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Abstract

Sevesal plasma accelerator concepts are reviewed, with em-
phasis on the Plasma Beat Wavn Accelerator (PBWA) and the
Plasma Wake Field Accelerator (PWFA). Various sccelerator
physies issves regarding these schemes are discussed, and nu-
merical examples on laboretory ecale experienta are given.
The efficiency of plasms sccelerators s then revealed with
suggestions on improvements. Sources that cause emittance
growth are discussed briefly.

1. Introduetion

The } gradient attainable from the corzently ex-
isting high energy acceleratora is of arder 10 MeV/m. To apply

P hnology 1o future ultra-high enesgy sccelerators,
the sizes are necessarily be enormous. In recent years, vari-
ous novel ideas on future accelerators have been proposed,'?
among them plasma actelerators promise to provide very high
gradients.

Plasmas are known (o exhibit osclilations where electrons
and ions execute periodic motions. Fer fylly ionized plasmas
with density perturbation ny due to charge separation dur-
ing oscillations, there will be an induced Instantaneous lon-
gitudina} electrostatic field £, ie. V+ B ~ kpf ~ dxen,,
where k; = w,/c is the plasma wave numbat Since the max-
imal possible density perturbation is af™* ~ ng, the maxi-
mal acceleration gudmtpmzddbyth E fieM is e
aneno/(wy/c) ~ /g eV/em. For a lahoratory plasoa of den-
sity np = I0'® cm~?, we have eE™™ ~ 100 3¢V/m. This is
more than three orders of magnitude better than that of the
conventional accelerators.

To have an eflective acceleration of relativistic particles,
it ia necessary that the plasma wave phase velocity be close
to e, the speed of the high energy injected beam. To achieve
suth & plasma oscillation several idess have been suggested. In
terma of the nature of the driving svurces, there are basically
two types of plasma accelerators, numely, the laser beam driven
and the eleciron beam driven plaama accelerntors. The Plasma
Beat Wave Accelerator (PBWA),’ which exemplities the first
type, emaploys two [aser baams beating at the plasma frequency
wp, while the Plasma Wake Fleld Accelerator!® (PWFA) re-
placea the Jaser b by & bunched relativistic electran beam.
Other concepts like the Plasma Fiber Accelerator® and the
“Surfatron"? are variants of the PBWA aiming at improv-
ing ih d:ﬁuency in different wm, while the Plasmna Grating

A rep! the b g lssers by a polarized laser
hmsude-inie:tadnnaplmnwhcnmtkmrippbm
prepared by an scoustic wave.
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In thiz paper we review primarily the concepts of PBWA
and PWFA, which are by far the most developed plamma ac-
celerator schemen, Other ideas mentioved above will only be
discussed auxilinry to these schemes. Following mainly Ref. 9,
we first review diffarant ways to axcite fest wavesin a plasma in
Section 2. We then investigate varlous sccelerator physics is-
sues associated with particle acceleration in these plasius waves
in Section 3. Numerical examples axe given in Sectfon 4 which
serve to illustrate possibilities in design. Next we discuss the
efficiency in both PBWA and PWFA in Section 5, and provide
suggestions that wonld make both highly »fficient. In Section 6
we reveal the question of emittance growth due to Coulomb
scatterings and the imperfection of the driving beam. Finally,
experimental effatis in testing either the PBWA or the PWFA
are briefly reviewed.

2. Ways to Excite Fast Waves In a Plasma
2.1. Beating Luets

It is well known that & plane electromngnetic wave cannot
cause any net drift of & charged particle along ita direction of
propagation. An originally stationary charged particle experi-
encing such a EM wave would execute s *figure 8° closed orbit
motion. In the case of two beating EM waves the umplitudes of
the EM fields vary along the direction of propagation. Accard-
ingly the force due to the magnetie feld does not balance with
that due to the electric fleld, and the charged particle would
drift in the longitudinal direction. This net force is called the
ponderomotive foree.

A plasma can be driven resonantly by the beating lasers
through the ponderomotive force if the frequency and wave
nomber differences between the two hasers match with those
of the plasma wave, be. wp = wy —wy and & = ky — i,
where wy and &; azs the frequency and wave ber of the twe
Insers, ard w, the plasma frequency, wy = [4xeZno/mf3/3. The
force that excites the plasma is most easily calculated from a
Hamikonian which has been averaged over the fast oocillations
of the laser frequency. This leaves only the beating effect of
the two lager frequencies. Assuming that w, € v, Wy = w, the
averaged Hamiltanian ean be weitten as

& = + ‘—El("— (1+coslhyr —wptl] . {22)

Thelutmmuﬂn, d tive potential due to s beat-
ing laser with s finite croes siction. The divergence <f the
ponderomotive force can be derived from the above Hamilto-
nian if the radisl profile of the laser E}(r) io specified, i.c
V-F=-VH).

Aseume that the radisl dependence of ie ponderomotive
potential is given by

o
£ = {K'“‘"] olb) 3 o~ 7
h(hye) Kolbyr

e
(23)

£

ford Linear Accelerator C

Invited paper p d at the S

Stanford, California, June 26, .lﬂams-mmu“u' ‘F THIS BOCUMENT I8 M




where Ky and Jn are modified Bessel functions. This radial
profile is parabolic near the origin but falls off exponentially
for r > a. It ia chosen to yield a simple parabolic dependence in
the ponderomotive force expression and to simplify the discus-
stons on the transverse behaviors of the PBWA in the following
sections.

To find the plasma response to the ponderomotive forre
and the electric field unsaciated with the plasmg wave, we work
with the Jinearized, nonrelativistic fluid equstions in a plasma,

ai'._cf R _f
ot e @

2 (V@) =0, L

o
and solve for the perturbed plasma demsity n3. £ i Che
electric Beld due to n;, f.e. V& = 4xeny, end Fyy is the
externa) 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 shown® to be

mir) = wprEiky (1 - i) r<g, (2.4)

2xrmw’ a?

Beyand the linear regime the growth saturates due to various
effects. One effect is the relativistic frequency detuning!® where
the plasma frequency shifts to w,/7Y?/? when the electrons in
the plasma Lecomes relativistic. Ir this case the laser drive is
off sessnance, and the perturbation saturates at & m

valus nPr= 1

ny _ 18 (eEi"") B ])[s 16 7
(;-i"“")uc. B ['3_ mune (m':t) = [? am} :
2.5
Another degradation comes from stzong couplings between the
primary beat wave and the Jarger k secondary electrostatic
modes. It Is found experimentally!® that under some condi-
tlons this effect saturates the beat wave amplitude wel! below

that expected from relativistic detuning. In this paper we will
only consider the situation where o; < 1 g0 that Eq. (2.4} is

The longitudinal and transverse electric fields for r < a can
be found by solving the Poisson's equation, V3¢, = —4xen,,
and are given by®

b= -2 i nhn + 3 (1- 5) - wop )

duim TF) e
X conlkyz — wpt} ,
(26)
b= - 24’:;;;?3 {X’(,‘!“) Tijkpr) - ﬁ} sin{kpz - wyt) .

2.2. Relativistic Electron Bunch

For the cane of a relativistic electron driving bunch, *he
situation i very similar. We only need to replace the gradieat
of the driving force by V - F = 4xel(ny + ny), where ny s the
driving bunch density. Consider the follawing dennity profile
ny = ofr)é(z — mt). To compare with the PBWA we une a
parabolic distribution given by

) 5\,’.‘ ot) = {55',(1 -fed) r<a 29
W N 0 r>a
wh‘q_'_a}y is'the total number of particles in the driving bunch.
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The electric fields for the two schemes turn cut to be remark-
ably similar, except that the coefficient in Eq. (2.6) is replaced
by 16eN/a? 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 ot the driving electron beam. In
addition if kya 33 1, then the electric ficlds for both schemes
are of the following Farm:

& =— Al — g) conlkyz — wyt)
r<a (2.8)
& u,’%, sinkys ~ wyt)

where A = wyrkyeE3/8uw?m fcr PBWA, and A = 8eN/o? for
PWFA. Other than different coefficients, the forges that the
driven electrons experience share the same physical character-
istics in both schemes. To be apecific there is a longitudinal
force 26, that either sccelerates or decelerates the driven buneh
of electrons, and there Is a tranaverse force ef, shifted in phass
which cither wiil focus or defocun the driven bunch. It is ciear

that we have both leration and focusing over 1/4 of the
plasm wavelength.
2.3. Side-Injected Polarized Laser

Another way of exciting fast pl. wave, as proposed In

the Plasma Graiing Accelerator,® employs side-injected las
which is polarized along the direction of a stutic density ripple
in the plesma, n(z) = rg + ni{z) = np + &n sink,z, where
kr is the wave number of the density ripple. Such s ripple
might be produced by an ion acoustic wave or by lonizing s

grating. The laser field wiggles the electrons in the ripple by

an amount 6z = (eEp/mw?)cos wot, while the ions are too
massive to respond. This produces a longitudinal electric feld
disturbance given by the Poisson equation:

3E, 3n

wd én
—_—= = =2 0
Fre dxedn = dxe 72 5z 7

Eok, cosk,z coswqt .
(2.9)
Though interesting, this idea needs to be further studied. In
the following, we will oaly discuas further the first two driving
mechanisms that apply to the PBWA and the PWFA, respec-
tively-
3. Acceleration in Plasma ¥ wves

In this section we consider the PBWA and the PWFA as
accelerating systems and discuss some dynamic aspects of an
accel d electron bunch. In order to make optimum use of
vhe Jnser 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, a? = RAjx = LAf2x. On the other hand, 2
relativistic electron beam is much Jess divergent, and is given
by a radius 8. According to Eq. (2.8) the acceleration gradient
&, bhas u parabolic dependence an », which induces an energy
spread among particlas at different radii after being sccelerated
for soms distance. For high energy physics purposes, the final
energy spread has to be limitad to a swnall percentage. Thiscan
be insured if § € a. The accelerated beam i injected behind
the driving beams on axis at a proper phase such that it s
both accelerated and focused. The otructure 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 Oscillation

While accelerating, the driven beam will in general slip
over the phase of the plasma wave. If this phase alippage ia
elow, which 1s the caze in both echemes, then we can celculate
the transverse focusing effects as if the beam were at a Gxed
phase on the wave.

The diffarential equation governing the transverse “beta-
tron” oscillations of & highly relativistic particle is

g =e _':;, . (s1)

where qme? is the particle's instantanecus relativistic masa.
Thus, Jor small radius from Eq. (2.8), we find the beta function

to be n
1
PR —"':_‘ . (32)

where $ is the phase at which the particle locates.

3.2. Energy Spread

Frem Eq. (2.8) it s evident that for a driving beam with
finite transverss size, the longitudinal field varies transversely.
Since the field varies parabolically in the transverve direction,
the averaga energy gasn Is reduced elightly end un energy spread
is induced. If we ausume 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

ALy = AE (1 - ; (5)’) . (3:3)

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

e8] EY. e

3.3. Phase Slippage

For both sccelerator achemes the phase velocity of the
plasma wave is not equal to the velocity of the driven bunch
This means that the driven bunch will alip in phase along the
plasma wave as it is aceelerated. For the PBWA we maximite
&, for & given L by optimizing the phase shift 6. If we choose
a laser frequency w, an scceleration length L, and s phase slip-
page § for speed of light particles; then the plasma frequency

is given by!?
wy = (E‘iﬁ)m . (3.5}

On the other hand, the acceleration gradient that the driven
Dbunch seea varies along L due to the phase slippage. I the
tota] phase slippage over the entire aeceleration length is 4,
then the average acceleration gradient is related to the ideal
gradient by a phase slippage form factor ain &/§, that s

ed)t = mncu,": L 3.6

where o 8 nyfnp. Here the phase has been allowed 1o alip
from the top of the cosine down one side so that the bunch is
always in a focusing region. The average scceleration gradient
can be maximized for & given L if

51' sm&

For the PWFA we consider only relativistic driving and
driven bunches. In sddition we require that the final energy of
the driv: ~g bunch nfter the distance I is still zelativistic. in this
caae we zan calculate the phase slippage along the plasma wave
since the plasma wave phase velocity iy equal to the velocity of
the driving bunch. Following Refl. 5 we inlegrats the relative
velocity along the length L to obtain

I %[(mmr’-hm;,r'] PWES.  (38)

Since in an actual high energy accelerstor the second term
would be guite amall, one can neglect it when using By. (3.8).

From the above discussion we see that in PBWA the phase
shippage is a non-nagligible effect that infuence the perfor-
mance of the scheme. To avoid a large 6, two ideas have
been introduced, The Surfatron” employes & ttansverse ex-
ternal magnetic field which forces the accelerated particles to
“surf” around plasme waves. With proper arrangements, the
beam eould in principle lock into a fixed phase. The Plasma
Fiber Accelerator?® on the other hand, tries to Incrense the
phase velacity of the beat wave 10 near ¢. This is achicved by
creating u duct structure in the plasmon, in which the density is
low ineide and high outside such that the EM wave is evanes-
cent, enabling the plasma beat wave phase velotity to be equal
to any prescribed veloeity within the channel.

3.4. The Transverse Size

At the beginning of this section we defined our system with
» diffraction limited laser spot size at the walst, a® = R)/x =
LX{2x, In terms of a chosen phase slippage & and ellminating
the gection length L, we can verify that

3
c,zzé'e w

wp

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

3 1
W 27' nome! wi’) (%) . (3.10
When above the threshold, the Jaser 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
relativiotic mases and therefore result in higher laser group
velocities. From computer simulations'® it is found that the
laser beam will focus down to a radivs ~ ¢/uy asymptotically.
One obvious merit for invoking the relativistic self-focusing ef-
fect in PBWA is to ¢¢tond the Rayleigh length substantially.
But there are shorteomings. It s 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 s radial pon-
deromotive force which blows plasma out of the chanzei in a
time an fast 28 one ion plasima period, necessitating the use
of laser pulses shorter than this. In turn this imposes a strin-
gent constraint on the necessary Insey power. To avoid thess
subtleties we still confine ourselves in » Raylelgh diffrdction
dominated regime for the remaining discussions.

PBWA. (3.9)



For the PWFA since we would like to fix the number of

Table 1. Plasma Beat Wave Accelerator

particles N; in the driving bunch, the transverse size is deter- o
mined by the desired accelerating field, osen Parameters Values
s w [sec™!) Nd:Glass 1.78 x 10" [ CO, 1.78 x 10M4
- [SV.N:M ] PWFA , (3.11) L few] 10 100 10 100
i a 0.25 025 | o2 | o3
where 7, is the classical electran radius. -8 frad] sxf16 | sxf16 |sx/16 {Sx/18
3.6. The Energy Requirement nin §/8 0.85 085 085 045
In the PBWA the laser power for the beam profile given in — 2000 1000 | w00 | 2000
Eq. {23) is W = xa?Ejc/16x. If we sssume that we have Derived Parameters
laser pulse length 7, th§ energy aecessary to drive the plasms  wp [10" sec™1] 265 123 sn 265
wave density to ang is* g [10'8 3] n7 467 100 | 0.22
abmids f w\? ey [GeV /m) 0.38 4.36 200 | 0.94
Wr= (;;) PBWA. (a.12) 4 jmm)] 0.13 04l | 041 | 180
where Eq. (3.9) has been used to eliminate a®. On the other of X’. 1.82 210 1.2 1.82
hand, the totel energy in the driving bunch of Ny particles for B |v/sing mm] | 018 0.57 0.57 1.80
the PWFA is sizaply given by Nz 101} 195n; | 9.04m | 4.10n; |1.95n;
Wr=NE, PWFA. (3.13] Wr [J] 23.9 5154 11.1 230.2
4. Numerical Examples Table 2. Plasma Weake Ficld Accelerator
Now we come to apecific examples of both schemes. Our Chosen Parameters Values
approach is to chooae a set of parameters that we fix from the L [em| 10 100 10 100
::dunlng.ot'rhc :u::;ning pu-meu:-h af.n ﬂle:l I:; c?l::;lsud €&, [GeV/m] 0.38 4.36 2.00 0.94
terms of those chosen onen nsing the formulas derived pre- 0 o
viously. To make meaningful examples we employ only those N 5101015 101 {5 x 109 |5 x 10!
lasers and electron b that are p tly available, There- E) (GeV] 1.04 4.84 0.22 1.04
fore we nead to fix the Jaser frequency w by choosing a particu- afdp 1.82 2.70 1.25 1,82
las Inser source, If we further ﬁx‘lhe section lengtl} L, the phase Derived Parameters
slippage determines the plasma freq y wy. This that
£, 1 a derivable quantity in PBWA. 6 |mm] 0.25 0.36 0.54 0.78
To keep the dimensions to & laberstory scale, we select £]10~% rad] 5.5 25 4z 18
the acceleration lengtha to be 10 ¢m and 100 cm. These two wp [101° 8ec™) 137 141 439 438
lengths are then combined with twe different laser frequencies, np [10'® cm—Y] 5.90 6.18 606 604
the Nd: Glass laser and the €0, laser, to form four sets of « 0.8 017 025 a1
sumple calculations. For the PBWA the trapping parameter _ - - - .
a = ny/no ip chosen to be 0.25, which is approximately the ~ #[v7/sinémm] | 028 | 059 [ 073 | 152
ssturation value,)! and the phase slippage ia taken to be the N; 109} 22503 | 2259 | 2257y | 2.25ns
optimum value given in the previous section. Finally, we as- Wr .= NE 7] 8.33 38.8 1.76 8.33

sume that the laser pulse length and the growth time for the
plasma wave r is sbout 159 cyclea {wyr = 1000).

Since the PWFA is not so restrictive in its design, we can
now set the parameters to mateh some of those for the PBWA.
In particular we use the asme acceleration gradient and the
same a/Ap. The number of particles In the driving bunch is
taken from the present number in the SLC and the burch
length ia assumed to be somtwhat jxs than the plasms wave-
Jength. The Initial and final energies of the driving bunch are
solecied 80 that the final energy of the bunch tall is 90% of
its Initia) energy. As we can see from Tables 1 snd 2, the
phase shippege for the PWFA is much smafler than that for
the PBWA. All parameters except the efficiency end the en-
ergy in the driving beam turn aut to be quite comparsble. In

6. The Efficiency
5.1. The Efficiency with Untailored Driving Beams

The overall efficiency of the plasma accelerators can be
divided into three parts. The frst parst is the efficiency of con-
version of ‘wall plug’ energy to either laser energy or electron
beam enetgy. These two efciencics may be quite different,
however, we will not discuss them here. The second efficiency
in the convemion of either Jaser or electron beam energy to
plasma energy. The third efficiency is that for conversion of
the plaxma energy to the driven electron beam. The efficiency
of the transfer of energy from the laner to the plasma has been

mmmmm—ﬂﬁm& focusing for both
schemes is quiic strong. The energy required for the driving
bunch is consistently higher for the PBWA; however, because
it In less efficient in these examples, the aumber of particles Na
which can be driven is comparable to thet in the PWFA.

Jculated for the PEWA model we have chosen.)® For & gen-
ezal phane shift & the ratio of the plasma energy to the laser
energy is givea by

_PE _aof
m=g= PBWA. (s.1)

T




H lazer depletion s 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 quile different. In this case one muat
consider the beam loading effects. If we could treai the bunch
as a macro-particle, then for s very relativistic driving bunch
we could extract nearly all of its snergy before it's velority
changed enough to yield g phose slip. However, due to beam
loading this ia not possible since the lending edge of the driving
bunch losea essentially no energy to the plasma while the trail-
ing edge loses twice as much us 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
1/2 of the energy
1

5 PWEA. (5.2)

m=

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

aame. The total acceleration gradient experienced by a bunch
with N, particles in a plasma wave is

G= d{‘} =e&f - 4:’% . (5.3)

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 iotal energy grined by
the bunch divided by the plasma energy,

-1
n = N;GL (g;:zgz ) . (5.4)

This efficiency has a maximum when Nz = fE£,5%/8e, and the
value is given by

max 3 b’
Py = f 5 {5.5)
For the PWFA S can be taken to be essentially unity while

for the PBWA [ is given by Eq. (3.7). If we require that the
induced energy spresd due to the transverse veriation of the

The 53 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 aficiency n, for a
given number of driving particles occurs when the bunch cur-
rent is compoeed of the following two componenta: (1) a delta-
function “precursor,” and (2) a linear current ramp with length
wy7 following immediately after the precuraot. The number of
particles in the two comp are supposed to have the ra-
tio 2/(wpr)®. With thia arrangement, the energy extraction
efficiency is*®

_ 1+ (uwyr)?
T2+ (wyr)?
When wpr 3 1, 17, approaches 100%. For more reafistic charge
distributions, for example & half-Gaussian proilie or & *door
step™ profile,'? p; 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 ratic™ R, defired as the ratio of the maxi-
mum accelerating electric field behind the driving bunch EZ,
to the maximum retarding electric field within the bunch E.
If a monocenergetic driving bunch excites a wake field, and if
within distance L the particle in the bunch that experiences
th2 meximum retarding field E;, whieh would step the earli-
est, loses energy Ayme® = eLEy;, then the maximym possible
enezgy 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 tremandous num-
ber of stages to boost GeV beams to TeV energies. However,
for the optimal charge distribution discussed above, the trans-
former ratio is B = /1+ (wpf)?. When the bunch length
occupies many plasma wavelengths, i.e. wpr > 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 transverae wake Seld
excited by its head, which would quickly disrup the bunch if the
wake field is too strong. This is indeed the case for » parabolic
radia! distribution discussed in the previous scetions. However,
if one also tailors the radial distributin such that it is constant
in radius, and for kpa > 1, the wake field is essentially one di-
mensivnal and the transvesse field is exponentially suppressed

m PWFA . (5.6)

longitudinal feld is say 1%, then the i efficiency of
transfer of plasma energy to the electron beam in about ome
order of magnitude smaller than the SLAC atructure with a
1 mm Gaussian bunch,'® which is g** = 0.3. Even the nJ'™
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 7;. Next section is discussions
on 7.

For the m in the PBWA, sinrce 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 mey be another poasi-
bility. But as we discussed catlier, this effect may have other
complications. Both ideas need to be further atudied.

as w2 will see in the next section.

5.3. Improving the Energy Absorption Efficiency

Now we turn to the improvement of the energy sbsorption
efficiency nz. These are recently two ideas suggeated by Ruth
and Chen?® and van der Meer,!® separately. The former sug-
gests 3 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. ko > 1).
‘The second suggestion does not invoke modifying the trans-
verse profile, but requires the opposite extreme that ko << 1.
We will zeview them briefly in the following.

Consides in the PWFA that the driving bunch profile to be
o(r) = Nfxa® for r < a. It can be siraighiforwardly verified
that for both k;a und kyr Inrge,

Eo = —‘—::—v- (l - -;— (-;)m e“o("')) coti(kez —wyt) . (5.7)

We sec that the field is quite constant fot # < a and drops




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

If we eonsider a trailing beamn with full width 5, the full
encrgy spread induced by the transverse variation of &, ia

[i%gl]tm - é (%) Y g-taten ) (5.8)

In this ease the efficiency i agaln given by nf** = (b/a)’. Aa
an example, let us congider the case in Table 2 ¢colunm 1. To
waintain the acceleration ficld of 8.38 GeV/m, we inrrease the
number of particle in the driving beam to N; = 1 x 10" while
fix @ w 0.28 mm. Furthermore we increase the plasma density
by & factor of 3 such that kya = 0.6. If we restrict the full
energy spread to about 1%, the trailing beam radiua b can be
increase to b/a ~ 0.80, which ylelds an efficiency nP** = 0.64.

Stmllar arguments apply to the PBWA. Assume that, in-
stead of & Gaussian: distribution, the laser beam radizl profile
is modified into the following:

1~ kya Hy(kpo) Jo(ker), r <o

= E? . X
B = £ { kaly(kpa) Kolksr),  r>a (=)

When both kpa and kr > 1,

Ea(r) = E? [l - ; G)m e"""")] , r<a . (5.10)
This Is the same radial behavior as in Eq. (5.7). By applying
the same method glven in Bection 2, it can be shown that the
corresponding &, has the same form s in Eq. (5.7}, except that
the cosfficlent 4eN/o” is replaced by wprkpe E/8uw?m. Recall
that in the PBWA P m (sin8/5)%(b/n)?, we find from the
above example that n'™* = 0.46.

8. van der Meer suggests another way of improving n; in
PWFA by taking kpae < 1. In thia case, for ke « 1 and
kpr € 1 welnd

G- [2-can %ﬂ -5+ (5)‘] . (511)

where ' = 0.577... is the Eulet's constant. The full energy
spread for a trailing beam of radius b ia therefore

e =

AF " I-Cthg ' <! 62

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

i-C+hnghy

W”g-a-un . Kakd il (5.13)

Again, keeping the full energy spread 1o about 1%, we find the
transverse size (b/a)® o 0,032, The maximum efficiency ean
then be calculated from Eq. (5.33) to be nf** = 0.85.

From the above discussions we see that the second effi-
clency n; can In principle be very good in both PWFA and
PBWA from both schemes, However, if one wishes to incorpo-
fate an asymmetric cuerent profile in PWFA such that the firat
efficlency m) and the transformer ratio R are alsc optimized,
then the firat scheme hes an advantage over the second scheme.

This is because the focusing field in the former case iy exponen-
tially suppressed relative to the longitudinal field, whereas the
ratio of £,/&, in the later case scales like (1/kya){r/a), where
kya < 1, and the tail of the long azymmetric bunch would be
atrongly pinched by its head. Another preblem with the strong
focusing is that the accelerated particles which csciliate in the
focusing field emit large eynchrotron radiation. However, stnce
the rediation is very sensitive ¢to g, this peoblem may be 2cived
with maore careful design.
8. Emittance Growth in Plasma Accelcrators

The emittance of the accelerated beam can be very small
when either of the improvement schemes discuazed above Is
loyed. For le, in the case of & flat driving beam

(k,:z > 1) we have weak focusing and

o otet
£= [-i-% BB RapRNr, ) @1

With the same numerical example discussed above, we find
£ = 125 m at 10 GeV when sin¢ = 0.1. H we assuie perfect
matching, the emittence at 10 GeV is then ¢ = /8 = 3.2 x
10~ m-rad, which yields an invariant emittance ¢, = 8.4 x
10~%, To compare with rms emjttance one might divide by &
factor of 5. This iz coming close to interesting values for large
linear colliders.

To this point the plasms accelezators, in particular the
PWFA, seem to be able to provide not only high gradienta,
but elso high efficiency and bow emittance. The remaining
question i» whether the low eraitiance 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 alse sources derived from imperfection of
the system, in particular the imperfrection of the driving bsam.
We discuss them briefly in the following.

6.1. Inherent Errors

Coulomb Seoticring: It has been shown by Montague and
Schuell?® that the emittance growth due to Coulomb scatter-
ings between the beam particles an.: the plasma ions can be
expressed as

%ﬁl=%zuzu.a|n(i‘£) . (82)

where Ap is the Debye length of the plasma and 7, & 0.7 %
10~ cm 15 the effective Coulomb radius. In the same example
which we just discussed, at plasma thermal temperature AT =
5 eV, the growth of emittance due to this effect will be A¢y =
5.3 x 10™% 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. Thix is, however, by no
means the optimum design. By choosing the parameters mare
carefully, Aeq may be scomewhat reduced relative to e, Bui to
be sure, the emittance growth due to Coulomb scatterings s a
non-negligible effect in our weak focusing (or large §) approach.

6.2. Driving Beam Imperfection

Since the plasmu accelerators asgume staging techniques
to accelerate the particles to TeV energy or above, while esch
stage requizres a aeparate driving beam, any random error on
the designed driving beam density distribution would cause
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emittance growth. In analysing these errors in the PWFA, any
azimuthal perturbation in the driving beam can be decompoaed
into multipole moments. It can be shown that the electric feld
in the plasme generated by the m'® moment scales as &,
1/m3. Therefore the most severe effects are contributed by the
lowest modes. Notice, however, that this picture pressumes a
trangversely 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 n, is invaked, With the help of the transverse sell-
focusing, the variations of the density dlstribution are expected
to be smeared out along the course of travel, and this effect is
hoped to be not too dameging to the preservation of designed
emitiance.

7. Experimental Progress

The first experimental verification of the PBWA was per-
formed at UCLA.™ The 9.6 ym and 10.6 gm lines of 2 COy
laser were used to vesonantly drive & plasma of density 10%?
em~3¥, 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 in adjusted o & match to the fast plasma wave. By
moving the fiber optics which collects the scattered light on
a shot-to-shot basis, the & spectrum of the plasma wave has
been obtained. Figure 1{a) shows that Ak s k,. In addition,
Fig. 1{b) shows the frenuency shift of the ruby light from the
stray position to be axactly Aw = wy, These measurements un-
ambiguously identify the wave as being the plasma beat wave.
From Ak snd the plasma density perturbation measured, it was
inferred that a longitudine) electric field between 1 GeV/m and
3 GeV/m was achieved,
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Fig. 1. (s) The &k spectrom, and (b} the frequency
shift, from the UCLA experiment.

At the mearn time, an experiment op the PWFA is cur-
rently in progreas at Argonne National Laboratory under the
Winconsin-Argonne-Fermilab collaboration. Other experimen-
tal effortz on either of the two schemes are being pursued or
considered at Quebée, Canada, Rutherford Appleton Labora-
tory, England, and at CERN, Switzerland.

8. Bummary

The physical mechanisms of generating fast plasms waves
are reviewed, and the sccelerator schemes employing beuting
lasezs (PBWA) and relativistic electron bunches (PWFA) are
discussed. Gradients of order 1 GeV/m are theoretically pre-
dicted and expecimentally 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-
dinel and tranaverse density profiles of the driving bunth. The
emittance in these schemes is found to be close to the inter-
esting values fu- large linear colliders. This low emittance is
potentialiy jeopardized by various inherent noise effects in the
plasma and the imperfectiona in the driving beam. Further
studiea are needed for » more complete estimate of al! these
effects.
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