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

PACS numbers: 52.75.Di, 41.75.Lx, 52.40.Mj, 52.65.Rr

The past two years have seen great advances in lasahe question of what is the highest beam quality and effi-
driven plasmas as media for particle acceleration [1,2]ciency ultimately possible in high gradient plasma-based
Plasma waves (wakefields) of magnitude on the order oficcelerators.

100 GeVVm have been excited with relativistic phase ve- We begin by considering an ideal hollow plasma (for
locities, electron beams accelerated to 100 MeV withirsimplicity, we analyze slab geometry; however, the con-
a few millimeters, and peak currents of tens of kilo-clusions apply to cylindrical geometry as well). The
amperes generated [3]. Recent computational work [4plasma is assumed to be homogeneous everywhere except
has added significant insight into the physical mechabetweeny = —a toy = +a, between which it is empty.
nisms underlying these experiments. The bulk of thes@he typical wakefield excited by a laser pulse has been
near term experiments rely on an instability for plasmaworked out previously [5] and is shown in Fig. 1. The
wave growth and typically result in 100% energy spreadvavelength of the longitudinal field can be approximated
of accelerated particles. These works have emphasizeabAcn = A,\/1 + k,a wherek, = 27w /A, = w,/c and
high accelerating gradients and energy gains, and less alr, is the plasma frequency: J4mnoe?/m. The trans-
tention has been paid to the qualities of the beams (enverse profile of the accelerating gradient is uniform across
ergy spread, emittance, particle number). Moreover, théne channel and drops exponentially outside the channel.
question of overall efficiency has not yet been seriouslyrhe focusing force is zero inside the channel for a very
addressed. relativistic particle. The spikes at the channel walls are

In this Letter we address self-consistently the overaldue to the plasma/vacuum boundaries. We comment that
efficiency, beam emittance, and energy spread for & particles hit the channel boundaries, the spikelike force
plasma accelerator. In order to overcome fundamentaan turn the particles around (like bouncing off of a wall).
tradeoffs between these quantities we exploit adjustThis may offer an interesting means of transporting very

ment of the insertion phase to equalize energy gain béntense space charge dominated beams.
tween head and tail and thereby minimize energy spread.

Particle-in-cell (PIC) simulations are used to show that it
is possible to accelerate beams in plasmas with high beam 0
quality and high overall efficiency. 0.05

We consider one particular realization of a plasma ac- 0 -0.02
celerator, namely, a hollow channel plasma accelerator [5] " ~0.04
with Gaussian beams. Wakefields in hollow channels can 095}, (b)
be excited by either a short laser pulse or a high cur- 100 fz 110 120 006 = 70
rent particle beam. In the simulations we consider the
wake excited by an electron beam. However, most of the 0.05
results apply to the laser-driven case as well. Channel
formation is currently a topic of great experimental in- W, o
vestigation. Leading approaches include laser-produced
channels [6] and hollow capillary discharges [7]. The :
hollow channel case is significant because it offers not ~ ~0-95; 3 10
only laser guiding (for laser-driven wakefield accelera- KX
tors) but also the ideal accelerating field structure (.. 1 Typical wakefield structure in a hollow plasma
transversely uniform accelerating fields and minimum fo-channel. (a) Accelerating gradieft; vs k,z; (b) accelerating
cusing/defocusing forces). Thus the results here addregsadient vsk,x, ; and (c) focusing fieldV, vsk,x, .
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The maximum number of particles that can be accelerhollow channel can be found in an analogous way to the
ated by the plasma wakefield can be found from superpczalculation of the laser wake done in Ref. [5]. The result
sition of the wakefield and the self-wake of the particles infor the self-wakefield of an accelerated beam of radius
the beam load. The wake excited by a particle beam iP densityn,, and length is given by the following [8]:

0, £>0,
eE.(y, &) _ | T () (kpb) sinken ), —1<¢£<0,

mwpc 2

Jithya (o) (kpb) sin(*4%) cogken(¢ + 5)], € < —1.

(1)

This is the longitudinal wake inside the channel wh;@(;e| Eq. (1) as
is the background plasma density, = k,/\/1 + k,a, &
& =z — ct. The wake is zero in front of the beam by Afp, — > 2(” + )E CO<T> N+ kya, (2
causality, rises as aine function during the beam and : 7o\ 2 bo JEs 2 i @)
oscillates sinusoidally after the beam.
The tradeoff between high beam loading efficiencyV"€ré Ex = (mwpc/e) /Y1 + kpa) (np/no) (kyb) X
and high beam quality is by now well known [9—11]. sin(¢,/2) |s__the maximum amplitude of the wake excited
High efficiency requires heavy beam loading; however?Y the tralll?g geam,m S Kendo, ¢ = kenls, and we
the self-wake of these beams reduces the acceleratig}?ve.norma.'ze Eytomc”. . .
of the tail resulting in energy spread. For short bunch This relative energy loss of the tail electrons with re-
lengths (bunch lengtks wake wavelength) the efficiency spect to the head electrons due to the b_eam self-wake
is approximately2n — n2, when the energy spread can be compensated for modest beam loading by correctly
induced in the beam by th'e beam’s self-wakenigl1] choosing the insertion phase into the preexisting wake
Thus, higher efficiency yields a larger energy spread. Fofzd Sinfken{). The energy gains (.’f the particles at dif-
example, a beam loading efficiency of 50% yields a 3094erent phases_due_ to the pr_eemstmg_wake czzan be found
energy spread. In this Letter we include the effect of OM the Hamiltonian formalism [12]H# = /p> + 1 —
phase slippage and show that it can be used to redu cos¢) N vgp WhereH |st_he normahzec_i Har_nl_lton_lan
this energy spread from 30% to 3% without specializec?! th€ particle-wave systemp, is the normalized injection
shaping of the beam [9]. We also address for the first tim@nerﬁy ofthe Ipartlcli, alr:ﬁ) d= gfﬁzd/m.if’l’c)b\/ I+ lﬁ’a.‘ .
overall efficiency, including self-consistently the drive 'O the particles atthe head of the trailing beam, the injec-
beam to plasma coupling efficiency. tion position is¢; = —4o — Aen/4 and the extraction po-
Because of the lack of transverse variations Ar, sition is {y = 0. Similarly, the particles at the tail of the

the longitudinal dynamics of particle beams in a hollowP€am have injection phasg = — — Ac/4 — I, and

channel are effectively simplified to one-dimensional€Xtraction phaséy = —I,. The energy spread of the trail-

phase slippage. We may take advantage of the inppad@g beam can be estimated by a simple two-particle model.
to minimize energy spread without shaping the beams
[9]. By taking into account the combined effect of the
accelerating wake, the beam’s self-wakefield, and the
phase_ s_Iippage, we can find the injection position which 0.20
will minimize energy spread (Fig. 2).

To quantify this idea, consider a slab beam of length CO
l;, width b, and densityn, riding on a wakefield I
E.; sinlken ) excited by a driving source. Assume _X;
the injection phase of the head & behind the ac- 0.11
celerating peak, i.e.,l; = —{ — Aa/4. To have
maximum energy gain, the extraction position should
be {y = 0. Thus the dephasing length can be approxi-
mated aszyé()\ch/4 + {o), where y, is the Lorentz
factor associated with the wake phase velocity. This 0 ' (')1 ' n — 0.2
dephasing length is obtained by calculating the distance : :
that it takes for a particle moving at approximately FIG. 2. The optimal injection positio},/A.,) vs the loading
to outdistance the wake by.,/4 + (. During this efficiencyn for I, = 0.054,. The inset shows a sketch of the
acceleration period, the particles at the tail of the beanﬁ!ecmc field seen by the beam at two different positions in

" tant retarding f d by th If e accelerating bucket. The dashed curve is the preexisting
will-see a constant retarding force caused by the Sellyayefield due to the driving source, the two dotted curves are

generated wake, whereas the self-generated wake is th& self-generated wakefields by the trailing beam, and the solid
energy loss of the tail, which can be estimated fromcurve is the total wakefield.

0
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By subtracting the energy gain of a particle at the beam 60 a7
head(p,s — ps;) from the energy gain of a particle at the Ay
beam tail (p;s — p:i, where the subscripts refer to the ini- 40
tial and final values for the particles at the tail and head),
we obtain for the energy spread 20
AE, = 2y3Eq[sin(¢ + ¢,) — sin(¢o)
+ cog¢,) — 1], 3) ok o 2
where we have assumed all the variables> 1. The p?
condition that yields the same energy gain for the tail 2.4 3]
electrons as for the head can be found by equating Eq. (2) oY,
to Eq. (3). Theresultis e
T . . '
n(; + ¢0> 00<%) = sin(¢o + ¢,) — sin(¢o) 12
+cog¢) — 1, (4) 08
wheren = E,,/E , is the amplitude ratio of the wake- 045 00 300
fields excited by the trailing and the driving beams and Wpt

is usually identified as the beam loading fraction (sincer ;s 3 pic i - :
X . 3. simulations of (a) ener ain and (b) ener
m = 1 corresponds to 100% absorption of the wake enspread vs time. @ v 9 (b) %

ergy). Interms of the number of accelerated parti¢es

71 is given byN /Nmax. For short(k,! < 1) and narrow
(«c/wp) bunchesNya follows from the last of Egs. (1)
t0 be Nmax = (eEzq/mw,c) (3 X 10V / /ng) (1 + kpa),
whereng is in cm 3. In Fig. 2 we show the optimal in-
jection position; versus the loading fraction for a trail-
ing beam of lengtl®.051,. Forn > 0.124 (or 12.4% of
the maximum possible beam load) the injection phase
becomes negative, and the energy gain and gradient dr
more severely.

In Figs. 3 we show simulation results of the energy
gain and energy spread as functions of time. The bea
lengths (full width at half maximum) ardc/w, for
the driving beam and.3c/w, for the trailing beam.
Both beams are Gaussian in bothand z directions
with beam radiusry, = 0.5¢/w,. The emittance of the
driving beam is much smaller tham’?/L, whereL, is
the dephasing length, so that the beam divergence c
be neglected. The peak density of the driving beam is

corresponds to roughly 30% beam loading= 0.3). At

the end of the simulatiofw,t = 480), the energy at the
tail of the driving beam has decreased fram= 50 to

vr = 5. At this time, the energy gain of the trailing
beam isAy = 43.0 and the energy spread 8y =
1.39 or 8y/Ay = 3.2%. The normalized emittance has
increased t00.012 rad/k, which corresponds tc, =~
5 % 10-! mmmrad for a channel of radius 20m
and plasma densityio = 6.7 X 10 cm™3. Figure 4
shows the energy history of both the driving and trailing
rBeams, normalized to the initial energy of the driving
beam. This figure shows that more than 50% of the
driving beam energy can be transferred to the plasma.
Of this energy 50% is picked up by the trailing beam.
Thus 25% overall efficiency from the driving beam to the
<,;F]ailing beam is achieved in this simulation case.

the same as the plasma density and the peak density 1

of the trailing beam is0.33ny. The loading factor is

n = 10%. The energy spreadly is seen to increase then 0.8

decrease as expected as the phase advances , At

600, the energy gailAy has reached 56.5, while the 0.6

energy spread has been reduced to the initial root-mean- ( a )
square value 0.85y/Ay = 0.76%). This is considerably 0.4

smaller than what would be expectédy/Ay =~ n =

10%) if the usual injection phase choide = 0) were 0.2 b )
made and negligible phase slippage were allowed. The

nearly perfect cancellation of the rms energy spread seen in 0

the simulation appears to validate the simple two-particle 0 200 t 400 600
model used in the analytical calculation. (DP

In the following PIC simulation, we consider a heavy . :
beam loading case. Parameters are similar to the previo 1AG. 4. Time history of beam energy.a)(The energy of the
g ' p Wiving beam normalized to the initial total energyb) (The

example except thay; =~ 50 for both beams and we energy gain of the trailing beam normalized to the initial
increase the peak density of the trailing beamdo This  driving beam energy.
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