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Abstract estimates for accuracies are fully general and applicable
One possible way to demonstrate both the efficiency anv(\:/Iherever the driver and accelerated beam are cut from a
oo . . single beam.

beam quality in a plasma wakefield accelerator is to pre-
pare matched drive and accelerated beams by removing a

central slice from a single high-quality electron bunch (par- OPTIMIZATION PROBLEM

ent beam). For parameters of the parent beam given, theéThere are two groups of input parameters in our problem.
question arises how to maximize the number and energy phrameters from the first group are stringently determined
accelerated particles and minimize their energy spread agg the heamline, cannot be easily varied, and are not a sub-
emittance. This question is addressed by numerical simjisct of optimization. We take them close to the design beam
lations. The optimum shape of the beams, required plasrp@rameters of Novosibirsk PWFA experiment [4, 5]: initial
length, achievable energy gain and energy spread are fougigergy 11, = ~ome? = 510 MeV, number of particles in

as functions of the plasma density and parent beam chargga parent beanV, = 2 - 10'°, normalized rms emittance
teristics. The required control accuracy of adjustable beap) — 20 mm mrad, initial energy spreadvy, is negligibly

and plasma parameters is determined. low, minimum possible lengtwr, ,,,;,, = 0.1 mm, mini-
mum possible radius, ,,;, = 20 pm, cut-out sharpness
INTRODUCTION 0z =0.1 mm.

) ) ) Parameters from the second group can be adjusted rel-
Since mid-1980th, the electron beam-driven plasmaively easily. They are the compressed beam leagth
wakefield acceleration (PWFA) is actively studied as a pogsrojections of chopper edges onto the compressed bgam
sible way to future high-energy linear colliders [1, 2]. Al-anq »,, beam radiuss,, plasma density:, and plasma
ready demonstrated are good agreement between theoyggth L,. The optimum values are to be found with the
ical predictions and experimental observations, high agonstraintsr. > . i, 07 > 0 min, andz; > zo.
celeration rate and high energy gain [3]. High efficiency Assume the parent beam at the entrance to the plasma is
of beam-to-beam energy transfer and high quality of thgyisymmetric with the density distribution
accelerated beam (witness) are not experimentally proven
yet; this should be the next major step toward a competitive N, e~ /207 1 \/? z 1
pree(az)] @

plasma-based accelerator. "pb 29920 (%)3/2
One possible way to achieve both the efficiency and rz

beam quality is to prepare matched drive and accelerated|z| < o.+/27 if no slices are cut out. With the cutting

beams by removing a central slice from a single highen, the initial beam density is

quality electron bunch (parent beam, Fig. 1). Given the

parameters of the parent beam, the question arises how to ny(r, 2) =y (9(2, 22) +1 = g(2, 21)), &)

maximize the number and energy of accelerated particle

and minimize their energy spread and emittance. Oth(\évfnere the function (=, z;) describes a smooth cutout edge:

Oz

guestions are what characteristics of the witness can be 1, 2 <z —02;
achieved with available parent beams and to what accu- . m(z— %)

racy the adjustable parameters of the system must be hef§?: #1) = 05 (1—sin 262 vz — il <oz
These questions are addressed in the paper. 0, 2> 2 + 62.

It is important to emphasize the degree of generality of o )
the obtained results. As a reference point for optimizatior,he geometry of the cut beam is illustrated by Figure 1.
we take the design parameters of PWFA experiment on

the VEPE—S injection complex [é_l, 5]. The r?umerica}l val- (0, 2) parent o
ues obtained are therefore applicable to this experimentai beam e o

. . . . cut e direction of
project only. The dimensionless relations are more general S “~.._ propagation
and valid for any experiment where the parent beam has a T
Gaussian-like shape. The scalings and order-of-magnitude - 0z )

22 21 z
*Work supported by RFBR grants 03-02-16160, 05-02-16775, 06-02- . .

16757, and SB RAS Lavrent'ev grant for young researchers. Figure 1: Beam shape at the entrance to the plasma.
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Dynamics of thus defined beam in the uniform unmag#’ Y K SELEPEIN w £
netized plasma of the lengih, and density:, is followed 04 E’;;
numerically with LCODE code [6, 7]. The output of the S 20\ |21
. o . -0.
code is a 6-space distribution of beam macroparticles at the TR o VR
exit from the plasma. From these data, we find four goal 15 . -3 T e
(a) ng, 10'° cm (b) zwpfc

parameters: the number of accelerated partidlgs their
average energy gainW, rms normalized emittance,,
and energy spreadV'.

For realization of the optimization algorithm, it is nec- e: 0.4
essary to combine the goal parameters into a single-valued
criterion functionF'. The choice of the criterion function
determines the convergence speed and, in principle, can
strongly affect the result of optimization procedure. For-
tunately, in the problem considered, there exists an accdl)
eration regime for which all goal parameters are simulta-
neously good and there is no trade-off between, for exarfrigure 2: (a) Values of the criterion function on the op-
ple, energy gain and number of particles. Thus, the resdifnum curve (dots) and on the line, 0, 21, 22, L) =
weakly depends on the particular criterion function if theconst (line); (b) optimum beam shape; (c) optimum beam

latter is reasonably chosen. Among several criterion funééngth; and (d) optimum plasma length. Dots show the lo-
tions tested, the function cal maxima obtained numerically.

mim

0.6
(5000 + 6000) ¢/wyg

2 4 6 8 10 0 2 4 6 8 10
ng, 101° ecm™* (d) ng, 10° cm™*

F =1In(N,/N,) + In(aW/Wp)

m
) ) 7 =~ 0, e c/wp, L, ~ Ayoc/wp, (5)

+ 3 :
1+ (2%0)2 1+ (0 fVAVW)Q where the factord depends on the parent beam population.
In our caseA ~ 5. Figure 2 illustrates these statements.
provides the best convergence. From Figure 2a we can see that thouh# const on the

The above procedure defines the functioroptimum curve, this inconstancy is small compared to de-
F(oy,0.,21,22,n0,L,) that has to be maximized in crease of" as its arguments deviate from the curve.
the 6-space of adjustable parameters. The function islt is instructive to look at evolution of main witness pa-
noisy; a small variation of any argument can result in @aameters in the plasma (Fig. 3). In this section, we use the
large change of the value. This is because beam particlegut parameter set marked by crosses in Figure 2 and ap-
make aboutl0? betatron oscillations in a typical plasmaply no halo filtering criteria. We see that the beam evolution
length, and a very small variation of run parametergccurs in three stages. After escape of the beam tail, the
is sufficient to change the oscillation phase at the exitest of the witness stably propagates in the plasma until the
Because of the noise, the search of maxima is best dodever get considerably depleted. Then the driver widens,
with a simple step-by-step algorithm. The search startde wakefield structure changes, and the witness get defo-
from some random point and moves alternately in eackused and lost. The end of the second stage corresponds to
coordinate until a local maximum is found with a giventhe optimum plasma length. The increase of emittance dur-
precision. Typically, one search takes about 200 code ruiigy the second stage is a numerical effect that disappears at
and 50 hours at Pentium-IV. shorter time steps, so it is a price for fast computing.

Because of the noise, the search started from different
points results in different local maxima. The local maxima

. o : tail d accelerati driver depleti
found are not uniformly distributed in the parameter space; ,_ |-, good aceeleration nver <ep eton

loss witness destruction
they concentrate in regions of highthus showing not only \
the location of optimum regimes in the parameter space but.61 \
also the width of this regimes. Local maxima with low 3 0.1€y/€a
values ofF" can be easily culled. 12 Ly AW/ W,

wsll 05L, / 0
OPTIMUM REGIME ; 10 N, /N,

0.4 ﬁw/ L2

The main result of the above optimization is that the op- { SW/aW
timum parameters form a curve in the 6-space of adjustablg‘o 0 2000 4000 6000 wl ; 8000
parameters. The curve has one free parameter; let it be the p

plasma density,,. Other adjustable parameters are thus ] ] ] ]
determined byso: Figure 3: Evolution of witness emittaneg, energy gain

AW, populationN,,, and energy spreadlV as it propa-
0. ~215¢c/wy,  Or = Ormin, (4)  gatesin the plasma.
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Figure 4: Dependence of the witness energy gaif

(crosses) and energy spredd (ovals) on the plasma den- 1.6{"-... optimum 141 optimum __.eee.vee,
sity. o] A 121
E ‘e 1.0
30% NI +30%
-0.45 A 4045 0.8 -

0.84 R
The resulting energy spectrum depends on the plasma 1 %M 2:2: b *"‘h—*ﬁﬁf_ﬁ_
density (Fig. 4). The witness energy gain is limited to about " “f e, 0.2
the initial driver energy. At high plasma densities, the en- 0.0+ ———————r——~  00%—7"— 1.'5 “fﬁ"
ergy gain is high, but the energy spread is large because of (21 + 22)/ (wcwp) 2(z1 — 20)/ (mefwp)
the limited beam shape control. Namely, as the density ir(c) d)

creases, the width of the cut-out interval gets smaller than
the cut-out sharpnesk:, and the witness energy spread™igure 6: Variation of the witness population,, energy
increases. In units ofE, = mcw,, the average accel- 9ain AW, emittancer,,, and energy spreatiV” as (a) the.
erating rate is constant in a wide interval of plasma derfarent beamlength, (b) plasma density, (c) cut-out location,
sities and equalst—. Together with the expression (5) and (d) cut-out width deviate from the optimum values.
for L,, this suggests that the acceleration distance here is
determined by the driver depletion. At low plasma densigriver is about one wakefield half-wavelength. The only
ties, the acceleration length is limited by emittance-drivefhissed feature is the beam current, relatively low value of
driver erosion, much of the energy remains with the drivefhich limits the efficiency at 30% level.
(Fig. 4), and the witness energy gain is small. Thus, the once the optimum set of adjustable parameters is found,
optimum plasma density is the minimum one at whichhe question arises of how precisely this values must be
the acceleration length is determined by driver depletiogontrolled. To answer this question, we follow the variation
(no ~ 2.2 -10'>cm™% in our case). of main witness parameters as one of adjustable parameters
The utilization efficiency of the driver energy is shownof the system deviate from the optimum value (marked by
in Figure 5. Since the deceleration field is not uniformyrosses in Fig. 2). The results are illustrated by Figures 6
within the beam, about 50% of the energy is left with theynd 3. The tolerances listed correspond to twofold in-
driver. Extra 20-30% are left in the plasma, so the overarease/decrease of any minimized/maximized witness pa-
driver-to-witness effiCiency is at 30% level in wide intervalrameter (marked by continuous lines in F|g 6) We see
of plasma densities. that most of adjustable parameters of the system need to
Note that the beam-plasma interaction in the optimurge controlled with 20-30% accuracy, and the most sensitive

regime has most of the features of the efficient acceleratigfhyrameter is the plasma density. Note also that over-length
mode described in Ref[8] Namely, both drive and Witn65§|asma in much worse than an under-]ength one.
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