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Abstract 

Several plume accelerator concept! are reviewed, with em­
phasis OR the Plasma. Beat Wave Accelerator (PBWA) and the 
Plasma Wake Field Accelerator (PWPA). Various accelerator 
physics issues regarding these schemes art discussed, and nu­
merical examples on laboratory scale experiments are given. 
The efficiency of plasma accelerators is then revealed with 
suggestions on improvements. Sources that cause emlttance 
growth are discussed briefly. 

1. Introduction 

The acceleration gradient attainable from toe currently ex­
isting high energy accelerators is of Older 10 MeV/m. To apply 
the present technology to future ultra-high energy emliialuis . 
the sites are necessarily be enormous. In recent yean, vari­
ous novel ideas ou future accelerators have been proposed, 1 1 

among them plasma accelerators promise to provide very high 
gradients. 

Plasmas are known to exhibit oscillations where electrons 
and ions execute periodic motions. For fully ionized plasmas 
with density perturbation »i due to charge separation dur­
ing oscillations, there will be an Induced Instantaneous lon­
gitudinal electrostatic field E, i.e. V • S ~ kp£ ~ ttreni, 
where ke = w,/c is the plasma wave number. Since the max­
imal possible density perturbation I* n f ** - no, the maxi­
mal acceleration gradient provided by the S field is e£""* — 
titr ,aj/(i; F/c) ~ ,/H© eV/cm. For a laboratory plasma of den­
sity no = ID'" c m - ' , we have eff"" - 100 QeV/m. This is 
mote than three orders of magnitude batter than that of the 
conventional accelerators. 

To have an effective acceleration of rclativiirtic particles, 
it is necessary that the plasma wave phase velocity be close 
to e, the speed of the high energy Injected beam- To achieve 
such a plasma oscillation several ideal have been suggested. In 
terms of the nature of the driving Sources, there are basically 
two types of plasma accelerators, namely, the laser beam driven 
and the electron beam driven plasma accelerators. The Plasma 
Beat Wave Accelerator (PBWA),5 which exemplifies the first 
type, employs two laser bnesu beating at ths plasma frequency 
Uf, while the Plasma Wake Field Accelerator4'1 (PWFA) re­
places the laser beams by a bunched relativiatic electron beam. 
Other concepts like the Plasma Fiber Accelerator* and the 
"Sulfation"7 are vaiiantl of the PBWA aiming at improv­
ing its deficiency in different ways, while the Plasma Grating 
Accelerator* replaces the beating lasers by a polarised laser 
beam side-injected on a plasma where static ion ripples are 
prepared by an acoustic wave. 
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In this paper we review primarily the concepts of PBWA 
and PWFA, which are by far the most developed plasma ac­
celerator schemes. Other ideas mentioned above will only be 
discussed auxiliary to then schemes. Following mainly Kef. S, 
we first review different ways to excite fast waves in a plasma in 
Section 2. We then investigate various accelerator physics is­
sues associated with particle acceleration in these plasma waves 
in Section 3. Numerical examples are given in Section 4 which 
serve to illustrate possibilities in design. Next we discuss the 
efficiency in bath PBWA and PWFA in Section 5, and provide 
suggestions that wonld mate both highly efficient. In Section 6 
we reveal the question of emittezjce growth due to Coulomb 
scatteringe and the imperfection of the driving beam. Finally, 
experimental efforts in testing either the PBWA or the PWFA 
are briefly reviewed. 

2.1. 
3 . Ways to Excite Fast Waves in a Plasma 

Seating' Lasers 

It is well known that a plane electromagnetic wave cannot 
cause any net drift of a charged particle along its direction of 
propagation. An originally stationary charged particle experi­
encing such a EM wave would execute a figure 8" closed orbit 
motion. In the case of two beating EM waves the amplitudes of 
the EM fields vary along the direction of propagation. Accord­
ingly the force due to the magnetic field does not balance with 
that due to the electric field, and the charged particle would 
drift in the longitudinal direction. Thia set force U called the 
ponderomotive force. 

A plasma can be driven resonantly by the beating lasers 
through the ponderomotive force if the frequency and wave 
number differences between the two lasers match with those 
of the plasma wave, i.*. u> = ui - uj and * , = kr - *fc, 
where u\ and kt are the frequency sad wave number of the two 
lassie, ar.d ut the pluma frequency, u, = |4*e Ii»o/ni| ,/». The 
force that excites the plasma is most easily calculated from a 
Hemihontan whkh has been averaged over the fast cscillatioua 
of the laser frequency. This leaves only the beating effect of 
the two laser frequencies. Assuming that u, « uij, u , = w, the 
averaged Hamiltonian can be written as 

« - £ + • ' « • | l + ece(k,« -«,,(}] <2.1) 2m ' imu1 

The last term is the ponderomotive potential due to a beat­
ing later with a finite cross suction. The divergence of the 
ponderomotive force can be derived from the above Hamilto­
nian if the radial profile of the laser £ j ( r ) " specified, i.e. 

Assume that the radial dependence of t i e ponderomothre 
potential is given by 

4 M - X 

Invited paper presented at the Stanford Linear Accelerator Conference, ^** £ / 
Stanford, California, June 2-6, ">*fi|STBtBlJTI(M it THIS OOCUrAtriT U W « J I W | 



where K* and /» are modified Benel function*. This radial 
profile it parabolic near the origin but falb off exponentially 
for r > a. It is chosen to yield a simple parabolic dependence in 
the posderomotive force expression and to simplify the discus­
sions on the transverse behaviors of the PBWA in the following 

= 0 , 

To find the plasma response to the ponderomotive force 
and the electric field associated with the plasma wave, we work 
with the linearited, nonrelaiivietic fluid equations in a plasma, 

*?I + 0 d r y . f t ) 

and solve lor the perturbed plasma density n j . £j is the 
electric field due to r»i, i.e. T£i = 4ntm, end Fat is the 
external force due to the driving beam. 

In our approach the plasma perturbation grows linearly in 
time during which the laser pulse extents. For a laser pulse 
duration r the maximum perturbation can be shown9 to be 

ivsruc i o n equations m a piasma, 

ot m fit iw 
t w l sasa—asfc J s — r f t > « • A nm *>FB*B 

»iW — 32»mw' "V *V r < « . (2.4) 

Beyond the linear regime the growth saturates due to various 
eflect*. One effect is the relativistic frequency detuning1 0 where 
the plasma frequency shifts to «p/7*/* when the electrons in 
the plasma becomes relativistic. In this case the laser drive is 
off resonance, and the perturbation saturates at a maximum 
value n f " , " 

(*L-R?GS)(£)r •[?-]•"• 
(2.5) 

Another degradation comes from strong couplings between the 
primary beat wave and the larger It secondary electrostatic 
modes. It la found experimentally'1 that under some condi­
tions this effect saturates the beat wave amplitude well below 
that expected from relativUtic detuning. In this paper we will 
only consider the situation where a< •*: 1 so that Eq. (2.4} is 
vatid. 

The longitudinal and transverse electric fields for r < o can 
ba found by solving the Poisson's equation, V'eH = - 4 T « B I , 
and art given by* 

& - - : 4w*m Ifn.MWtKl-J)-^} 
xcoeffcfX-wpt), 

(2.6) 

ft- -'?&£$-{*i(V)*iV) - iji}»»(*,*-"FO • 
3.2. JWativistic Electron Bunch 

For the case of a relativiiitic electron driving bunch, the 
situation is very similar. We only need to replace the gradient 
of the driving force by \7 • F = 4s-« ,(ai + n t ) , whew A , is the 
driving hunch density. Consider the foilowmg density profile 
1M « o(r)$i.z - est). To compare with the PBWA we me a 
parabolic distribution given by 

**. 
*? 

<r(r), .{*> -rV«*> 
0 

(2:7) 
r > o 

wtfsM*/ is'the total number of particles in the driving bunch. 

The electric fields for the two schemes turn out to be remark­
ably similar, except that the coefficient in Eq. (2.6) is replaced 
by lOtN/a* for the case of PWFA. 

For reasons which we will discuss later, the transverse sire 
of the driven beam must be somewhat smaller than the trans­
verse size of the laser beams or the driving electron beam. In 
addition if kpu » 1, then the electric fields for both schemes 
are of the following form: 

e.=- ,4(1 - ^) c« (v - <V) 

&=f 2A:r—j*in(ip2-u><) 
r-«;o (23) 

where A = WprfcpeEg/SuAn for PBWA, and A =. UN/a* for 
FWFA. Other than different coefficients, the forces that the 
driven electrons experience share the same physical character­
istics in both schemes. To he specific there is a longitudinal 
force e f t that either accelerates or decelerates the driven bunch 
of electrons, and there la a transverse force et, shifted In phase 
which either will focus or defocua the driven bunch. It is clear 
that we have both acceleration and focusing over 1/4 of the 
plasn-i wavelength. 

2.3. Side-Injected Polarized Ltsei 

Another way of exciting fast plasma wave, ss proposed In 
the Plasma Grating Accelerator,' employs side-injected las" 
which is polarized along the direction of a static density ripple 
in the plasma, »(a) = no + n\(z) = «o + ( n sin*>g, where 
kr is the wave number of the density ripple. Such a ripple 
might be produced by an ion acoustic wave or by ionising a 
grating. The laser field wiggles the electrons in the ripple by 
an amount 6z = (efo/mu'jcoswot, while the ions are too 
massive to respond. This produces a longitudinal electric field 
disturbance given by the Poisaon equation: 

a E ' , z A 3 n i "? *" » i i. -^— = 4*«on = 4ire - S - ai.-z -% — Eok, cosk,t cosuot. oz 3t UK no 
(") 

Though interesting, this idea needs to bt further studied, In 
the following, we will only discuss further the first two driving 
mechanisms that apply to the PBWA and the PWFA, respec-
tively-

S. Acceleration in Plasma ^V'lve* 

In this section we consider the PBWA and the PWFA a* 
accelerating systems and discuss some dynamic aspects of an 
accelerated electron bunch. In order to make optimum use of 
vhe luer beam it-is necessary to match the Rayleigh length S 
to the acceleration section. Here we choose the section length 
£ to be twice of R. This in turn determines the diffraction 
limited spot size, o 3 = J t t /* = JWk/Ssr. On the other hand, a 
relativBtic electron beam is much less divergent, and is given 
by a radios ft. According to Eq. (2.8) the acceleration gradient 
cc", has a parabolic dependence on r, which induces an energy 
spread among particles at different radii after being accelerated 
lor some distance, For high energy physics purposes, the final 
energy spread has to be limited to a small percentage. This can 
lie insured if » < a. The accelerated beam a injected behind 
the driving beams on axis at a proper phase such that it is 
both accelerated and focused. The structure for the PWFA is 
basically the same other than that the driving electron bunch 
is essentially dlvergeoceleos in radius. v 



3.1. The Betatron Osclllttlon 
While accelerating, the driven beam will in genera] slip 

over the phase of the plasma wave. If thin phase slippage is 
slow, which b the case In both schemes, then we can calculate 
the transverse focusing effects as if the beam were at a fixed 
phase on the wave. 

The differential equation governing the transverse "beta-
tron" oscillations of a highly relativfotic particle is 

da* imt 1 ' (3.1) 

(3.2) 

where ymt* is the particle's instantaneous relativistic mass. 
Thus, for small radios from Eq. (2Jt), we find the beta function 
to be 

R I eAsm* J ' 
where i is the phase at which the particle locates. 

3.2. Energy Spread 
From Eq. (2 J) ft it evident that for a driving beam with 

finite transverse ebe, the longitudinal field varies transversely. 
Since the field varies panbolieatty In the transverse direction, 
the average energy gain b reduced slightly and an energy spread 
b induced. If we assume that the beam is already very rela­
tivistic, then the average gain in energy relative to that for a 
particle on the axb of the plasma wave is 

A f c e - A J ^ - l g ) ' ) . (3-3) 

The corresponding energy spread induced in one stage for the 
model we have chosen b 

m.-*® (3A\ 

3.3. Phut Slippage 
For both accelerator schemes the phase velocity of the 

plasma wave b not equal to the velocity of the driven bunch. 
This means that the driven bunch wilt slip in phase along the 
plasma wave as it b accelerated. For the PBWA we maximise 
f, for a given L by optimising the phase shift S. If we choose 
a laser frequency u, an acceleration length L, and a phase slip­
page i for speed of light particles; then the plasma frequency 
is given by 1 3 

On the other hand! the acceleration gradient that the driven 
bunch sees varies along L due to the phase slippage. IT the 
total phase slippage over the entire acceleration length is «, 
then the average acceleration gradient b related to the ideal 
gradient by a phase slippage form factor tinS/l, that b 

*£/** = omcuf—r- , (3.6) 

where o m nj/no. Here the phase has been allowed to sfip 
from the top of the cosine down one side so that the bunch is 
always in a focusing region. The average acceleration gradient 
can be maximised for a given L if 

r Sir J, sine" _ __ «»«««,» <S = — and —7-=0.8S PBWA. lo o 0.7) 

For the PWFA we consider only relativistic driving and 
driven bunches. In addition we requite that the final energy of 
thedriv'-g bunch after thedbtsnceLbstillrelatlvbtic. In this 
case we can calculate the phase slippage along the plasma wave 
Bince the plasma wave phase velocity b equal to the velocity of 
the driving hunch. Following Ref. G we integrate the relative 
velocity along the length L to obtain 

rL i * ^ l<nu%/}-1 - bsrts/r'J PWM . (3.8) 

Since in an actual high energy accelcretor the second term 
would be quite small, one can neglect it when using Eq. (3 J) . 

From the above discussion we see that in PBWA the phase 
slippage is a non-nsgligible effect that influence the perfor­
mance of the scheme. To avoid a large 6, two ideas have 
been introduced. The Surfatron7 employee a transverse ex­
ternal magnetic field which forces the accelerated particles to 
"surf around plasma waves. With proper arrangements, the 
beam could in principle lock into a fixed phase. The Plasma 
Fiber Accelerator,4 on the other hand, tries to increase the 
phase velocity of the beat wave to near e. Thb b achieved by 
creating a duct structure in the plasma, in which the density b 
low inside and high outside such that the EM wave b evanes­
cent, enabling the plasma beat wave phase velocity to be equal 
to any prescribed velocity within the channel. 

3. t. The Transverse Sbe 
At the beginning of thb section we denned our system with 

a diffraction limited laser spot size at the waist, o' •> RX/x = 
L\/2ir. In terms of a chosen phase slippage I and eliminating 
the section length L, we can verily that 

2tc*u PBWA. (3.9) 

Notice that the effect of Rayleigh diffraction diminishes 
when the laser beam reaches the threshold power,14 

When above the threshold, the laser beam would exhibit rel­
ativists self-focusing effect during propagation through the 
plasma. Thb occurs because the electrons near laser beam axb 
are the ones being driven the hardest, which acquire higher 
relativbtk masses and therefore result In higher laser group 
velocities. From computer simulations'* it B found that the 
laser beam will focus down to a radius — t/Uf asymptotically. 
One obvious merit for invoking the relativbtic setf-focusing ef­
fect in PBWA b to etisnd the Rayhngh length substantially. 
But there are shortcomings. It is not clear whether a sys­
tem can be properly arranged such that only self-focusing, and 
no filamentation" occurs to the laser beam. In addition, the 
strong radial gradient of a focused beam provides a radial pon-
deromotive force which blows plasma out of the channeJ in a 
time as fast as one ion plasma, period, necessitating the use 
of laser pulses shorter than this. In tum thb imposes a strin­
gent constraint on the necessary laser power. To avoid these 
subtleties we still confine ourselves in a Raytelgh diffraction 
dominated regime for the remaining discussions. 



For the PWFA since we would lite to fix the number of 
particles ffi hi the driving bunch, the transverse aire ia deter­
mined by the desired accelerating field. 

(3.11) * - [ < r ' 5 r T 1 PWF*' 
where rt is the classical electron radius. 

&&. The Energy Requirement 

In the PBWA the laaer power for the bei 
Eq. (2.2) b) W = »«*Ege/l!6x. If we taiume that we haw a 
laser pulse length r, the energy accessary to drive the plasma 
wave density to ana v>a 

W T = °*^L(!L)' PBWA. (3.12) 

where Eq. (3,9) has been used to eliminate a*. On the other 
hand, the total energy in the driving bunch of JVi particles for 
the PWFA it simply given by 

WT = Jtf,B, PWFA . (3.13) 

4. Numerical Examples 

Now we come to apecific examples of both schemes. Our 
approach is to choose a act of parameters that we fix from the 
beginning. The remaining parameters can then be calculated 
In terms of those chosen ones using the formulas derived pre­
viously. To male meaningful examples we employ only those 
lasers and electron beams that are presently available. There­
fore we need to fix the laser frequency u by choosing a particu­
lar laser source, If we further fix the section length L, the phase 
slippage determines the plasma frequency <tir. This means that 
11 Is a derivable quantity in PBWA. 

To keep the dimensions to a laboratory scale, we select 
the acceleration lengths to be 10 cm and 100 cm. These two 
lengths ate then combined with two different laser frequencies, 
the Nd\ Glass laser and the CO) laser, to form four sets of 
•ample calculations. For the PBWA the trapping parameter 
a e ni/no is chosen to be 0.25, which is approximately the 
saturation value, 1 1 and the phase slippage ia taken to be the 
optimum value given in the previous section. Finally, we as­
sume that the laser pulse length and the growth time for the 
plasma wave r is about 159 cycles (w,r = 1000). 

Since the PWFA is not so restrictive in its design, we can 
now set the parameters to match some of those for the PBWA. 
In particular we use the same acceleration gradient and the 
same a/As. The number of particles in the driving bunch is 
taken from t i e present number in the SLC and the bunJi 
length Is assumed to be somewhat was than the plasma wave­
length. The initial and final energies of the driving bunch are 
selected so that the final energy of the bunch tail is 90% of 
its initial energy. An we can see bom Tables 1 and 2, the 
phase sbppagc for the PWFA is much smaller than that bt 
faVWNA.Mpuwuttnexee&ia**&ieuej*Mdlk**a-
e j j y m the drivmgbtaun torn oat to be ojiite comparable. In 
peatlcularnotefromtbevalneaof/Iti^tliefotuaingforboth 
schemes is quite strong. The energy required far the driving 
bunch b consistently higher for the PBWA; however, becsuse 
it la less efficient in these examples, the number of particles «i 
which can be driven is comparable to that in the PWFA. 

Table 1. Plasma Beat Wave Accelerator 

Chosen Parameters Values 
u [sec-'l Nd:GliM 1.78 K 10 1 5 CO, 1.78 X10" 

£|cm) 10 100 10 100 
o 0.25 0.25 0.25 0.25 

•sinai 5*716 Sir/16 Sir/16 «*/« 
muS/S 0.85 0.85 0.85 0.85 

U9T 1000 1000 1000 1000 
Derived Parameters 

u, [10 1 1 eee-'J 2.6S 1.23 .571 .265 
no I101* cm" 3) 21.7 4.67 1.00 0.22 
ec , [GeV/m] 9.38 4.36 2.00 0.94 

a (mm] 0.13 0.41 0.41 1.30 
a/Xp 1.82 2.70 1.25 1.82 

9 Wi/tinQ nun] 0.18 0.57 0.57 1.80 
lfx |10">j 1.95n» 9.04i)i 4.19i„ I.65i)j 
Wr|Jl 23.9 515.4 11.1 239.2 

Table 2. Plasma Wake Field Accelerator 

Chosen Parameters Values 
£(cm| 10 100 ID 100 

e£« |GeV/m] 9.38 4.36 2.00 0,94 
JV» 5 y 10 1 0 5 X 10™ 5 x 10'° 5 X 10'1* 

E, |GeV] 1.04 4.84 0.22 1.04 
a/A, 1.82 2.70 1.25 1,82 

Derived Parameters 
a [mm] 0.25 0.36 0.54 0.78 

«110- s red) 5.5 2.5 42 18 
Up [10" sec - 1 ) 1.37 1.41 .439 .438 
no [10" cm-'] 5.90 6.18 .606 .604 

a 0.38 0.17 0.25 0.11 
/ ? [ W s i n e i mm] 0.28 0-59 0.73 1.52 

AT, [10 , 01 2.25n, 2.25.J1 2.25.J, 2.25fla 
Wr -= NiS, [J| 8.33 3B.8 1.76 8.33 

5. The Efficiency 

5.1. Toe Efficiency with Vnltilored Driving Beams 

The overall efficiency of the plasma accelerators csx be 
divided into three parts. The first part is the efficiency of con­
version of 'wall plug' energy to either laser energy or electron 
beam energy. These two efficiencies may be quite different, 
however, we will not discuss them here. The second efficiency 
is the conversion of either laser or electron beam energy to 
plasma energy. The third efficiency is that for conversion of 
she plasma energy to the driven electron beam. The efficiency 
ctftlwiirasfer of energy tram the laser to the plasma has been 
ralriilatrri for the PBWA model we have chosen. 1 3 For a gen­
eral phase shift 6 the ratio of the plasma energy to the laser 
energy is given by 

m = Wr- = T P B W A (5.1) 

4 



If laser depletion is included in the analysis, this number will 
be reduced slightly. 

The efficiency or the transfer of energy from an electron 
beam to the plasma is quite different- In this case one must 
consider the beam loading effects. If we could treat the bunch 
as a macro-particle, then for a very relativistic driving bunch 
we could extract nearly all of its energy before it's velocity 
changed enough to yield a phase slip, Hosrever, due to beam 
loading this is not possible since the leading edge of the driving 
bunch loses essentially no energy to the plasma while the trail­
ing edge loses twice as much as that calculated for a point-lite 
particle. Thus, for very short bunches in the model that we 
considered in the previous sections, we can only extract about 
1/2 of the energy 

n, = i PWFA. (5.2) 

The final efficiency to calculate is that from the plasma to 
the trailing bunch. This efficiency is the same for both cases 
provided that the characteristics of the plasma wave are the 
earne. The total acceleration gradient experienced by a bunch 
with Ni particles in a plasma wave is 

where / is the phase slippage form factor. The second 'beam 
loading' term is due to the plasma wake induced by the trailing 
bunch. The efficiency is given by the total energy gained by 
the bunch divided by the plasma energy, 

•Jl-W»(g=f i) \ (5.4) 

This efficiency has a maximum when Ni — f£,b'/8e, and the 
value U given by 

» ? " = /* 3 • ( 5 S ) 

For the PWFA / can be taken to be essentially unity while 
for the PBWA / is given by Eq. (3.7). If we require that the 
induced energy spread due to the transverse variation of the 
longitudinal field is say 1%, then the maximum efficiency of 
transfer of plasma energy to the electron beam is about one 
order of magnitude smaller than the SLAC structure with a 
1 mm Gaussian bunch,1' which is n j " 1 c= 0.3. Even the ijj** 
cannot be realized since it would require full beam loading and 
thus yield 100% energy spread between the head and the tail 
of the accelerated bunch. 

5,2, Asymmetric Driving Bunches in PWFA 

The various efficiencies discussed above seem to be rather 
low. But there are ways for improving them. In this section 
we discuss the Improvements on I?J. Next section is discussions 
on 173. 

For the ni in the PBWA, since the laser is not depleted 
too much, it might be possible to reuse the laser beam after a 
suitable amplification. This would yield a very high repetition 
rate. The laser self-focusing mechanism m».y be another possi­
bility. But as we discussed earlier, this effect may have other 
complications. Both ideas need to be further studied. 

The r/i in the PWFA can be largely improved if one prop­
erly tailors the longitudinal charge distribution of the driving 
bunch. 1 7 Calculations show that the optimal efficiency n a for a 
given number of driving particles occurs when the bunch cur­
rent is composed of the following two components: (1) a delta-
function "precursor," and (2) a linear current ramp with length 
u?r following immediately after the precursor. The number of 
particles in the two components are supposed to have the ra­
tio 2/(w,r) J , With this arrangement, the energy extraction 
efficiency is1* 

When u p r > 1, Hi approaches 100%. For more realistic charge 
distributions, for example a half-Gaussian profile or a 'door 
step" profile,17 iji would only be slightly degraded. 

Actually, there is a more important motivation for shaping 
the driving bunch current in the PWFA, which is to increase 
the "transformer ratio1* R, defined as the ratio of the maxi­
mum accelerating electric field behind the driving bunch £ £ , 
to the maximum retarding electric field within the bunch E^. 
If a monoeaergetic driving bunch excites a wake field, and if 
within distance L the particle in the bunch that experiences 
tba maximum retarding field E^, which would stop the earli­
est, loses energy Aimc' = '££„> then the maximum possible 
ene-gy gain for a test charge behind the bunch will be R&imc1 

in the Bame distance. 

For symmetric bunches R cannot be larger than 2, and is 
generally around 1. This means that it takes tremendous num­
ber of stages to boost GeV beams to TeV energies. However, 
for the optimal charge distribution discussed above, the trans­
former ratio is R = y/1 + (WpT)8. When the bunch length 
occupies many plasma wavelengths, i.e. ufr & 1, R can be 
very large. 

The difficulty involved in this idea is that the tail of the long 
bunch would generally be pinched by the transverse wake field 
excited by Its head, which would quickly disrup the bunch if the 
wake field is too strong. This 1B indeed the case for a parabolic 
radial distribution discussed in the previous lections. However, 
if one also tailors the radial distribute such that it is constant 
in radius, and for kra > 1, the wake field is essentially one di­
mensional and the transverse field is exponentially suppressed 
as we will ace in the next section. 

5,3, Improving Cfte Energy Absoiption Efficiency 

Now we turn to the improvement of the energy absorption 
efficiency IJJ. There are recently two ideas suggested by Ruth 
and Chen9 and van der Meer, l s separately. The former sug­
gests a modification of the driving beam's transverse profile 
such that it be independent of r, with a large cross sectional 
radius compared to the plasma wavelength (i.e. kra » 1). 
The second suggestion does not invoke modifying the trans­
verse profile, but requires the opposite extreme that *,o « 1. 
We will review them briefly in the following. 

Consider in the PWFA that the driving bunch profile to be 
ff(r) = Iff no* for r < ou It can be straightforwardly verified 
that for both *pO and kpr large. 

We sec that the field is quite constant for t < a and drops 

s 



exponentially to 1/2 its value at r = a. Therefore the field is 
essentially constant until r or a. 

If we consider a trailing beam with full width 6, the full 
energy spread induced by the transverse variation of e". ia 

WASH , i /oy/» -*,<«-*) (S.8) 

m this ease the efficiency ie again given by t i j , w = (*/a)*. As 
an example, let as consider the case in Table 2 column 1. To 
maintain the acceleration fW4 of MS GeV/m, we inereaae the 
number of particle in the driving beam to J v i s l x l O 1 1 while 
feoMSmo. Furthermore we increase the plasma density 
by a factor of 3 such that <>•» - 6-6. If we restrict the full 
energy spread to about 1$S, the trailing beam radius b can be 
increase to b/a = 0.80, which yields an efficiency of™ K 0.64. 

Similar arguments apply to the PBWA. Assume that, in­
stead of a Gaussian distribution, the laser beam radial profile 
b modified into the following: 

-*>e*i(M)*>t*p'). 

i.o/.f.fcpsOKolV), 

When both kta and k^r > 1, 

* M 
r < o 

(5.0) 

BjW-^fl-i^'".-'.!.-)] (S.10) 

This Is the same radial behavior a* in Eo, (5.7). By applying 
the same method given in Section 2, it can be shown that the 
corresponding £, has the same form as in Eq. (S.T), except that 
the coefficient UN/a' is replaced by wfrfcps££/8w5m. Recall 
that in the PBWA tjf" > {t\at/C)t{b/a)\ we find from the 
above example that 17°" a 0.46. 

S. van der Meer suggest* another way of improving tji in 
PWFA by talcing k,a « 1. In this case, for fc^o « 1 and 
V < l w Cnd 

where C = 0.577... is the Euler's constant. The full energy 
spread for a trailing beam of radius o is therefore 

l - S V l n ^ ' * y t < l . (S.12) 

On the other hand, it can be shown* that the maximum effi­
ciency in this case is 

9 f " = f -C + ta kfOtkft •*.. 1 . (S.13) 

Again, keeping the full energy spread to about 1%, we find the 
transverse size («/«)* « OAK. The maximum efficiency can 
then be calculated from Eq. (5.13) to be i>J»" st 0.65. 

From the above discussions we see that the second effi­
ciency ifa can In principle be very good in both PWFA and 
PBWA from both schemes. However, if one wishes to incorpo­
rate an asymmetric current profile in PWFA such that the first 
efficiency 1)1 and the transformer ratio R are also optimized, 
then the first scheme has an advantage over the second scheme. 

This is because the focusing field in the former case is exponen­
tially suppressed relative to the longitudinal field, whereas the 
ratio of f,/£", in the later case seaW like (l/fcj,a){r/a), where 
Jfcpa < 1, and the tail of the long asymmetric bunch would be 
strongly pinched by its head. Another problem with the strong 
focusing is that the accelerated particles which oscillate in the 
focusing field emit large synchrotron radiation. However, since 
the radiation is very sensitive to 6, thb problem may be solved 
with more careful design. 

6. Emfttance Growth In Plasma Accelerators 
The emittance of the accelerated beam can be very small 

when either of the improvement scheme* discussed above is 
employed. For example, in the case of a fiat driving beam 
[kpa » 1) we have weak focusing and 

" l a i n * (2»)'/»(*>«)»/*.Nr,J " (6.1) 

With the same numerical example discussed above, we find 
0= 125 m at 10 GeV when * W » 0.1. H" we assume perfect 
matching, the emittance at 10 CeV is then c = Pfff at 3.2 X 
lO -* 0 m-rad, which yields an invariant emittance <» ae 6.4 x 
10"°. To compare with rms emittance one might divide by a 
factor or 5. This is coming dose to interesting values for large 
linear colliders. 

To this point the plasma accelerators, in particular the 
PWFA, seem to be able to provide not only high gradients, 
but also high efficiency and how emittance. The remaining 
question is whether the low emittance can be reasonably pre­
served during acceleration. There are inherent sources for emit­
tance growth due to the nature of the plasma that cannot bs 
removed. There are also sources derived from imperfection of 
the system, in particular the imperfrectlon of the driving beam. 
We discuss them briefly in the following. 

6.1. Inherent Errors 
Coulomb Scattering: It has been shown by Montague and 

Schnell'0 that the emittxnee growth due to Coulomb scatter­
ings between the beam particles an.', the plasma ions can be 
expressed as 

where Ap is the Debye length of the plasma and i>, a 0.7 x 
1 0 " cm b the effective Coulomb radius. In the same example 
which we just discussed, at plasma thermal temperature AT « 
S eV, the growth of emittance due to thb effect will be At„ ts 
5.3 x 10_* m-rad when the beam is accelerated from 10 GeV to 
1 TeV. Unfortunately the value occurs to be the Bams order of 
msngitude as the designed emittance. This is, however, by no 
means the optimum design. By choosing the parameters more 
carefully, Ac, may be somewhat reduced relative to e». But to 
be sure, the emittance growth due to Coulomb scatterings b a 
non-negligible effect in our weak focusing (or large 0) approach. 

6.2. Driving Beam imperfection 
Since the plasmu accelerators assume staging techniques 

to accelerate the particles to TeV energy or above, while each 
stage requires a separate driving beam, any random error on 
the designed driving beam density distribution would cause 



Quittance growth, b analysing these errors in the PWFA, any 
azimuthal perturbation In the driving beam can he decomposed 
into multipole moments. It can be shown that the electric field 
in the plasma generated by the m' b moment scales as €m oc 
l / m J . Therefore the most severe effects are contributed by the 
lowest modes. Notice, however, that this picture presaumes a 
transversely rigid bunch. This is true only when the bunch is 
infinitely thin. In reality the driving bunch will always have a 
finite thickness, this is particularly true when the technique of 
improving »i is Invoked. With the help of the traniverte self-
focusing, the variations of the density distribution are expected 
to be smeared out along the course of travel, and this effect is 
hoped to be not too damaging to the preservation of designed 
emittance. 

7. Experimental Progress 

The first experimental verification of the PBWA was per­
formed at UCLA." The 9.6 <im and 10,« ftm lines of a CO, 
laser were used to resonantly drive a plasma of density 10" 
t n " J . The conclosiT* evidence fin the existence of high phase 
velocity plasma wave excited by the beating of the two laser 
lines comes from ruby laser Thomson scattering. The scatter­
ing angle is adjusted to k match to the last plasma wave. By 
moving the fiber optics which collects the scattered light on 
a shot-to-ehot basis, the k spectrum of the plasma wave has 
been obtained. Figure 1(a) shows that A* •» *, . In addition, 
Fig- 1(h) shows the frequency shift of the ruby light from the 
stray position to be exactly Aw = <i>. These measurements un­
ambiguously identify the wave as being the plasma beat wave. 
From Alt and the plasma density perturbation measured, it was 
inferred that a longitudinal electric field between 1 GeV/m and 
3 GeV/m was achieved, 
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Fig, 1, (a) The * spectrum, and (b) the frequency 
shift, bom the UCLA experiment. 

At the mean time, an experiment on the PWFA is cur­
rently in progress at Argenae National Laboratory under the 
WisconaIn-Argonne>Fennilab collaboration. Other experimen­
tal efforts on either of the two schemes are being pursued or 
considered at Quebec, Canada, Rutherford Appleton Labora­
tory, England, and at CERN, Swltxerland. 

8, Summary 

The physical mechanisms of generating fast plasma waves 
are reviewed, and the accelerator scheme* employing beating 
lucre (PBWA) and relatlvistic electron bunches (PWFA) are 
discussed. Gradient* of order 1 GeV/m are theoretically pre­
dicted and experimentally verified. In addition, it is shown that 

the efficiency in these schemes, in particular in the PWFA, can 
in principle be very high if one can properly tailor the longitu­
dinal and transverse density profiles of the driving bunch. The 
emittance in these schemes is found to he close to the inter­
esting values fi- large linear colliders. This low emittance ia 
potentially jeopardised by various inherent noise effects in the 
plasma and the imperfections in tin driving beam. Further 
studies are needed for a more complete estimate of all these 
effects. 

References 

1. Later Acceleration of Particlci, Los Alamos, 1983, ed. 
P.J. Channell, AIP Conference Proceedings No. 01. 

2. i ^ i r Acceleration o /Part ies , Malibu, 1985, ed. C.Joohi 
and T. Kateouleas, AfP Conference Proceedings No. 130. 

3. T. Tajima and J.M. Dawson, Phye. Rev. Lett. U , 267 
(1079). 

4. P. Chen, B.W. Buff and J.M, Dawson, UCLA Report 
No. PPG-802, 1984, and Bull Am. Phys. Soc. 29,1355 
(1984); P. Chen, J.M. Dawson, R.W. Huff and T. Kat-
souleas, Phys. Rev. Lett, a, 693 (1985). 

5. RJJ. Ruth, A.W. Chao, PX. Morton and P.B. Wilson, 
Part. Accel. 12, If 1 (1985). 

6. T. Tajime, Pmudinft of International Accelerator Con-
ftttnet, Fermilab, 1983, pp. 470. 

7. T. Kataouleas and J.M. Dawson, Phye. Rev. Lett. £1, 
392 (1983). 

8. T. Kataouleas, 1M. Dawson, D. Sultana and Y.T. Van, 
IEEE Trans. Nut). Sci. H&&2, 3554 (1985). 

9. P. Chen and R.D. Ruth, ibid. Raf. 2; R.D. Ruth and 
P. Chen, in SLACSummer Inttitutt on Particle Physics, 
Stanford, California, 1985. 

10. CM. Tang, P. Sprangle and R. Sudan, Appl. Phys. Lett. 
4S, 375 (1984). 

11. M.N. Rosenblatt) and C.S. Liu, Phys. Rev. Lett. 28, 701 
(1972). 

12. C. Danow, D. Umetadter, T. Kataouleas, W.B. Mori, 
C.E. Clayton and C. Joahi, UCLA preprint, April, 1986. 
Also submitted to Phys. Rev. Letts. 

13. R.D. Ruth and A.W. Chao, ibid. Ref. 1 
11. C.E. Max and J. Arons, Phys. Rev. Lett. 33.,209 (1974). 
15. C. Joehi, W.B. Mori, T. Kataouleas, J.M. Dawson. 1M. 

Kindel and D.W. Foithnut, Nature 311,525 (1984). 
16. P.W. Wilson, in Pnpnes of High Shorn Particle Atxrt-

eraton, ed. R.A. Carrigan, F.R. Huron and M. Month, 
AfP Conference Proceedings No. 87, Am. Inst, of Phys., 
1982. 

17. P. Chen and J.M. Dawson, ibid. Ref. 2; K.L.F. Bane. P. 
Chen and P.B. Wilson, IEEE Trans. Nucl. Sci. M&S2, 
3524 (1985). 

18. P. Chen, J.J. Su, J.M. Dawson, K.LF. Bane and P.B. 
Wilson, Phys. Rev. Lett, fifi, 1252 (1885). 

19. S. van der Meer, CERN/PS/85-65 (1985). 
20. B.W. Montague and W. Schnell, Ibid. Ref. 2. 
21. C. Joahi, C.E, Clayton, C. Darrow and D. Umiladter, 

ibid. Sef. 2. 


