of the 
RF regulation, as common examples). All operational cav- 
ities not used for feedback energy stabilization are set to 
the same fraction of their available gradient. An empiri- 
cal scaling factor input by the operators for all cavities in a 
linac (typically between 1 and 1.01) allows for beam setup 
even with some of the cavities off-crest. The total energy 
available from all cavities in the linac is compared with 
the desired machine setup; we call any available E beyond 
that required for setup of each linac our headroom. Head- 
room values less than 10% of the desired linac energy gain 
have been operationally difficult, given the remaining un- 
certainty in the calculations and demands on this reserve as 
cavities are taken offline for maintenance. 

4.2   Additional RF Optimizations 

Minimizing the momentum spread of the beam delivered 
to the experimental halls requires on-crest acceleration of 
the beam in each RF cavity. Once the crested phase set- 
point is determined, the cavity must be run near resonance 
for greatest efficiency of coupling RF power into the beam. 
Both of these parameters are measured periodically at CE- 
BAF [4,5], as the regulation systems for both have residual 
drifts from thermal effects and aging of components. 

The relative phase of the RF drive field K and cavity 
field probe signal E in Eq. 1 is a monitored as the detun- 
ing angle. For cavities properly crested and on resonance, 
K, E, and I are aligned. The beam loading dependence 
of the detuning angle allows for passive monitoring of the 
difference of these two parameters during normal opera- 
tion. Interruption of the delivery of as little as 100 fiA of 
total circulating current, whether due to a system fault or 
deliberately, causes a shift in detuning angle from which 
the phase relationship of the beam loading and the klystron 
drive power may be calculated. This provides individual 
monitoring for each cavity in the system. Independent drift 
of either parameter can be detected, and the periodic crest- 
ing and cavity tuning measurements mentioned above will 
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detect accidentally coincident drifts. Shifts in both of these 
parameters have been observed in the past due to degraded 
cabling or to internal RF module faults. Early detection and 
correction are very desirable. 

5    MAGNET HANDLING 

The control parameter used for the magnets is the straight- 
line path integral of magnetic field (G cm) for dipoles or of 
gradient (G) for quadrupoles. Future plans are to provide 
a beam momentum value for each point in the system, so 
that the control system can calculate the required magnet 
current from geometrical parameters such as lens strength 
or bending angle. Scaling the system to various energies 
is expected to be possible using a master template. As we 
develop experience with the machine at different energies, 
we expect to be able to separate the corrections required 
for static perturbations like the earth's field. We have had 
ia few occasions to use linac energy gains other than 400 
MeV, and scaling all magnetic fields with the beam mo- 
mentum has provided a good starting point for final tuning. 

5.1   Beam Switchyard and Recombiners 

During most accesses to the experimental halls, we divert 
beam to the beam switchyard (BSY) tuning dump for use 
in commissioning tests or in system checkout and retun- 
ing. At other times, we prepare for delivery of beam of 
a different energy to an experimental target by changing 
the number of acceleration passes for the beam before it 
is directed to the BSY dump. These switchings of beam 
destination and pass count are simple in concept but have 
been demanding in practice. The switchyard consists of 
a vertical recombiner mirroring the spreader near the ex- 
traction elements at one corner of the main accelerator (see 
Fig. 1) and a 3-aperture Lambertson magnet which directs 
the beam to the three experimental hall transport lines. 

By design, the vertical dipoles of the recombiner should 
be set for fixed bending angles for the beam, with switch- 
ing among the various destinations effected by referring to 
a lookup table for the necessary settings. We have found 
anomalous steering variations of the scale of 50 microradi- 
ans at the exit of each of the similar recombiners feeding 
the linacs, potentially associated with variations in the rel- 
ative timing of cycling the drive currents of these closely 
spaced dipole strings for remanent field control. These 
(along with distributed but identified problems with the in- 
dividual quadrupole and steering magnet channels) are the 
largest remaining sources of irreproducibility in the ma- 
chine setup. We are presently searching for sources of cou- 
pling between the various magnet strings in these areas, and 
hope soon to have fixed steering settings for these critical 
regions. 

and needs comprehensive system monitoring and reliable 
setup tools. We are identifying the remaining uncontrolled 
parameters in the system, instituting monitors for early 
identification and correction of systems which are prone 
to drifts, and removing the last major obstacles to high re- 
liability operation of CEBAF for nuclear physics research. 
The processes unifying the configuration interface for ma- 
jor accelerator subsystems (magnets, RF, and the machine 
protection system) will ultimately be greatly improved over 
the prototypes being implemented, but those future devel- 
opments will be significantly aided by the multi-system in- 
tegration being done now. 

7   ACKNOWLEDGEMENTS 

This work is supported by the United States Department of 
Energy under contract DE-AC05-84-ER40150. 

8   REFERENCES 

[1] "Mom-management.doc" by B. Dunham, G. Krafft, and 
R. Legg, and "Software Requirements for the Momentum 
Management System" by Michael Tiefenback; CEBAF inter- 
nal development specifications. 

[2] Awk, perl, and Tcl/Tk are standard Unix scripting and in- 
terfacing tools, freely available. Perl and Tel are becoming 
available on DOS/Windows platforms, as well. 

[3] "Rapid Application Development Using the Tcl/Tk Lan- 
guage," J. van Zeijts, Proceedings of the 1995 Particle Ac- 
celerator Conference and International Conference on High- 
Energy Accelerators. 

[4] "Automated RF Cresting at CEBAF," M. G. Tiefenback and 
Kurt Brown, Tech. Note CEBAF-TN-96-020; "Beam-Based 
Phase and Gradient Calibration of CEBAF RF Systems," 
these proceedings. 

[5] "Parallel SRF Cavity Tuning by MO Modulation," L. Doolit- 
tle, CEBAF internal procedure. 

6   SUMMARY 

The CEBAF accelerator will be delivering beam simultane- 
ously to all three experimental halls in the coming weeks, 
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HIGH POWER ELECTRON BEAM DUMPS AT CEBAF 
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Facility, 12000 Jefferson Avenue, Newport News, Virginia 23606 U.S A. 
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Abstract 

The CEBAF accelerator produces a very small emittance 
CW electron beam of up to 200 |J,A average current. 
The resulting beam power, up to 1 MW at 5 GeV, and 
the very high beam power density, pose challenging 
problems for beam dump design. Two styles of high 
power dumps have been developed. The first, rated for 
100+ kW, is used for beam tune-up and accelerator 
commissioning. The beam power is entirely contained 
in metal in this dump, minimizing the problems 
associated with radioactive water handling. Full power 
1 MW dumps are used with the experimental halls. In 
these dumps, one-third of the beam power is directly 
absorbed in water. Both dump designs require the beam 
to be rastered when the smallest beam sizes are used. 
Design details for each of these dumps will be presented. 

1 COMMISSIONING AND TUNE-UP DUMP 

The commissioning and tune-up dumps at Jefferson 
Lab were designed to help commission the Continuous 
Electron Beam Accelerator Facility's first linac. The 
same design was also employed as a tune-up dump for 
commissioning the entire accelerator. One dump is 
located at the end of the first linac and can be used to 
test CEBAF's injector and first linac to its full current 
rating of 200 |iA and 600 MeV, or 120 kW. The second 
commissioning and tune-up dump is located in the beam 
switchyard just upstream of the experimental halls, 
which allows full accelerator operations without sending 
beam to one of CEBAF's three end stations. It is rated at 
6 GeV and 100 kW of beam power. The full energy 
ratings of these dumps are given in FIGURE 1. Note 
that below 600 MeV the dump is current limited to 
protect the first copper window. The northeast stub 
dump has been in operation since early 1993. The beam 
switchyard dump has been in operation since the fall of 
1994 and has been used at up to 5500 MeV and 100 kW 
of power. Further description of these dumps can be 
found in CEBAF Tech Notes [1,2]. 

A cross sectional view of the commissioning and 
tune-up beam dump is given in FIGURE 2. The dumps 
consist of a copper window section, 87 cm of drift space 
with an aluminum jacket, a solid aluminum core section 
and finally 29 cm of copper. The entire dump is edge 
cooled by two separate deionized (DI) water circuits. 

The first circuit supplies 0.3 L/s for the copper windows 
and rear copper section, and the second, 1.3 L/s for both 
the aluminum sections. Two individual circuits are used 
to avoid any galvanic corrosion resulting from copper 
ions and aluminum. An EGS run for 0.6 and 4.0 GeV 
into the dump is shown in FIGURE 3. 
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FIGURE   1.      Current   and   power   ratings   for   the 
commissioning and tune-up dumps. 
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FIGURE 2. Cross sectional view of the commissioning 
and tune-up dump. 

The window section consists of two 0.3 cm thick 
edge cooled windows brazed into a stainless steel jacket. 
The window section serves three purposes. First, it seals 
the accelerator vacuum. Second, the two windows 
scatter the beam before it reaches the main aluminum 
body, eliminating the possibility of melting the main 
body. Finally, the two windows provide a trapped gas 
interlock to detect a possible burn through of either 
window. The space between the two windows is filled 
with pressurized helium gas. If the first window fails, 
the accelerator vacuum will spoil and quickly shut down 
the beam. If the second window fails, a pressure 
transducer will detect the loss of pressure and provide an 
alarm. The beam is rastered on a 2 cm diameter circle at 
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60 cps to help alleviate any possibility of any burn 
through. With rastering and a 200 ^lA beam, the average 
temperature in the window is HOC. 
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FIGURE    3.     Axial    power    deposition    in    the 
commissioning and tune-up dumps. 

The aluminum drift space region provides room for 
the beam to spread radially to lower the power density in 
the main body. The section is filled with helium gas at 
just over 1 atm, less than the pressure in the window 
section. Only scattered beam is intercepted in this 
region. The main aluminum body absorbs most of the 
beam energy. Aluminum was used for the main body to 
allow the beam power at 600 MeV to be distributed 
along the length of the dump so that the peak heat fluxes 
into the water were at conservative levels, no greater 
than 100 w/cm2. For the worst case beam power of 120 
kW, 200 |iA and 600 MeV, the peak temperature in the 
aluminum section at shower maximum is predicted to be 
480 C, 12.5 cm into the body of the aluminum. At the 
start of the main body, temperatures are predicted at 300 
C, about half the melting point of aluminum. 

The copper section at the rear of the dump absorbs up 
to 27 percent of the power at 4 GeV. This section was 
added at the end of the dump, were the beam is fully 
dispersed, to reduce the overall length of the dump. It 
consists of a solid cylinder of copper with machined 
water channels on the diameter, brazed into a stainless 
steel jacket. This section is not thermally stressed, with 
maximum heat fluxes to the water at less than 60 w/cm2 

at 4 GeV. 

2 END STATION BEAM DUMPS 

Two of Jefferson Lab's three experimental halls, 
Halls A and C, are capable of running experiments at 
CEBAF's design energy of 4 GeV and 200 uA. The 
third, Hall B operates at a much lower current. In order 
to safely dissipate the beam in the high power end 
stations, beam dumps capable of absorbing 1 MW, 5 
GeV and 200 \iA are used.    These dumps are also 

capable of dissipating energies up to 10 GeV with 
reduced currents so that the maximum power is held 
constant at 1 MW. The dumps are housed at the end of 
33 m, heavily shielded tunnels after the end stations. 
Each dump is cooled by a closed loop DI water circuit. 
The Hall C dump has been in service since the fall of 
1994 and the Hall A dump since the fall of 1995. To 
date, the dumps have been used at 4.05 GeV and up to 
180uA,or728kW. 

The cross sectional view on an end station beam 
dump is given in FIGURE 5. The dump consists of an 
internal aluminum plate heat exchanger surrounded by 
an all aluminum pressure vessel. Heat exchanger 
designs from 30% to 100% water were explored with 
the final design being a 50/50 ratio by volume. The final 
design was decided on to seek a practical maximum in 
the fraction of total beam power absorbed in the metal. 
There are 20.8 rl of aluminum and 3.1 rl of water in the 
heat exchanger so that 70 % of the power is absorbed 
directly in the aluminum. This design minimizes tritium 
production, hydrogen evolution, and short term 
activation in the cooling water, as well as the long term 
activation trapped in the DI filters. 

*     5 GeV,200 uA 

—■—10 GeV, 100 uA 

100 150 

Axial Postlon  (cm) 

FIGURE 4.      Average derivative axial power for 50% 
Al, 50% water by volume beam dump. 

An EGS run for 5 GeV and 10 GeV beams into a 
50% Al, 50% water by volume beam dump is given in 
FIGURE 4. During operations the beam is either 
rastered, or scattered so that the spot size on the dump 
face is a minimum 4 cm diameter to an 8 cm diameter 
maximum. The beam dump was designed based on a 
beam spot of 4 cm. The maximum power deposition 
occurs approximately 55 cm into the dump and is 
11.3 kW/cm average, or 15.4 kW/cm in the aluminum. 
Using the EGS calculations, the thicknesses of the plates 
were sized so that the maximum heat flux to the water 
was less than 200 w/cm2. The plates range in size from 
0.48 to 2.54 cm. For the first 70 cm of the dump, the 5 
GeV beam governs the plate thickness, with the 
remainder of the heat exchanger design based on the 10 
GeV case. Peak temperature in the aluminum plates is 
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FIGURE 5. Cross sectional view of the end station beam dump. 

190 C. The flow rates through the heat exchanger range 
from 0.9 to 2.3 m/sec with a volumetric flow of 13.9 L/s, 
yielding a 17.6 C rise in the water at 1 MW. A 7.6 cm 
nozzle at the end of the heat exchanger focuses the 
cooling water at 3.6 m/sec onto the entrance window of 
the dump. The water is then returned to the rear of the 
dump before being returned to the pump building. 

The pressure vessel, as well as the heat exchanger, is 
made entirely of 6061 aluminum in the T6 condition 
whenever possible. Aluminum was chosen because the 
radiation levels in aluminum are about one-eighth of 
those of stainless steel within two to seven days after 
running beam. The vessel was designed to the ASME 
Pressure Vessel Code, Section VIII for an internal 
pressure of 1 MPa gauge at 93 C with an extra 0.16 cm 
external corrosion allowance added due to concerns of 
nitric acid evolution in the dump tunnel. In practice the 
dump pressures are between 0.34 and 0.41 MPa gauge. 

The beam window of the dump is a fine grain forged 
6061-T6 flared and dished head. The fine grain forging 
was used to reduce radiation damage effects which 
propagate at the grain boundaries [3]. It has a code 
required nominal thickness of 1.6 cm which is reduced 
to 0.95 cm for the central 10 cm of the head where the 
beam enters the dump. The central part of the head was 
reduced in thickness to lower the amount of beam 
energy deposited in the metal. At 1.6 cm, the calculated 
temperature in the window would be above that allowed 
for the corresponding pressure vessel stresses. At 
0.95 cm, the expected power in the window from a 
200 |JA beam is 1.6 kW with peak temperatures in the 
window below 150 C. The membrane stresses in the 
window are then within those allowed by the code for 
that temperature. The window is sealed using a 
Helicoflex type gasket and bolted with 3.8 cm 2024-T6 
aluminum studs and silicon bronze bolts. Aluminum 
studs were used in order to match the thermal responses 
of the rest of the aluminum vessel. 

3 SUMMARY 

Two types of beam dumps have been in use at 
Jefferson Lab for several years. The intermediate power 
dumps have been used successfully through their entire 
design rating. The end station beam dumps have seen 
three quarters of their design power and plans are in 
place to commission them to their full current rating this 
year. 
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DIAGNOSIS OF INDIVIDUAL CELL FREQUENCIES 
IN A COUPLED CAVITY CHAIN WITHOUT INTRODUCING 

OBJECTS INTO THE CAVITY 

Ni Yi, Xiao Liling, Tong Dechun, Tian Bo, Jin Qingxiu and Huang Yuanzhong 
(Dept. of Engineering Physics, Tsinghua Univ., Beijing 100084, P.R.China) 

Abstract 

In this paper, a new method that can diagnose the cell 
frequencies in a cavity without a perturbing probe is 
presented. The cell frequencies and couplings between cells 
are estimated in terms of the measured pass-band 
performance. This method will simplify the tuning 
processes and make the tuning of a sealed cavity possible. 
It has been well checked with some numerical examples. 

1. INTRODUCTION 

To research and manufacture a linear accelerator, it's 
necessary to tune the cavity carefully. In order to 
determine the tuning direction of each cell, the ordinary 
means is to insert the perturbing probe into the cavity to 
measure the frequency cell by cell. Therefore, it takes 
much time and work. It would be more inconvenient to 
tune a long cavity or a non-uniform one. Moreover, if a 
sealed cavity is out of shape while sealed or installed, its 
detuned state can't be dignosed with the perturbing object. 
On the other hand, for a superconducting cavity, its field 
flatness is strictly demanded, it requires more careful 
tuning. But when the cavity is under operating conditions 
and in a bath of liquid helium, it is much more 
complicated to measure the field with a perturbing probe. 
With the development of computer science, numerical 
computation and intelligent instrument, it will be a 
signficant task to develope a method that can estimate 
each cell's frequency without a perturbing probe. 

At the early of 1980's, while testing a 
superconducting cavity in CERN, E.Hable and 
J.Tuckmantel developed a method based on coupled 
resonant model that can calculate each cell's frequency 
through measured resonant frequency of the cavity"1. Their 
cavity was a uniform single period one consisting of 5 
cells. Because of superconducting, loss of each cell can be 
ignored. The varying range of each cell's frequency is 
small, so it was treated as a first order perturbing problem. 
In article'21, a method using measured resonant frequency 
and its relevant field distribution to calculate each cell's 
frequency was described. This method can reduce tuning 
work, but can not be used to a sealed cavity. 

Now a general object is discussed, which has a long 
or non-uniform chain with loss of each cell considered. 
The fundamental method is by means of the passband 
information got from RF network analyzer and computer 
data acquisition system to calculate each cell's frequency. 
The method has been well checked by some numerical 
examples. 

2. FUNDAMENTAL METHOD 

As shown in Fig.l, the pass-band performance of the 
cavity is measured from RF network analyzer. The 
frequency span and step can be adjusted as needed. The 
measured results are illustrated by the pass-band 
performance curve p(F). And the measured data are 

analyzed by the PC computer. 
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Fig.l The data acquisition system of the pass-band performance of a 
coupled cavity chain 

O-7803-4376-X/98/S10.0O© 1998 IEEE 3764 



In general, each pass-band performance of TV-cell 
accelerating structure consists of N dispersion modes. A 
typical pass-band performance curve p(F)is shown in 
Fig.2. 

p(F) I 

::!yffl W 
P« 

FiFr- Fr-- FN F 
Fig.2   The typical pass-band performance curve p(F) of 

coupled cavity chain 
Of course, the pass-band performance p(F) can be 

also calculated directly. The fundamental method is based 
on the equivalent circuit model of a coupled cavity [3] 

(shown in Fig.3) 

koi ko2 koi-i kON-l 

Fig.3 Equivalent circuit of a coupled cavity 

f   and Qn are the resonant frequency and quality 

factor in then* cell (n=l,2, N); k0n (n=l,2, N-l) and 

k]n   (n=l,2, N-2) are the  nearest  and  next   nearest 

neighbour couplings between cells, respectively, ß is the 

coupling factor between the input waveguide and the 
resonant cavity. 

If fn,Qn,k0n kln,   ß and the position of coupler 

are known, pc(F)can be calculated by solving the 

algebraic eigenvalue equations of the coupled cavity chain. 
In the following, the letters with the subscript "c" or "m" 
represent the calculated or measured results, respectively. 
The letters with bar are used to espress the related row 
vectors. 

f = (f„f2, fN) Q = (QPQ2. QN) 

ko =(koi>k02, ^ON-I) 

kj =(kn)k12, k1N_2) 

F = (F1,F2, FN) p = (p„p2, pN) 
Now we want to solve the instrinc parameters of 

each cell from the measured characteristic parameters of 
coupled cavity chain. In mathmatical sense, this is a 
reverse problem of matrix's eigenvalue. If the problem can 
be sovled, diagnosing the cell frequencies of cavity 
without introducing any objects into cavity is possible. 

The previous method to solve the problem was only 
suitable to a short single- or bi-periodic structure'41. The 
cell       parameters       are       (f0,Q0,k0,kj)        or 

(fpf2,QpQ2,k0,   ku,k12).  For a superconducting 

structure, the quality factor in each cell is very high and 
the loss can be ignored. If the number of cells (N) is more 
than that one of the cell parameters in a cavity, the least- 
squares method can be used to estimate the cell frequencies 
and couplings between cells from the measured N 

dispersion frequencies Fm>. In this paper, a method to be 
suitable for a more common structure is developed, in 
which the measured pass-band performance pm(F) and 

the dispersion modes pm, Fm are used to estimate the cell 

frequencies and couplings between cells. A special 
computer method and program are described in next 
section. 

3. DESCRIPTION OF CALCULATING METHOD 

In order to simplify the numerical process and 
consume less time, at the beginning, it is supposed that 
kt and Q  are known, only 2N parameters (f,k0,ß) 

need to be found. 
The following goal function is defined, 
N N 

e = S(Fci-Fmi)2+WE(Pci-Pmi)2 

i=l i=l 

where W is a weighted factor. 
In our calculating program Newton151 and Simplex161 

Methods are combined. Therefore, this program has such 
advantages as wide initial data, quick convergence and high 
precision. 

First, a set of guess values f, k0 and ß with a wide 

scale are taken as the initials of Simplex method. 
According to the error crition (£ < EPS1) or the limit 
number of iterations (MOF), the solutions that are close 
to the true one were found and taken as the initials of 
Newton method. Then the more accurate solutions were 
determined. If the divergence appear in Newton method, 
Monte Carlo (MTC) method will be used as a back-up 

tool. Because different groups of f,k0,ß may get same 

resonant frequency and SWR, the measured pass-band 
performance pm(F) was used. If the error Ap is larger 
than Err, the Scale and cri in Simplex method will be 
modified and a new cycle begin. At last, the set of 
parameters (f,k0,ß) whose pc(F) satisfy demand are 

found and printed out. The flow chart is shown in Fig.4. 
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First, the method is checked by a theoretical value. 
The cell parameters in a S-band 11-cell non-uniform chain 
are known. From the matrix of coupled circuit equations 
consisting of these elements, the pass-band performance, 
resonant frequencies and related SWR are solved. Then, 
using these calculated characteristic information to 
estimate the cell parameters of the cavity, the results were 
agreement with the given one in advance. The max error 
of each cell's frequency is 210KHz.. 

Next, a 6MeV S-band model cavity consisting of 11 
cells was analyzed. The cell parameters and the 
characteristic informance have been measured. Using the 
method, the cell frequencies and couplings between cells 
were estimated from the measured characteristic 
informance. Comparing the estimated data and the 
measured data, the max error of each cell's frequence is 

about 900KHz (measuring error<lMHz). If the k, and Q 

are as unknown values and need to be diagnosed, a more 
precision solution can be obtained. 

REFERENCES 
[1]  E.Hable   et   al,   "Tuning   of   a   Superconducting 

Accelerating Cavity  Under  Operating  Conditions" 
CERN/EF/RF81-5, 1981. 

[2]  J.Sekutowicz, et al., "A Different Tuning Method for 
Accelerating Cavities" 

[3]  D.E.Nagle et al,   "Coupled Resonator  Model   for 
Standing Wave Acclerator Tanks" The Review of 
Scientific Instruments, Vol. 38, No. 11,1967 

[4]  S.O. Schriber "Fitting of an Ordered Set of Mode 
Frequencies"  Master Thesis   Chalk   River   Nuclear 
Laboratories ,1970 

[5]  W.H.Press, et al., "Numerical Recipes in C", The Art 
of Scientific Computer Second Edition, Cambridge 
University Press 1988,1992 

[6]  J.A.Neider, et al., Computer Journal, Vol.7.,1965 

Fig.4 The flow chart of computer program 
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A NEW MEASUREMENT METHOD OF THE DELAY LINE LENGTH 
IN THE X-BAND DELAY LINE DISTRIBUTION SYSTEM (DLDS) 

F. Tamura, University of Tokyo, Tokyo 113, Japan, and 
H. Mizuno, KEK, Tsukuba, Ibaraki 305, Japan 

Abstract 

In order to control the driving RF phase at the input of the 
accelerating structure of X-band linear collider main 
linacs, it is necessary to measure the length of the long 
TE01 mode delay lines of 40-80m. A new measurement 
scheme by using the low frequency resonant mode of the 
TEOlmode delay line was proposed. The delay lines have 
the tapered guide on its both ends, thus the low frequency 
resonant mode around 2GHz can be the measure of the 
delay line dimensions. The operational principle and the 
elementary characteristics of this measurement method 
such as, sensitivity, and other basic design parameters are 
presented. 

1 INTORODUCTION 

Delay Line Distribution System (DLDS) is an RF pulse 
compression equivalent sysyetm[l]. In DLDS, long 
circular wave guides are used as the part of RF power 
distribution systrem, and RF power must travel through 
these long delay lines to drive the accelerating structure 
where RF crest synchronize to the linac beam. In X-band 
linear collider, allowable RF phase deviation to the beam 
is about or even less than 1-degree to clear the energy 
spread of 0.2%. This limit is determined by the energy 
acceptance of the final focus system and also by the 
physics requirement [2,3,4]. This phase diviation limit 
correspond to the temperature change of 0.08 degree 
Celsius in case of TE01 mode 118.1mm circular Cu 
waveguide. Table 1 shows the thermal expansion 
coefficient and corresponding temperature change for 
TE01 mode in the guide. Even with Invar that is the 
typical low thermal expansion material, this temperature 
limit is 0.6 degree. Considering the size of the delay line 

and the scale of the linear collider, it is clear that some 
measurement of the delay line length and some phase 
control are necessary. 

1 dl 
a =  

l0dT 
Allowable 

AT (for 40m) 

Cu 1.65 x 1(T5 0.08 deg. 

Invar 2x10"* 0.6 deg. 

Table 1: Thermal expansion of material 

2 MEASUREMENT PRINCIPLE AND BASIC 
PARAMETERS 

2.1   Measurement principle 

Delay lines have the tapered circular guide on their both 
ends that are connected to the mode convertor from 
rectangular TE10 to circular TE01. Thus, this delay line 
works as the resonant cavity for the lower frequency than 
the cut off of these tapered guide. This resonant mode 
parameters such as the resonant frequency, the phase 
change of the reflected wave etc., can be the measure of 
the dimension change of the delay line. 

Figure 1. shows the conceptual illustration of this 
resonant mode measurement. Low frequency RF signal is 
fed into the delay line that works as a resonant cavity at 
this frequency. Observing the shift of the resonant mode 
frequency and/or the phase shift of the reflected wave 
from the delay line, change of the delay line length could 
be measured. 

As the X-band high power mode in DLDS is 
expected to be an axial symmetric TE01 mode, TEH 

Kt^tnms 

TE10-> TE01 
mod« cotmeiter 

11.424GHz -100MW peak 

TE01 mode 

116mm circular waveguide 

Tap er wwe guide u 1.5GHz, CW 
TE 1,1,(-900) resonance mode 
Q~3xl0"4 

RF 
utilizer 

fig. 1: Conceptual diagram of measurement 
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dipole mode was chosen as the low frequency resonant 
mode of the delay line. Also, single mode operation by 
possible in using TEH mode. 

2.2   Parameters 

Severtal parameters of the low frequency mode were 
calculated in case of 4/3 DLDS of JLC x-band main linac 
[4]. Two delay lines are 118.1mm circular waveguide of 
80m and 40m respectively. For calculations, following 
points were assumed, (1) Tapered parts were ignored, ie. 
for the resonant mode calculation, both ends are assumed 
as being shorted. (2) temperature distribution along the 
delay line was assumed as uniform. (3) Dimension 
change of the line was also assumed as uniform and both 
ends were free for expansion. 

For the 2.25GHz TE11,900 mode of 80m 118.1mm 
diameter circular delay line, Q0 was calculated as 

~ 40000.    The conductivity of Cu was assumed as 

(7 = 5.6 x 10   mho per meter. 
Figure 2 shows the X-band phase deviation 

(dimension change ofthe line) vs. phase change of the 
reflected resonance mode frequency. The sensitivity and 
the amplitude of the reflected wave strongly depend on 
the coupling coefficiet ß, and reach zero and infinity 

respectively at the critical coupling, ß = 1.0. Figure 3 
shows the coupling coefficient vs. reflected power ratio. 
Considering the reflected power and the sensitivity, 
ß = 0.5 was chosen as the operating point of this 
method. At this point, 10% reflected power is expected. 
And        sensitivity,        which        is        defined        as 

^reflected/A<f>x-hanj\' is sufficient (about 8) at this 

point. 
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80m long delay line 
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fig. 2: Phase deviation of X-band pulse vs. phase change 
of reflected wave. 1 degree of X-band corresponds to 70 
micro meter lengh change. 
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fig. 3: Coupling vs. reflected power 

3 SIMULATION AND PRELIMINARY 
MEASUREMENT 

Low power measurement set up with the 40m long and 
69mm diameter circular wave guide system with two 
tapered guide and mode convertor is under preperation. 
The coupling slot of the TEH resonant mode of the line 
must be seperated from the TE01 X-band mode. Figure 4 
shows the HFSS model of the coupling slot. 

SLED II theory shows the the coupling coefficient 
of the long line is represented by the reflection coefficient 
of the coupling S, as follows [5], 

ß0     -In s 

<L IT 

where: 

ßo = 
coD 

AT 

coD 
Q  ■■ 

r: Attenuation of wave running guide between both 
ends. 
S :  Reflection coefficient into macthed circular wave 
guide. 
D: Time that run pulse between both ends. 

From this, coupling coefficient of 0.5 corresponds to the 
s=0.92 for the coupling slot to the matched circular 
waveguide. 

Preliminary calculation by HFSS showed that this 
coupling slot in Figure 4 has only small effect to the 
TE01 X-band mode in propagating in the circular guide. 
This problem must be surveyed more carefully. 
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fig. 4: Monitor coupler design 

4 DISCUSSIONS 

As long as the preliminary calculation showed, this new 
measurement method has sufficient sensitivity and 
possible in principle. Several problems are to be 
considered as follows. 
1) TEH mode has dipole symmetry, therefore the 

probable rotation of its symmetry plane due to the 
deformation of the circular waveguide should be 
surveyed. This problem could be important 
especially in the very long resonator like this case. 

2) Signal seperation from X-band TEOlmode high 
power pulse. The preliminary calculation showed 
the posiibility that the design choice of the coupling 
slot can achieved this seperation. Also gating the X- 
band driving pulse could block the unnecessary X- 
band signal. X-band high power pulse has 500nsec 
width and 150Hz reptation rate, so we can spend 
about 5msec for this measurement. Time constant 
of the delay line resonator is about 4micro sec, so 
5msec is enough to this measurement in principle. 

3) High power related matters, such as a discharge 
around the coupling slot for TEH mode, Mode 
purity degradation of the TE01 X-band mode and 
resulting loss of the power are to be surveyed. 
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REVIEW OF COMPACT COMMERCIAL ACCELERATOR PRODUCTS 
AND APPLICATIONS 

Y. Jongen, Ion Beam Applications (IBA), Louvain-la-Neuve, Belgium 

Abstract 

Application-oriented accelerators are generally built 
commercially, and they often emphasize other qualities 
than the accelerators for research. These accelerators are 
generally specialized for a specific application, and are 
therefore very simple and inexpensive to operate. The 
author will review some products and applications in the 
field of medicine, such as the production of radio-isotopes 
and radiotherapy, as well as in the industrial field, such as 
sterilization applications and the modification of 
materials. 

I INTRODUCTION 

Historically, particle accelerators were developed initially 
for nuclear, then for particle physics research. From this 
research resulted applications of accelerators in the field 
of medicine and industry. These application-oriented 
accelerators are generally built commercially, and they 
often emphasize other qualities than the accelerators for 
research. Research frequently requires energies or beam 
qualities at the limit of the existing technologies. 
Accelerators for research offer the largest flexibility in 
term of particles and beam properties, but are more 
complex, more expensive and often require large and 
highly qualified staff to operate and maintain them. In 
contrast, most applications are done with low to moderate 
energy protons or electrons, but often with large average 
beam power. The accelerators are generally specialized 
for a specific application, and are therefore very simple 
and inexpensive to operate. In the field of medicine, 
typical applications include the production of radio- 
isotopes for medical diagnostic or the production of 
electrons, protons or fast neutron beams for cancer 
therapy. In the industrial field, high power electron beam 
are used for sterilization and for the modification of 
materials. 

II PRODUCTION OF RADIOISOTOPES FOR 
IMAGING AND DIAGNOSIS IN NUCLEAR 

MEDICINE 

Radioisotopes are essential in diagnosis and study of the 
human functions. The access to the full range of 
radioisotopes used in nuclear medicine is vital to the early 
diagnostic and treatment of a wide variety of problems 
including cancer and heart disease. Various radioisotopes 
are produced [1] with cyclotrons, according to the organ 
that must be represented: Gallium 67, Iodine 123, 
Thallium 201, among others. To produce such 
radioisotopes, a medium energy cyclotron is a suitable 
device. In Europe, in the USA and in Japan, commercial 
companies operate several cyclotrons in the same facility. 
Many  important  hospitals  and  clinics  are  now  also 

equipped with cyclotrons producing radioisotopes for 
their own use or for a distribution on a regional scale. 

All this is possible because of the high degree of 
automation, reliability and simplicity characterising the 
cyclotrons used nowadays for radioisotope production. 
The evolution of the cyclotrons dedicated to this 
application is quite interesting [2]. The first cyclotrons 
produced commercially for the production of medical r.i. 
were "classical", positive ion, isochronous cyclotrons, 
similar to their counterparts built for nuclear physics 
research, where the beam was extracted using an 
electrostatic deflector. The heat dissipation limits in the 
deflector septum limited the extracted beam power to a 
couple of kW, but higher intensities, typically several 
hundred uA were available on internal targets. The 
Cyclotron Corporation (TCC), based in Berkeley (Ca), 
produced between 1968 and 1984 in excess of 30 
cyclotrons based on this technology. A major step was 
made in the early 80's when TCC proposed a 42 MeV 
cyclotron accelerating negative ions, produced by an 
internal P.I.G. source, and extracting by stripping. 
Extracted beam currents exceeding 200 uA up to 40 MeV 
were available. Thanks to the stripping extraction, 
variable energy extracted beams could be obtained in a 
fixed field, fixed frequency cyclotron. The simultaneous 
extraction of two beams was also, in principle possible. 
However, the use of an internal ion source meant a poor 
vacuum in the cyclotron accelerating tank, and significant 
amounts of beam were lost in the median plane by 
stripping on the residual gas. The need to deal with these 
large beam losses resulted in a quite complex design of 
the dees and of the R.F. systems, and resulted, at least in 
the beginning, in a lower reliability. This cyclotron was, 
initially, a commercial success. Six CP42's were ordered 
and built, even before the prototype was fully tested. 
Delays in the commissioning of these cyclotrons 
contributed eventually to the bankruptcy of TCC. After 
this significant failure, negative ion technology was 
rejected by radioisotope producers for some time, in favor 
of more classical positive ion isochronous cyclotrons, like 
the MC40 model, made by the Scanditronix company in 
Upsala. 
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Fig. 1. A CYCLONE 30 cyclotron manufactured by IB A 

The next major step in radioisotope production cyclotrons 
was the introduction, in 1987, by IBA, of the CYCLONE 
30. It is a 30 MeV, fixed-field, fixed-frequency, H' 
cyclotron with extraction by stripping, dual beam and 
variable energy. The first major improvement of this 
model was the use of an external, multicusp ion source 
for the production of the negative ions. The ions are 
injected axially into the cyclotron magnet, so that the 
neutral gas released by the ion source can be pumped 
externally. The second major improvement was the 
introduction of the "deep valley" magnet design, 
combining the advantage of solid pole and separated 
sectors cyclotrons, and allowing to improve significantly 
the power efficiency of the accelerator. Typically, 
previous positive ion cyclotrons were using 300 kW of 
electricity to get 3 kW of extracted beam (1% power 
conversion efficiency), while the CYCLONE 30 required 
only 90 kW of electricity to produce 15 kW of extracted 
beam (16% power conversion efficiency). The 
CYCLONE 30 was the first cyclotron to demonstrate the 
possibility to have a beam loading exceeding 50% of the 
total R.F. power. Today, the CYCLONE 30 is the world 
standard for radioisotope production. A total of 17 
CYCLONE 30 have been sold up to now by IBA. Since a 
number of years, another company, Ebco Technologies, is 
also proposing this type of cyclotron. Two units of their 
TR30 are installed around the world. 

The first CYCLONE 30's used a 2 mA external 
multicusp ion source made by IBA, and a 25 kW output 
R.F. final amplifier. The extracted beam intensity 350 |JA 
guaranteed, with actual maximum currents varying from 
machine to machine between 450 uA and 600 uA. There 
is also some interest for higher intensities, so today 
several high intensity versions of CYCLONE 30 are also 
proposed, based on more powerful RF amplifiers, four 
high pumping speed cryopumps, and higher intensity ion 
sources (7 mA or even 25 mA of H). 

III CYCLOTRONS SPECIFICALLY DESIGNED 
FOR POSITRON EMISSION TOMOGRAPHY 

CENTRES 

Positron Emission Tomography (PET) is a powerful 
diagnostic tool at the forefront of modern medical 
imaging. PET images biological function and physiology 
instead of anatomy. It uses short-lived radioactive 
isotopes (nC, l3N, lsO, 18F) which can be produced by low- 
energy cyclotrons (<20 MeV) accelerating protons and/or 
deuterons. 

A cyclotron of the type of those presented in the 
above paragraph may also be used to produce the 
radioisotopes needed for PET, but the very short life-time 
(a few minutes half-life) of most radioisotopes used in 
PET makes it convenient and appropriate to place the 
isotope production equipment very close to the scanners. 
Moreover, lower energies are used compared to the 20 - 
30 MeV typically needed to produce radioisotopes for 
nuclear medicine. A range of turn-key systems have 
therefore been developed by a number of companies, 
including targets and automated chemistry modules in 
addition to cyclotrons, and specifically covering each 
segment of the PET market. These include large 
manufacturers of medical equipment such as General 
Electric or Siemens/CTI, as well as accelerator-dedicated 
companies such as IBA [3] or Ebco. 

Typical energies for this application are in the range 
of 10 to 18 MeV. Some of the cyclotrons accelerate only 
protons, while others produce both protons and deutons. 
Most of these accelerators can be self-shielded and 
accelerate negative ions. The extraction is done by the 
stripping method. Several targets can be used, located 
either internally or externally. Typical maximum 
extracted currents vary between 50 and 100 uA. The 
systems are fully automated, from cyclotron operation to 
radiochemistry, with a particular emphasis on targetry 
and chemistry. 

IV HIGH INTENSITY CYCLOTRONS FOR THE 
PRODUCTION OF RADIOISOTOPES FOR 

BRACHYTHERAPY 
In addition to the radioisotopes used for imaging and 
diagnosis in nuclear medicine and PET, some 
radioisotopes are used for cancer therapy. The beam 
currents needed for the production of these isotopes are 
much higher and are generally expressed in milliampere. 
In 1992 IBA was asked to develop a very high intensity, 
18 MeV cyclotron for the production of the radioisotope 
103Pd. This radioisotope is marketed, in small sealed 
sources, for example for the local treatment of prostate 
cancer, by the company Theragenics in Atlanta (Ga). It 
can be produced by a (p,n) reaction on Rhodium, a good 
material for internal target. Because of the low reaction 
yield, the production of the 101Pd isotope for cancer 
treatment requires a proton current in excess of one 
milliampere, at an energy of 15 to 18 MeV. An internal 
target being acceptable for this application, IBA designed 
a very high current positive ion, internal target cyclotron: 
the CYCLONE 18+. This cyclotron has demonstrated the 
possibility to provide continuous, unattended operation at 
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2 mA on target for one week irradiation's. An interesting 
feature of this cyclotron is the beam loading factor, 
reaching 80% of the total R.F. power, with only 20% 
being used to maintain the accelerating field. A 7 mA 
current was observed during factory tests on a beam 
dump at lower energy (the maximum current was actually 
limited by the melting of the beam dump, not by the ion 
source or space charge limits) [4]. 

V ACCELERATORS FOR CONVENTIONAL 
RADIOTHERAPY 

Externally produced photon beams, or X-rays, contribute 
to more than 80% of all radiotherapy treatments. In 
addition, electron-beam therapy is used in 10 to 15 
percent of cases. These beams are currently produced 
mainly by rf linear accelerators, which have today a 
dominant place on the world market of medical 
accelerators for external beam radiotherapy. According 
to [5], the total number of radiotherapy electron 
accelerators was around 4000 in 1996. This success can 
be explained by the effectiveness of the treatment and by 
the fact that conventional radiotherapy is the less 
expensive method of cancer treatment compared to other 
modalities such as surgery or chemotherapy for example. 

Fig. 2. RF linear accelerator manufactured by Varian [5] 

The design of the first generation of Linacs in the mid- 
1950 was based on the in-line position of the accelerating 
waveguide in the movable treatment head [5]. In the 
sixties, the available machines had an horizontally 
mounted accelerating waveguide, with the advantage of 
generating higher energy beams but needing a 90° 
bending magnet. Later on, in the seventies, waveguides 
with a travelling wave were replaced by structures using a 
standing wave. This made it possible to increase the 
linear gradients and therefore to obtain smaller 
accelerators for the same energy. In the first models the 
accelerating structure was still horizontal and used a 270° 
achromatic magnet, but nowadays, some models use in- 
line waveguides, thus avoiding the need for bending 
magnets. The full rotating head of these machines 
include several devices such as X-rays conversion targets, 
collimators,   dosimetry   devices,   etc.       Multi-energy 

accelerators are now also available, offering the 
possibility of producing two photon energies as well as 
several electron energies. Typical values are 6 and 10, 15 
or 18 MV for X-rays, and six electron energies between 4 
and 20 or 22 MeV. Well known manufacturers include 
companies such as Varian, Siemens, Philips and General 
Electric, among others. 

VI ACCELERATORS FOR PROTON AND 
NEUTRON THERAPY 

A Proton Therapy 

The advantage of protons in radiation therapy, especially 
their ballistic accuracy, is widely acknowledged. 
However, the development of proton therapy as a clinical 
tool has been hampered by the complexity, the size and 
the cost of proton therapy facilities. Indeed, the medical 
use of protons require high energy accelerators not 
adapted, up to now, to the hospital environment. 
Pioneering institutions had to work with complex, 
inadequate equipment designed for research in nuclear 
physics. Today things are changing and a number of 
proton therapy systems specifically designed for in- 
hospital operation are under installation or already in 
operation. One of them is the synchrotron-based proton 
therapy system at Loma Linda, California. It was jointly 
built by a team of the Fermi National Accelerator 
Laboratory in Chicago, Illinois, the Loma Linda 
University Medical Center and SAIC (Science 
Applications International Corporation), a private 
company based in San Diego. The Loma Linda system 
includes an accelerator as well as a beam transport system 
and a number of gantries allowing to irradiate the tumour 
from any direction. The accelerator system includes an 
RFQ injector (2 MeV) and a synchrotron delivering a 70 
to 250 MeV pulsed beam. 

Fig. 3. A 235 MeV cyclotron for proton therapy 

However, the first proton therapy system specifically 
designed for in-hospital operation and to be installed as a 
commercial system is a cyclotron-based system. IBA has 
indeed integrated the technologies developed for its low 
and medium energy cyclotrons into a high energy system 
dedicated to proton therapy. The objective was to meet 
all the clinical specifications of a state-of-the-art proton 
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therapy facility in the most simple, reliable and cost 
effective manner. The main elements of the IBA 
integrated system are the following [5]: a compact 235 
MeV isochronous cyclotron, a short energy selection 
system transforming the fixed energy beam extracted 
from the cyclotron into a variable (70 - 235 MeV) energy 
beam, one or more isocentric gantries fitted with a nozzle, 
a system consisting of one or more horizontal beam lines, 
a global control system including an accelerator control 
unit and three independent but networked therapy control 
stations, a global safety management system independent 
of the global control system, and a robotic patient 
positioning system. Two of these systems are presently 
under installation: one at the Massachusetts General 
Hospital of the Harvard Medical School in Boston, MA 
(see [6] as well as another paper presented at this 
conference), and another one at the National Cancer 
Center near Tokyo, in Japan. 

B Neutron Therapy 
Neutron therapy is more effective than conventional 
radiation for certain advanced tumours because it has the 
ability to kill tumours cells which are low in oxygen and 
often become resistant to the usual forms of radiation. A 
prototype of a Neutron Therapy System developed by Dr. 
Blosser at the Michigan State University is in operation 
since several years at the Harper Hospital in Detroit, MI. 
The system, which is also commercialised by IBA, 
consists of an ultra-compact, superconducting cyclotron 
which rotates around the patient. The cyclotron is indeed 
mounted on a rotating gantry allowing 360 degrees 
rotation around the patient. It accelerates deuterons up to 
50 MeV to produce neutrons on an internal Beryllium 
target. 

VII INDUSTRIAL APPLICATIONS WITH 
ELECTRON BEAMS 

Electron beams are used in industry for several 
applications including the sterilization of medical 
disposable, the improvement of properties of polymer 
materials, and food treatment. The energy of the beam, 
together with the product density, determines the 
thickness of the products which can be treated. At a fixed 
energy, the treatment capacity will depend on the power 
of the beam. The energy of an electron accelerator is 
therefore a key parameter for the classification of the 
several types of accelerators used in this field. 

At very low energy (few hundreds keV), typical 
accelerators are single gap machines. These include 
machines with point cathodes and scanners which scan 
the beam over the surface of the product to be treated, and 
linear cathode machines which emit electrons from a 
linear cathode irradiating the product over its entire 
surface. Another development is the WIP (Wire Induced 
Plasma) system in which a stream of ions generate in a 
plasma secondary electrons which are consequently 
accelerated. The advantage of these single gap 
accelerators is the fact that they are self-shielded, have a 
small size, and produce high beam currents. They are 
well adapted for many surface and thin layer applications. 

At low energy (say up to 3 MeV), multi-gap 
accelerators with electron beam tubes and scanners are 
used. Different high voltage generating principles can be 
used. Typical accelerators in this energy range include 
ICT (Insulated Core Transformer), dynamitrons and 
Cockroft-Walton generators. Well known commercial 
companies in this field include High Voltage 
Engineering, Radiation Dynamics and Nissin-High 
Voltage, among others. The machines are larger than 
those used in the very low energy field, and they need 
concrete radiation shielding. Some of them produce high 
power beams (100 kW). A typical application in this low 
energy range is the crosslinking of several types of 
industrial components (cables, pipes, ...). Accelerators in 
this energy range are the classical equipement in the 
electron beam market, with more than 100 machines in 
operation. 

At medium energy (between 3 and 5 MeV), most of 
the available accelerators are of the dynamitron or the 
Cockroft-Walton types. Output power levels are in the 
range of ten to hundred kW. These machines require 
meter thick concrete shielding and are typically used for 
crosslinking and also for sterilization of packaged 
medical disposable products. 

The high energy category includes energies between 
5 and 10 MeV. Up to a few years, typical machines in this 
energy range were Linacs such as those proposed by 
AECL, Canada. These Linacs are RF devices producing 
pulsed beams. Today, installed systems are limited to 
moderate powers (10 to 50 kW). Since three years, 
however, IBA entered the field of high energy, high 
current electron accelerators for sterilization and other 
industrial applications with its RHODOTRON [7]. This 
new accelerator concept, developed at the CEA in Saclay 
(France), was licensed to IBA. RHODOTRON 
accelerators are based on an innovative concept of using a 
single "recirculating cavity" to provide high energy (up to 
10 MeV) / high power (up to 200 kW) electron beams, 
with high electrical efficiency. Three Rhodotron models 
are now available, ranging from 25 to 150 kW guaranteed 
beam power at 10 MeV. The Rhodotron technology 
opens the doors to industrial applications for which high 
energy / high current electron beams are needed: cross- 
linking of plastics, polymerization of composite 
materials, sterilization of medical products, food 
treatment, etc. 
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Fig. 4. A RHODOTRON accelerator from ffiA 
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A HIGH CURRENT TANDEM ACCELERATOR FOR 
GAMMA-RESONANCE CONTRABAND DETECTION 

B.F. Milton, 
TRIUMF, 4004 Wesbrook Mall, Vancouver, 

B.C., V6T 2A3, Canada 

Abstract 

TRIUMF and Northrop Grumman have developed a new 
system for the detection of concealed explosives and drugs. 
This Contraband Detection System (CDS) is based on the 
resonant absorption by 14N of gammas produced using 
13C(p,7)14./V. The chosen reaction uses protons at 1.75 
MeV and the gammas have an energy of 9.17 MeV. By 
measuring both the resonant and the non-resonant absorp- 
tion using detectors with good spatial resolution, and ap- 
plying standard tomographic techniques, we are able to 
produce 3D images of both the nitrogen partial density and 
the total density. The images together may be utilized with 
considerable confidence to determine if small amounts of 
nitrogen based explosives, heroin or cocaine are present in 
the interrogated containers. 

Practical Gamma Resonant Absorption (GRA) scanning 
requires an intense source of protons. However this proton 
source must also be very stable, have low energy spread, 
and have good spatial definition. These demands suggested 
a tandem as the accelerator of choice. We have therefore 
constructed a 2 MeV H~ tandem optimized for high current 
(10 mA) operation, while minimizing the overall size of the 
accelerator. This has required several special innovations 
which will be presented in the paper. We will also present 
initial commissioning results. 

1    INTRODUCTION 

In recent years the ease with which high explosives can 
be concealed and then placed on public transport such as 
planes has caused major concern worldwide. There is also 
a growing demand to reduce the transit of illegal drugs 
through public transport systems including the postal ser- 
vice. In both cases because of the required throughput 
and privacy requirements there is a desire for non-invasive 
techniques for the detection of contraband. Normal x-ray 
systems rely on strong density differences for identifica- 
tion, and have proven very successful in the detection of 
weapons in carry-on luggage. However while most explo- 
sives have fairly high densities, they are difficult to distin- 
guish from other items commonly contained in luggage, 
particularly given the ability to shape them and/or conceal 
them in appropriate materials. Therefore there have been 
many efforts to detect contraband using methods more de- 
pendent on the exact chemical composition. 

When reviewing the composition of explosives it is im- 
mediately noted that they all have a large partial density of 
either nitrogen or chlorine when compared with most com- 
mon materials. Various techniques have been developed to 
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Figure 1: Explosives have a unique signature compared to 
common materials when nitrogen density is plotted against 
total density 

measure the quantities of key constituents such as carbon, 
oxygen and nitrogen. In fact many techniques that exploit 
the specific properties of these nuclei are being pursed and 
are reviewed elsewhere[l][2]. Perhaps the best known of 
these is neutron activation. 

In figure 1 the density and nitrogen partial density of a 
number of substances are shown. The clustering of the ex- 
plosives in one part of the plot indicates how knowledge 
of the nitrogen partial density can lead to the identification 
of an explosive substance. The plot also indicates how a 
knowledge of both the partial nitrogen density and the to- 
tal density together could be used to identify heroin or co- 
caine. Gamma resonant absorption (GRA) is a process that 
shows strong promise as a way to measure partial nitrogen 
(or chlorine) density. 

It should be stressed that one needs to know the par- 
tial density of nitrogen in a selected volume, not the total 
amount of nitrogen in the overall container being inspected. 
For this reason it is important to have a spatially defined 
measurement technique, which in the case of high explo- 
sive reduces to a position resolution around 5mm. We have 
thus decided to combine GRA with high resolution tomog- 
raphy, similar to the combination of x-rays and tomography 
used in CAT scans. More details of the specific mission can 
be found in ref [3] 
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Production        Proton     Gamma 
Reaction Energy Energy FOM 
14N(7,p)13C 
35Cl(7,p)34S 

1.75 
1.89 

9.17 
9.08 

1000 
35 TARGET             _VB 

35Cl(7,p)34S 
160(7,p)15N 

2.79 
1.03 

8.21 
13.1 

76 
22 

GAMMA RAYS 

"Cfr.p)1^ 1.39 10 

ROTATING BAGGAGE 
"^CONTAINER 

Table 1: A comparison of potential gamma resonances in 
carbon, oxygen, nitroge and chlorine, using a Figure Of 
Merit normalized to 1000 for the 13C(p,7)14N reaction. 

DETECTOR ARRAY 
(STATIONARY) 

2   GAMMA RESONANCE ABSORPTION 

GRA makes use of the fact that for each element there are 
certain gamma energies that are strongly absorbed by the 
nucleus. Since the gamma energy at which this happens is 
specific to the target nucleus, a comparison of the absorp- 
tion at the resonant energy with the absorption at an energy 
just off resonance will yield a measure of the sought after 
element. For example the reaction 13C(p,7)14N has a large 
cross section at a gamma energy of 9.17 MeV, so by inter- 
rogating a container with gammas at this energy one could 
measure the nitrogen density. 

From a practical point of view it is not easy to produce a 
near mono-energetic beam of gammas. At present the most 
promising approach is to use an inverse reaction to produce 
the gammas. For example the 9.17 MeV gammas can be 
produced using a beam of protons and the 14N(7,p)13C re- 
action. Assuming favourable reaction kinematics, it is pos- 
sible to find an outgoing gamma angle at which the gammas 
have been Doppler shifted by an amount that exactly com- 
pensates for the energy absorbed in the production reaction. 

In 1994/95 the TRIUMF-Grumman team conducted an 
extensive study of GRA for the detection of concealed con- 
traband. This study developed a figure of merit for eval- 
uating various resonances. The figure of merit included 
factors for the strength of the resonance, the width of the 
resonance, gamma energy spread and other factors that af- 
fect the usefulness for imaging by tomography. The figure 
of merit was normalized to 1000 for the 13C(p,7)14N reac- 
tion. Table 1 compares some of the considered reactions. 
From this the 13C(p,7)14N reaction was found to be the 
most promising, however CDS has continued to maintain 
the option of using the lower energy 34S(p,7)35Cl reaction, 
for the detection of chlorine based explosives, and the hy- 
drochloride forms of cocaine and heroin. 

One advantage of producing the required gammas us- 
ing an inverse reaction is that gammas meeting the re- 
absorption criteria form a narrow conical fan. In the case 
of 14N detection, the cone lies at 80.7 degrees, and is about 
half a degree wide. This results in a convenient inspec- 
tion geometry as shown in figure 2. Gammas produced just 
outside this cone can be used to measure the non-resonant 
absorption, which can be used to normalize the resonant 
absorption for the calculation of nitrogen partial density, 
and for the calculation of total density. 

Figure 2: CDS detector and inspection geometry 

3   ACCELERATOR REQUIREMENTS 

For a practical inspection device there are several key ele- 
ments affecting the choice of accelerator. They include im- 
age resolution, throughput, over all size and convenience of 
operation. The first two of these determine the number of 
gammas per second required and the quality of those gam- 
mas. 

In order to maximize the efficiency of gamma production 
it is important that the energy spread of the beam be less 
than the target thickness. As well the lowest energy pro- 
tons must have an energy at least as high as the resonance 
energy. Therefore the larger the proton energy spread, the 
higher the proton beam central energy that is required and 
the thicker the target that has to be used. This has a limit 
since we are interested in a target as thin as possible to 
avoid the excitation of other resonances which contribute 
only to the background. In addition, using too thick a tar- 
get will affect the energy spread of the produced gammas, 
which in turn will decrease the resonance absorption signal. 

The size of the beam spot on the target combines with 
the position resolution of the detectors to reduce the preci- 
sion with which the flight path of each gamma is measured. 
Thus the larger the beam spot size the poorer the position 
resolution of the overall system. It is therefore desirable to 
choose a spot size that will make a negligible change in the 
image resolution given the resolution of the detectors. 

Angular divergence of the proton at the target changes 
the angle of the produced gamma. Thus the proton beam's 
divergence creates an uncertainty as to the energy of a 
gamma ray even if its position at the detector is known pre- 
cisely. Because of this uncertainty, some of the gamma 
rays that arrive at the detector on the locus of the resonant- 
energy conic section deviate from the resonant angle by an 
unknown amount up to the divergence of the beam. How- 
ever these rays will not have meet the resonance condition 
when passing through the luggage. The effect of including 
off-energy gammas rays in the resonant image is to dilute 
the resonant absorption effect which causes an increase in 
the resonant image noise. The larger the proton beam di- 
vergence the greater the noise added to the resonant-energy 
image. Simulations were used to determine the beam di- 
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14N(7,P)13C    35C1(7,P)34S 
Proton Energy (MeV) 1.75 1.89 
Energy Spread (keV) <25 <12 
Spot Size (cm) 0.6 x 2.4 0.6 x 2.4 
Divergence(mrad) 12 12 
Current (mA) 10 12 

Table 2: CDS accelerator requirements for the selected pro- 
duction reactions 

vergence levels that would cause minimal increases in the 
false alarm rate. 

Once an image resolution, a detection level, and false 
alarm rate have been chosen, then throughput determines 
the gamma flux requirement. Calculations show that in or- 
der to achieve throughput rates in the hundreds of bags per 
hour for the chosen configuration, the proton beam current 
must be in the 10 milli-ampere range. 

A summary of the beam requirements as determined in 
the initial design study are summarized in table 3. The 
design study then performed a survey of methods for the 
production of protons up to 3 MeV. Accelerator options 
such as RFQs and cyclotrons were investigated. While 
RFQs looked very promising because of their compactness 
and high current capability they are not able to meet the 
other beam parameters. Electrostatic accelerators were re- 
ally the only system capable of producing such high quality 
beams. However most electrostatic accelerators have two 
disadvantages for CDS, size and limited beam current. It 
was therefore decided to design a new tandem accelerator 
specifically for CDS. It should also be noted that a DC ac- 
celerator, when compared to a CW accelerator, creates a 
significantly lower instantaneous data rate in the detectors. 

4   THE CDS SYSTEM 

The layout of the CDS Proof-of-Principle system is shown 
in figure 3. This system has been designed to perform a 
laboratory proof of principle experiment and to allow for 
the testing and development of components that could be 
used in a commercial system. 

The gamma production system begins with a high bright- 
ness H~ ion source coupled by a short matching section to 
the tandem. The tandem is followed by a beam transport 
section that analyzes the beam and produces the correct 
beam spot parameters at the target. At present the target 
consists of a fixed water cooled target coated with carbon- 
13. However in order to use the full beam current a rotating 
target will be constructed. The high energy beam line has 
been constructed so that the resonant gamma cone lies in 
the horizontal plane in the region of the baggage carousel. 

In order to acquire tomographic information the objects 
to be inspected are located on a carousel that is capable 
of rotating and elevating. Behind the carousel is located a 
detection system that consists of a double deck arc of seg- 
mented BGO block detectors. The arcs subtend an angle 

of 53 degrees and contain 44 blocks each. Standard elec- 
tronics is used to collect the phototube output which is then 
converted into gamma position information. Image recon- 
struction and interpretation is then performed in separate 
computers. At present we are using 7 detector blocks and 
offline data processing and a very simple carousel in or- 
der to assess the overall system performance. In a high 
throughput system the carousel would rotate and elevate si- 
multaneously. 

5   THE CDS TANDEM 

As discussed above, the CDS requires an electrostatic ac- 
celerator capable of a very high beam current, while main- 
taining the smallest practical size. Using a tandem allows 
the terminal voltage to be halved thus reducing the de- 
mands on the voltage generator, and the amount of space 
required to hold voltage. The trade-off is the requirement 
for a stripper located in the terminal that is capable of han- 
dling the current. Since the proton beam energy at the ter- 
minal will be below 1 MeV, the energy loss in a stripping 
foil would be quite large. Calculations show that expected 
foil lifetimes would be perhaps a few minutes at the design 
intensities. We therefore chose to use a vapour stripper. 
Design of this element has concentrated on providing good 
differential pumping between the stripper cell, and the ac- 
celeration columns. A schematic of the system is shown 
in figure 4. Pressure in the acceleration columns is partic- 
ularly important because interactions between the residual 
gas and the beam will produce free electrons that will then 
be accelerated and generate x-rays. Significant produc- 
tion of high energy x-rays could lead to voltage breakdown 
and constitute a radiation hazard external to the accelerator. 
Testing to date has shown that with the stripper operating 
above design pressure, the pressure in the columns is in the 
low 10~7 range. 

Obviously the overall size of a tandem can be reduced 
by increasing the electric fields, particularly in the accel- 
eration region. However voltage holding problems rise 
steeply with electric field so we have chosen to remain 
at a fairly conservative 50 kV/inch in the acceleration re- 
gion. By pressurizing the containment vessel to 60 PSI 
with SF6 the distance between the vessel and the terminal 
has been reduced by factor of almost 10 over using unpres- 
surized nitrogen (air). Keeping the terminal compact has 
also helped to reduce size. As well as the vacuum equip- 
ment for the stripper, the terminal contains two magnetic 
quadrupole triplets for matching beam between the accel- 
eration regions and the stripper cell. Considerable effort 
has been devoted to making this region compact while still 
using commercial power supplies and controllers. Commu- 
nication between ground and the terminal is achieved using 
fiber optics. 

Of particular importance to CDS is a suitable power sup- 
ply. In order to produce a 10 mA, 2 MeV beam, the power 
supply must be able to supply at least 20 mA at 1MV, mean- 
ing it must be capable of a power output greater than 20 
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Figure 4: Schematic layout of the terminal vacuum system 

kW. The preliminary CDS design study showed that most 
conventional power source were incapable of providing the 
necessary current, and those that had produced currents in 
the milli-Ampere range were extremely bulky. However 
the design study also identified a novel power supply devel- 
opment at the University of Waterloo that was able to meet 
the CDS requirements in a compact volume. Basically this 
system uses a high frequency isolated core transformer to 
couple a large number of voltage doubler circuits that are 
then connected in series to develop the necessary voltage. 
The high frequency allows relatively small conventional 
components to be used, with the secondary tracks and dou- 
bler circuits mounted on normal circuit boards. This supply 
occupies a space less than 300 in2 and is under 36 inches 
high. In the tandem the supply sits under the terminal be- 
tween the support insulators and is insulated by the SF6. In 
the region of the voltage generation the average field is 50 
kV/in. Tests of the supply using a water load have demon- 
strated outputs of greater than 26 kW at 1 MV. 

Fine control of the power supply voltage is achieved by 
varying the primary frequency, allowing rapid changes. As 
well since the capacitance of the doublers is small, the 
stored energy of the supply is small when compared to the 
overall tandem capacitance. Tests at 860 kV without beam 
have shown that even with no voltage stabilization the sys- 
tem shows less than a ±5 kV variation. We have imple- 
mented a system that will adjust the frequency based on the 
terminal voltage. This appears to take care of basic beam 
loading effects. Eventually we expect to use feedback from 
the high energy beamline to adjust this loop. 

At present all of the system sub-components have been 
tested. A resonant image has been observed with the de- 
tectors using gammas produced with a proton beam of a 
couple of micro-amperes on a vanderGraff. The ion source 
and low energy beam transport emittance has been fully 
characterized at 10 mA. The tandem has undergone a se- 
ries of voltage tests up to 900 kV on the terminal, including 
full operation of the stripper while at 865 kV. Initial tests at 
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25 fiA have indicated that the beam spot at the stripper lo- 
cation is as specified. On the first attempt to run beam 100 
juA at virtually 100% transmission was extracted. Beam 
current was limited to this level by target restrictions. We 
are now working on parametrization of the beam and ex- 
pect start basic tomographic scans of realistic phantoms in 
the near future. 
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THE ACCELERATOR PRODUCTION OF TRITIUM PROJECT 

P. W. Lisowski, Los Alamos National Laboratory, Los Alamos NM 87545, USA 

Abstract 

Tritium is essential for U.S. nuclear weapons to 
function, but because it is radioactive with a half-life of 
12.3 years, the supply must be periodically replenished. 
Since the last production reactor stopped operating in 
1988, tritium has been recovered from dismantled nuclear 
weapons. This process is possible only as long as many 
weapons are being retired and will not work indefinitely, 
thus requiring the United States to bring a new tritium 
production capability on line. To make the required 
amount of tritium using an accelerator system (APT), 
neutrons will be generated by high-energy proton reactions 
with tungsten and lead. Those neutrons will be 
moderated, and captured to make tritium. The APT plant 
design is based on a 1700 MeV linear accelerator operated 
at 100 mA CW. In preparation for engineering design, 
scheduled to start in October 1997, and subsequent 
construction, a program of engineering development and 
demonstration is underway. That work includes assembly 
of a 20 MeV, 100 mA low-energy linac plant prototype, 
high-energy linac accelerating structure protoyping, radio- 
frequency system improvements, neutronic efficiency 
measurements, and materials qualifications. 

1. INTRODUCTION 
Production of tritium in a quantity large enough to supply 
the needs of the U.S. stockpile can only be accomplished 
through neutron capture by a stable isotope such as 3He or 
6Li. Presently only reactor or accelerator systems can 
make enough neutrons to produce tritium in the quantities 
needed. In a reactor, nuclear fission supplies the neutrons. 
In APT, neutrons are made by proton spallation of heavy 
metal nuclei. The use of spallation to produce neutrons 
makes it possible to avoid the use of fissile material, 
which in turn makes the system design simpler than that 
of a reactor and provides additional safety and 
environmental features. 

1.1 Project History 

The design of an APT system was first considered by 
the DOE Energy Research Advisory Board (ERAB) in late 
1989 and by the JASONs, an independent scientific review 
panel, in 1992 and 1995. Reviews of APT technology 
were positive, and endorsed the need for further design and 
for a technology development and demonstration program. 
As a result, from 1992 to 1994, the DOE sponsored an 
APT preconceptual design study using a multi-laboratory 
and industry team to support a DOE Programmatic 
Environmental Impact Statement for Tritium Supply and 
Recycling. 

In December, 1995 the DOE announced a decision to 
pursue a dual track approach to obtaining a new tritium 
supply. That strategy initiated action to purchase an 
existing commercial reactor (operating or partially 
complete)  or   irradiation   services   with   an   option   to 

purchase the reactor for conversion to a defense facility; 
and authorized work to design, build, and test critical 
components of an accelerator system for tritium 
production. The DOE has committed to select one of the 
tracks to serve as the primary source of tritium by fall, 
1998. In addition, the Savannah River Site (SRS) in 
South Carolina was selected as the location for the APT 
accelerator. 

A critical part of the DOE decision is the fact that the 
government plans to develop the technology that is not 
selected for tritium production as an assured backup in the 
event that the primary technology proves unworkable. 
For APT that means that the project will continue 
through engineering design of the plant and include 
sufficient Engineering Demonstration and Development 
(ED&D) to ensure low-risk construction and operation. 

APT ED&D activities cover areas that have the 
greatest impact on plant cost and schedule, including an 
evaluation of alternative designs, and prototyping of key 
components and subsystems. This work is being 
performed with the assistance of a Prime Contractor, 
Burns and Roe teamed with General Atomics, which will 
be responsible for plant design and construction; and with 
the Maintenance and Operations Contractor at Savannah 
River, in order to assure actual plant operations 
experience. 

1.2 Conceptual Design Report 

The basis of this paper is the APT Plant Conceptual 
Design Report (CDR) [1]. The CDR establishes the 
design, cost, and schedule for the entire project. It also 
includes technical information on Environment Safety and 
Health, Operations and Maintenance, Safeguards and 
Security, and Decontamination and Decommissioning. 
The report was coordinated by Los Alamos National 
Laboratory with contributions from Sandia, Brookhaven, 
and Livermore National Laboratories; the Westinghouse 
Savannah River Company; the APT Prime Contractor; 
and supporting subcontractors Northrup Grumman, and 
Babcox and Wilcox. 

DOE requirements for the APT plant include: 
• Sustained normal operation at   a  production  rate 

within the range of 2 to 3 kg of tritium per year, 
• Sustained operation at the higher production rate of 3 

kg/yr averaged over 5 years, 
• Production of 3 kg/yr no later than 2007, 
• Operational lifetime of 40 years, and 

Cost effective, efficient operation in the 2 to 3 kg/yr 
range. 

2. SYSTEM DESCRIPTION 
The APT plant has a CW proton linear accelerator [2] 

to produce a 170 MW proton beam that is directed onto a 
tungsten target surrounded by a lead blanket. Tubes filled 
with 3He gas are located adjacent to the tungsten and 
within the lead blanket. Spallation neutrons created by 
the energetic protons are moderated by the lead and cooling 
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Figure 1, APT Plant Systems 
water and are absorbed by 3He to create about 40 tritium 
atoms per incident proton. The tritium is continuously 
removed from the 3He gas. The overall APT plant is 
designed to operate at 71% or greater availability. 

The APT design was strongly influenced by the need 
for efficient use of the large amount of required RF power 
[3]. The selection of basic accelerator parameters, such as 
current, energy, and accelerating gradient, was determined 
by the required plant production capacity, using a cost- 
performance model [4]. The model has an energy- 
dependent parameterization of spallation neutron 
production in high-Z targets and includes cost estimates 
for subsystems and consumables such as electricity. The 
model also includes technical constraints, such as injector 
current limits and maintenance requirements. 

2.1 Linear Accelerator 

The accelerator system has been designed to provide: 
• A 100-mA proton beam at 1700 MeV that can be 

expanded to provide a current density at the entrance 
window to the Target/Blanket that is less than 80 
mA/cm2 and uniform to within ±30%, 

• Beam loss within the accelerator structure that is low 
enough to allow unrestricted hands-on maintenance 
(At the highest energy, the loss corresponds to about 
0.1 nA/m.), and 

• Accelerator availability during scheduled operations 
of >85%. 

The APT linac uses normal conducting (NC) water- 
cooled copper structures [5] to accelerate the 100-mA 
continuous wave (CW) proton beam to 217 MeV, and 
niobium superconducting (SC) accelerating cavities [6] 
thereafter. 

In order to smoothly and efficiently accelerate the 
proton beam without loss, there are several accelerating 
structures following the injector, each optimized for a 
specific energy range. The low-energy normal-conducting 
(NC) linac, which is used up to 217 MeV, consists of a 
350 Mhz radio-frequency quadrupole (RFQ), a coupled 
cavity drift tube linac (CCDTL), and a coupled-cavity 
linac (CCL). Within the NC linac, the CCDTL and CCL 
use 48 1-MW 700-MHz klystrons. Each klystron 
distributes power to the accelerating structure through four 
250-kW windows.    The high-energy linac, consists of 

and Accelerator Architecture 
superconducting-cavity (SCC) cryomodules of only two 
designs. From 217 MeV to 469 MeV, the cavities are 
optimized at b = 0.64, and in the section above 469 MeV, 
at b = 0.82. The shapes were modeled after well- 
established elliptical designs used in electron machines, 
but compressed along the longitudinal axis in proportion 
to b. Each cavity has two coaxial RF couplers to supply 
up to 210 kW of 700-MHz RF power and uses a SC 
focussing lattice. 

This combination NC/SC accelerator is designed to 
have strong focusing at low beam energy and to avoid any 
phase-space transitions after the RFQ that might perturb 
the beam. Studies [7] have shown that this is important 
in order to minimize emittance growth and beam halo 
formation. The amount of clearance between the 
accelerating structure and the beam core is indicated by the 
"aperture ratio", which is the ratio of the structure aperture 
diameter to the rms beam size. In order to ensure low 
beam loss, the linac has the largest practical aperture ratio 
at every energy. The ratio is achieved by having large 
apertures in accelerating structures and in focusing 
magnets, and by keeping the beam size small using strong 
beam focusing per unit length. The aperture ratio 
increases from about 20 at the end of the NC linac, to 80 
at the end of the SC linac. The ratios are designed [8] to 
be large enough to keep beam losses low enough to allow 
hands-on maintenance. 

Because of the SC linac can operate with accelerating 
cavities having only two values of b the linac output 
energy may be adjusted over a wide range, providing 
considerable operational flexibility. For example, output 
beam energy may be traded for beam current, if necessary, 
and the accelerator may be retuned for operation following 
an RF station or cavity failure. 

Cooling for the SC linac is provided by a cryogenic 
plant consisting of three identical refrigerators similar in 
design to the one in use at the Thomas Jefferson National 
Accelerator Facility. This system must provide 2°K 
helium in the superfluid state to the superconducting 
cavities, 4.5°K helium for the superconducting magnets, a 
stream of 45°K helium gas for the cryomodule thermal 
shields, and liquid helium to cool the magnet current 
leads. 

A High Energy Beam Transport (HEBT) system [9] 
delivers the beam to a target/blanket (T/B). The beam 
passes through a magnetic switchyard which directs it 
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either to a straight-ahead tuning beamstop or into the 
beam line serving the T/B assembly. This beam line 
terminates in a beam expander, which converts the small- 
diameter Gaussian-like beam distribution into a large-area 
rectangular uniform distribution at the target. The beam 
expander has two non-linear (multipole) magnets and two 
quadrupoles, one pair for horizontal-plane expansion, and 
the other for vertical-plane expansion. After 30 m of drift, 
the beam expands to a 16 cm by 160 cm uniformly-filled 
rectangular pattern at the T/B. 

2.2 Target/Blanket 

The T/B assembly has been designed to meet tritium 
production requirements while maintaining a high degree 
of safety and reliability. Design features include a 
tungsten and lead assembly that stops the protons, a lead 
blanket containing 3He that produces approximately 40 
tritons per incident 1700 MeV proton, low-pressure, low- 
temperature cooling systems with redundant heat removal 
systems, and welded, doubly-contained gas handling 
systems      to      retain      the      3He      and     tritium. 

Assembled from replaceable modules, the T/B has a 
beam entrance window, a centrally-located tungsten 
neutron source, a surrounding lead blanket, a reflector, and 
shielding. All modules are placed in a cavity maintained 
at a rough vacuum. A double-wall Inconel window 
isolates the T/B cavity vacuum system from the 
accelerator. 

Cavity 
Vessel 

Figure 2, APT Target/Blanket System 

The physics design of the tungsten neutron source 
maximizes the production of neutrons through nuclear 
spallation and allows them to leak into the blanket region 
with minimum loss. The tungsten neutron source 
consists of small heavy-water cooled, Inconel-clad 
tungsten rods mounted perpendicular to the proton beam 
axis in horizontal stainless steel tubes. The tubes are 
connected to vertical manifold tubes, in a ladder 
arrangement that is about 2 m tall. To enhance neutron 
leakage from this source, the tungsten is spread over a 
large volume.    The tungsten neutron source produces 

approximately 21 neutrons per 1700 MeV proton. 
Approximately 3 neutrons are parasitically absorbed by 
the tungsten, and therefore, unavailable for making 
tritium. Surrounding the tungsten neutron source ladders 
is a neutron decoupler which allows high-energy neutrons 
and other particles to leave the central region. The 
decoupler also preferentially absorbs any neutrons in 3He 
that attempt to return. The decoupler has several layers of 
light-water cooled, 3He -filled aluminum tubes. 
Approximately 46% of the total tritium production occurs 
in the decoupler. 

A blanket of lead, light water, and 3He gas surrounds 
the tungsten neutron source and decoupler . The blanket is 
120 cm thick laterally and extends about 50 cm above the 
ladders. The lead in this region increases neutron 
production by additional spallation and (n,xn) reactions. 
The neutrons are moderated to low energy by collisions in 
the lead and light water, and are captured in 3He gas 
contained in circular aluminum tubes to produce tritium. 
Tritium produced in the 3He diffuses to a manifold, where 
it is carried away by flowing 3He. The 3He/hydrogen- 
isotope mixture is transported to the Tritium Separation 
Facility (TSF) for continuous tritium removal and 
cleanup. The lead blanket and decoupler produce an 
additional 26 neutrons per proton, with approximately 4 
neutrons lost to structure and coolant. Fifty-four percent 
of the tritium is produced in the blanket. The blanket is 
surrounded by a water reflector holding additional 
aluminum tubes which contain 3He for reducing neutron 
leakage from the blanket. Of the 170 MW of beam power 
incident on the T/B, only 130 MW is converted to heat 
that must be removed by cooling systems. 

The tungsten neutron source, decoupler, reflector, and 
blanket are mounted inside a cylindrical steel vacuum 
vessel that is shielded both inside and outside to reduce the 
radiation dose rate to less than 0.1 mrem/hour for 
personnel working in adjacent areas. 
Target/Blanket safety is provided by multiple inherent and 
engineered design features. Inherent to safety is the low 
amount of heat that continues to evolve from the tungsten 
target and other components after the beam is removed. 
Unlike fission-based systems for tritium production, there 
are no delayed neutrons and no criticality concerns. 
Inconel cladding on the tungsten rods prevents radionuclide 
release in the unlikely event that the cooling water is lost 
and the rods must cool by radiating their decay heat. 
There is a highly reliable T/B fault detection system 
which would turn off the proton beam should an upset 
condition occur. Backup safety features include natural 
circulation heat removal, an active residual heat removal 
system, and the ability to flood the cavity. 

2.3 Tritium Separation Facility 

The TSF delivers tritium in quantity and purity 
meeting production requirements. Spallation products in 
the 3He/hydrogen-isotope gas mixture produced in the 
target/blanket are removed before the gas is circulated to 
the TSF. There hydrogen isotopes are removed, and 3He 
is recirculated to the T/B. The hydrogen isotopes are 
separated by cryogenic distillation, and the tritium is sent 
to existing SRS  tritium facilities.  The TSF  recovers 
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99.9% of the tritium transported from the T/B assembly, 
and chemically and isotopically purifies it to a minimum 
of 99% tritium. 

2.4 Balance of Plant 

The Balance of Plant (BOP) design is driven by the 
need to meet the requirements of the linac, target/blanket, 
and tritium separation facilities. Those requirements 
include input electric power, waste heat to be removed, 
distributed utilities within the plant, shielding 
requirements, and remote handling of radioactive materials. 
About 106 square meters of land area is needed to 
accommodate the APT plant which will be 1.5 kn long 
and bounded by a fence to provide access control. 

Incoming ac power from a local utility is converted 
by an electrical switchyard to a lower voltage for 
distribution to the accelerator and plant systems, and is 
distributed via a series of sub-stations along the length of 
the plant. Nine Cooling towers and their associated heat 
exchangers are located above ground along the accelerator 
tunnel to serve the accelerator and its power supply 
components. Because of its major cooling load, the T/B 
facility has an additional dedicated cooling station. 

The APT total electric power requirement is 486 
MWe, consisting of two major loads: the RF and BOP 
electric power loads of 377 and 109 MWe, respectively. 
The ac plant distribution system will be supplied by two 
100% capacity overhead lines from the local utility. 
Loads that must meet safety requirements are fed from 
both normal and three 800-kW power generators and 
several uninterruptible power supply (UPS) backup 
systems. 

The accelerator tunnel and high energy beam transport 
buildings are housed in a concrete tunnel, with seven 
meters of dirt covering the linac section for shielding. 
The klystron gallery is a steel frame, metal building that 
parallels the accelerator tunnel. 

The T/B building has above- and below-grade 
structures. Below-grade, the T/B building is reinforced 
concrete, while above grade it is composed of a reinforced 
concrete bay and a steel frame with metal siding. Remote 
handling equipment is used where contact handling is not 
practical or not permitted by personnel hazards, such as 
during replacement of used targets. 

The BOP contains the Integrated Control System 
(ICS), which integrates accelerator protection and 
operation, ensures safe running conditions, and adjusts 
plant production variables. The plant will be completely 
operable from the main control room. 

Other infrastructure support services considered within 
the BOP include radiation monitoring and protection, 
heating, air conditioning and ventilation, water supply, 
fire protection, communications, interfaces to SRS 
infrastructure, and safeguards and security. 

3. ENGINEERING DEVELOPMENT AND 
DEMONSTRATION 

The operation of all essential APT systems, structures, 
and components has been demonstrated, sometimes on a 
smaller scale and in different environments than will be 
present in the production plant. However, because the DOE 

dual-track approach has a critical decision in 1998, the APT 
Project plans to develop and demonstrate several key 
technologies and components at prototypic scale before that 
decision. These planned activities are identified in a Core 
Technology Plan which forms the basis for the ED&D 
component of the APT project. They will be carried out 
with the assistance of the Prime Contractor, and with the 
Maintenance and Operations Contractor at Savannah River, 
in order to assure actual plant operations experience. ED&D 
has substantial breadth, but there are four major technical 
activities underway: 

• Low Energy Demonstration Accelerator (LEDA) 
• Target/Blanket and materials ED&D 
• Tritium separation 
• High-energy accelerator ED&D 

3.1 Low Energy Demonstration Accelerator 

LEDA activities [10] will be conducted in five stages to 
progressively demonstrate integrated high-power operation of 
the low-energy linac. 

• Installation and testing of a 75-keV, 110-mA proton 
injector; 

• Addition of a 350-MHz RFQ accelerator to accelerate 
a 100-mA CW proton beam to 7 MeV; 

• Addition of a 700-MHz CCDTL to further accelerate 
the 100-mA CW proton beam to 20 MeV; 

• Addition of CCDTL modules to raise the final 
energy of the 100-mA CW proton beam to 30-40 
MeV; and 

• Optional phase addition of a second parallel apparatus 
similar to that of Stage III, and a beam combiner to 
merge two 350-MHz, 100-mA, 20-MeV proton 
beams into a single 700-MHz, 200-mA, 20-MeV 
proton beam. This beam would then be accelerated 
with CCDTL modules to an energy as high as 40 
MeV. 

Of these, the first item has been completed, while 
construction and assembly of the RFQ [11] in the second 
item is underway. 

3.2 High Energy Accelerator 

Although the high-energy linac accelerating structures 
are based on well proven designs, RF coupling, 
manufacturability, and thermal performance will be 
demonstrated by building and testing a prototype of the 
100 MeV CCDTL section. 

The SCRF development program has as its basis the 
successful cryomodules for electron accelerators. For proton 
applications there are several engineering development 
activities leading to pre-production prototypes suitable for 
manufacture that will be addressed by the following 
activities: 

• Fabrication and high-gradient testing of several single- 
cell intermediate velocity proton beams Nb cavities; 

• Fabrication and testing of high-power couplers for 
SCRF medium-velocity cavities; 

• Fabrication and high-field testing of multi-cell SCRF 
cavities; 

• Tests of multi-cell prototype SCRF cavities and 
couplers in beam cryostats at full power, using 
resistive loads to simulate the beam; and, 
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•   Evaluation of radiation damage of a prototype Nb 
cavity and Nb samples. 

Of these activities, the first and fifth have already been 
successfully accomplished. 

3.3 Tritium and Neutron Production Efficiency 

The technology associated with generation and 
moderation of neutrons produced by energetic proton 
beams on tungsten and lead targets has been demonstrated 
at neutron sources worldwide. The efficiency of tritium 
production for an optimized T/B has a proton energy 
dependence very nearly the same as that of the total 
neutron production for range-thick targets. Measurements 
of tritium production from simplified prototype targets at 
800 MeV and for neutron production over the proton 
energy range of interest for APT have been completed, 
confirming the predicted neutron and tritium production. 
Additional work is in the planning stage involving a 
protoypic power density system for investigating the 
engineering performance of a tritium-producing 3He loop 
at the LANSCE accelerator. 

3.4 Materials Performance 
Candidate Target/Blanket structural materials, including 

Inconel, stainless steel, aluminum alloys, lead, zircaloy and 
tungsten, are being irradiated in the high power proton beam 
at 800 MeV at LANSCE. The irradiations are planned to 
achieve a fluence corresponding to about one full-power 
APT year. Included with the materials irradiation samples 
will be a corrosion study to determine on-line and in-situ 
water chemistry in which an instrumented closed-loop 
coolant system exposes candidate materials to a prototypic 
proton flux. The materials work will lead to fundamental 
information on the response of proposed materials to 
prototypic radiation environments as a function of fluence, 
material lifetimes, water radiolysis and spallation product 
mitigation requirements, and water chemistry requirements. 

4. PROJECT COST AND SCHEDULE 
The Integrated APT Project Schedule was developed 

to support key DOE and project specific milestones, from 
Critical Decision 1, "Approval of Mission Need," to 
Critical Decision 4, "APT Plant Acceptance." The 
schedule is also based on key deliverables from the ED&D 
program that interface with final design and procurement 
activities. The APT Project summary schedule shown in 
Figure 3, presents the major phases of the project: 
Engineering Development and Demonstration Conceptual 
Design, Preliminary and Final Plant Design, Procurement 
and Construction, and Operational Testing and 
Commissioning. 

Figure 3 APT Project Summary Schedule 
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The APT cost estimate includes all costs to develop, 
engineer, construct, commission, operate, and 
decommission the APT plant. The Total Estimated Cost 
($3.5B, with contingency and escalation) includes 
Preliminary and Final Design, construction costs, and all 
associated supporting activities such as systems and 
construction engineering, construction management 
(including inspection and testing), and all project 
management. Other Project Costs (OPC) ($1B ,with 
contingency and escalation) includes costs of the 
Engineering Development and Demonstration program, 
Conceptual Design costs, Environmental Safety and 
Health program costs, start-up costs, and all of the 
associated project management and administration costs 
for OPC activities. Annual operating costs for 3 kg/yr 
production are $150M. 
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COMMISSIONING OF THE 1MW SPALLATION NEUTRON SOURCE SINQ 

G.S. Bauer, W.E. Fischer, U. Rohrer, U. Schryber, Paul Scherrer Institut, CH-5232 Villigen-PSI* 

Abstract 

First beam tests were carried out successfully on the 
spallation neutron source SINQ at Switzerland's Paul 
Scherrer Institut (PSI) in December 1996. SINQ is driven 
by the PSI 590 MeV isochronous cyclotron which is now 
operating routinely at a current level around 1.5 mA. 
After running at 20 uA for several hours to enable 
radiation surveys and neutron beam measurements on 
December 3, the current was raised in steps to its 
maximum value within 3.5 hours on December 4, making 
the power on SINQ the highest one ever reached on a 
spallation target so far. 

The tests allowed measurements of neutron and 
gamma radiation levels around and in the extracted 
neutron beams and guides and included beam transport 
studies in the new section of the proton beam line. At the 
same time the whole target system including its 
associated cold neutron moderator was tested 
successfully. 

1 THE ACCELERATOR FACILITY AT PSI 

PSI has been operating a cyclotron facility for the 
production of intense proton beams since 1974. The 
accelerator complex and its evolution during two decades 
having been described previously (cf. e. g. [1]), only its 
main features will be summarized here. Protons are 
accelerated to their final energy of 590 MeV in an 
isochronous cyclotron with an injection energy of 72 
MeV. Its main components are 8 sector magnets, 4 
acceleration cavities (50 MHz) and 1 flat top cavity (150 
MHz). The injector is also an isochronous ring cyclotron, 
with 4 sector magnets, 2 coaxial resonators for the 
acceleration and 2 flat top cavities. It is fed from a 
Cockcroft Walton type preaccelerator of 0.87 MeV. The 
590 MeV protons from the main ring, after passing 
through two pion production targets in sequence used to 
be stopped in a beam dump. 

The facility was originally designed for a current of 
100 uA, but very soon was routinely operated at a level 
up to 250 uA with a limitation of 350 uA arising from the 
available RF-power. Beam dynamics considerations, 
however, yielded an estimated intensity limit between 1 
and 2 mA. This promising outlook into a high current 
future at PSI stimulated the planning of a spallation 
neutron source, called SINQ, which would make use of 
the remaining beam after the targets. With a view on this 
new facility an upgrading program for a current up to 1.5 
mA, corresponding to a beam power of almost 1 MW, 

was started in the late 70's. The main steps in the upgrade 
were: 
• Replacement of the original Philips injector cyclotron 

by a new Injector 2, which was commissioned in 1985 
and reached 1.5 mA in 1990. 

• Adaptation of the two target stations (in 1986 and 
1990) to the future megawatt beam and improvement 
of the secondary beam lines. 

• Stepwise upgrade of the 590 MeV ring between 1990 
and 1995 during the annual shut down periods, 
increasing the cavity voltages by about 50 % and the 
available RF-power per cavity from 200 kW to about 
600 kW. 

• Replacement of all injection and extraction elements, 
installation of improved local shielding, new beam 
diagnostics and upgrade of the control system. 

Fig. 1 summarizes the performance of the accelerators 
for the period 1974 to 1996. Although the beam current 
and the charge accelerated per year increased by a factor 
of 6, the average extraction losses stayed almost constant 
at a level of about 0.3 uA since 1989. To date, the highest 
beam current measured on target was 1.7 mA. 

m   oo 
05   a> 

Operating year 

Figl. Evolution of the beam current of the PSI 
accelerators from 1974 to 1995. The bars show the total 
beam charge delivered per year. In 1990 one of the two 
target stations was completely rebuilt and the ring 
upgrade program was started. 

For the users of the facility, the stability of the beam 
and its availability are of similar importance as the beam 
current. The availability, as measured over periods of one 
week, is between 80% and 92% (in 1996). Figure 2 
shows the operating current, the weekly average beam 
current and the number of beam trips of more than 1 min 

* The authors stand for the whole project team and would like to acknowledge the continuing support by the PSI management to 
accomplish this goal and the enormous effort of all persons involved to get the facility ready in time for these tests. 
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duration,    which    are    mainly    caused    by    voltage 
breakdowns in cavities and electrostatic devices 

After several years of high power operation the 
activation of the accelerator components is still within 
levels for normal hands on maintenance. Only exposed 
components and their suroundings, such as extraction 
devices, beam splitters and targets are equipped with 
local shields and need remote handling. 
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Fig. 2: 590 MeV operation of the PSI accelerators since 
1995. 

2. THE NEW SECTION OF PROTON BEAM LINE 

The new section between the second, thick target (TE) 
and the SINQ target, installed from 1990 onwards, is 55 
m long. It features 4 bending magnets, 12 quadrupole 
lenses, 9 pairs of profile monitors, 5 horizontal steering 
magnets, 7 collimators and 3 pairs of slits. The apertures 
of all beam line elements are between 20 and 26 cm. This 
makes the magnets relatively heavy (up to 60 tons for the 
final 64 degree bend ). Optically this beam line consists 
of a long stretched    "Z" and a flat "U". Because the 

protons enter the SINQ target region vertically from 
below, the beam line is rotated into a vertical plane. Just 
below the target, 3 collimators prevent beam line 
components from being activated by back scattered 
neutrons and avoid deposition of protons on the rim of 
the entrance window to the target. The position and width 
of the beam entering the target region can be monitored 
by electrically insulated electrode segments mounted in 
front of each of the 3 collimators. 

The main components of this beam line are grouped 
in two regions: the first one behind TE is in the old 
experimental hall, and the second one in a new 11m deep 
channel below the SINQ target hall. They are connected 
via a 12 m long drift tube passing below the foundation 
of the 2 adjacent halls and pointing downwards at an 
angle of 28 degrees. 

Reshaping the beam with collimators and slits after 
passage through TE is important for low loss transport of 
the remaining part of the proton beam (60 %) to the SINQ 
target and in order to achieve a beam diameter of 
10 cm at the target. The projected emittances in both 
directions are defined by the cut-off at an elliptically 
conical collimation system after the blow up in the 6 cm 
of pyrolithic graphite of the rotating wheel target. This 
trimming can well be seen when looking at the measured 
beam profiles which are all but gaussian in shape.While 
the beam losses at the target E, the nearby collimators and 
other aperture constraints add up to 40%, the losses after 
the 2 moveable slits (which act as beam halo scrapers) 
and the 12 m long drift tube were computed to be as little 
as 10 ppm along the last 25 m of beam line, using an 
enhanced version of the computer code TURTLE. First 
measurements of the dose deposited along the beam line 
and the readings of the installed ionisation chambers 
during beam-up time confirmed these results. This is very 
important for future maintenance and repair work, which 

Fig 3: Envelope fit for the 900 pA beam during the commissioning of the new proton beam line. T and 1 represent 
measured beam widths. The lower and upper half-frames show data for the vertical (bending) plane and the horizontal 
plane respectively. Computations were done with the code TRANSPORT. Full scale in both direction is 15 cm. The 
dotted line shows the assumed 1% dispersion trajectory.^, I symbolize slits and collimators. 
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would be impossible under high activation levels in this 
complex environment. 

water   activation.    In    general,    these 
confirmed calculated production rates. 

measurements 

3. THE SINQ NEUTRON TARGET STATION 

At the end of its passage the remaining 60% of the proton 
beam hits the SINQ target from underneath with an 
elliptical beam spot whose half axes are about 4.5 and 6 
cm (right hand side of Fig. 3). The target used for the 
commissioning phase is an array of 10 mm diameter 
Zircaloy rods, arranged perpendicular to the proton beam, 
in which the beam is completely stopped and which is 
cooled by heavy water in cross flow. Little under 60% of 
the beam power is deposited in the target material. The 
rest goes into binding and kinetic energy of the neutrons 
and other radiation generated and is deposited in the 
structures surrounding the target. About 5 neutrons per 
protons are generated with energies below 15 MeV, and 
are slowed down in a surrounding heavy water moderator 
to thermal energies (around 25 meV), which is what is 
required for neutron scattering experiments on extracted 
beams. Thermal neutrons are extracted through beam 
tubes penetrating the shielding of 4.5 m of steel and 30 
cm of borated concrete and ending in the moderator in a 
configuration tangential to the target. A vessel containing 
25 litres of liquid deuterium and placed next to the target 
serves as a cold moderator and feeds even lower energy 
neutrons into an array of 7 supermirror coated neutron 
guides. These guides are curved and heavily shielded 
over their first 30 m of length to clean the beams from 
unwanted fast neutron and y-radiation and then transport 
neutrons in straight sections to the various neutron 
scattering instruments. 

SINQ is unique in two ways: with its design beam 
power of 1 MW it has the highest power rating of any 
spallation neutron source world wide and, being driven 
by a cyclotron, it is the only continuous spallation 
neutron source. This makes it of interest not only for its 
neutrons but also in terms of its prototypic character for 
the technology of future high power spallation neutron 
sources. It was, therefore, with great interest that the 
results from the first beam tests were anticipated, with 
respect to the neutron flux level, as well as to 
backgrounds from fast neutrons in the beams and in the 
instrument halls. 
A low current run at 20 uA was scheduled for the first 
day, Dec. 3, 1996 of the commissioning phase, enabling 
measurements of intensities in the neutron beams and 
surveys of radiation levels in the whole area. Although 
the need for additional shielding was identified at various 
locations, no serious deficiencies were detected and it was 
decided to run a full power test on the following day, 
with a limit on the total charge of 2 mAh (cf. Fig. 4) 

This also enabled monitoring of the radiation levels in the 
cooling plant room (Fig. 5) and analysis of the cooling 
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Fig. 4 High current beam test of the SINQ target on- 
Dee.4,1996. The beam trips were mainly caused by low 
levels set in loss monitors. At 21:35h the charge limit of 

2 mAh was reached 
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Fig. 5 Dose rate in the SINQ cooling plant room from 
short lived isotopes in the cooling water during and after 

the high current test of Dec. 4, 1996. 

Also neutron intensities measured at the beam tubes 
and cold neutron guides [2] conform well with 
expectations based on calculations. Cold neutron currents 

8 -2-1 
at the guides are around 2.5 to 3.5x10   cm s    at the 

8 -2-1 
positions of the instruments and around 6.3x10 cm s at 
the edge of the target shield. Thermal neutron currents at 
the beam tube exits are about 1-2 10 cm" s" .sr"1. All 
values refer to 1 mA on target and are expected to double 
when the next generation target containing lead filled 
tubes instead of Zircaloy rods will be installed. Fast 
neutron contamination (>20 MeV) was checked with a 

C detector and was found to be below 10 of the 

thermal netron flux in the beam tubes and absent in 
the guides. 
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SYNCHROTRONS AND BEAMLINES FOR PROTON RADIOGRAPHY* 

F. Neri and H. A. Thiessen, Los Alamos National Laboratory, Los Alamos, NM 87545 
and P. L. Walstrom, Northrop Grumman, Los Alamos National Laboratory, Los Alamos NM 87545 

Abstract 
A 50 GeV accelerator complex for dynamic proton 
radiography, including a linac, synchrotron, and multiple 
isochronous beamlines is described, and critical technology 
development is outlined. 

1. INTRODUCTION 

Transmission radiographic images with high spatial and 
temporal resolution can be made when proton pulses 
illuminate an imploding test object that is placed in the 
object plane of a point-to-point magnetic quadrupole 
imaging system. From 2 to 16 simultaneously- 
illuminated views and approximately 50 time-separated 
exposures per view are desired. The desired beam-pulse 
structure should be flexible, with 1010 to 1011 protons in a 
10-20 nsec-long pulse per view, and a variable time 
separation between pulses in a view of that is a minimum 
100 nsec and a maximum of many microseconds. These 
requirements lead to use of a low-duty-factor, slowly 
cycling proton synchrotron with a flexible multipulse 
beam-extraction system feeding into a multistage beam- 
splitting and transport-line system that transmits proton 
pulses to the test facility. The total number of protons in 
the ring is approximately 3xl012. In the paper, a 
conceptual point design for a system that can meet the 
above requirements is presented. The nominal beam 
energy of 50 GeV is set by object thickness and also by 
the thickness of the windows that must contain the blast. 

2. SYNCHROTRON 

The present study is based on use of an 800-MeV linac 
injecting an H" beam directly into a 50 GeV synchrotron. 
The synchrotron is fairly conventional, except for use of a 
lattice with an imaginary transition y and certain features 
of the achromatic arcs. 

2.1 Ring acceptance 

With an injection energy of 800 MeV (the energy of the 
LAMPF linac at LANL), and 5xl012 protons in the ring, 
a minimum 95% emittance of 4.7 7t-mm-mrad is required. 
For calculating magnet apertures, we use a total emittance 
of 10 rc-mm-mrad. It should be kept in mind that, with 
the low duty cycle, fairly high losses are tolerable. 
Injecting directly from the linac simplifies operation, but 
the dipole magnets are required to have a good field quality 
at the injection field of 0.04 T. At an energy of 50 GeV, 
the dipole field is 1.4 T. If we assume using dipoles like 
the ones designed for the proposed LISS synchrotron at 
IUCF, a maximum field of 1.7 T is possible, increasing 
the energy to about 60 GeV. Beyond this, the synchrotron 
needs to be redesigned and a booster added. Table I is a 
summary of the parameters for the 50-GeV ring. 

Table I. Ring Description 

Max Momentum 51 GeV/c 
Circumference, harmonic no 1710 m, 56 
Ring Size 649.34 m x 361.14 m 
Tunes Qx = 16.23, Qy= 13.19 
Transition y 38.839 i 
Uncorrected chromaticity Q'x = -19.68, ß'j, = -21.39 
Transverse Emittance Norm ex = £y = 5 it mm-mrad (4a) 
Longitudinal Emittance 0.15 eV-sec 
Maximum Tune Shifts AQX = 0.2, AQy = 0.24 
RF Voltage, Frequency, max 85 kV/turn, 10 MHz 

Extracted long, phase-space 2 nsec, 0.13 % dp/p FWHM 

ACHROMATIC ARCS 

Arc cell number 8(x2) 

Arc length 566.8 m (x 2) 

Arc tunes ßjc = 6,ßy = 5 
Arc max beta functions ßx = 56.6 m, ßy = 57.7 m 
Arc max dispersion 4.21 m 
STRAIGHTS 
Length 288.2 m (x 2) 
Straight cell number 10 (x 2) 
Straight cell phase advance 9X = 76.14°, 0y = 57.42° 
Max beta functions ßx = 44.8 m, ßy = 54.4 m 
MAGNETS 
Number of dipoles 128 
Dipole length 6 m 
Dipole max B 1.4 T 
Number of quadrupoles 152 

2.2 Lattice design 

We are proposing a lattice for the synchrotron with a 
transition gamma of about 40i. A lattice with an 
imaginary transition energy avoids transition and stays 
away from some instabilities. Figure 2 gives the lattice 
functions and dispersion for a quarter of the ring, including 
half of one of the achromatic arcs. Figure 3 shows the 
lattice functions and dispersion for one arc cell. A useful 
feature of this particular lattice is that the maximum of the 
horizontal beta is reached near a zero of the dispersion: this 
reduces the apertures required. With a full-aperture 
emittance of 10 7t-mm-mrad, Figs. 2 and 3 show that 
magnets with full apertures of 8 cm should be sufficient. 

2.3 Extraction Kicker 

With staged beam splitting in the transport lines, only one 
extraction kicker is required. A straight section almost 15- 
m long between an F and a D quadrupole is available for 
the kicker. The kicked beam will pass through the 
following D and F quadrupoles and into a septum magnet 
just downstream of the following F quadrupole. The 
injected-beam full aperture is about 4-cm diameter at the 

* Supported by the US Department of Energy 
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Fig: 1 Layout of the entire facility, showing the linac, synchrotron ring and beamlines. 
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Fig: 3 Lattice functions and dispersion for an arc cell. 

kicker, and shrinks during acceleration to about 1 cm 
diameter. If a TEM-mode (i.e., transmission-line) kicker 
is used, the kicker can have an aperture that is large 
enough for 50-GeV beam, but not large enough for the 
injected beam. The kicker is vertically offset from the 
machine midplane and steering magnets are used to move 
the beam up into the kicker after full energy is reached. 
Steering magnets are also used to bring the beam next to 
the septum magnet in order to minimize the required kick. 
Assuming that both kinds of steering are used, a kick of 

about 0.6 mR is needed. This can be obtained with an 8- 
m TEM-type kicker. A TEM-type kicker scaled from the 
kickers in the LANL Proton Storage Ring requires 600A 
at ±30 kV in a push-pull configuration. A flattop of 
about 64 nsec is needed for an 8-m TEM kicker (beam 
time-of flight+TEM pulse transit time+10 nsec beam 
pulse width). In order to get the total time for the kicker 
pulse to rise and fall, the modulator switching time for up 
plus down must be added to the flattop width. Using an 
estimated 140 nsec for this time, a total 205-nsec pulse 
width results. This will fit between ring pulses with 220 
nsec spacing. Ringing of more than a few percent after 
fall time cannot be tolerated. If needed, end-of-pulse effects 
can be canceled by placing a properly-timed identical 
second kicker at a point 180 degrees in betatron phase 
downstream of the first kicker. A conventional pulse- 
forming cable (PFCs) with a thyratron switch could be 
used to drive the kicker if all of the particles in the entire 
ring were to be extracted at once (fall time is then of 
course not an issue). On-demand pulse extraction, in 
which selected pulses are to be extracted, while others are 
allowed to remain in the ring for later extraction, will 
require a modulator with a faster cycling time. A brute- 
force, but expensive option would be to employ multiple 
PFC/thyratron modulators isolated with high-voltage 
diodes. A more attractive possibility is to use high-power 
vacuum tubes. Another possibility is to use multiple 
lumped-inductor-type full-aperture (4 cm) kickers without 
bumping. These kickers would be driven with directly- 
coupled tubes or solid-state switches right next to the 
kickers. 

3. BEAMLINES AND SPLITTERS 

Both beam transport and beam splitting are performed in 
the beam transport system (see Fig. 1). The beamlines are 
achromatic and isochronous; the latter feature is enforced 
by symmetry. In the present study, there are 4 beamlines 
all in a plane illuminating the target at equally-spaced 
angles from 22.5° to 157.5°. At the end of each beamline, 
there is a 45-m target-illuminating section that includes a 
diffuser and magnetic quadrupoles that prepare the beam 
size and convergence angles for target illumination. On 
the opposite side of the target chamber from each target- 
illuminating section, there are a magnetic imaging system 
and detector arrays.   The target-illuminating section and 
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imaging systems are described elsewhere in these 
proceedings. [1] 

3.1 Beamlines 

The basic building block for achromatic bends is 4 cells 
with a 90-degree betatron phase advance per cell, and with 
two conventional iron-pole-piece dipoles per cell. A 
maximum of 5.75 degrees bend per cell is assumed. This 
corresponds to about 1.2-T bending field in the dipoles, 
which occupy 14 m of each cell's length. Straight 
sections and bends use the same 20-m (F to F) FODO cell. 
Most four-cell bends are 22.5 deg., which means the field 
in the dipoles is a little less than the maximum. Some 
bend angles are slightly less than 22.5 deg. in order to 
direct thre beams appropriately. Straight dipoles, all of a 
single design, are used to minimize cost. The sagitta for 
the maximum bend angle is about 4 cm. With the 22.5° 
bend, the maximum of the dispersion function in the 
middle of the bend is about 6 m. With 8plp of 0.1 %, 
this gives a 6 mm spread. The maximum ß function in 
the bends and straight sections is 36 m; the unnormalized 
full-aperture emittance is 0.5 7i-mm-mR. A 2-in. beam 
pipe, curved inside the dipoles, will therefore accommodate 
the beam in both the bends and straights with some 
margin. 
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Fig: 4 The basic modules of the transport line system: the 
large beta insert, containing the beam splitting section on 
the left and the four-cell achromat on the right. The 
maximum ßx in the insert is off scale and is 6250 m; the 
maximum ßy is 1207m. 

3.2 Beam-splitting insert 

There are 2 stages of splitting in an 4-beam transport 
system. Each splitter section has a total length of 160 m 
and includes a 60-m expander section, a 50-m splitting 
section, and two parallel 60-m contractor sections. The 
expander section,  which consists  of 4 drifts  and 4 

quadrupoles, blows the x beam width up to 10 cm and the 
v beam width to 4 cm. The contractor sections are 
essentially the expander section in reverse order. The 
splitter section (see Fig. 5) contains a pulsed septum 

Fquad 

Jf F quad 

Fig: 5 Schematic of splitter section (vertical scale 
exaggerated by roughly a factor of 10). The first F quad in 
this figure is F4 in Fig. 4. 

magnet, a dc septum magnet, C-dipoles, and drifts. The 
pulsed septum consists of a single sheet of copper 1 mm 
thick in a laminated iron yoke and intercepts about 3% of 
the beam. The septum is pulsed once for each ring cycle 
for a total of 2 msec. Fields are equal and opposite on each 
side of the septum. Each of the two legs forms an S bend. 
The insert is essentially achromatic because the beam has 
no net bend in the splitter section and the two half-beams 
leaving the splitter are not bent before they pass through 
contractor sections. Beam alignment, magnet field quality, 
and precision of net bend angle are critical in the insert. 

3.3 Beamline component summary 

The transport system parameters are listed in the table 
below. Beamline layouts with 2, 8 and 16 views with the 
same basic building blocks were also developed. It was 
found that the system length scaled very nearly linearly 
with the number of views. 

Table II. Four-View Beamline Summary 

Total splitter sections 3 
Total straight cells 36 
Total bend cells 96 
Total target illumination sections 4 
Total bend length 1920 m 
Total straight length 720 m 
Total length 3300 m 

REFERENCES 
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CLINICAL REQUIREMENTS AND ACCELERATOR CONCEPTS 
FOR BNCT 

B. A. Ludewigt, Lawrence Berkeley National Laboratory, Berkeley, CA 94720 

Abstract 

Accelerator-based neutron sources are an attractive 
alternative to nuclear reactors for providing epithermal 
neutron beams for Boron Neutron Capture Therapy. 
Based on clinical requirements and neutronics modeling 
the use of proton and deuteron induced reactions in 7Li 
and 9Be targets has been compared. Excellent epithermal 
neutron beams can be produced via the 7Li(p,n)7Be 
reaction at proton energies of -2.5 MeV. An electrostatic 
quadrupole accelerator and a lithium target, which can 
deliver and handle 2.5 MeV protons at beam currents up 
to 50 mA, are under development for an accelerator-based 
BNCT facility at the Lawrence Berkeley National 
Laboratory. 

1   INTRODUCTION 

Neutron Capture Therapy (NCT) is a promising 
approach to cancer therapy for sites such as glioblastoma 
multiforme, a malignant brain tumor, where conventional 
radiation therapies fail. Boron Neutron Capture Therapy 
(BNCT) relies on a binary method for delivering a 
sufficient dose to the tumor cells. A pharmaceutical 
compound which carries 10B and concentrates selectively 
in the tumor cells is administered to the patient. 10B has 
a very large capture cross section (3830 barns) for thermal 
neutrons and decays into an alpha particle and a lithium 
nucleus, the combined ranges of which are -10 \im, 
approximately one cell diameter. When a patient is 
irradiated with an epithermal neutron beam, the neutrons 
thermalized in the tissue may be captured by 10B 
damaging the cells in which the capture took place. The 
success of this therapy depends on two factors, the 
selectivity of the 10B carrying drug and the availability of 
a neutron beam with a suitable energy spectrum and 
sufficient intensity. 

Epithermal neutron beams can be obtained at nuclear 
reactors. Clinical BNCT trials are ongoing at the 
Brookhaven Medical Research Reactor (BMRR) and at the 
research reactor at the Massachusetts Institute of 
Technology. However, because of the problems 
associated with reactor installations at hospitals, the 
development of accelerator-based neutron sources is 
pursued. In addition, such neutron sources can provide 
clinical advantages as discussed in section 3.2. 
Accelerator-based neutron sources consist of an 
accelerator, a neutron production target and a moderator 
and filter assembly for shaping the epithermal neutron 
beam. There are a number of nuclear reactions which can 
be exploited. The 7Li(p,n)7Be reaction offers the highest 
neutron yield, but the low melting point of lithium (179 
CC) is disadvantageous. On the other hand, beryllium 
targets have excellent mechanical properties, but higher 
proton   beam   currents   or   energies   are   required   to 

compensate for a lower neutron yield. The evaluation of a 
particular reaction for BNCT requires the modeling of the 
primary neutron source and of the neutron transport 
through the moderator and filter assembly. In addition, 
the clinical properties of an epithermal neutron beam 
must be assessed by simulating the radiation transport in 
a phantom. Such a study, described in sections 2 and 3, 
led to the approach chosen for an accelerator-based BNCT 
facility at the Lawrence Berkeley National Laboratory 
(LBNL). It will be based on an electrostatic quadrupole 
(ESQ) accelerator capable of delivering up to 50 mA of 

2.5 MeV protons onto a 'Li target. 

2 CLINICAL   CONSIDERATIONS 

Radiotherapy aims at delivering a tumoricidal dose 
without exceeding the clinical dose limits for surrounding 
normal tissues and organs.   In BNCT the tumor dose is 
boosted by a high ^B concentration in the tumor cells. 
However, several background reactions contribute equally 
to the dose in normal tissue and tumor. Thermal neutrons 
produce the so-called nitrogen dose (DN) through the 

^N(n,p)14C neutron capture reaction and are the main 
contributor to the gamma dose (Dy) via the 1H(n,y)2H 

capture reaction. Neutrons with higher energies generate 
recoil protons and deposit the fast neutron dose (Df). Df 
is sensitive to the energy spectrum of the epithermal 
neutron beam. 

2.1 Dose Computation 

The evaluation of the clinical efficacy of epithermal 
neutron beams for BNCT requires the calculation of the 
dose distributions in tumor and normal tissues. This task 
is complicated by the fact that the different kinds of 
radiation contributing to the total dose are of different 
biological effectiveness (RBE). Furthermore, the 
biological effectiveness of the physical dose due to 
neutron capture by the 10B nuclei depends on compound 
specific properties and a so called compound factor (CF) 
has been introduced. Compound factor and RBE make it 
possible to add the different dose components and express 
the total photon equivalent dose (Dtot) in gray-equivalent 
(Gy-Eq) units: 

Dtot = CF-DB + RBENDN + RBEf Df + Dy. (1) 

For this study the dose calculation protocol [1] developed 
for the BNCT clinical trial at BMRR was adopted. It 
established boron concentrations and compound factors for 
the boron compound boronphenylalanine (BPA). The 
values listed below were used for all dose calculations: 

normal tissue ^B concentration: 13 ppm; normal tissue 
compound factor: 1.3; tumor 1"B concentration: 45.5 
ppm; tumor compound factor: 3.8; fast neutron RBE 
(RBEf): 3.2; nitrogen capture RBE (RBEN): 3.2; and y 
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RBE (RBEy): 1.0. The "rtt-MC" BNCT treatment 
planning code [2] developed at the Idaho National 
Engineering Laboratory (INEL) for use at the clinical 
trials at BMRR was employed to calculate in-phantom 
dose distributions. 

2.2 Clinical Requirements 

The discussion in this paper is based on single beam 
treatments of brain tumors although in practice two or 
more fields, e.g., parallel opposed ports, are often used. 
As the most important clinical requirement the dose to the 
normal brain must be kept within its tolerance in order to 
prevent radiation injuries. Following the BMRR protocol 
the maximum normal brain equivalent dose was set to 
12.5 Gy-Eq. The maximum entrance surface dose was 
limited to 10 Gy-Eq in order to limit radiation injury to 
the scalp. Also, doses to other organs and the whole body 
must be considered in the actual treatment planning 
process since they may impose limitations and may 
require special beam collimation and patient shielding in 
particular BNCT treatments. 

In treatments of glioblastoma multiforme one tries to 
maximize the tumor dose. Thus, the patient is irradiated 
until the normal tissue dose limit is reached. However, 
delivering a tumoricidal dose to the distal end of a deep 
seated tumor is, at present, not always possible. 
Treatment protocols specify a minimum tumor dose. For 
future accelerator-based BNCT facilities it is desirable to 
limit the treatment time to less than one hour for the 
following reasons: First, the boron delivery drug gets 
washed out of the tumor cells over time. For example, 
the concentration of BPA, the only drug currently 
approved for U.S. clinical trials, is greatly reduced after 
several hours. Second, patient comfort can be a limitation 
and, third, short treatment times are desirable at future 
hospital-based BNCT facilities for operational reasons. 

3  ACCELERATOR-BASED    NEUTRON 
SOURCES 

A variety of accelerator-based neutron sources for 
BNCT have been proposed and investigated [3]. This 
paper is restricted to p and d induced reactions in Li and Be 
targets. Other interesting options such as neutron 
production near the threshold of the 7Li(p,n)7Be reaction 
[4] or photoneutron sources [5] are not included. 

3.1 Neutron production 

The reaction 7Li(p,n)7Be has a threshold of 1.881 
MeV and displays a large resonance in the forward 
direction around 2.3 MeV which extends to about 2.5 
MeV. Neutron double differential distributions were 
calculated as function of incident proton beam energy 
using normalized Legendre coefficients [6] for predicting 
the 7Li(p,n)7Be cross section [7]. 

Neutron yield distributions for proton and deuteron 
induced reactions in thick beryllium targets were taken 
from the literature. However, as described below, 
complete neutron energy and angular distributions at the 
energies of interest were not available and, consequently, 
some neutron yield distributions were extrapolated from 
the available data. 

The angular and energy distributions of thick 
beryllium target neutron yields published by Brede et al. 
[8] for a proton energy (Ep) of 19.08 MeV were used as 
the neutron source description for an evaluation of this 
reaction for BNCT. 

Thick target neutron yields for the Be(p,n) reaction at 
lower proton energies were recently measured by Howard 
et al. [9]. The published neutron yield energy spectra for 
Ep = 4.0 MeV at three angles, 0°, 40°, and 80° were used. 
The energy distribution at backward angles was 
approximated as being identical to the 80° spectrum with 
an upper energy cutoff at 1 MeV. The resulting total 
neutron yield of 6.31011 n/mC is about a factor of 2 
lower than the total neutron yield given by Hawkesworth 
[10]. 

The Be(d,n) reaction was included in this study since it 
offers higher neutron yields than the 7Li(p,n) reaction at 
beam energies below 3 MeV. Only limited neutron yield 
data could be found in the literature. Meadows et al. [11] 
published thick beryllium target neutron spectra at 0° for 
incident deuteron energies between 2.6 and 7.0 MeV, and 
Smith et al. [12] published angular distributions for the 
9Be(d,n)10B thick target reaction at Ej = 7 MeV. 
Neutron yield distributions were constructed based on the 
0° spectrum at 2.6 MeV and the angular distributions 
measured at 7 MeV. A total neutron yield of 2.3-1012 

n/mC was found compared to a yield of 1.5-1012 n/mC 
given by Hawkesworth [10]. 

The neutron yields of the reactions listed above vary 

by two orders of magnitude. The "Be(p,n) reaction at Ep 
= 19 MeV produces the highest total neutron yield of 
6101-* n/mC (for neutrons energies En > 0.7 MeV) but 
the energy spectrum extends to En -15 MeV necessitating 
a thick moderator. At Ep = 4 MeV the upper neutron 
energy limit is ~2 MeV and the neutron yield is much 
reduced. The neutron spectrum of the "Be(d,n) reaction at 
Ed= 2.6 MeV exhibits its highest yield at neutron 
energies below 2 MeV, but also features a high energy 
component up to about 6 MeV. The upper neutron 
energy for the 7Li(p,n)7Be reaction at Ep = 2.4 MeV is 

700 keV and the total yield is 7.69-1011 n/mC. 

3.2 Moderator and Neutron Transport Modeling 

Modeling of the neutron beams from the production 
target, through a filter assembly, and into a phantom is 
necessary for evaluating different neutron sources for 
BNCT. This has been carried out in two stages. The first 
stage simulates the neutron beam from the production 
source through the moderator and filter assembly using 
the Monte Carlo program MCNP [13]. The same 
moderator and filter assembly has been used for all 
analyzed neutron sources. Only the moderator thickness 
has been varied to optimize the performance. 

A cross section through the three dimensional 
geometry specified for MCNP is shown in Figure 1. 
This geometry includes a 5 cm radius flat circular neutron 
source, which is followed by a cylindrical moderator of 
variable thickness and material. Surrounding the entire 
moderator and production target is an AI2O3 reflector.   In 
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all simulations a mixture of 60% Al and 40% AI/AIF3 
has been used as the moderator material. This material 
has been shown to perform well at a fission reactor [14] 
and for the 7Li(p,n)7Be reaction [15]. 

Proton 
Beam 

\VReflector\ 
XSAI2O3 

v\5 cm radius source^ 
\\\Vvvvvv;N 

JQithiated polyethalene): 

Tally Surface 
(input to rtt) 

Phantom 

Figure 1:  Moderator and filter assembly cross section 
with head phantom. 

Analyzing the transport of neutrons and photons 
through a head phantom is necessary to determine the 
clinical properties of a beam. This has been done in the 
second modeling stage using the Monte Carlo-based 
BNCT treatment planning code, "rtt-MC" [2]. The 
geometry and setup is depicted in figure 1. It includes a 
lithiated polyethalyene beam delimiter and a head 
phantom. "Tally Surface" indicates the epithermal 
neutron source used as input to "rtt-MC. 

Figure 2 shows the total thermal neutron fluence for a 
treatment, which is roughly proportional to the equivalent 
tumor dose, as a function of depth for the accelerator 
beams and, for comparison, the BMRR beam. The 
7Li(p,n) source produces the highest thermal neutron 
fluences. Significantly lower thermal fluences, 
particularly at more than 3 cm depth, were found for the 
sources for which the primary neutron energy spectrum 
extends to higher energies, 9Be(p,n) at 19 MeV, 9Be(d,n), 
and the fission reactor. This is due to the increased 
moderator thickness needed for the suppression of the fast 
neutron dose.   At a proton beam energies of 4 MeV the 

thermal fluence distribution for the 9Be(p,n) source is 
closer to that of the 7Li(p,n) source. Table 1 lists for 
each source the equivalent tumor doses at the point of 
maximum thermal fluence, at 5 cm depth, and at 8 cm 
depth. It also gives the beam currents required to match 
the BMRR treatment time of 40 min. The range given 
for the neutron sources using a beryllium target reflects 
the uncertainties in the neutron yield estimates. 
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Li(p,n), 2.4 MeV 
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Be(d,n), 2.6 MeV 

Be(p,n), 19 MeV 
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12        3 4        5 6        7 8 
Depth in phantom (cm) 

Figure 2:  Thermal fluences as function of depth. 

3.3 Accelerator options 

As can be seen in Table 1 the beam current 
requirement is dramatically lowered when bombarding a 
Be-target with 19 MeV protons. Compact cyclotrons are 
an attractive option for providing beam currents of a few 
mA at energies between 10 and 20 MeV. Although such 
neutron sources may be suitable for BNCT, they can not 
match the quality of the epithermal neutron beams that 
can be produced at lower proton beam energies. 

The neutronics study points towards an accelerator 
neutron source utilizing a lithium target and a proton 
beam of about 2.4 MeV. A number of accelerator 
technologies have been proposed [3] including 
radiofrequency quadrupole (RFQ) and other linac 
structures. While some of these technologies still need 
significant research and development, others are quite 
mature. A prototype tandem accelerator [16] designed for 
a maximum energy of 4.1 MeV and currents up to 4 mA 
is operated at MIT and used for BNCT related research. At 

Neutron source 7Li(p,n) 9Be(p,n) 9Be(p,n) 9Be(d,n) BMRR 

Beam energy                 (MeV) 2.4 4.0 19 2.6 3MW 
Beam current                  (mA) 27 40-80 1.5-3 50 - 100 - 
Moderator thickness        (cm) 34 42 70 70 - 
Eq. tumor dose (max.) (Gy-Eq) 66 61 53 54 62 
Eq. tumor dose (5cm) (Gy-Eq) 51 44 38 39 39 
Eq. tumor dose (8cm) (Gy-Eq) 22 20 16 16 15 

Table 1: Comparison of epithermal neutron sources. The treatment time for all sources is 40 min. 
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Figure 3: Schematic diagram of the 2.5 MeV ESQ accelerator 

Birmingham, UK, it is planned to utilize a d.c. accelerator 
expected to deliver beam currents of 5 - 10 mA. 
However, the neutronic studies summarized in this paper 
indicate that higher proton beam currents are desirable for 
optimization of the epithermal neutron beam and 
increased flexibility in patient treatments. Accelerators 
with electrostatic quadrupole (ESQ) columns, which have 
been developed at LBNL for fusion applications [17], are 
capable of producing high current, megavolt beams and 
are therefore well suited for BNCT. 

4 ESQ-ACCELERATOR   BASED   BNCT 
FACILITY 

4.1 ESQ Accelerator 

For applications that require high average beam 
currents or variable beam energy, d.c. electrostatic 
accelerators are most suitable. Accelerators using 
electrostatic quadrupole (ESQ) columns can be operated 
with high beam current and high reliability [18]. The 
electrostatic quadrupole lenses in the acceleration column 
provide a combination of converging and diverging lenses 
that produces a net focusing effect on the beam. This 
gives the key advantage of an ESQ accelerator that the 
transverse focusing can be very strong without incurring a 
longitudinal field exceeding the breakdown limit. In 
addition, the secondary electrons generated within the 
accelerator column are quickly removed by the strong 
transverse electric field instead of being allowed to 
multiply and then develop into a column arc-down. 

At LBNL the supporting structure and high pressure 
vessel of a decommissioned injector are reused for the 
construction of an ESQ accelerator for a BNCT facility. 
A new ESQ accelerator column will be installed and the 
existing power supply (Dynamitron) replaced with an air- 
core multistage transformer-rectifier stack [19]. Figure 3 
shows a schematic diagram. Located at the front end is a 
multiscup ion source that can deliver positive hydrogen 
ion beams with monoatomic ion fraction higher than 90% 
[20].    Radio-frequency induction discharge is  used to 

provide clean, reliable and long-life source operation. An 
extractable hydrogen ion current density of 100 mA/cm2 

has been achieved demonstrating that this ion source can 
meet the requirement for BNCT. Following the ion 
source is a 325 keV low energy beam transport section 
(LEBT) which consists of 6 electrodes. The main 
acceleration is done by 13 ESQ modules. The bore 
diameter is 6 cm. 70 alumina rings make up the 3.8 m 
long column. Cooling of the copper ESQ electrodes will 
keep the temperature rise below 100°C for a deposition of 
100 W on each electrode. Computer simulation using the 
WARP-3D particle code showed that the column can 
accelerate a 125 mA beam. Further details can be found 
inKwanetal. [21]. 
Modifications to the existing power supply for test 
measurements from capacitively coupled to inductively 
coupled have been completed. The primary to secondary 
coupling along the length of the acceleration column has 
been equalized to ±10% by adjusting the primary current 
density. It will ultimately be reduced to ±1% by 
adjusting the number of turns in the secondary coil. The 
low impedance of the inductively coupled system will 
allow operation at currents exceeding 50 mA. 

4.2. Neutron Production Target 

The lithium neutron production target is a crucial 
component of the accelerator neutron source. Since 
metallic lithium has a low melting point of 179°C, very 
effective target cooling is mandatory. In our design a 50 
H-m thick Li layer is deposited on an aluminum backing. 
Applying the microchannel absorber concept, many 
channels are cut into the substrate for convective water 
cooling. The finite element code ANSI was employed to 
simulate the heat flow and perform a temperature and 
stress analysis. The results indicate that for a heat-load of 
-600 W/cm2 the surface temperature can be kept below 
150°C. A recent heat-load test of a prototype aluminum 
panel, performed at the Plasma Materials Test Facility at 
Sandia National Laboratory, confirmed the simulations. 
The thermal fatigue reliability  of the prototype was 
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demonstrated by subjecting it to 50,000 heat cycles. A 
V-shaped target with the panels placed at a 30° angle in 
respect to the beam cuts the surface heat-load in half. 
Further analyses showed that by optimizing the beam 
profile and increasing the target area up to 15 cm x 15 cm 
beam currents of up to 50 mA can be handled. 

5      SUMMARY 

ESQ accelerators capable of producing high d.c. 
current, megavolt beams are very well suited to exploit 
the 7Li(p,n)7Be reaction as a neutron source for BNCT. 
A d.c. ESQ accelerator is being designed for proton beams 
up to 2.5 MeV and beam currents exceeding 50 mA. The 
d.c. power to the ESQ electrodes is provided by an air-core 
transformer stack surrounding the accelerator column. A 
Li-target is being developed for proton beam currents up 
to 50 mA. The design of the moderator and filter 
assembly is driven by clinical requirements and geared 
towards high quality epithermal neutron beams while 
maintaining a short treatment time. Our work indicates 
that an accelerator-based neutron source for BNCT is 
practical and superior to reactor neutron sources. 
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STERILIZATION OF MEDICAL PRODUCTS 

K. Whitham, T. Allen, H. Anamkath, F. Gower, R. Mendonsa, H. Schaffer, A. Zante 
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Abstract 

Historically, most scientific accelerator systems are the 
primary ingredient of a given facility. In commercial 
applications of accelerators the customers needs are for a 
systems in which the accelerator is a part of a process. In 
the case of the sterilization of medical products, the ac- 
celerator is part of a process which ensures a sterile dose 
to FDA standards to a variety of products. The process 
includes a variety of hardware and specifications for pa- 
rameters that are unrelated to accelerator technology. In 
addition, the customers are in general unfamiliar with 
accelerator technology. This creates the need for a differ- 
ent approach to design including a multidisciplined group 
of designers as well as the need for the design of equip- 
ment that has industrial ruggedness and reliability, so as 
to be usable by relatively low skill levels. In addition, the 
systems must be highly cost efficient, because the accel- 
erator technology will be competing with alternative 
technologies which invariably are less expensive. 

This paper describes the design of the TB 10/15 accel- 
erator system which is currently being operated in several 
locations around the world. The description includes the 
market needs that were addressed and how the system 
was designed to meet them. 

INTRODUCTION 

Sterilization of medical products was identified as a pos- 
sible application for a scanned beam accelerator. 

Societal pressure to check rising health care costs has 
resulted in demands for less expensive and more flexible 
methods to sterilize medical devices. This has generated 
interest in electron beam sterilization because it offers 
fast turnaround time and high efficiency compared with 
competing technologies. The combination provides the 
opportunity for lower sterilization cost. In addition, com- 
peting technologies have inherent problems which en- 
courage the accelerator technology. 

1. Cobalt 60 has high costs for the source and replace- 
ment. There is public pressure to avoid placement of 
large amounts of highly radioactive material in urban 
locations. 

2. EO (ethyleneoxide) gas is toxic, carcinogenic, and 
explosive, and is being phased out. 

The market for alternative sterilization methods need was 
recognized and studied to ascertain if a business could be 
established. The effort involved market surveys, and cost 
estimates based on various system designs and scenarios. 
The system design rapidly converged on the parameters 
of the Titan Scan machine. 

One of the major parameters considered was beam 
power. The power was sized to be able to provide sterili- 

zation support on a contract service basis to a regional 
area of manufacturers within reasonable transport range. 
If the system were too large, the capital cost could not be 
justified because the system could not be kept busy. If it 
were too small, the facility could not handle the product 
volume and the cost per watt of beam would be too high. 
We converged on a 15 kW beam power operating point. 
We designed for 20 kW. 

Another major parameter was beam energy. The 
FDA regulations preclude operation beyond 10 MeV, to 
avoid activation in some materials. 10 MeV provides a 
useful range of direct electrons in most medical products. 
The density of which is .03 - .3 g/cc. 

Another parameter was the number of operating en- 
ergies. In order to maximize reliability, we chose the 
simplest approach with the fewest components and that is 
a single operating energy. At that point all the parameters 
can be optimized for efficiency and reliability. 

Another decision was to have the system dedicated to 
medical products and not multipurpose. The result was 
the Titan Scan TB 10/15 scanned beam system. 

Fie. 1. Artist sketch of facility. 

FACILITY DESCRIPTION 

The Titan Scan TB 10/15 facility is divided into four ar- 
eas: a processing room, a modulator room, a control room 
and a product staging area. The processing room is a 
shielded concrete structure with walls and roof ranging 
from 2.1 m to about 3.1 m at the thickest point directly in 
front of the electron beam. The processing room contains 
a 1.4 m long standing-wave accelerating section, mag- 
netic systems to focus and scan the 10 MeV, 15 kW elec- 
tron beam, an overhead power and free transport con- 
veyor and the under-beam process table. 

0-7803-4376-X/98/S10.00© 1998 IEEE 3796 



Power supplies and utilities are located in an adjacent 
modulator room, which is separated from the processing 
room by a shield wall so it can be occupied during opera- 
tion. The control room houses the computers and sub- 
systems that control, monitor and document the steriliza- 
tion process. An isolated dosimetry lab is located in the 
control room area. Processed and unprocessed product is 
separated by a chain-link fence to prevent intermixing. 

LINEAR ACCELERATOR (LINAC) 

Because the LINAC system is specifically designed to 
function as part of a medical product sterilization system, 
it is built with a component safety margin allowing con- 
tinuous, 24 hour per day operations. The horizontal ac- 
celerator axis provides for easy two-sided irradiation of 
medical products with bulk density in the range from 0.03 
to 0.30 grams per cubic centimeter. The beam is scanned 
into the vertical direction to accommodate packages up to 
51 cm in height at the front surface of the carrier. 

Figure 2 shows the vertical dose distribution profile 
on the surface of a 0.1 g/cc uniform density foam phan- 
tom from the top to the bottom of a carrier performed 
with an energy of 10.8 MeV and a repetition rate of 300 
pulses per second. Figure 2 results show an average of 
15.2 kGy with a coefficient of variation (CV) of 1.54%. 

The output of the waveguide has a fast in-line valve 
shutter and beam current monitor prior to the scanner. 

Vertical Dose Distribution 
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Fig. 2. Vertical dose distribution (scan width) at the 
surface of a 0.1 g/cc uniform density foam phantom. 

BEAMLINE 

The electron gun is a Pierce geometry triode design with 
a dispenser cathode and is operated at 25 kV and delivers 
up to an ampere of peak current. It has a one square cm 
cathode and is operated with a one liter per second ap- 
pendage ion pump. 

The gun pulser is a floating deck pulser which pro- 
vides the gun filament and grid bias as well as pulsing the 
cathode. It has an automatic filament cutback circuit 
which programs the filament current as a function of rep 
rate. 

A solenoid covers the 1.4 m s-band standing 
waveguide to insure an acceptable beam shape can cap- 
ture efficiency. With it we obtain over 300 mA of accel- 
erated beam current. A pair of steering coils are placed 
under the solenoid for beam positioning. 

Fig. 3. Accelerator beamline. 

RF POWER 

The RF power source for the TB 10/15 system is a klys- 
tron operated at up to 5.0 MW and 40 KW at 2856 MHz. 
It requires 120 watts of RF drive at full peak power. 

An Automated Frequency Control (AFC) system 
utilizing waveguide Reflected power phase sensing is 
used to maintain frequency. 

MODULATOR 

The modulator uses a 14 section Pulse Forming network 
(PFN) with an operating voltage of 20 kV. End-of-line 
clippers protect the klystron and thyratron against voltage 
reversals. The modulator HVPS is shown in Figure 4. 
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Fig. 4. Modulator High Voltage Power Supply 

CONTROLS 

The system is remotely controlled from the control room. 
The information and control system uses a graphic based 
interface with a distributed architecture containing indus- 
trial PLC's and a PC control system network. The system 
provides real-time monitoring and control of process 
variables and on-line error detection and recovery. 
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Beam Power 15 kW 

Fig. 5. Operator's station in the control room. 

Local controls for system adjustment along with power 
supplies are in a rack near the modulator. 

Fig. 6. Local controls and power supply rack. The PLC 
also resides in this rack. 

OPERATING DATA 

The existing TB 10/15's are in daily operating routinely 
running 24 hours a day with a 4 hour per week mainte- 
nance shift. The operating parameters are as follows: 

RF Power 5 MW pea 
Beam Current 300 mA 
Energy 10.0 MeV 
Pulse Width 16.2 (j.s 
Rep Rate 310 

Medical products from a variety of medical product 
manufacturers are being processed daily. 

MATERIAL HANDLING SYSTEM 

The material handling system employs a power and free 
conveyor to transport carriers between the product staging 
area and the process room. In the common entrance laby- 
rinth, the inbound and outbound conveyor paths are 
stacked one above the other. In the process room, the 99 
cm long carriers are transferred to an independent servo- 
controlled process conveyor table that provides and 
maintains a spacing of less than 2.54 cm between carriers 
as they are transported through the beam. The tight 
spacing of the carriers in front of the beam contributes 
positively to the beam utilization efficiency. 

The process conveyor servo-motor maintains carrier 
speed within 0.5% of the set point and assures a highly 
uniform and reproducible horizontal dose distribution 
within the product. Figure 7 shows the horizontal dose 
distribution measured in polyethylene foam at the midline 
of the carrier. 
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Fig. 7. Horizontal surface dose profile at the carrier 
midline. 

A fail-safe 180° rotation mechanism located in the proc- 
ess room assures that each carrier receives uniform two 
sided irradiation. The concept of horizontal beam proc- 
essing eliminates the need for cartons to be manually 
flipped and the associated concern with product shifting. 

PROCESS INTERRUPTS 

If an event occurs triggering a shutdown of the LINAC 
while product is being processed, the entire system is shut 
down. During this shutdown interval, as the beam is 
turned off, the process conveyor requires additional time 
to reach a complete stop. It is during this interval that a 
potential variation in the dose delivered to the product can 
occur. Process integrity must be maintained at all times 
even during a process interrupt. To compensate for the 
potential decrease in dose at the point of the process inter- 
rupt, the start-up sequence is such that the beam turns on 
prior to start-up of the process conveyor. This results in 
additional beam pulses delivered to the product, compen- 
sating for the pulses lost during the shutdown interval. 
This restart sequence produces a positive transition dose 
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similar to the transit dose associated with process inter- 
rupts in a typical gamma processing facility. 

During the facility commissioning and validation, 
simulated process interrupt tests were conducted and their 
effects on the absorbed dose were measured. All meas- 
urements were made in a phantom product of polyethyl- 
ene foam of 0.1 g/cc density. 

Figure 8 shows the effect of a process interrupt on 
the absorbed dose at process conveyor speed of 1.2 me- 
ters per minute. Figure 8 depicts three process interrupts 
on the same carrier. All three process interrupts reflect 
the same small transit dose as one would see in a typical 
gamma facility interrupt. The dose was measured in the 
direction of carrier travel on the front face (0 cm) of the 
phantom, VA deep (18.4 cm) into the phantom and on the 
center line (36.8 cm). 
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Fig. 9. Results of thirty carrier measurement on a single 
process run measured at the reference monitoring posi- 
tion on the product box. 
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Fig. 8. Effect of a series of three process interruptions at 
various product depths at a conveyor speed of 1.2 meters 
per minute. 

It is interesting to note that the effect of the process inter- 
rupt diminishes with depth into the phantom to the point 
where it is not observable on the center line. This be- 
havior is the result of side scatter and diffusion of elec- 
trons in the interior of the phantom. 

Using the same phantom material of 0.1 g/cc density 
foam as used on the interrupt tests, calculations of net 
beam efficiency were shown to be 56%. 

Process reproducibility is demonstrated in Figure 10 
which is an average of the dose results over a series of 
twelve process runs conducted over twenty days in 
August 1994 on the same petri dish product. Again, the 
standard monitoring position has been measured and the 
results are displayed which show a standard deviation of 
0.39 kGy and a CV of 0.3%. 
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Fig. 10. Dose results from twelve process runs performed 
over a 20 day period measured at the reference monitor- 
ing position on the product box. 

PROCESS PERFORMANCE 

Monitoring of process repeatability from carrier to carrier 
is demonstrated in Figure 9 which depicts a thirty carrier 
dose map run on cases of petri dish product performed in 
July, 1993. The reported results are those of dosimeters 
placed in the standard reference monitoring position on 
the front of the product cases. The results demonstrate 
repeatability with a 0.6 kGy standard deviation and an 
overall coefficient of variation (CV) of 4.1%. 

VALIDATION MAINTENANCE 

It is important in medical device sterilization to have 
demonstrated results which are consistent over time with 
the original validation of the process. 

All of these issues and specifications along with 
many others were developed and clarified in conjunction 
with customer's needs as revealed in countless discus- 
sions and correspondence. 
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Fig. 11. Plot of 47 energy determinations from penetra- 
tion range measurements in aluminum block over an 
eight month period. 

H Hi 
Fig. 12. Product handling area of a typical system. 

CONCLUSION 

The successful application of an rf linac to the steriliza- 
tion of medical products has been performed by the Titan 
Corporation. It required careful attention to market re- 
quirements, in order to be successful in addition to careful 
design and implementation of the accelerator system. 

The parameters that drove the system performance in- 
cluded beam power, energy, surface dose uniformity, 
process interrupt recovery without product loss, stability 
of energy surface dose, and depth dose with time, and 
high reliability. Many critical parameters were not di- 
rectly accelerator related. Close collaboration of the sys- 
tem design team was required to reach the multidisci- 
plined goals. 
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THE GSI CANCER THERAPY PROJECT 

H. Eickhoff, Th. Haberer, G. Kraft. U. Krause, K. Poppensieker, M. Richter, R. Steiner 
GSI Darmstadt 

Abstract 

At the Heavy Ion Research Institute GSI in Darmstadt an 
experimental cancer treatment program with a five years 
duration has been developed. A new method for cancer 
treatment with ions is applied, using rasterscan method in 
addition to an active pulse to pulse variations of ion beam 
properties, including the energy, intensity and focusing. 
An overview of this Cancer Therapy Project is presented, 
that covers both accelerator aspects to provide the 
required beam variations within a short time and the 
installations at the treatment place for rasterscan control. 
In addition to a description of the technical design 
(controlhard- and software) experimental results will be 
shown, containing the achieved beam properties and 
measurements of rasterscan performance. 

1 INTRODUCTION 

Whereas at presently existing therapy-dedicated proton- 
and light-ion accelerators for cancer treatment the 
beam-parameters (energy, intensity, optics) are constant 
over the treatment interval, at GSI a novel treatment 
concept is realized, that is based upon the 'rasterscan'- 
method and an active energy- and intensity-variation 
within the treatment time. With this method passive beam 
manipulations in order to perform a 3d-conformal 
irradiation (by means of devices for spreading and 
shaping the beam and sophisticated mechanical range 
manipulators) can be avoided [1,2]. 
At the GSI in Darmstadt 350 patients will be treated 
within a five years experimental cancer treatment 
program; the first patient treatments are scheduled for this 
year. 
The experiences within this experimental program with a 
novel treatment scheme will contribute to the design of a 
dedicated, hospital based therapy accelerator. 

2 THERAPY REQUIREMENTS 

For accelerator operation the GSI Therapy program 
requires reliable, fast, active variations (within a few 
seconds) of: 
• beam energy 
• beam intensity 
• beam-size 
within the treatment sessions. In the following table the 
essential beam parameters are summarized, which are the 
basis for the definition of the accelerator performance: 

• Ion-species 12 C (6+) 
• Ion-source ECR 
• Ion-energy 80 - 430 MeV/u 
• Extraction-time 2s 
• beam-diameter 4 -10 mm (nor., vert.) 
• Intensity-Variation 2*106 to 2*108 Ions/spill 

• No. of energy-steps 255 
• No. of intens.-steps 15 
• No. of focusing-steps 7 

Table. 1: Therapy requirements 

These requirements in connection with the enhanced 
safety demands imply a major change of the accelerator 
operation in all accelerator sections in comparison to the 
usual physics research mode. 
The necessary parameter variations of the accelerator 
components have to be performed with a high degree 
of reliability and reproducibility. The requested beam 
properties for all possible parameter variations have to be 
accurate in the (sub-) mm range. 
A second demand is the possibility of performing therapy 
treatment and various physic experiments sequentially 
within short time intervals. 

3 MODIFICATIONS OF ACCELERATOR 
CONTROLS 

The required large amount of parameter variation can 
only be handled by a major modification of control-hard 
and -software. Due to the tight schedule of the therapy 
project a concept had to be found to achieve this goal 
within the existing frame of accelerator operation and 
without influence on the experimental program. This 
concept is based upon the following essential features: 
• the set parameters of the accelerator components have 

to be defined for all required parameter variations, 
• the experimentally validated parameters are 

permanently stored within non-volatile memory of the 
component's control hardware, 

• the reproducibility of beam parameters for identical 
set parameters is verified, 

• during the therapy irradiation times parameter 
manipulations are excluded on component's level. 

Within the present 'normal' accelerator operation a 
maximum number of 16 'virtual accelerators' (VA) can 
be provided for the experimental physics program. These 
VAs represent a complete set of different accelerator 
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parameters, that allow a change of beam parameters 
(energy, intensity,..) from pulse to pulse. 
The Therapy requirements largely extend this maximal 
number of parameter variations (255 * 15 * 7 individual 
steps, see Table 1). Fortunately most components only 
depend upon one parameter (either energy or intensity or 
focusing); thus the variation possibilities are drastically 
reduced. Nevertheless an upgrade of memory capability 
was necessary. The existing Equipment Controllers (ECs) 
could be reused by replacing the existing memory piggi- 
back by a new one, providing 2 MByte of flash EPROM 
for the set parameters and 2 MByte of RAM for storing 
the actual component's parameters. [3] 
Only the 'therapy accelerator' (#0) can activate subcycles 
within one VA for the demand of various energy-, 
intensity- and focus-steps. To provide the beam 
parameter information for the ECs in real time, there is 
no other means in the GSI control system but the timing 
system. It is connected to the irradiation place by a 
dedicated hardware link to receive, besides some status 
informations, the request for the next therapy beam 
according to the specific irradiation plan. 
Although the patients safety will be guaranteed by the 
raster control system with redundant fast beam diagnosis 
and spill abort, additional precautions have been installed 
on the accelerator side: 
- The stored, verified set values for the accelerator 
components are signed with a unique identification code; 
this code has to be transfered in order to activate the 
EPROMs set values. 
- During the treatment time the accelerator is in a 'locked' 
state, which prohibits any components access. 
- An interruption of the therapy cycle by other virtual 
accelerators is prohibited. 
- all passive beam affecting devices (profile-grids, cups, 
valves,..) will be removed automatically. 

4 THE INTENSITY CONTROLLED 
RASTERSCAN-METHOD 

MAGNETIC SCANNING SYSTEM 

and vertical direction to cover the lateral dimensions of 
the tumor. Ionization chambers in front of the patient 
measure the number of ions at a specific irradiation point 
and control the scanner excitation. Fast multiwire 
proportional counters control the position and beam 
width at each scanning point. Whereas intensity 
measurements are performed within 13 us, position 
control is done about every 150 us. 
When a required dose limit has been reached the beam 
extraction is interrupted very fast (0.5 ms) by locking the 
power supply of the two 'resonance'-quadrupoles, driving 
the beam smoothly into the 1/3 order betatron resonance. 
For safety reasons this procedure, that is well established 
at the synchrotron, will be extended by a second 
redundant spill-abort system. 

5 EXPERIMENTS 

In July 1995 the first beam was delivered to the newly 
installed beam line to the irradiation place ('Cave M') 
In Nov. '95 the first therapy 'test cycle', consisting of 30 
different energies in the range from 430 to 80 MeV/u 
was successfully tested after the described extensions of 
the control system had been installed and a new program 
for the data generation had been developed [4, 5]. For all 
required parameter variations this software calculates the 
set parameters for the synchrotron and the Cave-M 
beamline and sends them to the devices. In addition 
programming of the non-volatile memories and 
activation of different test conditions are possible. 

Fig. 2 shows in the upper trace the SIS-Dipolefield for 
such a predefined test cycle; the lower trace shows the 
signal of the SIS beam current transformer. 
A (low intensity) experimental pulse (1) is followed by 5 
therapy preparation pulses (2) and twelve therapy pulses 
with decreasing extraction energies (3). 

Fig. 1 Rasterscan-Method 
Fig. 2 SIS-Dipole field (upper trace) and synchrotron 

beam current (lower trace) for a Therapy test cycle 

Fig. 1 shows the principle of the rasterscan-method [2]. 
The accelerated and slowly extracted beam enters 2 fast 
scanner magnets, that deflect the beam both in horizontal 

The preparation pulses with variing magnet excitations 
are required to cope with magnetic hysteresis effects in 
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the SIS and the high energy beam line (within these 
pulses no beam is injected into the synchrotron). 
For the same reason an additional magnet ramp after 
beam extraction was introduced for the therapy cycles in 
order to  generate  a  constant  magnet  cycle  that  is 
independent from the extraction energy. 
For the accelerator most of the available therapy test 
beamtimes within the last year were used to optimize the 
beam  parameters   in   order  to   achieve   the  required 
specifications. 
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Fig.3: Beamspots at the isocenter for 25 energy-steps 

(strong and weak focusing) 

Fig. 3 shows two pictures (a strongly focused beam on the 
left and a weak focused one on the right) of a polaroid 
film directly exposed to the beam at the treatment 
position ('isocenter'). By an appropriate programming of 
the scanner magnets, 25 spills with different energies 
were deflected in horizontal and vertical direction to 
individual positions with a separation of 15 mm (from 
430 at the lower left side to 80 MeV/u at the upper right 
side). 

20 40 60 
x / mm 

Fig. 4 Dose profile with a factor of two step at the center 

At the treatment place the main tasks were the 
development and test of the control system including the 
rasterscan and the fast beam monitor system. 
Although a relatively strong intensity modulation of the 
extracted beam within the spill is observed, 
homogeneous dose distributions are achieved due to the 
fast intensity control of the scanning system. 

Fig. 4 shows a measured dose profile of a 2-dimensional 
rasterscan, with a step of a factor of two in the center. 
The absolute homogeneity of the flat parts is in the range 
of ± 5 %, that is sufficient for therapy. 

6 STATUS AND OUTLOOK 

• Within the last 2 years all required modifications of 
the accelerator control to fulfill the therapy 
requirements were established and successfully tested. 
In addition the 'mixed operation', which means a 
change between therapy treatment and physic 
experiments, was realized. 

• At the treatment place all hardware components are 
functional 

• The reference point for the medical treatment and the 
central treatment beam are visualized by four laser 
systems; three movable x-ray systems were installed, 
which serve for the final inspection and 
documentation of the patient position with respect to 
the reference point. 

• The Positron emission tomograph (PET) [6] has been 
installed at the treatment site and successfully tested 
in various experiments. From these experiments two 
modes of application of PET-imaging for quality 
assurance in heavy ion therapy have been deduced: 
the 'retrospective dose localization' and the 'treatment 
plan verification'. 

Within the next months tests of quality assurance and 
diagnostic measurements have to be performed for the 
final approval. 
After an adequate period of clinical testing first patient 
treatments will start. 
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A 3HE++ RFQ ACCELERATOR FOR THE PRODUCTION OF 
PET ISOTOPES 

Ralph J. Pasquinelli: Fermilab* , SAIC, BRF, UW Collaboration 

Abstract 

Project status of the 3He++ 10.5 MeV RFQ Linear 
Accelerator for the production of PET isotopes will be 
presented. The accelerator design was begun in September 
of 1995 with a goal of completion and delivery of the 
accelerator to BRF in Shreveport, Louisiana by the 
summer of 1997. The design effort and construction is 
concentrated in Lab G on the Fermilab campus. Some of 
the high lights include a 25 mA peak current 3He+ ion 
source, four RFQ accelerating stages that are powered by 
surplus Fermilab linac RF stations, a gas jet charge 
doubler, and a novel 540 degree bending Medium Energy 
Beam Transport (MEBT). The machine is designed to 
operate at 360 Hz repetition rate with a 2.5% duty cycle. 
The average beam current is expected to be 150-300 micro 
amperes electrical, 75-150 micro amperes particle current. 

HISTORY 

The current project is a continuation of a SDIO 
funded effort between SAIC and University of Washington 
(UW) that began in 1990.1 The use of a 3He RFQ linear 
accelerator to replace cyclotrons could have several 
advantages: no need for enriched target material, lower 
shielding requirements, high reliability, and ease of 
maintenance and operation. The project was revived in 
1995 with the addition of two collaborating institutions, 
Fermilab and Biomedical Research Foundation of 
Northwest Louisiana (BRF). Fermilab is the managing 
partner and has the prime responsibility for building and 
commissioning the accelerator. SAIC is also part of the 
accelerator development team and will ultimately be 
responsible for operation of the accelerator when it is 
delivered to BRF late summer 1997. UW and BRF are the 
collaborators responsible for radiochemistry experiments 
which are projected to be carried out for an additional two 
years after the accelerator is commissioned at the BRF 
facility in Shreveport, Louisiana. The project is funded by 
the Department of Energy. 

THE ACCELERATOR 

The initial SDIO funded project was a linear 8 
MeV 3ÜC** accelerator that would utilize three RFQ's in 
series. The first RFQ was chosen to operate at 212 MHz 
to improve capture efficiency and accelerate the 3He beam 
to 1 MeV where it would be stripped to a doubly charged 
state for more efficient acceleration in the subsequent 
RFQs.   The following   two RFQs operate at 425 MHz 

and require some longitudinal matching of the beam. 
Initial attempts to bunch rotate the beam with an RF 
cavity after the charge stripper failed due to the charge 
neutralized character of the beam. 

The high average current of the accelerator 
requires a robust ion source. Efforts to create a doubly 
charged ion source were abandoned as they were beyond the 
scope and funding available for the project. The ion 
source used is a duoplasmatron that can be operated on 
both 4He and 3He. The source can be started and 
commissioned with 4He with 3He used one it has 
stabilized. (3He cost is $100/liter, consumption is 
approximately one liter per day.) Initial problems with 
filament burn out were overcome when the Nickel gauze 
was replaced with Molybdenum. Operation with 360 Hz, 
2.5% duty cycle and 25 mA peak current single charge is 
routine. The Low Energy Beam Transport (LEBT) 
consists of two small steering magnets and a 5 inch beam 
diameter solenoid. 

During the period when the project was stopped 
due to lack of SDIO funding and picked up again by the 
DOE, it was also decided to increase the energy of the 
beam to 10.5 MeV in an attempt to make target cross 
sections more viable for production of the desired isotopes 
and the target window (separating the targets from the 
accelerator vacuum) more robust. This project was not 
resumed on a green field as the funding for the project was 
limited to $10 million, needed to utilize as much of the 
original SDIO equipment as possible, and had to include 
the two years of chemistry research. The decision to 
increase energy necessitated a fourth RFQ for the system. 
The design was similar to the existing segmented vane 
RFQs and operates at 425 MHz.2,3 One of the problems 
with the original project was a source of reliable RF 
power. Four surplus RF stations were available at 
Fermilab following the upgrade of the Fermilab Linac to 
side coupled cavities in 1993. The Continental 
Electronics RF stations served the FNAL linac faithfully 
for a quarter of a century and now have found a new use in 
the PET project. The 212 MHz station was easily 
converted from the 201 MHz frequency of the Fermilab 
Linac. The power amplifiers for the 425 MHz systems 
were purchased from the former GTA project at Los 
Alamos. We were fortunate in that the GTA amplifiers 
utilized the 4616 tetrode of the existing linac stations. A 
few mechanical changes were required to integrate the 
hardware into the existing relay rack enclosures. Each RF 
system is capable of a minimum of 120 KWatts of pulsed 
RF power at the rated duty cycle and repetition rate. 

The charge doubler design centers on using a gas 
jet. The idea of using thin foils for stripping the second 
electron from the 3He+ beam were quickly dismissed as the 

* Operated by Universities Research Association under contract to the United States Department of Energy 
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Figure 1. Layout of 10.5 MeV 3He++ PET accelerator, 
would   be   too   thin   to   be    layout of the machine to bend back on itself, (figure 1) A 

side benefit 
is the overall length of the machine was reduced and would 
easily fit into both the development area at Fermilab and 
the facility at BRF. The magnets for the MEBT and 
LEBT were designed and manufactured at Fermilab's 
Technical Support Division.6 The final transport stage is 
the High Energy Beam Transport (HEBT) which utilizes a 
quadrupole, multipole and steering magnets from the 
original project to expand and control the beam to the 
required 2.5x10 centimeter size of the Havar target 
window. 

thickness   of   the   foils 
mechanically robust. A novel idea of using an automotive 
fuel injector has proven to be a reliable and inexpensive 
solution to the problem.4 

The linear appearance of the machine changed 
once the final energy was increased. The problem of 
longitudinal matching between RFQ's needed to be 
overcome and required a 

non RF solution. A matching section between 212 & 425 
MHz RFQs utilizes a 540 degree bend consisting of seven 
quadruples and two "alpha" 270 degree dipoles.5 This 
Medium Energy Beam Transport (MEBT) changed the 

Figure 2. View of 425 MHz RFQs and alpha 2 magnet 
of the MEBT. 

Figure 3. View of Ion Source, 212 MHz RFQ, Charge 
Stripper, and alpha 1 magnet of the MEBT. 
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A number of support systems have been 
specifically designed for the project. The Low Level RF 
system utilizes the VXI platform and provides amplitude, 
phase, and frequency control for all four RF systems. 
Frequency tuning of the RFQs is accomplished by 
modulating the phase of the IQ modulator removing the 
need for individual VCOs. The RFQs are thermally tuned 
via a closed loop water cooling system for each RFQ 
consisting of a Neslab chiller and custom electronics. The 
diagnostics package is complete with a number of current 
torroids, segmented Faraday apertures, multiwire profile 
monitors, thermocouples, vacuum monitors, movable 
target beam collimaters and targetry instrumentation. A 
complete Low Conductivity Water (LCW) and chilled 
water system are part of the stand alone design that will be 
shipped to the BRF facility. The control system is based 
on the Internet Rack Monitor (IRM) that was developed 
for the FNAL linac upgrade. 

The entire accelerator was designed with mobility 
in mind as it must be transported to Shreveport after 
initial commissioning at Fermilab. All relay racks and 
RF stations are easily picked up by forklift and will be 
shipped with electronics intact. The major challenge will 
be disassembly of system cabling. The footprint at 
Fermilab is identical to that in Shreveport with the 
exception of the Anode supplies for the RF stations. 

PERFORMANCE RESULTS 

Work on designing and building the accelerator 
began on September 1, 1995. The first six months were 
dedicated to characterizing the equipment from the original 
project and converting RF stations. It was noticed early in 
the project that the "light weight" requirement imposed by 
the SDIO funding was a source of trouble. The vacuum 
vessels were constructed from Aluminum and provided 
little shielding from x-rays produced by the RF fields in 
the RFQs. This problem was mitigated by placing the 
RFQs in 1-5/16 inch thick stainless steel vacuum 
enclosures. (See figure 2 &3) 

The ion source has been running trouble free at 
full duty cycle, peak current of 25 mA, for several months 
with only one filament change. Cold start up time is 
minutes. The timing system has been set up to allow 
different triggering of the source and RF systems, 
allowing full flexibility in duty cycle while not 
compromising source performance. 

A severe leak in the water channels of the RFQ 
vanes has caused an appreciable amount of delay in the 
project. The vanes are constructed of 7075 Aluminum 
which is highly sensitive to corrosion. The water cooling 
channels have corroded sufficiently to cause a leak to the 
main vacuum vessel. This problem was temporarily fixed 
with the use of a casting impregnation solution. All 
vanes for all RFQs needed to be re-fabricated. Teflon 
coating of the water passages and water treatment have 
been implemented to retard corrosion. The replacement 
212 MHz RFQ is currently being fabricated. 

The MEBT was commissioned over a period of 
weeks and found not to have any serious space charge 

effects. This was the most controversial aspect of the 
project and was rewarding to experience success. 

Commissioning of the RFQ systems has proven 
to be a little tricky in that all of the RF stations and 
RFQs have a slightly different personality. The surplus 
linac stations have been modified to make them identical. 
The control system software has made operations simple. 
All four RF stations can be turned on and at resonance in a 
matter of minutes. 

The HEBT has been installed and beam has been 
delivered to a Faraday cup in the vault. Measurements of 
shielding efficiency are in progress. 

The current status of the machine is 6 mA peak, 
25 microamperes average (electrical) 10.5 MeV beam has 
been accelerated to the target vault at the 120 Hz repetition 
rate. Increasing the duty cycle and current are the main 
focus of commissioning. Efforts now are directed to 
improving operational performance and reliability. 

A six week radiochemistry program is just 
underway. The intent is to do a wide array of targeting of 
various materials at Fermilab in an attempt to fully assess 
the radiation produced and the shielding necessary to allow 
occupancy near the accelerator and target vault. 

The accelerator will be shipped to the BRF 
facility where it will be installed in a specially prepared 
room in the building's physical plant. The shipping, 
assembly and re-commissioning at BRF is expected to 
take approximately two months. After that time, the 
accelerator will be made available for PET isotope 
production research. As the accelerator is not FDA 
approved, isotopes produced by this accelerator will not be 
used in the clinical PET center. 

ACKNOWLEDGMENTS 

The extremely tight schedule and funding for the 
project required a talented group of people to carry it out. 
The members of the collaborating institutions have shown 
a dedication and professionalism that has made this 
ambitious project a reality. 

REFERENCES 

[1]    W. Hagan, A. Dabiri, D. Swenson, (SAIC), K. Krohn (UW), "A 
3He++ Radio Frequency  Quadrupole  Accelerator  for  Positron 
Emission Tomography", Nuclear Technology Vol. 92, pp. 127- 
133, Oct. 1990. 

[2]      D. Sun,     "Design  and  Operation  of PET Radio Frequency 
Quadrupoles", These proceedings. 

[3]    W.D. Cornelius and P.E. Young, "Design of a 1 MeV He-3 RFQ 
for the SAIC PET accelerator facility", Nuclear Instruments and 
Methods in Physics Research, B79 (1993) 933 

[4]    Bieniosek,   Anderson,   Pasquinelli,   Schmidt,   Webber,   Larson, 
Young, "Gas-jet Charge Stripper and MEBT for the 3He RFQ 
Linac", These proceedings. 

[5]    DJ. Larson, P.E. Young, D.  Sun (SAIC),  R.J.  Pasquinelli, F. 
Bieniosek, J.-F. Ostiguy, C. Schmidt, M. Popovic (FNAL), "Ion 
Optical Design of the BRF-FNAL-SAIC-UW PET Accelerator", 
These proceedings. 

[6]     N. Chester, et al., "Magnet Development for the BRF Positron 
Emission Tomography Accelerator", These proceedings. 

3806 



A NEW INTENSE NEUTRON TOOL FOR RADIOGRAPHY AND 
DETECTION OF WATER AND GROUND CONTAMINANTS 

CM. Celata, M. Amman, R. Donahue, K.N. Leung, P.N. Luke, L.T. Perkins, Peter T. 
Zawislanski, Ernest Orlando Lawrence Berkeley National Laboratory, Berkeley, CA and D. Hua, 

University of California at Berkeley, Berkeley, CA. 

Abstract 

Advances in ion sources and gamma ray detection at 
LBNL are being applied to enhance neutron logging tools. 
A rf-driven plasma ion source has been miniaturized to the 
2 inch diameter necessary for most underground uses. The 
ion current produced is >80% monatomic, and is projected 
to produce a neutron flux of 109 - 1010 neutrons/sec, an 
enhancement of 1-2 orders of magnitude over the state-of- 
the-art. A 1.5 x 1.5 x 1 cm3 CdZnTe gamma detector is 
also being developed for the tool. This detector has 
relatively high efficiency, good energy resolution, and 
room temperature operation. Results of 3-D Monte Carlo 
calculations are presented which show the enhancements 
in sensitivity and range possible with the new 
technology. 

1. INTRODUCTION 

Compact sources of neutrons are used for neutron 
activation analysis, radiography, and for detection of 
water, oil, and minerals in the subsurface. One common 
example is the use of neutron logging tools, 2-4 inches in 
diameter and a few meters in length, in the oil industry 
and in earth science research. These tools consist of a 
Penning ion source and -100 kV accelerator column, 
which accelerates a mixture of deuterium and tritium ions 
onto a tritiated target, producing 14 MeV neutrons. 
Detectors in the tool measure returning neutrons, and 
gamma rays produced by neutron capture and inelastic 
scattering of neutrons from the elements of the medium. 
The energy of the gamma rays produced by these 
processes is characteristic of the nuclei impacted, 
enabling, in theory, an elemental analysis of the medium. 
In practice, the gamma-ray spectrum is often crowded with 
spectral lines, so that what can be detected depends heavily 
on the energy resolution of the gamma-ray detector and 
the cross section of the element being detected. 

In this paper we report improvements in the 
components (ion source, accelerator, and gamma-ray 
detector) of such a neutron logging/gamma-ray 
spectroscopy system. The results of 3-D Monte Carlo 
modeling of the enhanced system for new earth science 
applications will also be presented. The MCNP code [1] 
has been used to quantify the advantages in instrument 
range and sensitivity resulting from the enhanced neutron 
flux. Calculations have also been used to look at the 
possibility of 3-D localization of detected substances. 

2. ION SOURCE AND ACCELERATOR 

For this project a LBNL radio-frequency-driven ion source 
was miniaturized to an overall diameter of 2 inches. The 
ion source and accelerator are described in detail in another 
paper in these proceedings (L.T. Perkins et al.), but a 
summary directed to the application will be given here. 
The source consists of a cylindrical volume of plasma 2.5 
cm in diameter and 9 cm in length. The beam is extracted 
through a 2 mm aperture in the extraction electrode. 
Miniaturization has required the reduction of source 
operating pressure in order to avoid electrical breakdown 
in the accelerator column. The source presently runs well 
at 5 mTorr. 

A helical rf antenna 1.5 cm in diameter is used to 
generate the plasma. Because of the difficulty of 
miniaturization, the rf power supply will be located above 
ground. Presently, cable losses limit source use to depths 
less than about 500 feet. 

I 
I 
Q 
"S 
E 
S3 

looo - 

o 

1   " |   6.8 mTorr 
eoo - 

o • 

 m 

• • 
|   7.4 mTorr 

■ • 

• 

200  - 

• 
mm 

m 

 * [ 9.8 mTorr 

O 20 40 6<> SO 

Pulsed RF Input Power [kW] 

Figure   1.     Peak extractable current density at  three 
different source pressures, versus rf input power. 

Measured current density is shown in Fig. 1 as a 
function of input rf power. The ion current densities 
measured are about a factor of 500 higher than those in 
commercial neutron logging tubes. Up to 35 mA/pulse 
has been produced, and this current can be increased by 
simply opening the 2 mm extraction aperture, since 
current is linearly proportional to aperture area. 
Minimum pulse width is about 8 \is. The beam is largely 
monatomic, with monatomic fraction increasing with 
increasing rf power.    At 40  kW,  the beam is   80% 
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monatomic, and 94% at 60 kW. (For details, see L.T. 
Perkins et al., in these proceedings.) The monatomic 
fraction is particularly important because these ions will 
have nuclei with energies double that, for instance, of 
diatomic nuclei, and therefore are closer to the optimum 
energy for neutron production. Based on the data 
presented, we project a yield of 109-1010 D-T n/s, or 107- 
108 D-D n/s, at pulse rates = 1 kHz. A test of neutron 
production in a commercial neutron tube will be 
performed within the next 6 months. 

A 100 kV accelerating system has been designed, 
using the IGUN® code to obtain the shape, potential, and 
positions of the accelerating electrodes. A suppresser 
electrode is included to minimize backstreaming electrons. 
This also removes ambiguity in ion current 
measurements. The accelerator design will minimize 
sputtering and produce uniform beam spreading on the 
target, leading to longer tube lifetime. The accelerator is 
presently in fabrication. 

3. GAMMA-RAY DETECTOR 

For well logging applications, gamma ray detection is 
usually done with scintillation detectors (e.g., Nal), or, to 
a lesser extent, with cryogenically-cooled germanium. 
For this project, we have chosen to develop a detector 
based on the compound semiconductor material CdZnTe, 
because of its high efficiency, good energy resolution, and 
the promise of room temperature operation. The problem 
of poor charge transport in this material has recently been 
overcome by the development of the coplanar-grid 
technique [2], which uses the subtraction of signals from 
two interdigitated grids to make detector response largely 
insensitive to the depth of gamma-ray interactions. Using 
this technique, an energy resolution of -2% FWHM for 
662 keV gamma rays has been achieved for 1 cm3 CdZnTe 
detectors operating at room temperature [3] [4]- a factor of 
three higher than the resolution of Nal. Resolution better 
than 1% FWHM (662 keV) is in principle possible [3]. 

Though the high thermal neutron capture cross 
section of Cd would normally be a problem in this 
application, calculations have shown that a thin layer of 
10B4C can provide adequate neutron shielding for the 
detector. Another issue of some concern is detector 
radiation damage. Fast neutrons can damage the crystal 
lattice of the detector, degrading the charge collection 
properties and adversely affecting its energy resolution. 
Currently, only very limited experimental data exists on 
the effects of neutron damage in CdZnTe detectors [5]. 
More studies are needed in this area to determine whether 
CdZnTe detectors, and particularly those using the 
coplanar-grid technique, are suitable for this application. 

CdZnTe detectors are currently limited to volumes of 
1-2 cm3, mainly due to material nonuniformity. 
However, because of the high atomic number of CdZnTe, 
the photopeak efficiency is equivalent to that of a 
substantially larger Ge or Nal detector, and the small size 

is advantageous in the limited space of the borehole. 
MCNP calculations show the efficiency of CdZnTe to be 
about three times that of the same volume of Nal or Ge in 
the energy range of interest [6]. 

The goal of the present work is to develop CdZnTe 
coplanar-grid detectors of approximately 2 cm3 volume 
and energy resolution <1% FWHM for the energies of 
interest (= 1-10 MeV). Figure 2 shows the spectral 
performance of a 2.25 cm3 detector made for this project. 
Energy resolution at 1.33 MeV is 1.6% FWHM. The 
detector was slightly cooled (to approximately -10°C) to 
reduce its leakage current so that higher bias voltages 
could be used. At room temperature, noise due to leakage 
current would dominate and significantly degrade the 
energy resolution. The high bias was needed to minimize 
the effects of nonuniform charge collection in the crystal. 
Room temperature operation with similar or better 
performance can be achieved if crystals with better 
uniformity are available. Alternately, further 
improvements in the fabrication process may lead to 
lower leakage current so that room temperature operation 
at high biases is possible without excessive leakage- 
current noise. A prototype hermetic detector module 
containing the detector and front-end electronics has been 
fabricated. Power consumption of the front-end 
electronics is less than 150 mW. 
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Figure 2. Spectrum of 6()Co obtained using a coplanar- 
grid CdZnTe detector operated at a temperature of 
approximately -10°C and at a detector bias of 1600 V. 

4.  MODELING 

The 3-D point-energy time-dependent Monte Carlo code 
MCNP with the ENDL60 [7] cross section library has 
been employed to model use of the enhanced-flux neutron 
logging tool with a CdZnTe detector. Previous results 
have shown the utility of this method for detection of 
water and for chlorinated solvents, which are widespread 
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pollutants [6]. Note that all gamma-ray spectra 
calculations quoted here are simulations of measurements 
for 14 MeV neutrons taken with the detector gated off 
during the neutron pulse and the 30 ^s following the 
pulse. This is a standard technique for eliminating counts 
due to inelastic scattering of fast neutrons. 

We present here MCNP results showing the 
advantages of increased source intensity for increased range 
of the instrument. To measure range we assume the level 
of minimum detectability to be 233a above background 
[8], where c is the standard deviation of the background 
counts. In the model, fractures were formed using two 
infinite parallel planes. Vertical fractures intersecting the 
center of the borehole were generally used. Very little 
difference was found between horizontal and vertical 
fractures through the borehole. Calculations showed that 
for 1 g/cm3 TCA in a 1 cm-wide fracture, for 1000 second 
counting times, the range increased from 50 to 70 cm as 
source intensity increased from 107 to 109 neutrons/sec. 
For the same fracture filled with 0.3 g/cm3 NaCl in water, 
the increase was from 40 to 60 cm, an increase of 50%. 
In both cases the 6.11 MeV chlorine capture line was 
used. The detector efficiency is not included in these 
calculations. For 1% detector efficiency, range decreases 
for the TCA to 20 cm at 107 n/s, and 40 cm at 109 n/s. 

A few cases have been run to determine the effect of 
neutron flux on minimal detectable concentration. For 
TCA uniformly spread through wet sand (30% water), 2 
ppm TCA is detectable with 107 n/s, and 0.5 ppm with 
109 n/s. 

We have begun to investigate the possibility of 3-D 
localization of detected materials. As neutron borehole 
tools are used today, readings are taken vs. depth, giving 
only location in the vertical dimension. With increased 
flux, some azimuthal photon collimation can also be 
done, without decreasing the signal below the limits of 
detectability. To model this, a 1 cm3 spherical CdZnTe 
detector was assumed to be at the center of a 5 cm radius 
borehole. The detector was surrounded by a spherical 
tungsten collimator shell 3.88 cm thick. A neutron shield 
consisting of a 0.5 cm-thick spherical shell of 10B4C 
enclosed the detector/collimator. A 0.6 cm diameter 
horizontal cylindrical hole through the collimator, aimed 
at the detector center, allowed photons to enter the 
detector. A vertical fracture 1 mm wide, filled with water 
containing 0.3 g/cm3 NaCl, intersected the borehole. 
Signal intensity vs. collimator position is shown in Fig. 
3, as the collimator is rotated around the borehole axis. 
The fracture is at 0°. The photon energy spectrum is 
measured at the center of the detector using an MCNP 
biased point detector tally. The detector efficiency has not 
yet been taken into account. Results are shown for the 
2.23 MeV gamma ray from hydrogen capture as well as 
the 6.11 MeV and 7.42 MeV gammas from capture in 
chlorine. The best results, from the 6.11 MeV line, 
indicate a signal-to-noise ratio of about 8. These results 
for such a small  fracture   size  are  quite  promising. 

Analyses are underway to investigate the effects of 
collimator size and material, composition of media and 
fracture, and detector energy response. 
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Figure 3. Calculated angular response to a 1 mm fracture 
in dry granite, filled with water containing 0.3 g/cc NaCl. 
Photon yields are normalized to the response at 0 degrees 
(collimator aligned with fracture). 
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Abstract 

A review is given about electron Linacs of KIPT and their 
some applications for research of radiation effects in 
reactor materials, channeling, plasma-beam interactions, 
geology (gamma-activation analysis of ore samples), as 
well as sterilization of single-use medical products, 
modification of polymers and semiconductors, isotope 
production for nuclear medicine etc. 

1 ELECTRON LINEAR ACCELERATORS 

Characteristic of the Ukraine economy of Today's 
transition period is the absence of stable situation on the 
radiation technology market. Considering this, it would 
be to good advantage to develop, build and make use of 
accelerators with a broad range of parameters, capable to 
meet the market's demands. This ideology is fundamental 
in the activities of "Accelerator" R&D Establishment of 
the Ukrainian National Science Center "Kharkov Institute 
of Physics&Technology", the leading organization in 
Ukraine in creation of electron linacs and applicable 
technologies. This paper gives a short survey of some 
electron linear accelerators and the results in the areas of 
applied physics and radiation technologies. 

There are six electron linear accelerators at 
"Accelerator" R&D Establishment. The biggest one is 
the oldest linac in Europe LUE-2000 [1]. Three 
accelerators (EPOS, LU-10, KYT) are used for 
performing various radiation processes. There main 
parameters are represented in Tab. 1. 

1.1 Accelerator EPOS 

The accelerator EPOS is a two-section linac with an 
extracted electron beam scanning system, built on the 
base of the existing equipment. EPOS has been designed 
to be used for radiation processing of various items, 
employing electron beams with energies up to 30 MeV. 

The EPOS is disposed underground, horizontally, in a 
concrete tunnel. The accelerator layout is given in Fig. 1. 
The electron source is a diode-type gun with a lanthanum 
hexaboride (LaBJ heated cathode. Electron beam (5.5 
mm diameter, current up to 3A) is formed in the source 
upon application of 80 kV-pulsed voltage to the cathode 
from   the   HV-modulator   (MG).   While   passing   the 

bunching cavity (B), the beam is chopped up into separate 
bunches. Electron acceleration takes place in a disk- 
loaded waveguide (DLW) that has a homogeneous 
structure, the structure's a/b ratio being 0.14, with the 
phase shift per cell n/2, and the phase velocity equal to 
the speed of light. In order to suppress the beam breakup 
instability in the disk-loaded waveguide, thin radial cuts 
were made in them [2]. At the input end of the first 
section (AS1) there is a certain length (30 cm) with a 
lower wave phase velocity [3], providing the capture of 
more than 50% of the injected electrons. Temperature 
inside the DLW (37±0.5)C is self-maintained during the 
operation modes. 

Tab. 1 Basic Linacs Parameters 

EPOS LU-10 KYT 
Energy range, MeV 10-30 8-18 8-14 
Operation energy, MeV 20 12 9 
Frequency, MHz 2797.2 2797.2 2797.2 
Number of sections 2 1 1 
DLW length, m 3.05 3.05 1.23 
Number of klystrons 2 2 1 

RF-pulse width, us 5 4 5 

RF-power input, MW 10 10 10 
Current-pulse width, us 4 3.5 4 
Repetition rate, pps 50 300 300 
Average current, uA 150 1000 800 
Maximum Bsf, Hz 3 3 3 
wxl, cm 1x30 1x30 1x30   | 

The rf-power input, needed for electron acceleration, 
is provided by two KIU-12AM-type klystrons, the first of 
which operated in the self-exiting mode, and the second 
one is excited from the first klystron [4]. 

RF-power from each klystron (K) - up to 10 MW- is 
fed through a rectangular waveguide into the DLW. The 
klystrons work in a pulsed mode triggered by two 
klystron modulators (MK) with the parameters that are 
given in [5]. 

The beam focusing is performed by two short 
magnetic lenses (FL1 and FL2), two DLW-coaxial 
solenoids (FS1 and FS2) and two quadrupole lenses (QL1 
and QL2). 
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Figure 1: EPOS layout 

Electron beam extraction is made through a Ti-foil 50 
microns thick. In order to enlarge the irradiation area a 
beam scanning system (BSS) is installed at the 
acceleration exit, providing for beam sizes (wxl) up to the 
value (1x30) cm [6], the beam scanning frequency (Bsf) 
being 3 Hz. 

Control over EPOS operation is performed by a 
computer-automated system, providing for the monitoring 
of parameters of beam and modulators, their lock-up 
when the assigned mode of operation is off, as well as 
magnetic component current adjustment and amplitude- 
phase tuning. 

1.2 Accelerator LU-10 

The LU-10 single-section electron Linac was 
commissioned in 1987 [7]. Up to mid-1993 it had 
operated with KIU-53 klystron, producing electron beam 
with output energy E=10 MeV and average current 1= 
500 uA at a repetition rate F=150 Hz. In 1993 a necessity 
arose to increase beam energy and output power. Our 
studies [5] gave a reason to believe that a scheme of 
adding up the rf-power output from both KIU-12 
klystrons should provide for a reliable operation of the 
accelerator and required beam parameters at F=300Hz 
and the input operation power Ps(12+13)MW from each 
of the two KIU-12 klystrons. A schematic layout of the 
accelerator LU-10 is given in Fig.2. 

Since 1994 at the LU-10M research has been going on 
in basic and applied areas of radiation damage physics, 
radiation technologies and pharmaceuticals sterilization. 
The facility is equipped with a suspended conveyer belt, a 
load/unload and storage from for various items for a 
mass-scale radiation processing, and devices for target 
irradiation by large doses with necessary cooling. 

Figure 2: LU-10 layout 

Accelerator has a sufficiently high long -lasting stability 
of beam parameters, with the 24-hour mean variations in 
beam energy and current not more ±1,5%. The 
accelerator  is   equipped  with   metrologically   licensed 

devices [8] for energy spectrum measurements and 
monitoring of average and pulsed beam current. 

1.3 Accelerator KYT 

The KYT has been operating in NSC KFTI since 
September 1993 [9]. KYT consists of electron linac with 
the scanning and electron beam extraction device, cooling 
and control systems. KYT produces 8-10 MeV electron 
beam with power up to 10 kW and is meant for 
performing various radiation technological processes 
including sterilization of medical articles. A schematic 
layout of the accelerator KYT is given in Fig.3 

The injector is designed 
~\H)   to inject a well-bunched 

(20°),       well-collimated 
and sufficiently 
accelerated (E>300 keV) 
beam of electrons into the 
accelerator section. The 
injector consists of an 
electron gun, a 
prebuncher (B),a accele- 
rating resonator (AR) and 
two magnetic thin 
lenses (FL1 and FL2). . 
The electron gun which 
operates at -25 kV is of 
diode type with oxide 
cathode 0 15 mm. 

The accelerating 
structure (AS) consists of 

the disk-loaded waveguide 
and input and output 

couplers. The disc-loaded waveguide operates at f=2797 
MHz in 271/3 mode and consists of constant impedance 
landings connected via four transition cells (quasi 
constant gradient structure). 

The scanning and electron beam extraction device 
consists of a scanning magnet and a special system with 
an air-cooled exit foil. 

2 APPLIED PHYSICS AND TECHNOLOGIES 

A series of experiments has been carried out on LU- 
2000 accelerator to simulate radiation damage in reactor 
materials [10], It was shown that electron beam with 
energy up to 300 MeV and beam current 80 uA produces 
on the irradiated area 3.5 x 10 mm a radiation flux (e,y) 
equivalent to a fast neutron flux (En>0.1MeV), up to 

2.-lO1^ n/cnA This interaction will accumulate He, as a 
reaction product, for example in Ni and Cr, higher 
approximately by two orders of magnitude, then in a fast 
neutron reactor. This fact allows to employ electron linacs 
in order to simulate, very rapidly, the phenomenon of 

E 1 
Figure 3: KYT layout 

3811 



high-temperature radiation embrittlement in advanced 
materials. Besides, research work on our accelerators 
produced important results in the studies on radiation 
defect aggregation in metals and high-temperature 
superconductors [11], as well as in the studies on electron 
channeling in single crystals [12]. 

Sterilization. Radiation processing of medical 
products, pharmaceutical and raw materials calls for 
electron and bremsstrahlung with the upper energy 
spectrum range < 10 MeV and absorbed radiation dose 
range 5-25 kGy. LTJ-10 is well equipped to provide such 
conditions, being also outfitted with robotics for remote- 
control target material installation in the radiation area. 
For sterilization radiation dose being 25 kGy, and average 

material density up to 0.2 g/cm^, the facility shall provide 

the yield up to 4 m^/h with the production cost (for big 

batches) near $ 35 / ITP . 
Semi-conductor modification. A technology has been 

developed for electron flux treatment of semiconductor 
devices and chips for Ukraine's electron industry. By way 
of radiation-induced defect implantation and silicon 
doping with Al in (y,n) reactions, one can obtain a 
programmed modification of lifetimes of secondary 
charge carriers and on improved semiconductor device 
performance. 

Polymer modification. With an aim of a obtaining 
heat-shrinking items, mainly polyethylene-based, a 
technology developed for their treatment in the 
bremsstrahlung radiation field. The characteristic range of 
irradiation doses various polyethylene brands and items is 
50... 150 kGy. 

Utilization of rubber wastes. Some rubbers 
(mainly, butylcaoutchokc-based) can be re-cycled to new 
applications by way of preliminary radiation-induced 
devulcanization. It is achieved by electron irradiation to 
the dose up to 100 kGy of the wastes that have been 
preliminary cold-worked. The resulting product can be 
utilized as a raw material for fabrication of construction, 
water-resistant and roofing materials, and also to make 
tires and radioengineering materials. The ecological 
importance of this technology are significant. 

Medical radionuclides. The most widely used 
radionuclide on the appropriate nuclear medicine market 

is     99mTc.   In   1996  we  mastered  a technology  of 

environmentally pure production of 99mTc, using a high- 
current      linac      bremsstahlung      in      the      reaction 
100Mo(Y,n)99Mo   ->99mTc.   The   first   experimental 
99mTc yield has been successfully accomplished. The 
appropriate spectrometric and radio pharmaceutics 
studies confirmed its good quality [13]. 

Activation analysis. The inherent capabilities of a 
high-current linac, outfitted with an appropriate 
converter, to generate bremsstahlung radiation access a 
wide range of incident power and gamma-radiation 
energy with the needed radiation field dimensions have 

been applied to develop some systems for element 
activation express-analysis of ore samples and 
technological raw materials for rare - and precious metal 
inclusions. One of advantages of this technique is a 
capability of fast determination of element concentration 
at the level 0.1 g/t in samples of irregular ores, weighing 

1 kg and more with the yearly analysis flow up to 10^- 

105. 
Irradiation metrology. The above applied research and 
technologies call, as a rule, for a rigorous control over 
incident irradiation characteristics. This can be achieved 
by equipping each radiation facility with a necessary 
diagnostic channel set. Calibration of such sets is done, 
using a reference measurement complex, created jointly 
by "Accelerator" Establishment and Mendeleev Institute 
of Metrology (St.Peterburg, Russian) [14]. 
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Abstract 

A compact proton synchrotron for cancer treatments is 
presented In the present synchrotron, the beam can be 
accelerated up to 270MeV for the application to proton 
radiography as well as cancer treatments. In orderto shorten 
the straight section for the extraction deflector such as a 
septum magnet, the deflections due to the defocusing 
quadrupole and edge type bending magnets in the 
synchrotron lattice are utilized effectively. The beam is 
extracted by the resonant extraction scheme which features 
that the position and gradient of the extracted beam are 
constant and the rapid switching is possible. Then, the 
present synchrotron can be applied to various irradiation 
schemes such as the double scattering, wobbler and raster 
scanning methods. 

1     INTRODUCTION 

A high energy proton beam has been successfully 
applied to cancer treatments (for example [1]) and patients 
more than 18000 have been treated worldwide[2]. In cancer 
therapy, it is expected that varying the energy of the proton 
beam is necessary when treating a different depth in the 
tissue because the proton beam shows a sharp Bragg peak. 
Then, a synchrotron seems to have an advantage as an 
accelerator for cancer therapy because it can accelerate 
charged particle beams to various energies. 

In a medical proton synchrotron, the beam energy of 
250 MeV is desirable for the treatments of the tumors 
which depth is 30cm. The medical proton synchrotron 
should be kept as small as possible in order to be constructed 
in public hospitals. Futhermore, simple operating scheme 
is needed for the accelerator and irradiation systems because 
medical accelerator systems must be used in daily 
treatments. Considering these conditions, we have 
presented a synchrotron design of combined function lattice 
which satisfies the above conditions [3]. Further study is 
aslo presented in this conference [4]. 

On the other hand, it has been pointed out that the high 
energy proton beam can be also applied to radiography as 
well as cancer treatments [5]. For this application, the 
beam energy higher than the 250MeV is desirable. Then, 
we present a compact proton synchrotron of the separated 
function lattice in which the maximum beam energy 
reached is 270 MeV and the other above conditions for 
medical use are kept. 

2.  SYNCHROTRON 

2.1   Machine Parameters and Lattice 

The main machine parameters of the designed 
synchrotron are listed in Table 1. In the present 
synchrotron, a proton beam of 7 MeV is injected from a 
linac to the synchrotron based on the multi turn injection 
scheme. The maximum beam energy reached is 270MeV 
so that the proton radiography may be performed for 
various cases. The accelerated beam is extracted by the 
resonanat extraction in which the separatrix of the nonlinear 

Table 1      Machine Parameters 

Injection Energy (MeV) 7 

Extraction Energy(MeV) 70-270 

Superperiodicity 2 

Circumference(m) 22.2 

Extracted Particle Number (ppp) >1.3xl0n 

Tune 
Qx 1.72 

Qy 1.74 
Bending Magnet 

Deflection Angle(deg) 60 
Curvature Radius(m) 1.4 
Max. Field Strength iT; 1.8 

Twiss Parameters 
ßx, max (m) 12 

ßy, max (m) 11 

T) max (m) 2.3 

Momentum Compaction Factor 

a 0.36 

Transition Gamma 
Y tr 1.67 

Natural Chromaticity 

% x = (AQx/Qx ) / Ap/p) -0.24 

£y = (AQy/Qy)/Ap/p) -1.78 

resonance is kept constant and the RF perturbation with a 
narrow frequency band width is applied to make the beam 
diffuse to the separatrix [6]. Basically, the procedures of 
the injection, acceleration and extraction are repeated at 
0.5Hz.   When   the   breath   synchronized   treatment   is 
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Fig. 1 The Layout of the Synchrotron 

necessary, the operation period is changed flexibly and the 
extraction is switched by the RF perturbation based on the 
breathing of each patient. Figure 1 shows the lattice of the 
designed synchrotron. The present synchrotron employs the 
separated function lattice of two superpriods. Each bending 
magnet is an edge type and has a curvature radius of 1.4m. 
The deflection angele is 60 degrees. The maximum 
magnetic field of 1.8T is needed for the beam energy of 
270MeV. The horizontal tune Qx and the vertical tune Qy 
are 1.72 and 1.74, respectively. There is no structure 
resonance near this operating point. The horizontal and 
vertical betatron functions are lower than about 12m and the 
horizontal dispersion function is sufficently low. The 
momentum compaction factor is 0.36. Accordingly, the 
transition gamma is 1.67 and this value is much higher 
than the maximum gamma of the beam of 1.29. 

2.2 Injection 

Beam injection into the synchrotron is done during 
about 10 revolution periods by the multi turn injection 
scheme. We assume that the dilution factor for the 
emittance of the injected beam is about 50%. Then, the 
circulating beam current is about 5 times as large as the 
injection current from the linac. 

2.3 Acceleration 

The beam energy is ramped with the current of the 
bending and quadrupole magnets using the radio frequency 
(RF) accelerating cavity. The RF acceleration is done 
using the untuned type cavity which employs Fe-based 
Nanocrystalline FINEMET cores[7]. Since the untuned RF 
cavity does not need control of the resonant frequency, the 
acceleration can be simplified significantly. Generally, the 

gap voltage of the untuned cavity is relatively low because 
of its small Q value in comparison with that of the tuned 
type cavity. Then, the gap voltage of the present RF cavity 
is increased by matching the impedances of the power source 
and the untuned cavity due to respective feeding of the RF 
power to each FINEMET core. The gap voltage for the 
acceleration can be easily obtained by an RF source with a 
rather low power. 

2.4 Extraction 

The beam is extracted by the diffusion resonant 
extraction scheme in which the separatrix is kept constant 
and the narrow band RF noise is applied to make the beam 
diffuse to the separatrix[6]. The frequency of this RF noise 
ranges from 0.6fr to 0.7fr, where fr is the revolution 
frequency of the beam around the synchrotron. Since this 
frequency range covers the width of the frequencies of the 
betatron oscillations, which occurs due to the nonlinear 
effect and momentum spread of the beam etc., the beam 
diffuses due to the RF noise and the particles exceeding the 
separatrix are extracted. During the extraction, the intensity 
of the RF noise is slightly increased to obtain the constant 
spill. The needed maximum voltage of the RF perturbation 
is lower than 100V for the beam energy of 270MeV. The 
particles are extracted horizontally through the electrostatic 
deflector. Figure 2 shows the phase space trajectories at the 
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Fig. 2 Phase Space at the Electrostatic Deflector 

electrostatic deflector for the particles of different momenta. 
It is seen that the particles of different momenta are 
extracted at the same gradients. Furthermore, from the 
effect of the constant separatrix, the orbit gradients of the 
extracted particles at the deflector postion are constant 
without dynamic control of the magnets. As a result, the 
beam position does not change and the time integrated 
emittance can be kept very low. These effects have been 
also studied experimentally in HIMAC[8]. Because of 
these effects, the present extraction scheme can be applied to 
various irradiation schemes such as the double scatterer, the 
wobbler-scatterer, and other scanning methods. 
Furthermore, the extraction can be switched on and off 
quickly by the RF perturbation. Then, the breath 
synchronized operation can be done easily in the present 
system. 
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The particles which exceeds the separatrix are extracted 
through the electrostatic deflector, the two quadrupole 
magnets of the defocusing type, the bending magnet in the 
synchrotorn lattice and the septum magnet. After the 
deflection by the electrostatic deflector, the extracted 
particles are further deflected outward by the two quadrupole 
magnet of defocusing type. Since the present bending 
magnets is an edge type, the inward deflection by the 
bending magnetis ratherweak. Because of these effects, the 
separation between the circulating and the extracted particles 
becomes large at the entrance of the septum magnet. As a 
result, the septum magnet of the high magnetic field can be 
applied and its length can be shortened significantly. 

2.5 Bending Magnet 

The magnetic field of the bending magnets ranges from 
0.27T to 1.8T to accelerate the proton beam from 7 to 270 
MeV. In order to obatin the good field distribution for the 
various energy levels, the magnet pole shape has been 
studied based on the numerical study. Although the 
saturation effect of the magnet occurs at the high magnetic 
field, the good distributions of the magnetic field are 
obatined for various energy levels by shaping adequately the 
shim of the magnet pole. Figure 3 shows the magnetic field 
distributions obtained by two dimensional numerical 
analysis. As shown in the figure, the deviations of the 
magnetic field from the value at the position of r=1.4m 
(X=0) are smaller than 0.02% for the energy levels of the 
injection, acceleration and extraction. Furthermore, the 3D 
analysis of the magnetic field has been done by using 
TOSCA to evaluate the nonlinear magnetic field at the 
circumferential edge region of the magnet. The dynamic 
aperture has been evaluated based on the above 3D magnetic 
field analysis and the results show that the sufficient 
dynamic aperture is kept for all the enegy levels. 

Furthermore, we are investigating the possibility to 
apply a new type of the bending magnet which has the 
vacant portions in magnetic poles to control the flow of the 
magnetic flux in the magnet gap and poles. This new 
concept has been proposed originally in the project of the 
development of combined function bending magnets [4] and 
its effectiveness has been confirmed by the numerical 
study. This new concept may be useful to enlarge the 
dynamic range of the magnetic field, that is, the acceleration 
enegy range for the separated function as well as the 
combiend function lattices. 

3    CONCLUSION 

We presented a compact proton synchrotron of 270 
MeV for cancer therapy and radiography. In the 
synchrotron, a separated functionlattice was applied with a 
slow beam extraction scheme using a transverse radio 
frequency perturbation of a narrow bandwidth under the 
contant separatrix. By utilizing the defocusing effects of 
quadrupole magnets and the bending magnets having an 
edge effect, the particles are extracted from the rather short 
straight section. 

Since the position and gradient of the extracted beam 
are constant and the rapid switching on and off for the 
extraction are possible, the present synchrotron can be 
applied to various irradiation schemes such as the double 
scatterer, the wobbller-scatterer and other scanning 
methods. 
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Abstract 

The IBA proton therapy system selected by the 
Massachusetts General Hospital (MGH) to equip its new 
NPTC is presently under construction and test. This 
paper presents a progress report on the equipment 
construction. The cyclotron, as well as the rest of the 
equipment, are being progressively installed in the NPTC 
building. The acceptance tests of the whole system are 
foreseen for the end of 1997. 

I THE IBA TEAM AND THE NPTC PROJECT 

In the early 1994, a team composed by IBA, SHI and GA, 
with IBA as the prime contractor, was selected by MGH 
to construct the proton therapy system to equip its new 
NPTC. The main elements composing this system are: 
- a 235 MeV isochronous cyclotron. 
- an energy selection system transforming the fixed 

energy beam extracted from the cyclotron into a 
variable energy beam (235 to 70 MeV range). 

- a beam transport and switching system connecting the 
exit of the energy selection system to the entrance 
points of a number treatment rooms. 

- two complete isocentric gantries fitted with a nozzle, 
and a system consisting of two horizontal beam lines, 
the large field one being equipped with a nozzle. 

- a robotic patient positioning system. 
- a global control system. 
- a global safety management system independent of the 

global control system. This safety management system 
uses hardwired interlocks to achieve a safety level 
meeting applicable standards. 

II A CYCLOTRON-BASED SYSTEM 

Our goal was to meet all the clinical specifications of a 
state-of-the-art proton therapy facility in the most simple, 
reliable and cost effective way. This is the reason for our 
choice of a fixed energy cyclotron followed by an energy 
selection system. 

Figure 1: The 235 MeV cyclotron for proton therapy. 

With this choice, we have maintained and even increased 
the advantages of a fixed energy accelerator while 
completely eliminating the perceived disadvantages. 
Indeed, compared to the characteristic of a synchrotron 
which offers the possibility to vary the energy from pulse 
to pulse, our energy selection system allows for a 
comfortable 10% energy variation within 2 seconds, with 
the additional advantage that the high intensity, 
continuous beam extracted from the cyclotron can be 
intensity controlled from the ion source within 15 usec 
turn on/turn off time. These are essential features for the 
new treatment modes currently under consideration such 
as pencil beam scanning for example. 

Ill THE ENERGY SELECTION SYSTEM (ESS) 

The energy variability of the system is achieved by means 
of a carbon wedge used as an energy degrader. As a 
result of the energy degradation, there is an increase in 
emittance and energy spread. Emittance slits are 
therefore used to define the emittance of the transmitted 
beam, while an analysing magnet system limits the 
energy spread. Energy changes are completed in two 
seconds, using laminated magnets and quadrupoles. 
Figure 2 presents a picture of the energy degrader. 
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Figure 2: The energy degrader 

IV THE BEAM TRANSPORT SYSTEM 

The beam transport and switching system connects the 
exit of the energy selection system to the entrance points 
of the gantries and the fixed beam lines. All bends are 
achromats. At strategic points along the beam transport 
system, the beam characteristics are monitored by grid 
ionisation chambers. This information can be used for 
automatic tuning. 

V THE GANTRIES 

The gantry is the movable portion of the beam transport 
emerging from the cyclotron and terminating at the 
patient. The gantry structure is designed to minimize 
interference with the beam delivery system, provide 
maximum access to the patient, and maintain the 
isocenter position to within a sphere of confusion of 
radius 1 mm under all operating conditions, including all 
orientations, of the gantry. It is made up of a basic 
rotatable structure and a beam transport line which 
utilises one 45° bending magnet, one 135° bending 
magnet, nine quadrupole magnets, two sextupole 
magnets, three trim steering coils, and a nozzle. A simple 
rotating seal connects the moving portion of the beam 
transport tube to the stationary portion at the end of a 60° 
achromatic bend leading to the gantry. 

Figure 3: A gantry under construction (the gantry presented 
here, for illustration, is to be installed at the National Cancer 
Center in Japan) 

The NPTC equipment includes two complete isocentric 
gantries. Each gantry is an achromatic system. Its optics 
can be tuned for either beam scattering/wobbling or for 
pencil beam scanning. As for the energy selection system 
and the beam transport system, the use of laminated 
magnets and quadrupoles allows for energy changes in 
two seconds. 

VI THE NOZZLES 

The isocentric gantries and one of the horizontal beam 
lines, the large field one, will be fitted with nozzles. The 
functions of the nozzles include the 3-D beam shaping to 
irradiate the target volume at a constant dose, the beam 
monitoring and dosimetry, the help for patient positioning 
and field alignment verification, and the support of 
patient specific devices. The spreading techniques 
provided by the IBA nozzle are the double scattering for 
small to moderate fields, and the wobbling technique for 
the largest and deepest fields. The nozzle is compatible 
with a future upgrade to pencil beam scanning. 

VII THE PATIENT POSITIONING SYSTEM 

The accuracy of proton therapy is such that patient 
positioners should be submillimeter precision 
instruments. Our Proton Therapy Equipment therefore 
includes a patient positioner specifically designed for 
proton therapy. It positions the patient to permit the beam 
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to be delivered with great accuracy to any point in the 
patient from any angle. Coupled with the gantry which 
provides 360° rotation of the beam about one vertical 
axis, the patient positioner must provide a minimum of 
four axis of motion (three translations and one rotation) to 
accomplish this objective. In fact, the patient positioner 
for the NPTC has six degrees of freedom - four axes as 
defined here above, and couch pitch and roll to 
accomplish fine scale adjustments. 

VIII THE CONTROL SYSTEM 

The NPTC Control System is developed on three levels: 
the equipment control level where we have the process 
controllers close to the equipment, the management level, 
which is responsible for the operation of a set of high 
level functions, and the user interface level with the 
operator interface. Networks provide the connection 
between the different levels and between units at the same 
level. The process controllers, using VME card cages or 
industrial PLCs, are connected through a highly reliable 
serial bus (CANBus). An Ethernet network allows the 
connectivity from the equipment control level to the user 
interface level and the database system running on UNIX- 
based work stations. 

IX STATUS OF THE NPTC PROJECT 
The construction of most of the subsystems is reaching 
completion. The cyclotron and the ESS were shipped to 
Boston at the end of March 1997, after successful 
completion of all cyclotron and ESS factory tests in IBA's 
assembly hall, including Bragg peak measurements. As 
far as the cyclotron is concerned, beam was accelerated 
up   to   the   maximum   energy,   with   extracted   beam 

intensities up to 1 uA. This equipment arrived at the 
NPTC mid-April and is presently being installed. 

The beam transport system will be completely 
mounted and ready to accept beam (on site) in September 
1997. 

The assembly of the gantry structure mechanical 
parts was done in March (vertical position). Shipment of 
the first gantry will take place at the end of April, after 
factory tests with the magnets installed. The second 
gantry will follow one month behind. 

Some parts of the nozzle are still under final design 
(snout, bolus), while the other parts are under fabrication. 
Beam tests of the nozzles are scheduled in August and 
September 1997. 

The patient positioning system assembly started at 
GA in early 1997 and the factory tests are underway. 

Finally, work on the control system and on the safety 
system is progressing well. The computer network is 
installed and was connected to the available equipment in 
the assembly hall at IBA (before shipment). A group of 
seven computer scientists and engineers is developing and 
testing the software. 

The whole system acceptance tests on site are 
expected to be performed at the end of 1997, and the first 
patient should be treated by the end of 1998. 
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Abstract 

We have developed Parallel Plate Ionization Chambers 
(PPIC) to measure not only the cumulative intensity but 
also the time structure of slow-extracted heavy-ion beams 
from a medical synchrotron. The characteristics of the 
PPIC with 3 mm and 1 mm gap distances for 760, 200, 
111, and 55 Torr air were investigated with C6+ beam (290 
MeV/u) at HIMAC. The applied voltage to start the plateau 
region strongly depends on the beam intensity, and pressure 
of counter gas. The PPIC can be also used as a useful beam 
monitor for the time-structure measurement of heavy-ion 
beams. 

1   INTRODUCTION 

As a new method of radiation therapy with ion beams, the 
spot scanning is started at the PSI[1] and GSI[2]. We have 
also been planning to use the spot scanning method, at HI- 
MAC (Heavy Ion Medical accelerator in Chiba)[3]. 

Intensity of beams slowly extracted from a synchrotron, 
in general, varies in time mainly due to the current ripple 
in the synchrotron magnets. To realize the accurate dose 
distribution, the speed controlled spot scanning should be 
achived. In this system the intensity of the slow-extracted 
beams should be measured at the upstream of the irradia- 
tion room. 

As a beam monitor for the intensity measurement, a par- 
allel plate ionization chamber (PPIC) is a good candidate, 
because of its stable operation and wide dynamic range 
for the detection of the heavy-ion beams. We have devel- 
oped PPIC. In this paper, we describe on the preliminary 
results of performances for C6+ beams extracted from the 
HIMAC. 

Aluminum Chamber 

» • 0 

0 

6 cm 
-jj-1 1 

I     Electrodes 

26 cm 

1 
Figure 1: The PPIC. The left figure shows the front lid 
of the PPIC. The front and rear windows are sealed with 
O-rings. Three electrodes are mounted in the aluminum 
chamber. 

H.V. 

3 um-thick polypropylen 
evaporated with Aluminum 
(20ug/cm2) 

3mm lmm 

2 mm-thick 
glass-epoxy 

Figure 2: The cross-sectional view of the PPIC. The elec- 
trodes are the 3 /xm-thick aluminized polypropylen film 
fixed on the 2 mm-thick glass-epoxy frame. Three elec- 
trodes can be arranged with front and rear gap distances of 
3 mm and lmm, respectively. 

2   DETECTOR CONSTRUCTION 

The structure of the PPIC is shown in Fig. 1. We have 
used air as a counter gas. In order to keep the heavy 
ion beam qualities, the total effective thickness of PPIC is 
very thin, i.e.; about Q.15mg/cm2 for 760 Torr air, and 
about 0.52mg/cm2 for 50 Torr. The electrodes are square- 
shaped 3/xm-thick aluminized polypropylen (270fig/cm2 

the polypropylen and 20ng/cm2 the aluminium). These 
very thin electrodes are fixed in the glass-epoxy frame and 
set into the aluminum chamber. The gap dependence of the 
S/N ratios in the detector signal can investigate by using the 
spacer as shown in Fig. 2. 

3   EXPERIMENTAL SETUP 

The C6+(290 MeV/u) beams slow-extracted from syn- 
chrotron with RF-KO method[4] at around 11/3 resonance 
are used in the present experiments. The setup of the PPIC 
experiment is shown in Fig. 3 and Fig. 4. 

Before the time structure measurement, we measured the 
plateau characteristics under different conditions: the gap 
distances, the beam intensities and gas pressures of air. The 
picked up signals from the PPIC were integrated during 
10 spills in order to reduce the statistical error. To can- 
cel out the fluctuation of C6+ beam intensities, we utilized 
the output signals from the HIMAC ion chamber, which is 
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PPIC 

HIMAC: 
Ion Chamber 

from Synchrotron beam 

/ 

Figure 3: The plane view of the "physics and general" ex- 
perimental room. 

Figure 4: Photograph of the experimental setup of the beam 
line. From the downstream, the PPIC, the HIMAC ion 
chamber (the ionization chamber with a the gap distance 
of 2 mm) set up. 

calibrated with Faraday cup. 
The charges from the PPIC were converted into voltage 

signals with current amplifiers and observed by a digital os- 
cilloscope (HEWLETT PACKERD 54540A) triggered by 
the timing signal of beam extraction. In order to investigate 
the time response of the PPIC, we compared PPIC signals 
with those of the 0.2 mm-thick plastic scintillation counter 
which has been used as a "Ripple Monitor" at just after the 
extraction point. 

4   RESULTS 

4.1   INTENSITY MEASUREMENT 

Normalizing the charge signal from the PPIC by that of the 
HIMAC ion chamber, we have obtained plateau curves for 
air. We have found that the plateau characteristics depends 
strongly on the beam intensity. Fig. 5 shows the plateau 
curves for the 3 mm gap distance PPIC with 759.6 Torr air. 
The plateau starting voltage is about 24 volts for intensity 
of 1.7 x 106pps, and about 362 volts for intensity of 1.3 x 
109pps. 

In the case of beam intensity of 1.3 x 109 pps, the plateau 
starting voltage is about 17 volts at 50.2 Torr air (see Fig. 
6). In the case of with 759.6 Torr air, however, the operation 
mode can reach the plateau region for around 362 volts. 

The dynamic range of the PPIC is illustrated in the top 
of Fig.   7.   It is clear that the signal height of the PPIC 
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Figure 5: The plateau curve of PPIC(3mm gap distance) 
with 759.6 Torr air. The beams are C6+ (290 Mev/u). The 
ordinate is the ratio between the output charge from the 
PPIC and the HIMAC ion chamber. 
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Figure 6: The plateau curve of PPIC(3mm gap distance) 
with air. The beams are 1.3 x 109pps C6+ (290 mev/u). 
The ordinate is the ratio between the output charge from 
the PPIC and the HIMAC ion chamber. 

are proportional to the pressure of gas density with errors 
of 10%. The linearity of the signal against the pressure is 
also confirmed by the bottom of Fig. 7. Consequently, we 
can deduce that the PPIC signal height is proportional to 
number of primary ion pairs. It is also due to the density of 
the primary ion pairs that the plateau characteristics differ 
in beam intensity and pressure of counter gas. 

4.2   TIME STRUCTURE MEASUREMENT 

We measure the time structure of the RF-KO extracted 
beam with PPIC. The time structure of the RF-KO ex- 
tracted C6+ beams measured with PPIC(lmm gap dis- 
tance) and Ripple Monitor is shown in Fig. 8. Both detec- 
tors have the peak of 777, 100 Hz and these linear combi- 
nation in the frequency spectrum. These frequencies come 
from the repetition rate of frequency modulation of the RF 
field as usually used for the therapy at HIMAC and the rip- 
ple of AC power line. 

When the frequency modulation of RF-KO is changed, 
the corresponding frequency component come dominant 
and we can study the time response of the PPIC at that 
frequency. With the frequency of RF-KO at 3000 Hz, the 
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Figure 7: The PPIC signal dependence on the intensity (up- 
per) and the pressure of the counter gas (lower). 
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Figure 8: Frequency spectra of the signals from the 
PPIC(lmm) with the 759.8 Torr air (upper) and the Rip- 
ple Monitor (lower). The repetition rate of the frequency 
modulation of RF-KO field is 777 Hz as usually use for 
therapy. 

frequency response of both detector is as shown in Fig. 9. 
Because the plastic scintillation counter is fast enough to 
respond beam change in kHz order, it is concluded that our 
PPIC system achieve the kHz order time response. 

4.3    SUMMARY AND FUTURE PLAN 

We can summarize the present results that the PPIC with 
gap distances of 3mm and 1mm can be used as a useful 
beam monitor from both viewpoints of beam-intensity and 
time-structure measurements. Although the 3mm gap dis- 
tance PPIC needs the higher applied voltage to reach the 
plateau, we will choose the gap distance of the PPIC 3mm. 
It is because the electrode films of 1mm gap distance PPIC 
pull each other by Coulomb force and reduce the effective 
volume by several percent. 

While we continue the further basic study concerning the 
PPIC characteristics, we are planning to a two-dimensional 
beam monitor with the PPIC having stripped electrodes so 
as to observe the two dimensional beam profile at the same 
time. Because the signal from one strip electrode is smaller 
than the plane electrode, we choose the pressure of counter 
gas is 760 Torr. 
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Figure 9: Frequency spectra of the signals from the 
PPIC(lmm) with the 759.8 Torr air (upper) and the Rip- 
ple Monitor (lower). The repetition rate of the frequency 
modulation of RF-KO field is 3000 Hz. 
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Abstract 

A new beam course, a projectile fragment separator to 
provide radioactive beams, is under construction at 
HIMAC. A primary purpose of the new beam course is to 
study medical applications of radioactive beams. The 
specifications and status of the beam course and a pre- 
liminary result using carbon beams are summarized. 

1 INTRODUCTION 

In heavy-ion therapy, it is critical to control the dose dis- 
tribution in a patient's body as accurately as possible in 
order to utilize the superiority to conventional methods. 
We, however, have no methods to validate irradiated vol- 
umes inside a body. Furthermore, since beam ranges are 
calculated based on the CT values obtained by CT 
scanned images, in some cases large uncertainties may be 
unavoidable. If the dose distribution can be measured 
accurately enough, heavy-ion therapy will become a more 
advanced technique. 

Primary beams from HIMAC 
Figure:   1     Layout of the secondary beam course in 
HIMAC at MRS. 

Beams of positron emitters, such as UC or 19Ne, may 
enable us to evaluate the dose distribution inside a body, 
because positron emitters injected into a body produce a 
pair of annihilation gamma rays (511 keV), mainly, near 
to the locations where they stop. 

For a study of medical applications of radioactive 
beams, a secondary beam course is under construction at 
HIMAC (Heavy Ion Medical Accelerator in Chiba) at 
National Institute of Radiological Sciences[l,2]. Research 
on medical applications covers two categories. The first 
category is the measurement of the beam ranges. If we 
can measure the ranges of secondary beams accurately 
enough, we can feedback this knowledge to treatment 

planning and make the planning more reliable. This 
would allow us to apply heavy-ion treatments to targets 
which are located near to radiation-sensitive organs. The 
development of new positron cameras to detect the anni- 
hilation gamma rays are being carried out in order to 
measure the range with high accuracy, in parallel with the 
construction of beam course. The second category is a 
treatment by radioactive beams, themselves. It is a large 
advantage that irradiated volumes can be scanned and 
confirmed immediately after each irradiation. 

2 DESIGN OF THE BEAM COURSE 

2.1 Layouts and beam optics 

A layout of the secondary beam course is shown in Figure 
1. New courses branch off the existing course, PH2, 
which is used for physics experiments, and three courses 
are included in the design. A course labeled SB 1 is under 
construction. All devices up to F2 in the figure were in- 
stalled by the end of March, 1997, and the remaining de- 
vices of SB1 will be placed in August, 1997. Spaces for 
two other courses, SB2 and SB3, are being kept open for 
future construction. 

Beam course SB 1 is a spectrometer comprising a pair 
of bending magnets, eleven quadruple magnets, a pro- 
duction target and an energy degrader [3], satisfying a 
double-achromatic condition. The principle to separate 
ions with specific A and Z numbers is based on the work 
of Dufour et al.[3]. The SB1 course has three focusing 
points, Fl, F2 and F3, as shown in Figure 1; point Fl is 
dispersive in momentum, while two other points, F2 and 
F3, are doubly achromatic. The degrader is set at Fl. The 
specifications of the beam course are summarized in Ta- 
ble 1, and the calculated beam envelopes are shown in 
Figure 2. 

The effect of the degrader was estimated by a code 
ORBIT2 [4], which allows us to treat the degrader as an 
optical element[5]. 

Table: 1 Specifications of the secondary beam course in 
HIMAC. 

Maximum magnetic rigidity 8.13 Tm 

Momentum acceptance 2.6% (mil width) 

Angular acceptance Horizontal 26mrad (full width) 

Vertical 26mrad (full width) 

Momentum dispersion at Fl 1.78m 

Bending Magnet Radius 5m 

Bending angle 1st bending magnet 20 degrees 

2nd bending magnet 26.5 degrees 
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Figure: 2 Beam envelopes of the secondary beam course 
SB1. Emittance of the vertical and horizontal are assumed 
to be 40TI mm mrad at the production target. 

2.2 Beam monitoring detectors 

Secondary particles are identified by using time of flight 
(TOF) and delta E data. A start and a stop counter for 
TOF, plastic scintillators with a thickness of 0.5 mm, are 
placed at Fl and F2, respectively. A delta E counter, a 
silicon detector with a thickness of 0.5 mm, is set at F2. 

Profile monitors of multiwire proportional chambers 
are installed at Fl, F2, and F3 in order to measure the 
positions and sizes of primary beams. 

2.3 Control system 

Beam courses for medical use are required to have char- 
acteristic features: a good reproducibility of beam quali- 
ties and easy operation. A good reproducibility includes 
energies, intensities, sizes, and purity of the secondary 
beams. Easy operation is indispensable so that operators 
with no special knowledge about reaction products can 
operate the beam course as routine work. 

A new control system, to satisfy those requirements, 
is designed and constructed. The control system com- 
prises three computers connected by a network, as shown 
in Figure 3. The system processes many functions, in- 
cluding: (1) control of devices, such as magnets and tar- 
gets; (2) analyses of data from monitoring detectors; and 
(3) beam-optics calculations. Each function proceeds ac- 
cording to the programed sequences. Since these func- 
tions are dealt within one framework, measured or calcu- 
lated data can be referred swiftly and automatically. Thus, 
a sizable reduction of the tuning time is expected for such 
processes as the optimization of parameters, which re- 
quires reiteration of device-settings and measurements. 

Secondary beam course 
control computer 

Supervisoiy system 
Device control 

computer 

HEBT-SCU 

Device 
^control 

Device parameters 

Device status 

Data 
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I   Optic 
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Process 
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Beam data 
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"O 
Analysis 
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Data 
^ acquisition 

Devices, 
Magnets, target, etc. Monitors, 

TOF, DeltaE, etc. 

Figure: 3 Block diagram of the control system of the 
secondary beam course. 

3 RESULTS OF THE BEAM TESTS 
A first beam test of the new course was carried out using 
12C beams with energies of 290 MeV/u and 400 MeV/u. 
The results verified the calculated beam optics and 
alignments of the devices. 

Projectile fragments produced in aluminium targets 
were also measured. The thickness of the targets was 3.6 
cm and 5.5 cm for 290 MeV/u and 400 MeV/u 12C beams, 
respectively, corresponding to the thickness with which 
the maximum yields of nC were expected by a computer 
code, INTENSITY2[6]. A scatter plot of TOF vs. delta E 
is shown in Figure 5. It can be seen that the events are 
clearly separated from each other depending on A and Z 
numbers. 

As a rough evaluation, a production ratio of nC with 
a primary beam of 12C was found to be on the order of 
10"3. The ratio is consistent with an estimation by 
INTENSITY2. 
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TOF      (arbitaxy unit) 

Figure: 4 Scatter plot of TOF vs. delta E obtained in the 
beam test. Events of UC, 12C and 7Be are clearly sepa- 
rated. The intensity ratio of nC, 12C and 7Be are about 
90%, 5% and 5%, respectively. 

4 ACCURATE RANGE MEASUREMENTS USING 
SECONDARY BEAMS 

The development of new positron cameras for accurate 
range measurements is in progress. The conditions re- 
quired to the positron cameras are twofold: large detec- 
tion efficiency and high spatial resolution (about 1mm). 
The first condition comes from a fact that a dose level 
allowed for diagnosis is very low (typically less than 0.1 
Gy). Efficiency and spatial resolution of existing PET 
cameras are not good as being expected. A method to 
determine the beam ranges using the positron camera is 
shown in Figure 6. A pencil beam of positron emitters is 
injected to a body from the left, and a pair of annihilation 
gamma rays are emitted at a near place where the beam 
stops. A pair of detectors detect those gamma rays and 
define a line along which gamma rays produced. The 
point where annihilation gamma rays produced is chosen 
as a crossing point of the beam axis and the line. 

221 Ipnyiirnijmiliy^aipn^yjlcyiyr^, ^ m% 
Pencil beam of 
positron emitters 
 ».  _ 

'/tf^^j^T'J'rF// MM, 
Figure: 5   Method of range evaluation by the positron 

A test detector was assembled for the development of 
positron cameras. The detector resembles an Anger-type 
camera, except for the collimators. An Nal(Tl) crystal 
with a size of 10 cm x 10 cm x 3 cm is viewed by an ar- 
ray of 6x6 photo-multiplier tubes (HAMAMATU 
H3166). Outputs from the photo-multiplier tubes are in- 
dependently measured by charge-sensitive ADCs (Le- 
Croy 2249). The positions where a gamma ray hits are 
decided by the distribution of the light outputs from the 
nearby photomultiplier tubes. Nal(Tl) scintillators were 
employed due to their properties of large light outputs, 
relatively high efficiency for 511 keV gamma rays and 
availability of a large crystal. The position resolution and 
efficiency of the test detector are being evaluated. 

5 SUMMARY 

For the advancement of heavy-ion therapy, we are con- 
structing a secondary beam course, with a computer- 
assisted control system. The first beam test was carried 
out with satisfying results. The amount of the nC pro- 
duced was consistent with the estimation. We are also 
developing positron cameras for accurate range meas- 
urements. 
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Abstract 

A proton linear accelerator has been conceived to be used 
for Boron Neutron Capture Therapy (BNCT) and Neutron 
Radiography (NR) at the Korea Cancer Center Hospital in 
Seoul, Korea. The main accelerator is an RFQ which will 
accelerate protons from 90 keV to 3.5 MeV with a cur- 
rent of 50 mA in the present design. According to the 
PARMTEQ calculation, transmission efficiency is over 96 
% for that current. Beam dynamics and rf properties of 
the RFQ have been studied along with beam transport and 
target systems. At present possibility of obtaining funding 
appears to be low, but we thought it is worthwhile to carry 
out the design study for the future proposal. 

1   INTRODUCTION 

The Korea Cancer Center Hospital (KCCH) in Seoul has 
used a MC50 cyclotron (Scanditronics) for neutron ther- 
apy since 1986 [1]. To extend the hospital's capability 
for cancer treatment, an accelerator system for BNCT has 
been proposed. A high current proton beam produces neu- 
trons from the nuclear reactions such as 7Li(p,n)7Be or 
9Be(p,n)9B, and then the neutron beam is moderated to ep- 
ithermal energy (1 eV - 10 keV). The reaction process for 
treatment is 10B(n,a)7Li utilizing a high capture cross sec- 
tion of 10B for thermal neutrons. The resulting reaction 
products produce the localized dose on the highly malig- 
nant cells [2]. 

Regarding to accelerators for high current proton accel- 
eration, RFQ and RFD seem promising among others. We 
first chose to study on RFQ since the average current of 
near 80 mA has been already achieved by the Chalk River 
RFQ (to 600 keV) [3]. 

The proton beam energy needed for BNCT is related to 
the choice of target. A beam energy of 2.5 MeV along with 
Li target appears to be the best choice in the aspect of neu- 
tronics [4]. And we consider that the use of Be target with 
a higher beam energy of 3.5 MeV is worthy of pursuing as 
it allows a simpler target system, which fits better into the 
hospital environment. We chose the current of 50 mA in the 
present design, which will produce the epithermal neutron 
flux of 5x 109/cm2/sec with 7Li target at 2.5MeV 

An RFQ to accelerate high current proton beam is highly 
demanding on diverse applications. As a result, designs of 
such RFQ accelerators are described by many authors [5] 
[6]. Our study here aims at obtaining our own design pa- 
rameters. Besides the RFQ, the beam transport and the tar- 
get systems have been studied, and some results are given 

Table 1: Parameters of the RFQ 
Frequency 352 MHz 

Vane voltage ±45 kV 
Kilpatric factor 1.7 
Injection energy 90 kV 

Final energy 3.5 MeV (2.5 MeV) 
Length 4.9 m (3.8 m) 

Power dissipation 720kW(540kW) 

in this report. 

2   DESIGN STUDY OF AN RFQ ACCELERATOR 

The accelerator system is composed of ion source, RFQ, 
low-energy and high-energy beam transport lines. A 
schematic view of the system is shown in Figure 1. The 
present design energy is 3.5 MeV with an intermediate goal 
of achieving 2.5 MeV. Design parameters are obtained us- 
ing the PARMTEQ code [7] for both energies, and listed in 
Table 1. The cell parameters of the RFQ is shown in Figure 
2 as a function of the longitudinal position. 

RFQ 

- Solenoid 

-Einzel  Lenz 

-Ion   Source 

Figure 1: A schematic view of a linear accelerator system 
for BNCT 

The transmission efficiency is over 96 % for 50 mA. The 
input rms emittance for this calculation is 0.2 ■K mm-mrad 
(normalized). When the emittance is 0.3 IT mm-mrad, the 
transmission efficiency reduces by about 4 %. As indicated 
by other workers, a beam current of 100 mA may be needed 
for prompt treatments. The power loss and the transmission 
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efficiency are 900 kW and 89 %, respectively for 100 mA. 
The locations of major particle loss are near the beginning 
and the end of the gentle buncher. Because of the higher 
energy damage is more severe near the end of the gentle 
buncher. A further study is needed to reduce the loss by 
increasing the transverse focusing possibly with supercon- 
ducting solenoids. 

i 1 r 
100      200      300     400     500 

Length  (cm) 

Figure 2: Cell parameters of the RFQ as a function of lon- 
gitudinal position 

The rf properties of the structure were calculated with 
the computer programs SUPERFISH and MAFIA. The Q 
value was about 12,000 with SUPERFISH, and 10,000 by 
MAFIA. The power loss obtained from RFQUICK is simi- 
lar to that from the MAFIA calculation. A MAFIA model 
along with TE210 mode is shown in Figure 3. 

The RFQ structure will be modular to ease manufactur- 
ing difficulties due to its long length. Each module will 
be roughly 1-2 m long. To improve the tuning stability, 
resonant coupling between modules [8] was tested with 
MAFIA. A wider mode separation could be achieved by 
adjusting the coupling capacitance, but a further investiga- 
tion is needed. The vane voltage distribution was easily 
controlled by adjusting the vane undercut. 

3    BEAM TRANSPORT LINE 

The beam transport line was designed with TRACE3-D [9] 
which includes the linear space charge effect. The low- 
energy beam transport consists of an einzel lens and a 
solenoid, which is thought to reduce the space charge neu- 
tralization and to give flexibility in matching. The beam 
dynamics calculated with TRACE3-D is shown in Figure 
4. 

In the high-energy beam transport the beam is 90° ver- 
tically bent down to comfortably accommodate the target 
and modulator. Figure 5 shows the beam envelopes of high 
energy beamline. The radius of beam on target is 5 cm, the 
power density being 1.6 kW/cm2 when the beam energy 
and current are 2.5 MeV and 50 mA. The beam is unidirec- 

Figure 3: A MAFIA model shown with TE210 mode. 

«,0»0 m       180.8 Ikv 

 e c 

Horiz, 

SCL 

Length=      670, Wpm Wert 

solenoid 

Figure 4: Beam envelopes of the low energy beam transport 
line. 

tional, and its size can be easily controlled with upstream 
quadrupole triplet. 

Figure 5: Beam envelopes of the high energy beam trans- 
port line. 

To reduce the peak power density it seems important to 
make a uniform distribution of current [10]. Nonlinear el- 
ements are needed to change the beam current distribution. 
At the waists of transverse planes as shown in Figure 5 
octupole and duodecapole components could be inserted, 
minimizing the x-y coupling [11]. 

4   TARGET DESIGN 

The design of target depends on the beam power and the 
target material. First, pure lithium target with melting tem- 
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perature of 179 °C can sustain only a low power beam. A 
preliminary design of the target system is shown in Fig- 
ure 6. Material of the target frame is aluminum. Assum- 
ing that the beam diameter is 10 cm, the power density is 
318 W/cm2 for 10 mA. Finite element calculations with the 
ANSYS code were carried out for this target with the heat 
flux of 318 W/cm2, and the result is shown in Figure 7. The 
cooling film coefficient used as an input was approximately 
calculated to be around 2.5 W/cm2/K with a flow rate of 6 
liter/sec, using the Dittus-Boelter empirical correlation for 
turbulent duct flow [12]. The maximum temperature on the 
lithium surface is 84 °C when the water temperature is 10 
°C, and it becomes 125 °C for the heat flux of 500 W/cm2. 
Hence it seems difficult to use over 20 mA of beam current. 
For higher power beam a rotating target [4] or O2O at the 
cost of lower neutron yield could be used. 

Heat  Flux 
I       I       1 

-Li  Coating 

Water   Channel 

<XxxX> 

^—Aluninu 

Figure 6: A preliminary design of a Li target. 
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designs are core parts of the study. We need to study accel- 
erators other than RFQ's such as RFD and ESQ, and also 
different structures of RFQ. The target design can be fur- 
ther optimized with finite element programs. 
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Figure 7: Temperature distribution on the Li target calcu- 
lated with ANSYS. See text for details. 

5   CONCLUSION 

Several design aspects of the RFQ accelerator system for 
BNCT were studied, and we will continue the detailed de- 
sign for the future proposal. The accelerator and the target 
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Abstract 

The basic design of a compact proton accelerator 
system for cancer therapy is described. The system 
consists of a 30keV ion source, a 3MeV RFQ linac, and a 
rapid-cycling 235MeV synchrotron. A strong focusing 
combined function magnet, which has both focusing and 
defocusing section in a unit, is adopted instead of a 
quadrupole magnet. The rf system applies a compact 
ferrite loaded tuning-free cavity which has no bias 
windings. The synchrotron is operated at 20Hz repetition 
with fast beam extraction. It is the same method as the 
KEK booster synchrotron, which has been using for 
proton therapy studies by Tsukuba University. In this 
system, a breath synchronized irradiation method is easily 
realized and the energy of proton beam can be changed 
flexibly within few minutes. 

1 INTRODUCTION 

It is fundamentally required for a medical accelerator 
to be reliable, safe, stable, easy to operate and compact. 
Its beam energy must be changed with depth of a tumor. 
A synchrotron, which is inherently energy variable, is 
enough to achieve this purpose. It allows a beam delivery 
system without an energy degrader, therefore unwanted 
irradiation and beam quality degeneration are avoided. 

About a compact synchrotron, because of severe 
requirement for rf voltage, rapid-cycling operation has, 
which all. 20Hz operation obtains lower injection energy, 
which makes the injector more compact. For the reasons, 
a rapid-cycling synchrotron is less expensive, been 
believed to be hard to achieve. If the rapid-cycling 
compact proton synchrotron up to 20Hz repetition is 
realized, it has many merits. 

A rapid-cycling synchrotron with fast extraction is 
most adequate for changing the beam energy, because 
only the timing of the extraction system needs to be 
changed. A rapid-cycling one has fewer elements by 
using combined function magnets, one-turn injection and 
fast extraction. The injection and extraction method 
brings small aperture, which allows compact bending 
magnets with small running cost. 20Hz repetition obtains 
lower injection energy, which makes the injector more 
compact. For the reasons, a rapid-cycling synchrotron is 
less expensive. 

The repetition rate of 20Hz is high enough to carry out 
breath synchronized irradiation easily by beam switching 
at its injector section. In addition, efficiency is nearly 
100% for the fast extraction. Beam current of the system 

at an irradiation point is 20nA, which is sufficient for 
cancer therapy. 

One of the pioneer facilities of proton therapy, Proton 
Medical Research Center, Tsukuba University (PMRC) 
has been studying with a 20Hz repetition booster 
synchrotron at KEK[1]. Many results and experience 
which can be applied to the rapid-cycling synchrotron 
have been accumulated at PMRC. 

In order to realize the rapid-cycling synchrotron, it is 
necessary to develop a wide-band high-voltage compact 
rf cavity, a high-field small combined function magnet 
and a fast-pulsed kicker magnet. After these subjects have 
been studied, a rapid-cycling proton synchrotron system 
for hospital use is designed, which is discussed at 
following sections. 

2 INJECTOR 

The injector system consists of a 30kV ion source, a 
3MeV RFQ linac and a debuncher cavity. The ion source 
creates proton beam using a duoplasmatron and a single 
gap extractor with voltage of 30kV. A beam transport line 
uses an einzel lens to focus the proton beam from the ion 
source to the RFQ. The RFQ operating at 425MHz 
accelerates, focusing and bunching the proton beam from 
the ion source to 3 MeV. To provide the required input 
beam momentum spread with + 0.3% at the synchrotron 
injection point, a single gap debuncher cavity with the 
same frequency as the RFQ is located in the beam 
transport line. The beam current at the extraction is 15mA 
and the stability of current is ±0.1%. The normalized 
emittances at extraction are 0.12 and 0.11 7immmrad for 
horizontal and vertical direction. 

The 20Hz synchrotron obtains fewer protons per an 
accelerating cyclesothat the effect of space charge is 
weaker[2]. Therefore the injection energy can be lower 
and the injector can be shorter. The injector length 
without the debuncher is 3m, so the injector system can 
be placed inside the synchrotron. 

3 SYNCHROTRON 

3.1 Lattice 

The synchrotron is a combined function type which 
has no quadrupole magnets. The lattice functions of the 
unit cell are shown in Fig. 1. The magnet lattice has an 
FDFO structure, and 4 superperiods. The n-value of the 
magnet is determined as ± 10.5, considering small beam 
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size and also the sensitivity of the magnet imperfection to 
the lattice functions. 

The layout is shown in Fig. 2. A kicker magnet for 
beam injection, a septum magnet for beam extraction and 
an rf cavity are located at long straight sections and a 
kicker magnet for beam extraction is at a short straight 
section. 
The parameters of the synchrotron are summarized in 

Table 1. The horizontal and vertical tunes are 2.2 and 2.3, 
respectively. 

Table: 1 The parameters of the synchrotron 
<Lattice> 
Circumference 28.2m 
Injection energy 3MeV 
Extraction energy 70~235MeV 
Repetition rate 20Hz 
Straight sections 1.8/2.2m 
Injection method one-turn (on-axis) 
Extraction method fast extraction 
Tune (• x/« y) 2.2/2.3 
Emittance (at extraction) 0.3* mmmrad 
Energy spread (at extraction) <±0.1% 
<Combined Function Magnet > 
Bending angle per unit 45° 
Bending radius 1.9m 
Magnetic field 0.13-1.2T 
N-value ±10.5 
<RF Cavity > 
Rf frequency 0.85~6.4MHz 
Peak voltage 5.8kV 
Rf input power 2.1kWx4 
Cavity length 1.9m 

7 ,™ 

Figure : 1 The lattice function of the unit cell 

Combined Function Magnet 

Figure : 2 The layout of the synchrotron 

3.2 Bending Magnet 

The synchrotron magnet system consists of 8 units of 
H-type combined function magnets with F-D-F structure. 
The bending angle of the F section is 11.25° each, and 
22.5° for the D section. The n-value of each section is 
rather large as ± 10.5, in order to make magnets small. A 
sector type magnet is adopted because of simpler field 
distribution at the edge region than that of a rectangular 
type. The bending radius is 1.9 m. The magnetic field at 
injection and extraction are 0.13 T and 1.2 T respectively. 
The required good field region is + 20mm, smaller than 
one of a conventional synchrotron[3]. 

The magnet core is made of oriented low-silicon steel 
of 0.35 mm thickness, which has high permeability 
athighfield region. The magnet has large n-value as well 
as soft edge structure relaxing magnetic saturation effect 
at the edge and the transition between the F and the D 
section. 

Three dimensional analyses with taking account of 
saturation effect using TOSCA have been performed at 
both injection and extraction field strength in order to 
optimize the pole profile, the configuration of the 
transition and the edge. According to the results of these 
calculations, saturation doesn't decrease the good field 
region much in case of the pole width of 150 mm. A 
prototype magnet has been fabricated for a further 
experimental study to prove the calculated estimation and 
the field measurement is in progress now. 

Eight magnets connected in series are excited by a 
single resonant network with a dc bias. The magnet 
current is 1500A and the voltage is 2.9kV peak. 
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3.3 RF Cavity 

The problem of high voltage (more than 5kV), 
wideband (frequency ratio up to 1:8) and compact (less 
than 2m) accelerating structure, which has prohibited a 
compact synchrotron from rapid-cycling operation, has 
solved by a new concept of a tuning-free cavity. The 
method, proposed by Prof. Sato of Osaka University[4], is 
that a ferrite cavity as an LC parallel circuit, is placed at 
the center leg of a bridged-T type all-pass network. Its 
impedance is kept constant as an external resistance R at 
any frequency, which allows that the circuit is driven by a 
commercially available amplifier through an impedance 
transformer. 

In the tuning free cavity, a ferrite core is used in the 
absence of bias field. Therefore it is free from restrictions 
of bias response and high-loss effect, which is 
characterized by a sudden decrease in rf voltage above 
threshold level of input power under DC bias field. It 
gives wider variation of selecting ferrite material. Ni-Zn 
ferrite SY-20, newly developed by TDK co., is applied 
for the cavity, whose (xQf value is several times larger 
than conventional Ni-Zn ferrite, e.g. SY-2. Since it 
greatly reduces power dissipation at ferrite cores, it can be 
thought that in the system power loss is almost drawn out 
to the external resistance and that only voltage remains on 
the cavity. It is the reason why the system can produce 
very high accelerating voltage. 

Experimental research has performed with a proto- 
type cavity, shown in Fig. 3, as a collaboration between 
Osaka University and Toshiba co.. Designed gap voltage 
up to 700V was obtained with lkW input through 
frequency range from 1 to 8 MHz, even under 25ms 
frequency sweep. All the results show the new concept of 
tuning-free cavity is applicable to a rapid-cycling 
compact proton synchrotron. 

These results show the feasibility of a 1.9m long 
tuning-free cavity for the synchrotron discussed in this 
paper, which produces accelerating voltage at frequency 
range from 0.85 to 6.4 MHz, up to 5.6kV peak with 8kW 
rf power. 

3.4 Injection and Extraction for Synchrotron 

The synchrotron applies a one-turn and on-axis 
injection method due to small current of the injected 
beam. The proton beam is injected by a kicker magnet at 
a long straight section. The injector kicker magnet is 
needed fast current fall-time as 200 nsec, so this magnet 
has to be distributed constant type[5]. The magnetic field 
is 0.052 T and the magnet length is 0.53 m. Magnets of 
the same type are operated at KEK booster synchrotron 
and SPring-8 synchrotron. A power supply is required 
about 50 kV, less than one for SPring-8. 

The extraction is performed by a kicker magnet and a 
septum magnet with a bending magnet between. The 
magnet length and the field strength are 0.53 m / 0.071 T 
and 0.74 m / LOT, respectively. With the fast extraction 
method, the kicked beam passes through the bending 
magnet only once. Thus the beam trajectory at extraction 

doesn't give any restrictions to the good field region, 
which can be very small. 

Figure 
cavity 

3 The prototype of tuning-free ferrite loaded 

4 CONCLUSION 

A rapid-cycling compact synchrotron with one-turn 
injection and fast extraction is proposed, which consists 
of distinctive elements such as combined function 
magnets and a new type of a tuning-free cavity. It is 
characterized by energy flexibility, easy application to 
breath synchronization and reduced price. High 
efficiency, high safety to surroundings and high beam 
quality can be achieved with the method because of small 
beam loss at extraction, absence of a degrader and 
conservation of its small beam emittance. Additionally a 
radiation shield system becomes simple. The beam energy 
of the synchrotron can be up to 250MeV for proton 
radiotherapy without any difficult problems. 

After experimental and analytical research of these 
elements have been performed in order to verify the 
proposal, availability of the synchrotron for a hospital use 
has been confirmed. 
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Abstract 

The Proton Therapy Facility at TRIUMF is now in rou- 
tine operation treating ocular tumours using 70 MeV pro- 
tons extracted from the 500 MeV H- cyclotron. This pa- 
per describes the proton beam line, treatment control and 
dosimetry systems which are designed to provide accurate 
treatment dose delivery. The reproducibility of the shape 
and range of the unmodulated Bragg peak for various op- 
erating conditions of the cyclotron is discussed along with 
the technique for producing a uniform modulated or spread- 
out Bragg peak. The patient positioning chair, which has 
six motorized degrees of freedom, the patient mask and 
bite-block, and the X-ray verification system ensure sub- 
millimeter positioning accuracy. Patient treatments are 
scheduled one week per month with the treatment dose of 
50 proton-Gy delivered in four daily fractions. 

1    INTRODUCTION 

The Proton Therapy Facility is a joint project of TRIUMF, 
the British Columbia Cancer Agency and the University 
of British Columbia Department of Ophthalmology. Since 
August 1995, this facility has been treating patients with 
ocular melanoma, on a one week per month basis, using 
70 MeV protons extracted from the 500 MeV cyclotron. 
The development of the facility was funded from 1993-95 
by a local foundation, and operation is carried out as part of 
the clinical program of the Cancer Agency. 

The TRIUMF cyclotron is a unique particle accelerator 
for proton therapy as it can provide variable energy proton 
beams from 65-520 MeV with good energy resolution and 
with stable and easily controlled beam intensity. These ad- 
vantages are offset by the fact that the cyclotron is a multi- 
user facility, so treatments must be compatible with the dif- 
ferent operating regimes of the cyclotron. 

2 CYCLOTRON AND EXTRACTION 

The eye treatment equipment is located on beam line 2C 
which has an energy range of 65-120 MeV. Figure 1 shows 
the layout of the Proton Therapy Facility and its location 
relative to the cyclotron. The acceleration of H- ions in the 
cyclotron allows for easy extraction of low intensity beams 
with the use of a thin carbon wire for stripping the beam to 
protons. Although reliable 2-10 nA beams can be readily 

achieved with 150 //A circulating in the cyclotron using a 
0.001" diameter wire, for additional safety a "pepper-pot" 
is inserted in the injection beam line to reliably reduce the 
circulating intensity by a factor of 40 during patient treat- 
ments and high intensity operation. During polarized beam 
operation no such reduction is necessary. A pneumatically 
actuated beam stop in the vault section of BL2C, the Fast 
Shutter with a closing time of 150 ms, is the primary means 
of controlling the beam during patient treatment. 

PROTON 
IRRADIATION 
FAC1UTY 

BEAMINE 1A, 180-500 MeV 

Figure 1: Layout of the TRIUMF Proton Therapy Facility 

3   LAYOUT OF EQUIPMENT/PATIENT FIXATION 

The equipment for beam preparation and patient fixation, 
shown in Fig. 2, follows the design at other facilities.[l, 2, 
3]The required proton dose distribution is achieved using 
a passive scattering system and a rotating range modulator. 
The beam is defined by a first collimator/scatterer (typically 
12 mm diameter aperture with 0.8 g/cm2 thick lead scat- 
terer). A second collimator stops a significant fraction of 
the scattered beam, with the central part passing through to 
the proton nozzle. Here the proton field shape is defined 
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transversely with a patient specific brass collimator. The 
treatment depth is varied by a rotating wedge degrader or 
range shifter located between the first and second collima- 
tors. The plastic modulator wheel is CNC machined to pro- 
vide a flat spread-out Bragg peak (SOBP). This wheel ro- 
tates at 240 RPM and has four modulations per rotation. 

Figure 2: Arrangement of the equipment for beam delivery 
and patient fixation. 

Beam instrumentation consists of a secondary emission 
monitor (SEM) which measures the total incident proton 
beam current, a multiwire ionization chamber for the beam 
profile and centring, a diagnostic ion chamber, and a multi- 
plate transmission ion chamber for dose monitoring. This 
ion chamber consists of two total plates, one for an inde- 
pendent back-up, and a set of quadrant plates for beam cen- 
tring. The transmission ion chamber is calibrated for each 
treatment against a reference ion chamber located at isocen- 
tre. 

The patient is seated in a treatment chair with precise 
servo-motor positioning in six motions. The head is im- 
mobilized in a face mask and bite-block and the patient is 
asked to fixate on a blinking light. Two orthogonal X-rays 
are taken to establish the relationship of four tantalum clips, 
surgically placed on the eye around the tumour margin, to 
the output of the treatment plan. The eye position is moni- 
tored using a video camera with a magnified image to detect 
sub-millimeter eye motion during treatment. 

Each patient receives 4 daily fractions for a total dose of 
50 proton-Gy. The patient setup time is 15-30 minutes, fol- 
lowed by a 75-100 second treatment time. 

4   TREATMENT CONTROL SYSTEM 

The Treatment Control System (TCS) is based on a VAX 
computer, Mitsubishi PLC, CAMAC PROM-based con- 
troller, standard NIM and CAMAC modules and several 
TRIUMF built devices. The system provides for monitor- 
ing of patient safety, controlling patient dose and operator 
control. 

Patient safety is handled by a combination of the PLC 
providing digital interlocks and control with the CAMAC 
controller (TRIMAC) monitoring critical analog values and 
patient dose through digital sealers. The VAX also performs 
real-time data checks during the patient run. A stand-alone 
backup dose counter is connected directly to the TRIUMF 
Safety System (TSS) which can disable the cyclotron beam 
in the event of a TCS failure. A watchdog system can also 
trigger the TSS in the event of failure in any of the three 
computers. 

A treatment starts with the operator loading parameters 
for the patient through the VAX X-windows terminal which 
uses the Motif display manager. This information is passed 
to a CAMAC memory for use by the TRIMAC. If all in- 
terlocks are satisfied, an operator using a hand-held switch 
opens the Fast Shutter, via the PLC. Ion chambers provide 
a current signal through Ortec 439 integrators read by CA- 
MAC sealers. The TRIMAC controller performs a num- 
ber of real-time checks on beam positioning, intensity and 
chamber voltages and monitors the patient dose. On reach- 
ing the desired dose, the TRIMAC requests the PLC to close 
the Fast Shutter. At any time the operator, viewing the eye 
position by video, can stop the treatment. 

There are two operating modes for the controls: the "Nor- 
mal Mode" is used for calibration, development and testing, 
and the "Patient Mode" is used for treatment. In the "Pa- 
tient Mode" a number of additional interlocks have to be 
satisfied, the "Pepper-pot" must be inserted for unpolarized 
beam, higher level count ratio checks are carried out, and 
the area lockup requirements are modified for rapid entry 
and with the lockup sirens turned off. 

5   DOSE PROFILE MEASUREMENTS AND 
CALIBRATIONS 

The proton dose distributions have been measured for a 
variety of beam conditions by scanning diodes or minia- 
ture ion chambers in a water box.[4] In addition X-ray 
and radiochromic film have been used to confirm the mea- 
surements. An avalanche photodiode, type BPW-34, has 
been found very satisfactory for most measurements, and 
compares well to the 0.05 cc Markus ion chamber mea- 
surements, which are slower because of the smaller signal. 
The distal penumbra (90% to 10%) was determined to be 
1.2 mm in eye tissue and the lateral profile 1.7 mm. A 
calibrated Exradin Tl 0.05 cc ion chamber connected to a 
Keithley 616 electrometer provides the absolute dose cali- 
bration. This system has been checked in dose intercompar- 
ison studies with other laboratories and RBE measurements 
have been carried out at TRIUMF using V79-WRNE Chi- 
nese hamster cells.[5] 

The daily calibration procedure consists of a range shifter 
scan to determine the proton range for the raw Bragg peak 
using the diagnostic ion chamber for normalization. For 
a standard configuration, a calibration of the primary ion 
chamber is carried out using the Exradin Tl chamber at 
isocentre. The calibrations for each individual patient are 
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performed on the day before the start of treatments. The 
standard deviation in the daily range measurements over a 
16 month period is less than 0.1 mm and the standard dose 
calibration is within 1%. 

6   MODULATOR DESIGN AND VERIFICATION 

The raw Bragg peak has been found to be sufficiently sim- 
ilar for different operating conditions of the cyclotron that 
the spread-out Bragg peak (SOBP) produced using a rotat- 
ing range modulator is not dependent on the cyclotron op- 
erating mode. 

A program has been written to find the best range mod- 
ulator function for generating the SOBP, using as input the 
measured raw Bragg peak, the measured scattering function 
for the modulator position, the desired width of SOBP in 
mm, the maximum number of steps in the modulator and the 
desired precision.[6]A second program generates the CNC 
code for machining the modulator wheels. An inventory of 
modulators for SOBP from 10-23 mm in 1 mm increments 
has been machined and measured. Figure 3 shows the in- 
put information for the modulator design and a typical mea- 
sured result. 

5      10     15    20    25    30    35 
PlHStic Thickness (mm) 

60     120    180    240   300   360 
Angle 

Figure 3: Input data for the modulator design and a mea- 
sured result. 

7   TREATMENT PLANNING AND PATIENT 
ALIGNMENT 

Fundus photographs, ultrasound measurements, and surgi- 
cally placed tantalum scleral clips are used to determine 
the location and size of the tumour. In some cases, MRI 
scans are used to determine the configuration of the over- 
lying eyelid. This information is input into the treatment 
planning program EYEPLAN[7] for calculating the opti- 
mum set of treatment parameters: the location of the fix- 
ation light, the maximum beam range and modulation re- 
quired, and the profile of the beam aperture of the patient 
collimator. In addition a set of reference X-ray transparen- 
cies are prepared showing the desired alignment of the tan- 
talum clips relative to the beam axis for confirming the cor- 
rect patient alignment. 

Recently the use of wedges for modifying the contour 
of the distal end of the dose distribution has been imple- 
mented. Aluminum wedges with a tissue equivalent angle 
from 5° to 60° have been machined and measured. The 
wedges are mounted a few cm from the eye on a rotating 
holder attached to the nozzle and can be easily adjusted in 
angle and lateral position to the EYEPLAN value. In many 
cases the use of wedges is essential in reducing the dose to 
the macula or optic nerve. 

The twenty-five patients treated to date range in age from 
36 to 88, with a median tumour height of 6 mm and diameter 
of 13 mm. Early clinical follow-up is showing the expected 
tumour shrinkage and toxicity seen at other proton therapy 
centres. 

8   FUTURE DEVELOPMENTS 

At the present time patient referrals for choroidal melanoma 
have come only from the four western provinces of Canada. 
It is anticipated that the number of patients per year could 
double once patients are referred from eastern Canada. 
Other potential uses of protons for therapy are being con- 
sidered. These include treatment of conjunctival melanoma 
and macular degeneration. The proton therapy beam line 
can provide 120 MeV protons which have a range in tissue 
of 9-10 cm, so other tumour sites in the head and neck could 
be envisaged. 
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INITIAL OPERATION OF CIAE MEDICALLY USED CYCLOTRON 

CYCIAE 30 Engineering group 
(Written by Mingwu Fan and Tianjue Zhang) 

China Institute of Atomic Energy, P.O.Box 275, Beijing, 102413, PRC 

Abstract 

A 30 MeV compact cyclotron, CYCIAE 30 devoted to 
medical radioactive isotope production was built in CIAE 
and put into operation in Dec. 1994. It was originally 
designed by IBA, Belgium1'1. Some major modifications 
of the design have been taken. In order to improve the 
performance of the machine, the magnet redesign and 
adjustment have to be taken. All equipment: RF, power 
supplies, vacuum and water cooling system, except ion 
source and strippers, are made in China. The initial 
operation of the machine was reported. 

I. GENERAL DESIGN FEATURES 

CIAE medical cyclotron is a fixed-field, fixed-frequency 
isochronous cyclotron accelerating H' ions beam up to a 
maximum energy of 30 MeV and extracted beam 
intensity of more than 350 uA and low power 
consumption less than 100 kW. The machine is shown in 
Fig.l. 

The design of the machine was reported 
elsewhere12,3'41. 

This project with most of equipment made in China 
has been proved fully successful in last two year 
operation. Now 7 different isotopes are supplied to many 
hospitals. Parts of them are exported, like 57Co and so on. 

II. THE MAGNET SYSTEM 

The magnet of cyclotron is a key part for the machine, 
since it should provide a good quality field to ensure high 
intensity beam to be accelerated to final energy. 

The magnet mapping results shown the field is quite 
close to the theoretical isochronous field based on the 
error of RF shift and first field harmonic. The 
measurement results are shown in Fig 2 and 3. The 
maximum RF phase shifts are less than +-10" and first 
harmonic field is around 5 gauss in the accelerating area. 
High quality isochronous field keeps the particle 
accelerated to the extracted energy stably. 

The working isochronous field can be achieved using 
electrical power 7 kW only. 

In addition, switching magnets, quadrupoles, steering 
magnets and corresponding power supplies are fabricated 
based on our own design. Their quality is same or better 
than the requested theoretically. 

Fig. 1 CIAE Medical Cyclotron — CYCIAE 30 

III. RF ACCELERATING SYSTEM 

The RF accelerating system is made in Chinese 
manufacturer. The system in shown in Fig 4. The 
accelerating electrodes, the "dees" are supported by stems 
inserted in the valleys. 

The dees are made of solid copper and are 
conduction cooled. This considerably reduces the risk of 
water-leakage inside the machine and thus the 
contamination risks. 

The two 30" dees operate on the 4th harmonic mode 
with respect to the particle revolution frequency. To 
prevent any phase mismatch and to simplify the RF 
system, they are connected at the center below the median 
plane to leave room for the inflector. 

The R.F. cavities are entirely located in the valleys. 
The R.F. power needed to obtain 50 kV of dee voltage is 
approximately 5.5 kW per cavity. In addition, up to 15 
kW of R.F. power are used for beam acceleration. 

A single R.F. amplifier delivering 25 kW of power at 
65.5 MHz is installed in the median plane and is 
capacitively coupled to the cavity. The variable load due 
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to the beam behaves as a variable load resistor on the 
final tube. So the amplifier always operates at peak 
efficiency. 

Zero-bias, grounded-grid triodes are used for the 
final 25 kW amplifier and 2 kW driver amplifier. This 
design gives the system absolute stability and eliminates 
the grid and screen grid power consumption. The R.F. 
system tested at the working frequency before the beam 
commissioning. The result shows that Dee circuit 
coincides well with the results of magnetic mapping. 
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IV. VACUUM AND WATER COOLING SYSTEM 

The vacuum chamber of CYCIAE 30 cyclotron is a 
cylinder made of aluminum alloy, sealed onto the magnet 
yoke by "O" rings. Some openings on the vessel for 
beam exit, stripper entry, R.F. feed etc. are isolated from 
ambient atmosphere by air-lock system and "O" rings. 

Three types of pumps are used in the cyclotron. 
Roughing is performed by forepumps from 1000 mbar 
down to 10'2 mbar. High vacuum is maintained by two 
oil diffusion pumps (30001/s) from 10'2 mbar down to 10"6 

mbar and by two cryogenic pumps (15001/s) to improve 
vacuum around 10"7 mbar adequate for extracting beam 
above 350 uA. Cryopumps could also increase the pump- 
down speed in the cyclotron. 

Demineralized water is used for machine cooling 
through manifold with stainless steel ball valves, flow 
controllers, distributing the water to all cooling circuits. 

Fig. 4 The RF System 

Fig. 5 The Control Room of CYCIAE 30 

Temperature, resistivity and flow amount of water 
are used as control interlocks to guarantee the safety of 
the equipment. 

All the vacuum and cooling systems have been 
proved for the machine operating properly. 

V. CONTROL SYSTEM 

The cyclotron and related equipment is controlled by a 
SIMATIC S5-135U programmable controller because of 
its reliability and its versatility. It also offers the 
possibility to expand and interconnect with other 
programmable devices. Fig 5 shows the control room of 
CYCIAE 30. 

Normal operation of the cyclotron is entirely 
automatic, from cyclotron start-up to targetry and 
chemistry, requiring no operator during routine 
production. Color monitor displays graphically the 
operations. 

A spill proof keyboard and two "virtual" knobs that 
can be used for preset the cyclotron parameters. To meet 
the control requirements, PLC is used. More convenient 
and reliable system is for most of operators. 

VI. TWO YEAR OPERATION 

After the beam commissioning the machine was put into 
operation in Dec. 1994. The isotope production started as 
routine work according to the hospital requirement. The 
medical use isotopes are produced regularly.  During the 
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Abstract 

The 3He RFQ linac for production of positron-emitting 
radioactive isotopes accelerates singly-ionized 3He+ ions to 
an energy of 1 MeV in a 212.5-MHz RFQ. The ions are 
then stripped to form doubly-ionized 3He++ in a gas-jet 
stripping cell, and transported by the MEBT to the 425- 
MHz RFQ string for acceleration to 10.5 MeV. The 
stripper cell utilizes a mechanical injector to provide gas 
pulses to a nozzle. The directed gas jet passes across the 
beam into a scavenge section which pumps away the gas. 
The MEBT is an achromatic, isochronous transport 
section based on two 270-degree bend magnets. It 
provides bunched and focused beam to the 425-MHz RFQ 
string. 

INTRODUCTION 

A Fermilab/SAIC collaboration has been developing a 3He 
RFQ accelerator for production of positron-emitting 
isotopes for positron emission tomography (PET).[1] The 
accelerator consists of a 3He+ ion source, a low-energy 
beam transport (LEBT) line, a 212.5-MHz radio-frequency 
quadrupole (RFQ) to accelerate 3He+ to 1 MeV, a gas 
stripping cell, a medium-energy beam transport (MEBT) 
line, a string of three 425-MHz RFQs to accelerate 3He++ 

to 10.5 MeV, and a high-energy beam transport (HEBT) 
line to the target. The beam is produced in macropulses of 
up to 70 (xs long, at up to 360-Hz repetition rate. The 
ion source produces about 25 mA (peak) of singly-ionized 
3He. At low energy a doubly-ionized 3He++ beam ions is 
difficult to generate in a nonplasma stripper because of 
charge-exchange processes. The approach taken to produce 
a 3He++ beam is to accelerate the 3He+ beam to 1 MeV in 
the 212.5-MHz RFQ. At this energy, a stripping 
efficiency in the range of 80% can be achieved in a gas 
stripping cell. At an energy of 1 MeV and an average 
current of several hundred |0,A, carbon foil strippers are not 
expected to survive the high power density. In the stripper 
cell and beyond, the beam rapidly debunches due to the 
large (1.7%) velocity spread coming out of the RFQ. As 
a result the beam must be rebunched. Initially the 
accelerator utilized an RF buncher to rebunch the beam. 
Difficulties were encountered in operation of this device, 
probably due to the large number of free electrons 
streaming from the gas stripper cell. Thus the MEBT was 
designed to be a purely magnetic achromatic, isochronous 
beam line. Free electrons from the stripper cell no longer 
have a deleterious effect on operation of the MEBT, and 
may  in   fact be  necessary  for its   efficient   operation. 

Details of the MEBT design are presented in a companion 
paper [2]. 

CHARGE STRIPPER 

A gas-jet stripper was chosen, rather than a differentially- 
pumped gas cell, for the following reasons. 
1. It is desirable to maintain pressure in the RFQ and 

the MEBT as low as possible. Because the gas is 
flowing in a jet the pressure for a given gas density 
in the stripping region is much lower than for a static 
fill. Thus it is easier to keep the stripper gas out of 
the RFQ and MEBT. 

2. Expectations are that a static-filled cell will suffer 
from significant beam heating of the gas. As a result 
the gas density may vary during the pulse as the gas 
is heated. Thus the pressure in a cell would have to 
be increased from that sufficient to strip a low 
intensity beam. 

3. By operating with a pulsed gas jet synchronized with 
the beam it is possible to further reduce the gas load 
on the stripper pump. 

An automotive-type fuel injector (Nissan) provides gas 
pulses to a converging-diverging nozzle. The injector 
provides average gas flow rates in excess of 12 Torr- 
liter/sec in pulses of 300-500 u.s duration at up to 
360 Hz. A MOSFET-based pulser delivers 75 V, 200- 
300 U.S pulses to the injector. A directed gas jet of line 
density approximately 3-6 x 1016 cm'2 is created at the 
nozzle. It passes across the beam and is directed into the 
scavenge section. The flow rate of the gas is sufficient to 
prevent excessive heating of the gas by the beam. A 
significant fraction of the injected gas is pumped away 
between beam pulses. 

Figure 1. Yield of He+ (dashed) and He++ (solid) beam in 
the Faraday collectors as a function of stripper delay time 
in the prototype stripper cell for argon gas at 60 Hz. 

A prototype stripper cell was built to determine efficiency 
and gas flow in a realistic geometry. Total pumping 
capacity in the prototype cell was 1000 Torr liter/sec. A 

* Operated by the Universities Research Association Inc., under contract with the U.S. Department of Energy. 
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magnetic spectrometer that bends the 1-MeV He+ and He" 
beam ions into Faraday collectors at bend angles of 11.5° 
and 23.6° respectively, was used to test operation of the 
gas jet. Stripping efficiency was determined by measuring 
the relative distribution of beam current on the two 
collectors. Typical performance is shown in Figure 1. 
Under these conditions (argon gas at 60 Hz), the pressures 
were about 3 mTorr in the stripper turbo region, about 2 
mTorr in the stripper top section, and 2.5 uTorr in the 
RFQ. The stripper cell was analytically modeled by 
calculating aperture conductances throughout the stripper 
and incorporating these numbers into an ANSYS finite- 
element model. The measured operating pressures were in 
agreement with predictions from the model. Several gases 
were tested in the prototype cell: Ar, N2, Kr, C02, and He 
in order of decreasing stripping efficiency. The best 
stripping efficiency was obtained with argon gas, reaching 
over 80%. 
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Figure 2. Current through MEBT toroids as a function of 
stripper pressure for nitrogen gas at 360 Hz, (a) before 
stripper, (b) after stripper, (c) at end of MEBT. 

Based on the successful operation of the prototype stripper 
cell, an operational version was constructed. This stripper 
cell differs from the prototype cell mainly in increased 
pumping capacity. Pumping capacity is 1000 Torr- 
liter/sec at the stripper outer housing (behind the nozzle), 
and 3000 Torr-liter/sec at the scavenge section facing the 
nozzle. The nozzle is an converging-diverging nozzle with 
a 0.5-mm diameter throat. Typical operating pressures are 
3.4 mTorr at the scavenge section, 0.8 mTorr at the 
stripper outer housing, 19 uTorr in the MEBT, and 
0.7 (iTorr in the RFQ. Typical results are shown in 
Figure 2 for 360 Hz operation in nitrogen gas. The curve 
was generated by varying the length of the electrical pulse 
delivered to the injector in the stripper. As the pulse is 
lengthened, the amount of gas delivered per pulse increases 
up to a limit determined by the injector. As the amount 
of gas increases, the signal in the toroid before the stripper 
increases due to the presence of electrons streaming out of 
the stripper cell toward the RFQ. Electron currents are 
also detected in the toroid after the stripper. Significant 
electron currents are not observed in the toroid at the end 
of the MEBT. Slightly higher stripping efficiency can be 
obtained in argon gas. The vacuum turbopumps, 
however, have some difficulty pumping argon because of 
the high molecular weight and low thermal conductivity, 
causing excessive heating and slowing down of the vanes. 
As a result the stripper cell utilizes nitrogen gas in normal 

operation. To date, electrical beam currents of up to 
21 mA have been observed at the end of the MEBT. 
Measurements of beam profile by scanning the beam 
across a single wire were made before and after stripping 
the beam in the prototype spectrometer chamber. No 
measurable beam size increase, implying negligible 
emittance growth, was observed. A general calculation of 
the small-angle multiple scattering of ions in a gas target 
can be found in [3]. 

MEBT 

The MEBT was designed to transport and match the beam 
to the 425-MHz RFQ string, focused to a small spot 
transversely, and with minimum longitudinal extent. It 
was instrumented for commissioning by: 
a. current-monitor toroids located before the stripper, 

after the stripper, and at the end of the MEBT, 
b. multi-wire profile monitors at the entrance and exit 

of the first 270° magnet, at the entrance of the second 
270° magnet, and at the end of the MEBT, 

c. an emittance scanner at the end of the MEBT for 
emittance measurements, and 

d. electron suppressers in the cross-over arm. 
e. At the conclusion of low-intensity MEBT 

commissioning, the profile monitors were removed 
and replaced by Faraday aperture plates, which were 
designed to skim the edges of the beam, providing a 
minimally intercepting measure of beam position in 
the MEBT. 

The profile monitors were used to measure the beam size 
at various locations, and to ensure that the MEBT was 
symmetrical in operation. The emittance scanner was used 
to verify that the emittance growth through the MEBT 
was negligible. It was found that the measured horizontal 
emittance was a sensitive function of trim quad settings, 
which control dispersion. Dispersion results in increased 
beam size at the end of the MEBT. Zeroing the dispersion 
by adjusting the trim quads and moving magnets in the 
return leg of the MEBT minimized the horizontal 
emittance. Final emittance measurements in both planes 
showed no significant emittance growth. At completion 
of commissioning the stripper/MEBT combination had a 
typical efficiency of 65%, in line with expectations. 
Before commissioning of the MEBT, it was postulated 
that space-charge effects might significantly impact tuning 
of the MEBT. Typical variations in field strengths of 
MEBT quads due to space charge were predicted to be in 
the range of 10-20%. An additional concern was emittance 
growth driven by nonlinear space-charge. In fact, little 
effect of space charge was noted. No significant change in 
MEBT tune was observed with beam intensity, and the 
electron suppresser electrodes had no significant effect. 
This result is attributed to either charge neutralization by 
electrons or spreading and reduced beam density in the 
MEBT. There are numerous sources of electrons available 
to supply charge neutralization: 
1. In the stripper, one free electron is produced per 

stripped 1 MeV He+ beam ion with an electron energy 
of 180 eV. 

2. Ionization of the stripper gas by the beam produces 
electrons more numerous than beam electrons by a 
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factor of 3 to 10, because the ionization cross section 
of stripper gas is typically much larger than for beam 
ions. These electrons are born with a temperature of 
about 30 eV [4].     Secondary electrons  are  also 
produced by collisions between energetic electrons 
with gas molecules. 

3.    In the balance of the MEBT, some electrons produced 
in the stripper are transported downstream with the 
beam.   Electrons are also produced locally by beam 
ions on background gas, and by beam ions scraping 
on the vacuum wall. 

One limitation   to  performance of the MEBT is   the 
curvature in the bends.    For example, the longitudinal 
velocity of the neutralizing electrons leads to a centrifugal 
force on the electron due to the curvature around the bend. 
A radial (horizontal) electric field must arise to balance 
this force.   The electric field comes from a shift in the 
electron distribution radially (horizontally) outward from 
the centroid of the beam path.   An estimate of the electric 
field may be determined by equating the two forces.   The 
force is F = mvVp = eE, or E = 2 * kinetic energy / e p. 
The kinetic energy of the electrons is likely to be less than 
30 eV.  Using this value, and the radius of curvature p = 
30 cm, the electric field is E = 2 V/cm. This electric field 
is transverse to the beam in the horizontal direction. Since 
it is not symmetric, it may cause some distortion of the 
beam. However, it is small enough to not be a concern in 
the present case. 

The beam is clearly bunched as it leaves the MEBT. 
Bunched beams were seen on a fast oscilloscope, and 
scaling of the profile was quantitatively measured on a 
spectrum analyzer viewing signals on a wire that 
intercepts the beam. 

89 90 91 

270-degree magnet current [A] 

Figure 3.    Current from RFQ-A as a function of 270° 
magnet current, with phase feedback loop off. 

Measurements of transmission through the first RFQ in 
the 425-MHz string (RFQ-A) are indicated in Figures 3 
and 4. Figure 3 shows the transmission through RFQ-A 
as a function of the 270° magnet current. Both 270° 
magnets are driven by the same power supply. The 
oscillatory nature of the transmission curve is due a 
change in the path length through the MEBT as the radius 
of curvature of the beam in the 270° magnet varies. When 
the path length is such that the difference in phase between 
the 212-MHz RFQ and RFQ-A is 2rcm, where m is an 
integer, the beam enters RFQ-A in phase, and it is 
accelerated. When the path length is changed such that the 
beam enters out of phase, it is not accelerated. With 
further changes in the path length the cycle repeats. The 
path length through the 270° magnets is 3rcp where the 
radius of curvature on axis is p = 30.48 cm. The length 
corresponding to 360 degrees of rf phase at 425 Mhz is A- 
= ßc/f = 0.0267 • 3 x 1010 / 425 x 10" = 1.88 cm. Thus a 
complete cycle should occur for a relative path-length 
change of ds/s = 7J3np = 0.654%. The 270° magnets are 
in the linear regime, i.e. dB/B = dl/I. Neglecting the field 
index in the 270° magnets n = -(p/B)»3B/3r = 0.53, the 
relative change in path length for a given change in 
magnet current is ds/s = dp/p = dl/I, or one cycle in 
0.587 A. Taking into account the field index, and the fact 
that the beam travels 3/4th of a complete turn in each 
magnet, the relative change in path length for a given 
change in magnet current is roughly ds/s = (l+7n/6) dl/I. 
A complete cycle then should correspond to a current 
change of 0.36 A. This result agrees well with the 
measured rate (Figure 3), which is 7 cycles in 2.5 A, or 
about 0.36 A per cycle. The ratio of in-phase to out-of- 
phase signal, which is about 3, implies that most of the 
beam is properly bunched as it enters the RFQ. In order 
to minimize the sensitivity of accelerator performance to 
length of the MEBT, under normal operation the low-level 
rf RFQ drive signal is phase-locked to the beam signal 
collected on a Faraday aperture plate at the end of the 
MEBT. 

Figure 4 shows the efficiency of acceleration, 
with only RFQ-A installed after the MEBT, as a function 
of incident beam current. Nominal beam energy at the 
exit of RFQ-A is 5 MeV. Typical efficiency is in the 
range of 60-70%. The variations in incremental efficiency 
with beam intensity may be due to residual space charge 
effects in the MEBT, and limitations in rf power in the 
RFQ. The maximum accelerated beam at 5 MeV observed 
was over 11 mA. Beam acceleration was verified by 
placing a 12.7-pm aluminum foil at the exit of the RFQ- 
A. This thickness of foil passes the 5-MeV He beam 
ions, but stops any 1-MeV ions. After correcting for 
electrons produced in the foil, no significant reduction in 
collected current with the foil in place was noted. At 
present the accelerated beam through the entire 425-MHz 
RFQ string (10.5 MeV) is in the range of 6 mA. 

Current out o) MEBT [mA] 

Figure 4.    Beam current from RFQ-A as a function of 
beam current from MEBT at 30 Hz. 

[1] R. J. Pasquinelli, et.al., A 3He+t RFQ Accelerator for the Production 
of PET Isotopes, Paper 9B9. 
[2] D. J. Larson, et.al. Ion Optical Design of the BRF-FNAL-SAIC-UW 
PET Accelerator, Paper 4V18. 
[3] P. Sigmund, K. B. Winterbon, Nucl. Instr. Meth. 119, 541 (1974). 
[4 ] M. Reiser, Theory and Design of Charged Particle Beams, Wiley, 
1994, p. 4.302. 
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Abstract 

At present Technetium-99m provides up to 90% isotopic 
products used in nuclear medicine [1]. His generator 
Molybdenum-99 is mainly produced in fission reactors. 
Most of reactors used for this production are approaching 
the end of their exploitation [2]. One suggests to use 
photonuclear reactions in *00]y[o under influence of 
bremsstrahlung of powerful electron accelerator as an 
alternative method of 99m-pc production. Report 
contents both an analysis of some technical, economical 
and ecological aspects of method and the results of 

experimental production of 99mTc ^-^ KIPT electron 
linac, as well as results of medical test of produced 
radiopharmaceuticals. 

INTRODUCTION 

By 1994 the medicine radionuclides turnover around the 
globe had reached the figure of 1.2 M$ [1], Most of them 
are pharmaceuticals based on 99mTc. This radionuclide is 
produced via 99]y[0 As the analysis of nuclear physics 
data shows [3], the 99^0 nuclide generation can be 
effectively performed by a high-energy photon irradiation 
(photon energy E >20 MeV)  of a target,  containing 
100Mo nuclide to yield in the ensuing reaction the 
following: 

100Mo(y,n)99Mo(reaction threshold, Et=9,lMeV)       (1) 

simultaneously, the parallel reaction channels are: 
1 OOMofyp^NblTj i2= 15s)->"Mo(Et= 16,5MeV)      (2) 
100Mo(Y,p)99mNb(T1/2=2.6m)-^"Mo(Et=16,9MeV)(3) 
100Mo (n,2n)99Mo (Et= 8,3 MeV)      (4) 
98Mo(n,y) "Mo (5) 

(reactions (4), (5) will be noticeably observable in the 
case of a "thick" target, only). 

A high-energy photon flux can be obtained readily as 
bremsstrahlung if accelerated electrons strike a converter- 
target made of high-Z material (commonly, Tantalum or 
Tungsten). Calculations, made on reactions (1)...(5) 

indicate that for a successful 99Mo and 98Nb generation 

via 100Mo-target irradiation by bremsstrahlung flux the 
optimum electron energy should be 25 MeV. In this case, 

the  specific  yield   of the   above  nuclides  would  be 

1.2uCi/uA-hour-g(100Mo). By way of a certain 
optimization of the irradiation conditions and target 
geometry the final value from the calculations can be 
raised by a factor of two. If one use a Mo target of 
natural isotopic composition in which 100Mo were -10% 
then the above appraisal should be lower by an order of 
magnitude [3]. 

1 99MO GENERATION SETUP 

In order to study the process of 99Mo generation, using 
electron linac, we designed a facility, the schematic of 
which is given in Fig.l. 

3    1 

linac, 

j water 

Fig.l.   Schematic   of  experimental   setup:   1-electron 
2-beam scanning device, 3-target device 

As high-energy electron source we used the accelerator 
test stand LU-20 (item 1), operating in the following 
mode: 

- Electron energy, MeV 20 
- Average beam current, uA 500 
- Beam pulse width, us 3 
- Rep rate, Hz 150 
Considering that the average electron beam power 

should be 10 kW and in order to avoid the hazards of the 
accelerator exit foil melt up, the exiting beam, before 
striking the foil, is swept out into a vertical line, using a 
specially designed scanning device (item 2), which 
operates with rep rate of 3 Hz, beam sweep-out length 
being 12 cm and its width 1cm. These parameters 
determine the main geometrical characteristics of the 
target (item 3). Besides, inasmuch as the principal 
electron beam portion is absorbed into the target volume, 
the target needs being continuously water-cooled. 

In order to run the evaluation experiments we used a 
target construction of unoptimized geometry, the 
structure of which is given in Fig.2. 

This device consists of aluminum casing 1, made air- 
tight on face joints with   flanges   (not   shown   in the 

' Work supported by STCU, project N 432 
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100000 30 mg MoS2 

Fig.2. Experimental target device setup: a) A lateral view, 
b) A cutaway view 
1 - Casing, 2 - Converter, 3 - Mo-target, 4 - Cassette 

schematic), where the outlets are used for pumping the 
cooling water in and out. The target device was placed 
immediately after the exit window of accelerator. 
Circulating water was then fed on to the construction, and 
the target was irradiated for 10 hours running. This done, 
the beam was turned off and Mo-target taken out of the 
cassette. 

2 99MTC EXTRACTION TECHNOLOGY 

A fraction of 99mTc atoms in the target, immediately 
after the 10h-irradiation in the linac, with electron beam 

intensity being 500 uA, was -10"16 off Mo atoms. An 
extraction of such concentrations, even with analytic 
chemistry methods, is difficult to realize into practice. 
Electrochemical analytical detection techniques are 
known to have the lowest thresholds, as compared to 
many other detection methods. For instance, the inverse 
V-A anode measurements have the detection threshold 

10"11 - 10"12 g/g. Considering this, we expected that 
utilization of the electrochemical yield techniques would 

allow us to solve the problem of 99mTc extraction from 
solutions with such a low concentration. 

We used electrolysis to obtain a pertechnetate solution 
which was soon thereafter evaporated in order to achieve 
a high specific activity. In this case, it was 20 MBq/mg. 

The content of 99mTc and radioactive impurities in 
the pertechnetate solution was measured using a Ge(Li) 

detector with the volume 50 cm3 and energy resolution 
1.8 keV along the 1333 keV line. The only radioactive 
impurity present in the solution after electrochemical 

precipitation had been done, was 99Mo. Its content in the 

pertechnetate solution did not exceed 1.5% of 99mTc. 
Considering the fact that a relative radiation intensity off 

the line 140.5 keV "^TC is 89.6%, with that of the most 

intense line 733.4 keV 99Mo being 12.8%, such an 99Mo 
inventory does not specifically affect the processes of 
gamma-scintigraphy. Another electrolysis of the 

pertechnetate solution allowed to lower the 99Mo content 
down to 0.15%. Fig.3 presents the emission spectrum of 
an irradiated Mo-sample. 

"29 276 523 796 E7.keV 

Fig.3. An experimental activities spectrum of an irradiated Mo- 
target with natural isotopic content 

3 PREPARATION OF 
RADIOPHARMACEUTICALS AND THEIR TEST 

The re-agent, thus obtained, was used for studies on the 
effects of various radiopharmaceuticals during 
diagnostics, involving the radionuclide. In case of 
gamma-scintigraphy the standard re-agent kits (Technefit, 
Pentatech, Citratech) were used. 

It was established for a fact that the 
radiopharmaceuticals, involving 99mTc and the standard 
kits of Technefit, Pentatech and Citratech re-agents, after 
having been administered intravenously at the level of 
about 0.5 MBq, propagated adequately through rats' 
tissues, resulting in the organ under scrutiny being clearly 
visible on the Ohio Nuclear gamma-chamber screen. 

In all cases, rats were closely watched after during the 
week subsequent to the administration of the 
radiopharmaceuticals, with an overall examination of the 
animals being made constantly. No harmful after-effects 
were found [4]. 

CONCLUSIONS 

As a result of our studies, we demonstrate a feasibility of 
99Mo generation, using an energetic electron beam, 
which shows more environmentally-safe conditions of 
99mTc production, as compared with the traditional 
fission reactor techniques. Our assessments indicate that 
the proposed technique meets, at the existing accelerator 
parameters, the economic challenge of in-reactor 
radionuclide generation. In case of a dedicated R & D on 
a high-power linac whose beam would meet the optimum 
requirements of electron-induced photonuclear reactions 
and target irradiation geometry, the proposed technique 
has the promise of returning very high profits in a not 
too-distant future. 
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Abstract 

The current solid isotope production targets [1] at 
TRIUMF can only be used to irradiate metallic materials 
with high melting points. In order to irradiate liquids, 
powders, and materials with low melting points, a new 
encapsulated target is being developed specifically for 
use on isotope production cyclotrons. This concentrically 
water-cooled target must withstand a 240 uA @ 30 MeV 
proton beam. The target is a round container with a 
pocket to hold the target material; the target material is 
encapsulated using a thin foil, which is electron-beam 
welded onto the target. The cooling and the heat-induced 
stresses of the target are being analysed using finite 
element methods. The results will then be compared with 
actual measurements obtained using surface embedded 
thermocouples. The paper discusses the results and the 
current status of the project. 

1 INTRODUCTION 

The development of the new encapsulated target by 
Applied Technology Group at TRIUMF was initiated due 
to the need for irradiation of powders, liquids, and other 
materials. This new target must isolate the target material 
from the rest of the system. The target also needs to be 
oriented horizontally in order to be able to hold liquids 
properly. Since it is necessary to keep the target material 
temperature as low as possible, a detailed study of the 
thermal performance target was undertaken. Using a 
Finite Element Analysis (FEA) modeling package, the 
target and the cooling system were investigated. The 
axis-symmetric property of the system allows the 
simplification of the FEA model. The heat load of the 
beam was modeled using a radial Gaussian distribution 
with truncated tails representing the beam spill. 

2 TARGET DESIGN 

The encapsulated target can be thought of as a upside 
down metallic petri dish with a diameter of 70 mm and a 
height of 12.7 mm. The top centre piece has a shallow 
recess for holding the target material, and the back is part 
of the coolant circuit. The encapsulation is achieved by 
electron beam welding a thin foil (-12-25 pm) to the 
periphery of the target. This new target allows the 
irradiation of liquids, powders and low melting materials. 
The target can be made out of one or two materials. The 
hybrid target has a stainless steel ring, which is silver- 
soldered to the silver or copper centrepiece. The thickness 
of this section is about  1.0 mm in the centre. The 

bimetallic construction enhances thermal performance 
and allows easy electron-beam welding of the foil. Figure 
la shows a hybrid copper target and Figure lb shows a 
hybrid silver target with the encapsulating foil. A solid 
version of these targets, shown in Figure lc, can be used 
to replace the existing targets used for electroplated 
material. This target does not require the foil or the 
shallow recess. 

Figure 1: Encapsulated Targets 

The target is positioned in the horizontal irradiation 
orientation by a remotely controlled actuator [2], which 
also creates a concentric coolant circuit against the back 
surface of the target as shown in Figure 2. 

Actuator- 
Head 

Oillled Water 

firiurn Vta-tsrr 

Figure 2: Target and Actuator Head cross section 

The 30 MeV proton beam, which hits the target at an 
angle of 12.5°, is stopped in a relatively thin layer (~ 250 
urn to 330 urn thick, depending on the target material) 
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depositing all of its energy. The generated heat is then 
conducted to the water-cooled back of the target surface. 
Chilled water (14° C) enters the back of the target 
through the centre hole of the actuator head. The water 
spreads radially absorbing heat from the target and then 
drains through the holes on the outer rim of the actuator 
head. Flow rates of water range from 8 to 12 L/min. 

3 TEMPERATURE PROFILE CALCULATIONS 

Since the water and heat flow problems in the target are 
very complex, they cannot be solved analytically and 
therefore numerical methods in form of finite element 
analysis must be used. For the analysis of this target, 
EMRC's DISPLAY III/NISA if package was used. 

3.1 Beam Profile 

The irradiation area on the target is a circle with the 
radius of 18.75 mm, hence the beam is collimated to 
protect the rest of the target. As a result, truncated 
distributions are used to model the heat load. A Gaussian 
distribution can represent the power density of the 
circular beam .The focus condition of the beam is usually 
defined in terms of the beam spill on the collimators. For 
the encapsulated targets, this spill is to be 16.7% - i.e. 
8.3% truncated on each side - which reduces the beam 
current to 200 uA. The power density P of the proton 
beam, is represented by 

-r 
,2(P for |r|< 18.75 

=  0 for |r|< 18.75 

Where r is the radius, P0 is the total beam power (7.5kW), 
and a is the standard deviation, which was calculated to 
be 13.52 for the specified spill. Figure 3 shows the curve. 

Imiolatbn Area 
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Figure 3: Proton Beam Power Density Curve 

The heat load for each thin ring on the target is the area 
under the Gaussian curve between the ring's two radii. 
The beam profile also varies as the beam penetrates the 
material. The energy deposited in the material at regular 
length intervals, e.g. 0.10 mm, can be easily calculated 
using standard curves. An available computer code , was 
used to calculate the energy loss during penetration. The 
resulting two-dimensional heat profile is used in the FEA 
model. 

3.2 FEA Model 

The cooling circuit, target, and the heat load are axis- 
symmetric, and hence the FEA model can be simplified 
accordingly. The target and the coolant circuit are 
modelled using 3D axis-symmetric linear (4 node) 
quadrilateral solid and fluid elements respectively. The 
heat load on the target is then modelled as element heat 
generations distributed over the target and within three 
element layers (0.13 mm each) from the surface. Each 
element has three degrees of freedom per node: x and y 
water velocities and temperature. The boundary 
conditions for the fluid elements are no-slip conditions 
which dictate that water velocity at the walls is zero. The 
FEA analysis is performed with temperature-dependent 
conductivity for the target material and temperature- 
dependent thermal conductivity, density, specific heat, 
and viscosity for the water. Conjugate steady state fluid 
flow and heat transfer are performed for different 
combination of target material and cooling 
configurations. 

3.3 Cooling Configurations 

In order to find the optimal cooling configuration of the 
system, input parameters and configurations were varied 
individually in order to examine their effect on the 
thermal performance of the target. The different cooling 
configurations that were tried are as follows: 

(1) Original design, coolant gap2 of 1.0 mm 
(2) Coolant gap of 0.5 mm 
(3) Case (2) with a 2.0 mm diameter straight nozzle 
(4) Case (2) with a 2.0 mm diameter tapered nozzle 

For cases (1) and (2) the flow was assumed to be in the 
laminar region while for cases (3) and (4) transition or 
turbulence regions were assumed. The water flow rate 
was also varied from 8L/min to 12 L/min. 

3.4 FEA Results 

The FEA results from the first two configurations 
indicated a dead-water zone right at the centre of the 
target.  This spot, which receives a large amount of heat 

'The program does not take into consideration the possibility of 
proton scattering. 
2 The gap between the actuator head and the back of the target. 
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due to the Gaussian distribution, is the hottest spot of the 
target. By adding the nozzle to the cooling circuit, the 
dead water zone was eliminated which resulted in a 50% 
temperature drop. Figure 4 shows the temperature profile 
for case (4). The temperature contours are consistent 
with profiles expected from Gaussian heat loads. In the 
case shown the maximum temperature is 232° C but 
within 1.0 mm the temperature drops to 122° C. The 
thermal performance for copper and silver is almost 
identical and only the cooling configuration and water 
flow rate have significant effects on the temperature. 

Figure 4: Target Temperature Profile (case 4) 

As it can be seen from Table 1, for case (1) and (2), the 
water flow rate has significant effect on the temperature 
while for case (3) and (4) the temperature does not 
change. This is again due to the dead-water zone, which 
is very large in the first two cases but is significantly 
reduced in the other two cases by the use of a nozzle. 

8 L/min 10 L/min 12 L/min 
1 mm Gap 5I1CC N/A  • - 450 
0.5 mm Gap 483 -   N/A 464 
Straight Nozzle 299. 299 N/A 

i Tapered Nozzle 232 -N/A   . 232 

Table 1: Effects of Cooling Configuration and Flow Rate 
on Maximum Temperature 

4 THERMAL PERFORMANCE TEST 

In order to verify that the surface temperature of the 
encapsulated target during irradiation is predicted 
correctly by the FEA code, actual temperature 
measurements are needed. This task is accomplished by 
embedding a 0.80 mm diameter thermocouple (type K) 
below the surface of the centre of the target plate where 
the highest temperatures  are expected.  The test was 

conducted using the tapered nozzle configuration. Since 
an encapsulated target station [2] does not yet exist, the 
current solid target station had to be used for the tests. As 
a result the tests were conducted at currents of up to 
150uA, and a water flow of 3 L/min. 

4.1 Test Results 

In order to have a direct comparison between the FEA 
output and the actual test results, FEA runs were done 
using the new parameters. The program predicted a 
temperature of 190°C at 150pA and 130°C at a current of 
100u,A. The measured temperatures at these currents, 
were 30°C and 45°C, respectively. 

4.2 Discussion of the Results 

The actual surface temperature can be as much as twice 
higher than that measured by the embedded thermocouple 
due to the fact the actual position of the junction is 
unknown and can be as much as 0.2mm below the 
surface. Another important factor is that the shape of the 
beam used in these tests is not similar to the modelled 
beam. The beam used for the solid target station is 
rectangular and is represented by a two-dimensional 
Gaussian curve [1], which results in less concentrated 
beam power. Also, the centre of the beam may not be 
aligned with the centre of the new target. As mentioned 
before, there can be a 100°C temperature difference 
between the centre point and a point 1.0 mm away. As a 
result of the above factors, the measured temperature may 
be 3 to 5 times less than the actual maximum 
temperature. 

5 CONCLUSION 

An encapsulated target was designed for irradiation of 
liquids, powders and non-metals. Using FEA modelling 
the thermal performance of the system was optimised to 
achieve the lowest temperature. The results obtained 
from both the FEA and the actual thermal tests indicate 
that the target is suitable for the desired use and it will 
withstand the specified proton beam. 
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Abstract 

Solid target systems for use with vertically 
oriented targets are currently used at TRIUMF for 
radioisotope production. In order to irradiate liquids, 
powders, and non-electroplatable materials using the 
newly developed encapsulated target, a new target system 
for use with horizontally oriented targets is being 
designed. This target station has a modular assembly 
consisting of a landing terminal, an irradiation chamber, a 
manipulator, and an actuator. Targets are pneumatically 
transferred between the station and the hot cells. The 
target is positioned in the irradiation orientation by a 
remotely controlled actuator, which also creates a 
concentric coolant circuit against the back surface of the 
target. Additional cooling is provided by a forced flow of 
helium gas over the top surface of the target. This target 
station can also be used for irradiation of regular solid 
targets. The paper discusses the detailed design of this 
target system and the current status of the project. 

target station. 

2 ENCAPSULATED TARGET 

The encapsulated target is a bimetallic assembly 
that comprises a copper or silver central disc and a 
stainless steel ring. These two parts are silver soldered 
together to form one assembly. The target material is 
placed in a shallow recess of the central disc and a thin 
foil is electron beam welded to the periphery of the target. 
The encapsulated target is concentrically water-cooled 
and can withstand a 240 |J.A 30 MeV proton beam 
bombardment at a 12.5° angle. The thermal performance 
of the target has been analyzed using finite element 
analysis and experimentally verified. 

Figure 1 shows the target with its plastic carrier, 
"rabbit," in the background. For more information on the 
target construction, the target cooling configuration, and 
thermal analysis of the target, see Reference [2]. 

1     INTRODUCTION 

Two isotope production cyclotrons (30 MeV TR30 
and 42 MeV CP42) are operated by the Applied 
Technology Group at TRIUMF for MDS Nordion for 
medical radioisotope production. Remotely controlled 
solid target systems for use with vertically oriented targets 
are currently used with both cyclotrons to irradiate 
metallic, electroplatable materials with high melting 
point. Since there was an increased demand in the past 
few years to irradiate liquids, powders, non-metallic 
materials, materials that are hard to electroplate, and 
materials with low melting point, a new type of target 
system, called the encapsulated target system, is being 
designed. 

The encapsulated target system is for use with 
horizontally oriented encapsulated targets, which are 
carefully designed so that the target material and its 
irradiated product are completely isolated from the rest of 
the system. Targets are pneumatically transferred 
between the hot cell and the target station. The target 
station, while still being based on the existing high current 
solid target system [1], incorporates several custom- 
designed modular subassemblies. The following sections 
discuss the design of the encapsulated target and the 

Figure 1. Encapsulated Target and Rabbit 

3 ENCAPSULATED TARGET STATION 

Figure 2 and 3 show the layout of the 
encapsulated target station. Since the encapsulated 
targets are irradiated in a horizontal position, a bending 
magnet is used to provide a 12.5° horizontal angle to the 
beam. Four modular subassemblies are mounted on an 
aluminum stand: a landing terminal, a vacuum/irradiation 
chamber, a manipulator, and an actuator. 
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End View Side View Section HIGH   CURRENT ENCAPSULATED TARGET STATION 

Figure 2. High Current Encapsulated Target Station 
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Figure 3.   Side View and Top View of the Encapsulated 
Target Station 

During operation, the target (in its plastic carrier 
called "rabbit") is transferred from the hot cell to the 
target station via a pneumatic transfer system. When it 
arrives at the target station, it is brought to a soft landing 
and oriented in the required way by a dynamic braking 
and magnetic orientation system inside the landing 
terminal. Dynamic braking system utilizes the pressure 
build up at the closed-end of the landing terminal and a 
reverse air flow injected into the receive housing of the 
landing terminal to slow and bring the rabbit to a "soft 
landing". Magnetic orientation system simply takes 
advantage of the attraction/repulsion of opposite/similar 
magnetic polarities to orient the rabbit. 

Once the door of the landing terminal fully opens, 
the manipulator can advance forward to retrieve the target 
from the rabbit. Figure 4 shows a solid model of the 
manipulator. The manipulator grabber removes the target 
from the rabbit and pulls it along the manipulator guide 
until the target is directly underneath the target flange of 
the vacuum/irradiation chamber. The manipulator 
grabber then disengages from the target and an actuator 
(see Figure 5) lifts the target off the manipulator guide 
and pushes the target against the target flange for 
irradiation. The actuator head fits inside the target and 
creates a concentric water coolant circuit against the back 
surface of the target [2]. At the same time, the target, 
mounted on the actuator head, seals the 
vacuum/irradiation chamber. Additional cooling is 
provided for the top surface of the encapsulating foil of 
the target by a forced flow of helium gas that is 
incorporated into the design of the target flange. The 
helium also cools a fixed foil window placed between the 
target and the vacuum/irradiation chamber. 
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Manipulator Grabber 

Manipulator Guide 

Figure 4. The Solid Model of the Manipulator 

The vacuum/irradiation chamber is pumped down 
before the beam is put on the target. After the target 
irradiation and the vacuum/irradiation chamber venting, 
the actuator lowers the target back onto the manipulator 
guide, and the manipulator grabber engages the target and 
inserts it into the rabbit. The target in its rabbit is then 
sent back to the hot cell for processing. 

Actuator Head 

Pneumatic 
Cylinder 

Figure 5. Solid Model of the Actuator 

An industrial programmable logic controller will 
control the complete operational cycle, as well as all 
interlocks. A complete target change from the end of an 
irradiation on a target to the start of the beam on the 
subsequent target will take about 25 minutes. 

which aims for minimizing downtime caused by radiation 
damage to system components. The component materials 
and locations are carefully chosen with respect to the 
beam and the target. For example, the pneumatic 
cylinders (of the landing terminal and the actuator) are 
fitted with graphite pistons and rod seals. Metal O-rings 
are used to seal the vacuum/irradiation chamber (except 
the target flange.) Elastomer O-rings on the targets are 
used only for one irradiation. Electrical isolation is 
achieved by hard anodizing on aluminum or polyamide 
plastic components. All these materials (as well as others 
chosen for electrical wiring, water connections, etc.) have 
been tested under actual operating conditions of the solid 
target system and proved their radiation hardness and 
suitability for this application. 

5 CONCLUSION 

The feasibility study of the encapsulated target by 
investigating its thermal performance using finite element 
analysis and actual target surface temperature 
measurements via embedded thermocouples during 
irradiation is completed [2]. The preliminary design of 
the encapsulated target station has also been recently 
completed. Detailed design is currently in progress and 
once it is completed and finalized, the construction of a 
prototype encapsulated target system can commence. 
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4 RADIATION HARDNESS 

The   encapsulated   target   system   follows   the 
existing design of the high current solid target system 
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Abstract 

On the base of existing linear proton accelerator and shut 
down heavy water ITEP reactor now is creating an 
electronuclear installation. Wide number of investiga- 
tions is supposed to be carried out at the accelerator. One 
direction of the works covers functioning of the linac as 
driver, others concern the problems of the accelerator as a 
high intensity middle energy ion machine for applied 
purposes. 

1 INTRODUCTION 

Decision of a number of problems of nuclear power 
industry is sharply linked with high intensity linear acce- 
lerators. A number of these problems are necessary to be 
discussed study and solved before creation of a full-scale 
power installation. We know a number of scientific cen- 
ters creating separate elements of intensive linac-drivers 
with the purpose to find physical and technical solutions 
for full-scale installations [1-3]. A number of problems is 
now in the process of solution at operating accelerators 
with ejection of the beams to experimental targets [4]. 

2 ITEP SUBCRITICAL FACILITY 

An experimental electronuclear facility [5,6] propo-sed 
for investigation and foundation of efficiency and safety 
of subcritical assemblies controlled by an acelera-tor and 
also for utilization as a neutron generator (NG) in 
experimental works on optimization of target-blanket 
assembly and neutron-physical investigations is now 
under construction in ITEP on the base of the proton linac 
ISTRA-36 and shut down heavy water reactor. The main 
parameters of the installation are: 
- average proton beam current 500 uA, 
- particle energy 36 MeV, 
- average beam power 18 kW, 
- intensity of fast neutrons 1.4-10   n/s, 
- thermal neutron flux in hevy-water reflertor 

(1.5-3>1012n/cm2-s, 
- multiplication coefficient of the blanket     0.95 - 0.97. 

The mode of operation is pulsed: amplitude of pulses 
of beam current is 150 mA, pulse duration - 150 (is and 
pulse repetition rate - 25 Hz. Structural diagram of the 
linac-driver is: RFQ(3MeV) - DTL-1(10 MeV) - DTL-2 
(36 MeV). In addition to its own basical functions the 
accelerator ISTRA-36 will be a device for experimental 
tests of a number of physical and technical decisions to be 

used in full-scale installations. Applied utilization of the 
proton beam is also provided. 

3 LINAC - DRP7ER IN A SET OF THE NEUTRON 
GENERATOR 

The means of accelerator control system must provide 
easy and safe operation of the target-blanket assembly 
under all modes of operation: individual adjustment of 
the linac, routine operation of the NG and emergency 
situations. Main logic links of safe control-ling of the 
accelerator are shown in Fig.l. 

Processing 
of 

Snforraatior. 
on state of 

target and 
blanket 

Fig.l. Logic links for controlling of the accelerator. 

Autonomous adjustment will be carried out under 
power removed from the magnet M3 and closed vacuum 
valve V that provides full disconnection of the accelera- 
tor and target-blanket assembly. The beam goes to the 
beam-stop B. Controlling of the bending magnet M3 and 
the valve V is realized from the side of target-blanket part 
of the installation that excludes non-sanctionised transfer 
of the beam into the target T. 

In the process of routine operation of the NG proton 
beam is sent to the target beginning from small 
amplitudes. Collimator C at the output of the injector is 
supposed to be used for varying the beam. Such solution 
allows to control beam current in the limits from 0 to 
100% without variation of electric and thermal mode of 
operation of the source providing stability of operation. 
All systems of the acelerator should operate conserving 
the steady mode of operation and be full ready when 
short (not emergency) shut down of the beam occur. It 
may be done if to shift the moment of start S of accelera- 
ting voltage generator of the injector approximately by 
~1 ms before. Capture of particles in RFQ and formation 
of the following pulse of beam current at the output of the 
accelerator becomes impossible. Automated correc-tion 
of beam position (the correctors R) in the HEBT on the 
base of results of continous measurement of proton flux 
density distribution at the target may turn out to be useful. 
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The amplitude of current directed to the target is fixed by 
the meter M. 

Under emergency situations at the target-blanket 
assembly the beam is shut down by the commands of the 
system controlling the facility by switching off accele- 
rating voltage A of the injector and simultaniously, for 
higher reliability, shifting of the starting pulse S. Duration 
of the process of the beam shut down does not exceed 
200 fxs. After completion of this operation the magnet M3 
is switched off and the valve V is closed. Non- 
sanctionised start up of the beam becomes impos-sivble. 
For higher reliability reverse logics may be used when 
not presence but absence of signals will be the command 
to shut down. All emergency situations at the accelerator 
lead to shut down of the beam and can not create 
radiation-nuclear threat. 

Pulsed mode of operation of the NG brings some 
advantages. Under such mode of operation it is possible 
to provide continuous monitoring of blanket sub- 
criticality reliably providing approach to critical state. 
Analysing the manner of thefall in neutron flux in the 
pauses between the pulses of proton beam it is definitely 
possible to find out what are the reasons of reactivity 
variation - state of the blanket or variation of beam 
current-and to take corresponding measures. 

Operation technique with the beam of increased 
intensity puts new tasks which in some extent will be 
investigated at the ITEP electronuclear facility. It will be 
necessary to investigate the following problems: deve- 
lopment of exact dosing of the beam, development of the 
output window and experimental investigation of its 
characteristics, searches of a reliable method of variation 
of proton flux density at the target and automated 
formation of optimal distribution of this density. 

4 LINAC - PROTOTYPE 
OF A HIGH CURRENT ACELERATOR 

Controlline of the RF power level. Contradicting 
requirements to the RF systems of high current accelera- 
tors are to be met. From one point they should provide 
huge powers and from the other point they must quickly 
react to variation of the beam not allowing damgerous 
overvoltages in acelerating gaps. We estimate the band- 
width of the sustem of automated control of the ampli- 
tude of the field as 500 kHz and the ratio of the hoghest 
level of RF power for excitation of room-temperature 
resonators to minimal level may reach 4-6. Such techni- 
cal problems were never investigated in full scale. 

The accelerator ISTRA-36 is close to high current 
linear accelerators by the power necessary for excitation 
of the resonators (3.5) and the accepted radio frequencies 
(300 and 150 MHz). And during 150 us pulse under 
beam current 150 mA it is obviously high-intensity acce- 
lerator. That is the reason why the solutions developed at 
its RF system on autocompensation of beam loading 
effects may be useful for other accelerators. 

Operation of permanent masnet lenses. The focusing 
channel in the DTL resonators is constructed on the base 
of quadrupoles with permanent magnets (SmCo5, see 

Fig.2) [7], that makes it suitable, reliable and economi- 
cal. The main factor capable to cause degradation of the 
lenses in the conditions of the accelerator ISTRA-36 is 
irradiation of the permanent magnets by neutrons born 

Fig.2. Quadrupole with 
permanent magnet in a drift tube 

(the end cover of the tube is 
removed). 

under bombarding of copper walls of the aperture channel 
by lost protons. Neutron yield at proton energy of 36 
MeV is approximately E « 0.015 n/p. Experimen-tal 
results [8] show that rare earth alloy Sm-Co which is used 
for fabrication of the lenses lose to 1-5% of magne- 
tization in presence of external field 0.55 T that is close to 
our conditions after neutron irradiation by D » 1.7-1015 

n/cm2 fluence. The pointed above fluence may be accu- 
mulated in the magnets of the lenses at the output of the 
accelerator under average beam current i and relative 
losses of the particles 5 uniformely distributed along the 
focusing channel of the DTL for continuous operation 
t » D-K-e/(e-Si). Here K - geometry factor of the chan- 
nel, e - the proton charge. Approximate link between t 
and 8 presented in the Fig.3 points to necessity to 
decrease the losses and possible lowering of neutron 
irradiation of the lenses in our specific case, in particular, 
due to utilization of graphite. 
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Fig.3. Estimation of the time of operation of PMQ 
fabricated of CmCo5 at the output of the accelerator under 

different values of 8. 

Tests of graphite absorbers of the lost particles. The 
ITEP proposal on sharp decrease of the level of radiation 
at the accelerators [9] due to placement of graphite at the 
periphery of the aperture channel is supposed to be used. 
The graphite is characterised by low output of secondary 
radiation and formation of mainly short-lived radio- 
nuclides. At proton energy 10 MeV neutron yield in 
graphite is appr. 100 times less than in copper and at 
energy 36 MeV - by 10 times. 

After 1 hour of "cooling" hand maintenance of the 
output part of the accelerator ISTRA-36 is possible if 
beam losses (without graphite) are not higher than 0.01 
uA/m. Placement of graphite insertions of the thickness 
0.5-1 mm in the aperture channel or ionguide rises 
available level to 1 uA/m without significant decrease of 
aperture diameter. The rings will be installed in the 
places near quadrupole lenses (Fig.4) where the 
dimension of the beam in one of coordinates are the 
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highest. In order to exclude gas inleakage a thin layer of 
a metal, for example, aluminium should be deposit on the 
surface of graphite or it will be necessary to select harder 
types of graphite. 

Lens .Graphite 

BEAft 
■■■L 

FigJ4. Placement of 
graphite absorbers of 

the lost protons. 

Checking of technological and design solutions. The 
proposed in ITEP and realized at the accelerator ISTRA- 
36 junction of internal cavities of the drift tubes and the 
vacuum volume of the DTL resonators simpli-fying 
fabrication and rising reliability of the tubes [7] will be 
checked in real conditions of long operation. Absence of 
gasemission materials in design of PMQ in internal 
cavities of the tubes allowed not to provide hermetization 
of these volumes and to pump out through the holes 
which may be seen at the external cylindrical surface of 
the tubes (Fig.2). 

If there is a necessity to align, to repare or to replace 
one or several drift tubes complications linked with 
possible activation may arise. This problem will be 
significantly simplified by fixation of the drift tubes to a 
removable rigid girder that is provided in one of the 
resonators of the accelerator ISTRA-36 (Fig.5). A set of 
the drift tubes requiring reparation or adjustment may be 
removed as a whole without direct contact of the people 
and activated elements. Reserve set adjusted at a special 
stand may be quickly installed into the resonator. 

Fig.5. Removable girder with drift tubes 
of the resonator DTL-1. 

5 APPLIED UTILIZATION OF THE BEAM 
Three challels of beam ejection are provided for applied 
utilization of beam. 

The first channel will be used for ejection of the beam 
with energy 3 and 10 MeV for element analysis and 
production of radionuclides for positron tomography ("C, 
,3N, ,50,18F, 45Ti; 

52Cu and so on). 
The second channel will eject beam with energy 36 

MeV with current 100 - 400 uA for production of a wide 
spectrum of radionuclides for medical, biological and 
industrial utilization (55Co, 87Ga, *2Sr, 87Y, 123I,201T1 and so 

on) and also for investigation of radiation stability of 
materials. 

The third channel (36 MeV, low density of particle 
flux) will be used for radiation tests of components and 
fabricated elements supposed to be used in cosmic space. 
The provided at the accelerator energies of particles are 
suitable for these tasks as most of positively charges 
particles in interplanetary space are the protons with 
energies not higher than 10-20 MeV and in near Earth 
space with some higher energy. 

Production of pulses of proton beam with pulse slope 
< 10 ns. A method of production of intensive pulses of 
proton beam of nanosecond region duration proposed in 
ITEP is tested at operating part of the accelerator [10]. 
Under accelerating voltage at the injector lower the 
threshold value injection of particles in the RFQ section 
was provided only during action of additional field of 
additionally accelerating inductors installed at the input 
into RFQ (Fig.6). Improvement of this method will give 

inductor»! 

BEAM". 

Fig.6. Short pulse of 
proton beam. 

practical results for technics of remote definition of fissile 
materials, definition of element composition of the 
surfaces of the planets and investigation of fast reactions 
by the method of pulsed radiolysis. 

6 CONCLUSION 
The experimental neutron generator in ITEP will be one 
of the first in the world specially created electro-nuclear 
installations controlled by proton beam. It will allow to 
find and test solutions of already put questions and to find 
the problems which are not yet known. Estimations show 
that under acceleration of average currents higher than 70 
- 80 mA room temperature reso-nators are more 
economical than the superconducting. Information 
obtained at the accelerator-driver with room temperature 
resonators ISTRA-36 will be useful for designing of high 
current accelerators. 
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Abstract 

A Spallation Neutron Source Systems Model has been 
developed to facilitate parameter and cost studies of 
accelerator-based spallation neutron source (SNS) 
systems. This model includes modules for all pertinent 
components and processes, such as accelerators and 
rings, target (neutron source), experimental facilities, 
conventional facilities, construction costs, pre- 
operational costs, etc. Present accelerator modules 
include room temperature linacs, accumulator rings 
(AR) and rapid cycling synchrotrons (RCS). All the 
modules in the model are linked together via an 
optimizer to facilitate overall trade studies. The model 
has been developed for and used by the National 
Spallation Neutron Source (NSNS) project to be built in 
Oak Ridge. 

1 BACKGROUND 

For the National Spallation Neutron Source [1] 
design, there are several accelerator options capable of 
satisfying the requirments of the neutron scattering 
community. These requirments are a pulsed neutron 
source having at least 1 .OMW of proton beam power, a 
pulse rate of 30-60Hz, a pulse width < 1|XS, clear 

upgrade paths to higher power, low technical risk, and 
high reliability. Conceptual designs already exist for 
partial-energy linacs with rapid cycling snnchrotron 
systems [2] and for full-energy linacs with accumulator 
ring systems [3,4]. The Spallation Neutron Source 
Systems Model was developed to evaluate and compare 
these designs on a performance and cost basis and to 
determine an optimum configuration. 

The model contains linkable modules for all the 
major systems, including linac, ring, target (neutron 
source), experimental systems, conventional facilities, 
and costs. By linking these modules, self-consistent trade 
studies can be conducted to compare different 
accelerator concepts on a common performance and cost 
basis. Typically, the cost and physical parameter 
estimations use simple scalings, derived from detailed 
studies and cost estimates. The optimization package 
includes constraints to provide for "minimum cost" and 
"maximum performance" type design studies. The 
model can be run without optimization, in a 
"benchmark" mode to permit comparisons with existing 
designs and cost estimates. 

The details of this model are described in Ref. [5] 
and are briefly reviewed in Section 2. Results 
comparing AR and RCS options for the NSNS are 
presented in Section 3. 

2 MODEL DESCRIPTION 

2.1 Accelerator Options 

The accelerator is the major factor in the cost and 
neutron production capability of a SNS. Present 
modules include room temperature linacs, accumulator 
rings, and rapid cycling synchrotrons. These modules 
constain: the dependence of average current on peak ion 
source current, on chopping fraction, on loss estimates, 
and on duty factor; the dependence of linac power 
requirement on shunt resistance, on linac length, on 
beam power, and on accelerating gradient; the 
dependence of ring RF requirements on ramp rates and 
on beam currents; the dependence of peak magnetic 
fields on energy and on bend radius; the dependence of 
magnet aperatures on emittance, on margins, and on 
beam current; and the dependence of ring magnet power 
on aperature, on magnetic field, and on length. 

2.2 Conventional Facilities 

Although the conventional facilities for a 1MW 
spallation neutron source are significantly pre- 
determined, there are a number of scalings that do 
impact the cost. These include the site power 
requirements for the linac, ring, target, and moderator 
cryogenics; the building and tunnel areas and lengths; 
and the site preperation area. 

2.3 Pre-Operations Models 

Pre-operational costs are a non-neglibible 
component of the Total Project Cost (TPC) estimate. 
Personnel requirements are based on experience at other 
accelerator facilities, and are found to scale weakly with 
power. The estimate of utility costs during startup is 
based on the accelerator requirements. These values are 
also used to estimate life-cycle-costs over the expected 
plant lifetime. 

2.2 Cost Models 

The Cost module derives costs using input from all 
the other modules. This involves several hundred 
scalings, mostly derived from benchmarks with existing 
SNSs or from more detailed design studies.   Overheads 
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and burdens are also included as appropriate. Estimates 
from this simple cost scaling method have proven 
accurate, when compared to subsequent detailed 
"bottoms-up" studies. 

2.4 Optimizer and Driver Shell 

The Spallation Neutron Source Systems Model is a 
C++ code, utilizing the SUPERCODE driver shell [6]. 
SUPERCODE is an interactive programmable shell that 
includes a non-linear constrained optimization package 
and other tools. Typically problems are solved by 
specifying: (1) a set of constraints, (2) independent 
variables to be iterated, and (3) a Figure-of-Merit to be 
optimized. 

3 RESULTS 

Results of minimum cost verses power level are 
presented here for both AR and RCS based SNS systems. 
The costs presented here were calculated in 1996. The 
TPC from recent detailed estimates is -15% higher than 
these results, primarily due to an increase of project 
scope since the completion of this study. 

3.1 Problem Formulation 

The primary fixed assumptions used in these 
calculations are listed in Table 1, and the major 
constraints are shown in Table 2. 

Table 1: Fixed Assumptions for cost vs power studies. 

Linac: 
Single ion-source (no funneling) 
80% RFQ capture/bunching factor 

Ring: 
One ring 
Ring harmonic number = 1 
3% injection loss 
AR lattice is NSNS like: Superperiodicity = 3 
RCS lattice is IPNS-U like: Superperiodicity = 4 
Synchrotron accelerating duty factor = Vi 
i.e. simple sinusoidal wave form 
Ring acceptance / Beam emittance = 8 

Balance-of-Plant 

One target station 
Four neutron scattering instruments 

Table 2. Constraints on calculated quantities. 

Constraint 

H" injection current:  < 105 mA@ 1% fdutv 
< 37.5 mA@ 6% fdutv 

Linac chopped time = 65% orbit time 

Tlniect < 2 msec 

tTnier.f < 1-5% of "ng cycle time  

Tune shift < 0.15 (at injection) 
Dipole field < 1.1 T 
dB/dt < 120 T/s 
Ring Length > 200 m 

Dipole gap = 2^aring$dipole +v.v.(1) 

Quad bore = 2^aring$quad 

RF cavity field < 20 kV/m 

+ v.v, (1) 

1 - Vacuum vessel =lcm for AR, = 3cm for RSC 

To find optimal solutions, the variables listed in 
Table 3 are allowed to vary within the indicated bounds. 
The Total Project Cost (TPC) was used as the Figure-of- 
merit. 

Table 3. Variable input parameters. 

Bound: Lower Upper 
Linac CCL length — — 
Linac CCL accelerating gradient 1.5 3.5 

(Mev/m) 
Linac macro duty factor — 0.10 
Ring long drift length — — 
Ring drift length — — 
Dipole length (m) 1. 5. 
RF Voltage (V) — — 

3.2 AR Results 

Using this formulation, the minimum cost AR SNS 
was found as a function of power level on target. 
Results are shown in Fig. 1 for three different choices of 
linac energy. The cost, the maximum linac power, and 
the operating cost, all increase with linac energy. It is 
not possible to achieve a 1MW power level at a cost 
below $1B, with a linac energy of IGeV. This energy 
level is critical, since spallation neutron production 
drops rapidly at energies below ~800MeV. Although the 
cost increase with beam power at fixed energy is 
slight,.the available ion source current limits the maxium 
attainable power. To achieve higher powers with the 
given ion source constraints other options, such as 
funneling, are required. 

3.2 RCS Results 

Figure 2 shows minimum cost versus beam power 
for a RCS SNS having a pulse rate of 30Hz and a final 
energy of 3GeV. The cases shown have injection 
energies of 400, 600 and 800MeV. Again there is only a 
slight cost increase with increasing power, but a large 
increase with injection energy due to the associated cost 
increase of the linac. As the beam power increases, 
more protons must be accelerated in the RCS. For a 
fixed tune shift, this requires increased beam emittance, 
which    in    turn    increases    the    magnet    aperature 
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requirement, and the cost. These effects are especially 
pronounced at 400MeV injection energy. 

Figure 3 plots the minimum TPC as a function of 
the final beam energy for RCS pulse rates of 15Hz, 
30Hz, and 60Hz. Low extraction energies lead to cost 
penalties because higher currents and linac RF power are 
required. This leads to enhancement in the emittances 
requiring increased ring apertures. For high energies, 
costs increase due to the increased Bp and increased ring 
circumference. A slight cost benefit is obtained by 
increasing the repetition rate. This results from smaller 
ring apertures due to lower peak beam intensities at 
higher repetition rates. A limit of 2GeV on the 
extraction beam energy is necessary in the 60 Hz case 
because of the dB/dt limit. 
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Figure 1. Minimum AR option TPC vs. beam power for 
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different linac Energies 

4 DISCUSSION 

A flexible parameter and cost model has been 
developed to investigate possible configurations for the 
NSNS. The model gives more accurate relative cost 
diferences between options than absolute costs. For a 
device of NSNS magnitude, a small (< 10%) cost 
difference exists between AR and RCS options for 
comparable performance. The model does not include 
several important considerations, such as technical risk, 
reliability, and upgrade options. Since the cost 
difference is small, the choice between the AR and RCS 
options for NSNS has been made on these other 
considerations. 
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Abstract 

Last results in the field of polymeric materials obtained 
by electron beam irradiation are presented. Two types of 
polymeric flocculants are described. The effects of 
radiation absorbed dose, radiation absorbed rate dose and 
chemical composition of the irradiated solutions upon the 
polymeric materials characteristics are also discussed. 
Preliminary results demonstrated that some polymeric 
flocculants characteristics, such as linearity and 
molecular weight were improved by using combined 
electron beam and microwave irradiation. 

1 INTRODUCTION 
Radiation research in the field of polymeric materials 
was developed over recent years at the Institute of Atomic 
Physics, with linacs of 6 MeV and output power in the 
range of 100 - 700 W. Thanks to remarkable properties 
of the electron beam technologies developed for our type 
of polymeric flocculants, it was proved that high energy 
linacs up to 10 MeV with modest electron beam power 
levels, from a few hundred to one kilowatt, such as our 
ALID-7 linac became economically attractive for 
commercial production [1-3]. 

2 RADIATION RESEARCH IN THE FIELD OF 
POLYMERIC FLOCCULANTS 

During the period 1992-1996 a thorough study was 
made in the field of electron beam induced 
polymerisation of the aqueous solutions containing a 
mixture of appropriate monomers, initiators, complexing 
agents, chain transfer agents, in order to prepare 
polymeric flocculants for waste water treatment. First 
type of polymeric flocculant [1], a co-polymer of 
acrylamide and acrylic acid (PA type) was obtained by 
electron beam irradiation of an aqueous solution 
containing 40% total monomer concentration (90% 
acrylamide and 10% acrylic acid). The co-polymer of 
acrylamide and acrylic acid exhibits a very low toxicity, 
but a total conversion of acrylamide (a toxic monomer) 
cannot be obtained by any polymerisation method. Thus, 
we obtained the second type of polymeric flocculant, PV 
type, based on monomers without toxicity. PV is a 
co-polymer of acrylic acid and vinyl acetate, which was 
obtained into two variants, PV-10 and PV-30, by electron 
beam irradiation of aqueous solutions consisting of 10% 
TMC (8% acrylic acid and 2% acetate vinyl) and 
respectively, 30% TMC (24 % acrylic acid and 6 % 
acetate vinyl). For the PA and PV preparation our 

interest was focused on the basic characteristics 
optimisation, such as high flocculation capacity (high 
intrinsic viscosity or mean molecular weight) and high 
solubility (high linearity or low values for Haggins 
constant kH ) in order to obtain desired properties needed 
for waste water treatment. These characteristics can be 
improved if the chemical composition, absorbed dose (D) 
and absorbed dose rate (d) are controlled in certain 
fashion. 

Preparation of the PA and PV type co-polymers 
depends on total monomer concentration (TMC), 
complexing agent concentration (CAC), chain transfer 
agent concentration (CTAC), initiator concentration (IC) 
as well as on the water presence in the system. It was 
proved by our research that the radicals originated from 
irradiated water have a predominant role on the radicals 
which come directly from the monomers irradiation. For 
an irradiated solution in which the water concentration 
decreases under 40% the conversion coefficient (CC) of 
the monomers decreases and in the case of the systems 
with very small water concentration, the polymerisation 
velocity suddenly decreases. 

Fig.l shows the graphical representation of some 
experimental results concerning the CC dependence 
versus TMC of an irradiated aqueous solution containing 
acrylic acid. As indicated in Fig.l, since TMC is nearly 
100%, the conversion coefficient is only 10%. Irradiation 
over the level of the required dose leads to a crosslinking 
structure of the final products (become water insoluble) 
and an irradiation below the level of the required dose 
decreases CC and intrinsic viscosity (IV). High values for 
IV are desired because they provide a good flocculation 
capacity which means high flocculation velocity and 
small size of the sediment volume put down into a treated 
waste water. High values for the intrinsic viscosity or 
mean molecular weight are sometimes associate with a 
bad solubility of the PA and PV type co-polymers. The 
flocculation capacity (FC) was determined as the 
thickness of the sediment sets down, in the first 3 and 5 
minutes, into a glass vessel containing 25 cm height 
aqueous solution of 4% diatomite concentration treated 
with 0.4mg/l or 1.2 mg/1 polymeric flocculant 
concentration. Good FC means low values for the 
sediment thickness and high values for the sedimentation 
velocity.Fig.2 and Fig.3 show, respectively, the graphical 
representation of some experimental results concerning 
CC and IV dependence versus D for d = 0.8 kGy/min and 
for the following chemical composition of the PA type 
samples: 40% TMC, 0.5% CAC, 0.5% IC and 0.2% 
CTAC. 
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the absorbed dose influence on the conversion coefficient, 
intrinsic viscosity and flocculation capacity for the PA 
type co-polymer. Fig.9 and Fig. 10 show the influence of 
absorbed dose and absorbed dose rate on the flocculation 
capacity for the PV-10 type co-polymer and PV-30 type 
co-polymer, respectively. 
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Fig.4 and Fig.5 show, respectively, the effect of D and 

d upon CC of the PV-10 and PV-30 type co-polymers. 
All PA samples irradiated over lkGy, PV-10 probes over 
9 kGy and PV-30 over 12 kGy have a crosslinked 
structure. The crosslinking effect can be controlled by 
CTAC. According to the above mentioned experimental 
results the main conclusions are: 
-It is indicated to produce an over-irradiation controlled 
by CTAC then an irradiation below the level of the 
absorbed dose which makes lower values for CC; 
-High values for CTAC overcome the crosslinked effect 
and provide for the polymeric samples a good solubility 
but lead to lower values for the intrinsic viscosity and 
sedimentation velocity. However, when level of D is 
nearly the proper dose (0.6-0.8 kGy) the required CTAC 
diminishes. 
-CC, IV and FC exhibit optimal values in the ranges of 
0.3 kGy to lkGy for PA type and 3kGy to 9 kGy for PV 
type. These ranges as well as the size of optimum values 
are closely related to the chemical composition of the 
irradiated solution and absorbed dose rate level. 
-Chemical composition of the irradiated solution and 
absorbed dose must be controlled and optimised in order 
to obtain both, high intrinsic viscosity and high linearity 
(Haggins constant kH < 0.5) of the polymeric flocculants. 

Unfortunately, neither optimised D nor optimized 
chemical composition are sufficient in all situations such 
as for high absorbed dose rate levels because of the strong 
dependence of the free-radical polymerisation on the 
radiation intensity. At high absorbed dose rates the 
free-radical polymerisation process is incomplete under 
irradiation period and continues after irradiation for an 
uncontrollable time period. Also, it is not possible to 
proceed a complete conversion of the monomers mixture. 
To investigate the influence of the dose rate on CC, IV 
and FC, special experiments have been performed in the 
last time. 

Some of the results are already presented  in Fig. 4 
and Fig.5. Fig 6, Fig.7 and Fig.8 represent, respectively, 

The analysis of the experimental results concerning 
the influence of the absorbed dose rate level on the CC, 
IV and FC leads to the following conclusions: 
-At high absorbed dose rates the conversion coefficient 
generally decreases, but this effect is strongly dependent 
on the chemical composition and absorbed dose level. For 
a proper chemical composition, D and should be so 
adjusted to provide a certain time for the polymerisation 
process: 0.5-1.5 minutes for the PA type and 3-4 minutes 
for the PV type. 
-Intrinsic viscosity and flocculation capacity exhibit 
optimal values in the ranges of 0.3 kGy/min-lkGy/min 
for PA type and 0.4 kGy/min-2.4 kGy/min for PV type. 
These ranges as well as the size of the optimum values 
for IV and FC are closely related to the chemical 
composition of the irradiated solution (Fig.7) and 
absorbed dose level. 
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The PA type is used in aqueous solutions with a 
concentration of 0.05%-0.1% and PV type with a 
concentration of 0.5% - 1%. The PA type was used very 
efficiently for hydrometallurgy (porcelain earth) (100 g 
PA per 1000 kg of dry solid substance) without adding 
other inorganic flocculants. In other cases the PA and PV 
type co-polymers are used together with inorganic 
flocculants (aluminium sulphate or ferric chloride) but 
inorganic flocculants consumption may be reduced from 
50% to 75%. Also, the sediment volume resulted by 
waste water treating with PA and PV type co-polymers 
was about 60% smaller than the sediment volume 
resulted by treating the same water with aluminium 
sulfate or ferric chloride only. 
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3 SIMULTANEOUS MICROWAVE AND 
ELECTRON BEAM TREATMENT APPLICATION 
IN THE FIELD OF POLYMERIC FLOCCULANTS 

New results concerning the use of simultaneous 
microwave and accelerated electron beam irradiation for 
improving the polymeric flocculant characteristics are 
obtained. ALID-7 linac of 6 MeV and 0.7 kW, built in 
the Accelerator Laboratory from National Institute for 
Laser, Plasma and Radiation Physics, was completed by a 
specially designed reaction chamber to fulfill 
simultaneous electron beam and microwave irradiation. 
Comparative results on the preparation of acrylamide- 
acrylic acid co-polymer, used for wasted water treatment 
and obtained by classical heating, microwave heating, 
electron beam irradiation and simultaneous microwave 
and electron beam treatment, are shown in Table 1. 
These results are with regard to the conversion 
coefficient (CC), intrinsic viscosity (IV), mean molecular 
weight (Mw) and linearity (Haggins constant KH) 
obtained by processing of the aqueous solutions 
containing an appropriate mixture of monomers (40% 
total monomer concentration: 90% acrylamide and 10% 
acryl acetate), initiators, complexing agents and chain 
transfer agents. As is shown in Table 2, IV (dl/g) and 

M» (a.m.u.) are improved by simultaneous 30 seconds 
irradiation with electron beam of 0.4 kGy and microwave 
power of 430 W. 

4 CONCLUSIONS 
Radiation research in the field of polymeric materials 

(polymeric flocculants) obtained by electron beam 
irradiation field proved that their characteristics can be 
controlled and optimized by three factors: absorbed dose, 
absorbed dose rate and chemical composition of 
irradiated aqueous solution containing a mixture of two 
appropriate monomers, complexing agents, chain 
transfer agents and initiators. These factors are very 
strong dependent on each other. Because of the 
dependence of the free-radical polymerisation mechanism 
on the absorbed dose rate, low intensity and high energy 
(up to 10 MeV) electron accelerators are favoured for 
giving the highest yield per unit dose for our types of 
polymeric materials. 
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Table 1 : Comparative results concerning various methods of PA type preparation . 

Classical Microwave Electron Beam Simultaneous 
E.B. & microwave 

CC TV       Mw      KH CC IV      M,      KH CC      IV      M,      KH CC      rV      Mw     KH 

% dl/g     xlO6      - % dl/g    xlO6      - %     dl/g   xlO6     - %       dl/g    xlO6 

95 2.7     0.62    0.65 95 3.8     1.14     0.42 98      8.5    4.67   0.88 98       12     8.55     0.35 

Table 2: The effects of symultaneous electron beam and microwave treatment of PA and PV flocculants (T 
time ;MWP=microwave power ; MW in atomic mass units) 

i=irradiation 

Sample D T MWP TMC I CA CTA CC IV Mw KH 

kGy sec W % % % % % dl/g xlO6 - 

PA 0.66 68 430 40 0.3 0.1 0.2 93 12.5 9.81 0.4 

PA 0.66 63 550 40 0.1 0.1 0.2 91 12.5 9.81 0.4 
PA 0.4 30 430 40 2 0.1 0.2 95 17.5 16.6 0.1 
PA 0.3 30 430 40 2 0.1 0.2 94 13.5 8 0.2 
PA 0.4 60 430 40 0.1 0.1 0.2 77 13 9.84 0.3 
PV 9 300 430 10 0.2 0.1 0.2 65 6 - 0.1 
PV 5 180 430 30 0.2 0.1 0.4 81 10 - 0.1 
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Abstract 

Industrially useful electron beams produced at 300 keV 
or more are typically generated by introducing an 
oscillating magnetic field near the apex of a triangular 
scanning horn, thus creating a diverging treatment field. 
Product dosing is then accomplished by conveying target 
material through this field. For many irradiation 
applications this diverging beam introduces inefficiencies 
in beam power utilization and dosing non-uniformity. 
This paper presents beam delivery systems developed by 
IBA for Rhodotron accelerators and, in particular, a new 
scan horn for delivery of a non-diverging beam. 

I INTRODUCTION 

Rhodotrons are electron accelerators based on the 
principle of "re-circulating" a beam through successive 
diameters of a single coaxial cavity resonating in metric 
waves. The principle of operation of the Rhodotron has 
already been described in length in previous articles [1-6]. 

Three industrial Rhodotron models ranging from 
35 kW to 200 kW beam power at 10 MeV are routinely 
manufactured at IBA's facilities in Louvain-la-Neuve, 
Belgium. The Rhodotron model "TTIOO" (10 MeV/35 
kW) was especially developed by IBA in order to answer 
the market demand for a very compact accelerator system 
operating at 10 MeV and adapted to the sterilization of 
medical devices. In order to fulfil such industrial needs, a 
specific scan horn was recently developed, which allows 
to install both the accelerator cavity and the beam 
delivery system at the same level although the beam 
delivered to the product is non-diverging and oriented 
vertically. This paper focuses on the development of this 
new scan horn, which was tested at IBA and now is being 
installed at our customer's site in Italy. 

II STANDARD BEAM DELIVERY SYSTEM FOR 
RHODOTRONS 

The Rhodotron technology offers two significant 
advantages that simplify the design of the beam delivery 
system: 
- Since electrons are deflected many times during the 

acceleration process, the numerous bending magnets 
that are placed in serial act as a very selective energy 
filter. Therefore, energy distribution at the exit of the 
accelerator is extremely peaked around 10 MeV, which 
minimizes beam losses in the transport system (in 
particular, in the 90° bending magnet). 

- Since the beam delivered by Rhodotrons is C.W. and 
not pulsed, dose distribution at the surface of the 
products can be insured even at high scan frequencies. 
This is of particular interest for low doses applications 
(such as food irradiation, or for the treatment of semi- 
conductors, etc.) where speed of the products conveyed 
under the beam is high.  For such applications, pulsed 
accelerators    show    strong    limitations    or   require 
sophisticated  and  energy  consuming  electronics  in 
order to sweep rapidly the beam back and forth during 
each pulse. 

Figure 1 is a schematic of the standard beam delivery 
system for Rhodotrons. This standard system is designed 
to deliver a vertical beam to a room located one floor 
below the accelerating cavity. The following components 
are installed successively along the beam line: a 90° 
bending   magnet,    a   quadrupole   for   adjusting   the 
dimensions of the beam trace, and a scanning magnet 
allowing the beam to be scanned across a 1 meter wide 
band. Associated scanning electronics drives the magnet 
in such a way that the beam trace moves at constant speed 
whatever the selected scan length (which is adjustable 
from 30% to 100% of the nominal value).   Therefore, 
scan frequency increases as scan length decreases. A 
beam delivery horn with a metal (titanium) vacuum-to- 
atmosphere window is also part of the standard scope of 
supply.    The complete beam delivery system can be 
connected to any exit around the cavity, typically for 
beam transport at energies between 3 MeV and 10 MeV. 

This standard delivery system is currently used at 
very high power level (up to 190 kW at 10 MeV). It has 
proven excellent performances since uniformity of the 
dose delivered by the horn is better than 95% over 90% 
of the nominal scan length. 
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Fieure 1: schematic of the standard beam delivery system for 
Rhodotrons 

III NON DIVERGING BEAM DELIVERY 
SYSTEMS FOR RHODOTRONS 

Two new beam delivery configurations were recently 
developed by IBA in order to fulfil specific demands 
from our respectable customers. 

The first configuration aims at providing a very high 
scan length. It uses a 2 meters horn placed horizontally 
and equipped with a non-diverging system. As this new 
concept is now being patented, it will not be presented in 
the present paper. 

The second development offers some similarities 
with the IFSSM (Irradiation Field Shaping System with 
bending Magnet) that was presented at PAC93 by A.S. 
Ivanov [7] and applied to low and medium energy 
electron beams. The new development aimed at 
answering the industrial demand for a compact, high 
energy (lOMeV) processing unit dedicated to the 
sterilization of medical devices. For high compactness, 
our choice consisted in developing a new beam delivery 
system that could be installed at the same level as the 
TT100 Rhodotron accelerator, although delivering a 
vertical beam to the product. A very compact scan horn 
was developed, that scans the beam before bending it 
downwards to the product. Scan length requirement was 
800 ±10 mm, and trace width 30 +10 mm. Another 
important parameter for designing this horn was the beam 
orthogonality with respect to the conveyor : 90 degrees + 
6 degrees, in order to insure uniformity of the dose across 
the whole scan length. 

The magnet was designed and optimized taking into 
account limitations in geometrical dimensions, in weight, 
and in power consumption. OPERA-3D [8] was used to 
design the magnet and to determine the excitation current 
density - the latter was reduced in possible limits, while 
producing sufficient magnetic field for bending 10 MeV 
electrons. Poles of the selected magnet consist of two 
circular bars. The section of return yokes passing by the 
bending plane of the magnet is rectangular. These are 
encircled by coils of a racetrack shape. A part of the 
return yoke (between poles and coils) has a complex 
shape, which was necessary to the passage of the 
magnetic flux between lateral sides of the return yoke. 
Figure 2 presents trajectories of 10 MeV electrons in the 
scan horn. In the selected co-ordinate system the bending 
magnet is symmetrical with respect to the x-z plane. 

Figure 2: Trajectories of 10 MeV electrons in the non-diverging 
scan horn 

Origin of the co-ordinate system is placed at the centre of 
the pole i.e. outer pole edges, coil and return yokes are at 
the same distance from the x-z plane. The starting point 
(x=300 mm, z=-1100 mm) corresponds to different 
scanning angles that vary between -14 degree and +10 
degree with respect to the plane defined by equation 
x=300 mm. Positive sweeping angles are measured in the 
counter-clockwise direction from this plane. It is worth to 
notice that different trajectories are not equidistant, and 
their distance increases as scanning angle increases. This 
means that a complex function has to be generated in 
order to drive the scanning system in such a way that the 
beam is scanned uniformly onto the products. Our choice 
consisted in developing a function generator that uses the 
measured excitation current as a parameter that limits the 
scan length. A beam trace of 800 mm is obtained for 
sweeping angles between -11 degree and +8 degree. 
Figure 3 is the mechanical drawing of the scan horn now 
installed at our customer's site in Italy. The bending 
magnet is placed at the lower part of the horn, above the 
beam exit window. One can see the two excitation coils 
that are installed at both extremities of the magnet. 
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IV CONCLUSION 

Preliminary tests performed at IBA indicate an excellent 
correlation between theoretical simulations and 
experimental results obtained with this new scan horn. 

Coil Vacuum Chamber 

Bending Magnet (Pole) 

Exit Window 

Figure 3 : mechanical drawing of the non-diverging scan horn 

The new horn fulfills the initial requirements of designing 
a simple and compact beam delivery system that can be 
installed at the same level as the accelerator, and that 
delivers a non-diverging beam to the products, therefore 
maximizing beam utilization efficiency. Optimization of 
the function generated to supply the scanning magnet 
recently permitted to deliver a 95% homogeneous dose 
across 93% of the maximum scan length (which is 86 
cm).      As   a   next   step,   complementary   dosimetric 

measurements have to be performed to better evaluate 
dose uniformity at various scan lengths (variable from 30 
cm to 80 cm). 
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ELECTRON BEAM SCANNING SYSTEM 
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132 Warshavskoe Road, Moscow, 113519 Russia 

Abstract 

The equipment for accelerated electron beam shaping 
in irradiation technology process is very important part of 
irradiation facility. This equipment determines 
permissible transverse and longitudinal sizes of irradiated 
object and dose distribution in irradiation field. The fan 
beam scanning system is widely and successfully used for 
commercial irradiation. But the use of this system has 
some limitations. The belt beam scanning system allows 
to increase the electron beam use efficiency and to shape 
arbitrary (for example, uniform) dose distribution. This 
system is especially useful for the high irradiation depth. 
The crossing beam scanning system allows to increase the 
dose penetration without electron beam energy 
increasing. This system is especially useful for the 
irradiation of object, if its depth is more or equal to its 
transverse size. 

1 INTRODUCTION 

The continuous extension of field of electron linear 
accelerators use in technological processes results in 
necessity of refinement of electron beam scanning systems 
for providing of needed dose distribution in the irradiation 
field. The fan beam scanning system (FBSS) with saw- 
toothed magnetic induction depending on time is the most 
used system now [1]. This system is widely and 
successfully used for commercial irradiation of various 
objects, for example, for industrial radiating sterilization 
of medical items and materials, such as syringes, blood 
transfusion packages, various electrodes, dressing and 
surgical packages. FBSS is effective for irradiation of thin 
objects, for example, various films. However, the 
irradiation efficiency decreases and irradiation unevenness 
along object depth increases, if the longitudinal sizes of 
object and distance to scanning magnet are comparable. 

2 BELT BEAM SCANNING SYSTEM (BBSS) 

2.1 Main Imperfections of FBSS 

The dose penetration D(zp) inside the irradiated 
object depending on object depth measured at 5 MeV 
electron accelerator is illustrated by Fig.l (curve 1), where 
p is density of the irradiated object, r is its depth, 
D(0)=D(TIP). 

The whole object depth rp is usually chosen as 
rp=v,p for guaranteeing of the uniform dose penetration 
(see Fig.l). The electron beam use efficiency decreases, if 
zp<r,p. Let's introduce irradiation efficiency as 

50 

40 

£30 

^ 20 

10 

3 
"S^   i 
\l 

1 \ 
1 2^ Nl 
1 

Y Y 
V 
Y 

/j?gfcm2 

inside the 

(1) 

Figure:  1  The measured dose penetration 
irradiated object. 

7=      TTp 
where / is scanning beam current, <p is scanning parameter 
(scanning angle for FBSS), x(<p) is the irradiated object 
depth in the beam direction. For example, the irradiation 
efficiency 77=60% for the FBSS irradiation of the object 
with equal depth and width t=0.3 m and the distance from 
scanning magnet to object surface /=0.43 m. The electron 
beam use is ineffective at the object edges (see Fig.2). 

Figure: 2 Fan scanning beam irradiation scheme. 

In addition the dose decreases proportionally to 1/Z, 
where Z - distance from scanning magnet center. The 
FBSS dose penetration is shown in Fig.l (curve 2) for 
above mentioned parameters. The value x2p 
(P(0)=D(r2p)) is 30% less then x,p. This is equivalent to 
decreasing of electron energy to W=3,S MeV. 
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2.2 BBSS Construction 

The use of belt scanning beam (the electron 
trajectories are parallel to accelerator axis Z) is free of 
imperfections of FBSS. Really, ineffective scanning beam 
use at the edges of irradiated object and dose decreasing 
along axis Z are absent in this case. The BBSS consists of 
two bending magnets, as it is shown in Fig.3, where 1 is 
coil, 2 is core, 3 is gap, 4 is pole. 

2.3 Magnet Pole Shape Calculation 

Let's assume that the magnetic induction depending on 
time in the first and second bending magnets are Bi(t) e 
B2(t). The flying electron meets four boundaries of magnet 
poles. First and fourth boundaries are rectilinear. The 
shape of second and third boundaries are determined by 
parametric functions (X2(t),Z2(t)) e (X3(t),Z3(t)) in 
coordinates (X,Z). Mentioned parameters are bound up 
with each other by following equations: 

- X2(t)B1(t) + X3(t)B2(t) = X4 (t)B2(t) 

- Z2(t)Bj(t) + Z3(t)B2(t) = Z4B2(t) 

w+w0 

ceBj(t) 

■ Z2(t)[z3(t)-Z2(t)] 
-\2 

[x3(t)-x2(t)\ -X2(t) 

(2) 

Zj(t) + w+w0 

ceBj(t) 
■X2(t) 

w+w0 

ceBj(t) 

where c is light velocity, e is electron charge, W and W0 

are kinetic and rest energy of electron (J). 
We may get needed dependence of beam deflection 

X(t) from axis Z on time t choosing functions (X2(t),Z2(t)), 
(X3(t),Z3(t)), Äi(t) and Ä2(t), in accordance with (2). Beam 
density and therefore dose rate are inversely proportional 
to derivative dX(t)/dt. In particular case, dose rate is 
uniform along X axis, if X(t) function is linear (saw- 
toothed). The magnet poles boundaries coordinates used 
in (2) are effective values taking into account magnetic 
field edge effects. 

Thus this system allows to shape belt scanning 
electron beam with arbitrary (in particular, uniform) 
transverse distribution of dose. 

Let's consider the BBSS example with uniform dose 
distribution along X axis, W=5 MeV, Z^=0.35 m, the 
beam width 2X>mai=0.43 m, Aj(t)=-A2(t) (increases 
linearly (saw-toothed) from 0 to Ämax=Q,\S Ö). The 
calculated profiled boundaries of magnet poles are shown 
in Fig.4. 

The rectangular magnet poles are shown by dotted line 
in Fig.4 [2]. These poles allow to get the belt beam with 
the same values 2X4max, Arft), A2(t) and Z4. The dose 
distributions D for profiled and Dn for rectangular 
magnet poles are represented in Fig.4. The dose 
distribution D for 

A-A 

C-C 

B-B 

Figure: 3 Belt Beam Scanning System. 
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Figure: 4 The shapes of profiled and rectangular magnet 
poles and corresponding dose distributions/) and Dn. 

profiled poles is uniform, but the dose Dn decreases to 
35% of axis value at the rectangular magnet poles 
edges.The equations (2) allow also to calculate functions 
Aj(t) and A2(t) for rectangular magnet poles and uniform 
dose distribution. 

3 HIGH DOSE PENETRATION SCANNING 
SYSTEM 

It is possible to increase dose penetration without 
increasing of electron energy using crossing beam 
scanning system (CBSS). It is enough to add the profiled 
part 5 to second magnet pole of described above BBSS 
example, as it is shown in Fig. 5. 

system axis to 31 mm at the system edges. The irradiation 
efficiency is 77=85% in this case. 

Z0 =Zs(t) + 

Xs(0 = ^4 max 

xs(t) 
tga(t) 

B(t) 
B, (3) 

(W + W0)(l-cosa(t)) 

sina(t) = 

ceB(t) 

(w + w0){zs(t)-z4) 
ceB(t) 

4 CONCLUSION 

The use of BBSS in the commercial irradiation allows 
to increase the electron beam use efficiency and to shape 
arbitrary dose distribution. The use of CBSS allows to 
increase the dose penetration without electron beam 
increasing. 
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Figure: 5 Crossing beam scanning system. 

The shape of additional profiled part of second magnet 
pole is determined by parametric functions (Xs(t),Z5(t)), 
which may be found by equations (3), where Z0 is the 
coordinate of crossover, a(t) is beam bending angle in the 
additional profiled part of pole. 

The dose penetration depending on irradiation object 
depth rp is shown in Fig.l (curve 3) for maximum object 
depth 0.3 m, object width 0.3 m, Z9=l,35 m and electron 
energy W=5 MeV. The dose penetration depth r3p 
(D(0)=D(T3p)) is equivalent to dose penetration for 
electron energy W=7.5 MeV. The longitudinal size of 
additional profiled part of pole decreases from 38 mm at 
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Abstract 

A self-scanning, highly-efficient electron beam source is 
being built for electron beam dry scrubbing (EBDS) of 
flue gases. The beam is to be prepared using cyclotron 
autoresonance acceleration (CARA), which has already 
experimentally demonstrated an rf efficiency above 90%. 
The design is based on simulation studies for a 250-kV, 
25-A warm injected beam which is accelerated in a 112- 
cm long CARA using 21 MW of rf power at 2.856 GHz. 
The accelerated gyrating beam has an energy of nearly 1.1 
MeV, with a theoretical acceleration efficiency of 99%. 
The beam can be extracted from CARA through a foil 
window, once the axial magnetic field is down-tapered to 
zero, and self-scan on a conical surface across a rising flue 
gas stream in a field-free region. 

1 INTRODUCTION 

Existing environmental anti-pollution regulations provide 
strong impetus for development of cost-effective 
technology to reduce acid rain through removal of sulfur 
and nitrogen oxides from flue gas releases to the 
atmosphere [1]. Limestone slurry scrubbing and selective 
catalytic reduction are the conventional technologies for 
flue gas cleanup [2]. An alternative technology, electron 
beam dry scrubbing (EBDS), was introduced in 1970, and 
subsequently demonstrated in several manifestations [3]. 
Perhaps lacking in encouraging EBDS deployment is the 
existence of a compact, low-cost electron beam source of 
high average power and high wall plug efficiency. 

Cyclotron autoresonance acceleration (CARA) is an 
efficient process for converting rf energy into electron 
beam energy [4,5]. Based on existing rf source and 
electron gun technology, CARA can provide a high 
average power gyrating electron beam. Recent CARA 
experiments have shown that over 90% of the input if 
power can be transferred to an electron beam [6]. The 
accelerated beam produced in CARA emerges on a 
gyrating trajectory; thus the beam is "self-scanning", 
requiring no other deflecting device or external field to 
sweep across a gas stream. It is this unique feature that 
makes CARA particularly suitable for EBDS, and perhaps 
other radiation chemistry applications. 

An upgrade of the Yale/Omega-P CARA is being built 
that is designed to produce a 25 A, 0.8-1.2 MeV electron 
beam, using up to 20 MW of 2.856 GHz rf power and 
injection up to 300 kV. Here, analysis is presented 
underlying this design, using 250 kV injection. 

2 BASIC PRINCIPLES 

A comprehensive theoretical analysis of CARA with 
supporting particle simulation studies [5] has been carried 
out based on prior work [4]. The basic idea of such an 
accelerator is that a pencil electron beam from a 
convergent-flow Pierce gun is passed through a cylindrical 
waveguide. TE\ \ rotating mode rf drive power energizes 
the beam by cyclotron autoresonance. The synchronous 
axial magnetic field for the interaction is given by 

B0=^-coy{l-nßz), 
e 

(1) 

where CO is the drive frequency, e and m0 are the 
electron's charge and rest mass, y is the relativistic 
energy factor, ßz is the axial velocity normalized to the 
light speed c in free space, and the index of refraction 
(normalized group velocity) for the TEU mode is 
n = kzc I co, with kz the axial wave number. As 
V • B = 0 requires, the transverse magnetic field increases 
when the axial magnetic field increases, as the electron's 
acceleration energy increase: this reduces the electron's 
axial velocity towards stalling, as in the mirror effect. 
This imposes a maximum energy that can be reached in 
CARA, given by 

vv/2 1

 o 
7o + 

1- 
(2) 

where y0 is the energy factor of the injected beam. The 
electron's gyration radius is constrained by the 
synchronous condition Eq. 1, which results in a 
maximum gyration radius, given by 

1/2 

711 

(7max-l)(l-"2) 

(rmax-l)(l-»2) + l 
< 0.5431,(3) 

where rLmax is the maximum gyration radius, Rw is the 
waveguide radius, and j{i = 1.841184 is the first root of 
the Bessel function derivative J{(x)- Eq. 3 states that 
the normalized gyration radius must be less than 0.5431 
regardless of the beam's energy or the waveguide radius. 

Solving Eq. 2 for y0, we obtain 

7«=-^-{[rmax(l-"2) + "2]1/2-7max(l-"2)}-   (4) 

Eq. 4 is helpful in obtaining CARA design 
parameters. For a 1.0 MV, 25 A output electron beam, 

' The work was supported by the U. S. Department of Energy, Divisions of High Energy Physics and Advanced Energy Projects. 
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for example, when one sets ymax = 2.9569, one finds 
y„ = 1.3896, or an initial beam voltage of 199 kV. This 
is for n = 0.7880 (Äw=5.0cm if the drive frequency is 
2.856 GHz). An input drive power of 20 MW is required. 
In practice, the initial beam voltage should be larger than 
199 kV (250 kV, for example), to not approach stalling. 

3  SIMULATION RESULTS 

Here we present simulation results for a CARA to show 
that existing rf source and electron gun technology can 
allow acceleration of a beam to about 1 MV, as needed 
for EBDS. In the simulation, a single-energy injected 
electron beam is assumed, with a guiding center spread of 
10% and an rms axial velocity spread of 0.02%. This 
velocity spread value is scaled from that for the 100 kV 
gun now in operation on the Yale/Omega-P CARA. The 
number of computational particles is 128, with 8 values 
of velocity spread, 8 values of phase spread, and 2 values 
of guiding center spread. Simulation parameters are given 
in Table I. 

TABLE I. Parameters in simulation. 

injection gun voltage 
injector gun perveance 
beam current 
rms axial velocity spread 

250 kV 
O^xlO^A-V" 

25 A 
0.02% 

■3/2 

beam guiding center spread 10% 
rf drive frequency 2.856 GHz 
rf drive power 21 MW 
guide magnetic field < 1.8 kG  

The waveguide of the CARA operating in the rotating 
TEn mode consists of three sections. The first is an 
input rf coupler which has a radius of 3.3 cm and a length 
of 12 cm, the third has a radius of 5 cm and a length of 60 
cm, and they are uniform. The second is a 40-cm long 
taper. The taper's slope is only 0.0425 (about 2.4 
degrees), and wave reflection is ignored in the simulation. 
Following CARA, there is a 60-cm long drift region, 
where there is no rf field and the axial magnetic field is 
linearly tapered down to zero. 

Fig. 1 shows the dependence of normalized average 
gyration radius < rL/Rw > on axial distance z for the 
parameters in Table I, for comparison with the normalized 
maximum gyration radius rLmax/Rw calculated from Eq. 
3, and maximum acceleration energy ymax from Eq. 2. 
For the first and third sections, the waveguide radius is 
uniform and Ymax. stavs constant, with ymax = 2.6723 
in the former and ymax =3.2817 in the latter; for the 
second section, ymax increases as the radius increases. 
Clearly, it can be seen that the computed gyration radius 
< rL/Rw > is less than rLmRX/Rw (<0.5431). 

The rf input coupler is intended for use in common 
with a 20-GHz 7th harmonic co-generation experiment 
that requires a 3.3-cm radius waveguide [7]. From Fig. 1 
we see that the maximum acceleration energy for 3.3 cm 

is only 855 kV (ymax = 2.6723) for the 250 kV injected 
beam, which is marginally low to be suitable for an 
EBDS CARA. The waveguide taper is designed to 
increase the maximum acceleration energy by increasing 
the radius from 3.3 cm to 5.0 cm. This allows the 
maximum acceleration energy at the end of CARA to 
reach 1166 kV (ymax = 3.2817). 
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Figure 1: Average gyration radius < rL/Rw >, maximum 
gyration radius rLm!a/Rw, and maximum acceleration 
energy  ymax versus axial distance z. 
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pa 
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Figure 2: Waveguide radius Rw, electron's average radial 
coordinate < r >, and axial magnetic field B0  versus z. 

100        150 
z(cm) 

Figure 3: Dependence of normalized average transverse 
velocity <ß±> and axial velocity <ßz>, and relativistic 
energy factor < y > on axial distance z. 

Fig. 2 shows the dependence of waveguide radius Rw, 
electron's average radial coordinate < r >, and axial 
magnetic field B() on axial distance z, while Fig. 3 
shows the dependence of normalized average transverse 
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velocity <ßL> and axial velocity <ßz>, and relativistic 
energy factor <y> on axial distance z. In the first 
section (z = 0 ~ 12 cm), the transverse velocity and radial 
coordinate rapidly increase after the beam gets trapped. 
The axial magnetic field also increases as the beam energy 
increases. In the second section (z = 12 -52 cm), the 
magnetic field changes very little although the beam 
energy goes up fast. That is because increase of refractive 
index balances increase of beam energy as the waveguide 
radius gets larger, which can be seen from Eq. 1. In the 
third section (z = 52 ~ 112 cm), the average radial 
coordinate < r > does not go up but oscillates while the 
beam energy keeps increasing, with a maximum voltage 
of 1.085 MV at the end. The oscillation results from the 
deviation of guiding centers of electrons which have a 
nearly constant gyration radius (see Fig. 1). In the drift 
section (z = 112 ~ 172 cm), the axial velocity increases 
and the transverse velocity decreases, holding constant the 
adiabatic invariant ßi/B0 when ßo>600G. When 
B0 < 600 G (z > 152 cm), the adiabatic condition begins 
to be violated. Finally, the "self-scanning" electron 
beam leaves the drift region with <ßx >= 0.2055 and 
< ßz > = 0.9244, with a scanning cone angle of about 
11.5 degrees, as shown in Fig. 2. 
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Figure 4:    Orbits on the   x-y plane for four sample 
particles with different initial phases. 

The feature of "self-scanning" of the beam emerging 
from CARA is shown in Fig. 4, with orbits in the x-y 
plane for four sample particles with relative initial time- 
phases of 0(a), nl2(b), 7r(c), and 3^/2 (d) 
respectively. Several orbit turns overlap after the 
electrons enter CARA, in making a few revolutions. On 
the overlapped orbits, the gyration radius is almost the 
same, as mentioned previously. Then the electrons pass 
into the drift region and their radial coordinates get larger 
and larger as the magnetic field gets weaker and weaker. 

Fig. 5 shows the dependence of electron beam power 
Pb and rf drive power P^ on axial distance z. It is seen 
that 21-MW drive power at 2.856 GHz is decreased 
down to 90 kW at the end of CARA, while the beam 
power is increased from 6.25 MW to 27.125 MW, with 
anrf conversion efficiency of over 99%. The wall loss is 
seen to be minuscule, just 35 kW, since CARA operates 
at a relatively low drive frequency. 

30 T—i—i—i—I—i—i—i—i—I—i—i—i—i—I—i—i—i—r I   '   '   '   '   I 

[    I    I    I    I    I    I    I  TS-^.   I L_L I I I 

0 50 100        150        200 
z(cm) 

Figure 5: Dependence of electron beam power Pb and rf 
drive power P^ on axial distance z. 

4 CONCLUSIONS 

Simulations have shown that a 250-kV, 6.25-MW 
electron beam can be accelerated up to a 1.08 MV, 27 
MW "self-scanning" beam by the CARA, with an rf 
conversion efficiency of over 99%. Stanford Linear 
Collider (SLC) 65 MW, 2.856 GHz klystrons have 3.5 
ßs pulse width and 180 sec-* pulse repetition rates [8]. 
From this simulation, it can be expected that two SLC 
klystrons driving a future CARA with a 250-kV, 40-MW 
injected beam should allow generation of a beam suitable 
for EBDS with average power approaching 100 kW. 
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EFFECTIVE X-RAY BREMSSTRAHLUNG SOURCE 
(Is it possible to handle quality of the X-ray bremsstrahlung?) 
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V.I.Shvedunov, Institute of Nuclear Physics of Moscow State University, Moscow 119899 

Abstract 

The efficiency of new nontraditional scheme for 
generating bremsstrahlung is studied by means of 
computer simulation. In this scheme the electron beam 
multiply crosses a thin target due to the presence of 
special focusing magnetic field [1]. It is showed that one 
could expect more than two times increasing of the 
radiation yield power. 

1 NEW SCHEME OF EFFECTIVE 
BREMSSTRAHLUNG SOURCE 

The X-ray radiation is widely used in various fields of 
fundamental and applied studies [2]. The mostly 
widespread X-ray source is based on the generation of 
hard electromagnetic radiation by hitting the 
bremsstrahlung target with the beam of accelerated 
electrons. Unfortunately, the efficiency of the translation 
of the electrons energy into the X-ray radiation yield is 
very low. Hence if the electron beam energy is E0=l-5 
MeV then radiation yield does not exceed 3-8% of the 
energy of the beam of electrons [3,4]. 

But analysis shows that the electron energy lost to 
produce bremsstrahlung is about 3 times more than 
corresponding radiation yield from the target (Fig. 1). 
Hence a significant portion of the electromagnetic 
radiation generated is absorbed in the bremsstrahlung 
target. 

A new nontraditional scheme of the generation of 
bremsstrahlung is proposed in [1]. This method allows to 
expect a considerable growth of the photons yield. The 
scheme is based on the multiple crossing of the thin target 
by the electron beam. The self-absorption of the 
generated radiation is not intensive in a thin target. But if 
the total (summarized) thickness of the multiply crossed 
target is comparable to the thickness of usual one then the 
total yield is considerably higher. 

The scheme with the multiple crossing of the target 
by electrons can be developed in various layouts 
dependently on the parameters of an accelerator and on 
the way of using bremsstrahlung. 

One of the schemes is shown on Fig. 2. Here 
electrons cross the target, loss a certain part of their 
energy and then due to the presence of magnetic field 
they turn back to the target and produce the radiation 
again. 

Accordingly to the estimations presented in [1] the 
energy yield of the radiation after multiple crossing is 2 - 

4 times (in various ranges of the photons energy) more 
than the one in traditional way. 

Numberofphotons [sab.unis]. 

0     Q1    02    Q3    0.4    05    Q6    0.7    OB    Q9     1 
Thickness of teagetf electron lange 

— 1     *■ 2    -+-3 

Fig. 1 1- the total number of X-ray photons produced in 
W-target with depth, 2- the number of X-ray photons 
absorbed with depth, 3 - the number of surviving X-ray 
photons. 

Fig. 2. Efficient X-ray source. 

2 METHODS OF THE STUDY. GEANT- 
SIMULATION 

In present work as well as in preceded paper [5] analysis 
of efficiency of the scheme proposed has been carried out 
by means of computer simulation. The FORTRAN 
program using the GEANT 3.15 library routines [6] has 
been developed to simulate the bremsstrahlung 
generation. 

This program library is designed for simulation of 
various experiments on nuclear and high energy physics 
by using the Monte-Carlo technique. 

The results of the calculations performed in [5] show 
that applying the homogeneous magnetic field leads to 
the rise of the efficiency but at the same time there is a 
possibility to loose the particles due to the scattering. 
Therefore it is necessary to use a focusing field. 
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The results presented were obtained for the axial 
symmetric magnetic field from conical poles. In the first 
approximation the fields are 

„     BoVo 
CCR 

xy 

Rzr      y 4> -BJ1-VR2   Bz = -B^2 
zy 

R2r 

where: R = ^/y2 + (r+A)2 , r = Vz2 + x2 , and 

A =  Y<L- . — at r<a, ^ s _Zo_ at r>a. 
tga   r tga 

The target is in the XY plane. The beam passes along 
the Z axis. 

3 DISCUSSION OF THE RESULTS. IT IS 
POSSIBLE TO HANDLE QUALITY OF X-RAY 

BREMSSTRAHLUNG? 

The efficiencies of the radiation production for the initial 
electrons energies 5 MeV were calculated. The results 
are presented on Figs. 3 -7. 

Fig. 3 shows that the particles are well focused 
(different values for the Q, angle of the conical poles from 

10 to 60 degrees were tested). 
On Figs. 4-7 one can see that the efficiency of the 

bremsstrahlung source is really higher than the one in 
traditional scheme though the configuration used is far 
from the optimum. 

Besides the fact that the X-ray spectrum changes 
because of the high contribution from the low energy 
photons is of great importance for various application. 

And at last using the optimal focusing gives the 
possibility to reduce the divergence of the generated X- 
ray flow because in optimal case the particles return 
perpendicularly on the target. Hence the new 
bremsstrahlung source proposed allows to obtain the 
intensive radiation in narrow angle. 

Fig 3. Trajectories of electrons in axial-symmetric magnet 
field, setup box is 100x100x100 cm3 (big gap) 

120 

100 

80 

60 

Number of photons 

»V«i*j'fafyf^WM 

1.5       2       2.5       3       3.5 
Energy of photons [MeV]. 

" Spectrum for the axial-simmetric field ■ 
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4.5 

Fig. 4 Spectra for the axial-symmetric magnet field 
(for the thin target 0.1 free path length) and for the 
thick target (0.5 free path length). Incident electrons 
energy 5 MeV, initial electrons number 1000 (big gap). 

1000 
Integral yield 

0.5 1.5       2      2.5      3      3.5 
Energy of photons [MeV] 

-— Integral curve for the axial-simmetric magnet field. 
•■-* Integral curve for the target of optimal thickness. 

Fig. 5 Integral characteristics for thin target in the 
axial-symmetric magnet field and for the targets of 
optimal thickness. Incident electrons energy 5 MeV, 
initial number of the electrons 1000 (big gap). 

100 
Number of photons. 

0.5 1.5       2       2.5       3       3.5 

Energy of photons [MeV] 

""■"" Spectrum for the axial-simmetric field. 

 Spectrum for the thick target. 

Fig. 6 Spectra for a thin target (of 0.1 free path length) 
in the axial-symmetric magnet field and for the thick 
target (0.5 free path length). Incident electrons energy 
5 MeV, initial electrons number 1000, setup box is 
100x40x100 cm3 (small gap). 
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Integral yield 
700 
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—~ Integral curve for the axial-simmetric magnet field. 

 i Integral curve for the target of optimal thickness. 

Fig. 7 Integral characteristics for the axial-symmetric 
magnet field and for the targets of optimal thickness. 
Incident electrons energy 5 MeV, initial number of the 
electrons 1000, setup box is 100x40x100 cm3 (small 

gap)- 
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SMALL-SIZED ELECTRON LINEAR RF ACCELERATOR WITH BEAM 
AUTOACCELERATION FOR GEOLOGY AND INDUSTRY 

B.Yu.Bogdanovich, V.LKaminsky, V.A.Senyukov and A.V.Nesterovich, 
Moscow State Physical-Engineering Institute (Technical University), Moscow, Russia. 

Abstract 

The paper deals with the project of a small-sized electron 
linear RF accelerator with a beam energy up to 1 MeV, 
intended for use in bore holes for geological purposes. 
The application of autoacceleration method allows to 
exclude a high-frequency generator and therefore 
essentially reduce the installation dimensions. A single 
electron beam generates RF power at the initial part of the 
accelerating structure, and at other — longer — part this 
RF power is used for acceleration of a small part of this 
beam. For RF-power generated at 3.5 - 4.5 GHz 
frequency band the accelerating structure diameter (for 
iris-loaded waveguide) can be about 70-90 mm or less. A 
high voltage pulses (10-20 kV) are required for this 
accelerator operation. This pulses can be supplied with 
the help of cable, the length of which can be reasonably 
large. Such accelerator can be used for other purposes, as 
well, where the special requirements to a system 
dimensions occurs, and may be designed for exploitation 
in mobile (on a automobile) or portable variants. 

The main purpose of the electron linac suggested in 
this paper is using for geological prospecting in bore 
holes. However such accelerator can find wide application 
for other purposes, where small dimensions of unit are 
required. The necessity of the accelerator work inside a 
bore holes imposes the specific requirements for its 
parameters and, first of all, on its overall dimensions. The 
accelerator's diameter, including all its auxiliary systems, 
should not exceed 70-80 mm at whole length up to 2 m. 
The accelerator should create an electron beam with 
energy about 0.5-1 MeV at average current ~1 uA. Any 
special requirements to power spectrum of a beam or its 
sizes are not declared. The accelerator from an external 
source can be feed by direct or pulse voltage up to 20 kV. 
Therefore it is desirable, that all systems of the accelerator 
should use voltages not higher that this one. 

Now in geological prospecting for research of chisel 
chinks the direct action accelerators with voltage up to 
500 kV are applied. The usage of higher voltage in 
specified dimensions is practically impossible. More over, 
such voltages can be received only during very short 
pulses (up to 100 ns). Such duration of pulses appear to 
be not enough for normal work of the measuring 
equipment. The more acceptable parameters of an 
accelerated beam can be received using linear resonant 
electron accelerator. A main problem at such accelerator 
design is creation a proper accelerating structure and 
forming an accelerating RF wave with necessary power. 

The problem is that there are no any serial sources of RF 
power (generators or amplifiers) with output pulse power 
levels about 100-150 kW and appropriate dimensions. On 
the other hand, the RF power source cannot be dislocated 
on surface, also. At large depths of immersing (some 
hundreds meters) the real attenuation of RF power in any 
transfer line will be so large, that a source with output 
power on some orders more, than it is necessary for 
acceleration, is required. Hence, the construction of the 
electron resonant accelerator under standard circuit with 
an external RF source is rather inconvenient. 

One of possible ways of this problem decision is a 
creation of the accelerator with an electron beam auto- 
acceleration [1]. It's expediently to use autoacceleration of 
previously bunched beam for increasing such accelerator 
general efficiency. Actually in such accelerator the 
functions of particle injector and RF source are combined. 
The general configuration of such accelerator is shown on 
fig.l. 

1 - high voltage pulsed modulator; 2 - 
electron source (injector); 3 - RF power 
generation and beam bunching system; 
4 - collimator; 5 - accelerating structure; 
6 - output device (target). 

Fig.l.   The     general  configuration   of the  electron 
accelerator with bunched beam autoacceleration. 

The choice of accelerating structure type and working 
frequency band of accelerating wave is of great 
importance for limited transverse sizes accelerator design. 
As a separate RF source (generator or amplifier) usage in 
designed accelerator is not supposed, the appropriate RF 
frequency band choice is not limited by the nomenclature 
of industrial fabricated RF devices. Therefore operating 
frequency band can be chosen from following reasons. On 
the one hand, with reduction of RF frequency a power 
losses in RF elements (in particular, in accelerating 
structure) decrease. Besides the requirements for 
accelerating structure manufacturing and setup admissions 
are reduced for such frequencies also. It may be important 
for the accelerator cost reduction and for expansion of the 
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accelerator possible use areas. In this case it can be 
applied in wider temperature range (that represents the 
special interest for work in chinks on large depths), and in 
adverse mechanical influence conditions (vibration, 
impacts) also. On the other hand, an accelerating field 
frequency increase permits to reduce the transverse sizes 
of accelerating structure and, hence, to apply more simple 
and cheap structure types, for example, iris loaded 
waveguide (ILW). Thus, the choice of an accelerating 
structure particular type is a compromise between two 
requirements mentioned. 

Accelerating structures of both types (with running or 
standing waves) can be used here. As accelerating 
structure with running waves the ILW can be applied. The 
accelerating structure external diameter may be about 70- 
80 mm for accelerating field frequency band 3.5-4.5 GHz. 
Real values of such structure shunt impedance are at range 
of 35-40 MQ/m at attenuation factor about 0.1 m"1. Such 
section application will allow to receive an accelerated 
electron beam with energy ~1 MeV at length 1 m and RF 
wave power 140 kW (as the accelerated current value is 
rather small, one can neglect the current loading effects). 
The accelerating structures with standing waves are 
seemed to be more effective. As a standing wave structure 
the byperiodic accelerating structures (BAS) can be used. 
The transverse sizes of such structures can be the same, as 
of the ILW, but they can provide much higher values of 
shunt impedance, the real values of which are about 60-70 
MQ/m. The equivalent accelerating voltage in such 
structure U can be estimated by the following expression 
[2]: 

U-- ZaRshPo 1- -ah 

1-e -4a L (1) 
a 

where a - attenuation in accelerating section; /?sh - the 
section shunt impedance; P0 - RF wave power at the 
accelerating section entrance; L - accelerating section 
length. 

The diagrams of accelerating voltage U dependence 
on the accelerating section length L for some values of RF 
wave input power P0 are shown at fig.2. 

According to diagrams given the necessary values of 
accelerating wave power and the section lengths for BAS 
type standing waves structures are appreciably lower, than 
that for the running waves structures. So, for structures 
0.5-0.6 m long the necessary values of input power is of 
order of 50-60 kW for 1 MeV beam energy. And a 0.5 
MeV beam can be received at RF power about 15-17 kW. 
It permits to appreciably simplify an initial — generator 
and beam bunching — part of the accelerator. It is 
important to note, that in general case the BAS type 
structure cost is larger than ILW one. However, for this 
accelerator, where during the entire acceleration process 
electron beam is not strongly relativistic, the BAS and 
ILW costs, obviously, will not differ essentially, since 

1100 

1000 

0,2 0,4 0,6 0,8    L, m 

Fig.2. The equivalent accelerating voltage U 
dependence on the accelerating section length L for 
some values of RF wave input power P0 

(a = 0.1 m"1; /?sh = 60 MQ/m). 

application of structures with variable parameters through 
out a section are necessary in both cases. 

Other important part of such accelerator is a primer 
part, where the RF power generation and beam bunching 
processes are taking places. The most simple and cheap, 
but at the same time rather effective, way of RF power 
generation with simultaneous beam bunching is usage of a 
klystron type device. The device efficiency, that can be 
really achieved, is about 30-35%. This is quite acceptable. 
So necessary initial electron beam pulse power should be 
at the range from 50 to 200 kW (with duty factor about 
0.001). For anode voltage of 20 kV beam current should 
be within 2.5-10 A. This values are perfectly real. For the 
system dimensions reduction the beam focusing system 
energy consumption decrease the beam focusing field can 
be formed by constant magnets, located between transient 
resonators. Though in some cases focusing coils can be 
used as well. For large beam currents (up to 10 A) a 
multibeam system can be used. In this case a number of 
beams (7-10) with currents of 0.8-1.0 A each are used 
instead of single one. It does not practically require any 
changing of focusing system, but permits to increase beam 
with resonators interaction efficiency. The account of this 
accelerator part can be made on standard methods for 
klystron amplifiers [3]. As the electron energy in 
generating part of the accelerator is rather small, an 
effective enough particles bunching can be received for 
this part 30-40 cm long and one or two transient 
resonators. A feedback line connecting the output and 
bunching resonators is used for creation an auto 
generation conditions in this klystron system. For 
example, this line can be the coaxial type, as operating 
power levels are about tens-hundreds watts for klystron 
system amplification of the order 30 dB. A processed 
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electron beam from the output resonator passes through 
the collimator, which also plays a role of a collector, as 
absorbs a larger part of electron beam. For this reason it 
must be bulky enough and requires a coercive cooling 
(internal or external). Also the bulky collector reduces the 
bremsstrahlung formed by electron beam, which in 
number of cases can cause some difficulties in 
accelerating structure operation [4]. 

An additional advantage of such system is that a 
traditional element of accelerating structures - a wave type 
transformer is excluded. In common case such device is 
necessary because the RF wave types in feeding 
waveguides and accelerating section are different. Here 
the output resonator of RF source and accelerating 
structure operates with the same wave type that is Eoi- 
Into accelerating section RF wave is transferred through 
coupling aperture (or apertures) connecting the generator 
output resonator and the first cell of accelerating structure. 

As it was already mentioned, the accelerated current 
should be not higher then 1-10 mA. This value is rather 
small from the points of view of current loading effects 
and beam focusing requirements either. Therefore it is not 
supposed to use any special focusing devices in 
accelerating structure. 

One more important question deals with accelerator 
inside volume vacuum pumping. Because of accelerator 
sizes limitation its practically impossible to perform a 
necessary vacuum pumping using traditional systems. A 
completely enclosed system with getter pumping like 
those used in small power electronic devices or system 
with small-sized pumps with discharge in magnetic field 
usually applied in powerful electronic devices (with 
possibility of external initial vacuum pumping) can be 
used here. The first variant is cheaper and at small initial 
electron beam power will posses an operation during 
several hundreds of hours. In many cases its quite enough 
for bore holes research, but assumes rather low cost of all 
installation. The second variant seems to be more real. 
Here during the accelerator work vacuum pumping is 
carried out with the help of internal pump, and after 
certain operation period the initial vacuum (if needed) and 
the high vacuum pumping are carried out by external 

RF power generation part 
 A.  

vacuum units. Thus restoration of the internal pump is 
possible. Such system is a little bit more complex, but 
permits more effective accelerator usage, especially, if its 
cost appears to be high enough. 

Thus, according the analysis been made the general 
scheme of the accelerator can be presented as following 
(see fig.3). The accelerator consists of the following main 
elements: the electron source (electron injector) with 
pulse current within 2.5-10 A (single- or multibeam), the 
bunching resonator, drift channel with a number of 
transient resonators and a beam focusing system, the 
output resonator, a feedback line between the bunching 
(input) and output resonators, the collimator with coupling 
apertures, the accelerating structure (probably a BAS 
type) and the output device (target). General length of 
such accelerator will be about 1 meter at gross weight 
-20-25 kg, certainly, with external power supply unit 
dimensions and weight not taking into account. On 
tentative estimations the cost of such accelerator can be 
about k$100.0-150.0 for single unit and about k$50.0- 
100.0 or less if fabricating in series. 
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Abstract 

A low-current electron beam may be used as a diagnostic 
tool to measure the concentrations of heavy metals (Pb, 
Hg, Sb, etc.) present in the flue gas particulates produced 
by smelters or cement kilns. A small electron accelerator 
is being constructed as part of a prototype emissions 
monitoring system. The electron beam energy has a 
design energy of 1 MeV, a peak current of 5 mA, and a 
duty factor of 0.1 percent. In this paper, we discuss the 
results of a set of EGS4 calculations used to model the 
transport properties of a 1 MeV electron beam passing 
through a thin vacuum window and the flue gas. 

1 INTRODUCTION 

Heavy metal pollutants (e.g. Pb, Hg, Cd, Sb, As, and Be) 
are released through normal industrial processes such as 
cement manufacture, mercury refining, lead refining and 
recycling, and municipal trash incineration. The total 
amount of pollution can be estimated from annual 
production figures [1]. For example, the total world mine 
production of mercury in 1994 was 1,760 tonnes.[l] Most 
of this mercury will eventually return to the environment 
as some form of pollution. Once in the ecosystem, the 
metal will tend to accumulate in living organisms. 
Similar statistics exist for the other metals in the list, 
above. [2] . Due to the toxic nature of these pollutants and 
the health risks associated with long-term low-level 
exposure, there has been a desire to produce a multi- 
metal Continuous Emissions monitor (CEM) that can 
measure the quantities of these metals released at their 
source. 

One promising analytical technique for a CEM is 
Particle Induced X-ray Emission (PIXE)[3]. This 
analytical technique observes the characteristic K and L- 
shell x-rays emitted by atoms that are ionized by the 
passage of high-energy charged particles. As the atom 
relaxes back to its ground state, it emits a characteristic x- 
ray spectrum. PIXE's power as an analytical technique is 
that it can easily measure sub-ppm elemental 
concentrations without substantial interferences from 
other elements that may be present. 

In the following paper, we describe a conceptual 
design for an electron linac-based CEM. A brief 
description of the monitor will be presented.   Finally, a 

discussion of the external beam dynamics will be 
presented. 

2 CEM SYSTEM OVERVIEW 

2.1 Conceptual Design 

We have developed a conceptual design for an electron 
linac based CEM shown in Figure 1. A small electron 
linac is mounted at a convenient location on the side of a 
smokestack. The microwave source, high-voltage, pulse 
counting, and control electronics are mounted nearby in 
an enclosed rack. 

The CEM's operation is straightforward. An electron 
beam is accelerated to an energy of approximately 
1 MeV. After acceleration, the beam is passes through a 
thin window into the gases inside the flue. As the 
accelerated electrons pass through the flue gas, they 
ionize it. The ionized atoms then relax to their ground 
states by emitting characteristic x-rays. A solid state 
photon detector observes the fluorescence x-rays. The 
density of the atoms is calculated from the background 
subtracted spectrum. 

2.2 Accelerator Requirements 

The beam energy for the accelerator was determined from 
three requirements. First, the beam particles must be able 
to penetrate through a window into the flue gas and have 
a range of 1 m in air so that they clear the observation 
region before stopping.  Second, the electrons must have 

1   r 1 Detection Zone \ 1     1 

Electronics Cabinet -—" 

Accelerator ^ 
III 
1   II t 

Plant and 1   1   1 
E 

Control Room 1   1   1 
1 | 

1 1   1   1 fr 
n- VM-T 

* corresponding author 

Figure 1 Conceptual design of the CEM The accelerator 
is mounted on the side of a smokestack. The beam and 
interaction region are shown. 
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enough energy in the observation region to create K-shell 
vacancies in the metals we wish to observe. (Table 1). 
Finally, the beam energy must be below 1.6 MeV to 
avoid creating radioactive material in the flue gases. 

The beam current specification is obtained by 
considering the measurement cycle time, minimum 
detection limit, and maximum count rate in the detectors. 
We have assumed that the measurement cycle will be 900 
seconds, the detection limit for lead or mercury was 
chosen to be a modest 1 ug/g, and the maximum count 
rate set to 200 Hz. This leads to a peak current of 5 mA. 

Table 2 Accelerator specifications 

Overall 
Projectile e- 
Beam energy 
Peak beam current 
Pulse width 
Repetition rate 
Linac 
Low structure 
High structure 
Operating frequency 
Peak structure power 
Peak beam power 
Overall length 
Electron Gun 
Extraction voltage 
Cathode/anode voltage 
Grid cutoff voltage 
Filament Current 

2.3 Linear Accelerator 

The linear accelerator consists of two separate structures 
that are closely coupled together: a disc-loaded 
waveguide (DLG) for the low-ß section and a plane wave 
transformer (PWT) [4] for the high-ß section. This 
combination of structures results in an accelerator that is 
compact, light-weight, self-contained, and has good 
microwave power. The length of the complete linac is 56 
cm. 

The low-ß section of this accelerator is a structure that 
integrates both a half-cell rf electron gun and DLG into 
one piece. The first half-cell forms the rf electron gun. 
Immediately after the electron gun are four cells that 
provide the main acceleration for this part. The last half- 
cell is designed to be abnormally short to adjust the phase 
for transit through the PWT section. The average 
accelerating field is set to 4.84 MeV/m. The peak power 
needed for this section is 36 kW. Power is coupled into 
the waveguide by an iris separating the DLG from the 
PWT. 

The high-ß section of the accelerator is a PWT 
structure operating in a standing wave, TEM mode. The 

TABLE 1 Characteristic x-rays of selected metals. All 
energies are in keV. The elements listed are those 
covered as BIF metals by the US Environmental 
Protection Agency. 

1 MeV 
5 mA 
5 us 

200 Hz 

DLG 
PWT 
2.88 GHz 

46 kW 
5 kW 

56 cm 

29.5 kV 
05 kV 

-25 V 
1 A 

Element Z K„ La 

Be 4 0.109 
As 33 10.544 1.282 
Cd 48 23.174 3.134 
Sb 51 26.359 3.605 

Hg 80 70.818 9.989 
Pb 82 74.969 10.551 

average accelerating field of this section is 2.42 MeV/m 
with a peak structure power of 11 kW. The length of the 
PWT is 30 cm. The open aperture in the nose cones is 
2 cm. 

A set of four rods support the electrodes of the PWT. 
These rods are hollow and provide a channel for cooling 
the inner electrodes. The outer shell of the PWT is not 
cooled directly. Since we can expect the outer shell of 
the CEM to be exposed to large temperature variations 
during normal opertion, we have used SUPERFISH to 
investigate the frequency stability of the PWT when the 
inner electrodes are maintained at a constant 20 C but the 
outer shell is allowed to vary over a temperature range of 
0 C to 30 C. We found that the frequency change was 
less than 10 kHz, which is well within the pulling 
frequency of most magnetron tubes. 

2.4 Electron source 

The electron gun for this accelerator is an integral part of 
the first half-cell of the low-ß section. The electron 
source is a modified EIMAC 8745 planar triode tube. 
The tube is modified by removing the anode cooling fins 
and cutting through the vacuum tube to expose the grid 
and cathode. The exposed cathode/grid structure is 
mounted directly in the rf gun prior to operation. A 
separate high-voltage system is used to power the 
electron source. Modulation is provided by pulsing the 
grid voltage. 

2.5 Microwave source 

The microwave power source for this accelerator was 
designed to be as simple as possible. A high-voltage 
power supply charges the capacitors in a simple 6-stage 
PFN to 24 kV. A Behlke HTS-301 solid state switch is 
used to modulate the high-voltage applied to the cathode 
of the magnetron tube. The magnetron's microwave 
output is coupled to the accelerator 7/8" coaxial 
components. A schematic of the microwave system is 
shown in Figure 2. 
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Figure 2.    Schematic of the coaxial line linking the 
magnetron source to the 

3 PASSAGE OF ELECTRONS THROUGH GAS 
COLUMN 

We have modeled the passage of the electrons through 
the exit window and gas column using the EGS4 code. 
[5] 

3.1 Power loading on exit window 

In this study we used a single non-vacuum region through 
which the particles passed. The code was set up so that 
the energy deposition was tallied for each particle as it 
passes through the foil. Furthermore, we allowed 
secondary electrons and x-rays to deposit as they passed 
through the foil. Two materials were studied: Al/Be and 
amorphous diamond. Figure 3 shows the results of this 
calculation. For foils greater than 0.3 mm thickness, the 
amorphous diamond absorbed less than half of the beam 
energy and produced substantially less bremsstrahlung 
radiation: 7% of the beam energy for carbon versus 14% 
for Al/Be. Finally, amorphous diamond is both a good 
thermal and electrical conductor, and is mechanically 
strong. 
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Figure 3. Fraction of beam power absorbed by the 
diamond foil. The average beam power is 5 Watts with a 
peak beam power of 5 kW. 

3.2 Electron Energy Spectrum 

A second EGS4 model was constructed to investigate the 
energy loss as a function of the distance that the particles 
penetrated through the gas. Figure 4 shows a typical 
energy spectrum as the particles pass through both an exit 
window and 40 cm of air. The "beam energy" loses 
approximately 100 keV in each region. 40 cm of air is 
shown in Figure 4. 

5 CONCLUSION 

A small 1 MeV accelerator can be built that can be used 
as an electron source for a multi-metal CEM. A diamond 
exit window will be employed to minimize 
bremstrahlung. A 1 MeV beam has sufficient energy to 
create an observation region that is more than 40 cm in 
length. 
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Figure 4.   Typical energy spectrum of 1 MeV electrons 
passing through 0.3 mm of diamond and 40 cm of air. 
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