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High Beam Quality and Efficiency in Plasma-Based Accelerators
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The question of what beam quality and efficiency are ultimately achievable in plasma-b
accelerators is addressed analytically and through self-consistent particle-in-cell simulations. A st
for phasing and beam loading to minimize energy spread while at the same time achieving high e
extraction efficiency is proposed. Preservation of beam emittance is facilitated by the use of a h
channel. [S0031-9007(98)07381-5]

PACS numbers: 52.75.Di, 41.75.Lx, 52.40.Mj, 52.65.Rr
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The past two years have seen great advances in la
driven plasmas as media for particle acceleration [1,
Plasma waves (wakefields) of magnitude on the order
100 GeVym have been excited with relativistic phase ve
locities, electron beams accelerated to 100 MeV with
a few millimeters, and peak currents of tens of kilo
amperes generated [3]. Recent computational work
has added significant insight into the physical mech
nisms underlying these experiments. The bulk of the
near term experiments rely on an instability for plasm
wave growth and typically result in 100% energy sprea
of accelerated particles. These works have emphasi
high accelerating gradients and energy gains, and less
tention has been paid to the qualities of the beams (e
ergy spread, emittance, particle number). Moreover, t
question of overall efficiency has not yet been serious
addressed.

In this Letter we address self-consistently the overa
efficiency, beam emittance, and energy spread for
plasma accelerator. In order to overcome fundamen
tradeoffs between these quantities we exploit adju
ment of the insertion phase to equalize energy gain b
tween head and tail and thereby minimize energy spre
Particle-in-cell (PIC) simulations are used to show that
is possible to accelerate beams in plasmas with high be
quality and high overall efficiency.

We consider one particular realization of a plasma a
celerator, namely, a hollow channel plasma accelerator
with Gaussian beams. Wakefields in hollow channels c
be excited by either a short laser pulse or a high cu
rent particle beam. In the simulations we consider t
wake excited by an electron beam. However, most of t
results apply to the laser-driven case as well. Chan
formation is currently a topic of great experimental in
vestigation. Leading approaches include laser-produc
channels [6] and hollow capillary discharges [7]. Th
hollow channel case is significant because it offers n
only laser guiding (for laser-driven wakefield accelera
tors) but also the ideal accelerating field structure (i.
transversely uniform accelerating fields and minimum f
cusing/defocusing forces). Thus the results here addr
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the question of what is the highest beam quality and e
ciency ultimately possible in high gradient plasma-bas
accelerators.

We begin by considering an ideal hollow plasma (fo
simplicity, we analyze slab geometry; however, the co
clusions apply to cylindrical geometry as well). Th
plasma is assumed to be homogeneous everywhere ex
betweeny  2a to y  1a, between which it is empty.
The typical wakefield excited by a laser pulse has be
worked out previously [5] and is shown in Fig. 1. Th
wavelength of the longitudinal field can be approximate
aslch  lp

p
1 1 kpa wherekp  2pylp  vpyc and

vp is the plasma frequency
p

4pn0e2ym. The trans-
verse profile of the accelerating gradient is uniform acro
the channel and drops exponentially outside the chann
The focusing force is zero inside the channel for a ve
relativistic particle. The spikes at the channel walls a
due to the plasma/vacuum boundaries. We comment t
if particles hit the channel boundaries, the spikelike for
can turn the particles around (like bouncing off of a wall
This may offer an interesting means of transporting ve
intense space charge dominated beams.

FIG. 1. Typical wakefield structure in a hollow plasm
channel. (a) Accelerating gradientWk vs kpz; (b) accelerating
gradient vskpx'; and (c) focusing fieldW' vs kpx'.
© 1998 The American Physical Society 3411
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The maximum number of particles that can be accele
ated by the plasma wakefield can be found from superp
sition of the wakefield and the self-wake of the particles
the beam load. The wake excited by a particle beam in
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hollow channel can be found in an analogous way to t
calculation of the laser wake done in Ref. [5]. The resu
for the self-wakefield of an accelerated beam of radiusb,
densitynb , and lengthl is given by the following [8]:
eEzs y, jd
mvpc
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0, j . 0 ,

21p
11kpa

s nb

n0
d skpbd sinskchjd, 2l , j , 0 ,

2p
11kpa

s nb

n0
d skpbd sins kchl

2 d cosfkchsj 1
l
2 dg, j , 2l .

(1)
-
ke
tly

ke

nd

c-

el.

n
ing
re
lid
This is the longitudinal wake inside the channel wheren0
is the background plasma density,kch  kpy

p
1 1 kpa,

j  z 2 ct. The wake is zero in front of the beam b
causality, rises as asine function during the beam and
oscillates sinusoidally after the beam.

The tradeoff between high beam loading efficienc
and high beam quality is by now well known [9–11]
High efficiency requires heavy beam loading; howeve
the self-wake of these beams reduces the accelera
of the tail resulting in energy spread. For short bun
lengths (bunch lengthø wake wavelength) the efficiency
is approximately 2h 2 h2, when the energy spread
induced in the beam by the beam’s self-wake ish [11].
Thus, higher efficiency yields a larger energy spread. F
example, a beam loading efficiency of 50% yields a 30
energy spread. In this Letter we include the effect
phase slippage and show that it can be used to red
this energy spread from 30% to 3% without specializ
shaping of the beam [9]. We also address for the first tim
overall efficiency, including self-consistently the driv
beam to plasma coupling efficiency.

Because of the lack of transverse variations inEz ,
the longitudinal dynamics of particle beams in a hollo
channel are effectively simplified to one-dimension
phase slippage. We may take advantage of the slipp
to minimize energy spread without shaping the bea
[9]. By taking into account the combined effect of th
accelerating wake, the beam’s self-wakefield, and t
phase slippage, we can find the injection position whi
will minimize energy spread (Fig. 2).

To quantify this idea, consider a slab beam of leng
lt , width b, and density nb riding on a wakefield
Ezd sinskchz d excited by a driving source. Assume
the injection phase of the head isz0 behind the ac-
celerating peak, i.e.,zi  2z0 2 lchy4. To have
maximum energy gain, the extraction position shou
be zf  0. Thus the dephasing length can be approx
mated as2g

2
fslchy4 1 z0d, where gf is the Lorentz

factor associated with the wake phase velocity. Th
dephasing length is obtained by calculating the distan
that it takes for a particle moving at approximatelyc
to outdistance the wake bylchy4 1 z0. During this
acceleration period, the particles at the tail of the bea
will see a constant retarding force caused by the se
generated wake, whereas the self-generated wake is
energy loss of the tail, which can be estimated fro
y
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Eq. (1) as

DE1  2g2
f

√
p

2
1 f0

!
Ezt cos

√
ft

2

! q
1 1 kpa , (2)

where Ezt  smvpcyed s2y
p

1 1 kpa d snbyn0d skpbd 3

sinsfty2d is the maximum amplitude of the wake excited
by the trailing beam,f0  kchz0, ft  kchlt, and we
have normalizedDE1 to mc2.

This relative energy loss of the tail electrons with re
spect to the head electrons due to the beam self-wa
can be compensated for modest beam loading by correc
choosing the insertion phase into the preexisting wa
Ezd sinskchz d. The energy gains of the particles at dif-
ferent phases due to the preexisting wake can be fou
from the Hamiltonian formalism [12]:H 

p
p2 1 1 2

E0 cossfd 2 yfp whereH is the normalized Hamiltonian
of the particle-wave system,p is the normalized injection
energy of the particle, andE0  seEzdymvpcd

p
1 1 kpa.

For the particles at the head of the trailing beam, the inje
tion position iszi  2z0 2 lchy4 and the extraction po-
sition is zf  0. Similarly, the particles at the tail of the
beam have injection phasezi  2z0 2 lchy4 2 lt and
extraction phasezf  2lt. The energy spread of the trail-
ing beam can be estimated by a simple two-particle mod

FIG. 2. The optimal injection positionsz0ylchd vs the loading
efficiencyh for lt  0.05lp . The inset shows a sketch of the
electric field seen by the beam at two different positions i
the accelerating bucket. The dashed curve is the preexist
wakefield due to the driving source, the two dotted curves a
the self-generated wakefields by the trailing beam, and the so
curve is the total wakefield.
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By subtracting the energy gain of a particle at the be
headsphf 2 phid from the energy gain of a particle at th
beam tail (ptf 2 pti, where the subscripts refer to the in
tial and final values for the particles at the tail and hea
we obtain for the energy spread

DE2  2g2
fE0f sinsf0 1 ftd 2 sinsf0d

1 cossftd 2 1g , (3)

where we have assumed all the variablesp ¿ 1. The
condition that yields the same energy gain for the t
electrons as for the head can be found by equating Eq.
to Eq. (3). The result is

h

√
p

2
1 f0

!
cos

√
ft

2

!
 sinsf0 1 ftd 2 sinsf0d

1 cossftd 2 1 , (4)

where h  EztyEzd is the amplitude ratio of the wake
fields excited by the trailing and the driving beams a
is usually identified as the beam loading fraction (sin
h  1 corresponds to 100% absorption of the wake e
ergy). In terms of the number of accelerated particlessNd,
h is given byNyNmax. For shortskpl ø 1d and narrow
søcyvpd bunches,Nmax follows from the last of Eqs. (1)
to be Nmax  seEzdymvpcd s3 3 1017y

p
n0 d s1 1 kpad,

wheren0 is in cm23. In Fig. 2 we show the optimal in-
jection positionz0 versus the loading fractionh for a trail-
ing beam of length0.05lp . For h . 0.124 (or 12.4% of
the maximum possible beam load) the injection phasez0
becomes negative, and the energy gain and gradient
more severely.

In Figs. 3 we show simulation results of the ener
gain and energy spread as functions of time. The be
lengths (full width at half maximum) are1cyvp for
the driving beam and0.3cyvp for the trailing beam.
Both beams are Gaussian in bothy and z directions
with beam radiussy  0.5cyvp . The emittance of the
driving beam is much smaller thans2

yyLd where Ld is
the dephasing length, so that the beam divergence
be neglected. The peak density of the driving beam
the same as the plasma densityn0 and the peak density
of the trailing beam is0.33n0. The loading factor is
h ø 10%. The energy spreaddg is seen to increase the
decrease as expected as the phase advances. Atvpt 
600, the energy gainDg has reached 56.5, while th
energy spread has been reduced to the initial root-me
square value 0.5sdgyDg  0.76%d. This is considerably
smaller than what would be expectedsdgyDg ø h 
10%d if the usual injection phase choicesf  0d were
made and negligible phase slippage were allowed. T
nearly perfect cancellation of the rms energy spread see
the simulation appears to validate the simple two-parti
model used in the analytical calculation.

In the following PIC simulation, we consider a heav
beam loading case. Parameters are similar to the prev
example except thatgi ø 50 for both beams and we
increase the peak density of the trailing beam ton0. This
am
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FIG. 3. PIC simulations of (a) energy gain and (b) ener
spread vs time.

corresponds to roughly 30% beam loadingsh  0.3d. At
the end of the simulationsvpt  480d, the energy at the
tail of the driving beam has decreased fromgi ø 50 to
gf ø 5. At this time, the energy gain of the trailing
beam is Dg  43.0 and the energy spread isdg 
1.39 or dgyDg  3.2%. The normalized emittance ha
increased to0.012 radykp which corresponds toen ø
2.5 3 1021 mm mrad for a channel of radius 20.5mm
and plasma densityn0  6.7 3 1016 cm23. Figure 4
shows the energy history of both the driving and trailin
beams, normalized to the initial energy of the drivin
beam. This figure shows that more than 50% of t
driving beam energy can be transferred to the plasm
Of this energy 50% is picked up by the trailing beam
Thus 25% overall efficiency from the driving beam to th
trailing beam is achieved in this simulation case.

FIG. 4. Time history of beam energy. (a) The energy of the
driving beam normalized to the initial total energy. (b) The
energy gain of the trailing beam normalized to the initi
driving beam energy.
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In this Letter self-consistent PIC simulations were use
to demonstrate that a heavy beam loadsø108 particlesd
can be accelerated with high efficiency (25% from th
driving beam to the accelerated particles) while st
preserving beam emittance (en ø 2.5 3 1021 mm mrad)
and energy spread (dgyDg  3.2%). With reasonable
attention to the wall plug efficiency of the driving sourc
(i.e., laser or particle beams), it appears that ultrahi
gradient plasma accelerators with high overall efficien
are possible.
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