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I. Introduction

A brief summary of research carried ocut under grant # AFOSR-83-0364,
during the period 30 Sept. 1983 to 29 Sept 1984 is presented. The technical
summary is divided into three parts, one describing the equipment status,
the second part concerned with diagnostic development, and the third
with specific aspects of our study of proton acceleration. The report

also lists papers and conference reports arising from this work.
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Il Proqress Report
A. Equipment Status.

The Induction Linac program hacs been carried out principally using
a dedicated Blumlein facility as the pulse power source. As previously
described the source feeds a two to one step up autotransformer, which
when coupled with a direct electrostatic feed to the anode from the
Blumlein, gives a diode voltage of three times the line output voltage. The
nominal operating impedance of the system is 21 Ohms. This system has
continued to work well during the current grant period.

We have investigated two procedures for increasing the proton
beam energy in the Linac. The first alternative considered was to use
an autoaccelerator configuration described in a previous report., This
was rejected as a result of an inherent 18 nsec. delay found in the
operatiaon of the accelerator. The delay appears between application
of the pulse to the primary of the autoaccelerator and the onset of
the output pulse. Each transit of the autoaccelerator cores leads to
an additional 9 nsec. delay. The delay is due to the penetration time
of the electromagnetic fields into the ferrite cores. The 18 nsec. delay
required in the autoacceleration approach to increasing the proton beam
energy is too long in view of the short proton pulse length. The inherent
delay described and measured here indicates a fundamental limitation
on the useful pulse lengths and rise times achievable with ferrite core
systems, The second approach considered was to employ an externally
driven acceleration gap. This was the approach adopted. A xerox copy
of a photograph of the assembly is shown on the next page. The second

gap is driven by a tap off from the primary Blumlein source. The impedance
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of the connection cable is approximately 70 Ohms and hence does not

place an undue load on the primary while still allowing sufficient current
to flow to drive the main beam. The connecting cable length is chosen

to match the transit time of the 1.1 MeV protons from the source diode. This
configuration is convenient for our operation as it provides all of

the essential features required for our investigation of a multi-stage
Induction Linac without having, at this stage at least, the additional
concerns associated with time synchronization of the accelerator pulses. We
show in the second figure a schematic illustrating the composite assembly.
The proton beam is transported between the successive acceleration qaps
through a vacuum drift region along a strong 16-20 kGauss magnetic field.
Electron flow is suppressed in the acceleration regions by radial magnetic
fields. More detail on the field design will be found in the technical
progress section of this report., Fiqure three shows traces of oscilloscope
records of the post acceleration gap voltage and current. Note that

any mismatch of the postacceleration gap impedance with the feed line

does not cause any problems in the source diode since the round trip

time of the electromagnetic wave in the feed is greater than the pulse
length.

B. Diagqnostic Development.

During the past contract period we have focussed much of our attention
on the development of time resolved diagnostic cechniques for the proton
beam. In particular we have spent considerable effort in the development
of a reliable Faraday cup and a Capacitive probe. With these two diagnostics
we can measure the local beam current density and the overall charge

neutrality of the beam. In our normal mode of operation we bias the
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Faraday cups to retain any secondary electron emission., In this mode

the cup measures the local net current density comprised of the currents
due to the drifting protons and the codrifting electrons which charge
neutralize the ion beam. Specimen signals from both detectors are shown

in figure 4., Accompanying these two traces are representative pulses

from the injector system showing the socurce voltage and current pulzes. Note
that for part of the pulse duration the Faraday cup shows negative going
signals indicating that the electron current density exceeds that due

to the positive ions. We are continuing the development of Faraday cuns

in an effort to devise a system which can be used satisfactorily to
measure separately the ion and electron current densities. The measurement
of the ion current density is particularily difficult since suppression

of the co-drifting electrons by a DC biag field leads to an augmented
secondary emission from the probe. The capacitive probe consists of

an annular metallic ring located outside of the beam. It is separated

from the grounded wall of the drift region by a thin sheet of Teflon. The
probe then capacitively divides the beam space to the drift tube wall
potential and hence gives a direct measure of the charge neutralization

of the beam. Results from this probe show that the beam is typically
better than 98 % charge neutral. The probe design includes an upstream
annulus located so as to prevent any direct bombardment of the capacitive
moni tor by the protons or co~-drifting electrons. A correction for the
effect of this shield on capacitive division has been made using a Poisson
solver code. In parallel with this development, work is proceeding on

the use of a fluorine prompt gamma detector to determine the beam energy

and the dispersion arising from time variations in the beam energy,
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6
and on chrome plated plastic scintillators for the measurement of proton
divergence. Work has continued on the use of carbon and nickel activation
to determine the radial distribution of the protons in the ion beam
and to identify the peak ion energy from the nickel activation. A sub-
stantial data base is now available using these diagnostics.

C. Proton Beam_Generation and Propaqation.

At the end of the prior contract period we identified the physical
cause of our then low efficiency injector. Substantial electron flow
across the diode resulted from azimuthal asymmetries in the magnetic
field. This effect was eliminated by improved design of the field coil
system, albeit at the cost o7 increased inductance in the coile and
hence a slower field rise time and an enhanced diffusion of the field
into the anode. Several diode geometries, each with a good azimuthal
symmetry, were tested and the one shown in figure five was adopted. The
magnetic field configuration, which was calculated using the MSUPER
code, is also shown in the figure. The axial field reaches a maximum
value of 20 kGauss and the radial field, under these conditions, is
about 10 kGauss at the outer edge of the fin structure. This field is
2.5 tim.., the critical field for magnetic insulation at the diode operating
voltage of 1.1 MeV. An immediate result of the change to this new geometry
was an increase in the diode proton current to a3 value of & kAmps, a
value six times greater than than originally projected for the experiment!
The proton current density in this case was found to be 90 A/cm . This
estimate is based on carbon activation measurement and an assumed diode
proton current time history matching that of the togal diode current. In

practice the proton pulse does not turn on instantaneously and the peak

J
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FIGURE 5.

FIRST STAGE AND TRANSPORT SECTION OF A HIGH CURRENT ION INDUCTION LINAC

PROTON ARE EMITTED FROM ACTIVE AREA (2) oF ANoDeE (1) ofF A

THE MAGNETIC FIELD (B) IS PRODUCED

MAGNETICALLY INSULATED DIODE,

SPACE CHARGE NEUTRALIZATION OF THE BEAM IS

BY WINDINGS (4,5).

ACHIEVED BY ELECTRON FIELD EMISSION FROM METALLIC FINsS (3).




current density is greater than quoted. Details of the beam transport
found in this confiquration are presented in the appended paper entitled,
"High current ion beam generation and transport system”. It is of interest
to note that the ion beam transport is occurring under conditions well
above the limit set by space charge for propagation of an unneutralized
praton beam. The operating conditions here are probably the closest

yet reported to those required for the final transport stage of a heavy
ion inertial confinement fusion reactor (i.e. the total charge carried

at the set value of the relativistic energy factor, gamma). The beam
transport is, as reported, quite efficient and qualitatively as expected
for a heavily space charge neutralized beam. The beam focussing arises
from the conservation of canonical angular momentum. If we recognize

that the protons are born at the surface of a field exclusion anode

then the focussing force must be present in the uniform field region. There
is still an incomplete understanding of the focussing action since it

is not clear how the electrons producing the charge neutralization can
cross the magnetic field lines. An interesting aspect of these experiments
not reported in the Applied Physics Letter is the observation of an
annulcor electron beam found in low proton current (< lkA) operation. The
electron ring has a diameter approximately equal to the inner diameter

of the inner field coil. Measurements indicate that the electrons have

an energy of order 100keV. At the end of this contract period the origin
of this beam, which flows parallel to and coaxial with the proton beam,
was not clear. The beam is not evident at the end of the drift space

in the high proton current experiments. It seems possible that the presence

of the beam will enhance the focussing action and may play an integral
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role in determining the beam dynamics. Work is continuing in the current
grant period in an attempt to understand the physics of this process
s0 that it can be exploited in controlling the beam dynamics in a multi-stag
accelerator.

As indicated earlier the second stage of the accelerator was fab-
ricated, assembled, and first tests were carried out on the system prior
to the end of the grant period. In this experiment the longer drift
space needed for the experimental arrangement meant a reduction in the
applied magnetic field strength. To partially compensate for this a
new drift tube assembly, with new field windings, was fabricated on
a 12.5 com diameter tube. This tube is 2.5 cm smaller than that used
in the experiments described above. We have obtained on indefinite loan
from Los Alamos additional capacitors to provide the required magnetic
fields. This new capacitor bank has not yet been assembled. In spite
of the reduced size of the drift tube the field available is about 20
% lower than that used in the earlier experiments. At the end of the
grant period we had vacuum tested the two stage system, checked the
field coil operation, and fired the first few shots to confirm the elect-
rical integrity of the device. Current and voltage oscillograms showing
the operational characteristics of the post acceleration gap have been
shown previously. Nuclear activation using carbon and nickel targets
downstream of the post acceleration gap confirmed particle flow across
the cusp magnetic field used to insulate the gap. The nickel measurement
confirmed that the protons were accelerated across the gap by the induction
field since the threshold value of proton energy for the nickel activation

could only be reached if more than 100keV was added to the protons by




the second gap. Work will continue on the characteristics of the two

stage system in the present grant period.
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IIl Publications and Presentations made arising from work carvied cut

in_the Grant period.

Publications.

1. Generation and Control of Charged Particle Beams using Induction
Accelerators. Proc. of Sth International Conf. on High Power Particle
Beams. pq 493, San Francisco 1283

2. High Current lon Beam Generation and Transport System. Appl. Phys,
Ltrs. 46(3),251,(1985) (Submitted Sept 1984)

Presentations

“"Industrial Applications of Intence Beams" Presented at Alcoa Technical
Center, PA. November 1983

“Intense Particle Beam Accelerator Research at Cornell University" Presented
at Los Alamos National Laboratory, Los Alamos, New Mexico, May 1984,

"An Electron Beam Auto-Accelerator", Bull, Am. Phys, Soc. 28(8),1146,(1984).
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Abstracet

Iavestigacions have bSeen carried out incto the
use >f Induccion Linacs for the acceleration of
procon beams. A 1.5 MeV, 2 kA, 30 ngsec deam has bdeen
generated using an inductively fad magnetically insu-
lated diode.

with and without collactive focusing of the bYeam.

Results will bde reported on propagation

A orogram 0 study autcacceleration technigues
for the nraduczion and *ime compressicn Sf izh
energy “eams Has Seen started racencly. A ferrite
loaded cavity was used 20 couple energy from -he beanm
o 3 ") ohm transmission line and, after a predeter-
ained delav, bYack to the beam. Iafzial 2xperirencal
resulis demonstracing sarticle acceleracion and pulse

zonoression will Se psresented.
Introduction

The Induction Linac accelerazor research srogran
at Cornmell University has Two nain elements:
1) A sctudvy of che nsavsies of a high curvent procon

induccion linac and,

724) An investigasion of cechniquaes far cthe semporal
nodulacion of che »eam energy and current.

The Zirst orablem under {nvestigation i{s the a2ffi-
zienc gZeneration of a mltikiloampere, wegavolt
srocon Yeam in i magneticaliv insulatad disde, and
‘<3 cranspor: sver length scales commensurate wit
zhe ampiovment >f a multi-cavity accelerator.

The second aspect of ogur investigation Jeals
wizh zhe 3sutoacceleration of an elactron beam in
cransport through a farrite loaded induction accel-
2cator cavity. The Seam return current loops the
farrite cores, and “ence couples power Irom the beam
=3 a shor: ieagth of cransmission line. The system
1as Seer 1324 in two 1ifferent modes. We have ilemon-
s:raced che racoverv >f bdeam 2neryy by coupling the
Seam jower :hiitough the fervite and transmisstion line
In addi-

tion we nave nade first meaurements Sf autnaccelera-

19 3 dassive load at zhe 2nd of the line.

cisn of zhe 2isctrons in the 3ystam Sv terminating

zhe transaission line in a short cirsuit. The anergy
recovery node is 3f :oneilarable {ntereast 13 (% pro-
vides a oractical demonstration of 3 wav o increase
che efficiancy >f a1 umber of collective ievices 3uch
as the free i2lectron laser.

in the following sectlons we shall ceoort

axoerimencal cesulcs shtained with "otk devi:ss.

hang, J. Ivers, and

5. Z J
1 Zngineering, Cornell "niversitv, Itnaca, Yew Yorx

Nacion
333

2yoton Iaduzcion Linac Rasearch

We nave recantlv rzported orogress in this area
and will only present a verv brief updace aof zhis
investigation :l:- Figure | shows two Jf the
configuracions used in che scudy. The upper part >F
the figure illusrraras the Jeomertrv successfullv used
for zhe efficient magnetic insulacion of the induc-
tion linac diode tl:. This configuration was foiund
T3 produce drofsn Seams with a very high afficiency
(an ion to zotal 4iode current of order of 75%); che
transport > the “eams was however poor. We have
recentcly tesced 31 sarias of diode and transport field
Jeometries, cthe wost racent of which is shown fnn the
lower part >¢ che figure. The main Jeature of :his
systea i3 cthe rapid zransicion from a amagnetically
Lasulacing iiode to 3 homogeneous axial gFuide field
3uitable for zhe ollecrive focusing :3.4:, and 1ence
efficient transport >f :zhe Seam. wWe have found zhac
it {8 lmpocrtant o minimize the radial return mag-
netic field zrossed Hv the beam after axtraction Srom
the diode.

carbon activaction techniques, show an increase in the

Zxperimental abservations made, using

beam trangport 2fficiency when the deam does noc have

20 =rass nagnetic field lines. Similar resul:cs -ave
been found in other studies ac Zornell where :he
effect 3f the return field on the bYeam scatrevinz
angle of the »srotons has “een measured, and Iound o
increase raniily in prooagation through :he return
field region :i:.

To late we have used the new geometTy in 1 3aries
of low energy (<700 keV) tests. The magnetic insula-
cion has been Sound to work sacisfactor:ly 4although
at a significancly lower racio of ion beam zurrent Lo
total :urrent than zhat Zound 2arlier for the unper
field geometyv 3vstem. Measuraments at the axit
plane of =he Jdiode indicated that the ion curTant
distribuzicn, at che jme <iloampere curtent lavel,
had subscancial (~3:{) aziauchal asymmecries whicn
variad la doth nagnitude and locatiorm 7 3 shot I
shot bastis. The !ata suggested that Yoch the inode
zurn on and the “eam teucralization were narziaal it
the ooeracional levels. The less satisfaciocy
operation may ‘e associated with 2 greater Jegrae st
asvmmettv in =he iiode <magnetic insulalidn fleid Ihan
*hat found {n the srigzinal geomezrv >f Fig. la. 1A

salculation 3f zhe radial elaccric field associated




with a one kiloampere unneuttalized proton beam
entering the drifz, zube along the axial gFuide field,
shows that zhe surface fleld 13t zhe drift rtube walls
sonld Ye lass zhan 100 WWrem. This (s mregital Sor
the 2mission Jf the 2lectrons required to teutralizZe
the space charge 3f zhe Irazon Seam. Tt seems cthat
iz {3 drobably i‘mportanc to form a well defined
virzual cathode surface capaole of orovidiag all of
the electrons requirad %o neutralize the proton bSeam
space charge. It would also seem desirable to
increase cthe orocon curtent densily so 18 to ansure
Seam neucralization f{rom the walls »f =he svstem.
Tiailure of doth of :=hese processes would nacessitate
the use of an axternally driven source of alectrons
ior beam neucrralization. We are presentlv in the
orocess 37 testing the new gZeometrv at “igher voltage

and at greater current Jensicias to astablish che

ra

Jrospect Ior Zood Seam transport without the addition
>f axtarnallv irivea ion neutralization sources. The
role of asvmmetrias {n zhe diode fields is also Ddeing

studied.

Autoaccelerator Research

Autoacceleracion of high current eiectran “eaams
has bYeen investigated in a number of laboratories
:6,72. In this investization we describe research
carriad sut iaco cthe use of passive ferrite loaded
ianductisn accelerator syscems for the acceleration
and pulse shaping of eleczron beams. An advantage of
the farrite loaded iutoaccelerator over those using
20axial vacuum cavities 1s that the flux i{s concen-
trated in the ferrite, hence it is possible %o pro-
duce uniform acceleration Zields on the charged
sarcticies, indevendent of their radial location in
ste icceleracing gaps. Iz is also possible %o 3ake
ompact svstems, and co readilv change the parameters
>f the svstem, @¢.3., the alectrical langth or the
‘apedance of the transmission line used for coupling
e 2nergy to ind Jrom the bean.

The autoaccelerator svstem used in this work is
sketched in Tig. 2. It zonsises of an oil {asulaced,
farriza loaded, zavity containing aither 5 or 9 TOK
214 fervite cores. The :ores are driven from their
remrant nagnetizaticon stace t5 saturation in the
reverse sense Hv :the fileld associated with the :cur-
cent in the dSeam~return conductor circuit. A second-
ary cirvcult lianks the cores, coupling a fraction of
the hYeam jyower o a 7’0 ohm otl filled transmission
line, A varisty »{ cransmaission line lengths have
“een used, raving 2iectrical lengths corresoponding %>

sulse cound trip tives ranging from 17 2o 35 Asac.

Most of the work descrided here was carried sut with
1 aominal 28 asec round trip “ime zadle. The Farvizs
used tad 3 flux swing of J.025 Vsec. A 3-8 <A, 0=
900 <V annular 2l23:tTon Seam was Zeneratad in che
diode. The diode zonfizuration emploved oraducad 1
4.0 major diamecer, J.l cm ainor diameter 2le2c:ran
beam. The b“eam propagation was controlled by a
3trong axial magnetic fleld. The parametars used in
thais initial study were chosen so that “he “eam was
at all times fair Zrom the limiting currvant of
approximataly i% <A in the short first section of
drifec tube. The diagumoscics 2mploved in the 2xveri-
ments included =measurements of the:

({) 3eam injection energy and current,

(11) Time resolved cthick target x~ray vield in the
forward direction,

($i1) Transmission line current and,

{fv) The autoacceleracor zap vnltage.

Figura 3 shows data :vpical 2f <hke vesulls Zosund
for this .ystem. Renresentartive 9scilloscooe =racas
showing the iutdacceieratar zap voltage, zhe Zrans~
mission line currant, ind the x-rav monizor sutdut
are shown in the figure Zor three sets of conditions
orresoonding, from lef: o right :Io:

(1) The autoaccelerator gap shorted at the grading
rings. In cthis condizion we d>nly have an x~-rav sut-
put pulse. The accelerator Fap spacing of 3 :m vas
set to maintain the same x-ray signal with the razget
in front of and Yehind *he gzao.

(1i) The beam 2nergy was coupled through the ferrite
%o the transmission line, which in turn wvas termi-
nated {1 1 cesiscive load of approximately <0 >h=es.
(£41) The configuraction is idencical to that used in
7ii) wizh the exception thart the :ransmission line is
tarminated in a snort cirguit. Immediatalv delow
these records are traces i{llustrating cthe in‘ected
beam current and voltage.

In the resistive load case we obtserve chat the
transmission line ~urrent of about 4 A (s somewnat
greater than the neasured beam current, 3s a resuil
of the load impedance Yeing smaller than zhe :harac~-
ceriscic i{mpedance >f the cable. The x-rav -onizor
shows a substantial decrease 1a amplitude rceflecting
the loss 5¢ bYeam energy. The itcr2ase {n the x-ray
signal amplitude towards the end of che pjulse s
associated with reflection of the wave roz the load
at the end of the line. 3ased sn the neasured Sean
and transmission line parameters we find cthat ve “ave
in this case recoverad jne~quarter >f the “ean =nergy
into the load at :the end >f the line. 'Vi:h 1 -=atched

Load we have demonstriatad recovery >f oJore “han -~alfl




3f the beam energy. It should be notaed that these
figures for cthe energy recovary :lo 1ot indicace
imizs o 2fficiency. We 2xpec:t to operats ar much
Ireater 2ffi:iencv 1s the current is increased
towards the limitiagy value, 72r as the line lmoedancs:
3 increased at fixed heam zurrTenc.

In the final case illustrated we see that the
autdaccelerator Jap voltage changes sign in the =mid-
dle >f the Julse and chat the x-ray outdut pulse s
tharactarized Hv 3 rapid increase to a value consid-
erably in excess ~f irs initial amplitude. The x-ray
Jutput in the lactar half of the oulse is also
ZTeater than that Sound in the case whersa Zhe aulo-
accelerator Zap w#as shorted indicating the increase
i1 Yeam 2nergy i1s 2 rtesult of the autoacceleration
2rocess. A substantial change ia the :ransmission
line curvent is 3also avidenz. This iurveat ceaches a
cesx value of 3.3 <A, wore zhaa 3J% zraatar than the
2224 rean :urrenc., The large value f the line
turrant wvas Zetarained Sv current doudliinz on reflec-

2ion from zne short :irzuiz at the 2nd Jf zhe Line.

Figure + shows data sbcained with iiffarent
l2ngth iransmission line sactiong. Ia the first case
the round ITiz zime on che line was reduced o L7
asec ind in ihe second case it was iacreased o 15
nsec, Ia “oth cases we show the augoaccelarator zap

70ltage and the x-rav viald {rom the elecctron beam

iagnatic T :m”'—.l
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hitting the thick targer following autsacceleration.
The change in pulse duration is apparent. :n addi-
tion to the pulse duration :zhanging, the effact of
the pulse rise time compared zo zhe zransmissicn lize
round trip time is avideat. Slearly for effizianc
autoacceleration it is -~esessarvy thac the rise tize
of the pulse Ye short anough compared to the srasaga-
tion time on the :Iransmission line.

Tt i3 possidle o describe the results obtained
in terms of a siaple :ransmissisn line model in whizh
the primary heam energy 1{s coupled =5 4 Lysslaess
transmission line. The bSoundary :dondition ac che
bYeam is that of a current source. The affect 3f this
is to produce a current pulse zancellacion 2t che
beam end of che line. This leads %o a criterion for
power flow from the line t> che “eam, namely zhat -he
current pulse, reflected from zhe short cirzuit at
the 2nd of zhe aucoaccelaracor line, 2xceeds 307 of
the instantaneous >eam :urrent. This is seen 2axveri-
mentally 3s 3 rTeduction sf the autoaczalarariza a0
acceleration voltage wizh the snort transmission _ine
compared o :hac Zound ia the isnger line cases. The
cize taken to ra2verse the sign 5f the autoaccelarator
gap voltage is greatar than chat predictaed bv the
model. This Ls probably due to the frequency
response of the Serrite. Inclusion of 3 &3 asec rise
zime for the ferrita leads %o wavefarms aooroximatelv
consiscent with the experimencal results. Figure 5
shows the output from the model for the 25 asec
cransmission line. The :zurves shown represent the
x-ray vield 3nd the utoaccelerator zap veltige.
These resul:is have Seen sptained using :the actual
beam current ind iniection voltage waveforms and
artificially increasing :zhe round trip :time %o 39

1sec. A wra ldetailed wodelinz including illowance
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The efficient transport of a 6.0-kA, 1.1-MV proton beam generated in a magnetically insulated
diode and propagated along an axial magnetic field has been studied. The beam is better than 98%
charge neutral. Focusing of the beam is observed as a result of beam transport through the radial
magnetic insulation field. The application of this type of beam generation and transport system to
a high current linear induction ion accelerator is discussed.

Until recently, high current linear induction accelera-
tors have been used solely to drive electron beams.'™ If in-
duction accelerator techniques can be applied to the genera-
tion of mulikiloampere, multimegavolt ion beams, then
these beams would find applications in inertial” and field
reversed inagnetic*® confinement nuclear fusion, and neu-
tron production. We examine, in this letter, a technique for
the production of such beams. Any practical device must
solve several problems including (1} inhibiting electron flow
in the accelerating diodes so that power is primarily coupled
to the ions, (2) charge neutralizing the beam in the drift re-
gion separating acceleration gaps so that the radial electric
field of the non-neutral ion beam is reduced to a level which
allows beam propagation, and {3) radially confining the
heam inside the accelerator.

In this letter we present results showing that it is possi-
ble to satisfy the above conditions so that a multistage ion
accelerator might be developed.

The diode and drift tube configuration used in these
experiments is shown in Fig. 1. The coils are wound with 12-
gauge, 600-V insulated wire covered with fiberglass braid.
The turns are helically wrapped on 0.16-cm-thick stainless
forms, and are covered with fiberglass cloth and epoxy. The
turns are immediately adjacent to each other, so the helical
pitch is the wire thickness, 0.37 cm. Four 0.32-cm-thick
stainless steel struts, 10 cm long at the outside edge, support
the inner coil.

The magnetic field produced by the coils suppresses
electron flow in the diode. The magnetic field lines shown in
the figure are calculated using the program RSUPER,'' ap-
proximating for the penetration of the 2-ms rise time mag-
netic field into a 1-cm-thick copper anode. Since electrons
are free to flow along field lines, the field lines are equipoten-
tials and the electric field in the diode is nearly axial. The
electron emission needed to define the equipotential surfaces
and to produce anode flashover comes from four radial fins
attached to the support struts. At the outer edge of the fins
the magnetic field is 1.0 T. For a diode voltageof 1.1 MV and
an acceleration gap of 1.3 cm thisis 2.5 Berit,'? where Berit is
the field strength required to suppress electron flow in a
planar diode. The direction of the magnetic field makes a
sharp transition downstream of the diode to an axial field of
value 2.1 T. Protons forming the beam are emitted from an
epoxy surface in the anode embedded with metal pins.'* The
azimuthal velocity the beam acquires as a result of crossing
magnetic field lines, combined with the axial magnetic field,
causes a radial inward force. This differes from the Pulselac

251 Appl. Phys. Lett. 46 (3), 1 February 1985

0003-6951/85/030251-03$01.00

experiment'* where the beam is ballistically focused by the
electric fields in the accelerating diodes. Note that neutraliz-
ing electrons can flow from the diode along field lines into
the drift region.

Diode voltage and current are shown in Fig. 2(a) and
2(b}. The proton current is approximately 30% of the total
diode current. X-ray pinhole pictures were taken of the
bremsstrahlung coming from the anode, an indication of
electron bombardment and hence of diode uniformity. The
photographs, which have insufficient contrast to permit re-
production, indicated the need for good azimuthal unifor-
mity in the magnetic field so that VB X B drifts do not cause
early diode closure.

The C'? p,y)N *? reaction'® was used to determine the
beam profile and transport efficiency. Figure 3 shows the
proton beam density at various axial positions. The propaga-
tion efficiency in the system was measured by placing four
graphite targets at the front of the region over which propa-
gation was to be measured, and an x-shaped array at the
back. The transport efficiency of the beam over the first 19
cm of the experiment was only 75% due to losses to the
support struts and the proximity of the beam to the drift tube
wall. However, as the beam propagates it detaches from the
wall, and over the last 27 cm the efficiency was 93%. In both
cases the estimated accuracy of the beam transport effi-
ciency measurement was 10%. The losses could be reduced
further by increasing the spacing between the beam and the
drift tube. The losses here are much smaller than those re-
ported earlier'® in a geometry where the ion beam had to

FIG. 1. Diode and drift tube. (1) Anode, (2} proton emission surface, (3}
electron emission fins, {4) inner field coil, (3} outer field coil, (6) magnetic
field lines, {7) support struts.
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FI1G. 2.{a} Diode voltage. (b) diode current, {c} capacitive electnic field moni-

tor, and (d) Faraday cup.

propagate through the return field lines associated with the

magnetic insulation field.

The activation results show that there is some focusing
of the ion beam. The first protons reach the axis at about 19
cm past the anode. (The single particle focal length is 23 cm.)
However, the distribution does not come to a sharp focus,
and much of the ion current continues to flow near the out-
side edge of the beam. In the region from 2.5 to 4.1 cm radius
the inner field coil blocks access of electrons from the diode.
As the beam passes through this region the space charge
produces a radial electric field. This field retards the focus-
ing. For radii less than 2.5 cm, electrons in the diode can
readily neutralize the ion beam.

The proton beam current, based on the carbon activa-
tion measurement and the pulse shape of the diode current,
is 6 kA. This gives an injected current densityof 90 A/cm”.
Current due to other ions is not measured by activation pro-
cedure used. In addition, carbon activation was used to mea-
sure the width of the beam edge. The scale length is typical of
the gyroradius of a proton with a transverse energy of about
50 keV.

The radial electric field at the drift tube wall was also
measurcd. The electric field probe'”' was located 25 cm
from the anode. It consisted of a 1.3-cm-wide tube of stain-
less steel insulated from the drift wall by a 0.025-cm-thick
teflon sheet 4 cm wide. The probe was shielded from beam
bombardment by a 1.5-cm-wide annular shim at the up-
stream edge of the teflon. Calculations show that this shim
reduces the electric field at the probe location by 14%. The
RC time constant of the detector was chosen to be much
longer than the pulse width. The peak unneutralized charge
in the beam is 8 X 10 * C/m, based on the assumption of a
long beam. The 6-kA, 1.1-MV beam is therefore 98% charge
neutral. A Faraday cup, biased on + 100V to suppress sec-
ondary emission, was also used. Traces from the two detec-
tors are shown in Figs. 2(c) and 2(d). The Faraday cup shows
a peak local magnetic neutralization of about 150% indicat-
ing the electrons are moving faster than the protons.

The ions are radially confined in the axial field as a
result of the charge neutralization and the focusing action of
the radial magnetic field in the diode. It is unlikely that the
proposed collective confinement of the beam,' similar to
collective focusing,” is important in these experiments since
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FIG. 3. Proton density as a function of radius for different axial positions:
{a) S cm from anode, (bi 19 cm from anode, (c) 34 cm from anode, and (d} 46
cm from anode.

the radial electric field measured by the capacitive probe is
outward rather than inward. A confining sheath implies that
the beam region is at a negative potential with respect to the
tube walls. This cannot occur in these experiments since the
neutalizing electrons are emitted from a surface at ground
potential.

The propagation described here could conceivably be
extended to a multistage system if inner field coils, which
would cause substantial beam loss, are not required in subse-
quent stages. An inner coil was used in the diode described
here because the virtual cathode formed in a half cusp is
defocusing. However, additional gaps would be magnetical-
ly insulated by a full cusp, and the convex equipotentials
would tend to focus the beam.”'
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