PHYSICAL REVIEW SPECIAL TOPICS - ACCELERATORS AND BEAMS, VOLUME 3, 061301 (2000)

Dynamic effects in plasma wakefield excitation
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We have used 2D cylindrically symmetric particle-in-cell simulations to investigate the dynamics of
a high energy electron beam propagating through an underdense plasma. The simulation parameters
are relevant to a recent plasma wakefield experiment conducted at the Stanford Linear Accelerator
Center [R. Assmann et al., Stanford Linear Accelerator Center Proposal, 1997]. We model the dynamic
development of the beam and wakefield excitation over meters of propagation length. To most clearly
illustrate the dynamics of both the beam and the wakefield, a video of the simulation data is presented.
The main observation is that the beam dynamics, i.e., its betatron mation in the resulting ion channel,
agree well with the theoretical predictions while the plasma wake remains amost invariant over the
entire propagation distance. The video illustrates subtle details regarding the interplay between the
beam dynamics and wakefield generation. The results presented here complement results published
separately [S. Lee et al., Phys. Rev. E 61, 7014 (2000)].

PACS numbers: 52.65.Rr, 52.40.Mj, 41.75.—i

. INTRODUCTION

The basic concept of a plasma wakefield accelerator
(PWFA) is to accelerate a low current trailing electron
bunch by the wakefield generated by a high current driver
[1,2]. If the driving bunch is highly relativistic, then both
the accelerating as well as the accelerated bunch are mov-
ing with about the speed of light and the accelerated
bunch can stay in phase with the accelerating field for
distances long enough to gain significant amounts of en-
ergy. Motivated by and as part of the preparations for
an experiment which was recently conducted at the Stan-
ford Linear Accelerator Center (SLAC), we have simu-
lated a plasma wakefield accelerator with the expected
parameters of this experiment [3]. In this experiment
a 30 GeV electron beam at SLAC is used to excite a
wake of the order of 1 GeV/m in a 1.4 m long plasma
of density 1-2 X 10" cm™3. In this wake the centroid
energy of the tail of the beam is expected to increase
by several hundred MeV. Since the beam in this ex-
periment is typically much denser than the plasma (e.g.,
N = 3.5-4 X 10'° electrons in a o. = 0.6 mm bunch
length and a spot size of o, = 50 um corresponding to
a beam density n, = 1 X 10" cm™3), the PWFA is in
the highly nonlinear or so-called blowout regime [4]. The
advantages that this regime offers are a high accelerating
gradient, a constant accelerating structure with respect to
the transverse dimensions, a linear focusing force, and a
high transformer ratio. However, in this nonlinear regime,
linear theory or fluid models are inapplicable and do not
provide an accurate understanding of the physics. Much
better insight into the physical processes can be gained by
using particle-in-cell (PIC) simulations, which allow ac-
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curate modeling of highly nonlinear processes such as the
ones occurring here. For these reasons, we conducted PIC
simulations to investigate this regime of plasma wake-
field acceleration. Many of these results can be found
elsewhere [5]. In this paper we provide more detail on
the dynamics of the drive beam and wakefield evolution.
The presentation is aided through simulation generated
videos.

[I. SMULATION SETUP AND RESULTS

We carried out simulations for the physical parameters
similar to the ones described above using the newly devel-
oped, object-oriented, parallel PIC code OsSIRIS [6]. This
PIC code is fully explicit and therefore contains al of the
relevant physics. Because of its object-oriented structure,
this code contains agorithms for several geometries and
dimensions as well as current deposition schemes. The
algorithms for the results presented in this paper were 2D
cylindrically symmetric, and a rigorously charge conserv-
ing current-deposition algorithm was used [7]. The code
also uses a moving simulation window [8], which moves
a the speed of light, i.e., with the beam. This limits the
simulation domain to the beam and its immediate sur-
roundings rather than the whole propagation distance of
the beam. The simulation window in normalized units
had a size aong the propagation direction z of 25¢/w,
and asize in the radial direction r of 10c/w), with agrid
of N, X N, = 500 X 200. Here ¢ is the speed of light
and w,, isthe plasma frequency for agiven plasmadensity
n,. We will use n, = 2.1 X 10 cm~3, which corre-
spondsto ¢/w, = 0.367 mm, throughout this paper when
converting simulation results back into physical units.
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This means the simulation window corresponds to a size
of 9.175 mm X 3.67 mm. The beam propagated through
the plasma for 190000 time steps with dr = 0.02w "
(corresponding to 18.35 um of propagation distance per
time step) for atotal of 3800c/w, (~1.4 m). Nine par-
ticles per cell were used for the background plasma and
25 particles per cell for the beam. The beam’s longitudi-
na profile was fitted to the experimentally known profile
of the SLAC beam [3], which is very close to a Gauss-
ian profile of width o, = 0.63 mm, and transversely as a
Gaussian of width o, = 70 um. The peak density was
taken to be 7.56 X 10" cm™3. Therefore the simulated
electron bunch contained 3.7 X 10'° electrons.

Figures 1(a) and 1(b) show the first and the last frames
of the[video|accompanying this paper. The video shows
seven different aspects of the simulation data. In the up-
per left-hand corner is a colored, rubber sheet represen-
tation of the longitudinal, accelerating electric field. For

Development of Walkefield and Beam  Frame:
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this visualization the elevation of a surface point as well
as its color represent the field strengths of the electric
field. Note that we chose a perspective for visualizing
the rubber sheet surface so that negative field values of
the electric field would be represented by positive values
of the surface elevation. This leads to a better visual-
ization of the accelerating region. The sharp edge of the
rubber sheet surface going roughly from the upper left-
hand corner to the lower right-hand corner is due to the
axial boundary of the 2D cylindrically symmetric simula-
tion and, accordingly, r increases starting from this axial
boundary toward the lower left-hand corner. Because of
the chosen perspective, the rubber sheet does not show
the data for the whole simulation. The upper middle
of the video frame shows the vaue of the longitudina
electric field along the axial boundary for its full length of
25¢/wp. Thefigure in the lower middle below the elec-
tric field lineout shows the energy gain and loss of the
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FIG. 1. (Wideg) The first and the last frames of the ided accompanying this paper. The different plots of the video are (column
by column from the top to the bottom) E.: rubber sheet; E,-By: focusing field lineout o, off axis; E.: lineout on axis, beam-energy
change as a function of z-ct; E, in the r-z plang; nye.m in the r-z plane; npiasma in the r-z plane (direction of r reversed). Please
note that in the figures and the video the indices 1, 2, and 3 are used instead of z, r, and 6.
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electron beam as a function of the axia position. The
colored areas indicate the parts of this plot where beam
electrons are present. Note that the horizontal axis of this
plot is precisely aligned with the axis of the field lineout
above. The plot in the lower left-hand corner shows the
focusing field experienced by the beam electrons, E,.-By,
a a position 73.4 um = o, off axis. The right-hand
column shows three color plots in the r-z plane (in the
video frame aso labeled as the x2-x1 plane). The plots
shown (from top to bottom) are the radial electric field E,,
the charge density of the beam, and the charge density of
the background plasma. This last plot has been mirrored
along the axis to allow for amore direct comparison of the
plasma density with the beam density. The horizontal axis
for each of the three plots goes from 12.5 to 22.5¢/w,, of
the simulation window and the vertical axis shows 0 to
5c¢/w, dong the radia direction. The field and density
values are given by the color bars in each of the plots.
Note that the areas of the plots colored in magenta are
areas in which the field or density values are outside
the respective color scales. Since the color code of the
beam charge density plot reaches from 0 to 1, which
is the normalized density of the background plasma, the
magenta-colored areas in this plot indicate densities above
the background plasma density.

The video consists of atotal of 191 frames at a speed of
10 frames/sec. With such a large number of frames the
video can clearly illustrate subtle points in the evolution of
the beam and wake. The first fact to note when watching
the video is the lack of change over time in the evolution
of the accelerating electric field and the focusing field.
With the exception of the peak accelerating field, which
fluctuates dlightly by about +0.05 GeV/m around avaue
of about 0.75 GeV/m (about *+7%), and some dlight
variation in the level of numerical noise, the accelerating
electric field essentially does not change over time. Thisis
in strong contrast to the dynamic development of the beam
radius (middle plot in the right-hand column) and energy
(lower plot in the center column) and the radial electric
field (upper plot in the right-hand column). The energy
plot shows that every part of the beam except the front part
and the very tail gains or loses energy linearly asafunction
of time. Thisis consistent with the constant longitudinal
field since at an initial energy of about 30 GeV the beam
electrons experience no significant phase slippage over the
time of the simulation.

Two other effects can also be observed. First, there is
a dlight broadening of the front part of the decelerated
area of the beam aong the energy axis, which means
that not all electrons at a given z experience exactly the
same decelerating field. Second, there is a large energy
spread of the very back of the beam tail, which splits into
two parts. The first observation can be understood when
looking at the background plasma charge density. The
plasma charge density plot shows that in the front part of
the beam the area of total electron blowout is smaller than
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in the latter parts of the beam, and therefore the radius
up to which the focusing force F, is independent of z
is smaler. According to the Panofsky-Wenzel theorem,
dF,/dz = dF,/dr, this implies an acceleration gradient
that varies along the radial position [4]. This can also
be noticed for the region of decelerating field that is
visible in the lower right-hand corner of the E, rubber
sheet plot. The radialy flat area increases dightly in
width toward the back. The broadening of the front part
of the deceleration area of the beam is a result of this
nonuniform accelerating field. The energy spread of the
tail of the beam can be understood by looking at the
narrowing of the accelerating and focusing field profile
near the peak accelerating field. It shows that a part
of the tail of the beam, in contrast to the rest of the
beam, experiences a strong defocusing force that pushes
it radially out of the accelerating field. The blowout of
some of the tail electrons of the beam can also be seen in
the development of the beam charge density.

The evolution of the main part of the beam, as seen
in the beam charge density plot, is clearly dominated by
the betatron oscillation of the beam in the focusing field.
The focusing field is mainly due to the ions left in the
plasma blowout area, as seen in the plasma charge density
plot, since the effects of electric and magnetic fields of
the relativistic beam on itself cancel each other almost
completely. The linear focusing force in the blowout
area results in the same oscillation frequency for al
beam electrons in that area. The beam propagates while
undergoing betatron oscillations with a wavelength of the

spot size
ymc?
/\spot size — )\,8/2 =T 277_62”0 s (1)

where Ag is the betatron wavelength of a single par-
ticle. Measuring this wavelength using the minima of
the oscillation of the beam density gives a wavelength
Ag/2 = 40 cm as predicted by Eq. (1) for the density of
the simulation [3].

The dynamics of the front part of the beam is more
complex because the blowout area there is not as wide.
This leads to nonharmonic oscillations or so-called aber-
rations in the focusing force, which leads to phase mixing
of the electrons. The oscillation frequency of the beam
electrons decreases toward the front. The video shows
clearly that after the main part of the beam reaches an os-
cillation minimum this minimum moves forward toward
the front of the beam as the electrons there execute beta-
tron oscillations with lower frequencies. This dynamics
at the front of the beam leads to a subtle point, which was
not appreciated until the video was made. Namely, the fo-
cusing field for the beam, E,-By, shows an unexpected be-
havior with time. Initially the focusing force rises slowly
over the first one-fourth of the beam, but once the head of
the beam begins to pinch the rise becomes steeper. The
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unexpected behavior results because the transverse profile
never relaxes back to the origina one. Instead, there is
aways an axia dlice of the beam at the head of the beam
that is near a pinch. So on average, the beam density at
the front of the beam isawayslarger thanit wasat t = 0.
As aresult, the occurrence of complete blowout is earlier
in the beam and the region of blowout is wider leading to
more of the beam undergoing the uniform betatron oscil-
lations than might have been expected.

Unlike the beam, the plasma electrons respond pre-
dominantly to only E,. Thus, the blowout of the plasma
electrons and their oscillation back onto the axis in the
back of the pulse is caused by the total radial electric
field that they experience. The video shows that the
radia field has two distinct regions. The front, where
the plasma electrons are not blown out yet, is dominated
by the electric field of the beam; the back, where the
plasma electrons are blown out, is dominated by the radial
electric field of the remaining ion charge. The plasma
charge density plot shows the effect of this. Inthe moving
window frame, i.e, in the z-ct coordinate, the plasma
electrons stream backward past the stationary drive beam.
After the radial field force deflects the electrons outward,
most of them coalesce in a narrow, high density surface
layer that lies at the edge of the blowout region. The
radius of the blowout region [5], and therefore the
radial position of the layer, is roughly 2o,/n,/no.
The electrons stream backward within this narrow surface
layer and converge on the axis creating a very dense
spike and, therefore, a sharp peak in the accelerating field.
(Note that in the laboratory frame individual electrons
are blown out and then return while remaining near their
initial z value, but we will use the moving window
point of view for its convenience of description.) The
insensitivity of the accelerating wakefield to the dynamic
beam development is a consequence of the beam being
narrow when compared to the radius at which the surface
layer is located. For most of the plasma oscillation, all
of the plasma electrons are outside of the beam so that
from Gauss law the electrostatic field affecting them is
independent of the radius of the charge inside. Thus
the betatron pinching of the beam has little effect on
the plasma electrons and hence the wake. The slower
evolution in the front of the beam does not have any
significant effect either since the dlight variations in the
initial trajectories of electrons become insignificant after
the blown out electrons reach the surface layer. The
surface layer is shown in Fig. 2, where a radia lineout
of the plasma charge density at the center of the beam is
plotted after 1.4 m of propagation. The plasma blowout
as well as the surface layer are clearly visible.

Because of the invariance of the accelerating field, the
expected energy gain can be predicted with confidence
for a specified beam charge and profile. The longitudinal
momentum p, (= y) versus ct phase space is shown in
Fig. 3 to illustrate the expected acceleration of the beam
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FIG. 2. A radia lineout of the background plasma electron
charge density at the center of the beam after 1.4 m of
propagation.

after 1.4 m of propagation. The mean, maximum, and
minimum energy of the beam are plotted in 0.12 psec
bins adong the length of the beam [Fig. 3(8)]. This is
done in Fig. 3(a) for the actual simulation particle data
after 1.4 m. Figure 3(b), by contrast, was generated
by using the initial particle data propagated for 1.4 m
using the initia fields at the initial positions of the
particles. This makes the assumption of a nonevolving
field and neglects the betatron oscillation of each particle.
The mean, maximum, and minimum energies resulting
from these two graphs are very similar for most of the
beam. The results differ only at the very end of the
beam where Fig. 3(b) shows larger average and maximum
energies and lower minimum energies than Fig. 3(a). The
similarity between the two figures for the main part of the
beam is consistent with our assumption of nonevolving
wakefield if the accelerating field has a constant value
within the radial range of the betatron oscillation for each
particle. The differencesin the tail are due to the fact that
the particles in the tail at larger radii do not experience
a constant accelerating field during their radial motion.
For the full simulation this leads to an averaging out of
the different accelerations experienced by each particle
due to its transverse motion. For the particles accelerated
with the initial field this averaging does not happen and
the maximum and minimum energies in the beam tail
of Fig. 3(b) are therefore a measure of the maximum
and minimum accelerating field in that part of the wake.
Based on these figures we can say that the maximum
field is about 0.85 GeV/m but that the maximum energy
gan by a particle after 1.4 m will be about 1 GeV.
The maximum mean energy for a 0.12 psec bin is
550 MeV with about 7 X 107 electrons in this maximum
energy bin. Thisis again consistent with the information
in the video for these numbers. The conclusion from
Figs. 3(8) and 3(b) is that the betatron oscillations do
not have a significant influence on the acceleration of
the beam.
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FIG. 3. (Color) The mean, maximum, and minimum energy as
well as the number of electrons for each 0.12 psec bin after
1.4 m of propagation using (a) the full PIC simulation and
(b) the initial fields at the initial positions of the particles to
propagate the beam

I11. CONCLUSIONS

The main result of the analysis of the beam and wake-
field dynamics is that the wakefield is rather insensitive to
the betatron oscillation dynamics of the beam and there-
fore essentially constant over time. In addition, the accel-
eration and deceleration of the beam electrons is also not
affected by the betatron oscillation either. The blowout
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regime therefore provides a stable and robust plasma
wakefield acceleration. Energy gains on the order of GeV
should be achievable in this blowout regime if the physi-
cal parameters of the simulations can be realized in an ex-
periment. Far higher gradients and energy gains may be
possible with shorter bunches and longer denser plasmas
[3]. Such beams would undergo hundreds rather than a
few betatron oscillations. Although it may be desirable to
match the beam emittance to the plasma focusing strength
to avoid betatron oscillations as discussed in Ref. [3], the
analysis here suggests that the presence of the oscillation
is not necessarily detrimental. A major issue on the scal-
ing of scaling plasma wakefield acceleration to the 10 and
100 s of GeV is the possibility of a hosing instability
of the beam [9], which might reduce the achievable en-
ergy gain and lead to emittance growth of beam. Hosing
is inherently a 3D instability and is therefore absent in
these 2D simulations. We are currently carrying out 3D
simulations to study the importance of hosing and other
3D effects.
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