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Berkeley Research Program on Ion- Induct1on L1nacs
for Inertial Fusion*

D. Keefe and S. S. Rosenblum

A. Induction Linac Technology

A.1. Driver Studies

Simultaneous acceleration of several separately-focused beams through
an induction linac has a number of advantages for a heavy—ian. driver.
Figure 1 indicates sChématica]]y parameters deve]oped for a 3 MJ induction
linac driver that usé§ four' beams focused entirely by magnetic quadrupole

lenses from the 3 MeV injection point on.1

Use of four beams .rather than
one gives a cost saving, allows a more favorable "1aunching"' scenario
(during which the process of current amplification is begun), 1eéds to less
longitudinal space-charge defocusing at the bunch ends and, finally, eases
the longitudinal stability requirémenf.‘ If ballistic focusing in vacuum is
desifed for the final prbpagatidn of the ions to the target, each of the four
beamlets musf be subdivided into four more to give a toté] of 16 beams
entering the reactor. Cost studies With a computef-assistédvdésign hode]2
show there are additional cost savings ip the eér]y stages of the acceler—
v étor if a Substantia]]y greater numbér of beams is used. In one example,
use of 256" electrostatically-focused beams showed cost savings at_]east up
to the 1 GeV point; the design, however, called for unreasqnab]y large insu- |

lators to ‘adcommodate the beams and an .undesirable departure from the

"electrostatic-column"-like geometry of the usual induction linac.
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If a 1arge.humber (é.g;-~ 100) of electrostatically-focused beams are used
to ease the design 6f the 1ow-ene}gy end of the accélerator, studies show
that it is desirabie to merge sub-sets of the beams ét anvenerg; of a few
hundred MeV and continue acceleration with a smaller number of: magnet-
ically-focused beamsu.lSuch merging inevitabiyvleads to some di]utionAof.thew
transverse emittance. On the other hand, acceleration of a small number of
beams--for example, the four-beam »case shown in Fig. l--requires septum_
sp]itting of each beam after _acceleration—-a manipulation that also;}enf
genders emittanée _Qilution. However, the consequences of the split just
prior to the final focusing lenses are less severe than in a case where tﬁe.
split is followed by a long transporf Tine. Current]y'under study, there-
fore, is a driver examp]e_that relies on~eXact1y sixteen beams from‘start to
finish, and avoids thg ‘extra di]utionv thatvvinevitably _accompanies either

beam-merging or beamfsplitting;

A.2. ‘Review of Status of Induction Linac Technology

Although the new elegtron induction 1jnac$, the just completed FXR and
the ATA wh}ch is under constfuction'at LLNL, greatly extend 1ndd§tidn 1ina¢
operating" parameters, to 500 GW peak and 125 kW average beam power, the
existing technology base is 1jmited and may be greatly_improved for heavy
ion . induction linacs. Induction linac engineering can be divided into two -
parts--components and systems. Under combonents, one considers modules,
beam transport e]ement;, vacuum system and accelerator control. Because the
last three are standard components in many accelerators, we will cohceﬁtrate
on the heart of the ion 1nduction linac, the accelerating module. This con-
sists of three basic parts: the magnetic core, the vacuum insulator, and the

modulator. In_these three areas we will discuss the present state of the



art and some new developments which could significantly reduqexthe cost of a

heavy ion driver induction linac.

A;é;ll Core Materials

Although ferromagnetic a]]oy'fibbons; such as nické1-iron and silicon-
steé],’énd'ferrites haVe been manufactured for @ long time;, a ‘néw class of
méterié]s_base&ubn rapidFQUenchindkof a mixture of Fe, Ni, or Co with metal-
16¥ds‘ suﬁh aSE:Si, c, or B, hég’ been actiVé]y 'bushed towards commercial-
' izatipﬁ urider the trade name 'Metélaé:) by “Allied Chemical *Corporatidn“in
the U.S. A]though théy‘are"ﬁa1n1y'interestéd in the larger market repre-
sented by diStributioh'tranSfdﬁméré'fof 60 Hz service in the electric power
ihdustry”and'fdr 1ow;1oss‘é1ectrié‘motoré, ﬁhe material is almost ideally
suited for use in an Hndhction Tinac. It has a much higher k?éistivity than
mefAfTchailbyév(Z.S ‘tfmes that of 3 percent Si-Fe) and is prdduced in rib-
bons of thickness of about 10-20 um very easily; both of these factors help
in reducing eddy-current losses. Figure 2 shows a comparison of several
materials using data on pu]sed’iﬁehavior measured at (BL. To put all the
materials on a'cbmmdn footing, we have assumed that they will be used to
make ah'iﬁddétion module 1 meter Tong with 15 cm inner radius and 0.5 volt-
Seﬁond'f1UX change. This normalizes the energy loss per pulse for thevdif-
fekéht'materialé. From this comparison one sees that, of the modules repre-
| éehtéd, the unit containing 'Métg1é§:>“wou1d require 7less drive power than
would those that use steel.

In a reCent”pub]itatibh Allied Chéﬁica] has projected prices as low as
$3/kg by 1986.% The present price of $20/kg ‘is already interesting for
laboratory use, and pfoddctfon this yeér is éipécted to exceed 30 tons. At
present, Allied Chemical has a large pilot plant which can prdduce roughly

4000 kg/hour.  Some of the large transformers they have made as demon-
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strations have fully lived up to their promise and are comparable in size to

toroids to be used in an induction 11‘nac.3

A.2.2 Insulators

Insulators represent another area where reduction in induction Tinac
costs may be sought. At present, one can make insu]atdrs'using alumina with
brazed.méta] embedments; which work well but are expensiVe, or using‘epoky ’
.or>p1astic materials which aré less expensive, but are prone to tracking énd B
»haye quite high outgassing rates.

At LBL we have begun a small brogram to examine fi]]ed plastic or epoxy
insulators which would have the low outgassing of alumina andithe'low,c6$t
and ease of fabricagion of plastic. One‘particularly attractfve'mafe?i$1bis
Po]ysilCQ a:materfél developedvfor e1ectrica1 use:undér the ausbices»of

4 It consists of 85 percent by

the U:S.. Electric Power Research Institute.
Aweight quartz Saﬁd and 15 percent1po]ymethy1methacry1afé (PMMA, or lucite).
ﬁe? have tested sdmp1e$. of this ‘matefié1_ in vacuﬁnl and vit reliably holds
70 kv over 'a 25 ﬁm path between. plane stainless steel “electrodes.
chkeasing the voltage causes no tracking after breakdown and no gas bursts.

Fig_3 shows outgassing data we have recently taken on unbaked samples of

Polysil GQ The outgassing rate is already acceptable for some apb]ications

and can be reduced as shown after a vacuum bake at 140°C for 12 hours.

A.2.3 - Modulator--Switches and Pulse Forming Network ' (PFN)

Table 1 shows a comparison of switch ltypes which could be. used in
induction linacs at desirable repetition rates, i.e. approximately 10 Hz.
The switches ih the table are arranged in approximate decreasing order of

peak power. The sbark gap is the switch of choice for short pulse machines
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Table 1

Representative Heavy Ion Fusion Driver Switéh Characteristics

REPRESENTATIVE HEAVY ION FUSION DRIVER
SWITCH CHARACTERISTICS

(REPETITION RATE>10 Hz)

Recovery
Type Voltage | Current | Power | Cost Time Notes
Spark Gap [>30 kV [>30 kA[>10°W | $3K |>3 ms |[Lifetime limited by electrode
' erosion
Magnetic |>30 kV|>30 kA |>10°W |>$10K 0O |Under development at LLNL,
| | SNL, LANL |
Faster recovery with clearing
Thyratron |~30 kV| ~ 5 kA|~108wW | $5K |~10pusec|fields lifetime limited by gas
cleanup, cathode
Ignitron ~30 kV|~10 kA|~10%wW | $1K | <1 ms Under development at LBL/
Varian —National Electronics
Hard Tube |~30 kV|~ 1 kA|~107w | $30K 0

Lifetime limited by cathode




using Blumlein pulse-forming lines because it can handle high peak power at
high voltage, with a risetime of about 10 ns and a jitter of about-i ns.

Magnétic "switches", based on the change in impedance . of a. ferrofv
magnetic material, are at preéent under development at the Livermore, qu
Alamos and Sandia laboratories. .In turn, however, they also require a
thyratron or other triggerable switch.

Because of the relatively higher cost and greater delicacy of thyrétf
rons, a program at LBL in co]]aboratioh with Natipnal Electronics is invest-
igating small ignitrbns as switches for long pu1sevinduction linacs. The
principal goals are to reducé the jitter and risetime and retain long pulse
life. Recent results on these special ignitrons show a risetime of ~ 50 ns
énd'a jitter of ~10 hs, quite acceptable for HIF use at the 1ow'energy end

| of the machine.

A.2.4 Induction Linat Accelerators and Prototype Modules

ance electrons are usua11y»re1ativistic when‘they emerge from the gun
of an electron inductioh 1iﬁac, there is no poss%bi]ity of shortening the.
bunch by differential acce1erat16n; consequently, the modules are all de-
signed fPr a constant pulse durqtion; As a résu]t,'an induction linac for
electrons consists of many identical modules following the gun. A whole
class of aéce]erators, designed for puTse lengths of ~100 ns, used ferrite
coresvand Blumiein PFL's. The first acceierator 6f this type, the injector
for the Electron Ring Acce]ératof (ERA) at Lawreﬁce Berkeley Labor;ator)./,5
is shown in Fig. 4. It had a beam vo]tagé of 4 MeV, a current of 900A, a
pulse width of 40 ns, a repetition rate of 5 Hz, and was designed as.an in-
Jector for an experiment to investigate collective aécé]eration of ions by
electrons. A direct descendent of‘ ERA, the FXR atA Lawrence Livermore

6

National Laboratory, has just become fully operational. This accele-



rator, shown in.Fig. 5, has a beam voltage of 20 Mev, a current of 4 kA, a -
pulse width of .60 ns, -and a repetition rate of 1/3 Hz., It ts desigﬁedeas.e
high reliability source of intense bursts of x-radiation. | |
For ion induction linacs, however, one has very slowly moving particles
in the ‘early stages.and bunching, with consequent corrent—amp]ification,_is
possible by tailoring the applied voltage waveforms.  In order to aVoid
chromatic problems in the transport system one is constrained to accejerate}
the-beam gradually. Because of the high space charge effects jn,these Tow
ve1ocit&=beams one is -also required to extract a long pu]seifrom the gun_gnd
1n1tiate a gradual bunching process as the beam velocity increases. In
short, one needs a gradation of pulse width for a mu]tiqnegajdu]eedrjver.
This iS»Shown»ﬁn‘Fig; 65 where the required modo]e pulse;width_is:p1otted

against beam voltage for a particular 3 MJ driver .scenario;l

Representf
ative'perameters for .a number of past or existing induction linac nbdu}es
are shown along with the beam current in'the mathihes'and the year of con-
structioh As one can see, most of the mach1nes to date have had pulse
1engths 1ess than 500 ns | | | |
" The two exceptions are the NBS prototype at 2 us and the LBvarototype
at 1 5 us. At the U.S. National Bureau of Standards in 1971 a researcﬁ
program- was begun to reduce the costs of 1nduct1on acce]erators for 1onger

7~ One large module was constructed us1ng 25 um-th1ck mild steeT

,pu]ses
r1bbon and conta1n1ng nine cores. Th1s module acce]erated 1 kA of beam
current in a 2 us pulse and ‘added 400 kev energy to the beam.

At LBL we are building a 1.5 us, 250 kV modo]e using 50 um“thick
S1’.03Fe.97 ribbon toroids. ‘This will be described‘ in more detail in
Section B.2. Thjs device is similar to the»modules which had been p]anned 

8

for preViously proposed test beds” and will add to our engineering experi-

10
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ence. This technq]ogy is, of course, applicable to all longer pulse dura-

tions as well,

B. Research Program at Lawrence Berkeley Laboratory

B.1. 2 MV Drift-Tube Linac

An induction-linac driver can benefit from an injector that de]iversv_
several amperes of ions with a kinetic energy of several MeV. To this end
an early endeavor at LBL was the construttidn of a model injector, based on

9 It operates at the

puTse power>techno1ogy, in the 1 ampere, 2 MeV range.
Space charge limit. Measuréments of the beam opticsvand the emittance have.
provided encouragement that this pulsed drift tube désign can be scaled up
to greater current and high brightneSS. Alternative injector designé,»e.g.'
a 3 MeV gun driven by a pulse transformer, may provide attractive al ter-
natives. The drift-tube injector hodel has continued to provide a useful
test facility for deve]oping diagnostics for characterizing intense low-
energy ion beams. The ions have ranges as short as one micron and hence can
cause both damage and abundanf electron production when they strike a mate-
rial surface, which can shorten the lifetime of scintillators or lead to
complications in interpreting beam—current measureménts. Lampel and
Shi]oh10 have developed an interesting noh—destructive ‘diagnostic in the
form of a low energy electron beam directed at right angles to the ion beam

in order to probe the transverse and longitudinal charge distribution of the

ions.

B.2. Present Program.

Currently, the two major éTements of the experimental program at LBL

14



comprise: a) fabrication of a long-pulse (1.5 usec) induction module, and
b) a sing]g beam transport experiment. Lack of funding has forced post-
Iponement of experiments‘on multiple-beam transport and acceleration. The
long-pulse module will consist of 24 induction cores wound from 0.002 in.
thick silicon steel tape (Fig. 7), A single lumped-element tapered pulse-
forming network with an ignitron switch will drive two cores in parallel.
Thus tweive pulsers are néeded and, Wheh separately controlled, will a]iow a
variety of overall pulse shapes to bé synthesized. vAt present, we are test-
ing a prototype pulser driving a pair of cdres;

The single-bemn.transport experiment will provide a test ‘of the ex-
tensive analytical, computational and ‘simulation predictions for the be-
havior of an intense beamzin a 1ong quadrupo]é'transport channel. Knowledge
of the magnitude of the space—charge limited current, and of any emittance
modifications the beam'may undergolunder certain circumstances, is of con-
siderable importance in designing and costing an ion induction linac. Space
charge  effects become imporfant wheh the beam plasma frequency,

1/2

= (4nnqe/Mi) is no longer negligible compared to the betatron

“p
frequency. Figure 8 displays some predictions of the theory for threé ex-
ample cases that will be studied in the experiment. Here %, denotes tﬁe
single-particle betatron phase-advance per cell in the channel and o ° the
corresponding quantity in the space-charge dominated beam. For the case of
oy = 60 deg, the third-order instabi]ity is not expected to occur; also,

1 indicate that the

numerical simulations done first by Hofmann
instabilities that occur below o = 24° result in a reordering of particles
in phase-space but without any growth in the root-mean-square emittance.
Not evident in Figure 8--since we chose to display the currenf density,

j--are the explicit theoretical predictions concerning the effects of dif-

15
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ferent beam emittances;.the beam size, in fact, depends on both the current
and the emittance. | | |

| The single beam transbort e*periment includes 82 quadrupole lenses that
make up 41 periods of a FODO 1atfice3 For reasons of economy it is an ex-
périment scaléd‘ down in certain features but,hmaintainingl_thg essential
phy§ics of handling heavy ioﬁ Seams.and their associated problems in diag-
hoéfics,ahdeacdum requireméntﬁ{:iThé‘ion chosen .for the initial round of
fvexperimenfsvvis Cs+1 fprqduced -f}om a} hot ;eo]ité ~emitter,12 but the
_ ngling withiion‘méss_will be studied later by:subStitufing other 2e§11te
_,sgﬁrces; e.g. emitting sodium; é@]cium, pdtassium,_rqbidium;_0r'tha11§um.
The ion injector energy is chosen as 200 keV--an order Q%'magnitude below the
. vdide desired for a fusion-enefgy?driver. C6rrespondingTy scé]ed,down is the
. gyffent Jenﬁfty-ain the range 0 to 7 mA/cmP. | |
“ifi‘The most Erucia] and painful compromise came, however, in electing to
',usé'e1ectrosté§i¢ﬁrather than magnétfé quadrupole fdtuSing for . reasons of
';Edéﬁ.l,This_intfoduced two comp]icatibns to the beam dynamiés not to be en-
:cduhtered4wi%h' a magnetically-focused beam in ba émqoth'pipe. First, the
.kinetic energy of a beam particle isichgnged as it entérs é lens, and it may
 be increased or decreased debénding on whether it passes close to a negative
baf'bositiveve]éctrode.v Secbnd, the image forces lead to a strong octupole
' compqnent because the beém cannot be screened from the four-fold symmetry of
'thé electrodés by a metal pipe. Close, Herrmannsfe]dt‘and Las]ett13 have
uséd a variety-pf c¢mputer tools to study these effe¢t§ in detail and to set
]imits_ on 'eXperiméntal paramefers (e.g.‘ maximum beam size) within which
their consequences can be ignored.

Figure 9 shows a diagrmnvof’ the copstant-vo]tage ion injector which

contains four intermediate electrodes between the anode (~200 kV) and the

18
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ground plane. The space-charge limited current is primarily controlled by
varying the voltage on the first extraction electrode; the others are needed

14 At the

to maintain the beam optics close to laminar flow conditions.
exit of the injector are placed three grids of thin wires . The first grid
will be maintained at ground potential, the second at a voltage adjustable
between 1 and 30 kV, and the third almost at ground potential (< 1 kV); The
normalized emittance of the emerging beam varies approximately as the vol-

7

tage of the second grid and can be varied up to 9 x 107" & meter-radians

1 beam. Downstream of the injector are five matching

for the 200 keV Cs"
quadrupoles to convert the axially symmetric beam into the properly
astigmatié forim characteristic of a matched beam in the long FODO transport
7channe1. Calculations show that the injector optics should operate well
over the range j = 3-6 mA/cmZ; below this range overfocusing becomes
;troublesome. Accordingly a cdrrent attenuator made from a dense grid of
wires will be introduced downstream from the emittance—control grids to
a[]ow{exp]oration of the current density region j = 0.5 - 3 mA/cm2.

) The injector has now been operated for a few months. Space charge
'1imited conditions have been verified‘and the dependence of beam size and
current on the intermediate electrode settings found to be in good agreement

with the calculations from the EGUN code14’ 15

over the range I = 18 - 30
mA. Time-resolved emittance measurements at the bunch center, made with
slits of various widths (0.2 - 1.0 mm), and a downstream scintillator, show
that the normalized beam emittance (containing 95 percent of the particles
in one phase-plane) in the absence of any grids is Tey = 5.5 x 10'8 m
radian-meters. This value is a few times the ideal "thermal" value derived
from the beam size and the temperature of the emitting surface (~ 1000°C).

The lateral extent and the tilt of the emittance ellipses yield values for
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the beam size and divergence that are plotted in Fig. 10. Some systematic
deviations from the computer calculations can be seen; these are not serious
but do'result_in small corrections to the calculated matching quadrupole

voltages.

B.3. High Temperature Experiment.

A long-term goal of the U.S. Accelerator National P]an16

is a high-

temperature experiment (HTE) that would demonstrate energy deposition by
generating d temperature of ~_50—100 eV in a so]id—density plasma. Clearly,
the fina]Iphysics and engineering design for the HTE will depend heavily on
results from our present experimental program 5n transport, acceleration, and
current amplification. The requirement of adequate specific enerjy (w,
joules/gm) and, more especially, high irradiance (S, Tw/cmz); has. pointed
to the need for a multiplicity of high-current beamlets of low emittance,
each independently focused to overlap on the target spot. The induction
Tinac is unique among accelerator systems in offering the poséibi]ity of
Sta?ting from the gun with exactiy the number of beamlets required for the
final focus, maintaining them independently-focused tﬁroughout the system,
and achieving current—amp]ifjcatioﬁ at the same time. Since ail the
beamlets pass‘together through/ the Same cores, they all will experience the
same. electric-field history; fhus the beamlets will stay in synchronism even
if the éccelerating gap vo]tages, stray somewhat from their exactly
prescribed values. A strong advantagé to keeping the number of beamlets a
constant from gun to target is that beam manipulations such as the combining
or splitting of beamléts can be\zbbided. Thus, this strategy provides a key
to maintaining as Tow a beamlet emittance as bossib1e, since efther
combining or splitting will always result in emittance dilution.

In order tovkeep costs at a minimum one must keep the HTE at as low a
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Fig. 10 Single beam transport experiment gun output. Curves are calcu-
lated from known geometry and voltages, points are measured.
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,
beam voltage as possible making it desirable to choose an intermediate-mass
ion rather than the heaviést‘possib1e ion. Because of its néture, an in-
duction linac can be readily adapted to accelerate whatever . ion maés ahd
charge state one chooses, ;imp1y by changing the timing of the modules.

As an example starfing point for parametric studies, we consider the
following parameters:

Ion: Potassium (A = 39, q = +1) .
Beam Energy: | 2 kilojoules

Kinetic Energy: 100 MeV ,
Beam Charge: 20 microcoulombs (1.3 x 1014

jons/pulse)
Number of Beamlets: 64 (e]ectfostatfca]ly focused) |
Emittance/Beamlet:  2, 4, 10, x 10'.7 rad meters (nofma]ized)
Number of Modules: ~400

Max. Voltage/Module: 250 kV
éore Material: 2-mil silicon steel tape
For a more detailed discussion of this point design the reader is refer-

red to a reéent LBL Report.17

{

B.4. Theoretical Studies

Apart from the theoretical work in support of the driver design studies,
such 'as beam capture and bunching, and of the single-beam transpprt
experiment (quadrupole design, beam—dynamics), a major activity has been in-
vestigation of transverse and longitudinal stability and of transverse-
longitudinal coupling. This work has been the subject of a recent well- |

referenced review paper by L. Smith.18
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