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Abstract 

Several plasma accelerator concepts are reviewed, with em- 
phasis on the Plasma Beat Wave Accelerator (PBWA) and the 
Plasma Wake Field Accelerator (PWFA). Various accelerator 
physics issues regarding these schemes are 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 emittance 
growth are discussed briefly. 

1. Introduction 

The acceleration gradient attainable from the currently ex- 
isting high energy accelerators is of order 10 MeV/m. To apply 
the present technology to future ultra-high energy accelerators, 
the sizes are necessarily be enormous. In recent years, vari- 
ous novel ideas on future accelerators have been proposed,‘-* 
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 plsamss 
with density perturbation nr due to charge separation dur- 

_ing oscillations, there will be an induced instantaneous lon- 
gitudinal electrostatic field d, i.e. V * E’ u k,E m  Irenl, 
where kr = w,,/c is the plasma wave number. Since the max- 
imal possible density perturbation is nr, - no, the maxi- 
mal acceleration gradient provided by the E’ field is cEmu u 
4~e2m/(wp/c) - @i eV/ cm. For a laboratory plasma of den- 
sity nc = lo** cmms, we have eEmU m 109 GeV/m. This is 
more than three orders of magnitude better than that of the 
conventional accelerators. 

To have an effective acceleration of relativistic particles, 
it is necessary that the plasma wave phase velocity be close 
to c, the speed of the high energy injected beam. To achieve 
such a plasma oscillation several ideas 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): which exemplifies the first 
type, employs two laser beams beating at the plasma frequency 
wr, while the Plasma Wake Field Accelerator’*’ (PWFA) re- 
places the laser beams by a bunched relativistic electron beam. 
Other concepts like the Plasma Fiber Accelerator0 and the 
‘Surfatron”’ are variants of the PBWA aiming at improv- 
ing its deficiency in different ways, while the Plasma Grating 
Accelerator* replaces the beating lasers by a polarized laser 
beam side-injected on a plasma where static ion ripples are 
prepared by an acoustic wave. 

Work supported in part by the Department of Energy, 
contract DGAC03-76SFOO515 and by the National 
Science Foundation, contract NSF-PHY-84-20958. 
Department of Physics, University of California, Los 
Angeles, California 90024. 

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 
diicussed auxiliary to these schemes. Following mainly Ref. 9, 
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 wava 
in Section 3. Numerical examples are given in Section 4 which 
serve to illustrate possibilities ln design. Next we discuss the 
efficiency in both PBWA and PWFA in Section 5, and provide 
suggestions that would make both highly efficient. In Section 6 
we reveal the question of emittance growth due to Coulomb 
scatterings and the imperfection of the driving beam. Finally, 
experimental efforts in testing either the PBWA or the PWFA 
are briefly reviewed. 

2. Ways to Excite Fast Waves in a Plasma 
2.1. Beating Lacers 

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 wave8 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. This net force is 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.e. wp = w1 - w2 and k, = kl - kz, 
where wi and ki are the frequency and wave number of the two 
lasers, and wr the plasma frequency, wr E [4re%/m]‘/*. The 
force that excites the plasma is most easily calculated from a 
Hamiltonian which has been averaged over the fast oscillations 
of the laser frequency. This leaves only the beating effect of 
the two laser frequencies. Assuming that wp QX WI, wr I W, the 
averaged Hamiltonian can be written as 

P) = $+ s [l + cos(krs - wpt)] . (2.1) 

The last term is the ponderomotive potential due to a beat- 
ing laser with a finite cross section. The divergence of the 
ponderomotive force can be derived from the above Hamilto 
nian if the radial profile of the laser E;(r) is specified, i.e. 
v.p= -V'(H). 

Assume that the radial dependence of the ponderomotive 
potential is given by 

1 2 9 + - - --- r<a 
E:(r) = 2Ei Kz(k,a) Zo(br) 2 (k,a)l 29 3 

\ &(k,a) Kc&r) r>a 
(2.2) 
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where K,, and In are modified Bessel functions. This radial 
profile is parabolic near the origin but falls off exponentially 
for r > a. It is chosen to yield a simple parabolic dependence in 
the ponderomotive force expression and to simplify the discus- 
sions on the transverse behaviors of the PBWA in the following 
sections. 

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

$+@.&) =o, ai - - - efl FM F 
at= ; + m  = ; , (2.3) 

and solve for the perturbed plasma density tar. fl is the 
electric field due to nr, i.e. VEr = rlrenl, and &t 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 I the maximum perturbation can be shown9 to be 

w rE2k2 
n,(r)=- r<a. (2.4) 

Beyond the linear regime the growth saturates due to various 
effects. One effect is the relativistic frequency detuning” where 
the plasma frequency shifts to w,,/~~/~ 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 nyax,ll 

(+)‘,,. = [y (e&T) (!gz)]r’3 - [y ala2]1’3. 

(2.5) 
Another degradation comes from strong couplings between the 
primary beat wave and the larger k secondary electrostatic 
modes. It is found experimentally12 that under some condi- 
tions this effect saturates the beat wave amplitude well below 
that expected from relativistic detuning. In this paper we will 
only consider the situation where a; < 1 so that Eq. (2.4) is 
valid. 

The longitudinal and transverse electric fields for r < a can 
be found by solving the Poisson’s equation, V2dr = -4rren1, 
and are given by9 

x cos(k+ - wpt) , 

(2.6) 
w,,rk,eEi 

fr = - 4w2m Kz(k,a) Il(kpr) - &} sin(krz - wpt) . 

2.2. Relativistic Electron Bunch 

For the case of a relativistic electron driving bunch, the 
situation is very similar. We only need to replace the gradient 
of the driving force by V . F’ = 4re2(nr + nb), where nb is the 

-driving bunch density. Consider the following density profile 
nb = u(r)6(z - vbt). To compare with the PBWA we use a 

-parabolic distribution given by 

u(r) = l q(l - r2/a2) r<a 
ra , 

I 0 r>a 

where N 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 16eN/a2 for the case of PWFA. 

For reasons which we will discuss later, the transverse size 
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 kpa > 1, then the electric fields for both schemes 
are of’the following form: 

f, u - A(1 - $1 cos(k+ - wpt) 
r<u (24 

f, H 2A& sin(krz - wpt) 
P 

where A = wprkpeE~/gw2m for PBWA, and A = 8eN/a2 for 
PWFA. Other than different coefficients, the forces that the 
driven electrons experience share the same physical character- 
istics in both schemes. To be specific there is a longitudinal 
force ef, that either accelerates or decelerates the driven bunch 
of electrons, and there is a transverse force ef, shifted in phase 
which either will focus or defocus the driven bunch. It is clear 
that we have both acceleration and focusing over l/4 of the 
plasma wavelength. 

2.3. Side-Injected Polarized Laser 

Another way of exciting fast plasma wave, as proposed in 
the Plasma Grating Accelerator,* employs side-injected laser 
which is polarized along the direction of a static density ripple 
in the plasma, n(z) = no + nr(z) = no + 6n sin krz, where 
k, is the wave number of the density ripple. Such a ripple 
might be produced by an ion acoustic wave or by ionizing a 
grating. The laser field wiggles the electrons in the ripple by 
an amount 62 = (eEo/mw2)coswot, while the ions are too 
massive to respond. This produces a longitudinal electric field 
disturbance given by the Poisson equation: 

a-% W2 6n 
- = 4ae6n = 4ne 2 6z = 3 - Eok, cos k,z cos wet . 

aZ w. no 

(2.9) 
Though interesting, this idea needs to be 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. 

3. Acceleration in Plasma Waves 

In this section we consider the PBWA and the PWFA as 
accelerating systems and discuss some dynamic aspects of an 
accelerated electron bunch. In order to make optimum use of 
the laser beam it is necessary to match the Rayleigh length R 
to the acceleration section. Here we choose the section length 
L to be twice of R. This in turn determines the diffraction 
limited spot size, a2 = RX/x = LX/254. On the other hand, a 
relativistic electron beam is much less divergent, and is given 
by a radius b. According to Eq. (2.8) the acceleration gradient 
efr has a parabolic dependence on r, which induces an energy 
spread among particles at different radii after being accelerated 
for some distance. For high energy physics purposes, the final 
energy spread has to be limited to a small percentage. This can 
be insured if 6 < a. The accelerated beam is 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 divergenceless in radius. 
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3.1. The Betatron OsciJJation 

While accelerating, the driven beam will in general slip 
over the phase of the plasma wave. If this phase slippage is 
slow, which is 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 Ybeta- 
tron” oscillations of a highly relativistic particle is 

where 7mc’ is the particle’s instantaneous relativistic mass. 
Thus, for small radius from Eq. (2.8), we find the beta function 
to be 

where I$ is the phase at which the particle locates. 

3.2. Energy Spread 

From Eq. (2.8) it is evident that for a driving beam with 
finite transverse size, the longitudinal field varies transversely. 
Since the field varies parabolically in the transverse direction, 
the average energy gain is reduced slightly and an energy spread 
is 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 axis of the plasma wave is 

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

[!g],= p (i)’ . 

3.3. Phase Slippage 

For both accelerator schemes the phase velocity of the 
plasma wave is not equal to the velocity of the driven bunch. 
This means that the driven bunch will slip in phase along the 
plasma wave as it is accelerated. For the PBWA we maximize 
& for a given L by optimizing the phase shift 6. If we choose 
a laser frequency w, an acceleration length L, and a phase slip- 
page 6 for speed of light particles; then the plasma frequency 
is given by13 

2&w* li3 
Wp’ - ( > L * 

On the other hand, the acceleration gradient that the driven 
bunch sees varies along L due to the phase slippage. If the 
total phase slippage over the entire acceleration length is 6, 
then the average acceleration gradient is related to the ideal 

-gradient by a phase slippage form factor sin6/6, that is 

cE,OO’ = amcw 
sin 6 
- , 

’ 6 

where a = nr/nc. Here the phase has been allowed to slip 
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 maximized for a given L if 

6~; and ycr0.85 PBWA. (3.7) 

For the PWFA we consider only relativistic driving and 
driven bunches. In addition we require that the final energy of 
the driving bunch after the distance L is still relativistic. In this 
case we can calculate the phase slippage along the plasma wave 
since the plasma wave phase velocity is equal to the velocity of 
the driving bunch. Following Ref. 5 we integrate the relative 
velocity along the length L to obtain 

6- z [(7ri71~)-r - (7%7$)-l] PWFA . (3.8) 

Since in an actual high energy accelerator the second term 
would be quite small, one can neglect it when using Eq. (3.8). 

From the above discussion we see that in PBWA the phase 
slippage is a non-negligible effect that influence the perfor- 
mance of the scheme. To avoid a large 6, two ideas have 
been introduced. The Surfatron’ employes 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,“ on the other hand, tries to increase the 
phase velocity of the beat wave to near c. This is achieved by 
creating a duct structure in the plasma, in which the density is 
low inside and high outside such that the EM wave is evanes- 
cent, enabling the plasma beat wave phase velocity to be equal 
to any prescribed velocity within the channel. 

3.4. The Transverse Size 

At the beginning of this section we defined our system with 
a diffraction limited laser spot size at the waist, a2 = RX/z = 
LX/27r. In terms of a chosen phase slippage 6 and eliminating 
the section length L, we can verify that 

a =26 PBWA.  2 

Wp” 

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

Wccx~~mc2 (;)’ (g* * (3.10) 

When above the threshold, the laser beam would exhibit rel- 
ativistic self-focusing effect during propagation through the 
plasma. This occurs because the electrons near laser beam axis 
are the ones being driven the hardest, which acquire higher 
relativistic masses and therefore result in higher laser group 
velocities. From computer simulation@ it is found that the 
laser beam will focus down to a radius u c/w,, asymptotically. 
One obvious merit for invoking the relativistic self-focusing ef- 
fect in PBWA is to extend the Rayleigh length substantially. 
But there are shortcomings. It is not clear whether a ays- 
tern can be properly arranged such that only self-focusing, and 
no filamentationls 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 channel in a 
time as fast ss one ion plasma period, necessitating the use 
of laser pulses shorter than this. In turn this imposes a strin- 
gent constraint on the necessary laser power. To avoid these 
subtleties we still confine ourselves in a Rayleigh diffraction 
dominated regime for the remaining discussions. 



Table 1. Plasma Beat Wave Accelerator For the PWFA since we would like to fix the number of 
particles Nl in the driving bunch, the transverse size is deter- 
mined by the desired accelerating field, 

a = [8re~~~c2]1’2 PWFA , (3.11) 

where tc is the classical electron radius. 

3.5. The Energy Requirement 
. 

In the PBWA the laser power for the beam profile given in 
Eq. (2.2) is W  = ra*E~c/16s. If we assume that we have a 
laser pulse length T, the energy necessary to drive the plasma 
wave density to ccnc is13 

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 Nr particles for 
the PWFA is simply given by 

Wr = NIE1 PWFA . (3.13) 

4. Numerical Examples 

Now we come to specific examples of both schemes. Our 
approach is to choose a set 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 make meaningful examples we employ only those 
lasers and electron beams that are presently available. There- 
fore we need to 6x the laser frequency w by choosing a particu- 
lar laser source. If we further fix the section length L, the phase 
slippage determines the plasma frequency wp. This means that 
E, 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 are then combined with two different lsser frequencies, 
the Nd: Glass laser and the CO2 laseri to form four sets of 
sample calculations. For the PBWA the trapping parameter 
Q  = nl/rac is chosen to be 0.25, which is approximately the 
saturation value,ll and the phase slippage is 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 BO 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/X,. The number of particles in the driving bunch is 
taken from the present number in the SLC and the bunch 
length is assumed to be somewhat less 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. AB we can see from Tables 1 and 2, the 
phase slippage for the PWFA is much smaller than that for 
ihe PBWA. All parameters except the efficiency and the en- 
ergy in the driving beam turn out to be quite comparable. In 
particular note from the values of p that the focusing for both 
schemes is quite strong. The energy required for the driving 
bunch is consistently higher for the PBWA; however, because 
it is leas efficient in these examples, the number of particles Nz 
which can be driven is comparable to that in the PWFA. 

Chosen Parameters 

w [Bet-‘1 

L bl 
a 

: 6 [rad] 

sill a/a 

WPT 

Derived Parameters 

wp [lo’s Bet-l] 

nf~ [1018 cmm3] 

e& [GeV/m] 

a b-1 
a/b 

P  r&7-GJ -1 
N2 [1010] 

wr IJI 

Values 

Nd:Glaas 1.78 x 1015 COz 1.78 x 10” 

10 100 10 100 

0.25 0.25 0.25 0.25 
5x116 5r/l6 5x/16 5x/16 

0.85 0.85 0.85 0.85 

1000 1000 1000 1000 

2.65 1.23 .571 
21.7 4.67 1.00 
9.38 4.36 2.00 
0.13 0.41 0.41 

1.82 2.70 1.25 
0.18 0.57 0.57 

1 .%t)2 9.04~2 4.19q2 
23.9 515.4 11.1 

Table 2. Plasma Wake Field Accelerator 

Chosen Parameters 

L I4 
CC% [ GeV/m] 

Nl 

El [GeV] 

a/x, 
Derived Parameters 

a b4 
6[10w3 rad] 

wp [1013 set-l] 

no [lOls cmm3] 

P r&k l-1 
N2 [lO1o] 

Wr = NIEl (J] 

I ! 

.265 

0.22 

0.94 

1.30 

1.82 

1.80 

l.%iv2 
239.2 

Values 

10 100 10 100 

9.38 4.36 2.00 0.94 
i X 10” 5 X lOlo 5 x lOlo 5 x lOlo 

1.04 4.84 0.22 1.04 

1.82 2.70 1.25 1.82 

0.25 0.36 0.54 0.78 
5.5 2.5 42 18 

1.37 1.41 .439 .438 
5.90 6.18 A06 604 
0.38 0.17 0.25 0.11 

0.28 0.59 0.73 1.52 
2.25~~ 2.25q2 %?5r)2 2.25q2 

8.33 38.8 1.76 8.33 

5. The Efficiency 

5.1. The Efficiency with Untailored Driving Beams 

The overall efficiency of the plasma accelerators can 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 ia that for conversion of 
the plasma energy to the driven electron beam. The efficiency 
of the transfer of energy from the laser to the plasma has been 
calculated for the PBWA model we have chosen.13 For a gen- 
eral phase shift 6 the ratio of the plasma energy to the laser 
energy is given by 

P.E. cr6 PBWA 
111=-&-=-j- 



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

The efficiency of 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. However, 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-like 
particle. Thus, for very short bunches in the model that we 
considered in the previous sections, we can only extract about 
l/2 of the energy 

gl=; 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 
same. The total acceleration gradient experienced by a bunch 
with Nz particles in a plasma wave is 

where f 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, 

q2=N2GL($$ L)-’ . (5.4) 

This efficiency has a maximum when N2 = ffIb2/8e, and the 
value is given by 

For the PWFA f can be taken to be essentially unity while 
for the PBWA f 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 l%, 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,lg which is r$” = 0.3. Even the ‘)F” 
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 P WFA 

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 91. Next section is discussions 
on 9.2. 

For the ~1 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 may be another possi- 
bility. But as we discussed earlier, this effect may have other 
complications. Both ideas need to be further studied. 

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

’ + (wPr)2 PWFA 
91 = 2 + (wJ#r)2 (5.6) 

When wpr > l,qi approaches 100%. For more realistic charge 
distributions, for example a half-Gaussian profile or a ‘door 
step” profile,” ~1 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 ratio” R, defined as the ratio of the maxi- 
mum accelerating electric field behind the driving bunch E&, 
to the maximum retarding electric field within the bunch E;. 
If a monoenergetic driving bunch excites a wake field, and if 
within distance L the particle in the bunch that experiences 
the maximum retarding field E;, which would stop the earli- 
eat, loses energy A-ymc* = cLE;, then the maximum possible 
energy gain for a test charge behind the bunch will be RAyme* 
in the same 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 = dm. When the bunch length 
occupies many plasma wavelengths, i.e. wp’ > 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 is indeed the case for a parabolic 
radial distribution discussed in the previous sections. However, 
if one also tailors the radial distributin such that it is constant 
in radius, and for k,a > 1, the wake field is essentially one di- 
mensional and the transverse field is exponentially suppressed 
as we will see in the next section. 

5.3. Improving the Energy Absorption Efficiency 

Now we turn to the improvement of the energy absorption 
efficiency ~2. There are recently two ideas suggested by Ruth 
and Cheng and van der Meer,lg 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. k,a > 1). 
The second suggestion does not invoke modifying the trans- 
verse profile, but requires the opposite extreme that kPa a 1. 
We will review them briefly in the following. 

Consider in the PWFA that the driving bunch profile to be 
o(r) = N/za* for r < a. It can be straightforwardly verified 
that for both kpa and kpt large, 

fz=-~(1-f(4)1’2e-k~(0-r+-(kP.-wpt) . (5.7) 

We see that the field is quite constant for r < a and drops 



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

If we consider a trailing beam with full width 6, the full 
energy spread induced by the transverse variation of ES is 

[%!&)]fn, = ; (;)l’* e-kd’-b) . (5.8) 

In this case the efficiency is again given by nf” = (b/a)*. As 
+n example, let us consider the case in Table 2 column 1. To 
maintain the acceleration field of 9.38 GeV/m, we increase the 
number of particle in the driving beam to Nr = 1 x 10” while 
6x a = 0.25 mm. Furthermore we increase the plasma density 
by a factor of 3 such that kpa = 9.6. If we restrict the full 
energy spread to about l%, the trailing beam radius b can be 
increase to b/a u 0.80, which yields an efficiency r7Fpx u 0.64. 

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

E;(r) = E,2 
{ 

1 - kpaKl(kpa) lo(k,r), r < a 
. (5.9) 

kpa 11 (kpa) KO (kpr), r>a 

When both kpa and kpr > 1, 

Et(r) u Ei 1 - i (F)l’* e-‘~f’-~)] , r < a . (5.10) 

This is the same radial behavior as in Eq. (5.7). By applying 
the same method given in Section 2, it can be shown that the 
corresponding EL has the same form as in Eq. (5.7), except that 
the coefficient 4eN/a* is replaced by wprkpeE$/8w2m. Recall 
that in the PBWA @a = (sin6/6)*(b/a)*, we find from the 
above example that qFax H 0.46. 

S. van der Meer suggests another way of improving ~2 in 
PWFA by taking kpa < 1. In this case, for k,a < 1 and 
kpr < 1 we find 

f, or -2eNki 
[ 
i - C  + ln $ - (f)’ + i (:)‘I , (5.11) 

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

6W) [ 1 P/a) * 
AE f,,uu i-C+ln&’ 

kpa a 1 . (5.12) 

On the other hand, it can be shown9 that the maximum effi- 
ciency in this case is 

?#y H 
$-C+ln& 

g-C+ln& ’ 
kpa, k,b < 1 . (5.13) 

Again, keeping the full energy spread to about l%, we find the 
transverse size (b/a)* N 0.032. The maximum efficiency can 
-then be calculated from Eq. (5.13) to be t/f= = 0.65. 

From the above discussions we see that the second effi- 
ciency 1)z 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 
eficiency ~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,/f, in the later case scales like (l/k,a)(r/a), where 
kpa a 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 /3, this problem may be solved 
with more careful design. 

6. Emittance Growth in Plasma Accelerators 

The emittance of the accelerated beam can be very small 
when either of the improvement schemes discussed above is 
employed. For example, in the case of a flat driving beam 
(kpa > 1) we have weak focusing and 

a3 &a 
& (21r)l/*(kpa)3/*Nr, ’ 1 (6-l) 

With the same numerical example discussed above, we find 
p = 125 m  at 10 GeV when sin4 = 0.1. If we assume perfect 
matching, the emittance at 10 GeV is then c = 6*/p z 3.2 x 

10-l’ m-rad, which yields an invariant emittance cn H 6.4 x 

10T6. To compare with rms emittance one might divide by a 
factor of 5. This is coming close 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 be 
removed. There are also sources derived from imperfection of 
the system, in particular the imperfrection of the driving beam. 
We discuss them briefly in the following. 

6.1. Inherent Errors 

Coulomb Scattering: It has been shown by Montague and 
SchnellZo that the emittance growth due to Coulomb scatter- 
ings between the beam particles and the plasma ions can be 
expressed as 

dc, 1 -=- 
dz 7 

where XD is the Debye length of the plasma and rc u 0.7 x 

lo-l3 cm is the effective Coulomb radius. In the same example 
which we just discussed, at plasma thermal temperature kT = 
5 eV, the growth of emittance due to this effect will be Ac, H 
5.3 x lo-’ m-rad when the beam is accelerated from 10 GeV to 
1 TeV. Unfortunately the value occurs to be the same order of 
mangitude 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 c,,. But to 
be sure, the emittance growth due to Coulomb scattering6 is a 
non-negligible effect in our weak focusing (or large p) approach. 

6.2. Driving Beam Imperfection 

Since the plasma 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 



emittance growth. In analysing these errors in the PWFA, any 
azimuthal perturbation in the driving beam can be decomposed 
into multipole moments. It can be shown that the electric field 
in the plasma generated by the mth moment scales as Em a 

l/m*. Therefore the most severe effects are contributed by the 
lowest modes. Notice, however, that this picture pressumes 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 ~1 is invoked. With the help of the transverse eelf- 
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 pm and 10.6 pm lines of a CO2 
laser were used to resonantly drive a plasma of density 10” 
cmm3. The conclusive evidence for 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 fast plasma wave. By 
moving the fiber optics which COlkCtB the scattered light on 
a shot-to-shot basis, the k spectrum of the plasma wave has 
been obtained. Figure l(a) shows that Ak = k,. In addition, 
Fig. l(b) shows the frequency shift of the ruby light from the 
stray position to be exactly Aw = w,. These measurements un- 
ambiguously identify the wave as being the plasma beat wave. 
From Ak and the plasma density perturbation measured, it was 
inferred that a longitudinal electric field between 1 GeV/m and 
3 GeV/m WBB achieved. 
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Fig. 1. (a) The k spectrum, and (b) the frequency 
shift, from the UCLA experiment. 

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

8. Summary 

The physical mechanisms of generating fast plasma waves 
are reviewed, and the accelerator schemes employing beating 
lasers (PBWA) and relativistic electron bunches (PWFA) are 
discussed. Gradients of order 1 GeV/m are theoretically pre- 
dieted 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 be close to the inter- 
esting values for large linear colliders. This low emittance is 
potentially jeopardized by various inherent noise effects in the 
plasma and the imperfections in the driving beam. Further 
studies are needed for a more complete estimate of all these 
effects. 
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