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Abstract 

The group of accelerator concepts which expfoit 
the ability of plasmas to su port extremely high 
electric fields are reviewed R ere. The topic of 
Plasma Accelerators is introduced by a general 
discussion of the relativistic plasma waves which 
provide the accelerating structure for the two most 
studied plasma accelerator concepts; namely, the 
Beatwave and Wakefield Accelerators. Some recent 
results on beam loading, extraction efficiency, and 
emittance growth in these structures are also 
discussed. Current research hi hlights 
several accelerator concepts WII be presented as 3 

in the the 

well as some other uses for plasma in the 
accelerator field such as plasma lenses and plasma 
wigglers. 

introduction 

While the future of high energy ph sits 
Y 

is 
determined in the short term by the extrapo ation of 
current technologies, in the long term it may be 
determined by what technologies can be advanced or 
invented to reduce the sife, complexrty, and cost of 
particle accelerators. In particular, plasma 
accelerators hold some promise In that, the plasma 
c$m support enormously large electric fields, orders 

magnitude beyond state-of-the-art linear 
accelerators. A current sample of the broad, 
international research effort in this field is given in 
Ref. 2. 

Plasma Accelerator Basics 

The Plasma Beatwave and Plasma Wakefield 
accelerator concepts rely on the properties of 
relativistic electron plasma waves. In the 
following sections we will look at the propert,ies of 
these waves as they relate to the acceleration of 
particles. 

Relativistic Plasma Waves 

Definition: Roughly speaking, a plasma wave is a 
disturbance in a plasma in which electrons are 
locally disolaced (in a direction oarallel to the 
propagation direction) from their unperturbed 
oosltion. The electrons simolv oscillate about the 
equilibrium point, being attracted to the positive 
space charge their displacement left behind, but 
overshootin their mark due to their own momentum. 
The oscillations lead to local compression 

I 
bunching) and rarefaction in the electron density 
see Fig. l(a)). When the electrons are disturbed 

with an appropriate phase relation, their 
oscillations comprise a traveling wave whose phase 
velocity can range from a few times the electron 
thermal velocity to infinity. In particular, plasma 
waves with a phase velocity v 
v~~/c*)-~/* >> 1 are 

such that y = (1 - 
referred to as rel&ivistic 

plasma waves. These are the waves which are 
useful for particle acceleration since a relativistic 
particle can stay in phase with this %ave and thus 
oain sionificant enerov from the wave. 

Plasma waves can be excited, for examgle, by 
sendin 

%. 
charged particles through ,a plasma, or by 

pertur ing the 
electromaanetic 

plasqa6 with modulated 
radiation. J The former case is 

wakefield -excitation and the latter is beatwave 

excitation. These will be discussed in more detail 
later. There exist other means to excite plasma 
oscillations and we will mention some of them later 
as well. 

Flectric field structure: The bunching of the 
electrons mentioned above reduces the local 
electric potential leading to a potential variation as 
shown in Fig. l(b) which implies the existence of a 
longitudinal electric field (E,). The magnitude of 
this field can be derived from Gauss’ Law; 

V-E, = 4zn,e (1) 

(y = 0) of Fig. l(b) (the derivative of that curve, 
actually). Figure 1 (d) shows the radial field taken 
from the slice of Fig. l(b) at 
there is a 90” phase dl ference Y 

= c/Zw,. We see that 
between the 
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Figure 1: The (a) density, (b) potential (contours), (c) 
longitudinal electric field, and (d) transverse electric field vs 
position for an electron plasma wave. 

longitudinal and the transverse fields of the plasma 
wave (this is obvious from inspection of the 
potential structure in Fig. l(b)). The radial field 
will either focus (confine) or defocus the particle 
beam. Thus, there is 90” of phase available which is 
both accelerating and focusing. The accelerating 
phase is shown in more detail in Fig. 2. 

Acceleration in Plasma Waves 

eneral co s de at o s’ A charged particle 
plac:d in the ?ongit:di\ll ‘electric field of the 
electron plasma wave will be trapped by the wave if 
it has a certain minimum velocity which is a 
function of the wave phase velocity and amplitude. 
This corresponds to the orbit sketched in, ,Flg. 2. 
Here we see the potential variation vs posltlon a?d 
the orbrt of a trapped particle., The partcle IS 

trapped If It IS trave llng orward in the wave frame 
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I Accelerating and 
focusing phase 

Figure 2: Negative of the electric potential vs longitudinal 
position showing the orbit of a trapped particle and the useful 
accelerating phase. 

or if it is traveling backwards but is reflected in 
the forward direction before reaching the point 
labeled “B”, beyond which it would be lost due to 
defocusing. Suppose we inject our particles at the 
point “B” with zero velocity relative to the wave. In 
that case, the maximum (phase-slip limited) energy 
gain is given by: 

UJ max = qp2mc2 

which occurs in a quarter wavelenqh in the wave 
frame but in a distance laccsl given by 

1 accel = yp* c/w, 

is the normalized wave am litude. 
and (3) a tradeoff whrc must + 

Equation (2) says to 
I? 

et to 
higher energy we must increase 7, but, from q. (3), 
our plasma system may become, longer than IS 
practical from other considerations. In the 
‘Surfatron” scheme, the phase-slip limitation on the 
;r;yye!~‘g)! is eliminated by using a transverse 

reld to prevent the particles from 
slipping in phase while still allowing the particles 
to see the large electric field.’ 

Extraction of wave enerav: In this section we 
will look at how the accelerating bunch extracts 
energy from the relativistic plasma wave described 
above. This is best understood by lookin 

a physical interpretion of the mathemabica 
atozlhe”; 

used to calculate the beam loading. A single 
charged particle traveling through a plasma leaves 
behind it a wake in the form of a plasma wave. The 

vwc 
(a) 

(b) 

o/jJfvy 

(cl 
Figure 3: (a) Longitudinal wakefield of a single charge 
traveling through a plasma; (b) electric field of a general 
plasma wave; and (c) resultant field when wave (b) is fully 
loaded with particles from (a). 

width of the wake is approximate1 
case, the particle looses energy as t Y, e 

c/wp. In this 
length of the 

plasma wave increases (see Fig. 3(a)). Now consider 
the same particle traveling through a lasma with a 
preexisting plasma wave of the same s 
out of phase as shown in Fig. 3(b). ‘& intuitively 

a e but 180’ 

use superposition principles to say that the 
resultant field is reduced now by an amount equal to 
the wake field of Fig. 3(a). Tqf IS indeed the case 
as shown by Katsouleas et al. who demonstrated 
that beam loading efficiencies could reach nearly 
100% by placing a large enough bunch of charges at 

just the right 
this case, the 
completely absorbed 
shown in Fig. 3(c). 
100% beam loading, though. ince a bunch of 
electrons has a finite length, the first electron. in 
the bunch of Fig. 3(c) will see the full acceleratmg 
f;e,$ whereas the last electron ~111, see virtu$lly n; 

;;lution 
Thus the energy .spread. will be 100 /A. 

to this problem IS to tailor the. shape 
the axial number-densrty profile) of 

(t/-r;; 

adceleratin bunch so that the wake field of each 
charge 8 a ds up in such. a way that the . net 
(accelerating p!us wbauk;;h,fJ,eld is constant w!thin 
the accelerating This IS shown in a 
simulation result In Fig. 4. The ideal shape is a 
triangle with the highest density at the leading 
edge. In this case, the main cause of ener y spread 
is phase slippage of the beam, with the lea 3 rng edge 

E accet(x) 

O- 

Figure 4: Beam loaded wave with the accelerated bunch 
shaped so that all particles experience the same 
accelerating field. Note that the field is constant within the 
bunch. 

slipping out of the constant-field region and 
therefore seeing less acceleration than the trailing 
edge. 

Beam emittance: Oneizf tt?;eprimary concerns oy 
plasma accelerators posslblllty 
unacceotable emittance arowth due to the unusually 
large radial focusing f&Ids. For narrow plasma 
waves (diam a such that k a = l), the radial fields 
are on the same order as tf!e axial fields as shown in 
Figs. l(c) and (d). One could produce a ver wide 

7 plasma wave (k a >> 1) and accelerate partic es on 
axis to reduce trhe influence of these fringing fields 
but, recalling that the wake of individual electrons 
is onlv l/k, wide, we see that this would reduce the 
efficiency &nce the wake of the accelerating bunch 
could not be arranaed to overlao the accelerating 
field off axis. However, trade-offs can ,Qe made 
which lead to acceptable beam emittances. 

Fxcitation of Relativistic Plasma Waves 

Beatwave excitation 

General co s’derations: The most widely studied 
scheme for d&kg relativistic plasma waves is by 
beatwave excitation. We will not ao into the 
mathematical details but will refer- 
readers to the now extensive 2 PJemW literature. 8 0 J l 

This idea was first ap lied to particle accelerators 
by Tajima and Dawsong in 1979~who considered an 
intense burst of photons plowing through a plasma, 
displacing plasma electrons from their eauilibrium 
:z~;~n b the ponderomotive force of the, photon 

? hev also suaaested that the laser intensrtv 
needed could be reduced by using a long train 01 
lower intensity photon packets spaced at the natural 
frequency of the plasma so that the plasma wave 
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would be driven up resonantly instead of all at once. 
These regularly spaced photon packets are the result 
of beating two laser beams of different fre uency 
(w , , k , and w2, k 2) together. If the 7 asers 
copropagate, then the phase velocity of the resulting 
“beatwave” is approxrmately equal to the group 
velocitv of liaht in olasma (v, =: Aw/Ak) which is 
near t’he speed of’ light in‘ v’acuum; ‘ust what we 
want for a relativistic olasma wave. 71 he resonance 
condition -is that the’ difference frequency of the 
two laser beams be equal to the plasma frequency, 
orAw = wp. 

Figure 5 shows the beating pattern of two la@?; 
beams along with the plasma wave they excite. 
mentioned before that the beating pattern and 
therefore the phase of the plasma wave travels at 
approximately the grou vel city 
which is given by vg = c 1 - o P s 

of light in plasma 
/w,~)‘/~ = vP which can 

be inverted to give y = $,/w . For an electron 
density of, say, 10” cd3 we will Rave y, = 100, W,,, 
= 1 GeV, and 1 = I5 cm for a wave amplitude E = 
0.25 and for fg%rs operation at around 1 urn. 

I I 

r-A h’ 1 1 
E t3CdX) 

IwF 

X 

Figure 5: Total transverse electric field from the addition of 
two laser fields at slightly different frequencies (Aw = 4wc = 
501,) (top figure); and, resulting electric field in a resonant 
plasma ( 

4= 
Aw) excited by the ponderomotive force of the 

beating la ers (bottom figure). 

Beat a e issues: Some of the issues currently 
being adwdrlssed are in relation to the efficiency of 
coupling the laser energy to the wave energy. 
Katsouleas worked out the distance in which the 
laser pulse would be exhausted by pump depletion 
based on the rate at which the pump pulse left 
energy behind in the form of (basically zero 
group-velocity) plasma waves.’ Actually, it IS more 
complicated than that since, the (initially simple) 
;;too-frequency electromagnehc s,pectrum 

a complex, breathing 
evolvz 

spectrum 
multipli-resonant sidebands as the pulse propagates 
down the system. This spectrum must extend 
downward in frequency quite deeply in order to 
efficiently couple’ photon energy. ?nt,o p#smon 
enerav. accordina to Manlev-Rowe relatrons. This 
corni& .&sue -is one oi the current research 
topics.lbJ“ 

A potentially severe limitation to the ly;:;h qfhz 
beatwave accelerator staoe comes 
discrepancy between a typical laser beam’s de 

!! 
th of 

focus and the acceleration length given in 
which was 15 cm in our example above. Se%arZi 
groups are studying the, propagation of extremely 
Intense light beams in plasmas, looking for 

parameters which will allow the light beam to 
remain focussed for many, st$r@$de focal depths due 

to “~e~~~$%a%~~~t$.~~ discovered a competing 
effect related to the resence of large amplitude ion 
acoustic waves (whrc 3 are also excited by the laser 
pulse). Collective Thomson scatterina was used to 
stud 

Y 
the wave spectrum in a resonani plasma under 

two- requency illumination. It was found that there 
was a ‘large spectrum of electron plasma waves 
which may be driven up at the expense of the 
accelerating wave. Analytical, numerical and 
computational (particle simulations) studies 
showed that this effect can, under some conditions, 
limit the amplitude of the relativistic plasma wave 
below the usual saturation level due to relativistic 
detu,ning, and ,may ,&ve been playing a role in a 
previous experiment. 

Recent experiments have shown that long, 

experiment would have the potential of making 
detailed measurements of electromagnetic sideband 
generation and large amplitude wave effects. 

An experiment nearmg the operational phase at 
UCLA is to measure the accelerating properties of 
the plasma wave by injecting bursts of test 

articles into the wave from a 1.5 MeV electron 
Enac As shown schematically in 
electrons is injected throu h a 

Fi 

cp 
9 

. 6, a beam of 
ho e In the laser 

focusing mirror and focuse together with the la+:; 
beam into a “theta-pinch” plasma source. 

Figure 6: Schematic of the experimental setup at UCLA for 
beatwave acceleration of injected electrons. 

accelerated electrons will be dispersed in energy by 
a 180” ma netic spectrometer coupled to an array of 
silicon an 3 germanium surface barrier detectors. 
With the CO laser operating on the 9.6 pm and 10.3 
pm lines, w$h an anticipated energy per line of 10 J 
In a 300 set pulse, the expected energy gain of the 
injected e ectrons is to about 15 MeV, or an order of P 
magnitude gain in energy over 15 mm or so. 

Wakefield Excitation 

General considerations: Figure 3(a) shows the 
wake of a single charge passing through a plasma. If 
we replace the single char e with Nb charges,. the 
wakefield behind the 9, bunt is basically Nb times 
larger. We can now consider this wakefield as the 
relativistic plasma wave we’ll be using for 
acceleration and so all the orior discussion on beam 

05 
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loading, etc. still applies. This does not make a ood 
accelerator though. Within the bunch is B genera ly a 
strongly varying retarding wakefield E-which can be 
as much as half the maximum accelerating field E, 
behind the bunch. The “transformer ratio” R, or beam 
volta 

B 
e out to beam volta e in, can be shown to be 

equa to E+/E- which at i = 2 is too small. In the 
above case, the Nb charges are all located in a axial 
distance shorter than a plasma wave wavelength h 
However, if we distribute the charges over a lengfh 
much longer than h, and ramp the bunch density up 
slowly then the plasma will have time to respond to 
the imposed space charge and will move so as to 
neutralize the ‘t. This greatly reduces the electric 

(Cealn”,foi:m~~era~~~~a~ ,‘,“‘;tz’it :z forif:ha:ifihz 
2 rcN where N is the length ‘of the driving bunch 
measured in plasma wavelengths. 
simulation run IS shown in Fig. 7. 

A particle 
If the trailing 

Figure 7: Results from a computer particle simulation of 
wakefield excitation showing the high transformer ratio 
achievable with a shaped driving bunch. Note the low and 
nearly constant deaccelerating field within the driver. 

edge of the ramped driving beam is chopped off in a 
distance less than c/w, then. since the olasma was 
r$‘;i’m’g to shield out th& space charge of the drivjng 

. the olasma lust behind the beam will f’nd 
itself ‘depleted of elkctrons by the peak electron 
density nb of, the bunch. In other words, a plasma 
wave of amplitude E = n’/,no = ‘$/no will be excited. 
The field E, is then just given b Eq. 1 

If we take a driving beam o/y = ld4 in a plasma 
of 1015 cmm3 and ask for a transtormer ratio of 1000 
then the driving beam has a length of about 16 cm 
and a fall time of 0.5 psec. The number of electrons 
in a bunch determines the accelerating field and 
thus the distance L accel ,in which we will achieve the 
assumed transformer ratro. 
nb/no = 0.1 and iaccel = 

If Nb = I.7 X lo”, then 
170 m. The correspondin peak 

beam Current is 100 A. if we relax R t0 100 an 8 Nb t0 
17 x IO”, then Laccel = 17 m. 

Wakefield issues: Plasma wakefield theory has 
develo ed very rapidly due to the strong similarity 
to R wa efields in conventional linear accelerators, 
However, there are many aspects which are strictly 

T 
lasma 
he 

related, such as beam-plasma instabilities. 
longitudinal two-stream instability was studied 

recently. This is important in the high current 
driving beam and could lead to longitudinal 
modulations which could break up the beam. It was 
concluded however, that this could be 
density-gradient stabilized if the density ramp on 
the driver is steep enough.27 This puts a limit on 
the length of the driver (for a given total charge) 
and hence a limit on the transformer ratio R given 
by 

R < 0.03 x/(nb/no)"3 

which evaluates to R < lo3 for yb =: IO4 and nb/no = 
0.1. 

r 

Two transverse instabilities--self focusing 
important for narrow beams) and Weibel or 
ilamentation (important for wide beams)--have 

also been studied. It was found that imposing a 
strong axial magnetic field or adding a moderate 
transverse tempera re to the beam could stabilize 
these instabilities.41 

Two dimensional effects have been studied using 
a particle simulation and these show that the 
driving beam gains transverse momentum due to 
self-focusing but eventually stabilizes, producing a 
wakefield that is still formed by a longitudinal 
displ cement 
1-d 

of the background electrons as in 

One of the limitations to the len th 
accelerating stage is the inevitable il 

of an 
p ase slip 

between the driving and trailing bunches. A way to 
eliminate this 
launch the rf 

hase slip was suggested which is to 

gradient. 
riving beam into a rising density 

In this case, since wP is increasing, Q, 
must reduce in order to keep vP constant at c. Th’s 
allows the accelerating str 
the accelerating 

P 
art’clesjq 

ure to “catch up” with 
One way to produce 

such a tailored p asma profile is with multl-photon 
ionization of a flowing neutral gas which makes the 
Rutherford results presented earlier all the more 
interesting. 

One of the technological problems with 
wakefield production is the requirement that the 
fall time of’the driving beam be much less than one 
olasma wave oeriod. This could be reduced 2000 
times by using’ ion 
by a group at LA np 

lasma waves as was suggested 
L. However, this pushes the 

Figure 8: Schematic of the experimental setup at Argonne 
for wakefield acceleration. A small fraction of the 22 MeV 
driver is degraded in energy and directed through a 
trombone delay leg to provide a variable delay with respect 
to the driver. 

technology in other area, such as beam current in 
order to get back to the same accelerating field.2g 

There is one planned experiment which i nearly 
underway in wakefield acceleration 3ij In a 
Wisconsin-Argonne collaboration, the experimen! 
(shown schematically in Fig. 8) is to send a 22 MeV 
driving beam and a 15 MeV trailing beam into a 15 
cm long, 1013 cmb3 density plasma. Expected energy 
gains start at about 10 MeV over about 10 cm. But 
because the driving beam density is nearly equal to 
the plasma density, many nonlinear phenomena are 
expected, leading possibly to much larger 
accelerating 0 radients than one might expect from 
linear theory. ’ One expects pinching of the dri#g 
beam to further enhance these nonlinear effects, 

Other olasma accelerators 

Another accelerator concept closely related to 
the standard pIas@ 
proposed by Brlggs. 

wakefield concept is that 
Referring to Fig. 9, a charging 
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electron beam collisionally ionizes a neutral gas and 
ex els the electrons to the wall where they are 
co lected. When the charging beam passes, there is P 
left behind an unneutralrzed column of Ions. A 
trailing 

P 
hotoionizing laser pulse produces a 

cylindrica ly symmetric source of electrons, which 
rush inward to produce a large axial electric ,freld. 
The advantage of this scheme is that there IS no 
independent plasma source to worry about and the 
free is derived from an relatively 
inexpet!$:LgYhigh current (induction linac) electron 
acceleratorI 

l- HiOh .nrrgy .I.cwm .“IIC b.i”O ,crc,,ntrd 

Eicclmo no* I” 

1 

f P,cmuo”d L-or,,.,- .Iectmn bum phOlO,o”l2*llO” be, PYb. 
pl.I”u “udc 

b” !Aur 

Figure 9: Schematic of the acceleration scheme proposed 
by Briggs. 

Another accelerator uses the virtual cathode at 
the head of a stalled, hi,gh $yrrent relatlv!s,tlc 
electron beam to accelerate Ions. A photoronrzrng 
laser beam is used to neutralize the negative space 
charge at the head of the beam and thus allow the 
beam to propagate further into the neutral 
background gas. Positive ions trapped in the 
potential well of the virtual cathode are dragged 
along with the electron beam as it propagates, 
controlled by the low power laser beam. 
Experiments already demonstrated successful 
acceleration. 

&ave 

A plasma accelerator based on a plasma 
waveguide has also been proposed. Here, it is 
suggested that a filament of very Intense laser l,ight 
which is self-trapped in a dense plasma might 
automatically have the structure necessary for the 
acceleration of electrons. This is because a 
self-trapped filament of light can have an 
oscillatory radius which begins to look like a slow 
wave structure and hence a TM mode may be 
excited.z’ 

Other Plasma Uses in HEP 

One of the properties the plasma wave discussed 
earlier was that the radial fields can be as large as 
the accelerating fields. These large radial forces 
may be used toatxert 
charged beam. 

large ,focusing forces on a 

density of 10 
-zCalculatrons, show that for ,a 

the e urvalent magnetic 
focusing gradient ii:bout 300 M 73 /cm. 

Another use for plasmas in the accelerator 
community is to use the strong electric fields of 
plasma waves to wiggle electrons much like the 
permanent magnets of a free electron laser wiggle 
electrons but with an electric force rather than the 
Lorentz force. The extremely high wiggler strength 

1) with the small wiggler wavelength (100’s 
$WmiGons) puts plasma wiggles? in a unique regime 
for FEL or synchrotron sources. 

Conclusions 

The field of plasma accelerators has evolved 
from the conceptual stage with only the beatwave 
as a candidate to a broad field dealing with issues 
relevant to future TeV colliders. Experiments are 

now underwa 
c! 

at various places around the world 
which shoul shed more light on the future of 
plasma accelerators. 

Acknowledaements. 

I would like to thank the editor of the, special 
IEEE issue (Ref. 2) for allowin 

7. 
me to review the 

finished manuscripts before pub Ication. This work 
was supported by DOE contract no. DE-AS03-83 
-ER40120. 

References 

1. 
2. 

3. 

ii: 

6. 

7. 

8. 

9. 

10. 

11. 
12. 

E 
15: 

16. 
17. 

KS: 

20. 
21. 
22. 

2 
25. 
26. 

27. 
28. 
29. 
30. 
31. 
32. 

E: 
35. 
36. 

37. 

A. M. Sessler, Am. J. Phys. 54, 505 (1,986). 
Special Issue o:F;lfasmq-Based High Energy 
Arroleratnrc 

,.““V..#. -.-.-, .T-- 

Science to be publrshed (iLi?s. 
on- Plasma 

f? Inch; at al NattIre 811 
V. ““ll,. “L US. 1.1.1.v *, 

52 2 (1984). 
P r.hnn et nl Phvs. Rev. I , vs.-., -. m.., _. Lett. 54, 693 1985 . 
T. Tajima and’J:‘M. Dawson, Phys. ev. 6 1 ett. 
a 267 (1979). 
M. Rosenbluth and C. S. Liu, Phys. Rev. Lett. 
B, 7plA(1972). 

ase cceleration of Particles, jMalibu, CA 
19851 AIP Cnnf. Proc. No. 130. C. oshi and T. __.... .-- 
K%oule&, eds. 

I 
New York, 1985). Specifically, 

T. Katsouleas et a ., pg 63. 
T. Katsouleas and J. M. Dawson, Phys. Rev. 
Lett. 51, 392, 

\ 
1983). 

P. Chen et a ., Phvs. Rev. Lett. 5-6, 1252 . 

t 
1986). 

Katsouleas et al., 
li ldlil 1148c;l 

Particle Accelerators 
i c’hllk& ‘et”,cl’in Ref. 2. 

I... 
M. 

;i’984). 
Tang et al., Appl. Phys. Lett. &, 375 

h. B. Mori, in Ref. 2. 
. . N. Kroll et al., Phys. ._.. ____. _i__, _ 

R I Cnhen et al.. Phvs. Rev. Lett. r. . _ _. ._.. - _ __, 
Rnv I ett~ 13. 83 (1964). 
, a, 581 

1972. s is H. atha and C. J. McKinstrie, in Ref. 2. 
S: J. Karttunen and R. R. E. Solamaa, in Ref. 2. 
P S ran le et al. in Ref. 2. 
W. E. haori Ph: 0. dissertation, University of 
California, Los Angeles, 1987. 
C. E. Max et al., Phys. Rev. Lett. a, 209 (1974). 
C. Darrow et al., Phys. Rev. Lett. 
(j.g;5 Clayton et al., Phys. Rev. Lett. 54, 2343 

6 I3 E. ‘angor et al., in Ref. 2. 
F: Martin et al., in Ref. 2. 
U. de Angelis et al., in Ref. 2. 
P. Chen et al., Stanford Linear Accelerator 
Center Report No. SLAC PUB-3731 (1985) 

L 
unpublished). See also, K. L. F. Eane et al., 
rot. of the 1985 Partic!e Accelerator 

Conference (IEEE Tran. Nucl. Sci NS-32, 3524 

c l! 385)). . 
Katsouleas, Ph 

j: J. Su et al., in &i 
s. Rev. A a, 2056 (1986). 
ef. 2.. 

E. M. Jones and R. Kelnlgs, in Ref. 2. 
J. B. Rosenzwei et al., in Ref. 7. 
J. Rosenzweig, B hys. Rev. Lett. a, 555 (1987 
R. Keinigs et al., in Ref. 2. 
R. J. Briggs, Phys. Rev. Lett. 54, 2588 (1985). 
C. L. Olsen et al., in Ref. 7. 
0. C. Barnes et al., in Ref. 2. 
P. -Chen et ai., Particle Accelerators (to be 
published). 
C. Joshi et al., submitted to IEEE J. Qal;ant. $t;te 
(see also T. Katsouleas et 
proceedings). 

67 

PAC 1987


