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Plasma-wakefield acceleration of a positron beam
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Plasma-wakefield excitation by positron beams is examined in a regime for which the plasma dynamics are
highly nonlinear. Three dimensional particle-in-cell simulations and physical models are presented. In the
nonlinear wake regime known as the blowout regime for electrons, positron wakes exhibit an analogous
“suck-in" behavior. Although analogous, the two wakefield cases are quite different in terms of their ampli-
tudes, wavelengths, waveforms, transverse profiles, and plasma density dependence. In a homogenous plasma,
nonlinear positron wakes are smaller than those of the corresponding electron case. However, hollow channels
are shown to enhance the amplitude of the positron wakes.
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Significant advanced accelerator research is aimed at dethere E is the wake electric field on the axis behind the
veloping new technologies to reduce the size and cost dbunch, n, is the background plasma density in ?:?nkp
future elementary particle physics experiments based on col:wp/c is the plasma wave numbar,~N/(27)%?0,0? is
||d|ng high'energy beams. One pOSSib|e Scenal’iO f0r a futur%e peak bunch densitw is the number Of partic|es in the
electron-positrpr) collid_er is to use short plqsma sections ju%unch, andr, and o, are the rms dimensions of the bunch.
before the collision point of_an existing collider to boost the Equation(1) predicts the maximum wake amplitude to occur
energy .Of each beam. In this case, a bunch from each b.e. r a plasma density such thiato,=v2 for narrow bunches
line excites a_plasma Wake that is L_lsed to accelerate a_tra!hr:](q( o,<1) of fixed number of particles. For this matched
bunch from its respective beam line, thus wake excitatio Ip ma. the wakefield amplitud n be exor d

from both electron and positron bunches needs to be undef-25Ma, the waketield amplitude can be expressed as
stood. Currently an experiment is underway at the Stanford N 0.6 mmi 2

Linear Accelerator CenteSLAC) to demonstrate such eE,~240 MeV/rr( oo ( m) . (2
wakefield excitation by an electron bunjct]. Simulations of 4x1 9z

this electron driven case exhibit a promising scaling of the _ _ .

maximum wakefield amplitudeE(,) with the bunch length F.rom this we see that the maximum wake amphtude 'for a
(0): nominally Eqec1/0% [2]. However, this scaling leads 9iven amount of charge scales agril/ However, this is
one inevitably into a nonlinear regime, where plasma elecstrictly valid only within the limits of the linear theory; i.e.,
trons are blown out radially. It is not clear whether theseNb<No andeE/mw,c<1. _ _

results apply equally to positron cases for which plasma elec- For typical parameters of interest for high gradient accel-
trons are pulled inward. Moreover, there is a lack of experi-€ration, these limits of the linear theory are exceeded. For
mental data for positron wakes. example, in the recent wakefield experiment at SUAE n,,

This Rapid Communication describes three-dimensionais greater tham, andeE/mw,c is on the order of 1. Thus,
(3D) particle-in-cell simulations and physical models for we turn instead to fully nonlinear particle-in-cell numerical
plasma-wakefield excitation by positron beams in a regimeimulations.
for which the plasma dynamics are highly nonlinear. For To study the scaling laws in this nonlinear regimengf
electrons this is often referred to as the blowout regime. The-n, and narrow bunches, we employ the multidimensional
corresponding positron wakes are in an analogous “suck-in{2D and 3D fully self-consistent, and object-oriented model
regime. Although analogous, the two wakefield cases ar®SIRIS. This simulation model has been described in more
quite different in terms of their amplitudes, wavelengths,detail elsewher¢10,11. In a typical simulation, we follow
waveforms, transverse profiles, and plasma density depent®—10® particles on a two or three- dimensional moving
dence. mesh of 16 to 1& cells of size 0.05/w,. The beam and

We begin by summarizing the results of linear wakefieldplasma particles move according to the Lorentz force and
theory. Linear-wakefield theory has been validated by detheir self-consistent electromagnetic fields, found by solving
tailed computer simulations and several experim¢8ts9]  Maxwell's equations on staggered grids. This code and oth-
and applies equally to electrons and positrons. The lineagrs have been used previoufj to model 2D, cylindrically
response of a plasma to a relativistic bunch with bi-Gaussiagymmetric nonlinear wakefields excited by electron bunches
density distribution is given by integrating the Green’s func-with densities a few times the plasma density. Here we ex-
tion for a single electrori7]. The result can be expressed tend that work by considering positrons, and by using fully

approximately by 3D simulations. The 3D simulations in Cartesian geometry
N \27k e,kggg,z are used to validate the 2D cylindrical models.
eE=/n,(eVicm) Zb NETRpT sinky(z—ct), The simulation results in Figs. 1-3 show a comparison of
No 14 the wake structures and energy gain for electron and positron
kng? bunches. Physical beam parameters available at SLAC are

(1) used in the simulationgN~2x10 o¢,=0.4mm, o,
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E
=
Q FIG. 1. (Color Accelerating
25 wake structuresE, on axis for(a)

electron andb) positron bunches;
surface plot ofE, vs x, z for (c)
electron andd) positron bunches.
(d) System size: 1.27 mm1.27 mm
X 5.1 mm moving at in the z di-
rection; grid size: dx=dy
=12.7um, dz=25.5um.

=75um, normalized emittancegs =15 mm-mrag; and the beam could be loaded near the momentum peag., at
plasma density (4:810*cm ) is chosen to satisfy the z=1.65cm in Fig. 2.
matching condition mentioned aboverf1.5c/w;). For The transverse wakefieldBig. 3) also differ considerably
this case, the ratio of,/n, is 1.3, and as expected linear for positron and electron drivers. The focusing force on the
theory is not applicable. As is clear from the figures, there igositron driver is not constant ip and is not as linear inas
an asymmetry between the electron and positron cases. In the electron case. Both of these “aberrations” can lead to
this regime, electron drivers cause the plasma electrons tgndesirable emittance growth of a beam load. Fortunately, it
blow out of the beam path, while positron drivers cause thés possible to mitigate these by detuning the plasma density
plasma electrons to be sucked in to the dkig. 4). for given beam parameters. For example, it is observed in
The longitudinal wake structur@ig. 1) is less steepened sjmulations that a “sweet spot” that has constant focusing in
for positrons than electrons and is broader in width. The; js formed in the acceleration region behind the positron

peak-accelerating field by the positron bunch is about 21@Qyjyer when the bunch length to plasma wavelength ratio is
MV/m, considerably lower than the electron wakefield of raised(by 40% too,/\,~0.3)
2/Np=0.3).

830 MV/m and the linear theorjEq. (1)] 250 MV/m. In The simulations show new physical behavior with a pos-

addition, th_e peak decelerating f'.EId IS aboufc 1.70 MV/m’itron bunch that is not predicted by linear theory. When the
corresponding to a transformer ratio of 1.2. This is also con- Lo . ! .

) : plasma density is mismatched slightly as described above,
siderably lower than for electron drivers.

In order to compare experimental observables, we plot ithe ac;celerating wake 'peaks off the a).(is.' The phy;ical origin
Fig. 2 the energy gain and loss of the electron and positrof" 'tITIS' phen_clfrrrenonl is the ph?sel mixing IOf ra(:_:gl péllasma
beams after propagating through 1.6 cm of plasma. The aRScillations. The real space of plasma electrofig. 4)
erage energy gaifexpressed in MeV/mand the number of shows electrons sucked in by_th_e space charge of a positron
particles in 0.122 psec bins along thexis are shown for Punch. However, electrons originating from different radial
each case. Interestingly, the disparity between bin-averagedjstances from the beam axis arrive at different times. This
energy gain of positrons and electrofi¥0 MeV/m versus phase mixing reduces the size of the density compression
250 MeV/m is much less than the disparity between theand hence the wake as well. Furthermore, electrons that ar-
peak wakefield§Fig. 1). This is because the peak electronrive at the axis first, then cross through the axis where they
wake is very narrow and only a small fraction of electrons inencounter electrons still rushing inwards from outer initial
a bhin experience the full force. Note that to obtain an accelradii. This leads to density compressions that are peaked off
erated positron beam of small energy spread, a short trailingaxis.
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The numerical expression for the suck-in time within a
ring model approximation can be obtained. We consider each

l(a)

(b)
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FIG. 3. (Color) Focusing wake
(E;,—By,) for electron (left) and
positron (right) bunches:(a) slice
at r=25um, (b) slice plots atz
positions shown, andc) surface
plots.

m(d?r/dt?)=— (2@n,e?rd)/r . (4)

plasma electron to be a ring of radiusin 2D cylindrical  \yg solve this differential equation for the suck-in time, the
geometry[12]. We assume the positron distribution to be time it takes a plasma electron to reach the axis from its

bi-Gaussian. The motion of a ring with initial radius, is  jjitial radiusr, :

given by
d? o? 2002 2.2/p 2
mW:4Wnbezrbr _g(l_e*(rﬂff) /(20 ))ef(tft(,) c“l207,
(o)

+2mne€%(ro— £) — 2% [ro/(re— €)1, (3)

Teol™ \/;(ro/wpbr b) s 6)

where w,= 4mn,e?/m is the beam plasma frequency. The
electrons near the axis arrive more quickly than those farther
away; thus, there is no time for which there is a well-defined

density compression. For electrons originating farther away
wherer =r,— ¢ and ¢ is its inward displacement. The terms from the axis the expression is more complicated, but(&q.
in Eq. (3) arise from the beam space charge, plasma iorlearly illustrates the problem of phase mixing.
space charge, and plasma electron space charge, respectivelylt is interesting that in the suck-in regime, the time scale
Equation(3) can be numerically integrated to obtain exactfor the collapse in Eq(5) for the inner core of electrons is
solutions[11]. However, simple analytic expressions which independent of the plasma density. However, it does depend
illustrate the basic physics can be obtained by assuming thah the beam plasma frequenay,, which is a function of
the beam radius is very smalh{/n,) af/r§> 1, and that the the beam radius. This implies that the beam radius cannot be
temporal profile is a step function. Then ) can be ap- allowed to oscillatdi.e., betatron oscillationsf the phase of
proximated as the acceleration peak is not to slip. As discussed in 4f.

Z

Z

FIG. 4. (Color Real space of plasma electrons(a electron wake andb) positron wakes. Real space of beam is shown below.
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linear wake profiles for positrons and electrons reverse roles
0.8 in the hollow and homogeneous plasmas. The wake of the
. positron driver becomes spiked on the axis while the electron
08 4 ° wake in a hollow plasma channel becomes unifornn.in

: In summary, we have shown with 3D simulations that the
nonlinear wake of a positron bunch is smaller than that of an
electron bunch in homogenous plasma, but it can be made
comparable to the electron wake by employing a hollow
plasma. We comment that simulations of positron wakes in
2D cylindrical geometry raise code issues concerning the
0 T T proper handling of particles near the axis. Despite the con-
cern that the singularity at the axis can cause significant er-

0 1 2 rors in the charge deposition, we found that the 2D cylindri-

k_a cal results were nearly identical to the 3D results with the
same cell sizes. To assess the feasibility of positron wakes

FIG. 5. (Color) Peak wake amplitude vs radius of the channelfor future collider applications, further work directed toward
for electron(dashed and positron beams. the beam loading of positrons and their long term propaga-

; . ~__ tion are needed.
transverse emittance matching can be used to minimize if not

eliminate betatron oscillations. This work was supported by U.S. DOE Contract Nos.

As stated above, the primary limit to positron wake am-DE-FG03-92ER40745, DE-FG03-98DP00211, and DE-
plitude is due to the phase mixing of plasma electrons comFG03-92ER40727; NSF Contract Nos. ECS-9632735 and
ing from different radii. One solution is to use a plasma inDMS-9722121; LLNL Contract No. W07405-ENG48; and
the shape of a hollow cylinddgri3]. Such a plasma can be NSF Contract No. PHY-0078508. Useful conversations with
made easily by uv ionization of a long gas column by a laseand encouragement from Marty Breidenbach, David Sutter,
for which the center is blocked.4]. Chan Joshi, and the E-157 collaboratiR. Assmann, B.

To test this concept we have simulated positron and eledlue, C. Clayton, F. J. Decker, M. Hogan, R. Iverson, K.
tron wakes in hollow plasma channels. The results in Fig. SMarsh, P. Muggli, D. Raimondi, R. Siemann, S. Warge
show that the amplitude of the positron wake increases as thgratefully acknowledged.

1 l channel radius increases towatfd, . Interestingly, the non-
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