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1. Introduction

The development of llnear inductfon accelerstors
has been mot bvated ty applicatlons requiring high-
pulsed currents of charged particles at voltages
exceeding the capabllilty of single-stage, diode-type
accelerators and at currents too high for r.f.
sccelerators. In principle, one can accelerate
charged particles to arbitrarily high voitages using s
multi-stage induction machine, but the 50-MeV, QD-kA
Advanced Test Accelerator (ATA) at LLNL s the highest
voitage machine in exlstence at this time.l The
advent of magnetic pulse porer sys'.ems2 makes
sustained operation st hlgh-repetition rates practical,
ang this capabllity for high-sverage power is very
likely to open up many new spplications of lnduction
wachines in the future.?

In this paper, we survey the U.5. induction linac
technology with primary emphasis on electron machines.
A simplif-.d descriptlon of how fnduction machines
couple eneryy to lhe electron beam is given, te
filustrate many of Lhe genera) iszues that bound the
design space of induction Ilmacs, R key issue in aii
high-intensity 1inaes Is that of besm Instabllity;
progress in Lhls area in inductlon linacs is covered
in detail in a companion paper in these proceedings.?

11. Survey of flectron Induction Machines

The tnvention of iinear induction machines
followed nalurally From the observatlon that the
coupling of energy into a high-current beam was best
accomplished by relatlvely iow-lmpedance structures
(e.9., - 1-100 ahns), his impedance iz well
matched ta simple pulselines and transmlssion lines,
without any need for resonanl cavity structutes (which
baslically act as an impedance transformer to couple
megaghm-class beam lmpedances to the transmission
lines carrying electromagnetic energy to the beam
acceleration reglen). Tu spply pulseline gutput
valtages to a beom L a multi-stage configuration,
magnetic core materlals sre generally used to isolate
the accelerator module sections in & sequence of 1:1
transformers (Fig. i). The inductlon machines that
have been bullt over the past decades differ mainiy in
ihe type of core materisls uted (principally a
function of pulselength) snd vhe smitch/pulcaline
technology (vhich advanced steadiiy in this period.)

The absenice of resonenl structures Ih the
scceleration cavity is siso a significanl benefit in
controlilng the excitation of spurious modes comnected
with beam breakup Instabiilty % and this was & key
factor In the schievement of iD-kA performesnces in ATA

- (for example.)

The Lawrence Livermore end Berkeley Leboratorles
have ploneered the linear induction ecceleralor
technology since its orlgination by N. C, Christofilos
in the iate 50s.5 A swmary of the applications
that mollvated these develapments from 1960 to the
present 1s glven In Flg. 2. The Astron controlicd-
fuslon concept required very high pulsed currents of
relativistic electrans, and the development of
electron injectors for ihe experimental studles of
this iminated in the of Astron
accelerators at LINL In the 1960-70 timeframe. At
Lawrence Berkeley Laboratory, 8 pragram to fnvestigate
the electron ring accelerator cancapt, following the

ry
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' successful initlsl experiments In the USSR by

Ssrentsev and hic group, led to lhe development of the
€RA Injector.6 Nsilonal defense programs studying
charged particle beam propagation in air st LI led
to a need for even higher current capabilities, and
the ETA machine thal was developed for Lhese stidies
utilized many of the innovations made st LBL in the
ERA injector development, such as tLhe use of ferrite
core cavitles.? The ETA advarces were subsequently
exploited in a flash radiography machine (FXit) and the
Advanced Test Accelerator (ATA) st UL in Lhe 19805,
Meanwhile, iuterest in using lhe induction iinac
iechnology for accelerating heavy fon beams as a
driver for inertliai fusion spplicatious has been
explored at LBL from the late 70s to the present.®

Ferrite modutes

Pulse sourems

® Aninduction Tinac works i 8 svies o1 1:1 pulse
wamloramers thresded by the tlectron baam

4 Each madule genersies 3n increment of beam
sccalerstion

fFig. L. Linear inductlon accelerator concept.

1960's
Astron injector — create elertron #ing tar tusion
lesma confinement and heating

1970

ERA injector - create electron ring for collective
ion acceleration

ETA — alecizon beam propagation studins {now
used for microwave FEL 3xpeniments)

1980
FXR — flah endiography of fase processes

ATa - slectron beam propagation studies and
18 wavelenpth FEL expenments

Hegvy ipn fusion drives devalopment a1 LBL

Motivations for linear fnduction

Fig. 2.
accelerator developments at LLNU/LBL



: A suwnary of the parameters of the induction
 machines that have been bullt in the V.5, (uf the
magnetic-core type) is given in Fig. 3. Note that the
early ma~hines operated at currents less than a
kiloamp, and at relatively long pulselengths,
consistent with the yse of tspe-wound megnetic cores.
Jhe high-repetition rste *burst™ capabllity of Astron
was deveioped to study the “stacking* af electron
pulses In this magnelic confinement experiment, while
ETA and ATA have a similar burst-mode capabllity to
study wetious aspects of beam propagstion, As

ment fonec, all machlnes following the ERA injectar
used ferrite "disks™ as the inductive core, and
pperated at voltages per stage of 200-200 keV {about
20 times the Asiron voltage of 12 kev.) The gradient
of these hi is corr ly bigher. The last
machine if{sted is the first embodiment of snaneu:
pulse power drivers on an induction wachlne,
replacing the Blumlein/spark-gap pulsellne technology
used on the earlier short-pulse machines, (The
Aslron/NBS machines employed gas thyratrons,
consistent with their longer pulselengths and
low-stage voltage.)
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deronstrated with the ststed beam patameters.

Fig. 3.

T11. Physical Principles of Inductlon Linac Operatlon

As 11}ystrated in Fig. i, a linear inducilon
accelerator can be thought of as @ serles of l:l
transfcrmets where the electren beam acts as the
secondary. A key polnt sbout this configuratlon ts
the absenca of & "vallage™ on any of the cables or
structures that excecgs the voltage supplied to e
single sccelerator module driven by the pulse <a.irce.
The electrons, in effect, do the *Intzgrallen™ of the
axlal electric fleld la the vacuwn beam plpe to
achieve a final energy “N" times the wodule voltasge
{far N modules.)

Thesr Vgeas can e more clearly undersipod by
considering the sketch in Fig. & of & grometry simllar
to the E1A/A1A accelerator modules. A woltage pulse
is supplled te the accelerator module by coaxlial cable
transmlssion linus (driven from two sides in a
balanced mode Lo avold deflection forces on the
electron beam.)} A cylindrical cors of ferromagnetic
material (e.g., ferrite) localed In the cavity as
shoxn presents & very high impedance to the drive
trensmisslon lines at thelr junction paint with the
cavity. Without any elactron beem present, the
acceleration gap then has @ "voltage® (fE.dz)

iwpressed across it equal to the transmission line
voltage et Ets output (Juncilon poind with the
cavity.) This statement {s a good approximation oniy
for pulse lengths much longer than the transit time of
elect tic waves th fout the cylindrical
racial line structure (~1 nsec typlcally), so that
the eleciromagnetic fields can be trealed ina
quasistatic approximation. Capacitive and indyctive
effects of the gap, coaxial leads, etc., can
pariicularly affect the electromagnelic fleld
disitibution during ihe rise and fall times of the
voltage (bcam currenl) pylse. wWote that the electric

of adjacent modules ms long 55 & beam pipe of
Teasonable length {> pipe Oiameter) separates the
Acceleration gaps.
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Fig. 4. 7he magnetic induction madule.

The ferromagnellc core will present a high
impedance for only a limited time, of course, and the
"volt-sec” capabiilty of the material determines the
core area S for a glven module voliage and pulse-
length. In actual fact, in Lhe operation of ferrite-
type madules, the wave propagatlion aspects of the
penetration of the eleclromagnetic fields through the
ferromagnetic materlzi cannol be lgnored, and the
ferrite region is often not sccurately represented by
lumped clecuit mpdels. This is not a crucial feature
for 2erv-order mgdellng slnce the rcle of the Terrlle
is Lo present a sufficlently large impedance to Lhe
drive lines, which it does in cases of Interest (Since
(e/c)L/2 §s targe compared to the free space
impedance).

In the presence of an zleciran beam puise
proceeding down the axis of the acceleratoi, as
illustyaled in Fig. 4, & return current in the wall
will fiow up the gap and *load™ the drive transmisslon
line as shown. Once agaln, this simple picture
applles when the current pulse Ls relatlvely long
{e.g., 50 nsec ~ 50 ft) compared to Lhe Lransit time
of EM waves up the gap (~f nsec).

The pulse generatlon {s done with a “pulse
farmlng Line™ (PFL); wan elementary schemibic af such
@& system Is {liustrated in Fig. 5. 1Ihe ouviput of the
line 1s applied Lo the Lransmission Jine as shosn {in
ectuality it is e balanced palr of lines in E1A/R0A to
drive the cell.y The Lransmlsslon lines ate long
enough 1o provide “transil time tsolation” of the

PFL/seitch and the cell (the cable transmission time



is ionger than the pulse length). [In this case, the
‘simple equivalent clrcult of the drive system shomn in
Fig. 5 is spplicable, whete Vo(t) Ls the pulse
waveform supplled {0 the transmission line by the
PFL. The idea)l “square wave® shown ln the figure is,
of course, in practice madifled by switch inductances,
etc., and these aspects cen limit the minlmum pulse~
lengths that have enough of a “flal top™ on the
waveform Lo be useful in inductlon accelerators.

= ¢ Pubeto call
Trlnsmusmn tine 2=2,

Equivalent
cirguit

Simplifled plcture of an sccelerator cell
drlver.

F1p. 5.

From all of these considerailons, we cen deduce
the clrcuit schemalic shown In Flg. 6, The beam
current load on the transmlsslon Llne 1s accurately
Tepresented by a current source, since the current is
not dependent on the valtage of that stage as it is in
& dlode reglan. External compensatlon clrcults at the
transmisslon line output are often used to help
flatten the scceleratlon voltage pulse, and to absorb
energy from Lhe transmlsslon lines when the beam ls
absent (prevent "ringlng" of the energy on the
cables.) 1In practlce, reslstors are used on ATA to
absorb half of the drive power with a 10-kA beam.

z,
.
Form € él.
oo
¢ -Troom M
sounce
O
——— —_— —

Pammisson haes tiecun load

Fig. 6. Simpllfied schematic of Inductlon unit.
#Many observations sre readlly apparent from this
circult schematic. For example, for optimum
efficiency, the transmlsslon line impedance shauld be
matched to the beam 24 = Vo/lg (ln the absence

of resistor compensation). Since pulse power system
efficlencies can be quite high (~50% o AIA wnd
60-70% with thz lstest magnetic moduloint sysiems,)
inductlon machines can have good overall effliclencles.
Parameter cholces can compromlse thls potential for
high efflciency; 1in particular, with long pulse-
lengths, compensation of valtage “droop™ due Lo Finlte
ferrite Inductance in the compensatlon clrcultry wlll
waste some of the drlve current.

It can also be spprecisted from this simple
schematic that i is very difficull to avold beam
energy variallon in the head and tail of & heavily
loaded (Telallvely efficlent) frwduction machlne, where
1g 1s chanplng {matching vg(t) mnd 1g(1)
waveforms are posslble in principle, bul. difficult In
practice). As s beam t t sysleﬂls
in fnductlon hl must often
relatively broad energy variation through the g[gcum
beam pulse. DOperatlonal experfence with AIA, for
exampie, has often exhibited difficultles lm:eable to

* the problems of handling a time-varylng energy on ihe

beam head.?

1v. Concludlng Remarks

We have discussed 1inear induction machines of
the "core” type only ln this paper. An allernate
sparoach that does not involve any magnetic meterial
for lsolatlon of Lhe accelerator modvles ls
represented, for example, by the RADLAC technology
described in the paper by Mazarakls, et al., in these
proceedings.

The magnetic power systems mentloned earlier
should make a wlder tange of spplicellons of linear
Induction sccelerators possible in the fulvie
(Flg. 7). Applicaticn of these machines for radistlon
processing 1s, in one sense, the Least obvious one to
conslder since the high-peak-cutrent capabllity 1s nat
required in contrast to the other applications llsted
in Figure 7. Nonetheless, the “rugged” nature of this
solid-state pulse power tectnology, the practlcal
festures of system slmplicity erising from onty having
to deal with very short pulses of high vollage on
electrodes (modest vacuum requlirements, elc.), snd the

"relatively low cost per watt do wzrranl serious

exsminatlon of its sppiicabiiity even in these areas.

E-hoam driver for miciowsve snd millimets: wave souron
#® Fuiion plavna slecteon cyclotion hesting/cueremt
Give with 1-2 mm wavelenpth FEL
® Ywo-beamn sccalovator
® Refativhtic khystron
€-Yeam deiver Tor IR 10 wisible wartlenyih FEL s
E-beam drivas [or cetlective accelvation
Madistion procening

Fig. 7. Magnetlc power compresslon systems enable
t.igh repetilion rate operatlon; these
developments shoutd have 8 signifticant \wpact

on potentlat fulure appllcalions on 11A's.
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