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A. Induction Linac Technology 

A . l . Driver Studies 

Simultaneous acceleration of several separately-focused beams through 

an induction linac has a number of advantages for a heavy-ion driver. 

Figure 1 indicates schematically parameters developed for a 3 HO induction 

linac driver that uses four beams focused entirely by magnetic qtiadrupole 

lenses from the 3 HeV injection point on. Use of four beams rather than 

one gives a cost saving, allows a more favorable "launching" scenario 

(di-ring which the process of current amplification is begun), leads to less 

longitudinal space-charge defocusing at the bunch ends and, f ina l ly , eases 

the longitudinal stabi l i ty requirement. If ba l l is t ic focusing in vacuum is 

desired for the f inal propagation of the ions to the target, each of the four 

beamlets must be subdivided into four more to give a total of 16 beams 
p 

entering the reactor. Cost studies with a computer-assisted design model 

show there are additional cost savings in the early stages of the acceler­

ator i f a substantially greater number of beams is used. In one example, 

use of 256 electrostatically-focused beams showed cost savings at least up 

to the 1 GeV point; the design, however, called for unreasonably large insu­

lators to accommodate the beams and an undesirable departure from the 

"electrostatic-column"-like geometry of the usual induction linac. 
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Fig. 1 Schematic of two proposed accelerator driver systems: a) on the 

l e f t , the proposed 7MJ driver for HIBALL, b) on the r ight, a 
single-pass four beam induction linac (3HJ). 



If a large number (e.g. - 100) of electrostatically-focused beams are used 
to ease the design of the low-energy end of the accelerator, studies show 
that it is desirable to merge sub-sets of the beams at an energy of a few 
hundred MeV and continue acceleration with a smaller number of magnet­
ically-focused beams. Such merging inevitably leads to some dilution of the 
transverse emittance. On the other hand, acceleration of a small number of 
beams—for example, the four-beam case shown in Fig. 1—requires septum 
splitting of each beam after acceleration—a manipulation that also en­
genders emittance dilution. However, the consequences of the split just 
prior to the final focusing lenses are less severe than in a case where the 
split is followed by a long transport line. Currently under study, there­
fore, is a driver example that relies on exactly sixteen beams from start to 
finish, and avoids the extra dilution that inevitably accompanies either 
beam-merging or beam-splitting. 

A. 2. Review of Status of Induction linac Technology 
Although the new electron induction linacs, the just completed FXR and 

the ATA which is under construction at LLNL, greatly extend induction linac 
operating parameters, to 500 GW peak and 125 kW average beam power, the 
existing technology base is limited and may be greatly improved for heavy 
ion induction linacs. Induction linac engineering can be divided into two 
parts—components and systems. Under components, one considers modules, 
beam transport elements, vacuum system and accelerator control. Because the 
last three are standard components in many accelerators, we will concentrate 
on the heart of the ion induction 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 
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ar t and some new developments which could s i g n i f i c a n t l y reduce the cost of a 

heavy ion dr iver induction l i nac . 

A.2.1 Core Materials 

Although ferromagnetic a l l oy r ibbons, such as n icke l - i ron and s i l i c o n -

s t e e l , and f e r r i t e s have been manufactured fo r a long t ime, a new class of 

materials based on rapid quenching o f a mixture o f Fe, N i , or Co wi th metal­

lo ids such as S i , C, or B, has been ac t ive ly pushed towards commercial­

i za t ion under the trade name Metg la™ by A l l i ed Chemical Corporation in 

the U.S. Although they are mainly interested in the larger market repre­

sented by d i s t r i bu t ion transformers fo r 60 Hz service in the e lec t r i c power 

industry and for low-loss e lec t r i c motors, the material is almost idea l l y 

sui ted fo r use in an induction l i nac . I t has a much higher r e s i s t i v i t y than 

meta l l i c al loys (2.5 times that of 3 percent Si-Fe) and is produced in r i b ­

bons of thickness of about 10-20 iim very eas i l y ; both of these factors help 

in reducing eddy-current losses. Figure 2 shows a comparison of several 

materials using data on pulsed behavior measured at LBL. To put a l l the 

materials on a common foo t i ng , we have assumed that they w i l l be used to 

make an induction module 1 meter long with 15 cm inner radius and 0.5 v o l t -

second f l ux change. This normalizes the energy loss per pulse for the d i f ­

ferent mater ia ls . From th i s comparison one sees tha t , of the modules repre­

sented, the uni t containing Metglas~^ would require less dr ive power than 

would those that use s t e e l . 

In a recent publ icat ion A l l i ed Chemical has projected prices as low as 
3 

?3/kg by 1986. The present pr ice of ?20/kg is already in teres t ing fo r 

laboratory use, and production th i s year is expected to exceed 30 tons. At 

present, A l l i ed Chemical has a large p i l o t plant which can produce roughly 

4000 kg/hour. Some of the large transformers they have made as demon-
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Accelerator Module Materials Comparison 
Module specifications 15cm inner radius 

0.5 volt-second flux change 
I meter length 

10,000 

moo 

Total Module 
Loss (joules) 

100 

10 

12 milSilectron 

Induction Linac 
Test Bed 

100 ns l/is lO/iS 
Pulse Duration 

100/ts lm 

XBL 7912-13582 

Fig. 2 Accelerator module ferromagnetic materials comparison. Of the 
materials shown the 1 mil Metglas © 2605SC is c lear ly the best 
material in the range. 



strations have fully lived up to their promise and are comparable in size to 
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toroids to be used in an induction linac. 

A.Z.2 Insulators 
Insulators represent another area, where reduction in induction linac 

costs may be sought. At present, one can make insulators using alumina with 
brazed metal embedments, which work well but are expensive, or using epoxy 
or plastic materials which are less expensive, but are prone to tracking and 
have quite high outgassing rates. 

At LBL we have begun a small program to examine filled plastic or epoxy 
insulators which would have the low outgassing of alumina and the low cost 
and ease of fabrication cf plastic. One particularly attractive material is 

(ft PolysII N D; a material developed for electrical use under the auspices of 
the U.S. Electric Power Research Institute. It consists of 85 percent by 
weight quartz sand and 15 percent polymethylmethacrylate (PMMA, or lucite). 
We have tested samples of this material in vacuum and it reliably holds 
70 kV over a 25 mm path between plane stainless steel electrodes. 
Increasing 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 ***. The outgassing rate is already acceptable for some applications 
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 types which could be used in 

induction linacs at desirable repetition rates, i.e. approximately 10 Hz. 
The switches in the table are arranged in approximate decreasing order of 
peak power. The spark gap is the switch of choice for short pulse machines 
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\ s e c - c m 2 / 
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XBL 823-864 1 

Fig 3 Vacuum outgaising rates for Polysil ® compared to other materials, 
unbaked, except that the.vertical dashed line indictes the measured 
improvement for Polysil ©upon vacuum baking. 
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Table 1 Representative Heavy Ion Fusion Driver Switch Characteristics 

REPRESENTATIVE HEAVY ION FUSION DRIVER 
SWITCH CHARACTERISTICS 

(REPETITION RATE>10 Hz) 

Type Voltage Current Power Cost 
Recovery 

Time Notes 

Spark Gap > 3 0 kV > 3 0 kA > 1 0 9 W $3K > 3 m s Lifetime limited by electrode 
erosion 

Magnetic > 3 0 kV > 3 0 kA > 1 0 9 W >$10K 0 Under development at LLNL, 
SNL, LANL 

Thyratron - 3 0 kV ~ 5 kA ~ 1 G 8 W $5K —10/isec 
Faster recovery with clearing 
fields lifetime limited by gas 
cleanup, cathode 

ignltron ~ 3 0 kV - 1 0 kA ~ 1 0 8 W $1K < 1 ms Under development at LBL/ 
Varian -National Electronics 

Hard Tube ~ 3 0 kV — 1 kA ~ 1 0 7 W $30K 0 Lifetime limited by cathode 



using Blumlein pulse-forming l ines because i t can handle high peak power at 

high vol tage, wi th a r iset ime of about 10 ns and a j i t t e r of about 1 ns. 

Magnetic "switches", based on the change in impedance of a f e r r o ­

magnetic mater ia l , are at present under development at the Livermore, Los 

Alamos and Sandia laborator ies . In t u rn , however, they also require a 

thyratron or other t r iggerable swi tch. 

Because of the r e l a t i v e l y higher cost and greater delicacy of t h y r a t -

rons, a program at LBL in col laborat ion with National Electronics is invest ­

igat ing small ign i t rons as switches fo r long pulse induction l inacs . The 

pr inc ipa l goals are to reduce the j i t t e r and r iset ime and re ta in long pulse 

l i f e . Recent resu l ts on these special ign i t rons show a r iset ime of - 50 ns 

and a j i t t e r of ~10 ns, qu i te acceptable fo r HIF use at the low energy end 

o f the machine. 

A.2.4 Induction l.inac Accelerators and Prototype Modules 

Since electrons are usual ly r e l a t i v i s t i c when they emerge from the gun 

o f an electron induction l i nac , there is no p o s s i b i l i t y of shortening the 

bunch by d i f f e r e n t i a l accelerat ion; consequently, the modules are a l l de­

signed fo r a constant pulse durat ion. As a r e s u l t , an induction l inac f o r 

electrons consists of many ident ica l modules fo l lowing the gun. A whole 

class of accelerators, designed for pulse lengths of -100 ns, used f e r r i t e 

cores and Blumlein PFL's. The f i r s t accelerator of th i s type, the in jec tor 

f o r the Electron Ring Accelerator- (ERA) at Lawrence Berkeley Laboratory, 

is shown in Fig. 4. I t had a beam voltage o f 4 HeV, a current of 900A, a 

pulse width of 40 ns, a repe t i t i on rate o f 5 Hz, and was designed as an i n ­

jec tor for an experiment to invest igate co l l ec t i ve acceleration of ions by 

electrons. A d i rec t descendent of ERA, the FXR at Lawrence Livermore 

National Laboratory, has jus t become f u l l y operat ional . This accele-
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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. I t is designed as a 

high re l iab i l i t y 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 current-amplification, is 

possible by tailoring the applied voltage waveforms. In order to avoid 

chromatic problems in the transport system one is constrained to accelerate 

the beam gradually. Fecause of the high space charge effects in these low 

velocity beams one is also required to extract a long pulse from the gun and 

in i t iate a gradual bunching process as the beam velocity increases. In 

short, one needs a gradation of pulse width for a multi-megajoule driver. 

This is shown in Fig. 6, where the required module pulse width is plotted 

against beam voltage for a particular 3 HJ driver scenario. Represent­

ative parameters for a number of past or existing induction linac modules 

are shown along with the beam current in the machines and the year of con­

struction. As one can see, most of the machines to date have had pulse 

lengths less than 500 ns. 

The two exceptions are the NBS prototype at 2 ys and the LBL prototype 

at 1.5 us. At the U.S. National Bureau of Standards in 1971 a research 

program was begun to reduce the costs of induction accelerators for longer 

pulses. One large module was constructed using 25 ym-thick mild steel 

ribbon and containing nine cores. This module accelerated 1 kA of beam 

current in a 2 ys pulse and added 400 keV energy to the beam. 

At LBL we are building a 1.5 ys, 250 kV module using 50 ym thick 

Si 0,Fe gy ribbon toroids. This wi l l be described in more detail in 

Section B.2. This device is similar to the modules which had been planned 

for previously proposed test beds and wi l l add to our engineering experi-
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Fig. 4 The LBL Electron Ring Accelerator Injector (ERA), 1970. 
CBB 715-2082 
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- PULSE DURATION, nsec 

NBS Module (1971) 1 kA 
. LBLOn development - 1982) 0 A 

„ IBR-2. Dubna (1971) 2S0 A 
Astron (1963) 800 A 

10 kA(1982 - under const.) AT.', 
I FXR (1981) 4 kA 

' ERA (1971) 1 kA 

50 100 500 1 000 
PARTICLE VOLTAGE. MV 

6 000 10 000 

XBL 823-8640 

F ig . 6 Required pulse duration for 3MJ d r i ve r l with pulse durat ion and 
currents already achieved by induction l i nacs . 
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ence. This technology i s , of course, applicable to a l l longer pulse dura­

tions as well. 

B. Research Program at Lawrence Berkeley Laboratory 

B.l. 2 MV Drift-Tube Linac 

An induction-linac driver can benefit from an injector that delivers 

several amperes of ions with a kinetic energy of several MeV. To this end 

an early endeavor at LBL was the construction of a model injector, based on 
q 

pulse power technology, in the 1 ampere, 2 MeV range. I t operates at the 

space charge l imi t . Measurements of the beam optics and the emittance have 

provided encouragement that this pulsed d r i f t tube design can be scaled up 

to greater current and high brightness. Alternative injector designs, e.g. 

a 3 MeV gun driven by a pulse transformer, may provide attractive alter­

natives. The drift-tube injector model has continued to provide a useful 

test fac i l i t y for developing diagnostics for characterizing intense low-

energy ion beams. The ions have ranges as short as one micron and hence can 

cause both damage and abundant electron production when they strike a mate­

r ia l surface, which can shorten the lifetime of scinti l lators or lead to 

complications in interpreting beam-current measurements. Lampel and 

Shiloh have developed an interesting non-destructive diagnostic in the 

form of a low energy electron beam directed at r ight 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 elements of the experimental program at LBL 
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comprise: a) fabr i ca t ion of a long-pulse (1.5 psec) induct ion module, and 

b) a s ing le beam transport experiment. Lack o f funding has forced post­

ponement of experiments on multiple-beam transport and accelerat ion. The 

long-pulse module w i l l consist o f 24 induction cores wound from 0.002 i n . 

thick s i l i con steel tape (F ig . 7 ) . A s ing le lumped-element tapered pulse-

forming network wi th an ign i t ron switch w i l l dr ive two cores in p a r a l l e l . 

Thus twelve pulsers are needed and, when separately con t ro l led , w i l l allow a 

va r ie t y of overal l pulse shapes to be synthesized. At present, we are t e s t ­

ing a prototype pulser d r iv ing a pair of cores. 

The single-beam transport experiment w i l l provide a tes t of the ex­

tensive a n a l y t i c a l , computational and simulat ion predict ions fo r the be­

havior o f an intense beam in a long quadrupole transport channel. Knowledge 

of the magnitude of the space-charge l im i ted cur rent , and o f any emittance 

modif icat ions the beam may undergo under cer ta in circumstances, is o f con­

siderable importance in designing and cost ing an ion induction l i nac . Space 

charge e f fec ts become important when the beam plasma frequency, 

1/2 a = (4irnqe/M.j} , i s no longer neg l ig ib le compared to the betatron 

frequency. Figure 8 displays some predict ions of the theory fo r three ex-

an.ple cases that w i l l be studied i n the experiment. Here a denotes the 

s ing le -pa r t i c le betatron phase-advance per ce l l in the channel and a the 

corresponding quant i ty i n the space-charge dominated beam. For the case of 

o = 60 deg, the th i rd-order i n s t a b i l i t y i s not expected to occur; a lso, 

numerical simulations done f i r s t by Hofmann indicate that the 

i n s t a b i l i t i e s that occur below a- 24° resu l t in a reordering of par t i c les 

in phase-space but without any growth in the root-mean-square emittance. 

Not evident in Figure 8—since we chose to display the current densi ty, 

j—are the e x p l i c i t theoret ical predict ions concerning the effects of d i f -

15 
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LONG PULSE INDUCTION MODULE 
XBL 823 1639 

Fig. 7 Long Pulse Induction Module prototype, LBL. 
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Unstable Transverse Modes For K-V Distribution (200 keV Cs^') 
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Fig. 8 Beam current density vs. space-charge depressed phase advance showing 

expected regions of instability. The definitions of the symbols and 
their interrelationships is given in the text. 



ferent beam emittances; the beam size, in fact, depends on both ths current 

and the emittance. 

The single beam transport experiment includes 82 quadrupole lenses that 

make up 41 periods of a FODO lat t ice. For reasons of economy i t is an ex­

periment scaled down in certain features but maintaining the essential 

physics of handling heavy ion beams and their associated problems in diag­

nostics and vacuum requirements. The ion chosen for the in i t ia l round of 
+ 1 12 

experiments is Cs produced from a hot zeolite emitter, but the 

scaling with ion mass w i l l bt studied later by substituting other zeolite 

sources, e.g. emitting sodium, calcium, potassium, rubidium, or thallium. 

The ion injector energy is chosen as 200 keV—an order of magnitude below the 

value desired for a fusion energy driver. Correspondingly scaled down is the 
2 

current density—in the range 0 to 7 mA/cm . 

The most crucial and painful compromise came, however, in electing to 

US2 electrostatic rather than magnetic quadrupole focusing for reasons of 

cost. This introduced two complications to the beam dynamics not to be en­

countered with a magnetically-focused beam in a smooth pipe. First, the 

kinetic energy of a beam particle is changed as i t enters a lens, and i t may 

be increased or decreased depending on whether i t passes close to a negative 

or positive electrode. Second, the image forces lead to a strong octupole 

component because the beam cannot be screened from the four-fold symmetry of 

the electrodes by a metal pipe. Close, Herrmannsfeldt and Laslett have 

used a variety of computer tools to study these effects in detail and to set 

l imits on experimental parameters (e.g. maximum beam size) within which 

their consequences can be ignored. 

Figure 9 shows a diagram of the constant-voltage ion injector which 

contains four intermediate electrodes between the anode (-200 kV) and the 
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200 kV MARX GENERATOR 
& FILAMENT TRANSFORMER 

SINGLE BEAM TRANSPORT EXPERIMENT GUN « MATCHING SECTION 
XBL 617-10883 

Fig. 9 Single beam transport experiment injector showing Cs gun and f i r s t 
3 electrostatic quadruples of matching section. 



ground plane. The space-charge limited current is primarily controlled by 

varying the voltage on the f i r s t extraction electrode; the others are needed 

to maintain the beam optics close to laminar flow conditions. ' A t the 

exit of the injector are placed three grids of thin wires . The f i r s t grid 

w i l l 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

tage of the second grid and can be varied up to 9 x 10 * meter-radians 

for the 200 keV Cs beam. Downstream of the injector are f ive matching 

quadrupoles to convert the axlally symmetric beam into the properly 

astigmatic form characteristic of a matched beam in the long FODO transport 

channel. Calculations show that the injector optics should operate well 

over the range j = 3-5 mA/cm; below this range overfocusing becomes 

troublesome. Accordingly a current attenuator made from a dense grid of 

wires wi l l be introduced downstream from the emittance-control grids to 

allow exploration of the current density region j = 0 . 5 - 3 mA/cm2. 

The injector has now been operated for a few months. Space charge 

limited 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 code ' over the range I = 18 - 30 

mA. Time-resolved emittance measurements at the bunch center, made with 

s l i t s of various widths (0.2 - 1.0 mm), and a downstream scint i l lator , show 

that the normalized beam emittance (containing 95 percent of the particles 

in one phase-plane) in the absence of any grids is tieN = 5.5 x 10 * 

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 t i l t 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. 

8.3. High Temperature Experiment. 

A long-term goal of the U.S. Accelerator National Plan is a high-

';emperature experiment (HTE) that would demonstrate energy deposition by 

generating a temperature of - 50-100 eV in a solid-density plasma. Clearly, 

the final physics and engineering design for the HTE wi l l depend heavily on 

results from our present experimental program on transport, acceleration, and 

current amplification. The requirement of adequate specific energy (w, 

joules/gm) and, more especially, high irradiance (S, TW/cnr), has pointed 

to the need for a mult ipl ic i ty of high-current beamlets of low emittance, 

each independently focused to overlap on the target spot. The induction 

linac is unique among accelerator systems in offering the possibil ity of 

starting from the gun with exactly the number of bea.nlets required for the 

final focus, maintaining them independently-focused th»ciqhout the system, 

and achieving current-amplification at the same time. Since al l the 

beamlets pass together through the same cores, they al l w i l l experience the 

same electr ic-f ie ld history; thus the beamlets wi l l stay in synchronism even 

i f the accelerating gap voltages stray somewhat from their exactly 

prescribed values. A strong advantage to keeping the number of beamlets a 

constant from gun to target is that beam manipulations such as the combining 

or spl i t t ing of beamlets can be avoided. Thus, this strategy provides a key 

to maintaining as low a beamlet emittance as possible, since either 

combining or spl i t t ing w i l l always result in emittance di lut ion. 

In order to keep 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 i t desirable to choose an intermediate-mass 

ion rather than the heaviest possible ion . Because o f i t s nature, an i n ­

duction l inac can be read i l y adapted to accelerate whatever io.i mass and 

charge state one chooses, simply by changing the t iming o f the modules. 

As an example s ta r t i ng point fo r parametric s tudies, we cor.sider the 

fo l lowing parameters: 

Potassium (A = 39, q = +1) 

2 k i lo jou les 

100 MeV 

20 microcoulombs (1.3 x 10 1 ions/pulse) 

64 (e lec t ros ta t i ca l l y focused) 

2, 4 , 10, x 10 rad meters (normalized) 

-400 

250 k.V 

2-mil s i l i con steel tape 

Ion: 

Beam Energy: 

Kinet ic Energy: 

Beam Charge: 

Number of Beamlets: 

Emittance/Beamlet: 

Number of Modules: 

Max. Voltage/Module: 

Core Mater ia l : 

For a more detai led discussion of t h i s point design the reader 's r e fe r ­

red to a recent LBL Report. 

B.4. Theoretical Studies 

Apart from the theoret ical work in support o f the dr iver design studies, 

such as beam capture and bunching, and o f the single-beam transport 

experiment (quadrupole design, beam-dynamics), a major a c t i v i t y has been i n ­

vest igat ion of transverse and longi tudinal s t a b i l i t y and of transverse-

longi tudinal coupling. This work has been the subject o f a recent w e l l -
i p 

referenced review paper by L. Smith. 
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